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Robust H-infinity control for uncertain stochastic neutral systems with

multiple time delays
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2. Department of Automation, Shanghai Jiao Tong University, Shanghai 200030, China)

Abstract: The robust H-infinity control problem for uncertain stochastic neutral systems with multiple time delays is in-
vestigated in this paper. The parameter uncertainties in the systems are assumed to satisfy the generalized matching con-
ditions, while the time delays exist in state, control, measure output, exogenous disturbance input and derivative state
simultaneously. Firstly, stochastic robust stabilizable criterion is developed via Ito differential rule based on stochastic
Lyapunov stability theory. A sufficient condition is then derived for the existence of robust H-infinity control law. All the
results are expressed in terms of linear matrix inequality. Finally, a numerical example is given to show that the results are
valid.
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1 5|E (Introduction)

& 48 B F 45 I T 8 1K) R 2 T o AN 0 &R
4 (deterministic uncertain system), i 7 2R R GF R
TR T #f e T 4 SCR S8 Fff e T AN o T, T &
Pl 35 BT 56 52 Ay bR A& A7 A 1 4425
F G, FAN ]k o b 57 B 42 e B DA R B AL T
PRI FE W, 1 2 T R G A RSB A1 1 A 2% fE bl
PLPRZE (R s e, DRt R3S T B AR 0 B0 R 48
K ESR ARG OL WA T REN AR AR
BE LR, WIAE R 3 52 22 48 AR N 0 20 78 43 7% TR B AL
IR AR, da H BB BE R SR BT RGLHIE, LI
(1) ZR e A 2R P B, 55 T A6 2 R AL 2R 0 1 1 A
B>

i T 556 7E B ML Lyapunov e& £ 73 T i BEAF(E &

Wk H 3 2004—07—29; e ke H 39: 2006—01—12.

RIS RRAS, — B LR G T BE ML R G0 & #e45  wF oY
TCVEAS BIR K B A J&, SCERITTAS BENL JR 48 (A8 e
53 B R ) 4 O T B TR A A, S )
KB4y 45 5 S 75 JELyapunovia i 72 U 45 K. ST
BRI AL T 40 4] 32 ] Lyapunovis 5& P P18 K AJF 57
BE ML R Gk e PE T o0 I %, EAR KRR et T
BEHL R Ge &R0 A Fe. A8 L ILRE |, Deng R 2
HEBETH V90 T TS S AR R M BEH L R GEE AR
BOCTOR A S5 B s B e ) B Xieddk —
SPHIFGE T A IR AR M BE LK R S 16 0 B E )
el

1 M 19984 HiHinrichsen [ /¢ H 1) FH £k 11 46 B
ANEE (LM J7 VE 0 5T Bl AL 28 G H o 32 1 LA K9], it
WLAR G B & P A e vt ) @il 5 | 2 1 7 R

FEWH: E K ARElAEE S E S %K B H (60534070); [E2£97315 H (2002CB312200).
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F AR B, Hinrichsen®5 MR iZ A 90 45 R HE)
BT BHENLR G R T A DS 2K A
B FEME, N IS A TS R G, A
WL R G AT E M —ANEER . I, b T
BN ARG S TR O AR T
X. Xieiz FILMIBF 5T T REALIN iy K FR G810 43 565 4
BLE o) B8], XufF 5 1 BEALI i 2R 50 10 b H o 325 11
i) L) AR, H AT 6 TP ar BB L R 4t
E BRI B SR IR AN 22, JU I ) Y 2 M
ANAE (LMD T7 VLKA T BE B 37 2 G 1) 6 42
FRBCVE i U e RAR D DL B, A SO B8 0 [R] i
FEARZS T 28 1130 ARSI S5 0L M8 s AT LA
P A i T50 5 A I R SO s PR ) 2 T
it AN s B T 37 2R 48 PR L 28 1 i) U BEAT 4R
VEANE) 73 AT
2 R H#R(Systems descriptions)

% 18 5 2 H AN E AL LR S
d{xz(t) + A2 ()x(t — (1)} =
(AD () + Ay (D2t — d(t)+

B(t)u(t) + By(t)u(t — 7(t))+

B, (t)v(t) + Bui(t)v(t — p(t)) }dt+

{A'(t)x(t) + AL (t)z(t — h(t))+ (D
Ju(t = p(t)) Hdw(t),

B, (t)v(t) + By, (t)o(
z(t) = C(t)x(t) + CL(t)x(t — d(t))+
(

2(t) = o(t), Vt € [, 0.

Hrp: RGUREZE2(t) € R, HHhlfAu(t) e R™,
v(t) € RPEIMETIREN, w(t)hy—4e T B brifE 4
G, 2(t) € RUOMEESHH; A, Ay, B, By, B,
By, A, Ay, B, Bl O IE 4 520 R BUH B
AA(t), AA,(t), AB(t), ABy(t), AB,(t), AB,(t),
AA'(t), AA,(t), AB.(t), AB, (t)RE R G iR
(17 IS AN 8 2300, e JE S 10 S MR e B0 Ry
B YEEL d(t), 7(t), o(t), h(t), p(t) R INAE R4
ARSI L P ISUR IF L A3000 TR 25 I ¥« BE AL I
ARSI T LI NI o (¢) ok a2 XAE B 8 X
][ — o, O] L3 LL AT 4A S R 4L

ARTORE FRGE() IR B AR B R AR S AN 2
(LR e 8

Bk 1 BARER (L), 7(2), h(t), < (1), p(t)ithi2
N F PR A A

Al)

0 < max{d(t), 7(t), h(t),s(t),p(t)} < p < 0.
2

A2)
d(t)<d<1, h(t)<h<1, 7(t)<7<1, {(t)<i<1.
3)

Horb: o, d, h, TAICH C SIS H %, A, Ay, B, By, B,,
By, A AL B By O RN YE SRR B B
AA(t), AA(t), AB(t), AB(t), AB,(t), AB,(t),
AA(t), AA(t), ABL(t), AB., ()3 ARGl
I AR AN 32 5, T TS A 4 52 (0 A ST B R

B2 WAANHESHAA®L)AA(1).AB(),
AB;(t), AB,(t), AB,(t), AA'(t), AA, ()2 F
H PRI SCUCHRC 46

[AA(t) AA\(t) AAy(t) AB(t)

ABi(t) AB,(t) AB,(t)] =

B, (t)[Es Ea, Ea, Eg Ep, Eg, Eg,],

)
[AA'(t) AAL(t) AB(t) AB,(t)] =
FIL(H[EyEs, Ep,  Ep ], Q)
[AC(t) AC.(t) AD(t) AD:(t)] =
FRIL()Ec Eo, Ep Ep). ©)

Hri: Eg, Ea,, Ex,, Ep, Ep,, Ep,, Ep,,, Ey. Ear,
Eg,., Eg ., Ec, Ec,, Ep, Ep,, Fi, F», Fs ) CHE
S A B, I (t), TT(t) A IT5(t) A H A Lebesgue ]
N8 G 3R RO A P AR R SR, 3 A2 25 F
T (O () < T, I3 (0)Ta(t) < 1,
{H?,T(t)ng(t) <, Vt.

ASCIITEST H 2 e 3 18 22 PR S A il o
u(t) = Kx(t). ®)

HH K € R IR SO il 25 36 25, 76 st il
WAEHT, 45

1) FEZHNGAE R, AR 7 2R BT 25
VEANf R PR il 0 M 8 SO A B AL R A

2) FEEVMELA T, W TATAT 28V ASH o P AN
I, BEAL L R G (D)TERER & SR A BEAL & T
BT, TR AT TP R By ly,, RIS AT 4%
THEmA(E), v(t — p(t)) Rl 2(t) FAERKFR

Izl <A o)l + 77 vt — p®)ll5- ()
b B A £ (2 BT | £ () | S H

1@l = [ s
3 F 4 (Main results)
FEATT B, B 43 i i 22 B AN E T L R G
FR) 6 W L ) R 5 A o, 325 ) )

(7
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3.1 BEHLE L E (Stochastic robust stabilization)
Mo(t) = O, %82 B A el 7R
S
d{z(t) + [A2 + AA (t)]z(t — <(t))} =
{[A+ AA(t) + (B+ AB(t))K]x(t) + [A; +
AA;(B)]x(t = d(t)) + [Br + AB, (1) Ka(t —
7(t))}dt + {[A" + AA'(t)]=(t) +

A} + A (1)](t — h(1)) Yduw(?) (10)
(1) Bt L 65 B
EE 1 FHIELTHEAW@E) = 0)&MH4 T

% T I AN E B BL S 3R GE(L), A AE AR N R
IESERIEX, R, T, S, Q, LKA BEY HIIE 3 $e,

(=1, ,4) W MR FEA S
Mll M12 M13 M14
M21 M22 M23 M24 <O. (11)
MSl M32 M33 M34
M41 M42 M43 M44
Horr:
M =AX + XA+ BY +Y'BT + g3\ F! +
R+S+T+Q,
My, =Mj, = [A; X, 0, BY, 0],

My;=My,=[XE{+Y"E}, XA"+Y"B",0,0],

M=M= [XEX + YTEE,XA'T,XE;E/,O,] )

My, = diag(—(1 —d)R, —(1 — )T,
—(1-7)8,-(1-nQ),
[ XEL XAT 0 0
0 0 XAT XET
Moo = MT — 2 As
BOTRTAYTEL YTBE 0 0 |
0 0 0 0
[ XET 0 0 0
0 0 0 0
My, = M} =
o 2 YTEL 0 0 0|’
| 0 XA XE} 0

M33 = dlag( 61[ €1F1F1 ,€2F1 Cl EQI),

M44:diag(— 3[,€4F2 2 —X,— 4I,<1 ),
000 O
000X
Mz, = M}, =
3 B71000 0
0000
MAFAEARZS I
u(t) = Ka(t), K =YX " (12)

TESEFE AR T, X TATA] I s R 2 AN o IO,
VA 22 E IR AN BEHL R 37 R SE(10)7E 26 2
FOABENLE RS T
UE #7241 FLyapunov bf %Y
V(x,t) =

Z () Pa(t) + jt oy () Ra(s)ds +

" (5)Qu(s)ds +

f s)Sx(s ds—i—f n)

f ¥ )T a(s)ds. (13)
SRk

S,

2(t) = x(t) + [Ay + Ady(t)]2(t — <(t)), P,
Q7’75<T RIEEMFE. ANAER R, f74Eq > 0(0 =
L A4), ARV (2, t) i 2
Auin(P) IZOI* < V(2,8) <
(Amax(P) + uA) 2]
5‘ = )‘max(R) + q2)\max(S)+
Q3>\maX(Q) + q4Amax(T)'

ﬂ%%é}a(m)aﬁéﬁnﬂ 12 FTtofs 43 v, * =0(13)H

>N

R,
1,

(14)

7, R AT
LV (z,t) = ZS:Ui(a:,t). (15)
i=1
Hrp
( U1 (IL‘,t) =

2" P(A+BK)r+2" (A+BK)"Pr+a" PA z .+
vy AT Px + 2" PB, Kz, + ] Bl K" Pz,
Us(z,t) =

2l Ay P(A+ BK)z + 2" (A+ BK)"PAyx +
x?AQTPﬁlxd—l—x;lf[llTPflgxg—I—a:?AQTPB’leT—l—
v K'BI PAyx,,

Us(z,t) =

20" P{(AA+ ABK)z + AA,z,+ AB Kz, },
Us(z,t) = (Alx + A'yxp,)"P(Az + Alyy,),
Us(z,t) =

TRz —(1—d(t))z Rey < 2"Re—(1—d)z Rz,
Us(x,t) =

2'Sr—(1—7(t))2 Sz, <x'Sx — (1 — 7)xlSz,,
Uq(z,t)

2T Qr—(1—h(t) 2T Qu, <zTQr—(1—h)z} Quy,
Ug(z,t) =

e Tr—(1-<(t) 2 Te, <2"Te—(1-9)z Tx..
(16)
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MR, 2 aRoRz(t), v Rmz(t — ¢(t)), zadk
R(t—d(t)), z, FZoma(t —71(t)), zp&omz(t — h(t)),
vERI(t), v, Kmv(t—p(t)), ARRNA+AA(L), BE
"B + AB(t), AR RA + AA(t), A F#RA, +
AAL(1).
1z I SCHER[9]HR 5 | B, wT BA7S 2
a) BN, =C¢ P P e P FT > 05 ¢ 1—
eo FLFT > 0, AT
Us(z,t) <
T {¢:[A+BK, A;,0, BK|"PP[A+BK, A,,0,
BiK] + (71 [0,0, 45,0 [0,0, A5, 0]}T; <
T {er ' [Es+ EpK,E4,,0, Ep K| [Ea +
EpK,E4,,0,Ep K|+ [A+ BK, A,0, B K]" -
N{'[A+ BK, A;,0, BiK] +[0,0, 45,0]" -
(G — e FLFT) 70,0, Ay, 0] +
e, [0,0,E% 017 0,0, E4,,0}T3, (17)

b)
Us(z,t) <
e32 ' PR FPx + 5 [(Ea + EpK)x + Eq xq +
Ep Kz, )'[(Es+EpK)x+E4 14+ FEp Kz,);
(18)

C) %?ﬁﬁp—l — 64F2F2T > 0, U'\'Jﬁ
U4(£L‘,t) <
A/T
[2%, 2] {

A? (Pil — €4F2F2T)71 [Al, All] +

; 19)

LV (x,t) <T"WT. (20)

D
)
[
)
)
]
o
o
o O O

0 0 243 0
0 Q4 0
0 0 0 0 £

el [Es+EpK,E4,,0,Ep K, 0" [EA+ERK,
E4,,0,Ep K,0]+[A+BK, A,,0, B K,0]"

N;'[A+BK, A,,0, B K,0]+(0,0, A4,,0,0]" -
(€1] - 52F1F1T)71[07 07 A27 07 0] +

50,0, E4,,0,0]7[0,0, E4,,0,0] +
e3'[Es+ EgK,E,,,0,Ep K,0]" -

[Ea+ EpK,E,,,0,Ep K,0] +
[A,0,0,0, A)]" (P! — e, i)~

[A/’ 07 07 07 All] + 521 [EA’v 0, O, 07 EA/l]T :

[E4/,0,0,0,E4,] . 1)
b
21=P(A+BK)+(A+BK)"P+
esPFF'P+R+S5S+Q,

921:\9?2 :A;FP, 941:\(2;1:1:KTBTP, (22)

“(222:_(1_d)Ra “(233:_(1_6)T7
{244:—(1—’7_—)5’, 055:—(1—B)Q

PAAESEWH e, >0 =1, ,4), FFEK, DA
EEMFRAMEP, R, T, S, Qi LA MAZERW < 0,
WALV (z,t) < 0, BLI IR R G 10)EATAT VA
iff 2 LA S B 4 PF T 2 A 2 R S 1 e B LA e
().

S LR PERBE AN ZE W < 049 il A 3 5 4+ e b
diag(P~', P~', P~', P~ P7Y), JfiLX = P!,
Y =KP ' R=P'RP ' T=P'TP ' S=
P-ISP-1 Q = P QP! iz H 4 B 4] 25 A8 ¥
JeSchurh 5| B, [ HIW < 0% T AN (11).

Z I, E FRAAIE.

A1 ERR LA £ RN A AN E RN L R4,
2 T PREAE IR A R s 2 FH T PR R G bE ML i
T AR5 2 1. 556 25 1T A3 A7 AE 2 A LR At B AN 55
KB G H, T F HHMATLABIK A 3K i
3.2 BEVLE HEH, 35 #(Stochastic robust Hy, con-

trol)

FHVHETEFYIEIRES T, S HINT T AT
rf T TR Bt B 28 450 1 B A HL 428 Fh )

SEH 2 B[ I AR AS A I A
2 BEALI #E R (), FF AR FRIE A X, R, S,
Q, AESEFEY FIEHH 1, 60 G =1,--+,5), T2k
PERE R A S

O11 O3 B3 Oy
921 922 823 824
631 832 833 0

641 642 0 844

< 0. (23)
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i R4
O, =AX+XA+BY +Y"'B"+ R+ Z(t) = LV (2(t)) + 27 (t)2(t) — ¥  (t)v(t) —
S+T+Q+eFF!, vt = p(t))v(t — p(t)). @7
—_ T _
12 = O = [A4X 0 BY 0 B,.X B X], iU 5 AR D B, 49
O13=03 =[XC"+Y"™D, XEL +YTE}, 0,0, =) <TWT. 28)
XAT +Y"'BY, "
Ou=6;, =XE,+Y"E, XE; +Y"Ej, e -
T o TT:[J: xdTac To X, U UT] ,
XAT XE'T 0], p
— — — —_ W pu—
Oy = diag(—(1 —d)R, —(1 = )T, —(1 — 7)8S, i
” ( (1 B) (21 ) ) =7 Q0 0 0 Qu 0 Qi O
S L ), 2192 0 0 0 0 0
XCy XEc, ot T XAy 0 0 250 0 0 0
YTODT YT%T 0A2 02 YTOBT 24 0 0 244 0 O 0|+
Oy3 = Oy, = ! Da t, 0 0 0 0 25 0 0
0 0 0 0 0
0 0 0 O B/T 961 0 0 0 0 ‘(266 0
0 0 O O B;"{ _971 0 0 0 0 0 !277_
- - T
CXET XEL 0 0 0 [C + DK, Cy,0,D,K,0,0,0]" (I —
0 0 0 0 0 e FsFN)™'[C + DK, Cy, 0, D;K, 0, 0, 0] +
T YT_EE1 }/T_Ejg1 0 0 O 571 [EC+EDK EC 70, ED KO,O,O]T[E0+
Ou=0u=| | 0  XAT XET, 0| ' 1 :
T T Tl TAIl EDK7 EC1707ED1K7070,0] + 551[0,0,EA2,0,
EL  EL B EL 0 .
Bl B BT EI 0 0,0,0]7[0,0, E4,,0,0,0,0] + [0,0, A5, 0,0,0,
vl vl vl - T T\ —1
@33 = diag(51F3FT — I 0] (gl[ - €2F1F1 ) [07 07 A27 07 07070] +

—51[ —EQI,
52F1 -G, 53F1F )7

(0000 0]
0000 O
O =6L=10000 0],
0000 O
0000 X

Oy = diag(—esl, —54I,€5F2F2T—X,
WU AR S S e ol e
u(t) = Kz(t), K =YX " (24)

FESCHE B RRAE R, S AT AT B gy A2V S 5O e
T, 2 F IR AN e BENL T L R (DAEMR E T
h (RN BAT TP 0 R By B R B L ]

UE  FIANHPEREN A

J=E{[ [ — () -
Vv <tfp<t>> (tw(t))}dt}. (25)

HHSCERI91PT %01, A74E
JSEL[ 7LV (@) +2" ()20~ (0w (t) -

Vv (t = p(t)v(t — p(t))]dt}. (26)

—651, _CII)

[A+ BK,A,,0,B,K,0,B.,B.,]"N; '[A +
BK,A,,0,B,K,0,B, B, ] +¢e5'[Es + EzK,
E4,,0,Ep K,0,Ep,,Ep |"[Es + EpK, Ea,,
0,Ep, K,0,Ep ,Ep ] +¢; ' [Ea+ EpK, Ea,,
0,Ep, K,0,Eg,,Ep, | " [Es+ EgK, E,,, 0,
Ep K.,0,Ep,,Ep,,| +[A',0,0,0,A,,B
BN (P ' —es F, ) )7 1A,0,0,0, A, B, B! ]+
1 [E,0,0,0, B, Epy, Epr | [E,0,0,0,

Ea,Ep, Ep |. (29)
o
21,=P(A+BK)+(A+BK)"P+e,PF,F|" P+
R+S+T+Q,

Q=05 =ATP, 2, =05, =K"B"P,
Q=08 =B'P, 2, = L. =B P,
2yy=—(1—d)R, 233 = —(1—3)T,
Quu=—(1-7)S, 255=—(1 - h)Q,
966:—7217 977:_'712]-

(30)
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FilitECL, e, > 0@ =1,---,5), HFEK, LLIIE Ep, =10.05 0.1], Ep,, =[0.1 0.1],

SEXHRAEBEP, R, T, S, Qi L5 FEASEAW < 0,
WiA5J (2, 1) < E{j (TTWT)dt} < 0, P A5
%m¢4%%mﬁﬁﬁ@w7%ﬁuﬁﬁm%#
Toe A s S BRI A TR R By Ay, B
BEAL ] 7).

WA BEANZE AW < 043 9l 22 T 5 45 3 1 B
diag(P~*,P~!, P~*, P~ P~V 1, ]), }f BX =
P LY =KP'!R=P'RP\,T =P TP,
S =P 'SP, Q=P QP iz A e
DA K Schurh 51 EE, AT < 054 T R25:0(23).

b, FIRIE.

2 URZO)T S HA + AAs(t) = 0, By +
AB1(t) =0, ABy(t) = 0, By1 + ABy1(t) = 0, AB(t) = 0,
By + AB,,(t) = 0, AC(t) = 0, C1 + AC1(t) = 0,
AD(t) = 0, D1 + ADq(t) = 0, W 54 {4 A SCER919T
WERI R SE, SCHk [9] T 4h H I BE R B AR SR A SO o 4 1
AR
4 {5 H /B (Simulation example)

TEARNT T, 45— DN EUE R RS0 E A ST
(1) B P H o 425 Tl s B U T 1k A .

82 WA C AL L RF (D, RAES
B

A:[—?) 2 },Alz[o'?) 70.1]’
1.5 2.5 0.4 0.2

a=[07 ol E=l" 0
el R e
Bu=[ot o) A= 1T00 onal:
= o b 2= s 0s)
0= [Tons 02l €= 105 ook
R
Do=[ o5 o) B= o))
o= (o) = (o) Ba=lo ol
Ea, =[0.05 0.1], E4, = [0 0.1],
Ez=1[0 0.2], E, =[0 0.1],

Ea =[0 0.05], Ea =[0.1 0.05],

Ep, =[0.1 0.15], Ep,, = [0.05 0.25],
Ec =[0.2 0.25], Ec, =[0.05 0.1],
Ep =10 0.1], Ep, = [0 0.1],

vy=12,v=1,d=0.5,
h=03, 7=0.4,¢=0.6.

KA T735, SRARLMI(23), Al 7R s s

iHEY]
02026 0.0840
ult) = }x(t).
1.1290 —0.1274

e SR IR VE R, 2 I AN e B AL S
RE)E &M U T 2570 I8 i 0 2 508
Aiff o M B MR R LAR 2 1, JF B AT Tk R
iy Fly, .

5 Z5WiE (Conclusion)

ﬁIWnT KA 52 2 I HEBE L ST RS
(165 W L 42 T 1) A, 12 3R S A0 IR A T, 428 1 01, 4k
53 TR 25 THURT AR 58 i N 0[] B 5 A B i S 2 5
Atk Ch S T % RGPS R
FEON AT, IR I R G — e MR R N A
TPt 3 D8 TR By Ry, 45 HEL A 168 PR 28 1 4 12
T AR ST S 45 B ILMIDE 3045 e, AT LLF

FAIMATLAB T FL A, 77 {5 SR . i ik {49 5 22, ik
HHAC SO A R4 il s e v h ik 2 nTAT I,
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