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Abstract

Applications in electric mobility, renewable energy systems, and power systems are
experiencing a movement towards bigger voltage differences between power sources and
loads. This is due to the advance of battery technology, the introduction of DC distribution
systems, and the rapid growth of electric powered vehicles. This voltage difference
increases the need for better high voltage -gain converters.

Moreover, these conver ters should offer outstanding efficiencies and compact sizes for
their implementation in these applications. Nevertheless, there is an imminent opposition
between efficiency, power density and high voltage -gain in power converters, and
conventional power c onverters lack in some of these objectives.

Therefore, this work was motivated by the need to research in  novel methodologies
where volume, efficiency and voltage -gain are optimized in order to obtain a suitable
balance that offers high performance.

In thi s context, t he main objective of this thesis is the development of a multi  -objective
optimization design methodology of inductive components for high voltage -gain
converters. This objective is carried out through: 1) the evaluation of several high step  -up
power converters and the proposal of a novel topology. 2) the power loss modeling of the
magnetic components of one high voltage -gain topology with emphasis in iron and copper
losses. 3) the volume modeling of the converter with special attention to the ma  gnetic
components. And 4) the evaluation of two multi -objective optimization approaches to solve
problems with opposite objectives as the case of efficiency, power density and voltage -gain
in power converters.

Consequently, t his thesis proposes a new high voltage-gain power converter with
Integrated Winding Coupled Inductor  (IWCI) with the potential to be applied in systems
where high power density and high efficiency are required. Moreover, a benchmark of this
proposed converter with outstanding topologies is conducted, being the IWCI converter
the one with more potential. After that, this document proposes a detailed magnetic and
electric modeling complemented with a power loss and volumetric modeling of not only the
magnetic component but also the other ¢ omponents in the converter: semiconductors and
capacitors. Finally, combinatorial algorithms are used and improved to optimize efficiency
(single -objective) and efficiency -power density (multi -objective) while voltage -gain is kept
high. As aresult, it was found that improved combinatorial algorithms can deliver results
of tens of millions of evaluated designs within minutes.
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Resumen

Las aplicaciones en movilidad eléctrica, sistemas de energia renovable y sistemas de
energia estan experimentando una transicién hacia mayores diferencias de voltaje  entre
las fuentes de energia y las cargas. Esto se debe al avance de la techologia de baterias, la
introduccion de sistemas de distribucion de DCy el rapido crecimiento del uso de vehiculos
eléctricos. Esta diferencia de voltaje aumenta la necesidad de m ejores convertidores de
alta ganancia de voltaje. Ademas, estos convertidores deben ofrecer eficiencias
sobresalientes y tamafios compactos para su implementacion en estas aplicaciones. Sin
embargo, existe una oposicién inminente entre la eficiencia, la den sidad de potencia y la
alta ganancia de voltaje en los convertidores de potencia. Ademas, los convertidores de
potencia convencionales carecen de algunos de estos objetivos. Por lo tanto, este trabajo
fue motivado por la necesidad de investigar en metodolo gias novedosas donde se optimicen
el volumen, la eficiencia y la ganancia de voltaje para obtener un equilibrio adecuado que
ofrezca un alto rendimiento. En este contexto, el objetivo principal de esta tesis es el
desarrollo de una metodologia de disefio de optimizacion multiobjetivo de componentes
inductivos para convertidores de alta ganancia de tension. Este objetivo se lleva a cabo
mediante: 1) la evaluacion de varios convertidores elevadores de potencia y la propuesta
de una topologia novedosa. 2) el modelado de pérdidas de potencia de los componentes
magnéticos de una topologia de alta ganancia de voltaje con énfasis en las pérdidas de
hierro y cobre. 3) el modelado de volumen del convertidor con especial atencion a los
componentes magnéticos. Y 4) la e valuacion de dos enfoques de optimizacién multiobjetivo
para resolver problemas con objetivos opuestos como el caso de eficiencia, densidad de
potencia y ganancia de voltaje en convertidores de potencia. En consecuencia, esta tesis
propone un nuevo convert idor de potencia de alta ganancia de voltaje con Inductor
Acoplado de Devanado Integrado (IWCI del inglés) con potencial para ser aplicado en
sistemas donde se requiera alta densidad de potencia y alta eficiencia. Ademas, se realiza
un benchmark de este convertidor propuesto con topologias destacadas, siendo el
convertidor IWCI el de mayor potencial. Posteriormente, este documento propone un
modelado magnético y eléctrico detallado complementado con un modelado volumétrico y
de pérdidas de potencia no solo del componente magnético sino también de los demas
componentes del convertidor: semiconductores y condensadores. Finalmente, algoritmos
combinatorios se utilizan y se mejoran para optimizar la eficiencia (objetivo Gnico) y la
densidad de potencia (multiobj etivo) mientras que la ganancia de voltaje se mantiene alta.
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Como resultado, se descubrié que los algoritmos combinatorios mejorados pueden ofrecer
resultados de decenas de millones de disefios evaluados en minutos.

Palabras Clave: Convertidores de alta ganancia de tension ; Integracion Magnética;
Convertidores entrelazados; Eficiencia; Densidad de po tencia; Alta g anancia de tension;
Optimizacién ; Algoritmos combinatorios; Vehiculos eléctricos; Sistemas de energias
renovables.



Table of Contents

Y 031 T PSPPI iii
RESUMEN ... e e s r e e s e e n s e e s s e e s e rr s s en s s e ema s e rm s nrmnsereaernneernnsnn v
Table Of CONENLS ......coeuuiiiiiii e e e e e s e e s e e e e e e e s eeeenrsnanans vii
I A o T 0 (= PR X
I o) 0 1= 1 = PP Xiii
IS o) 003 0 1 1o Xiv
R | i o o (1T i To o PSP PPPPPPTRIN 1
1.1 Renewable energies, electric mobility, and power electronics ..........cccccccvvvveennnen. 1
1.2 Next generation XEVS ........ooooiiiiiiiiiiiiiieeeeeeeeeeeeee e 3
1.3 MOre electriC @IrCraflS ........uiiiiii i e e e e e et e e e e e eeeeee 5
R 101 o] 1= o SRR 6
1.5 ODBJECLVES ..ottt e e e e e e e e e e et e e aaaaaaaae 9
1.5.1 General ODJECHIVE .....ooeiiiiiii e 9
1.5.2 SPeCifiC ODJECLIVES ....coeiiiiiii e 9
1.6 THhESIS OULINE .oooiiiiiiiiiiiiieeee e 9
PART | High Voltage -Gain CONVEIErS ..........cccirimimiinininiiininisias s ssssssssss s seeeees 11
2 Comparative Analy sis of High Voltage -Gain Converters ........ccccccccvveeininrnnnnnes 13
P22 A | 11 0 Yo [ o 1o o 13
2.2 Interleaved DOOSE CONVEITET ..........uuuuiuieiiiiiiiiiiiieeiiiiieeieeeeeeeeeeeeeeeeeeeneneneeernenennnnnnnnes 16
2.3 Tapped-iNdUCIOr CONVEIET ........oooiiiiiiiei e e e ieeeeiee e e e e e e e e e e e e e e e ea e e e e e e aaaeaanes 19
2.4 Super tapped -INAUCIOr CONVEIEL ....uuuiiieeiiieeeece e e e et e e e enaees 21
2.5 Interleaved boost converter With IWCI ... 23
2.6 Voltage-gain and efficiency analySiS ...........oooiiiiiiii i 26
2.7  Experimental ValidAtion  .............eeeeeieeeeeeeieeiieieieieeeieeeeeeeeeeee e 29
A T O] o [od [V 1<) o] o ISP 33
3 Modeling of the HSU IWCI CONVErter  .....cooicieiiiiiirieeiresressssersras s sersmn e sesrnnnnnenes 35
G 70 R [ o1 {0 Yo [¥od 1 o) o PSPPI 35
3.2 StEAUY-StALE ANAIYSIS ....vvruiriiiiiiiiiiietiiieiiieeeeieeeeeebeebeeebebe b eeb e e b ee bbb bbb e nnnnaanrnae 36
3.2.1 Coupled-iNndUuCtOr OPErat i0N ......ccceeeeeeeee e 39
3.2.2 Voltage-gain deriVatiOn ........cooeeiiiiiieeee e 40
3.2.3 SeNSItiVIty ANalYSIS ....ccooeeeeeeeeeee e 41

3.3 Inductor current ripple Modeling  .cooo oo 42



viii Modeling and MultiObjective Optimization of Inductive Cgonents ir
High Voltage Gain Power Conver

3.4  Magnetic fluX m odeliNg........coouuiiiiiii i 46
3.5 Validation by simulation and experimental tests  ......cccoeiiiiiiiie e, 50
3.5.1 Experimental validation of the current ripple analysis  .....cccccoeeieiiiiiiiinnnnnn. 50
3.5.2 Simulation as validation of the magnetic analysis .........ccccooeeeeeiiieiiiiiiiinnnnn. 52
3.5.3 Experimental validation of the magnetic analysis  .......ccccooiiiiiiiiiiiiinnnn. 53
1 7 T o T od 1] (o] o 1R 53
PART Il Components Modeling of DC -DC CONVEIENS ..........ccovimrmmmininininirinnnnnnns 55
V2 S =01V =T g o == 01 o 1= 3T [ 57
4.1 INTOAUCTION e 57
4.2 SEMICONUUCTIONS ...ccoeeieieeeeeee e 58
N R I = 0 ST 11 (o T PPN 58
A 0 T T [ PSS 62
e T [ 0o [ o (o 63
4.3.1 COPPEI IOSSES ...ttt n e e s e e nnnnnne 63
O T @0 | =N [0 11T 2P 67
A4 CAPACITOIS ..coeeieeeee et 69
S O 0] (o1 U= o] 1 69
5 Volumetric Modeling of the IWCI HSU Converter  ........coocieieiiiiinie e eennan, 70
LG 700 R |1 o T ¥ Tod 1T o P 70
L2 | o 11 o (o] PR 71
5.2.1 Area product @nalYSIS .........uceiiiiieiiiiiiiiie e 71
5.2.2 Digital INAUCIOIS ...t e e et e e e e e e e e e aaaaaans 79
RS B 1T o1 Toto Lo 013 (o] £ 82
L O Yo = Lol (0] £~ U EUPPRPPPRR 83
5.5 COOlING SYSEIMS ...ttt e e et e e e e e e e e e et e e e e e e e eeanaaaaans 85
L T o T Uod 1] L] o 1 PR 88
PART Il Single and Multi -Objective Optimization ..........ccccccevvimieeinieresn e 89
6 Efficiency Optimization of High Voltage -Gain Convernters ...........ccccccicinininnenns 91
L0 A 11 0T [T 1o T TR 91
6.2  Optimization tEChNIQUES .......oeviiiiii e 92
6.3  OptimIization ProCEAUIE .......oiiiiiie e e e e e e e e e aaaaas 94
L0 700 R [ o 11 o (] =P 95
(ST T2 S =T o1 Todo ] o [o 11 o (0] £ 00U 99
6.3.3 CAPACIIOIS ..o 101
B.3.4 TOMAI IOSSES ...oeeeeiiiiee it e et e e e aaaaaaaa 102
6.4  Experimental validation ........coooiiiiiii 104
Lt R = o] =1 o TR 106
6.4.2 Semiconductor effect on the voltage -gain ..........cccoeeiiiiiiiiiiiiii e 107
LS T o T Tod 1] o] o 1= 108
7 Multi -objective Optimization of a High Voltage Gain DC -DC converter ........... 110
2% R |11 o T ¥ Tox 1 o o PR 110
7.2 Multi objective optimization teChNi  QUES ......cooieiiiiiiiie e 111
7.2.1 Combinatorial approaches ... 111

7.2.2 Genetic algorithmMs ..o e e 112



Table of Contents iX

7.3  Improved combinatorial multi -objective optimization procedure ..................... 112
4 20 R 1 o [1 o3 (] P 115
ARG TS 1= 1 41 Tolo] o [o [N ox (o] ¢ 121
ARG TG T O o - ol (o] =P 122
7.3.4 Total efficiency -pPOWEr ENSILY ......ccooeeeeeieeeeee e 123

7.4  Multi -objective optimization using evolutionary algorithms — ............cccccvvviinnnns 125

7.5  Experimental validation  .............oeeueeiieeemeiiieeiiii e 127

48 ST O] o Tod 113 o o 1= 129

8 Conclusions and FUtUrEe WOTK ........cccooiiieiiiiimiicie s ieesesrernssse s se s esrnsmsn e s eeeenes 131

S 700 R O] o [od 11 ] o] o 1= P 131

8.2  Main CONLIDULIONS ... e et et e e e e e e e eaa e eaees 132

8.3 Recommendations towards future research ..........ccccceeiiiiiiiiie e 133

PUDIICALIONS ....eveieiiieiiicceiereiic s e s s e e e e s e s e s e e e e e e n s ee s e e e enenrn s aneeeseeennes 135

ACKNOWIEAGEMENLS ......coiiieieiiiiiie e er e e e e s e e e e e e e s e e s e e e e n e e rnsa e s 137

[ ] (=] (=] o3 =T 138



List of Figures

Page
Figure 1.1. Grid connected systems with renewable energy SOUrCes. .........cccvvvvvvvvnennennnn. 2
Figure 1.2. Charging system, internal power train, and auxiliary systems in xEVs. ... 3
Figure 1.3. Configuration of t he electric power systems within a More -Electric Aircraft .6
Figure 1.4. ThesSiS OULIINE. ... e e e e 10
T [0 R I o R W o7 1 (= Te [0 = 13
Figure 2.2. SWItCh CapacCitor CONVEITET. ....cooeeeeeeee e 14
Figure 2.3. Interleaved CONVEIEIS.  ...cooooeeeeeeeeeeeeee e 14
Figure 2.4. Magnetic components of the single -phase boost converter. ..............ecoeee. 15
Figure 2.5. Magnetic components in the two -phase interleaved boost converter. ............ 15
Figure 2.6. ANalyZed CONVEIEIS. ...ccoeiieeeeeeeeee e 16
Figure 2.7. Two -phase interleaved boost converter with parasitic resistances ................ 17
Figure 2.8. Non -ideal voltage -gain and efficiency of the interleaved boost converter. .... 18
Figure 2.9. Interleaved tapped -inductor converter with parasitic resistances. ............... 19
Figure 2.10. Non -ideal voltage -gain and efficiency of the tapped -inductor converter. ... 21
Figure 2.11. Super tapped -inductor converter with parasitic resistances.  ...........c......... 22
Figure 2.12 . Voltage-gain and efficiency of the Super tapped -inductor converter. ......... 23
Figure 2.13. IWCI converter with parasitiC reSiStanCes.  .....ooooveeieiieeeee e 24
Figure 2.14. Voltage -gain and efficiency of the IWCI converter. .........cccooeiiiiiiiiiiieeeee, 26
Figure 2.15. Voltage -gain comparison of the studied converters ...........ccccceeeiieieeeeeeeeen. 27
Figure 2.16. Efficiency comparison of the studied converters ..........cccooeeieiiiiieeeeeeen, 28
Figure 2.17. Experimental setup of the IWCI HSU Converter.  ......cccocceeiiiiiiiiiiiiiieeeeee, 29
Figure 2.18. Measured voltage -gain vs. DUty CYCIE. .......ccvvviiiiieiiiiieecie e 31
Figure 2.19. Measured efficiency vs. DUty CYCIE.  ...ooiiiiiiiiiiice e, 32
Figure 2 .20. Experimental waveforms of the IWCI converter with RL/Ro=0.007............. 33
Figure 3.1. IWCI HSU converter with coupled inductor. ..o, 36
Figure 3.2. Current waveforms for the two different ranges of duty cycle Ao, 37
Figure 3.3. Operating MOUES. ....coooeeieeeeee e 38
Figure 3.4. Non -ideal voltag e-gain for the HSU converter under analysis with a turn ratio
I P 42
Figure 3.5. Efficiency of the HSU converter under analysis wit  h a turn ratio N=1 ........ 42
Figure 3.6. INdUCtOr CUITeNt FPPIE  oeeee e e e 43
Figure 3.7. Circuit configuration of the coupled inductor ... 43
Figure 3.8. Normalized current ripple  JIBP/T ....eneiieeeeeeeee e 46
Figure 3.9. Coupled-inductor with three windings ..., 47
Figure 3.10. Waveforms of the flux in external legs (d<0.5). ... 48
Figure 3.11. Flux factor as a function of duty cycle dandturnratio M. ........cccooeeveeennnn. 48
Figure 3.12. Waveforms of the flux in external legs (d>0.5). ..., 49

Figure 3.13. Waveforms of the flux in the central leg. ..., 49



List of Figures Xi

Figure 3.14. Experimental prototype for current ripple validation ..., 51
Figure 3.15. Waveform of the experimental voltage and current  .........cccoooeeiiiiiiiiiienneenn, 51
Figure 3.16. Waveform of the experimental input current GE40% ..o 51
Figure 3.17. Waveform of the experimental input current GE60% ... 52
Figure 3.18. Circuit model adopted for numerical simulations.  ...........ccccceiiiiiiiiiiiinennnen. 52
Figure 3.19. SIMUIAtion reSUILS ... 53
Figure 3.20. Experimental and simulated waveforms. ... 53
Figure 4.1. Equivalent circuit of DC  -DC DOOSt CONVEIEIS. ......ccooeeeieeeieeeeeeeeeeeeee e 57
Figure 4.2. Rpson VS. drain -SOUICE CUIMENT /D. .....evviiiiiiiiiiiiiiiiiice e 59
Figure 4.3 . Rpson VS. JUNCLION tEMPETALUIE T coeeeeeeeeeeeeee et 59
Figure 4.4. Transistor capacitances vs. drain -source voltages Vps. .....ccceeveeeeiveeeiivnienneennn, 60
Figure 4.5. Figure of merit of several off the shelf outstanding semiconductors.  ............ 61
Figure 4.6. Low power DC -DC converter for gate driver supply. .....ccooveeeeiiieiiiiiiiiiieneeee, 62
Figure 4.7. Vb VS. IO CUITENT /0. cciieieee e 63
Figure 4.8. WINdING IOCALION ..o 64
Figure 4.9. WIinding resSistanCes gEOMELIY  ..coooeeieeeeeeeeeeeeeeee e 64
Figure 4.10. Current diStriDUtION ..o 65
Figure 4.11. Fringing fl UX cooooeeeeeeeeeeeeeeeee e 66
Figure 4.12. Flux density variation in @ magnetiC COre.  ......oovvviiieeieiieeeeeeeeeeeeee e 68
Figure 5.1. Non -integrated and integrated magnetic COmponents.  .........ccccoeeeeeeeeeeeeeeeenn. 71
Figure 5.2 . Areas definition in an effective C -shape magnetic Core. ............cccevvvvvvnceneennnn. 72
Figure 5.3. A, vs. switching frequency of conventional boost converter. ..........ccccceeeeeee.e. 74
Figure 5.4. Magnetic cores for the non -coupled inductor comparison. ...........cccccceeeeeennnn. 74
Figure 5.5. Magnetic CIrCUit MOAEIS. .....oii i 75
Figure 5.6 . Inductance required by the LCl CONVErter.  .....ccccooeiiiiiiiiiiciee e 76
Figure 5.7. AP factor OF the LCL .o 77
Figure 5.8. Magnetic cores for the LCl COMPariSoN.  ......coooeeiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeee e 77
Figure 5.9. AP factor Of the IWCL. ..o 78
Figure 5.10. Example of three cores with identical magnetic reluctance and different shape

=T o I o 10 g 1= ] T 1 P 79
Figure 5.11. COore Shape gEOMELIIES. ....uciiii i e e e e 80
Figure 5.12. WINdiNg gEOMELIES.  ..oouviiiiii i e e e e 81
FIgure 5.13. WINAING tYP €S, .. e e e e e e e e 81
Figure 5.14. Litz Wire [L144], [L45]. oottt e e e 81
Figure 5.15. Common packages for Si, SiC and GaN semiconductors. ...........cccccceeeeeennnn. 82
Figure 5.16. Capacitor volume vs. Switching freqQUENCY.  ....ooooveiiieeieeeee e 84
Figure 5.17. TRermMal CirCUIL.  ..cooeeeeeeeee e 85
Figure 5.18. Heat SiNK gBOMEIIY. .o 86
Figure 6.1. Design procedure for efficiency optimization. ..., 95
Figure 6.2. Core and copper losses in different designs. ..., 96
Figure 6.3. Volumetric core losses of several magnetic materials.  ........cccoooeviiiiiiiiinnee. 96
Figure 6.4. Inductor losses vs. Gap length and frequency.  ........coooviiiiiiiiie e, 98
Figure 6.5. Overview of the combinatorial structure for inductor efficiency optimization.
............................................................................................................................................ 99
Figure 6.6. Total losses in function of the switching frequency. ..o, 100

Figure 6.7. Overview of the combinatorial structure for semiconductor efficiency
(0] 111 012= 11 o] o A SSRRPPN 101



Xil Modeling and MultiObjective Optimization of Inductive Cgonents ir
High Voltage Gain Power Conver

Figure 6.8. Overview of the combinatorial structure for capacitor efficiency optimization.

.......................................................................................................................................... 102
Figure 6.9. Overview of the combinatorial structure for the total efficiency optimization.
.......................................................................................................................................... 103
Figure 6.10. Total losses of semicondu ctors and iNAUCLOrS. ..........ccooeeviieiiiieeiieeeeeeeeeeen 103
Figure 6.11. Prototypes of the HSU IWCI Converters. ... 105
Figure 6.12. Measured efficiency vs. Duty cycle of the 2 " Prototype. ............cooeeeeeeennn. 106
Figure 6.13. Measured efficiency vs. Duty cycle of the 4 ™ Prototype. ............ccoeeeeeeennn. 106
Figure 6.14. Total efficiency vs. voltage -gain at different switching frequencies of the 3
0T £0] (01177 01 PP 107
Figure 6.15. Total efficiency vs. voltage -gain at different powers and switching
LLCET0 [V L= o T SRR 108
Figure 7.1. Design procedure for efficiency -power density optimization. ....................... 114
Figure 7.2. Overview of the combinatorial structure for inductor multi -objective
(o] o] 111 0TF4= 1110 o FE TP PP P PP PP PPTPPPRPPRPPRRTRIN 115
Figure 7.3. Possible ranges of number of turns. ..., 116
Figure 7.4. Procedure for optimization of the number of turns to calculate.  ................ 117
Figure 7.5 . Magnetic flux density in the EE COre. .....ooooiiiiiieeie e 118
Figure 7.6. FEM model of the IWCI. ... 119

Figure 7.7. Eff 0 PD Sub-paretos representation of the coupled inductor optimization. 120
Figure 7.8. Overview of the combinatorial structure for semiconductor multi -objective
(070111181741 110] o RSP 121
Figure 7.9. Eff 0 PD Sub-Pareto representation of the semiconductor optimization. .... 122
Figure 7.10. Overview of the combinatorial struc ture for capacitor multi -objective

(070111181741 110] o USRI 122
Figure 7.11. Eff 6 PD Sub-Pareto representation of the capacitor optimization.  ........... 123
Figure 7.12. Overview of the combinatorial structure for the total efficiency -power density
(o] o] 110 0142 1110 o FE PP PP P PP PPT PP TRPPPPPRPPRRPRIN 123
Figure 7.13. Combination of Sub -paretos for full efficiency -power density optimization.

.......................................................................................................................................... 124
Figure 7.14. Combination of Sub -structures for full efficiency -power density optimization.

.......................................................................................................................................... 124
Figure 7.15. Final Pareto for full efficiency -power density optimization. ...................... 124
Figure 7.16. Mosfet chip area geOMELIY. ....oooiiiiiiiii i e 126
Figure 7.17. Final decision on the pareto optimum.  .......cccoieiiiiiriiiicee e, 128

Figure 7.18. Optimized prototypes of the HSU IWCI Converters.  .......ccccceeeiiiiieieeeeeeen, 129



List of Tables

Page
Table 1.1. Battery comparison of some current and upcoming BEVS. .......ccccooiiiiiiiiiiiiinnnnn. 4
Table 2.1 CoNVErters COMPATISON. .......ccciiiiiiiiiiieieeeeeeeeetiiaas e e e eeeeeeearaa e e eeeeesstttaaaaaaeaaeeasnnes 27
Table 2.2 Detailed experimental parameters. ... 30
Table 3.1 Winding voltage in each operating mode. ......ccccoooeiiiiiiiiiiii e, 40
Table 3.2 MagnetiC PAramMELEIS  .....cii i e e e e et e e e e e e e e e a s e e e eeeeeeaees 46
Table 3.3 AC flux equations When d<O0.5. ... 47
Table 3.4 AC flux equations when d>0.5. ... 49
Table 3.5 First CIrCUIt PATGMELEIS  ..ooiiiiiiiieiiiiieee ettt 50
Table 5.1. Heat SINK MAterialS .......cccciiiiiiiiieiiie e e e e e e e e eeeees 87
Table 5.2. Heat sink param eters and diMenSIONS ..........coovviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeee e 87
Table 6.1. CirCUIt PArAMELEIS  ...oiiiiiii i e e e e e e e e e e e e e e e e ea s e e e aeaeenanes 92
Table 6.2. Magnetic materials characteristiCsS  .........coouiiiiiiiiiie e, 97
Table 6.3. MOSfetS CharaCteriStCS ......ccvviiiiiiiiiiiiiiiiiiiiiieieeeeeeeee e 100
Table 6.4. DIOdeS Char ACtErISHICS ......cuviiiiiiiiiiiiiiiiiiiiiie ettt 100
Table 6.5. Capacitors CharacCteriStiCS ..........uiiiiiii i e e e e eanens 101
Table 7.1. Turn reduction CalCUlatioNS  ..........oiiiiiiiiiice e e e e e e eaeees 117
Table 7.2. Times and calculations in the combinatorial procedure — .........cccccvvvviiiiiinnnnnn. 125

Table 7.3. Optimized vs. off the shelf Mosfet ... 127



List of Symbols
Units

Ampere
Degree Celsius
Cubic centimeter
Farad

Henry

Hertz

Kelvin

Meter

Second

Tesla

Volt

Watt

ITITg 0>
N

s<-H40 3 x

Greek Symbols

A Reluctance factor

a Heat dissipation constant
a Skin depth

G Variation

Ep2g,. Efficiency

/ Thermal conductivity
Ui, 2, 36. Permeability

7 micro

0 Pi

R Resistivity

Rir Air density

a Magnetic flux

Y Ohm

Mathematical Symbols

cosh hyperbolic cosine
a/at Derivative
k kilo

m mili



List of Figures

XV

M mega

n nano

p pico

sinh hyperbolic sine

Circuit Related Symbols

Biag,... Magnetic flux density
d Duty Cycle

fs Switching frequency
H Magnetic field intensity
11,23, Current (AC+DC)
1123, Current (DC)

Mizgs,.. Voltage Gains

Pi2gs,. Power and Loss
hp23,. Times

T123,... Time duration

Ti... Temperature

V1,23,.. Voltage (AC+DC)
Vi2g3,. Voltage (DC)

Component Symbols

A123,.. Areas

Ci23,. Capacitors - Capacitances
D123, Diodes

Eipzgs,. Energies

J Current density

Kr Window utilization factor
L1323, Inductors 0 Inductances
hp23,. Lengths

Mi2g3,. Mutual Inductance

N Turns Ratio

Ni2gs,. Number of turns

n Number of channels in a heat sink
Q123,... Charges - Charges

Riogs,.. Resistors d Resistances
Ry Thermal resistance
Rmi,mz,ms,... Magnetic Reluctances
S1,23,. Switches

Vol:, 2, 3¢ Volume
Other Symbols
A, B, Frr, P Random Expression for simplicity

KXy Steinmetz Coefficients
ki, 2, 36 Coefficients






1.Introduction

Nowadays, global warming is i ncreasing the concern over the impact of the accumulation
of carbon dioxide (CO2) and ot her greenhouse gases (GHG) on
[1], as well as in the health problems increase [2].

For instance, September 2019 was reported as the hottest September since data started
to be collected. Moreover, the surface air temperature anomaly for September 2019 showed
the highest peak of 11°C in the Arctic Circle , making a drastic effect on the North Pole
melting [3]. In addition, 2019 has been ayearwi t h constant records of
temperatures and highest temperature anomalies  [4] [5]. These anomalies are generating
greater changes in climate that are affecting and harming ecosystems in general.

Global warming is generated by the continuous absorption of solar radiation in the planet
as the solar energy cannot be released due to the greenhouse layer in the planet. These GHG
are mainly CO 2, NOx, CO, SOx, among other emissions [6], produced mainly from different
sources related to energy and transportation. In the United States, around 6.45 gigatones of
CO: equivalent in GHG were generated during 2017 by: Transportation (29%), Electricity
generation (28%), Industry (22%), commercial and residential uses (12%), and Agriculture
(9%) [7]. In the case of Europe (the 27 EU members plus the United Kingdom and Iceland),
for the same period of 2017, 4.3 gigatones of CO 2 equivalent in GHG were generated: 25%
due to transportation, 28% from electricity and heat generation, 19% in industry, and 15%
from residential and commercial uses [8].

Itis clear that transportation is one of the major contributors to greenhouse emissions and
thereby to global warming and its harming impacts on the world. Within the transportation
sector, around 76% is generated by road transportation, 12% by air traffic, 10% by shipping,
and 2% by rail traffic [9].

1.1 Renewable energies, electric mobility, and power electronics

Commercial sectors of energy generation and road transportation, especially in
automobiles and trucks, as well as civil aviation have been growing. This growth makes more
critical the impact of GHG emissions and th  eir impact on global warming. In order to tackle
these environmental issues, novel alternatives have been proposed and improved during the
last decades, such as renewable energies and transportation electrification as well as novel
power electronics in the energy conversion between power sources and loads.

t



2 Modeling and MultObjective Optimization of Inductive Components i
High Voltage Gain Power Converter

Power electronics is an important player, as electric systems can be improved and energy
consumption from power sources to loads can be reduced. In particular, high efficiency, high
power density, and hig h voltage -gain operation are required in applications where power
sources and loads have been optimized for a high performance although their ratings have
reached extreme values (e.g. low voltage batteries and high voltage motors in Hybrid
Vehicles) [10]. Examples of this conversion are: 1) batteries and fuel cells to supply electric
motors in electrically propelled vehicles (XEVs), mainly Hybrid, Fuel Cell, and Battery
Electric Vehicles (HEVs, FCEVs, and BEVS); 2) the Electric Grid to charge batteries in BEVs
and HEVs; 3) power generators to supply DC buses in More Electric Aircrafts (MEAS); 4)
batteries and/or fuel cells to supply motors in All Electric Aircrafts (EEA); and 5) solar
Photovoltaic (PV) panels to supply electronic equipment and/or DC buses in smart grids, etc.
[11], [12].

In these applications, it is possible to distinguish two types of DC  -DC converters: 1) Step -
up, converters that elevate voltage, like the one used in XEVs powertrains or in grid -
connected systems powered by renewable energy sources (Figure 1.1); and 2) Step-down
converters that reduce voltage, like the ones needed to feed auxiliary systems  in XEVs ( Figure
1.2).

Regarding the power converters shown in Figure 1.1 and Figure 1.2, DC-DC converters
represent step -up and step -down converters with regular gain, while the high step  -up (H SU)
and high step -down (HSD) are the ones with high voltage -gain.

DC Bus

\\I/
& - B -

R

Solar Panel High Step-Up Converter
| t
Fuel Cell High Step-Up Converter nverter

Electric Grid
< ?

Battery Pack Bidirectional Converter

Figure 1.1. Grid connected systems with renewable energy sources.
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Figure 1.2. Charging sy stem, internal power train, and auxiliary systems in XEVs.

These transportation applications present critical requirements of volume and weight due
to the following reasons, 1) XEVs need heavy storage units to offer an acceptable autonomy
to be competitive with conventional Internal Combustion Engine (ICE) vehicles. 2) Low
efficiency in electric systems produces an increase of volume and weight in the energy storage
because additional storage cells are required to supply the power losses. Last, 3) bulky and
heavy power converters produce and excess of weight and volume because additional stored
energy is needed to move these converters. To tackle these issues, high power density DC -
DC converters have attracted considerable attention in the last years.

Consequently, downsizing electric powertrains in XEVs becomes essential to increase their
performance. Specifically, if the DC -DC converter that interfaces the storage unit with the
electric motor is downsized, the energy from the storage devices will be better  used because
the vehicle systems will be lighter and smaller.

1.2 Next generation XEVs

As mentioned above, XEVs are a promising alternative to obtain the GHG emission
reduction in the light duty vehicle sector within the road transportation industry [13]. This
market has had a fast development in the last decade until the point that most of the
automotive industry is claiming to go all -electric over the coming years [14]. Nevertheless,
there are still some important challeng es that must be overcome to get the expected BEV
market penetration, mostly related to the cost, distance range, charging time and
infrastructure [15].

BEVs range distance is get ting longer and , in parallel , there are more projects to reduce
charging times. However, charging times do not depend exclusively on the output power of
the charger equipment, but also on the battery fast charging capability of the BEV. Therefore,
the limi tations related to battery chemistry, its State of Health (SoH), State of Charge (SoC)
and temperature management system establish the maximum power levels that can be
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reached [12]. This means that the charging process might not be done at full rated charg er
power, or even at constant power [13]. Consequently, the requirements to the power
converters in the power charger are increased, as it will not operate at rated power during

the whole charging time.

Moreover, examples as the Porsche Taycan released in 2019 or the Rapid E to be released,
introduced a major change in the market: an 800 V battery pack [16]. Table 1.1 shows a
battery comparison of the current and upcoming BEVs [14].

Table 1.1. Battery comparison of some current and upcoming BEVSs.

Battery Capacity Battery

BEV Model (KwWh) Voltage (V)
KIA Soul EV 30 375
Nissan Leaf 40 350
Renault Zoe 41 400
Rapide E 65 800
Audi E-tron 95 400
Jaguar | -PACE 90 390
Porsche Taycan 95 800
Tesla Model S, X 100 350

Employing a higher voltage, specifically 800V to power a BEV, has some advantages
summarized as weight reduction and less copper losses including cell and module conne  ctions
[19]. This is possible owing to the reduction in the current levels. However, a higher voltage
battery implies a higher conversion ratio in the power charger and thereby especial power
converters are required to convert grid voltages to 800V.

Consequently, there are two different trends in electric mobility. 1) In the case of BEVS,
battery packs tend to be enlarged in order to have longer distance ranges and better
performance. 2) While in HEVs, battery packs are being reconfigured, sized, and even
downsized.

In HEVS, these approaches have been proved to be effective techniques to improve its use,
to enable easy recovery from failures, and to reduce the total cost of the storage unit [17]06
[19]. However, a consequence of the storage pack reconfiguration is that the rated voltages
are drastically reduced, which is the opposite as the trends in BEVs.

As an example, a progressive battery pack reduction and voltage conversion increase have
been seen in the Toyota Prius generations. The first generation had a 288V battery with a
33kW motor and a voltage conversion of 1 (without DC -DC converter). The second generation
had a 202V battery with a 500V 50kW motor, i.e., a voltage conversion of 2.47. The third and
fourth generations of the basic Prius have a 202V battery with a 650V 60kW motor and a
voltage conversion of 3.21. Finally, the case of the Prius C (Prius Alfa in some countries) is
remarkable because it has a 144V battery, a 520V 45kW motor and a vol tage conversion of
3.61 [20],[18], [21] . It is evident how the automotive industry is moving towards the storage
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pack reconfiguration, sizing, and downsizing, as well as the increase of the motor voltage and
subsequently of the voltage conversion. In that way, if the battery is reduced up to 100V, and

a 650V 60kW motor is used, a voltage -gain of 6.5 will be required. In addition, when parasitic
components are considered, voltage -gains of 3 or higher become hard to ob tain by
conventional boost converters.

These operating conditions cause an increment in the losses of the DC  -DC power converter
that works between the storage unit and the motor inverter [17]. XEVs have been using
conventional step -up topologie s for some time, including single -phase boost converters and
the well -known interleaved boost converter with coupled inductors, that uses magnetic
coupling techniques to offer downsizing and ripple reduction [22], [23]. However, these
topologies present some problems due to three reasons: i) a high duty cycle is needed to obtain
the required output voltage, but, high duty cycles produce extremely high losses in the
semiconductors due to the parasitic effects; ii) voltage stresses in powe r switches and diodes
are equal to the output voltage, which demands higher requirements to the selected
components; and finally, iii) conventional converters have reverse -recovery problems that
increase the power losses and require large cooling systems, with the consequence of lower
efficiency and power density [24], [25]. As a result, the demand of high voltage -gain
conversion and high power techniques has gradually increased according to the downsizing
requirements and low -voltage energy sources in these vehicles [25]0[28].

1.3 More electric aircrafts

The problem in conventional aircrafts is the use of heavy, complex, and different secondary
power sources, such as mechanical, pneumatic, hydraulic, and electric for non  -propulsive
systems. These massive and complex sour ces result in high maintenance and operating cost,
high CO 2 emissions, and low performance and reliability. For instance, in aircrafts, each
kilogram (kg) of systems, components or devices that is saved per flight can save around
1700-ton of fuel use and 5 400-ton of carbon dioxide (CO 2) emissions per year [29]. Moreover,
each kg increases the aircraft cost by approximately 900 eur 0s [29]. As a solution, aircraft
manufacturers have proposed a more electric aircraft concept which utilizes an electrical
power for all systems instead of using other different power sources, like the aforementioned
(mechanical, pneumatic, etc.). This concept increases the need for electrical power due to the
introduction of new electric loads. For this reason, MEA requires highl y efficient electric
power systems (EPS) which generate, control, and distribute power to all the electrical loads
within the aircraft. Since this trend is getting more attention, different aircraft EPS
architectures have been suggested in [30]8[32]. These publications show that the 270 V DC
distribution system shown inthe Figure 1.3 is a promising power system for future MEA EPS
[33]. However, it requires further development in power converters in terms of efficiency,
power density and cost.
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Figure 1.3. Configuration of the electric power systems within a More  -Electric Aircraft

Power converters are clearly the essential part in MEA EPS  shown in the Figure 1.3 as
there are many power conversion stages between the 270 V DC bus and the multi  -voltage
level AC and DC loads. Since the focus is to reduce weight 1, fuel dependency and cost, the
main objectives for power converters in MEA EPS are high efficiency and high -power density
(weight and volume). To reach these announced goals, multi -disciplinary efforts in converter
topologies, semiconductor switches, and cooling concepts are required.

1.4 Problem

Commercial XEVs and MEAs require man Yy storage cells to store the needed energy and
supply enough power to the motors [34], [35] . The management of the energy from the storage
unit to the electrical motors and auxiliary  systems must fulfill three main features:

i. Efficiency

LIn this document, both concepts of weight and mass are used as in literature they are used interchangeably.
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Achieve the highest efficiency as possible in order to avoid the use of additional storage
cells that would be required to supply power losses. The performance is reduced because of
the addition of stor age cells that increases the weight and volume of the vehicle [36], [37].
That generates a snowball effect trying to compensate losses with energy storage that need
more energy storage to carry i t.

ii. Power Density

Have high power density with the purpose of minimizing the volume and the weight of the
converter, and increasing the performance of the vehicle [38]. The use of bulky and heavy
components increases the weight and volume of the entire vehicle; therefore, it demands
additional energy storage in order to move thi s additional weight [39]. Again, it brings a
showball effect problem, as higher weight and volume will require more energy storage to
move that increased weight and volume.

iii. High Voltage -Gain
Achieve high voltage -gain with two main purposes:

1 For the case of HEVs, battery reconfiguration, sizing and downsizing are effective
techniques to improve the battery use, to enable easy recovery from battery failures and
to reduce the total cost of the storag e unit [19], [40] . However, if the storage unit is
reduced, the rated voltage might be drastically reduced. This causes an increment in the
converter losses when the output voltage is constant, because it has to operate at a higher
conversion r atio [41], [42]. Therefore, DC -DC converters with high step -up operation are
needed. In addition, for the case of ultracapacitor -based EVs, high step -up converters are
needed due to the discharge profile of the ultracapacitors, i.e., the voltage of the storage
unit decreases continuously as the energy is discharged [43]8[45].

1 Inthe case of the auxiliary systems inside the vehicles and battery chargers for premium
EVs, there are cases with very low supply voltages and conventional step -down
converters present efficiency issues because conduction losses are incre ased due to the
high current needed to generate a large conversion ratio  [46], [47]. In addition, due to
these power losses, conventional step -down converters cannot achieve a high conversion
ratio [48], [49].

In conclusion, electric mobility applications demand high efficient, compact, and light
high -power converters with high voltage -gain operation. Initially, these vehicles used
conventional single -phase boost converters to interface the storage unit with the electric
motor and its drive [50], [51]. However, this conventional topology carries many
disadvantages related to low efficiency, h igh input current ripple, bulky inductors and
capacitors, and low voltage -gain [43]. After this, many novel DC -DC converters with
improved characteristics that can be applied in electric mobility were proposed as follows:

i. With the aim of reducing the inputc  urrent ripple and downsizing capacitors, interleaving
technique was introduced due to the fact that input current splitting and a high
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frequency operation in the capacitor were generated by the effect of having interleaved
circuits [39], [50]. However, the interleaving technique presents the disadvantage of
increasing the volume and weight of magnetic components because each phase needs one
independent inductor [52], [53].

ii. In order to downs ize the magnetic components in these interleaved converters, magnetic
coupling technique has been applied because it is possible to integrate several windings
into only one magnetic core. Consequently, the weight and the volume can be drastically
reduced [54], [55] .

iii. These two techniques are complemented with the use of high -frequency switching which
is an effective technique to reduce the size of the inductors and the capacitors  [56].

iv. Several topologies with high efficiency performance have been introduced, where next
generation devices such as Silicon Carbide and Gallium Nitride are used as
semiconductors and Amorphous, Nanocrystalline and Dust materials as magnetic cores
[57], [58] . Additionally, these topologies use especial arrangements in order to obtain soft
switching, Zero Voltage Switching (ZVS) or Zero Current Switching (ZCS), which are
techniques usually reported as effective to reduce conduction and recovery losses in the
semiconductors [59], [60] . However, these additional components affect the power density
because they carry additional weigh t and volume.

v. Finally, some other topologies with high voltage -gain have been proposed. In these
circuits, multiplier cells, tapped inductors, and built -in transformers are widely used in
order to obtain a high conversion ratio  [61], [62] . However, additional components affect
the power density and decrease the efficiency.

In summary, the main problem of the current topologies and stra  tegies is the opposition
between each of the three main features defined above (efficiency, power density and high
voltage -gain), that must be fulfilled in order to get high performance [63], [64] . Therefore, it
is necessary to propose novel methodologies where volume, weight, and efficiency are
optimized in order to obtain the suitable balance between power density and efficiency when
a converter is operated at high conversion ratio.

Based on the parallel studies [22], [65], it was found that passive components, specially
magnetics, are the greatest contributors to the volume and weight in converters and one of
the main contributors to the power losses. In addition, after a literature study about the
aforementioned features, there is a lack of strategies in multi  -objective optimization of
volume, weight and efficiency in DC -DC converters with high conversion ratio for electric
mobility and renewable energies.
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1.5 Objectives

The objectives that were defined for this project are presented as follows:

1.5.1 General objective

To develop a multi -objective optimization design methodology of inductive components for
high voltage -gain converters.

1.5.2 Specific objectives

1 Toevaluate different DC -DC converters in terms of efficiency, power density and voltage -
gain, and select the suitable topolog Yy to be optimized.

1 To develop the model of the core losses and copper losses of the magnetic components of
the selected topology.

9 To develop the sizing of the magnetic components of the selected topology.

1 To evaluate the feasibility of at least two multi  -objective optimization methods to be
applied to the size and efficiency optimization of magnetic components in DC  -DC
converters, and select the suitable method to be applied.

1.6 Thesis outline

This document presents the research in optimization of magnetic com  ponents for high
voltage -gain power converters. It is divided in 8 chapters and three parts. Part | discusses
high voltage -gain converters in general and it makes the selection of the topology to optimize.

In this part, chapter 2 presents a review and a co mparison of promising converter topologies
with a selection of the suitable topology, and chapter 3 analyzes in detail the selected
topology. Part Il addresses the component modeling of the selected topology. In this part,
chapters 4 presents the power los s modeling at component level while chapter 5 presents the
volumetric modeling. Then, part Ill gives the optimization of single and multiple objectives

in the converter. Chapter 6 introduces conventional exploration of optimization techniques
while chapter 7 discusses multi objective optimization with both conventional and
evolutionary techniques. Finally, conclusions and contributions are given to this document
as well as the list of publications resulting of this research. Figure 1.4 presents the summary

of the thesis outline.
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PART I

High Voltage -Gain Converters






2 Comparative Analysis of High Voltage -Gain
Converters

2.1 Introduction

As mentioned above, power converters with conventional voltage -gain are not sufficient
to applications where low voltages are required to be converted to high voltages. They
usually bring low efficiency, high input current ripple, and bulky components [43], [66] . In
consequence, several techniques of high voltage -gain conversion have been proposed.
Specifically for this study, as the targ et is the conversion around the powertrain in electric
vehicles (XEVs and/or MEAS), the focus is mainly on step -up converters. Examples of these
converters are: the interface between the power grid and an 800V battery in new BEVS,
interface between batteri es and motor drives in xEVs and MMAs, PV panels and the power
grid, etc.

These high voltage -gain converters with step -up conversion defined as High Step -Up
(HSU) converters can be classified as Figure 2.1 shows [66].

StepUp DC-
DC Converter
|
Nortlsolated Unidirectional Voltagefed Hard-Switched Non?;r;gnum
Isolated Bidirectional Currentfed Soft-Switcheal P
minimum phase

Figure 2.1. HSU categories.

Figure 2.1 depicts a rough categorization of the most common types of step -up
converters. HSU converters usually combine these categories to tackle specific challenges
in different applications. In the case of our study, voltage -fed non-isolated converters with
bidirectional operation and with either hard or soft switching are considered. In order to
obtain a high voltage -gain operation, these HSU converters usually employ one or several
of the following techniques:

i. Switched capacitors technique is often used as capacitor -switch arrangements to
obtain voltage multipliers (2x, 3x, etc.). Theoretically, switched capacitor converters
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have the potential of achieving high voltage -gains although many switches are
required. These topologies als o suffer high current transients as there is no inductive
component for current limiting  [66], [67]. Figure 2.2 shows a simple circuit of a

switched capacitor converter.
. o
s, ZJZ s,
—

+

Vit 1 7C, R, =
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Figure 2.2. Switch capacitor converter.

Interleaving phases has the potential of input current splitting and output capac itor
reduction due to its high frequency operation  [50], [53] . The interleaving technique
can also increase the volume and weight of magnetic components because each phase
needs one independent inductor [52], [53] . Figure 2.3 shows the comparison of a single
and multi -phase interleaved boost converters.

Bl
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L AN D, > Dsﬁ

D, )
+ L+ + +
i+ ozt rREV, v, G RrREV,
B S, - - S S:| s, -
(a) Single -phase boost converter. (b) Multi -Phase Interleaved boost converter.

Figure 2.3. Interleaved converters.

As a solution to the interleaving issue of independent magnetic components, the
magnetic integration technique has been proposed as a solution to downsized
magnetics through the integration of several windings into only one magnetic core;
thereby, weight and volume can be drastically reduced [54], [55] . These two techniques
are complemented with the use of high -frequency switching, which is an effective
technique to reduce the size of th e inductors and the capacitors [56]. Figure 2.4 and
Figure 2.5 show some examples of magnetic integration in single and two -phase boost
converters, respectively.
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Figure 2.5. Magnetic components in the two -phase interleaved boost converter.

iv. Combining the aforementioned techniques, multiplier cells, tapped inductors, built -in
transformers a mong other derived techniques are possible [61], [62]. However,
additional components always affect power density and decrease effic iency.

This section focuses on the study and comparison of the four different HSU topologies
shown in Figure 2.6, with the potential application in electric mobility. These pre -selected
topologies combine switched capacitors, interleaving phases and magnetic integration.
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(@) Two-phase interleaved boost converter with (b) Two-phas_e interl eaved tapped-inductor

coupled-inductor converter
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Figure 2.6. Analyzed converters.

This chapter is organized as follows. First, each pre -selected topology is described.
Second, a parasitic analysis of these topologies is conducted to evalu ate their real voltage -
gain operation. Finally, experimental tests of 100W prototypes are shown as a validation
of the voltage -gain of the outstanding topology out of the comparative analysis. It is
important to mention that part of the results presented i n this chapter has been published
by the author in [42], [68] .

2.2 Interleaved boost converter

Figure 2.6(a) shows the well -known two -phase interleaved boost converter with coupled
inductors. This converter has been widely studied for many applications, especially for
electric mobility because of its well -known characteristics. This topology has two windings
Lz and L:that are wound only int o one magnetic core. This feature achieves a direct or
inverse magnetic coupling depending on the wound direction of the windings. This
converter also has two switches Sz and Sz that are commutated with a phase shift of 180
degrees, two main diodes D:and D2 and one output capacitor C,[69]0[74].

The two -phase interleaved boost convert er combines two main techniques: interleaving
phases and magnetic coupling. On the other hand, multi  -phase interleaved topologies have
been widely used mainly due to three attractive features. First, the total input current is
shared among several phases; for this reason, it is possible to drive high currents without
using power devices with high current ratings. Second, interleaved techniques can achieve
high frequency operation in the output capacitor without driving the power semiconductor
devices at the same high frequency [49], [75] 8[78]. And third, filter components can be
miniaturized and EMI emissions can be reduced [79]06[81]. Considering these features,
this topology is effective for high power density applications.

On the other hand, magnetic coupling has been used in multi -phase interleaved
converters in order to reduce the volume and mass of magnetic components. The
advantages of this method are given by the integration of several windings into only one
core. In addition, magnetic integration produces a magnetic coupl ing that might reduce
the DC flux, depending on the coupling type. Consequently, the core size can be reduced
as well [81].
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Although this topology has several advantages, the interleaved boost converter with
coupled-inductor presents the same ideal voltage -gain problem of the conventional single -

phase boost converter, i.e., at high duty cycles, power losses are increased and voltage
gain is highly decreased. The ideal voltage -gain M of this converter is expressed as:

M

boost

-1 (2.1)
1-d '
where dis defined as the duty cycle 2

Considering the parasitic resistance effect in the windings, Figure 2.7 shows the
interleaved boost converter with the copper resistances of the coupled
switches.

-inductor Rri2, as
well a s the operating modes resulting of the combination of the ON and OFF states of the

L
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Figure 2.7. Two-phase interleaved boost converter with par

(e) Mode 4

asitic resistances.
Assuming that the two phases are structurally symmetric and the windings are

composed of wires with the same cross -sectional area, it is possible to state:

R=R;=R. (2.2)
I = iLl = i|_2 (2:3)
where /.12 are the winding currents in each phase. Then, the steady -state analysis is
conducted and each operating mode is evaluated as follows:
Mode 1 Mode 2
v, =Vi- i R v =Vi- iR -V,
Vi, =Vi- iR -V, Vi, =Vi- i R
oz - Yo (2.4) s - e (2.5)
R, R,

2BothDandd are commonly use to represent duty cycle

17
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Mode 3 Mode 4
VLl:Vi_iLRL_Vo VL1=Vi'i|_R1_
VL, =Vi-i R -V, 2.6) Vi, =Vi- i R @2.7)
iC0:2iL_£ iCOI-V_O
R, R,

It is pos sible to derive the ratio of the output and input voltages by the combination of
(2.4)-(2.7) with their respective duty cycle cases. Thus, the non -ideal voltage -gain with the
parasitic effect of the copper resistance is derived as:

M 1

boost non—ideaI: é (2-8)
Q- dyg +
¢ R(- d)

Figure 2.8(a) shows the plot of (2.8) considering several values of copper resistance
ratios between the windings and the load ( R:./RJ). The ratio R:./Rois used because it is an
effective way to measure the effect of the parasitic resistance under general conditions,
i.e. specific paramet ers are not required for the evaluation.

Figure 2.8(a) shows the effect of the inductor copper resistance on the voltage -gain. It
is evident that the increase of the copper resistance or the reduction of the load (a  power
increase) compromises the voltage -gain to the point of reducing it to zero at high duty
cycles, although ideally it is supposed to obtain a quite large voltage -gain. For these

reasons, HSU converters with low impact of the copper resistance on the v  oltage-gain are
required by the industry.

The efficiency performance of HSU converters is equally important. Then, combining
(2.8) and the duty cycle cases, it is possible to derive the efficiency expression of the
converter considering the parasitic resistances, i.e. Eq. (2.9). The efficiency of the boost
converter at several ratios R./Rois shown in Figure 2.8(b).
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Figure 2.8. Non-ideal voltage -gain and ef ficiency of the interleaved boost converter.
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2.3 Tapped-inductor converter

Figure 2.6(b) shows the two -phase interleaved tapped -induct or converter, which is an
improved converter that combines the advantages of the interleaved multi -phases and the
magnetic coupling. This converter has two switches Sz and Szthat are commutated with
a phase shift of 180 degrees, two main diodes D:and D2, one output capacitor C, and two
special inductors Lzzwith Lizand L2z with L2z, Each of these inductors has two windings,
Ly and Lxz installed in the same core, i.e. they are magnetically coupled. Each winding,
Lxzand Lz, belongs to the same inductor , but they are separated by a tap, which gives the
converter its name. In this converter, N is introduced as the ratio between the number of
turns of each winding Nxzand Nxz (N=N x2/Nxi) [82] 8[85].

When this c onverter is under Continuous Conduction Mode (CCM), the relation
between the output and input voltage is dependent on A, and its ideal voltage -gain has
been reported in [85] as:

_1+Nd
tapped — 1- d (2.10)
When N increases, the voltage -gain of the tapped -inductor co nverter increases as well.
This voltage -gain is higher than the one of the conventional boost converter.

The parasitic analysis is conducted considering the same assumptions of the basic
interleaved boost converter. Figure 2.9 shows the tapped -inductor converter with each
inductor copper resistance, HR.11122122, as well as each of the four operating modes.

L+
cf RE V,

u R

+ +

Vi 2 Ry RE

‘ T SQf\ ‘
<+

(a)' Schematic (d) Mode 3 (e) Mode 4
Figure 2.9. Interleaved tapped -inductor converter with parasitic resistances.

Considering a symmetrical condition between the phases, the four parasitic resistances
can be expressed as (2.11)-(2.13).
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Ri=Ru=Ra (2.11)
R.=Rx=Rx» (2.12)
R.=NR, (2.13)

Based on the steady state analysis presented in [86], [87], it is pos sible to obtain the
state equations of each operating mode as follows:

Mode 1 Mode 2
Vi :Vi - iLllRLl Vi :Vi - iLllR_l_ iLllRLZ - Vo
VL21:Vi b iLleLl- iL21RL2 - Vo (2 14) Vi1 :Vi - iL21RL1 (2 15)
o= - Vo ico =iiqs- Vo
Co L21 Ro Co L11 Ro
Mode 3 Mode 4
Vi :Vi - iLllRLl - iLllRLZ - Vo Vi :Vi - iLllRLl
Vi =V 1Ry 1Ro -V (2.16) Vit =Vi- iRy (2.17)
o A \Y
ico = (L +iion) - Q o =- =2
R,

Eq. (2.18) presents the non -ideal voltage expression from each duty cycle condition
derived from (2.14)-(2.17).
@+ Nd)1 -d)

M =
tapped non-ideal™ F\éL)ld(l+ N)2 % (1 d) (:H_ d)z_

(2.18)

Figure 2.10(a) shows the voltage -gain of the two -phase interleaved tapped -inductor
converter when it has inductors with ~ A/=2. This means that R is twice the value of Rz,
the windings are structurally symmetric and use the same wire. Figure 2.10(a) presents
several voltage-gains corresponding to some parasitic resistance ratios between the
primary windings and the load ( R.z/R0). It is important to mention that ~ Figure 2.10(a) is
obtained using ( R.:+R.2)/Ro=3 R.1/Ro.

Now, using th e state equations presented above, it is possible to derive the efficiency
expression of the two -phase interleaved tapped -inductor converter when parasitic
components are considered, as shown in Eq. (2.19)

(1- d )2 _M tapped non-ide:-gl_ d)

/7 —_
I;L)ld(1+ N)>? %(1 d) (& dp (1+Nd)

tapped —

(2.19)
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Figure 2.10(b) shows the efficiency plot of the tapped -inductor converter when ratios
R.1/Robetween 0.1 and 0.000075 are considered.
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Figure 2.10. Non-ideal voltag e-gain and efficiency of the tapped -inductor converter.

2.4 Super tapped -inductor converter

Besides the magnetic integration technique, voltage multipliers are also used as
effective circuits to increase the voltage -gain in DC -DC converters. Figure 2.6(c) shows the
single -phase tapped-inductor converter with the voltage multiplier capacitors proposed in
[41] (from now on GiSwuduect otr@dppedThe circuit
operation, leakage energy recycling to the output terminal, and relatively low voltage

stresses on the components. In addition, it can achieve quite high voltage -gains, due to its
number of capacitors.

As the previous one, the converter has a tapped -inductor composed of two windings 7z
and nza main switch Sz five diodes D:-Ds, and five capacitors Cr- Csand Co. Ci4 Operate

as boosting capacitors, Czs operate as switched capacitors, and C,is the output filter
capacitor.

The turnratio N is defined as the rate between the number of turns of  Lz-and Lz ltis
expected that the converter increases its voltage -gain when the turn ratio of the coupled
inductor is enlarg ed. Combining these attractive features and the operating principle, [41]
presents the ideal voltage -gain expression according to the duty cycle:

N(2+d) B
Moo =———— 2.20
Super 1_ d ( )
Figure 2.11 shows the super tapped -inductor converter with copper resistances
considering the parasitic compon ents in the windings. Similarly to the tapped inductor
converter, this topology has two parasitic resistances: Rz and R:z, one in each winding.

an
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Wy
[

Figure 2.11. Super tapped -inductor converter with parasitic  resistances.

Considering a symmetrical construction of the windings, i.e. a wire with the same cross -
sectional area, it is possible to assume that R.>=NR.:. Considering the steady state
analysis and the subsequent derivation of the voltage -gain, [41] presents the voltage -gain
according to the duty cycle and the parasitic resistance ratio  R:z/Ro.

N(2+d) 8B

M super non-ideal o 1-,., d (2.22)
1+ia3(N +1)A 02R, B+ R,(4 50

RE@-df £  da-dR

where

A=N(@2 +d) 3 (2.22)
B=2N[N(2 +d) 3§ (2.23)

From Eq. (2.21), Figure 2.12(a) and Figure 2.1Ab) are plotted showing the voltage -gain
of the super tapped -inductor converter when it has a tapped -inductor with  A/=2. Figure
2.12(a) presents the voltage -gain of the converter with the parasitic resistance ratios
evaluated in [41] (R.z/Ro = 0.0005, 0.0001 and 0.001). Nevertheless, these values
correspond to inductors with very small copper resistances (almost ideal) or to very low
power converters (large resistances in the load). Thus, in order to hav e a better
understanding of the parasitic impact on the voltage -gain of this converter, Figure 2.12(b)
shows the voltage -gain evaluated with the same ratios of the other analyzed converters
(Rw.2/Ro= 0, 0.001, 0.01 and 0.1). Note that the evaluations of Figure 2.12 are conducted
having in mind that R.2=NFR.1.

In addition, from [41], Eq. (2.24) shows the efficiency expression of the super tapped -
inductor converter when parasitic components are considered.  Figure 2.12(c) presents the
efficiency considering a range of ratios R.:/Ro between 0.001 and 0.000075, and Figure
2.12(d) shows the efficiency cases of R.:/Robetween 0.1 and 0.001.
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Figure 2.12. Voltage-gain and efficiency of the Super tapped -inductor converter.

2.5 Interleaved boost converter with IWCI

Lastly, Figure 2.6(d) shows the schematic of the two -phase interleaved HSU converter
with the Integrated Winding Coupled -Ind uctor (IWCI) proposed by the authors. This
converter has a magnetic coupled -inductor, composed of three windings installed only in
one core, and it has been studied in [68]. To achieve the magnetic integration, an EE core
is used to install each winding in each leg of the core. The external win  dings are directly
coupled. An air -gap is installed in each external leg in order to suppress DC flux induction.

In addition, each external winding, L:and Lz, is connected to the power source, and the
central winding Lcis located between the cathodes of D:and D:.

The converter has four diodes D:-D4 one output capacitor Co, and two power switches
S: and Sz which are alternatively commuted with a phase difference of 180 degrees
between them.

N is defined as the turn ratio between the central winding Ncand the external windings

Ne, knowing that Ne=N:=N2. This converter has a high voltage -gain due to the presence of
the central winding in the coupled -inductor and its position between the diodes. This
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central winding is influenced by the magnetic fluxes pro  duced by the external windings
that are directly coupled [68].

Furthermore, the IWCI HSU converter has the same components as the two  -phase
interleaved boost converter described in Section 2, but with the addition of one winding Lc
and two output diodes Dszand D.. As any two -phase interleaved c onverter, the IWCI HSU
converter has two different operating modes (when the duty cycle is lower or higher than
50%). Therefore, according to [68], and based on the overall operating principle, the
voltage -gain for both modes is:

Minci-d 05 = 1N (2.25)
ST (1+N) d(l 2N)
1+N
MIWCI-d 95— 1- d (2.26)

Assuming a non -ideal condition where the copper resistances of the three windings are
considered, Figure 2.13 shows the equivalent circuit of the IWCI converter with parasitic
resistances.

.
RF Vo

L+
RF Vo

51 8, - v

L] X
(&) Schematic (d) Mode 3 (e) Mode 4
Figure 2.13. IWCI converter with parasitic resistances.

Here, R:u:, R.2, and R:c correspond to the equivalent parasitic resistance in series of
each external winding and the central winding, respectively. Therefore, for analytical
convenience, it is possible to assume that:

R =Ru=R, == @27
In this context, considering the four operating modes with the copper resistances, it is
possible to derive the state equations as follows:

Mode 1 Mode 2
v,=V,-i R Vi =Vi- iR - V- 1R - Y,

_ _ (2.28) _ (2.29)
Vip =Vi- IR +v -1 R -V, Vi, =Vi- il R



2. Comparative Analysis 25

-— VO — VO
leo =1L E 'm"l.'ﬁ
Mode 3 Mode 4
VL1:V|'i|_R1_'Vo Vi =V, ILRL
Vo =Vi- i R -V, (2.30) Vo =Vi- I R (2.31)
. . V, . V,
ICOZZIL_E 'cO:'g

Then, combining (2.28)-(2.31) and the duty cycle cases, the voltage -gain considering the
parasitic resistance can be calculated using (2.32)-(2.33).

M = +N (2.32)
IWCI- non -ideal d 0.8 ~— o :
[@+N) -d@ 2Ny Do+ Ndd +N)
RE 20 d)
M = 1*N (2.33)
IWCI- non -ideal d 0.5 l- d _{_&é(1+ N -Nd)(l N) .
RE 20 d)

The complete voltage -gain for all the duty cycle values is constructed from  (2.32) and
(2.33). Figure 2.14(a) shows the plotted voltage -gain of the IWCI converter with a turn
ratio NV=2. Similar to the previous evaluations, se veral values of the parasitic resistance
ratio R./Ro.were considered.

Now, using the state equations, it is possible to derive the efficiency expression of the
super tapped -inductor converter when parasitic components are considered, i.e., (2.34) and
(2.35). Figure 2.14(b) shows the efficiency of the IWCI converter when several ratios  R./Ro
are evaluated.

1 M ,
hIWCI—d<O.5 — ~ = IWCI- non -ideal d 0.8 (2.34)

[(A+N) 4@ 2N] igg(“ Nd)(L +N) : 1+ N

R, G 2(1- d) +
1 M .
h — — " IWCI- non -ideal d 0.5 2.35
W g RALHN N N) B 1+N (239
RE 20-d) 2
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Figure 2.14. Voltage -gain and efficiency of the IWCI converter.

2.6 Voltage -gain and efficiency analysis

With the purpose of evaluating the effectiveness of each co nverter, voltage -gain and
efficiency comparisons were made considering the operating principle and the effect of the
i nductorsd copper resi stances on each <converter
converter, the interleaved tapped -inductor converter , the super tapped -inductor converter,
and the IWCI HSU converter.

The use of the magnetic coupling technique is evident because each of the studied
topologies uses coupled-inductors, tapped -inductors or integrated coupled -inductors,
where the common facto r is the magnetic integration into only one magnetic core. With
the exception of the conventional boost converter, the voltage -gain of the studied
converters depends on the turn ratio A of the coupled-inductors or tapped -inductors.

In summary, Table 2.1 shows the characteristic comparison of the mentioned HSU
converters. In this table, the ideal voltage -gain, the non -ideal voltage -gain (considering
the parasitic copper resistances), and the efficiency are compared.

Concerning the voltage -gain response, Figure 2.15(a) shows the ideal voltage -gain
behavior of each converter. This comparison is carried out using a fair evaluation with the
same turn ratio, i.e., N=2. Figure 2.15(a) shows that the super tapped -inductor converter
with voltage multiplier capacitors offers the highest voltage  -gain compared with the one
of the other studied converters. This ideal voltage -gain is much higher than i n the
conventional boost converter and almost four times the voltage -gain of the IWCI and
Tapped-inductor converters (for the case of a duty cycle of 0.9). The super tapped -inductor
converter ideally offers a remarkable performance in all the duty cycle ra nge, while the
IWCI HSU converter presents higher voltage -gain than the tapped -inductor and the
conventional boost converter, especially when the duty cycle is higher than 0.5.
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Table 2.1 Converters compariso n.

Ideal Voltage - Voltage -gain with -
Converter gain M Parasitic Effects M Efficiency
1 1
Interleaved 1 & R & R
Boost 1-d - d)gé R (- dy 2é+ R (1- dy
(1+ Nd)(@ -d) (1- d)?
Tapped- 1+Nd Ra » Rt R, . R, T R R, .
Inductor 1-d R A@FNY s @) @ dY L N
N(2+d) B8
Super N@+d) 8 (1 d) A3(N + DA }2 B+ R (4 5
Tapped- 14 L R.BN+DA 02R, B+ R.(4 69 1+ R aBIN+DA 02R, B+ R,(4 69
Inductor REW-d & da-oR Re@-d = di-IR
1+N 1
1+N a<0s™ - &(1+ Nd)(L +N) a<0s™ A(1+Nd)(1 )
T E—— [@+N) -d@ 2N)] 5* [@+N) -d(@ 2N)] i
wel ST(L+N) -d(L 2N) 2(1- d) RE 20 d)
_1+N 1+N - 1
00T 1 d o™ 4 R ALHN -ND@ W) T4 RAQLEN -NOE W)
R ¢ 2(1- d) R¢ 2(1- d)

On the other hand, considering that the inductors of these converters present parasitic
resistances, it is possible to compare the non -ideal voltage -gain of the converters. Figure
2.15(b) presents the non -ideal voltage -gain of the four converters evaluated with a turn

ratio N=2 and R./R~0.001 (R.=R:: for the tapped inductors). Lastly,

the case of R./R, =0.01.

Figure 2.15(c) shows
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Figure 2.15. Voltage -gain comparison of the studied converters
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Figure 2.15 shows a great drawback of the super tapped -inductor converter. Although
it presents the highest ide al voltage -gain, the presence of many components and the
location of the tapped -inductor prior the boosting and switched capacitors produce that
the copper resistances deteriorate the voltage -gain. For these reasons, at a ratio of
R:./R»=0.001, the voltage -gains for duty cycles higher than 0.75 decrease rapidly. What is
more, there are duty cycles where the super tapped converter presents voltage -gains lower
than 1. Finally, the case of a ratio of R./R.=0.01 reveals the great impact of the copper
resistance on the voltage -gain of the super tapped converter. As Figure 2.15(c) shows, the
voltage-gain for the super tapped converter is less than 1 for many duty cycles, making it
a step-down converter rather than a HSU conv erter under those circumstances.

On the contrary, it is evident the good voltage -gain of the IWCI converter for several
R./Ro ratios because it achieves much higher voltage -gain than the other converters,
especially when the copper resistance increases or when the converter power increases as
well. Note that the IWCI HSU converter always presents higher voltage -gain than the
tapped inductor converter and the conventional boost converter at all the ratios R./Ro, and

higher than the super tapped converter at  ratios higher than 0.01.

In the same way, Figure 2.16 shows the efficiency evaluation of the four converters at
several values of R./R.. Figure 2.16(a) presents the compariso n at the evaluation
parameters of [41], where a R./Roratio of 0.000075 is validated. Figure 2.16(b) shows the
case of a ratio of R./R~=0.001, and Figure 2.16(c) shows the case of R./R~0.01.
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Figure 2.16. Efficiency comparison of the studied converters
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As can be seen from Figure 2.16, the IWCI converter has a better efficiency performance
than the Tapped and the Super Tapped converter in all the duty cycle cases. In addition,
it is evident how the conventional boost converter pres  ents the best efficiency performance
in all the cases. This is due to the basic topology and the few components that the converter
has.

From these results, the IWCI converter, proposed by the author in [42], [88], [89] , offers
suitable characteristics of hi gh voltage-gain, high efficiency, and a relatively simple
construction. Therefore, it is possible to state that IWCI converter is a promising topology
to be applied in electric mobility or renewable energy applications, capable of sustaining
high voltage -gain and high efficiency at different loads and different parasitic conditions.

2.7 Experimental validation

Experimental tests of a 100W prototype of the IWCI converter are introduced as a
validation of the parasitic analysis presented above. These tests were ¢ onducted with
different loads in order to obtain several ratios of  R./R. The prototype is also tested with
a wide range of input voltages with the purpose of getting several points of duty cycle and
thereby several voltage -gains can be obtained. Figure 2.17 shows the experimental setup
of the selected converter.

Gate Driver

Figure 2.17. Experimental setup of the IWCI HSU Converter.

This prototype was constructed using Silicon  Carbide Diodes, Super -Junction
transistors, Electrolytic Capacitors, and a TDK PC40 Ferrite core with three windings and
a turn ratio of =2. These components were selected based on their high -efficiency
characteristics. The prototype was tested withthe  parameters of Table 2.2, where different
loads were installed and driven at the same output power in order to obtain all the voltage -
gains and different duty cycles under a fair comparison.
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Table 2.2 Detailed experimental parameters.

Resistance
. RL/Ro 0.0035 0.0045 0.0071 0.0106
Ratio
Load Ro 200Y 154.8Y 98.8Y 65.8Y
. 110.3V & 97.5V o 65.5V o
Input Voltage Vi 8.5V 8.04V 78.9V-7.44V 7oV
Output
uipu Vo 140V 122.94V 98.08V 79.99V
\oltage
Output Power w 98.98W 98.43W 98.24W 97.38W
Frequency fs 30 kHz
Number of External: 16 turns
Turns N Central: 32 tur ns
L3781 H
Inductance L Lz 3801 H
Le1.87mH
. R.:: 698mY
Parasitic R Riz: 702mY
Resistance Ric 1. 41Y

Figure 2.18(a) shows the experimental results of the prototype at four different
conditions of R./R.in comp arison with the theoretical ideal performance (without parasitic
resistance) of the IWCI converter with ~ A/=2. This figure validates the effect of the parasitic
resistance of the coupled -inductor windings on the voltage -gain performance.

Figure 2.18(b) to Figure 2.18(e) show the experimental results of the prototypes with
ratios of R./R~0.004, 0.005, 0.007 and 0.011, as well as the theoretical non -ideal values
obtained from equ ations (2.32) and (2.33). The ideal performance of the proposed
converter, when the parasitic resistance presented in the coupled -inductor is not
considered, is also shown in those figures. The experimental results and the theoretical
non-ideal values present an average standard error of 0.17%, 0.19%, 0.18% and 0.2% for
ratios of R./R»=0.004, 0.005, 0.007, and 0.011, respectively.
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Figure 2.18. Measured voltage -gain vs. Duty cycle.

Additionally, in order to evaluate the efficiency derivation of the IWCI converter,
efficiency tests were conducted. These efficiency tests were carried out with a Yokogawa
PZ4000 power analyzer. Figure 2.19 shows the complete set of efficiency measurements of
the prototype of Figure 2.17 at the same ratios of R./R. presented in Figure 2.18. Figure
2.19(b) to Figure 2.19e) show the experimental results of the prototypes with ratios of
R:/R~0.004, 0.005, 0.007 and 0.011, as well as the calculated efficiency values obtained
from equations (2.34) and (2.35). The experimental results and the calculated values
present an average stan dard error of 0.54%, 0.74%, 1.13% and 1.34% for ratios of R./Ro
=0.004, 0.005, 0.007, and 0.011, respectively.
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Figure 2.19. Measured efficiency vs. Duty cycle.

Finally, experimental waveforms of the case (d) of Figure 2.18 and Figure 2.19,
corresponding to the ratio R./R.=0.007, are presented in Figure 2.20. This figure shows
both cases of duty cycle higher and lower than 50%. As it was explained above, the IWCI
converter has different behavior at different duty cycles. From Figure 2.20, it is possible
to see the winding current shapes of both duty cycle cases that are characteristic of the
IWCI converter as it is presented in  [68].
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Figure 2.20. Experimental waveforms of the IWCI converter with R:/R+~=0.007.

2.8 Conclusion

This section presented a comparative analysis of several preselected HSU topologies
with potential to get high performance in electric mobility applications. The parasitic
effect of the copper resistance, presented in the coupled -ind uctors, on the voltage -gain and
the efficiency of these HSU converters were evaluated. This comparative study was done
considering the operating principle of the conventional two -phase interleaved boost
converter with coupled -inductors, which uses the tech nigues of interleaving phases and
magnetic integration. These techniques have been reported to be effective for downsizing
power converters and therefore for being applied in XEVs and MEAs.

From the study of this section, it was confirmed that parasitic re sistances presented in
the windings of the coupled inductors have a great impact on voltage -gain and efficiency.
Especially, it was observed that a converter with a large number of components increases
the probability of a negative effect of parasitic comp onents on the voltage -gain and the
efficiency. It was the case of the super tapped -inductor converter with voltage multiplier
capacitors that offered the highest ideal voltage -gain in all the duty cycle range. However,
when the copper resistance is conside red, its voltage -gain and efficiency are highly affected
and decreased as the parasitic resistance increases or the load resistance decreases.

In addition, the IWCI HSU converter was found as the topology with the best voltage -
gain performance in the compa rison with a good efficiency when the copper resistance is
considered, especially at high ratios of R./R.. The IWCI HSU presents a reliable voltage -
gain, even at hard conditions (like a ratio of  R:/Ro=0.01).

Finally, several experimental tests of a 100W p rototype of the IWCI HSU converter
were conducted as a validation of the parasitic analysis of the IWCI HSU converter. Five
ratios of R./R.were tested and it was found a maximum average deviation error of 0.2%
in the voltage -gain tests of the IWCI HSU pro totype with N=2 and R./R.,=0.011, as well as
a maximum average deviation error of 1.34% in the efficiency tests of the same prototype.
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Considering the evaluation of ideal and non -ideal voltage -gain, and efficiency of the
studied topologies, it is possible t o conclude that the IWCI HSU converter is a suitable
combination between high voltage -gain, and efficiency, and thereby it is a promising
topology to be applied in electric mobility and renewable energy applications.

Based on these comparative study, the | WCI HSU converter is selected for the modeling
and optimization procedures in the upcoming sections of this document.



3 Modeling of the HSU IWCI Converter

3.1 Introduction

As a result of the previous section, where several HSU topologies were  compared, the
IW Cl HSU converter was selected due to its potential for high voltage  -gain applications.
Its voltage -gain showed to be more stable and higher than other outstanding HSU
topologies when parasitic components are considered. Moreover, the IWCI HSU topology
potentially offers a higher reliability in comparison with other HSU topologies. Higher
reliability in the IWCI HSU is possible since 1) the converter is based on magnetic
components, which are the most reliable components in power converters  [90], [91] ; 2) the
probability of failure is reduced as the number of components is minimum in comparison
with other HSU topologies (Figure 2.6) [92]; 3) the converter reduces the number of
capacitors, which are one of the less reliable components in power converters  [93]; and 4)
the converter also requires lower capacitance, due to the interleaving technique, making
it also more reliable [94].

This converter acquires an outstanding performance thanks to the concept com  bination
of magnetic integration and interleaving phases that are effective for downsizing inductive
and capacitive components in power converters. Moreover, this converter offers a good
trade -off between the converter size and voltage -gain. In comparison with the conventional
two-phase interleaved boost converter, it only needs the addition of two diodes and one
winding.

Interleaving phases is effective because it offers the following advantages. First, it is
possible to share the input current among the p  hases of the converter, which allows high
current driving without using high current rating power devices. Second, high frequency
operation is achieved in the output capacitor without driving the power devices at high
frequency and, consequently, capacitor volume can be reduced. Third, filter components
can be miniaturized and EMI contents can be reduced [95], [96]. In addition, magnetic
coupling can provide benefits such as: 1) size reduction of the magnetic components,
achieved through the integration of several windings into only one core  ; and 2) reduction
of the input ripple current, using with the mutual inductance presented between the
windings [24], [97], [98] .

In this context, electric and magnetic analyses of the IWCI HSU converter are required
to fully understand its effectiveness and thereby construct a design guideline for its correct
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performance. In addition , this analysis can also be useful to provide valuable results to
validate the operation and performance of the modulation techniques. It is worth noting
that the advantages introduced by the IWCI HSU converter may lead to miniaturization
and likely to low er cost. Consequently, a multi objective optimization procedure can be
conducted to assure a high performance operation in the application.

This chapter addresses the coupled inductor modeling from two points of view. Firstly,
the magnetic flux in the core is analyzed and derived. This magnetic analysis is important
to the dimension design of the magnetic core. Secondly, the current ripple in the windings
is modelled as it is a key factor to the post -calculation of power losses in the inductor.

This chapter is organized as follows. First, the operation principle of the studied
converter is reviewed. Second, the core structure is discussed, and the magnetic
characteristics of the proposed solution are analyzed to illustrate their attractive features.
Finally, the effectiveness of the studied converter is validated with simulations and
experimental tests. It is important to mention that some of the results presented in this
chapter have been published by the author of this thesis in  [42], [68], [89] .

3.2 Steady-state analysis

Figure 3.1 shows the HSU topology under analysis in this section. It is a two  -phase
interleaved boost con verter with only one magnetic component: a magnetic coupled
inductor with three windings. Two windings, Liand L2, are connected to the power source,
whereas the third winding L., defined as central winding, is connected to the cathodes of
diodes D; and Dz For convenience, the node where D;:connects to Dshas been selected as
the positive terminal of  Lc. In addition, this converter has two power switches, Szand Sz
four diodes, D:-D4 and one output capacitor, G, [68]. Power switches S: and Sz are
alternatively commuted with a 180 -degree phase shift.

I-1 Dl >= D3 'I

ﬁ J Lc

Ii_nl D2y, | D, 3, |

2
+ f L+
Vi C, =,
] s, \ s\ T R :
(&) IWCI HSU Converter (b) 3-winding coupled inductor
Figure 3.1. IWCI HSU converter with coupled inductor.
Usually, the three windings of the coupled inductor are installed in 3 -leg cores and
different cor e confi gurations (usually OEEO6, OEERGO6, OEC

such components [98]. In [99], the author of this thesis evaluated some core shapes for the
IWCI inductor, concluding that 3  -leg cores offer outst anding results in both efficiency and
voltage-gain. With such core shape, it is possible to have one winding per leg to maximize
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the utilization of the magnetic core (  Figure 3.1(b)). The windings installed inthe external
legs are directly coupled and an air -gap is installed in each external leg to suppress DC
magnetic flux induction. Then, three different magnetic fluxes circulate through the core
structure. In an EE core, the external and central magnetic fluxes are 1 zand ¢ the
number of turns of the external and central windings are Ne and N, respectively; the
magnetic reluctances of the external and central legs are  Rme and Rmc, respectively; and
the currents flowing through each winding are  /z1, 712, and J/ic.

The work published in [68], by the author of this thesis, describes in detail the operating
principle and the steady state analysis of the IWCI HSU converter. This converter
presents a particular influence of the turn ratio (N = N/ Ne) on the voltage -gain in the
converter and its high step-up performance. Additionally, the converter has  two different
duty cycle cases, generating two voltage -gain equations at different values of the duty
cycle d. Figure 3.2 shows these two cases: duty cycles lower and higher than 50%. In
addition, the case of a duty cycle of 50% is also presented. Figure 3.3 shows the operating
modes of the IWCI HSU converter.
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Figure 3.2. Current waveforms for the two different ranges of duty cycle a.
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Figure 3.3. Operating modes.

In mode 1, D:is not active because the current loop is closed via Sz Likewise, Dsis also
not active as a differential of potential is present between the anodes of  Dszand D, with a
winding between them, making possible the connection and the current flow through Ds.
Moreover, a negative voltage is in duced in the central winding due to the voltage applied
to the external windings. Thereby, based on the two  loops of Figure 3.3(a), it is possible to
derive:

(3.1)

v=n e e oy (32)
T T

wher e; Gfand G care the magnetic flux variations in the windings Lz Lzand Lg
respectively, and 7:is the time duration of mode 1.

Similarly, mode 2 presents the same behavior of model for D-and Ds. Considering the
operating principle of each loo p in mode 2, it is possible to derive:

van2oaw e v (3.3)
T2 T2
V. =N, D/ (3.4)
TZ

where T2is defined as the time of mode 2.

In mode 3, S;and Sz are turned OFF and /; flows through Lz, Di, Dsand Cs while /-
flows through L2 Dz Dsand C. Therefore, we can derive:

\/i = Ne '|VO (3.5)
T3

v=nZz (3.6)
T3

where 73zis the time duration of mode 3.
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Similarly, in mode 4, Szand S:are turned ON, where /; flows only through Lz and /2
through L 2. All four diodes remain OFF and there is no current flowing through the central
winding of the coupled -inductor. Therefore, we can derive:

%

N,

e

V 3.7)

=

<
I
Z
Y,

(3.8)

where 7zis the d uration of mode 4.

3.2.1 Coupled-inductor operation

As the coupled inductor of the IWCI HSU converter has three windings ( Figure 3.1(b)),
three magnetic fluxes circulate through the core. T he external windings are directl y
coupled where an air -gap is installed in each external leg to suppress DC flux induction.

Since the induced voltage in the central winding, generated by the applied voltage to
the external windings, occurs in modes 1 and 2 ( Figure 3.3), the voltages of each winding
can be derived as follows:

e _ D
TVLl - Ne dtl
1 .
[ D/,
Y/ 3.9
} L2 e dt (3.9
[} Dy
V=N S
t LC C dt
where vi1, viz and vic are the external and central winding voltages; and 1, zand care

the external and central magnetic fluxes. Moreover, considering the orientation of the
magnetic fluxes, it is possible to infer that:

Jc= 4 -4 (3.10)
Combining (3.9) and (3.10), we can ob tain:

Nc(v -V )
Vi = % (3.11)

e

In this way, and having in mind the turn ratio N =N/ Ne, we can derive:

Vic = N(Vv; -V,) (3.12)
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Consequently, the relationship between the voltage of the central winding and the one
of the external windings is defined. With this equation, the voltage -gain from the IWCI
HSU converter can be modeled as well.

3.2.2 Voltage -gain derivation

To derive the voltage -gain of the IWCI HSU, the steady -state equations from each mode
are required. As presented at the beginning of section 3.2, equations  (3.1) - (3.8) can be
translated into Table 3.1. Therefore, Table 3.1 presents a review of the winding voltages
of each operating mode.

Table 3.1 Winding voltage in each o perating mode.

Voltage Mode 1 Mode 2 Mode 3 Mode 4
v(d+N) -v
Vig v W% oy
1+N
V.(1+N) -v
L2 I( 1 I\)I > A Vi- V% Vv
+

This converter has two sequences of voltage -gain presented at different values of duty
cycle d. On the one hand, from modes 1, 2, and 3 ( Figure 3.2), the voltage conversion ratio
is the ratio between the output voltage o and the input voltage v;, when the duty cycle is
lower than 50%, and it is derived as:

V, 1+N
M =9 = 3.13
4<05 V., (A+N) -d@@ 2N) (313)

On the other hand, from modes 1, 2, and 4 ( Figure 3.2), the voltage -gain when the duty
cycle is higher than 50% is derived as follows:

1+N
M =_0 =
D>0.5 VI 1_ D

(3.14)

Mor eover, as shown in chapter 2, parasitic components make a great impact on the
voltage-gain of power converters. In the case of HSU converters, parasitics are more
critical as high voltage -gain requires also high input currents and thereby higher loses are
generated. Parasitic resistances are present in each winding of the coupled inductors and
they should be included in the steady state analysis. The effect of these winding parasitic
resistances R.x on the voltage -gain has been evaluated using the methodolo gy presented
in chapter 2 and in [42].
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Based on chapter 2 and on [42], and considering the relation between the output load
R, and the parasitic resistance presented in the windings /. for a converter operating at
d < 50%, the voltage conversion ratio, between the output vo ltage V,and the input voltage
Vi can be expressed as:

Vv, 1+N
Macos =y, R,_&(1+Nd)(1 +N)
' [@+N) -d@ 2N)] R &
R¢ 2(1- d) (3.15)
On the other hand, the voltage -gain for the case d> 50% is:
Vv, 1+N
Md>0.5 - v
i - RL a(1+ N -Nd)1 N)

Ro G 2(1- d) (3.16)

The voltage-gain, namely non -ideal as the parasitic resistances are considered, is
depicted in Figure 3.4 using Eq. (3.15) and (3.16) for a turn ratio of A = 1. This figure
shows the performance comparison of the studied converter, the conventional single  -phase
boost converter, and the interleaved two -phase boost converter, whose non -ideal voltage -
gain is expressed in Eq. (3.17) [16]:

Mboost:% = RL
o )Sé R,(L- dy’

(3.17)

3.2.3 Sensitivity analysis

Based on the non-ideal voltage derivation, it is possible to conduct a sensitivity analysis
to see the impact of the parasitic components on the voltage -gain.

Figure 3.4 presents the voltage -gain comparison of the converters at several ratios
R./Ry, including the ideal case of R./R.=0. In addition, Figure 3.5 shows the efficiency
comparison at different load cases.
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Figure 3.4. Non-ideal voltage -gain for the HSU converter under analysis with a turn ratio N=1.
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Figure 3.5. Efficiency of the HSU converter under analysis with a turn ratio N=1

Figure 3.4 and Figure 3.5 evidences the importance of taking into account the parasitic
components in the calculation and evaluation of voltage -gain in HSU converters. Also, the
higher the ratio between the windings parasitic resistances and the load resistance R./Ro
is, the lower the effective voltage -gain and the efficiency. Finally, the works in  [68] and
[42] present the experimental validation of the voltage -gain of the analyzed converter
evaluated with a wide range of turn ratios .

3.3 Inductor current ripple modeling

Figure 3.6 shows the winding currents in each duty cycle. In addition, Figure 3.7
presents the circuit configuration of the coupled inductor where M represents the mutual
inductance between the external windings and  Mcis the mutual in ductance between the
central and each external winding. Li, L>and Lc correspond to the inductances of each

winding.
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Considering the shape of the current and the circuit configuration of the coupled
inductor, it is possible to derive the relationships betw een the applied voltages to the
windings and the slope of the current ripples in each mode, as follows:

diy g die gy dic

v,=L—= —L2 3.18
umhTe Mg Moy (3:18)
di di di
vLZ:Mld—:l i, stz M. Oﬁ: (3.19)
V. = M, diy, -M di,, b, dic (3.20)

dt Cdt  C dt

where v.1, vi2 and vi.. are the winding voltages, and each di/dt corresponds to the current
ripple in each winding. In this context, the inductor current ripple (peak -to-peak) is
analyzed in each operating mode.
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Figure 3.6. Inductor current ripple
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Figure 3.7. Circuit configuration of the coupl ed inductor

Model [S1: ON, S2: OFF]: Based on the Kirchhoff's law, v:zisequalto Vi, vizis (V(ZI+N)-
Vo)l(1+N), and /c=-/z. Using (3.18)-(3.20), the slopes of the inductor ripple currents are
given by:

diLl_modlz(L' M1 -QM(:)(]- N)V| (Ml MC)VO (3 21)
dt (L+M1)(|— 'Ml Mc)(l N'B .

diL2_mod2_ (L' Ml)(l N)V l'—\/o
dt (L+M)(L -M, M) N

(3.22)
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Mode2 [Si: OFF, S2: ON]: In this mode, vi:is equal to (Vi(Z+N)-Vo)/(1+N), vizis Vi, and
/c=/1. Then, the slopes of the inductor ripple currents are:

diLlfmodZ_ (l—' M1)(1 +N)V| I'—Vo
dt  (L+M)(L -M, ML N

(3.23)

diLZ_modZ_(L' Ml -QMc)(l Isk')\/| (Ml M(S)VO

dt (L+M)(L -M; Mc)L Ny

(3.24)

Mode3 [S1: OFF, S2: OFF]: In Mode 3, v.z and v.zare equalto Vi- Vo, and /c=0. The slopes
of the inductor ripple currents are given by:

dlL17m0d3 _ dIL 2 _mod3 V - Vo

dt dt L+ M,

(3.25)

Mode4 [S1: ON, S2: ON]: Finally, v.z and v.2 are equal to Vi, and /c=0. The slopes of the
inductor ripple currents are:

dlLl_mod4 — dlL 2_mod4 _ V|

dt dt L+ M,

(3.26)

In Figure 3.2, the peak-to-peak amplitude of the ripple current of phase 1 ( /.1) is
presented in mode 1 (S1: ON, S2: OFF) in the case of d<0.5. Similarly, in the case of d>0.5,
the ripple current is exhibited in mode 2 (S 1. OFF, S2: ON).

Having in mind the theoretical analysis presented ab  ove, the slopes of the input current
ripple can be calculated from the sum of both slope winding current ripples ( di 2/dt and
di 2/df) in each mode, as follows:

diifmodl _ d|| _mod2 _2(1+ N )\/I -\/O

dt dt  (L+ M) N) (3.27)
dii_mod3 — 2(\4 B Vo)
dt L+M, (3.28)
dii_mod4 = 2\/l
dt L+M, (3.29)

As mentioned before, the peak -to-peak amplitude of the windings current ripples occurs
in mode 1 and mode 2 for each duty cycle case. Therefore, as the currents in phase 1 and
2 are alternated, the peak -to-peak amplitude of the input current ripple takes place in
both mode 1 and 2 for both duty cycle cases. Additionally, considering the transition ti me
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of these modes (a%), and the voltage -gain between input and output voltage, introduced in
(3.13) and (3.14), it is possible to derive the peak -to-peak amplitude of the ind uctor ripple
current as follows:

| _ (1+2N)( -2d)
PR LM N) A 2N) T

(3.30)

ipp_d>0.5 = %\Ad-rs
1 (3.31)
Equations (3.30) and (3.31) show that the input current ripple is independent of the
mutual inductance between the central and the external windings. This behavior is
similar to the one observed in the magnetic modeling reporte  din [99], where the equations
of the magnetic circuit can be represented as:

N +Neie R/, R (i 3 (3.32)

N, - Neie Rj, R4 ) (3.33)

Besides, regardless of the operating modes, the total input cu rrent, defined as the sum
of the winding currents ( /:+/2), is always equal to:

i- - ane(/l- ./2)
N, (3.34)

From (3.32), (3.33) and (3.34), it is also possible to observe the independence of the input
current and the input current ripple from the central winding. In addition, these equations
indicate that the waveform of the input current ripple is continuous without the
discontinuities of the winding currents (see  Figure 3.6).

Nevertheless, the input current and the current flowing through each winding have a
different behavior depending on the duty cycle case. As exemplified in the aforementioned
analyses, this HSU converter has a quite different operation in the case d<0.5 than in the
case d>0.5.

In this context, the input current ripple shown in (3.30) and (3.31) is plotted in Figure
3.8. This figure shows the normalized input current ripple in percentage, defined as the
ratio between the peak -to-peak input current rip ple and the average input current. The
values of Figure 3.8 were obtained based on the magnetic parameters of the coupled
inductor reported in  Table 3.2 and the circuit param eters of the experimental validation.
For this evaluation, a loosely coupling between the external windings was considered.
Therefore , the magnetic core was set to obtain a mutual inductance  M:with a value of 50%
the self-inductance of each external windi ng.
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Figure 3.8. Normalized current ripple /jpp/li
Table 3.2 Magnetic parameters
Structure
Material Ferrite TDK PC40
Size 70x69x16
Sectional Area [mm 2] 280
Volume [mm 3] 40420
Electrical Parameters
Self-inductance (external winding) L:[ T H 380
Self-inductance (external winding) L2[ T H 372
Self-inductance (central winding) Lc[mH] 181
Turnratio N 2

From (3.30) and (3.31), as L and M; are in the deno minator, the influence of the self -
inductances and the mutual inductances on the current ripple percentage is evident.
Therefore, to obtain a smaller current ripple, the inductances of the coupled  -inductor must

be increased.

3.4 Magnetic flux modeling

The anal ysis of the magnetic characteristics of the coupled inductor, used for this HSU
converter, is conducted considering the magnetic circuit model and its operating principle.
Figure 3.9 shows the flux flow and the magn etic circuit for the integrated winding coupled

inductor.
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Figure 3.9. Coupled-inductor with three windings

In this analysis, leakage fluxes are neglected to understand the effec  t of the additional
central winding. In this context, magnetic fluxes are divided into their DC and AC
components, and they are analyzed separately. It is possible to note that the DC flux in
the first external leg is equal to the one in the other external leg because the DC flux is
generated by the inductor average current and the average current /pc in each phase is
ideally the same. This flux can be calculated from the magnetic circuit model ( Figure
3.9(b)), as follows:

/ — Nel DC
bC T T 5
Rre (3.35)

In addition, as the external windings are directly coupled, the DC flux in the central
leg, calculatedas = - 2 is equal to zero. Based on the Far
to the inductor windings generates AC fluxes. The AC flux equations for the external and
central legs can be deducted from Figure 3.9 in th e case of d < 0.5. These equations are
presented in Table 3.3.

Table 3.3 AC flux equations when d<0.5.

Flux Mode 1 Mode 2 Mode 3
. M dTs V.(N- d1 #N))dTs v(d- 0.5) +2N)dTs
J ne N, NI+ N -dL 2N)) N,(@+N -dL 2N))

. v.dTs -v,dTs
Jace N@+N -dl 2N)) N, (I+N -dLl 2N))

0

In these equations, acis the AC flux for the external legs and Acc represents the AC
flux for the central leg. From Table 3.3, and considering the possible values of dand A, it
is possible to point out that two waveforms of the AC  flux in the external legs are possible
when d < 0.5. After conducting a mathematical analysis of each waveform, it can be
concluded that the existence of each waveform depends on the sign of the flux factor  F
=Nod(1+2N). Therefore, the duty cycle and the turn ratio influence the flux waveform
when @< 0.5. Figure 3.10 shows the slope of the flux when d< 0.5, considering the sign of
the flux factor.
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Figure 3.10. Waveforms of the flux in external legs (d<0.5).
The flux factor that affects the flux density is plotted in Figure 3.11.
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Figure 3.11. Flux factor as a function of duty cycle dand turn ratio M.

As most of the possible combinations of Nand dar e above the HRguane 0zerc
3.11, a -tmioamngul ar o6 fl ux wayv &fuer3mo(h).A tripngubadfluxc e d, s ee
waveform is only guaranteed at duty cycles near 0.5, see Figure 3.10(a). Also, itis possible

to point out that, at low turn ratios of N, the rang e of duty cycles is increased, where a
triangular waveform is guaranteed.

Considering this behavior and the voltage -gain presented when the duty cycle is lower
than 0.5 [88], it is confirmed that this converter has different operating conditions when
the duty cycle is | ower or higher than 50%. As Kk
voltage is proportional to the magnetic flux variations and the n umber of turns. In the
same way, the winding currents depend on the magnetic reluctances, the number of turns,
and the magnetic flux. Consequently, knowing the possible waveforms of the magnetic
flux and the issues that influence these waveforms, designers  can have additional criteria
that may be helpful for choosing the suitable operating point based on their requirements.
Furthermore, the AC flux equations for the case of d > 0.5 are presented in  Table 3.4.
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Table 3.4 AC flux equations when d>0.5.

Flux Mode 1 Mode 2 Mode 4

- Y Y Y
/ AC N—(l' d)TS - WdTS - W(d 'OS)TS

e e e

. \/ Vi
J ace N—de - W dTs 0

e e

Based on these equations, the waveform of the AC fluxes in the external legs at d>0.5
is shown in Figure 3.12.
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Figure 3.12. Waveforms of the flux in external legs (d>0.5).

Now, considering the AC flux in each external leg, it is possible to calculate the AC flux

through the central leg. Figure 3.13 shows the waveforms of the AC flux in the central leg
for both duty cycle cases.
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Figure 3.13. Waveforms of the flux in the central leg.

Finally, using the DC and AC fluxes, th

e peak flux equations can be calculated as
follows:
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/' . - Nel DC } Vi dT

P Re 2N, (3.36)

. V.

= | T,

/ peak c-d G5 2Ne(l+ N -d(l 2N)) H (3 37)

. V,

/ peak c-d 0?52de5

o (3.38)

With the derivation of the peak flux, the design of the inductor, as well as the core size
and the downsizing analysis, can be conducted based on the maximum magnetic flux
allowed by the selected core.

3.5 Validation by simulation and experimental tests

In this subsection, validation is conducted in two ways: by simulation and by
experimental tests. This validation is carried out for the two modeling procedures
presented before. The results presented are based on the parameters of Table 3.5.
Different values of the duty cycle and the voltage -gain were evaluated. In addition, the
coupled inductor was constructed and measured with the parameters shown in Table 3.2.

Table 3.5 First circuit parameters

Input Voltage Vi [V] 20 6 152
Output Voltage Vo [V] 200

Duty Cycle d 0.100.8

Power P[W] 100-1000
Switching Frequency £s[kHz] 30

3.5.1 Experimental validation of the current ripple analysis

To validate the current ripple modeling, a prototype was constructed and
experimentally tested. This prototype uses SiC Diodes, Super Junction Mosfets,
Electrolytic Capacitors, and a coupled -inductor with a turn ratio AN=2. The experimental
prototype is shown in Figure 3.14.
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Figure 3.14. Experimental prototype for current ripple validation

Figure 3.15 shows the measured Gate -Source voltage and the external winding current
when the converter was operating with a duty cycle of 40%. In this test, the peak winding
current is about 4A with a peak -to-peak winding current of 3.8A.
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Figure 3.15. Waveform of the experimental voltage and current

Figure 3.16 shows the total input current of the test at  ¢=0.4. In this case, the input
current ripple is g uite smaller than the one of the windings. Specifically, the peak  -to-peak
current is 0.21A, which corresponds to 5.2% of the average input current.
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Figure 3.16. Waveform of the experimental input current  ¢=40%
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Finally, Figure 3.17 shows the experimental waveforms of the prototype when it is

tested with a duty cycle of 60%. In this test, the input current is larger than the one in the
previous case, and the peak -to-peak current is 0.27A, corresponding to a 3.7% of the

average input current.
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Figure 3.17. Waveform of the experimental input current

3.5.2 Simulation as validation of the magnetic analysis

In order to validate the magnetic analysis, a circuit implementation of the analyzed
N=2 and

converter was simulated in PLECS. This circuit was simulated with a turn ratio
the parameters of Table 3.5. Figure 3.18 shows the schematic of the simulated circuit.
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Figure 3.18. Circuit model adopted for numerical simulations.

. In each figure,

Figure 3.19 presents the simulated wav eforms of both duty cycle cases
winding currents, magnetic fluxes, and gate signals are provided. Figure 3.19(a) shows
0=0.27. These waveforms validate the analys is

the non-triangular flux waveform at
presented above, with simulations showing the same shapes of the theoretical modeling.
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Figure 3.19. Simulation results

3.5.3 Experimental validation of the magnetic analysis

Experimental tests of a prototype were carried out to validate the magnetic analysis.

Figure 3.14 shows the experimental setup and Figure 3.20(a) depicts one of the measured

gate-source voltages and the two winding currents
simulated currents at the same duty cycle for comparison purposes. As
the ideal transitions presented in the simulations are attenuated in the experimental
evaluation due to the parasitic components present in the actual prototype.
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Figure 3.20. Experimental and simulated waveforms.
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3.6 Conclusions

This chapter analyzed the IWCI HSU converter capable of increasing the power density
and the voltage -gain in DC -DC applications. In particular, the steady

*1e1

-state analysis was
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presented in order to derive the steady-state equations and the ideal and non -ideal
voltage-gain. Moreover, two modeling procedures were presented.

First, the input current ripple and the winding current ripple in the inductor were
modeled. These models serve as a basis for the design o f the coupled -inductor from the
point of view of the current ripple. Results of this procedure show a useful analysis for
discontinuous winding currents and continuous input current. From the ripple
characterization, one can infer that a duty cycle of 0.5 is the point where the input current
ripple is minimized, as shown in  Figure 3.8.

Second, the magnetic flux of the coupled inductors with three windings was modeled.
This particular inductor is a key part in the IWC | HSU converter. As a result, it was found
that the coupled inductor presents a non -triangular flux waveform when the duty cycle is
lower than and close to 0.5. In addition, the peak magnetic fluxes on the external and
central legs were derived. The propos ed model is fundamental for designing and
downsizing coupled inductors. Moreover, these results can be a guide for the magnetic and
electrical characterization of different high step  -up converters.

Finally, the electric and magnetic modeling of the convert er was validated by
simulations and experimental tests. As a result, in the current ripple modeling, the shape
of the theoretical winding current was validated with the shape of the measured currents
in the experimental tests. Meanwhile, in the magnetic mo deling, the shape of the
theoretical magnetic fluxes was validated with simulations, and the winding current was
validated with experimental results.

These models are key to calculate the dimensions and the currents that affect the size
and power losses in the converter, leading to its power density and efficiency.
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4 Power Loss Modeling

4.1 Introduction

After selecting and modeling the converter topology, both electrically and magnetically,
the next step is to go deeper into the value chain by researching the power loss mode ling at
the component level. With a detailed model, efficiency estimation and optimization, as well
as topology selection, are possible.

All components in a power converter present parasitic  effects on the operation of the
circuit, the thermal behavior, the efficiency, the voltage -gain, etc. Figure 4.1 shows an
equivalent circuit, considering some parasitic components of the conventional single  -phase
and two -phase interleaved boost converter. In  Figure 4.1, Rsis the power source resistance
(usually not considered in power loss analyses as it is not part of the converter as such); Lis
the filter inductance; R, is the equivalent (AC and DC) resistance of the inductor winding;

Cx is the equivalent parasitic capacitance of the transistor; Rpson is the on-state resistance
(drain to source in case of Mosfets); VF is the forward voltage of the diode; Ao is the diode
resistance; Cois the output capacitance; Rcis the parasitic resistance of the output capacitor;
and Ro is the load resistance [100]. Ro is also defined as an equivalent resistance with the
same power consumption as the output load connected to the converter.
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Figure 4.1. Equivalent circuit of DC -DC boost converters.
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These parasitic components generate power losses that are transformed into heat. If this
heat is not appropriately dissipated away from the device, it may ca  use a device damage and
the circuit failure. Consequently, an accurate power loss model is required to define the loss
characteristic s and, hence, to select a suitable cooling system. It is also effective for topology
selection and pre -evaluation between t opologies before their design and experimental
implementation.
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It is well -known that power losses in a DC-DC converter can be divided into: 1) the losses
dependent on the switching conditions, and 2) the losses that depend directly on the load, i.e.
on the conducting conditions of the circuit [101]. In this context, power losses are modeled
based on the dynamics of each component and its parasitic characteristics: Equivalent Series
Resistance (ESR), voltage drop, parasitic capacitance, leakage current, among others.
Moreover, power converters present iron losses in the magnetic cores of inductors and
transformers. These magnetic cores bri ng power losses caused by hysteresis, eddy currents,
and relaxation phenomena [102].

This chapter presents the models used to evaluate the power losses of transistors, diodes,
inductors, and capacitors. It worth mentioning that some of the results presented in this
chapter have been published by the author in  [42], [68] .

4.2 Semiconductors

Modeling of semiconductor power losses has been extensively studied during the last
decades. In fact, several studies in the field have been conducted with a wide range of
accuracy, based on the data provided by manufacturers and the experimental tests of the
device under characterization. Therefore, for this study, it is possible to summarize the
conduction and switching losses of the power devices as follows [24], [103].

4.2.1 Transistors

Power losses of transistors in DC -DC converters are generated by the dynamic on -state
resistance, the transistor input capacitance, the output capacitance and the switching
transitio n process [39], [104] . These power losses are given as follows:

PI'R = PI'C -I-F)iSS IpOSS PIFS‘ (41)

where Prc corresponds to conduction losses (greatly independent from the switching
frequency) that can be simplified as:

— 2
PTC - RDSonI Tref (4.2)

where /e is the transistor RMS current. Although (4.2) seems to be simple, the calculation
of conduction losses in transistors is one of the points where more errors can be inserted,
because Rpsonis not consid ered correctly. Rpson is @ characteristic that depends on the gate
voltage, junction temperature, drain  -source current, etc. Figure 4.2 and Figure 4.3 show the
real case of RpsonVs drain -source current and junction temperature, respectively. Both figures
show the case of three transistors: 1) a super -junction Mosfet made with conventional silicon,

2) a silicon carbide Mosfet, and 3) an e -mode Gallium Nitride FET.
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Figure 4.3. Rpson VS. junction temperature  7;.
Consequently, conduction losses in transistors can be modelled in a more detailed way by
assuming a linear behavior in the voltage -current characteristics of the transistor PN
junction, as follows:
1 T
P = ? r(Vth(Tj) Rosor Tj) L(D) 1D dt (4.3)
0

where T is one switching period; V(7)) is the threshold voltage of the PN junction, according
to the junction temperature;  Rbpsor(7)) is the on-resistance dependent on the junction
temperature ( 7)) (Figure 4.3(b)); and /p(?) is the current through the transistor. Under
average conditions and at a constant junction temperature, the conduction losses can be

simplified as in (4.2).

Regarding (4.1), on the one hand, Pis is the power loss due to the transistor input

capacitance that can be defined as:

I:?ss:C' szs

iss¥ cg

(4.4)

where Ciss is the equivalent input capacitance; Vis the gate voltage; and fsis the switching
frequency [108]. On the other hand, Possis the power loss durin g the discharging process of
the output capacitance. This discharge happens when the switch is turning on. Poss can be

defined as:
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1o ve f, (4.5)

POSSZE oss’ o
where Cossis the equivalent output capac itance and Vois the output (DC bus) voltage. Similar
to the case of Rbson, Cissand Coss are not completely static and depend on the converter

operation as well. For instance, C isand Cossare dependent on the drain -source voltages Vs,
as Figure 4.4 shows.
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Figure 4.4. Transistor capacitances vs. drain -source voltages Vops.

Finally, regarding (4.1), Prsw is defined as the average value (per switching period) of the
transient losses as follows:
AP

o]

I:)Tsw: 2 (tVrise {Vfall t-'I-rise tl#a-lll) fs (4'6)

where /; is the average input current; fvise and fvas are the time s of voltage rise and fall
during the switching process; and trise and fizs are the times of current rise and fall, which
are calculated from the transistor parameters and can be measured by experimental tests.

In order to see how complex is to select a suitable semiconductor for a power converter, Figure
4.5 shows a figure of merit comparing the accumulated gate charge  Q, and the drain -source
resistance of several Si, SiC Mosfets and GaNFets 3.

3In this document the term GaN Fet is udedefer to the concept of HEMT High Electro Mobility Transistor.
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Figure 4.5. Figure of merit of several off the shelf outstanding semiconductors.

In addition, a gate driver circuit is required for the transistor operation, therefore, its
losses must be considered as well. The gate driver ¢ ircuit is isolated from the power circuit,
i.e. it does not consume power from the source. Instead, the gate driver usually has an
independent low power source that might be considered in the efficiency analysis, especially
for standalone applications like electric vehicles. Nevertheless, there are plenty of gate driver
circuits with different topologiesa nd sub-components, hence, modeling of each subcomponent
of the circuit is required. Most of these circuits are composed of capacitors, resistances and
IC circuits. There are also circuits with small inductors and transformers that reduce noise,
as well as complex arrangements of components. Therefore, the mode ling procedure
presented in this chapter can be applicable to the gate driver loss calculation. In a simplified
way, the full gate driver losses ( Psp) can be measured and calculated by:

I:)GD :VGDi IGDi (47)

where Vepi and /epiare the input voltage and current of the low power source of the  gate
driver. There are cases where more than one power source is required, therefore,  Psp will be
equal to the sum of all the source losses.

Moreover, if additional power sources are not allowed in the power converter, the supply
power for the gate driver can be obtained directly from the main power source (the main
battery in XEVS). Then, a low power DC -DC converter needs to be designed for such purpose.
In this case, a design tool from Texas Instruments (ti) is used. Consequently, the design of
Figure 4.6 is suggested for the experimental parameters showed in the previous section.
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Figure 4.6. Low power DC -DC converter for gate driver supply.

In the case of the power supply of Figure 4.6, the efficiency of such converter is around 95%
(reported by the ti tool). Considering that only a couple of watts are delivered to the transistor
gate, a 5% loss is an extremely small portion i n comparison with the losses in the power
circuit. Yet, the losses of this power supply are not neglected in this study.

4.2.2 Diodes

Power losses in diodes of DC-DC converters are generated by the diode voltage drop and
the reverse recovery phenomenon, when the converter operates in continuous conduction
mode. Conduction losses in the diodes can be obtained, as in the previous calculation, from
the PN junction losses. Then, the conduction losses in diodes Ppc can be simplified as:

Puc == 8%(To) *R(To) b() G(Y ol 49)

where Vp(7)p) is the diode voltage drop that depends on the current and the junction
temperature, /p(?) is the current through the diode during the switching period 7, and Ro(T)p)
is the diode resistance considering the temperature behavior.

Similar to the transistor case of the drain  -source resistance, the diode voltage drop is not

static. Figure 4.7 shows the real case of Vbvs diode current through the case of t hree diodes:
1) a hyperfast silicon diode, 2) a silicon carbide super -fast recovery diode, and 3) a silicon

carbide Schottky Barrier Diode.
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Figure 4.7. Vpvs. diode current /p.

Moreover, recovery losses (Pps) are defined as the losses generated by the charge and
discharge of the capacitance exactly in the middle of the PN junction, due to the accumulated
charge. After the current becomes zero, the diode changes from a conductive s tage to a non-
conductive stage, the capacitance is discharged and a negative current is produced [112]. This
effect is known as reverse -recovery phenomenon. There are many ways of calculating the
losses of a capacitance discharge. In this study, the accumulated charge and the reverse
recovery time are considered and can be simplified as follows:

I:)DS = O(er +|Dmintrr) fs (49)

where Qr is the accumulated charge in the PN junction;  /pmi» is the minimum current in the
diode; and ¢ is the reverse recovery time [113].

Nonetheless, it is important to mention that some diode technologies are able to suppress
reverse recovery phenomena. This is the case of the Schottky Barrier Diode,  which has a
metallized layer to restrict charge accumulation in the PN junction.

4.3 Inductor

Power losses in inductors are highly affected by the conduction and switching conditions.
Essentially, inductors losses can be divided into copper and iron (or core)  losses. On the one
hand, copper losses are produced by the Joule, skin, proximity, and fringing effects. Iron
losses, on the other hand, are mainly produced by hysteresis, eddy currents, and relaxation
effects [114].

4.3.1 Copper losses

Copper losses depend on the copper length and, thereby, on the ESR of the wires, the
switching frequency, and the coil structure.

First, the Joule and skin effects are considered and can be calcul ated as follows:
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— 2
I:)Lcopper - RDCI LDC +RAC [f (4.10)
where Rpc and Rac are the DC and AC resistance, respectively; /.oc is the DC component of
theinduct or c ur r é&mstthe RMSvdlue®f the inductor ripple current. Each winding
is composed of a wire that is wound around the core as Figure 4.8 shows.

OOOC0)

O

Winding

Figure 4.8. Winding location

Then, Roc can be calculated based on the core and winding geometries.

|
Ry =/— (4.11)

Alvire

where Ris the resistivity of the winding material; / is the winding length; an d Auwie is the
cross-sectional area of the wire.

In addition, Rac is calculated considering the skin effect. When an alternating current is
flowing through a wire, the current flow is concentrated in its skin. The effective cross
sectional area of the wire is reduced and, based on (4.11), the resistance increases. Figure 4.9
shows the geometry comparison of both DC and AC resistances.

DC resistancd?yc AC resistanceR,e

I
Figure 4.9. Winding resistances geometry

Moreover, it is important to consider that inductor currents have harmonic components.
Thus, many components affect the copper losses due to AC components as follows:

Rac = a RAC( £k D(zgk) (4.12)
k=1

where k is the harmonic number. Nonetheless, the influence of the harmonics on the AC
resistance might be minimum depending on the current waveform, i.e. the amount of
harmonics.
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The AC resistance of one harmo nic frequency, where the skin effect is considered, can be
calculated as:

R..=r =r (4.13)
Ty N
¢2 2 T2 2
d= |-~ (4.14)
p g,

where d)is the diameter of the wire; &is the skin depth; and 7 ¢is the permeability of the free
space. In (4.13), s can be replaced by each harmonic to obtain an accurate calculation.

Finally, proximity losses occur when an inductor is wound with mo  re than one layer and
operates at a high switching frequency, as well as when a current flow occurs in a nearby
winding. The proximity effect happens when an alternating current, flowing through a wire,
induces a magnetic field in a nearby conductor, which  generates a current addition and a
current distribution disturbance [22]. The proximity effect modifies the AC resistanc e

because the skin depth is not uniform. Figure 4.10 represents the change of the current
distribution in the wires.

Figure 4.10. Current distribution

In this conte xt, the Dowell approach can be used to calculate the AC resistance caused by
the proximity effect in coils with more than one layer [115], [116]. Although, initially, the

Dowell approach is used to calculate AC resistances of foil conductors, it can be adapted  for
round wires as follows:

N B2 ;
R o= ip dmN & r’r( M ) P (4.15)

where m is the number of layers; N;is the number of turns; nis the porosity factor, defined
as the ratio between the total occupation (  di/V)) of the wires and the width of the coil, i.e. the
porosity factor represents how tight a coil is wound; and  Pris the proximity factor defined as:
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b= sinh@/nd /w)- sing/nd /w)
cosh¢/nd /w) cos({nd /w

Equation (4.15) implies that the component of AC resistance, caused by the proximity
effect, is zero when there is only one layer, due to the proximity effect generated by the same
coil [117]06[119]. In fact, for this thesis, only one layer is used in all inductor designs and
prototypes.

(4.16)

Moreover, the proximity effect generated by nearby conductors is important and must b e
considered as well. Therefore, Kelvin functions are used to calculate the copper losses
generated by the proximity effect of nearby conductors. This method considers the magnetic
field induced by these conductors as follows:

e p2d3aber2(d/\/_a’)be{(d/\/_d+ ber( d'~/2 Yabel( dJ_)dﬂ

P RS é 4Jc7 beg (d/v2 & + bei(d/V2 W lﬁz .
. ebeE(d/x/_a’)bei(d/x/_ 2 g+ bej( d/2 Ybe( dv2 )& 5 |
¢ beg (d/2d) + bej( dIv2 8 N

3pi
where ber(x) and bei(x) are the real and the imaginary parts of Jy(Xe“ ); xis areal number;
JA2) is the y -th order Bessel function of the first kind; and A is the external magnet ic field
intensity. The full derivation of this equation can be found in [120].

Moreover, if an airgap is installed in the magnetic core, the fringing flux will affect the
copper losses as well. The useful f lux, in the air gap, tends to be projected outwards the core
geometry, as shown in Figure 4.11. Due to this bulging effect, the effective area of the air gap
increases, while the flux density of the air gap decreas es. This effect is known as fringing.
This fringing flux is directly proportional to the length of the air gap.

Fringing flux A,

Ag ' l lg

Figure 4.11. Fringing flux

Usually, fringing flux decreases the total magnetic reluctance and, then, the resulting
inductance increases by the factor Fr [121]. This factor Fr is fully dependent on the core
geometry as follows:
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l, 82
F.=1 +_9|n£— (4.18)
\/K (O}

where Acis the sectional area of the core; /yis the airgap length; and /is the lengt h of the core
window.

Fringing flux affects copper losses because the part of the winding placed next to the
airgap can be exposed to excessive heating, caused by the eddy currents in the coil. The
additional copper losses might be quite small in compariso n with the total losses of the
inductor, but they can create locally a high -temperature hotspot.

Moreover, as mentioned above, fringing flux affects the magnetic reluctance and, thereby,
a new calculation of number of turns is required. This results in a d ifferent copper length
that will produce different copper losses and possibly a different volume.

4.3.2 Core losses

Despite core (iron) losses are mainly dependent on eddy currents and hysteresis processes,
and their calculation is difficult, several studies hav e been conducted based on the Steinmetz
relation:

P core = kfJ B’Vol (4.19)

core

where kK, xand yar e characteristic coeffici sthsavevaige each m
value of the flux density v ariation in the core; and  V0/.ore is the core volume [122]. Equation

(4.19) only gives accurate results when the flux density has a si nusoidal shape without DC

bias [123]. Nevertheless, as anal yzed in the previous chapter, the waveform shapes of the

flux density are not sinusoidal and present DC bias in cores for step  -up converters and

especially in the IWCI HSU converter.

Consequently, during the last decades there have been several efforts to  adapt (4.19) to
other shapes. In 1978, Chen et al. [124], [125] found that the core losses produced by a square
voltage excitation exhibit lower values than the ones produced by sinusoidal excitation with
the same AC flux amplitude. In 1991, Severns et al. [126] analyzed core losses for rectangular
excitations by using Fourier Series analysis. With this technique, Steinmetz Equation can be
applied to each harmon ic that form the AC component of the flux density  [127]. However, its
results are not linear and not quantitatively accurate [128].

In 1996, Albach et al. [128] proposed the first generalized core loss model for non -
sinusoidal excitation. In this technique, also called modified Steinmetz equation (MSE) [129],
non-sinusoidal core losses are explained by the relation of the core loss with the rate of flux
change (dB/dr), and not only by the flux swing.

Following this work, seve ral core loss models have been proposed, /nter alia , Generalized
SE (GSE) [123], improved Generalized SE (iGSE) [130], Natural SE (NSE) [131], Double
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Natural SE (DNSE) [132], Waveform -Coefficient SE (WcSE) [133], and improved -improved
Generalized SE (i2GSE) [134]. These models give a quick estimation of the non -sinusoidal
core loss.

From these models, the improved Generalized Steinmetz Equation (iGSE) is current Iy a
suitable method for core loss calculation in DC -DC converters. iGSE is usually expressed as
follows:

B (4.20)

o ‘dt

SWO

k
k= T (4.21)

(2,17)X'1 ficos § 2 *d

where dB/dt is the slope of the flux density, and  7sw is the switching period [130]. Usually
(4.20) can be applied as:

e a B X 0
p= K &r A28 Qog 4 )jsz(lae Hﬂ" ()% w2
T.g cUL, +
where the average value of the flux density variat ion (G B) is represented in Figure 4.12.
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Figure 4.12. Flux density variation in a magnetic core.
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4.4 Capacitors

Power losses in capacitors are mainly dominated by the intern al resistance of the
capacitors. Then, it is possible to derive the capacitor losses as follows:

R = Resrel Ceff2 (4.23)

where Resrcis the capacitor internal resistance, and  /ceris the capacit or RMS ripple current.

4.5 Conclusions

A power loss modeling of the components of step -up DC-DC converters was carried out
in this chapter. In this analysis, the parasitic effects of the components in the converter as
well as the operation conditions were take n into account to derive and describe the inherent
losses in each component. It was found that there are several dynamics to consider in both
conducting and switching losses. Based on this analysis, it is important to infer that the
selection of suitable ¢ omponents with low -loss parameters plays an important role in the
system efficiency. In addition, the topology and practical arrangements, like the position and
geometry of the inductors, are also key factors to examine . Finally, it was possible to observe
that the component selection and evaluation should be conducted in parallel to the topology

selection, as some devices can present different losses at different operating points.



5 Volumetric Modeling of the IWCI HSU
Converter

5.1 Introduction

After modeling the power loss of each component, the next step to acquire the needed
information for the optimization procedure is to model the volume of each component in
the converter.

In the majority of power conversion applications, a volume increase is translated into a
weight increase and, as presented in chapter 1, electric mobility applications are sensitive
to volume and weight increments. In road transportation (automobiles, trucks and buses),
system performance seems to be more sensitive to volume changes [21], [135], while in
aerospace (MEAs and EEAs), system performance is extremely susceptible to weight
increases [29].

Moreover, volume in power converters is not completely dependent on the power that
is required by the load. There are several factors that affect volum e. For instance, at a
constant power, the volume of passive components can be reduced if the switching
frequency is increased, although it brings an increase in switching losses. This is also one
example of the trade -off between volume and power losses. N evertheless, there is one case
in power converters where a parallelism between volume and power losses can be found.
It is the case of cooling systems, where the volume of heat sinks, cooling pumps, or fans
increase when the power losses increase.

Thus, an accurate volume modeling of the components in a power converter, intended
to be applied in electric mobility, could be beneficial for performance increase and for cost
reduction in heat sinks, magnetic cores, capacitors, etc.

For comparison purposes, the modeling presented in this chapter is conducted at the
component and converter level. In the component level, especially in the magnetic device
volume analysis, the selected topology (IWCI HSU) is compared and evaluated with the
well -known two -phase interl eaved boost converter. Two different configurations of the
conventional topology are evaluated: the interleaved converter with non  -coupled inductors
and the Loosely Coupled -Inductor (LCI) converter. Figure 5.1 illus trates the schematics
of the compared integrated and non -integrated magnetic components.
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Figure 5.1. Non-integrated and i ntegrated magnetic components.

As explained before, t hese topologies combine the techniques of interleaving phases and
magnetic coupling, which are effective for volume downsizing  [136], [137] . In addition, this
chapter discusses models of single and coupled ind uctors to set the base for the future
evaluation of volume and weight [138].

This chapter is organized as follows. First, the inductor volume is modelled using two
techniques: Area product and Digital i nductors (proposed by the author). This inductor
modeling is conducted for three inductor types (non -coupled, LCI, and IWCI). This
comparison is effective to show the complexity of designing a coupled inductor. Second,
semiconductor device volume is modele d, considering conventional silicon, silicon carbide
and gallium nitride. Third, capacitor volume is modelled, and multilayer ceramic
capacitors and electrolytic capacitors are evaluated. Finally, cooling systems are carried
out. It is worth mentioning tha t some of the results presented in this chapter have been
published by the author in  [22], [138], [139] .

5.2 Inductors

5.2.1 Area product analysis

Area Product (AP) analysis is considered as one of the simplest techniques to size and
estimate volume of mag netic components [22],[121]. It is also effective to compare possible
inductor designs without entering into complex modeling and calculation procedures.
Nevertheless, its simplicity is at the same time a major drawback as several phenomena
are not including into the AP model and thereby it could lead to some errors between
designed and implemented inductors [81].

Generally, AP is an specification that represents the energy allowance in a magnetic
component [121], [140]. Consequently, AP allows core selection based on defined
parameters. With this technique, AP factor is introduced and defined as the product
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between the window area ( Aw) and the cross effective area ( A¢) of a magnetic core as
follows:

A =AA (5.1)

(5.1) is applicable for cores with only one flux path like toroidal or C shapes. As there
is a wide variety of core dimensions and shapes, to compare cores with  different shapes,
they need to be simplified to toroidal or C shapes. Figure 5.2 shows an equivalent C -shape
magnetic core where both areas are represented. Additionally, as AP factor is a product
between areas, it is defined as an x“ unit and usually expressed in cm # for convenience
with the information provided in magnetic core datasheets.

Sectional area

Window area

Ay

Figure 5.2. Areas definition in an effective C -shape magnetic core.

Then, based on the converter parameters and the defined AP factors for certain
conditions, the selection of possible cores can be done. In this context, in order to obtain
the AP factor required for an inductor in a specific converter, the areas Awand Aeneed to
be defined. In case of the cross effective area, the maximum magnetic flux through the
core is required. Consequently, assuming the core shape of Figure 5.2, the core total flux
is defined as:

!
o = L 5.2
J =L (5.2)

where L is the inductance value, /peak is the maximum inductor current, and N is the
number of turns. Then, knowing that the magnetic flux intensity is expressed based on
the maximum flux density ~ Bmaxand the area as follows:

./. max = BmaxAE (53)

Consequently, from (5.2) and (5.3), it is possible to get:

I
A = L Zpea (5.4)

o
Z
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Moreover, in the case of the window area, it is needed to consider the windings and the
current that flows through them. Precisely, the current density in the winding J, the RMS
current /.ms, and the winding cross sectional area Awinging are the main parameters needed
to calculate the window area. First, the current density is defined as:

I
J=—_tms (5.5)

ANinding
And then, window area is represented as:

NI

AN —_ Lrms

= 5.6
T (5.6)

where Kr. is the window utilization factor. Window utilization factor is usually defined by
the designers depending on the number of turns and the possible proximity losses that
many layers can generate. Usually, Kr is a factor that is flexible.

Finally, from (5.1), (5.4) and (5.6), the AP factor of a conventional C -shape core powered
in a single -phase boost converter is defined as:

LI peakI Lrms

NB, o IKe

It is possible to conclude that the inductor size is dependent on many factors including
both windings and core properties [112]. In addition, if the required inductance is
considered, Ap could be expressed in terms of the switching frequency. The inductance
required by a conventional single -phase boost converter [127] as well as the one by a multi -
phase boost converters with non -coupled inductors can be expressed as:

(5.7)

Ab:

L=_ud
fDI

S L

(5.8)

where Viistheinputvoltage, di s t he dut y/icthecippe curremtrthdougd the
inductor winding. Consequently, A, can be expressed as:

_ \/I dlpeakI Lrms
B fstI LNBmax‘]KFL

(5.9)

Consequently, if alkW boost converter with a voltage -gain 2 and input current ripple
of 10% is designed, and using the aforementioned derivation process, it is possible to obtain
the required AP factor for such a converter. Figure 5.3 shows the required AP factor and
its comparison with three commercially available magnetic cores. For this comparison,
J=3.8A/mm 2 and K7 =0.7 were considered.
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Figure 5.3. Ap vs. switching frequency of conventional boost converter.

As Figure 5.3 shows, the AP factor of three magnetic cores are presented: EE50, EE60
and EE70. These three cores are made with ferrite PC40 manufactured by TDK. Figure
5.4 shows the size comparison of the compared cores. It is important to mention that the
selected cores are EE and EC cores that are simplified to C cores in order to obtain their

AP factors in a fair way.

EC70 EE60 EES0

Figure 5.4. Magnetic cores for the non -coupled inductor comparison.

Figure 5.3 gives a first approximation of the core selection for a conventional boost
converter, either single or multi  -phase. Nevertheless, the IWCI HSU converte r presents a
different behavior, as the magnetic flux through different parts of the core is different. In
other to understand such behavior, it is important to consider the effect of magnetic
coupling in the AP factor; consequently, the case of the loosel y coupled inductor (LCI) is

analyzed as well.

5.2.1.1 LCI

Loosely coupled-inductors are usually constructed with two windings installed in only
one magnetic core. These windings are usually installed in the external legs of EE, EI, EC
or EER cores. In addition, an airgap can be installed in the central leg of the core to reduce
DC flux. The magnetic model of the LCI is presented in  Figure 5.5(b). In this figure, Rme
and Rmc are the magnetic reluctances of the external legs a nd the central leg, respectively

[141], [142] .
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Figure 5.5. Magnetic circuit models.

Having installed two windings into one core, there is a mutual inductance effect [143].
This effect can be expressed by the coupling coefficient 4 defined as the factor between the
self-inductan ce L of each independent winding and the mutual winding M cou presented
between both windings as follows:

M,,, =kJLL, (5.10)

Now, Ais defined as the ratio of the magnetic reluctances of the central and external leg
in the core (A = #//Rme). It is possible to express the relation between the coupling
coefficient & and the reluctance ratio Aas follows:

a
k=——- 5.11
1+a 1Y

Considering the definitions presented before, the self -inductance of each winding is
calculated with (5.12) and (5.13).

Vd 3 1-2d d @
L =1 <] 5 12
LCl1,d<0.5 £l L% 1d 9P x (5.12)
L V.d %_aZd-l d«& (5.13)

LCI,d>0.5 =
f.DI

Figure 5.6 shows the self-inductance sweep of the LCI and the coupling coefficient
sweep. Therefore, differ ent reluctances Rme and Rmc, and different airgap lengths are
considered in Figure 5.6.
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Figure 5.6. Inductance required by the LCI converter.

AP factor derivation f or the LCI is similar to the derivation process of the AP for the
non-coupled-inductors. However, due to the presence of the mutual effect between the two
windings, the calculation is slightly different. For this calculation, it is important to
consider th e average magnetic flux of the external legs:

NI Lavg
1+2a)R,,

Then, from (5.12) and (5.13), and knowing t hat the average magnetic flux density is
defined as Baw= awg/Ae, it is possible to derive the sectional area as follows:

S ong = (5.14)

Lol

_ Lcl ! Lavg
A} NB, (1+23)

avg

(5.15)

Note than in the case of LCl, Bayis used instead of Bmax as shown in (5.4). Both average
and maximum flux density can be used for the analysis. Moreover, depending on the duty
cycle, (5.15) can have two different values. If a converter is designed to operate in both
duty cycle cases, the larger area is chosen.

In the case of the window area Au, (5.6) can be used for the LCI converter as it considers
the winding current and window utilization. Consequently, the AP factor of the LCI can
be calculated combining (5.6) and (5.15) as follows:

Lol
AP|_C| - LCI " Lavg® Lrms (5.16)
B,.,(1+22)JK,

Figure 5.7 shows the frequency and coupling coefficient sweep of the required AP factor
for the LCI using the parameters of the previous exercise (LkW converter with voltage -
gain 2 and input ripple current of 10%). The coupling coefficient is considered as a
representation of the ratio Aas it is presented in (5.11). In addition, Figure 5.7 shows the



5. Volumetric Modeling 77

AP factor of four selected cores: EE50, EER49, EER42 and EER35. These core s are made
with ferrite PC40 manufactured by TDK.

B AP Product
[T EES0
| [EEZ1EER49
I EER42
|[C_—IEER35

=

W

-0

Area Product Factor [cm4]

0.5 0 200 230

G 0 50
‘Couplmg Factor k Frequency [kHz]

Figure 5.7. AP factor of the LCI.

Figure 5.8 shows the size comparison of the four compared cores for the LCl case . Asin
the non-coupled case, although the selected cores are EE and EER cores, they are
simplified to C cores in order to obtain their AP factors in a fair way.

EER3S EER42 EER49 EES0

Figure 5.8. Magnetic cores for the LCI compa rison.

As Figure 5.7 shows, AP factor is more complex to analyze for inductors with magnetic
coupling. The next step is to analyze the AP factor for the IWCI HSU converter.

5.2.1.2 IWCI

The integrated winding coupled induct or, composed of one magnetic core with three
windings installed in each leg, was widely described in chapters 2 and 3. In this context,
and based on the overall modeling of this magnetic component and the maximum magnetic
flux density derivation presented in section 3.4, (5.17) shows the sectional area of the
external legs for the cases of duty cycles lower and higher than 0.5, as the IWCI has the
same flux operation in the external leg for all duty cycles.

1 é,Nel DC _Ii‘ Vind

&Y e Bmaxg Rne 2 Ne fS

(5.17)
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Moreover, (5.18) shows the calculation of the sectional area of the central leg when the
duty cycle is lower than 0.5, and (5.19) shows the case for a duty cycle higher than 0.5.

A =18 Vid (5.18)
weraes g &N+ N -d 2N)) |
_ 1 e vd
At, IWCI,d>0.5 — % m (5.19)

Due the fact that in the IWCI the current that flows through the central winding is
guite low in comparison to the input current, only the effective area of the external legs is
considered for the AP factor analysis.

Furthermore, as in the LCI case, the window area Aw analysis of (5.6) can be used.
Consequently, the AP factor of the IWCI can be calculated combining  (5.6) and (5.17). In
case of a duty cycle higher than 50%, the AP can be derived as follows:

AR - I Lrms é,N eI DC +]_' V incI

Wele0s Bmax‘]KFL g Fg’ne 2 Ne fs

(5.20)

Figure 5.9 shows the frequency and coupling coefficient sweep o fthe required AP factor
for the IWCI considering the parameters of Table 3.5.
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Figure 5.9. AP factor of the IWCI.

Conclusively, area product analysis is an effective tool to compare magnetic cores,
although winding dimensions are not completely considered.
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5.2.2 Digital inductors

The concept of digital 4 inductors consists in the calculation of dimensions and sizes of
possible magnetic components that meet a defined set of parameters (voltages, current,
fluxes, etc.). Such calculation is possible through the variation of dimensions and shapes
resulting in an infinitive number of possibiliti
i nductor so. Thi s ¢ on[d38]p wherevthestotgb volenseeohnore aoupled
and LCI inductors is analyzed using digital inductors. Using this technique through the
sweep of dimensions and shapes, it is possible to obtain different solutions as  Figure 5.10
shows. That is the flexibility and complexity at the same time of magnetic design, where
different sizes and shapes can fulfill the requirements set by the designers.

Figure 5.10. Example of three cores with identical magnetic reluctance and different shape and
dimensions.

Figure 5.11 shows the dimensions definition of a three -leg core geometry (usually EE,
El, EC or EER cores) used in the LCI and IWCI inductors using the concept of digital
inductors. With the purpose of simplifying the calculation of the dimensions and the
volume of the core, the infinite number of possibilities are reduced setting the dimensions
according to the secti onal area of the core A.. Moreover, the sectional areas and the window
areas are approximated to squares for convenience in the calculation. In case of core
geometries with different shapes, those shapes can be approximated to squares in order
to use the proposed methodology.

4 Digital or Virtual. Both concepts are used in the document to identify this concept.
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Figure 5.11. Core shape geometries.

Based on the magnetic flux analysis presented in chapter 3, the volume of the
digital inductor, shown in  Figure 5.11, can be calculated as follows:

Vol =2/A (VA A)(2/A FA) (5/A VAW 2 A4 62

If an airgap is needed to be installed in the IWCI, the volume of that airgap can be
calculated from (5.22). Where /yis the airgap length.

Voly,, =1 ,A, (5.22)

Moreover, (5.21) estimates the iron volume, i.e. the core volume without empty s  paces
(window volume). However, from the power converter point of view, those dead spaces are
not utilized and therefore are lost. Consequently, the total cubic volume is calculated as
follows:

VOolye :2\/E(\/7\e "'\/KN)(Z\/_A: M) (2'\/_'% \/7\) W (5.23)

Basically, (5.23) is (5.21) plus the windows volume. Moreover, winding volume is
calculated to complete the total inductor volume. This analysisis con  ducted on the
base of the winding geometry illustrated in ~ Figure 5.12. As well as the core geometry
description, winding geometry was set as squared for convenience in the calculation. In
addition, the winding volum e is calculated in accordance with the sectional area of the
surrounded core, see Figure 5.13.
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Figure 5.12. Winding geometries.

Figure 5.13, shows several wire types. Depending on the volume restrictions in the
application, it is possible to select some wires with special geometries.

Round Wire Cubic wire Flat wire

Figure 5.13. Winding types.

Litz wire is also considered in the volume modeling. Figure 5.14 shows several types of
Litz wire composed of different number of bundles and strands, as well as several
geometries and styles. For convenience purposes, the volume of the Litz wires are
approximated to the volume of the solid wires of  Figure 5.13.
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Figure 5.14. Litz wire [144], [145].
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Based on the winding current analysis presented in chapter 3, it is possible to
calculate the windings volume as follows:

VOIWinding_e: 4A‘Wire(\/xe m) N, (5.24)
VOIWinding_c = 4A\Nire(\/7£ m) N, (5.25)

Note that the wire area Awire in case of the central winding can be different from
the one used in the external windings, as both windings have different effective
currents. Finally, the total inductor volume will be the sum of the core volume
(with dead spaces) and the three windings.

With this procedure, accurate volume can be calculated as windings are
considered in detail.

5.3 Semiconductors

Mosfets and diodes are usually the devices with the lower contribution to volu me in a
converter (without considering their cooling systems). Moreover, accurate volume
estimation in semiconductors is complex as chip areas are proportional to their rated
power and voltage. However, due to standard procedures, those chip areas are negl ected
as devices are packaged in standard geometries.

In case of silicon and silicon carbide semiconductors, and considering the converter
parameters of this thesis, only two packages are possible: TO -247 and TO0-220.
Consequently, there are not big change s in terms of volume. TO -247 has a rough volume
of 1.8 cc, while T0 -220 package has 0.75 cc.

In the ca se of Gallium Nitride devices, C ascode GaN devices come in T0O-220 packages.
While e-mode GaN devices are offered in smaller packages, due to the wide ban dgap of
GaN vs silicon (3.44 vs 1.1 eV). On the contrary to Si and SiC, GaN manufactures still do
not have a standardized package. There are several GaN packages in the market. One of
the most used in the GaN px package from GaN systems. GaN px has a rough v olume of 0.04
cc [146]. The size reduction in compar ison to TO-220 and T0-247 packages is enormous.
Figure 5.15 shows the three aforementioned packages.

(a) TO-220 [147] (b) TO-247 [105] (c) GaNpx [107]
Figure 5.15. Common packages for Si, SiC and GaN semiconductors.
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5.4 Capacitors

Capacitors siz e is maybe one of the complex calculation as there are no clear indications
of how to estimate size besides the information provided in datasheets. This is mainly
driven from the large amount of capacitor technologies available in the market, and each
technology has its own volume modeling. However, in general, capacitor size is mainly
dependent on the rated voltage and the required capacitance. As these specifications are
given by the converter operation, capacitor size does not have a wide flexibility as
compared with the other components in the circuit. However, if output voltage ripple is
not a critical requirement, several capacitances can be considered and then size may also
have a certain number of possibilities. In addition, capacitance is dependent on the
switching frequency [148].

In this context, there are two tec hniques for size reduction in capacitors: capacitance
reduction or technology selection. Consequently, capacitance needs to be estimated based
on the converter requirements. Generally, capacitance C can be calculated from:

C= 28] (5.26)
DV

wher@i se the electric ¢hargkechiappkeawndl eeHige i n t
given by the converter.

aQis dependent on the current shape that flows through the capacitor. And this current
shape varies depending on the converter itself. [55] shows the analysis of output voltage
ripple based on different converter conditions.

Inthecaseofthe | WCI HS U oQasmobtaned frem: , G
DQ =, (2d HA d)T, (5.27)

where /.z is the current through the wingding  L:and 7sis the time period.

Consequent !l y @ah d #e requiredecapa citance can be estimated from
(5.26). Then, several capacitor technologies can be selected for volume estimation. For this
evaluation, lower capacitance devices are selected. Then, the required number of
capacitors Ac is obtained as follows:

NZE

o’ C (5.28)

cl

where Cc: is the capacitance of the selected capacitor. From Ac and the volume of the
selected capacitor, the required volume is found.

Figure 5.16 shows the volume comparison of the needed capacitors for the designed
converter at three different values of output ripple voltage: 1V, 0.5V and 0.1 V. As both



84 Modeling and MultObjective Optimization of Inductive Component
HighVoltage Gain Power Convert

Figure 5.16(a) and (b) show, the lower the ripple voltage the higher the capacitance
required to filter that voltage and consequently larger the volume.
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Figure 5.16. Capacitor volu me vs. switching frequency.
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Moreover, Figure 5.16 shows the volume estimation for two capacitor technologies:
Multi -layer ceramic capacitor (MLCC) and electrolytic aluminum capacitor. In the case of
Figure 5.16(a), a modern MLCC 400V 17uF was chosen. This capacitor is a low resistance
capacitor with a volume of 2.37 cc. Moreover, Figure 5.16(b) shows the volume estimation
using a miniat ure aluminum electrolytic capacitor rated at 400V and 18uF. This
capacitance was chosen for fairly comparison with the MLCC, although this capacitor
technology offers much higher capacitances. The aluminum capacitor has a volume of 1.57
cc.

Consequently, b ased on the capacitor technology evaluation, aluminum capacitors seem
to have the highest power density in comparison to other technologies, although its
efficiency is lower than MLCC technology for instance. Here again, the opposition between
power densit y and efficiency is evident.

Regarding capacitor cooling, the temperature rise in a capacitor is calculated as follows:
i

2
AR
DT r 5.29
¢ bA (5:29)

where / is the r ipple current through the capacito r; Rc is the equivalent series resistance

in the capacitor; ais the h eat dissipation constant intrinsic to the capacitor material; and
A is the capacitor surface area.

Depending on the requirements, a converter may require a higher ripple capacitor. And
for higher ripple, lower Rcis required, also high thermal conduction. These specifications
are also translated into a longer capacitor life.

Usually filter capacitors, like the ones required by the IWCI HSU converter, dissipate
their power losses into the PCB and the converter heat sink. However, if a capacitor is
used in series to the power circuit, its losses will increase drastically, and then a separate
cooling structure is required.



5. Volumetric Modeling 85

5.5 Cooling systems

Heat transfers from one hot part to another cooler pa rt by direct contact. Heat -sinks,
conduction plates, and thermal interface materials are most common thermal
management techniques which are based on the conduction heat transfer mechanism.
Heat spreaders are used to improve heat transfer from electronic d  evices by maximizing
the contact surface area between the case of semiconductor and the cooling medium.

Cooling systems together with magnetic components are one the largest volume
contributors in power converters. Making its modeling of high importance fo r the
optimization algorithm. The purpose of these systems is to transfer heat from a hot device
to a cooler part by direct contact. Heat sinks, conduction (cooling) plates, and thermal
interface materials are common cooling techniques based on conduction heat transfer
mechanisms [149].

In this context, among all the cooling system types, heat sinks are the most common
systems used for low power dissipation [150]. Depending on the cooling level, the heat sink
could operate in either natural -convection or forced-flow. However, forced -air flow requires
fans that need to be supplied from the power source, and that energy consumption is
translated into power losses to the system. Consequently, for this thesis, only natural air
cooling systems are considered.

In order to calculate the volume of heat sinks for semiconductors, the required thermal
resistance from the cooling device to the ambient is needed [151]. This thermal resistance
can be calculated from the thermal circuit pr  esented in Figure 5.17.
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Figure 5.17. Thermal circuit.

Depending on the selected semiconductor, the thermal circuit can be more detailed and
complex. How ever, Figure 5.17 shows a general approximation suitable for the majority of
devices. The junction temperature 7, (defined by the manufacturer and presented in the
datasheets) can be calculated using (5.30). This equation is effective for calculating the
required heat sink thermal resistance.

TJ :TAMB -(R:JC RCH I%HA) FI_)oss (5'30)
where Taums is the ambient temperature (usually 50°  C for the ambient within the converter
[152]); Rsod s the thermal resistance from thesguncti o

is the thermal resistance from the case to the heat sink (usually neglected due to its very
small value); Ry nais the thermal resistance from the heat sink to the air; and Ploss is the
dissipated power in each power device.
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For the parameters defined in chapter 3, the majority of power devices, candidates for
the IWCI HSU converter, have a maximum junction temperature of 175°C. However, the
heat sink volume calculation is conducted assuming a maximum junction temperature of
100°C with the purpose of prote cting the power devices and preventing high ambient
temperature rises. In addition, as presented in chapter 4, power losses increase when
junction temperature increases.

Once the heat sink6s ther mal resistance from t he
calculated, the next step is to model the size of the heat sink.  Figure 5.18 shows the
definitions of the most common heat sink geometry that is selected for this study.

d e— >
7; s 7
L Ass
L
7 w
J/M/H/L A N: number of channels
>—< >——<€ >
t s yn

Figure 5.18. Heat sink geometry.

Based on [153]9[155], it is possible to derive the thermal resistance of the heat sink in
relation to its geometry as follows:

_le 1 g ,05
RFHA_Eth,d 'E( R Fin RLA) Hm (5.31)

where 7 is the number of the channels in the heat sink; R is the air density; G is the
specific thermal capacitance of air; V is the air volume flow; and Ruo is the thermal
resistance of the heat sink base of height d. R« is calculated as follows:

nd
R ' =
" A—IS/ HS

where Awus is the size of the heat sink plate; and 7/ 4s is the thermal conductivity of the
heat sink material. Table 5.1 shows the comparison of the three m ost common materials
used in heat sinks. Geometrically identical heat sinks made of graphite sheets and
aluminum have been compared, with a drastic weight reduction in the case of graphite
heat sinks. However, graphite heat sinks are more sensitive to brea  k and much more
expensive. Because of that mechanical limitation, for electric transportation, heat sinks
are generally manufactured with aluminum alloys.

(5.32)
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Table 5.1. Heat sink materials

Material Rka/m3] K[W/mK] Cp[/(kg°C)]
Copper 8820 390 385
Aluminum 2700 201 900
Pyrolytic Graphite 1940 700 to 1750 846

Moreover, Rurn is defined as the thermal resistance of the fins and it is expressed as:

c

Rh,FIN = i/ N (5.33)

where ¢, tand L are the dimensions of the defined heat sink geometry. Finally,  Rma is the
thermal resistance between the fin surface and the air channel:

1

= 5.34
Rha hLc 539

where A is the convective heat transfer coefficient.

In this context, the required heat sink dimensions, and thereby its volume, can be
calculated by solving (5.31) according to (5.32)-(5.34). This calculation is made using the
heat sink parameters shown in Table 5.2. Note that (5.31) presents several variables: s, L,
t, d, ¢, and n. Based on several heat sinks, suitable for the TO -247 package (in case of
conventional Silicon and Silicon Carbide devices) and available in the market, the
dimensions s, L, ¢, d, and cwere selected as it is shown in Table 5.2.

Using the calculated thermal resistance for the required heat sinks, the derivation of
the number of channels 7 required by the heat sink can be conducted. With the number of
channels d efined and the above -mentioned dimensions, the heat sink volume is estimated.

Table 5.2. Heat sink parameters and dimensions

Parameters Value | Dimensions Value
h [W/(m?2°C)] 25 s[mm] 4
[ s [WI(me°C)] 237 L [mm] 25
V [m3/s] 0.006 ¢ [mm] 1
Rur [kg/m 3] 0.99 d[mm] 2
&ar [JI(kg°C)] 1010 c[mm] 10

Finally, the proposed method set s, L, ¢, d, and cconstant (Table 5.2.). However, it is
possible to implement a digital heat sink procedure, similar to the one presented in the
inductor section. With such procedure, all dimensions can vary and different shapes can



88 Modeling and MultObjective Optimization of Inductive Component
HighVoltage Gain Power Convert

be obtained, making possible a further downsizing. Those shapes can be realized with
additive manufacturing techniques (3D printing).

5.6 Conclusions

A volume modeling methodology for each component in the IWCI HSU converter was
presented in this chapter.

First magnetic devices were considered. Area Product technique was analyzed for the
conventional boost converter with non -coupled inductors, with loosely coupled inductors,
and finally the IWCI inductor was carried out. Once winding currents and magnetic fluxes
are modelled, the AP factor needed to realize the inductor that allows those current and
magnetic fluxes can be estimated. With such AP factor, a core selection can be conducted.
Also comparison to other topologies is possible.

Moreover, the concept of digital inductors and digital heat sinks was presented. Digital
components have the pote ntial of offering more possible solutions as many shapes and
sizes are considered. Although, the calculation is more complex.

Second, semiconductor volume was analyzed, from the chip point of view, Gallium
Nitride devices offer a drastic volume in reducti on. Nevertheless, chips made with
conventional silicon and silicon carbide together with gallium nitride have a small volume
in comparison to the whole converter volume.

Third, capacitor volume is complex as they cannot be constructed manually as
inductors . Their manufacturing process is different from one type to another making their
volume difficult to model. However, if capacitance and rated voltage is considered, it is
possible to estimate capacitor volume and to compare capacitor types. It was found th  at
electrolytic capacitors are the most power dense capacitors.

Finally, cooling systems, in particular heat sinks have many variables tan can be swept
increasing the modeling complexity. However, if certain parameters or dimensions are
kept constant in th e design, it is possible to have an accurate volume model. Moreover, if
virtual volume procedure is conducted, similar to the one presented in the inductor section,
it will be possible to obtain interesting shapes and dimensions with smaller volume. Those
shapes can be realized with additive manufacturing techniques (3D printing).

In general, as it was presented in Figure 5.8 and Figure 5.16, volume in passive
components (indu ctors and transformers) can be reduced when the switching frequency is
increased. On the other hand, based on the power loss modeling presented in the previous
chapters, power losses in semiconductors are increased when the switching frequency is
increased. Consequently, having higher losses means higher cooling needs and thereby
volume of heat sinks are dependent on the switching frequency as well.
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6 Efficiency Optimization of High Voltage -Gain
Converters

6.1 Introduction

After modeling power losses, volume, and voltage -gain of the selected power converter
in this study (the IWCI HSU converter), it is possible to proceed with the optimization and
design procedures. Such models are useful for design automatio n, which is the possibility
of anticipating the operation of a converter before its construction. This operation can
make emphasis on losses, volume, cost, lifetime, etc. Consequently, the concept of digital
twin is employed as the possibility of having a  twin of an actual converter prototype that
emulates the system and its operation without spending much resources and time in its
construction.

In particular for this study, efficiency and volume are optimized while voltage -gain is
kept high. First, efficie ncy is tackled as an introduction to the optimization procedure. As
mentioned in the introductory chapters, achieving the highest possible efficiency is
essential in electric mobility to extend distance range, reduce losses, and increase the
system perform ance, as well as to size, downsize or reconfigure storage cells in HEVs [19],
[40], [127].

The efficiency optimization methodology for DC -DC converters, specifically for the
IWCI HSU converter, is carried out with the combinations of the power loss models
presented in Chapter 4 and the pre -selection of outstanding semico nductors and magnetic
materials. Emerging semiconductor technologies, such as Gallium Nitride, Silicon Carbide
and even the improvement of silicon -based semiconductors like the super junction
transistor, are used in this optimization procedure. Moreover, r egarding magnetic
materials, soft magnetic composites, nanocrystalline, and amorphous materials are
considered, as well as conventional ferrites.

After considering several optimization techniques, the optimization procedure for this
converter is implemente d using an analytical calculation that compares the power losses
of each component and finds the most suitable design point in accordance with the
switching frequency. This efficiency optimization procedure is conducted based on the
parameters of Table 5.2. These parameters are aligned with the procedure presented in



92 Modeling and MultiObjective Optimization of Inductive Component
High Voltage Gain Power Conver

chapter 3 where the IWCI HSU was modeled and tested. In addition, the results of this
optimization procedure are validated by several experimental test s of several prototypes.

Table 6.1. Circuit parameters

Input Voltage Vi [V] 25-152
Output Voltage Vo [V] 200
Turn Ratio N 2-16

Power P[W] 100-1000
Switching Frequency £s[kHz] 15-300

This chapter is org anized as follows. First, several optimization techniques, potentially
applicable to this study, are summarized. Second, the design procedure and the
optimization algorithm are presented. Initially inductors are optimized separately
followed by semiconduct or devices. Then, the concept of combinatorial structures is
utilized, the total losses of the selected components is calculated, and a suitable switching
frequency, obtained from the algorithm, is presented. Finally, experimental validations
are conducted showing the measured voltage -gain and efficiency of the designed converter.
It is worth mentioning that some of the results presented in this chapter have been
published by the author in  [22], [65], [127] .

6.2 Optimization techniques

In the particular case of this chapter, where efficiency optimization is needed, a single -
objective optimization procedure is required. There have been extensive e fforts on
developing optimization techniques for many applications. From all the proposed
techniques available in the literature, two types of problems, that optimization procedures
solve, can be identified: problems with continuous and discrete variables [156], [157]. As
it has been presented in this document, power conve rter design is complex as there are
many variables to take into account and, as presented in chapter 4, most of these variables
are discrete and not proportional between them. Consequently, numerically solved
procedures are considered to solve such problem s.

However, using this type of procedures often takes long computational times and
sometimes it is not possible to obtain global optimum results  [158]. It was until relatively
recently that resear chers found the potential of adapting well -known multi -objective
optimization algorithms to single -objective problems [159].

These techniques have been widely used in electric systems and electric machines
[160]0[162]. Specially, significant efforts have been done in the optimization of microgrids,
where itis also evident that traditional mathematical formulations demand too much data
from the network and become intrac table. Consequently, tools based on optimization with
metaheuristics seem to provide near optimal solutions in acceptable times [163], [164] .



6. Efficiency Optimization 93

Nevertheless, in power electr onics, and especially in power converters, they have been
rarely applied, with no cases in high voltage -gain power converters, to the best of the
aut hor ds knowl edge. I n mo s t -Olgestiges optimizatiocn e ar c he s
procedures that are numericall y solved with low computational complexity due to the
simplicity of the power loss models used [165], [166].

There is only a few works where optimization methods have been used to solve multi -
objective problems in power electronics design. In 2006 and 2007, Malyna et al. proposed
the use of Nondominated Sorting Genetic Algorithm I 0 NSGA Il for the power losses
minimizin g of a flyback converter [167]. After this, in 2010, Amirahmadi et al. propose d
the use of the NSGA Il with the purpose of selecting the suitable controller coefficients of
a conventional single -phase Boost PFC rectifier [168] and Visairo et al., in 2012, proposed
the use of this algorithm for minimizing volume and losses in a buck converter [169].
Afterward, in 2013, Zwysen et al. proposed an outstanding work of multi -objective design
of a coupled-inductor using the well -known NSGA Il [170].

In this context, it is evident that there are several optimization technigues with
potential for efficiency optimization in power converters for electric mobility and energy
systems. In these applications, both numerical optimization and optimization algorithms
can be applied to HSU converters.

In th e case of the IWCI HSU converter, the use of Evolutionary Algorithms (EA) is
conducted in the multi -objective optimization procedures presented in chapter 7. However,
for the case of efficiency optimization (single -objective), the concept of combinatorial
structures is studied.

In this case, combinatorial optimization can be used where combinatorial structures
are constructed with a set of defined initial arrays, several intermediate combinational
processes and calculations, and one output: efficiency. Due to the nature of the power
converter design, heuristic approaches seem to be appropriate as they consist in finding,
checking and adapting processes to speed up searching an approvable solution [171].

In order to solve this sto chastic combinatorial optimization problem, a multistage
dynamic combinatorial optimization procedure is constructed. This procedure starts with
the definition of the input arrays. These input arrays are the points of each variable that
is required to be e valuated in the converter. Then, each point in each array is combined
with other points in other arrays generating a large number of possible combinations.
Each combination is then a possible design, a digital component that is evaluated with the
power loss model defined in the previous chapters. Consequently, the power losses by each
combination are computed. Then, the power losses are combined in a new array, from
which the selection of optimum is possible.

Finally, the efficiency arrays of each component are combined to form the total power
losses of those digital converters. From that full array, the global optimum efficiency is
obtained.
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6.3 Optimization procedure

In power converters, efficiency is optimal, or reaches its global optimum, when the
overall power losses in the converter are minimized, i.e. when the following objective
function is fulfilled:

mingR,.( f.) (6.1)

where Pussis the total power loss in the power converter. Eq.  (6.1) shows the minimization
of power losses for a specific output power ( Table 5.2), i.e. the minimization is conducted
when the converter is under the operation of the specified p arameters.

As presented in chapter 4, power losses are dependent on many factors: parameters,
operating conditions, materials, devices, components, etc. Most of those factors can be
selected or decided. However, switching frequency 7splays an important ro le in the design
and operation of a power converter with drastic effects upon its selection. Consequently,
Ploss in the optimization procedure is defined in function of 7 while recognizing the other
factors that affect power losses. Consequently, Puss(fs) can be defined as follows:

I:?oss( fs) = PLcore( fs k Lcorg +|:)Lcopp£ f’sk Lcopp)ar P(S f’ J<) S Iq-(Df’ !() D Pé-c f’ k) (6-2)

where each k; corresponds to the particular factors of each component needed to calculate
their power losses, as shown in chapter 4. /s is then one of the main results of the
optimization procedure, needed to select all the components.

Moreover, there are certain constrains that need to be considered during the
optimization procedure. For the specific case of the IWCI HSU converter, the followin g
constrains were defined:

P
I:I>oss ( fs)

< __
10
Vo'Lcore <1000cc (6.3)

B, < B

sat

N, <500

With these constrains, faulty designs are not considered (saturated cores) as well as
unfeasible designs (efficiency lower than 90%, extremely la rge cores, and extremely high
number of turns). In this context, the total power losses are minimized following the steps
of the design procedure presented in Figure 6.1, taking into account the parameters
establish ed in Table 5.2, and considering the objective function and constrains of  (6.1) and
(6.3).



6. Efficiency Optimization

95

Specifications
Definition

(P.Vi Vo, G/1, GVo)

- v L
Virtual Inductor
Design Semiconductors Canacitor Desi
(Core and Selection apacitor Design
Windings )
Y ¢ Y VvV —v
a o ) o "
— (%] 13} n 0 3 o o 9
8% =3 2 2% £33 = 28 £8 £
g8 228 © QY 28 @ Sy Sg a
(& R — 5 O 9 s 9 = O S =S e
o i o %) o
Validation by FEM Cooling System . )
(Optional ) Calculation Capacitor Selection
v
Prototyping

O O
v

Converter
Prototyping

A 4

Total Efficiency

Figure 6.1. Design procedure for efficiency optimization.

The combinatorial structures and the design procedure are implemented and
computational executed in a series of scripts written in Matlab. This methodology has the
flexibility to be imple mented in any software environment. For convenience, Matlab was
selected in this case. The scripts are composed by the power loss models presented in
section 4, with the ability to be evaluated with the input information. These scripts have
the flexibility to import specifications of new materials and components and evaluate their
power losses in a certain power converter topology. The scripts are being evaluated to be
available in open access platforms.

6.3.1 Inductors

Following the design procedure of Figure 6.1 and based on the modeling procedures
presented in the previous chapters, the effect of the magnetic components design is evident
on the total power losses, not only due to the inductor losses and how much they acc  ount
in the total losses but because of the complexity of the inductor design as such.
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During the last decades, it has been widely accepted and normally assumed that
optimum efficiency in transformers and inductors occurs when core and copper (winding)
losses become equal[127], [172] 8[174], as follows:

I:)Lcore @PLcoppel (6-4)

However, an accurate and detailed inductor loss distribution looking for efficiency
optimization (in this case, maximization) depends on many factors that can derive on
many different outcomes. These possible ou tcomes could result in cases where high
efficient magnetic materials are selected, offering much lower core losses than copper
losses and ending up in scenarios of maximum efficiency with unequal losses.  Figure 6.2
shows the comparison of both cases with parity and disparity of core  -copper losses.

» Minimum point " Minimum point
e 1 Overall losses Q 1
8 7 I Overall losses
5 5 :
S Copper losses S i Copper losses
T |Core losse! ©
= = 1
1
i 1 Core losses
> s
Turn number X Turn number
Design Point Design Point
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Figure 6.2. Core and copper losses in different designs.

Then, in this procedure, in order to have alow -loss magnetic material, several materials
were considered. Initially, the materials considered were ferrites from TDK, FairRite and
Magnetics, silicon steel from JFE, Nanocrystalline from Hitachi Metals, Fe -Amorpho us
from Metglas, and some soft magnetic composites of different permeability from Magnetics
and Micrometals, [175]0[179]. Figure 6.3 shows a general comparison of the volumetric
core losses in function of the saturation flux of these preselected materials [180].
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Figure 6.3. Volumetric core losses of several magnetic materials.
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The information about cor e losses presented in Figure 6.3, obtained from the datasheets
supplied by the manufacturers, is calculated and validated with low frequency and low
voltage full sinusoidal excitation. Nevertheless, magnetic materia  Is are employed in power
converters under high frequency switching and non -sinusoidal excitation. Consequently,
the information provided by the manufacturers about core losses is often insufficient to
conduct an accurate loss estimation, optimization and d  esign procedure [181], [182] .

In this context, magnetic characterization is required in order to determine the
magnetic material parameters. Such procedures are quite complex as present ed in [181],
[182]. For this procedure, the characteristics of the materials presented in Table 6.2 were
taken from previous studies [180].

Table 6.2. Magnetic materials characteristi cs

Material Relative Losses [MW/cm3]* | Saturation Flux [T]**
(Manufacturer ) | Permeability
Powdered Iron 35~75 600~1300 ~0.5
(Micrometals )
Kool M
60~125 ~200 ~1
(Magnetics)
Molypermallo
ypermatoy 60~550 87~890 0.8
(Magnetics)
High FI
'9 u'x 14~160 290~1280 ~1.5
(Magnetics)
Forri
errite 2000~3000 5~38 0.45~0.47
(Magnetics)
Ferrite
2 ~2 14~21 ~0.
(TDK) 000~2500 0.35
Ferrite
~1 ~ ~0.
(FairRite ) 500 85 0.5

*Loss at 100kHz 50 mT **Remanent flux excluded

Consequently, and having characterized the Steinmetz coefficients of the materials
presented in Table 6.2, the improved Generalized Steinmetz Equation (iGSE) can be
applied to calculate the volumetric core losses P., as follows:
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Equation (6.5) was presented in section 4.3.2. in chapter 4 and originally introduced in
[134]. Then, in order to calculate the total core losses, equation (6.6) can be used.

P

Lcore

P, Vol (6.6)

Lcore

where Vo/icore IS the volume of the designed core that can be obtained from the virtual
inductor procedure or the Area Product approach explained in chapter 5. Even if volume
is not one of the optimization targets, it is required for the core loss calculation.
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From Table 6.2, ferrites from TDK shown a good trade -off between core losses and
saturation flux. It is worthwhile to mention that there are some other materials, not
presented in Table 6.2, thatin datasheets show lower core loss characteristics with much
higher permeability, like nanocrystalline. However, for inductor design, as energy need to
be stored and several turns are required, it is easy to h ave a high electromagnetic force
that saturates the core easily. Consequently, having just one magnetic material, it is
possible to conduct the iron loss calculation and obtain the inductor losses in function of
the switching frequency. Figure 6.4 shows the calculation of several inductors made with
a TDK ferrite material of reference PC40. Figure 6.4 also shows the cases of magnetic
cores with several airgap lengths when the converter is operating at 100W.
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Figure 6.4. Inductor losses vs. Gap length and frequency.

This calculation was possible using a winding factor of  Ks=0.7, a current density of
J=3.4A/mm 2 and conventional ro und wire.

Here it is important to mention that all the points in the 3D plot of Figure 6.4 represent
a different digital inductor for only one reference of a magnetic material (TDK PC40).
Therefore, the complexity a nd the amount of possible solutions are evident. In this context,
Figure 6.5 shows the proposed combinatorial structure with which it is possible to combine
the efficiency of each digital inductor with the other com ponents in the converter and
therefore the selection of the best design is conducted.
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Figure 6.5. Overview of the combinatorial structure for inductor efficiency optimization.

As mentioned before, combinato rial structures seek to explore the whole search space
of possibilities, in the case of Figure 6.5, the number of turns, the turn ratio, the core size,
shape and material, as well as the switching frequency are defi  ned as input arrays for the
combinatorial structure. It means that only one possible design (digital inductor) is
composed by a unique combination of points of such arrays. Depending on the number of
points per array, the number of possible combinations gr  ow in the exponent of the 6 arrays.

Then, once all the combinations are defined, the power loss models are called and
executed in order to calculate the specific power losses of the virtual inductor from that
combination. The losses of all the possible com binations are combined in a new array and
from there, the highest efficiency possible for the inductor is obtained. However, it is a
local optimum, just for the case of the inductor design. The same procedure needs to be
conducted for the other components in the converter, the results need to be combined, and
from there the global optimum is selected.

6.3.2 Semiconductors

In the case of semiconductors for both Mosfets and Diodes, a similar approach to the
one presented before was conducted following the procedure of Figure 6.1. For this
optimization procedure, an initial pre  -selection of devices was also conducted. Table 6.3
and Table 6.4 show the preselected Mosfets and Diodes, respectively.
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Table 6.3. Mosfets characteristics

Manufacturer Ciss[nF] | Coss[pF] | Ron [
ST™M 0.78~9.6 ~300 45~299
Fairchild 1~1.415 ~35 165~250
Infineon 0.95~1.5 ~750 26~280
ROHM SiC ~0.852 ~55 60~196
Panasonic GaN ~0.405 ~71 70~290
On Semi GaN ~0.760 ~26 340~350
GaN Systems ~0.520 ~130 25~560
Transphorm GaN | 0.72~1.13 ~56 72~180
Table 6.4. Diodes characteristics
Manufacturer | trr [ns] Qr [nF] vd [V]
Fairchild 50~80 0.29~65 0.7~-1.5
ROHM SiC 0~60 | 0.21~0.73 | 1.05~1.55
CREE SiC ~ 0.29~1.1 1.45~1.8
Infineon SiC 0~13.7 | 0.19~1.14 | 1.35~1.7

Taking into account the loss performance of each component, Figure 6.6 shows the

comparison between four different combinations of outstanding Mosfets and Diodes in
function of the switching frequency.

35

—Total Losses (CoolMos + GaN Diode) ‘ =
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fi=-= Total Losses (GaNFet + GaN Diode) P
""" Total Losses (MosFet + S1C Diode) i e
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|
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Frequency [kHz]
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Figure 6.6. Total losses in function of the switching frequency.

As a conclusion, it is possible to see that a combination of Super Junction Mosfets and
SiC Diodes presents the lowest losses in the comparison. The case of Figure 6.6 is just one
case evaluating possible combinations of five devices. However, when the comparison is
extended to the full list of pre -selected devices shown in Table 6.3 and Table 6.4, the
complexity increases. Consequently, and similarly to the inductors case, a combinatorial
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structure was constructed, where several semiconductors, both Mosfets and Diodes, are
evaluated at different switching frequencies.  Figure 6.7 shows the proposed combinatorial
structure for the case of the semiconductors.

Voltages V; V/, m Power P, m Temperatures 7 =
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Power Loss
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Figure 6.7. Overview of the combinatorial structure for semiconductor efficiency optimization.

6.3.3 Capacitors

In the case of capacitors, a similar approach to the one presented before was conducted
following the procedure of Figure 6.1. Moreover, as presented in chapter 4 and 5, the
efficiency of a capacitor is dependent on its parasit ic resistance. Also, the capacitor choice
is driven by the switching frequency and the desired technology. For this optimization
procedure, an initial pre -selection of capacitors was also conducted as follows:

Table 6.5. Capacitors characteristics
Capacitor Type | Capacitance [UF] | Rated Voltage [V] | Volume [cc]

MLCC 17 400 2.6
Film 16 500 19.2
Aluminum 18 400 1.6

Then, the following combinatorial structure was proposed:
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Figure 6.8. Overview of the combinatorial structure for capacitor efficiency optimization.

In this structure, only the compared capacitors and the switching frequency are
considered as input arrays.

Comparing the combinatorial structures of  Figure 6.5, Figure 6.7 and Figure 6.8, itis
evident the complexity of the inductor structure as it has much more input arrays, making
the possible combinations larger than the one of semiconductors and much more than the
one of capacitors.

6.3.4 Total losses

After applying the design procedure of Figure 6.1 and taking into account the
abovementioned combinatorial structures, the next step is the overall power loss
calculation evaluating together the inductor, semiconductor, and capacitor losses. The
following total loss combinatorial structure is proposed:
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Figure 6.9. Overview of the combinatorial structure for the total efficiency optimization.

Each component contributes with an array of efficiencies that are combined and
evaluated, then an optimal point that offers the maximum efficiency is selected for

construction.

As an example, Figure 6.10 shows the total losses of four combination sets with SiC
Diodes and Super Junction Mosfets and four different core sizes. These components
comparing the switching frequency and the coupling coefficient using the shapes and sizes

of the cores studies in section 5.2.1 and shown in Figure 5.8. These cores are manufactured
with ferrite PC40 by TDK, see Table 6.2.
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Figure 6.10. Total losses of semiconductors and inductors.
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Figure 6.100shows t he effect of the devicesd | osses on
almost | inearly with the frequency. Figure 6.10 also shows the point of lowest losses and
its corresponding frequency and coupling factor. As a result, the combination of the core
EER49 operating at 100 kHz with a coupling  factor of 0.99 using SiC devices offers the
lowest theoretical losses and thereby it is the global optimum from this procedure.

6.4 Experimental validation

During the time that this research was developed, several iterations and improvements
of the design proc edure of Figure 6.1 were conducted. As a result, several prototypes were
constructed for validating these efficiency optimization procedures. Figure 6.11 shows the
constructed prototypes of the IWCI HSU converter. These prototypes include Super -
Junction Mosfets ( Figure 6.11(a)), SiC Mosfets (Figure 6.11(b) and (d)), and GaNFets
(Figure 6.11(c)), also several core sizes, among them the EER49 ( Figure 6.11(c)-(d)),
Moreover, electrolytic capacitors ( Figure 6.11(b)), multilayer ce ramic capacitors ( Figure
6.11(a) and (c)), and Film capacitors ( Figure 6.11(d)) were also utilized. In all the four
cases ferrites were used and a turn ratio N of 2 was employed. Finally, different cooling
systems were employed as well. In Figure 6.11(a)-(c), conventional single heat sinks were
placed to each semiconductor. But in Figure 6.11(d), all the cooling needs were combined
into only heat sink of the PCB size. With this technique the height of the total converter
is reduced.

These circuits were tested using the parameters of Table 5.2. And efficien cy was
measured with Precision Power Analyzers.

(a) 1st Prototype
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Figure 6.11. Prototypes of the HSU IWCI Converters.



106 Modeling and MultObjective Optimization of Inductive Component
High Voltage Gain Power Conver

6.4.1 Efficiency

Efficiency tests were con ducted to the prototypes in order to evaluate the optimization
procedures. Again, it is important to mention that the four prototypes are the result of
several iterations and improvements of the design procedure. These efficiency tests were
carried out wit h a Yokogawa PZ4000 power analyzer as well as with differential voltage
probes and high bandwidth current probes. Figure 6.12 shows the complete set of
efficiency measurements of the 2 " prototype. Figure 6.12 shows the experimental results

at different loads. This prototype was constructed to measure efficiency and voltage  -gain
in a wide range of voltages as shown in Chapter 2.
T
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Figure 6.12. Measured efficiency vs. Duty cycle of the 2 nd Prototype.

In case of the prototype constructed with GaN and SiC (3 ™ prototype), the efficiency
results are compared with its voltage -gain in section 6.4.2. Finally, efficiency
measurements of the 4 t prototype are presented in Figure 6.13. In the case of the 4t
prototype, several powers were tested also. Figure 6.13 shows the case of 100 and 150W

at three switching frequencies (50, 100, and 200kHz).
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Figure 6.13. Measured efficiency vs. Duty cycle of the 4 th Prototype.

Comparing both Figure 6.12 and Figure 6.13, itis possible to see the efficiency increase
when power converters are optimized. It is also evident the effect of having a higher duty

cycle in the total efficiency .
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6.4.2 Semiconductor effect on the voltage -gain

In the experimental validation, special attention was given to the prototypes made with
GaN and SiC, in order to evaluate the effect of the technology selection in both efficiency
and voltage -gain. Therefore, the 3 prototype was tested and measured. Although the
optimization procedure showed one switching frequency as optimum, four switching
frequencies were tested for the sake of validation and comparison.  Figure 6.14 shows the
efficiency and the voltage -gain measured during the experimental tests at 50, 100, 150
and 200 kHz with an output power of 100W.
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(c) Efficiency vs. Voltage Gain at  150kHz. (d) Efficiency vs. Voltage Gain at 200kHz.
Figure 6.14. Total efficiency vs. voltage -gain at different switching frequencies of the 3
prototype.

Notice that the voltage -gain obtained with the GaNFet co nverter was always lower
than the one with the SiC Mosfets. This behavior is explained by the parasitic conditions
of the GaN switches and the gate driving technique used inthe 3 ™ prototype. On the other
hand, at frequencies higher than 100kHz, GaN switc  hes presented higher efficiency than
the prototypes with SiC switches.

It was observed during the tests that GaNFets achieved a higher efficiency based on
their lower Rbson characteristics and, especially at higher switching frequencies, the
switching loss es of the GaNFets were lower based on their fast switching performance.
However, the converter with GaNFets could not achieve high voltage  -gains. This is due to
the dynamics of the gate driving circuits, especially in case of GaNFets where transitions
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are much faster generating higher di/dt in the converter and accelerating the saturation
of the IWCI core. Special considerations are given to the further designs of GaN converters
in order to achieve higher voltage -gains.

Finally, for the sake of comparison, the 4% prototype was also evaluated in the same
way. Figure 6.15 shows the measurements between efficiency and voltage -gain when the
4t converter was operating at two output powers (100 and 150W) and at three freq  uencies
(50, 200, and 150kHz).
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Figure 6.15. Total efficiency vs. voltage -gain at different powers and switching frequencies.

From both Figure 6.14 and Figure 6.15, it is possible to see that at higher switching
frequencies, higher voltage -gains are possible. This is basically due to the ripple current
in the IWCI inductor, the lower the frequency is, the larger the component should be. But,
the test is conducted with one IWCI, therefore the current ripple increases and the
inductor enters in saturation. That is the reason of the short line at 50Hz, 150 W of Figure
6.13 (b) and Figure 6.15(b). Again at this point, it is possible to see the opposition between
the objectives.

6.5 Conclusions

An efficiency optimization procedure based on combinatorial optimization was
presented in this chapt er.

First, a brief summary of some possible optimization techniques was presented. Among
those techniqgues, the combinatorial technique was taken and adapted for the case of the
IWCI HSU converter. A combinatorial structure was proposed to solve the define d
objective function.

Second, the optimization procedure is presented. The combinatorial structures for
inductors, semiconductors, and capacitors are presented as well as the components and
materials that are used in each structure. This optimization proce dure takes into account
emerging technologies of semiconductors, novel magnetic materials, different core
geometries, and switching frequency.
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In order to solve these structures, a series of computational script was constructed in
Matlab. These scripts ar e constructed with the power loss models presented in chapter 4
and offer the flexibility to integrate new materials, components, shapes and dimensions.
With this tool, the optimization problem is computationally solved.

Finally, several prototypes were co nstructed and experimentally tested. These
prototypes were constructed with different combinations of semiconductors, core sizes, and
capacitors. The comparison of GaNFets and SiC Mosfets got special attention as GaN
seems to have better characteristics. H owever, experimental results show that design and
implementation should go a step forward to consider deep dynamics and therefore make
the optimization procedure more accurate. The results of the GaNFet and SiC evaluation
gave enough input for the design i mprovement of gate drivers, especially for GaNFets, in
that way the constructed power converters can achieve higher voltage -gains keeping high
efficiency.

Moreover, the selection of a design, taken from the optimization procedure, guaranties
the optimal e fficiency when the converter is operating under one set of conditions and
parameters. However, as High Step -Up converters are usually employed in applications
with wide range operation in power and voltages, it is imminently likely that the converter
operation will result in non -optimal efficiencies.

In general, this chapter and the methodology presented for efficiency optimization is an
aid of analytical and practical analysis that provides guide to designers to choose
parameters and components in power co nverters.



7 Multi -objective Optimization of a High Voltage
Gain DC -DC converter

7.1 Introduction

With the introduction of the single -objective optimization for the case of the IWCI HSU
converter in the previous chapter, several considerations where taken into account for
efficiency optimization. The last step of this research is the multi -objective optimization of
the selected converter. Such procedure seeks to optimize both efficiency and power density
while voltage -gain is kept high. Nevertheless, the methodo logy presented in this chapter is
applicable to any objective, e.g. cost, lifetime, volumetric and gravimetric power density,
temperature, etc.

Moreover, the methodology presented in this chapter makes use of the modeling
procedures of power losses, volume, and voltage -gain of the IWCI HSU converter, as well as
the recommendations of chapter 6 about the voltage -gain issues of power converters
constructed with GaNFets, especially during the experimental phase.

As mentioned before, these optimization procedur es, either single or multi -objective, are
valuable input to design automation algorithms where digital twins are constructed to
anticipate the operation of a converter before its construction.

In particular for this chapter, efficiency and volume are tackl ed. As efficiency, volume, and
voltage -gain are opposite objectives in the design of power converters, special algorithms are
required to solve these problems.

The multi -objective optimization methodology for DC -DC converters, specifically for the
IWCI HSU converter, is carried out with the combinations of the models presented in chapter
4 and 5 as well as the pre -selection of outstanding semiconductors, magnetic materials and
capacitors. The same materials and devices used in the previous chapter are used in this one.

After considering several optimization techniques, the combinatorial optimization was
improved to offer outstanding characteristics similar to the one of the counterparts. This
multi -objective optimization procedure is conducted based on the p arameters of Table 6.1 in
chapter 6. These parameters are chosen for the sake of parity with the results of chapter 3 -
5, where the IWCI HSU was modeled and tested, and chapter 6, where efficiency was
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optimized. In addition, the results of this optimization procedure are validated by several
experimental tests of two prototypes.

This chapter is organized as follows. First, some multi  -objective optimization techniques,
potentially applicable to this study, are summarized. Both analytical calculations and
evolutionary algorithms are considered. Second, the design procedure and the multi  -objective
optimization algorithm are presented. The concept of an improved combinatorial
methodology is introduced. Initially inductors are optimized separately followed by
semiconductor devices and capacitors. Then, the concept of the optimization of the number of
turns in inductors is presented to improve the computational speed of the procedure. The
sub-Paretos of each component are obtained and recombined to obtain the total losses and
total volume. Finally, experimental validations are conducted showing the measured power
density and efficiency of the designed converter. It is worth mentioning that some of the
results presented in this chapter have been published by the autho  rin [183].

7.2 Multi objective optimization techniques

In the particular case of this chapter, where efficiency and power densi  ty optimization is
needed, a multi -objective optimization procedure is required. For this type of optimization,
the disparity is kept between the two types of problems: with continuous and discrete
variables [156], [157]. The concern is even higher as complexity increases with more
objectives, and computational times incre ase exponentially in the case of numerically -solved
algorithms for discrete variables, as it is the case of power converter design  [158]. Although
they have been used in other applications [160]3[162].

Consequently, evolutionary algorithms offer the advantage of being an efficient
alternative to solve problems without the requirement of enormous computational efforts as
it is required by the con ventional deterministic methods  [184]. Nevertheless, the
effectiveness of such techniques in problems with abundant content of discrete variables has
not been evaluated yet, to best of the authords

Therefore, it is important to eval uate these two types of optimization types. Two of the
most common techniques are explained below.

7.2.1 Combinatorial approaches

Following the results of the efficiency optimization in chapter 6, it is natural the selection
of combinatorial approaches for this evaluation. Once again, this type of algorithms can be
appropriate for power converters because of their characteristics of searching an appropriate
solution [171]. Consequently, multi -objective combinatorial structures are cons tructed with
a set of defined initial arrays, several intermediate combinational processes and calculations,
and one sub-Pareto array, formed with the best combinations of efficiency -power density of
the local device, as output.

k
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Then these multistage dynam ic combinatorial structures and their sub  -Paretos as results
of each structure are combined in a final combinatorial structure where all sub -Paretos build
a new multidimensional set of points where the final or ultimate Pareto -front can be
obtained. That f inal Pareto is the result of this approach.

Nevertheless, these intermediate combination steps carry significantly large
computational efforts as each point is evaluated and combined. Moreover, each point calls
the models for power losses and volume calcul ation increasing the total computation time. It
is in these intermediate steps where combinatorial approaches tend to fail when relatively
large problems are executed.

Consequently, major improvements should be done in combinatorial approaches in order
to obtain results with few computational efforts in multi -objective optimization.

7.2.2 Genetic algorithms

The basic idea of a Genetic Algorithm (GA) is to imitate the evolution process that occurs
in nature. Possible solutions, or designs in case of power converte rs, are transformed from
the phenotype: the optimization problem to the genotype: an array of values. Each individual
number in a chromosome is called a gene. The GA uses a pool of random possible solutions of
a certain size to start the algorithm. A certa in length of the chromosomes is taken considering
the minimum size of the pool [185], [186].

Therefore, all the elements in the pool are evaluated. This evaluation is carried out by a
function evaluation, a s cenario analysis, a model simulation or even an expert judgment. The
outcome of these evaluation process is used to assign a fitness value to all the members of
the pool. This fithess value can be chosen equal to the evaluation outcome, but in the majority
of cases is normalized by mapping the evaluation value to a range of values  [18], [187], [188] .

In general terms, these types of algorithms start from an initial population followed by
several iterations between the e valuations, the fithess assignment, the selection and
reproduction of these members until one final array comes as result of the algorithm. This
array is then the Pareto optimum offered by the algorithm.

Consequently, GAs have the great potential to solve  multi -objective optimization problems
in shorter times and with a larger exploration of the universe of possibilities. These
characteristics make them appropriate for the case of the IWCI -HSU converter.
Nevertheless, its applicability to the type of variab  les in this problem is still an open question.

7.3 Improved combinatorial multi -objective optimization
procedure

Similar to chapter 6, efficiency is optimal when the overall power losses in the converter
are minimized, i.e. when the objective function  (7.1) is fulfilled. Similarly, volumetric power
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density reaches its global optimum when the overall converter volume is minimized, or in
other words when (7.2) is fulfilled.

mingR,.( f.) (7.1)

Min @0l ( f,) (7.2)

where Puss is the total power loss in the power converter, and  Vo/wr is the total volume of
the circuit. Once again, for the sake of fairness, Eq. (7.1) and (7.2) show the minimization of
power losses and converter volume for the same output power.

As presented in ¢ hapter 4 and 5, power losses and volume are dependent on many factors
where some can be selected or decided. However, switching frequency £ also plays an
important role in multi  -objective optimization. Pss and Vo/wwa in the optimization procedure
are also defined in function of 7. Consequently, Poss(fs) and Volwwa(fs) can be defined as follows:

I:I)oss( fs) = PLcore( fs k Lcorg +PLcoppe£ f’sk Lcopr)e-r P(S f’ J()S I:'-(Df’ !() D Pé’c f’ k) (7-3)

VOItotaI( fs) = VOILcore( fs’ k Lcorg -IVOI Lcoppe( f 'S k Lcopplr

(7.4)

VOIC( fs’ kC) +VOIS( fs' kS) -I-\/COICOO"FI& fs kcoolirl]
where each ki corresponds to the particular factors of each component needed to calculate
their volume and power losses, as shown in chapters 4 and 5. Moreover, there are certain
constrains that need to be considered during the optimization pro  cedure. In the specific case
of the IWCI HSU converter, the following constrains were defined:

p
P.(f)<—
Ioss( s) < 10

VOILcore <1000cc (7.5)
N, <1000
B ax < Bsat

m

Nevertheless, both objective functions, (7.1) and (7.2), are opposite objective functions.
Therefore, in order to calculate and minimize the power losses and the converter size, a
heuristic algorithm is conducted. This analytical calculation is carrie d out following the steps
of the procedure outline presented in  Figure 7.1.
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Figure 7.1. Design procedure for efficiency -power density optimization.

In the design pro cedure of Figure 7.1, the part of the optimization that is conducted using
FEM simulations is highlighted. The coupled -inductor is simulated with the evaluation of
magnetic and electrical fields through time depende nt and frequency domain studies. To
validate the effectiveness of the proposed procedure, the parameters presented in Table 6.1
were chosen as a case study.

In the case of the multi -objective optimization, the same technologies presented in chapter
6 were selected. In total, 70 Mosfets, 70 Diodes, 30 magnetic materials, and 3 capacitor
technologies were considered in this case study. Diodes and Mosfets were selected at ratings
of 650V and 20A.
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In addition, the improved combinatorial methodology, its structu res and the design
procedure were implemented and computationally executed in a series of scripts written in
Matlab that included the scripts used for the efficiency optimization in chapter 6. These
scripts are flexible to integrate further models, besides  the power loss and volume models
already included. The scripts are also under evaluation for open access availability.

It is worthwhile to mention that several iterations of code optimization were conducted as
well, to improve the script execution and the reby reduce the computational time and
requirements. During the first trials, the scripts required around one month to complete the
combination and evaluation of a procedure with a couple of million combinations. Nowadays,
after the code optimization and t he implementation of the improved combinatorial
methodology, the script requires hundreds of seconds to run such cases.

7.3.1 Inductors

The first step of the design procedure presented in  Figure 7.1 is the digital inducto r design
and its multi -objective optimization. Then, the combinatorial structure of Figure 7.2 is
proposed to combine both the efficiency and power density of each digital inductor.

Voltages V; V, m Power P, m Temperatures 7 =

Voltage Gain /7 ®  Current Ripple G/ ® \oltage Ripple G |/ =

Number of Turns  Ne N—__ 7
. \\\\\ " Loss
Turn ratio N ST . :
%‘\‘ ‘l/// Calculation  All points Sub-Pareto
D . .
Core Size 27 Combination Losses-Volume

)

Shapes Loss-Volume

Points
Materials
Switching
Frequency
®  Arays @90  Muliidimensional . All Multidimensional
Parameters S e00 Combinations Earlira s
Figure 7.2. Overview of the combinatorial structure for inductor multi -objective optimization.

In the structure of Figure 7.2, the same input arrays of chapter 6 are considered with the
same number of possible designs resulting from the combinations of each point of the input
arrays. Afterward, both losses and volume models are used to calculate the losses and volume
of each digital inductor. Then, all these points are combined again into a massive
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multidimensional structure from which the best loss  -volume points are taken to form the
Sub-Pareto front.

Nevertheless, the calculation of each and every possible design carries a tremendous
computational effort. Then, novel algorithms are needed to improv e the combinatorial
procedure.

7.3.1.1 Optimization of number of turns

Having identified the computation issue of computing both power density and efficiency of
the digital inductors with a great number of inputs and the exponential number of
combinations, the co ncept of the optimization of humber of turns is proposed to tackle this
issue. Therefore, if the total computations are reduced, keeping the same result as the
computation with the whole possibilities, the optimization procedure can be faster allowing
more feedback for further design iterations.

Conventionally, a range of number of turns is decided at the end of the procedure; that
range basically determines the number of points to calculate as well as the limits. The
problem is then the definition of those  limits. It is difficult to set a maximum too high because
the possible combinations increase drastically, but it is also dangerous to keep it low because
there could be number of turns with potential to offer optimal solutions out of the
computation. Simi lar situation happens with the minimum number of turns, usually only
one turn offers poor designs but increasing the minimum could result in an incomplete
procedure. Figure 7.3 illustrate this concept of wide and na rrow number of turns.

f(Ne)A f(Ne)A

S

min max . min max Ne

\ 4

(c) Wide range of number of turns (d) Narrow range of number of turns
Figure 7.3. Possible ranges of number of turns.

Consequently, the idea is to design an algorithm that finds the exact range of number of
turns for each set of digital inductors. The option by default is to conduct the whole sweep
and once the digital inductors start to be unfeasible stop the sweep. This method is effective
to identify the range but quite consuming fromth e computational point of view as each point
needs to be evaluated. Also, many points between 0 and the minimum could be evaluated.

The proposal is then to use an algorithm with randomness. Then, the procedure begins
with the random selection of a start and  end point in the array of the evaluated number of
turns. That array could be large enough to cover all the possible solutions. For the case of the
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IWCI HSU, 100 turns were selected as maximum. Then, the procedure of Figure 7.4 is

executed.

no

A\ 4

X=Random
max=0 g (1:1000) e Digital Inductor Feasible
min =1000 Tl g9 15612 y Calculation design?
125 gp
85 333 500
A
yes
no
no- X<min no
yes yes
Next iteration min =X max=X

Figure 7.4. Procedure for optimization of the number of turns to calculate.

With the procedure of Figure 7.4, it is possible to select the right range of number of turns
without evaluating all of them.  Table 5.2 shows a comparison of the ratios between the
number of turns actually evaluated with the algorithm and the total t hat would have been
evaluated without the algorithm. This is basically driven by probability, if the random
number is quite close to the actual limit, the ratio will be smaller. Also, the table shows the
ratio of the actual range of number of turns to the  total number (1000 in this case), basically
it shows how wide or narrow the array is (see Figure 7.3). It also presents the average and
the minimum ratios for two different cases of digital inductors. In the first ¢ ase, 36 inductors
were evaluated, while in the second there were 12000 inductors.

Table 7.1. Turn reduction calculations

Number of cases Short Full
(36 cases) | (12k cases)
Minimum Ratio of number of calculatio ns vs. total turns (Probability) 9.7% 5.9%
Minimum Ratio of selected turns vs. total turns 18.8% 20.5%
Average Ratio of number of calculations vs. total turns (Probability) 32.9% 26%
Average Ratio of selected turns vs. total turns 71.7% 76%
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Conclusively, this table shows that depending on the probability of the random numbers,
the actual evaluation of number of turns could be of minimum 5.9%. It saves 94.1% of time
in evaluation of the other number of turns to determine the turns range. Moreover, what i t
was shown was that out of 1000 possible number of turns, the digital inductors in average
only give positive results with a 76% of those turns, with some minimum cases of 26%.

Finally, this novel procedure shows that even with few or many inductors, the calculations
of the adequate range of number of turns could be conducted with only few calculation and
with the impact of reducing drastically the total number of calculations per inductor.

7.3.1.2 FEM Validation

Another part in the procedure of Figure 7.4 is the FEM Validation. It serves to validate
the found optimal designs before its actual construction. In this context, 2D FEM simulations
were conducted for core geometry evaluation of cases, where the coupled inductors a re
constructed with cores in different shapes. With the results of the 2D FEM procedures, 3D
FEM simulations can be used for calculation and modeling of magnetic fluxes and core losses
[189].

In this context, the main dimensions of three  -leg EE cores, as presented in chapter 3, were
evaluated in this algorithm using the parameters of the case study presented in Table 6.1.

Figure 7.5 shows the case of the core EC70 PC40 manufactured by TDK driven at a
frequency of 200kHz. Figure 7.5(a) shows that the evaluated core is oversized because it has
an average magnetic flux of nearly 150mT wheni ts saturation flux is 250mT (having in mind
the remanent flux). In addition,  Figure 7.5(b) shows the arrow surface magnetic flux, where
it is possible to see the effect of the direct coupling between the external wi  ndings.

2

nm

(@) Surface [T] (o) Arrow Surface
Figure 7.5. Magnetic flux density in the EE core.

Consequently, a 3D FEM simulation was conducted in order to calculate the magnetic
fluxes and the power losses inthe evaluated cores. At the same time, these simulations served































































