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Efficiency Optimization Design of Bi-directional Wireless Charging System Based on Series Impedance
WAN Qing
(Hubei Electric Power Equipment Co. ,Ltd. , Wuhan 430035, Hubei , China )

Abstract: The problem of large area and maintenance of charging pile can be solved effectively by automobile
bidirectional wireless charging based on intelligent lamp pole, and it is of great significance to improve the
efficiency of system transmission in double-way wireless charging. However, in the process of reverse discharge,
due to the small damping coefficient of the DC power network, the optimal matching impedance can not be
obtained, so it is difficult to achieve the optimal efficiency of the transmission. The bypass series LED lighting
equipment was used. By adjusting the duty cycle and the phase angle of the inverter, not only the optimal
impedance was adjusted, but also the light intensity of LED lighting was adjusted. Firstly, the mathematical model
was established to analyze the conditions of efficiency optimization, and then a double closed-loop control system
was designed. The experimental results show that the method proposed can obviously improve the efficiency of
reverse discharge.
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Fig.1 ~ The structure of bidirectional wireless charging system

WE A BIAE Z IR RIS AH AR N o, Bl AY
L g R Ao S A R 1B 7 gl i A
LWL AL @0 A T TR LB B 0
e, T 1 A R g ] LA T Ak o A R i
FIR R 5 FEL R ) S 2850 R B AR A 2 s o XU
AR BT 1 R B A BUE U, U AU Y
FLIHLE Uy, s Upe, Z A KR

U, =(2v2 )/TrUDClsin(%) (1)

U =(2V2 )/’nUDCzsin(%) (2)

P2 ) Ok i L Ak i e
Fig.2 The equivalent structure of bidirectional
wireless charging system

YRR R R H R E T (KVL) , o] IR 3] 4

TR . .
I [ HIC

7, = jol, +1/jwC +R,
7= jwL +1/jwC+R,

)
|

4 PR AR FE VSR ARIR S I, b v it
RN E SN W N DY R L)
Z,=R,

7 <R (4)
AN R I VA
_RU, - joMU,
" R,R. +(wM)
. (5)
_RU, - joMU,

" RR.+ (oM
L HL IR L Bl 7R A e A A T TR R
RU? + oMU, U sing,,
R.R. +(wM)
bR U1 R,U? — wMU,U sing,,
=R(UIL)= RR +(wh ) (7)
A1), 13 ) R U Fe g A A
Bear=C(1) . #X(2) 3 6) &xL(7) , 3% R4
IR TH— b2 5, 153
__ 8 L SR
P, = T UpUpessin 2 sin 2
M (8) BT LAY, 76 XU B |, 8 22 1Y 2%
T, REAL MM YIRZ ¢, 0., 0, = DALY
M, SR T R RN B R T 23 i A i, XU 2 (7]
FAEASE F— R B AE +7/2 Fl—m/2, Hoh i R
N R A N R PRV WA R = =0 N E s PRV
ENEi e
2 BBFLR AW T mak sk
a3+
K 3 A TAETE 52 BT 1 BB IE LED 1)

FL T, B9 AL ) AR AR T80 R, ELURHE
L B AR R0

S‘]

P,=R.(U,I,)= (6)

sing,,  (8)

K3 A AR R i SR I LED 119 e % 14
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can work in bypass mode
— R UL, LU R A Y BB AR /N, T
TN Z R AR, I R <R, X BEIE B T 1E 7]
FE R RS 1) 50 R LA P SR A TR 8, T AT
% B AR AN R B9 o 7 DE 1] 58 AL e R i
BRI E 24 Z RS0k, Hop B BTIT
19



wAEF 2021F £51K F 144

T B R FLAL A e LR A R G A R AR T

e A2 ST 30 e KRR I B A R IR R T . AT
{68 FH BEL B D B 19 7 S0 58 7E EL T H I 55 BELJE T
BRI AL R
> LU FL PO A 1) 2y 23R AR 48 g T A A R AR
X, B A N Z IR TE RS AH A I, DKM Y
BENENERBHTRR A
Rgml,e = (4/Tr2)Rgri(l(1 - COSQDP) (9)
Hp e, el0m ], R, FFFERKAAN (4/7°) - Ry o
H T B L P 1 P BEL— e M 931, BIVEE 4544
FA, B 7 e KA JC R W R BHBTVEFC 225K .
TR AT, T EEAE B DR ) ZR A e
Z NG — U BH . SR, BUAP Y HLBH 23 T
FEHLRE , L2 R SRR T . RREAT
FF 19 LED 78 TAF /9 B fige AT 2534k — > B Y 17
oo P, h TR SR KRR IR 7 AT 25
A — BRI R o AR SCIE I {5 FH 55 1 T
KA LED B Ok S i KRR 1 IR, B
PRH B S RN B 3 R o 2455 BT S W T
) == b SN N E )
R., =R, + Ry (10)
55 B FF O TARWr 2 iA=L, 3 ORI o
25 D, IR AV 2 )5 LED (4530 BHL R, )
NN
RI.ED,C =(1-D)Ry (11)
R T VPR R G AR i R g T A R
ATpEAR G, 5 BIROR R IR AR
0’ M’R,
P, o*M*(R, + R.)+ R.(R, + R.Y
(12)
M (12) 15 B30 oK A, 2 AE HAR X
SEROR B R, A O 8 45, B dm/dR, = 0 IHGES X6 107 1)
FHATAR Ry s UL, HZe ik =k
\/Rp(szz +R,R)
R, =
" R
R T AR AR P AR AR i ¥ D AT
fiff o, 02 N
% [(1=D)Ryy + R,yl(1 - cosp,) =R, (14)

o R A0 01 o 2 O 2R S8 A% i 2803 14 R i

P4 7R o LI R OO0 ) R A el 1) £ B B AE 1Y

T JE 0 ~ ar, 525 H D IR A B 0~ 1. 72

D@, XPIAS A BRI, ) In BOR A E L

AR A o AR LED 52 B RS ) 550 e L 3

IR, R BRI BE BT A A i B AR R A7
20

(13)

figp PR B E— P A%

P4 FEARSANS 25 OO R GRG0
Fig.4 Effect of phase angle and duty cycle on system

transmission efficiency
3 [4tAe LED 55 % 69 SH47 A

FESE 277 P 48 T S O SRR R U L 11 4
SORHAWA A HERNSIE. EXPRRG T,
BHBE A4 9 15 2k A 32 2 52 O E TR 16 1
il 100 LED FE A 22 B A0 185 3 2232 B 52 BT S,
TAER 25 L D RSl A T XBHBLR LED 1)
S FE UEA TR [ ], ZEARTT Hh s — SO Y
B ARG . WA Z IR ER, BT
LED 5¢ B i B je—A— B i &= 40, i BHAT A
WAL RN — A S B R S, L, LED 52 1
sl A T FAEE LU BH BT Y BB

XA B4 361 A A P40 1L S BT, — A7 A R
A PR I PR SR i R 40, b b 78 38 3 T4
R 11 ) 2575 e 1 AF 57 A =8 2 2 TR 4 1l
S T 25 A0 B B BELT 5 5 B O O D ok 42 o
LED HEUA B 52 5 o A P A A s ol 30 o 22 R 4
LR TR L A H R R R, B R AR 1) R R 52
B LED {41 7 2 ) 5 4 R 48 10 H R R R A B
Z IR E] T RGBSR B R BT, SRS i
FE A F I R BEL AR AT b A, 9 T I A 14 AH 6L
1, A SR G L BB A DE L, g SE B T
T KB IM BRER

&5 U EREE R HE 1]
Fig.5 Block diagram of double closed loop control



77 A B BR LA A9 W) K L B & 4o i 2R AR AR I

WA 20215 HS51E F 14

4 FZIHLER

FERS TR St L T — 1380 W Y
INDFRSCIGRENL, FH T30 UE RGN TAERRE .

SLEZBANT £ 8 H K L,=L.=50 pH; 218
MBH R =R=0.2 Q; #MEHLZE C,=C=70 nF; H Ui
D EL R Vi, =48 V5 FEL Y HL R V,,,=48 V5 EL i HE ¥
WEH R,;,,=0.1 Q; LED NBH R, ;,=50 Q; TAEMI /=
85 kHz; ¥ il %% /5 g STM32F407 . — A~ HIBE N
FHA 0.1 Q 9 355 H it SR AL B i I, 53 oh—
ASERIR A BH R 2 Q A FEL BB AR BRI B
o 24> LED #f 8 IC, ZE80E DR, A0k
FH A 50 Qo FREGE TAERIMR B E 85 kHz, 76
A WL REVR A C R R HEFER1E (SAE]2954)
RSt 2 Bl R4 WS A PR O T X PR A, L AR R
17 emo A THIEMIZ B REA 2B BT
ISR EAR R G 25 R YRGS W O 1) . D 3
F AR R K R FL U SR £ FL I IR 3 P B RN 4 A
R R AR A A ITE — i, R $2 = 381> PCB Y
R, XUES AT — 1~ STM32F407 f il 2 6l
i A S IOBL P P o

6 Sk T3 FE I 1) H 0954 e R Y 3
B Va4 ok B E AT R 1 R
FE Ik B LA 5 V1,430 Sk FR BRI 1 1Y)
FEHE AT A ) EEL IR o

V., VIV (50 V/H%)
ii/A(10 ATHE)

t/us(5 us/Hs)
Flo BB R 1] HL SV ST I OB
Fig.6 Waveforms of DC grid charging electric vehicle

Sl BN F, s R L R AR O 3R AT AAS Y
LA Y g 3R AR g T AEAE 36 AR RIS T H B
A Dy AR g TAEFE SR i, Rl AT
A L H R R Y A TE )R S AH AR, I 22
[ AR, 228 w/20 R PSR Z [l i AR 22
Ry -2 A B T A 7 B s R SR A R T
L AT o P D) R AR e g 1) TAERE R [ 3
KA T H A, B8 R AE B M 1Y) LR AR
#LF LED 52 BEFE il A DA B o 76 190 ps HE
T 8 1A S 0] P B3 0] 7 8 I FR 9 L 4

FEAAE . SEER A5 R A T it ay BT A LED 52
JEE VR 1T B U 24 3R 48 BEAE LA JF OC i 91 =2 A Xt
H(Jlb%ﬂﬂ’]ﬁ%#4ﬁtﬂuﬂﬁ

V., VIV (50 V/H)
i, i/A(10 A/KE)

t/us(5 us/Hg)

P7 LS ) B A I AT

Fig.7  Waveforms of electric vehicle discharging to DC grid
[ ; 1
I | V
_ |W1W l HWJI
1 190 us

m/ A wmww

t/us(i us/*ﬁ)

P8 B L Do R RO f s o )
Fig.8 Response of controller during DC grid voltage drop

F 'Vp‘

iD/A(l() A/*ﬁ) V,/V(50 V/H)

J T RAE RS LED 505 I RE R M R AL
R A R, AE 150 ~ 380 W A4 B 331 B P4 43
SN TR 1] R RS TR A R G R R
LED P FIB T I R GACE . B9 N R AR
FREK LED 250 T REAL I RCE X . A9
Hn] DU, i T B R S A A HR
Bk LED 15000 T 1) RGAE SR ERAE 0.86 L I,
TAE TG R AT RGAL SR I 28R, HAE
FﬁmﬁﬁTtﬁ%i

088F-----F-—----L -2 ' ______ | _____ -
.-—0— 0——q—-o— P‘ -0—-|-0—-o
0.86 -~~~ e e
-
1 1 1 ._o»I’
______________________ [EYST=r=r—
o084 - Pt .
ol Vo] T SR Ll I ]
5 L e P
0.80 | ----- e s -
'y ' |T*- HIKLED
0~78___’-/-_|- _____ " 1 1 -7
1 1 1 1
0.76

1 1 1 1
150 200 250 300 350 400
ALy Gk A

B9 BRI I LED 601 T REULH AR L
Fig.9 Comparison of system transmission efficiency

under series and non-series LED conditions

5 %k

(=1

RSB X X1 I 2k F BE A il AR 8 AE S 1) K
21



wAEF 2021F £51K F 144

T B R FLAL A e LR A R G A R AR T

P 3 R PP A 7 19 B I BELA7E A LA DT IS 9 ) A 3
frifeieit o B I AU 1 e g R 4
AIYE R, WA LED BRIy Bl 4. BB )
BruE W 1 B4 05 i A rT AT, Ol i SRR e 1
TESG IR TR , R GAE R R RCRA 2] T
MR Tt

Sk

(1] 238, 250, T8, 45 . B34 X8 R ok 401 i i 31
AR T RI]. A TR 24z, 2017(5) : 125127, 165.

[2] R, MR , AT 3T . O i R ST AR 9 LED AT
REAE T RGBT, w7 24 B 241, 2018,30(6) : 71-77.

[3] Zilidek, M, Beyli, &% . 27 STM32 (1948 25 B 1T #8 hl &
ST SEELT). PEE LI S L 2018(6) 1 102-106,
111.

[4] FR/AL, THRI T, 5 T R SR e e i A L
o PO AR PR AL R 5D, 5 v 07,2019, 47(6) : 64-70.

[5] EURBH AP A, 46 . sl 4 JC Tl R GEMFTT LA
I Z<HLJ7,2018,31(11):10-21.

(6] XK, B3, JH 55 T RLMGEH AR L ER e

LB RG] F 5 (3R, 2018, 55(S1) :95-98.

[71 T3 HIT, BRIGETHE , BR G , 4% . JE T GPRS Jo4k il iy i 375 42
5550 BEHC R I (14 T Sh A, A R G R B ik
2017(6) : 59-64.

[8] XUy, Mdllim , e, 45 . XA JC4k il REAL i R SR Ak fas il
FMEWETE[I]. Ho T AR 2442, 2019,34(5) : 5-15.

[9] FAeilim, 84 ms XI5, 45 . B B4R JCLR FE i R LR
B B R G A Sk, 2017(2) :66-72.

[10] A%, TELTHEE . 35T WPT A9 /L 3l 73 45 XUIR) 78 FL 2% 22 F i 3
FNERIBESE)]. LTI, 2018(8) 1 16-17.

[11] X0, S0, BSAR I 4% . BT 3 LCL I IR AMa2 1 B SR E T
LR R G AT S SR I, T AR, 2015,
30(15):127-135.

[12] i, JEIBREE , XH K, 45 . 36T V26 Jo4 78 H OB H] B AR R
ARIAMEBFET]. 4R 2018,52(11) :5-7,25.

[13] XUKR, Phaks0 , 9530, 5 . WM N 36T V2G (1 HL 37 22 0 W
SE HEPLSECFE TR,2019,47(7) : 1713-1718.

[14] BRELE, 4 BN . IET V26 HAR M B 375 4 S R B SR g ()]
M RGP 511,2019,47(14) : 1-9.

Wk H #1:2019-09-30
B chs H 91 :2019-12-09

3333333333333 IIIIIIIIIIIIIIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIIIFIIFIIFIIFIIFIIIIIIFIIIIIIIIIIIIIIIIIIIIIIIIIIIIFIIIIIIIIIFIIIIIIIIIIIIIIIIIIIB D

(E#F177)

M LT K%, 2017.

[3] Ditze S. Steady-state analysis of the bidirectional CLLLC reso-
nant converter in time domain[C]//2014 TEEE 36th Internation-
al Telecommunications Energy Conference (INTELEC) , Van-
couver, BC,2014:1-9.

[4] L, BT, PN CHE, S LLC IR IR MR ROR AL i i
[J]. H FE E L T AR 2441, 2013,33(18) : 48-56.

[5] Bing L, Wenduo L, Yan L, et al. Optimal design methodology for
LLC resonant converter[C]/Twenty-first Annual IEEE Applied
Power Electronics Conference and Exposition (APEC),2006:6.

[6] De Simone S, Adragna C, Spini C, et al. Design-oriented steady-
state analysis of LLC resonant converters based on FHA[C]/In-
ternational Symposium on Power Electronics, Electrical Drives,
Automation and Motion (SPEEDAM ) ,2006:200-207.

[71 B IE, B0 . TR 24 1 e A T v 4R S Y CLLC 3 X )

22

LU TR e BB AT S LA B o AL T AR AR,
2016,36(21):5918-5929,6036.

[8] LaiJ,Zhang L.,Zahid Z,et al. A high-efficiency 3.3 kW bidirec-
tional on-board charger[C]//2015 TEEE 2nd International Fu-
ture Energy Electronics Conference (IFEEC), Taipei,2015: 1-5.

[9] Jee Hoon J, Joong Gi K. Theoretical analysis and optimal de-
sign of LLC resonant converter[C]/European Conference on
Power Electronics and Applications,2007:1-10.

[10] Chang H, Liang T, Yang W. Design and implementation of bidi-
rectional DC-DC CLLLC resonant converter[C]//2018 IEEE En-
ergy Conversion Congress and Exposition (ECCE) , Portland,
OR,2018:2712-2719.

ke H 1 :2019-07-10
Bk H 1:2019-09-02





