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Four-channel bilateral control without environmental force feedback
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Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China)

Abstract: In the project of traditional four-channel bilateral remote control systems, there needs a great number of
force sensors for measuring the environmental forces. This requirement prevents the project from widely accepted in
applications. In this paper, a strategy of four-channel bilateral control without environmental force feedback is proposed;
and the transparencies of the remote control with or without time-delays are investigated in details. Furthermore, the stable
control configuration in the presence of large time-delay is proposed according to passive bilateral control law. Simulations
validate the performance of the proposed control system in free motion and contact motion.
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Fig. 3 Stable four-channel architecture with time delay

5 {ji E(Simulations)
T RS H OV AT R, ZE 3 HIMATLAB

BAFHAT T RGATH. R ERAERE & et
A= M3 BEL AT 43 ) B3 B e A 2R
Zw = M5 + B, (48)
Z.= M,s + B.. (49)

XA NS oy o, S g R ) O T H

J B 1) TR RORG PR R R, DAL DR — 1 DI 45 A
PP s EAR TEAR /N, W] LS ATt 7 36k
PRI EER R, 2 4% B Bz ) A iz 3l R
R BT H.

HRGAET A BB, WA 5SS
Bedfuh. AEXMEOUT, I R B AT R R
ErPE, B i Be 8 HEA, S R bE iz s, H—
AN IEBZAE 5, B AE 5 25 3 e A R it in i 43
D18 T EAC RGN ERERTERE, AN SCE ST W R
PEREFEbR:

E,, = max ([Vi.(t—=T)—Vi(t)]), (50)

te(0,tp1]

tp1
Po= [ " Valt =T) = Va(0)|dt, D)

T ¢, 2 B IS BNINR], B, DAy i R 0% 72 40
EAEIZAT DX 0] L i e KR, P Ay 3 52 R B 8 22 40 0]
EAEIBATIX (0] L AR Y. VR, 25 5 i R #R AE 1E J
Heg, BIVBELHTAS RIS, P9 R F a5 2 AR K, Al i L
{10 M\ S S8 e e A AL PR .
ARG TR BB, Mo B8 5455
P IR H b A TR A, A ) g M i 4 A 5 s
H bR 1H 5 D I TE AR O Ee. iP5 B HTICA
F, = K,/s. (52)

VRIS, Mg A 8 (K132 5l 32 B, Lk M A2 11
KA GAR G IABLRAEEAR. IXF GO, 2 H R4
WIS BA RAFI ) i rEfe, RIS 54 1 imi /F
[ 7 e % YRR A P S I A 35 it o 23 A S 458V 1) .
J— D585, AU AT N 2 T3 1) 11, R
A 3 A0 L UL A 1 AR 8 ) YD 5 s 4 A 2 i
AT BRGNP fE, ASCE SCT itk
REFR:

By, = max (|Fe(t —T) — Fu()]), (53)

t€(0,tp2]

tp2
Po=[TIR@E—-T) = Fa®)dt, (54

For: oo A RIS BN 8], B, 4 ) BRER DR 22 40 %0 H
FEIEAT DX [A] L W d RAE, Py o BRI R 7 48 0B AE
IBATIX ) BRI, 2 NI A B BLETAS RN,
T AN, 7 A Al T B AR K220, IR X
FLRR R Al ) R0 S 2 T I — A AR EEL

H1 Rk AN (7] 5 20 ) 1) 3 8 R A, AN Ok — B,



%34

FARFESE: TEIAEE ) S B DY T XA 475 319

¥ BT A 2 500 B A S Bk B v AN, )]
Bk = 1. BT RSKUERZHER, AT,
Zy ZI S Ko, 53 MG BEFEAR By Pyy Egp 1P
P 45 R R R,

A1 AR

Table 1 Simulation results

T(S) Zm A K. Evp P, Egp P
1 s+l s+l 10 00901 21332 08758  7.1626
1 s+l s+l 1 0091 21332 12057 11.9700
1 s+l 10s+10 10 09882  30.1991  1.0000  14.7958
1 s+l 10s#10 1 09882  30.1991  1.3042  20.9957
1 10s+10 s+l 10 02218 62331 07814  5.2047
1 10s+10 s+l 1 02218 62331 1.0497 58121
1 10s+10  10s+10 10 09647 28.3595 1.0000  9.8165
1 10s+10  10s+10 1 09647 28.3595 11123  20.2103
5 s+l s+l 10 02026 46655 07020  7.8583
5 s+l s+l 1 02026 46655 07626  7.8558
5 s+l 10s#10 10 03155  6.6906 0.7891  11.3971
5 s+l 10s+10 1 03155  6.6906 09595  16.0542
5 10s+10 s+l 10 0089 15773 08579  6.1038
5 10s+10 s+l 1 00894 15773 09318  4.4879
5 10s+10  10s+10 10 0.4229  3.9459 09148  7.4893
5 10s+10  10s+10 1 04229 39459 09965 157481

o A [ (1) IR 2B, AN (] (1 2 A ity 458 A B L g LA
S TR R A R A 2, —FL AT T 164005 JL AL 5.
T 21 S0 AR AL FE 1 S Bl RN B2 fulis B P AR X, 43
S92 S A (1) 30 P88 R B R O s s . L, B E 43
N1 SEERIERNS s I ZE P AR 2SI 32 I iy 5 4 R 11
BB A /NH$Ts + LRI FH$T10s + 1045 Fh S A,
3 R 7R /N R A R R0 TR B R 8 ol 0 1 )
J5 R AAE LRI10, 539 2 75 BRI FH AR B 58 P8
A,

MR LI HE T LU

1) FEAid R Al B RROR, ) B AR REBR LT

2) 23 Mg B R AL, 0 R RO, SR R
EEPEREERZE, ) RO PR e 2

3) 2 A B A e A I, SR 3 B A R LG
N ity KGR R T S v i R
L

4) 2232 Mg S Ay /N TR VR I, S K,
PRI R 22, ) OB BE AT AR A AN K (H e H A
PEOLT, B S, T R BRSNS Pk fie 2 AR 15 A
4f.

U BLSERG (WIS B I 2R EAAR AL, X LG T
— B AENS5 s, FE NI ERAEE AP s + 1, #efh R
T P 2R 3500 TOI TR Lt 2k K4 7R T H iz )

BT, T A i AT 1 g [ R B th 2. MR o]
LA, AERINSE N RGO RGE 1. SBAR P 1] R
B¢ FHT 2 2 TR (R EL R AT AN [, (F 3 vl 22 Dl 2 45 i
0, 552 B TR f] o A PRI AT A & AT 58 4 AR AT
KIS E7R T EME ST, 32 M o 5 BR AT ) S
W L. th T iis s RS A A5, BBl st
PEREZ T Z bR, IR LA HY, 7RI E
NARGUERUE R, JF HH R R ER i 2 (112 g Ik
A B, T S e B W A S 7 A ) ik
KA. T EVIT R, BI5HF, 55 14N S8 P 0
PIUR (K A5 AE B AR, IER 243 Ve T i R Bk AN S 14 2 fih
7.

t/'s
(b) W R i 2k
Kl 4 H iz ahist ) IR it 28

Fig. 4 Tracking curves in free motion

V/(m-s?)

(a) BN e



320

5

oo 5 MM

08 35

20 T T T T

t/s
(b) [t 7R £

Bl S sl sl i i PR i th 2k

Fig. 5 Tracking curves in contact motion

6 45 (Conclusions)

1% 43 (] Lawrence DY 18 18 45 ) 75 L2 00 24 555 it
25 M B VR 19 77, T8 RS i BEERAE R ok
P, KX AN ) A R ME. DR AR MR IR, A 1 %%
AN T HIS A R i 2% Ak 28 B 58 100 5 A 420, 2 v A
RSB I ), 5 B R AR 85N R T A 39 ) 4%
JEAY, IXAE SR TR ANMEE DY & 5, 1 H g5 vt
ST AR ARG R R 4%, AN SCBETE I DY i T 5
), AN OB B I ) 77, 1 B M it 1118 ) 38 55 A
KB ) Sk 1] 43 S W B 855 0t 1 2 IS £ 3, ANMEL 45 4
g o, it L {6 S L AR SO R &5 4 76 TE I A
B S0 P R 0 T 1R B PR AT T o A, RS T
FESCUEZGIFE e A S yred NS IA BB EE AT Sy (AN
7 L2k B, IX s i) 45 e A RIS~ HA R 4F
P fE, IRIEAE LRE A N HE .

£ 2 3k (References):

[11 SHERIDAN T. Space teleoperation through time delay: review and
prognosis[J]. IEEE Transactions on Robotics and Automation, 1993,
9(5): 592 - 606.

[2] NOHMI M. Space teleoperation using force reflection of commu-
nication time delay[C] //Proceedings of the 2003 IEEE/RSJ Inter-
national Conference on Intelligent Robots and Systems. New York:
IEEE, 2003: 2809 — 2814.

[3] JORDAN M, BUSTAMANTE J. On the presence of nonlinear oscil-
lations in the teleoperation of underwater vehicles under the influence
of sea wave and current[C] //Proceedings of the 2007 American Con-
trol Conference. Piscataway, NJ: IEEE, 2007: 894 — 899.

[4] MANOCHA K A, PERNALETE N, DUBEY R V. Variable posi-
tion mapping based assistance in teleoperation for nuclear cleanup[C]
/IProceedings of the 2001 IEEE International Conference on
Robotics and Automation. New York: IEEE, 2001: 374 — 379.

[S] TAVAKOLI M, PATEL R V, MOALLEM M. Bilateral control
of a teleoperator for soft tissue palpation: design and experi-
ments[C] //Proceedings of the 2006 IEEE International Conference
on Robotics and Automation. New York: IEEE, 2006: 3280 — 3285.

[6] TOBERGTE A, KONIETSCHKE R, HIRZINGER G. Planning and
control of a teleoperation system for research in minimally inva-
sive robotic surgery[C] //Proceedings of the 2009 IEEE International
Conference on Robotics and Automation. Piscataway, NJ: IEEE,
2009: 4225 — 4232.

[71 LAWRENCE D. Stability and transparency in bilateral teleopera-
tion[J]. IEEE Transactions on Robotics and Automation, 1993, 9(5):
624 - 637.

[8] HASHTRUDI-ZAAD K, SALCUDEAN S. Transparency in time-
delayed systems and the effect of local force feedback for transpar-
ent teleoperation[J]. IEEE Transactions on Robotics and Automation,
2002, 18(1): 108 — 114.

[91 SUMIYOSHI Y, OHNISHI K. The transformation of modified 4-
channel architecture[C] //Proceedings of the 2004 IEEE International
Workshop on Advanced Motion Control. New York: IEEE, 2004: 211
-216.

[10] GUIATNI M, KHEDDAR A, MELOUAH H. Sliding mode bilat-
eral control and four channels scheme control of a force reflecting
master/slave teleoperator[C] //Proceedings of the 2005 IEEE Inter-
national Conference on Mechatronics and Automations. New York:
IEEE, 2005: 1660 — 1665.

[11] NAERUM E, HANNAFORD B. Global transparency analysis of the
lawrence teleoperator architecture[C] //Proceedings of the 2009 IEEE
International Conference on Robotics and Automation. Piscataway,
NJ: IEEE, 2009: 4344 — 4349.

[12] YOKOKOHIJI Y, YOSHIKAWA T. Bilateral control of master-slave
manipulators for ideal kinesthetic coupling-formulation and exper-
iment[J]. IEEE Transactions on Robotics and Automation, 1994,
10(5): 605 — 620.

[13] HANNAFORD B. A design framework for teleoperators with kines-
thetic feedback[J]. IEEE Transactions on Robotics and Automation,
1989, 5(4): 426 — 434.

[14] ANDERSON R, SPONG M. Bilateral control of teleoperators with
time delay[J]. IEEE Transanctions on Automatic Control, 1989,
34(5): 494 - 501.

[15] NIEMEYER G, SLOTINE J. Stable adaptive teleoperation[J]. IEEE
Journal of Oceanic Engineering, 1991, 16(1): 152 — 162.

A& A

EME (1979—), T3, W05, HATHTIC5 ) BEL 4R 6
5 E$EAE, E-mail: wangyuji07 @mails.tsinghua.edu.cn;

WEHF  (1964—), Y, #z, A0, HETHF577 0 4 #e
5 T E, E-mail: fcsun@mail.tsinghua.edu.cn;

XN (1976—), 5, @Iz, WA 00, H e m o
ARSI 45, E-mail: hpliu@mail.tsinghua.edu.cn;

BIHER  (1982—), Ui, FLWTUAE, HHTRFFT 5 1) b 2% ) 4 BA
Ftp A4, E-mail: mhb07 @mails.tsinghua.edu.cn.



