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Abstract

This paper concerns the problem of robust fault estimation for a class of Takagi-Sugeno (T-S)
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fuzzy systems subject to continuous state time-varying delay, actuator faults and norm-bound ex-
ternal disturbances. A novel fuzzy learning observer is constructed to achieve simultaneous esti-
mation of system states and actuator faults by using the H_ optimization technique. Based on

the Lyapunov method, stability analysis for the error dynamic and one less conservative delay
dependent sufficient conditions are formulated in terms of solutions in a set of Liner Matrix In-
equalities (LMlIs). Finally, simulation results of a dynamic model are illustrated to show the effec-
tiveness of the proposed approaches.
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1. 5|

BUR RS Pr 28 50 2 2% R B A H N2 A L 3t 18 It 2 9 A 52 OO PT RERE A TR R Wi Rse . hAT 24
PR AR R, EEE OSSO TR TAE RGO Al SEVE R 2 R A BRI LR, R
55 B 15 (FDI) 748 72 1 (FTC) AT B 0 T2 22 AR WF FE AN SE B L R #3221 7 A 24 K o-yE, JFHE
LN T MOREAR R TR (HL[1]-[4]). FDI BRI F R AR Gt 15 A Wbie DL BB i AR AR T AL, {RLAE S
P 22 ¢ AR MEMEBA 3 It iR A R /NN AR o SR, #ARsefili Tl ASRAS R K R/ S T AR KRR S [ [5] [6]
WORS 1S 2o R G THS 2R AG THE B DR E MRS 5, PURIER SRR E PEAT T 32 32 I TE RE

WL RAFAE T & A TR BV, @B, Jise. MBINERST R4ih, Mah hRGH KL, 4l
Ble KBL. BRSHE, PR Eg RIFTARAR E 5 . A E R SB RGN A TR E, BIRASGMTRE. B
Ub, O A I R ST T SR L

HOBE AL T OO 2R RGP (7] [8], HAEILSKH, KRB TR RGH S ALANET . AP
JE 71, T-S BORIRE AR R — 2 “IF-THEN” RUUKGEIE — R 51 B R A AR E M sh &5 R G 4 715 [9] -
T-S BEMIRE Y A £l 45 TR I AE T RGEERR 10— RARENE R 5, B 10— DAL U2 AT AT B A Rt R
AR ER G, AP BLEET 1 OREE E A JE[10]-[12] . ESCRR[S]H, BT T RAESMET IR,
[7 IR A7 7 A SRR R AT S B ) Takagi-Sugeno (T-S)RER 22 48 B S fiti v il fL. 7EJ5 v, 1 etlis 17—
ARSI AR AL T R GRS A PAT S lkcbe, SRJa XS 3K T-S MW R GuikAT 1 i 704 £ SCHR[L3]
VEE I 7 ARLMER N R G T-S BRI, it /BRI T &, SEEL 7 RGpIRES . 1%
JEERMHAT SR A (R Ay T o AR, XL TR0 5 FE SR I AR I il . SCHR[14]175 78 T — A R
FIA FE TR T-S B R (AR 2 ME AR 8, L 7 4> B G ROULIN 5% R [R] I il T 28 SR A AN AT 4% b
teAh, BRTLAR S RAIMERE, (HEERA B R . X T-S BORIR R4[15], 1E# 51N T —FoF#im
/N ERUR N AR AT IO A T M o SCHR[16]52 5% T bsddi tH I BLA LAk, Horp VR R %58 1
AR RN SR 5 [R5 R AR A R A LI 25 AV B LI &% B X A7 L B AR SRR D3 1 T-S
BRI R G171, ARt — Tl SOt ) 1 UL oK S B 2R SRS A e 2 B (RS A oo SCBR[A8TWT 7T 18
HUIS 18] T-S MOMIARZR M R GER S fli o D8, SR 1 — bR ARl I &% o (BRI e SRS 25 R
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WS o SCER[1918 78 1 — 3K T-S Oidt KRG EAfl R H, RS H R &, 17— Fh T 0 B
Lyapunov-Krasovskii 2 %07z e Fl Finsler 5| BRI S A il R RS LIS o SR1M, B AR B s FIPAT 85 b i o
Wit

WA, B ATE A AR AT SRR A AN ERIEN 1) T-S A5082St 1) i i i v )
FURIELD, IR T ARSI FEENL e A ST TE 7 — FRROR 2% S0 28 5K [5] I i 1 R R A FHAT 2%
W, RIS T RGURS IR AR . SRR H, AR, UEB 7O 5 SIS T B T AT
P, M MATLAB AR LMI T EBAR[20] R R AE—2H LMIs SRiH S eI pgs a5 o A S 32 22 skt +5
LI

1) &%t B ARR R . AT RS S A AN TR T-S BRI R (I S A R GE, ASSCIRH T — Rk
B2 STOIES AT DASEE 2R GEIR A FBRAT 28 W55 () (R A o1

2) S EEEA v ITEANE, %R AT — UOE AR e A TR ZE AR A T HE R, 7R AT
A AT IR A, DASGE M THEE IR .

3) XRZE RS [HTH Lyapunov BREL, 51N 2 AT S E DLRRAR R G 0 DR S 1%

A A LA 55 2 TR 1 BA N AR A (1) T-S UM R Ge 0 o @Rk, JRgs i 7 — e
R B 3 WA T EEMIRAE R, Wt 7RI ST SRR RN o RGUIRES AT SR, SRS
Pe A vE R R, SRR R R TR, FERIE LML AT SRR . 28 4 AW T — AN Bk
VLA FTEE VR A Rt . 5 5 FTHERE 17— LR g5 M TR

R CE R, —SRERLSPEEINT: A<0 (A>0)%RxR A MHRQE)EHME: A, M A, 2
AR A BRRERERMEMRER, sym(A) LR A+AT: “V 7 RR “PrEFULR” « “* 7 R
BE AR AR AL B AR A, R RN 0] | R A5 R

2. |[e)EEd
AT R (R ELAG IS A TR AT 2% e ) i 2 I TR) T-S ol R 452 ;2 if-then B4R, 3 T-S
FEORIB A 28 1 200 R LR 5 Rtk

%l%%mm” gu%el%ﬂil’ °ty szErl:yip, %K/Zx
{)‘((t):Ax(t)+Ahix(t—h(t))+Biu(t)+Eifa(t)+Did(t) "
y(t)=Cx(t)

st 0(x(1) =6, (X(1)), 6, (X(8)). -6, (x(V))], Fom RGBT RS . ORISR

f (i =100, 1; =1, p) IR AR BRS¢ A1 p 40 9IF0T if-then UILFIRTIAS RAOASE, X (1) € R" 4
SRRGIRERRE, u(t)eR™ BEHHIN, y(0) FoRM, (1) R FRPITRHE, d(1)eR F5
KA F RN SR T AT b, SR T L, <[0,00] o EATAT LU AL, AT LLEREI. A, A,
B E. DI C & RAAE SR DRSSO . HOBUENE E N sIRk, B rank (E)=r . h(t) i

AN
IR, 79 RO R SRR
x(t) = ., h(0(x(1)))x[ Ax(t)+ Ax(t=h(t))+Bu(t)+E f,(t)+ Dd(t)] .
y(t)=Cx(t)
Hrp
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o, (6 (x(1))) B 6 (X (1)) 75 gy FHOSEIRAE. 24K, 0<h (0(x (1)) <1 Y h (0(x(1)))=1.

TER RN A T, BATE A b 2or b (0(x(1))) -
NTHHTIE, RGEQ)TLEREG N

{X(t) A(DX(1)+ A () x(t=h(t))+ B(t)u(t)+ E(t) f, (1) + D(t)d (1)
y(t)=Cx(t)

L A() =37 hA, B()=X hB, E(t)=3 hE, D(t)=2hD» A(t)=X hA,
NTAAREEER, TEFMAEREMT .
BB 1. ik (A, B) &REReER, (A,C) 2 RHH
i 2 [21]: W h(t) AN ASELL R EL, W2 0<h(t
1% 3: rank(CE)=r.

Vi (9(X(t))) = H?ﬂ/’ij (ei (X(t)))

®)

BRI o
)<hAh(t)<h,, HhRh, HES.
i 4: rank[A‘;SI ii}znwank(E), VseC, Re(s)20, Vi=[L-r].

¥ 5: (ALE C)E’JT}‘ET\M?Y“?%E#$E

B 6 [22]: FeAIfBEse £, () M|, (o) e i, 1, (2) M
fo ()< s HA0<f, <0, 0<f1c<oo

1?;%&7[23]: HYVRFKAERERS, V(1) =0, V(Xt)|_ <0,

BIEE 1 [24]: % T4 58 MIPRAE IO R BE X R Y, FELERA TEE R RRAERE P, i R AR 283

L (1)< f, A0

2XTY < XTPX +YTPY 4)

512 2 [25]: AHME—AERIEEHEEM e R™, &SRR B> a BbrE a>0F >0 KA &K
x(s) ARSI, W R AR AE RS, [a, ] > R"

[TX(SNSJTM (f (s )d5]< [fx )Mx(s)ds ] ®)

3. B SRR A T R R E M ST
3.1. R SRS HE

TEX— 4%, A T SEHLR G5 (L) B B B0k A RRAT 28 000 1 RN i 1, 42 7 0 B0 22 ) S 52 .
X(1) = A(t)R(t)+ A, (R(t=h(t))+B(t)u(t)+ E(t) f, () + L(t)(y(t) - (1))
§(t)=CX(t) ()
f, (1) =K f (t=d)+ K, (t)(y(1)- 9(t))
Hop R(t) e RVBREMHI, §(t) e R° Forfbitioibimi. (1) e R" #rIdr Ssbifbit, €5

STRERT 2t —d 156 RIS LR AT RO R 2 2. B d FER 2% 5T MR . AR K, = diag {0, -0, )
o, e (0.0]. Kyo Ky (t) 1 L(t) RFFEEH AT ILERON 25 K0, oo
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Ko ()= X0Ka o L(O)=200L
BT L e, () =X (1) -X (1) e (t)=TF, ()~ F,(t), e, ()=y(t)-9(t). WhRE)FR(E)T#H5)

BRAREN
&, (t)=(A(t)-L(t)C)e, (t) + A (t)e, (t-h(t))+ E(t)e, (t)
e, (t)=Ce(t) ()
e (1) =Keey (t-d)+K,(t)Ce, (t)+ f, (t)

Hrp

f,(t)=f,(1)-K.f, (t-d)
T TR, AL N I
T(t)=[e1(t) e (t=h(t)) ec(t=h) a7 (1)]
)=[ A(t) Ah()OD]rt)[A -L(t)c 0 0 0]
=[o A(t) © 0], r,(t)=[0 0 0 D(t)], Ty(t)=[E(t)K,(t)C 0 0 0]
3.2. HRMIF I VMR NTREM ST

B 1 ARB1~T FHEEBRGER). & DEbRE, EUN H MERET, 2 I BOMIILII €5 e fRAE
AR BhA HL A e v, B

Ji le, () ds <[ Ja(s)f os ®)

WRAFAESEHRE h, hy, 4, S AXNFRIEEHEP>0, Q >0, Q >0, R>0, W>0, Y(t) A
BIEIIFERE K ATK, () AEFH(9)~(11) T : ’

E(t)P =K, (t)C ©)
A(t)= (A4 +47) KK, ~W +12h*KE" (t)RE(t)K, <0 (10)
Y(t)  hry(t) hr (t) hr (t) hri(t)  VI2hrl(t) |
*  -26P+5°R 0 0 0 0
* * -26P+5°R 0 0 0
M= . * *  _25P+o°R 0 o |<° )
* * * * -26P +5°R 0
* * * * * -251+6°R
Hep
Y, PA(t)+R 0  PD(t)
* —
F(1) = e(1-h,)Q,+R R 0
* * —Q2 0
* * * _7/2|
Hep

Y, =sym(PA(t)-Y (t)C)+&Q,+Q,+C'C-R
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SRJE, WL 2 R R DAAR 55

Y (t)=PL(t) (12)
VL AT REENERGT), AT LR A, A, (t) R E (t) RO RIKEERE, I H Rk
L(t) FK, (t) Rt i)e 2d () =0, B rmom 2 = I &8 B ORUE T A I AR I i 1152
TN RGET R FRE s B, S0 L H, YERES).
WEBH: FEASCH, Lyapunov-Krasovskii bRz B & 7E U1 N IR & Y :
V(1) =V (1) +V, (1) +V; (1) +V, () (13)
V,(t)=e] (t)Pe,(t) (14)
V,(t)=¢ j eI(S)QleX(S)dS—I-jeI(S)QZeX(S)dS (15)
tfh(t) t-h
t):j'fhj';g' (s)Re,(s)dsde (16)
V,(t) =] el (s)We, (s)ds (17)

W, ATLABEIV (1) KO ] 54
V(1) =V (1) +V; (1) +V5 (1) +Vi (1)

Vi (1) = ex (t)sym(PA(t) = L(t)C Je, (1) + 2¢ (1) PA, (t)e, (= (1))

(18)

+2¢, ()PE(t)e, (t)+2e, ()PD(t)d(t)
V. (1) = el (1) () -4(1-A(1))ef (£ h(©) Qe (-h(1) )

e (1)Qae,(t)—e (t-h)Qe,(t-h)

gk 2, ®ANAE

Vi ¢ )<se (D10 (1) (1=, e (t-n(0)Qe, (t-h(1) 0

&y (t)QZ X( )_ez(t_h)QZeX(t_h)
V;(t)=h%] (t)Re (t)~h[’ €] (t)Re, (t)ds (21)
V, (t)=ef (t)We, (t)—ef (t—d)We, (t-d) (22)

B2 = A (W) ARG AT REAT 2]
e, (t)PE(t)e, (t)+ef (t)We, (t)<2e (t)PE(t)e, (t)+Aef (t)e, (t) (23)
7)) ARARNBIAEL(23) A, 53]
2e; (t)PE(t)e; (t)+Aeq (t)e (1)
= 2¢] (t)(PE(t)-ACT (K] (1)) Kee, (
+2ex()( E(t)-ACT (1)K, (1)K, (t)Ce, (t-d) (24)
+ey (t)(PE(t)-A4CT (K] (1)) f,(t)
+ e (t—d)K/Ke, (t—d)+24ef (t—d)K/ fa( )+21f~aT(t)f~a(t)

t— d
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IG5 1,

267 (t—d K[ F, () <] (t—d) KT Kee, (t—d)+% ()% (t) (25)

HEE(9) M (25), 135
2e; (t)PE(t)e, (t)+Aef (t)e, (1)

<(A+Am)el (t-d)KKee, (t—d)+(ﬂ1+%) NOIAG 29
R
(t)Re (t)(A(t)-L(t)C) R(A(t)-L(t)C)e,(t)
+2¢] (t)(A(t)-L(t)C) RA, (t)e, (t—h(t))
+2¢] (t)(A(t)-L(t)C) RE(t)e, (t)+e] (t)(A(t)-L(t)C) RD(t)d(t) on
+ey (t=h(t)) A (t)RA, (t)e, (t—h(t))+2e] (t—h(t)) AT (t)RE(t)e, (t)
+2¢] (t-h(t)) AT ()RD(t)d (1) +€] () ET ()RE (t)e, (1)
+2e{ (t)ET(t)RD(t)d(t)+d" (t)D" (t)RD(t)d (t)

AR, RZIEER, T

T

267 (1)( A () L(t)C) RE(t)e; ()

T (28)
<er (H)(A(t)-L(t)C) R(A(t)-L(t)C)e,(t)+ef (t)ET (t)RE(t)e, (t)
2ef (t—h(t)) Al (t)RE(t)e, (t) )
<ef (t—h(t))Al(t) Re( h(t))+ef (t)ETRE(t)e, (t)
2e{ (t)E"(t)RD(t)d(t)<e{ (t)E"(t)RE(t)e, (t)+d"(t)D' (t)RD(t)d(t) (30)
()N ef () ET (t)RE(t)e, (t), T
()E (H)RE(t)e, (1)
el (t-d)K/E ()RE(t)Kee, (t-d) - 2¢] (t-d)KTET ()RE(V)K, (1)Ce, (1 -
+2ef (t—d)K/ET(t)RE(t) f, (t)+e, (t)CTK,ET (t)RK; (t)C,(t)
—2e; (t)CTK; (t)ET(t)RE(t) f, (t)+ f, (t)ET (t)RE(t) f, (t)
y
—2ef (t—d)K[E" (t)RE(t)K,(t)Ce,(t) -
<e{(t—d)K/ET(t)RE(t)Ke, (t—d)+e,C"K; (t)E" (t)RE(t)K,(t)Ce,(t) 32
2e{ (t—d)KET(t)RE(t) f, (t) i
<ef (t—d)KET (t)RE(t)Ke, (t—d)+ £, (t)ET (t)RE(t) f, (t) 3
2e; (t)CTK; (t)ET(t)RE(t) £, (1) .

<€l (1CTKI (VET (VRE(OK, (1), (1)+ ] (ET(DRE() F, (1)
At
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e (V)Re, (1) < 2€] (1)( A1) - L(1)C) R(A(t)-L(t)C)e, (1)

+2T()<A<t> L(t)c ) <t)e (t=h(1))+2¢] (1)(A()-L(1)C) RD(1)d (1)
+2e; (t=h(t)) AT (t)RA, (t)e, (t—h(t))+2e (t=h(t)) A () RD(t)d (1)
+2d(t)DT ()R ()()+12e (DCTK, (ET()RE(E)K, (t)Ce, (1)
+12e7 (t—d)KET (t)RE(t)Kee, (t—d)+12f (t)ET (t)RE(t) f, (1)
<& (O(IT (DR (1) + 3 ()R (8) +173 (DRI (1) + T3 (DRI (1)
+12I7] (t)R, (1)) £(t) +12e] (t—d)KET (t)RE(t)K.e, (t-d)
+126] (ET(YRE() u (1)

WRAESI# 2, FAMFE

t

-h jhe'xT (t)Rey (t)<—e; (t)Re, (t)+2e; (t)Rey (t—h(t))-2e] (t—h(t))Re, (t-h(t))
[7 +2e; (t—h(t))Re, (t—h)—e] (t—h)Re,(t—h)
#(13), (17), (21), (30)FI(BL)fKAZI Lyapunov ek 41 540, 193]
v'(t)sej(t)[sym(A(t)—L(t)C)+gQ1+Q2—] t)+2e] (t)(PA, (t)+R)ef (t-h(t))
—e(t=h()(e(2-hn)Qu+2R)e, (t- h())+26( h(t))Re ( h)
e (t- h)(Qz+R) ((t=h)+h7eT (8) (T3 ()R, (1) + 13 () REL (1)
T3 ()R (8) + 15 (1)RL, (8) + 12075 () RIS (1) S(t) + e (t-d) Aey (t—d)

+fT(t)(ﬂi+ +12h2+/12j L (1)
g 3 (1) =V (1) +e] (t)e, (t)-7*d" (1)d (1)
RIG, 2 Ay = Ana (E(H)RE(1))
J()<ET ()T ()E () + hzﬁT(t)(FlT(t)RFl(t)+F§(t)RF2 (1)
+TT (ORI, (1) +T] (1)RL (1) +120 ()R (1)) (1)

vel(t—d)Ae, (t—d)+ 7 (t)(ﬂi+%+12h2 +,12] (1)

HAVEE, RN FTRNE S, H(SR-P)R(SR-P)20, 4 -PR'P<-25P+5°R

Schur #b, (33)7] L5 pcln R IE:
J(O)<ET(O)Y(L)E (t)+ef (t—d)Ae, (t—d)+ f, (t)[ﬂ1 +%+12h2 +zz) f.(t)

U2 (9) A4 44-(10) Az, ]
(t)<=¢fet)|+r

Hr,

¢ = Ao (diag {1 (t),-A})» p= (ﬂl +%+12h22,2j f?

(35)

(36)

(37)

(38)

(39)
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Rlt, 4 §||§(t)||2 P J(t)<OMOLI, fE Lyapunov 3 PEELE T & (t) FU s s — IS
w:%ﬁMﬂ%%%},MﬁﬂQ%*ﬁﬁ%%,ﬁ%%%%m%ﬁﬁ%iﬁoﬁ%%$o

20 AT R E B 1 7 R 8) A N T T AIRB LA 1), dfiE MATLAB ) LMI TR AF W] LA
1R 2% 5 M SR A o
Min u>0,s.t.
{ul ET(t)P—ﬂiKz(t)c}O 40)
* ul
B 2: HERG(2), W THEMLAR TN, hy, 4, 5 My, RENERGUEHHLFE T d(1)=0),
L R4 € YERE®), I RAFEXNFRIEEHEP>0, Q >0, Q,>0, R>0, W>0, Y;(i=12-,r)f
EBERIRERE K R Ky (1 =2,2,--,1), 4678 N B4R KO

EP=4K,C(i=12,,r) (41)
Y +A <0(i=12,r) (42)
Y+ Y +A+A; <0, 1<i<j<r (43)
/\I:I:I
A = (A +4n) KK =W +12h*KETREK, <0
'Y,  hrj hrj, hr, hr, Vizhry, |
*  -25P+0°R 0 0 0 0
* * _ 2
Y, - 256P+5°R 0 0 0 <0
* * * —25P +6°R 0 0
* * * * -26P +5°R 0
o * * * * -261+6°R |
Hor

rli:[Ai_LiC A 0 Di]’ in:[AT_LiC 00 0]

ry=[0 A; 0 0], r,=[0 0 0 D], Ts;=[EK;C 0 0 O]

Ty PA, +R 0 PD,

. *  _g(1-h)Q,+R R 0

HOR B AR
2

* * * _},2|

Y,; =sym(PA -Y,C)+&Q,+Q,+C'C-R
AEFE 2 HHER 5 A SOE L 1 KA
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Figure 1. System state x, (t) and its estimation X, (t) under time-varying actuator fault
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Figure 2. System state x, (t) and its estimation X, (t) under time-varying actuator fault

2. FIBEHITS S TRIRA x, (1) REREH L, (1)

0.6r “

———Estimation of x,

0.4
0.2

-0.2
-0.4
-0.6 _

Time (s)
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