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D-stable robust fault-tolerant control for uncertain discrete-delay systems

SUN Jin-sheng, WANG Zhi-quan
(Department of Automation, Nanjing University of Science & Technology, Nanjing 210094, China)

Abstract: D-stable fault-tolerant control problem is studied for discrete systems with a time delay, which can guarantee

some performance after sensor failures. A sufficient condition for D-stable control systems possessing integrity against sensor

failures is presented. Then the D-stable robust fault-tolerant control problem is studied for uncertain discrete time-delay systems.

The design method of D-stable robust fault-tolerant control systems is given, and the results are extended to the situation of ac-

tuator failures. Finally, an illustrative example and simulation results are given to demonstrate the effectiveness of the proposed

method.
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1 35|= (Introduction)

B BB R 5 R E Rt AR it AR
RGN TAEF LR, S RATHRER T
FEHNER EIREEHAETRUEEEFEX
BAERHEEHRSE T EHER, ETHRA
ERAEMMEZEHERITSHTARB TRER
U prig s v R4 Y R g R B RS AT
BARET, ROV RE R AT R E MO X T Y
HRREREL-Y HERTHIL, £ ZHNBIEL
AERERAEABRERITRABHNREE
4, (ELR R E 78 e RO 1 8], T X — 4SS BR AT FR B R 46
K, MR EXEEMN HETEELNARGR
B AN ES.

D #a5E EiS R IR S R B IR TR + A5 R
NEz— BURESHEORREL - EXBHRBEE
ZRERBRPATE MR REE, F1BYREPE
HRBRPATH RN, R T ERITHRENH
HEFNEE S T #0185 R B {RAE .

WS H W - 2001 - 02 - 20; W3R B 32001 - 10-29.

A BB —E R ARG, A EHF D
REELHER/RE—BE, MRTEHERERERBEE —F
HEERIER D B EAEEH A, #miTie TS
AHEBHHBRAEN DIRREEERERS .
2 8B HR (Problem statement)

BB ARG

x(k+1) = Ayx(k) + Ayx(k - 1) + Bu(k).
(1)
Ho x(k) 8 n 4eRET R, u(k) I m BEHETE &

SEREMERGE Y, (A,, B) T & RARS FARES
u(k) = Kx(k), (2)

MEAR RGN

2x(k+1) = (A + BK)x(k) + Apx(k - 1),
(3)

ZBEERRIRNTRER K, FIATFXE F, I8
ERERBE K MFEEHRE(e) ZE, KEL

F = diag(fi,f2, 0 ), (4)
Hrp


http://www.cqvip.com

968 EHEWLS MM 19 %

1, 5 i MERSBJIEF,
fi = 0, & | MERRRKRR, (5)
i =1,2,>,n.

ZIBIEREB T BBR BT, WA RETT R R

H
x(k+1) = (A; + BKF)x(k) + Ayx(k - 1),
(6)

EX H(DBEEN) HHAXRREHRSE
PFREEXE D(a,r) B, WHRRGER DREW. K
PFlal<«<l,0<r<l,Br+lal<l,

EX 2 DRERSEIEHE) HERSEKTMHE
RAALERS(RITH) KBMEHAFRENR S
MERE X D(a,r) W, MHEELAIREN D 8E
BRI,

WAIHERBRUEATRBRENNERSE D
BRERBENRGERITERTHLRAN: FRIREKR
RIER(2) , (F A R G (6) EEELZ BB R
FENTHRHFBRENEREKXEE D(a,r) . HP
Q AT R RSB KRB EREF ES.

3 ERSBRAIAN D BEBERTEREH(D

stable robust fault-tolerant control against sen-
sor failures)
EE 1 WMEBERH
l A = 2al | + 7'l Ay + a(A; - aD) || +
Bll+rllal)<r. 7
WEH S QRARE(DIMEBRBRAMAA TEHH
DREASZERS. K+ I1xI = 2,&'X)72,
A () IREBXRFFEHEEZEE, ™
A. = A, + BK, (8)
B = max( | BK(F - D II). (9)
iE HEREBRBRNE WEARRET RS
A
x(k+1) =[A. + BK(F - I)]x(k) +
Ayx(k - 1), (10)
MAGRFFIE SR A
det[z] - (A, + BK(F - 1)) - z7'4,] =
det[z221-z(A.+BK(F-1))-A,] = 0. (11)
R &R
v=r1rYz-a), (12)
W ARG TR N
det[(v + r-la)l - r Y v+ r'lcz)(Ac +

BK(F - I)) - r'24,] = 0. (13)

ZE¥MIE
det( 2] — r"Y(A, — 2al + BK(F - I))v -
r'z(Az +a(A. —al) + aBK(F - I))] = 0.
(14)
B P IR B R 4L (10) B9 BT A AR s BB T RUE X 5%,
D(a,r) B, AT EANBHL
lvl< 1. (15)
XEREFEEZTME s HEFR
[v?] - r'l(Ac —2al + BK(F - N)v]u =
r2[A; + a(A, — al) + aBK(F - D)]u. (16)
THARIEEIEHA B& 1vl>1, A
| r2[A; + a{A. — al) + aBK(F - I) || =
| 7 A; + a(A. — al) + aBK(F - I)]x |
P | x | =
| r"2[A; + a(A, ~ al) + aBK(F = )]u |
| u =
| [0 — r"Y (A, - 2al + BK(F - D)v]u |
Iz | =
l v 11l [of - r'(A, = 2al + BK(F — ))]u |
|l ol
| [of — r""(A, = 2al + BK(F - I))]u |
| =
lollal-|lr"(A —2a + BRCF-D) |l 12l
| u | =

lvl- || r"'"(A, ~2al + BK(F - D) || =
1-r A -2al |l -7 | BRCGF - DI =

su

=

1-r A -2af )l - 7718, (17)
(10}
| 7-2[A; + a(A, — al) + aBK(F - D]l <
r2l A+ a(A.—aD |l +7r21alfB. (18)
HF4e&X7)HF(18),7118
| A, = 2al |l + 77t || Ay + a(A, —aD) || +
Bll+rtlal)>r. (19)
XERAKE(HHETFE, RBERE, BTU
| v 1< 1, HLEHBIE.
XA,  THERZE KEHENER
Z, RGNS HEHEREAR TR AN, B, 317
ARG THE N BB AT E R R
X IR E B A RS
x(k+1) =[A; + A (a(k)) )= (k) +
[A; + A (o (E)))x(k - 1) +
(B + AB(o(k))]u(k). (20)
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He x(k) € R" AREER,u(k) € R™ iz
B.o(k) ERF AFHESHME, FEMEEBE
5,(A, B) W ERFARERBES (2), WE B

1EBEF KRB BEA A RGN
x(k+1) =
[A; + BKF + DA (a(k)) + AB(a(k))KF]x(k) +
(A2 + DA (o (k) ]x(k - 1). (21)
EE 2 BHAWEEWEHARLKQ)MNBER
HasE vE R
I A4 (a(E)) | < a1, 1AA(a(E)) |l < aa,
I AB(s(E)) I < b.
(22)
UESSC yre 2hs
A, =2afll + 7'l Ax + a(A, = aI) |l + rla; +
Q+rt1a)B+rar+blkl)<r (23)

Bf, B H 28 ()RR S (20) I HERB LR AA EB MK
B DBEGBEAEERS.

REBTRASER 1 XUNHFEIEH,RT
R, EEGR.

X F—A Al 48 B A B E B HL AT i R 4t (20), AT
W TARE T ERB AU A BTN D &
EEBEAEEH

D) BESBEAHEEWERER a), a, 10 b {F
2K (22).

2) AMIEX RGN EEERERELY ALK
W, D(a,r).

3) #BUELHA Q > 0,R > 0, BEHULE Ric-
cati 8
ATPA - P - A"PB(R + B"PB)'B"PA + Q = 0,

(24)
Hrp
A=r" A -al), B =18, (25)
4% ) 2% R
K =- (R + B"PB)"'B"PA. (26)

4) Bk Z A4 (23) B & BGL, B/ AR, E B
¥ Q. EHE FHARITERE, ERIWRER(23) NI,
MR RERENERFJRRAATEEN D
REGEFHERNS.

4 PUTHRUE D BEEBERHEH (D-
stable robust fault-tolerant control against ac-
tuator failures)

HERET , BB, PATRR M AT BB R AE KB
BB R AT M AT BER B, I AFF R BE L, 3

LEETEMBWA «() f B EZE, KEA N

= diag( 1,0y, ", 1), (27)
Hr
1, 8 i THATHRIER,
I; = {0, 58 i MATEEK, (28)
i = 1’2’...’m,

WE BBATRTRRREMHAR RGN
x(k +1) = (A; + BLK)x(k) + Arx(k - 1).
(29)
EE 3 WERHERELH
Il A, =2alll + 77 1l Ay + a(A, - aD) | +
p(l+rtlal) <, (30)
MEHFQERRE() M MITHRIKAATEHEN
D RBERFEER . P
7= max( I B(L-DKI). (D)
Heh v B A BB AT R BN PERE L MES .
X TS E B BT A RS (20), BB AT
R BN PER AR RE R
x(k+1) =[A, + BLK + A (o(k)) +
AB(a(k))IK]x(k) +
[Ay + AA (6 (k) Ix(k - 1), (32)
EE 4 EFHEEBEFEREQOMNSES
B HEW R (22), ) 24 0% R R 14
| Ac = 2afll + 7'l Ay + a(A; = al) Il + r7lay +
Q+r'ta)(g+a+blKI) <r (33)
A, BRI FQ)BRREQO)MIMITHRAKAA TR
B D BEGBANERLE.
ERFEAEEARASERE 1 BT EIEH,
PATERRMET D BEBRARERFNRITSRE
A S IBE BRI RBENR, RTRIE, A ¥R .
5 i%it3E P (Design example)
% B B BT R4 (20) , Ho

0.46 0.18
Ay = [ ’
0.22 0.41
0.02sin(0. 1k) 0
AA (o (k) = ]
1(a(k)) 0 0.02cos(0.1%)
0.12 -0.13 10
e=[y
0.99 -0.14 0 1
0 0.02sin(0. 1k)
Dy (a(k)) = [ ]
2(a (k) 0.02cos(0.1%) 0
0.1sin(0. 1k) 0
AB(s(k)) = [ ]
(0'( )) 0 0,1cos(0.1k)

BEHABRGETEN, X PHHNTE, BUAE
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MEEXE A D(0.1,0.8), X5 RaF KU E F
= diag(0,1) fil F, = diag(1,0), ARG HI 8%

- 0.1784 - 0.0950

~0.1132 - 0.1499] % (k)
WECH 2, WEEHBREARREMN — IR
HARBREETRUEN DR ECBEREEWES.

B fE 2 RREWERGE RN 2(0) = [4 3]
BRI FH AN LR, K, ek 1 WIEH RG M
R B2R 2,3 5 5 MG BRER x ), 2, RAXET BT AT
N .FEZGRER SFRBRBERENEEZ/AR
K, EHSFHEEMEEEYS AWE, IRAZEC

u(k) =

it AR .
4
3
2t )
= 1 3
N |
_IO 5 10 15 20

B R x B F AR

Fig. 1 Response of state x| for zero input
3

2
< 1} 2
3
O
1
Lo 5 10 15 20

k
B2 ARExp TR AR
Fig. 2 Response of state x, for zero input
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Bff 3% (Appendix)
ETE 2 HEE 3 MEH
EE 2.
iE BRERBBRME  UEAARETRERN
x(k+1) =
[A. + BEK(F - I) + A (o(R)) +
AB(a(k)KF]x(k) + [Ay + AA (o (R))]xCk ~ 1),
MR ES B RH
detl2f — (A, + BK(F - I) + A, (o(k)) +
AB(a(k))KF) - 27 (A + BDA(0(k))] =
det[ 227 - z2(A, + BK(F - I} + A (a(k)) +
AB(o(E))KF) — (Az + 04y (a(k))] = 0.
%ﬁ%ﬁﬂﬁ& v = r‘l(z - a), RRERFEFT BTN
det[ (v + r''a)2l - r"'(v + rla)(4, + BK(F - 1) +
A4 (a(k)) + AB(o(k))KF) - r2(A; + AA,(a(k))] = 0,
ZRmig
det[ 027 - r"'(A, - 2al + BK(F - I) + A4 (o(k)) +
AB(a(E)YKF)v - r2(4; + a4, - al) +
aBK(F - I)) + aAA{(o(k)) + aAB(a(k)Y)KF] = 0,
EHATBEREQCHIAME RSB TRE XK D(a,r)
WRFEEXMEIEE o) < |, XIBRFFAEETAE u i
BHE
(v2F - r"'(A, —2al + BK(F - 1) +
A4 (a(Ek)) + AB(a(k))KF)v]u =
r2[Ay + a{A, — oI} + aBK(F - I) +
aAA (a(k)) + aAB(a(k))KF]u.
T ARERER RE ) v 1> 1, W
| 2[4y + a(A, - aI) + aBK(F - I) +
aBA (a(k)) + aAB{ac(k))KF| =
sup | r2[Ay + a(A, - al) + aBK(F - I} +
alA(o(k)) + aAB(c(k))KF]lx 1 /| % 1=
| r2[Ay + alA, - al) + aBK(F - I) +
albA (a(k)) + aAB(a(k))KFlu/ | ul>
| [*T - r"'"(A, -~ 2al + BK(F-1) +
AA(o(R)) + AB(a(UADKF)v]u ) /1 ul =
Vol [of - r (A, - 2al + BK(F - I) +
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AA(o(E)) + AB(a(EDKR)]Jul 7/t u 'tz
{{of - r"'(A, - 2al + BK(F - I) +
A (a(E)) + AB(a(EDKF)Jul /1 u 1=

Mollul= || r7'(A. - 2af + BK(F - I) +
AA(a(k)) + AB(a(ENEKF) | 1wt/ 1 ulz
toi=-| r‘l(Ac—2a1+ BK(F-1)+

AA(a(k)) + AB(a(k))KF) || =

1-r ' A -2l |l - r V| BK(F - DI -

T A4 (e (ED Il - r Il ABCGa(EDKF | =

1- ' A -2ad|l -7'8-7a, -0 K,

|l r2[A; + a{A. - aI) + aBK(F - I) +
atA(o(k)) + aAB(a (K KF] |l <
2l Ay +a(A,—al) |l +r21alfB+
2lalag+rilal bl K.
Zf L RWR, s
| A = 2afll + 7] Ay + aCA, - aD) || +
Q+rtia)B+a+bllKI)>r.
XS AGECHMFE  BBIEFHL AU 1vicl, B
E H 2 183
S 3 MR
iE ERPATHRIUE, ABEAFRETRR N
x(k+1) =[A + B(L- DK]x(k) + Ayx(k - 1),
PUENS N ok sy ]
detl 2 - (A, + B(L - DK) - z7'A;] =
det] 221 — z(A, + B(L - IDK) -~ A;] = 0.
RALHEZER v = r_](z - a), W& GE R FRIE T A N
det] (v + r'a)?l - r"Y v+ r'a)(A, +
B(L - I)K) - r"%4,] = 0,
2RI

detf 1 - (A, - 2al + B(L - DK)v -
r2(A, + a(A, - o) + «B(L - NK)] = 0.
FHARBEREC)NAFRABALTREBEE D(a,r)
R, AFLAMBHEE v 1< |, XEREFEESTHE
EHE
{021 - r""(A, = 2af + B(L- DK)v]u =
1A, + a(A, - al) + aB(L - I)K]u.
TFTrARIERIESA . BiE 101> 1, 1
| 72[A; + a(A, — al) + aB(L - DK =
sup f 772[A; + (A, —ad) + aB(L - DK}x | /1 2 1=

fr (A +a(A, —al) + aB(L-DKu 1/t ul=

| [ = 77" (A, ~2al + B(L- DK)v]ul/Vulz=

Lol [of = (A =2al+ BIL-DNK)]ul /1 ulz

Movtlul= lr'A, =2a+ BIL-DK) |l tull/lulz
lvi- || r""(A. - 2al + B(L- DK} | =
1-r A -2al|l - || B(L - DKl =
1-r ' A -2all -5y

| r2[A; + a(A. - af) + aB(L - DK] | <
2| Ay + a(A, - ol) I+ r2lal 7.
Z4 rLwmA, i
Ay = 2al |l + 7' A + aA; —a) || +
77(1+r'llal)> r.
X5 A& GOMHFE, MBEARRL, U 1vi<], H
e 3 48IE.

A AR @A
W&% 196744 WL BHERBTRY ADURHE B
JEMBIR TR BEEN, FERE WEEHS.
EHE 1994 BAERBIAYANLRAR W4
95 EERRTIAFRUERANER LM, FRELS.
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