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Analysis of delay-dependent stability for time-delay teleoperating

systems with force-reflection
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(1. College of Mechatronics and Automation, Nation University of Defense Technology, Changsha Hunan 410073, China;
2. Deptarment of Electrical and Electronic Engineering, The Hong Kong University of Science and Technology, Hong Kong, China)

Abstract: When there exist a time-delay between the master and slave of bilateral systems with force-reflection, the
stability and transparency of system gets worse. The algorithm based on passivity can guarantee the delay-independent
stability. However, because the stability and transparency are in conflict, the transparency of this algorithm gets worse.
In this papers, a new bilateral control algorithm based on absolute stable theory is put forward, which aims at the time-
delay teleoperating system with force reflection from slave directly. In the new control algorithm, delay-dependent stability
instead of delay-independent stability was taken as the aim of control design, it sacrifices some excessive stability to
improve transparency. This control algorithm guarantees the stability and better transparency. Finally, a simulation is given

to illustrate this approach.
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Fig. 1 Sketch of bilateral control with fore-reflection
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28 0 B e Pk AR T AE AN RS e R UL, X T
— AR Y 8, i ST eI B B — N oY H TR
U, 208 300 Y 2% 1 P A g 1 I 25 77 AR — A
ANEE 2 B W 2%, )R S X 1T PR 8% Ay s A AN A o 1) Y
25, W FRASBIIZRE R BEZA, 122X 11 ) 2 FR by i et
R W27,z ok ) IRy — A I 4% 2 15 4 )
%%ﬁﬁlﬂxﬁﬁ’], AN I AN AR R 2% (1) A e AT DA
FH S 8K (Liewellyn)dE U354 T 4] b (7]

EE 1 @M Liewellyn)fEN]: —ANLMERAR
QHDM%Z:FUM}%Em%%ETW%#

221 222
1) 211 (8)Flzg (8) LEA VT IHIBEAT R A
2) 211 (8)F2gy () 70 K5 HIBI S5 A A2 0T FR I,
LT Y () B B0k 1E 54

3)
Re (#z11) > 0, (1
Re (222) > 0, ()
2Re (z11) Re (z22) — Re (z12221) 13
12122’21|

SELTRE I, ILAR T SRR E s = jwibsRA{H.
AT S BN, TR B ARG8T LR R L 4%
R, B LA S 68 ORAIE ) U B A 2R G R I 1) 45
T2 H0 1 e B, ik BE AR AIE R FE AR e M
3 FEZH (Main results)
3.1 RGHEAEH (Theory of system model)
SCI8,97H R FH 44 %o Ao P B AR 6 ) S U A
RGHEAT T, {8 O ity S5 U5t ] 32 3ty P 2 M iy
(1957 5 110 AN S M ity JIT 52 199 7. 3 b 5 v s 4 )
REGUE WA R IR, POy e 2wy A &
RO B 20w A A7 B R 22 5 TN T E il a2 2 1)
HH G A I 1 7 s R I 2 iy, K e £ 1 T L 1)
IEWIE. Mty o B S R () R A AR P 1 TR
TTF 1B ) 2
M, Vi ()4 B Vi ()

MT-HI30 )y 2 A
M.V, (t) + BV, (t) =

=B () -F(-T:). 4

Fo(t)—Fe ().

Mo, M3 3R 7R TR T [P
Bm ORI T RN T (13 B e R AL
o RN BRI ) ) AT S RS 1)

ﬁ?ﬁﬁjj,

Ty 327 H 32 i 1) AT i 4 1o 45

TR BTt 2] 3= T i[RI 428 5

K 37 Wiy gD, 07 (67 i 2 SR

tHX(4) (5) (6) AT 75 H B B 2 A5 30

Fy|
_Fe B
M, s+B Cems(Ti+T) ﬁe_ST2
s

K. K

76_5T1
L s
_Vm 211 212 Vi

= . 7

_—VJ [2’21 222] [—VJ @

3.2 RGEE M5 P (Stability analyse)

AR, 20 Flzg FIME—M i 0 s = 047 T Mg 5, B
N TESERUK ., SEBARHERI 1), 2) 807, T TR 3%
JEARAEI3).

H = (7) T 1

Kc
Re (z11) = Re(Mys + By, + —Se*(TitT)) =

K.
B, — " sin(w (T1 +T13)). (8)

H SR JARAE I 1 45 43,1, RPN (D)AF BIRIE R G4 %)
RUERI &A1)

B, > % sin(w (Th + Tv)), 9)
[FFE, BaC(7) T

K.
Re (2'22)

=Re(M s + B, + —) =
S

Re( ) =B (0)

HISR AR HEI (1 25 12), RIS (2), 19 2IORIE R Se4ext
RUER & AF2):
B, >0, an

Al e H 20 (7) AT A
Kce—gTQ Kce—9T1 — (&
S S

S

) (12) RN SRR BRAE I 4 13), B (3),

Z12%21 = )2e () (12)

f15X(8) (10



HSH X JE SCEF: T I AN I R R 2R S8 1 I REAH DGR e P o A 817
(ex 5
2Re(211)Re(222) — Re(2'122'21) _ 4.5
|212221] 4r
K. 35
2(By — —sin(w(Th + 1)) Bs 5
w 3t
— =
|(1‘/—(—C)2678(T1+T2)| 2.5
Jw 5L
Re((&)Qe*S(TﬁT”) L5k
2 >1, (13) i
|( - ¢ )26*5(T1+T2)| 05 - |7 |7 1 1
jw 1073 1072 107! 10° 10! 102
w/Hz
13 B ARAE R G40 Fa e 4 13):
,(L+T)” KB, 3y Fwlletl sk
BB 2Kc 4 + 2w sin(w (T1+13)), (14) Fig. 3 Curve of yo with respect to w

RGLI R 344 H(9) (11) (14), R &4
TUHEG TS EIEUE R, LR AN &
SR OA K, NREE B e S5, T AE
B2 LA TR

NSRS, BESK(9).

Ly = % sin(w (Ty + 1)), HEK. =1,T, =
3s, T, = 3 s, FIMATLABS 2| 41 &2 57 71 iy, 5%
T2 1 i k.

n] LU 2 (9) A v B B A w IR RIS T —
AN A, A TG By il AT 55K (9) T

30
251
20
15F

B!

1 Ll sl L IR
10 102 107! 10° 10! 10?

w/Hz

2y RTwiARk 2k

Fig. 2 Curve of y; with respect to w

Fliie 2 13), MR (14). 4
(Ty + T2)2 K B,

4 * 2w
YK, =1,T) = 3s, Ty = 35, FIMATLAB# 511
K3 s iy Rk T w A2 1k i £2.

FHFEI3 T LR H (1) 0 A )06 5 ot Ko
ST — N EAE, MERS E N K, BT Ty, EH
BT B Byl i ] A2 (14) B

Yo = K02

sin(w (T} + Tv)),

SR BAAEN I 25 12), BN (14) WARIR 25 55 i 2.

Zi LTIR, PG ) S, FE AR AE N R34
0 HE RE W 2, AT PR E R AR E . W
(9)(14) T LLE H, T Z 8 e ok, K —4%
S8 12 5 B ORAIE E — IS S8 5 [ P 3R 4 1) A 1k,
I BT S AH DA R M. XA DA AN S RS D, XS
B85 IS HREDRUEIN BN T —(E I R G AR
SE.

3.3 B WSt (Transparency analyse)

— AN XA ) R g8 58 A E W R i iR AR
K2 B ) BE T2, 58 4% UL G i B 85 BH P Ze,
Zy = Fo |V, Zy = Fy/ Vi, BB AN K (7) AT
73

21229
Ze+ Zyy'

Eﬁw)qﬂ/&\Zm = M,s + B, Z, = M,s + B,,
Zy = K. /sy MFoR EF . T AIPIDIE il #4519
BHLE. W= (15) 15

Zh - Zm_‘_ZfeiS(TlJFTZ) -

Zn =2 —

5)

Zi*
(Ze + Zs) Zpes(Ni+T2)
Ze + Zs + Zf
MR (16) H A, 43 3 R b ity P 7 000 3518 28 ¢ 1140 325 W
P
1) M A Hiz3), B Z, — 0; Sbif
ZSZfefs(TlJrTQ)

/Al 17
h + 7+ 7t (17)

W1 Zs >0, Z > 0, Tl Z, > Z,, REEARET S
EW], O T A3 RELF IE AL, 25K
ZSZfefs(ThLTz)
Zs + Zf

H1 T Z [ 5, W Zeli/Is, 22 4810038 W PE AT

7S(T1+T2) —

Zm + (16)

— 0. (18)



818 oA O w

5 B %24 %

2) M B RS, R Zg — 0. BERY,

(14 2 Zpes T4
— Ze ~
T = T + ST I
Ze  Ze

Ty + ZperT1HT2),

1 Zo ] 52, W) ZeilROK, 22258 11325 W 1k s e

E R T 23 AT, 75 T4 ) B4 S It P 4 ol 00
B S B R O R T LA SR 1) AT
AT AR R (1) LA 2B B s [ 2 AR AT,
DALRUE R GRS PE; 2) M H eIz g i, HoA7 &
) 00 A7 R 2 B S U T RE S, BA AR
THEAEB 1. 3) M 55 PR B B by, LA 4
A7 B 5 2 2 R T K, (B A 6 i 5 3R

B R, SRR UE R GE A e P, 22 R4
3 ORAUE R GEE WP, b A5 21 i X2 a8 il [ sf B
A R ARG E 1 FHE W 7

4 SEi st (Experiment result)

FIMATLAB f#]Simulink ' /) SinMechanics ¥ #x £
PR AT B AR 48, MR FAr 4 . 3 g 4D 1 iy &
R M iy It [ = i ) ) i 2 S T A 3.

01 ARG WA S E AR 1T, M 2
ZHIME S MO 1) i B BHiZ38)); 2) i 5
INEERERE ik, IS KRB R 1 HRIS 3 N K R 515
Pl 4o M ity ) T2 I ot R 45 I RO, 615 4 XU PID 4%
RIS AR 42 il R R P A o 6 it e T T Ay 32 i S s
I )).

k1 RARERI S
Table 1 Basic control parameters
Pz Ts Tils max|Tyl/m  Mm/kg Ms/kg Bm/(Nm-s~2)  Bg/(Nms~2)
ZHMH 1 1 0.5 3.8942  3.8942 0.1 0.1

| (P FEISTT B th, 3 0 R 90 L L
2 0:3 L Wty ] PID¥ AT S 47 1R W1, 50l & 45 i H HH 3z 3))
o ooap 1 s B ) AR I A 2 RO B 5 LTk

A %, M AUAPIDES 113 2 5] 519 7).

0 50 100 tl?(s) 200 250 300 5 ?l:l:if/t\; (Conclusion)

0.8 T T T T T jxi%t[j %XXm%f?ﬁéuﬁ?%é%%TAnderson[l]%
, 0or 1 VAR B R AR SC8,9] Hh K A A e S8
| ] AL, LI A G A S AR IR S SR B, e
0 — 0 g3 AN 0 S AR E M B WP 3R v, A
02— R A T A 2R 8 b e A SR K P 3. %
t/s 132 AR S B R A AR 7 ik AT Ak

A&/ m

J1/N

B4 ) SN I 32 Mo A L g ik
Fig. 4 Position and force of the master and slave
when force is feedback

0.5 T T —_— T

04} LR
031 M3 o7 ]
02} i
0.1F .

0 1 1

1 1 1
0 50 100 150 200 250 300 350
t/s

0.3
0.2
0.1
0
_0.1 1 1 1 1
0 50 100 150 200 250 300 350
t/s

Bl 5 A7 E BN B T A B o 2k

Fig. 5 Position and force of the master and slave

when force is feedback
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