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An improved force feedback method for teleoperation
control system based on standard PD bilateral control

ZHENG Yidong', YU Jinsong', TANG Diyin', CHEN Xiaoqi’

(1. School of Automation and Electrical Engineering, Beihang University, Beijing 100191, China;
2. College of Engineering, University of Canterbury, ChristChurch 8042, New Zealand)

Abstract: In order to handle communication time delay problem in space robot teleoperation, an improved proportion
and differentiation (PD) bilateral force feedback method for teleoperation control system was proposed. The absolute
stability condition was theoretically deduced at first. On the premise of stable conditions, the transparency was further
studied and the constraint conditions of control parameters that guarantee the best transparency were derived. Two
simulation experiments were conducted to verify the significant effect of the proposed method that improved the
teleoperation system’s transparency and tracking performance. One was a comparison experiment between standard PD
bilateral control method and the improved PD bilateral control method, and the other was performance analysis of
stability and transparency during fixed time delay and variable time delay. The derived stability and transparency
conditions were supported by the simulation results. They are able to improve the PD bilateral force feedback control
method and provide reference to its application in complex teleoperation systems.
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Fig. 1 Schematic diagram of standard PD bilateral control

Fe

SRR, CUITRESE 2 s LB, SRATERME PD XL
AR E A R G AR BE IR PR E , (HEE &
HHPEEI AR . AE SRl B AR T — P adt i
PD XL 5%

HUIE R PD 2 25

{Fh = S(t)(Kyene + Dyéye) + (1= SO)Kpewy + Dy )
F, =St)(K ey, +D,ey)+(1—-SO)K e, +De,)

)]
Ao K AT K 23 ) oAy 3 i 42 o1 2 AR M s 42 i 4% 1) LE 461
FE Dy A D, 43 50l A 3 S 1 25 R M 425 1) 48 1Rl
Iy ZA e )R I B2 E R
e =X (1) =x. (1 —7)
epp = X (= Ty = 7o) = X (= 7p)
€ = X (1= The) =X (1 = Ty = T )
€ee = X (1 = Tp) = X% (1)
T s 7 M 7o 2000 DA A5 JEMAE T S R M i 2 TR A% B PR A
RIS AE ; 0 T 7o, 5300 A A5 JE EH =32 3 28 M i 1 ER M 3 21
F i A i ) R ) IS
4 E TR B EA R R 10 A s, A
FAR R PP AR ZE ecor MTFHEHIZS AR HE (1)
P FORENNTA83) o o5 —T7 1, WNTFRIIRZE e
fRaten T, SO EIm AL EARZEN enn, TS AAH

2



%44 IR

A BT RRUEROLE I Stk ) R BUEIRAE T A 867

AR R 227 AR )y RS2 I R4 O T
LTI, B TR NE .

KT REL S(MIUER R E R 0 8 1, B
VP v A — ANl s okl AT e, Hh A
FAv /(I

S@) = max(min[.[ :)(bB(z')C(r) +c—aA(r))dz,11,0) (3)
o
A(t) = |xc (t- Tch )Fc (- Tch )|
d
)4 e =7 =3 () )
C(t) = (0.5 = In(zy, (1)) |x, (¢ = 73 ) = X3, (1)]

K@), a5 a A b e TR I IR i
L a MUK, FEHIRsBWITERUBLS; b K, 8
XA ) OB o R ¢ IR LS 2 Pl o AU I
Hae RGBT A N 58 4B W UL B BRATE RS

NTF AN I AR GE L RE RN, R A()
MAEAEARERS SO/, BEMAER R, E M
PRI AR 2 MR — 2 ETEE,
MNTFIERBEMNALE, 2 NI B A7 LR
TEREG AN T3 15 1 Ei2 ). BB B(o AR I i
T BRECKHENIZ 2 R ot. BRI COORIEEAEA]
I3 LI = T A I S DA )3 2l DATTRE I A DR 3
F 8L . Bln, ERREAFAERINEOLR, HETR
HARENI, AT 1A R EimiRA R, R
K CeynT O R 0 A7 A RN S g, BLER
REFRGRUENE

B(t)=F,(t -7

2 FERIREMES R

TEEAE RGPV Re F AR ROE R M 2 A
D71 FE PER P R G AR IR ACHT 32, 2P
AT R G0 L ) 5T RGERRE R LATA] St
PR A AL FEERAE 0N S PR EE 7 A (R N2 R e
RAEZRIGAAT I At PD UL TR SN
RO VEHEAT 0 M, JRHES ) R G IR 4 0t A5 e v
%At
2.1 REMFITE

iy AR RGRE T 40 AT G U 40 R 8 50 A5 7 )
P, B AT DAUE W] JC USRS RE T At 40 A E PRI 78 53
ANLBLAEPN, IR g Ao P 4k v] AR R A
{57k, NN 2 . Llewellyn 4% Fe e Ja 5 2 H:
HR AR Ay R LI — R

Llewellyn Z8XH A A XA ER A4

:ﬁm@%%%zzr” }gﬂmgﬁ T4
21

PERF, ARG LS FE 1) :

1) zy,(s) R 2y (s) ALV 100 AP 1l B3
st

2) zy,(8) Al 25 () 75521 T ) R Al (R AR 2 A
XERRINT,  HL55 22 368 L 1) B Kby Oy TE S

3) Re(z,(jw)=0;

4) Re(zy(jw)) =05

5) 2Re(z};(jw)) Re(z,, (jw)) —Re(z}, (j@) 2, (j 50))

|212 (j@)z3,(j 50)|

22 REMSH

BRIHI S (o) PR B Bk 0 BR 1,
WA [RME I ()2 1 R R AT 0 AT

2 S(6y=1 i, FBEERAE RGN i 1 LRy

NN S(2)

K, _ _
—h ey peh

K
h
mhs+bh+Dh+T »

K. _ _ _ K, _
—<e*iipet mys+b,+De TR 2 s D)
s s

Vi :[511 z12:| Vi (5)
-V, 21 2 Ve

A Llewellyn #EN, 7] DUHET R4 8 E
R4
Re(z,) =by, + D, >0 (6)

K, .
Re(zy,)=b,+ D, cosa(T, +T,)——=sinw (T, +1,) >0
1)

(7
KhKc
2(by, +Dy)b, +(2b, D, + Dy D, — "7 ¢)cosa(T; +T5)
[0

K. K K.D, +K,.D.)*
\/(Dth_ h20)2+( c h+2 h c)
w w
sina(T; +T5,)
[0)

=1 (8

(2thc + DhKc _DcKh)
2
\/(D D _KhKC)2+(Kth+Kth)
h*~c 2 2
[0 [0
Kc

é\

+T,)-D,cosa(Ty +T,) FF &

n=

Kczl s DCZO.S; T1:T2:3 S,
ARG, WE 2 PR,

LA E] y) KTHE o [

B2 nTELE H: 0T REE R K *ﬂ D, y1 2f1
FHHY, Pk, RELESEN K M D& ANEEA(T) I
ST DA AL 1P o



868 PR REER (A R B RR) 3549 %
Fu
6 =)
4 ﬁ mys+b, + Dye T +£e—s(r,+rz) ﬁe‘STz +De T
s s
- 2 K oot +De " m_s+b, +D, K
§ s
O -
|:Vh:|:|:zll z12:||:Vh:| (11)
(R T = T T Vo) Lan ]|
w/Hz e omy M ome 2 ETFRNTF-RRE; b, M b, 23
B2 y X THE o TlB X I EFFATFIIBLE .
Fig.2 Curves of y; changing with fRHE Llewellyn #EN], W LAHES H R G40 Fae
SOESUSE
K@) AT LRI N

(K Dy +Kth)2 _

a)2

K, K
2(by +Dy)b, = \/(Dth - 2}2 )+

K, K
(2b,D, + Dy D, =—"5%)-cosax(T; +T) -
(4]

ML) (pk, ~2bK, ~DK)  ©)

,/:(\

K K (K.Dy, +K, D,)*
J/z:\/(Dth— 2}20)2+ < hwzh -

K, K,

(20, D, + Dy D, = =27¢) -cosax(T; +T)
w

sina@(T; +T.
———14——32@%K£—2%K%—1%K%) (10)

W K=Ky=1, T\=T»=3s, D=D,=0.5, b,=1, 1A
133 3o K THE o MRS, WE 3 Fis.

200

150+

100+
<
50+

0_

50l e it
107! 100 10! 102 103
w/Hz

B3 3 %xT otTibts

Fig.3 Curves of y; changing with @

™ Ke» Kis D F Dy [E RS, BREL yy I HUE AT 3
ARG NI, Bk, REOERAEN S5
K., Ky DA Dy, 3t il A ATER ()1 2 AL -

2 S() =0 I, REEEAE RGN i P L5 AL

K, .
by + Dy cos (T, +Ty) ——Lsino(T; +T,) >0 (12)
0

b.+D,>0 (13)
KhKc
2(b, + D )b, +(2b,Dy, + DD, — e Yeosa(T) +T,)
K. K, » (K.D,+K,D,)*
\/(Dth_ ;zc) + c ha)zh c

i T +T,
o a)( L 2) (Zchh +DcKh _DhKc)
w

K. K K.D, +K,D.)?
\/(Dth— ;ZC)2+( c~h 2h c)

=1 (14)

2]

[ HE, NEERPEAENSH K, Ky D, Dy,
A AER FIRARZER(12), (134K, MIFIE
BEAE ARG LT Rase .

3 TIERNERES T

B VP B R RGBS — E R AR
WA T RGHERI RS, ks I 5 B TR BRI
D5 B A5 Es b, BRAE AR T DU b S 15t ) 182
BB IPRE, KRR ERAN K. &
SRR BT PR A B R G TR, 3 B R
U, RGN . T8 T e s 3
(BB ERBE BB 2 [A] R 00 AT B o 38 SUERAE I
Z RPN Z=Fu/xn, HEER L RN Z=Fo/x.
LG, mTLA] Zy R Z, 2 T (R AFABLRER Skt s A 1
CATIAH LR By, RGNS IR, ARSI
H Zi=Zeo ATTHOEWIETT RN Sl PD XA RS
BT 0T, IS HSCR e PR TR LG, HES HRAER
UEASE PETHTHE Tl RGIRAF IR AT B AV S E A

M S(t=1 I, REENTFBE) ¥ & PD #4l



%44 IR

A BT RRUEROLE I Stk ) R BUEIRAE T A 869

By
F, = F, =myX, +b,x,
F, = F, = m.X, +b.x,
Fy = Ky [x, (0) = x. (¢ = 1)1+ Dy [x, (1) = X, (¢t = T5)]
Fo =K [x,(-T)—x (1 -1, -T,)]+
Dy[x,(t=T) - x.(t -1, - T5)]
(15)
VR 0 0 BT A
Z, (s)=mys* +(D, +b,)s + K, —
(D,s+ K, )(D,s+K,)e*ih)
(my +m.)s* + (b, +b,)s +k, +(D,s + K )e T+
T AR TR AR i R B A
Zy(5) = Mys” + Boys + Koq + Z3, (5) (17)

(16)

Meq =nmy _Al

B,y =D, +b, — 4, (18)

Koy =Ky, — 4
Ho: Mo b BV E# B2 RIS R Bog N5
&‘ﬁ IKE. )E 5 Keq j‘j % &‘ﬁ RJU ’g H Z:;(S) i#} /%
111%21’; ()/s* =0, ERET s MBI, ERN
§—>
B8 N ] ZBREANTE, Ay, A; FT A vl T8R4 5 FEfi -

1
DDy, —(Dy K, + D K, (T} +T2)+EKhKc (I, +T,)* =
Al(ke +Kc)+A2[be +bc +Dc _KC(TI +T2)]+
1

Aylme +m+ =K (G +Ty)° =D (T + 1))
DyK.+ DKy, - KK ([, +T5) = A, (k. + K, ) +
AB[be +bc +Dc —Kc(Ti +TZ)]
KK, = A4;(k, +K.)

(19)
RGEWERAEN, NA Z=Z.. 2175 N
BHET Z, (5) = ms® + bs + k, (R0 I IRAR S, W75

K, =K, +k, (20)
D, =D, —2K (T +1) @21)
K. T*+2K.T+K,~D,T-D, =0 (22)

AT, AT JEAE 32 I 8 1Y) B ) ] 4iE
S, B T=T=To AR—MerE, ¥ 3 i S I35 45
W &SN : my=m=m=0.5 kg, by=b=b=0.5 kg/s,
k=0.5 N/mo HoH m Fl b 53 5 R 7R e FIpH g s k Ao
PERE F(20), QDAI22)H RGFaE4A6), (7)
FIS)BEL, LA K., D AN T Jy HAZRFI] MATLAB i
AL =g .

HE 4 i BUERILA RS KGR e e
ACHENT,  BUIIT DLYE RS S P R BIME R G003 W 1 e
RIS . 24 S(0) =0 I, ] LUAR A 75 1245 51
S HIE LR & A

3005 K
4 RUAARIHEZRMGEMYRXA
Fig. 4 Parameter constraints between system

stability and transparency

4 (FELE

T SR M R I PD ORI s I v b
SR LR B H A Y B HE 3 45 R A, AT
KIFEE N Rt PD A4 5 045 R A &R
GERHATAIL. T AESERR TRET, IR A — ]
SEANLIER, TAEBE N RIS, Bk, &
TIBR T B E N AE G BLAL, I X AR I G L )
BAE RBIAT I EL
4.1 BEEMEHELER

FIH simulink T H X0 PD XA I R GeikAT
PrE. Hrr, FNTFRsTE AR S 235 BBl my=0.5
kg, b,=0.2kg/s, m=0.5kg, b=0.2 kg/s. Hfaj i,
B IREERRL Bk B iR - B e R4

F,
Z,===ms*+bs+k, (23)

Xe

b me=0.05 kg, b=0.025 kg/s, k=0.125 N/m. %
G IE BN T1=T>=2 s,

g Rl s fron. Bl 5@)R(b) T 53 il
T 5 I BE iz ) I 3 T3z 3 4 1 th 2 A it
2, & 5(c)Mi(d)Fan gl AT g Bl I 32 T 1)
B E IR g, WK S@FI(c) T LLE H:
WNTFE A Hizghic & Sz, FNFiz
i E A A, TR ARG KOS, X
RIAEAERGETE W, 0 ENTFA8 30 E ih )
PIAEFEE IR REMIERERTERE . M NTFHEARE
PREEFETFHAT A Bz iy, w] U ABUR 320 i 52 B ) S
W71 Fy AN S BRI E T ) Fe R i R
FERPE. IE SO)RTUAEH: 5 Fo oy, AAA
EWm, REMIGHEIEREL . AT B g3,
M 5(d) T LA a2 ) By JEANAREL, X R



870

TR AR(A BB IR)

o5 49 4

T RGNNERERLE . AT, Y3 ESCHEH S 4
LR GATIRPIR RIS HON, ek PD XA HII7 k1
FEHIROR L AR

Bl 6 Fin AbsdE PD BUAEE 5 003 PD XA
TITEREIEX . B 6 nTLLE H: Bl 6(b)H 3
M BEATC IR BE R, IX R B SGdE ) PD AU 4254l
RGBS, 0T ARvE PD XULIEHI R SE.
42 THREREER

h T B E Y SCHE T AR E PR B A E W SR AR T

(a)

1ot |

5— 1 n 1 1
AT I
;ﬂ:u Otmﬁf[“m[&ha}[\ﬂ‘ﬂqul V’liﬂ' -!.:Iﬁl.h_’ l‘:
5 WY Ml

_.5_ !

_lo_

5 100 200 300 400 500

Fif /s
1075

{7 & /em

200 300 400

s} )/s

100 500

G e Ol N REE IS BRI, Lk
SCEG LA b, K[ e NSO TR 1.5~2.5 s Z [ BEHLAR
TR AR I AE, B 7 s A s R,

M 7 ATUAEF: fEARRERE BT, REMRE
PEARIH RS A B CRUE; IBIAPEEARA T NI, (H93R
TREFER R KT

N IIE R G 4 H SHON A E R Gk R ),
ARSCHAT T o — A S BN A8 e SN )
SRy, iR ANE 8 .

il
AT
! M)ﬂ i nM
S,

(2) WNTHIEAHEAE I E AT IS L B 2k (b) AT FRBEAH AR I i ) il 2k s
() \NTFBHzsh ENTFRissh i Bk (d) AT B szl i ik
1—EF; 2—NTF.

5 2s BB R e ALER

Fig. 5 Simulation results when time delay is fixed to 2 s

°'; " e e
; IR
T 260%‘50/5360 200 500

(a) ArifE PD XL R G 1 T s LT
1—F: 5w P
6

FHAL/(N-em™)

0.2

300
B} [5]/s

200

(b) et PD XA I R S 3 i BHLAT

2— Mt BHLPT
A PD R iH 35 4] 5 st PD A 454 7 ik 6915 B AT Eb

Fig. 6 Transparency comparison between standard PD bilateral control method and improved PD bilateral control method



541

IR,

Sy HETHRMENGA Y ol Ty R BEEBRATETT 15

871

i /cm

L& /10°%cm

AL E/100cm

i B /em

401

30r

20F

0 100

200
s} R)/s

300

V‘VW' v

0 100

200
Wt iil/s

300

400

500

JI/N

1.5

1.0

0.5r

(b)

0 100

200 300 400

s} ) /s

500

0 100

200 300 400

B} ) /s

500

(2) NT-HIBERAIZ NI 1 LN T2 B #Zk; (b) AT SR EEEAlE s 11 ) thek;

(©) NFAHEBEINWENTFEIMEMLE; (d) AT A HES3I T hk
I—EF; 2—MF.

& 7

1.5~2.5s T AT3E BT 0945 AL s R

Fig. 7 Simulation results when time delay is fluctuating between 1.5 s and 2.5 s

@

0 100

200 300
Fif [ /s

400

500

©

-1.0r

1S
0

100

200 300
st [E] /s

400

500

F3/10N

F1/10N

100 200 300

S

M)

(b)
2
L 1
; ' ; 200 500
|
|
Wy
200 500

200 300
i TR /s

100

(a) WNT- B SN  EMNTIBZN AL E i (b) AT IR Bl sl i 1) ) ih 2k s
(¢) \NT-Athizghnf 1= NFigsh e Mhk; (d) IWT-A thizshin 77 thk
1—EF; 2—NTFo

B8 4| A Rib A S e s A4 R

Fig. 8 Simulation results when control parameters do not meet stability conditions



872 RS2 (1A R B RR)

o5 49 4

FHIE 8 T WL: T2 AT MRI8 B4 5 1h 28 B A 47 LA
(A HEE B T PR RO S, BT R G0 IL
AT Y, INITTEETE T ZR Geke e M o0 45 SR (0 1E il 2k
43 RERMEREITLLIAELR

Bl 9 1K 10 Frzm 43 50l Ay e PD 458§l 77 VA A ik
PD ¥l EAE A R 2F T T 1z 3 0 L

R ) R G R e O T BRER T B %)
W E T2 RO BEGL T Ty 227 eh 32 3 ) A 3 1) 16
HE), 7E07E ihEe FIRI T B EREE 3T )
W2, BRI, RGN R R BB o

M9 FIE 10 7T UF H: LI ATFAL T A Hiz3)
W& S ), Solt PD $HI5 T AT ERER
ETHEB R I LEbsvE PD £ 05 I 4, B
ol PD U7 VE I R G IR EEEREAR LE T4 UE PD 2
TS 204 = .

0 100 200 300 400 500

i B /cm

0 100 200 300 400 500
B [|)/s
() FoHfE PD #4J5i%; (b) ot PD #dilr ik
1—EF: 2— T
9 MF HIRTIEARE AT 09 TMNFEF)
12 E £,
Fig. 9 Movement curves of mater hand and slave hand

when slave hand contacting with environment

80

AEE/em
|
~
(]
p——————"
i
——
—_—
=F__

_80 =

-120 : , ; ,
0 100 200 300 400 500
it IEl/s
5
(b)’h
0 i

S : i [: I |l=lp; /2L "
-10} !  h i |
ing ’h\r | i :l W} ); MI\ %‘1 lml'l‘{h {-{"
. rﬁwﬂﬁf’ T
LT Y uf
—20r ] f
_25 1 L 1 1
0 100 200 300 400 500
i} ikl/s
(a) Ar#E PD #256I777%: (b) udk PD 45461777
1—FF; 2—NF.

10 AT 8 WiE )0 o) ERFE )12 F &
Fig. 10 Movement curves of master hand and slave hand

when slave hand moving freely

5 Zig

1) B4R Llewellyn 4ix s HIHHES th RGN
R M4, 7EULIERE ERUE REOEWIME R SO S
TAEGRERUE AR T RAIFRAEB I 2
41

2) {7 ELS U W T 3 T 10 B 802 AT R (1) IE
Pho BOIEA PD XU R0 T ] 52 e GE B A8 e
SESIRATIRAFIOIE AL, RE0s E RIEE BRI R AR
[ I e 750 2R 38 W e S

3) B PD AT A L hsviE PD il
PR AR S R ERERVE R b4

S :

[1] MERSHA A 'Y, STRAMIGIOLI S, CARLONI R. On bilateral



541

IR, A BT hREXCA P I S0l ) R BB AT i

873

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

teleoperation of aerial robots[J]. IEEE Transactions on Robotics,
2014, 30(1): 258—274.

REBELO J, SEDNAOUI T, DEN EXTER E B, et al. Bilateral
robot teleoperation: A wearable arm exoskeleton featuring an
intuitive user interface[J]. IEEE Robotics & Automation
Magazine, 2014, 4(21): 62—69.

BRUNNER B, HIRZINGER G, LANDZETTEL K, et al.
Multisensory tele-sensor-

shared autonomy and

programming-key issues in the space robot technology
experiment ROTEX[C]//Proceedings of the 1993 IEEE/RSJ
International Conference on Intelligent Robots and Systems.
New York: IEEE, 1993: 2123-2139.

HIRZINGER G, BRUNNER B, DIETRICH J, et al
robotics-ROTEX and its
features[J]. IEEE Transaction on Robotics and Automation, 1993,
9(5): 649—663.

IMAIDA T, YOKOKOHIJI Y, DOI T, et al. Ground-space

bilateral teleoperation of ETS-VII robot arm by direct bilateral

Sensor-based space telerobotic

coupling under 7s time delay condition[J]. IEEE Transactions on
Robotics and Automation, 2004, 20(3): 499—511.

MUPEZE, BIERTE— TR PRBOA (1], AR 58 2 1A,
2007, 21(4): 40—42.

LIU Jinjun. Orbital express-the savior of satellites[J]. Satellite
TV & IP Multimedia, 2007, 21(4): 40—42.

VOZAR S, LEONARD S, KAZANZIDES P, et al. Experimental
evaluation of force control for virtual-fixture-assisted
teleoperation for on-orbit manipulation of satellite thermal
blanket insulation[C]//2015 IEEE International Conference on
Robotics and  Automation(ICRA). Seattle: IEEE, 2015:
4424-4431.

WILDE M, CHUA Z K, FLEISCHNER A. Effects of
multivantage point systems on the teleoperation of spacecraft
docking[J]. IEEE Transactions on Human-Machine Systems,
2014, 44(2): 200-210.

MUKHERIJEE J K. Fast visualization technique for view
industry[C]//2014

Information

constrained  teleoperation in  nuclear

International Conference on Science and
Applications(ICISA). Seoal: IEEE, 2014: 1-4.

NISKY I, HSIEH M H, OKAMURA A M. Uncontrolled
manifold analysis of arm joint angle variability during robotic
teleoperation and freehand movement of surgeons and novices[J].
IEEE Transactions on Biomedical Engineering, 2014, 61(12):
2869-2881.

PACCHIEROTTI C, ABAYAZID M, MISRA S,

Teleoperation of steerable flexible needles by combining

et al

kinesthetic and vibratory feedback[J]. IEEE Transactions on
Haptics, 2014, 7(4): 551-556.

AI-MOUHAMED M, NAZEERUDDIN M, MERAH N. Design
and instrumentation of force feedback in telerobotics[J]. IEEE
Transactions on Instrumentation and Measurement, 2009, 58(6):
1949-1957.

BACOCCO R, MELCHIORRI C. LQ control design of
cooperative teleoperation system[C]//Proceedings 2009 14th
International Conference on Advanced Robotics. Tokyo: IEEE,
2009: 490—495.

BHVETE. I AE ) SRR 1 R GE I BRI 1 e S B s PRI 5[ D).

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

VLVG: M B R LR 4R, 2011: 4-9.

HU Lingyan. Trajectory tracking and stability of teleoperator
with time delay and force feedback[D]. Jiangxi: Nanchang
University. School of Mechanical and Electrical Engineering,
2011: 4-9.

PR, 2 B as 28 454 50 IR S 5% i FRI T 53 e (0], 9
AR, 2007, 26(2): 1-5.

CHEN Junjie. Research headway of overcoming time-delay
infection for teleoperation of space robot[J]. Measurement and
Control Technology, 2007, 26(2): 1-5.

NIEMEYER G, SLOTINE J E. Telemanipulation with time
delays[J]. The International Journal of Robotics Research, 2004,
23(9): 873—890.

BUREF, Wk, VDU, S5, T 1w AL A\ S A (0 T 1 1 0y
FLHORD]. Wi HEEHOR, 2011(7): 60-63.

JIA Qingxuan, GAO Xin, SUN Hanxu, et al. Predictive graphical
simulation technology for robot teleoperation[J]. Aeronautical
Manufacturing Technology, 2011(7): 60—63.

FAEUE, FOR, B, . H BTSN R =
BRG] FHiEIR, 2009, 30(1): 402-408.

WANG Xueqian, LIANG Bin, LI Cheng, et al. Study on three
dimensional predictive simulation system of teleoperation for
free flying space robot[J]. Journal of Astronautics, 2009, 30(1):
402-408.

AR, AR, B, RIS RBRUL R RG], Pl
A, 2005, 27(5): 410-413.

DENG Qiwen, WEI Qing, LI Zexiang. Force-reflection bilateral
control system with large time delay[J]. Robot, 2005, 27(5):
410-413.

KV, PR, EAEE S AL A BRI G R SRk
JEE[)]. ZPEERIBAR L R, 2014, 40(6): 1-9.

ZHANG Tao, CHEN Zhang, WANG Xueqian, et al. Overview
and prospect of key technologies of teleoperation of space
robot[J]. Aerospace Control and Application, 2014, 40(6): 1-9.
MRS, FIR, ZEPEMH. J7 SN L R A AR G0 R I I AH 0%
R MEAMHT[I]. IR 5, 2007, 24(5): 815-818.
DENG Qiwen, WEI Qing, LI

delay-dependent stability for time-delay teleoperating systems

Zexiang. Analysis of

with force-reflection[J]. Control Theory and Applications, 2007,
24(5): 815-818.

DENG Qiwen, WEI Qing,
transparency of teleoperating system[C]//Proceedings of the 25"
Harbin: TEEE Press, 2006:

LI Zexiang. Improving the

Chinese Control Conference.
861-866.

ZRBE. BT YRR E PRI 25 () LA N B A LA ST D).
W [E P RPE BRI AR 5 TR, 2007: 21-22.

LI Kuan. Research on control algorithms of space robot
teleoperation based on the absolute stability[D]. Hunan: National
University of Defense Technology. School of Control Science
and Control Engineering, 2007: 21-22.

KU, A L LT R UL I S 10 7 B s g R R g AR
SRHT]. AR, 2006, 27(22): 1090-1093.

LIU Wei, SONG Aiguo. Force-reflecting teleoperation system
based on virtual reality and its stability analyse[J]. Chinese
Journal of Scientific Instrument, 2006, 27(z2): 1090—-1093.

(4WEE %)



