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*Configuration = 198s 2p (LG Chem E66a)
*33module X 12cells/module/(6s 2p)
*Nominal Voltage = 3.651V (723V)

2019 Porsche Taycan - Battery Design

*Configuration = 198s 2p (LG Chem E66a)
*33module X 12cells/module/(6s 2p)

*Nominal Voltage = 3.657V (724V)

+ 2021 Audi e-tron GT quattro - Battery Design

*Configuration = 198s 2p (CATL Qilin CTP 3.0)
*33module X 12cells/module/(6s 2p)
*Nominal Voltage = 3.67V (727V)

«Xiaomi SU7 Max Battery - Battery Design

*Configuration = 192s 7p (Tesla 4680)

*Amodule X 336cells/module (48s 7p)

*Nominal Voltage = 3.67V (705V)

*TESLA CYBERTRUCK and Battery Pack - Battery Design

*Configuration = 192s 2p
*32module X 12cells/module (6s 2p)
*Nominal Voltage = 3.63V (697V)
+2022 Kia EV6 - Battery Design

CHARGING STATION
i

*Configuration = 144s 3p /

*36module X 12cells/module (4s 3p) —
*Genesis Electrified G80 Battery Pack Opened Up “***

*Configuration = 210s 24p
*Nominal Voltage = 3.6V (756V)
*Formula E Battery 2019-21 - Battery Design
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CPES Challenge 1: High turns ratio & Ultra-Wide Gain range
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< Challenge 2: High current stress & turn-off losses issue

Loss (W)

. . . Turn-ON (@) Turn-OFF ()
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Figure 7.8: Efficiency of the different operation modes for Uyt = 14 V. Efficiency axes are cropped

at 88 %.
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(d) Operation mode combination

EV Battery Pack

Tesla Model X Vitesco 4th Gen Bright Loop DCDC LP

Vicor Concept

Output Power (W) 4000 @ 13.8V 2300 @ 12V 3500 @ 14.5V 9600@?
Output Current (A) 290 193 240 480
Weight (kg) 1.4 2.1 2.6 3.5
Footprint (mm?2) 24500 30520 50000 70272
Volume (L, w/o 1.1L(245x100x 1.8L(140x218 1.8L(140x 218
connectors) 40) X 60) X 60) SO (R 8105 481
Efficiency 95% 93% Estimate  96% Estimate Global > 94%
Power Density
(kw/liter) 3.63 1.3 1.34 3.2
Gravimetric Power
Density (kW/ke) 2.85 1.1 1.5 2.7

https://www.vicorpower.com/resource-library/articles/automotive/power-modules-for-uncharted-ev-power-challenges
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15” i FBPS: main advantages
T2" - wide range of output voltage
SRR - operates at a fixed frequency, EMI
e ' can be delt easily
15215 o - Widely accepted topology, simpler
T2 component design
S22y 52463 - good efficiency
- synchronous rectification with
fixed frequency
(b) o - Low switch counts, economy for
! = S1R% S3t EV OEM customers
; 0T FBPS: main drawbacks
— S2R% S4k
- ZVS only at heavy load condition
- Duty cycle lost at light load

High circulating current at primary

High component stress due to hard

A Topological Evaluation of Isolated DC/DC switch and oscillation
Identifying Suitable PSFB Topology for HVLV Converters for Auxiliary Power Modules in

Fig. 2. Schematic figure for (a) PSFB_CT, (b) PSFB_CD, and (c) PSFB_FB

Auxiliary Power Supply (APS) Application in EVs Electrified Vehicle Applications
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Resonant APM

topology modification
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Fig. 6. Stacked structure resonant converter with various operation modes.
(a) Stacked structure inverter. (b) HB. (c) Three-level. (d) FD.
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Y. Wei and P. Sun, “Review of Techniques for Resonant Converters With Wide Voltage Gain Range Applications,” IEEE Transactions on Transportation Electrification, vol. 10, no. 3, pp. 5544-5569, Sep. 2024, doi: 10.1109/TTE.2023.3330488.
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Resonant LLC APM : topology morphying and magnetics
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Z. Hou, D. Jiao, and J.-S. Lai, “An Ultra-Wide Range Pulse Width Modulated LLC Converter with Voltage
Multiplier Rectifiers,” IEEE Transactions on Power Electronics, pp. 1-14, 2024, doi: 10.1109/TPEL.2024.3519387.
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Converter,” IEEE Transactions on Industrial Electronics, pp. 1-10, 2023, doi: 10.1109/TIE.2023.3319735.

Wide Voltage Gain ISOP-LLC Converter
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Resonant LLC APM : multiphase and phase-shedding
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X. Zhou et al., “A high-efficiency high-power-density on-board low-voltage DC-DC converter for electric vehicles application,” IEEE
Transactions on Power Electronics, vol. 36, no. 11, pp. 12781-12794, Nov. 2021, doi: 10.1109/TPEL.2021.3076773.
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Wide gain implementation of LLC resonant converter
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PWM LLC control patent review (primary phase shift 3level)

ia ib 2a 2b £
! 0 |
3 ¥ i
11 i3 21 23
% ! -1 -
\ 2 3 VA Yy &
Gt G3 G L GT Ly

g ¢ 2

i d
i

Gz L. Gal..

Fuji Electric Co Ltd

ar,62 QEE
a3 REE
s QEE
as —dON QFF ON QFF fON-"=
a6 IQEE TN QFE TN QFE.
a7 QFF O QOFF SN OFF. I
as O QFE ON QFF BN i

g

1213
0

o . VL ATV S
VTN

STATE i mm v Vivi I jm v Vivi i

PHASE 0
ANGLE

180 360

Y. Nishikawa, “Power conversion device,”
US20210399644A1, Dec. 23, 2021. [Online]. Available:
https://patents.google.com/patent/US20210399644A1/e

£ iff

Wy

RN

‘Phase Shift
) Angie
ENEE

W. Hu and C. Lu, “DC/DC converter and control method
thereof,” US11063523B2, Jul. 13, 2021. [Online]. Available:
https://patents.google.com/patent/US11063523B2/en?0q=US2

n?0q=US20150229225A1

0150229225A1

13
Delta Electronics Inc

5241 FE |

sad [ ] B

23 -] L
522, L | .
veD i | 1 - -

e
<} L)
tOllZ MlS t&q i1 1z

t 10

FIG. 3A
VABU i
s24) R E
spr k| .
szl L o .
522 2 ]
VCDAL /M 1 -
I | -] T - T
Ip

et

1 1 |

[ <) 18 9 g 112
7 ﬂ[lH

FIG. 3B

M. Jia, H. Sun, C. Zhang, J. Zhang, and P. M. BARBOSA, “Three-level rectification
dc/dc converter,” US20230179108A1, Jun. 08, 2023. [Online]. Available:
https://patents.google.com/patent/US20230179108A1/en?0q=US20150229225A1

o1 Delta Electronics Inc

S2

S3

P4 \ ” < P %
lU lI l2 lJ ld lf- (s ‘7 '8 ‘S 'IDIH(IZ l13/ !M (15 (15
il
oFfON o | on 1
Tl n o T —
]
1
54
Vig
a[T]e 4
v, = Vi
ay g Vg t
MODULATION TWO-LEVEL
- THREE-LEVEL MODULATION ~=  IRANSITIONPERIOD ~ — MODULATION

C. Zhang and P. Barbosa, “Isolated DC/DC
converters for wide output voltage range and
control methods thereof,” US11901826B2,
Feb. 13, 2024. [Online]. Available:
https://patents.google.com/patent/US1190182

6B2/en?0q=US20150229225A1

VI1I-16


https://patents.google.com/patent/US11063523B2/en?oq=US20150229225A1
https://patents.google.com/patent/US11063523B2/en?oq=US20150229225A1
https://patents.google.com/patent/US11901826B2/en?oq=US20150229225A1
https://patents.google.com/patent/US11901826B2/en?oq=US20150229225A1
https://patents.google.com/patent/US20230179108A1/en?oq=US20150229225A1
https://patents.google.com/patent/US20210399644A1/en?oq=US20150229225A1
https://patents.google.com/patent/US20210399644A1/en?oq=US20150229225A1

PWM LLC control patent review

G L
V.'NJ]-‘: JEBS E ;“: v, IC V,, VBUS HVDC v
Sp 3p2! Sg1\ Se2 ) K W
G L
' [ e ] * 10 \30
@Vﬂﬂf Vi v Co== | Battery |Vac2 ”““Cﬂt
: - - . Delta Electronlcs Inc
S\ < \ A e e, | W
Sp1 Sp2, 51 52° | (B) i - =
| ] L { : 311 !
‘  CPES@VT 5 | m § weesl
; 8 HVDC_D
Vet vpj @ : D5 STJ ! M M |
Viez The voltage gain is: | o—T : U
Vi i . : Fig. 3 . .
- — ; p Y2 e o] ; & Delta Electronics Inc Delta Electronics Inc
5‘ a H l t Vier sin(p) i SJ- D, | 1.5 . - . . .
i i i st o 50 . ] A
L . K ‘ ]
i : 2 of o] —11 ™™ 1
- . 0 i 4 ; :
0.5 + + t + + t +
% 33 Ué: 52 ] i PFM Mode PFM Mode i
0. } + } ; | B | 1
e s e e o o S e I |
s4 05f 1 ! ‘
3 ; ! ! I ‘ | PWM Mod |
L - 4 | lode |
10} o ST 1 w i
s lout %7’ \f\54 / \ 1 Po_min i — PWM Mode 1
= - \ 1 I Burst Mode s e T 1
o -10f 4 Burst Mode -
= jg:” 1 . \_// i ] \// HVDC_min HVDC _break HVDCmax
| 0 2 4 13 ] 10 12 14 16
i 1.5 T T T T T T T
L -———1 H ] A
0 L‘-ﬁ s1 D.SJ‘—,—‘ ]
y / i 0| 4
Time (us) v /'V 500?5l o - _‘#'--J - 03 : i ' i i i 1 Pamex | -
4 — 7 FNESSSSSIG: i of I 1 ISR S 52 05 |-o1 | ] S
35 a =60 —10% Load I' /A 501 o~ . > ; )| 70_? ; ; ; ; : ; : 1 lode
D ~50%Load | L o%,}m._pb,//\} s o)l e T T
c \\ —a— Full Load Iim /A S0 o 1 o] ik ; ?\7 : ! d : 9\73 I
'g 25 \ e Caiculated 100 e i S o-% 03 . f . ] o oy S PFM Mode
2 P \\ 1385 s ns e o Y s o e 54 %9 | I 1 -
= D; i - + t + + + + ] PWM Mode
315 is/A 2 i i :
11 i | 5 04 Po_min — PWM Mode
A’t Y| SURREHUACAN VISURE A 40 % FRR G S—— lout et iose e A g S
-5 1 Burst Mode -
0.5 to t] tz t3 t4 %g [ i HVDC_min HVDC_break HVDC_max
" 20 40 60 80 100 H. Liu, B. SONG, S. OUYANG, and C. Lu, “Resonant oo e e e oo m e
. Liu, B. , S. , and C. Lu, “Resonan . “ L o et e 59
B=() converter, and controlling method for the same,” P. REHLAENDER, F. Schafmeister, and J. _quckfr, Power balancing in T, /Eﬁ’ﬁiﬁ?ﬁﬁﬂﬁ.&, TWIB16617B, Sep. 21,
K. D. T. Ngo, X. Cao, and Y. Wang, “Pulse width EP4322382AL, Feb. 14, 2024. [Online]. Available: |nter|eaved'llc converters via duty cycle variation,” EP3965279A1, Mar. 09, 2023. [Online]. Available:
modulated resonant power conversion,” https://patents.qoogle.com/patent/ EP4322382A1/en?0q=U 2022: [Online]. Available: . https://patents.google.com/patent/TWI1816617B/en?0q=U
US20120014138A1, Jan. 19, 2012, [Online]. Available: S+Patent+10%2c756%2c617+ https://patents.google.com/patent/EP3965279A1/en?0q=US20150229225A1 S20240333141A1

https://patents.qoogle.com/patent7USZ20120014138AT/en?
0g=US+Patent+10%2c756%2c617+ VII-17



https://patents.google.com/patent/EP3965279A1/en?oq=US20150229225A1
https://patents.google.com/patent/EP4322382A1/en?oq=US+Patent+10%2c756%2c617+
https://patents.google.com/patent/EP4322382A1/en?oq=US+Patent+10%2c756%2c617+
https://patents.google.com/patent/TWI816617B/en?oq=US20240333141A1
https://patents.google.com/patent/TWI816617B/en?oq=US20240333141A1
https://patents.google.com/patent/US20120014138A1/en?oq=US+Patent+10%2c756%2c617+
https://patents.google.com/patent/US20120014138A1/en?oq=US+Patent+10%2c756%2c617+

I

O
+
4]
240V...450V |

V=340V, Va=12V, P,=2.5kW, =93.9% }1=340V, V,=12V, P,=3kW, y=91.9%

400V 40A 400V 40A
V11| | ; -YTi |
200V | S VT2 204 200V| pepelfinvi 20A
E// EE‘T] I I/j'n
0 0 \ 0
/ ?\\ ' ' ‘-‘\
2200V Sl D0A 2200V - | -20A
: il g ' NG
400V ———— 140A -400v - |40
041, t:Ts/2 2us Ts 0 tHitz 5Ts/22us Ts
(a) (b)

s ZVS e N0 ZVS

Fig. 9. Waveforms of vy, vTa, and 471 obtained for V1 = 340 V, Vo =
12 V, and efficiency-optimal operation at very high power levels (exceeding
the rated power of 2 kW): (a) P2 = 2.5 kW and (b) P2 = 3 kW. Employed
DAB converter: n = 16, L = 22.4 pH.

V=340V, 1,=12V, P,=500W, =89.0% V=340V, I=12V, P,=500W, n=92.4%

400V 40A 400V 40A
v v |
200V |-femgmrs V72 20A 200V ””Tr 20A
oip 7|\ I LiT
0 ~ 0 0 I ‘r_f,"l. L /n— 0
i |
200V S J 20A 200V [t -20A
400V ————-40A 400V H—— 40A
0 Ts/2 2”,3 Ts 0 t 1375/2 2u5 Ts
(a) (b)
V=340V, Vo=12V, P;=500W, =92.0% V=340V, V,=12V, P,=2kW, n=94.6%
400V - 40A 400V — 40A
-~ VT - ¥T
200V | fpeeefenq VT2 20A 200V -V 20A
M "!’""q L_‘! T LI
“(rl?.’ﬂYI L ’I 0 IF;- ] i\ 0
no ZVS i A
200V [ et 20A 200V ; r -20A
1 S S — — ! 1
ITITIr 1v | :
-400V FH—————— 40A  -400VH ! 40A
0ty b 13 Ts.ffz Iy 2}15 Ts 01 ty TSHZ 2],],5 Ts
) (d 0o ZVS e noZVS

Fig. 6. Waveforms of vy, vpg, and iy (cf. Fig. 1(a)) obtained for V; =
340 V, V5 = 12 V, and different operating conditions; (a) triangular current
mode modulation according to [19] and P,y = 500 W; (b), (¢) modulation at
Fout = 500 W: optimal and suboptimal converter efficiency, 1jopt and Tsubopt
in Fig. 7(a), respectively; besides, (c) illustrates the modified triangular current
mode modulation detailed in Section V-A1; and (d) optimal converter efficiency
at Pout, = 2 kW. Employed DAB: n = 16, L = 22.4 yH.

V=240V, =16V, P,=500W, #=91.1% F =240V, V=16V, P,=500W, n=90.7%

400V 40A 400V ; 40A
_H V12 | V12
200V E Vv 20A 200V ‘vﬂ 20A
I ,!' i
o= 0, = 0
| o [LV side:,
200V 20A -200V|noZVS. 20A
1 L]
| A | SR 1 § G e —
-400V o 40A : T -40A
0 2].LS Ty =01 12 Tg/2 2us Ts
(a) (b)
Vi=240V, F,=16V, P,=T00W, 7=92.3% V=240V, V,=16V, P,=2kW, n=93.1%
400V 40A 400V 40A
PUAEY) =nvn |
200V =50, - 20A 200V [T [vn 20A
e P ' T
e — 0 ' b 0
200V -20A -200V [ i -20A
-400V — -40A  -400V —t 40A
0 RATES Ts 0 2ps Ts
(c) (d)

o ZVS = no ZVS

Fig. 11. Waveforms of vT1, vT2, and iT; obtained for V3 =240V, V5 =
16 V, and different operating conditions; (a) efficiency-optimal modulation
at Pout = 500 W (NMopt in Fig. 10(a)); (b) modified triangular current mode
modulation detailed in Section V-A-2 at Pyt = 500 W; (¢), (d) modulation
for optimal converter efficiency at Pyt = 700 W (cf. Fig. 8(b)) and at
Fout = 2 kW (nopt in Fig. 10(d)), respectively. Employed DAB: n = 16,
L =224 pH.

F. Krismer and J. W. Kolar, “Accurate power loss model derivation of a high-current dual active bridge converter for an automotive application,” IEEE Transactions on Industrial Electronics, vol. 57, no. 3, pp. 881-891, Mar. 2010, doi: 10.1109/TIE.2009.2025284. Vl | —18



https://doi.org/10.1109/TIE.2009.2025284

1:n _Secondary

o Iy LV Converter Primary
v | Sl Sty Stals
iTrLic: . iTrL_a
OF: C; ¢ Iy @

vTrHia

IrrH

S|

w55 w45

HV Converter IHVO
Saﬂ Saﬂ VHV
iI'rH_.b C2; y
O

ok

Figure 1.

A three-phase soft-switching bidirectional de-dc converter operating a duty cycle of 1/3.

Fig. 2. Schematics of the dual active bridges. (a) Single-phase DAB (1p-

DAB). (b) Three-phase DAB (3p-DAB). Fig. 3.
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Fig. 6. Advanced modulation schemes for the 3p-DAB. (a) Triangular.
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DAB-SRC: achieve full power range ZVS
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DAB-SRC: reactive power elimination optimization
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Current Fed APM : non-resonant current fed converter
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Three-phase Current-fed Bidirectional DC-DC Converter

With High Efficiency Over a Wide Input Voltage Range

Z. Wang and H. Li, “A soft switching three-phase current-fed bidirectional DC-DC converter with high efficiency over a wide input voltage
range,” IEEE Transactions on Power Electronics, vol. 27, no. 2, pp. 669-684, Feb. 2012, doi: 10.1109/TPEL.2011.2160284.
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Current Fed APM : resonant current fed converter
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Highly Efficient Bidirectional
Current-Fed Resonant Converter
Over a Wide Voltage Gain Range

Hybrid-PWM-Controlled Current-Fed Bidirectional Series Resonant

Converter With Low Current Ripple and Wide Voltage Gain

L. Gu, X. Zhang, and P. Li, “Hybrid-PWM-Controlled Current-Fed Bidirectional Series Resonant Converter With Low Current Ripple and Wide Voltage Gain,” IEEE Transactions on Industrial Electronics, vol. 68, no. 8, pp. 7125-7136, Aug. 2021, doi: lO.1109/TIE.2020.3Q£)|DQO.28


https://doi.org/10.1109/TIE.2020.3000090

Current Fed APM : modified resonant current fed converter
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CPES Current Fed APM : Direct Power Transfer (coupled boost inductor)
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Resonant Converter for Wide-Range APMs,” in 2021 IEEE converter for automotive engine/battery hybrid power generators,” IEEE Converter - Vicor | Mouser  Converter - Vicor | Mouser Power Density 3.63 kW/L
International Future Energy Electronics Conference (IFEEC), Transactions on Power Electronics, vol. 29, no. 7, pp. 3748-3757, Jul. 2014, doi: . » ] .
Nov. 2021, pp. 1-6. doi: 10.1109/IFEEC53238.2021.9662017. 10.1109/TPEL.2013.2281826. Power modules meet EV power demands that have increased by 20x.” May 24, 2024. Accessed: Nov. 06, 2024. [Online].

Available: https://www.vicorpower.com/resource-library/articles/automotive/power-modules-for-uncharted-ev-power-challenges

Two stage may have higher component cost, but better regulation and possibly higher density https://www.vicorpower.com/documents/event-presentation/2024-AlD-Maximizing-vehicle-weight-reduction.pdf Vl |_31
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Tobolo Aux-inductor ZVS Full bridge 3-phase SCC balanced Series-Resonant DAB Current-Fed with Non-resonant 3-phase 2-stage
pology Phase shift interleaved LLC converter Direct Power Transfer interleaved DAB (Interleaved Buck + LLC)
RS 3kW 3phases x 1kW 3kW 2phases x 1.5kW 3kW 6kW
Power
HV range 235-431V 250-430V 250-450V 350-450V 260-450V 250-450V
LV range 11.5-15V 9-16V 9.5-15.5V 45-60V 10-16V 10-16V
S:::;:h 220kHz 260-400kHz (fr=546kHz) 300-400kHz (fr=270kHz) 200kHz 100kHz 140-400kHz buck/ 200kHz LLC
Peak Eff. 0.975 0.969 0.961 0.981 0.956 0.962
Power
Density --(very low) 3kw/L - 2.648kW/L 1kW/L 2.22kW/L
9 - can 100 T
:fMiciency of the prototype @ Vo=14Y Viy=330 V | 08
§ )..r . ‘1.’7’__‘_&..'._.7—&“._;?.*?_‘ i = 90 § — =
- Vi T~ g- i /] N
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= 50 100 200 300 400 500 600 700 800 900 1000 Vin =400 Vand Vo =48 V for both HV2LV and LV2HV modes. o rl,““v(.;f)p kW % ‘ Output Power A '
10 20 30 40 50 70 80 90 100 Output Power [W]

Good efficiency

Advantage Neat control principle

Full pri ZVS and sec ZCS

* Excessive components,
low power density
Triangular current, high
stress

Drawbacks

Flat efficiency by phase-shedding
Good efficiency even at light load
Low turn-off loss, pri ZVS + sec ZCS

Very wide 3-L or FB/HB operation Flexible voltage regulation * Very wide voltage regulation* wide voltage regulation
Inherent bidirectional operation * Good overall efficiency * Inherent bidirectional * Possibly higher efficiency
Narrow frequency vs traditional LLC  over wide load range operation if well designed

Wide freqgency range, bad * Relative high turn-off current at * Complex control principle ¢ High turn-off current
regulation high input volt (triangular current) ¢ Relative high turn-off * Complex control principle * Higher cost
Extra phase balancing required * Complex control principle

current * Bad light load efficiency

doi: 10.1109/TPEL.2011.2178103.

doi: 10.1109/TPEL.2021.3076773. doi: 10.1109/APEC.2019.8722067. doi: 10.1109/JESTPE.2024.3439098.

doi: 10.1109/TPEL.2013.2251905. doi: 10.1109/TPEL.2020.3028361.VI |_34
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Topcs>logy 2 xfrm full bridge phase shift LLC resonant converter Series-Resonant TAB Non-resonant Current-Fed Non-resonant DAB 2-stage (Interleaved Buck + LLC)
Rated 2.1kW 3kw 1.5kW 3.2kW 2kw 2kwW
Power
HV range 400-800V 300-430V 250-500V 180-900V 240-450V 200-470V
LV range 13-15V 12v 10.5-15V 6-16V 11-16V 36-48V
S;Arlgcclh 200kHz 320-500kHz (fr=300kHz) 155-750kHz (fr=430kHz) 80kHz 100kHz 200kHz buck/ 500kHz LLC
Peak Eff. 0.954 0.94 0.966 0.97 0.95 0.966
Power
Density 5.2kW/L 21.35 kW/L 8.2kwW/L 2.66 kW/L 1.535kwW/L 5kw/L

doi: 10.1109/TTE.2022.3190968.

doi: 10.1109/APEC39645.2020.9124410.

[Online]. Available:
https://ieeexplore.ieee.org/document/9861943

doi: 10.1109/TPEL.2023.3337712.
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Among the five mainstream topologies, DAB-SRC and
Current-Fed have been gaining more awareness in recent years| converter, non-resonant and

Possible candidates for future study!
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Five main-stream APM topologies

with the corresponding
iImprovement are investigated:

* (FBPS) Full Bridge Phase Shift
Converter with its rectifier, and
magnetic integration

* (LLC/CLLC) LLC, multiphase LLC
converter with variable frequency
control for wide voltage gain

* (DAB) Non-resonant Dual Active
Bridge and its variants

(DAB SRC) Series Resonant [
' Converter with both primary andI
‘ secondary active switch control |

I
I
I I
resonant I
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