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Abstract: The problem of robust tolerant-control for a class of Takagi-Sugeno(T-S) fuzzy systems with time-varying
state delay and actuator saturation is investigated. By defining a class of delay-dependent Lyapunov function and a given
ellipsoid with state constraint, the set of invariance conditions and sufficient conditions for the existence of the robust
dissipative tolerant controllers are derived in terms of LMIs. The design results of the control scheme not only provide a
unified framework for H-infinity control and passive control, but also ensure the closed-loop systems to be stable and reliable
when the actuator faults occur. Simulations of the control of a time-delay truck-trailer system show the effectiveness of the

proposed method.
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Rulei : if 2z, (¢)is F} and - -- z,(t) is F' then
z(t) = Ajx(t) + Aqz(t — 7(t)) +
Bio(u(t)) + E;w(t),
z(t) = Ciz(t) + Crx(t — 7(t)) +
Byio(u(t)) + Epw(t). (1)

R o= 1,2, ,q g BIRBLNAG 2(t) =
[20(t) - 2o(8)]T € R BOBHE BT AF, b

WS x(t) € RPN ARG HPIRA 0] 7 w(t) € R™
R FZ SR A R, o(u(t) = [o(u(t))
o(uz(t)) - - o(um(t))] " Em BATHRIRHE AT 25
N, Ho(ui(t)) = sgn(u;(t)) min {umax.i, |ui ()|},
FE: U, i RN S AT AN, 7 = 1,2,
—,m; w(t) € RIERIRJE T L0, 00) L 3 In) .
Ay, Agis Biy By, Gy, Oy E;HVE, JEERGE 2 ) 5
FERE. () Fos A nr e i), HO < 7(t) < 7 <
00, 7(t) < Tq.
A8 = diag{umax,i }. JFACH B RUBTHILL, TR
HEHAN 0P B I AL 7%, R WK

#(t) = 2 (=) A@(t) + Aao(t = 7(1)) +
Bio(i(t)) + Ew(t)}. 2)

o iﬁﬁﬁa(uz( ) = sgn(ﬁi(t))min{l, | (t)|},
u(t) = S 'u(t), BZ B;S. i H.
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ai(=(0) = [ F((0)

M F} (2 ()4 752, () J& T~ 45 1 ;% AF}E‘J F s B,
wi(z(t))?%ﬂ?éﬁbﬁﬂmum*ii

wi(z(t)) =0, ;wi(z(t)) >0,1=1,2,---,q,

JEH
pi(=() = 0, im(z(t)) =12 .4
K LI BT B 4 R A R, A

og(u(t)) = GU( (t), X
JE T MHATARA, MG = diag{g:, go, -
INPAT ZR B B, 0 <
1, 7=12,---m. #%
Gy = diag{gm,goz, s 90m}7
C =diag{c,co, + Cm }s
L =diag{l,l5, - L},
|L] = diag{|l1],|lo], - -

oot o (a(t)) 7 B A
,gm}?%
gij < 9g; < 9nj> Ghj /

[l };
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e
9oj = (9nj + 915)/2,
¢; = (9nj — 913)/ (9nj + 915);
lj = (9; — 905)/ 9o;>
)
G=Gy(I+1L), |L|<C<I. 3)
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w(t),z(t), T) =
(2(1), Qz (1)) + 2 (2(t), Sw(t))r +
(w(t), Rw(t)) - 6)

S (a(0) Hy(O)y = | @™ () Hy(1)at, QRIS
S RE BRI AR AR, SO 4 E (G TP

X HRAEMT > 0, FA4EH Ba > 0,
(0, w0) T) 10) > o0 w(0) A,
RAG)™ % (Q, S, R)EFEFEHL Jn(0) >

HT AL 5 o K(z ()) =

Z wi(z(t ))Kjﬂﬁtﬁﬂl% P, SRR T2kt
iﬁ

X(K(2(t))) =

{x € _i(z(t)):c‘ <
W, ok, (z(8) R nZEHIFEK (2(6)) 1 2BiATEL R
Wi E RN M 03 1B m x mY4EH BEES, 4
HILRNMIED,, i € [1,2™]. W, #D; € =,
MWD =I-D,; €Z.
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K(z(t))FH (2(t)), #ZiVz(t) € x(H(=(t))), U Hordr: P, Sy A1S, 3 A% F 1E e H g, % =(9)=k T, I
o (K (2(t)z(t)) € i Leibniz- Newton ’E
co {[D:iK (2(t)) + D H(z(t))] =(t)}, _ij 6)5::2(6)d0 <
o —(x(t)— (t T( ))T52( (t)—x(t—7(t)).(10)
Horp: O<n7() 1, Zn,()—l,‘ co‘j:lH_le.‘ | bt A
x(t) = q q 2m
g g 2" > 2o ki) (z(8) Yo m(t) {2 (t) 2iz(t)}
> > (2 () (2()m(t) {Aijue(t)+ ==t =t
i=1j5=1[=1 ;H‘:EP
Auelt =70+ Bt} #1(1) = [27(1) " (1 — (1)) &7(0),
z(t) =
¢ 2 Ql]l -
; 2”7 pi(2(2)) s (2(8))m () {Ciju(t) I x *
=== Ag;P—i—SQ —(1—7'(1)51—52 * s
| Cuzx(t — (1)) + Euw(t)} A, PA,, 725, 2P
(7) .
X R R i,7€[l,q,le][l,2™],
Horr: %ﬁ%ﬁﬁix‘lm = A; + BiG[DlKj + Dl_Hj]’ (12)

Cij=0C; + BuG[DlKj + DZ_I:IJ‘]-
3 FE 4R (Main results)

EE 1 HIEHHRGET), FACEIFEK;, Hj,
Jo= 12 q MERIEEHFEPT, S RS, AT
(P, p) C X( (z(¢)), I3 2 B REARE A
( Qijl =

I * *
PAY+S, T %
A Ag;P~'728,—2P!
i,j€[1l,q], 1 €[1,2™].
Horr:
rY=—-(1- Td)gl — S,
I'=P AT + A,P~' + B{(D,K, + D] H;) +
S, + (D,K; + D H;)*BF — S,
A= By(DK; + D H;) + A, P,
S, =P 'SPt S, =P lS,P!
K;=K;P~', H; = H;P!,
WIREER I, (P, p) AL, HY
OISO M
B EF X R S8 (T) K i i i AH 2 Lyapunov R £
V(x(t)) =

" (t)Px(t) +

t—7(t)

[l (0= (7)) (0)S:(0)6.  ©)

<0, (®

w(t) = 0 If &

" (0)S,2(0)do +

= ATP + PA, + PB,(D,K; + D] H;) +
S; — Sy + (le{j + Dfﬁj)TBiTP’
Ay = PA, + PBZ-(Dsz + Dfﬁj)'

#E30(12) e A A RN N 3R Lhdiag { P, P~1, P} A
BT 45 B g 2R®) B 2, BRIk, #5602, < 0,
WV < 0, T EIHEER IR Q(P, p) & A4, Bll4h
AT 2% M RN 45 ) B FE TR 10 T 3R R SR(T) A W 5
WP, p) NEEE. kR

T 2 EEBHIFRYLT), M T4 ERES,
M FRHEQ, RIIT > 0, HAF/EMHMEK,, H;, j =
1,2, g, RRRIESE A FEP, S, SoFl sz Ko, Al
1302(P, p) C x(H (2(t)), I 20 AR

O =
I 611 * x % k|
PilAEi + 5’2 @22 * * *
O3 AuP™ O3 x x| <O,
On O El Oy *
L O5 CuP™t 0 Ey =T
i,7€[l,q,le€][1,2™].
(13)
Jorp:
O =

PAT + A, P! + B,(D,K; + D] H;) +
S, + (DK; + Dy H;)"BT — &,,
Oqy = —(1 - Td)gl - 52,
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O3 = A,P~' + B{(D,K; + D; H;),

O3 = 738 — 2P,

Oy = EF — STC,P~' — SBy,|D,K; + D] H}],

Op =—-STCP,

Ou=—(R—al)-STE, — ES,

Os = C;P~* + By;[D,K; + Dy H;],

—Q<T ', 8 =pP's P,

Sy =P 'SP, K, = K;P™', H; = H;P",
MIMHERIRQ (P, p) e AL, FER T w(t) € Lo, M
WERG(T)"H%(Q, S, R)EHFERL

e EHEHETATAL S RG(DMIw(t) # O
V(x(t) — 2" (t)Qxz(t) — 2w™ (t)Sz(t)—
W (t)(R — al)w(t) <& (£)0,,a(t).

Hor:
z (t) = [a"(t) ™ (t — () 2T (£) wT(1)],
Fl — CZF_I;ZQCUI * ES ES
@“ . A21 AQQ k ES
e PAijl PAdz TiSQ—2P * ’
A41 A42 E;TP A44
i,j €[l,q], 1 €1,2™].
Horr:

I = PB;(D,K,; + D] H;) + (D, K; +
Dy H)'BYP+ ATP+ PA; + 5, — Ss,
Qg = Ag;P + S, — CLQC;,
Agy = —(1 - Td)Sl — Sy — ClTiQCm
Ay = EP — 8'Cij — Ef,QCy;,
Ap =—-S"Cy — Ef,QC,,
Ay =—(R—al)—S"Ey,; — ElS — EL.QE;.

mTF—-Q < T HT-' >0,

I * * * * |
AY P+ S, Aoy * k%
O, < PA;; PAy  Asz ox ok
ETP - STC, —STCy ETP Ay +
Ciji Cui 0 Eyn T
(14)
Hrfr:

A_QQ = —(1 — Td)Sl — Sg, A_gg = TiSQ — QP,
A_44 = —(R — OZI) — STEli — E;FZS,

TER(14) AT WA IR IR Ll diag{ P~Y, P~2, P~ I, T},

I
Ay = B{[D\K; + Dy Hj] + A;
ol
Cij=Ci + Bli[le{j + Dfﬁj]
AN LS, BAr3013) ek,
V(z(t) — 2" ()Qz(t) — 2w™ (t)S=(t) —
wl(t)(R — al)w(t) < 0. (15)

¥ 3(15) 2547 B2 03 oo B4 1] 1

I(z(t),w(t), 00) + V(x(0)) — V(z(c0)) >

a (w(t),w(t)) .,
MITAT3I (2(t), w(t), 00) +1(0) = o (w(t), w(t))
BIRG(™H(Q, S, R)EHekEs.  iFke.

T3 BT RGN, W
HiBES, W RRAEFEQ. RAT > 0, #5474e 4 K,
Hj,j=1,2,--,q MEZHEEP, Sy, Sy, Ry,

RoFIsEHar > 0, fi1302(P, p) C x(H (2(t)), FHilhi &

( i 25 * *
P_lAde'"‘SZ _(1—7'd)§1—§2 *
U3 AqiP! Us3
Wz‘jk: Yy Wyo EZT
Vs, Cu P! 0
25 0 0
L WUy 0 0
* %k x|
* %k sk
* k% ok k
Uyy * % % <0,
Usy Ws5 *
0 0 —R; =
0 0 0 —Ry]
i,j€[1,q], 1 €[1,2™].

(16)

Hrp:

@y, = PAY + A,P' + B,Go(D,K; +
Dy H,) + (D,K; + D; H))"GI BT +
B,GoR,GIBT + 5, — 5.,

Wy, = A,P~' + B,Go(D,K; + D[ H;) +
B;GoR,GL BT,

Wy = 725, + BiGoR\GYBY — 2P 71,
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Wy = E —5TC, P~ — ST By, Go[D, K+ Dy Hy),

Wy =-STC, P,

Uy =-S"Ey, — ELS — (R—al) +
SB;GyRy,GIBL ST,

@5, = By;Go|D,K,;4+D; H;] + C;P*,

Wsy = —2B1,GoR,GEYBYST + By,

Wys = —T + B1,GoRyGE BY,

W = Wy = DK, + Dy Hj,

—Q<T ', S =P'5P,

Sy =P7'S,P7!, K; = K;P",

H;=H;P~!,

WIREERIL 2 (P, p) —AAELE, JEXEFT T w(t) € Lo, 1
B R (DS OEH T ™% (Q, S, R) & it
HiL.

UE 4 PR R GE(T) R BRAT 25 R AE 4 1k B I

Aiji = A + B,G[DiK; + Dy Hj),

Ciy = Ci + B,,GID,K; + D Hj),
TEARA K A3))5, FFEAR SR PE BRI Schur kb A2 # A
A (16) BT

ME BE 3 0] EL BT AT U ORT P R R 4

ZRQ(P,p) C x(H(2(t)), WVe(t) € 2(P,p),
|hu(z()(t)| < 1, 1 € [1,m], IICHR[ 1077 %

Ri(z(0) PRI (=) < p L€ [Lm]. (7)

T (2(1) > 0,30 wi(2(8) = 1, FHALA

WP W) <pt lel,m], j€l,q. (18)
SUrPod g 5 5/ R 2 M T BB 14T )
[—p‘l hi

. _p <0,1€(1,2™], j€[1,q],(19)

iR R H,; = H,; P~ (5I4T.
4 i E 45 B (Simulation results)
15 B LI AR L A8 42 R 0 A i v X 4, JEHNO(t)
B “0” 5 “£r” WAMEIE N AT T-SERI AR, nJ
&
Rule 1: if 6 is about 0, then
z(t) = Ay (t) + Aq(t — 7(t)) +
Bio(u(t)) + Eyw(t),
z(t) = Cix(t) + Crix(t — 7(t)) +

Byo(u(t)) + Ejyw(t),

if # is about 4 7, then

z(t) = Asx(t) + Agx(t — 7(t)) +
Byo(u(t)) + Exw(t),

z(t) = Cox(t) + Crox(t — 7(t)) +
Biyo(u(t)) + Epw(t),

Rule 2 :

Lt 43

Vit Lt
0 0|,B, =B, = OO ,

|
T

Ay

A

Il
T

Ag=| (I1—=a)=— 00

00

—(1—a)— 00

(1-a)=— 00 , BFiu=FE;y=

0.8
1 )

210
100|’
b @(t) = [21(8) 2o(t) 23(8)]", 21 () s KA
o 22 100 (00 AR 82 22, o (6) RN A A0 18, 5 (8) Rt
Ze Jig iy T ELALE, o (u(t)) R R A AT 85, TR
Umax = 4. FHEKL =28 m, i KL = 5.5 m, {84
HEV = -1.0m/s, £ = 2.0, t, = 0.5, a € [0,1) 1
i Ja R EL. Ui E T Hla = 0.5, fifJa A7 () =
2+ 0.2sin ¢, d = 0.01 /7. A5 & BR 5k
pa(0(t) = (1= (1/(1 + 207051 —
(1/(1 + e—30(t)+0.57r))),
p2(0(t)) =1 — pa(6(¢)),
DRI, 4R AT 45 DR 4l R b 2R 75 TobsT, LR AT 2%

V22
1—
( a)QLtO 00

102
011

Ci=Cr= , Cri=C=
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LRI DN R o = 1 IS = [1 1]%,Q =

diag{—1,—2}, R = 0.6, a = 0.1, A %LHET =
diag{0.5,0.4}, JIBE— DML & BE3 P43 250 428 1l 4
1

K, =[9.8547 —6.5218 0.6536],

K, =[10.3730 —6.6993 0.6572].
15 BB WA AL B 2T (0) = [0.57 0.757 1]T
w(t) e A S AE S, EIUFER5 45 T b {5 2
R G A1 2O VE F T IR 25 mi 5 A0 4 AP AT

wo(u(t)) 15 5 2. ﬂu%ﬁ, TR 1R A
SCPERRIE T RGEMIARGE, B ] 1T eah %
M.

=
M x(#) / rad
IV x,(7) / (rad-s 1)
—6r — (t) /m 7
770 10 20 30 40 50 60 70 80 90 100
t/s
BT AT A i PR 2R e AR 2 ) B
Fig. 1 Responses of the closed-loop system when
the actuator failures occur
3
%?—0

70.6 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

t/s
Kl 2 MFIHAT RIS T ik

Fig. 2 Signal curve of the saturated actuator

5 455 (Conclusion)

AW T —RT-SER RGAE — €S M sha
PEREFR AR T 1) 65 Fe T 555 e rot 42 ) 1n) i, B2 e T
8 S BT #8715 SR AR S R S B R 1Y
P S VOt Tk, IR B 5 | B A B o 1R O 51
PE. D7 LG R EW] T AT LR AT M.
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