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Fuzzy fault-tolerant control for global stabilization of
uncertain time-delay large-scale systems
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(1. School of Computer and Information Engineering, Anyang Normal University, Anyang Henan 455000, China;

2. Control Science and Engineering Postdoctoral Research Station, Xidian University, Xi’an Shaanxi 710071, China)

Abstract: The fuzzy fault-tolerant control problem is studied for global stabilization of a class of uncertain nonlinear
interconnected large-scale systems with unknown time varying time delays. The unknown delayed input signals of the
fuzzy approximator are substituted by the bounded references signals, and as a result, the control design and application
are not dependent on the delay assumptions any more, so that the convenience of the controller design and application is
greatly improved. The fault-tolerant backstepping control and the adaptive control technique are combined to deal with the
errors of the replacement and the approximation. The proposed control scheme can compensate for all of the four types of
actor faults efficiently, and global stability of the closed-loop system is guaranteed. Simulation results are provided to show
the effectiveness of the control approach.
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1 5|5 (Introduction)
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Bl R R 154 R AR e 4h I TvE. —Morik
SR AR A 1489 A S bR B s N B 9 S
RGSHAF S, NI AR 8506 A B B8 I UG
BIEOL. PP R A U AR U121 @ i 7
T I A% BT T 1) S AN 15 B A A 4 A CRE A
W RGN AR Fae . SR I iE g/ &, 5
FEGEH T RAAHE I & R B Ry R4,
BT U 70T IE T RGN AT BIR S
A, (R AR A R k.

BExt H 25 5 24 i RS0, IR Hl i 5 A a5
(fault-tolerant control, FTC)fH%, &, K it 3T FTCHY
SAEREETE, AR T B AR R RG]
FEVE, WOCHR [13-1715. (EAVERIZ, S0 aHm L
PE RGBT 7E 45 R b, A STk [15-16]
YEH T R T BCRIFTCHIFRHISE B, (AP H 2157
W IR RAR A0 < 7(t) < 7 7(8) < 97 < 1.

IR SR P BN ST A% AR A Qe R AL 2R
G o AN 58 TURT AR S0 i, I3 FFTCI B S Ry 2t
T AR RRSE ) B IS N AR A B SR I R AR
AP T B A RS 2 A, ORI T #a g vt 5
IS FH B0 5y 1. T RE (AR AT B il B A 2R 1) ] 45
FIRAME.

A, ST AREE Ba. FEBHIERC, aFra
ffhiHE, a®ora a2 W%, Bla = a — a; || Bl
TR BII2—VEE, Anax (C) FRHREC I BORSFE(A.

2 [\ (Problem formulation)

FIENANARLANE T RGBT K R 48, H2R
iNT RGN

& 5(t) = 2ija(t) + fi;(ZTi; (1) +
k; hi g (y(t — di(t))),
j:1>"'7ni - 17 izl?"'aNa
Tin, (1) = wlwi(t) + fin, (2(t)) +
5= o n(t = da(t)),

yi(t) = 21 (t),
Bt = gy - 30, |PABINT RENRGR
B,y NG T REMARGN, 7o) = (21 - 20,5

T

€y

wi = w1 wig o Wi, € RMNFEHIAIE, u; =
(Wit Win “ Uit ERT™NRGHN, [FH 2

PATEREHH, Nham, R PAT S AN R AR
& T IR R AT SR RUE I BBk, (T RS
Z VG B RTEI By (i (E—di (2))) IR TE BR8L
e (6) AT AR

i B Aw: BT R AT 2 R AU 3 v 15 B
BN, RIRNHRUE A R A AR — B 4A F(glo-

bal uniformly ultimately bounded, GUUB), BRiEZi% % 1]
PAUSCSA R iR s BRI O — AN /N

i1 7EXH [0, +o0) b, Z3EET v, (1) &
Hiin, S8 EH, »BOES:HA .

FE 1 ok, 5 RS AEAE RIS 5 R B
PERE, DRI R Gt il i S A 7L, A RIS 5T
SR Y.

R RFIRAN—EEE G SRR KK RS
(AT, VF22 SEPRAOPEH RGUEAT BT 364k NI RS, dnvs
FLHL HIBERUR ST AR, SR I AT 52 45 5 — A s T %
R F TS A1, SOk [1-41%%. 52 BT AR )
()2, AR SCLE BT R Gt R B 2 AR I Atk -, o R 458(1)
BEUT T A Jmfa e A EE 4.

AT A — N REE ET, HINERETFREE
AL INAEIR, T DAE R SCHR (4, 8-91HH 7E B A AR AR T
o o R BT RIBR ], AT KIX — ik R F T, B
1 RG] RE AR T2 .

3  FikbF (Preliminaries)
N TAETFE, K () H R RIS Ay

S hoga et = dule) = his)s @

Hofya = [y (t = da(1)) -+ yn(t —du ()], TR

H
hij(ya) =[hi;j(Ya) = hij(yea)] +
[P (Yea) = P (ye)] + ha () =
Pij + Qi+ hij(Ye), (3)
Hrp:
Yoa = [Y1.:(t — di(t)), -+ yna(t — dn (1)),
Yo = [yre()s - yna ()]

ﬁ?ﬁ%i%%pi,jﬂ]qwj\j
Pij = Nij(Ya) = hij(Yra),

i = Pij(Yea) — i (yr)- (4)
XSS, A f (2) — f(y)] < Uz —yl], T=A
pij| < |ya — yeal|lij1, (5)

|9i,5] < [Yra = vellli 2, (6)

KHIL ML o AR FNI Lipschitz # #. XFT30(5),
7E X

li,l = Inax li,j,la
1<y<n;
TR&A
il < [|ya — yralllin, (7

XFTR(6), BB IATEN, ||y — | |5, HURHRIRZE
Qi,jﬁﬁ, ﬁﬁﬁﬁﬂi%ﬂﬁﬁ%,jﬂ%/@

|Gi g < ija- ®)
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@) TAL REE(1) 5N
iy =Tijr1 + fij(Zig) + hiy(ye) +
Dij T Gijs
j=1--- n;—1,4s=1,---, N, 9)
Tin, =W Ui + fin, (T3) + i, (Ye) +
Pin; + Qin,-

K HIBHIZ R R G F N R G8(90) AR R EU i I
. 2 R B AL L SRR IS SR R ORA 2 5 R
oV AR AR R0 vt i R K)o L e K, D AR
LA RN

M
f(z]0) = l; Gpi(z) = 0" (), (10)
Hepro =[x, - 2, |THEIEBRKTN; f(z|0)H

@ﬁ%ﬁgiﬁﬂj, 0= (3?1, s ,:UM)%*%D%%%&W%, U
=max G'(y); o(x) = [pr(x) -+ du(x)]" SR
SR m B, MOABDRIEAE G A R E H . RE
BRI 12 45 2 G0 i@ i i B8, 6 T B4 Oy € R”
HE SRR M R (o), 715X (10) IR B2
BARA, Hi15
F(z) = 0"¢(x) + (), (11)
HAERNER) > 0, FIHETRE
e(z) <.
X F 2RO IS R (y:), 5§ = ni, A
hi () = 03¢5 () + 5zg(yr) (12)
Eﬂiﬁ(] 1), ﬁ&*%ﬂﬁﬁwz g2 > 0, 'fﬁ'fﬁ"giy]" < wi,j,Q'
Lei; = qi; + i, Ge(S), WAH
i < |aigl +leisl < Yija+ije.  (13)
/7"\% = max {wijl—i_wzJZ} D_“J

1<i<n
€ij < Y. (14)
1 (14) AT, AR Hr), B T I T 1R ZE AR
RISy, B T SO R B & B TV EEAT
Wb K (12)Fe; ,ARNKOVE

iy =T g1+ fig(Tag) + 0560 5(ye) +
Pij + €ijs
]:L anl_la Z:L 7N7
Tim, =W Ui + fin, (25) + 07, i, (Yr) +
pi,n,; + ei,ni-

(15)
RN N AR AT 23 R R, R1454%5 (loss of effec-
tiveness, LOE). <%t (lock in place, LIP). & 4=\ 1f1 fll

(hard over fault, HOF). ¥A7%(float), U1~ Fs:

us(t), vVt > 0, no-failure,
ki(t)us(t), Vt > tf, LOE,
ui(t) = ¢ uf(tF),  Vt>1tF, LIP, (16)
w,u;,  Vt>tF HOF,
0, vt > t¥, float,

Forbt: 0 < ky(t) < 1 us(t) HRGHBIARATHIE, (7
2 AT 52 TN s () ST 2 (0 s (45) Ho
AT 22K BRI A U @, s () 19 E R £F
SBT3 5 2 B T T, bR S A 5.
B ARG, LA A DT A R

{uim—m() ) by, VS

ki,k(t)ui,k =0,
Hrp Fhrios RPN T R/ FRkRRZ
TRGFEENPITA: kip(t) € [0, 1PNFE 1 <k <
m;. i—'iklk( ) =1, u;, = O, Jolh; 290 < kix(t) <
1, uf, = ORf, LOE; éﬂm( ) =0, uf, = us ()
I, LIP; 2 k; 4 (t) = 0, uy), = U Blup , = w5, I,
HOF; *4k; ,(t) = 0, uf, = OWf, float. H13X(17)"J %0

m;
kzl wig = >, kipuSp+ Y u.

k:klf" 1kp k‘;ékl,--- ,kp
(18)
ic Z N, Z 732 ES)
k=ky, - kp 1 ketky,-
> =Y R ug e + 2o Uiy (19)
k=1 1 2
T=&fH
%TU@‘ = Z Wi kWi, =
k=1
Z wi ik pug ), + Z wi,kUiFk- (20)

N T R AOE A, ASCR R 2R R 4
i@ﬂjuik[m 19-20].

Uiy = bik (Tin, )tio, 21
He: 0< i < big(Tim,) < l_)i’k, 0<k<mgb;,
by 1 5 WDy g (0., VEUE I B R B wio e F—/NAY
W BT IR ) 7 VA R T I I R AR ) AR KX
CDIRAR(0), H

w U; = Z wz kk;z kbz kUi0 + Z Wi k:u1 k- (22)

Bi%2 X TRERRGDOHEM DT RS
K, HHPAEBAKTm,; — 1D HATHKELIP,
HOF=ifloat, o4 AIHAT 2570 AT X8 P2 R Gpik ) 1
R bR, IR A ] R R S AR
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FE 2 ER@)H, AR T AR T kAL FE
FGE PRI IO, T DS ) 85 PR R AR S FH AN AR T
AR A 2% 4, S35 T 38 0 R e 4 ) B U T IR R k. X AR
i AR A b 2R 77 %, W?ﬁ(lz)ﬁﬂf}-i*ﬂﬁfiﬁ%gefj@,j(yr) +
&i.j (yr) A I R A S HAE Sy, HOZBRIEL RS
RGBT, TR, BT lha; ;AT 1E 4 JR 3 U, BP AR SCY
FaE PR SO A SR,

TEZAEPEE TR, PG — SS9 45 0 [ 13-16] 2 % &
TLOEFILIPAE Y. BH T Fa V7 (R O\ I 0 59 4% 1)) R AR B
AT 25 Ab T B SRAV 8 ) 796 e oA 2 4, T 3 0™ B P
R (111985 4E H A () flight 123, 20024 K+ 1 i flight85),
FEVC T2 BRI 25 125 B IX P AR BT 28 B e, B
EEPMPIEE L.

4 T (Controller design)
4.1 ZEERAERHIZRETHETC design)
T RG15), N T ERTREG—NHFTIINK
S0, ;NS H B ENAHE, ARSCE X
6:= (67, - 6L, (23)

i,ng

Wy AEZ TN, ) = [0 -+ 0], WArE X
5= 00, o Ouy b1y Op iy oo Op ]
(24)
TRA
i =Tijr1 + fiy + 07 @i +
Dij + €4,
j=1,,m—1i=1,--- N,
Tim, =Wt + fim, + 0 0im, +
Din; + €in,-
(25)
5E X AR
Zij = Tij — yz(jr b _ o1, (26)
HL5E
2i0 =0, a0 0. (27)

IR T RERE SRR [21] R BT R O,
NAEEIEE TR RAD IR, £ i1
h, PRI T SRS T, X SIS R A REAEAN
AT IR A 330 2% AR AT BE A0 2B AT 458 R R 1 L
T, T BRAR K AR R SRER IO PP SR GeAa 2 P 1
SO, FFORIEXT R GT(1) B A .

R IERE B %’Zﬁ

1
Vvi,l 2 11

1
HTF 0+ % AVF + 5
1
Vig= 211+Vzl1, <l < ny,
(28)

Hep: Ii=TF > 0,71 > 0fly,0 > 04 H i b 1

. H AR A f S TR T
Qi1 = —Ci1zi1 — (fi,l + /3@)2% 1= fz 1=

Z’L 151 1

07 we, 1 — i1 tanh 5 (29)
Qi1 = —Z41-1 — Ci 1”1 — fi 1%l — fu -
AT h Zi, l/Bz l
0; wo, 1 — Vi3, tanh 5 + A,
(30)
WiTUi = —Zin;—1 " Cin; Rin; —fz' n; %i, nl_fi n;
AT Zi mﬂz nl
Hi Wo,; n; — ¢1/81 n; tanh ————
yi +Aml_1, (31)
1
= @il — . 1,79 (32)
! Pil jZ:l 81}1‘,]‘ ¥ J
=1 Doy
Wy, 1 = Pig — —Dij> (33)
Di,l p N ]; 8%1'7]' p .7
=1 80@ 1—
We 1 =i — X Lei (34)
j=1 O%i;
To,1 = To,,1—1 + Zi W, 1, (35)
Zi 194
Te; i = Tesi—1 + 2i1Bi; tanh 1B Ja (36)
8041 1 6@5 1A
Ai Ty + [ ~ 91 +
1= lea ”( gt fig) + 26,
804, 1 x 6@2 1 ! N 8047- 1 )
~ 7 fwz + — ]rv
" o5Vt B YD
(37)

Horbeiy > ONHERL o NS ENREL, 7., TS
BREL, 0, 9 EHL 1 < U< ony. SIANRIRRE B, 58 L

N
=1 50@,171 2
gll_l—’_J;( 8551‘,] ) 7
_ Oy
=1+ Z( ol (38)

73 T Bf\ﬂiﬁlﬁﬂ{ﬁ]“ X]“ IR R GRS, A

1N
pi = 5 1;1 ng(ng + l)l,f)l. (39)

MRIEZBT), R w0 ATIEHN
1

Z wi,kki,kbi,k
1

T
fi ng 9 Wo,; n; —

17: 61171

U0 = [_Zi,nifl — Cin; Zin;

gi nizi n;
¢zﬁzn tanh ————
Ai,ni*l - ;wi,kui7k]- (40)

+y
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SR E NN 4.2 FaxE 4 Hr(Stability analysis)
éi — Fz (TOi,ni - Tiéi)7 %XLyapunov iﬁ[jj
IS ~ 1 N
Y = ’)’i,l(Tei,ni - Tﬂﬁz’)a 41 V= Z Vim, + 3 9 > nz(nl + 1)1221
X A~ =1
pPi = %‘,2(21'2,1 —TiPi)s
by, > 039 1 24 H15829)~(31), 74113 % Z a7 (o) (45)
HATE: AV RS
i = —CinZin + Zig + OFwe, 1 + N W e
Zi1 Ci 1231 T Zi2 ) i Wo, 1 V< Z[_ Z Ci,jzzj + 6.0, + Tilbiwi 4
[wp, 1 — (&1 + pi)zia] + =1 =
Zi 151 1 ~ o~ N
[We, 1 — %52 1 tanh I, Tiifi + ikl — Y piziy +
i=1
Zil = —Zij—1 — Ci %] T %] + 9,» We, 1 + 1N N
' i =S i+ D)2, Y 22 (1). (46)
(wp, 1 — &1zig) + 20 =1
[ ,¢151 , tanh i, gﬁl l] %F‘é?”ﬁ(39)¢'pl E@EX H
3 N
éi,ni = —Zini—1 — Cin; Rin, + 92 Wo; ,n; + - Zl pZZz 1 +5 Z nl(nl )l12, kzl Zl%,l(t) =
(Wpsns — &iniZions) + N 1 N
— > [= > ni(ng + DIE )22, +
W, — B b S &g g Dl
0; 1N N
(42) 5 2 milni+ DI 30 270 (1) =
=1 k=1
XTJ%»Z'i,lwp“z, *E?Eﬁw), AT AL 1N N
=1 805”_1 - 5 Z nk(nk + 1)lk Z 121+
2 Wy, 1 = 21 (Pig — 2 : i) < k=1 i=1
T LS e+ 1)2, 5% 22, (1)
1, =1 oy, -1 s ni(ni+ 1) Y0 2,(t) =0, 47)
zl“‘pzz"‘*?lZ( - 1)2+sz2j< 2is k=1
1 a0 Oz i=1 TR
-1 O 1 !
2 i,l—1\2 2 N [
zll +J§1( i, )?] +J§1pm = 1% g;[ ICRES + 30,0, + b +
N
258+ 1, 2 22t — di(1)), (43) Tifipi + nibikd;). (48)
P XFRINSEa, HfTHEaRETHR Za, A
,\¢£l_1+2( Fid-1y 1, 1 1, 1
’ oz ; aa =< —a’+ -a* —a’* = -a®* — =a>. (49
T 20, 0 ST 2 2 22
pren R 049), @8y Tt —H 5N
In| < ntanh( ) + ke, k= 0.2875% V<
ﬁ N S NT 2
=1 9oy, 44 (— Z Cij2l — n@i 0; — rlw fm,ol)—l—
ZigWe, 1 =2i1(€11 — : ij) < =1 j=1
j_l 07 i( 6Th o 1, 5)
Do, 0, 0; + *7”1'% + *7‘1',02' + nYkd;) <
|2ia]a(1 + Z =5 -2 < i=1
Li,j
Oa -4 o Z(Z z”—i—HTF 0, +%i1 wz
|zia|til + Z[l +( 6957- _ )] = i=1 j=1
= I Vi B7) + bo, (50)
2By < .
ziafi, o
Yi2;18;, tanh( iS l) + Y;Krd;,  (44) 0<ay<
Oay;, ; Ti 1 . 1 .
Heig, =1+ Z( =), 1<j<1;zn11<z<N{CZJ’ 2 max (1) gL 2742%’2}’

0x;
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by = g:(%mﬂ?ﬂi + 1r)? + 3rip? 4 niikd;).
- (51)
E XS
2 ={(2i3, 05,1, pi) : ag Z(i 22+ 070 0+
Vil 07 + %2 57) < bo}, (52)

B (25,0, Ui, pi) ETHES QMR JRRIY

aoZ(ZzZﬁHTF Y0+ V27,5 02) > bo

=1 j=

(53)

I, BV < 0. 4558 RGATEA SRR, BTV (0)
I MV () 5, H A R G042) 1 Bt A filk B 4
BB T BN, XMW, FF REME
524, 0, iy pi A T RRAE (29 M H(30)-(40), 7]
oy ;, uof It Q) R, ;B F. B,
£4:(42)’yGUUB.

Bk, A (50)T15
a0z1'271 <
N ng
Qg ZI(ZICZ]Z’?]) <
=1 j=

. N - -
=V —ag Y (07 I 0+ {07 +7i2 p7) + bo <
=1

—V + by, (54)
T
a0 [ 210)d0 < — [ V(E)dd + [ byds <
V(0) — V(t) + bot, (55)
FRIEV (0)FV (¢) 0 FL, n] g
lim % Ot 221(6)dd < b—o, (56)

B PRERAR 7 2, | B 24— SO SO 27 JEL J5LE A )/
ARt . S DA R(S6) A H, ¥ Kag, Jlby, 15
XA /N, B B K ER B B AR B B ok
W B kBN, ] :

2)‘maX(1—rl) 7 5
FRAEL, Bl /IN 2 B HOMEL, 7T DLESCR A 2R G O R R A2
HE.

EIRT IS AT S A AR E PR

EE 1 FERNRRBR RS, #H195(40)
ASH HE NGO RRTI FE RS, B 12105
T, 4552 RGUTEA FHIVIEIRE, W R EEME L
_\Lt

1) K6 FRIFTra S
M, HIF¥E R4 9GUUB;

2) BRERIRZEzZ 1 = Yia

Ti%i,1, 3Ti%i,2

R PAT St B A T £E 2L

— Y, BB R

RAE N R NERIEA .

5 {5 ESEH(Simulatin examples)

DR UE AR SCHTHE H 4 ) 7 R A R, B A
SCHVERLH B R OCHRER K R G iR AT
%é}ﬁﬁ%ﬂﬂﬂ[ull U1,2 U1,3]5FD [Uz,l Uz 2 Uz,s]zﬂzijl E70
ITER IR N B Gt 28 1% o,

T11 =210 +sinz 1+ h ,

‘1,1 ;,2 1,1 1,1(yd) (57)
Tro=wi U +T11+ 12+ hi2(ya),
To1=Too+ 0123 +h ,

'2,1 22 2,1 2,1(Ya) (58)
Fo0 =Wy Uy + T21T22 + hoo(Ya),

ARG Ny = 211, Y2 = 221 ZHETHIEFESN
y1.-(t) = sin t + sin(0.5¢) My, ,.(¢) = sin(0.5t), F
G HTE R, (1) = 1.6(1 + sin ¢)Fldy(t) = 1.6(1—
cos t). RFIRIKRBULESE N

hig =yt — di(t)) + y2(t — da(t)),

hiz = yi(t — di(t)) + sin(ya(t — da(t))),

ha = yi(t — di(t)) + sin(yz(t — da(1))),

ho o = tanh(y; (t — di(t))) + sin(y2(t — da(t))),
= [6 6 6]T7 = [U1 1 U2 Uy 3]7
= [5 5 5]T, [U21 Uz,2 U2 3]
RS 8 FE RR B0
Hpt (yk: r) = e—lO(yk,r+0.2l—1)2,
[=0,---,9,1=1,2,7=1,2,k =1, 2.
*ﬁ*ﬂ%@%&iﬁ%i’j
Giji = H [ (ykr)/g( 1:[1 pns (Yr,r)),
¢i,j = [¢z;1 ¢i,j,M] .

R (12), FTHIEBREET A A, ; (v, ).

YRR SR VO SRR R I R XY T T RS,
Herr =25,¢10=25v1=10,v2=10,11 =101,
r1=5,012=01X T FHRG2,Hco, =25, a0 =
25, Y21 = 10, yo0 = 10, Iy = 101,75 = 5, 855 =
0.1. 1) H (¥ LE A5 o8 B0 by g (1) = bai(22) =
0.5,k =1,2,3. (hELFUT:

1) FEQ7 E IR, AT A SR A e # T X
TTRG KU, 29t > 100 KELOE, uyy = 0.8uf 5;
Mt > 8 K 42 HOF, uy 5 = —100; 4 ¢ > 58 K& 4
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