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Abstract

This paper is concerned with fault-tolerant control for a class of nonlinear continuous systems
with uncertainties and delay terms. Firstly, the T-S fuzzy model is constructed to approximate the
original system more accurately, and the Lyapunov function is constructed, the robustness of the
closed-loop system with actuator faults is guaranteed by the designed fuzzy controller. The value
of gain matrix and the feasible conditions for the closed-loop system are proposed by solving li-
near matrix inequalities. Finally, the effectiveness of the method is verified by numerical simula-
tion.

Keywords

Fault-Tolerant Control, The T-S Fuzzy Model, Uncertainty, Time-Delay, Linear Matrix Inequality

NEMET-SEMEE R SRR SEE SR

XWF, PR, KPF

IR TR N E 5B, TR M
Email: 983761635@qg.com

Weks HiA: 2019412 H26H; FHHEB: 20204F1H8H; KA H: 20204F1H15H

=

BEX—RARRMEL RS, ASCHIIT T FH AV R R B S ) ). 1 Sl i T- SR 2
FEHEREHELR RS, BT HE LyapunovR B 771, E B B Bei BOBORATS Hi 28 B8 0 A3 R AE
PATRFERIRRE O T I RARFISENE. BRHASMEER SR TR I8 8B REREHF A
WA TR T AR RGRBEN. BEEEHE G TR T ZTERARE.

NEGIH: RWE, 90K, KOWHE. ABEME T-s BRI RSP D] M EeA R, 2020, 9(1):
109-119. DOI: 10.12677/aam.2020.91014


http://www.hanspub.org/journal/aam
https://doi.org/10.12677/aam.2020.91014
https://doi.org/10.12677/aam.2020.91014
http://www.hanspub.org

JHO

&

farey
=¥

Xiid
KRR, T-SERIRE, FREtk, mF, SREEREAEX

Copyright © 2020 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

1. 5l

T-S BRI — R HRAIR R R G0, A RURRENE S5 AR L M%) R G2 R Z BRAOBOM R, ]
PRI SR IR AR 2 M R 58, REME RS ALt RGN H . I T-S BORIF | 7 2Rtk R 4t
*m#ﬁﬁﬂfﬁﬁﬁﬂm%ﬁTf§m%ﬁﬂﬁ% #WﬁT*%ﬂ&%

R i) T A R AR B T AR 2 28 MG [L]-[21] . SRS R LR T M 1 RGREIRFE— N4 A
%%m& ,ﬁﬂﬁﬁ%%ﬂﬁEMﬁEE,ﬁTn%%Txﬁi%EKWW%,%&T%%Iﬂ*%
R A, KA 25— H AN S A TS SRR 7 BAT SRR E B 7
B 1], (HERA BRI RGRINE T KBRS T — RAHE AL RS F %
il i A [2]. Shaoxin S.f1 Huaguang Z.55 AW FT 12k T2l A4 H S A5 T-S RO A8 Gt ) 2 B il i v il 7t
[11]. (HAREA 5 REIF I IS MR o FESKPR RGP AEEAA AR SR PR b, 25 8 VP 2 AR, Widhag
T AR PAT AR A R AR IR B AT SR, A B R S T RE s S AR S
PRI EATE . TR ARIME, BRI HERGNAEEUSS, EEFEAAERBIRE. R4
Jeas I A LU A AR A R 3R S AN E 1

SRR A I ARSI S AR S R S8, B2 T Lyapunov eR8UREE PR IR R, UEW T JT25 18 R ASORY)
) (8 PO 8 GEn) TR AT 45 i B A e BV E A B e

2. RG AR

HREAHAE R AT ARt R G, A IF-THEN U ST T-S BOBIRIAR N 2R i 60 - iR 6 (t)
FRM, s 6, () Rm M, W
X(t)=(A +AA)X(t)+( Ay +AA; ) x(t—d)+(B +AB u(t)+w(t),
2(t)=Cix(t), )
x(t)=o(t),te[-d,0],i=12,---,r
Hrrx(t) e R" R REZ R, u(t)e R" R RGHEHIHAFE, w(t)e R ERINETFH, d NI
i), z(t)e RP RRRGEEHliti e, A, A B.CROMFEEGENE, AA,AA,, AB ESHAHE MK
SAEFERE, A

ik

[4A (1), 4B, (1), a8, (t)] =
Hrh M By By, By ARG SAEE CANHEBOERE, R (t
"t

R (t)F (1)
A4 44 R BRI BOMNR A, 73BT

()[Eli’EZi’Edi]’ 2
i 2
Hs=t, 3)

DOI: 10.12677/aam.2020.91014 110 IR Esid


https://doi.org/10.12677/aam.2020.91014
http://creativecommons.org/licenses/by/4.0/

:
&

'rzlbl(g(t))[(AJfAA) (t)+ (A\ii+AAﬁ)X(t_d)+(Bi+ABi)U(t)+W(t)] @)
)

/ﬂ\iﬁlﬂa(t):[el(t),---ﬁp(tﬂ, bi(e /Zm i H(t |( ()) Hfl ( J(t))’ [T 80
BT, b (0(1) MR, Iﬁé( ) 28 (0(1)>0

Hfro<b (0(t) <1, 3 b(0(t)=1.

Y& T RS S RGEAUA R PR S st as, WEE i 2.
WG FFM, ., o 0,(1) TR M, . Mu(t)=Kx(1).i =12,

A 2R N
u(t)=>1 b (0(t)Kix(t)i=12r ®)
Horre K OIRAS SO e 6 R AN PR R G AE IR AFHE SR G) IVE R N TR IR .
x(t) =20, 250 (0()b; (1)) (A + A (1) + B K, +4B, (1)K, )x(t)
+( Ay +AA (t ))x(t—d)+w(t)]
PAT IR PR SE P R AT LA A8, R I E AT 3 R AN DL, FE RS (6)MAERE B 5HEai%0
B K 85I N— MNP RAERE L, HIEAR
L=diag(l,,1,,---1,)»

—

(6)

s
h{&%ﬁm*ﬁ%ﬂ
it
AT 88 D05 1 AR 7 SRRy
X(t)= 30, 2500 (0(1)b; (8(1)) (A +AA (1) + BLLK; +AB, () LK, ) (1)
+(Au+ My (O)x(t-d)+w(t).
AL EAERAT R A, B H, RS RBERIE(E), (05F RG AL
@O BFw(t)=0m, UEHIFIARG(T)EHHERE K
@ HTHRw(t)# 06, EWRHER TRy & RGHRIRH 2(1) W2 [2(0)], < |w(r)],
PSR 2 50(7) R R 2 1
3. ERER

T Segn IR W] R P 7R A 5
GIPEL[11]: X FARRRE X A X SHERE Y

X YX, + % Y X < XTYRTY Tx, + X RX,

()

Hor RS2 IEEHRE .
BIFL 2 [2]: XEA4ERINERE Y, E A G, Y JRFRERE, MBTAERF ()L FT(H)F()<1 H
Y+GF(t)E+ETFT(1)G" <0, HHACHMEER M a>0MH: ¥ +aGG" +aETE<0.

DOI: 10.12677/aam.2020.91014 111 IR Esid


https://doi.org/10.12677/aam.2020.91014

4
&
4

%@ﬂHLSmWH%®HE%mﬁ%ﬁ@S{ilij,ﬁ¢%5ﬂﬁﬂmﬁ%,MuT54
SRS

@ S<0;

@ S,<0,S,, - SlTZS[fS12 <0;

® S,,<0,S, —slzs;;s; <0,

EH L HEMHRGT), Hw(t)=08, WFAEMTHERa>0, BRFIERFRIEE M X, RAl
FEREY, e T IIAER:

¥ XR A, XE]+Y[LE, M
* R 0 0 0
* % _R = 0 |<0 8)
* ok x —al 0
* x * —a™

Hrp:
¥ =XAT+AX +Y[ LB +BLY,

VU7 E S s A K = Y, XA PR R G0 (7) R A e 11
IERE: BY Lyapunov BEUH:

V (x(t))=x"(t)Px(t)+ j[ x" (s)Rx(s)ds

t—d

W R 41(6)%F Lyapunov %R 5
V (x(t)) = X" (t) px(t)+x" (t) px(t)+x" (t)Rx(t)—x" (t—d)Rx(t—d)
=zlj b (6(t))b; (O(t )[xT )(A +BiLK; +AA (t)+AB,(t)LK; )" Px(t)

+xT (t=d)(Aq +AA, (1) Px(t)+XT (t)P(A +BLK, +AA (t)+AB, () LK, )x(t)
+ X" ()P Ay +AA; (1)) x(t—d)+x" (t)Rx(t) - X" (t—d)Rx(t—d)]

<YTh (6(t))b, (H(t))[xT (t)((A +B,LK, +AA (t)+AB, (t)LK;) P

I_P](_A +BILK; +AA (t)+AB, (1)LK, ))x(1)
+XT (t)P( Ay +2A, (1)) R (A, +AA; (1)) Px(t)
+XT(t—d)RX(t—d)+XT(t)RX(t)—XT(t—d)RX(t—d)J

r

+

_ z [xT (A +BLK, +AA (t)+AB (1)LK,) P

1]

+P(A+BLK +AA (1) +AB, () LK, ))x(t)
+ X" ()P Ay +AA; (1)) R (A +AA (t ) x(t)+ xT(t)Rx(t)}

DOI: 10.12677/aam.2020.91014 112 7 FR 0


https://doi.org/10.12677/aam.2020.91014

Z
&
4

:Zib. [XT Ai+BLK +AA,()+A|3i(t)LKj)TP

i=1 j=1

+PiA,+BLK +AA (1) +AB, (1) LK )
+R+P( Ay +AA; (1)R™ (A +AA, (t))T P)x(t)}

WA LSOy, BIV (x(t)) <0, MIBOR R WER e, i LK% Schur #h5] B A1

((A+BiLKJ.+AA( )+AB()LK) P
+P(A +BLK; +AA (t)+AB; (1) LK)
+R+P(A, +AA, ()R '1(AjI+AAdI(t)) )

I, R P(A;+AA (1))
ST -R 0 <0 9)
* * -R

&

[T, =(A +BLK; +AA (t)+AB, (t)LKJ.)T P+P(A+BLK; +AA (t)+AB (t)LK)
15[ AA (1), 4B, (1), AA, (t) ] = MF (t)[Ey, By, Eg ] A (9) T3
I, R P(A;+AA(1))

* -R 0

* * -R

(A+BLK;) P+P(A+BLK;) R PA,

= * R 0
* * -R

[PM

+ 0 |F()[Ey+E4LK; 0 Ey]
0
(B, +EyLK,)

+ 0 F(t)[M™P 0 0]

Ed

I, R P(,A\ji +AA, (t))
hgl#2, | ~ -R 0 <0 HHMNHFEER a >0 flif5
* * -R

DOI: 10.12677/aam.2020.91014 113


https://doi.org/10.12677/aam.2020.91014

HO
=1
&

48

(A+BLK;) P+P(A+BLK,) R PA,

* R 0
* * -R
PM (Ey +E4LK,)
+a| 0 [MTP 0 0]+a” 0 [E;+E4LK; 0 Eg] (10)
0 E]

» T
M, R PA;+a(E;+E,4LK;) E,
= * _-R 0 <0
x “R+a'ElE,
Hr:
I, =(A+BLK,) P+P(A +BLK,)+aPMM TP +a*(E, + E4LK, ) (E, +E,LK )
i Schur #h 5[ FE, (10)Z5:M T

I, R PA, (E, +E4LK;)  PM |
* _R 0 0 0
* * R E;—» 0 <0 (11)
ok x —al 0
* * * * —0{71|
Horp:
M,=(A+BLK;) P+P(A +BLK,)
(L) 2 B T FATTRIERE diag (P11 1 1}, JFEP =X, Y =KX, WADEH T
¥ XR A, XE]+Y[LE], M ]
* _R 0 0 0
* x  _R E] 0 |<0
* ok —al 0
_* * * * —0[_1|_

PAESPIRR RGEAMB TR w(t) = 0 I, Ry i RGMBTIHANERIE I
EHL 2. HEEHRLGT), Bw(t) =00, MFAEMNEHa>0r>0, BEMFAXNRIEEHEEX,
R AERE Y, 392 T oASER:

¥ I XR A; XC XE;+Y/LE, M

* 1 0 0 O 0 0

* * R 0 O 0 0

* % * _R 0 E; 0 |[<0 (12)
*ox * ook 0 0

* * * * * * —a

DOI: 10.12677/aam.2020.91014 114 IR Esid


https://doi.org/10.12677/aam.2020.91014

:
&

He:
¥ =XA"+AX+Y[LB' +BLY,
W RGEHPRA I 2(t) B2 2(V)], <7 |w(t)],, IR RS R
IR R ) e G Sl NP VAN O C X 28 [ N2
I=["[2" () z(t) 7w (t)w(t)]dt (13)
FEEH L CAERE TR &AM T, A RGEHHERER, HOTE
3= [T 207" (1) w()]ot
] 020w S (o) |oe-v (x() 19

<[] 7 020w ©wi+ Sy (x(0) o
g coFMT
27 ()2() - ((w(t)+ 2V (X(1)
=% 30, (0(1))b; (6(1)) X" (1)CTCx ()~ 7w (t)w(t) + X" (t)(A + B LK,

+AA (1) + B, (1)LK; ) Px(t)+x" (t—d)(A; +AA, (1)) Px(t)
+T<t> (A +BLK, +A (1) 48 (1) LK, )x(t) +w" (1) Px(t) + X7 (1)Pu()
X (1) P( Ay +AA, (1)) x(t=d)+XT (1) R (1) =X (t-d)Rx(t—d)]
:lezlb (0(t))b, (H(t))[XT (t)((A +BLK, +AA (1) +AB (t)LK, ) P
+P(A +BLK; +AA (t)+AB, (t)LK;)+CC, +R
P(Ay + A, (1) R (A + a4, (1)) P)x(1) (15)
+WT(t)PX(t)+XT(t)PW(t)—yZWT(t)W(t)J
S Eaep 00 woly ]

1 j=1

+

¥

T=(A+BLK; +AA (t)+AB, (t)LKj)T P+P(A +BLK; +AA (t)+AB (t)LK;)
+CTC, +R+P(Ay +AA ()R (A +AA, (1) P
SR 55 HE 1 A7 B Schur BN AT 0 < 0 S F A% R(12), BHERETH w(t) e L, [0,+00)
Az )], <7w()],

4, EFE
T AN S S B B T T T v T AT P o S R TR e BRIV R 4(T), 2% R 3]
(e Lk Pk R 5

DOI: 10.12677/aam.2020.91014 115 7 FR 0


https://doi.org/10.12677/aam.2020.91014

JHO
&
4

% (t) =0.2sin(t)x, (t)+(0.25+sin (t))x, (t—1)—1.5%, (t)+0.1x, (t) , (t)—u(t)+w(t)
%, (t) = (t)—(3+0.2cos(t))x, (t)+0.1x, (t—1)+0.3cos(t) X, (t-1)

+(0.1+0.02cos (t))u(t)+w(t)
2(t)=0.1%(t)

(16)

KRR EARLNEA R T 206 R L (L6) AT AR, LR S R B Ron oA

t)-N
M (1) = B0y ) <
1 2 1 2

HAT AN 7 A 1) 2R 0K F T R RSR R«
R:If x is M, then

X(t) = (A +AA)X(t)+(Ay + AL ) x(t—d)+ (B, +AB, )u(t)+w(t)
2(t)=Cx (t)

R%If x, is M,,,then

X(1) = (A, + AR ) X(t) +(Ay, +AA, ) X(t—d)+(B, + AB, Ju(t)+w(t)
z(t)=Cyx ()

A- -02 09 " -2 3 A, = 04 -06 A= -05 -1]
104 -05]"7% |4 1|"™ |-05 -12]"" |-12 16
03 04 03 04 02 0
BZl: ;Bzz ,M: X
0.2 08 02 02 0 02
001 -0.217] 001 -0.21] 001 -0.217 001 -0.21]
E11 = -E12 = 'Edl = ’Edz = ,
0 -021 0 -021 0 -021 0 -021
001 -0.21] 001 -0.21] -1 03] 2 -0.25
E21: ,E22= :C1: .sz ,
0 -021 0 -021 08 -4 -3 -08
ML =diag{0,1} , B — M A KA, ML =diag{l,0} , I AT R KM, W

a=12y=10;N, =5 N, =-5, #RIFEEH 2, FH LMI TEFRMATHAZFENX(12)ZE 7 ATH, R
ELSRIDIIEVSE

Hr:

=

—60.6962 93.3755 | —2.0163 -0.3153
40830 -11.4038| * | 0.7722 -2.0768

MO0 TR w(t) = O I, AT B Ly I REA g, x, AR A5 57 i 22 Pl 4 1.
AN w(t) =sin (t)e B, BT R Ly FITXE T X, x, BRAS R 10 2 PR 2,
SCRRILIZE ST S0 Ly TR SEA-AR 25 57l 22 Pl 4 3,

DOI: 10.12677/aam.2020.91014 116 7 FR 0


https://doi.org/10.12677/aam.2020.91014

Z
4

x(1)
0.8} - —x(2)]
x
2 ]
)
(2]
6 8 10 12
t/s
Figure 1. The state response curves with w(t)=0
1. 2 w(t) =0 IR RS Bz Bhék
1
x(1)
0.8} - = x)l
6 é 110 12
ts

-1

Figure 2. The state response curves with w(t) =sin(t)e

B 2. % w(t)=sin(t)e™" BaIRAS T R L

x(k)

6
4
2
0

010 20 3}(6 20 50 60

Figure 3. The State response curves of actuator failure

3. BUTER L BRI N Rz %

DOI: 10.12677/aam.2020.91014

117


https://doi.org/10.12677/aam.2020.91014

HO
=1
&

48

PIRERRY], EPAT SAFAERRIS, M RGAER T INA TR O T 2 dt R e, it

5P 3 [0S BT RA SISO S AR

5.

2 4k

[ =]

ASSCRE RS — R BAT I AN E U LA TR ES: R G, BOPIRS )BHERIE, THE T iZR A&

PRAER ] o SR T-S BORIRE R BEAT A, FEPRAT A7 A S i, Sl I A4 38 Lyapunov B& 5IK J5 2%,
TR UE AR P26 25 RE 18 PR R G BAT RGP B0 & k. AL LML THAERME, 5 R4
IRFFRE I ATAT 26 o R JE A BB FARIE 1 %07 A 2

SE

(1]
[2]
(3]
(4]
[5]
(6]
[7]
(8]
(9]
[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

SO, oo, WAL BT T-S BB B9 BSOS I R S A B TR RI[T). RS0 AR, 2007, 19(23):
5495-5499.
TR, A — IATE ARt RGN HAT A SRR A I [0]. BOW R G052, 2011, 25(2): 93-105.

Liu, X.H., Wang, Y.C., Han, J. and Zhang, H. (2016) Robust Fault Estimation and Accommodation for a Class of T-S
Fuzzy Systems with Local Nonlinear Models. Circuits, Systems, and Signal Processing, 35, 3506-3530.
https://doi.org/10.1007/s00034-015-0219-x

TKAR, AR ZET WA — BRI I i R S A A HI[0]. B R AR 505, 2013, 27(1): 104-112.

BXEEAE NG, AR, ISR B B T I R AR S H AR HI). RV R 2R H AR
Jiix, 2016, 29(1): 11-16.

TR, WHERS, dREIE, FAR. T T-S BUBIRIE R R RSB H A EHIN]. RETRESHETEA,
2010, 32(6): 1292-1298.

XN, KA. £T T-S BT F ML H KRB SHEREEHID] 7 TIhRESW: HRBER,
2012, 32(2): 71-77.

KF5k, Bk, RIAE, MR, AREL T RS T U 28 i A eS8 1T [J]. $H) 565K, 2017, 32(10):
1855-1863.

BTE, T, — KA AR i R R RA R EHI0]. R LR EWm: BRRISAR, 2008,
32(6): 743-748.

Z0E, MR, ET T-S BB IER ML RAN H SRR EHI0]. 5] 555K, 2010, 25(4):
598-604.

Sun, S.X., Zhang, H.G., Wang, Y. and Cai, Y. (2018) Dynamic Output Feedback-Based Fault-Tolerant Control Design
for T-S Fuzzy Systems with Model Uncertainties. ISA Transactions, 81, 32-45.

Zhu, B., Zhang, Q., Da, K. and Li, H.Y. (2005) Robust Fault-Tolerant Guaranteed Cost Control for Fuzzy Descriptor
System with Uncertain Parameters. Journal of Northeastern University, 26, 613-616.

Qian, Z., Zhang, G. and Yang, X. (2006) Robust Fault-Tolerant Guaranteed Cost Control for a Class of Uncertain Non-
linear Time-Delay Systems. 2006 6th World Congress on Intelligent Control and Automation, Dalian, 21-23 June 2006,
3948-3952.

Qiu, J.Q., Ren, M.F., Xi, D.-N., et al. (2010) Fault-Tolerant Control Design for a Class of T-S Fuzzy Systems with
Time Delays and Sensor Faults. 2010 International Conference on Machine Learning and Cybernetics, Qingdao, 11-14
July 2010, 624-629. https://doi.org/10.1109/ICMLC.2010.5580549

Tong, S., Yang, G. and Zhang, W. (2011) Observer-Based Fault-Tolerant Control against Sensor Failures for Fuzzy
Systems with Time Delays. International Journal of Applied Mathematics and Computer Science, 21, 617-627.
https://doi.org/10.2478/v10006-011-0048-4

Kharrat, D., Gassara, H., Hajjaji, A.E. and Chaabane, M. (2017) Adaptive Fuzzy Observer-Based Fault-Tolerant Con-
trol for Takagi-Sugeno Descriptor Nonlinear Systems with Time Delay. Circuits, Systems, and Signal Processing, 37,
1542-1561. https://doi.org/10.1007/s00034-017-0624-4

Qiao, L. and Yang, Y. (2018) Fault-Tolerant Control for T-S Fuzzy Systems with Sensor Faults: Application to a Ship
Propulsion System. Journal of the Franklin Institute, 355, 4854-4872. https://doi.org/10.1016/j.jfranklin.2018.05.011

Gassara, H., Hajjaji, A.E. and Chaabane, M. (2010) Robust Control for T-S Fuzzy Systems with Time-Varying Delay.
International Journal of Systems Science, 41, 1481-1491. https://doi.org/10.1080/00207720903353658

DOI: 10.12677/aam.2020.91014 118 IR Esid


https://doi.org/10.12677/aam.2020.91014
https://doi.org/10.1007/s00034-015-0219-x
https://doi.org/10.1109/ICMLC.2010.5580549
https://doi.org/10.2478/v10006-011-0048-4
https://doi.org/10.1007/s00034-017-0624-4
https://doi.org/10.1016/j.jfranklin.2018.05.011
https://doi.org/10.1080/00207720903353658

RN

&

farey
=¥

[19] Chen, C.L., Feng, G. and Guan, X.P. (2005) Delay-Dependent Stability Analysis and Controller Synthesis for Dis-
crete-Time T-S Fuzzy Systems with Time Delays. IEEE Transactions on Fuzzy Systems, 13, 630-643.
https://doi.org/10.1109/TFUZZ.2005.856562

[20] Zhang, H., Han, J., Luo, C. and Wang, Y. (2017) Fault-Tolerant Control of a Nonlinear System Based on Generalized
Fuzzy Hyperbolic Model and Adaptive Disturbance Observer. IEEE Transactions on Systems, Man, and Cybernetics:
Systems, 47, 2289-2300.

[21] AL/NBH. ZHOANHE IR GRS Hoo R EHEHIT ST [D]: [t 22 A0i8 3], A5 bR, 2010.

DOI: 10.12677/aam.2020.91014 119 IR Esid


https://doi.org/10.12677/aam.2020.91014
https://doi.org/10.1109/TFUZZ.2005.856562

	Fault-Tolerant Control for Uncertain T-S Fuzzy Time-Delay Systems
	Abstract
	Keywords
	不确定性T-S模糊时滞系统的容错控制研究
	摘  要
	关键词
	1. 引言
	2. 系统描述
	3. 主要结果
	4. 数值仿真
	5. 总结
	参考文献

