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Fault diagnosis and dynamic optimal fault-tolerant control for

systemswith double time-delays

LI Juan, YE Ruo-hong
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Abstract: Fault diagnosis and optimal fault-tolerant control aredid for linear systems with time-delays in both
control vector and state vector, when unmeasured actuaitis fand sensor faults occur in the systems. Based on #a lin
transformation of time-delay systems, the optimal faoléftant control law for the faulty system is designed byizitig
Riccati matrix equation and Sylvester equation, and thetemce and uniqueness of the optimal fault-tolerant cblavo
is proved. The real-time and on-line fault diagnosis anddbservation of system states are realized by constructing a
new reduced-order state observer for the augmented systérfawlts, and the physically unrealizable problem is sdlv
Finally, the physically realizable dynamic optimal fatdterant control law is obtained by utilizing the resultsfafilt
diagnosis. Simulation example has demonstrated the fiégsind validity of the proposed fault diagnosis schemd tre

dynamic optimal fault-tolerant control scheme.
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tion and delay-free transformatipn
2.1 ARG (System formulation
7 RN A AR P S P A T R 4
&(t) = Aoz(t) + Ajx(t — d) + Bou(t)+
Biu(t — 1)+ Dy f(t), t >0,
‘T(t) = .Z'Q(t), le [_d7 0]7 (1)
u(t) =0, t € [-1,0),
y(t) = Ca(t) + D2 f(1).
Hr: 2 € R*, u € RPFly € RY5 5 AR #5]
S NI ET WU H 1) B o (8) 8 ARSI GRS
& f(t) € R™AMESS mE RN HENE
[#); Ao, A1, Bo, B1, C, D1 Ml Dy 238 A 4ER ) &
e, d > OFIT > 073 7 A IRaHir 5 A% i J= it )
WAL
R ) BHASRRE B B S R Gk
o(t) = Gp(t), t > to = min{t,, ts},
QO( ) Po,
(t)—O t €[0,t),
f(t) = Fo(t).

()

Hr:
_ mt)] _ [fa(t)}
() Los(t) =15 ]
G, 0 [F.0
G:[o GJ’F‘[O F]
o € R (m < r) A RAQMIRA B, ST

SIS 2t AU IR oo R REN. G € RIHME €
R™ A HBIE. ¢, € RMAf, € R™ 73RN
AT A ROIR S ) BT HAT B b [ B, PAAT A i

RAEMVIER Z) At o, € R2FIf, € R™24 HI4R
FAG AT W RS 1) 2R SR A e ) £, AR KR
MR & A VTR %0 0t . 24t < t B ¢, (t) = 0,
At < t M He(t) = 0. Go, G, F, MFRE S YEH
(1) H B
2.2 TCH ¥ ¥ (Delay-free transformation

e IO PR A7 AE 15 2R 8 A F DN 2948 4 I R SR A
AP R, A, BNt AR A i i R G e ik
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)= x(t +I Alt=d=0) A, 2(0)d0 +

L eA="=M B y(h)dh. 3)

AR A SRR, X (@)M a4 G (D)
£(t) = Az(t) + (Bo + e ™ By)ul(t) —
(A— Ay —e ™ Aa(t) + Dif(t). (4)

/%
A = AQ —+ e_dAAl,
B =By, +e By, ®)
M= (4)2% K
2(t) = Az(t) + Bu(t) + D1 f(t). (6)

HOATRE I 2R GE (L) A A 0 R o A R 4
3(t)=Az(t)+Bu(t)+ D, f(t), t>0,
{ Z(O) = 20, (7)

n(t) = Cz(t) + Do f (1),

Hrz(t) € RTOEALE LM RS HIRESZE.
RG(OMARG(THERRRRA

x(t) = z(t) — Lid eM=1=9 A, 2(0)do —
Lt AT Bru(h)dh,

e,

C eA(t’T’mBlu(h)dh. (8)

t—7

(A, B)e 2zt

A(t d— O)AI' )dg_

Riz 1
HA(5)HfE.
3 EBMAEREHIER & (Design of optimal

fault-tolerant control lay
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R PR IR 00 T 9 A2 — IR B M e F e b .
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dex
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J = j0°° [2T(H)Q2(t) + u (t) Ru(t)] dt.  (9)

H P QAR | 24y~ 1E 7€ H A1 1 78 5F B
AR GE(2)0 A E AR HESTE AR E IS T, ATk
HI T BT — IR R SR AR
S s T
J = lim ?jo [T (H)Qz(t) + u (t)Ru(t)]dt(.lO)
RGR(L)5% T B8 F 47 (9)BR(L0) J5t 0 2 i 42761
B, R A O A A e (1), A
1500 T B IR B Re 4a bn JEUS AR /ME. 22 AN1E,
XF T 1 2 (9) RN (LOMHE I 1R 1tk Be FE Am R i, i
A LR e M HE S R R A R . A A 0 BRI SR
BRI AL, MR TR
®i% 2 FFEGHIFTA REER 2
Re[\i(G)] £0,i=1,2,3,--- ,r,

HEAZIHRIREE 0GR/ 2 T F AR,
32 B AR HE % I B ¥ i (Design of optimal

fault-tolerant control lay
FEVHRRARFTCRHT, 65 AR5 H02),
g1 ®AcRY™ BcR™™, CcR™™,
X e R™ ™, JHE R T7 72
AX+XB=-C
IR X A7 HME— R R B4
Ni(A)+X;(B)#£0, i=1,2,--- ,n, j=1,2,--- ,m.
Hep (AN (B) 453 A SR AN B I HEA.
GBI 1 ()R (2)R R 1 A R IR 2k
IV R AL, 2 2 B LR R B 2/ 441, e Tk
RE T8 b3 (9)ER (1O fe AL 2% 465 128 A A 72 HLME—, JF
BT A
u(t) =
“ROBTPr(t) + P [ A0 A,0(6)d6 +

P Lt_ AT M Bru(h)dh + Pyp(t)]. (11)
Hrh PARiccathi fF 5 2
ATP+ PA—PSP+Q=0 (12)
[IME—IESEME; P, R Sylvesteps 2
(AT — PS)P, + PG = —PD\F (13)

ffjME—f#, S = BR'BT.

iE R B EHEIS TR W, REO)M(2)
R Z R B RE TR AR (9) B (L O S L 2 42 Fhl
Bevt, FECRAFINT P RUAE )

2(t) = Az(t) — SA(t) + D Fo(t), 2(0) = z,
{ — A(t) = Qz(t) + ATA(t), A(c0) = 0.
(14)
I B, etk
u*(t) = —R'BTA(t). (15)
H AT AT 4
At) = Pz(t) + Pio(t), (16)
I
A(t) = (PA — PSP)z(t) + (PG +
PD,F — PSP)e(t). (17)

L (14(L7)F
(ATP+ PA+Q— PSP)z(t)+
(AT — PS)P, + PD,F + PG| ¢(t) = 0.

e 3 ERWER (L), o(t) KL, WA S H P
Wi L Riccatiff F£(12), H P, i /2 Sylvesteps F£(13).
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—PEED ] B R WA R A7) e R, W
1 B A 4% 1 B 48 40, Riccatily FE(12) M — IF &
fEP. MRYE B AT HIE IR (A — SP)Z&Hurwitzf
B, W(AT — PS)RHurwitz#f [, B

Re[\ (AT — PS)] <0,i=1,2,3,--- ,n. (18)
MRS (2)R2FEN, BRe M(G) <0, A
N(AT = PS) + X(G) #0, (19)

i=1,2,-

H 5 BE1AT 40, Sylvesteyy F(13)G ME—fi#. ¥ X (16)
RN (15), 15 Bl AL A
u*(t) = —R'BT[Pz(t) + Pio(t)].
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physically unrealizable problem
AYt) = [2(0)7 ot)T ] g5 RQF(7), WE
B(t) = Agip(t) + Bau(t),
n(t) = Carp(2).

e [4nf) e[ e

Bi& 3 (CM—A)"'D,F + D,F),G) #
(DF,G)# R4 R M. 30D = [DT DI],
AWS(G) — S(A) ) S(G)RHERAFIER, S(x) 1y
RS

1 (C, A) 524 AT SR8 63, P PT ML £
PBHEE [ T U, FTUED(C,, AR 5642 RE WL
i}

7 fE 2 Hﬁ%%ﬂ’]&fr i — N AEE AR
Ipf_';T [TT CT] eRn-l—r)x(n-i—r) }JFA

-1 _ o Hll - H12
- [Hl HZ] ’ Hl_ |:H21:| ’ H2_ |:H22:|7

:H:EPHl H2 Hll H12 H21 ﬂHQQ %Eﬁééﬁﬁm
FERE. R TIEIS W B T, AT e E
EE 2 FHE QR & 1 2t i R
45, e R LRV S 44 T, Ho B2 Wi as T
FE R
( II}'C(t) :(Tl - LCQ)[AQHllL'C(t) + BQU(f)‘i‘
Ay(H L + Hy)y(t)+
Ay(H L + Hy)CM(t)],
2(t) =Hnz(t) + (Hi L + Hyp)y(t)+
(H11L0+H120—I) (t),
@(t) =Haz(t) + (Har L + Hao)y(t)+

(21)

= [C D,F].

(Hoy L + Hyo)CM(t),
fat) =[I | 0] F(t),
fo®) =10 ] I] Fg(t).
(22)
Hr:
Ay = [‘g DéF] B, = [ﬂ Cy, = [C D,F],

L‘: eAU="=M By (h)dh.
ORI J9 38 M E ) ZRER AL RE. o(t) hiE W i

HIBEIRAS, 2 (1) J L H R GORA, fa (0) A2 T
[RPRAT S, . (¢) Y17 Hh 0 e IR B I

IE Aw(t) = Ty(t), NG
T(t) = [g B(t) = [j‘;((f))] ,
]
v =1 | U0 | = Huw(o) + )
L(1) = Tot), WA
— o |w(t)
Vi) = [n(t)}
St ()R 15
w(t) =
Ty AsHyw(t) + Ty Ay Hon(t) + Ty Bou(t),
() =
Cy Ay Hyw(t) + CoAyHon(t) + CoBou(t).

(23)

(17 1] hdkes 5
R A RO . X

B (Cy, Ag) BRI, HT =
SERE, ATEN(Cy Ay H,, Ty Ay Hy )
23yt Luenbergett I 2%
W(t) = (Ty — LCy)[Ax Hytb(t) + Ay Han(t)+
Bou(t)] + Li(t).
Horp o RS w S VHE, LA 3 5 5 6 35 48
R
H T IBBRT T, 51 BB AR

() = w(t) — Ln(t),
JUES)
z.(t)=(Ty — LCy)[As Hyz.(t)+ Bou(t)+
Ay(Hy L + Hy)n(t)], (24)
() = Hyae(t) + (Hy + Hi L) (1),
FH 2 (24)F] 15 PR 4ER A D 25
Ze(t)=(T) — LCy)[As Hyz.(t)+ Bou(t)+
Ay(Hy L+ Ha)n(t)], (25)
Z(t) = Hyxo(t) + (Hi L + Hia)n(t),
G(t) = Hyw(t) + (Har L + Hao)n(t).

FIFH N (8)FH(25), FH A% JEk 25 i b AR AT 28 it
SrENE RIS RIA(22). IEEE

H TR BT SEBL R S A AR A (1),
BRALFH 2 (t) Fp(t) 433 H R (22)H KM IE
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u*(t) = D'z (t) + G'y(t) + G'CM(t).

Hr:
A" = (Ty — LCy)AyHy, B' = (T}, — LCs) B,
C' = (Ty — LCy) Ay (H, L + H,),
D' = —R'BT(PHy, + P,Hy,),

G'=—R'BT[P(Hy, L+ H,,)+P,(Hy L+ Hy,)).

5 i ESEH(Simulation example
H RN M RS, Hh:

01 1 03 1
Ao = [—2 1] A= [0.6 0.5} » Bo= [1

oi=[3) o= [12]- -0 =[22)

Dy=[01],C=[10],d=10,7=2.

%18 X )tk ke, o
0100

O’F:10007
1 0001
0

(to) =[1 00 1], t, =405, t, = 20s.
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i WU LA A SRR A W B (B T T 1) T L LS, e
AR SCHR H IFDJT i 2 AT AT S Y. el B3N
B4R i SRR EHIRR, 7R RS R R4
IR 2522 B R M 5 D, A S e AP TCH A
T LMK RS hRIFTCH M RERAR I &/
T i Ui 0 VR BEHR A, [FAE Ut B A ST 5
PEFTCHE T 22 i (1 e L 1.

1.5

B BEFRFR(10)0 R IQ = L, R = 1, ks
BRI S -5 £ 31, —4, —1 £ j1. FIMATLAB 347
15 5. B LR 1243 53]k i R 12 s i 1R FRT AT 28
I 1 J 8 A 5 PR 12 W 1 R L SICEE ) %o bt i 2 .
P 3R 1 453 391 g B ARFTCRN & L e R 35 1) R 2
A By () Flao (t). FIH R (L0)H 545 e 0 2 e 42 1
MEREFRFR N T = 2.7696, T4 di B A4 i v BE F5 b
HhJ = 6.9082.
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