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Delay-dependent robust and non-fragile H-infinity control for

uncertain state-delayed jump linear systems
KANG Yu, XI Hong-sheng, JI Hai-bo, WANG Jun
(Department of Automation, China University of Science & Technology , Hefei Anhui 230027, China)

Abstract: This paper studies the problem of stochastic stability and disturbance attenuation for a class of uncertain Marko-
vian jump linear systems with time-delays which are time-varying and depend on the system mode. Sufficient conditions for the
existence of a robust and non-fragile H-infinity controller are derived. By using the change of variables and Schur complements,
the obtained conditions can be rewritten as a set of coupled linear matrix inequalities(LMIs) , and the H-infinity controller can be
constructed through the numerical solution of these IMIs. An illustrative numerical example is provided to demonstrate the effec-
tiveness of the proposed approach.
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2 (B BHiA (Problem statement)
e N HA %82 Markov BEBR I BRI A E
RELERTERA
(1) = [A/(r) + DA () Ja(e) +
[A2(r) + Ay(r, ) ]a(t - 7, (1)) +
[B,(r,) + AB(r,y ) u(t) + By(r)w(t),
2(t) = [C(r) + AC(r,,t)]x(2t),
x(s) = f(s), r, = rg, s € [ - p,0].

(1)
Hep: x(r) € 2" BEGRRSER, u(1) €M R
BEHIAA, w(e) € 5™ & L,[0, o) EREESMTI
;ES, L,[0, o) TR0, o) HAEEEIATREK
) PR BT K RIS (8], 2( 1) € =™ —RRGMEL
fCo) B En R AT A SR, r, RTE R HUA FREE
S = {1,2,, Nt EHE K% LER (8] Markov BkERT
Bl LR BmER
) ) ;A + 0(A), i# 7,
Pirtw:]‘ e l}={1 + ;A +0(A), i =j.

H
IAiLHOO(A)/A =0 (A >0),
mi(i,j = 1,2, N) & r, WBES  BREE 2 B0F%e
BE JFH
Ty o= - ij(ﬁij =0,7-1). (2)
XA 1, € S, REMMERH S <, (1) LA
IR
0<r(t)sp <=2, z,(t)<sh <1, ¥Yr €S,
(3)
Hep: E—r, € S, b, AEHKEFE,
u = maxi,u,l,r, € St, FEWMFBIE:
®ig 1Y RFEFEEEE e > 0HH
2 + &)l < plx(), 6 € [-24,0], (4)
A(r) € BV, Ax(r) € R™",B((r,) € E™™,
By(r,) € R™™, C(r,) € R™*" Z T HMH BUERE.
AA(r,,t) E R™" AA(r,,t) ER™™,AB(r,,t) €
R™MOAC(r,t) € R™*" 2R B 28 A8 E
B, JEEAESEWIER
[AA(rst) AAY(r,t) AB(r,t)] =
H(r)F(r,OLE(r) Eyr) Es(r)],
AC(r,,t) = Hy(r)F(r,,t)E(r,).
Hob g —14 r, € S, H(r),H(r),E(r),
Ey(r),Es(r), Ei(r,) BREFREAE SR T

BOERE, F(t,r) BARMBBEAEE HEHHER
e R, T 2
F'(r,,t)F(r,,t) <1, Vr, € S. (5)
LUSKENS r, = | FZIEBEM(r, = i) A M,.
2 UK R R M AR i 4%
u(t) = K(r)x(1). (6)
7 I 2 4 ) 4% 1O e 55 P () R, RTH S B LA b 4
ety FoR o]
u(t) = [1+a(r)e(r,)IK(r)x(t). (7)
B o(r) € 5, ¢(r,,t) € B™*™,K(r,) € R™*",
a(r)$(r,, 1) K(r,) RER SFEBNGHRERE I H
MEE r, € 8,

a(r) > 0, a(r) NEFERE,
T, 0)(r,t) < I, $(r,,0) IFRMITAFNERE.
ASCH) B bR R

i) FESMRESN w(e) = OO T, TR A
BKER RS (1) 2XIHEXTHEBRE T 0 &4,
BIEAEIERE a > 0,6 > O{F B, AFIEERE xo
KU RGRE T IR x, (o) 15 RIS

El|x(x0)|* < bl xol?e;

i) EEMEFM T, FRESHBRERRRE(1)
BEAEGER HMERE v(v > 0), BN REEAE
PR L, 325 7:

J =B 170200 - Pu(Du()lar <0,

Vw(t) € L[0,) (8)

MIFESr R

3 THERALEMRTRESRIERBEE
(Robust and non-fragile stabilization for un-
certain hybrid linear systems with time delays)
BHERSIARNMEREAREATIHE.

318 1 Schur #MEHE. & 0 > 0, ERE
Qll 012
= (9)
o-| n on]
RIEEEERTE AR

Qu - 01202 0% > 0.
HPEERERX M > 0FRR M HIEEHERE.

53 22 X FEAE LYEBEER Q = Q7
H,E,R = R" > 0, WX FEMAH%E F'F < RWIE
M F&8H

Q + HFE + E"FTH" < 0
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WAL T D BEFERAEERR A > 05
Q + AHH" + A-'E"RE < 0.
EE 1 MTAHRECRSEENERRE(D, R
ESMBRFHANE (w(t) = 0). MRFEIEERE
P >0,0>0,Z >0, EHIBRKERE K, FIEE

1 2
i

X Xi
s, = || 0 s K R

Y, T; ﬁmﬁﬁf\u > 0,4 > 00 € S)EFTH n
MRS EEAERX(10) Fl n MEHEEEASE
F(11) [R) s BT ‘

[ @1+ AyETE: Pu+AyElEy pALZ  PBi+AyElEs, K} PH,; K T
OhL+AELE ;. Pp+AnEsiEy  pALZ A2ELEs; 0 0 0
wZA,; 1ZAy; - uZ uZB,,; 0 wZH,, 0
W, = | BlP;+A,ESEy; ApiESEy; pBLZ  — I+ A ESEs, 0 0 0 < 0,
K; 0 0 0 —T+A ¥ 0 0
HT.P; 0 uHZ 0 0 Ayl 0
: K 0 0 0 0 0 ~addg
(10)
Xt x? oy, 27t - 7;(£))ATP, x(1), (13)
r, = [X%T X Ti} = 0. (1) WV, <2"(1) Qx(8)-(1- k) x"(t -7, (£)) Qe e -7, (2)) +
vi Tz i€$ zN:n,»jJt x"(s)Qx(s)ds, (14)
E,;F, i=1 t-7(1)

v
@y =A1TiPi+P,-A1i+Z; 7P+ Yok Y04 (L4 mu) Q4 X1,
j=

@y = PAy - Y+ Tl + #X%,

Py == Ti- T{ - (1= h)Q + pXi,

7 = max! | 7; | ,i € S},

MR u(e) = K(r)x () REEFRSN, AR
FKOWHARREEY T ELTHEERE.

i EEBIERA SIS Bz Rk st
HIFRPRIR & R R So(BIRGE(D 1 w () =
0,04,(r,,t) = 0,AM45(r,,t) = 0,AB\(r,,t) = 0,
AC(r,,t) = 0,9(r,,t) = 0). B Lyapunov sRE{IN T :

V(x(t),r,t) = Vi+ Voxr Visu Vs, (12)
Vi = s (1) P(r)x(t),

V, = J:_T (t)xT(s)Qx(s)ds,
0 t
)
ve=[ Jt:ﬁxT(s)Zx(s)dsdﬁ.
B G, = i € S, REREH/NEFS!,

mE
vV, = xT(t)[(Au'f'BliKi)TPi"'Pi(Ali"'BuKi)+

Vs

+ﬁxT(s)Qx(s)dsd[3,

anPj]x(th s () PAyx(t — 7,(t)) +

v = nﬂmeox(z)—vf:_ x'(s)Qu(s)ds,  (15)
WV, = ui" (1) Z5 (1) -

J:_ £T(s)Zz(s)ds < ;th(t)Zx(t) -

]

L’_T_(t)st)zaa(s)ds. (16)

HRQ)AMO)VE
2 WUJ (t)xT(S)Qx(S)ds <

_ niiJ:_ﬂxT(s)Qx(s)ds < UJ:_PxT(s)Qx(s)ds.

(17)
55— EH B E T R A
)
EOX(ED - EOX()Ews > 0;

¢

(18)
i)
202" Y(r) + (2 - 7, (D) T(r)] x

[x(2) _J:_ (t)x(s)ds - x(t - z',t(t))] =0.

¢

(19)
Hep e'(0) = [«"(0) «"(e - 7, (1)), HHAE
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TV(x(1),i,t) < ET(t)EiE(E) —[t

Hrp

x"(t,s) = [«"(e) «"(e -7, (2)) 2"(s)],

D) + K'LI‘BTL'PL' + PB K + #(Au + BliKi)TZ(Ali + BliKi)
@1, + pA2Z(Ay; + B K;)

n

i =

izf Schur #NEHZ W, Z < 0FHMTF

[ @y D), #ARZ
@E Dy #AQZ +
‘uZA\; plAy - pZ
[ PBy;
L uZBy;
rKT
o}ﬂﬂﬂ 0 wBlZ] <o. (21)
-0

[ 1 31 8 2 AT (21 RS ) — T4 S
FE—TIEFEE A, € S > 0fFF
D o, pAlZ

o}, Dy F‘AgiZ +
#ZA“ #ZAZi - #Z

PB,;
Ay 0 |I[BiP, 0 uBlZ]+
HZB;

K!
{o}ﬁ& 0 0] <O. (22)

0
AP AQAZ AKX A Y AT, 53 RV P, Qs
Z,X;,Y:,T;, B Schur #hE BT A (22) M T
[ &y P pATZ PB; Kl
o Ppn pAzZ O 0

W,=| pZA\; pZAy - pZ pZB; O < 0.
BTiPi 0 /JBTLZ -1 0
LK 0 0 0 - H
(23)
BRI 1 7T URA 5 118
Valxy,rst) < 7, (0) pAma{ Q) 2" (£) (1),
nu“nJ)<lw,m (Q)x"(1)x(1),

Vilx,,r,,t) < 2;1 20(Zy + Zy]a () x(1).

(24)

)XT(t,s)Fix(t,s)ds. (20)

t—7.(t
i

@y + u(Ay + BIK) ZAy;
Dy + /‘A;iZAZi .

Hrp
Z,

/\mg[CT(r,)ch(r,) + Gi(r)ZG\(r)],

r
t

ZZ = Amax[Ag(rz)ZTZAZ(rt) + A;(r,)ZAz(r,)],

rn€s

HiL8#H

e167 () x(t) < V(x,r,t) < pax' (1) x(t).
(25)
He
o1 = Amin(P;) > 0,

€S

mdx(P) +pol(p+ 5 2)/\.mx((?) +

P2

5#2(21 +Zy)] > 0.

3 (20) AT A
TV(x,,i,1) <

FWEEW - | )Ny e)ds <

A= BN () x(2), (26)
N TEE x 2 0F

V(x,,i,t)
V(x,i, 1) S~ 0%

Hep p3 L mlgl{ﬂ“(p—_z@}>

KT8
EV(x,,r,t) = V(xg,r9,0) =

(27)

0, Wiy Dynkin’s 23

¢ ¢
E{JOWV(xS,rS,s)ds} <- pg,L)Ef Vix,,r.,s)lds.

(28)
FiH Gronwell-Bellman 5| B A1 (25) ] 41
ol x(D? < BE1V(x,, 1, 0)} <

exp(— p31) V(xg, r0,0) < exp( - pst) 2] x(0) ]2
MTHER T RGE R T BN ER .

X FABER RS () NE BRI, R
RS EBEAER ()T HERGTER A, A4,
B\, K; %ﬁﬁi;ﬁm%%ﬁfﬁ%fi“ + H”Fi(t)E”,
Ay + HuF(1)Ey, By, + HF(1)E;; MK, +
a; $:(t) K; HFT 5 BT A
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%68
PHy;
0
W+ | uZHy; |F,(e)[E;; Ey 0 Es 0]+
0
0
CET
E3;
o |F()[HTP, O uHTZ 0 0]+
Ej;
L 0 J
(0
0
018.(t)(K, 0 0 O O]+
0
L g
KT
0
0 {#7(:)[0 0 0 0 o] <O.
0
L O
(29)

[FIFEs 5 28 2 mf 0, 5K (29) BRSL B — 1S e &
HRAFELER A, > 0,4 > 0,i € S{HH
PH;;
0
W; + A3'| pZH |[HTP; O pHTZ 0 0] +
0
0

Ayl 0 |[E;; Ey O Es 0]+

Ayl O{[0 0 0 O

Al o |lK; 0 0 0 0] <O.
0
0
(30)

M Schur #h5E 38 /] IR (10) 41 T (30) . NS
FEAREXQO)MODBSLRIET ARER L
PR R GE(1) 277 BT 8RR m, F B H
trya=g =R ’

4 THERGLERT RSN H. 883k
55%2 #l (Robust and non-fragile H,, control
for uncertain hybrid linear systems with time
delays)

[RIAESE 25 S8 A Sh S 3l ELIE ) 25 T sh i i
PRIBE LM RS = (ARG A4 (r,,t) = 0,
AAy(r,t) = 0,AB(r,,t) = 0,AC = (r,,t) = 0,
$(r,,t) = 0) B9 Ho #H A]E . AR T 4518

B2 MThRRRSLENERE =, R
FEEESEE P, > 0,0 > 0,7 > 0, FIEEHEMK

Xt x# x?

X? |= 0, WIS REUERE K A

Xl}T XZBT XI‘LB

HABE SHRHEE Y, T,,N,(i € S) Hif5 T3 n

PMEHBESEERERXG Mo MEREEER%

A(32) [ AT

M, =

[&,+C'C; Dy 5 pATZ PBy; KT

o, On On mIZ 0 O
oL L Oyu-IuBlZ 0 0 <0
HZAy;  plZhy; pZBy; - pZ plB,; 0
BT.P, 0 0 wBlZ -1 0
L K 0 0 0 0 -Hgg
(31)

xioxz o xB oy

_ XXz X3 T

r; = o gy > 0. (32)
Yi TT NIzl

H

N
@ = ATP; + PAy; + Eﬂiij+ Y, +

e
YTo (14 ) Q + p X,

Dy =PAy - Y+ TN 4 X2,

D5 :PiBZi+N?+pXIi3,

Dp =— T, - TN = (1 - b;)Q + puX?,
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L rE

By =~ N+ u X2,
Oy =pXP, 9 = max{ | 7;|,i € S},
MISRHRRSE =, FEBH 16 2 T RATAE Y e PR

Y EHFER w(0) € L0, o) AL

iE %R Lyapunov BRECAH R (12) , BT E
| BRI T AR

i
AEOXGIED - [ FOXEDs > 03

t

(33)

§7(e) = [«7(e) 2"(t - z(1))
@, + KIB,P, + PB,K; + -
p(Ay; + BIK) Z(Ay; + BIK;)
Fo o, + ,UA;L'Z(AH + B K;)
‘51T3 + ,UBgiZ(Ali + BliKi)

[y

B Dynkin’ s AR M, EFWBEEG T I E
w(t) € L[0,0)H
J =

B [27(0)2(0) - Pu(0w(0) + BV (x(1), i, )Yt -
E{V(x(T),rr, D) <
I [0 - AT w(0)+ WV (1), )t
BAGHRALR,®

c'c, o o
E+| 0 0 0 &(t) -
0 0 -r

(36)

T__
7 <Ei[ (8

J‘t ()?ET(t’S)Fi;((t,s)ds]dtf.

i35 |3 2 F1 Schur #hE B AT A (31) FI(32)MRIET

w' ()], x"(t,s) = [«T(1)

én + ‘uA2TiZA2i
‘3{% + /"BgiZAﬁ

Ly, PB + '12iE|TiE3i KT PHy;
L, AgiESiEs; 0 0
Ly 0 0 0
Ly HLBy; 0 #ZH,;
Ly~ 1+ AyEjEy, 0 0
Le 0 -1+ 2,07 0
L, 0 0 - Ayl
Lg 0 0 0
Ly 0 0 0

L Lig 0 0 0

i)
Z[xT(t)Y(r,)+xT(t—z‘,‘(t))T(rt)+wT(t)N(rt)]x

[+ = ] 5(9)ds 2 - 2, ()] = 0,

(34)
T4
TV(x(t),i,t) <
FWEEW - TR, )ds.

(35)
He
xT(t - 7, (1))

w'(t)

2T(s)],

Py, + ,U(Ali + BliKi)TZA2i ‘513 + #(Ali + BliKi)TZB2i

Dy + pALZB,;
@33 + uBLZB;

R G6)HITEN, NTTIER TR RS =, TR
ZUBTEAAEN H AR v, BIXTFEE w(t) €
L,[0, ») AKX (8) WAL .

EEHE | fiEs 2 R E, AT — 283
MAERGLAERFEREN Ho &R BHIES

EE 3 M TFAHERSEERBERE(D), N
BREEFEEEE P >0,0>0,Z>00i € §),¥IFE
xioxiz o xB
X X2 XF
X%ST leBT X%S
K URBAESERNERY,, T, N, fIEEK
/111' > 0,/12,' > 0,/13i > O(i - S)ﬁ?& n/l\%‘lﬁf;ﬁ%
AER(32) MITH n NMEMBEESEEAERG)H
B BT

ERERE X; = = 0, #Hl % REUE

K cT? E} |
0 0 0
0 0 0
0 0 0
0 0 0
<0. (37
0 0 0
0 0 0
- Al 0 0
0 ~ I + Ay;HyHY, 0
0 0 - ,13,-1J1.6 s
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Hep
(L] [ @u+ AuETE: D+ Ak Es; D3 pATZ
L, O, + AyELE), Py + AyESEy, Dy vuALZ
L oY, % @y - 1’1 uBLZ
Ly HZA,; HZA; HZB,; - pZ
Ls BTP, + MESE, AsETE,; 0 pBY.Z
Le |~ K 0 0 0o |
Ly HTP, 0 0 uH'Z
Lg K 0 0 0
Ly C; 0 0 0
L Lipd | Es; 0 0 0
D, D1, P13, Pops D3, P33 HIE XL [EIEHE 2. W 451 B - [— I]T B - 0.6
% u(e) = K(r)x(e) RBEERS N, LRGSR # 7 Lol P m
FTUHRAMHTEBAEN Ho tERE 7, BIXTFER B —9 Ea o [— I]T
w(t) € L,[0,0) #AX(8) BL. AR ¥\ Y
iE HEBHEAGEBEASERG) PHE R = pp = 0.1, by = 0.5, hy = 0.4,
B Ay, Ay, By, G K BRI E REGERE A, + ay=2,a =3, 7 = 1.2,
HF(t)E\ i, Ay + HWFi(1)Ey, By, + HF;(1)Es;, HEUE R R
C; + Hy,F (1) Ey; M K; + a$, () K, #4750 BB ], K T T -20 20
A TR 1, X RAH = [n,z nn] =1 70 - 70]'
5 {7E(Simulation) A F MATLAB LMI TE4f, g 2(32) 1 (37) 7 ## 15
FERIENX(DH MR AR TR RS e 1.8266 —0.8598]
G4 Markov BKEKB 8 r, ER MRS (r, € S = ' [_ 0.8598  1.2383)°
{1,21). XTRB9A 3.9361 - 1.6941]
A [_25 -5 ] A = [0.5 0.4]’ 27 11,6041 2.4939)°
1 -25 -1 -2 0.0249 - 0.0115
- 0.8 0.5 “l_o.0115 o0.0106!"
Bu=|" ] B =[],
1 1 [ 4.9889 —3.5848]
1 5 0 ' T l3.4358 4.6244!"
R R O
1 0 -1 o[ 45059 -3.3150]
(- 0.4 1 -1 27 03,4965  4.9a47°
o = | ee= [ ]
L1 -1 0.4260 - 0.2917
1 217 “lo.2917  0.42920”
Bn:q]’czz[l] ’ - 5.1987  4.4090
1 5 T =l a5 50004
= LQ]’ By = [0_5 : [ 4.2623 2.9091]
0.1 221 43g37 55305l
Ea = [2 ] » By =-0.5, F0.2182]" ’
N, = ],N2=[—0.1608 0.19301 ,
0.917 - 0.2333
My =1, Ea = [0_2] , K, = [1.0097 -0.6615],
| 1T K, = [-2.0533 2.00531,
Hyo = [1 > Bz = [_3] ’ An = 0.1667, A, = 0.0833, Ay = 0. 1737,
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Apn = 0.4199, A3 = 0.3435, A3 = 0.0860, jump systems with mode-dependent time delays [1]. JEEE Trans on
= Automatic Control ,2003,48(5) :900 - 907.

Xy = f6] ALIYUMD S, BOUKAS E K. H., control for Markovian jump non-
[ 117.7061 - 82.325 - 8.7713 63.4681 - 6.5792 liner systems [ C]// Proc of the 31th IEEE Conf on Decision and
- 82.3255 8B.6699  63.4681 - H.6317  0.0821 Control . Tampa, Florida: [EEE Press, 1998:776 — 771 .
- 85.7T3  63.4681 81.1513 - 9.9%68  3.2900 |, [7] BENIELLOUN K, BOUKAS E K, COSTA O L V. H,, control for
63.4681 - 69.6317 — 59.9768 6.426 - 1.5681 linear time-delayed systems with Markovian jumping parameters [ C]
// Proc of the 38th IEEE Conf on Decision and Control . Phoenix,
- - 6.592 0.0821 32000 - 1.5681  9.1835 Arizonas [EEE Press, 1099: 1567 - 1572.
X, = [8] KEEL L H,BHATTACHARYYA S P.Robust, Fragile, or Optimal?
8l.66l16 -23.3613 -30.0166 35.4312 - 15.379 [1]. IEEE Trans on Automatic Control ,1997,42(8) : 1098 - 1105.
733613 215.2947 35.4312 -95.0509 - 8.1841 [9] FAMULARO D, ABDALLAH C T, JADBABAIE A, et al. Robust
00166 B.48012 T80 - 6459 - 2.0006|. non-fragile LQ controller: the static feedback case [C] / Proc of
Amerrican Control Conference . Philadelphia, Pennsylvania;: AACC
B.4B12 -B5.009 -56.5459  8.549 2.1411 Pross, 1998 1109 1113.
L-15.379 - 8.1841 - 2.0906 2.1411 9.4353

6 4512 (Conclusion)
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