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Development of Planar Transformer and SiC Based 3 kW High Power
Density DC-DC Converter for Electric Vehicles
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Byoungwoo Ryu?, and Sanghun Park®

Abstract

This study proposes a design method of high-power-density and high-efficiency low-voltage DC-DC
converters using SiC MOSFET and the optimized planar transformer design procedure based on the figure-of
-merit. The secondary rectifying circuit of the phase-shifted full-bridge converter is compared to achieve high
power density and high efficiency, and the phase-shifted full bridge converter with a current-doubler rectifier is
selected. The planar transformer is designed by the proposed optimized design procedure and verified by FEA
simulation. To validate the proposed design method, experimental results from a 3 kW prototype are provided.
The prototype achieved 95.28% maximum efficiency and a power density of 2.98 kKW/L.

Key words: LDC (Low Voltage DC-DC Converter), APM (Auxiliary Power Module), High power density, High

switching frequency, Planar transformer
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Fig. 2. Circuit diagram. (a) Primary full-bridge, (b) Current
doubler rectifier, (c) Center-tap rectifier.
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Fig. 3. Operating waveform and circuit diagram. (a) Center—tap
rectifier, (b) Current doubler rectifier.
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Fig. 4. PCB winding arrangement. (a) Center-tap, (b) Current

doubler.
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TABLE 1
COMPARISON OF PSFB-CD AND PSFB-CT

PSFB-CD PSFB-CT

Turn Ratio

6:1 12:1:1

Switching Frequency

250 kHz

Current Density

30 A/mm’

Transformer Bmax

80 mT

Inductor Bmax

301 mT

Secondary Winding
Current Rating

117 A

Secondary PCB Winding
Current Rating

155 Amms
585 Ams

Inductor Winding
Current Rating

110 Auyg 220 Aug

Transformer Footprint

2,905 mm’ 5,707 mm’

Inductor Footprint

2,654 mm’ 1,474 mm®

Total Magnetic Footprint

5,558 mm’ 7181 mm’

Total Magnetic Loss

D W 3351 W

Fig. 5. Phase shift full bridge converter with current doubler

rectifier.
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Fig. 6. Operating waveform of PSFB-CD.
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Fig. 7. Footprint of magnetic components according to
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Fig. 11. PCB winding layer design. (a) Top layer, (b) 2™
layer, (¢) 3 layer, (d) Bottom layer.
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Fig. 12. Planar transformer design optimization flow chart.
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Fig. 15. Maxwell simulation result of the proposed planar
transformer. (a) Flux density of the core, (b) Current
density of the pcb winding.
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Fig. 16. Photograph of the proposed planar transformer.
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TABLE I
SPECIFICATION OF THE PROTOTYPE
Symbol Value Unit
Rated power (P) 3000 W
Input voltage (V) 240-420 Vee
Output voltage (1)) 115-155 Vee
Switching frequency (£) 250 kHz
Turn ratio (n) 6:1
Leakage inductance (Zz) 19 uH
Filter inductance (Lg, L) 880 nH
Dimension 160 x 220 x 286 mm
2.98 kW/L
Power density 4%?12652%1;21113;11 KWL

Output planar
inductor

Secondary
SR switches
Planar

» Control
Primary board

switches

EMI filter

v

Fig. 17. Prototype of the proposed 3 kW LDC.
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98
Eff;=95.28%
- e  Effue=94.03%

94

92

S 90
§‘ 88
8 - 1,=240V
S 86
S - V,=340V
gy
.- V=420V
82
80
8
0 500 1000 1500 2000 2300 3000
Output power [W]

Normal Mode Uover := 12 :500mvdc  Auto
Store: 100 Iover:= Integ:Reset
B3 & change items

Ude1 239‘814 v Udc2
Ide1 133063 a Idc2
" 319105 . 3.00066 . 3

e Elementd

A 15vdc
14A500mAdc

YOKOGAWA

PAGE = a(3v3a)
& [u1a 300vd
154942 v n 118 ZIJA:JE
193.663 . 2 |'asome:

A 15vdc
13A500mAdc

Inte

Fig. 20. Measured efficiency.
JYH, f¥-E9 wol= AE(HV EMI filter, LV EMI
filter), ®ZA Y8 SMPS, TMS320F280040C 7|4+ Ao
R =(control board) ¥ B71AF A2YX2 FAHL A
AEe §-E=8Ey 9 SMPS, AlojREE EFsho]
160x220x286% A 2t=|o] 298kW/LS] #2 HEdEE
gASATE £ 25 AR AERRS] A ARES U

Wt

a9 188 A gl 240Vel gsto Aol AEuy S
HolErh a7 18(a)d S48¢ 93 A 294
o =fId-A2 A Vpsy), AlOlE-A2 ASH(Vess), 7
A Yy ARG, 2345 Y (Ve oIt Vosi®t Vst
S S AdEl 2927 oF 7% F-8HP=220W)
oA ZVS "8 AFste As ddd & ot ¥
19(a)= fg=xste] 420Vl AdtolAe Adads B
o] ok At

o] 420Vl A3 w3k 79 Fa} A3l
A ZVS "5 dHske s E1E  glon, 149
18(b)et 17 19h)E &3l
sAEs g1e ¢ Ak

ad 202 AAEY SAEES &
Yokogawaiit. WT3000S ©]-&3te] A3t Hiw
E2 V=240V, P=1.8kW 8ol A 9528% 5 EA 3k
o kW AHAAZHAME 9403%] 1a&S 2Ast
Ak

5 8 B

2 =rolxe= SiC MOSFETS AR&ste] 9-9



Fehwstrle SiC 71eke] A7) A ARE 3kW L H e E DC-DC AW E 7

EMI ZE 9 AoR=gE x3sto] 208kW/LS =& A
HUEE zh= kW LDCE /st =& #d9d
= gAe fld Eh W), Eehd A9 EE AAls
ol Agstder, FoM 73S o]&ste] Wshre] &4
5o A Fehg wMYgrle] HA AAAYS
EEoeh w3 A ASE F8 kW T2s #ls)
Fom, 9528%°] Hig&s GAsth

of A= LGTIALS Lrstpz{nty x|@lg ot
A= S

References

1] J. Jang, I. Um, and D. Lim, “EV value chain market
trends and issues,” KPMG Issue Monitor, pp. 23, Sep.
2018.

[2] S. Choi, “Power converter technology for xEV-current
status and challenge,” in Plenary Session of 2020
IPEMC, Nov./Dec. 2020.

[3] B. Seliger, J. Popov, B. Eckardt, and M. Maerz,
“Isolated high voltage DC/DC converter for auxiliary
power supply in commercial vehicles, conference on
power conversion and intelligent motion,” in PCIM
2013, Nuremberg, Germany, May 2013.

[4] J. A. Baxter, D. A. Merced, D. ]J. Costinett, L. M.
Tolbert, and B. Ozpineci, “Review of electrical
architectures and power requirements for automated
vehicles,” in 2018 IEEE ITEC, pp. 944-949, Jun. 2018.

[5] V. Mario, B. Oriana, and V. Peter. “Auxiliary systems
consumption in electric vehicle,” Przeglad Elektrotechniczny,
Vol. 12, pp. 172-175. 2014.

[6] T. Matsuoka, M. Nakamura,
“Development of the intelligent power unit for 2006
civic hybrid,” SAE Technical Paper, Apr. 2006.

[7] Z. Pang, X. Ren, J. Xiang, Q. Chen, X. Ruan, and W.
Chen, “High-frequency DC-DC converter in electric
vehicle based on GaN transistors,” in 2016 IEEE ECCE,
Milwaukee, USA, pp. 1-7, Sep. 2016.

[8] M. Heintze and I. S. Butzmann, “A GaN 500 kHz high
current active clamp phase-shifted full-bridge converter
with zero-voltage switching over the entire line and
load range,” in EPE 20I18-ECCE Europe, Riga, Latvia,
pp. P.1-P.9, Sep. 2018.

and K. Hasegawa,

[9] R. W. Erickson and D. Maksimovic, Fundamentals of

Power Electronics, Kluwer Academic Publishers,
Norwell, Mass, USA, 2nd edition, pp. 506-518, 2001.

[10] Z. Ouyang, O. C. Thomsen, and M. A. E. Andersen,
“Optimal design and tradeoff analysis of planar
transformer in high-power DC - DC converters,” /[EEE
Transactions on Industrial Electronics, Vol. 59, No. 7,
pp. 2800-2810, Jul. 2012.

119

[11] A. M. Naradhipa, S. Kim, D. Yang, S. Choi, I. Yeo,
and Y. Lee, “Power density optimization of 700 kHz
GaN-based auxiliary power module for electric
vehicles,” To be published in /EEE Transactions on
Power Electronics, May 2021.

[12] R. Muhammad, S. Kim, C. Suk, S. Choi, B. Yu, and
S. Park, “Integrated planar transformer design of 3-kW
auxiliary power module for electric vehicles,” in 2020
[EEE Energy Conversion Congress and EXxposition
(ECCE), Detroit, USA, pp. 1239-1243, 2020.

A (£ HR)
198814 8% 27,

. HolAEZEeT BY
=1

2015 A

=
S, 20174 S o=t M

o

2} o0} =HRamadhan Muhammad Hakim)

1996 3 12, 2018 Indonesia Sepuluh
Nopember Institute of Technology 7|= &t
o 2. 20199 ~ A M2TE|sn M|

HEZstnt AR,

o | B
&3 | x
[P
e
ME
IE3
St

33 324, 19854 oISt A=

=

b EY. 199249 Texas A&M Univ., O &Hd
Mo|Sstn EA(MAD. 19954 & ek
M7=t E(SH). 19854 ~1990H of
253 AT ofz]. 1996 ~19974
& FModTel 1997 ~sx Mansty|s
waE g Es] 3|

o
0F
Ho

o [

o>}
©
Mo
©

o

Ok Of 2

4> Lok o N
=z 2 H oo

2NN M 1% S
0

I
rdo
N
=
(e0]
l
e
=
—
(@]
gl
Rl
il
oo
|'O
By
o

'ﬁ@ ‘("3
ol
ic\o‘0>
TR
Coo (Mo

0 [ Sh
Tl ==
Q&S%
1% ne
3_0;@

N
B
29
T W

0x
0
H'Il.:LI
fuiy )
Job 2
L
2 A





