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Abstract: This paper is concerned with the fault detection problem for a class of discrete-time Markovian jump systems
with multiple time-varying stochastic delays and randomly occurring nonlinearities. According to the stochastic character-
istic of multiple time-varying delays, an individual Bernoulli distribution is used to describe this phenomenon. Furthermore,
a kind of stochastic nonlinear disturbance is also considered in the fault detection research by means of a Bernoulli dis-
tributed white sequence. The main purpose of this paper is to design a fault detection filter such that the residual system
is mean square exponential stable and the relevant Ho, performance is satisfied. Through Lyapunov stability theory and
stochastic analysis technology, sufficient conditions are set up for the desired exponential stability and H, disturbance
attenuation, a convex optimization problem is solved by the semidefinite programming technique, the gain characteristic of
the fault detection filter is obtained. Finally, a simulation example is provided to illustrate the usefulness and effectiveness
of the proposed design approach.
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TRER GRS AR 22 B U 2 BRI, 7R m] ek
R N0 N2 A =280 S N 1 7 U R 1
AR A ek (14145 T SRR R
IS AT (5 AP )y 7R AT R R BR 2R 9 1 5 e A
SCHR (15125t T RS A e 1 25 O [R) 2 Z- AT gk
BR FR G0 (1) W S A N ) R A SR AR s R, T
5 PPV RN e 480 75— s I [, A0 RGN Y 2%
A7 1) ZR G0 T 3l A7 A IS ISR, T 9 8% 15 [ PR ) s
AT BN B s T A2 A0 1, A BN AR I iy DL 22 4
(IR QAT AR S1T) ERR] R e ik v, —
HEHIBEAL Ay TR (0 7 S A s v, 2 2R %2
S A DRS00 T B B S e R 45155 SIS,
BEAILIN AR IS L8 T aR 52 21— S5 P I O

AT RSN, AEZME) AP T SRR REGE D . 7E M 4%
EHIRG T, W SIS BN A T EERL T
LA —E IR . 2% RS0 10 L IR I I R
AR T HR S RALA AR, I HLom RIS 2 BN AR
A B 1=230 g, el e I 1, A o R PR,
R PSR 7 A 0 T ] A 2 ™ I Y 44 b
JE, b= A FR e Lk AR AR e b, R AR ] A
gt kAl T teAh, TR Jof s
K s, JLPR— e RE MG — 24
FIEE A8k, 76 SCHR [24] 2 22 30k, 3T &
SRR BRI Ot AT T — 2D 10 TAE. 2%
1M, 2 H A7 A 1k, ¥ 5 B HUN ] 5 2R o] Rk RS
PSS I ) L, 4 22 TN AR N DA B TL R A R 2R
PEATR S — A T5 ZER AP ]

g BT, AL BB — I HAT AL AR
R AL A A2 A 2 1 1 8 FROR TR) 5 R ] R B ER R 4E 10
AT [, R AR IR R 1) B S REAL
ISR BN LA A ARG AR N 1) SRR G E R )
DRI 25. 2) A R AH BB RAE S5 R AT sk 4 221 1) 22 I
AR I BENL A A 3) BENL A A AR TS0, A
AT AL —2E 5l 20 A0 17 51 A DRI 45 R ok
IR AR T4, 4) K H Lyapunovia @ P28, 454
BEML A AT HR, A5k 228 & R FREE & IR R
GiH . PERE SR,

T8 S e HEan R B2 R B AT BE ML AR
fitr~ BEATLA AR ALt () B A (1) By 7R m] SR kR R 41
PRSI ) s 26537 35 T Lyapunovisg PEELS, LMI
FIBEHL I WTHEA, AR RS 85 i 152 U1 ) 3 Je
SRS, BB ANT 25 tH— R L UE 45 B
ERRIECE s

1 AR SRR I LA R AR MR M
(V) B R Fomn e LEAF A1), R™ ™™ Fifin x mB
SRR PEAR; Z 7 Ron AT BRI TRI0 )y B3 S e e
FHEHEFE; 12(]0, 00); R™) Zn 4 7] 1 5K FULE[0, 00) LIV
R[], P> 078 P SRR IE 2 5 B E{x} R RBALAR

T IR (||| 3R ) S ) WK L B A5 YU B A 6 FR B R B
i, diag{ A1, A, - - A} TR FAHEITIE AL, Ag, -, Ay
BB FAHRE, 7575+ RN R I ) 44 s
2 [8l /8 iR (Problem formulation)
25 FENTS HAT BM LA A2 AL MR AL A2 B i 1)
ENEVICIPNT (1"
z(k+1) = A(Or)x (k) +v(k)g(Ok, z(k))+
q
Aq1(0y) 2_:1 a,(k)x (k—7.(k)) +
Dy (0r)w(k) + G(0k) f(K),
y(k) = C(Or)x(k) + Da(0r)w(k)+

(k) = (k),Vk € 2™,

(1)
Hrb: (k) € R RGERA: y(k) € R™ AL
BAES; w(k) € RPAL,[0, 00) K MIHISME T-HAE 5
Fk) € 1 ([0, 00) ; RY) Ay BHANI 1 Wb 5. 6 T
TR G R G BE A(O)), Aai(6), G(6y),
C(6r), D1(0r), D2(0,)FNE(6y) 2 AN HATIE 4
B HAERE. 7.(k) (r = 1,2, -+, @) BR RGN A
I 9 o ()2 40 5 (K0 — AN WD 06 5 91 0 02 B 75 2 1
S ={1,2,---, N} [0 BRABA DR AT KB, HBA
AN

N
pij = P{Ok11 = jlOp =i}, H Zleij —1.
=z

LR g (0r, 2 (K))iHi L g(0),0) = 0, H.
9Ok, x(k) + (k) — g(0k, (k)| <
[ B1(65)d (k)] 2)
Horp: 0 T RGHER, By (0,) h CHREFE, 6(k) 2
— AN
BN Ea, (k) (r =1,2,---,q), v(k)ZBUEH0
B AR E ST AT 85 R 23 A R 81, 430 SR Ak
BE ML AR Bt AN BE AL & A I AEZe I 5L (RONGs), 157
DU
P{a, (k) =1}
P{a, (k) = 0}
P{y(k) =1} =7,
P{y(k) =0} =1-7,
Hrha, €10,1],7 € [0, 1]y E50H &
2 M TMKE SN BB T
DA MR B, g (O, (k) R IR A e e A s
SNGEIRA. FEASCER, b T AR Ll S e o 2 B
FLAT 2B 8 50, BINBERLAS ity (k) o5 2k 1 58 5 g (0,
(k) ALK A, BIBHRLA 222t (RONS), 75 it
For I 1) B RONs.
o€ W (k) (r =1,2,- -+, q) &I A2, IF A

:dra
=1-a,,

3)
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Wi dy < 7(k) < da, P Mdy A THIEAR S, 53
IR T BRA - BR.

FE3 NS RR HAE LU R AR 1) s
A B B JELLAAA3RE S 2) ARYE G RTG,
T LA RN T BE IR It F 28— /NI IR RER 0 A . el
WS Sl A I, 7 Sl P S R R T e, (sl
DEP AR PITEREM T BEN U ARSI ST, 1R BRI

AR L, 1L A(0r) = Ay Aar(0) = Aaris 9(Or,
z(k)) = gi(z(k)), G(0) = Gi, C(0k) = Cy, D1(0y)
- Dli’ D2(9k> == D2i’ E(ek) == E’i’ Bl(ek) - Bli'

S BAT T IR G R P A I 8 2%

L(k+1) = Ap(0)2(k) + Br(0x)y(k),
r(k) = Cr(0k)L(k) + Dy (6x)y(k),
Horfr: @), € RMGIEBAHPIRES, r (k) € RUNSRZE, W
BHFEAR (0r), Br(0k), Cr(61), Dr(0r) A R 3E I
738 2 RO R T . TR A AL, 1E AR (0r) =

EENORICORIES 1 it sl FoE
2l +1) = A7) + 3 (A0 (0)+

Aar(0r)z(k — 7-(k))+

)

(7 +3(0) Zg(Or, x(k)+ O
_ D(ek)v(k)_v
7(k) = C(0x)Z(k) + Dp(0;)v(k),

Hr
z(k) = [z" (k) @T(k;)]T7 F(k) = r(k) — f(k),
o) =W (k) TR, A= lBAc AO] |
A (k)= [aﬂgdli 81 , Agr(0)) = ldr(kéAdli 81 7
D(0y,) = lBSZ% BizEl Z=[1 0],

DF(ek) = [-DF’L‘DQ’L‘ DFZEl - I]a
Ha, (k) = a.(k) — a,, (k) =~v(k) — 7. 4
E{a,(k)} =0, E{a}(k)} = a,(1 — &),
E{7(k)} =0, BE{7*(k)} =51 - 7).
T 2 L, i A(Ok) = Au, Aoy (0k) = Aapis Aar (08)
= Agri» D(0k) = D;, C(0r) = Cii, Dr(0y) = Dr;.
EX 1 WRITAR Y4 R (k) = 01
DU, AAAEHEE0 > OFI0 < K < 1, flif3
E{|z(k)[*} < o sup E{l¢ ()]}, vk >0,

W) 2 (5) H A e e S 0 50 25 2R B 4 5 i SO R AR AL

AL H A R B AU AR i AR R L A A Ak
PERE T T, 25 5 1) 5 2R AT R BRER 28 46 (1) B )
PR ) L LR, 2R3 3 () HE IR R E R A
240 Api, Bri, Cri, Dy, SHERNZIE RS0 2 T
HI4AE:

a) WERLIN R G (5) 7 i B S MRS E.

b) FWILHEAE T, S F45 2 T oKy >
ORI AEE v (k), FR2E7 (k) 2

> E(IFE)I%} <4 X E(v®IF) ©

Horpy > 07O T PRI, Dl /MESk
ALl ZE KIS

BRZEPE RGBT SE UG, T B B A K i 22
fH S BEATPROT, ASCE SCRAT N IR RBRZE PP A R
BT (k)M B PR AL T,

J(k) = {z ()},
Ju= s E{I(R),

wi€la, fr=0
Hoh LR VAL s B s KI E KL 21 50(7), ¥
Bk ZE VA bR B AR 5 TS 1 1A BRI A T L AL, ARG
DR A5 A W G SR 25 VP A o B B T 1
A A, T NI R ER:

J(k) > Jo, = Ak = &5

J(k) < Jon = TolAHE.
3 FE45 1 (Main results)

AT F) FH Lyapunov & 50 1 FNBEHL /3 B F AR, 1
TUER G (1) 1) B A W0 08 9 28 1) 23 BT R0 B T o .
SE, SIN NS HE, H A3 e R

IE 1 FESchurdML) 45 52 5 HiBE Sy, Sa,
Sy, Ho 1S, = STHO < Sy = ST, WIS, + STS; 1S,
< 0 HAY

S, ST -5 S
S, —SQ] < 085y ST 511 <0. (8
I 2 AaeR?, yeR"HMMQ > 0, B2H

TQy+y'Qr <" Qx +y' Qy.

FE N E R, 0 TARZES A RYE, 1EFHIM6 %
PN, Hrfasoie e Hal 26— AN 41k
gt

EE1  FHEAG) L BB SO
et T MH o TERE bRy > O RSE, WARAFAE IE e 5
P, > 0(i €N),Q, >0(r=1,2,3,--- ,q)F L%
FrEp > Offiit
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fpi = Z;FP,LAl QSQi * < 07 q T O _
q _
) O 2% Al = 7, (k) P.Dw(k)+
ZYP,Z < pl, (10) r=1

WO R AT I B0 28 ZR GEAE 8 U o SN AR EURE HL A2
X (6), Hrh:

2_: pi; P,
G = 247 PA; + Zq)l (du—dw +1)Q,—P; + pB;,
&y, = diag{—Q; + 12111', Q2 + 12122', s, = Qg
A} 4277 P2,
®s; = 2D P,D; + Df, Dy — +°1,
=a,(1 d,)AdTUPiAdU, r=1,2--,gq,
= [Aqi; Aazi -+ Adgil,
Bi = diag{(37* +7)B{ B;, 0},
Agyi = diag{Aq414,0}.
WE N TERORTIE, SIAN R AR
n(k): =77 (k) (k= (k)) - " (k—r, ()] "
TEEWIMGEA N, X RO, =i e N, 14
ZE U Lyapunov-Krasovskii PR {:
Vi(z(k),0i) =
Vi(Z(k), 0) + Va(Z(k), Ok) + Va(2(k), 6r), (11)

N> D:-z

oA
V@), 00) = (6 P(0c)a (k)
LCCRRES sl S QUL
Vi(z(k), 0;) :é ;_i;ﬂ:g ' (D)Q,z(1).
F AT

AVi(Z(k), 0k) =
E{(Vi(z(k +1),0k11)|T(k), 0, = i} —
‘/'1(7(7‘1) Ox) =

Z Pi; T
" (k)(AT PA; — P)z(k)+

Yk+1)Pz(k+1) -z (k)Pz(k) =

2@T<k>AER<§ Aupiii(k — 7 (k) +
2T (k) AT B, Do (k) +
(50 Agid(k — 7,(k))) P Y2 Auesiil — 7 ()))+

r=1 r=1

o™ (k) DI P Drw(h)+
@ Aaid™ (k= 7.(0) " P Zgu(a (1) +

V9, (x(k))Z* P, Zgi(x(k)), (12)
Hrp
E{AT .P Ay} =
[ (F)Aa orpilar(kmdli 01} _
0 0 0 0
T
5(1—a) lAdu 01 p [Adu 01 _
0 0 0 0
a,(1 —a,) ALY, P Agy;. (13)
F A5 | B2 ] 01
292" (k) AT P Zg;(2(k)) <
' (k) A PAZ(k) +7°g) (x(k) Z" P, Zg(x(k)),
(14)
279, (x(k))Z* P,Dyv(k) <
Vgi (x(k)ZT PiZgi(x(k)) +v* (k) D P.D;v(k),
(15)

MR (2) AT
9: (x(k) (37 +7)Z" P, Zgi(x(k)) <
2V (k) (35 +7)pB} Bz (k) = 2" (k) pBiz(k),

I HARIER12)-(17)FH
AVi(Z(k), ) =
E{Vi(Z(k +1),0,11)|2(k), 0k = i} —
Vi(z(k), 0)
< z"(k)(2A] P,A; — P, + pB;)z(k)+



2(7221@:%% 7,(k)))" PDyv(k)+

20" (k)D} P,D;v(k), (18)
AVy(z(k), 0r) =

E{Va(z(k + 1), 041)|2(k), 0, = i} —

K=
=l

T~
ol
|
.
—~
&y
~
~—
O
3
8
—
™
|
-
—~
&y
~
~
+

|
U
g

T ()Q,z(1)), (19)

AVA(a(k),00) —
E{Vy(@(k + 1), O.0) 5(0), 00 — 1} —
Vala(k),00) =

q

> ((dy — du)z" (k) Q,2(k)—

r=1
k—dm

T (1)Q,x(1)). (20)

I=k—dm+1
1 (18)~(20) AT 4%
AV (z(k),0;) <
P (k) QAT B A, — P+ pBy)a(k)+

27T () AT (Y Ay (k — 7,(k)))+

S ZT(k — 7, (k)AL B Az (k — () +

dri
r=1

2(121 AgniZ(k — 7,(k))) " P, Dyo(k)+

20T (k) DT P.Dso(k) + 3 (27 (k) Q, 2 (k)—

r=1

7' (k — 7.(k))Q,2(k — 7,(k))+

A 0QE0)+

l=k—dm+1
q

Z ((dM - dm)fT(k)Qri.(k)_

r=1

ATAT R BENLI AR B2t T JR n] KRR 2R e dsssAsr i i) diipF 57 1151
k—dm
zT(1)Q,z(1)), 1)
l=k—dnm+1

IR To(k) = 0, 47
E{AV (z(k),0:)} <n"(k)®in(k), (22)
Hrp

i

4511‘ *

WA BT DA @, < 0. R, REG)TES T &
SCRHRERE.

NHTE W R GG HIH L MERE, FERIIR 5 F I,
HRELL TR

Jy=E i [T (k)7(k) — B2 (Ryu(k)] =
E SO 7 (k)7(k) + AV ((k), 0)—
B2 (k)o(k)] — B {Vier (2(k+1), 0551)} <
E i (7T () (k) — BP0 (Yu(k)+
AV (z(k),0;)] <

é ™ (k) (k) < 0.

1 EiA A R
> E{IFR)I°} <77 X E{Jlo(R)II}-
k=0 k=0

EH

I THT R B A IS B R 4 R

EE 2 HERAAARENUREARL AL
I I AE P 25 1550 R i) R R R R 4. 40 B Hoo PE RE S
Fry > 0. W RAFAE IEEHFEPR, > 0(i € N), Q, > 0
(r=1,2,3,---,q), IEHWI & p > 0 FFEFE X, K,
1S T2 R AN 2o

Y =
j_‘ll * * * *
0 -1 * * *
f31 -Pi-DOi + XiR% —r5 % * <0,
ﬁ41 0 0 —151‘ *
I's, I'sy 0 0 —-B
(23)
ZYP,Z < pl, (24)

D SR A =X (4) P A i S A e 2 A7 AE, a5 |
N B IRE B R A e s e v ) A, e

j—’ll = diag {Flla F22} >

j—’31 = [15112107 + Xi]%hi 15121]7

ﬁ41 = diag{PiAOi + XiRu, RZ};
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_ q
Fllzsz+Z(dM*dm+1)Qr*Pw

r=1
Iy = diag{—Q; + Ay Qo+ Ay, -+,
- Qq + Aqi}v
N 0 0
I = ;
KR, 0

I

A lpif)m +XiAR2i‘| , E— [oanl :
P, =diag {P,, P}, P, = diag {P,, I},
Eli = [Opr lep}Ta E2i = [Omxn Imxn]T>

B8, WMR(P;, Qr, X, K, p) 1 3N(23)-(24) 1]
AT, TS T 1 =X (4) FR) s A 00 0 2 1) 2 5 4 o
s

[Ap; Bp| = [ETPE]'ETX,,
[CFZ' DFi] = .
W O TR EREED, Q15 E], LT
EAEGEH 1S5
Ay = Ay + EKuRu,
D; = ﬁm + EA‘KME%
Ci = KiR1i7
Dy, = K;Ry; — E1T’
HKy; = [Ap; Bril.

FIH Shur b5 | 2, 09) I E S 4

I, * *

0 A *

Iy Doi+EK ;R -pP!

Iy 0 0 -
Iy I 0 0 -

(25)

(26)

Tk % %

L

\

f31 = [Aoz' + EKuRu 21];
ﬁ41 = diag{flm + EKliR1i7 Zz}?
DO% + EKIZRQZ

K; Rgz ’

~

F52—

B g HIH4AX, = PiEKu, aJ
T

4 1 E(Numerical example)
FEIX— Ty, R AN BB B0

LA 21 5(23),

TR AT, T BAT BUH LN AZ N A LA AR
LRI B THON TR) 2 2R TR BRER R 4, HeR bR M R4

TUr:
b lo.z 0.81'
0.3 0.7
M B R, R SRR R AR 2, R G B 4 e
R
0.6 0.2 0.2 05
P A2 - 9
0 0.7] lo 0.5]
003 0
Aaun = [0.02 0.031 ’

0.05 0
Ad12 = [ ] )

Alz

0.04 0.05
08 0 04 0
D = D =
" l 0 0.3] P l 0 0.41 ’
Cl == 02 - [02 —01], H1 - H2 - 09,

D21 == [06 —01], D22 - [05 —01]7
Gy =[-0.1 02", Gy =[-0.1 —0.2]".
B I AR AR B A2 2 < 70 (B) < 6(r = 1,2),
I H
an = E{an(k)} = 0.9,
Qg = E{Oég(k)} = 07,
7 =BE{y(k)} =08
(RIS, ARt 1) A ko T st
91 (x(k)) = g2 (z(k)) = 0.5z (k) sin(z2(k)),
" BUE the(k) = LRIB(k) = diag{0.2,0.15} 5 F
WRLIR(2).
AR F2, A e Al L S (25) v B A
e

[0.0025 0.0410] lo.oooﬂ
AFl - F1 —

0.0237 0.0021|" 0.0288
Cp1 = [2.2550 0.1310} . Dpy = 0.5039,

AF2 =

[ 0.0019 —0.0162 ~ [o0.0015
—0.0022 —0.0106|" "~ |0.0065|

Cyy = [-0.0013 —0.0033], Dy, = 0.7791.
Syt AR T e R SRR I S AT R,
Tk =0,1,---,150, 2B 5 f(k) A

1,40 < k<80
k: ) N X b
f(k) {o,ﬁuﬂz.

Uy E MRS ) H40(0) = 1, 0(k)LL—5E
AT TR A AE P Ao =X ] BE N LR, Wi 1 Fss.
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k
K1 BB
Fig. 1 Modes evolution

AN T Hw (k) = OGO |, R 22w i (K ) A
PRIV BT (K ) A2 A0 - 22 73 3] B 2-3 7k, 2R W]
bR AN, B e v AR RGN I 5 1T LA R
N ) b

0.8

077 — AR |
0.6 - === Tl
0.5+ E

0.4 .
03+ .

r(k)

02F .
0.1 5

0.0F o S ——]
-0.1 .

0 50 100 150

2 TeaEIE TR

Fig. 2 Residual signal without disturbance
4.5
4.0+
35+F
3.0k
25}
20k
1.5

— s
-—— TR

J(k)

1.0
0.5+
0.0

0 50 100 150

3 EIENHIE RIS R 5

Fig. 3 Residual evaluation function without disturbance

fBoE T

rand[0,1] 1.2rand[0,1]]7, 0 < k < 50,
wik) =1 At

Horr: rand pRE™ AEBENLECEAL, HOT RIS 0 A AE
DX TH][0, 1]. %% 2 ma i (k) FVER 22 VEAR o6 20T (k) 2810
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