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Robust H,, Control for Uncertain Stochastic Singular
Systems with Time-Varying Delays

XU Fang, WANG Tiancheng

(School of Mathematics and Statistics Science, Ludong University, Yantai Shandong 264025, China)

Abstract : This article deals with the problem of robust H control for uncertain stochastic singular systems
with time-varying delays. By constructing Lyapunov functional and employing improved free matrix inequality
and It6’s formula, a state feedback controller is designed to ensure that the resulting closed-loop system is robustly
mean-square admissible for all uncertainties and has an Hs performance index 7. Finally, an illustrative example

is given to demonstrate the effectiveness of the present method.
Key words : stochastic singular system; time-varying delays; robust H. control
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iz FBEAL T AR ENe T I8 R GiAe e i BIR Z R, DL d s th AR AN A X SR e LA St Al ok o
PRI oE B R B BRAR. AN SC T BB R GRS 45 R BIANH ERENLA S R 58, B S i BEH LS
TRGRE VRN, DS A BEAILI ) 2 A 45 1) A

W05 ENHBEE T CNTT/INA T XHFRRXW) G5 deg { }FRRITHIIBEL det { ) FR A FERTT
| Sym { X} =X +XT; diag { MUENFAPIERE; col { }FRFI 1% L2[0,00) N E XAE[0, 00) bR HHESE T
AR PRELZS (8] LP2 [Q x [0, 00) W AE LAE[Q x [0, 00)] 77 TR BAS AT 0 £14) 52 48 A Hilbert [ £ {EL bR ER 2 1]

1 [ iEiA
e TR — A B SR R4
{ Edz(t)=[(A+AA() 2(t) + (Ag+ AAy 1) x(t—h(t)) +(By+AB, () u(t)+ B,o(t)] dt + B,a(t)dw(t)

2(t) =Cx(t)+ Cux(t—h(t)) + D, u(t)+ D,v(t), x(t)=¢(t), te[-h(t), 0] @

Horp: 2(t) € ROZERGURE, w(t) € RMEERIFIA, v(t) € RYZE T L2(0,00) 28 B INTILSN, 2(1) € RUEE
TLE2 [ x [0,00)| 2 AR WS, E, A, Ay, B,, B,, B,, C, Cy, D,, D, JEFIREAIE HYEEH) SR,
rankE =7 <n. AA(t), AA4(t), AB, (t)FEE R E SEOERE, I HA T 454

[ AA() AA(t) AB() |=HF(®)| M, M, M, ] )
Hrp: H, M,, M,, M,hE B EA S AR LRI, F(t)FREA Lebesgue A] M T 1Y AN bR B FE, 1 12
F'(t)F(t)<I,Vt (3)

w(t) e XAETE MR 6] (Q, F, P) LW —4EbriAi Wiz 3h, If Bl TR A}, RBEdw ()l (t) S22k
PEARSL Y, I HLA R T 1A e L) o)

dtdt = dtdw(t) = dw(t)dt =0, £{dw(t)} =0, £ {dw(t)dw(t)" } =Idt,

h(t) ARSI AR, W0 < h(t) < d, 0 < h(t) < p < 1, Hod, o IEARR, AT REEL(L)IE A o) €
C[—h, O] A AHZS 1Y 3% 25 1) 12t (R (L PR
AT B BB — N TECA PR S R s i

u(t) = Ka(t), K € R (4)
S RS
Edz(t) = [Aka:(t) + Az(t—h)+ Byo(z)| dt + Bya(t)dw(t) (5)

1) Yo(t) =0}, RGEE TP BME, B TSV,

2) MM Bl (6) IR 2 (¢) 15 328 BREG . ()P LH GRS I 25 7 10 S8y, BI|2(t)) , <
Y[v(@)]l,-
Hi: A, =A+B,K, A= A+AA(t), A, = A, +AA(t), B, = B, +AB,(t), |v®)|5 = [ZoT(tv(t)dt <
00, ||z(t)||2E2 :gfooo 2T ()2 (t)dt < co.

Lf = Akx(t) +Adm‘(t— h)+ B,v(z), g = B,z(t). WHARRS(5)Z R Edx(t) = fdt + gdw(t), B LIEE
JEEx(t) =E$(to)+f;0 fds+f:0 gdw(s) FIES.

F 1 ARSCE S TR PRSI TCIC I R R ER S s R K. RS BRI R GRS
A e LA A Bt 3R BN, SRS E R A 5 2 AR, JCRIE At RGE M hilME . X TS i i
i, IRAS ST RENS A AP I R SE, M HARE IEH TAE. MICICAZE, W 2 il i 0 OB T Y i iy i
MG, AT R G Dy SRS, T il 4 o g i PP 3 RN Ak AT RS PR, 38T S0 RN 3 s 76
Tl PSR Tz, tean Tolk A 3hik | fZIRas s | i ARG 5%
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Bi& 1% rank([E B,)) =rank(E)=r.
WRARBE AT, HRAESVD, WIAFAE TSR Ly, Lo, fEAHH R RS (5) S HOE AT AR i

I, 0| . . A A, | - B,
E=L,EL,- A, =LA L,=| "' "*|,B,=L,B,= ",

0 0 A; A, v2
_ - A A _ B, B,
A,=L,A,L,=| °" “*® | B,=LB,L,=| "' "

Ap Ay 0 0

Hr: A, eR™, Ay eR™, B,y eR7™, B, €R™", ALy 2(t) = col {21 (), 22(t)}, Ly 'z(t—h) = col{x,(t—h),
ra(t—h)}, 2 () €T, a4(t— h) € R WIFFRRE (5)BAMH

dz, (t) =[A121(t) + Aoz (t) + Az, (t—h) + Agaza(t— h) + B,v(t)] dt
+ [Bu121(t) + Buox(t)] dw(t),
0=[Asz,(t)+ Ayzs(t) + Agzz,(t —h)+ Agza(t—h) + Byo(t)] dt.

LA, RGNS T RGN RE, PHEBENLIUAEE TS T REH, AR RGEHA.
EX 108 1) tfdet(sE — A)MMEZET0, WFRHREXTH(E, A)ZEN#.
2) Wikdeg(det(sE — A)) =rank(E), WHHFEXT (E, A) & TChk .
3) X FHIHLRSGE (1) TEu(t) = 0Flu(t) = OB T, Wikt — oofft, FE||z(t)]|* — 0, MIFRRGE XK F P4 Xt T
JITA AN 2 R R R A AR E 1.
4) WRSERERT (B, A)IEN], Fefkif, It BB A E MRS B e 1, AR R SE(1) & Hy
VR
513 1 X FHIARRL(S), FEAEMHEN, e R N, e RV, IEEHFEZ e RV, 43 T 51 A GEROT.

-/ | FTZfds< €T (Sym{NTII} +dNTZ'N) ¢,
t—d

/ﬂ\:c':]: N:[Na Nd]a II= {E _E}v §:£(t):COl{$(t),$(t—h)}, f:f(s)v g:g(s)'
WERR R Z >0nf8Z =27z, Hh z v isEif. 4T = 2. Z7'N ETTT = l

A

Z N N
NT NTzIN| 7

Ll L5 ][]

t t t
:/ frZfds+dé"NTZ ' NE+2E (/ des+/ gwa—/ gwa) N¢
t—d t—d t—d t—d

t—d

P E AR A5 L.

5138 204 HMES, H, LA 148, Hhs i #kiE, JFHEMFOWEFT(¢)F(t) < 1. BAZ+
HF"(t)L+L"F(t)H" <0, *§ HACYHAE—Mrite > 0, fifiS+eL"L+e"HH" <0.

5138 31 ZEHIFES > ORI Y4B A FL, A—LTS'L<S—L" - L.

5138 409 XFEFEE € RV, rank (E) =r < n, #17iF0#, P15 E = B ET, rank (E,) =rank (E,) =, [A]
4P =P", (13 E] PE, > 0, 20 A TSR, T, AG 510 BRS R  22 R AT Rk 04z
4, HITE =0, EA =0. WPE+TTOATEA[, HE E’J@T%%/Tjﬂ(PEJrFT@A ) — PE"+ AGT, 1
. P=P", E'PE, = (E'P"E,) ', @1, @=(A"A) '@} (rrT) .
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2 FEHFZR
2.1 BEAREIFESH
EIB 1 IR En x nEE P >0, Q >0, Z>0, (n—7) x (n—r)4En WS HIn x n4EHE N, N, 58T

HUHEFEA LT . WIFAIR RS (5) & 1 5 il 251/ 1.
W, = Sym {QTAU +NTﬂ} +BY(E*)"E"PEE*B,+Q, +dA"ZA,+dN"Z"'N <0 (6)
Horp
Q=Qe,, Q=PE+T"®A", TE=0, EA=0,
A,=A,e,+A,e,+B,es;, B, =B,e, Qh:elTQel—eQT(l—,u)Qeg,
N:Nael + Nge,, ﬂ:Eel—Eeg,
=] Lo Oue Oy s e2=[ 0 T 0uy s es=[ 0 Opn I, |-

WERR 5, RATUERI AR R S8 (5) TEo(t) = OS2 IE M TC K b By 4% BB P i ik, 4

_ P, P _ 0 _
P=L;"PL7'=| ' | A=LIAH, = T=HTL'=[0 I._ |,
P3 P4 n—r

_ N., N N, N
&=H,"®H;", N,=L;"N,L,= o el N,=L;"N,L,= e

Na3 Na4 NdS Nd4

HP >0, Z>0, RIEHFEAER(6), 115
Sym{QTAq, +NTﬂ} +Q, <0 (7)

ARG (T AT HTRLL LT 0, 0,0, | FERORETE, W13

Sym{E"PA,+A® T A, + NIE}+LIQL, <0.
HQ > 0, 4Sym{ETPA,+A®'TA,+NTE} < 0, I [Al A ] < 0, HRHESCHK (6] 3] #H2.4,
*  Sym{®TA,}
WA, AR SCIR[G] 3 | 2023, AR (B, A ) SR IEWUEBhhy, JEP A, A, 5ASCHE T,
[FPRER T, KRS (N ZE AT TR [ LY LY 0, | IR, T

Sym{E"PA,+A®"TA,+E"PA,+A®"TA,} + L QL <0.

0 < < 1,175 | 2 A <0, HUEFER (B, Ay + AR EMTEHRNY, HA,, A, 54

*  Sym {@T(A4 + Ad4)}
THETEK.

L FATHE R (1) = ORIZRAE T, HIFRRGE(5) 5 TP 8 s O X A AN E PR G PR BT R E Y.
U T 2R T I PR

V(t7 337) =V (J;T) + ‘/Q(t) + Vi‘v(t)v
Vi(z,)=2"(t)ET"PTEx(t),

v2<t>:/ *(5)Qa(s)ds

/ / s)ETZEi(s)dsdd.
t—dJo
48

HIZ PRI, LAV (t,2,) € C12 ([—h, 0] x R™), RGOV, WrE PR RGE(5) M HUEXS V (¢, 2. ) oy, A4
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Vi 1.0V,

=262 (1) E"PEdx(t)+ £d2" () EY(ET)" EYPEE* Edx(t)

=227 () EVPfdt +tr (gT(E+)TETPEE+gdw(t)dw(t)T)
= 2T (t)ETPfdt+g*(E*) EYPEE*gdt

= LV, (z,)dt.

EAV,(t) zg%dt
=2"(1)Qu(t)dt —z" (t—h)(1—h)Qu(t — h)dt
= LV,(t)dt.

Vs
EdVA (1) =€ *dt

t
=Edi"(t)ETZEi(t)dt—& / " (s)ET ZEi(s)dsdt
t—d

:dfTZfdt—/ fTZ fdsdt
t—d
= LV3(t)dt.
HTE =0, #1700 M9k
EdVy(z,)=Ex" () A® T Edx(t)

2T (H)A®TT [Akx(t) + Ay(t—h) +va(x)} dt

LV, (z,)dt=0.
Zi b, MRAE5 18, Al Ay
LV (t2,) = LV (2,) + LVa(t) + LV (£) + LVa(x,)

=25 ()" f+ ¢ (ET)"E"PEE" g+2" (1)Quz(t) — 2™ (t—h)Qu(t—h)+df T Z f© — t frZfds

<2 (O [ 1" (BY) BT PEE" g+ " (6)Qu(t) 2™ (t— h)(1— 1) Qult —h) +df 2
+&T (Sym {NTII} +dNTZ'N)¢
=n"W,n.
HH: Q=PE+TT®A", n=n(t)=col {x(t),z(t—h),v(t)}.
E 2 dVi(z, )P Z TR GBS T PRI BLE, DIME 5 2455 5 B AN S5 A T2 kAL
FHER(0). fEv(t) = 0N, BT, <0, 0
ELV (t,x,) SENTWin < —aklln(t)]” < —akllz(t)[|* <0 (8)

HHft o= min\ (=) > 0. iH3(8), 7T lim V(¢ a,) = OFIE |lz(t) || < —(1/a)ELV (t,x,). HE HJE BRI TA
A e NI =

/ 5||z(t)||2dzg—§5/ LV (t2.)dz
0 0

==L [Elim V(t,z,)~ V(0,0(0)] < 2V(0,0(0)) <o

HEREBE||2(t) ||PHE]0, 00) b2 —BGELERY, R EH4ES | BROT R (9), ﬂﬁ%tlggoenx(mf = 0. FrUAPIHFR
45 (5)1Eu(t) = ORI EAE X T A ANif e R S e R e 1.
28 FTIR, AR G0 (5)1Ev(t) = OF S S8 HE 4 a] 2594 11).

(9)
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2.2 BH ST STt

IR 2 ey > 0, WRAFAEn x n4EHEEP >0, Q >0, Z >0, (n—7) x (n—r)4E0] B[S FIn x n4E4H
WEN ., N, 85 NIRRT, WIAATE— SRS B A% (1), (IR R G (5) 2 B BB T 5701,
It HEA H PERETR PR,

@, = Sym {QTAU +NTﬂ} +BY(EY)"E'PEE*B, +Q,+dATZA, +dNTZ ‘N +ZZ, —+*eTe; <0 (10)

Hr: Z,=Cres +Cue, +D.es, C,=C+D,K.
IERR AERR Iy > 0, MRS TEREREPRPRELT = & [° [27(t)2(t) — 7?0 (t)o(t))dt. MRS 1 RZHES35 I ALY
i, FEEVG AT T, SHEBIEZ v(t) € L2[0,+00), A

J< 5/00 2T (#)z(t) =y v  (O)v(t)+ LV (t,2(t))]dt = /00 N Wyndt.

HA5F(10), AIRT <0, BIY|z(8)]| 5, < llo(t)ll,, FTLAMIIRREGE (5) HA Ho PERETE Iy
2.3 MEFERERL

T 3 AR > 0, NRAEER x nZEEEP >0, Q >0, Z >0, (n—7r) x (n— )4 WA FED, n x ntfE i
VEN., Ny, Bl SARSORIEY, AR AR (L) ML, WA — AR R () = Y (PE™ + A®T)
z(t), (IR R G (5) BB ATV, JF H B H  HERETR bRy

‘Ilg = |:=l1

2

[ [

<0 (11)

* 3

-

[

—

~ T ~ —
=Sym {WITWQ +N H} +Q, +cel HH" e, —y’e; es,

)

~ T ~T ~T
c |

2=[W3T M N B. z
, :diag{—d_12+5HHT7—aIn,d‘l (E—Sym{(z}) 7—ETT13ET,—Iq}7

1)

W1 —=ée,, WQ = <A§+BUY) € +Ad§eg +Bve3,
W, — (Aﬁ—i—BuY—kgHTH) e, + A,Qe,+ B, e,
& = &ael +&d62, ﬁ =E"e;—E"e,, éh = e?éel —eg(l _N)éeza

M= (Ma§+MbY> e, +M,Qe,, B, =ETE*B,Qe,,

Z.=(CR+D,Y)er+Ciftes + D,es. = PE"+ AST.

IERR HE B AR ATENA, = A+ HF ()M, JEXF0(10) R d AT Z A, B ST /R b | B, Al 45

YT+, AT
* —d'Z-1

QTH

o |FO [M 0} +

]\iﬂ FT (1) [HTQ HT] <0 (12)

o

Y,=Sym {QTAC+NTfI} +Q), —~eles,
Y,=dN"Z 'N+BY(E"\"E"PEE*B,+Z2"Z.,
Ac = (A+BHK) € +Ad62,

M:(Ma+MbK)el+Mdeg.

WRYES B2 EF /Kb | B, mT(12) BT, 24 HACYFfEbR ite > 0, (45 T TR MEAN S5 7
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YT, + Y.+ QTeHH™Q  AT+QTeHH™ M"

* —d*Z'+¢eHHT™ 0 | <0.
* * —el
XU S A T 7R ARG | B, AT A
[‘1 T] <0 (13)
* =3
/\':P
E =", +QcHH"Q,

[1]

2

[Ar+QreHHT MT NT BD 77,

[1]

diag {—d*Z*1 +eHH",—cI,,—~d "' Z,—(ETPE) ", —Iq} ,

3

B,=ETE*B,e,.

PR AR (13) ZE AT A BT Ll diag {2, @7, L, I, L, ' L, LY VB IO E, 3F RS 3, HE
LIRS, < 0T, AR (13) 07, Hiie=0"1, Q=0-7QQ", Z=2Z", N,=Q"'N,Q", N,=
Q'N,Q 7L

T 3 XMEHTHSR, TS BY(ETY)"ETPEE'B, = BY(EY)"E, (ETPE,) E'E*B,,, 45|34, Af
HEFPE %, HHW#5R HETPE,.

3 {AEXY
AN AN EREDLET SRR RS (1), SEANTE

1 1.2 —0.2 2 .
E= 0 ) A= 0 ) Ad = 0 0 ) Bu = ) Bv = 03 )
0 0 0.8 —-0.9 0 —0.5 3 0.2
—0.5 0.3 02 0 01 0 0.8 0.3
Bw = ) C= ) Cd = ) Du = ) Dv = )
0 0 0 0.1 0 0.2 0.6 0.5
1 0 03 0 02 0 0.1 int t
H: 7Ma: 7Md: 7Mb: 7F(t): S cos .
0 1 0 0.2 0 01 0.1 0 0
WU b Btd = 1.2, WS E A = 0.2, W HTYALMIP T AR sdpt 35K fiftde, n] KA B3 S B H . 121l
IR = [~1.085 9 ~0.130 3], F/IMERES b7 = 0.6

PRI 273 5 7R T oA il 2R BEANA SCBETT Y H o A2 ) R GE R RS R P i 107, B8l 1 i il s bR
P,

>
e

annm
nnnnn

nnnnn
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5 53] WO, A AN BELAT S AR I R GE R B Hoo P T 549

4

7% it

ARSCE A — 2 5 AL A7 S I A8 Il R 8, Jll i A 2R T R oK, Iz JHBERLO D R e | R

OM LR AR T, BB T RS T AN A XA G BTl B, HEAVRIEH PERERI T80 251 1L
FYALMIP THARKAE T OGS, A R0IE T 458, BB AR R, Tl sefu AW b H e, ARt
P 2R G L BIAR AL A 1] RS TR 5 R 2 P R A2 ARy, R, X AR SCER Hh ) R GEHEA T B IR
BRI SR —RACEE R RGN . [N, ST E V2 TAETREEE, NS 5 | i
— L REARRBEAL A7 S I R SR PR

Sk

4]
5]
6]
7
8]
9
[10]
[11]
[12
[13]
[14]
[15]
[16]

(17]

(18]
(19]

FRIDMAN E. Introduction to time-delay systems: Analysis and control[M]. Cham: Springer International Publishing, 2014.
CHEN J, PARK JH, XU SY, et al. A survey of inequality techniques for stability analysis of time-delay systems[J]. International
Journal of Robust and Nonlinear Control, 2022, 32(11): 6412-6440.

ZHANG X M, WU M, SHE J H, et al. Delay-dependent stabilization of linear systems with time-varying state and input
delays[J]. Automatica, 2005, 41(8): 1405-1412.

SEURET A, GOUAISBAUT F. Wirtinger-based integral inequality : Application to time-delay systems[J]. Automatica, 2013,
49(9) : 2860-2866.

DAI L Y. Singular control systems[M]. Berlin: Springer, 2013.

XU SY, LAM J. Robust control and filtering of singular systems[M]. Berlin: Springer-Verlag, 2006.

CHAIBI N, TISSIR E H. Delay dependent robust stability of singular systems with time-varying delay[J]. International Journal
of Control, Automation and Systems, 2012, 10(3) : 632-638.

LURQ,DAIX Z, DU W, et al. Robust Ho output feedback control for uncertain stochastic singular systems[C]//2008 Chinese
Control and Decision Conference. Yantai, China. IEEE, 2008 : 4344-4349.

ZHUANG G M, MA Q, ZHANG B Y, et al. Admissibility and stabilization of stochastic singular Markovian jump systems with
time delays[J]. Systems & Control Letters, 2018, 114 : 1-10.

MASUBUCHI I, KAMITANE Y, OHARA A, et al. Hy control for descriptor systems : A matrix inequalities approach[J]. Auto-
matica, 1997, 33(4): 669-673.

XU SY, YANG C W. Hy state feedback control for discrete singular systems[J]. IEEE Transactions on Automatic Con-
trol, 2000, 45(7): 1405-1409.

FENG Z Y, SHE J H, XU L. A brief review and insights into matrix inequalities for Hoo static-output-feedback control and a
local optimal solution[J]. International Journal of Systems Science, 2019, 50(12): 2292-2305.

WANG B, ZHU Q X, LI S B. Stability analysis of switched singular stochastic linear systems[J]. International Journal of
Control, 2020, 93(6) : 1381-1387.

XIE L H. Output feedback Hoo control of systems with parameter uncertainty[J]. International Journal of Control, 1996, 63(4) :
741-750.

BOUKAS E. Stochastic switching systems[M]. Boston: Birkhduser, 2005.

FENG Z G, SHI P. Two equivalent sets: Application to singular systems[J]. Automatica, 2017, 77: 198-205.

KLEBANER F C. Introduction to stochastic calculus with applications|M]. London: Published by Imperial College Press and
Distributed by World Scientific Publishing CO, 2005.

OKSENDAL B. Stochastic differential equations: An introduction with applications[M]. Berlin: Springer-Verlag, 1995.

XU S'Y, VAN DOOREN P, STEFAN R, et al. Robust stability and stabilization for singular systems with state delay and
parameter uncertainty[J]. IEEE Transactions on Automatic Control, 2002, 47(7): 1122-1128.

SAEHE: BB



