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A soft-switching bi-directional DC/DC converter for hybrid electric vehicles

WANG Shaopeng , ZHANG Antang, WANG Junli
(Air and Missile Defense College, Air Force Engineering University, Xi’an 710051, P.R.China)

Abstract: Bi-directional DC/DC converter is the core of the hybrid electric vehicle’s energy management
system and plays a key role in its energy bi-directional flow control. According to the requirement of the
hybrid electric vehicle to its converter, we select the bi-directional Buck/Boost converter as the main circuit
topology, which reduces the weight and volume and improves the work efficiency. At the same time, we
use semiconductor soft switch technology to reduce the switching loss effectively. Dynamic models of this
bi-directional DC/DC converter under different operation modes are derived, controllers corresponding to
different working modes are also designed, and thus both system stability and dynamic response ability are
improved. The simulation and experimental results validate the correctness of theoretical analysis.
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Fig.6 Control structure diagram of the system

H1 T Buck B F1 Boost BT PT £ £ Bt id #2280 2% 3t Boost BN LR AR L HL R N 26 PT 4%
il 4 S BT AR RN 4 . WOE IR N ER B OBTR £ =1 kHz B iR £, =200 Hz,



% 4 IO, F R TRESHNAFHEIERE DC/DC L # % 39

HITE 6 FTAT, R 28 PT 2l 2% M2 A FLIAL PN B0 i s (ol f 48 45 oK K50

G;(S) :Gpme,‘d<S>K,'(S>o (7)
B P il 45 1 32 bR KON
Kps + Ky
G :$o (8)
A H R TS R
Ky
ZTCKIJ,' S (9)

G (DG () | ongs =13
A K E R 7T 15 : K, =0.048, K 1, =60.5,
XF LR AR IR R AT P AR Sl 45 BT v DOKE B8 9 R 8 — A LR B AT B 28 K, = 1/K, (). WEE
LR AR R 2585 R £, =100 Hz §64r 8% N f,. =10 Hz,
XFF RS P2 45 M 1 i Fe A0 20 5 46 0] 2% 1 25 bR B

oy ) ) 1
G,(s) =G, (K, (s) 7[(,(.\‘) , (10)
HL R AR PT 468 il 5 19 4% 33 R 50N
Gmp :Ms (11)
B R R
K, _
27K p, (12)

| G ()G (5) | = jonyes =1,
A B AR AT 45 . K, =0.37, K 1, = 23.25,
3.2 Mt PLIEHIEE
A3 17 4 X DC/DC 28 #e g ELA %5 He i i

L R A0 8 B A L 3.1 50 PT 4l 6 el e e fn

G R T 2 1 BEOR (L 2R S 1 T e R B 2 N

AE 1A Rt — 25 e . B0 T B8 T LU AR 4 b B /i Ak AK

F 55 N 5 O A BT A B R B Ve o]
L AR B A M BT KRR g R P 4 o - Bl | MR
Tl ) 50 45 4 7R 3 R TR 4 31 417K 4 LIk DC/ Uy

DC 784 8 v, T LA 280 125 728 H60 % 110 W) 7 o L ety

PEFNEREE,

SEF VTR PT 45 M & i S A I AR e R
Bl #% F PT 45 i 2% 4 B, R e 9 45 4 I an &1 7
i

EFH VT RBORIE  ER A P A S B S R SRR R 5 S B R R 25 e R 22 A8 A2 Ae B i
g PLESHI AR IS AK » JAK . B8R Mamdani $2 3 59 45 M8 b 15 F 5 e % 458 1l 2 45 1938 Btk
WAL e Il Ae IZEFLTE B M —3,—2,—1,0,1,2,3} ., PLEEHI# 3 NS H AL HE: AK, =
{—0.3,—0.2,—0.1,0,0.1,0.2,0.3},AK,={—10.06, —0.04, —0.02,0,0.02,0.04,0.06} , R T HE N
[NB,NM,NS,ZO,PS,PM.PB1, 43l 5[5 K, b, G/, 5 I/ TR R AR R

TS U] J2E ) S 7 SR AR 9 o 0 EE S, B AR S L R I 25 e W 25 AR K3 Ae BYARARAF B, T B 22 PT
SR R LA BRI RL I S “if then” S5 118 1),

PT 45 il &% 2 B0 RO 5 R 0 3R 1 Fir 7, 28 1 465 6 3 A7 I AS 7 2 0 3 8 A g 2 R D) 3580 R 7 1

7 PIEAREFIER
Fig.7 Fuzzy PI closed loop control block diagram



40 TR KXKFFR %41 %

el th i AK» (AK,

F1 PILIEHIZRH AK,/AK, BRI B H

Table 1 Fuzzy control rules for controllers

e

Ae

NB NM NS Z0 PS PM PB

NB PB/NB PB/NB PB/NM  PM/NM PS/NS ZO/NS Z0/Z0
NM PB/NB PB/NB  PM/NM  PM/NS PS/NS Z0/Z0 NS/ZO
NS PB/NB PB/NM PM/NS PS/NS Z0/Z0 NS/PS NS/PM

70 PM/NM  PM/NS NS/NS 70/70 70/70 NS/PS NM/PM

PS PS/NM PS/NS 20/720 NS/PS NS/PM  NM/PM  NM/PB
PM PS/Z0O PS/Z0O NS/ZO NM/PS NM/PM NB/PM NB/PB
PB NS/Z0O NS/Z0O NM/PS NM/PM NB/PB NB/PB NB/PB

AR DC/DC A2 e i A T AR W] H A8 52 P B0 i HLSR ) = A8 SR s ek BOE SNt A7 0 i, JF R
o V5 R A ) i 1 R SR I A B RORYT PT 42 ] 5 1) 422 1 2 0k
Ky =Kp + AKp s
K=K+ AK;;
AP K (K O P85 B0 IR B3 EAE

4 HFERH

£ MATLAB/SIMULINK?7.1 355 tf #4 # 3] Buck/Boost 28 #8455 81, i1 T Buck #30 fil Boost 5,
SR FEAR B, X Boost B AT EL45 R 0. K S B E N L=1.3 mH,C,=C,=3 300 uF.U, =
260 V,U,=560 V, f,=10 kHz,

X DC/DC 224 25 7E Boost A2 T 2R I PT 45 il #% M2 HT 5 & 40 0 % 0 i R B &l 8 Frow , el AT
DL Y, 70 e 2 45 1) 22 55 1Y F T AR BR L HL O P A SR ) PT $51h g kb B2 )5, Hokay o vl TR AR T R R 2515 3
TAR K . 22 40 1 Fo e M AN sl A5 e 7 B T B e

590 [ 590 |
580 | 580 [
570 | 570 |
560 | 560 |
o 550 | - 550 |
S sa0f S 540 f
530 | 530 |
520 | 520 |
510 | 510 |
e L
t/ms t/ms
(a) KRR HIPIAME (b) SRAIPIRM

8 Boost X TR H B E K

Fig.8 Voltage output waveform under Boost mode
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Fig.9 Voltage output waveform when load increases under Boost mode

F AT 9 AT R A ER T P A o I i i R TR A IR (B ZZ AL 16 VL7 B 10 ms Ze A7 A RE - U0 B P
7 5 25 L TR AN PR TR PT F2 il iR i TR RO IR (E A8 A 8 VL IR B EOR A 75 2 4 ms. A5 REK
RRRORY P 42 ] A S 5iR A) A 2 A AR 65 e P 2R 00 )4 IS B2 R0 o 285 i 7 3 52 S A AR R 9 2 1

5 SLIGISIF

A MO713 SR #E A% O Sr — D/ N DRI & L 0 BT B LR FEALIEAT Boost BN 3N S, 5
D7 B R AL 3k FELE o A A A A /N R B BLIR 45 8l 1 9 AR SR AR Sl O I B A D AR 2 s IS 6 2
FRAEL o A 30 i ) R T R0 i o PR AT DR R 10 B

HI P& 10 AT, A8 e 88 7 20 mis PP UK B PR 2 T L 6 280 5 SR8 18 o st F s ) et AR AR /0N L 3R
W TROM PT 42 8 (14 001 DC/DC AZ e g B A 20 25 00 B R L 45 1 1 56 9 10

S5 AR T I A AR AR AE Boost TARREUR B LR ALV DA B Bl a2k 2 iR .

x2 ZHHIE

g F Table 2 Experiment data

=t —

= , SR Vi/V I,/A  V,/V I,/A 7/ %
S £ fpadech ;_A" J'": N ' .

: 34.0 4.96 57.13 2.84  96.2%
X orvesopimndalamhissaobinds 33.9 5.47 57.11 310 95.5%
3 "
2f 34.0 6.61 57.09 3.75  95.3%

10 ms/div 33.8 8.25 57.07 4.65 95.1%

B 10 Boost H3t T £ 5 188 i Bef 2 36 i 33.9 1093 53.52  6.56  94.8%

Fig.10 Experiment waveform when load

increases under Boost mode

M R B T A A F T A PR SR TR PT 4% 1 5 1 2R 58 B A B 9 TR RO AT LA R0/ 4
FE 1T 2GR B A B Y S



42 TR KXKFFR %41 %

6 4 it

AR TR G 3 T VR 25 0 AR 4 s (9 R 1 IO ] Buck/Boost 78 i g 4F 3 i B 40 Fb G o 2 2 K 85 1 52
BT8O CEOR IF T AR 15 ] 5005 . X PT A0 8 BEAT 1 20tk . RO 4% ] 19 08 1 R ZE Y sl 25 1 B A& #k
P P A5 Pk 4 6 B 05 i 1 o ) 77 345 45 A — b il 28 8 10 4 T 8RB A

D A SL I A5 R R W] 2B BOHRY XU DC/DC AL Heds , BA RAF IR S A& R 1 TRl & 3l TR 4
HAT R i 5 (8 . Q] ol A8 46 25 55 1R 5 3 IR RO RE B A B R GEAR R f T — S i 7 1

SE K

[ 1] G720, 9% 5, M T P IR G ) ) 1R 4 A 000 42 i e m [T 1. PR 2 241 . 2010, 33 (1) : 36-41.

SHU Hong, JIANG Yong. GAO Yinpin. Model predictive control strategy of a medium hybrid electric vehicle[]J]. Journal
of Chongqing University, 2010,33(1) :36-41.(in Chinese)

[ 2] KA E LB XUHE 4, 45— 0 A2 48 I 156 X0 DC/DC 284 2% [) 0. b [ i UL TR 24 . 2013, 33(12) :39-46.

LU Zhiguo, ZHU Wanping, LIU Jiefeng, et al. A novel interleaved parallel bidirectional DC/DC converter [ ] ].
Proceedings of the CSEE, 2013, 33(12) :39-46.(in Chinese)

[ 3] HWELBRJroc, 28 KA, 4R A 3 1754 F DC-DC Al IPU BUAES M DR [) ] B PR K 2254, 2010, 33(7) . 1-6.

YANG Yalian, CHEN Fangyuan, QIN Datong, et al. Heat dissipation optimization of DC-DC and IPU for hybrid electric
vehicle[ J]. Journal of Chongqing University, 2010, 33(7): 1-6.(in Chinese)

[ 47 Erb D C, Onar O C, Khaligh A. Bi-directional charging topologies for plug-in hybrid electric vehicles[C]// Applied Power
Electronics Conference and Exposition, Feb 21-25, 2010, Palm Springs, CA, USA. [S.1.]: IEEE, 2010: 2066-2072.

(5] ®&MT . ZEE , Ee i, 45 57 R H Ak i R K 3% DC/DC A8 e 25 ()] B 1 R 48 A 374k, 2014, 38(4) . 72-78.

ZHAO Chengyong, LI Luyao, ZHAI Xiaomeng, et al. A new type of modular high-voltage high-power DC-DC
converter[ J]. Automation of Electric Power Systems, 2014, 38(4) :72-78.(in Chinese)

[ 6] Zhang J, Kim R'Y, Lai J S. High-power density design of a soft-switching high-power bidirectional DC-DC converter[ C] // Power
Electronics Specialists Conference, 2006. Pesc’06. IEEE. IEEE, 2017.

L7022, H/NR T B 3R 4 09 232 5 31 R OT X DC/DC A8 4 g [ ] Mg AR IE B TR 24, 2016, 21(4):83-89.
ZHOU Meilan, TIAN Xiaochen. An Interleaved Soft-switching Bidirectional DC/DC Converter in Electric Vehicles[]]. Journal of
Harbin University of Science & Technology, 2016,21(4) :83-89. (in Chinese)

[ 8] Han S, Divan D. Bi-directional DC/DC converters for plug-in hybrid electric vehicle (PHEV) applications [C] //
IEEE. IEEE. 2008:784-789.

[ 9 ] Inoue S, Akagi H. A bidirectional DC-DC converter for an energy storage system with galvanic isolation[]]. IEEE
Transactions on Power Electronics, 2007, 22(6):2299-2306.

[10] Zhang J» Lai J S, Yu W. Bidirectional DC-DC converter modeling and unified controller with digital implementation[C] //
IEEE. IEEE, 2008:1747-1753.

C11] FhESHE . 5 JE T I 15 X ) DC/DC 22 4 8% B 1 BB g A Al L) 1. 88 J1 i 74K, 2016, 50(5) :4-8.

SUN Hexu, ZHANG Housheng. Sliding mode control strategy for interleaved bi-directional DC/DC converter[ ] ]. Power
Electronics, 2016, 50(5) :4-8.(in Chinese)

[12] Yu W, Qian H, Lai J S. Design of high-efficiency bidirectional DC-DC converter and high-precision efficiency measurement[C]//
Industrial Electronics, 2008. IECON 2008. Conference of IEEE. IEEE, 2009.

[13] He L, Zou D, Wu T. Buck converter based on One-cycle control and PD control[C] // The 7th World Congress on
Intelligent Control and Automation. 2008 :3235-3238.

[147 Shi X, Xu Z. Research on One-cycle control for buck converter[ C]// International Conference on Electric Information and
Control Engineering. IEEE, 2011:1649-1651.

[15] Guo Y, Zhang C, Wang Z, et al. Study on the method of fuzzy PID control for DC/DC converter[ C] // International
Conference on Information NETWORKING and Automation. IEEE, 2010:V1-329-V1-332.

[16] #NSC, MOF, S, 45 B F i gl IR A 9 Ua DC/DC A8 e #4515 LT ] i s F R . 2012, 46(7) 140-42.

SUN Wen, LIN Ping, LU Ye, et al. Control design of a bi-directional DC/DC converter for electric vehicle[ J]. Power
Electronics, 2012, 46(7) :40-42. (in Chinese)

(4 E48)





