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§1. 5l

B LR AE 35 b AR M P A 7E ) . TR A E R S S B R A A TR E M ER
RGMERE, FREMNZRARIET TIEMLAMESMEESRM. B, B RAMTE R,
KHLISE—EZBIREHH MK RTE. BFRITIEEEL Lyapunov i%{. iZ VAN, LaSalle
AARJFH, HAE P — SR T 1 R A . I AR G R T — MR Ay Bt i A ST Bt AR DG AR
SEPE, FEXPRUL, BTEREERSE, Y/ N ETE .

TEIL 30 4R, FENLRGIIRHIBIR, BT RASIH— M. FRAERIL R MR E T
RS, BLBE TIHEZAS A RTINS R . 1 Has’minskii, R.Z. (1980[9]), Mao, X. (199411,
1997112) EadIE L Tto RIREHLAM T F RS, T TRV RERAMBIE, F5EC 12],
RTHENIZE, LB E M T RN RS R, 1Bl TIFZRA AN TR, 524
R B 2 L BIK S B R TR (Mao, X., 1991110).

HEAER, Markov BV RAREWEIFIT, ZR TIHFLEEWMKRIHE. Feng, X., 199205
12l Lyapunov 880715, BFR T ELEMF RS #(t) = A(r(t)z(t) WHIIEETREME . Costa,
O.L.V., 19931 ;2 F4E Mg 7%, 1HE T B HE I RAKETE =(k + 1) = A(r(k)z(k) B
SEME. Mariton, M., 19881%]; Feng, X., 1992051 241 T R4 JLF bR FEE MRS LA #IPE . Basak
et al., 19961 FIKIF iR L Markov HJ#t Tto ZIBEALIRSY R4

ol

da(t) = A(r(®)z(t)dt + o (z(t), r(£))dw(t)

HFEEME. #E—, Mao, X., 19990%1 312 f] Lyapunov BR¥(7 ¥ RGBT T JELH: Markov 4]

A3 2005 4E 3 A 30 HcHl.
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e Tto RIFEHLET R4S
dz(t) = f(z(t),t,r(t))dt + g(=(t), t,r(t))dw(t)

BT EE—EMREE, F5IA M EBEFE, B3 TILDSTREEMRE TR 5%
4. Mao, X., 19991141, 20001%! B} 5% T B ¥ JE £ Markov ¥1# It RIBEHLI RS

da(t) = f(x(t), z(t — 7),8,7(t))dt + g(2(t), 2(t — 7), 1, 7(t))dw(?)

4 B 2k SRR B A SRR I . BT B B LR X e g A AR IR R SR A B R A
SE TR S T RGN . AT, ek ER RS T, RHEELETENE, HARNEEE—ME
B (—MRbER R ARAL). B—Jrm, [1][15] R dEL bl R et e tEnt, KA MHENL Lyapunov
RPOTIE, MnfiiE—4EER Lyapunov A S BT IE, R X s R A
W EWEEEATERE, (HEEMIETAE —ERIEE.

B TERLRZE, BRI RS R R R S . TEE LR, T A E R &
REWBBREE, FEREBTTHERE, W Xie, 1997al', 1997b%, Lien, 20018, 3=
B ERIET Riccati(B) FREE, LML 6T A E ¥ Markov YIH#FEHLR S =(t) = [A(r(t) +
AA(r(t)]a(t) + [B(r(t)) + BA(r(t)|a(t — 7) & HBRE MR, ©F 4% . Shi, 19961,
Benjelloun, 199612 {HIX $ Uk B % B HI AL IR AD T R RENLE 75 B i, ELB Wi 3 Y
AICHW, MEFRAEEIFEEE (1t BN HR) T, RAEBEFEIER BT
SEVERF, BISYIHLZH TR, BHECRESH Markov 53 RN RE M SR E
M.

§2. AR

& (Q,F, {Fi}i>0,P) B o W {Fi}e>0 {Fiteso Wi R H M, BIAZRLSEWM Fo BEPT
A PRI W RMAER, {w(),t > 0} R XIE (0,7, {Fi}izo, P) LMI—4EFRHE Brown
123, |-| Fm R PERIRTEEL. 12 CO([—h,0); R") RARELEERE ¢ : [-h,0] - R" B4k, H L
2 el = sup lp(t)]; C%, ([=h,0]; R™) RABAET C([=h,0; R"), Fo "I IMETH FEEHLEE 4
. X THRE A, AT RREEE, |A] = Vo(ATA) KHBWEH, (Al = sup{|Az|: 2| =1} &
HEFEEC X TMRERE XY, X >V (X >Y) 2R XY FIEE (IEE), Amax(4) (Amin(4))
SRR R A BEK (D) FFIEE.

W A{rt),t > 0} HEXTE (0, F,{Fi}izo,P) LBETHRE =M S ={1,2,--- ,N}
ELER) Markov &%, HEBMAE N

/\ijAt+O(At) ) 75],
1+ A At + o(At) 1=

P{r(t+ At) = j|r(t) =i} = { (2.1)

RE, At>0, lim o(At)/At =0, \j FoRMIIZ] ¢ RZ i (i # J) HBF] ¢ + At AR J #
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HHHER, HWE

Xii = — 2 Aije (2.2)
J#i

B&iz {r(t),t > 0} 5 {w(t),t > 0} MiL. FH, rit) WE-DMEERETHZEZ - NEELEN
Friesea%l, HAE [0,+00) NE—PMFERFXEL, REFERNBEKS . (L ERES (LR
&gy , L

% BT AR & LA Markov YIS RS0

dz(t) = [(A(r(t) + AA(r(t)z(t) + (Aa(r(t)) + Ada(r(t))=(t — 7(1)))]dt
+[(E(r(t) + AE(r(t)))=(t) + (Ea(r(t)) + AEa(r(t)))z(t — 7)]dw(t) t>0, (2.3)
zo = £ € O, ([—h,0); R™).

Bor(t) =i B, 30 A 2 A(r(t), Aai £ Aa(r(t), Ei £ E(r(t)), Esi £ Eq(r(t)), H Ai, Ags,
E;, Eq; HEEMHME. AA, AAy, AE, AE; AAHED, HEFWTEW, %4 rt) =1 B,

[AA;, AAg;, AE;, AEq;) = M F(t)[Nai, Nadis Neiy Neai]- (2.4)

XE, M,Nui, Nagis Nei, Neai HEFERHRE; F(t) : R — R RAIATES Lebesgue A U%E
Mepg%r, Hie

F®)TF@#)<I Vt>0. (2.5)

WM (24) . (25) By AA, AAy, AE, AE; BFRZ A AVFRY . B 7(¢) RS B
il
0<7(t) <h<+o0, 7(t) <p< 1. (2.6)

gE WREKX (24). (25 WATENRSW, FEAEEEMTMLGEER, IR [18][19].
EX AL (2.3) BREFTHBEEMILGRER, WRFERNEN > 0, X254 (2.4) .
(2.5) KT R ARFABIRETN AA, Ay, AE, AEy, {15 F AL

lim sup + log E(jz(t )) < —\. 2.7)
t——+o0 t

# C*Y(R" x Ry x S;Ry) /R R™ x Ry x S ERF o« FIRAIHE, 2T ¢ —RAIEIER
ALV (2,1,1) BRE, XV (z,y,t,9) € R x Ry x S, & XM TFRRFAF
LV:R"XR"XxRy xS —R,
LV (x,t,i) = Vi, t,i) + Va(w, t,0)[(A; + AA)z(t) + (Agi + AAg)x(t — 7(2)))
+%tr{[(E,~ + AE)z(t) + (Eg; + AEg)x(t — T(t))]T
Vmw[(Ez + AEZ).’L'(t) + (Edi + AEdi)IE(t — T(t))]} + IZV: /\z’jV(II?, t,j)- (2-8)
j=1
5|38 2.1 (Skorohod, 1989117, " X Ito AR) % V(x,t,i) € C>'(R" x Ry x S;R}), 11, T
AR, R0 <7 <m < +oo, ML

EV (z(12),72,7(72)) = EV(2(11), 11,7(11)) + E/T2 LV (z(t),t,r(t))dt. (2.9)
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5|38 2.2 (Wang, Y., 1992['8]) % A B,C,D M F EiEE4EE4EME, W D >0, FTF <1,
NI FF 250 B AL
(i) Xe>0,z,yeR",H

2eBFCy < e 'aT"BBTz + eyTCTCy; (2.10)
(i) XWE D—eBBT >0 ¢, B
(A+BFC)"'D"'(A+ BFC) < AT(D —eBBT)'A +7107C. (2.11)

Q11 Q12

21 22

5[3E 2.3 (Schur #pb) % Q= ( ) HAXTREE, T H =254 %
(i) Q<0
(i) Qi1 <0, Qo — QLOL Qp < 0;

(ifi) Qa2 <0, Q11 — Q295,'07, < 0.

§3.  FELRHIEW

I'-‘EEE 3.1 ﬁﬂ%ﬁ?’f g1 > 0, Eo > 0 (ﬁﬁ), N+1 /I\IE/—\'_EIEF Pz > 0 (2 = 17 JN)J Q > 07
AT AL

Pt —eoMMT >0, (3.1)
H; <0. (32)
X H,
Q P; Ay NZT
H; = v +ert ;Z (Nai, Nadi)
AuP; —(1—p)@Q Naa;

+ Ef (Pt —esMMT)"Y(E;, Eg) + 65" Nei Nei, Neas
ET i 2 iy Lodi €9 T ( et edz);
di

edi
Q = PA+ATP+ % \ijPj + PMMTP; + Q.
j=1
Mt Ve € Ck, ([—h,00; R™), BEHLR S (2.3) B BiEiliReEr, BIaL
Jim sup % log(E|z(t; €)|*) < —A.
He, A> 0w 2 TFHREO#2
Ap — Mg + heMt = (1 A ’\—H) (3.3)

Ap = lrgnias}gv()\max(Pi)); )\Q = /\ma.x(Q); A = lgiSnN(_)\max(Hi))-
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JEEH:  EEK
t

Via(t) i) = e ((0)" Paalt) +

m(s)TQm(s)ds) € C*1(R" x R, x S;R,).
t—7(t)

HisX (2.8) EXH) LV, 515

t

LV (2(t),t,i) = )\e)‘t(m(t)THx(t)-i- / :c(s)TQa:(s)ds)
t—7(t)

+eM(a(t) Qu(t) — x(t — (1) Qu(t — (1)) (1 — 7(t)))

+ e)‘t:c(t)T( é A,.,-Pj)a;(t) M 22(6)T Py (A (t) + Aga(t — 7(1)))
+er. 2:1:(t);P,~(AAi:c(t) + AAgz(t — (1))

+eM((B; + AE)a(t) + (Bai + AEg)a(t — 7(£))T

- Pi((B; + AE)z(t) + (Ba; + AEg)a(t — 7(t))),

HH eo > 0, BN Vie S, oL P! —eoMMT > 0.
H1 5|2 2.2, 13

)T Pi(AAx(t) + AAgiz(t — (1))
()" P;M F(t)(Naiz(t) + Nagiz(t — 7(t)))
e1z(t)T PMMT Pa(t) + e (Nyia(t) + Nagiw(t — 7(t)))” (Naiz(t) + Nogiz(t — 7(t)))

e1x(®) T PMMT Pix(t) + 7 (x(t) T, z(t — 7(2)7) (N;:C) (Nai; Nags) ( (tﬂi(t)(t))> . (3.4)

adi

2x(t)
2x(t)

IN

-E‘E E‘L = (E‘i7Edi)7 Nl = (N€i7Nedi)7 ﬁﬁﬁ
(E; + AE;, Eq; + AEg;) = (E;, Eq;) + MF(t)(Nei, Negs) = E; + MF(t)N;,

(B; + MF(t)N:)T Pi(Ei + MF()N;) < E; (B —exMMT) ' E; +;'N; Ni.  (3.5)

B (2.6) . (3.4) f1 (3.5) X, &
LV(z(t),t,i) < eM@®) 2t —7(t) ") Hi(x®)T,2(t - 7(t)")"
¢ ¢
+ AeM /t_T(t) z(s)TQx(s)ds + AeM (x(t)TPi;c(t) + /t_r(t) a:(s)TQa:(s)ds),
I ( PA; + AlTP,' + g: Aij Py + PiMMTP@' +Q P Ay )
i = j=1

ALP; -(1-p)@Q

T
adi

NT _ _ _
+ert ( at ) (Nai, Naai) + Ef(P;l —esMMTY YE; + 62_1N;TFNZ-.
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HTIHE 2.1 (77 Ito AR), A5

EV (z(),t,7(t))
- EV(x(O),O,r(O))+E/ LV (2(s), 5, 7(s))ds
0

8

< (Ap +hAQ)E||* +E / t et [/\a:(s)TPr(s)m(s) + A z(0)T Qx(0)dd|ds
0

s—7(s)

+ E/t e (x(s)T, x(s — T(S))T)HT(S) (z(s)T,z(s — 7(s))T) T ds. (3.6)
0
Xtvie S, it P >0,Q>0, B, F7E p=Ap/Pmin(Q)] > 0, fff P; < pQ, EFHH

EV (2(t),¢,7(t))

t
< O+ IAQENEIP + O = AmE | €a(5)" Qa(s)ds
t s 0 t
—i—/\E/ e’\s/ z(0)T Qz(h)dAds — /\HE/ ezl (s — 7(s))Qu(s — 7(s))ds.
0 s—7(s) 0
X
t s
E As 0)T Qz(6)dod
e /”(S)mu 2(6)d0ds
t min(6+h,t)
As T _ T As
< / / Qz(0)dbds = Elhm(e) Qx(6) /max(o,a) e**dsdé
(1)
< he Ah(AQ Ell¢] + E / (s)TQx(s)ds) - —1/\_—HME Ot t A a(s)T Qu(s)ds
t
< (1 A %)E/O eMx(s)TQu(s)ds + E/t_T(t) ez (s)T Qu(s)ds
5
EV(x(t),t,7(t))
)\ t
< (Ao + hAQ)EIE]? + ()\p — g+ heM — (1 A ﬁ))lz/0 X (s)TQu(s)ds
t hA
As T nAQ PRy 2
FE[ ) Qu(o)as + L]
h\ t
< (,\p +hig + TQ,\Q) Ell¢)1? + E/t_r(t) X a(s)T Qu(s)ds.
F—J7H,

EV(2(t), t,7(8) > MAEle()]” + E / L ()T Qu(s)ds,
t—7(t)

P AE®? < (A +hag + hi‘? ) Ellel.
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ic .
_ NAQ _Ah 2
r=(Ap+hig + 52N )EIIEI/ Ay,
XA log(Ele(d)?) < —MInC. Th, &

1
lim sup - log E(|z(t;€)|%) < =),
—+o00 t

t—+
IEEE. #
E 1 e 3.1, K H R Q > 0 Q> 0 BISRF (3.2) Hak
o Q P; Ay [ NI . .
= ( AuPi —(1—p)Q; ) e ( NT, ) (Nais Naai)
Ef 1 V-1 o Na
+ B (Pt —eaMMT) Y(E;, Egi) + ¢, NT. (Nui, Neai) <0, (3.7)

N
Hb, Q= Pidi+ ATP+ 3 AP+ BMMTP, + Qi FAERAEME A R
j=1

T2 Schur #MEA, e 3.1 B&EREEHIREO TR M ASER ML DHETRE L
A .
it 3.1 WMRGFHEFE 1 >0,0>0, 8P, >06€S), Q@ >0, #T4H MI L

Q PAsy  NT  NT ET
ALP —(1-pQ NI, NZ, Eg
Nas Negi  —ei 0 0 <0. (3.8)
Ne; Neai 0 —el 0
E; E,; 0 0 eMMT-pt

He, Q=PA;+ AP, + f} Nij P + BPMMTP + Q. MRS (2.3) &ML E .
j=1

JEBA:  HEIFE 2.3 &l eaMMT — P <O F

( Q P;Ag; ) (ng N EzT)
+
ATP —(1-p)Q Niy N EL

5;11 0 0 Naz’ Nadz’
e 1 0 Nei Neai
0 (P_l —€2MMT)_1 Ei Edi

0 PAg NT NT
= ( r e >+s—1( o ) (Nais Naas) +s;1( o ) (Neiy Neai)
Ay —1-p)@Q Nya; Negi

ET
+ ( Etf > (P! —eoMM") " (E;, Eq;) <0
di

HHEH 3.1, MRS (2.3) BHITHEERIENLRER . #
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E 2 YRGE (2.3) AEEATEET, B A =08, ERESHERTBLA

Q P, Ag; 0 0 ET
ATP —(1-pw@Q 0 0 ET
0 0 -l 0 0 <0. (3.9)
0 0 0 —el 0
E; Ey; 0 0 eMMT-PpP

WA, #EE e = ey =1, H5|HG

. I 00 0 0
Q P;Ag; 00 E
’ + " 010 0 0
AdiPz' _(1_N)Q 00 Edi 0 0 P E; Ey
i i i

N
PAi+ AP+ L MNP+ EIRE+Q  PAw+E[RBs | o0 o0

ALPi+ EgPE; —(1 - pQ + EjP,Ey;
3 YRGS, MRS, B 2.3, 2555 E R E HE A
PG R 5¢
dz(t) = [(A+ AA®@)z(t) + (Ag + AAq(t))z(t — 7(t))]dt
+[(E + AE®#))x(t) + (Eqg + AE4(t))z(t — 7)]dw(t)  t>0 (3.11)
wo = & € %, ([~h,0]; R™)

R 77 SR E R LR E B — > TE IR A

Q P4, NT NT ET
ALP —(1-wQ NI NI Ej
N, Nea  —&l 0 0 <0. (3.12)
N, Neg 0 —eol 0
E B, 0 0 eoMMT — p1

HEH, Q=PA+ATP+PMMTP +Q. & (3.12) 45225 T Xu, S., 200201 fy 25 1. #;
AN HHEENECRE —EN ZE.

#—, K (3.8) WA A TR G LMI Z&4%.

TFIE 3.2 MRAGFHEEE 1 >0,e0>0,8MEX;>006€S8), S;>03 €9) f#T4% LMI A

A
Q* AguX; XiNlﬂ XiNej; XiEZ-T A;
* —(]. - IU/)S, X,Ng:iz XzNer, X,Eg; 0
—er 0 0 0
* * °1 <0. (3.13)
* * * —62] 0 0
* * * * e MMT -X; 0

* * * * * —J;
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HA,

QF = A, X; + AT 4 6. MMT + S;,
Ai = (Xi; e ;Xi)a
J; = diag(\;' X1, A5 Xa, -+, AN XN)-
MRS (2.3) BHFTREEEBEIRE.
EBR: 4 P=X;, diag(P Py I I II)EFMATK (3.13), 15

Q P;Ag; NG NZ Bl ©
+ —(1-pPSiP Nl NG, Eg 0
i * —al 0 0 O <o (3.14)
* * * —eol 0 0
* * * * 52MMT—P1-_1 0
* * * * * —J;

HA QO =PA+ATP,+ PMMTP, + P,S;P;, © = (I,1,---,1),it ©=(© 0 0 0 0) f15]|# 2.3
1%, IHid PSP = Qi

Q PiAy Ng:P;  NJP; ET P
* —(1—pPS;P NILP NL.P ELP;
* * —e1l 0 0 + GJi_lgT
* * * —eol 0
* * * * eoMMT — Pt
o P Aqi NLP;  NJLP; El'P;
* —(]. - IU/)P,SlP, Ng:hPl N;ZH Eg;P,

= * * —eil 0 0 <0.

* * * —eol 0
* * * * eaMMT — P{l

RUEEE 31 AINE L ARG (2.9) REOTHBERRIEE.  #
§4.  HEMIT

X7, G H—MEUEGT AR A SR B ITER A . BB — P P4EPRES Markov
TIHBENL D R, REAT,

—-2.0 0.1 -1.8 -0.1 —-0.2 0.1 -03 0.2

A = , Ag = , A = , Aga = )
0.1 1.0 —-0.1 1.0 0.1 -0.5 02 -0.5
0.2 -0.5 04 0.1 -0.1 0.3 —-0.8 0.2

E, = ) E, = ) Edl = ) Ed2 = )
03 -1 -0.2 04 03 0.1 0.2 01
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M = 0.2I,, N =0.15, Ny = —0.11, Noar = 021, Noaas = —0.21,
Na =015, N =-01L,  Neg =0.3D, Nego = —0.31,

2 -2

-4 4 i
In= ( ) , F(t) = sin(¢)1s, h=0.1, uw=0.2.

i@t MatlabLMI-Toolbox % (3.14) =&, &

o _ [ 13472 03867 o _ [ 5115 —04753
! _0.3867 25395 )’ ! —0.4753 51745 )’

o _ (14309 0.1448 o _( 1572 —0.0324
>~ \ 01448 28637 )’ >\ —0.0324 34370 )’
£, = 2.1376, ey = 1.5774.
§5. /N 45

AICHFTE T — RIS AN E 7 Markov VIHHELEY R AR B TT IR0 E et . &

FHEHL Lyapunov B¥CH LML, 23 i T JLA# 77 S8 BB RE th g sEA R . — D RUER] T
BAUE T B Z5 e B A AU
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Robust Exponential Stability for Uncertain Stochastic Linear Systems
with Markovian switching and Time Delay

SHU HUISHENG WEI GUOLIANG
(College of Science, Donghua University, Shanghai, 200051)

In this paper, we investigate the robust stochastic stability for a class of continuous time-
varying delay uncertain systems with Markovian switching. The Markovian switching considered
here forms a continuous-time discrete-time homogeneous Markov process. In terms of stochastic
Lyapunov function method and linear matrix inequality, sufficient criterion for testing the robust
stochastic stability of systems are proposed respectively. Finally, a numerical example is given to

illustrate the effectiveness of the proposed method.



