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Abstract: The switched systems composed of several linear Itd stochastic subsystems with time-delay are considered. Based
on the multiple Lyapunov functionals approach, the joint effects of switching and time-delay on stability are investigated so as
to establish exponential stability conditions in the mean square sense. As noise in principle plays a negative role in preserving
stability in the mean square sense, its statistic property is combined into computing a kind of Lyapunov functional, which
is in a rather general form, to reduce the conservatism caused by noise itself. A simulation example is given to describe the

mutually constraint relation between switching and time-delay, and illustrate the effectiveness of the proposed method.

Key words: switched systems; Brownian motion; stability in the mean square sense; time-delay

.

[=]

1 5l

DI 55 W I ARAE TR R % B AR IS 1 4L
SR e AR A R, AT R AT
R AT 7 L Sk, SCk [1-2] W HE
Razumikhin 75 VE0F 71— M TH 2% 5 Go A5 28 () Fe e v )
A SRR [3-4] M) 3T £ Lyapunov 32 bR J7 1255 & V) ##
Ly 3 2 IR A RS B S5 29 4R . 3 7 T e
RS M ABAE — R LI T JL AR R, X Ut
MR = S W 56T 1) 46 b5 B i 5 R R Ge By ) A
AJFRIRR. 75— 51, RGBT 5] NS T
e A I 9 3 B 5 S AN v PR 25 1 A R0 2. AL,
2% FROIR A 52 B e v Je It FAT R I D)4 R 48, IF
ST AR 7 B U R AR E P

Yis BER:
HEEWA:
TEZ BN

2011-05-26; f&[E1 HH#A: 2011-10-31.
XK | R 2EEL 400 H (60974027).

TR G S AR M H R G

5 RGUMLE, N 2 AR (K BEAL 2R 48 1 B
R R N 2%, TN AR 2 e 5 7 i e A
TR AR X TR, BUELLAE LUHET. DAD) R R 5
N, R D) KN FRPIR S F RS I R A 0 BT R 48
&) )3 2 L RRIOL % TRENL R S8, B — 4TS RS, —
G A A B X2 R A S R L 7, JF LA 7 i
FCGE R AEBENL AT 1 B IR AR R 5 S D) L
SIS T BOE FLB AL I R L 2 g v R, BT
I I 55 Markov 2 B, SCHR [8-9] IR 13X ik )
BV R SCAE T, TR AN R TE 55 /N A 1 ) e S
WOR AT FE A Gt R, JF e e A LA P ot
[, W FAE NI E AR S I &, — B R b
BT RGUE € N 18] 3 IO A 4R AT T BT 3 Bk A

MI(1976—), 3, BIBAZ, 4, NFUHR RS S LR GRUETERINITL; 185 (1969—), 5, 2%, ML, A



1886

K

* * %21 %

B HIR AR, LA RAG T 0 e 10-1,
S 3 70 FF A 2% ) b g8 37 4 1 3 SOAS [RD, BE AL
Fe i PR I AR A BT AN TR, & B AL s AN AR
5 LR EE e I T . i E 2, X L2
() (1) 22 St A B0 220 1) g 75 5 i bR 24 Vit A R A3 1) ek
T B A 1 2802 7 VR A I AN ). AR 5 SR,
M I S SCOIRAS B A I AR I AR
R ZAE Ay eeqss i), DL g AT 3X — =4 AR 1)
A A R SL A T R SO D) R S AL SO
FR<<fs I 2 TR IR DRLAR OC R AR 2 0. )L T 45
SRECSCT, BT LA A [ M DR 7 0 B3 1 (1) 52 i,
WISCHR [9,12] 45 kS AR ] g T 8RS, (HAERY
JE T 6B AT H T E AR E I R GE. AR BT 1)
e Jit 77 R AN S, JE WWLSE 2 Lyapunov 72 R 1)
it aett, HeuE 22 2 By JF DLtk i o
WSSO T BT R A VA PR T I PR . AR T B R
W e 06 S S M 1) 52 i BE AR B 47T YD, AR T A R T
% Lyapunov 72 B VE A bR 205 )1 (9 86 25 i A 1Rk
SE TR VR ) J LA AH Ak, mT LA IR T3 A ) 46
B ke IR AR TR & S 20 VR T, T kR 1eo AR
) B W 7 (R SRR A 25 SR IR DR S
2 R
1 i) 3 ) JURT SR il 5 AR BABE T w(t) g X
TWEE R {02, F, F, Py L —4Ebx HE AL Brown 12
By {Fi b0 PTIN R A2 B w(t) A2 ) 2525 6 50 2 P
R 4 £} B # I C([—h, 0], R™) R
i [—h,0] 2] R™ b1 B A7 3% 22 pR 30 7E — 8006 5~
Ji% [¥] Banach % [f], TICY, ([—h, 0], R™) % 71 th BT 47 1)
5T C([—h, 0], R™) H F nl A FEBEALAR 544 8 1)
k7 ] <R RN FR IR 0 2.
22 L8N BATIRAS I (1) D)4 1eo BEAL R 4
dz(t) =
(Aot (t) + Bywyx(t — h)] dt +
[Coryz(t) + Doyt — h)] dw(t), t = 0. (1)
Horp: U155 o () ABUE THRES = {1,2,- -,
N} WAESE B R EL, o(t) € R IREZE, h
> 0 A HE AL {Ai, B, Ci, D }ies I M AERUE I
KT W, ey (t) = Aiz(t) + Biz(t — h), zi(t)
Cix(t) + D;x(t — h).
A HL ) B G8 R 9] )RR 500) 52 () S B 75 53¢
8¢ b, RGOV RESZ 2% UGB I 15 3L, I — L
FER IR P A A N (AN, TGl E 2 EUN RS
5 S HARA TR N T AN [ 2 ] 1R D) . DR,
R () (B BARIL T W) RS 55 Hoh 4
PR R ARSCEU T M AE 45 5 VIS 5 3K 30 &

40 (1) IRFFE T RRE 46 1F, Db RS T 52 SOF
HRIE VIR -5 AL U FEREA T 70 2K

EX 1 SEVHESot), RE DRI ZH
JTAREORGE [, WRATAE N > 0 Sk > 0, 115
Ella(t:0,0)P) < €] sup_ 6O e, 1> 0.

—h<O<
o a(t; 0, 0) TR RGE (1) XN T HIER 41 (0, ¢) 1
fi#, ¢ € C ([—h,0], R™).

EX2 HET, >0, YRGS o) N 28
T S, 0, WAL B X TH] [t t2] N D) 0EA
KT (ta — t1)/Ta; To FEN MRV AT 5 (1013 55
N A], S R AE AR R FE R A
3 REAR

T Z Lyapunov 2 B J7 75 3 AT U e BE AL & 48
(1) ¥ 5 Fee P, K i 1 2 48 Foek B 1) Lyapunov 72
PR

Vi(x:) = 25: Vi (1) 2)
Yo -
Via () = o/ (1) Pia(t), ©)
Vislae) = 20/(0)Q: || e* O~ 0n(0)ad, o)

t

t
Vis(xs) = j 004/ (6)d0R; th 0=t 3(0)do,

(%)
Via(w) = f;h (=947 (9)S,:(6)d6, (6)
Vi5($t)=
[ e 0[5 ] [0],
—ho i yi(o) * Zi | | yi(o)
(7

IR e A TR N T RGN TE T N E RS T
YER R 204

LV (we) = 22" (t) Piyi(t) + 2;(t) Pizi(t), ®)
LVia(x¢) + aVig(z) =

2(0Q: [ @ D(6)d0+

20/ (H)Qslx(t) — e a(t — b)), ©)

LViz(ws) + aViz(wy) =

2fa(t) — e~ a(t — W)'R: | t_h *6-D2(0)do—

« Lih *6=D2/(9)dOR, Lih *@=D2(0)do,  (10)
LVia(x) + aVia () =

a' (1) S;x(t) — e~ e’ (t — h)S;x(t — h),
LVis(xy) + aVis(zy) =

(11



5512 3

Al F B R AT i 09 D AL & et FR BAR T At

1887
NEC Tx v ][ ) 5T, KR 146 43 A4 2 TV
vi(t) *x Zi yi(t) x(t)—e_o‘hx(t—h)—f:_haeo‘(e_t)x(G)dG—
@] Lx 2] Lw®) L, L5450 (8)~(12) 15
EE 1 XTERIeS, R >0 KA

P, Qi, Ri, Si, X3, Y, Zi, Ly o(g=1~4), M; pq(p,q=
1,2) 2 FAIASEA:

S; >0, (13)
Pi 7
@ > 0, (14)
* Ri
1
Z 4+ E(l —e M <0, (15)
Iy %
II; = =0, (16)
* /1z
, , 'YL ,
a(R; + Lis+ Li3) Lis+aLiy >0, (17
* Ly + L;4

WA DI 2R 48 (1) IO PITAT T RGeS 7 RSO R ¥0h
SRR . IR PR S SRR TR 500 h

- _ | & 51‘12]
- | * Si 7
5 = [ Zi1 Zie = Miin Mo 7
| o1 Zize * Moo
e [ X+ ALZi A + YA +% VB + ALZ,B; ||
' * B/Z:B; ’

Ein = AjPi + PiA; + aP; 4 Liy + L+
Qi+ Qi+ Si + CP,Ci+
h(AiZiAi + X + YA + A)Y])

Sii2 = PiBi + C{PiD; — e *"Q} + Lis—
e "Liy + h (A Z;B; + Y;Bi)

Ziog = 7eiah(L/i2 + Lo + Sz) + D:RDl + hBl/ZZB“
X = Ain + R; + L3 + LiyA; — OLLM — LglAi,
EilQ = (L’L4 - L;l)BZ)

Sio1 = —e “"(R; + Lz + LiyA;) — LiyA; — aLly,

Siso = —(e”*"Liy + L}y B;.

4
R il A3), (14) WD Vi () 2 IEER,

k=1
1M i
l x(o) ] X, Y x(o) ] _
yi(o) *x Zi | | yi(o)
z(o) I x(o)
18
[x(a—h) x(o—h)] (1%

Al M (16) AT Vis () 2 IEE .

LVi(xy) + aVi(xy) =

20/(t) [Bx(t) + Qi Lt_h ea“’*t)x(e)do} n

2 [2(t) — e Pa(t — b)] %
[ t) + R, f 0= 4(8 }+

ax' (t) P (t) + 2j(t) Pizi(t) + 2 (£) Ssa(t) -
*“hx’(t h)Sia(t — h)+
h[ (t)] X; Y, at) |

(t) * Zz yl(t)

ft a6=1) [ () ] X, Y | [ z0) ] 0
t—h i (0) * 7 v (0)

t
al e/ deRj o(0=1) 2(0)df+

t—h

2[a(t) — et~ h) —j:

—h
t /
I, aea<9*t>x(9)d9} [Lilx(t) ¥ Lisz(t — h)+
t t
. a(6-1) .
Lig | e*®"D2(6)d0 + Lua L_h

l . —ahy t a(f—t) ]
{ (1 —e™") L_he df| x

«
[ (1) ] le Mo [ (1) ] 0)
x(t — h) * Moo | | z(t—h)
It Ak, Brown 15 3 75 A oK i) Z1 (PR S 5 LI AR
Jeit Je i Z PR AR TE 26, BI3HEAE BT I (1) Markov E, 1%
& Brown 12 8 [ FEARE M 2 —. H 4 Markov 1 m] 411

e fih [La(t) + Loa(t — b+

¢
L;s th 0= 1(0)do+

ea(Gft) Yi (9)d9i| +

t /
L tihe“(e_t)yi(H)dG] e“(‘g_t)zi(e)dw(ﬁ)} —0,
WA

5{ [Lﬂx(t) + Liga(t = h) + Lig [ e*C=Da(0)a0+

t t
. 04(9 t) a(6—t) o

Luf (e)de} I e dx(@)} -

g{f |: 11x +L12x(t_h)+

Lig i h eo‘(e_t)x(ﬂ)dﬁ—l—
t /

LZ‘4 ih ea(e_t)yi<9)d(9:| ea(e_t)yi(e)dQ}. (2])

7E 3K (20) P 3 [ BRSO RE (21) AU, B3
JE RIS



1888 1= * 5 * * 527 %
E{LV; () + aVy(wy)} = 0ffi4F ¢ € [tr, trs); B F 2, 10 ¢ BRI HTRAE k IRY)
-, 1 o e, Bk, 25452 (23) F(28) B AT 4
e{n®]a+ (- Mn]nm}- AR (23) A28
e [ e0¢)(0) . (0)d0 ot 0 <
(o1 IL _
{f_he Ct( ) Ct( ) /} efa(tftk)gvg(tk)(xtk) <
{ Lt,hea(e_t) lyiw)] dfx xe M TEV ¢, () <
x(0) Xeia(titkil)gvo'(tkfl)('Ttkfl) <<
i /
Ijz4 + Lz‘4 * / « Xkefa(tfto)gva(to)(xto). (29)
Lis +alis a(Ri+ Lis + Lis) 1T o(t) € Sr,. WA & < (t — to)/Tar HIHAFH]
% 0 n w—a)(t—to
f: R ly((e)) d9}7 (22) EVp(1) () < EVp(1g) (g, )X/ Tam=00) - (30)
_ . ‘
NS

P R w1 N
n(t) =[2'(t) «'(t—h) ],
G(O) = [ (t) &/(t+6) /(t+6—h)]"
GEA AR (15)~(17), i (22) BRI AT 40
E{LVi(zt)} < —alVi(zy).
T2, #4E Dynkin A
EVi(x1) = EVi(zy) + 5Lt LVi(2,)do <

EVi(xs) — ozf’t EVi(xy)do, t = s,
1M, 11 Gronwall %%iﬁ@@
EVilzy) < EVilag)e @9t > . (23)

2k, T TR E S RESAlE. O

EE2 HET, >0, WRALE o >0 L—45E
Ve {P;, Qi, Ri, Si, X3, Vs, Zibies Wi R E R 1 TP I 554,
FIRAELE x > OfE1S X TAER i, j € S FIIASER
JRAT:

T, - X 5, (24)
[0
P Qs P Q| 0 (25)
* Ry * R ’
S —xS; <0, (26)
A; — xA; <0, 27)

MRS ) AR T Sr, MYIHA5 5 K3 T IR KR
Brfeee.

R HEEL SR TR, BT T RGN
Trfe RS E M. 54k, ik 25)~27 1

Vi(ze) < xVj(ay), Vi, j € . (28)
X4 E VIG5 o (t), 1R B LB I fa) 38 A o R mT A
TR N R P
{(to =0,0(t0)), (t1,0(t1)), -+, (ti,0(t:)), -+ },

AP S F oty < t) < - < t; < --- TRl
Bt Z, Mo (t) (i = 0,1, - - ) AR P15 5 B
1. Hﬂ?klir{:otk = oo, ATVt > 0 LIRFFAERER | >

~(a=lnX/T)t 45 0,

5V0(t0)(:cto)

i:l{g}?,N{)\min(Pi)}
H AR 2 (24) BRI RTHESN IS 5 F8 2 i Ae e k. O

JE BT HIGE B2 85 T 90 IS i R /N A 4 A
LA SC A, B35 #0020 R I 7E — s Yu L B
R, B S RAE T S D14 (A B AH B
HIZIE . X Rh 2 0¢ 2R ] b 22 1 A 21 2 Hh [ £y
ESH o 13 IARIL: 27 SOV I I e, DI 32K o ¢
ANy 2, A SRV IV ZL I U1 4, T K o 0K
I, A R REE A A, T I 2 3% B o DA AE N
NGNS RTIE: 7 Sl VRS o o T =2 AT U] =
b gD oF IR K /I 5 )45 A3 R o 4 AP ) O s vk L
A EEE S NI, R — iz i iis e, JF
FEFLAARA LR v 3d e 106 73 B AR 73 24 U5 A SRR
SEILAR B 35 43 L, DA G AN SE LR R 2,
FHOR T 38 3 160 [7] 4) 5 Bk s W Wt 7 52 W) 1) J7 2%, )
H Brown iz 3l f) Markov 45 20 sk 2D 7 e e 7 5 e
53 B S B PR A7
4 DiECEp

2% 15 PR AN S I s B AL - 2R G AL B ) 4 R
g, o RGBTk

Ela(t)* <

[ 15 01 04 0
A1 = 5 Bl = )
0 -08 —0.2 —0.4
0 05 04 0
Cl - ) D - 5
0.2 —0.5 0.2 0.4
(09 03 —0.4 0.2
A2 = s BQ = )
| 04 1.0 04 0
[ 05 —0.2 0 02
Oy = . Dy = .
0 05 04 —0.4

O U5 W I s A0 D7) $8 5 0 B RE Y (AT T 2 4
AL, gt — A5 5 as R (R 1 o), IR 2L o
1Bz i i 2. n] AL, A B0 i I i £ S B A
Mfas, Ky RIME R | 0 WA BERIEAEAE R DI H T
MAsE M, X5 SR E e AT, Beah, A K



5512 3

Al F B R AT i 09 D AL & et FR BAR T At

1889

1 s i Eid vl LU I 4 (e v Ay S FCA I i 5~ 24 5

P I ) 11 b A
1 BE5FHEERE LR s
h 0.7 1.0 1.3 1.6 1.9 2.2 2.5
Ta 0.242 0.276 0.348 0.467 0.611 0.771 0.954
1.0
0.8
= 0.6
0.4}
0.2 - - -
0.6 1 14 1.8 22 2.6
hls
B 1 BG5S FEHITEERE
5 4 #

5T 2 Lyapunov 2 B 7 1EF 90 AT RS IR

D)4 1t0 BEHL AR ZE 1A E P 1n) i, i st 37 19 289 05 ik X
AR BOREUE T 4 1 T 2 I TR E
YRR 2. AT UE B I R, JE I Teo AR ik
YO 5 N 3 =2 2 P A st R ) P e 7 1 e 7
Ly 538 1 sy P 5 LB S0 T A SOk AT

Rtk

2 % 3Lk (References)

(1]

(2]

[17]

[18]

Yuan R, Jing Z, Chen L. Uniform asymptotic stability of
hybrid dynamical systems with delay[J]. IEEE Trans on

Automatic Control, 2003, 48(2): 344-348.
Liu X, Shen J. Stability theory of hybrid dynamical systems

with time delay[J]. IEEE Trans on Automatic Control,
2006, 51(4): 620-625.

(L35 1884 M)

e WA, 2 B, AN IR B HL UK R ) AR GUASOM A B e 4
il (UL A6 e 1. o B L TR A 4R, 1995, 15(6):
384-390.

(Gao F, Qin Y H, Xu G Y. Optimum design of fuzzy load-
frequency controllers for interconnected power systems[J].
Proc of the CSEE, 1995, 15(6): 384-390.)

Gao W B, Wang Homaifa A. Discrete-time variable
structure control systems[J]. IEEE Trans on Industrial
Electronics, 1995, 42(2): 117-122.

(3]

(4]

(3]

(6]

(71

(8]

(9]

(10]

(1]

[12]

[19]

(20]

Sun X M, Zhao J, Hill D J. Stability and L>-gain analysis
for switched delay system: A delay-dependent method[J].
Automatica, 2006, 42(10): 1769-1774.

Lin J X, Fei S M. Robust exponential admissibility of
uncertain switched singular time-delay systems[J]. Acta
Automatica Sinica, 2010, 36(12): 1773-1779.

Sun Z, Ge S S, Lee T H. Controllability and reachability
criteria for switched linear systems[J]. Automatica, 2002,
38(5): 775-786.

Geromel J C, Colaneri P. Stability and stabilization of
continuous-time switched linear systems[J]. SIAM J of
Control Optimization, 2006, 45(5): 1915-1930.

Mao X. Stochastic differential equations and their

Applications[M]. Chichester: Horwood Publisher, 1997.

Feng X, Loparo K A, Ji Y, et al. Stochastic stability
properites of jump linear systems[J]. IEEE Trans on
Automatic Control, 1992, 37(1): 38-53.

Hu G, Liu M, Mao X, et al. Noise suppresses exponential
growth under regime switching[J]. J of Mathematical
Analysis Application, 2009, 355(2): 783-795.

Wu L, Ho D W C, Li C W. Stabilization and performance
synthesis for switched stochastic systems[J]. IET Control
Theory Application, 2010, 4(10): 1877-1888.

Feng W, Tian J, Zhao P. Stability analysis of switched
stochastic systems[J]. Automatica, 2011, 47(1): 148-157.

Mao X. Stability and stabilization of stochastic differential
delay equations[J]. IET Control Theory Application, 2007,
1(6): 1551-1566.

KBH, 5 H, HETo . — AT e I R G i A g
I, 4k 5 B3, 2006, 21(11): 1280-1288.

Mi Y, Pan W, Jing Y W. Fuzzy sliding mode control for
a class of uncertain time-delay systems[J]. Control and
Decision, 2006, 21(11): 1280-1288.)

Ju-Jang Lee, Yangsheng Xu. A new method of switching
surface design for multivariable variable structure
systems[J]. IEEE Trans on Automatic Control, 1994, 39(2):

414-419.



