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SYMBOLS

A : Area
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B : Flux density
C : Capacitance
D : Diode
Deft . Effective duty cycle
E : Energy
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G : Transfer function
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I : Current
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K : Waveform factor
Ki . Integral parameter of controller
Kp : Proportional parameter of controller
Ku - Utilization factor
L > Inductance
I : Length
N > Turns number
P : Power
Q : Charge
R . Resistance
Ri : Current sensor gain
Rv - Voltage sensor gain
S : Switch
: Period
t : Time
TR : Transformer

XVii



Ve
Wa

Al
AV

: Voltage

: Effective core volume
: Window area

: Impedance

: Current ripple

: Voltage ripple

: Skin dept

. Effective permeability
: Copper resistivity

xviii



LIST OF TABLES

Table 2.1 :
Table 2.2 :

Page

Comparison between ICE vehicles and EVS [20]......ccccoovvvivevviiiecienenn, 14
A comparison between Li-lon batteries with different chemical options

[16,22,26].....ce ettt 17
Table 2.2 (continued) : A comparison between Li-lon batteries with different
chemical options [16,22,26]. ......ccccoeieeiiiiieiiese e 18

Table 2.3 :

Existing models of BEVs, PHEVs, and FCEVs in the market [20,22]... 20

Table 2.3 (continued) : Existing models of BEVs, PHEVs, and FCEVs in the

Table 4.1 :
Table 4.2 :
Table 4.3 :
Table 4.4 :
Table 4.5 :
Table 4.6 :
Table 4.7 :
Table 4.8 :
Table 4.9 :

Table 4.10 :
Table 4.11 :
Table 4.12 :
Table 4.13 :
Table 4.14 :

Table 4.15

Table 4.16 :
Table 4.17 :
Table 4.18 :
Table 4.19 :
Table 4.20 :

Table 4.21

Table 4.22 :
Table 4.23 :
Table 4.24 :
Table 4.25 :
Table 4.26 :

Table 4.27

Table 4.28 :
Table 4.29 :
Table 4.30 :
Table 4.31 :
Table 4.32 :

Table 4.33

MArKet [20,22]. ..o 21
Operating points SPECIfICatioN ...........cccccveieiieiieie e, 46
Primary side switches RMS current value. ..........cccccooeiininininiiicen, 46
Secondary side switches RMS current value. ..........c.cccooeivveieecieceenenn, 47
Voltage stress on the secondary SIde. ........ccocevriieieieieneneneeeeeee e, 47
Primary side switch voltage drop........ccccccceviveiiieiiciece e, 48
Secondary side Switch VOItage drop..........ccovvvreeiiiienenencseseeeeeeeee 48
Switching loss of the primary side SWItChes. ...........cccccveveiicii e, 48
Switching loss of the secondary side SWItChes............cccoceviniiiiiiienenn 49
Conduction loss of the primary side SWItChes............ccccooeiveevricieiienenn, 49

Conduction loss of the secondary side SWItChes. ............ccocvviiiienenne, 49
Total loss of the primary side SWItChes. ...........cccvvveviiiciicciccc e 50
Total loss of the secondary side SWItChes. .........ccccoveiiiiiiniiicicien, 50

Turn ratio of the tranSfOrMer............cooviiiinee s 50
Magnetizing inductance value of transformer. ...........cccccooevieiivniennnn 51
: Magnetizing inductor current ripple value of transformer.................... 51
Primary side RMS current value of transformer. ...........cc.ccoovvvvinennen, 52
Secondary side RMS current value of transformer. ............c..ccccovenee. 52
Primary side peak current value of transformer.............ccccocvcvvinennnn, 52
Primary side minimum current value of transformer.............c.cccc.eoc..... 52
Effective duty CYCIE. ..o, 53
: Deadtime with related parameters...........ccccevvevieeie i ve v 53
Duty CYCle 10SS TIME. ... 54
Maximum duty CYCIE. ......oooviiecec 54
Target current ripple of output iNdUCEOr........ccccovviveiiiicee e 54
Inductance value of output INAUCEOr..........ccccovveiieiiiciie e 55
Current ripple for selected output inductance value. ..............cccocveneenne. 55
- RMS current value of output iINdUCEOr. ..........ccceevveeiieiiicie e, 55
Maximum current value of output iINAUCLOT. ..........ccocceveiiriiiiieee 56
Minimum current value of output inductor............ccccceviveeiie e, 56
Inductance value of shim indUuCtOr. ...........ccocvviiiiii e 57
RMS current of INPUt CAPACITOL.........c.eevieiiieiie e 57
Output load current ripple. ......ooveieei e 58
- RMS current of output Capacitor..........ccccevvieiiie i 58

XixX



Table 4.34 : Total output capacitance Value. ............ccovvevieiiieiiicce e 58
Table 4.35 : Output VOItage FPPIE.......coveii e 59
Table 4.36 : Transformation map from s-domain to z-domain [53]. ........ccccveevenenenn 81

XX



LIST OF FIGURES

Page

Figure 2.1 : General Major milestones in the history of EVs representation of the
flyback converter [13]. ..o 10

Figure 2.2 : General view of BEVs with sub-components [15].......c.c.cccccvvvervennenne. 11

Figure 2.3 : Architecture of a) series hybrid electric configuration, b)series-parallel
hybrid electric configuration, c) parallel hybrid electric configuration,

and d) complex hybrid electric configuration [17].........ccccoovviiiiiiinnnnnn 12
Figure 2.4 : Architecture of BEV, PHEV, HEV and FCEV [19]. ......cccccvivveivennne. 13
Figure 2.5 : Electrification target by countries over the years [21]. ......cc.cccovvvenenns 15
Figure 2.6 : EVs LV auxiliary 10ads [8]. ....ccccoevveveiieiieie e 19
Figure 2.7 : Global electric vehicle stock in selected region between 2010 and 2022
[327 ... A ... A . A . 20
Figure 2.8 : Average cost change per kwWh of different types of batteries between
2014 aNd 2022 [16]. .e.veiveeveerierieieieiie ettt 22
Figure 2.9 : The overall architecture 0f EVS [4]. ..o 23
Figure 2.10 : Sub-systems of e-axle [36]. .......ccccoveriiieiieii e 24
Figure 3.1 : General representation of the flyback converter. ............cccooiiinn, 26
Figure 3.2 : General representation of the forward converter...........ccccceevvevvenenne. 26
Figure 3.3 : General representation of the push-pull converter. ..........c.cccooviieenn, 27
Figure 3.4 : General representation of the half-bridge converter.............c.ccccceene. 27
Figure 3.5 : General representation of the full-bridge converter. ..........cc.ccocveenn, 28
Figure 3.6 : General representation of the PSFB converter. ............cccoovevvivieveenene. 29
Figure 3.7 : General representation of the series resonant converter............c..cc.c.... 29
Figure 3.8 : General representation of the parallel resonant converter. .................... 30
Figure 3.9 : General representation of the LLC resonant converter. ...........ccccccue.... 31
Figure 3.10 : a) Center-tap rectifier, b) full-bridge rectifier, ¢) current double
rectifier as secondary side cONFIQUIAtioN. ..........ccccovereneiinininiieeees 32
Figure 3.11 : Schematic of PSFB-CDR CONVEIE. .......cccccviieiieieciesie e 33
Figure 3.12 : Waveforms of PSFB-CDR converter during specific time intervals. . 36
Figure 3.13 : Operation of PSFB-CDR converter between to-t1. .....c.ccoevvvevieiivenncnne. 37
Figure 3.14 : Operation of PSFB-CDR converter between ti-t>-1.........ccoceivvvinennns 38
Figure 3.15 : Operation of PSFB-CDR converter between t1-t2-2..........cccccevvvennenne. 38
Figure 3.16 : Operation of PSFB-CDR converter between to-t3-1.........cccccovvvinnnnns 38
Figure 3.17 : Operation of PSFB-CDR converter between to-t3-2.........cccccoeevveennnenn 39
Figure 3.18 : Operation of PSFB-CDR converter between ta-ta. ........ccccoevvvviennnnns 39
Figure 3.19 : Operation of PSFB-CDR converter between ta-ts-1.........cccccoeeiveennnenn 39
Figure 3.20 : Operation of PSFB-CDR converter between ta-ts-2.........cc.ccoovvvvnenen. 40
Figure 3.21 : Operation of PSFB-CDR converter between ts-te. .........ccccevvveeieennnnnn 40
Figure 3.22 : Operation of PSFB-CDR converter between te-t7-1.........cccoovvvvrnennnn 41
Figure 3.23 : Operation of PSFB-CDR converter between te-t7-2.........cccccoviiveennnenn 41
Figure 3.24 : Operation of PSFB-CDR converter between t7-tg-1.........cccccovvvvvnennns 42
Figure 3.25 : Operation of PSFB-CDR converter between t7-tg-2.........ccccccvevveennnenn 42
Figure 3.26 : Operation of PSFB-CDR converter between tg-tg. ........cc.covvrvrernenns 42

XXi



Figure 3.27 : Operation of PSFB-CDR converter between to-tio-1........ccooovviiiennnen. 43

Figure 3.28 : Operation of PSFB-CDR converter between to-t10-2........cccccvevvvivennen. 43
Figure 4.1 : Schematic 0f PSFB-CDR CONVEITE. .......cceiiiiieiieiie e 45
Figure 4.2 : Planar transformer winding Structure. ..........cccccvevvvievveve s 64
Figure 4.3 : Manufactured planar tranSformer. ...........ccoovoeeienen e 64
Figure 4.4 : Windings of planar transformer...........ccccoociveie v 64
Figure 4.5 : Manufactured shim indUCEON............cccoiiiiiiiei e 67
Figure 4.6 : Relation between AL and DC CUITENT. ........ccovvvererene i 68
Figure 4.7 : Manufactured output INAUCTOT. ..........cccceiiriiieieieec e 70
Figure 4.8 : The block diagram of voltage mode control............c.cccccecevvveiveiiinnnn, 71
Figure 4.9 : The block diagram of average current mode control..............ccccceveennen. 72
Figure 4.10 : The block diagram of peak current mode control.............ccccceevevnenen. 72
Figure 4.11 : The block diagram of software implementation for PCMC [50]. ....... 73
Figure 4.12 : Correlation PMW generation for PCMC..........ccccccvviveiieiiecc e, 74
Figure 4.13 : The small-signal equivalent circuit model of PSFB with CDR
(010) 01T (=] S PP RO U PR PPRSPPUPRPPRPO 75
Figure 4.14 : The small-signal equivalent circuit model of PSFB with CDR
CONVEILEr FOr PCIMC ...ttt 75
Figure 4.15 : The closed-loop control model for PCMC of the PSFB with CDR
(010) 01 =T (=] ST RTOU PR OPRSPPRPRPPRRP 78
Figure 4.16 : Applied step input signal as reference iNPut...........c.ccocevrivnieiiniennenn. 79
Figure 4.17 : Step response of open 100p operation. ..........ccceeevveeieeresieseese e 79
Figure 4.18 : Model of close loop transfer function PSFB with CDR converter in
MATLAB/SIMUIINK. ..o e 79
Figure 4.19 : Bode diagram of open 100p OPeration. ...........cccccevenerenennsiesineenenns 80
Figure 4.20 : Bode diagram of close loop operation. ...........cccccoveviviveiieseeie s, 80
Figure 4.21 : Step response of close 100p OPeration. ..........ccccccevenereniiinnseneeens 81
Figure 4.22 : Simulation diagram of PSFB with CDR converter in LTspice. .......... 83
Figure 4.23 : Transformer primary and secondary side voltage V1 pri, VT sec and
current waveforms It pri, It sec at 50 A load current. .........cccocvvieenne 84
Figure 4.24 : Output load current loyt and voltage Vout, output inductors current I o1,
ILo2 @t 50 A 108d CUITENL. ..o s 85

Figure 4.25 : Primary side switch S1 and S4 voltage Vps s1, Vbs_s4 and current Iss,
Isa waveform; clamping diode D¢; current waveform Ipc; at 50 A load

CUITEIE. ettt e ettt e sbe e e e et e e e b e e nneeenneennnens 85
Figure 4.26 : Voltage Vps_sr1 and current Isry waveform of secondary side switch
Ssr1 @t 50 A 10ad CUITENL.......ooiiieieiiceceee e 86

Figure 4.27 : ZVS event of primary side switches S and S4 at 50 A load current... 86
Figure 4.28 : Transformer primary and secondary side voltage V1 _pri, VT _sec and

current waveforms It pri, I sec at 100 A load current. .......c.cccevevevivennenne. 87
Figure 4.29 : Output load current loyt and voltage Vout, output inductors current | o1,
ILo2 at 100 A 10ad CUITENL. ....cveeie e 87

Figure 4.30 : Primary side switch S1 and S4 voltage Vps_s1, Vbs_s4 and current Isg,
Is4 waveform; clamping diode D¢; current waveform Ipc: at 100 A load

CUITEINL. vttt ettt e et e e e b e e e bb e e e bb e e e se e e anseeeanneeesnreaeas 88
Figure 4.31 : Voltage Vbs_sr1 and current Isr1 waveform of secondary side switch
Ssri @t 100 A 10ad CUITENT.........oeiiiiie e 88

Figure 4.32 : ZVS event of primary side switches S and S4 at 100 A load current. 89
Figure 4.33 : Transformer primary and secondary side voltage V1 _pri, VT _sec and
current waveforms It pri, I sec at 150 A load current. .......cccccevvevvennenne. 89

XXii



Figure 4.34 : Output load current lout and voltage Vout, Output inductors current Iio1,
[Lo2 @t 150 A 1080 CUITENT......ccuiiiiiiiieieee e 90

Figure 4.35 : Primary side switch S1 and S4 voltage Vps s1, Vbs s4 and current Isy,
Iss waveform; clamping diode D¢; current waveform Ipc; at 150 A load

(o U ] =T o | R PPRR 90
Figure 4.36 : Voltage Vps_sr1 and current Isr: waveform of secondary side switch
Ssri @t 150 A 10ad CUITENT. .....ooiiiieiiciiecee e 91

Figure 4.37 : ZVS event of primary side switches S1 and S4 at 150 A load current. 91
Figure 4.38 : Transformer primary and secondary side voltage V1 pri, V1 sec and

current waveforms It pri, I sec at 200 A load current. .......ccoccoevvvevenenne. 92
Figure 4.39 : Output load current lout and voltage Vout, output inductors current Iio1,
[Lo2 @t 200 A 1080 CUITENT......ccuiiiiiiiiie e 92

Figure 4.40 : Primary side switch S; and S4 voltage Vps_s1, Vbs_ss and current lsz,
Iss waveform; clamping diode D¢; current waveform Ipc; at 200 A load

(ol U ] =T o | R PPRR 93
Figure 4.41 : Voltage Vps_sr1 and current Isr1 waveform of secondary side switch
Ssr1 at 200 A 1080 CUITENT. ....ocoviiiieiie e 93

Figure 4.42 : ZVS event of primary side switches S; and S at 200 A load current. 94
Figure 4.43 : Transformer primary and secondary side voltage V1 pri, V1 sec and

current waveforms It pri, I sec at 250 A load current. .........occoevvvevenenne 94
Figure 4.44 : Output load current loyt and voltage Vou, output inductors current Iioz,
ILo2 @t 250 A 1080 CUITENT......oiviiiiiieieieie e 95

Figure 4.45 : Primary side switch S1 and S4 voltage Vps s1, Vbs_s4 and current Iss,
Iss waveform; clamping diode D¢; current waveform Ipc; at 250 A load

(ol U ] =T o | PP 95
Figure 4.46 : Voltage Vps_sr1 and current Isry waveform of secondary side switch
Ssr1 at 250 A 10ad CUITENT. ......coveeiiicie e 96

Figure 4.47 : ZVS event of primary side switches S1 and S4 at 250 A load current. 96
Figure 4.48 : Measurement points of voltage waveforms of primary and secondary

] o[- TSRS 97
Figure 4.49 : Voltage waveforms of primary and secondary side (left one with

clamping diode, right one without clamping diode)............c.ccceevieenenn 98
Figure 4.50 : Efficiency for operating with and without clamping diodes. .............. 98

Figure 5.1 : Application of a) BSC approach on FR4 PCB, b) BSC approach on IMS
board and c) TSC approach with applied gap filler for D2PAK-7L
PACKAGE [S7]. woveeeiiiiieieeiee e 100

Figure 5.2 : Rthjc of BSC approach on FR4 PCB, BSC approach on IMS board and
TSC approach with applied gap filler for D2PAK-7L package [57].... 100

Figure 5.3 : Liquid cooled plate. .........ccccooveiieiii i 101
Figure 5.4 : Designed and implemented PSFB with CDR converter...................... 101
Figure 5.5 : Setup view for PSFB with CDR converter...........ccccooevevveiieeiiecnennn, 102
Figure 5.6 : PWM waveforms of Sy in red, Sy in blue, Sz in green, Sa in purple, Ssr1
IN turquoise, Ssr2 N DIACK. .......ccoiiiiiiii s 103
Figure 5.7 : Vps in green and Vs in red of leading leg switch S; at 50 A load
(010 4= | S TP TP PURTUPUPRPPROT 104
Figure 5.8 : Zoomed view of Vps in green and Vgs in red of leading leg switch S; at
50 A load current during tUrn=-0N. .........cccevieeiievie e 104
Figure 5.9 : Vps in green and Vgs in red of lagging leg switch S4 at 50 A load
(010 4= | SRR U R PTRTUPRUPRPPPOS 105

xxiii



Figure 5.10 : Zoomed view of Vps in green and Vs in red of lagging leg switch S4

at 50 A load current during turn=0N. ..........ccceeeereieereeie e 105
Figure 5.11 : Vps in green and Vs in red of Ssry at 50 A load current. ................ 106
Figure 5.12 : Zoomed view of Vps in green and Vs in red of Ssr1 at 50 A load
current during turn-0ff. ..o 106
Figure 5.13 : Vi in red, Vsec in green and lgri in blue at 50 A load current............ 107
Figure 5.14 : Viy in red and lin in blue at 50 A load current...........ccocooeeviereincne. 107
Figure 5.15 : Vout in red and lout in blue at 50 A load current. ........cocoevvvviiinnennn, 107
Figure 5.16 : Vps in green and Vs in red of leading leg switch Sz at 100 A load
(010 =] | TP P PP RPPR PR 108
Figure 5.17 : Zoomed view of Vps in green and Vs in red of leading leg switch S;
at 100 A load current during turn-0n. ........cccceeveveieecnsie e 108
Figure 5.18 : Vps in green and Vs in red of lagging leg switch S4 at 100 A load
(010 <] | PRSP PR PSPPI 109
Figure 5.19 : Zoomed view of Vps in green and Vs in red of lagging leg switch S
at 100 A load current during turn-0n. ........ccccceceeveieeveeie e 109
Figure 5.20 : Vps in green and Vs in red of Ssr1 at 100 A load current. .............. 110
Figure 5.21 : Zoomed view of Vps in green and Vs in red of Ssr1 at 100 A load
current during turn-off at right. ... 110
Figure 5.22 : Vi in red, Vsec in green and lyri in blue at 100 A load current.......... 110
Figure 5.23 : Vin in red and lin in blue at 100 A load current. .........c.cooceevvereriencne. 111
Figure 5.24 : Vout in red and lout in blue at 100 A load current. ........c.coocvevvvenennnn 111
Figure 5.25 : Vps in green and Vs in red of leading leg switch S; at 150 A load
(010 4= | SO ST U SPRTUPRPPR 112
Figure 5.26 : Zoomed view of Vps in green and Vs in red of leading leg switch S;
at 150 A load current during turn-0on. .........cccccceeveieeie e 112
Figure 5.27 : Vps in green and Vs in red of lagging leg switch S4 at 150 A load
(010 1< | SR P PRSP PP PR 113
Figure 5.28 : Zoomed view of Vps in green and Vs in red of lagging leg switch S
at 150 A load current during turn-on. ........ccccccceeveieere e 113
Figure 5.29 : Vps in green and Ves in red of Ssry at 150 A load current. .............. 114
Figure 5.30 : Zoomed view of Vps in green and Vs in red of Ssr1 at 150 A load
current during tUrN-0fF. ... 114
Figure 5.31 : Vyi in red, Vsec in green and lyri in blue at 150 A load current.......... 114
Figure 5.32 : Vin in red and lin in blue at 150 A load current............ccocevcvevnienennn, 115
Figure 5.33 : Vout in red and lout in blue at 150 A load current. .........c.cocvevvienenen, 115
Figure 5.34 : Vps in green and Vs in red of leading leg switch S; at 200 A load
CUITENT. .ttt ettt e et e et e st e e e e e b e e snnes 116
Figure 5.35 : Zoomed view of Vps in green and Vs in red of leading leg switch S:
at 200 A load current during tUrN-0N. .........ccceveierenenese s 116
Figure 5.36 : Vps in green and Vs in red of lagging leg switch S4 at 200 A load
CUTTEINE. ettt e e s e e e e st e e s s n e e e e s snnne s 117
Figure 5.37 : Zoomed view of Vps in green and Vs in red of lagging leg switch S
at 200 A load current during tUrN-0N. .........cccevererenenese s 117
Figure 5.38 : Vps in green and Vs in red of Ssry at 200 A load current. .............. 118
Figure 5.39 : Zoomed view of Vps in green and Vs in red of Ssr: at 200 A load
current during turn-0ff. .........cooviiiiii 118
Figure 5.40 : Vpi in red, Vs in green and lpq in blue at 200 A load current........... 118
Figure 5.41 : Vin in red and lin in blue at 200 A load current. .........cccceeeieivenene 119
Figure 5.42 : Vout in red and lout in blue at 200 A load current. ..........coocvvviienenen, 119

XXiv



Figure 5.43 : Vps in green and Vs in red of leading leg switch S; at 250 A load

(010 <] | ST PR PPRRTRUPRPRRPT 120
Figure 5.44 : Zoomed view of Vps in green and Vs in red of leading leg switch S;

at 250 A load current during turn-0N. .......cccoceeeeivene s 120
Figure 5.45 : Zoomed view of Vps in green and Vs in red of leading leg switch S;

at 250 A load current during turn-off. .......cccccoeveiieii i 120
Figure 5.46 : Vps in green and Vs in red of lagging leg switch S4 at 250 A load

(010 4] o | SO TP PR PPRRURPPRPRRPT 121
Figure 5.47 : Zoomed view of Vps in green and Vs in red of lagging leg switch S4

at 250 A load current during turn-0N. ........ccocveveieere e 121
Figure 5.48 : Vps in green and Vs in red of Ssry at 250 A load current. .............. 122
Figure 5.49 : Zoomed view of Vps in green and Vs in red of Ssr1 at 250 A load

current during turn-0ff ... ..o 122

Figure 5.50 : Vi in red, Vsec in green and lpri in blue at 250 A load current.......... 123
Figure 5.51 : Zoomed view of Vi in red, Vsec in green and lpri in blue at 250 A load

current duty CYCle 0SS. ......oovveiiiieie e 123
Figure 5.52 : Vin in red and lin in blue at 250 A load current.........c.ccocevveerenieennen, 124
Figure 5.53 : Vout in red and lout in blue at 250 A load current. ..........ccccceeveveneneen, 124
Figure 5.54 : Zoomed view of output voltage at 250 A load current...................... 124
Figure 5.55 : Measured efficiency curve of PSFB with CDR converter from

experiment and SIMUIALION. ..o, 126

XXV






DESIGN AND IMPLEMENTATION OF PHASE-SHIFTED FULL-BRIDGE
CONVERTER WITH A CURRENT DOUBLER FOR HV TO LV BATTERY
CHARGER IN ELECTRIC VEHICLES

SUMMARY

Internal combustion vehicles have been widely used for many years. With the increase
in population, the usage rate of internal combustion vehicles also increases. This
situation causes significant increases in greenhouse gas emissions. Therefore,
increasing emission leads to the growth of the global warming problem worldwide.
Many protocols such as the Paris Agreement, have been signed between countries in
order to solve this issue. Moreover, efforts are made to increase environmental
awareness and reduce people's carbon footprint. Electric vehicles (EVs) have recently
become widespread within this scope. It is aimed at making the use of electric vehicles
more prevalent.

With the extensive use of EVs, different needs have begun to emerge in many different
areas. The most prominent of these needs are related to battery systems, power
electronic converters, and traction systems. There are two types of batteries in electric
vehicles: high-voltage and low-voltage batteries. High voltage batteries have many
different types when classified according to their chemical content. The high-voltage
battery is used for the traction of the vehicle, and the power is transferred to the electric
motor with the inverter, which is one of the power electronic converters in EVs.
Another power electronics unit, which is the onboard charger, is required to charge
this high-voltage battery. Even though electric vehicles have high voltage battery, low
voltage battery is still needed. The low-voltage battery plays a role in feeding the in-
vehicle loads. There is another DC-DC converter between this low-voltage battery and
the high-voltage battery. A DC-DC converter is a converter that charges the low-
voltage battery and supplies all accessories in the EV, such as air conditioner,
headlights, sound systems, lighting, electronic control units, wiper, and window
system. This converter is used in electric vehicles instead of the belt-driven generator
in internal combustion vehicles.

Today, due to the increase in vehicle electrification, accessories, and features, the
amount of power demanded from DC-DC converters is also increasing. In order to
meet this increase, this DC-DC converter must be able to provide very high currents.
High current also brings high transmission losses, so it is essential to design properly
with appropriate topology selection. In addition, it is an important criterion that
DC-DC converters must be efficient due to continuous operation when the vehicle is
in use. This means that a DC-DC converter affects the range or vehicle. In addition to
efficiency, the converter must also be suitable for placement in the vehicle in terms of
volume, owing to the limited space in the vehicle. Therefore, the DC-DC converter is
expected to have a high power density (kW/L). As mentioned, since the DC-DC
converter converts power between high-voltage and low-voltage batteries, another
important point is that these converters are isolated to ensure safe operation. These are
the basic features expected and required from a DC-DC converter to be used for

XXVii



electric vehicles. This thesis studies the design and implementation of a high power
density and efficient isolated DC-DC converter for electric vehicles.

First of all, a short history of EVs from past to present is shared. Brief information
about battery electric vehicles, plug-in hybrid electric vehicles, hybrid electric
vehicles, and fuel-cell electric vehicles is given. Afterward, high-voltage and low-
voltage batteries were mentioned and their properties are shared by classifying them
according to their chemical construction. In addition to information about the types
and general features of today's EVs, the future of electric vehicles is given.

Isolated and unidirectional converters are investigated and evaluated in terms of power
rating, efficiency, cost, volume, power density, input and output voltage, advantages
and disadvantages. As a result, a phase-shifted full-bridge converter (PSFB) with a
current doubler rectifier (CDR) is selected as a suitable converter. The main reasons
for this selection are that PSFB with CDR have a wide voltage gain range operation
ability, low output current ripple, and ZVS operation capability with constant
switching frequency. Moreover, reduced conduction loss, better thermal performance,
simpler transformer structure, and lower ripple load current can be achieved thanks to
CDR.

Operating principles of PSFB with CDR converter and related waveforms of each
operating mode are given in detail. All analytical calculations about switches,
transformer, critical timings, inductors, capacitors and ZVS condition are given.
Information on selected components is shared according to calculations. Moreover,
design calculations to manufacture the transformer which is a planar transformer and
inductors which are output and shim inductor are given.

Another important step, which is the decision on a suitable control method. Voltage
mode, average current mode and peak current mode control (PCMC) methods are
explained inclusively. PCMC method is selected as a suitable control method. The
operating principle and implementation of the selected microcontroller of PCMC are
explained. Small-signal model and transfer function of PSFB with CDR converter are
obtained. Controller parameters of the PCMC method are determined with the modeled
transfer function in MATLAB/Simulink. Open loop and close loop behavior are
compared.

Afterwards, the converter is simulated with the real model of selected components,
which are provided by the manufacturer, in LTspice. All results and waveforms are
obtained for the operation at nominal operating conditions with different load currents.
In addition, the clamping diodes effect is evaluated and results are shared.

PSFB with a CDR converter is designed and implemented. General information about
the design and parts of the implemented design are shared. Laboratory tests are
completed under the nominal operating conditions with different load currents as the
simulation. Detailed experimental results and waveforms are shared and compared
with simulation results.

As a result of the studies carried out within the scope of this thesis, the efficiency is
obtained according to the simulation result at the nominal operating point for 250 A
load current as 96.54%. The efficiency obtained from laboratory tests for the same
operating point is 93.43%. The reason for this difference in efficiency is conduction
losses, which become dominant in the printed circuit board at high currents, and
thermal effects, which do not affect the simulation. According to the results of
laboratory tests, the highest efficiency is 95.19% at the nominal operating point when
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the load current is 150 A. Efficiency decreases for load currents which are higher than
150A because of the more dominant conduction losses. It can be observed that the
analytical calculations, simulation, and test results are compatible with each other.
Another outcome of the thesis is that the average power density of the different
manufacturers’ designs is 1.2 KW/L, while the power density of the realized design is
1.87 KWIL.

Finally, improving efficiency and conduction losses at higher currents are shared as
future work. Furthermore, in order to adapt to technological developments, the
converter can be revised to operate bidirectionally and at input voltages up to 800 V.
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ELEKTRIKLi ARACLARDA YG BATARYADAN AG BATARYAYI SARJ
EDEN AKIM KATLAYICILI FAZ KAYMALI TAM KOPRU
DONUSTURUCUNUN TASARIMI VE GERCEKLEMESI

OZET

Icten yanmali araglar uzun yillardan beri yaygin olarak kullanilmaktadir. Niifusun
artmastyla birlikte icten yanmali araglarin kullanim orani da artmaktadir. Bu durum
sera gazi salimimlarinda ve dogal olarak kiiresel 1sinmada oldukg¢a biiyiik artiglara
sebep olmaktadir. Dolayisiyla artan emisyon diinya genelinde kiiresel 1sinma sorunun
biiylimesine yol agmaktadir. Bu probleme ¢6zlim iiretebilmek adina iilkeler aras1 Paris
sOzlesmesi gibi bircok protokol imzalanmaktadir. Dahasi cevresel farkindaligin
artmasi ve insanlarin karbon ayak izinin kiigiilmesi i¢in ¢aba gosterilmektedir. Bu
kapsamda son zamanlarda elektrikli ara¢ kullanimi1 olduk¢a yayinlagmistir ve daha da
yayginlagsmas1 hedeflenmektedir.

Elektrikli araglarin yayginlasmasi ile birgok farkli alanda farkli ihtiyaglar olusmaya
baslamistir. Bu ihtiyaclarin i¢inde en 6ne ¢ikanlari batarya sistemleri, gii¢ elektronigi
ceviricileri ve c¢ekis sistemleri ile ilgilidir. Elektrikli araclarda iki tip batarya
mevcuttur, bunlar yiiksek gerilim ve algak gerilim bataryadir. Yiiksek gerilim
bataryalar1 anot, katot ve kimyasal iceriklerine gore siniflandirildiginda farkl
yapilarda oldugu goriilebilir. Yiiksek gerilimli batarya aracin ¢ekisi i¢in kullanilir ve
guc elektronigi ceviricilerinden biri olan evirici ile elektrik motoruna gii¢ aktarimi
saglanir. Diger bir gii¢ elektronigi birimi olan onboard charger ise bu yiiksek gerilimli
bataryanin sebekeden sarj edilmesi i¢in gereklidir. Elektrikli araclarda ytiksek gerilim
batarya paketi ile beraber algak gerilim bataryaya da ihtiya¢ duyulmaktadir. Algak
gerilim bataryasi ise arag i¢i yliklerin beslenmesinde rol alir. Bu al¢ak gerilim batarya
ile yiiksek gerilim batarya arasinda bir DC-DC ¢evirici vardir. DC-DC cevirici algak
gerilim bataryasinin sarj edilmesini ve ara¢ igindeki klima, farlar, ses sistemleri,
aydinlatma, elektronik kontrol {initeleri, silecek, cam sistemi gibi tiim aksesuarlarin
beslenmesini saglar. Elektrikli araglarda, i¢ten yanmali araclardaki akiimiilatoriin
yerine bu ¢evirici kullanilir.

Glinliimiizde araglardaki elektrifikasyonun, aksesuarlarin ve ozelliklerinin artmasi
sebebi ile DC-DC geviricilerden talep edilen gii¢c miktar1 da artmaktadir. Bu artis
karsilayabilmek icin bu DC-DC geviricinin oldukga yiiksek akimlar1 saglayabiliyor
olmast gerekmektedir. Yiiksek akim beraberinde yiiksek iletim kayiplarini da
getirmektedir, bu sebeple uygun topoloji se¢imi ile dogru bir sekilde tasarim yapmak
oldukga 6nemlidir. Buna ek olarak, DC-DC geviricilerin elektrikli araglarin kullanimi
durumunda strekli olarak calisir durumda olmasi ve yiiksek gerilimli bataryadan
beslenmesi sebebiyle verimli olmasi1 6nemli bir kriterdir. Bu durum DC-DC geviricinin
aracin menzilini etkiledigi anlamina gelmektedir. Verimin yani sira arag¢ igindeki
alaninin kisitl olmasi sebebiyle, geviricinin hacimsel anlamda da ara¢ igindeki
yerlesime uygun olmasi gerekmektedir. Dolayisiyla DC-DC ¢eviricinin yuksek gii¢
yogunluguna (kW/L) sahip olmasi beklenmektedir. Bahsedildigi gibi DC-DC ¢evirici,
yuksek gerilimli ve alcak gerilimli batarya arasinda gii¢ doniisiimii yapmas1 sebebiyle
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giivenli calismay1 saglamak igin bu ¢eviricilerin izoleli olmast bir diger onemli
noktadir. Bu bahsedilen 6zellikler elektrikli arac¢lar i¢in kullanilacak olan bir DC-DC
ceviriciden beklenen ve olmasi gerek temel 6zelliklerdir. Bu tezde elektrikli araglar
icin yiiksek gili¢ yogunluklu ve verimli izole bir DC-DC geviricinin tasarimi ve
gerceklenmesi {izerine ¢aligiimistir.

Tez kapsaminda ilk olarak, gegmisten giiniimiize elektrikli araglarin kisa tarih¢esinden
bahsedilip bataryali elektrikli araglar, sarj edilebilir hibrit elektrikli araglar, hibrit
elektrikli araclar ve yakit hiicreli elektrikli araclar hakkinda bilgiler verilmistir.
Sonrasinda yiiksek gerilim ve algak gerilim bataryalar ele alinarak bunlar kimyasal
yapilarina gore simiflandirilarak temel 6zellikleri paylagilmistir. Gliniimiizdeki
elektrikli araglarin tipleri ve genel 6zelliklerinin yan1 sira elektrikli araglarin gelecegi
hakkinda da bilgiler sunulmustur.

Uygulama gereksinimleri géz oniinde bulundurularak izoleli ve tek yonlii ¢alisan
ceviricilerin gili¢ degeri, verim, maliyet, hacim, gli¢ yogunlugu, giris ve ¢ikis gerilimi,
avantajlar1 ve dezavantajlari incelenerek karsilastirilmistir. Bu kapsamda birincil tarafi
faz kaydirmali tam koprii cevirici, ikincil tarafi ise akim katlayict dogrultucudan
(PSFB-CDR) olusan gevirici yapisi se¢ilmistir. Bu se¢imin ana nedenleri, PSFB-CDR,
genis bir gerilim kazan¢ araliginda c¢alisma yetenegine, diisiik ¢ikis akimi
dalgalanmasina ve sabit anahtarlama frekansi ile ZVS yapabilme kapasitesine sahip
olmasidir. Ayrica CDR sayesinde iyilestirilmis iletim kaybi, daha iyi termal
performans, basit transformator yapist ve diisiikk dalgaliliga sahip yiik akimi elde
edilmistir.

Secilen topolojinin ¢alisma prensibi ve modlar1 detayli bir sekilde agiklanmis ve ilgili
dalga sekilleri verilmistir. Ceviriciye ait anahtarlara, transformatoére, operasyonu
etkileyen kritik zamanlamalara, induktorlere, kapasitorlere ve ZVS durumuna ait tim
analitik hesaplamalar gerceklestirilmistir. Ayrica, transformatoriin ve indiiktorlerin
tretimine yonelik yapilmis tasarim hesaplamalari paylasilmistir.

Bir diger onemli adim ise uygun kontrol yonteminin se¢ilmesidir. Gerilim modu,
ortalama akim modu ve tepe akim modu kontrolii (PCMC) yontemleri kapsamli bir
sekilde aciklanip uygun kontrol yontemi olarak PCMC y6ntemi secilmistir. PCMC'nin
calisma prensibi ve se¢ilen mikrodenetleyici ile uygulanmasi anlatilmistir. PSFB-
CDR’nin kiicilik sinyal modeli ve transfer fonksiyonu elde edilmistir. Se¢ilen kontrol
metoduna gore, ceviricinin transfer fonksiyonu MATLAB/Simulink yazilimi ile
modellenerek kontrolciiniin parametreleri belirlenip agik dongii ve kapali dongi
davranis1 karsilastirilmstir.

Cevirici bilesenlerinin netlestirilmesi amaciyla iireticilerden alinmis gercek
komponent modelleri ile birlikte PSFB-CDR LTspice programinda benzetisimi
gerceklestirilmistir. Nominal operasyon kosullarinda, farkli yiik akimi degerleri icin
elde edilmis sonuglar ve dalga sekilleri incelenerek paylasilmistir. Ayrica kenetleme
diyotlarinin etkisi degerlendirilmis ve karsilastirilmali sonuglar paylasilmistir.

Benzetisim modellerinin sonrasinda PSFB-CDR cevirisi tum ara birimleri ile
tasarlanmis ve gerceklenmis tasarim hakkinda detaylar paylasilmistir. Benzetisimle
ayni sekilde, nominal operasyon kosullarinda, farkli yiik akimi degerlerinde
donanimsal ve laboratuvar testleri gerceklestirilerek tamamlanmistir. Her bir calisma
kosulunda elde edilen sonuglar ve dalga sekilleri detayli bir sekilde verilip benzetisim
sonuglart ile karsilastirilmistir.
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Tez kapsaminda yapilan ¢aligmalarin sonuglarina gore, 250 A yiik akimi i¢in nominal
calisma noktasindaki benzetisim sonucuna gore %96.54 verim elde edilmistir. Ayni
calisma noktasi i¢in laboratuvar testlerinden elde edilen verim degeri ise %93.4 tiir.
Verimdeki bu farkliligin ana sebebi yiiksek akimlarda baski devrede baskin hale gelen
iletim kayiplariin ve buna ek olarak termal etkilerin benzetisim modelinde etkisinin
goriilmemesidir. Laboratuvar testlerindeki sonuglarina gore en yiliksek verim yiik
akimi 150 A iken nominal ¢alisma noktasinda %95.19 olarak elde edilmistir. Yiik
akimi 150 A'in lizerine ¢iktiginda iletim kayiplarinin daha baskin olmasi nedeniyle
verim diigmiistlir. Yapilan analitik hesaplamalar ile benzetisim ve deneysel sonuglarin
birbirleri ile uyumlu oldugu gortlmiistiir. Tezin bir diger ¢iktisi ise farkl tireticilerin
tasarimlarina bakildiginda ortalama giic yogunlugunun 1.2 kW/L iken ¢alisma
kapsaminda gergeklenen g¢evirici tasariminin gii¢ yogunlugunun 1.87 kW/L olmasidir.

Tez kapsaminda son olarak, verimi ve daha yiiksek akimlarda iletim kayiplarini
tyilestirmek ilerideki yapilabilecek ¢alismalar olarak paylasilmistir. Ayrica teknolojik
gelismelere uyum saglamak amaciyla doniistiiriicii ¢ift yonli olarak ve 800 V'a kadar
giris gerilimlerinde ¢alisabilecek sekilde revize edilebilecegi yine gelecekteki
calismalar kapsaminda degerlendirilmistir.
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1. INTRODUCTION

Global warming and the depletion of natural resources have become global issues in
recent decades, resulting in the need to regulate petroleum-based fuel consumption and
carbon dioxide emissions; accordingly, electrification of vehicles has been started with
various eco-friendly vehicles such as hybrid electric vehicles (HEV), plugin HEVs
(PHEV), mild HEVs (MHEV), and battery electric vehicles (BEV). HEV and PHEV
require a rechargeable battery system as a power source for the electric traction system.
Electric machines, energy storage devices, and power electronic converters associated
with motor drives all play key roles in the continued development of these systems.
Among them, HEVs and PHEVs typically require a high-voltage battery to be charged
from a public line via the AC-DC converter to drive the vehicle’s electric motor; in
addition, most of the vehicle’s electronic equipment requires a low-voltage battery to
be charged [1-2].

In such vehicles, a power electronics-based DC-DC converter takes over the role of
the belt-driven generator and supplies low voltage from high voltage battery [3]. This
converter is named a low voltage DC-DC converter, auxiliary power module, or
accessory power module in literature [4-6]. Auxiliary power modules (APM) are used
in this thesis to indicate the converter.

Design optimization of auxiliary loads of the APM significantly impacts vehicle fuel

economy and electric range due to continuous operation during vehicle use [7].

In addition to the unidirectional operation of APM, new generation APM is also
required to supply power in the reverse direction from the LV to the HV battery for
start-up functions and to increase the reliability of the vehicle in case the HV traction
battery fails [8].

1.1 Purpose of Thesis

The main objective of this thesis is to design and implementation of PSFB with CDR
with high efficiency and high power density for electric vehicles. Firstly, related design

calculations are completed. Regarding calculations, magnetic components are



manufactured. Afterward, transfer functions are obtained from the small-signal model
of the converter. A suitable control method, which is peak current mode control
(PCMC), is implemented in this study. Before the hardware implementation,
simulations are completed with real component models in LTspice to observe the result
under different load conditions. Finally, PSFB with CDR converter is implemented
with selected and manufactured components. Experimental tests are completed at
different operating conditions, which are the same as simulations. Eventually, the

results obtained from the study are discussed at the end.

1.2 Literature Review

Determination of design parameters, which are power, switching frequency, input and
output voltage, is the main starting point for designing the converter. The target
application has to be well understood to choose this initial parameter properly.
Nominal high-voltage battery and low-voltage battery ratings do not vary dramatically
for electric vehicles. Moreover, there are maximum and minimum operating values for
both HV and LV batteries. According to with the light of this specification, in [3] input
voltage which connects to the HV battery is in the range of 200 to 400V, the LV value
is 14 V as the nominal value, the rated power is 2 kW, the maximum output current is
145 A and typical switching frequency is selected as 100 kHz. Another study, which
is in [1], is designed to be suitable to 200-250 V input voltage and 12 V rated output
voltage, 3 kW, and load current of 250 A. All these electrical specifications also
depend on the load profile and used semiconductor. A high switching frequency, which
is between 250 kHz and 500 kHz, is selected in [4]. Moreover, input HV and LV
ratings are decided between 250 V and 430 V, 9 V and 16 V, respectively. The output
current value for this converter is 270 A. In [9], the output current, input, and output
voltage range are the same as in [4], yet the differences are switching frequency which
is between 260 kHz and 400 kHz, and power rating, which is 3.8 kW.

As similar to the mentioned study, the design parameter in [6] is 220-450 V for input
voltage and 6-16 V for output voltage, 2.5 kW. The switching frequency is between
90-200 kHz for this application. Up to that point, all power ratings are given for HV
to LV power conversion. However, there is another study in [7] that operates as
bidirectional. The power rating of the converter for LV to HV operation, which can be



named boost mode operation, is 1.2 kW, and the power rating of HV to LV operation,
which is named buck mode operation, is 2.2 kW.

Another important criterion also is power density. Designing a compact converter for
targeted power has great importance. The overall size of the converter is mentioned as
30x18%5 cm with a volume of 2.7 L in [10], the peak power achieved is 7 kW, then
the power density is calculated as 2.6 kW/L. The designed converter in [4] has
3.12 KWI/L power density value. The calculated power density is 3 kW/L, and the
prototype weight is 1.5 kg in [9].

Efficiency is one of the key points for every converter. The HV to LV DC-DC
converter has an effect on the range of electrical vehicles since low efficiency causes
the use of more power from the HV battery, which is used for traction as well. It is not
possible to design a highly efficient converter for all whole operating range; it is
important to identify the mostly operated points over the lifetime of the converter.
Furthermore, efficiency has a role in heat dissipation issues over the design. Efficiency
depends on many things, such as selected topology, semiconductor technology,
selected switching frequency. There are several different efficiency values calculated
from the designed converter in the literature. In [3], which is the 2 kW rated
converter, the highest efficiency, which is 93%, is measured at the lowest specified
input voltage, which is 220 V and 40 A load current. Measured peak efficiency and
full load efficiency are slightly different from each other in nearly all applications. In
[4], The peak efficiency of the converter is measured as 96.7% at 55 A load current
and 380V-14 V condition. The full load, which is 270 A efficiency, is above 96% when
operating at nominal input and output and above 95.5% for all other cases. In
[10], efficiency at laboratory tests is higher than 96%. This converter can also operate
in a precharge mode, which means that the input DC-bus capacitor is charged from
a low-voltage (LV) battery. The maximum efficiency of the boost mode operation is
measured at higher than 94%. As mentioned, used semiconductors have an impact on
efficiency. A comparison of the results of this issue can be seen in [6]; system
efficiency is calculated from simulation as 97% with synchronous rectification control
and 90% without synchronous rectification control. Nevertheless, prototype efficiency
is calculated as 93.2% as a maximum value, which is lower than the simulation
result. In [7], efficiency reaches above 90% while the converter delivers half power,

which is 1.1 kW, and more than half power during buck mode operation. The



efficiency of it during boost mode operation has been measured as 89.5% when
delivering 0.976 kW with 9.9 V input voltage and 305.3 V output voltage. In [9],
efficiency is higher than 95% over the load ranges. Peak efficiency has been measured
as 96.7% at 140 A load, and 95.8% has been measured during full load operation,
which is 260 A, 380 V as input voltage, and 14 V as output voltage. In [11], when the
output current is greater than 40 A, the converter's efficiency is measured as more than
90% for the whole operating input voltage range. Peak efficiency is 92.5% at 160 V
input and 50 A output.

Switching technologies are improving over years so in terms of conduction losses,
parasitic components and thermal conductivity. Selected switches for both the primer
and seconder side have an impact on determining the switching frequency, which is
the major parameter in the design. Efficiency is also affected directly by switch
technologies. In [3], primary side switches are selected as IGBT module, which has
650 V, 50 A rating with rapid diode and EasyPACK 2B module package. The part
number is F4-50R07W1H3 from Infineon, and 100 kHz is selected as the switching
frequency. It is important to realize the achievement of high-frequency switching with
IGBT switches. As a result, it seems that remarkable improvement in the turn-off
behavior together with satisfying conduction characteristic is visible in its improved
high-speed version. The same IGBT module is also used in another study, which
is [11]. Seconder side switches are selected as PB180N08S4-02 Silicon (Si) MOSFET
from Infineon, which has 80 V, 180 A, and low conduction resistance Rds(on) 2.2 mQ
rating. Another state-of-the-art switch technology is the Gallium Nitride High Electron
Mobility Transistor (GaN HEMT). This technology provides to reach high switching
frequency which is around 500 kHz. Operation with high switching frequency is also
important for resonant converters, since they can operate at in [4] GS66508B from
GaN Systems, which has 650 V and 30 A ratings and bottom-side cooling feature.
However, the number of automotive qualified, which means qualified to use in
automotive application transistor is quite a few. This means that there is still a way to
improve this transistor technology. Moreover, there is another study in [9] that also

uses GaN HEMTSs switches at the primary side.

First of all, galvanic isolation is needed to protect the LV electronic system from the
potentially hazardous high voltage as the base topology, so various configurations exist

according to this criterion. There are also several parameters, which are operating



current and voltage values, target efficiency, cost, complexity, and power density,
to select the suitable topology. In [3] and [11], an IGBT-based zero voltage switching
(ZVS) phase-shifted full-bridge (PSFB) with synchronous rectification (SR) DC-DC
converter has been implemented. However, the drawback of these application is
insufficient energy to charge IGBT parasitic capacitance; ZVS cannot be achieved
properly for lagging leg. There are also some designs with a combination of different
topologies to eliminate inherent disadvantages of design. The study in [5] recommends
an integrated EV charger, which consists with the LLC converter of On-Board Charger
(OBC) and the phase-shifted full-bridge (PSFB) converter of APM. The integrated
charger shares a switch leg, which is the lagging leg of the PSFB converter. Main
purpose is extending the ZVS range of the lagging leg which has non-ZVS behavior
during the low load operation, since PSFB has ZVS turn-on characteristic at wide
voltage range operation due to lack of the ZVS energy. High power density, low cost,
and improved efficiency are other advantages of the proposed integrated charger.
There is a shared leg for the integrated EV charger to achieve light load ZVS condition
for lagging leg switches. Switches at this shared leg operate to circulate the
magnetizing current of the LLC converter’s transformer. ZVS for lagging lag has been
achieved with the summation of this magnetizing inductance energy and leakage
energy. Efficiency is also affected by the secondary side current, which causes
dominant power losses because of high current. Thus, several combinations such as
interleaved connection has been investigated on the primary and secondary side to find
the best configuration. In [1], many configurations of Single-Input-Multiple-Output
(SIMO) and Multiple-Input-Multiple-Output (MIMO) topologies and their control
strategies have been evaluated in terms of MOSFET switch efficiency drop and cost
aspect. Multiple connections which are Input-Parallel-Output-Parallel (IPOP),
Input-Parallel-Output-Series  (IPOS), Input-Series-Output-Parallel (ISOP), and
Input-Series-Output-Series (ISOS) and Single-Input-Multiple-Output (SIMO) have
been investigated. Primary MOSFETSs’ conduction loss, turn-off loss, gate drive loss,
and efficiency drops versus cost for Single-Input and Input-Series configurations have
been evaluated and reported. Because of the high current at the secondary side, the
current doubler makes it more attractive and suitable. Paralleling more switches helps
to reduce conduction loss with the drawback of higher cost according to efficiency
drop and cost evaluation for the secondary side configuration with MOSFET.

As a result of this study, ISOP full-bridge current doubler topology is selected as



suitable to have better performance. Another implemented topology in the literature
for the HVLV DC-DC converter is the LLC DC-DC converter. In [9], a three-phase
interleaved LLC DC-DC converter has been implemented. Each LLC converter phase
can provide 90 A out of 270 A load current. In this study, phase-shedding technology
between three phases is used to improve efficiency over a wide range of output current
especially at light load. However, there is a trade between the current sharing feature
and the efficiency of the interleaved LLC converter. Since, minor tolerance on resonant
components which are L or C will create large impedance difference among different
phases which cause unbalanced current sharing, lower efficiency, irregular heating and
current stress. The switch-controlled-capacitor (SCC) method, which has been
implemented in this study, helps to solve this current sharing problem among phases.
Current sharing error between phases is always smaller than 2.5%, which means load

current sharing is quite balanced.

The output current at the low-voltage battery side is around a hundred amps. This
situation has an impact on the design converter in terms of efficiency, current carrying
capability, and thermal issues. In [1], the secondary side current is 250 A. Hence,
selecting the most suitable secondary side topology is critical to maximize the
conversion efficiency. Two main options have been evaluated in this study for the
secondary side, which are the center-tapped rectifier and the current doubler rectifier.
It is mentioned that the current doubler with only one secondary winding is more
proper than the center-tapped rectifier in terms of transformer structure. Moreover, the
current doubler transformer structure provides more parallel windings connection on
the secondary to reduce the conduction losses for high current applications. Another
solution is mentioned as paralleling more switches helps reduce conduction loss with
the drawback of higher cost according to efficiency drop and cost evaluation for the
secondary side configuration with MOSFET or Schottky diode. Another point is that
rectification with MOSFET has a lower efficiency drop than Schottky diodes for
high-current applications. According to this study, all these advantages of the current
doubler make it more attractive and suitable. In [2], the secondary side is designed as
a current-doubler rectifier (CDR) with a coupled inductor, which can help to reduce
the ripple current and losses of the secondary side for high efficiency. Efficiency at
different power ratings has been calculated for different rectifier configurations, which
are bridge rectifier, center tapped rectifier, CDR, and CICDR. CICDR has much better



efficiency at all calculated power ratings. Another effectual criterion is waveform over
switches during turn-on and turn-off, which is affected by selected rectification
topology. In [12], three types of rectification stages, which are full wave rectifier,
current doubler, and bridge rectifier, have been evaluated in terms of drain-source
voltage (Vds) overshoot during turn-off and efficiency. The simulation model has been
created for three of them to investigate the V¢s overshoot. Moreover, converters have
been tested with these rectification stages separately under different input voltage and
load current. It was observed that V¢s overshoot values are increased with increasing
the transformer leakage inductance Lieak or the secondary side MOSFETSs’ output
capacitance Coss and reduce the efficiency. Simulation results and experiments have
shown that bridge rectifier topology as SR stage has the lowest conduction losses,
switch breakdown voltage, V4s overshoot and eliminates the complicated snubber
circuit in spite of a higher number of switching components. In addition to the selected
configuration, the control method for rectification also has a role in designing a better
converter. This effect can be evaluated in [6] and applied control method named as
triggering angle tracking SRC (TAT-SRC). This strategy has been applied to the
secondary side of the converter to track the target switching instants. Conventional
SRC is very easy to operate, but it is unable to control the switching time of the
MOSFET precisely, which causes low system efficiency. TAT-SRC is realized as
software to determine the exact turn-on and off moments to realize the SRC. This
method helps to improve system reliability and make it immune to external noise.
These turn-on and turn-off time delays differ with the switching frequency, output
power, and battery voltage. The lookup table is generated with device-level simulation
in LTSpice and implemented to software. However, an efficiency scan block is used
with a lookup table to achieve the best triggering time for the highest efficiency.
System efficiency has been calculated from simulation as 97% with SRC and 90%
without SRC. Nevertheless, prototype efficiency has been calculated as 93.2% as a
maximum value, which is lower than the simulation result. The reason for this
difference is that most of the load current flows through the printed circuit board

(PCB), which causes additional conduction loss.

The main operating condition of this DC-DC converter is a conversion from high
voltage to low voltage side, which is called as buck operation mainly. In addition, there

might be a requirement for operating in reverse mode, which is power conversion from



low voltage to high voltage and called as boost or precharge mode. This mode can be
used to charge the HV DC-link capacitor to the determined voltage value before
connection between this capacitor and the HV battery to prevent discharge current
from the HV battery. Moreover, this feature can be used to support the HV battery
during cold cranking operation. In [10], the converter topology is an interleaved
buck+dc transformer and has a bidirectional operating feature. This means that the
converter has a precharge mode, which provides charging to the DC-bus capacitor
from the LV battery. Voltage is 14 V for the LV battery and it charges the 2.5 mF
capacitor to 400 V within 400 ms with the peak charging current being 80 A in this
design. The maximum efficiency of the boost mode operation is measured higher than
94%. Same converter efficiency for buck operation is higher than 96% at laboratory
test. Another bidirectional operation is also investigated in [7], which is a phase-shifted
full-bridge with a synchronous rectifier at the secondary side. The auxiliary power
module (APM), which is a DC-DC converter, provides 1.2 kW during cold cranking
as a support to the HV battery with the help of boost mode operation. During buck
mode operation, the rated power of APM is 2.2 kW. The efficiency of APM has been
measured in buck mode for various output loads. Efficiency reaches above 90% while
the APM delivers half power and more than half power during buck mode operation.
The output voltage of APM has been set to 13.4 V. Efficiency of APM during boost
mode operation has been measured as 89.5% when delivering 0.976 kW with 9.9 V

input voltage and 305.3 V output voltage.

1.3 Hypothesis

High efficiency and high power density are desired for high-current applications in
electric vehicles. Furthermore, it is required to have a wide voltage gain conversion
range because of the wide input and output voltage range operation. Design and
implementation of PSFB with CDR converter is proposed to achieve high efficiency,

high power density, and wide voltage gain conversion.



2. ELECTRIC VEHICLE TECHNOLOGIES

It is important to understand and have a basic knowledge of many aspects of electric
vehicles. This chapter briefly mentions the history of electric vehicles (EVS).
Technical overview EVs types, which are battery electric vehicles, plug-in hybrid
vehicles, hybrid electric vehicles, and fuel cell electric vehicles are shared. Another
important topic, the country's policies on promoting electric vehicles, is also evaluated.
Significant components of EVs, which are both high voltage and low voltage batteries,
are reported in terms of their existing technologies, pros and cons over each other.
Afterward, general information on existing EVs in the market is given. In the end, the
future of EVs technologies is evaluated.

2.1 History of Electric Vehicles

The story of EVs started in 1830 with the first experimental lightweight EV in the
USA, UK, and Netherlands. The history of EVs can be investigated with three main
stages as a summary. First of all, the popularity of EVs increased between about 1890
and 1920. Afterward this popularity has been decreased after 1920. Then, EVs gained
their popularity again after 1970.

During the golden age of EVs, three types of cars existed which are steam-powered
vehicles, gasoline internal combustion engine (ICE) vehicles, and EVs. EVs became
the USA's best-selling road vehicles, capturing 28% of the market in 1900. According
to registered nationwide information, 936 gasoline ICE, 1575 electric, and 1681 steam

vehicles existed in the 1900s.

Steam-powered vehicles were faster and less expensive; however, they required a long
time to fire up and frequently stopped for water. The ICE vehicles were dirtier, more
challenging to start working, and more expensive; nonetheless, they could travel
longer distances with admissible speed without stopping. EVs were clean and quiet
but slow and expensive. The main merits of EVs are that they do not have the
vibrations, smell, and rumble compared to other vehicles. The range issue was not

a problem during that time since most vehicles were used for urban commuting. With



this increased popularity, the global stock of EVs reached a historical peak of 30,000
in 1912.

After the 1920s, demand for EVs decreased due to several major technical and
economic factors. One of the factors is that longer-range vehicles are required with
established roads between the cities. Moreover, technical improvements such as hand
crank elimination and fuel demand per kilometer descent occurred in time. The price
of ICE vehicles also decreased. 15 million Ford Model T were manufactured between
1908 and 1927 at affordable price. However, the price of EVs did not reduce. The same
situation existed for the price of gasoline and electricity. Because of all these reasons,
EVs disappeared from the market at the end of the 1920s up to the first oil crisis in
California in the early 1970s.

EVs were getting on the stage again in the 1980s, since the increasing price of fossil
fuel, air pollution, and concern about climate change. Nevertheless, attempts to
increase EVs sales remained inconclusive because of the same reasons, which were
the high prices of the batteries, inadequate range, insufficient infrastructure, and long

charging times as in previous years.

Supportive policies of governments exist to increase the usage of EVs today. The total
global stock of rechargeable electric cars was over 180.000, representing 0.02% of
total passenger car stock at the end of 2012 [13].

Major milestones in the history of EVs are given in Figure 2.1.
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Figure 2.1 : General Major milestones in the history of EVs representation of the
flyback converter [13].
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2.2 Types of Electric Vehicles

Today, several types of EVs exist in the market. These are classified as battery electric
vehicles (BEVSs), plug-in hybrid vehicles (PHEV), hybrid electric vehicles (HEVS),

and fuel cell electric vehicles (FCEVS).

Battery electric vehicles (BEVs) do not require an ICE or liquid fuel. They have only
one storage system, which is a battery that provides all of the power for vehicles
[13,14].

The general representation of EVs with their sub-components is given in Figure 2.2.

Electric Traction Motor K

Power Electronics Controller

DC/DC Converter

Thermal System (cooling)

Traction Battery Pack

Charge Port

™~ Transmission
Onboard Charger

Battery (auxiliary)

Figure 2.2 : General view of BEVs with sub-components [15].

PHEVs have almost the same powertrain as HEVs. However, PHEVs have
rechargeable batteries through an external electricity supply, contrary to HEVS.
In addition, the battery can be charged through regenerative braking. PHEVs have
a larger battery than HEVs, which makes it possible to have a higher driving range and
use electricity alone [13].

The ICE and the battery are powered HEVs. When the battery is dead, the petrol engine
is used to both operate and charge the vehicle. ICE is the system's primary source, and
the electric motor is used to support the vehicle for short distances or the ICE. The
battery of HEVs is charged only with the energy recuperation of the braking process.
HEVs are less efficient than PEVs. HEVs are usually categorized based on powertrain

architecture, such as series hybrid electric, parallel hybrid electric, series-parallel
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hybrid electric, and complex hybrid electric. The fuel and electric modules are
connected in series with the electric motor in the series hybrid electric architecture.
The ICE charges a battery that delivers power to the wheels [13,16,17]. In parallel
hybrid electric architecture, multiple sources, which are the battery and fuel tank are
connected in parallel to operate the vehicle. This means the energy sources operate
separately or together to power the engine. A series-parallel electric topology allows
switching between series and parallel modes. The sources can be utilized in different
combinations to have enhanced efficiency. A complex hybrid electric architecture is
similar to the series-parallel hybrid. Nevertheless, the critical difference is the
bidirectional power flow of the electric motor in the complex hybrid, whereas the

power flow is unidirectional in the series-parallel hybrid [16,17].

Architecture of different HEV types are given in Figure 2.3.
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Figure 2.3 : Architecture of a) series hybrid electric configuration, b)series-parallel
hybrid electric configuration, c) parallel hybrid electric configuration, and d)
complex hybrid electric configuration [17].

FCEVs are another zero-emission vehicle. Hydrogen is the essential source of FCEV.
Electricity which is the main energy, is generated by fuel source in fuel cell vehicles.
The main features of FCEVs over BEVs is long driving range, the refiling time of the
vehicle, which is just a few minutes [13]. Moreover, energy density and specific energy

of the hydrogen fuel cell system are higher than battery systems. This means that
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higher space and weight are required for battery systems when compared with the
hydrogen fuel cell system which provides the same energy. Nevertheless, efficiency
of FCEVs is lower than BEVs [18].

General architecture of BEVs, PHEVS, HEVs, and FCEVs is given in Figure 2.4.
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Figure 2.4 : Architecture of BEV, PHEV, HEV and FCEV [19].

When ICE vehicles and EVs are compared with each other, there are several prominent
features. First of all, EVs are more comfortable with smoother acceleration,
deceleration, and reduced center of gravity. Moreover, they intrinsically generate less
noise pollution. Even though EVs have an enormous initial investment cost, relatively
less maintenance cost can compensate for this issue thanks to significantly fewer
moving components than ICE vehicles. Having fewer and simpler components also
contributes to reliability. Moreover, powering the vehicle with electricity rather than
petroleum is less expensive. The ability to regeneratively brake also contributes to

generating energy.

EVs have disadvantages as well as advantages. The cost of EVs is high when compared
with ICE vehicles. Other points are limited range per charge and long charging time.
Furthermore, the electrical infrastructure of cities and the number of charging stations
is insufficient [14,16].

A brief comparison between ICE vehicles and EVs is given in Table 2.1.
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Table 2.1 : Comparison between ICE vehicles and EVs [20].

Characteristic ICE Vehicles EVs
Moving parts More Less
Vibrations Medium Low
Emission of gasses More Less
Reliability Low High
Efficiency 30% to 40% More than 90%
Regenaration Not possible Possible
Torque at zero speed Zero Maximum torque

2.3 Policies of the Promotion of Electric VVehicles

Many countries apply different supporting policies to promote the widespread use of

EVs. Even though EVs currently have higher costs than conventional vehicles and

some less favorable characteristics.

Most European cities have several subsidies and exemptions or reductions for EVs,

which are given below.

Road taxes,

Annual circulation tax,

Company car tax,

Registration tax,

Fuel consumption tax,

Congestion charges,

Free parking spaces,

Possibility for EVs drivers to use bus lines,

Permission for EVs to enter city centers and zero emission zones [13].

Furthermore, many countries declare the electrification target in their countries. This

means that only EVs will be sold, even banning ICE vehicle usage. Some countries'

plans for the electrification of vehicles are given in Figure 2.5.
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Figure 2.5 : Electrification target by countries over the years [21].
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2.4 Battery Technologies

There are two different electrical systems in EVs. One of them is a high voltage system,
which is commonly at 400 V. Moreover, some suppliers have begun to use an 800 V
in their new model EVs. The Hyundai loniq 5 and Porsche Taycan 4S have 800 V HV
battery [22]. The second one is a low voltage system, which is 12 V, such as the
electrical systems used in ICE vehicles for decades. However, Tesla switches from
12 V to 48 V as a LV battery in Cybertruck. This transformation makes the wires
thicker, lighter, and cheaper. Moreover, efficiency increases because of the current

reduction by a factor of four, compared to 12 V systems [23].

Many different batteries which have different chemical contents and features exist.
Finding the best suitable battery is quite crucial for EVs. Since there are several
parameters, which are safety, performance, cost, range, thermal profile, reliability, and
lifecycle have to be considered [24]. Especially the cost of EVs depends on the battery
because the battery cost is a significant portion of the cost. The battery cost of the Tesla
Model S is 13.6% of the total cost of EVs. Similarly, a battery of Ford Mustang
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Mach E Standard is 16% of the total cost of EVs. In addition, the cost of Volkswagen
ID.4 Standard battery is 23.4% of the EV's overall cost [25].

High-voltage and low-voltage batteries are evaluated in detail regarding various

battery chemicals to better understand the battery technologies.

2.4.1 High voltage batteries

High-voltage batteries are the primary source of EVs that enable movement. This
requires high-voltage batteries to handle high energy capacity and high power within
limited weight and space at an affordable price. As a result, selecting the proper battery

technologies is critical.

The most outstanding batteries are lithium polymer, lithium-ion, nickel-cadmium, and
nickel-metal-hydride for EVs application. Detailed information on these battery

technologies is given.

2.4.1.1 Lithium polymer batteries

Lithium polymer (Li-poly) batteries consist of lithium metal and oxide for negative
and positive electrodes, respectively. A thin solid polymer instead of a liquid
electrolyte is used as an electrolyte, which provides improved safety and flexibility

during design.

Li-poly batteries have a higher specific energy. Thus, they are suitable for
weight-critical applications, such as portable devices. However, higher manufacturing
cost is the major drawback of Li-poly batteries. They are the prominent battery

technologies for future generations of high-performance applications [16,24].

2.4.1.2 Lithium-ion batteries

Lithium-ion (Li-lon) batteries are composed of carbon or silicon-carbon material for
the negative electrode instead of metallic lithium and a metal oxide for the positive
electrode. Li-lon batteries have a higher voltage because their typical cell voltage is
3.0 to 4.5 V. Moreover, they have a long-life cycle, low self-discharge rate, more
remarkable performance in high temperatures, and higher energy density. Because of
these advantages, the Li-lon batteries are used as the most promising batteries for EVs.
The essential challenge of Li-lon batteries was that they affected performance during

operation under certain temperatures in the past.
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Several types of Li-lon batteries depend on the chemical combinations. These are
lithium nickel manganese cobalt oxide (NMC), lithium nickel cobalt aluminum oxide
(NCA), lithium iron phosphate (LFP), lithium manganese oxide (LMO), and lithium
titanate (LTO), lithium nickel dioxide (LNO), lithium cobalt oxide (LCO).
Cobalt-based lithium-ion batteries have higher specific energy and energy density;
nevertheless, their costs and discharge rate are high. Manganese-based lithium-ion

batteries are considerably the lowest in cost and specific energy.

The NMC Li-lon batteries are preferable for EVs due to their superior lifespan and
better overall performance. Another type, the NCA Li-lon battery, is used in long range
models of Tesla. However, Tesla switching to LFP Li-lon batteries for their standar
range models. LFP is a good option for cost-oriented manufacturers. LFP, which is
a cobalt-free battery, is easier to build and cheaper. Moreover, LFP batteries are less
likely to be exposed to thermal runaway that causes a fire. LTO Li-lon batteries are
also newer and popular option, which ensure a much higher surface area per gram.
This means that LTO Li-lon batteries enable higher power density [16,22,24].

Comparison of Li-lon batteries with different chemical contents and the electric

vehicle models in which they are used are given in the Table 2.2.

Table 2.2 : A comparison between Li-lon batteries with different chemical options
[16,22,26].

Battery Nominal Specific Energy

Name Voltage (V) Lifespan (hrs) (Whikg) Vehicle Model

Tesla 3 (standard
range)
BYD Atto 3
MG ZS EV

LFP 3.2~3.3 1000~2000 90~130

LNO 3.6~3.7 >300 150~200

Chevy Volt

LMO 3.7~5.0 300~700 100~150 Escape PHEV

Nissan Lead
Kia e-Soul
Volkswagen e-
Golf
BMW i3
Peugeout e-208
Mitsubishi i-

LTO 2.3~2.5 3000~7000 70~85 MIEV
Honda Fit EV

NMC 3.8~5.0 1000~2000 150~220
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Table 2.2 (continued) : A comparison between Li-lon batteries with different
chemical options [16,22,26].

Battery Nominal . Specific Energy .
NCA 3.6~3.65 500 200~260 Tesla X, S,
3 (long range), Y
LCO 3.7~3.9 500~1000 150~200

2.4.1.3 Nickel-cadmium batteries

Nickel-cadmium (Ni-Cd) batteries have more energy density; however, this battery is
old-fashioned because of its lower life span and durability. Moreover, cadmium is a
heavy metal that harms the environment and human and animal health. As a result,
European Union (EU) directives are applied to limit the use of Ni-Cd batteries.
Because of these disadvantages, nickel-metal-hydride batteries (NiMH) are substituted
for Ni-Cd batteries [14,27].

2.4.1.4 Nickel-metal-hydride batteries

The manufacturing technology and operation of NiMH batteries are similar to Ni-Cd
batteries. NiMH batteries have a 40% higher specific energy than Ni-Cd batteries.
Moreover, NiMH batteries have a reasonable operation and storage temperature range
from 0 °C to 50 °C and longer life. However, NiMH batteries have lower energy
storage capacity and a high self-discharge coefficient when compared to Li-lon
batteries. Other challenges are the heat generation at high temperatures, and required

additional control systems to control losses.

NiMH battery is usually used in HEV, EV, and fuel cell EVs due to their longer life
cycle than lead acid batteries, and safer operation. Toyota RAV4 EV, as a hybrid
model, is one of the EVs with a Ni-MH battery [14,16,22,28].

2.4.2 Low voltage batteries

A low-voltage battery, which is 12 V, is required to start an ICE and the entire electric
subsystem of ICE vehicles. EVs changed everything about the propulsion systems in
the vehicle, yet everything on the inside as subsystems are the same. Similar to ICE
vehicles, EVs also need a 12 V battery to power all electric subsystems. Eliminating
the 12 V battery in an EV's might sound possible and ordinary; however, there are valid

18



reasons to keep this voltage level and LV battery in the vehicle. Developing and
manufacturing new parts for HV batteries would be inconvenient and costly in the case
of removing LV battery. Furthermore, redesigning a vehicle's auxiliary loads is
complicated since automotive qualification can take years to complete. Most of the
auxiliary loads connected to low-voltage systems are very close to the passengers.
Powered by these loads with 400 V or even 800 V batteries is unsafe for the passengers.
In addition, the idea of using high-voltage to power auxiliary requires high-voltage
wiring in the car, making it hazardous to service. Another significant safety-related
reason is that a HV battery has to be disconnected via a contactor during an accident.
This contactor is driven by a 12 V battery [29-31].

Most of the typical LV auxiliary loads of EVs are represented in Figure 2.6.
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Figure 2.6 : EVs LV auxiliary loads [8].

Lead acid (Pb-acid) batteries are the oldest and most commonly used rechargeable
batteries, invented in 1859. Pb-acid batteries are still the most common batteries

worldwide.

Pb-acid batteries are inexpensive, easy to manufacture (minimal effort per watt-hour),
reliable, tolerant of overcharging, and available in many brands. Moreover, they have
high discharge current and good performance at low and high temperatures. Although

there are several advantages of Pb-acid batteries, environmental concerns, corrosion
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issues, acid fumes, and sulfation are the major negative sides to utilizing such batteries
[14, 16].

2.5 Electric Vehicles in the Market

The usage of EVs worldwide is increasing. Many automotive manufacturers have at
least one EVs model today. Even companies that only manufacture EV have been
established. Moreover, some manufacturers declare that ICE vehicle development will
stop in the future. Several countries also announced some sanctions on using ICE
vehicles in the following years. Evaluation of EV car stock in China, Europe, the
USA, and the remaining countries between 2010 and 2022 can be observed in Figure
2.7. According to observed data, China is the country that has the most usage of both
BEVs and PHEVs [32].
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Figure 2.7 : Global electric vehicle stock in selected region between 2010 and 2022
[32].

Existing models of BEVs, PHEVs, and FCEVs are shared with battery charge capacity

and range information in Table 2.3.

Table 2.3 : Existing models of BEVs, PHEVs, and FCEVs in the market [20,22].

EV model Type Dattery Capacity  Driving

(kwh) Range (km)
Chevrolet Volt PHEV 18.4 85
Mitsubishi Outlander PHEV 20 84
Volvo XC40 PHEV 10.7 43
Toyota Prius Prime  PHEV 8.8 40
Nissan Leaf Plus BEV 64 480
Tesla Model S BEV 100 620
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Table 2.3 (continued) : Existing models of BEVs, PHEVs, and FCEVs in the

market [20,22].
Battery Capacity Driving

EV model Type (kWh) Range (km)
Tesla Model X BEV 100 500
Tesla Model 3 BEV 82 580
Kia Niro-SUV BEV 64 460
Lexus UX 300e BEV 54.3 320
Ford Mustang BEV 70 400
Jaguar ev400 BEV 90 450
Renault Zoe BEV 52 390
BMW i3 BEV 42.2 310
Chevrolet Bolt BEV 65 402
Honda e BEV 35.5 220
Porsche Taycan BEV 79.2 410
Volkswagen e-Golf BEV 35.8 230
Volkswagen 1D.4 BEV 82 500
Mercedes-EQA BEV 66.5 420
Audi e-tron BEV 95 400
BMW iX3 BEV 80 460
Skoda Enyaq iv BEV 62 412
Volvo XC40 BEV 78 414

Recharger
Polestar 2 BEV 78 470
Togg T10X-Long — ppy, 88.5 523
Range

Jaguar I-PACE BEV 90 470
Toyota Mirali FCEV 1.6 647
Hyundai Nexo FCEV 40 570
Honda Clarity FCEV 25.5 550

2.6 Future of Electric Vehicles

EVs have multiple advantages with several deficiencies that have to be improved in
the future. According to the Department of Energy roadmap, EVs will reach a power
density of 33 kW/L, 480.000 km or 15-year lifetime, and 100 kW electric drive
capacity in 2025 [22]. The main bottleneck is the battery in terms of cost, charging
time, and limited range. Ongoing development and search show that sodium-beta
batteries (Na-beta), sodium-ion batteries (Na-ion), metal-air batteries, lithium metal
batteries (Li-metal) (solid-state) type batteries have the potential to be future batteries
for EVs. Another critical point is cost. Battery cost decreased over time; however, this
is not sufficient. The average cost change per kWh of the main types of batteries that

are used in EVs is given in Figure 2.8. Li-based batteries' cost is related to used
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minerals, difficulty accessing, and manufacturing processes. Research and
development continue because of all these reasons about high voltage batteries [24].
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Figure 2.8 : Average cost change per kWh of different types of batteries between
2014 and 2022 [16].

Moreover, generating an alternative to LV batteries, which are mostly Pb-acid
batteries, is another topic for the next generation of EVs. High current delivery is
required for the ICE vehicle to start the engine. A Pb-acid battery is suitable to demand
this. However, there is no need for this high current amount for EVs. Furthermore, Pb-
acid batteries are heavy, and replacing them with Li-lon batteries reduces the vehicle’s
weight with increasing efficiency. Li-lon batteries are used as LV batteries for Tesla
Model S and X models. In the future, Pb-acid batteries can be replaceable with
different kinds of batteries [30].

EVs consist not only of batteries; there are several power conversion units such as
inverter, OBC, and HV to LV DC-DC converter. The overall architecture of EVs is
given in Figure 2.9. Unsurprisingly, efficiency, size, weight, and cost are the critical
parameters for units. Replacing silicon switches with wide bandgap power electronic
devices, which are mainly SiC and GaN, are enabled to increase in switching
frequency without efficiency and thermal problems. Since the material properties of
these switches have high thermal conductivity, wide bandgap, and high electron drift
velocity. Moreover, usage of these switches leads to smaller dimensions and

high-power density [20,22].
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Figure 2.9 : The overall architecture of EVs [4].

The operating direction of the converters is another point of the future EV technology.
Most OBCs in the market operate as unidirectional, which means that power
conversion only from grid-to-vehicle (G2V) due to simplicity, reliability, low cost, and
simple control strategy. Nevertheless, today, power conversion vehicle-to-grid (V2G)
or vehicle-to-load (V2L) are expected. There are only a few manufacturers that have
bidirectional OBCs in the market [20,22]. Ford F-150 lightning, Genesis GV60,
Hyundai lonig 5, Hyundai loniq 6, Kia EV6, Kia Niro, Mitsubishi Outlander PHEV,
Nissan Leaf and Volkwagen ID.4 have bidirectional OBC [33]. This feature will be
the default characteristic of OBC in the future. Several studies are going on to generate
policy on the grid side. Bidirectional operation also becomes widespread for HV to
LV DC-DC converter. During the start-up of the EVs, DC-link capacitors of the
inverter have to be charged up to a specified voltage level to prevent the huge inrush
current from the HV battery. This is achieved with charging through external
components, which are contactor with connected series resistor. To eliminate this
component and have a more controllable charge current, bidirectional operation for the

HV to LV DC-DC converter will be an ordinary feature.

Another open improvement point of EVs is the electric motors, which provide traction.
EVs. Proper selection of electric motors makes the design and packaging of the
powertrain components easier due to the size and lack of thermal limitations. The main
issue for electric motors of EVs is rare earth magnets (NdFeB). For cost reduction,

removing the rare earth magnets that are used also eliminates the reliance on this
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essential component. Tesla uses alternating current (AC) induction motors in the
Model S as an exemption. However, the necessity for higher specific power and power
density makes induction motors no longer a good choice. The switched reluctance
motor (SRM) and synchronous reluctance motor (SynRMs) are good candidates for
alternative permanent magnet electric motors. Both machines feature a simple design
with rotors made entirely of thin steel laminations. SRM controls are difficult and
costly. SynRMs are robust, efficient, have minimum torque ripple, and are simple to
control. However, they have a limitation on power factor and a limited constant power
speed range. Studies have continued to find suitable and optimum electric motors for
the future generation of EVs [34].

The combination of power electronics units, electric motor and transmission is a rising
trend to reduce the space occupied by these components. This combined solution is
named as e-axle. BorgWarner Inc., Continental AG, Dana Incorporated, Robert Bosch
GmbH, and ZF Friedrichshafen are the outstanding companies for e-axle solutions in
the market. This idea leads to a reduction in the number of parts, shortened cable runs
and busbars, lower electromagnetic interference, and cost savings. Integrated structure
may increase power density by at around 10% and diminish manufacturing and
installation costs between 30% and 40%. However, thermal management can be
challenging for this kind of combined solution [34,35]. The sub-system of the e-axle

solution is given in Figure 2.10.

Housing

Figure 2.10 : Sub-systems of e-axle [36].
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3. TOPOLOGY SELECTION AND COMPARISON FOR HV TO LV
BATTERY CHARGER IN EVs

There are several types of DC-DC converters in power electronic circuits. These can
be classified as isolated and non-isolated DC-DC converter. HV to LV DC-DC
converter has to be isolated for EV applications in terms of safety and to satisfy the
required voltage gain [9]. Another numerous criterion have to be considered for the
selection of the suitable topology based on the application requirements. These are
power level, efficiency, cost, volume, power density, input and output voltage, and
durability. Moreover, the operating direction, which is unidirectional or bidirectional,
also affects the converter topology selection.

Isolated topology is a must for HV to LV DC-DC converters for EV applications as
mentioned. Therefore, unidirectional isolated DC-DC converters are evaluated and

compared with each other in terms of suitability of the stated application basically.

One of the basic isolated converters is a flyback converter. Flyback is an outstanding
converter in terms of cost, since it is a simple structure and has no additional inductor
to the transformer. The voltage stress of the primary side switch is higher than the input
voltage because of the reflected output voltage. This means that switch selection for
high-voltage applications is critical. Flyback is suitable for low-power applications,
thus it is not appropriate for the application evaluated in this thesis. However,
transformer utilization is inadequate. Extra capacitors are required because of the high
input and output current ripple. A controlled switch can be used instead of a diode for
the rectification [8, 37]. The general representation of the flyback converter is shown
in Figure 3.1.
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Figure 3.1 : General representation of the flyback converter.

Another basic isolated converter is a forward converte which is suitable for medium
power applications. There is a transformer utilization issue similar to a flyback
converter. In addition, there is a duty cycle limitation due to resetting the transformer.
Voltage stress over the switch is twice the input voltage. Thus, a forward converter is
not the best solution for high-voltage applications. A controlled switch can be used
instead of a diode for the rectification [8, 37]. The general representation of the forward

converter is shown in Figure 3.2.
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Figure 3.2 : General representation of the forward converter.

The push-pull converter is also one of the isolated converters. This converter uses the
two quadrants of the BH curve on the contrary of the flyback and forward converter.
This also provides that, higher power density can be achieved because of the full
utilization of the transformer. Rectification can be configured as a center-tap rectifier
or full-bridge rectifier and a controlled switch instead of a diode. This causes poor
usage of the window area of the core. Furthermore, voltage stress over the primary
side switch is two times the input voltage [8, 37]. The general representation of the

push-pull converter is shown in Figure 3.3.
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Figure 3.3 : General representation of the push-pull converter.

A half-bridge converter is another option. A transformer of the half-bridge converter
also uses the two quadrants of the BH curve which is similar to the push-pull converter.
Moreover, there is only one primary side winding which, provides better utilization of
the core. Rectification can be configured as a center-tap rectifier or full-bridge rectifier
and a controlled switch instead of a diode. VVoltage stress over primary side switches
does not exceed the input voltage. The capacitor connection behaves as a voltage
divider. Thus, the primary side transformer voltage equals half of the input voltage.
These capacitors can be bulky and costly depending on the input voltage. Current mode
control is not feasible for a half-bridge converter because of these two capacitors at the
input side [8, 37]. The general representation of the half-bridge converter is shown in
Figure 3.4.
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Figure 3.4 : General representation of the half-bridge converter.

A full-bridge converter is also a commonly selected isolated converter for high-power

applications. A transformer of the full-bridge converter also uses the two quadrants of
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the BH curve. Core utilization is good as a result of single primary side winding.
Rectification can be configured as a center-tap rectifier or full-bridge rectifier and,
a controlled switch instead of a diode. Voltage stress over primary side switches does
not exceed the input voltage. Primary side transformer voltage equals the input voltage.
The primary side current of the full-bridge transformer is half of the half-bridge
transformer current owing to the doubling voltage at the primary side of the
transformer. This means that full-bridge converter efficiency is higher than half-bridge
converter because of reduced current. The disadvantage of a full-bridge converter is
the usage of four primary switches which increases the driving complexity [1]. The
general representation of the full-bridge converter is shown in Figure 3.5.
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Figure 3.5 : General representation of the full-bridge converter.

A full-bridge converter can be operated as a phase-shifted full-bridge (PSFB)
converter with a suitable switching method. This converter is commonly used for
medium and high-power applications. PSFB converter can achieve zero-voltage
switching (ZVS) during the turn-on transition. This feature provides common usage of
the PSFB converter at high input voltage and power with high efficiency [1].
Moreover, ZVS can be accomplished with constant switching frequency. To extend
the ZVS range for a light load operation, an external inductor is added in series with
the primary side of the transformer. This inductor is named as shim inductor.
Rectification can be configured as a center-tap rectifier (CTR), full-bridge rectifier, or
current doubler rectifier (CDR) with a controlled switch instead of a diode.
Nevertheless, conduction losses at the primary side are increased because of
freewheeling operation interval. The general representation of the PSFB converter is
shown in Figure 3.6.
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Figure 3.6 : General representation of the PSFB converter.

A series resonant converter (SRC) is configured with a series-connected capacitor to
the primary side of the transformer. Voltage gain is the controller with a changing
switching frequency. This requires a complex control design when compared with the
other isolated converters. SRC is capable of achieving ZVS and zero current switching
(ZCS). However, frequency has to sweep in a wide range to regulate the output
voltage. Another issue is that a high switching frequency is needed for the regulation
of light-loaded condition. Since the load has a high impedance compared to the
resonant network impedance. Higher switching frequency causes a higher resonant
tank impedance, which causes higher conduction losses [8, 37]. The series

representation of the parallel resonant converter is shown in Figure 3.7.
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Figure 3.7 : General representation of the series resonant converter

A parallel resonant converter (PRC) is configured with a parallel connected capacitor
primary side of the transformer. The voltage gain control method is the same as the
series resonant converter. PRC is capable of achieving ZVS and ZCS. Moreover, the

problem of the light load regulation does not occur for PRC. Nevertheless, high
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circulation current in light-loaded conditions is the main drawback of PRC. This
directly affects efficiency in a negative manner [8, 37]. The general representation of

the parallel resonant converter is shown in Figure 3.8.
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Figure 3.8 : General representation of the parallel resonant converter.

Another outstanding converter is the LLC resonant converter. The converter has to
operate on the negative slope side of the gain curve to utilize the soft switching
behavior of the LLC resonant converter. The relation between input and output voltage
is adjusted with frequency change, as mentioned previously. The highest efficiency
can be achieved during operation at resonant frequency. ZCS is also achieved during
operation at the below resonant frequency. This feature provides to reach high
efficiency. For the above resonance operation, only ZVS is accomplished. High power
density is achievable for LLC resonant converter thanks to high-frequency operation
capability [8, 37]. Furthermore, the LLC resonant converter provides the ZVS at very
light load conditions or even no-load conditions [38]. LLC resonant converter can be
configured as interleaved to have higher current capability and lower voltage ripple at
the output. Nevertheless, additional components are required to have proper current
sharing and parallel operation. This causes a more complicated design and control
[8,37]. The general representation of the LLC resonant converter is shown in
Figure 3.9.

30



il YT

J; J'_ Npri:Nsec D1 +
St} Ss :q_—‘ L, é' > ’

Ci.;: %Lmag ?I ¢ '

— — Cr D2
sk sk

Figure 3.9 : General representation of the LLC resonant converter.
3.1 Selection of Suitable Converter for HV to LV Battery Charger in EVs

The input and output voltage range is quite wide for the HV to LV DC-DC converter
for EVs application. Input voltage can be any value between 240 V and 475 V; output
voltage can be any value between 10.9 V and 14 V. This means that the converter has
to ensure the operation with a wide voltage gain range. Output current, which is
250 A as nominal value, is very high. Moreover, the converter operates in a

unidirectional mode in this study. According to these basic operating requirements;

e Converter has a soft-switching feature to achieve highly efficient operation and
low electromagnetic interference (EMI).

e Converter has to be configured as that voltage stress over primary side switches
should not exceed input voltage because of high input voltage.

e Converter has to provide the operation with a wide voltage gain range.

e Converter has to be configured to carry high output current.

e Converter has to be feasible in terms of size and power density.

The PSFB converter, which is one of the most used topologies for HV to LV DC-DC
converters for EV applications, is the best suitable converter to satisfy all these
requirements and criteria. LLC converter is not feasible because of the wide voltage
gain range requirement. Lower magnetizing inductance is required to have a wider
gain range in LLC. This causes high magnetic currents and high conduction losses.
Moreover, the LLC converter has to operate below the resonant frequency to achieve
ZVS and ZCS, otherwise switching losses will be considerably high due to
high-frequency operation. However, the converter has to operate at the above resonant

frequency region to acquire a wide voltage gain range. Regarding to this, a wide
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voltage gain range necessity is obtained with changing over frequency widely. This
causes a loss of the advantage on the size of passive components, especially for
magnetics. Since, the design of components has to be considered according to the
lowest switching frequency. Output inductor contributes to having less output current
ripple. Thus lower amount of output DC-link capacitors is required than an LLC
converter [12].

To prevent the saturation of the transformer is a critical issue for the PSFB converter.
Series capacitor to transformer can be used to eliminate the possible DC-bias current.
However, this is not a good solution, since it is hard to find a capacitor that can satisfy
the required rating. Furthermore, this kind of capacitor brings additional cost and lower
efficiency. Peak current mode control (PCMC) is a better solution to extinguish this

DC-bias current. More detailed information is given in chapter 4.3.

There are three options for the secondary side of the converter which are center-tap,
full-bridge, and current double rectifier. They are given in Figure 3.10.
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Figure 3.10 : a) Center-tap rectifier, b) full-bridge rectifier, ¢) current double
rectifier as secondary side configuration.
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The rectification side of the converter is selected as CDR as a consequence of the high
output current. Output current flows over two switches in a full-bridge rectifier. Thus
conduction loss will be two times when compared with CTR and CDR. Transformer
utilization is poor for CTR. Only one of two windings is used at the same time. Output
current splits into two when CDR is used as the secondary side. This is the major
benefit of CDR, since conduction loss is correlated with the square of current. CDR
requires two output inductors which help to decrease the current ripple in half when
compared with other rectifier options [1]. Less output capacitors can be used thanks to
this current ripple reduction behavior. Having two inductors instead of one bulk
inductor has an advantage on thermal performance. The disadvantage of CDR is that

the voltage stress of secondary side switches is higher than the output voltage.
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CDR configuration can be implemented as a diode or synchronous rectifier. A diode
rectifier is not a suitable option when the output voltage is low, since diode voltage
drop becomes dominant. Moreover, the conduction resistance of the synchronous
rectifier is lower than the diode rectifier. This provides that a synchronous rectifier can
achieve higher efficiency during high current operation. However, the synchronous
rectifier requires additional gate drive circuits.

As a result, PSFB with CDR converter provides high-efficiency thanks to ZVS
operation and reduction by half of the high output current operation. High power
density can be achievable with high switching frequency. In addition, the converter is
capable of regulating a wide input and output voltage. With the help of the full-bridge
configuration at the primary side, voltage stress over primary side switches does not

exceed input voltage.

3.2 Analysis of the PSFB with CDR Converter

The PSFB with CDR converter has several different operating modes. It is important
to evaluate deeply in terms of general information and operating principles to the
design converter properly. In this chapter, general information about PSFB with CDR
converter topology, phase-shifted pulse-width modulation (PWM) switching
methodology and operating modes are given in detail.

PSFB with CDR converter is highly suitable for APM applications because of ZVS
operation due to the simplicity of both hardware and software. Moreover, CDR enables

it to operate with high current. PSFB with CDR combination circuit schematic is

shown in Figure 3.11.
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Figure 3.11 : Schematic of PSFB-CDR converter.

Primary side switches which are Sy, Sy, S3, and S4 which are identified as MOSFET in
Figure 3.11, conduct almost 50% fixed-duty cycle. However, an effective duty cycle

Is generated by the overlapped of S; and S4 and Sz and Sz. D1, D2, D3, D4, Dsr1, and

33



Dsr2 are the body diode of related switches. Deadtime has to be applied between S;
and Sy, and Sz and S4 to prevent short circuit. ZVS could be achieved during this
deadtime with the help of resonance between output capacitances of Sy, Sz, S3, Ss and
stored energy in shim inductor Lsnim Which helps to achieve ZVS operation for light
load condition and transformer leakage inductance L. Shim inductor causes an
increase in the number of components; however, increases the overall efficiency of the
converter. The same situation could be obtained with increasing Lk, yet that option
causes an increase of voltage overshoot on the secondary side switches and decreases
efficiency. Lshim also contributes to voltage overshoot on the secondary side switches.
Nevertheless, Dc1 and D¢z, which are the clamping diodes, could overcome this
problem by clamping this overshoot. Detailed analysis of this issue was evaluated
in [39, 40].

Lmag IS the magnetizing inductance of the transformer. Ssr1 and Ssr2, Which are
identified as MOSFET, are the switches in the CDR at the secondary side in Figure
3.11. These two switches are switched in relation of the primary side switches state.
Lo1 and Lo are the output inductors. Co and Cin are output and input DC-link capacitor

respectively.

3.2.1 Phase-shifted PWM switching methodology

The switching method is quite critical in a PSFB with CDR converter; thus, it has to
be understood exhaustively. PWM waveforms Vgsi, Vgs2, Vgs3, Vgsa, Vgsri, Vgsre are
belong to S1, So, Ss3, Sa, Sr1 and Sro respectively. Duty cycle time is 50% for Sy, S», S,
S4 ideally, yet this time is less than 50% because of deadtime. S3 and S4 are leading
leg switches; Si1 and S are lagging leg switches. Vgsr1 and Vgsr2 are generated

compatibly with the turn-on and turn-off time of primary side switches.

Power transfer happens when Vgs1 and Vgsa; Vgs2 and Vgs3 overlap each other. These

times which are t;-t> and te-t7, are named as effective duty cycle in Figure 3.12.

There is a time interval where there is not any PWM between switches at the same leg.
These time intervals which are to-t3, ts-ts, t7-ts and to-tio are named as deadtime in
Figure 3.12. This interval is needed to prevent a shoot-through situation during
switching transaction at the same leg. Moreover, this time is necessary to achieve the
ZVS condition.
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Another critical time interval is also named as duty cycle loss time which are to-t; and
ts-ts In Figure 3.12. Primary current Ip changes its direction during this time interval.
Primary voltage V, is equal to input voltage Vin theoretically. It can can be practically
observed that there is an oscillated voltage on the transformer primary side. The reason
for this oscillating waveform is the resonation between primary side inductance and
the parasitic capacitor of primary side switches. The corresponding waveforms are
given in the simulation and experimental results sections. However secondary voltage
Vs is equal to zero. Thus, there is no power transfer at this interval. Efficiency is getting
lower with higher duty cycle loss time. Moreover, this time interval limits the

maximum achievable effective duty cycle time.

3.2.2 Operating principle of the PSFB with CDR converter

There are several operating modes which are changing according to the applied PWM
situation. In this section, what is change in the converter and how it behaves are
explained. Several waveforms are given in Figure 3.12. These are PWM waveforms
Vgst, Vgs2, Vgs3, Vgs4, Vgsri, Vgsre, primary and secondary voltage Vp and Vs
respectively, primary current I, clamping diodes current Ipc: and Ipc2, output inductors
voltage Vo1 and Vo2, output inductors current o1 and o2, leading leg switch which
is Iss current, lagging leg switch which is Is: current, secondary side switch current
Isr1.

There are four main modes of operation of the PSFB with a CDR converter: duty cycle
loss mode, power delivery mode, ZVS mode, and freewheeling mode. All these modes

are explained in detail and schematics which show that active circuit parts are shared

for each time interval.
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Figure 3.12 : Waveforms of PSFB-CDR converter during specific time intervals.
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Mode 1: Duty Cycle Loss Mode (to-t1)

This mode is named duty cycle loss mode since no power is delivered to the output in
this mode. Switch S; is turned on with ZVS (as a following state of Mode 10, which
is mentioned below) at to. Both secondary side switches, Ssr1 and Ssrz, conduct
current, although Ssro is gated off. Not only output inductor Lo: but also other output
inductor Lo are discharging. The voltage of the transformer primary side Vy is equal
to the supply voltage Vin theoretically. However, the voltage of the transformer
secondary side Vs remains zero until the primary side current of transformer I, reverses
its direction and reaches the reflected output inductor current at ts. I, rises with a slope
which depends on the Vin and both shim inductor Lshim and leakage inductor of
transformer Lik. The operation of the PSFB-CDR converter between to-t1 is given in
Figure 3.13.
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Figure 3.13 : Operation of PSFB-CDR converter between to-t;.
Mode 2: Power Delivery Mode (t1-t2)

Power is delivered at this time interval and effective duty cycle phess time interval starts
at t; and ends at to. Vy is equal to supply voltage Vin. Vs is equal to the multiplication
of Vin with transformer turns ratio (Npri: Nsec) at t1. Only Ssri1 is on and carries both
inductors current. Loz is charging; however, Lo1 is discharging. Iy is equal to the

reflected output inductor current with respect to the transformer turns ratio.

Ssro is turned off, this means that the switch output charge Qoss and body diode reverse
recovery charge Qi are charged. This energy is provided by the primary side of the
converter. Additional current flows over Lshim and Lik and stored energy is increased.
D1 starts conduction when the current through the Lshim rises above the I, due to the
charge of the rectifier’s Qoss and Qrr at the start of the power transfer [41]. Dc1 stops
conduction at the point that the current of Lshim is equal to Ip. The operation of the
PSFB-CDR converter between ti-t2 is given in Figure 3.14 and Figure 3.15.
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Figure 3.14 : Operation of PSFB-CDR converter between t;-t,-1.

J D1 Da1 L D3
2
s: s .
‘Lih‘ml L Nerl :Nsec Lot L’
in| M

Vp 3Lmag§|§ Vs A |—02 |
L]
D, De2 Dg TR ]_Dsmi ]_DSRZ Cox
o s sufy * T sl ¥ T

3
14

<
<
s
| — <
)
a

Figure 3.15 : Operation of PSFB-CDR converter between ti-to-2.
Mode 3: Switch S3 ZVS Mode (t2-t3)

At t2, switch S4 is turned off, the capacitance of S4 is charged, and the capacitance of
Sz is discharged. When switch Sz is discharged to zero, its body diode conducts to
achieve ZVS condition. Vp and Vs become zero. Both Ssri and Ssr2 are conducting.
Lo1 and Lo are discharging.

During this operating mode, the voltage at the primary side of the transformer suddenly
decreases from Vin to zero. This situation leads to a decrease in the current with a steep
slope. However, Lshim does not face this kind of voltage change over itself. Thus the
current of Lshim does not change as transformer primary side current. This difference
is that current flows through the diode, which is D¢1 [42]. The operation of the
PSFB-CDR converter between to-t3 is given in Figure 3.15 and Figure 3.16.
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Figure 3.16 : Operation of PSFB-CDR converter between to-ts-1.
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Figure 3.17 : Operation of PSFB-CDR converter between to-t3-2.
Mode 4: Freewheeling Mode (t3-t4)

This time interval is named as freewheeling mode since I, recirculates over high-side
switches. There is not any power transfer during this mode. At ts, switch Sz is turned

on with ZVS. V; and Vsare zero. Lo1 and L2 are discharging.

Dc1 is still conducting because of the mentioned voltage change at transformer primary
side suddenly which causes a current difference between I, and the current of Lshim.

The operation of the PSFB-CDR converter between ts-t4 is given in Figure 3.18.
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Figure 3.18 : Operation of PSFB-CDR converter between ts-ts.
Mode 5: Switch Sz ZVS Mode (ts-ts)

At t4, switch Sy is turned off, the capacitance of S is charged, and the capacitance of
So is discharged. When switch Sz is discharged to zero, its body diode conducts to
achieve ZVS condition. Vp and Vs become zero. Both Ssr1 and Ssr2 are conducting.
Lo1 and Lo, are discharging. The operation of the PSFB-CDR converter between ts-ts
is givenin Figure 3.19 and Figure 3.20.
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Figure 3.19 : Operation of PSFB-CDR converter between ts-ts-1.
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Figure 3.20 : Operation of PSFB-CDR converter between ts-ts-2.
Mode 6: Duty Cycle Loss Mode (ts-ts)

At ts, switch Sy is turned on with ZVS. No power is delivered to the output in this
mode. Both secondary side switches, Ssr1 and Ssrz, conduct current, although Ssri is
gated off. Not only output inductor Loi but also other output inductor Lo, are
discharging. The voltage of the transformer primary side V, is equal to the supply
voltage Vin theoretically. However, voltage of the transformer secondary side Vs
remains zero until the primary side current of transformer I, reverses its direction and
reaches the reflected output inductor current at te. Ip rises with a slope which depends
on the Vin and both shim inductor Lshim and leakage inductor of transformer L. The

operation of the PSFB-CDR converter between ts-ts is given in Figure 3.21.
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Figure 3.21 : Operation of PSFB-CDR converter between ts-te.
Mode 7: Power Delivery Mode (ts-t7)

Power is delivered at this time interval and effective duty cycle phess time interval starts
at te and ends at t7. Vp is equal to supply voltage Vin. Vs is equal to the multiplication
of Vin with transformer turns ratio (Npri: Nsec) at ts. Only Ssr2 is on and carries both
inductors current. Loy is charging; however, Lo2 is discharging. Iy is equal to the

reflected output inductor current with respect to the transformer turns ratio.

Ssr1 IS turned off; this means that the switch output charge Qoss and body diode reverse

recovery charge Qr are charged. This energy is provided by the primary side of the

40



converter. Additional current flows over Lshim and Lik and stored energy is increased.
D2 starts conduction when current through the Lshim rises above the I, due to the charge
of the rectifier’s Qoss and Qyr at the start of the power transfer [41]. Dc2 stops conduction
at the point that the current of Lshim is equal to lp. The operation of the PSFB-CDR

converter between te-t7 is given in Figure 3.22 and Figure 3.23.
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Figure 3.22 : Operation of PSFB-CDR converter between te-t7-1.
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Figure 3.23 : Operation of PSFB-CDR converter between te-t7-2.
Mode 8: Switch S4 ZVS Mode (t7-ts)

At t7, switch Sz is turned off, the capacitance of Sz is charged, and the capacitance of
S4 is discharged. When switch S4 is discharged to zero, its body diode conducts to
achieve the ZVS condition. V and Vs become zero. Both Ssr1 and Ssr are conducting.

Lo and Loz are discharging.

During this operating mode, the voltage at the primary side of the transformer suddenly
decreases from -Vi, to zero. This situation leads to a decrease in the current with a
steep slope. However, Lshim does not face this kind of voltage change over itself. Thus
the current of Lshim does not as change as transformer primary side current. This
difference is that current flows through the diode, which is D¢, [42]. The operation of

the PSFB-CDR converter between t;-ts is given in Figure 3.24 and Figure 3.25.
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Figure 3.24 : Operation of PSFB-CDR converter between t7-ts-1.
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Figure 3.25 : Operation of PSFB-CDR converter between t7-ts-2.
Mode 9: Freewheeling Mode (ts-to)

At this time duration, which is the freewheeling mode, I, is recirculating over low-side
switches. There is not any power transfer during this mode. At ts, switch S4 is turned
on with ZVS. Vp and Vs are zero. Both Ssr1 and Ssr2 are conducting. Loz and Loz are
discharging.

D2 is still conducting because of mentioned voltage change at transformer primary
side suddenly which causes a current difference between I, and the current of Lshim.

The operation of the PSFB-CDR converter between ts-tg is given in Figure 3.26.
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Figure 3.26 : Operation of PSFB-CDR converter between tg-to.
Mode 10: Switch S1 ZVS Mode (to-t10)

At tg, switch Sy is turned off, the capacitance of S; is charged, and the capacitance of
S1 is discharged. When switch S; is discharged to zero, its body diode conducts to

achieve the ZVS condition. V and Vs become zero. Both Ssr1 and Ssrz are conducting.
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Lo1 and Lo are discharging. The operation of the PSFB-CDR converter between ty-t1o

is givenin Figure 3.27 and Figure 3.28.
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Figure 3.27 : Operation of PSFB-CDR converter between to-t1o-1.
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Figure 3.28 : Operation of PSFB-CDR converter between to-t10-2.
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4, DESIGN OF THE PSFB WITH CDR CONVERTER

In this chapter, the analytical calculation to design PSFB with CDR has been given
step by step. Additionally, the parameters of all the magnetic components of the
converter are calculated. Detailed information on the manufactured magnetics
components is also shared. It is quite important to select the proper turns ratio of the
transformer to satisfy the duty cycle limitation of topology and also the target operation
range. Moreover, calculated values, especially for magnetic components and

capacitors has to be manufacturable and exist in the market.

One of the major criteria is also to achieve ZVS behavior with leakage inductance of
the transformer and parasitic output capacitance of switches for determined output
current. Additional inductance can be considered according to the calculation to
achieve and extend this ZVS boundary. On the other hand, it has a side effect of
decreasing the resonant frequency during voltage transition. Thus increased deadtime
is required, which is not desired in high-switching frequency applications. For that
reason, it is logical to reduce the capacitive energy in the circuit rather than increase
the inductive energy. This implies the necessity of low MOSFET output capacitance
for this converter and other ZVS topologies in general. Schematic of the PSFB-CDR

converter is given in Figure 4.1.
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Figure 4.1 : Schematic of PSFB-CDR converter.
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4.1 Design Calculations of Power Stage of the PSFB with CDR Converter

All analytical calculations will be given step by step, yet some specifications have to

be identified which are given in Table 4.1 before starting the calculation. Each
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calculation has been done at each operating condition point to provide working
functionally.

The nominal operating condition of the converter is 400 V as the input voltage, 12 V

as the output voltage and 250 A as the output current.

Table 4.1 : Operating points specification

Power rating (Po): 3 kW
Input voltage (Vin): 240V - 475V
Output voltage (Vo): 109V -14V
Output current (lo): 214 A-275 A
Target efficiency: 95%
Direction: Unidirectional
Switching frequency (fsw): 100 kHz

4.1.1 Calculation of switches

The calculation of the current of primary switches requires roughly knowing the turns
ratio as a first step. If the maximum effective duty cycle Dm-eff is assumed as 45%, the
turns ratio, which is the primary side turns Npri over the secondary side turns Nsec, IS
calculated as around 7. Primary side switches root mean square (RMS) current lpri,ms
and secondary side switches RMS current Isrms are calculated using equation 4.1 and
equation 4.2 [43]. lprirms and Isryms are calculated as in Table 4.2 and Table 4.3,

respectively.

) Iy Ny |1 )
pri,rms 2 Np 2 .

Table 4.2 : Primary side switches RMS current value.

Operating Conditions lpriyms (A)
Vin:240 V, Vo:14 V, 15:214 A 10.82
Vin:id75V, Vo:14 V, 15:214 A 10.82

Vinid75V, Vo:10.9 V, 16:275 A 13.90
Vin:240 V, V,:10.9 V, 1,:275 A 13.90

The current which flows over the secondary side switch is quite high and causes high
losses. Thus the rectification stage, which is the secondary side is designed as CDR
with two parallel switches for each operating cycle. The calculated value of Isr,ms
belongs to each paralleled switch. De is an effective duty cycle, which is explained in

the following calculation.
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I 1

Isgrms = 50 Depy + 4 4.2)

Table 4.3 : Secondary side switches RMS current value.

Operating Conditions Isr,ms (A)
Vin:i240 V, Vo:14 V, 10:214 A 87.54
Vin:id75V, V14 V, 15:214 A 72.66

Vin:id75V, Vo:10.9 V, 15:275 A 88.64
Vin:240 V, V,:10.9 V, 15:275 A 104.68

Maximum voltage stress on the primary side equals to input voltage Vi, which is
475 V. Primary side switch is selected as SiC MOSFET AIMDQ75R040M1H from
Infineon. The voltage stress on the secondary side Vsrstress, Which depends on output
voltage Vo and Desr, is calculated as in equation 4.3 [43]. According to the calculation

Vsrstress 1S found in Table 4.4.

Vo
VSR,stress =

Desy (4.3)

Table 4.4 : Voltage stress on the secondary side.

Operating Conditions VsRistress (V)
Vini240 V, Vo:14 V, 15:214 A 33.53
Vinid75V, Vo114 V, 15:214 A 66.69

Vin:id75V, Vo:10.9 V, 15:275 A 66.08
Vin:240 V, V,:10.9 V, 15:275 A 33.17

With consideration of the calculated values, the secondary side switch is selected as Si
MOSFET IAUTN12S5N018T from Infineon. Both of these switches have top
side-cooled feature to have low thermal resistance, which leads to better cooling

performance.

In addition to the calculated current and voltage values, the primer switches have low
output capacitance Coss for extended ZV'S range and short deadtime designs. Moreover,
its body diode has a fast reverse recovery value. The secondary switch has to low Rgson,
Coss, and reverse recovery charge Qir to keep switching and conduction losses as low

as possible.

According to datasheet information of selected both primer and seconder switches,

voltage drops are calculated as in equation 4.4. Vin is the input voltage. VRrdson-pri IS the
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primary side switch voltage drop and VRrdson-sr IS the secondary side switch voltage
drop. Calculated values are given in Table 4.5 and Table 4.6, respectively.

Veason = Irms* Rason (4,4)

Table 4.5 : Primary side switch voltage drop.

Operating Conditions VRdson-pri (V)
Vini240 V, Vo:14 V, 15:214 A 0.43
Vin:id75V, Vo:14 V, 10:214 A 0.43

Vinid75V, Vo:10.9 V, 161275 A 0.56
Vin:240 V, Vo:10.9 V, 1,:275 A 0.56

Table 4.6 : Secondary side switch voltage drop.

Operating Conditions VRdson-sr (V)
Vin:i240 V, Vo:14 V, 10:214 A 0.13
Vinid75V, Vo:14 V, 15:214 A 0.11

Vin:id75V, Vo:10.9 V, 15:275 A 0.13
Vin:240 V, V,:10.9 V, 1,:275 A 0.16

Turn-on switching loss is zero for the primary side switches, since it is a ZVS

converter.

It is important to know the turn-off delay time tqor and fall time t¢ for turn-off
switching loss Pprioff Calculation. These values, which are 20 ns and 8 ns, respectively,
are taken from the datasheet of primary MOSFET. The summation of tqoff and tr is
mentioned as toff, Which is 28 ns. Detailed calculation of 1.0 max, Which is the maximum
value of output inductor current, is given in equation 4.22. Pprioff is calculated as in
equation 4.5. Calculated values are given in Table 4.7.

P ! I Ns Vin * torr  f
voff == I1o, c— Vin *toss .
pri,o 6 Lomax Np in" Lo sw (4 5)

Table 4.7 : Switching loss of the primary side switches.

Operating Conditions Pprioft (W)
Vin:240 V, Vo:14 V, 15:214 A 1.97
Vin:id75V, Vo:14 V, 15:214 A 4.09

Vin:id75V, Vo:10.9 V, 15:275 A 4.93
Vin:240 V, V,:10.9 V, 1,:275 A 2.42

Switching loss calculation of the secondary side switches Psrsw is calculated as in

equation 4.6. Output capacitance value Coss changes according to voltage value. This
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value can be observed from the datasheet of the selected switch. Calculated values are
given in Table 4.8.

PSR,SW =0.5- Vinz " Coss " f:ew (4.6)

Table 4.8 : Switching loss of the secondary side switches.

Operating Conditions Psr,sw (W)
Vin:240V, V14 V, 15:214 A 0.22
Vinid75V, V14 V, 10:214 A 0.44

Vinid75V, Vo:109 V, 15:275 A 0.44
Vin:240 V, V:10.9 V, 1,:275 A 0.22

Another main loss of switches is conduction losses Pcond. FOr both primary and
secondary conduction losses are calculated according to equation 4.7. On resistance
values Ron are obtained from the datasheet. Calculated values are given in Table 4.9
and Table 4.10. for primary and secondary switches conduction losses Pp,cond, Psr,cond

respectively.
Peona = Irmsz “Ron 4.7)

Table 4.9 : Conduction loss of the primary side switches.

Operating Conditions Pp.cond (W)
Vin:240V, Vo:14 V, 10:214 A 4.68
Vin:id75V, V14 V, 15:214 A 4.68

Vin:d75V, Vo:109 V, 1,:275 A 7.73
Vin:240 V, V,:10.9 V, 15:275 A 7.73

Table 4.10 : Conduction loss of the secondary side switches.

Operating Conditions Psr,cond (W)
Vin:240 V, Vo:14 V, 10:214 A 11.49
Vin:id75V, Vo:14 V, 10:214 A 7.92

Vin:id75V, Vo109V, 16:275 A 11.79
Vin:240 V, Vo109 V, 16:275 A 16.44

Gate losses Pgate 0CcCUr while switches are switching. This loss depends on gate voltage
Vg, gate charge Qg, and fsw. Primary switch Vy is +15, -5V and secondary switch Vy is
10V. Qg values are obtained from datasheets. Pgate Of primary and secondary switches
are calculated as in equation 4.8, and results are 68 mW and 111 mW for each switch,

respectively.
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Pgate = Vg ) Qg *fsw (4.8)

The overall loss, which is summation switching, conduction, and gate losses, is given
in Table 4.11 for each primary side switch and Table 4.12 for each secondary side

switch.

Table 4.11 : Total loss of the primary side switches.

Operating Conditions Pp. total (W)
Vini240 V, Vo:14 V, 15:214 A 6.73
Vin:d75V, Vo:14 V, 15:214 A 8.85

Vinid75V, Vo:10.9 V, 16:275 A 12.73
Vin:240 V, V,:10.9 V, 15:275 A 10.23

Table 4.12 : Total loss of the secondary side switches.

Operating Conditions Psr, total (W)
Vin:240 V, Vo:14 V, 15:214 A 11.83
Vin:id75V, Vo:14 V, 10:214 A 8.47

Vin:id75V, Vo:10.9 V, 15:275 A 12.33
Vin:240 V, V,:10.9 V, 15:275 A 16.77

4.1.2 Calculation of transformer

The turn ratio has been roughly calculated as seven in the previous calculation.
However, it has to be validated with consideration of voltage drop-over switches.
Maximum effective duty cycle Dm-eff value is decided as 47%, since deadtime and duty
cycle loss time have to be considered. The turn ratio of the transformer is calculated
as seven according to equation 4.9 [44]. Calculated values are given in Table 4.13.

Np (Vm -2 VRdson—pri) ) Deff

Ns B VO + VRdson—SR (49)

Table 4.13 : Turn ratio of the transformer.

Operating Conditions Np/Ns
Vin:i240 V, Vo:14 V, 10:214 A 7.06
Vinid75V, Vo:14 V, 10:214 A 7.05

Vin:d75V, Vo:10.9 V, 15:275 A 7.08
Vin:i240 V, Vo:10.9 V, 16:275 A 7.09
Np/Ns (selected) 7

Magnetizing inductance of transformer Lmag is another important parameter of the
transformer. It has to be sufficient to enable proper converter operation. On the other

hand, wrong-selected transformer in terms of Lmag causes efficiency drop and control
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problem. Lmag is calculated in equation 4.10 [44]. The output inductors current ripple
IS AlLo1. Calculated values are given in Table 4.14 and selected as 1.5 mH as a result
of the calculation.

Vin * (1 = Degs )

>
mag = AILOI - 0-5 .

p
N

L

fsw (4.10)

=

Table 4.14 : Magnetizing inductance value of transformer.

Operating Conditions Lmag (MH)
Vin:i240 V, Vo:14 V, 15:214 A 0.6
Vin:id75V, Vo:14 V, 10:214 A 1.19

Vin:id75V, Vo:10.9 V, 15:275 A 1.53
Vin:240 V, V,:10.9 V, 15:275 A 0.77
Lmag (Selected) 1.5

This selected Lmag value is shared with the manufacturer and discussed about
producibility, then Lmag value is decided as 1.08 mH according to the final decision
with the manufacturer. Magnetizing inductor current ripple ALmag is calculated as

equation 4.11 [44]. Calculated values are given in Table 4.15.

Vi - Deff

AILmag - (4. 11)

Lmag ’ fsw

Table 4.15 : Magnetizing inductor current ripple value of transformer.

Operating Conditions AlLmag (A)
Vin:240V, Vo:14 V, 15:214 A 0.93
Vin:d75V, V14 V, 10:214 A 0.93

Vin:d75V, Vo:109 V, 1,:275 A 0.73
Vin:240 V, Vo:10.9 V, 10:275 A 0.73

The primary side current of transformer Itr-pri,ms @and secondary side current of the
transformer ltr-secrms have to be known to design the proper transformer during the
prototyping stage. These values are calculated by equation 4.12 and equation 4.13 [43].

Calculated values are given in Table 4.16 and Table 4.17.

NS

N,
ITR—pri,rms = ’ N_; (4.12)
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Table 4.16 : Primary side RMS current value of transformer.

Operating Conditions ITR-pri,ms (A)
Vin:i240 V, Vo:14 V, 10:214 A 15.31
Vinid75V, V14 V, 15:214 A 15.31
Vin:id75V, Vo:10.9 V, 15:275 A 19.66
Vin:240 V, V,:10.9 V, 15:275 A 19.66
ItR—secrms = o Deff (4.13)

Table 4.17 : Secondary side RMS current value of transformer.

Operating Conditions ITR-sec,rms (A)
Vin:240 V, Vo:14 V, 15:214 A 138.46
Vin:id75V, Vo:14 V, 10:214 A 98.18

Vin:id75V, Vo:10.9 V, 16:275 A 111.78
Vin:240 V, V,:10.9 V, 1,:275 A 157.77

Peak current ltrpp and minimum current Itr-pm, wWhich flows over the primary side of
the transformer, are calculated as in equation 4.14 and equation 4.15, respectively [44].

Calculated values are given in Table 4.18 and Table 4.19.

Pout + AILol) - &

—
TR—pp v, -7 ) N.

+ Alimag (4.14)
14

Table 4.18 : Primary side peak current value of transformer.

Operating Conditions ITr-pp (A)
Vin:240 V, Vo:14 V, 15:214 A 19.11
Vin:id75V, Vo:14 V, 15:214 A 19.94

Vin:id75V, Vo:10.9 V, 15:275 A 23.82
Vin:240 V, V,:10.9 V, 15:275 A 23.31

I — (Pout . AILol) . & — Al (4.15)
TR—pm Vo 7 2 Np Lmag

Table 4.19 : Primary side minimum current value of transformer.

Operating Conditions Itr-pm (A)
Vin:240 V, Vo:14 V, 15:214 A 13.11
Vin:id75V, V14 V, 15:214 A 12.29

Vin:id75V, Vo:10.9 V, 15:275 A 17.57
Vin:240 V, V,:10.9 V, 1,:275 A 18.08
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4.1.3 Calculation of critical timings

Defr has to be checked to see whether it satisfies the limit of Dm.eft, Which is selected
as 47% with the selected transformer turns ratio for operating condition intervals.
Effective duty cycle means that power transfer exists during this time interval. I, is
output current. Maximum Desr vValue is calculated as 41.7% for 240 V as Vin, 14 V as
Vo, and 214 A as |, by equation 4.15 [44]. Calculated values are given in Table 4.20.

N.
Wp ' (VO + VRdson—SR)

oW (4.15)
eff Vin—2 - VRdson—pri)

Table 4.20 : Effective duty cycle.

Operating Conditions Dett (%)
Vin:240V, Vo:14 V, 15:214 A 41.7
Vin:id75V, V14 V, 15:214 A 20.99

Vin:id75 V, Vo:10.9 V, 16:275 A 16.49
Vin:240 V, V,:10.9 V, 1,:275 A 32.86

Deadtime tqead is critical to achieve ZVS and high efficiency. Resonant period Ty is the
limitation for tqead as in equation 4.16 [43]. Lk is the summation of Lshim and L.
Lik value is 1.8 pH which belongs to the designed transformer with the manufacturer.
Crr is transformer parasitic capacitance which could be neglected, since it is quite
small when compared with time-related output capacitance of primer switches
Chri-coss(tr). Resonant frequency f is calculated by equation 4.17 [14]. Pursuant to these

calculations, tqead is selected as 100 ns. Related parameters are given in Table 4.21.

T,
tdead = /4 (4.16)

1

2-m- \/Lk ’ (2 ’ Cpri—coss(tr) + CTR)

= (4.17)

Table 4.21 : Deadtime with related parameters.

Chri-coss(tr) 136 pF
Lk 3.3 uH
fr 5.29 MHz
Tr 47.23 ns

tdead (Selected) 100 ns

Duty cycle loss time tioss is the time interval in the duty cycle which does not provide

power delivery. tioss could be observed at each half switching cycle during the
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commutation of current. This time is calculated as equation 4.18 [43]. Calculated

values are given in Table 4.22.

N Ly
t =1 - |=]- —=-
loss o <Np> Vi

(4.18)

Table 4.22 : Duty cycle loss time.

Operating Conditions tioss (HS)
Vin:240V, Vo114 V, 10:214 A 0.42
Vinid75V, Vo:14 V, 1::214 A 0.21

Vin:d75V, V:109 V, 1,:275 A 0.27
Vin:240V, V:10.9 V, 1,:275 A 0.54

As mentioned, there is a duty cycle limitation, which is 50% for phase-shifted
full-bridge topology inherently. The target is that not to exceed 47% because of the
safety margin. Dmax is the summation of Deft, tdead, and tioss. Selected Dmax is satisfied,

as seen in Table 4.23.

Table 4.23 : Maximum duty cycle.

Operating Conditions Dmax (%)
Vin:240 V, Vo:14 V, 15:214 A 46.9
Vin:id75V, Vo:14 V, 10:214 A 23.1

Vin:id75V, Vo:10.9 V, 15:275 A 19.2
Vin:240 V, V,:10.9 V, 15:275 A 38.3

4.1.4 Calculation of inductors

First of all, target current ripple values on the output inductors Alio1 and AlLe2 have to
be selected to calculate the suitable inductance value for output inductors Lo1 and Lo2
as given in equation 4.19 [43]. The target ripple value is chosen as 30%. Calculated
values are given in Table 4.24. Afterwards, Lo1 and Lo are calculated by equation 4.20

[43]. T is the period of switching. Calculated values are given in Table 4.25.

~~

Alioy = Al = %Ripple - — (4.19)
Table 4.24 : Target current ripple of output inductor.

Alio1, AlLo2 (A)

Operating Conditions

Vin:i240V, Vo:14 V, 15:214 A 32.14
Vin:id75V, Vo114 V, 15:214 A 32.14
Vin:id75V, Vo:10.9 V, 16:275 A 41.28
Vin:240 V, V0:10.9 V, 15:275 A 41.28
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1
AILol

Loy = Loy =

Vo © (1 =Desg) - T (4.20)

Table 4.25 : Inductance value of output inductor.

Operating Conditions Lo1, Loz (UH)
Vin:240V, Vo:14 V, 15:214 A 2.54
Vin:id75V, V14 V, 10:214 A 3.44

Vin:id75V, Vo:10.9 V, 15:275 A 2.2
Vin:240 V, V,:10.9 V, 15:275 A 1.77
Lo1, Loz (selected) 2.5

The inductance value is calculated as 3.44 pH. When producibility is considered,
available space on the designed PCB is not enough to have an inductor which has this
current rating and inductance value. Thus, the inductance value is selected as 2.5 pH.
According to the selected output inductance value, which is 2.5 uH, Alio1, and AlLo2

are recalculated as current value and percentage in Table 4.26.

Table 4.26 : Current ripple for selected output inductance value.

Operating Conditions Alio1, Alio2 (A)
Vin:240 V, Vo:14 V, 15:214 A 32.62
Vinid75V, Vo:14 V, 1,:214 A 44.24

Vin:id75V, Vo:10.9 V, 16:275 A 36.41
Vin:240 V, V,:10.9 V, 15:275 A 29.27

To design a proper inductor, it is important to know the RMS current value and
maximum and minimum current value. The RMS current rating of Lo; and Lo
(lLoirms, lLo2rms) is half of the output current as in equation 4.21, since the
rectification side configuration is a current doubler [43]. Calculated values are given
in Table 4.27.

1
Ino1,rMs = ILoz,rMs = Eo (4.21)

Table 4.27 : RMS current value of output inductor.

Operating Conditions lLo1,RMS, lLo2RMs (A)
Vin:240 V, Vo:14 V, 15:214 A 107.14
Vind75V, Vo:14 V, 10:214 A 107.14

Vin:id75V, Vo:10.9 V, 15:275 A 137.61
Vin:240 V, V:109 V, 15:275 A 137.61

According to the selected Loz and Loz, maximum and minimum current values Ipomax,

ILo,min, Which flow through that component, are calculated as below in equation 4.22
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and equation 4.23, respectively [43]. Po is output power. Calculated values are given
in Table 4.28 and Table 4.29. of Lo max and Lo min.

_ Po AIL01
ILo,max - m‘l' 2 (4.22)

Table 4.28 : Maximum current value of output inductor.

Operating Conditions ILomax (A)
Vini240 V, Vo:14 V, 15:214 A 123.45
Vin:id75V, Vo:14 V, 10:214 A 129.27
Vinid75V, Vo:10.9 V, 161275 A 155.82
Vin:240 V, Vo:10.9 V, 1,:275 A 152.25
I B Al
Lomin = 577 > (4.23)

Table 4.29 : Minimum current value of output inductor.

Operating Conditions lLo.min (A)
Vin:i240 V, Vo:14 V, 10:214 A 90.83
Vin:id75V, V14 V, 15:214 A 85.02

Vin:id75 V, V,:10.9 V, 15:275 A 119.41
Vin:240 V, V,:10.9 V, 15:275 A 122.98

Shim inductance is another critical component to extend the ZVS range; on the other
hand, inductance value directly affects the duty cycle loss interval. Cpri-cosseer) IS the
energy-related output capacitance of primer switches. According to the calculation in
equation 4.24 [44]. The required inductance value is calculated based on the required
amount of inductive energy to achieve ZVS at the specified load condition. This
inductive energy has to deplete the capacitive energy of the switches in the switching
node. Calculated values are given in Table 4.30, and the shim inductance value Lshim

is selected as 1.5 pH.

Vi
Lopim = 2 - Cpri—coss(er) ’ 2
Irppp _ Alpq (4.24)
2 ) Np
N,
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Table 4.30 : Inductance value of shim inductor.

Operating Conditions Lshim (UH)
Vin:i240 V, Vo:14 V, 10:214 A 0.21
Vinid75V, Vo:14 V, 15214 A 0.92

Vin:id75V, Vo:10.9 V, 16:275 A 0.5
Vin:240 V, V,:10.9 V, 15:275 A 0.12
Lshim (selected) 1.5

Moreover, the inductance value of the manufactured shim inductance is 1.5 pH.

4.1.5 Calculation of capacitors

Input capacitance Cin is selected pursuant to the decided minimum input voltage Vdrop
that the converter could operate during the holdup time thoig as in equation 4.25 [44].
Vinmin IS the minimum input voltage, which is 240 V. Ci is selected as 6.6 uF when
Vdrop 1S 220 V, and thoia is 10 ps. The number of paralleled capacitors is determined
according to the RMS current delivered from the Ci, that is mentioned as Icin-rms by

equation 4.26 [43]. Calculated values are given in Table 4.31.

Two paralleled 3.3 pF capacitors, which are B32774P7335K from TDK Electronics,

are selected.

2.4 By * thoa
Ci, =
" (Vin,min2 - Vdropz) (4'25)
Iy Neee P\ 2%
Icin—rms = |2 * Degr - 7 Ny - W +2 (05— Deff) (m) (4.26)

Table 4.31 : RMS current of input capacitor.

Operating Conditions Icin-rms (A)
Vin:i240 V, Vo:14 V, 10:214 A 5.68
Vinid75V, Vo:14 V, 15:214 A 7.54

Vin:id75V, Vo:10.9 V, 15:275 A 9.24
Vin:240 V, V,:10.9 V, 1,:275 A 9.33

Output load current ripple Al, before the DC-link capacitor is calculated as in equation
4.27 [43]. Calculated values are given in Table 4.32. Afterward, RMS current value of
output DC-link capacitor lco-rms, Which is critical to deciding the number of paralleled
capacitors, is obtained. lco-rms is calculated in equation 4.28, and calculated values are
given in Table 4.33. Another crucial parameter is the voltage rating of the selected
capacitor. The voltage rating is selected as 50 V capacitor since the maximum voltage

value is 14V at the connected power rail. The amount of output voltage ripple AV, is
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decided as 2% of output voltage. As a result of calculation equation 4.29 [43], the total
output capacitance value C, is selected as 90 pF. This capacitance value is achieved
with paralleled nine pieces 10 uF capacitors, which are MCJCU32MLB7106KPPDT1

from Taiyo Yuden.

Vo (0.5 — Dgsp ) - 1075

Al, = 2 I (4.27)
ol
Table 4.32 : Output load current ripple.
Operating Conditions Al (A)
Vin:240 V, Vo:14 V, 10:214 A 9.24
Vin:id75V, Vo:14 V, 10:214 A 32.49
Vin:d75 V, Vo:10.9 V, 16:275 A 29.22
Vin:240 V, V,:10.9 V, 15:275 A 14.95
Co (selected) 90
1 2
Ico—rms = 12 AYE (4.28)
Table 4.33 : RMS current of output capacitor.
Operating Conditions Ico-rms (A)
Vin:240 V, Vo:14 V, 10:214 A 2.66
Vin:id75V, Vo:14 V, 15:214 A 9.38
Vin:d75 V, Vo:10.9 V, 16:275 A 8.43
Vin:240 V, V,:10.9 V, 1,:275 A 4.31
V, - (1 —2-D - T?
¢, = ot es1) (4.29)

16 - Ly, - AV,

Table 4.34 : Total output capacitance value.

Operating Conditions Co (UF)
Vin:i240 V, Vo:14 V, 10:214 A 20.62
Vin:id75V, V14 V, 15:214 A 72.52

Vin:d75V, Vo:10.9 V, 15:275 A 83.76
Vin:240 V, V,:10.9 V, 15:275 A 42.85
Co (selected) 90

Output voltage ripple is recalculated regarding the selected output DC-link capacitor
value, which is 90 uF for each operating point as voltage value in Table 4.35.
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Table 4.35 : Output voltage ripple.

Operating Conditions AV, (V)
Vin:240 V, Vo:14 V, 15:214 A 0.064
Vin:id75V, V14 V, 10:214 A 0.226

Vin:id75V, Vo:10.9 V, 16:275 A 0.203
Vin:240 V, V,:10.9 V, 15:275 A 0.104

4.1.6 Calculation of ZVS condition

PSFB converter has limitation to achieve ZVS since insufficient energy until converter
reaches the suitable operating condition. This situation is solved by using a clamping
diode and shim inductor in this study. Equation 4.30 has to be verified to achieve the
ZVS condition [43].

Inductive Energy E;, = Capacitive Energy E. (4.30)

Inductive energy depends on the switching legs, which are lagging and leading. Their
inductive energy is calculated as in equation 4.31 and equation 4.32, respectively [43].
S: and Sy, which are lagging leg switches, and Sz and S4, which are leading leg
switches. Capacitive energy is calculated by equation 4.33 [43]. Ctr could be
neglected because of the explained reason in the calculation of deadtime. Circulating
current over clamping diode on lagging leg switches has to be considered. Iciampd,min
and lciampd,max are the minimum and maximum current of the clamping diode during
the freewheeling period correspondingly. Imagpeak IS the maximum magnetizing
current. liormin and loi,max are the minimum and maximum current of the output

inductor respectively.

2
E =05 Ly -1 I  Dsec
L-lagging — VY- lk mag,pk+ Lolmin ]
>2 (4.31)

+ 0.5 * Lepim - (Iclampd,min + Imag,pk + ILol,min ’

2 Npri ’
EL—leading =0.5 - Lmag ) Imag,pk + 0.5 Ly - N
sec

2
Nsec
' ILol,max ' N—

pri

Niop > 2 (4.32)

+ 0.5 - Ly - (Imag,pk + ILol,max ) N
pri

2
sec
+0.5 * Lspim '<Iclampd,max + Imag,pk + ILol,max ) —>
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E. =05-(2- Cpri—coss(er) + Crg) - Virzl (4.33)

4.2 Design and Calculations of Magnetic Component of PSFB with CDR

Converter

Magnetics are one of the critical components that directly affect the converter
efficiency, volume, and weight. Owing to these critical roles, calculating the
parameters and design are crucial. Detailed calculations that belong to the planar
transformer, shim inductor, and output inductor are given in this chapter. Information

on manufactured magnetics is shared besides the calculations.

4.2.1 Calculation and design of planar transformer

The planar transformer is implemented in this PSFB-CDR converter since several
advantages. A lower profile, lighter weight, flatter transformer is a better option for
mounting the PCBs. High efficiency and power density are also important. Planar
transformer is prominent in terms of all these features. Repeatability of performance,
electrical and magnetic specifications is also another outstanding characteristic of

planar transformers.

The main difference between traditional and planar transformers (PT) is core geometry
and winding structure. PT has flat copper lead frames and flat copper spirals instead
of the wire wound winding structure of traditional transformers. Flat copper provides
the operation with high current and high frequency. In addition, flat copper as winding
helps to increase the utilization factor up to 60%. Furthermore, PT mostly has
lower-profile magnetic cores, which are E, PQ or RM cores. The core of a traditional
transformer is more like a cube; however, the core surface of PT is wider. This provides
to have better thermal performance since heat is dissipated over the surface area of the

core.

Another advantage of PT over a traditional one is the implementation to PCB. The
transformer can be dislocated due to its heavy weight and bulk structure when shock
and vibration happen. However, PT is more sensitive to break under mechanical and

thermal stress by virtue of its thinner structure.

Manufacturability of the transformer is essential. PT has eligibility in terms of

manufacturability, since PT can be assembled automatically. This eliminates the
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variation between manufactured transformers and increases reliability. It is crucial to
have the same specification for resonant converters. Less leakage inductance is better
for a PSFB converter. PT ensures the minimization of the leakage inductance with

interleaving structure between primary and secondary windings [45, 46].

It is critical to design the transformer properly, which is one of the main components
of the converter. There is dimension limitation in terms of width, length, and height,
since there is limited space in the designed board. According to dimension limitation,
suitable cores are evaluated, and calculations which are given below are repeated to
select the best proper core. As a result of several iterations, the transformer core is
selected from Ferroxcube 14.8/32-3C96. Calculations that are used to design planar

transformer are shared step by step.

Skin dept (€) is an important parameter to size the conductor. This value is calculated
regarding to selected switching frequency fsw, which is 100kHz in equation 4.34.
Relative permeability pr is 0.999994 for copper, permeability constant po is
41107 H/m and resistivity of the material p is 1.72x10® Qm for copper. Conductors
thickness for primary and secondary are selected as two times €, which is 0.418 mm,

to prevent the skin effect issue during high switching frequency operation.

p
£ = 4.34
\/T['lvlr'lvlo'fsw (4.34)

The conductors’ width is decided as 8 mm according to the available core window area

width. Conductor cross-sections Awp and Aws are calculated as 3.344 mm?,

Current densities of conductors for both primary Jpri and secondary side Jsec are

calculated as equation 4.35 and equation 4.36.

Lo i
]p‘r‘i — TRAprl,rms (4.35)
wp
Irp_
]Sec — TR Asec,rms (436)
ws

Primary and secondary winding can be paralleled to optimize the current density value.
In this transformer design the primary side winding has two parallel windings, and the
secondary side has six parallel windings. As a result of the existing planar transformer,
which has nearly the same power rating and current values, the current density for both

windings is selected. Moreover, selected current density values are evaluated with the
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manufacturer regarding producibility and thermal issues. The current density of
primary winding for maximum current is obtained as 2.936 A/mm?2. The same

parameter is obtained as 7.82 A/mm? for the secondary winding.

The number of turns for primary Npri is calculated as in equation 4.37. Saturation flux
density Bsat of the selected core is 340 mT. Thus the maximum flux density Bm is
decided as 200 mT. The effective area A. of the selected core is 201 mm?.

Vin * Degy

Ny, = 2B, A o (4.37)

The result of the calculation is 12.45 turns; this value is rounded up to 14 as turns

number of primary winding. Turns number of secondary winding Nsec has to be 2.

Utilization factor Ky has to be reasonable and applicable. Ky is calculated in as
equation 4.38 in regard to selected conductors cross-section, number of paralleled

conductor NPCypri, NPCsec and turns number. Ky is obtained obtained as 0.69.

Ky Wy = Npri ) NPCpri 'Awp + Nsec " NPCec * Ays (4.38)

Area product A is another critical parameter to select a suitable magnetic core. The
power handling capability of the core is associated with Ap. W5 is the window area of
the core, which is 194.832 mm?. Ac is an effective magnetic cross-section area of the
core, which is 201 mm?. A, value of the core is calculated as in equation 4.39. Required
Ap value is also calculated in equation 4.40 regarding to converter. Vi is the voltage
at the primary side of transformer, and Vs is the voltage at the secondary side of the
transformer. Ky is the waveform factor, and its value is 4 for square of the waveform.
The results of equation 4.39 and equation 4.40 are 3.917 cm* and 3.67 cm?,

respectively.

4, =4, W, (4.39)
A = Vpri -10* . ITR—pri,rms
P Kf " Ky " Bsat 'fsw ]pri (4 40)
Vsec - 10* ) ITR—sec,rms .

+
Kf Ky " Bsat 'fsw Jsec
Resistance of winding for both primary Rpri and secondary Rsec side is calculated as in
equation 4.41 and equation 4.42, respectively. Windings material is copper.

The resistivity of copper p is 1.72x10® Qm as mentioned before. The mean length per
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turn is 75.4 mm. lpri is the length of each primary winding and lsec is the length of each
secondary winding.

Rypi = 20 (441)
wp
-1

Ryee =2 Y. (4.42)
ws

Rpri and Rsec are obtained as 5.42 mQ and 0.78 mQ, respectively. Since there are two
parallel primary winding and six parallel secondary winding, the equivalent Ryri iS
2.71 mQ, and the equivalent Rsec is 0.13 mQ.

Copper losses of primary side Pcon-pri and secondary side Pcon-sec are calculated in
equation 4.43 and equation 4.44, respectively. Rprieq iS the equivalent value of Rpri, and
Rprisec IS the equivalent value of Rsec. Maximum Peon-pri and Peon-sec are obtained as
1.05 W and 3.2 W, respectively.

Pcon—pri = I’IZ"R—pri,rms ) Rpri—eq (4.43)

Boon—sec = ITZ"R—sec,rms ’ Rsec—eq (4-44)

Core loss Pcore is calculated in equation 4.45 and obtained as 6.624 W. Ve is the

effective core volume, which is 18.4 cm®. Temperature (Temp) is taken as 100 °C.

PCOT@

((0.00018 - Temp? — 0.0366 - Temp + 2.827)

106
(4.45)

£0.0827 - (fuu)'72 (Bm)z-“) v,

Lmag Of the transformer is calculated in equation 4.46 and obtained as 1.078 mH.
A value of the selected core is 5500 nH/N?,

Limag = AL " Npyi (4.46)

The leakage inductance of transformer L depends on winding construction and
manufacturer capability. This transformer winding structure, which is optimized by

the manufacturer, is shared in Figure 4.2. According to this structure, Lik is 1.8 puH.
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Figure 4.2 : Planar transformer winding structure.

Calculated windings size and selected core information are shared with the
manufacturer. The manufactured transformer is given in Figure 4.3. Primary and

secondary side winding are also shared in Figure 4.4.

Figure 4.3 : Manufactured planar transformer.

Figure 4.4 : Windings of planar transformer.

The primary side winding thickness is configured as 0.4 mm by the manufacturer. The
secondary side winding thickness is also configured as 0.5 mm because of the high
current at the secondary side. Primary side and secondary side resistance are measured

as 3.7 mQ and 0.2 mQ, respectively. Lmag is measured as 1.08 mH. Lk is measured as
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1.8 pH. The overall dimension of the transformer is 40.64x52.8x29.6 mm as
width x length x height.

4.2.2 Calculation and design of shim inductor

The shim inductor is an additional inductor to the leakage inductor of the transformer
for extending the ZVS range. It is important to implement and size this inductor to
converter, since there is limited space in the designed board. According to size
limitation and several calculations iterations, the shim inductor core is selected from
TDK EQ 20/6.3/14-N87.

The winding diameter is selected as 2 mm and consists of 260 pieces paralleled by a
0.1 mm litz wire. Since, this winding is common in the market and provides optimum
solution in terms of current carrying capability and winding utilization. Cross-section
of winding Aw-snim is calculated as 3.142 mm?. Moreover, the transformer primary side
current and shim inductor current Ishim can be considered as same when clamping diode
operation is neglected. The current densities of shim inductor Jshim is calculated

equation 4.47 and obtained as 6.25 A/mm?.

Lpi
Jshim = ——— (4.47)

Aw—shim

The number of turns N is calculated as in equation 4.48. Saturation flux density Bsat of
selected core is 390 mT, thus maximum flux density Bm is decided as 200 mT.
Alshim IS peak to peak value of the shim inductor current which can be considered as
same as the primary side of the transformer. Effective permeability p is 1520.
Magnetic path length MPL is 33.2 mm.

By, - MPL

N =
041~ AlS% e 10~4 (4'48)

N has to be 0.14 which is not applicable according to equation 4.45. If N is one at least,
Bm will be 1.37 T. Thus, air gap is needed to the shim inductor. EQ 20/6.3/14-N87

core has several air gapped options as finished product. A suitable and available option

is found in the core portfolio when N is three. Used equation to calculate the necessary
amount of gap lq as in equation 4.49. Effective magnetic cross-section Ae is 59.8 mm?.

Target shim inductance value Lshim is 1.5 pH. Calculated g is 0.45mm.
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_04-m-N2-4,-107°

(4.49)
Lshim

g

Effective permeability changes with adding air gap to the core. New effective

permeability pnew is calculated in equation 4.50 and obtained as 70.36.

il

Hnew =
z (4.50)
L+ a7pr

Moreover, A changes with adding air gap to core. New AL which is ALnew iS
calculated as equation 4.51 and obtained as 159.26 nH/N?. L, is permeability of air

whichis4xmtx 107,

1 _ lg 4 MPL
AL —new Ho Ae Mo H-Ae

(4.51)

Equation 4.52. is used to understand whether the target inductance value is achieved
with calculated Ar-new and N. Lshim is obtained as 1.44 uH which is slightly less than
the target according to calculation.

Lshim = Ap—new * N (4-52)

Furthermore, flux density has to be verified with pnew as in equation 4.53. Bm is

obtained as 190 mT.

0-4'”'N'AlsThim'.unew'1O_4
MPL

Ky is calculated in as equation 4.54 with consideration of selected conductor

(4.53)

cross-section and window area W, of the selected core. Wa is 21.074 mm?2. Ky is
obtained as 0.447.

K, W, =N-A, (4.54)

A, value of the core is calculated as equation 4.55. In addition, the required Ap value
is calculated as equation 4.56. Voltage over the shim inductor Vshim is 2 V which is
retrieved from the simulation. Ky is the waveform factor and its value is 4 for square
waveform. Result of equation 4.55 and equation 4.56 are 0.126 cm® 0.009 cm*

respectively.
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Ay = A, W, (4.55)

_ Vshim * Ishim 10*
P Kf Ky * Bsat * fsw * Jshim

The mean length turn (MLT) for each turn is 42.1 mm, total MLT which is indicated

A (4.56)

as lshim is 126.3 mm for 3 turns. Resistance of winding Rshim is calculated as in equation
4.57 and obtained as 0.69 mQ.
_ P Lsnim

Rshim - Aw (4-57)

Copper losses of winding Pcon-shim IS calculated as equation 4.58 and obtained as
0.27W.

Peon—shim = I?him " Rshim (4.58)

Core loss Pcore is calculated in equation 4.59 and obtained as 0.57 W. Ve is the effective
core volume which is 1500 mm?,
f 1.64
PCOTe = 0.036 - (1_(‘;3) . (10 . Bm)2.68 . Ve . 103 (459)
Calculated windings size and selected core information are shared with the
manufacturer. The manufactured shim inductor is given in Figure 4.5. Overall

dimension of the inductor is 20x20x12 mm as width x length x height.

Figure 4.5 : Manufactured shim inductor.

Winding is configured with 260 pieces paralleled 0.1mm litz wire by the manufacturer.
Winding resistance is measured as 1.01 mQ. Lshm Vvalue is measured as 1.51 pH.
Obtained inductance value is slightly higher than calculation because of AL value

tolerance.
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4.2.3 Calculation and design of output inductor

The output inductor is one of the main components because of the nature of the PSFB
converter. The secondary side is configured as CDR in this design; thus, two output
inductors are necessary. Output inductor current is quite high, this is the main
challenge of design. The current which flows over the output inductor is DC. Available
space on the board is limited, therefore core and winding sizing have to be evaluated
carefully. High current density and copper losses are expected, this means that cooling

of the designed board comes into prominence.

As a result of several calculations iterations, the output inductor core is selected from
Micrometals EQHF-265190124- 060.

The cross-section of winding Aw-Lout is sized as 9 mm?. According to this, the current
densities of the output inductor Jiou is calculated as equation 4.60 and obtained as
15.29 A/mm?.

ILO,RMS

(4.60)

Jrout =
Aw—Lout

The required number of turns N depends on the AL value to achieve the targeted
inductance value Loyt Which is 2.5 pH. AL changes with ampere X turns value which
can be seen in Figure 4.6. Detailed information could be found appendix A. After a
few iterations, targeted Lou is obtained when N is six. Ampere X turns is equal to 825
and AL is 70 nH/N?,

160

T T
Effective AL Value vs. DC Bias - EQHF-265190124-060

140 \
120
T
£ 100
> \\\
£
aw 80
=
] \
1]
< \\_\
40
20
4]
0 500 1,000 1,500

NI {ampere turns)

Figure 4.6 : Relation between AL and DC current.

DC magnetizing force H is calculated as in equation 4.61 and obtained as 162.24 Oe.
MPL is 6.39 cm. lorwms is calculated in Table 4.27.
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_ 0.4‘ T N " ILO,RMS

4.61
MPL (4.61)

Initial permeability p which is 60, is decreased with respect to H, since the selected
core is powder core. Equation which indicates the amount of decrease of i in 4.62.
The result of the calculation is 47.34% which means that new initial permeability pnew
is 47.34% of the y. Regarding this result, pnew is obtained as 28.4.

1

% = 4.62
Hh 0.01+2.64-1076-H164 ( )

AC flux density Bac which is generated by ripple current over DC current, is calculated
as equation 4.63. Al is calculated in Table 4.24. B, is obtained as 74 mT.

oAl 104

Bac = MPL
DC flux density Bqc which is generated by DC current, is calculated as equation 4.64.

Bgc is obtained as 461 mT.

r 0.4-m-N-IporMs " Hnew * 107*

4.64
MPL (4.64)

Bdc

Ky is calculated as equation 4.65 and obtained as 0.607. W, of the selected core is
88.9 mm?,

K, W, =N-A, (4.65)

A, value of the core and the required A, value are calculated as equation 4.66 and
equation 4.67 respectively. Ae is 1.20 cm?. ILomax iS given in Table 4.28. Bn is the
summation of Bac and Bgc. Results of calculations are 1.07 cm?, 1.07 cm® respectively.

These values show that the inductor design is the limit during worst-case operation.

Ay =A, W, (4.66)
_ Lout * ILomax *ILorMs " 10* (4.67)
P Ky B * Jrout

MLT for each turn is 5.39 cm. Total MLT which is indicated as I out is 32.34 cm for
six turns. Resistance of winding Riout is calculated as in equation 4.68 and obtained as
0.62 mQ.
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-1
Riout = i ALout (468)
w

Copper losses of winding Pcon-Lout IS calculated as equation 4.69 and obtained as
11.7 W.
Peon-Lout = Il%out *Rpout (4.69)

Core loss Peore is calculated in equation 4.70 and obtained as 4.39 W. Ve is 7.66 cm?.

Unit of By is gauss in this equation.

P — fSW
core \8.19 -108  7.4-10% 2.97-10°
B> B, 22 Byt

(4.70)

+3.59-10"% B, 2 f,,°% |-V,

Calculated windings size and selected core information are shared with the
manufacturer. The manufactured output inductor is given in Figure 4.7. Overall
dimension of the inductor is 26.5x25x22.5 mm as width x length x height.

Figure 4.7 : Manufactured output inductor.

Winding is configured with 4.5x2 mm copper conductor by the manufacturer. Winding

resistance is measured as 0.6 mQ. Loyt Value is measured as 2.56 pH.

4.3 Control Methods of PSFB with CDR Converter

Control of the power converters is as important as designing and selecting electronic
components. There are two main control methods which are voltage mode and control
mode control basically. The designer selects the proper control method according to
design requirements and converter type.
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Voltage mode control measures the output voltage that would like to be controlled and
compares this measurement with the reference voltage value. The error signal is
generated as a result of this comparison. The voltage mode controller generates a
control reference signal from the error signal. Then, control signal is obtained with the

comparison between this control reference signal and the generated sawtooth signal.

Voltage mode control has a single control loop. Thus design, analysis, and
implementation are simpler than the current mode control method. In additional,
response time is slower than the current mode control method. The block diagram of

voltage mode control is shown in Figure 4.8.

Controller

Ramp
Genetator

Vref r

PWM Signal

Converter

i

Figure 4.8 : The block diagram of voltage mode control.

Another control method is current mode control. On the contrary of voltage mode
control, the duty cycle is controlled with measured current. There are two control
loops, which are voltage mode control loop as the outer loop and the current mode
control loop as the inner loop. Current mode control is faster than voltage mode
control. This means that the outer loop bandwidth is smaller than the inner loop
bandwidth. With the help of a higher bandwidth of peak current mode control, the
bandwidth of the voltage loop can be increased to use bandwidth efficiently and have
a faster controller. However, the controller is more sensitive to noise at that condition.
This problem is solved by adding an additional digital filter and averaging the
monitored signals in this thesis.

Moreover, current mode control is divided into two, one of them is average current
mode control and the other one is the peak current mode control. Peak current mode
control monitors the peak current value of the inductor, and average current control
mode monitors the average value of the controlled current [47]. Block diagrams of the
average current mode control and the peak current mode (PCMC) are shown in

Figure 4.9 and Figure 4.10, respectively.
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2| Converter
- Controller Controller
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Figure 4.9 : The block diagram of average current mode control.

Vief + error leontrol ¥
Voltage Loop | Tcontrol ™\ PWM Signal
. Controller R Converter

Vmeas Imeas

Slope Compensation

Figure 4.10 : The block diagram of peak current mode control.

In this thesis, PCMC is selected as the control method. First of all, peak current mode
control can provide cycle-by-cycle current protection, which is a very useful feature.
However, sub-harmonic oscillation and instability occur when the duty cycle exceeds
50%. Thus, slope compensation has to be implemented to prevent problem. Slope
compensation can also be added if the duty cycle is less than 50% to ensure better

noise immunity [47].

One of the main advantages of PSFB converters is the operation in the 1% and 3™
quadrants of the BH curve [48]. An important point is that the transformer has to
achieve a volt-second balanced operation to avoid core saturation and current runaway
[49]. There are several reasons for the current offset in the transformer, which causes
core instability. Nonequal conduction resistance between power switches, gate drivers,
and PCB design are the main reasons [48].

The conventional solution to this imbalance problem is adding a blocking capacitor to
eliminate the DC component of the current. However, this solution is unreasonable for
a high-power converter, since it is hard to find a capacitor that can satisfy the required
rating. Furthermore, this kind of capacitor brings additional cost and lower efficiency
[48, 49]. As a result of the pros and cons evaluation, PCMC control is a better option

to solve the current balancing problem.
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4.3.1 PCMC implementation

PCMC is digitally implemented to PSFB with a CDR converter. It is essential to
generate precise timed PWM waveforms. TMS320F280048 is selected from the
C2000 family of Texas Instruments. The selected microcontroller has a 32-bit central
processing unit (CPU), 256 KB flash memory, and several peripherals on the chip,
which are an analog comparator (CMPSS), digital-to-analog converter (DAC), PWM
modules, 12-bit analog-to-digital converter (ADC) basically.

Sensed current from the primary side, which is HV current, by a current transformer
and output voltage by voltage divider resistor is connected to the ADC pins of the
microcontroller. The sensed output voltage value is compared with the set value and
the output of this comparison is used in current mode controller. The generated error
signal is combined with the slope compensation signal, which is generated in the
microcontroller. Slope value has to ensure stability. If the slope is high, the duty cycle
will be limited; if the slope is low, sub-harmonic oscillation might occur. The produced
control reference signal with slope compensation is connected to the DAC module
within the microcontroller. The newly formed analog signal from the digital signal is
compared with the sensed primary side current in the CMPSS module. Then, a reset
signal is generated when the sensed current signal reaches the control reference signal.
After determining deadtime, a set signal is generated for other switches at the same
leg. These set and reset signals are processed into the PWM module for PWM
generation [50, 51]. The software block diagram for PCMC is given to help visualize
and better understand in Figure 4.11.

(100kHz)

r[PSFE_vmmmand_Sﬂ_pu Seee DB RED — —ePWM1A
CMPSS + Slope Comp p— —» cPWM1B
e CMPSS_setMaxRampValu [ =Mz
N _T s \ el IBe Y epwmzB
OEUTT A » W
R E— e our® | M > ePWzA
 100kHz 00kHz (e g - L5 ePuM3B
L CMPSS_H H
W > ePWM4A
—» =PWM4B

100kHz

ADC Feading

I PSFB_vLVBus_sensed pu qu_rl‘ ADC_FU_SCALING | "‘DE_ — WLV FB

Figure 4.11 : The block diagram of software implementation for PCMC [50].

All these ADC conversions, control loop process, and PWM generation have to be

completed within the selected interrupt time, which is 100 kHz in this thesis. Deadtime
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is selected as 100 ns. Thus PWM on time is 4.9 ps for each primary side switches. The
power transfer interval is ended by leading leg switches. This means that the set and
reset signals which are generated by the CMPSS module affect the leading leg
switches. PWM of secondary side switches are also generated regarding to primary
side switch state. The correlation of all these signals is given in Figure 4.12. Switch

names are referred to Figure 3.11.

[
83 eset |
; T
Seth,

sS4 I ) Deadband2 ’
L | ; I
SR1 ' 1R ' I
I'u || 1 MI
5R2 \ [
]

Peak Reference Cur

I‘-, |
re\u\ '
. I !

Primary
Current

Transformer
Primary
Voltage

Figure 4.12 : Correlation PMW generation for PCMC.

The main advantage of PCMC is that it provides flux balancing. Therefore, the
important point is ensuring the same peak reference current for both halves of the

switching cycle during controller implementation.

4.3.2 Small signal analysis and transfer function

PSFB with CDR converter has ZVS feature, since high switching frequency operation
is suitable. Reliable and high-frequency operation requires a suitable controller. It is
important to properly obtain a small-signal model to observe open-loop and

closed-loop behavior.

There are some challenges to model PSFB with a CDR converter for PCMC. One of
them is having the CDR stage, since there are two current loops at the seconder side.
This causes the cross-coupling issue for PCMC. Another difficulty is sensing the
primary side current two times of switching frequency. This requirement makes it
mandatory to use a higher bandwidth current sensor. In this design, the current

transformer is selected with a high bandwidth feature [52].
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It is important to evaluate the operating states of the converter when a linearized
small-signal model is obtained. The open loop transfer function is derived from this
obtained model. The small-signal equivalent circuit model is given in Figure 4.13.
Power switches are modeled as a three-port network model. Reeq is equivalent
resistance due to the duty cycle loss operation and the conduction loss of the output
inductors. Rgeq depends on the transformer turns ratio (Ns/Np), leakage inductance and
shim inductance, if exists, L, switching frequency fsw, and the output inductor
resistance Ri. Leq is the half of the inductance of the output inductor, C is the
capacitance of the output capacitor, Rc is the ESR of the output capacitor, and R is the
resistance of the load.

Ia a Rdeq Ip Leq
T - AVAYAY * YTV
Vi Raeqlp?/Vac l C
in | : & ~a
" f *)DVacN/2 T = Vo (D Tout
Di,N/2 E \ Re
C

Figure 4.13 : The small-signal equivalent circuit model of PSFB with CDR
converter.

R
Raeq =2 N? Ly " fo + 7L (4.71)

The small-signal model of the CDR side for PCMC has to be considered as two
paralleled buck converters. Inductors current peak values are controlled separately by
the controller. A small-signal model of PSFB with CDR converter is given in Figure

4.14. D1 and D> are suppositional duty ratios of the parallel connected buck converters.

2Rdeq It Li 2Rgeq [ L2
AV VY AV ~ Y
LC
+NH = N +
-)D1VinN R =R DaVinN -
x}: c

Figure 4.14 : The small-signal equivalent circuit model of PSFB with CDR
converter for PCMC.

According to obtained small-signal models of PSFB with CDR converter, open-loop

transfer functions have been derived. The equivalent impedance (Zeq) is calculated
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with the output DC-link capacitor and the load resistor in equation 4.72. Control to
output voltage (Gvd), control to output inductor current (Gig), line feed-through (Gyg),
and the output impedance (Zout) transfer functions are derived as in equation 4.73,
equation 4.74, equation 4.75, and equation 4.76, respectively.

_ (R*R¢-O)s+R
" (R*C+R,-Os+1 (4.72)

1
Zeq = RI (RC +§>
i, (s) _ NVac

Gig(s) = =
@« =56 2(Raeq + Leqs + Zeg)

(4.73)

B NV,.[(RC + R.C)s + 1]
2LegC(R + R.)s% + 2(RgeqRC + RyoqR:C + Log + RR.C)s + 2(R + Ryeq)

Vo(s) NVaeZeq
D(s)  2(Rgeq + LeqS + Zeq)

Gpa(s) = (4.74)
NV,.(RR.Cs + R)

R.Rgeq + RRyeq + RR, " l) . (R + Raeq)
Leg C LoqC

2LeqC l(R + R.)s? + (

Vo (s) _ NDDCZeq
Vin(s)  2(Raeq + LeqS + Zeq)

Gy (s) = (4.75)
NDpc(RR.Cs + R)

R.Rgeq + RRyeq + RR, N 1) - (R + Raeq)
L C LoqC

2LeyC [(R +R.)s? + (

eq

/A
Zout(s) = It% = Zeq I (Leqs + Rdeq) (4.76)

RR:CLyS? + (RgeqRR:C + RLeg)s + RRyeq

R.R4j.; + RR4.; + RR R+ R
b [ 4 ps + (e a1 88 1), (B R
eq eq

V4 IS considered as equal to Vin for Gyg calculation. The output current disturbance
Tout is ignored for all transfer function calculations. Equivalent series resistance (ESR)
of the output capacitor Rc is neglected, since its value is relatively small when

compared with load resistor R. As a result of this ignoration, Gid, Gvd, Gvg, and Zout are
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simplified as in equation 4.77, equation 4.78, equation 4.79, and equation 4.80

respectively.

i,(s)
Gig(s) =
_ NV,.(RCs + 1) (4.77)
- Rde +R 1 1 Rd
2 _deq = "¢, —_ €q
2LeqCR [s +( L., +RC)S+LeqC<1+ R )]
Vo(s)
Gvd(s) - D(S)
_ NV,.(R.Cs + 1) (4.78)
- Rieq + R 1 1 Ry
2 _deq = "¢, - —_— eq
2LogC |52+ ( 7 +Rc)s+LeqC(1+ )]
Vo(s)
Gyg(s) =
d Vin(s)
h NDpc(R.Cs + 1) (4.79)
- Rgeq + R: 1 1 R4
2 _aeq ¢, -~ _ =2 eq
2LeqC[s +< i +RC>S+LeqC<1+ R )]
Vo(s)
Z s) =
out( ) Iout(S)
_ R.CLogs? + (RaeqRR.C + Log)s + Ryeq (4.80)
- Rgeq + R 1 1 Ry
2 _deq "¢, -~ —_— eq
LeqC[s +( i +Rc)s+LeqC(1+ 4 )]

Gig transfer function cannot be used for PCMC, since the two paralleled buck converter
structure behavior of CDR. Another additional transfer function, which is the control
to output inductor current (Gio), derived from Figure 4.14. According to the small-
signal equivalent circuit model in Figure 4.14, the controlled voltage source D1VinN
has an effect on the currents in both output inductors, which are named as L1 and Lo.
Similarly, D2VinN has the same influence. This means that two transfer functions are
derived for each control variables, D; and D,. One of them is named as the forward
gain transfer function, which is the ratio between iL1(s) and D1(s), iL2(s) and Dx(s).
Another one is named as the cross-coupled transfer function, which is the ratio between
iL1(s) and Da(s) or iL2(s) and Di(s). The forward gain and crossed-coupled transfer

functions are calculated as in equation 4.81 and equation 4.82, respectively. Re; and
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Rez, which are used as parameters in calculations, as in equation 4.83 and equation
4.84.

Gira1(s) = ll;i% = Gi22(8) = ;zgg

NViy (LCs? + (% +Re2C)s +1) (4.81)
o R
2L (s + ‘ieq) (%52 + (Rez—lc+%)s + 1)
_ i11(s) _ _ i12(s)
Gir12(s) = D,(s) = Gi1(s) = D,(s)
_ NV, (R.Cs + 1) (4.82)
R
2L (s + ‘ieq) (%52 + (Rele + %) s+ 1)
Re1 = Rgeq + 2R, (4.83)
Rez = Rgeq + R (4.84)

Relying on the obtained open-loop transfer functions, Gud, GiL11, GiL12, GiL22 and GiL21
the closed-loop control model for PCMC of the PSFB with CDR converter is acquired
as in Figure 4.15. Gg; is the slope compensator, which is essential to ensure stability;
Ri and Ry are the current sensor and voltage sensor gains, respectively. K is the

microcontroller’s PWM-channel comparator gain.

D,
G LA e
'Ri Gi|_21 GiL11
Iy 5
Vo * I V.
Yo e e [ g o e E—{ 12—
- 2
I2
R Giz2| |GiL1z
\ el
%éﬁ K DZ vd

R,

Figure 4.15 : The closed-loop control model for PCMC of the PSFB with CDR
converter.
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4.3.3 PCMC design for PSFB with CDR converter

According to the calculated transfer function (TF) in the previous section, blocks of
TF are implemented to MATLAB/Simulink as given in Figure 4.18. Two different
steps as input and scaled output voltage, as the response of step change can be seen in

Figure 4.16 and Figure 4.17, respectively.
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Figure 4.16 : Applied step input signal as reference input.
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Figure 4.17 : Step response of open loop operation.
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Figure 4.18 : Model of close loop transfer function PSFB with CDR converter in
MATLAB/Simulink.
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Bode diagram of open loop operation is shown in Figure 4.19.
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Figure 4.19 : Bode diagram of open loop operation.

Proportional-integral (P1)-type controller is selected to control the converter due to its
simple structure, ease of use, and suitable performance [47]. Compensator parameters
are found with the help of Simulink's response optimizer tool. Compensator
parameters are selected with consideration of settling time and overshoot behavior,
which can be observed in the response optimizer tool. As a result, these parameters,
which are proportional (Kp) and integral (Kj), are implemented as 0.002856 and
1031.58, respectively. The bode diagram of the close loop operation is shared in
Figure 4.20. Phase margin is 60° and the gain margin is 17.7dB.
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Figure 4.20 : Bode diagram of close loop operation.
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The scaled output voltage response regarding step change with the designed controller
can be seen in Figure 4.21. The output can able to follow the input step, which is

considered as a reference to the output.
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Figure 4.21 : Step response of close loop operation.
The mentioned Kp and K values are in the s-domain. The transformation from the
s-domain to the z-domain is necessary since the microcontroller is used to control the
converter. There are several types of transformation methods, which are Forward

Euler, Backward Euler, and Trapezoidal methods (Bilinear or Tustin transformation).

The transformation map for each method is given in Table 4.36. Ts is switching period.

Table 4.36 : Transformation map from s-domain to z-domain [53].

Transformation Methods Transformation
s-domain to z-domain
Forward Euler _z—1
S = TS
Backward Euler z—1
S =
Ts-z
Trapezoidal/Bilinear/Tustin _ 2 z-1
S ACES

The Tustin method is selected in this controller transformation. Regarding the Tustin

method transformation, controller transfer function H(z) in the z-domain is obtained.

4.4 Simulation Circuit and Simulation Results

Simulation is an essential step in designing the converter before the implementation.
Well-modeled simulation provides accurate information about the converter behavior.
Each component has to be modeled as closely as possible to real components to have
real-like results. In this chapter, PSFB with CDR converter is simulated with real
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component models, which are obtained from the manufacturer in LTspice. Simulation

results are observed for different output load currents.

4.4.1 Modelling of PSFB with CDR converter

Detailed design calculations and information on selected components are shared in the
previous chapter. In this chapter, a simulation model of the converter is designed with
selected component and their calculated values. PSFB with CDR converter simulated

in LTspice.

It is important to implement accurate component models to obtain more accurate
results. One of the main advantages of LTspice is that it enables the usage of real
component models which are generated by the manufacturer. Model of primary and
secondary side switches, clamping diodes, input and output DC-link capacitors,
transient voltage suppressor (TVS) at the secondary side, and gate drivers are
implemented as real models to simulation. Switches models are selected as level 1,
which has the transient behavior effect of MOSFET. This is important to observe
switching losses, especially [54]. Other selected and manufactured critical magnetic
components are modeled according to their datasheets. HV battery is modeled as DC
supply; a load of LV battery side is modeled as a resistive load. Simulation is designed
as open mode; thus, the duty cycle is controlled manually according to the analytically
calculated duty cycle. The simulation diagram, which is generated in LTspice, is seen
in Figure 4.22.

Simulation results are given at nominal operating condition for different load current
values. Nominal operating conditions in terms of voltage values are that input voltage
as 400 V, output voltage as 12 V. Maximum power rating is 3 KW as mentioned in the

previous chapter, yet simulation results are shared for different output current ratings.

Both voltage and current waveforms of the transformer, output load, leading and
lagging leg switch are given. In addition, current waveforms of shim inductor, output
inductors, and clamping diodes are shared. Clamping diode effects are observed in

terms of voltage waveforms and efficiency.
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4.4.2 Simulation results at different load

It is important to have information about the behavior, performance, and waveform of
the converter with changing loads. Several simulations are given to see and evaluate
the performance of the converter at different load conditions. Input voltage is 400 V,
and output voltage is 12 V for all simulations. Related waveforms are shared in the

following sections.

4.4.2.1 Simulation results at 50 A load current

The simulation results of the operation with a 50 A load have been shared. Transformer
voltage and current waveforms for both the primary and secondary sides can be seen
in Figure 4.23. It can be seen that the duty cycle loss mode, which is the secondary
side voltage is 0 V, however primary side voltage is not. Moreover, this interval can
be detected with a change in the primary side current direction. There is an oscillation
at primary side voltage during the duty cycle loss time, since resonation between
primary side inductance and parasitic capacitor of primary side switches.

480V- V(T_pri) 100V. V(T_sec)
240V- ' { 50V }* r‘-‘]
ov. \_| nm F_l . ov.
aand )] 1 s - 1
-480V- - -100V- r
20A (T_pri) 120A I(T_sec)
10A | { 60A- )
0A y _‘}ﬂ»/ ")\r \__‘)ﬂ/_”\ 0A - - -
-10A- B b ! i o P l'f\— hete 1'[\\4
-20A : T -120A: . .
Ops 4us 8us 12us 16us 20us  24ps  28us Ous 4us 8us 12us  16ps  20pus  24ps  28ps

Figure 4.23 : Transformer primary and secondary side voltage V1 pri, V1 _sec and
current waveforms It pri, I sec at 50 A load current.

Output inductors current, output load current and voltage waveforms are shown in
Figure 4.24.
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Figure 4.24 : Output load current lout and voltage Vou, output inductors current 101,
ILo2 at 50 A load current.

Another critical issue is to achieve ZVS condition. The current waveform of clamping
diode Dc1, voltage and current waveforms of Sz, which is the lagging leg switch, and
Sa, which is the leading leg switch, are given in Figure 4.25. Moreover, it can be
noticed that the current waveform of leading leg and lagging leg are different from
each other because of the clamping diode operation.
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- ]
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6A-] {\A j\]\
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N m—J H—d T
L T T T
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Figure 4.25 : Primary side switch S1 and S4 voltage Vps s1, Vbs_s4 and current Isz,
Iss waveform; clamping diode Dc1 current waveform Ipc: at 50 A load current.
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Voltage and current waveform which belong to the secondary side switch Ssr1 shown
in Figure 4.26.
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Figure 4.26 : VVoltage Vps_sr1 and current Isry waveform of secondary side switch
Ssri1 at 50 A load current.

A zoomed view of waveforms that belong to S; and S4 and their PWM waveforms are
also given for better observation of ZVS event in Figure 4.27.
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Figure 4.27 : ZVS event of primary side switches S; and S at 50 A load current.

It can be seen that ZVS is achieved both leading and lagging leg switch. However,
there is a peak at the Vps_s1 because of fixed deadtime which is 100 ns. Solution of

this issue is to apply adaptive deadtime, which changes regarding to load current.

Efficiency is calculated as 82.56%.
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4.4.2.2 Simulation results at 100 A load current

The simulation results of the operation with a 100 A load have been shared.

Transformer voltage and current waveforms for both the primary and secondary sides

can be seen in Figure 4.28. Duty cycle loss mode can be observed when the primary

side current direction changes.

V(T_pri) OV V(T_sec)
480V- 100V
2a0v-f | l‘ | | sovf—- }— L_‘\_
oV- 0V ’—J \ﬁ {—
-240V- ‘I l |1 -50V- - ]
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10A 1 e L F e
s —7[ {\/ '—“ “\ 50A—- L\ - L - L\
A e [ v— ~——— -50a { { {
-20A : T T -150A- :
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Figure 4.28 : Transformer primary and secondary side voltage V1 _pri, VT _sec and
current waveforms It pri, It sec at 100 A load current.

Output inductors current, output load current and voltage waveforms are shown in

Figure 4.29.
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Figure 4.29 : Output load current lout and voltage Vou, output inductors current 101,
ILo2 at 100 A load current.

The current waveform of clamping diode D1, voltage and current waveforms of Sy,

which is the lagging leg switch, and Sa, which is the leading leg switch, are given in

Figure 4.30. In addition, the voltage and current waveform, which belong to the

secondary side switch Ssri are also shared in Figure 4.31.
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Figure 4.30 : Primary side switch S1 and S4 voltage Vbs_s1, Vbs_s4 and current Iss,
Iss waveform; clamping diode D¢; current waveform Ipc; at 100 A load current.
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Figure 4.31 : Voltage Vbs_sr1 and current Isr1 waveform of secondary side switch
Ssri at 100 A load current.

A zoomed view of waveforms that belong to S: and S4 and their PWM waveforms are

also given for better observation of the ZVS event in Figure 4.32.
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Figure 4.32 : ZVS event of primary side switches S1 and Ss at 100 A load current.
It can be seen that ZVS is achieved both leading and lagging leg switch.

Efficiency is calculated as 92.42%.

4.4.2.3 Simulation results at 150 A load current

The simulation results of the operation with a 150 A load have been shared.
Transformer voltage and current waveforms for both the primary and secondary sides
can be seen in Figure 4.33. Duty cycle loss mode can be observed when the primary

side current direction changes.

480v V(T_pri) 100V. VIT sec)
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Figure 4.33 : Transformer primary and secondary side voltage V1 _pri, VT _sec and
current waveforms It pri, It sec at 150 A load current.

Output inductors current, output load current, and voltage waveforms are shown in
Figure 4.34.
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Figure 4.34 : Output load current lout and voltage Vou, output inductors current 101,
ILo2 at 150 A load current.

The current waveform of clamping diode Dc1, voltage and current waveforms of Sy,

which is the lagging leg switch and S4, which is the leading leg switch, are given in

Figure 4.35. Additionally, the voltage and current waveform, which belong to the

secondary side switch Ssr1 is also shared in Figure 4.36.
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Figure 4.35 : Primary side switch S1 and S4 voltage Vs s1, Vbs_s4 and current sy,
Iss waveform; clamping diode D¢; current waveform Ipc; at 150 A load current.
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Figure 4.36 : VVoltage Vps_sr1 and current Isry waveform of secondary side switch
Ssri at 150 A load current.

Zoomed view of waveforms that belong to S: and S4 and their PWM waveforms are

also given for better observation of the ZVS event in Figure 4.37.
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Figure 4.37 : ZVS event of primary side switches S1 and S4 at 150 A load current.
It can be seen that ZVS is achieved both leading and lagging leg switch.

Efficiency is calculated as 95.54%.

4.4.2.4 Simulation results at 200 A load current

The simulation results of the operation with a 200 A load have been shared.

Transformer voltage and current waveforms for both the primary and secondary side
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can be seen in Figure 4.38. Duty cycle loss mode can be observed when the primary

side current direction changes.
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Figure 4.38 : Transformer primary and secondary side voltage VT pri, VT _sec and
current waveforms It pri, I _sec at 200 A load current.

Output inductors current, output load current and voltage waveforms are shown in

Figure 4.39.

100A
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Figure 4.39 : Output load current lout and voltage Vou, output inductors current lio1,

ILo2 at 200 A load current.

The current waveform of clamping diode D1, voltage and current waveforms of Sy,

which is the lagging leg switch and S4, which is the leading leg switch, are given in

Figure 4.40. Additionally, the voltage and current waveform, which belong to the

secondary side switch Ssri are also shared in Figure 4.41.
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Figure 4.40 : Primary side switch S1 and S4 voltage Vps s1, Vbs_ss and current sz,
Iss waveform; clamping diode D¢; current waveform Ipci at 200 A load current.
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Figure 4.41 : Voltage Vps_sr1 and current Isr: waveform of secondary side switch
Ssr1 at 200 A load current.

A zoomed view of waveforms that belong to S; and S4 and their PWM waveforms are

also given for better observation of the ZVS event in Figure 4.42.
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Figure 4.42 : ZVS event of primary side switches S and S4 at 200 A load current.
It can be seen that ZVS is achieved both leading and lagging leg switch.

Efficiency is calculated as 96.59%.

4.4.2.5 Simulation results at 250 A load current

The simulation results of the operation with a 250 A load have been shared.
Transformer voltage and current waveforms for both the primary and secondary sides
can be seen in Figure 4.43. Duty cycle loss mode can be observed when the primary

side current direction changes.
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Figure 4.43 : Transformer primary and secondary side voltage VT pri, VT _sec and
current waveforms It _pri, I7_sec at 250 A load current.

Output inductors current, output load current and voltage waveforms are shown in
Figure 4.44.
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Figure 4.44 : Output load current lout and voltage Vou, output inductors current 101,
ILo2 at 250 A load current.

The current waveform of clamping diode Dc1, voltage and current waveforms of Sy,
which is the lagging leg switch and S4, which is the leading leg switch, are given in
Figure 4.45. Additionally, the voltage and current waveform which belong to the
secondary side switch Ssr1 are also shared in Figure 4.46.
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Figure 4.45 : Primary side switch S1 and S4 voltage Vps s1, Vbs_ss4 and current Isz,
Is4 waveform; clamping diode Dc; current waveform Ipc: at 250 A load current.
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Figure 4.46 : VVoltage Vps_sr1 and current Isr: waveform of secondary side switch

Ssr1 at 250 A load current.

A zoomed view of waveforms that belong to S; and S4 and their PWM waveforms are

also given for better observation of the ZVS event in Figure 4.47.
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Figure 4.47 : ZVS event of primary side switches S and S at 250 A load current.

It can be seen that ZVS is achieved both leading and lagging leg switch.

Efficiency is calculated as 96.54%.

4.4.3 Effect of clamping diodes

The clamping diodes eliminate the voltage overshoot at the primary side because of

output charge Qoss and body diode reverse recovery charge Qrn of secondary side
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switches. Moreover, the externally added inductor, which is a shim inductor to extend
the ZV'S operation range for the leading leg, contributes to this phenomenon. Due to
the action of the primary side clamping diodes, the stored energy in Lshim is recirculated
on the primary side of the converter. This stored energy does not contribute to the
secondary side commutation resonance. However, voltage overshoot because

transformer leakage inductance can not be clamped [55,56].

Voltage waveforms of the primary and the secondary side of transformer can be
observed at the operating condition, which is with and without clamping diode in
Figure 4.49. To better understanding of the plotted voltage waveform, measured
voltage nodes are indicated with the related color of waveforms in Figure 4.48.

It can be seen that the voltage overshoot generated by Lshim is clamped to supply
voltage. Peak voltage values between nodes, which are indicated with blue and
turquoise, are 530 V and 81.57 V, respectively while clamping diodes exist during the
operation at 400 V input voltage and 250 A load current. The transformer Lk
overshoot cannot be clamped as mentioned. These values are measured as 592 V and
84.57 V while clamping diodes do not exist. A higher voltage spike causes stress and

higher power loss over the primary side switches.

K1 T_pri T_sec1

LIk
Wy - -
700n ™
— SgC § 383
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h 4

Figure 4.48 : Measurement points of voltage waveforms of primary and secondary
side.
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Figure 4.49 : Voltage waveforms of primary and secondary side (left one with
clamping diode, right one without clamping diode).

Efficiency is another parameter affected by clamping diode usage.

Lshim provides additional energy to achieve ZVS for the lagging switches. Clamping
diodes provide the path for circulating current to have higher inductive energy, which
Is used during the turn-on time of lagging leg switches. Higher inductive energy
improves the ZVS ability for the light load operation [55,56]. This situation directly

affects the efficiency, as shown in Figure 4.50.
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Figure 4.50 : Efficiency for operating with and without clamping diodes.
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5. IMPLEMENTATION AND EXPERIMENTAL RESULTS OF PSFB WITH
CDR CONVERTER

General test setup information, experimental results, and several waveforms obtained
are given in this chapter. Detailed observations of leading and lagging switches, and
rectification side switches are shared. Voltage of transformer primary side and
secondary side, and primary side transformer current are evaluated. Moreover,
efficiencies are measured according to shared input, output voltage, and current. PSFB
with CDR converter is tested at nominal input and output voltage with changing load
currents, which are 50 A, 100 A, 150 A, 200 A, and 250 A.

As a result of the experimental results, efficiencies which are obtained from the

simulation and experiment are compared.

5.1 Hardware Implementation

PSFB with CDR converter consists of four discrete SiC top side cooled (TSC)
N-Channel MOSFET at the primary side. The secondary side of the converter is also
designed with four discrete Si TSC N-Channel MOSFETS, which two of them are
paralleled to each other. The connection of both side switches is shared in Figure 3.11.
TSC technology is state-of-the-art technology which is preferred to have better thermal
conductivity instead of the bottom side cooled (BSC) packaged switch. More reliable

and efficient operation can be achieved.

Application example of BSC approach on FR4 PCB, BSC approach on insulated metal
substrate (IMS) board and TSC approach with applied gap filler for D2PAK-7L
package are shared in Figure 5.1. Junction to case thermal resistances R j.c of each

configuration are given in Figure 5.2.

99



a) b) €)

Figure 5.1 : Application of a) BSC approach on FR4 PCB, b) BSC approach on IMS
board and c) TSC approach with applied gap filler for D2PAK-7L package [57].
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Figure 5.2 : Rthj.c of BSC approach on FR4 PCB, BSC approach on IMS board and
TSC approach with applied gap filler for D2PAK-7L package [57].

Two dual-channel isolated gate drivers are used for the primary side switches; one is
used for the secondary side switches. The primary side gate driver voltage is between
+15 V and -5 V to prevent self-turn-on phenomena. The secondary side gate driver
voltage is between +10 V and 0 V. Supply voltages of gate driver circuits are generated

with a half-bridge converter internally.

PCMC, which is a control method of the converter, is executed by a microcontroller.
The current at the primary side is sensed with the current transformer. The sensed
signal is measured and evaluated by the microcontroller. Furthermore, input and output
voltage are also sensed and evaluated by the microcontroller. These measurement

signals are used for both the control loop and protection.

Routing of the high di/dt path is especially designed carefully to prevent unexpected
voltage spikes and oscillations. The placement of the transformer, magnetics and also

switches is decided with considering this.

All magnetics and switches are cooled with a liquid-cooled plate which is given in

Figure 5.3.
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Figure 5.3 : Liquid cooled plate.

Designed and implemented PSFB with CDR converter is given in Figure 5.4. Main
parts of the design are indicated with numbers. One is the input DC-link capacitor; two
is the primary side switch; three is the shim inductor; four is the planar transformer;
five is the seconder side switch; six is the output inductor; seven is the gate driver;
eight is the gate driver supply; nine is microcontroller; 10 is a current transformer;

11 is output DC-link capacitor.

Power density of the converter is 1.87 KW/L.

Figure 5.4 : Designed and implemented PSFB with CDR converter.
5.2 Experimental Results

Several equipments that are used to test PSFB with a CDR converter are necessary.
First of all, HV power supply is needed to emulate the HV battery. Electronic load is

used as an output load and LV battery. LV power supply is used to provide an internal
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12 V supply which will be converted to different voltage levels. Joint test action group
(JTAG) board is required to flash the code to the microcontroller in the PCB.
An oscilloscope is another main equipment for observation of the converter's

waveforms. The setup view with all essential devices is shared in Figure 5.5.

I

Electronic Load

o I

u

Oscilloscope

JTAG Board

&y

Implemented PCB

Figure 5.5 : Setup view for PSFB with CDR converter.

Designed board is tested at nominal input voltage as 400 V, nominal output voltage as
12 V, and different load currents, which are 50 A, 100 A, 150 A, 200 A, and 250 A.
The converter is tested at maximum operating power rating as 3 kW when the load
current is 250 A.

PWM waveforms are considerably critical for the proper operation of PSFB with a
CDR converter. The correlation of PWM waveforms with each other is explained in
detail in chapter 3.2.2. Obtained PWM waveforms for both primary and secondary side
switches from the oscilloscope are given in Figure 5.6. The amount of phase shift
changes according to operating conditions to reach the required output voltage and

current.
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Figure 5.6 : PWM waveforms of Sy in red, Sz in blue, Sz in green, Sa in purple, Ssr1
in turquoise, Ssr2 in black.

Several waveforms are observed at each operating point. Drain to source voltage Vps
waveforms with related switch gate signals Vs are observed for Si, which is one of
the leading leg switches, and Sa, which is one of the lagging leg switches. The same
waveforms are also monitored for Ssr1, which is one of the secondary switches. These
waveforms make it possible to evaluate the soft switching behavior of switches.

Moreover, transformer primary and secondary side voltage and primary side current
waveforms are observed. Input voltage and current, output voltage and current
waveforms which are obtained from the test, are shared. Efficiencies are calculated at

each operating point.

Detailed waveforms of output voltage and duty cycle loss phenomena are observed at
250 A output load.

All waveforms are drawn in MATLAB with obtained data sets from the oscilloscope.

5.2.1 Experimental results at 50 A load current

The experimental results which indicate the performance of designed and implemented

PSFB with CDR converter, are shared for 50 A load current operation.
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First of all, Vps waveforms with Vgs of S; are shared in Figure 5.7. Zoomed
waveforms of Vps and Ves can be seen in Figure 5.8 during the turn-on transition.
It can be observed that ZVS cannot be achieve 50 A load current, yet. However, S;
starts to conduction when Vps is less than half of the input voltage. This situation also

leads to improvement the switching loss.
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Figure 5.7 : Vps in green and Vs in red of leading leg switch S; at 50 A load
current.
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Figure 5.8 : Zoomed view of Vps in green and Vgs in red of leading leg switch S;
at 50 A load current during turn-on.

As same as the S1, Vps waveforms with Ves of S4 are shared in Figure 5.9. Zoomed
waveforms of Vps and Vgs can be seen during the turn-on transition in Figure 5.10.
It can be observed that ZVS can be achieve 50 A load current. Since, lagging leg
switches can achieve the ZVS even at light load conditions, on the contrary of leading

leg switches.
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Spikes which are at the Vps, happen at the end of the power transfer and freewheeling
operating periods.
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Figure 5.9 : Vps in green and Vgs in red of lagging leg switch S4 at 50 A load
current.
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Figure 5.10 : Zoomed view of Vps in green and Vs in red of lagging leg switch S4
at 50 A load current during turn-on.

Vs waveforms with Vs of Ssri are shared in Figure 5.11. Zoomed waveforms of Vps
and Vgs can be seen during the turn-off transition in Figure 5.12. It can be observed
that ZCS can be achieve. The body diode of Ssri starts to conduct after Ves is low

because of the duty cycle loss operation mode.

The reason of the spikes which are at the Vps, is the resonation between transformer

leakage inductance and output capacitance of the secondary side switch.
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Figure 5.11 : Vps in green and Ves in red of Ssr1 at 50 A load current.
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Figure 5.12 : Zoomed view of Vps in green and Vs in red of Ssr: at 50 A load
current during turn-off.

Transformer primary Vpri and secondary side voltage Vsec waveform, and primary side
current lyi are shared in Figure 5.13. It is important to achieve zero mean for the
current to prevent the saturation of the transformer. PCMC becomes prominent

according to this requirement. It is observed that PCMC works properly.

106



= (. T l
=L 2501 A
> _500 | I | |
5 10 15 20 25 30 35 40
25 T T T T
_ 125F .
T T S e S e G N
L1251 !
225 I I I |
0 5 10 15 20 25 30 35 40
Time [pus]

Figure 5.13 : Vi in red, Vsec in green and lpri in blue at 50 A load current.

Waveforms of input voltage Vi and current li, are given in Figure 5.14. Vi, is measured
as 398.6 V since a regulation error of power supply and current lin is measured as

1.685 A from the oscilloscope.

Waveforms of output voltage Vout and current loy: are given in Figure 5.15. Vo is
measured as 12.3 V because of controller and measurement circuits error of power

supply and current loyt Is measured as 47.57 A from the oscilloscope.

According to this measurement, efficiency is calculated as 87.12% for this operating

condition.
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Figure 5.14 : Vin in red and i, in blue at 50 A load current.
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Figure 5.15 : Vout in red and loue in blue at 50 A load current.
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5.2.2 Experimental results at 100 A load current

The experimental results of designed and implemented PSFB with CDR converter, are

shared for 100 A load current operation.

Initially, Vps waveforms with Vgs of Sy are shared in Figure 5.16. Zoomed waveforms
of Vs and Vs can be seen during turn-on transition in Figure 5.17. It can be observed
that ZVS starts at 100 A load current. A slight voltage spike can be seen in at Vps
during turn-on. The reason of this is that PSFB with CDR converter is required to
change deadtime with changing load current. Deadtime is 100 ns and fixed in this
converter. Because of the safety reason, deadtime is not decreased less than 100 ns in
this study. Because of this non-adaptive deadtime, oscillation occurs between primary

side leakage inductances and output capacitance of switches [38].
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Figure 5.16 : Vps in green and Vs in red of leading leg switch S; at 100 A load

current.
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Figure 5.17 : Zoomed view of Vps in green and Vs in red of leading leg switch S;
at 100 A load current during turn-on.
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Vps waveforms with Vgs of Ss are shared in Figure 5.18. Zoomed waveforms of Vps
and Vgs can be seen during the turn-on transition in Figure 5.19. It can be observed
that ZVS can be achieve 100 A load current. The reason of spikes which are at the

Vps, is explained previously.
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Figure 5.18 : Vps in green and Vs in red of lagging leg switch S4 at 100 A load
current.
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Figure 5.19 : Zoomed view of Vps in green and Vs in red of lagging leg switch S4
at 100 A load current during turn-on.

Vps waveforms with Vs of Ssri are shared in Figure 5.20. Zoomed waveforms of Vps
and Vgs can be seen during the turn-off transition in Figure 5.21. It can be observed
that ZCS can be achieve.
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Figure 5.20 : Vps in green and Ves in red of Ssr1 at 100 A load current.
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Figure 5.21 : Zoomed view of Vps in green and Vs in red of Ssr1 at 100 A load
current during turn-off at right.

Transformer primary Vi and secondary side voltage Vsec waveform, and primary side

current lpri are shared in Figure 5.22.

=500 .
; 250*7 J ‘ ‘ ﬂ
T - T
Z
-250—
- -500
0 5
25 T T
. 125} .
=
1
T l125¢ ‘ .
_25 | | | | |
0 5 10 15 20 25 30 35 40

Time [ps]
Figure 5.22 : Vpri in red, Vsec in green and lyri in blue at 100 A load current.
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Waveforms of input voltage Vin and current lin are given in Figure 5.23. Vin is measured
as 397.7 V and li, is measured as 3.272 A from the oscilloscope.

Waveforms of output voltage Vout and current loyt are given in Figure 5.24. Vo is

measured as 12.33 V and lout is measured as 98.69 A from the oscilloscope.

According to this measurement, efficiency is calculated as 93.51% for this operating

condition.
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Figure 5.23 : Vinin red and lis in blue at 100 A load current.
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Figure 5.24 : Vout in red and loyt in blue at 100 A load current.

5.2.3 Experimental results at 150 A load current

The experimental results of designed and implemented PSFB with CDR converter, are
shared for 150 A load current operation.

Vps waveforms with Vgs of Sy are shared in Figure 5.25. Zoomed waveforms of Vps
and Ves can be seen during the turn-on transition in Figure 5.26. It can be observed
that ZVS happens at 150 A load current.
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Figure 5.25 : Vps in green and Vs in red of leading leg switch S; at 150 A load
current.
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Figure 5.26 : Zoomed view of Vps in green and Vs in red of leading leg switch S;
at 150 A load current during turn-on.

Vps waveforms with Vgs of S4 are shared in Figure 5.27. Zoomed waveforms of Vps
and Vgs can be seen during the turn-on transition in Figure 5.28. It can be observed
that ZV'S can be achieved 150 A load current.
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Figure 5.27 : Vps in green and Vs in red of lagging leg switch S4 at 150 A load
current.
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Figure 5.28 : Zoomed view of Vps in green and Vs in red of lagging leg switch S
at 150 A load current during turn-on.

Vps waveforms with Vs of Ssri are shared in Figure 5.29. Zoomed waveforms of Vps
and Vgs can be seen in Figure 5.30 during the turn-off transition. It can be observed
that ZCS can be achieve.
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Figure 5.29 : Vps in green and Ves in red of Ssr1 at 150 A load current.
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Figure 5.30 : Zoomed view of Vps in green and Vgs in red of Ssr1 at 150 A load
current during turn-off.

Transformer primary Vi and secondary side voltage Vsec waveform, and primary side

current lpri are shared in Figure 5.31.
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Figure 5.31 : Vi in red, Vs in green and lpri in blue at 150 A load current.
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Waveforms of input voltage Vin and current lin are given in Figure 5.32. Vin is measured

as 397.2 V and li, is measured as 4.909 A from the oscilloscope.

Waveforms of output voltage Vout and current loyt are given in Figure 5.33. Vo is

measured as 12.39 V amd lout is measured as 149.8 A from the oscilloscope.

According to this measurement, efficiency is calculated as 95.19% for this operating

condition.
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Figure 5.32 : Vin in red and lin in blue at 150 A load current.
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Figure 5.33 : Vout in red and loyt in blue at 150 A load current.
5.2.4 Experimental results at 200 A load current

The experimental results of designed and implemented PSFB with CDR converter, are

shared for 200 A load current operation.

Vps waveforms with Vgs of Sy are shared in Figure 5.34. Zoomed waveforms of Vps
and Vgs can be seen during turn-on transition in Figure 5.35. It can be observed that
ZVS at 200 A load current. Ves is decreased to -10 V because of a sudden voltage
change at the source of Si. Switch can be able to overcome this situation according to

datasheet information.

115



500 20

i ‘
400 - = L : = eispii p—p—q15
300 “‘*"j (“4“" pesepeensy F‘V‘T 110
> >
£~ 200 15 =
B g
100 - 40
-100 : * : ‘ -10
0 5 10 15 20 25 30 35 40
Time [ps]

Figure 5.34 : Vps in green and Vs in red of leading leg switch S; at 200 A load
current.
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Figure 5.35 : Zoomed view of Vps in green and Vs in red of leading leg switch S;
at 200 A load current during turn-on.

Vps waveforms with Vgs of S4 are shared in Figure 5.36. Zoomed waveforms of Vps
and Ves can be seen during the turn-on transition in Figure 5.37. It can be observed
that ZVS at 200 A load current.
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Figure 5.36 : Vps in green and Vs in red of lagging leg switch S4 at 200 A load
current.
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Figure 5.37 : Zoomed view of Vps in green and Vs in red of lagging leg switch S
at 200 A load current during turn-on.

Vps waveforms with Vs of Ssri are shared in Figure 5.38. Zoomed waveforms of Vps
and Vgs can be seen during the turn-off transition in Figure 5.39. It can be observed
that ZCS can be achieve.
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Figure 5.38 : Vps in green and Ves in red of Ssr1 at 200 A load current.
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Figure 5.39 : Zoomed view of Vps in green and Vgs in red of Ssr1 at 200 A load
current during turn-off.

Transformer primary Vi and secondary side voltage Vsec waveform, and primary side

current Iy are shared in Figure 5.40.
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Figure 5.40 : Vpri in red, Vsec in green and lyri in blue at 200 A load current.
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Waveforms of input voltage Vin and current lin are given in Figure 5.41. Vi, is measured

as 398.4 V and i, is measured as 6.568 A from the oscilloscope.

Waveforms of output voltage Vout and current loyt are given in Figure 5.42. Vo is

measured as 12.35 V and lout is measured as 200.8 A from the oscilloscope.

According to this measurement, efficiency is calculated as 94.77% for this operating

condition.
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Figure 5.41 : Vin in red and li, in blue at 200 A load current.
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Figure 5.42 : Vout in red and loyt in blue at 200 A load current.
5.2.5 Experimental results at 250 A load current

The experimental results of designed and implemented PSFB with CDR converter, are

shared for 250 A load current operation.

Vps waveforms with Vgs of Sy are shared in Figure 5.43. Zoomed waveforms of Vps
and Ves can be seen during the turn-on transition in Figure 5.44. It can be observed
that ZVS at 250 A load current. In addition, the zoomed waveform of Vps and Vs can
be seen during the turn-off transition in Figure 5.45. Moreover, hard switching can be

monitored because of the miller region existence at this operating point especially.

The maximum peak value of Vps is observed as 460.3 V. The breakdown voltage
rating of the primary side switches are 750 V, thus this peak value is not a problem at

this operating point which is the worst case.
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Figure 5.43 : Vps in green and Vs in red of leading leg switch S; at 250 A load
current.
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Figure 5.44 : Zoomed view of Vps in green and Vs in red of leading leg switch S:
at 250 A load current during turn-on.
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Figure 5.45 : Zoomed view of Vps in green and Vs in red of leading leg switch S;
at 250 A load current during turn-off.
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Vps waveforms with Vgs of Ss are shared in Figure 5.46. Zoomed waveforms of Vps
and Vgs can be seen during the turn-on transition in Figure 5.47. It can be observed
that ZVS at 250 A load current.
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Figure 5.46 : Vps in green and Vs in red of lagging leg switch S4 at 250 A load
current.
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Figure 5.47 : Zoomed view of Vps in green and Vs in red of lagging leg switch S
at 250 A load current during turn-on.

Vps waveforms with Vs of Ssri are shared in Figure 5.48. Zoomed waveforms of Vps
and Vgs can be seen during the turn-off transition in Figure 5.49. It can be observed
that ZCS can be achieve.
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Figure 5.48 : Vps in green and Ves in red of Ssr1 at 250 A load current.
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Figure 5.49 : Zoomed view of Vps in green and Vgs in red of Ssr1 at 250 A load
current during turn-off

Transformer primary Vpri and secondary side voltage Vsec waveform, and primary side
current lpri are shared in Figure 5.50. Moreover, duty cycle loss which is explained in
chapter 3.2.2 in detail, can be observed in Figure 5.51. Voltage of the transformer
secondary side is zero during direction change of transformer primary side current, on
the contrary of voltage of transformer primary side. Duty cycle loss time is measured
as 250 ns.
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Figure 5.50 : Vi in red, Vsec in green and lpri in blue at 250 A load current.
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Figure 5.51 : Zoomed view of Vi in red, Vsec in green and lpri in blue at 250 A
load current duty cycle loss.

Waveforms of input voltage Vin and current lin are given in Figure 5.52. Vi, is measured

as 398 V and li, is measured as 8.296 A from the oscilloscope.

Waveforms of output voltage Vout and current loyt are given in Figure 5.53. Vout IS

measured as 12.28 V and loyt is measured as 251.2 A from the oscilloscope.

According to this measurement, efficiency is calculated as 93.43% for this operating

condition.
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Figure 5.52 : Vinin red and li in blue at 250 A load current.
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Figure 5.53 : Vout in red and lout in blue at 250 A load current.

Zoomed output voltage ripple is shared to observe the amount of ripple in Figure 5.54.
Output voltage ripple is measured as 315.719 mV from the oscilloscope. This value is
higher than calculation, since the capacitance value of ceramic capacitor is changed
according to the DC bias value. The capacitance value of the selected capacitor

decreases down to 43.9% of its initial value.
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Figure 5.54 : Zoomed view of output voltage at 250 A load current.
5.3 Evaluation of Experimental Results of PSFB with CDR Converter

In this section, the obtained results at each operating point are evaluated.

It can be observed that VVps and Vs spikes of all switches during the end of the power

transfer and freewheeling operating periods are increased with increasing load current.
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The reason for this issue is that the di/dt ratio over traces inductance increases with

increasing load current.

Another slight voltage peak is monitored during the turn-on state of leading leg
switches. This does not mean that ZVS does not occur for this operating point.
Different deadtime value is required for different load currents for PSFB with a CDR
converter as a solution to this phenomenon. Less deadtime is necessary for less loaded
conditions. When the load current is increased, this peak disappears. However,

deadtime is fixed in this study.

It can be seen that ZVS for both leg switches is achieved after 100 A. The effect of
starting ZVS can be observed in the efficiency.

Duty cycle loss time is increasing with increasing load current. It can be observed from
primary and secondary voltage waveforms. Maximum duty cycle loss time is measured

as 250 ns at 250 A load operation.

In addition, the output voltage ripple is measured as 315.719 mV at 250 A load
operation. This ripple value is higher than the analytic calculation due to a drop in

capacitance value with applied voltage over capacitors.

Efficiencies at each test operating point from simulation and experimental results are
shared in Figure 5.55. Maximum efficiency is 95.19% at the 150 A load current
condition. Minimum efficiency is 87.12% at the 50 A load current condition since ZVS
can not be achieved in the leading leg. Moreover, the losses are dominant in the total

power rating.

Efficiency at the maximum load current, which is 250 A, is measured as 93.43%.
Efficiency decreases with increasing load current after 150 A load current since

conduction losses increase with the square of load current.

When the results are compared with similar studies in the literature, maximum
efficiency is 95.5% at the half-loaded condition with the same converter topology
in [58]. However, efficiency is 90.4% at maximum load operation, which is 1.2 kW.
In another converter, which has the same topology in [59], the maximum efficiency is
94% at the 70% loaded condition. Efficiency is 93.2% at 2 kW full-loaded operation.
In [60], the maximum efficiency of PSFB with a CDR converter is 93.5% at 60%
loaded condition. Moreover, efficiency is 93% at 2 kW, which is the maximum power

rating of the converter.
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Efficiency difference is seen between simulation and experimental results.

The measured efficiency from the simulation at higher load current values is higher

tthan the experimental results due to neglected conduction losses in PCB and thermal

effects on the components. Moreover, reason of efficiency difference at lighter load

operating condition is that component tolerances and inductance changes depend on

the current values can not be modelled in simulation.

100

vof —— Ll | ..

90 8112//”’/////?2;;;7
85 -

N[ L RRRRRRNNRTES SNSRESTISVHPIDNIS: NUNIISURSNIS. WOST—

3
70
65
60
55

Efficiency [%]

__~Experiment||

--Simulation

50
50

100 150 200
Load Current [A]

250

Figure 5.55 : Measured efficiency curve of PSFB with CDR converter from
experiment and simulation.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, several unidirectional isolated converters and rectification configurations
are evaluated in terms of the suitability of the HV to LV battery charger requirement
in EV applications. The selected converter has to provide soft-switching operations,
operate with a wide voltage gain range, carry high output current, and be feasible in
size and power density. A phase-shifted full-bridge with a current doubler converter is
selected as the most convenient option due to having a wide voltage gain range, low
output current ripple, operation with constant switching frequency, and ZVS capability
without any additional auxiliary components features. Moreover, CDR provides
conduction loss reduction, thermal management improvement, simpler transformer

structure, and ripple current cancellation capability to the converter.

The operating principle of PSFB with CDR converter and its operating modes related
to the switching sequences are explained in detail. The PWM method is quite critical
for converter operation and accomplishment of the ZVS. Detailed waveforms which

belong to each operating mode are shared.

Comprehensive analytical calculations to design PSFB with CDR converter are shared.
Calculations are given about the main components which are primer and seconder side
switches, transformer, shim and output inductor, and input and output capacitor
according to specified operating conditions. Moreover, calculations that affect the
operation of the converter such as effective duty cycle, deadtime, duty cycle loss time,
and ZVS condition are shared. Detailed design and calculations are also given about
magnetic components. Regarding the obtained results, components are selected, sized,

and manufactured if needed to ensure the proper operation of the converter.

Another essential part of the converter design is the control method. The selected
control method has to be convenient for the converter operation principle. In this
thesis, peak current mode control is applied as the control method to have
cycle-by-cycle current protection and prevent transformer saturation. PCMC is
digitally implemented with a microcontroller, which is TMS320F280048, from the

C2000 family of Texas Instruments. Detailed information about the implementation of
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PCMC to the microcontroller is given. The transfer function of PSFB with CDR
converter is obtained with the small signal analysis. Acquired transfer functions are
implemented in MATLAB/Simulink to design the controller, which is selected as PI.
Compensator parameters are identified with the help of the response optimizer tool of
MATLAB/Simulink. Both open-loop and closed-loop responses and bode diagrams
are given. Moreover, the transformation of compensator parameters from the s-domain

to the z-domain is applied to make it suitable for microcontroller implementation.

PSFB with CDR converter is simulated in LTspice with the implemented model of the
selected component and their calculated values. Simulation is done with the nominal
operating condition which is the input voltage as 400 V and output voltage as 12 V.
Output load is changed step by step from 50 A to 250 A. Current waveforms of shim
inductor, output inductors and clamping diodes; voltage and current waveforms of the
transformer, output load, and leading and lagging leg switch are given in detail.
Efficiencies are measured and given for each operating condition. Moreover, the effect
of the clamping diode over voltage waveforms and efficiency is evaluated and
observed. The efficiency difference between operating with and without clamping

diode is given.

As a following step, technical details of the designed and implemented PSFB with
CDR converter are given. Setup information for experimental tests is also shared.
Experimental tests are completed at the nominal operation points which is input
voltage as 400 V, nominal output voltage as 12 V. Tests are executed at varied load
currents which are 50 A, 100 A, 150 A, 200 A, and 250 A. All waveform data sets are
obtained from an oscilloscope and drawn in the MATLAB. Several waveforms that
belong to PWM, transformer, primary and secondary side switch, input, and output are
given in detail for each operating condition. Waveforms that enable the observation of
ZVS behavior are also shared. Waveforms which related to the duty cycle loss and
output voltage waveform ripple are given at 250 A loaded condition. The efficiency of

each operating point is calculated.

The efficiency from the simulation is measured as 96.54% at the nominal operating
point at maximum power. As a result of the experiment, efficiency is measured as
93.43% at the same operating condition. The reason for the efficiency difference
between the simulation and experiment at a higher load current is that conduction

losses in PCB and thermal effects on the components are disregarded in the simulation.

128



Peak efficiency is measured as 95.19% at 150 A load current from the experiment. It
can be observed that efficiency decreases with increasing load current after 150 A load
current, since conduction losses become more dominant than light-loaded operation.
The high compatibility of waveforms and their values from simulation and experiment
is observed. Moreover, analytical calculations are coherent with the simulation and
experimental results. Another important output in this thesis is power density, which
is 1.87 KW/L. This value is high and quite satisfactory when compared with the
1.2 kWI/L, which is the average power density value of 13 different manufacturers’
converters [8]. The reasons for achieving this high power density are use of
appropriately sized busbars for high output current and the planar transformers.
In addition, the use of top side cooled switches provides better thermal performance

and therefore minimizes the need for parallel switch usage.

Overall; all analytical calculations, control method, simulation model and results,
implemented design details, and experimental results are given for PSFB with CDR
converter in this thesis. Results provide useful technicality not only for electric vehicle
applications but also for these kinds of applications such as required wide voltage gain,

high efficiency, high power density, and capability to carry high current.

As a future work, adaptive deadtime, which changes with load current, can be
implemented to achieve high efficiency. Moreover, new PCB can be designed to
increase efficiency at higher currents with lower conduction losses. According to
technological advances and demands of the automotive industry, the bidirectional
operation can be evaluated for future design. In addition, input voltage can be

increased up to 800 V for the next generation of HV battery architecture for EVs.
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APPENDIX A

AIMDQ75R040M1H Infineon

MOSFET

CoolSiC™ Automotive Power Device 750 V G1 PG-HDSOP22

The 730V CoolSIiC™ is built over the solid silicon carbide technology
developed in Infineon in more than 20 years. Leveraging the wide bandgap
SIC material characteristics, the 730V CoolSIiC™ MOSFET offers a unigue
combination of performance, reliability and ease of use. Suitable for high
temperature and harsh operations, it enables the simplified and cost
effective deploymaent of the highest system efficiency.

Features

= Highly robust 750V technology, 100% avalanche tested
+ Best-in-class Rpspuq 2 Oy
* Excellent Roser ¥ Qs and Rosjas & Qs

= Unigue combination of low C.w/Ce and high Vasw, . l::;l; .

+ Infinecn proprietary die attach technology
= Cutting edge top side cooling package (QDPAK)
= Driver source pin available

Benefits

« Enhanced robustness and reliability for bus voltages beyond 500 W
+ Superior efficiency in hard switching

= Higher swilching frequency in soft switching topologies

« Robustness against parasitic turn on for unipolar gate driving

+ Best-in-class thermal dissipation

« Reduced swilching losses through improved gate control

Potential applications -
Uni- and bidirectional On Board Chargers and HV-LV DCOC converters: t"a:E RoHS
« hard switching half bridges AEC® "

= soft swilching topologies

Product validation
Qualified according to AEC Q101

Flaase note: The souwrce and diver source ming are nol exchangeabla.
Thair exchange might lead fo malfunclion.

Table 1 Key Performance Parameters

Parameter Value Unit

Voss over full Tjup. 750 W

ey 40 mek

o) ma 52 mek

Qe -34- -nE

ot e 134 A

s v (@ 00V 68 nG

Emare @ 500V .12.2 -|.|.I

Type / Ordering Code Package Marking Related Links
AMDQTSRO040MIH :PG—HDSOF'—ZZ TSAD40M1 see Appendix A

Figure A.1 : Datasheet of AIMDQ75R040M1H.

138



IAUTN12S5N018T

Automotive MOSFET

OptiMOS™ 5 Power-Transistor

— _—,
OROHS R G ¥

won Automat]ve Quality ' Chakfied

Features

« OptiMOS™ power MOSFET for automotive applications
« N-channel — enhancement mode — normal level
« Extended qualification beyond AEC-Q101

« Enhanced electrical testing

« Robust design

« MSL1 up to 260°C peak reflow

« 175°C operating temperature

« RoHS compliant

« 100% avalanche tested

«Very low reverse recovery charge (Q,,)

Potential applications
General automotive applications.

Product validation

Qualified for automotive applications. Preduct validation according to AEC-Q101.

PG-HDSOP-16-1

Q.

Drain
Tab & pin 5-18

Product Summary
Ve 120 |v
Rosion) 18 ma
Iy (chip limited) 309 |A
Type Package Marking
IAUTN1255N018T PG-HDSOP-16-1 5N12N0O18

Figure A.2 : Datasheet of IAUTN12S5N018T.
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27.5

B32774P

MKP DC link — 125 °C series up to 50 yF

Ordering codes and packing units (lead spacing 27.5 mm)

&TDK

Cg" [Max. dimensions | Ordering code lins mes® |ESRy, |[ESL,» |tan é |tand  |Un-
wxh x| (composition see below) |85 °C max. (max. |taped
10 kHz |10 kHz 1 kHz |10 kHz|pcs./
uF [mm A ma2 nH 10% |10° MOQ
Vagse =630V DC
1.5 [11.0x 19.0 x 31.5| B32774P61554000 3.5 223 |13.2 05 |35 1280
2.2 |12.5x21.5 x 31.5| B32774P62254000 4.7 15.5 |14.5 05 |35 1120
3.0 | 14.0 x 24.5 x 31.5| B32774P6305+4000 6.0 11.5 |1641 05 |35 1040
4.7 | 18.0 x 27.5 x 31.5| B32774P64754000 8.2 7.6 |18.7 05 |3.7 800
6.8 | 21.0 x 31.0 x 31.5| B32774P66854000 10.4 54 |21.3 06 |39 720
8.0 | 22.0 x 36.5 x 31.5| B32774P6805+000 12.0 4.5 |24.0 06 |4.0 640
Vresc =700V DC
1.5 [11.0x 19.0 x 31.5| B32774P7155+000 3.6 203 |18.4 05 3.2 1280
2.0 |12.5x21.5 x 31.5| B32774P72054000 4.7 15.3 |19.8 05 3.2 1120
3.3 | 18.0 x 27.5 x 31.5| B32774P73354000 7.3 9.6 |229 05 |33 800
4.7 119.0 x 30.0 x 31.5| B32774P74754000 9.0 6.9 |258 05 |34 720
7.0 | 22.0 % 36.5 x 31.5| B32774P77054000 11.8 50 |31.2 05 |3.7 640
Vagse =840V DC
1.0 [11.0x 19.0 x 31.5| B32774P8105+000 3.3 25.2 |18.3 05 |27 1280
1.5 [12.5 % 21.5 x 31.5| B32774P8155+000 4.4 17.2 | 20.2 05 |27 1120
3.0 | 18.0 x 27.5 x 31.5| B32774P8305+4000 7.5 9.1 |256 05 |2.8 800
5.0 | 22.0 x 36.5 x 31.5| B32774P8505+4000 125 58 |316 05 |3.0 640

MOQ = Minimum Order Quantity, consisting of 4 packing units.
Intermediate capacitance values are available on request.

Composition of ordering code
+= Capacitance tolerance code:

K=+10%
= +5%

Figure A.3 : Datasheet of B32774P7335K.

Packing code:
000 = untaped (lead length & —1 mm)
Other lead lengths available upon request
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Spec Sheet

Soft Termination Multilayer Ceramic Capacitors for Automotive Body & Chassis and Infotainment

MCJCU32MLB7106KPPDTT1 (Previous PN: UMJ325KB7106KMHP)

Products characteristics table

Capacitance M0uFE£10%
Case Size (EIA/JIS) 1210/3225
Rated Voltage S0V

tan & (max) 10%
Temperature Characteristic (ELA) XTR
Operating Temp. Range (EIA) -EEto+1257C
Insulation Resistance {min} 100 MO uF
RoH3S Compliance {10 subst.) Yes

REACH Compliance (235 subst.) Yes

Halogen Free Yes
Soldering Reflow

Features

Item Summary

10uF£10%, 50V,

XTR, 12710/3225 (EIA/JIS)

Lifecycle Stage

Mass Production (Preferred)

AEC-Q200 gualified

Standard packaging guantity (minimum)

Taping Embossed 1000pcs

External Dimensions

Dimension L 3.2 £0.50 mm
Limension W 2.5 £0.20 mm
Dimension T 2.5 £0.30 mm
Dimension e 0.60 +0.4/-0.3 mm

Figure A.4 : Datasheet of MCJCU32MLB7106KPPDT1.
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Product Drawing and Specification
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Magnetic dimensions according to  IEC 60203

Ae : 221mm? Amin : 201 mm? Le:83) | Ve:l8400mw’ | Weightegipes
Electrical Specifications
Test Conditions
Property | Specification | Unit | Frequency | Induction |Temperature |Field strength
(kHz) (T (] (A/m)
Ar 5500+25% nH/MN? 10 0.1V 25+3 -
Bs =340 mT 25 — 100 250
Pv =8.832 W/Set 100 200 100 -
Noter AL is measured with Ferroxcube standard bobbin 10turns @0 65mm.
i e e o .;';," LT (s im
1 o VoW DI b UN-D 603
mm | 21 | S| Bain mikrongum) T 1
V1 |2022/1/12
CORE- FAMILY
434101110121
ER41/14.8/32-3C096

Name: Jingin Zeng |Cher_k:

|A:.:ip1‘m‘\e:

110- 02 I 010 l SH1 l A4

| Property of Ferroxcube E&U Coves factory- Taiwan

Revizion-003

No.FXC-F-0168

Figure A.5 : Datasheet of Ferroxcube 14.8/32-3C96.
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Core

Core set EEQ 20

Combination: EQ 20/6.3/14 with EQ 20/6.3/14

= To |[EC 63093-9
Optimized cross section
Small overall footprint (core and winding)

Less EMI

Magnetic characteristics (per set)

VA =056 mm™!
l. =332mm

A, =59.0mm2
Arin = 55.0 mm?2
Voo =1960 mm?2

Minimized winding length
Delivery mode: single units

Approx. weight 11 g/set

&TDK

BEE483

EQ 20/6.3114

uy
i 20+0.35
. \
S T
u.; |l_|_|
l
AR
= 1
28.8:0.15 '
12862035
@818+0.35
FEHDS44-Y

Ungapped
Material | A value He Py Ordening code
nH Wiset

PC2001) [ 1400 £25% 630 | <0.90( 50 mT, 1000 kHz, 100 °C) | B66483G0000X608
< 1.10 ( 30 mT, 2000 kHz, 100 °C)

N4G 2600 £25% | 1160 | <051 ( 50 mT, 500 kHz, 100 °C) |B66483G0000X149

N92 2600 £25% | 1160 | < 1.80 (200 mT, 100 kHz, 100 °C) |B66483G0000X192

N87 3400 £25% | 1520 | < 1.10 (200 mT, 100 kHz, 100 *°C) |B66483G0000X187

N97 3500 £25% | 1560 | < 1.00 (200 mT, 100 kHz, 100 °C) |B66483G0000X197

N95 4100 £25% | 1840 | < 1.05 (200 mT, 100 kHz, 100 °C) |B66433G0000X195
< 1.20 (200 mT, 100 kHz, 25 °C)

1} Preliminary data

Other A values/air gaps and matenals available on request — see chapter Processing notes in
General Technical Information.

Figure A.6 : Datasheet of TDK EQ 20/6.3/14-N87.
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POWDER CORE SOLUTIONS

Part Number:

[EQHF-265190124-060|

203-Dax-06

2650 + O30 mm 1043 + 0012 m

1500 + 030 mm 0.7a48 & 0008 in

1340 + 0303 mm OLAHE + 0008 m

10,800 .
Coe Luss vi. Epk - HiF ks =60
.% B
1
E 10
ol
pin)
piln) o 1,000
B, - Peak AC Flux Density (gauss]
120 Sinitial Penss wi BE Blas - HiFlus™edu
140 T | L
bli]
;- il
= =
i
E Loi)
$ 50
; 0
5 H = O Miag reli g Fonse (06
£ o N = Mumbsar o Tuimi
= 0L Currest [A]
bLi] £, = EMactha itk La refLh [Em)
L]

1o 1o

#2000 mm {min.) 0.346 im (min.)
12.00 ¢ 020 mm. 0.473 & 0008 in H'+ DE Magnetizing Force (Oe]
2230 mmi {rmin.) 0578 im (min.) 1B0
(apprakimate) 26 grame/hak EMecthve AL Vahie vs. B Bias - EQHF-265190124-068
g - EFf. Mag, Cross Sectian 1.20 emd a0 I T
L, - Eff. Mag. Fath Length B35 cm 120
1, - Eff. Cone Volume 7B cm® -
WA - Min. Eff. Window Area 0.885 cr® £ 100 .
sa - Surface frea 334 et i o \\
mit - mean kength per turm 5.39 cm i \\
ulreference] =i B0
&y value (naminal) 141 nH/N* o | “‘-—..___‘-“
Test Winding =20, 420 ANG Sl e S = gy =) & — —-I—-— L=
Frequency 10 kHz
Wehage on Agilent 42848 a11y w0
& tolerance 1%
o
& i
Care LosslmW/am?l= 8 3 +d- Hpkt - F o Lol 1,000 1,500
. ot T NI lampere turns)
gpk”  Hpk Bok
i - 10,000
e e [ v sy s i
B 1000 G | | | |
frequency 50k Hz | | | |
Care Loss [nominal) 483 mWom® |
Care Loss [maximum] 11 mWifem® |
.1
o+ b-H"
where H expressed in cersteds, and:
o=1 000502, b=2 63708, =1.635, o=0.000
Ha: 150 ce |
Pescent Intial Bermincm.) 07 % |
Percent Initial Permimin. | 4331 %
Coating Type: Mane
Wehtage Breakdown [min | HfR 10 1040 1,000 10,000 100,000 1,000,000
Limit HNfa DC Energy Stomage WLIP [af)
Fackage Quantity 400 Halees/Box
AWG 14 16 18 20 22 24 26 2B an 32 34
mm 1500 1.250 1.000 0.800 0,630 0.500 0400 0.315 0250 0.200 0.160
Turns 18 27 43 i 102 158 24 378 SES 505 1,401
R {01} 2.0 mi 19.1m | 4EBS5m | 1183 m | 2908 m | T164m 1.8 4.3 10.7 26.3 £4.5

Figure A.7 : Datasheet of Micrometals EQHF-265190124- 060.

144




CURRICULUM VITAE

Name Surname : Tevhide DAYIOGLU YURDAKONAR
EDUCATION
e B.Sc. : 2018, Istanbul Technical University, Faculty of

Electrical and Electronics Engineering, Electrical Engineering Department

PROFESSIONAL EXPERIENCE AND REWARDS:

e 2018-2020 AVL Research and Engineering, Electronic Hardware Design
Engineer

e 2020-2021 Turkish Aerospace Industry, Power Electronic Hardware Design
Engineer

e 2021-Present Turkey's Automotive Joint Venture Group Inc. (Togg), Power
Electronic Hardware Design Engineer

PUBLICATIONS, PRESENTATIONS AND PATENTS ON THE THESIS:

e Dayioglu Yurdakonar, T., Yilmaz. M. 2023. Design and Implementation of
Phase-Shifted Full-Bridge Converter with a Current Doubler for HV to LV Battery
Charger in EVs, International Conference - ELECO 2023, November 30-
December 2, 2023 Bursa, Turkey

OTHER PUBLICATIONS, PRESENTATIONS AND PATENTS:
e Dayioglu Yurdakonar, T., Gulbahce, M.O., Lordoglu, A. and Kocabas, D.A.

2023. Design of a High-Efficiency Micro-Inverter with TO-220 Packaged Gallium
Nitride-High-Electron-Mobility Transistors, Electrica 2023.

145



