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REANIABE IS L2 (R OB i) LA T T WP, SR (2] MRS T80 10 0 RO SR I RULRE N L8 N R S
FIREARENE, 85 RR]: — MBS AN RGREMARUETE, TTHME 7 R GRS A B Yl 3
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C(p,p) € R™ F% Coriolis force FIIL FIHFE; G(p) € R* {REREHIN; T, € R™ HAMRIFIHE T3,
T € R J & A S0, D SRR S RO s B4 2R KA A o 4

A SC T AR P 6 1) BB A AN E HLBS N RSE (1), R UHLEs N RS A Pl T, HLES A
AR p AT RS AR EE T (R e pg, JE HERER IR e WA Z, JLT e(t), é(t) € R™, 4 5I5E
XN e=p—pa, é=p — pa-

SCH BN ANIESE % B M, 94

F(p,p,p) = [M(q) — M]p+ C(p,p)p+ G(p) + Dp + T, (2)
WIHLEE NS 25 fE (1) mIfaifeh
Mp+ F(p,p,p) =T. (3)

AT AT SRS, R T BA 8 I N B R F(p, p, ) KANTE F(p, p, ) K/N. F(p,p,p) AT
RENHEAE LA, Bl
F(p7p7p) = F(pvp7]5)t—o¢(t)7 (4)

Horb F(p,p, B)i—awy N Fp,p,p) 1E t — at) WZIRINSEAE, ¢ 2 AT IR ), o) A THEIR A H
a1 < aft) < ag. B (3) 713

F(0,0,D)t—a) = Timat) = MPr—ag)- (5)
IR =Y NESEATEILE a3 Ea ]
T = M(pa — Kaé — Kye +u) + F(p, p, ), (6)

Horp Kg MKy S EH BN AR, w 2 5 Bh % %A i .
A (5) A (6), WIFEHIH T RIE Dy

T = Ticaw) + M(Pa — Pr—aw) — Kae — Kqe +u). (7)

Wt (7) AR (1) T8
é+ Kqé + Kge = w+u, (8)

w ) — F (D, Py D)i—aw)], &SI IEAG TR
B, M w =0, REREMNENESTRATREN

é+ Kaé + Koe = u. 9)
La=[e €T, Wi (9) ATLLRIEAPRETTREMIENX
& = Ax + Bu + Byw, (10)

W A= [} ), B= By = (9], T S,
H T HER RGO E RS TR S, 52 S R 5 1 i

z = Cux, (11)
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Hp o= [Col iL c1, co M IESE WIRE Ff R0 B
F BB ARSI AN L 7(¢), ASCRAPRS BRI AN u(t) = Kz(t — (1)), &
K RS RBHE R FERE, 7(t) W2 n < 7(t) < 1.
1 BTSRRI R T 2 2B BN A O, B IR IR E RS N 4R A R
B, ARV AZ S i N B SEE DAy [T A s
FZERIHLA N T FAT MR AT A, 270 R T8 2 i A 2L
uf'(t) = Zu(t) = 27 mC Kx(t — 7(t)), (12)
Hrh, = =diag{m,...,mu}, m(i = 1,...,m) A m DMK B &, HEA SN 1, TTEHN o,
C; = diag{0,...,0,1,0,...,0}.
i—1 m—1
%X s= diag{ula s 7/j/m} = Zfil Micia Ekﬁjﬁ‘a E(E) = 57 E(E - ‘:;) =0, E<7ri - /j/i)Q = Ui2~
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™ > 1 FORPATE G 28 R R RS, o RO AT A 25 A BB I L.
45530 (10)~(12), ATAF AR IE 2% & HhAT At (1) R GEpb A
i(t) = Az(t) + BEKxz(t — 7(t)) + B(Z — £)Kx(t — 7(t)) + Byw, (13)
z=Cuz. (14)
E 3 L (12) 2 =1 Lopblas ARG HAT a5 ik, BB, RGORRI —BINLES N R 4L,
PRI IRATIT LI R G (13) B0 HAT— M.
CHARSCE R R, s R E NG HE
EX 1 RE (13) M (14) ZIHSYTTREHUERE R, WRAFAETEL 8 > 0, A > 0, X} ¢ > 0, 17

E{] z(t) |7} <BeM sup {] o(s) |I*}. (15)

T1<8<T2

EX 2 MWEHEEMREV e C ([n, ), R") x s, LI PET £k

LV (r(t) = Jim A [B(V(wesalee)) — V() (16)
3138 12 3 o <7 (t) B 2(t) € R, MIXHMTATE 2 MAERE R > 0 FIASE AL
T
n / L eRris < | Y oA wo | (17)
t—71 z(t — 1) R —-R z(t — 1)
338 208 SHEEMNE z, y € R™ FIEEMFRHM Q € R, FIHIAZER LT
20Ty <2"Qr+y QT 'y. (18)
I3 304 0y, 2, Al 0 JEEAGEAERR SR, X r(t) € [ry, ], W
(T(t)—T1)91+(72—T(t)).92+9<0 (19)
BT, 2 HANCY R i 2T
(TQ—T1)01+Q<O, (20)
(TQ—T1)02+Q<O. (21)
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3 FEHiL

AR AR SE (13) A1 (14) 48 BT A€ I T S RAE AR I 78 20 41, P hlgs g aa J B K

e 2 45,

FE 1 XM TEEMPAT R EEEMARE R o w(i = 1,.0,m), N 7, 7o, RS SOBEHE 55
K Fl Ho, TEREFEAR v, WERAFEIEEHEFE P, Q1, Q2, R1, Re D/\ﬁéﬁéﬂzﬂﬁ H AR N, M, 15T

TR R AN 2R A
Qu+Ir+rT * * * * *
291 %I * * *
231 0 —I * * *
Q(S): <07 8:1327
Q41<S> 0 0 —R2 * *
951 RBw 0 0 —R *
261 0 0 0 0 (26
/\qj
PA+ATP+Q1+Qs— R, * * *
KT=TRBT 0 * *
911 = 9
Ry 0 —Q1—R1 =
0 0 0 -2

I'=s[0 -N+M N -M], 2u2=[B'P 0 0 0, 21=[C 0 0
201(1) = da N, 241(2) = /da1M", 251=[ RA RBEK 0 0],

(261 = [ 0 & 00 }7 966 = dlag{_Rv sy _R}7
————

N'=[ N Nf NP NP] MT=[MP MF MF MT ]
T
Qz[alRBC'lK anRBCnK} ) R:7'12R1+T21R277'21:7—2_7—17

NI RS (13) F (14) F8EFITHEE.
WERR Mg R B Lyapunov 32 B4

Vi(xy) = Vi) + Vo) + Va(xy),

=

Vi(zy) = 2T (t)Px(t), ‘/Q(zt):/t, IT(S)le(S)dS+L7 % (5)Qax(s)ds

T2
t*‘l’l t
3(T _71/ / v)Ry&(v dvder/ /iT(v)RQ:k(v)dvds,
t—71 /s t—To s
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W Vi) WARSE (13) KR T IR0 H B W 84

E{LVi(z¢)} = 22" (t)P[Ax + BEKx(t — 7(t) + Byw), (24)
E{LVa(z4)} = JIT(t)(Ql + Q2)x(t) — acT(t —7m)Qz(t — 1) — mT(t — 72)Q2z(t — T2), (25)
E{LV3(x;)} = E{eT(t)R&(t)} — /t ) T (s)Rya(s)ds — /t __Tl " (s) Ry (s)ds. (26)

S (24)~(26), NN A BOHEFETT VL 15160 13
E{Lv(z;)} = 22" (t)P[Az + BEKz(t — 7(t) + Byw] + 27 (£)(Q1 + Qo2)x(t) — 2™ (t — 71)Qra(t — 71)
— 2T (t — 1) Qox(t — ) + E{&T () Ri(t)} — 71 /ti T (s)Rya(s)ds

t T1
- / ZL’T(S)RQ.’E(S)CLS + Tl + TQ, (27)
t T2

HAr 1y = 26T () N[zt —71) — 2t — (1)) — ttj(lt) (t)ds] = 0, Vo = 26T ()M [x(t — 7(t)) — 2(t — ™) —

T0a(nds) = 0, €T (1) = [ 2T(t) 2 (t—1(t) 2T(t-n) @ (t—m) ]
RS2 2, B A KL

Coet N [ i(s)ds < /t ST W Rei()ds + (1(8) — m)ET (N R INTE(R), (28)

t—7(t) —7(t)

t—7(t) t—7(t)
2T ()M /t i(s)ds < /t_ ST () Roi(t)ds + (ra — T(0))ET(OMB; ' MTE(R).  (29)

WRIETIEE 1, £

T
-Ry R

t
—7'1/ iT(S)leﬁ(S) <
t=n Ry R

=) ] . (30)

iE(t — 7'1)
R
BE{T(t)Ri(t)} = [Az(t) + BEKa(t — r(t)]TR[Ax(t) + BEKz(t — 7(t))]

T(t—7(t)> o?K'CIBTRBC;Kx(t — 7(t)). (31)

=1

2o 27)~31), H

E{Lu(t)} — 7wl (w(t) + 2" (t)2(t)
< 22" () P[Ax + BEKa(t — 7(t)) + Byw] + 27 (£)(Q1 + Qz)x(t)
—at(t—m)Qua(t — ) — &' (t — 1) Qu(t — 72) — (t)w( )+ 2T (1)2(t)
+ [Az(t) + BEKz(t — 7(t))| " R[Az(t) + BEKx(t —

N [ 0
.Z(t — Tl)

T
-R,

] +2§T x(t—711) —z(t —7(t))]

t*’l’l
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+26 (M [a(t = 7(t) — 2(t = )]+ (7(t) = 1)ET ()N Ry ' NTE()

+(rg —T())EYO)MRyMTE(t) + 2T (t — 7(1)) Zm: o?KTCYBYRBC;Kx(t — 7(t)),  (32)

2
E{Lo(t)} — 220" (Bu(t) + 2 (0)=(0)
T
<5T<t>ws<t>+[§(” {0y RBw 'Rl 05 RBwllé“) ] (33)
w(t) w(t)

Hob W = Q11+ T+ T 4205, Qo1 + 2, 231+ 26 Q660261+ (7(t) =71)NRy ' NT + (1, — 7(t)) MRy ' M.
PRI Schur #MATSIEL 3 AT %0: E{Lv(t)} — v*wT (t)w(t) + 2T (t)2(t) < 0 H{HAMRK (22) Wz, T
SEERYIUASIE R, 520 (33) B to 2 ¢ 23 BIBy, 35 HAE ¢ — oo, W15

I 2(E) <y [ w®) - (34)

FNR, UEWI RS (13) F1 (14) IREIYTTRE. 2 w(t) = 0 I, FHI LRS- 47k, e
321

E{Luv(z¢)} < =M &) |, (35)
Hp A= Auin2(s), s = 1,2.
TE S ANET I R 2
W(xy) = 'V (xy), (36)
g
LW (x;) = etV (z4) + e LV (2). (37)
X (37) w4
B{IW ()} — B{W (20)} = /O e B{V () hds + /0 E{LV () }ds. (38)

ISR [17] FP SRS, W] LARBEAFAE N IEEL B AXHERER ¢ > 0, 11

E{V(z)} < B sup E{[| ¥(s) I*}e=". (39)

TIRTXT2

BT V() 2 Anin(P)2T (02 (t), B30 (39) ATLMGEERER ¢ > 0 1

E{zt()z(1)} <5 sup E{[| ¥(s) [*}e~, (40)
W B = 5Ly FFHESC 1 HIRSE (13) A1 (14) EAEHIE T BEHLRGE.
ST 1, i 2 T U PAT A A MR R, S (12) IR K ik ik
EIE 2 AT EMRIT B BERER G Ry, o, (i = 1,2,. .., m) FIEEE R 7,7, BL AR
€>0, e >0, WRAFEIECHE X, Q1, Q2, Ry, Re MEEAHGENE N, M, Y, MK RS (13) I
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(14) FREIYIIRE, WEAREAEHFE AR

f)n + ﬁ + ﬁT * * * * *
f)zl 7721 * * * *
N 031 0 " * *
02(s) = . . <0, s=1,2, (41)
941(8) 0 0 R2 * *
251 B, 0 0 —2+éeR «
Q61 0 0 0 0 66
/\EFI7
AX+XAT+Q1+Q2—R1 * * *
R yT=TpT 0 * *
2 = ) ) ) )
R1 0 —Ql — R1 *
0 0 0 —Qs

I'=[0 -N+M N -M], 21=[BY 0 0 0] 21=[¢C 0 0 0],

243(1) = Vdu NT,  241(2) = VduMT, Q51=[ AX BEY 0 0), 2a1=[0 & 0 0],

Q66 = diag{—2¢ +&?R,...,—2c +’R}, N'=[ NT NI NI NI,

m

MT=[ NF MF MY NP, ©=[oBCY - 0,BC.Y |T, R=1iRi+ R

RO, HEEfasha K = Yy XL
WERR R4S Schur Ah5IHE, FIFEANGEIN (22) )07, 2 HAL R AUROL

911 + r + FT * * * * *
2 2T x * * *
931 0 -1 * * *
2(s) = <0, s=1,2, (42)
241(s) 0 0 —R, * %
&5 PB, 0 0 —PR'P *
Dg1 0 0 0 0 Deg

y
|

P51=[PA PBEK 0 0], Paa=[0 A 0 0]

&g = diag{—PR"'P,...,—~PR"'P}, A=[¢,PBC,K --- 0,PBC,K |

m

I XHERIIE E AR R, P, LLAARE €, i

(R—e'P)RTY(R—-e'P)>0 (43)
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CIES|
~PR'P < 2 +£%R. (44)

TR (45) Wk (42) WAL 7e 7 &1t

Qn+Ir+rT * * * * *
(291 2T * * *
_(231 0 -1 * * *
0(s) = <0, s=1,2, (45)

241(s) 0 0 —Ry < *
Dsq PB, 0 0 —2¢+e?R

De1 0 0 0 0 Ps6

Hrp
W = diag{—2¢ +?R, ..., —2c +*R}

EX X =P Q; = XQ:X(i =1,2), R = XRX, Ry = XR, XM = XMX, N = XNX Al
Y =KX, H
diag{X, X, X, X, I,I,X ..., X}
Nt
m+2
ML B 53 0 e Fe A FeFE MEAN GRS (45), AIAFSRAT (41). JFHH Y = KX, AlanfEililasiba K =
VXL T E BRI
o4 foE 2 R, K (45) SINT N SEL o FER IR 1A ) IR T4
PR T 28 R SR AT R I DR A1
E 5 MOERE 2 AT LLE Y, SRAT B AR A A DUROR T s AN 7 (¢), 10 B AR AT 4%
(Rl oA =

4 HEHITF

AT IAEA SCE AR R, T BA R4 LA (2 (e 5 41
N TAEFRGE, ATEE B RS (13) HAW NS4

0 1 0 0
, B= , Bw=
-1 -2 1 1

T TR B R G PAT AR IS BT, R sk e s 1A Rk, LA 202 2 Fil
THEOLEAT IR,

1R 1 BRI RGEAT HBAT 2 M, SHAEN ¢ = 1, v = 0.7, 3 EH 2 v, 4
= 0.2, 7 = 1.2542 I, R (12) PFEHZEEE K = [-0.2360 — 0.2559)].

MWIERIRE 2o = [-2 21T, BEI, RGUIRAS M SRR SR AR AL a5 N\ F 1%\ 20 A1 20 Sl P 1 R
2 iR,

A: N O:

0 06

08 0
, v=0.6.
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Figure 2 The time-varying input delay of tele-
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Figure 1 The state responses without actuator fault
robotics

x1 BELER » BEETR n THER

Table 1 Maximum allowable delay bound 7o for different 7

71 0.1 0.2 0.3 0.4 0.5
T2 1.2008 1.2544 1.2939 1.3192 1.3304
1.0 " T T 1.0
0.8 1 09l
061 1
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» 04F
2 e
§_ 02} é 0.7
1 S
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Figure 3 The state responses with actuator fault under Figure 4 The actuator fault in case 2
case 2

15 2 BB APATIRAHEE 2 = 06, 0 = 0.02 I, MEEM e =1, v = 0.7, 71 = 0.1,
5 = 1.2008, MR ERE 2, WTH30 (12) PHEHIRGEE K = [-0.3921  — 0.4284].

MEER e =1, v = 0.7, I LS 7 BER T 5 n R 1 k.

MRS zo = [1 — 17T, SEI, RGUIRGS M AHRAT 25 M 235 an B 3 71 4 B,

5 #5ig

AT T — I T2 H M ECEBAE RGN TS tE il i, 2r %508 T LSS Bl 12 R85 fe
AKEBA SR DLLRAIE (R 25, SR T B0 AR B s AR BE PR R, ) P IR 22 i 1 i x4 il
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Abstract In this paper, the reliable controller design is considered for multi-degree of freedom-based tele-
robotics. Time-delay estimation is employed to obtain the unknown dynamics and the external disturbances of
robots online and to perform a compensation during the control. The faults of each actuator occur randomly
and their failure rates are governed by a set of unrelated stochastic variables satisfying some certain probabilistic
distribution. A new unified tele-robotics model is built by assuming the probabilistic distribution-based actuator
fault and the input time varying delay. By considering the input time varying delay and the probabilistic actuator
faults, we study the problem of the reliable control. By using Lyapunov functional method and stochastic systems
theory, actuator distributed-dependent sufficient conditions for the exponentially mean square stability of tele-
robotics system are obtained in the form of linear matrix inequalities, which can be solved easily by the application
of convex optimization algorithms. A simulation example is given to show that: firstly, using the distribution
information of the actuator, the maximum effective delay bound can be easily obtained for the tele-robotics
system; secondly, the proposed design procedures can also be used when the tele-robotics is without actuator
faults; lastly, the proposed reliable controller can stabilize the tele-robotics system with probabilistic actuator

faults, which may be unstable under the designed controller without considering the faults of actuator.

Keywords robotics, time delay, reliable control, time delay estimation, linear matrix inequality, probabilistic

actuator faults
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