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An inductive power transfer (IPT) system requires a feedback controller to stabilize the

output, which highly depends on an accurate small-signal model. In the past years, the extended

describing function (EDF) is widely used to address the modeling issue for resonant converters. However,

the high-order resonant tank of IPT would lead to a complicated model if EDF is directly applied. In

order to simplify the model, this paper explored a circuit-based method to reduce the order for both series

and parallel resonant circuits. An example LCC-C compensated system was used to explain the concept.

This general simplification can be extended to any other high-order IPT systems.

Keywords: Inductive power transfer, equivalent circuit model, extended describing function,

reduced-order model

0 3|8

Bt A i 2 RN IR R, SR A R IR 2
BB [ BUF RO AL O 47 380 it A 43 L FL B 4 A
RO FLIIL P AT TT 2 —. &l N 4
FEHA—FANTE,  IEZEHT G N LB 4 TS LA .

WeRs H M 2021-08-12 BCRiH I 2021-11-11

Dl S S NP R 8 2SI o (R I B s e e
(Inductive Power Transfer, IPT) fEREIRERB T
(10 R FH U313 Mo Y e & A% A 7 U T I PR A G I
G FER FH 3 37 1 3y 30 AT AR SV L o R S i o)
% L RE AR i 7 U R R AR A, R B R
Mz a k.

TG IPT KRG RIfERIGE ), JFELERG T



5370

SR i N

2022 F 11 H

SR B DA D TE T D) A . B R H B A T
DAASE 28 45 5 L5 47 2800 96 PR 1E s i HH sl v i o
BB 22 K VR A2 2 T DU ol i A 25 g ) M
P, RUERER-EREE (S-S). HRER-FFER (S-P). FfHE-
FEEC (P-P) FIFFHC-HBE (P-S). I db kA iR @4l
X T % Tl v B U IR R 2 D 2 R AT T A S v,
T I 18 I R oA BT ARSI R S B
SCHR[91E T 5 LK IPT R4, Wit 7 —1 W
REMKLEER ARG, HRZRGEATH RS,
/> 47 1) A58 L 2k B AR E .

REILIPT R Bir, TEETNMMES
PRV T IR I i 28, B DR RS P I (R ) S B
R ) Y 98 o T 28 S Ik o 98 5 3 1 ( Pulse Width
Modulation, PWM) “F e 35, J& T F I EM & 1S
SEM LT AU, T —F DC-DC R4
eds, PEHEBERENAGEH. X&KL ERE R
A, IR R ELR DA S R S N R . X
TR AR e A% B @A ), TR O L R
iR PR %7k (Extended Describing Function, EDF) J& H
BT f 9 BT i 7 kU

IPT RGARFAERZ LA, FHIERAL e 35
HIEE R T LU H T IPT 244 . B TAA7E R
BradE ek, IPT REH S ARZ MERTHE. 4
EDF M T IPT &4, R MAELZ — A mbrfl
Ao RIS 2 f i B0 BB K- R BCAME R S8, H/ME S

BRI 9 B U2, PRk el BB /2 E AT IPT /M5 5
BEAURIE T 3 . SCER[ 131K IR A 11 B i R G F4
J9 2 By, SCHER[141% 9 BY RSk 4 B, (H2 Bk
TR R TR T, ANRA .

ARSCHR R T L SRR ) IPT /ME 5 B A
W 5 T, MIF LRI, %5k N
BA — etk 5 BN . A SCEL LCC-S %M IPT R4t
B, 1 e SN B B NME SR AL, %
REN 13 ARG 2 5@k i b e B 7Y gt
ITRERY, MREAR 13 REFEN TR RS
B v BB 5 B2 R WA A 3 HION A 45 R BT 2
KPR ik B A @AY, nTUANM AT AR IPT &
Gurb . B a A SR I AT B S X AT B H A Y
HEAT B IE -

1 MESHEBPNET

LCC-S #Mg IPT RGBS S
AW E Je X LCC-S AMEM IPT RGuidHATH
BN, ZRGEHWWNE 1 iR, % IPT RAES
AR RS R LR . AR A 2RI BRI AN
LRI A o o, Ly B Lo 43 ) D Ok 5 26 el A
RN B s Ly Co F0 Gy R T 5 0 b 22 H B2
Co VE U A2 F i . B3R LCC-S M) IPT
RoE (1) Bl ol DLSE 5 3 ok
(1 5 A o

1.1

e T T T =/ A \\ i ~,
[ s N : I RS \I i e i{%%z%l%”zf ¥/
lp | LA g o ; ] % icp | Cj A
| N
(o1 b
Vin | |VCDi
N : |-
| H ] ol
. Ve
N PN T T T ~Ip\
S . . S _J
K1 LCC-S#M:IPT R4
Fig.1 An IPT system using LCC-S compensation
: 1 . V8 2 Dy B R IE 2 Y 1720
JoLi=————=]joL, +-
jo.C, jo,C, D XD M (2) #WR T RGEMRSRE, T
oL +——0 SR RGOS AR, AT A R G dl iR e
jo,C, P, MESHRZLAT DR, BTN RKEHES RS

Ko, oo WIFRESHMBE. £ LREMET, W
DA B P A HF 0 AR B8, R IE 2N
G VM
« Vi L
v, v, B, 5050 RGN R M A

5 A S W P Y LR R MR AR

(2)

HI/ME SRR ASOR AT EDF 73 750 %) 5 4t vh 1848
ay s WEIRTAE MR AR AT A, PR AT AL
EF R R AR,
1.2 FEFNFYRMESEE

IPT 2 48 a0 A2 &5 9 1 T2 K B A\ 1) ELUARLAS
v, M, BEHONAIER £ 0T, W] DL R R T



5 37 %% 21 1) AR T LOC-S AMEFI% 1 B4 70 L R 4 /M S B R 5371
ML AU Ay B35 Vas Hl iaps p - . Vap
{VAB i ~VABf B VAB .Sin(a)St) ( 3 ) Vm' ; \\\ ’II %—‘;‘\ NP3 ,’I’
ixg ®ipgs = LppSIN(@)F) L
v E E (‘D\J Vep
Reft, Van R Lan 29 AB P E0 L RV, N D
DEEURLE et E R UNC VIR A O SARN A

?)ﬁx Iin E‘J?%/\’ E-I-']

Vs =—I Vg Sin(o)d(wr) =
&)

:1|NF!I-I>

I :—j lixs sin(o,nld(wt) = =1
LEERG BN, H
VAB:VAB+{;AB (5)

X, Vi, NHEEMERME; S, NEERIE. £
A S H L AR B R X Rh R IR vk . R,
O EAT IR AT AR RN

I/iu = I7in + Ain
Lyg :I_AB+fAB (6)
Iin =Tin +l";n

B (4) A1 (6) FTLMBELIME B b IE

. 4,
Va = Vi
T
g, 7
lin :_IAB
T
BRI, AT DASRAS 30028 25 ) 55 R0 INME 5 LS AR Y
WE 2 Pix. EiRpir ik T ambiddt, &%5E
:{:ﬁﬁ&%ﬁ7 )HJ Vap = (2/7’5)
f'_'—m__ ''''''''''''''' O ki
: + " ipg~ Apsin(ot) : : h A :
il’mg) A E:VABSiH(wa):|i>if’m+ in + ﬁAB:ivm:
[ B',\— . i
B
| ) | )

K2 éﬁ?ﬂiﬁ%&ﬁ’]d\ ERcRL %t
Fig.2 Small-signal model of the full-bridge inverter
1.3 BRENFYNMESER
IPT R4 b i as 1 A B e 5 1A 88 M FD
WA g 5 RS BOL IR 3 Fos - BN B v,
A B DL v, o (EL B T 1020 5 15 e 2 AP YA
P % @, RGULABE —~NSHMAL. ACLAAZ

HEAE NS . TR R A 0 F IS B T AR IR
Vep ® Vep SIN(@ + @) =V,  sin(@y) + Ve, cos(at)
(8
icp = Iop sin(@t + D) = I, sin(at) + Iop, cos(a,t)

30 AR AR 5 R AR U
Fig.3 Typical waveforms for inverter and rectifier
8K LB 5 B 70 N IERSEPIAN B0 Vep.s
A Iep s 73990 9 B 5 BT I 9% 70 B RO R AR [F) A 3t
Vep.e F1 Iep.e 43 9 8 B E 5 I 4% 9% 4 & RO R 18
TR “s” A e o RpIARER & B R IE 52 AR R
7o BRIEAHNL 2 @ W LA IR icp HIIE R9Z0H
AR, B tand=Icp,o/lepse 3 (8) HHLIK A 152
5 R 5% 0> BT DL o {8 B AR R A
deos® 4l

Veps = j v, sin(o,)d(w,) = 7, v,
o p
i 41
v I V. cos(mt)d(wt) = dsin®, _ Heve
CDc o T[]CD o
(9)
R B i=lico|, BIUL i W] DUH B &

L3R, WA

1 (2= 2 2
Z%J.O |I 8 _;\/ CDs+ICDc (105
HE M T, 9 Mk 10 F
BEALERRN
ICD,s :TCD,s+l’:CDs
[CD,c :I_CD,C+{CDC
VCDS VCD5+{>CD,S (11)
VCD c VCD C + ‘,}CD,C
V,=V,+9,
X (9 M (10) fERASLLEATEBRETT,

FHEERDE, TS EIFESRR 2 (1D %
TERASNMETRAXN

~

vCD,s = va

a

R 8R »
Vepe = FZCD,C (12)

i 2’.‘

lr = _ICD,S
T




5372 BOL R ¥R 2022 4 11 H
ﬁl:':]’ Rj"jﬁ?éilzﬁlzﬂo A _L AS L’.‘
FRAB A (11> T LA 513945 58 1 M5 2 B 4 Ve Otle s
% x R . 2
Wapim. S b, =ali, +L ks
r RN ) ’ ’ !
| icp & &I, iy icD.s + i CF , 'J_' N SN .
- > @“:d; BT éTJO: I, T LAA B U LR M S R R AN
i Vep - Vo i 7 | .
— D R | 8 El Dis 2 s A
ot L)) ey T EE 6
4 AR S i =L, + 13
Fig.4 Small-signal model of the rectifier d
1.4 iERTHENSHMESER DRt L LR /MBS SR OB B B S P
IPT R4H RISz, g e ETVME S BRGE [ IEZ o 5 RZ
REDA R AR A LR P, BLeP AR S R DU e P B SAR IR S Ak S A
RUEGEAY Ry B S 2 4% FUE R . B FH EDF af LUK gk “mmgmﬁﬁi.f_{_ﬁﬁi
AL AT AR . ER T FRLEOR F A TE FRLUR LR :% A ,ﬁ+::QLL %ﬁ’:
ERAARYE, R B E S B A S e e
5 TR SENITEN o . a /. i T4
Xof LR LU R R AT SRR L, R R S I I
v S5 U i 53 e TR e AR
v, =V, sin(w)+V, . cos(w,t) :ms < !:%L < !
| | (13) o Y. '
i, =1, sin(o)+1, cos(a,) e e e
(b) HLA/ME SRR
K, Vi VL;c\ I A1 e 4 90 D WL JE L AT AL 1) 5 HLR A B
IERZI B HINEME . RS KRG Vi SEHONEM, T Fig.5 Small-signal model of inductor and capacitor

BB REBESNS, Vi ABNAE . AR AR I 5 AL
KA UBRE D ENBERRAN

-l

S

dILs
v, =L

de
(14>

VL,c = s

EE YN
DL 5154 8 T R0 5

WA, By, =7 19, . W
KERA

m

IPT Z 40 52 58 o R YR 2 A ] 1) FH 8 AL 75 v
33, DR 0] R L ANV A AR
1.5 LCC-S #MERY IPT REGEHEMIER

W UL BT RAG /MG 5 S RO B AR E, AT A
R R G 5E BN /IME SRR, Wil 6 Fis . i ALZ
—AN I3 B RGE, AT LA A v A b T S N B 4 1
IMESIE R BT RGN EOE R, SRR % ok H0d
Fgﬁmﬁgﬁo.%ﬁg WL%%V&ﬁ%

- A 1
ss ss' Vese |

L,
s.c Sl i

i -
Kl 6 LCC-S #MEM IPT RGiM A M Mz 5 1A
Fig.6  Full-order model for IPT system use LCC-S compensation



E3THEE 21 M

2 HRBMREN SR

2.1 EISHEHEEE

LCC-S #MEM IPT R &H 6 MERH,
TER G /IME 51 AL Ok 75 B BB AR 70 N IE R 5%
oy, XAERE 6 MR E R aE 12 MERTTH,
WA FEOZ/AME SEEE M EON 13 B 6 T8 as
H5ARd, AN FaEMBISE. Fik, xR
HIBERY, B TR T IR 1Ak 7 o

5 H/ME S AE IR R R, A
FHMAD, XHEEE LM ESRAR R, 7
MR ARG, 0T LA A &S 5 4l
FoniE. R9%E . /MG SRt a] BRI AR
HERRREZERZE. BMESHMIEZESR
mEAIE, M

A

V=Vt IV
= iL,s +.]iL,c amn
7

Ve =Ves T Ve,

Ie =log T i,

Kb, 0, NEE RoRsiSME, Hos R
K Sa AU A IESZ R 7y, HERCHE 70 9 B Sa LK

PR s P i B AN ORI S Wi = o< K ) s S I
X (15 5K (16) WL HEE A
. di, . -
v, :Lﬁ+lLa}51L (18
N
i=C (;;C+]Ca)svc (19)

MRAE C(18) A (19), A LUK s 25 /)
GO BRSNS HEENIENX, WE 7 fiR.

(b) LA /M B
Kl 7 EDF 5318 EENE iR

Fig.7 Transform between EDF and dynamic phasor model

I 1 X A 7 9 T DA B AR I ) ME S R R
8 P IZMM 5 AR R SEM . 5 R R AR

HRPTRE T LCC-S AMEM S T4k 78 f R S8 /IMe 5 AR 5373

AL, ZEAPACEMED, AT T RY
A

o Btz mekE &@z#ﬂg,

i . A l Ly jolLg C, I

| | | +

. JwMz

: +Mﬂp :1/(Ja) C)IvCD

i - de | -

Kl 8 %%&Hzﬁ]**ﬁi*ﬁi

Fig.8 Dynamic phasor model for resonant tank

HA—1RARE, 125 RAUE A 20 A il ik
N HIME SR, 5 BT R G B NME S
B, EFR B N IE . RSEE S IF 5 T b A AR
FL B AT S )03 R R A O . DR BRI 8 R A A
A6 MEIRTTH, By 12 Bir.
2.2 HAXHEREONLE

SCHR[LS]Hh xS s NME SRR BEAT A ), 45
BRI R AL He # JF R 5 B I /ME SRR EE DY 3 B
KPP TR BLN T IPT R G5

P IFRAR SRS, — AT ORI I NME 5 BLE
12 FFRIZ LA o AL T RIEMBUE AR T IT 4%, A
RN R Tt YN8 I i
Ve 1 1

s
L= ~ +
i, sC+joC joC o’C (200

e

YT LIRS L 2 (/M SRR AL f D ] 9 o AR

ST ke o N
| be Ji ffﬁﬁt i b TR i
+ o+ Vo - .

| | | i | ¢ |
A [ [

I ic :lc IE>| i I
l 1 I i
i jo.C ;i wlC el

Ko AN E%i‘%iﬁ’]ﬂcﬁﬁ
Fig.9 Simplification of the capacitor
LCC-S #M£ ) IPT H A7 3 LA, KA EE
M 9 177 et JF SR ERKBRERE I, TRRE
10 AR

o+
9,

10 HETK (200 ML JF i 3
Fig.10 Simplified circuit model for the resonant tank

based on Equ.(20)

K10 H, Leg 5 Xeg FZEAN (1) IMFRK
(SRS



5374 SR i N 2022 % 11 A
1 1
Xeql__E: _a)sLl Leql _E = L]
X ,=olL L _ L _ ! L
eqz_a)s P ?p_a)s 1 eq2 wsch + P
1
Xep=0.L, —S—p =0 L= a)sz + L, =2L,

@AD)

FE B 10 FR A0 fif A i AR 3 3IR 7o AR KR s, AXAF

fE 4 DNRE. KWK Liv Leq 55 Leg = MEER0E

TR SRH 55 R BT joosLiv jXeqr P jXeqa PITAL Y
T B 268 0] DL 5 08 52 42 5 R, ] 11 P o

FER 11 Jros B3R Il (0 25 R0 IME 5 B R AR 4

BT A A A 5 A R

Fig.11 Induced voltage source model for resonant tank

gy, JFEBRA S ARSRME, WLB R RE TR
HI/ME SR

I A AL Ja B /NME SRR AN 12 PR o iR
R IR IE WL S A 6 MIBIRICIE, I B T

A 3RO, BT RUR AL S R A, REWMBONTH. MEEA 13RS,
AR SR ARPE o 12458 20 FH 43 R IE 54 5 AR 54 I 3K A 77 AT AL AR AR G O R FRAIC .
f oo 2 G L kY +
L 0520 Gl s Gute | 1,
i !\ NN ) OsLiinge oMi < ) —oMi, ‘}-
T R T S - .
T Qute e Qe g 1T
; ol A y ised Y Y dip, " :
! | AT + dr + + dt i
| 2 e % e M g
K12 BB AME S
Fig.12 Reduced-order small-signal model
" R *1 HEBRESH
3 #iﬁ!ﬂ’\]ijﬁﬁE Tab.1 Circuit parameter in the simulation
3.1 HEEIE z % Bl z H B8
LY E B P G I 4 B S SR IR IR . /M S Li/pH 25 C\/nF 101.3
RSB E) fE RGBSR IE, 2B SRR LA Ly/uH 100 Cy/nF 33.8
AFANE T PRSI 2 RAE . & A FIAE T {10 37 LyuH 100 Cy/nF 25.33
17 S BBG B W) & FE, IR B 2 4t ) B A k 0.2 fi/kHz 100
HEf . 05 E AR SIMPLIS, %3447l LA B A RIQ 20 Cr/pF 10
A2 F/ME SRR . % IPT REEH M
WA, PT RLGMBHNE |, Hih CoNER Y .
JEPRA, k NLRBRME R Ck=M/JLL ). 3 | Tgiﬁy
7E 12 Hr ) A BE R EE IR FL A e A S L R E A, T A g 60l
TR E G, =, /v, ML R A B E 80}
HOiam e mE 13 fon, B AL AR 0 1A 100 b

R, =AU SR T H 5 BEHH
MR G5 RAE 1/5 TP RBE LT AR R Y&

S /Hz
(a) i R iR



E3THEE 21 M HRE T LCC-S #MEMK L 7 H R G /M SR 5375
0 ‘ A =0 0
Lo p T UiH 4 ~100

--a- BB

FL/(°)
|
S

|
w
(=3
(=]

T

e e 10* 10°
Wi Hz
(b) {3 o B it
Bl 13 4 5 8 B A A 32 0K 0 e HLER

Fig.13 Transfer function G.c comparison between

model-based calculations and simulation

3.2 SKIRESIE
N e IR R ER M, A SCEESE T K 14

PRSI 6, ZRGCRA AR, HHKS
B 2. A RSELKAL IR H 547X Bode100 FEA
MBS . TE A R 15 . i BE& R R
Pras st B R SRRR R HA R, AR AR
1 BB /MG S BT P 3R AT AR R . A 1/5 JF R
B LLE, BRI S 05 BRI 45 R W) & B, X
2 WY A ST R H R B B /N 5 A5 R A AR 4 3 T
IPT R G55 5K /M 5 L

Bode 100

AN

K14 ST
Fig.14 Experimental platform
*®2 KUERKREH

Tab.2 Circuit parameter in the experiment
Z o Z # o
L,/pH 24.9 Cy/nF 101.5
L,/uH 117 Cp/nF 27.8
LJ/uH 91 Cy/nF 28.33
k 0.23 f/kHz 100
RIQ 20 Cy/uF 10

o —— i
= - oA PRI .
A
,100 1 1 I 1 1 I 1 111l
10% 10° 104 10°
Fi% /Hz

(a) fhid bR BUiRAE

= 200 |
= —o— i
=

A LR 1
5/

,40?02 L |||||1|(|)3 L |||||1|(|)4 L1 |||||l|05
M Hz
(b) &3k R BUR AL
Bl1S . SL50 5 BRI 45 88 K 2L Gae HLER

Fig.15 Transfer function Gac comparison among model,

simulation and experiment
4 g

AL LCC-S MY IPT &4 A%, R 5T IPT
RAMES SR k. By iR Rk, Xt
P B R ) 5 S o AT RS, R SR AT FRL K R 4 1
G, 2T DA BB RGN NME S
R, SR AR L R B S . AR e Sk
F UL AR, ST RFATENLE, F45)5K 13
&gk 7. MM AERA@EMAME, "L
BT HAR IPT R4+ .

SE 3

[1] 2, W% R, B, & SHEIRELLTH

7 BC H AT EE P T Al (0] R TR E R, 2015,
30(3 ) 1): 244-250.
Li Haijuan, Huang Xueliang, Chen Zhong, et al.
Reliability evaluation of distribution network with
wireless charging of electric vehicle[J]. Transactions
of China Electrotechnical Society, 2015, 30(S1): 244-
250.

2] B, X177, BRUR. iy e LA 78 i R B
FERR[T]. T AR, 2016, 31(20): 30-40.
Zhao Zhengming, Liu Fang, Chen Kainan. New
progress of wireless charging technology for electric
vehicles[J]. Transactions of China Electrotechnical
Society, 2016, 31(20): 30-40.

[3] W, KR, (EhK, 5. BEIRESKETL
LARBBE AR AR B IHEARZER, 2012,
27(8): 1-13.

Cao Lingling, Chen Qianhong, Ren Xiaoyong, et al.
Review of the efficient wireless power transmission
technique for electric vehicles[J]. Transactions of

China Electrotechnical Society, 2012, 27(8): 1-13.



5376

LR i N

£t 2022 5E 11 H

[10]

AR, EMAK, Breb, & C& R EOR T

5N LRI, B TH A%, 2013,28(10): 1-11.

Huang Xueliang, Tan Linlin, Chen Zhong, et al.
Review and research progress on wireless power
technology[J]. of China
Electrotechnical Society, 2013, 28(10): 1-11.
RN, K, ¥R, 5. IR T L B Rt
R R S AT R R E ] B L EAR R, 2015,
3003 T 1): 256-262.

Fu Minfan, Zhang Tong, Ma Chengbin, et al. Wireless

transfer Transactions

power transfer using magnetic resonance coupling:
basic considerations and practices[J]. Transactions of
China Electrotechnical Society, 2015, 30(S1): 256-262.
Zhang Zhen, Pang Hongliang, Georgiadis A, et al.
Wireless power transfer—an overview[J]. IEEE
Transactions on Industrial Electronics, 2019, 66(2):
1044-1058.

Wang C S, Covic G A, Stielau O H. Power transfer
capability and bifurcation phenomena of loosely
coupled inductive power transfer systems[J]. IEEE
Transactions on Industrial Electronics, 2004, 51(1):
148-157.

He Rong, Zhao Peng, Fu Minfan, et al. Decomposition
and synthesis of high-order compensated inductive
power transfer systems for improved output
controllability[J]. IEEE Transactions on Microwave
Theory and Techniques, 2019, 67(11): 4514-4523.
Zhao Peng, Zheng Guangce, He Rong, et al. A 45-W
two-stage wireless fast charger using unregulated
inductive IEEE Journal of

power transfer[J].

Emerging Industrial
Electronics, 2021, 2(3): 287-296.

Wester G W, Middlebrook R D. Low-frequency

and Selected Topics in

characterization of switched DC-DC converters[J].

(1]

[13]

[14]

IEEE Transactions on Aecrospace and Electronic
Systems, 1973, AES-9(3): 376-385.

Yang E X, Lee F C, Jovanovic M M. Small-signal
modeling of series and parallel resonant converters[C]//
Seventh Annual Applied Power Electronics Conference
and Exposition, Boston, MA, USA, 1992: 785-792.
Zahid Z U, Dalala Z M, Zheng Cong, et al. Modeling
and control of series—series compensated inductive
power transfer system[J]. IEEE Journal of Emerging
and Selected Topics in Power Electronics, 2015, 3(1):
111-123.

Feng Hao, Lukic S M. Reduced-order modeling and
design of single-stage LCL compensated IPT system
for low voltage vehicle charging applications[J]. IEEE
Transactions on Vehicular Technology, 2020, 69(4):
3728-3739.

Deng Qijun, Wang Ziyi, Chen Cheng, et al. Modeling
and control of inductive power transfer system
supplied by multiphase phase-controlled inverter[J].
IEEE Transactions on Power Electronics, 2019, 34(9):
9303-9315.

Tian Shuilin, Lee F C, Li Qiang. A simplified
equivalent circuit model of series resonant
converter[J]. IEEE Transactions on Power Electronics,

2016, 31(5): 3922-3931.

fEEBN

# K

5, 1997 4, WEOTFA, BRI O L RE L .

E-mail: zhenggc@shanghaitech.edu.cn
G20 T3, 1987 R4, R, RSN, BF ST A O A R

Tt TSR B R R e L R e A AR ) % BR
S R LRIV R

E-mail: fumf@shanghaitech.edu.cn CGB{E/E#H )

(HmiE  Fk)





