1= Hl z

25 &5 5
2008 4 10 H

Control Theory & Applications

e 5 2 A

Vol. 25 No. 5
Oct. 2008

EHS: 1000—8152(2008)05—0951—05

DI 1 i i 2 G2 B AU TR A 4l

2 B A B v B

Rt

(1. B R T K% AZMESE R, YEJF B 5T 210094; 2. #h EIMTE A2 Ashbirsuan, (4 ith 5 273165)

WHEE: 18 T — UL Itk I 2R Ge (A8 e M 1) j
Fa G5 T ST. L B B s 060 P T A A
T TS R A A R

KRR DIt R 45 i

hE S ES: TP273 iﬁkh»ﬂ A

. 3T Lyapunov R 2RI BRI BEIRIRE 2, 43 45 T D)4
PEFIFRECRS e PRI, WUh T AR R R E DI, B, 1 B S

A FLyapunov iR £ #UTFeoe v, SRR E

Stability criteria for switched linear systems with time-delay
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Abstract: The stability problem for a class of switched linear systems with time-delay is considered. Based on the

Lyapunov function method and the concept of matrix measure, we propose both the time-delay independent criteria and

the time-delay dependent criteria for the asymptotic stability and exponential stability respectively. The corresponding

stabilizing switching laws are also provided. Two examples are given to show the validity of the presented algorithms.
Key words: switched linear systems; time delay; common Lyapunov function; asymptotic stability; matrix measure

1 5|5 (Introduction)

DI R G0t — RELEMIRGNERS, €] UE
VEJ& A7 T o) T RE B 22 09 J7 #2 S SLAE e o
(DI KN ZH B 7). D)4 3R 48 v] DL SRRV 2 A
FIE T o R P 32 288 i) b s P55 i) o R ) Kl 7
A4 N & AT 2 N 8 5, S8 )
e RGP 1A JEAE M, AZIE PR, A THEA
HAEFE, Azhg ), AT, B3R RR
P, AT R A A, ) 8 4 A A
AJ LAIRAT LU A% S8 1 3% 4 o B 4 () s L. e 251
TR, U R G He K N Y %2 3
XZ 2 (R R~

Dl R G 1A e @EH HAIE 9 B ok AR R i)
L U] Z AN [R) T SO0 1R 1) 328 B2 ) 0] 3R 48 B 2
B IR R 4, © B — SRR BRI . g R e
PRAN 4 Ja $a BB 2 1 R e AE S L ) e LEIAE - T

Al BT AN FEE I, PR ANAEE 1 3R 48 A8 FE L8 U] e
FHMEAE R T nT g & de e 1. Rk, U1 R 48
(RS TERF AR Ch S 2%, H ar Ul R G de e
WE5T 5 4 E AR 1) 2 HLyapunov s % 7 B4,

Wk H A 2006—12—31; W& Boks H 11: 2007—07-09.

BB e T A1 7 & 48 AT — A A 3L Lyapunov ki 4,
MR AR T R 48 2 18 AT = U1 4, R 4002 Wi
I F&5E 11, 2) £ Lyapunov b %158 U] #: Lyapunov b
7 IR R A T RS RAT — AR
() Lyapunov bR £, i it % v 2 19 D) e 5 g ] LLOR
UEZS E VI R G0 2 Wil A € 1), 3) T35 B I [R) 1)
W U1 70, P R TR E T R R
PRI [R5 ANREE 1 R G S BURI N TR 22 EE 7893 K
I, AT LAORUE V)4 5 G0 & H AR E 1.

ASCAUBIE G0 B Ze 1 I R 58

i(t):Ag(t)x(ﬂ—i-Bg(t)l‘(t—T), t > o,

Py

1
—T <t<to, M

Hr: z(t) e R* AW RGEHPRE R E, 7 > 04 SAH
WHONHE, o(t) € {1,2,--- N} 2 N B RGIMYIH
59, B2 */\@2’%?EJ [FJE AR 73 B o A e 2, AE R
—WfZt, Fio(t) =i € N, WRG ()R H )8y
FiT R

XF RS (), £ 8T A HLyapunov 88 %4 7%,
SCERIN MR R AEAE— (A + B) Mt e ™Ml &

& H: BKAREREE S I H (60674027); 208 H1d1- AU A 7B I H (20050446001); 77 1 1 5 £ 4: % B 15 H (20070410336);

VLA T 5 34 2 B 30 H (0602042B).



952 oW s N M

25 4%

T RGE (DAEAE R VIR T 35— B0 78 € 1
IS i A AR 8 M 2% AF. STHRO1218F 9T 1 — 28 D) e it
iR RGeS P v 8, 0 I K 45 1 D) 8 N R
éfﬁ%%ij%ﬂﬂ?ﬁﬁ’]ﬁ]i‘ﬁ%%%, T2 U4 1) EAREL
33 T ARG LR E 1) 78 70 45 . SCRRI13IW. )
#Lyapunov P00 1T — R M B U D)
e Z G (1) G E B RE 0] /L, T R GTIR
BATY 4, 45 TJ@J@HTW%%#M%E%D:{K
BUE [ Bk R0 B AN A e 4. SCBR[14]1 53 Al 2k T
H1Lyapunov pF £ F1 2 Lyapunov ef U7 1%, W58 T —
R A I B B I 2 R V) e R Se (AR € . BE T
AR T7 3%, SCERIISIA 7T 1 H A AR XA N vy 25 7R
AJ RAT M FR G B S P i) ﬁ.JH:ﬁI\, IS FH A AN 2 2
FOR, SCHRI16138 75 L& T — 2/ B H0IN [ I ¥ 1) 45 3%
G KM H o BHE ) .

AIE G RGBT A e AR R
P ) @, 3 FLyapunov & 277 v UL SR B U 8 14 8k
Oy T E )4 B MR IS 2R SR L AR E T AN
PR BOR T PRI 3K 26 ) 4 0 45 I s O AR i
FAHE RN iy AT R RS e PR B, S A
B UE T A ST R SR IR A AT AR
2 Fi& &I (Preliminaries)

S P > 0(P < 0)R/RHFEPX R IE
JE(FE), Amin (A) 3 75 HBEAR) S5z /DR AEAE, | - |
2L | | | B B = o U R Dl 1€ B 9 5 E L
p(A) S HE TG - || AR . argmiin{-}?%ﬁ?
fHEA3HE 5 P R B IS B 5/ 4R bR,

T UEBIAR SO EEEES i, IR )G HE,

SIE 1 RHFEP € RM™™ > 0, NAFEAE n] Wi
UM P = U'U.

2 WM, NKiE
Ry AN A

M'N+N"M < M"M + N'N.
SIER 3 8 RN IR RGUR WA E 1
z(t) = Az(t) + Bz(t — 1),

YER AR, WA T

ML 2L
&(t) = Az(t) + Bx(t — 1)
FRERE I, IF HISOEE A o, Horp
A=A+al, B=Be",a>0.
513 4 (Barbalet5| #)1  nGEal ek 20 f (1) 4

to— ool AT — AT B IR A IR, T ELF ()1 %
Hf ()R SR, 1Y

lim f(t) =

t—o0

3 Lyapunov B8 #7057 (Study on the Lya-
punov function method)
EE1 WNRZ(L), WRAFE— LU FRIE & 5
FEP;, Q& FIHI )" X Lyapunovkl B 77
ATP,+ PA,+B'PB;+ P, +Q;,=0,ic N, (2)
5E LY N

o(t) = argmin {z" (¢

W AR GECDAE DT A 3) 1 F I 2 I i A e A
.

—7)BlPBix(t—7)}, (3)

E 1 R E & Q)S N Tk, Tﬂmf)ﬂﬁ%
BN E S I e A 9%, T H V) ¥ R G de e 2
) ¥ ol 55 R A Y, BT AR A s 4 1R (2) R (3 )Efﬂi‘%?
45 (1) B9 — AN A A RS o T 4

UE X RS, TR [ Lyapunov PR %X

V(t)=a"(t)Pypa(t) +

t
L,T 27 (8) B4y Po(s) Bos)z(s)ds.  (4)

SR, WER2(t) A0
V(t) = min A\ (P)|z(2)]* > 0.

1<i<N
TRV (WS, &o(t) =i,0(t —7) =7, I
V(t)=a"()[AT P + P.A; + B PiBiJa(t) —
v (t —7)Bj PBja(t — 1) + 2" ()P,
Bix(t — 1) + 2" (t — 7) B Pix(t). (5)
H1 5 | BELSN, AAAEARET AR U 1S P = U0 AR
A(5), B i 5] 24
V(t)=a"(t)[AT P, + P,A; + Bf P.BjJx(t) —
x(t—7)"'Bf PBja(t —7) +x'(t — 1) ¥
BrUrUx(t) + 2T () U U;Biz(t — 1) <
T (t)[A] P, + PA; + Bl P,B]z(t) —
' (t —7)Bf PiBja(t — )+ x'(t — 1) X
BMUMU;Bix(t — 1) + 2T () U Uiz (t) =
2" () Qix(t) + 2" (t — 7) X
[BIP,B; — BT P;B;Ja(t — 7). ©6)
HI DAL 3) IR 5 SCRT AN
a2 (t—7) B} PB;x(t—7) <z" (t—7)B] P;B;x(t—).
i, SRR AR ZF 2 (0)
V(1) < 2" ()Qux(t) < )

T2, HLyapunov R 7 VA IR G (1) R4 1F(2) Fa
DI (3)EH F2#E e r). ks,



%5

o) KT A DI E I i AR SRR E VR 953

FE 2 dE B AN, HE Q) TAEAE
— 2R I B P il A2
AYP, + PA; + BIP,B; + P, < 0,i € N. ®)
Y2 (8) AT U T IR PR B A X
AP + P A+ P BP,
P,B; - P
AT, TT LA FH 2R iiﬁﬁfﬁf’ﬁiﬁﬁﬁj‘?%ﬁ%ﬁ%%ﬂﬁi%
25 (1) iR e v, B SR 5T
Hamfil%néIfﬁsmﬁfﬁéﬁﬁa@?&i’e:
I 1 X RSQ), W R A — AR IE
SE L BEP;, QLA FEH Bla > 02 R X
Lyapunov i 77 ¢
ATP, + PA; + B+ (14 2a)P, + Q; = 0,(10)
B =: GQ“TBiTPiBi,
B LR AR AN 2
A e*"B!'P,
eMPiBi —Pz
A=: (A +al)" P, + Pi(A; + al),
MJZR G (1) eI skems (3)VE R 2 dadiiee i, Hlk
SHEE A av.
4 TR R BE B AR E T B 5(Stability
study by matrix measure)
EFR 2 XFRGL), WAL A e A&
pa +b <0, (12)

Hrr p, = max. pu(A;), b= max | Bi|, AE2%F

TR EI’JEEit)Hﬁ% %éﬁ( )Eﬁ/ﬂ??ﬁiﬁfﬁﬁ'
FE M.

W Bty <ty < -+ <ty < tpyr - HAREGHN
UJ}%EH_ZIJ, Et S [tk,tk+1), 0'(3) = li,S S [ti,ti+1).
H1 SCHR[20] 7] 73

T < pa,)

R 3)BIATE [to, 1] LHEATBL T
()] - la(to)] <
me (Ai)|z(s)| + 1By, |||z (s — 7)|ds] +
I A )la(s)] + 1By s = 7)1ds] <
" liale(s) + bla(s — ) s =
f [alZ(s yds+f z(s)|ds <
LO [tal(s)| + bl (s)

tH Schurfh 2

<0,ieN. 9)

<0, an

()] + || Bo [t = T)[. (13)

ds+f b ®(s)|ds. (14)

HeErA)
t
[2(0)] — [, [+ blle()lds < My, (15)

Hrp
M, = Mm\+f b|d(s)|ds.

BRI, Mp. +0 <0,V > teH
t
2(0)] < My, | Ja(s)lds < -

M,
>0. (16
[ta +b (16)

X B ﬁf@:kﬁérawﬁﬁ AT BRIy
PR, T FLEC S (0 | — B AT S0, e 4
AT TAER VIR 50 (014 Tim [2()] =
0. BFZRZE (1) A2 i b 737 0 R )

Fh s P25 | #H 3 AN RE A 2 i A4 18

#EIR 2 PR, WERAFAEF Bla > OffifG T
T (10 2 A1 BT

e+ +e“"h <0, 17)
MR TF RGN AT RV R, RGE(1) 72 K
M ER e, HISOEE A a.

_‘Lﬁ

max || B; A4,

1 pr—
v 1<i,j<N

T2 = max |1 BB,

p = max w(A; + B;).

1<iKN

HT zt—71)=a2(t) — fi z(s)ds, FrLh

U(t) j

&(t) = (Aor)+Bogr))x

AUFRA3), U
)]
dt

e+ [ _le(@lds+1 [ lo(s—r)lds.18)
XA (18P [ i Mt Bt (¢ > to) B H
2(0)] — ()| <
o lats)lds+] [ pulo()]+alo(u—r)duds.
(19)
AR T H

I twauas < 7 1o

I T|P(s \ds—i—f Tlz(s)|ds, (20)

Jo S et miduds < [ ri(s - st

u)|dsdu =



954 EoH w5 N H $25%
to t a T e +«
B(s)|ds + ds. (1 M TG T
J7 rtolae s et TaeT
$43%,(20) 1R A (19) B ] 7 _ fa ke T (29)
t eom',-)/l + 62(“—’}/2 ’
()] = [p+ (1 +32)7] [ Jo(s)lds < M, 22) |
fo DL ANEE S
/H:EF'A . e 21—z Vz20,=
My = | (1 +72)7(@(s)] +77|P(s — 7)[]ds. P >1-2a7,0<e <1,  (30)
(23) L

Hﬂ%lfi47ﬁxlﬁf%ﬂﬁﬂ?%%ﬁ3 ﬂ:ﬂsﬁ —2(17’(’“ + Oé) + e IITM

EE3 XN T TRLZINMEZI I R - P, >
GE(1) A I iy MR T 1T B8 e 1Y), 0 SRR TR IR A A —(1 = 2a7) (pa + @) — ||
PR T : (31

P
p<00<T<———. @) gk ( ! -
—(1 —2a7)(pa + @) — |p
itp, = Jmax pu(As), o = Jmax p(By). WA 0<7s Y1+ 72 09
ZE AT 1

B3 X RL), WA B > 07 0ere  Hatlmlta a3

TIN5 A A AT Sy e — 202 — 20,

fa + || + o <0,
Y1+ 72 — 207 = 2ap, > 0,

Hoa + |/1*b‘ +a
M+ Yo — 202 — 2ap,’
WP TAE R VA5 o (t), REG(1) 2RO G
HASER), HWSOHE R a.

UE g B3 E FB I I Ay A, R

y = max p(A; + B;ie" +al) <0,

1<iKN

(25)

O0<7<

_ Yy
eorr,yl + 620”—’727
MR 4 (1) 2 AR50 € ) H A WSOEZ a.
FE T T (A + B) < a(A) + (BT

0<7< (26)

Hn
y= max p(A; + Bie®" +al) <
max {u(A;) + u(Bi)e™ +a} =
ta + e + a, 27)
sEmA
0<T<_,ua+,ube + «
eon',yl + eQaT,Yz
Y
o< —mmm7-—. 28
eaT'Yl + 820”-’}/2 ( )
NN

_672(17' (Ma + Oé) + efarub
Y1+ 72

H b3 43 A ) g, 225 L B A 2 (26) L.
MM, YAAFLE T Bla > O3 A2 ) e 2 Q25) I R G (1)XT
TF RGBTV AR E ), HAEA
W SRIE .

EEE,
5 X #l(Example)
5.1 #il1(Example 1)

RS, HHr =02, o(t) = 1,2, HRS
AT ARG 2 AT D14, Hor:

[0 a2

0—4 0.3-3
0.2 0.2 0 0.15
B = [0 —0.25} ek [—0.30.1 ] ’

Wa = 1.4, & 5a15

o + || + 0 = —1.3676 < 0,

Y+ Y2 — 20% — 20, = 1.4772 > 0,
L Hatm] ta

Y1+ Y2 — 202 — 2oz,ua

WA E A A (25). BT B HEIR3 P AN T R4
AR R D) e, 45 5 D) 28 498 72 I i 49O 45 2083
SE 1, BISIOE R o = 1.4,
5.2 f2(Example 2)[14!

HH R SHON:

7=0.5, 0(t) =1,2,

7T=0.2<

=0.2134,



o) KT A DI E I i AR SRR E VR 955

A, = -5-0.5 A, = 05 0 7
—1-5.5

B, — [—0.5 0}’ By — [—0.2 0]7
0 —1 0 —1
o = 0.85, iRk A REASE X (1) ] #3

p _ [0-3229 0.1076
"7 10.1076 0.0611 ’

po_ [ 04743 —0.1404)
271 20.1494  0.1342 '

FHAETE 1] A28 8 DI N i R G2 Fe U 1. (H 2
A SCHR[14] 1045 5 1A REUE I R 48 & i s e
(.
6 45i&(Conclusion)

KL T — S W Ik IS AR G I Ao 1k
JE ) @, 3T Lyapunov bR £ 12 FVH RN B2 AL 2,
3 aleh T DI R G i A DA R B AR )
R P A FE BRSP4 BE. R H T AR N (1) B
FE VIR e, 55 DA I SCHR AR Ll AS SO ) e 4%
{187 . 2 S B, e, 1 I BB S 30 T P sk
(1) IE A R

£ Z ik (References):

[1] LIBERZON D, Morse A S. Basic problems in stability and design of
switched systems[J]. IEEE Control Systems Magazine, 1999, 19(5):
59 —70.

[2] LIBERZON D. Switching in Systems and Control[M]. Boston, MA:
Birkhauser, 2003.

[3] SUN Z D, GE S S. Switched Linear Systems-Control and Design[M].
New York: Springer Verlag, 2004.

[4] WICKS M, PELETIES P, DECARLO R. Switched controller syn-
thesis for the quadratic stabilization of a pair of unstable linear sys-
tems[J]. European Journal of Control, 1998, 4(1): 140 — 147.

[5] BRABICKY M S. Multiple Lyapunov functions and other analysis
tools for switched and hybrid systems[J]. IEEE Transactions on Au-
tomatic Control, 1998, 43(4): 60 — 66.

[6] DAFFOUZ J, RIEDINGER P, IUNG C. Stability analysis and control
synthesis for switched systems: a switched Lyapunov function ap-
proach[J]. IEEE Transactions on Automatic Control, 2002, 47(11):
1883 — 1887.

[71 HESPANHA J P, MORSE A S. Stability of switched systems with
average dwell-time[C] // Proceedings of the 38th Conference on De-
cision and Control, Phoenik, Arizona, USA: IEEE Press, 1999: 2655
—2660.

[8] ZONG G D, WU Y Q. Exponential stability of discrete time per-
turbed impulsive switched systems[J]. Acta Automatica, Sinica,
2006, 32(2): 186 —192.

[91 GUAN Z H, QIAN T H, YU X H. Controllability and observability
of linear time-varying impulsive systems[J]. IEEE Transactions on
Circuits and Systems, Part I, 2002, 49(10): 1198 — 1208.

[10] CHENG D Z, GUOL, LIN Y D, WANG Y. Stabilization of switched
systems[J]. [EEE Transactions on Automatic Control, 2005, 50(5):
661 — 666.

[11] KIM S CAMPBELL S A, LIU X Z. Stability of a class of linear
switching systems with time delay[J]. IEEE Transactions on Circuits
and Systems-I, 2006, 53(2): 384 — 393.

[12] CHIOU J S. Stability analysis for a class of switched large-scale time-
delay systems via time-switched method[J]. IEE Proceedings: Con-
trol Theory and Applications, 2006, 153(6): 684 — 688.

[13] XIE G M, WANG L. Quadratic stability and stabilization of discrete-
time switched systems with state delay[C] // Proceedings of the

43rd Conference on Decision and Control. Paradise Island, Bahamas:
[s.n.], 2004: 3235 - 3230.

[14] P&, B, FIRAR. WA N EE MR R RE R E
PE[]. FEH5 ek, 2002, 17(4): 431 —434.
(SUN Hongfei, ZHAO Jun, GAO Xiaodong. Stability of linear

switched systems with delayed perturbations[J]. Control and Deci-
sion, 2002, 431 — 434.)

[15] BRubte, JCiaut, P/, AN g B 0N R) 5 /R R] SR D) N A R 4
PR B A [T, 2138 5 R, 2006, 21(4): 599 - 562.
(CHEN Wuhua, GUAN Zhihong, LU Xiaomei. Guaranteed cost con-
trol for uncertain discrete-time Markovian jumpsystems with mode-
dependent time-delays[J]. Control Theory & Applications, 2006,
21(4): 599 - 562.)

[16] RB—, A AN E I AiF etk B DI e R ST 10 B Hoo 5 1],
F Bk, 2006, 32(5): 760 — 766.

(SONG Zhengyi, ZHAO Jun. Robust H., control for linear discrete-
time switched systems with norm-Bounded uncertainties and time-
delay[J]. Acta Automatica, Sinica, 2006, 32(5): 760 — 766.)

[17] MORI T, FUKUMA N, KUWAHARE M. On an estimate of the de-
cay rate for stable linear delay systems[J]. International Journal of
Control, 1982, 36(1): 95 - 97.

[18] SLOTINEJ E, LI W P. % F £k i HIIM]. %8 [ 2%, D45, &
Jbat: EEBE Tk R, 1992.

[19] 551, AE R GG R MW 5 & il s W ikt
S¥ID). Pz AL Tl K2, 1998.

e T

SIHT (1976—), 3, Tk, BIZER, HF TN DI R e
ANl 5T I AR 8 AR A L 2R I AR T M 4 M %%, E-mail: zong-
gdeng @yahoo.com.cn;

REMR  (1962—), I, HER, W1 AE W, HFFTGUR N A 25 hg 45
il ARt RGP IR R A HISE, E-mail: wyq@qfnu.edu.cn;

BMETT  (1968—), 53, H#%, {230l HFFTAU o BEAL R 46
P T RG] M A E P20 HT45, E-mail: syxu02@yahoo.

com.cn.



