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Abstract: To reduce the residual attitude error of the drag-free satellite, a pointing stability control mecha-
nism based on momentum exchange was designed. To realize nanoradian-level pointing stability accuracy
for the satellite, a composite axis control method was implemented. This method work in conjunction with
the drag-free attitude control loop, simultaneously reducing the consumption of working fluid in other actu-
ators. This approach was designed to extend the satellite’s operational lifespan. Firstly, the design incor-
porated a linear reciprocating mechanism driven by piezoelectric ceramics on the satellite. This setup al-
lowed for the derivation and analysis of additional interference torque, which resulted from the movement
of small masses. The analysis was grounded in the principles of satellite attitude dynamics. Secondly, the
composite axis system'’s main and auxiliary axes were individually tuned, and the system’s bandwidth was

calculated to ensure it meets performance requirements. Following this, a feed-forward inverse model and
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adaptive PID control were employed. These techniques compensated for the nonlinearity of the piezoelec-

tric ceramics and any disturbances affecting the satellites. Finally, the feasibility of the overall system was

verified by an Adams and Simulink joint simulation. The simulation results show that the intervention of

the mechanism can effectively reduce the bandwidth of the control system and realize high-precision point-

ing stability control of approximately 10 nrad+Hz"*@1 mHz~1 Hz.
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Tab.1 Parameters of additional disturbing torque
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Fig.2 Calculation results of additional interference moment

3 UM T AT RO AE £k 4 )

3.1 W{THEESH

Bl Xt gl I 2 03 ) A T B R AR B L T HL P
AR SR B AT RV FLRN /DN T A H ) T R R 4
PO A Al R GE X PR S A 0 VR BV L TR A
e R E M EN A EEAE NS, P
225 =AY -5 (4 W B AR 2l 2% R ), L R K AT
T2 53 591 Jg 38,30 F1 15 pmo WKl 3 Fr 7, A F5 il

/N 3Tk B ) J5 S B E LR AR

x10~7
1

m/kg

3 S SRR T B R R
Fig. 3 Factors affecting attitude adjustment

{825 18 3 PZT AF o) 28 W6 47 12 J5 75 2 G Hf ik
A A HIE X B E — R AT R Y 2 Ry R ]
fiE S E0 B 22 YR B A YT, B ) BB B Gk —
Y47 R B e () S AT g K o

it 13 X He 0 A A, R4 BE 350 ¢
B 7N 5T i He A o K AT O 30 pm 1 P-225. 20 fii
S, DE T R RN S Bk A K X )
) R 2, DL v, R /N T B Y B R R
& v I KBS, VML ZE 1 000 25 AN 231 47
ARSI R I R A SR AN TLREM
Pl -

2 1 F) Y A 1] 29 5, 5K v, B

7 pm/s LU o R SEA5F 04T LU LR T
PR B 3847 05 2

(1) I B 5T 0= /s,
JEIA S 480 s, 350 25 A A7 A B IR AATR +

(2) 6 0 A 75 B 0, —

A 90 240 s, 200 5 7 47 W AT R , 4 4 o 7 00 2
—W
(3B 5 B 5 M0, = /s B
FE 3914 360 s, 350 45 72 47 15 B4 K AT S
(4RI R 5 IR 0, = o
Al 91 R 480 s, 450 25 26 47 3k 3 e RATHE , B W0 43

Eptm/sﬁ']‘

pum/s i,



3442 e KEE TR

31 %

Pl 4 R AN TR] T 00T 9 2 o 46 28, 23 Bl /0
Jo 5 R 11 i K 3 JRE BR AR L A 1 AR E PR AL A

JX100 ‘ \ _x10

— Main axis
— Auxiliary axis
Control torque

moltHlH\HHHW I un
-~
0 200 400 . 600 800 1000
mIMHMIHMIM lenm
o
36 200 400 . 600 800 1000

— Main axis
—— Auxiliary axis 13
— Control torque

(98]

2 27
2, z
i
£ \U H!IHHM h H‘Hw‘l!u AU e iy =
§0 l ‘ | H'luwl'muHWW““ 2

| |-

2 2

3 200 400 600 800 1000

t/s
(c) TH(4)
(c) Condition(4)

4 RIETO0 0 Has R

Fig.4 Simulation results under different conditions

U[—MSZ‘FCS‘FKSZ

S 0 28 R, A T R 22 R ik R 2 [ RE B LR
JEEOR BN O, 00 (4) BE 8 78 50U 17 72 19
LN TR EAT T 2 RS T AL iR R
i BE M & HEAE T ol SRR R O AL B
WAL, I % &N PZT i ML W 47 72
T YR AR BE A A . AR S PR e A Bk

3 vmale um/s, M T A 208 S PZT 6 47 B 3

F1% S0 48 U K i 2 e ) AL sl G TG A R S Y BE TR
‘{E%O

80

Probility density

200 410 420 430 440 450 460
Adjustment times before full stroke

KI5 SRR ik Jas R

Fig.5 Monte Carlo simulation results

3.2 PZTIEZ&MEEH

PZT AE3h#% B A i H 00, 78 58 I 7%
AL RS 5 AN R I R R R BT
B %% B = A0 R R O BE RN R D AR A
HHAS B A7 A 3R i 05 AR A5 R 2R MR RR I, AN
T BU TR G BE 2 sh P, 7 AT A R U R 4 4
AMEET DL B R Y P-225. 20 £S5 T A
B S8 b, HSH % 2 R .

K FH Bouc-Wen #5# v /(1) 3R 3278 s FL B %
P N UE |2 G i R
y()=X(2)+ h(t)=rka(z)+ h(z)
fz(Z)Zax'(t)—,Bi ’h |—y‘ ) ‘h

AET 4T H B R G AL R EIOk R
x K.d 0. 066
- 0.475 + 0. 635+ 0. 33

(8)

A M R AR Kﬂvﬁ]ﬂﬁ?%%ﬁ CH R H
B, d HEHLJE R % Qi 6 s, 1 1 i s i 4

.(7)




%5 23 ]

BT, A LT A il A ) i I A TR R S A R M I 4 3443

N PD H5 il X Ho Al Gk F8 o i AT A, BT DL KR
Pt v e F B R - RS (R -1 ) IR M
JC AN N4 far B A B0 T, 24 0 R K L R B, PZT
YE Bl 19 0 A% A0 00 nT LAH B Ak, B AL B
BERIG M RAL AL EE  f ps N BB S S

W JSE{ELAH 25, 76 TR FL HE 1 55 A B sk I A0 1 A
RAFEARALRE o AT R, B LR /N BT
24 7 i e A 0 R A PR TR AL R A S
F L X ZHT UM 8 o B A e JH S B TR
B PLBAY FEAt

R2 P225.20EEERIBHSH

Tab.2 Parameters of piezo actuator P-225. 20

TAERIE/V RRATRE/pm FAS NI/ (Nepm 1) SFRAY/pF Ji ik kg e KA J1 /N
0~1 000 30 0.33 0.63 0.47 12 500
A ~ = Before nonlinear compensation ¥
AL é 5 x10-5 . ) .p ‘ x]? g g
L £ SPWVVVVWWWWAVVWAA 0 5
=70 10 20 30 40 50° =
i t/min
/90 —;‘ %10 'Aﬁer nonlvmear comPensatlon ‘ %108 3
e SOk E o o £
~2g, =] E
Ly & - - ' * 53
8y =0 10 20 30 40 507 =
W LS t/min
760 b :E\ X105 Error x107% 9
70, = =
b § e . B g ! T R RARIE — T ?5 =2
0 > =770 10 20 30 40 50° ™

F,

max

F

PR 6 s L B I A% -

Fig. 6 Displacement-output curve of piezoelectric ceramic

7 R BRI R B A Adams F Simu-
link #4786 & 05 B, 0T LUK LR BN shd 2]
WAL, I 45 30 HE LR M A2 I i 32 BR RS 12 DL &
TR [ RE MRS R B Oy AR T
JEE B 04 98 I T e L AILAR Y — B [ A5, AT
LS B G i 1 R RO A — M A
mE 8 R, PZT W AE L iR 215 3 T 7 47
ELN

PR 7 R -8 2 U 1 AE 15
Fig.7 Control block diagram of velocity-attitude double-
loop

#/min

P8 ARLeMEAMERT S /N BT i el JiE 5 TR 1 8
Fig.8 Mass velocity and satellite angle before and after

nonlinear compensation
4 B a4 AR EeHR0T

4.1 TITE#ER

S AR )Tz ] T O AR &R G oM R R
SRR A, B AR M LA v S 4y
Be A O a5 o JCAR JBT S — i R0 T 2 o L RE 08 AE
TlREL B 0 R Aty RS n b DA S RS 18
EYS RS E A ARG N T TR ERERE
i, FEH B TE T s i b ReRE , LA S —
A4 e A T R PG B

TR T i B 2 4 ol G m LA R Ok 22
01 Hz DUF B TP AR AR 3, 0 T AL i AR PR RS B2
T /& 20 nrad/Hz"*@(1 mHz~1 Hz) By GE B3R .
MOH R RE R ET R 20 nrad/Hz @
(1 mHz~1 Hz) B} , A SCIRTHNE A R G R
TAE, B PZT 9K 3l (4 3 B B2 e Pk = LA A A
B 3 il 55 -l ] e T T T L TR A A e R



3444

e K TR

31 %

MR ZEYE— B 10 nrad/Hz"*@(1 mHz~
1 Hz) 2 A DR FRAE 2O FE T [l . 52 Tl 428 1 )it
PEAE 18 9 s« E4h R Ge ok Jo e AR R4
S RN AP ol N I e o s R (B 7 N A M i

JCAF LA SE B PID 42 il 45 A1 TR S 5 0 s 5 il
B GE N T Bl S i P Y A A o el g, R
H1 PZT 3K 3l ity B A MR LR AR et 9ok
LI 45 T R S g R 2 2 BB T AR A

TR ARG

Eon

g

AR A

PZTIX B 4%

o I S S Sl VU A ettt Rt - s
. x 25 sy 3 o 1 . TPRER
5 i 4% [ EjiiE 210y _|_>®_l_>|

ER U ER

9 EAERARGERIER

Fig.9 Framework of compound-axis control system

4.2 RETEEE
WU R A &R g — i B T
b, 35 1 2% 4 D 1) % B B 22 oK PAL B R e g LA T
R R i AR 5, SCEEOR AR A 10 R S R S AR
ST R R M AR AR R, B S kT B X
HAEMARGE RN ST E . RS
il 2 48 1 B o — H A0 8 Y 0 28 R bR A i
ZEAE Y 0T R ) B 2 R S ) PR R i R
T 0 MR R G A B A R R R K 2 M
PN B R G sk A e ik 25, B
REMMAGS I DENMENZENES LT A
WahfEo . MR TR EITH A& N PID 5
e, 0 32l R G T B A% 3 R BT R A
G(s)= G (5)Gy(s)G(s)G,(5)=

e T8 e T3S
s+ 1 s § cs
-+1 4]
2nf, (2nf, ) =fs
K\ 1
(KP—FKDS‘f—I)' (9)
s Js®

Horpr: G (s) Sl A I SE Y #f 2 A4 T 12 38 PR KK,

G, (s) Ay 55 5350 e BEL U i 25 1% 338 PR 4L, G (s) R PID
i il AL % R, G, () i WURL A T8 20 AL
I AL B R TR R AR SR T AR
F— R G [F] 1 35 2R ool 5

LR el ) A RS B 3K B AN IR G, AR
EFHM ARG R REREESREEIRZANE
20 nrad/Hz"*@ (1 mHz~1 Hz) . 24 3 %l i 5% 4%
$F31 F 3 20 nrad/Hz"*@(1 mHz~1 Hz) i}, i
Wit 5| F B AT RS, kR e s A T
ikl. 2% 107 A BHIE s AREE, TR
) (1) T P W 5 7 A9 RE K- R A R B R 2
) e 30T R R T AAR B SR R A BRI R 4
AR ZIHR A ME 10w . HEERNES
FHL, Y E R RS 58K T 0.049 6 Hz B, T
B B KAk AR R A8 % 22 F B 31 20 nrad/Hz"*@
(1 mHz~1 Hz) 2247, 3X &4l & 4 b iy -+ il
e oL T ST

Tl R G B A R b 3 A R Ay B SR
25 EEXF R R R L BT R il R G SE RE 8
AR R A R g0t 5 A B3l i 3 BE ) .



5 23 1) BT, LT A s ) DR B A TR R R S A R e R 3445
x10-8 Main axis %107
6
2 1.2} 1
£4
£ 1
E2 WWM
0 ‘ : : ' ‘ =
0 100 200 300 400 500 600 g 08 ]
t/s 5
x10- Auxiliary axis o 06
- 0.4
£
E 02}
m
% 100 200 300 400 500 600 0 200 400 600 800 1000

/s
F10  HoE J5 0 TR R A AR 2
Fig. 10 Residual attitude error after tuning

PLESRAT 98 0. 049 6 Hz (9 324 R 58 R 1], 15 H A5
H RN S5 Tl R G O R PR R 22 BE T R el
YE I AR SR A WA 11 BT R

-8
13710

1.2¢

L.1r

Error/rad

0.9

0 0.2 04 0.6 08 1
Bandwidth/Hz

F11 R P 22 BE bty 98 i AL A R &
Fig. 11 Variation of stability error with bandwidth of aux-

iliary axis

MRS h 0,485 6 Hz B, B & &
25 095 2% AR 3 10 nrad BATF L 14 406 2 B Kl
M BARAS T — 2 AT T RS /NI

WIE . %A TR TR AR AR AR A IR 22 T 12
IR

4.3 (HTE4R

FE T 1T AR 25 A TE L R ISR 3
B S BT EUE O B, T IS R 2 s LA = A
H BE 4 ) B2 MRS R, Rl il &R S Y i R
AR BE W R 13 AR 14 BT R

t/s
12 A 9E 0. 485 6 Hz i i) FA4 sk A2 i 22
Fig. 12 Residual error of auxiliary axis at 0. 485 6 Hz

®3 RERIEHESHY

Tab.3 Simulation parameters of drag-free satellite

i HSH O
LR B gt i
., 40,60,40
J/(kg'm™*)
WIR M 0/rad 5.7X107,1.1X10 °,9X10’
P A . . .
. 5X10 *%,3X10 °,1.5X10
w/(rades™")
W 0,/ rad 10 7,10 °,10°°
/N JBT i B S m/ kg 0.35
FROTE L/m 1
5 <107 i ‘ i 310’6
— o0,
o, 2
.
—0
s 1
L v F
< - 0 5
3 x10° 3
¥ H
.......................... Je
0 ",.
---- 2
2
s 14z 453 44|
0 100 200 300 400 500

t/s
B 13 FHl4s ) f B2 55 A 2RE i

Fig. 13 Angle and angular velocity response of main axis

FHARGEWERRIGNIRZE N THAZEN S
g A TE 210 ®nrad 22 A BEEh . AR 4 R TR A%
SEAT AR 25 P A B L IR 25 Al PR R G
#5395 45 /N B 1< 107 nrad LA, 5 2 4R
R RR s M AR R . XHAR 2 A (100 s~500 s)
(15 25 BCHE HE AT O 4 B, A5 0.1 mHz~



3446 err K TR 55 31 %
o 0 %4 DRESRENHFRE

wy/(rad-s™)
Euler/rad

485 490 495 500

0 100 200 / 300 400 500
/s

P14 s A 5 R i

Fig. 14 Angle and angular velocity response of auxiliary

axis

1 mHz 4550 Py 3= 5l L Tl 00 1% 25 0 R 5 % R
2 A 15 B o ATLVE W, TR R SR IR 22 AR
A AR B B 9 A AR T A AR B R T
T . i B ARG RGN AR R iR
2 TE AR OH B E B U5 A (Root Mean
Square, RMS)ZUE UNFR 4 fi 7 .

Zi b M T ERRGE M TAE, E AR
e W 10K B2 A 1) A RS BB AT B Y

10-°
—~———, Main axis
m«f Auxiliary axis|
10-10F L
a
N
T
T 100
—
=
a
w2
<
10721)_

1 0725

10+ 10° 10
fHz
P15 flh il g 108 2 W {0 2
Fig. 15 Error amplitude spectral density of main and aux-

iliary axes

S E WK

[1] LUOJ, CHENL S, DUANH Z, et al. TianQin:
a space-borne gravitational wave detector[J]. Classi-
cal and Quantum Gravity, 2016, 33(3): 035010.

[2] CLAPP B, SILLS J, VOORHEES C. Hubble

Tab.4 Root mean square of satellite attitude errors

A ¥ /nrad A/ (nrades ")
Fhh X 34.47 13.21
Fhy 20.11 7.06
X4 12.76 4.21
FhHh X 15. 60 2.51
T Y 14.02 2.84
Tz 7.07 2.27

few, DEMRSHRAERER B4 T — 2 #
o AT LUHE Y TR ] R B AR M A SR I, 5 ik
{14 S AT B A S bl 5, A A0 JE A L
SR RGN T AL

AW T PZT 9K 8h i e PR VR = LA, #b
R T R L P AR AR R MR 22 Rt S AR R
AT B UE AL AT AT R . MR AT A A o
WL E T R Rl R G0 i IR 25 4 1 A
T, 258 3k Admas Fll Simulink B9 8% & 05 B 2 Bt
TEASMAS /0. 1 mHz~1 mHz ik N i ia s
PERE R0 P RS B . MR A TG4 RS 5
F e S AR I P R 9 0,049 6 Hz, T X
[ A ) M BB SR, A Y PZT 8 35 45 K I A4 AR
HAMRG S HAR SEREILE 0. 019 5 He; Hi X 8
e ARG B2 0K, Y 1l R G 9 0. 486 5 Hz,
RIZyh F5h R G00 98 10 fis i, 1L AR A48 1l i B
EMEIR 2216 1 mHz~1 Hz 5 BN i 20 nrad/Hz"*
FEAR 2 10 nrad/Hz'"o {h B 45 R £ W, A S0 o
X F Al 2R G0 P AT LA AR g 0T 2
P T R B As ()5 7 BRI A 0 4 1) AR e MR
e 1)K BE , SR WO B B Y DR R ) SR AL TR
SCHES

space telescope pointing performance due to micro-
dynamic disturbances from the NICMOS cryogenic
cooler [C]. 43rd AIAA/ASME/ASCE/AHS/
ASC Structures, Structural Dynamics, and Materi-
Colorado.  Reston:

als  Conference.  Denver,



55 23 1] T, T A s i B A TR B AR A R M 3447
ATAA, 2002. HUA B, CHEN L, WU Y H. Cascade-saturation
[3] HE L, CHEN X, KUMAR K D, et al. A novel attitude control of micro-satellite based on combina-

[4]

[5]

[6]

[8]

[9]

[10]

three-axis attitude stabilization method using in-
plane internal mass-shifting [J]. Aerospace Science
and Technology, 2019, 92: 489-500.
CHESI S, GONG Q, ROMANO M. Aerodynam-
ic three-axis attitude stabilization of a spacecraft by
center-of-mass shifting [J]. Jowrnal of Guidance,
Control, and Dynamics, 2017, 40(7): 1613-1626.
BOESE, KA, TAE, F. Uik LR
SEHERSmREeAel] AR TR
A, 2017, 39(3) :599-605.
LU ZH L, ZHANG X, YU Y J, et al. Mass mo-
ment control modeling and layout optimization for
CubeSat[J]. Systems Engineering and Electronics,
2017, 39(3):599-605. (in Chinese)
£F, BAR, R4 —Fh BT A RAT AR E T R
B pdlm @[], 2% 58 FHK,
2008, 30(2) :320-323.
JIANG Y, YAO Y, HE F H. Scheme of mass mo-
ment spacecraft and it's control problem[J]. Systems
Engineering and Electronics, 2008, 30 (2) : 320-
323. (in Chinese)
HA K Q, FEMIANO M D, MOSIER G E. Mini-
mum-time and vibration-avoidance attitude maneu-
ver for spacecraft with torque and momentum limit
constraints in redundant reaction wheel configuration
[C]. Optical Science and Technology, the SPIE
49th Annual Meeting. Proc SPIE 5528, Space Sys-
tems Engineering and Optical Alignment Mecha-
nisms, Denver, Colorado, USA. 2004, 5528:
126-137.
A sE, K EG, KRR, F . O R BRI
L Ae 3 2 (8 5]y e h g s LT]. P Bk
%, 2019, 12(3):503-514.
DENG J F, CAI ZH M, CHEN K, et al. Drag-
free control and its application in China's space gravi-
tational wave detection[J]. Chinese Journal of Op-
tics, 2019, 12(3):503-514. (in Chinese)
A RN ACHE HE TR Y 1 IR R S [T
4 LA (R F), 2003(5): 10-19.
REN H. Application status and development of mi-
cro air-conditioning propulsion technology [J]. Con-
trol Engineering, 2003(5):10-19. ( in Chinese)
ok, Bk, =4 UMD RS HATHLERY
B AN AR R T]. P B R R R R,
2017, 25(6) :821-827.

[11]

[12]

[13]

[15]

[16]

[17]

tion actuator[J]. Journal of Chinese Inertial Tech-
nology, 2017, 25(6):821-827. (in Chinese)
&, KA, HX . FUEEES AT
JE B E VAT 5 [T]. AL R 42 4], 2012, 30
(2):39-45.

WEI P X, GAO CH SH, JING W X. The re-
search on the uncertainty of pressure center for
moving mass actuated vehicle[J]. Aerospace Con-
trol, 2012, 30(2):39-45. (in Chinese)

H&, 2845, F#, F. RMAENTTR/KE
IR TR ET]. A F 4% L, 2021,
29(3):637-645.

XIAO L, WANG SH J, CHANG L, ez al. Atti-
tude determination for satellite using adaptive un-
scented Kalman filter [J]. Opt. Precision Eng. ,
2021, 29(3):637-645. (in Chinese)

ADRIAENS HJ M T S, DE KONING W L,
BANNING R. Modeling piezoelectric actuators
[J]. ASME Transactions on Mechatronics, 2000,
5(4): 331-341.

RAKOTONDRABE M. Bouc-Wen modeling and
inverse multiplicative structure to compensate hys-
teresis nonlinearity in piezoelectric actuators [J].
IEEE Transactions on Automation Science and En-
gineering, 2011, 8(2): 428-431.

wE, Fiesk, MAEE, F . JRAENM TG Ham-
merstein A 5 BAMERERI[T]. AF HEL
#2, 2022, 30(14): 1716-1724.

HUANG T, LUO ZH H, TAO G B, et al. Ham-
merstein modeling and feedback linearization con-
trol for piezoelectric positioning stage [J]. Opt
Precision Eng. , 2022, 30 (14) : 1716-1724. (in
Chinese)

GRS, Bk, ot &, 5. AR RGN
FWFE[T]. ke T4z, 1998, 25(4):1-12.
FUCY, MAJG, YE B X, et al. The applica-
tion research of the composite axis control system
[J]. Opto-Electronic Engineering, 1998, 25(4) :
1-12. (in Chinese)

Mwe i, &R, F L RED, R GURT IR ER
IR I EMERIT]. Tl 5 E F R,
2014,28(12) :1382-1388.

YANG X X, MENG H R, ZHANG B, Band-
width design for fine tracking loop of large opto-

electronic system [J]. Jowrnal of Electronic Mea-



3448

e

K TR

31 %

surement and Instrumentation, 2014,28(12) :1382-
1388. (in Chinese)

MR, RAERK, KR, F . RADGHE RGO IR
WREi R 2 F TS5 MEFR,
2014, 28(12): 1382-1388.

YANG X X, MENG H R, ZHANG B, et al.
Bandwidth design for fine tracking loop of large op-
to-electronic system [J1. Jowrnal of Electronic
Measurement and Instrumentation, 2014, 28(12) :
1382-1388. (in Chinese)

AT, EWMY, FAH, F.ORE-STEMME
FEREA T RAEHI[T]. FALF Ik, 2021, 42(5):

EER N

BFE(1998—), %, KHE A, il +
FuE, 2019 4F F 5 RO A8 A R K2R3k
(G SIS IV 3 KAy PN o4 i ]
I HF5E . E-mail: 1301562795@qq.

com

603-610.

GOUXY, WANGLJ, LIM Q, et al. Accelera-
tion mode drag-free control of TQ-1 satellite [J].
Journal of Astronautics, 2021, 42(5) : 603-610.
(in Chinese)

R, 2 ZA, IESE, F L REHOLER PR
AR R G R SE BRI LT ]. R F F AR, 2006,
26(1):101-106.

LIU X M, LIU L R, SUNJF, et al. Bandwidth
design of composite axis system in satellite laser
communication[J]. Acta Optica Sinica, 2006, 26
(1):101-106. (in Chinese)

BIREE

BEB(1985— ), 5 ILAREZL N, Al
YO WA U, 2014 4F F o [ R}
BE K25 AR AT 2, RS %
Je R G B RSB TR S5 B bR T AR
E-mail: zhaohongch@mail. sysu. edu.

cn



