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Abstract: TheH «» control problen for continuous-time systen sw ith delayed measurement is studied Based on the
reorganized innovation analysis goproach, a sufficient and necessary condition for the existence of the solution of the
H ~ measurament feedback control problen is derived AnH ~measurenent feedback controller is designed by the
lution of a backw ard Riccati equation and a fow ard Riccati equation Comparedw ith the system augmentation ap-
proach, this agpproach dose not require systam augmentation and significantly reduces computational cost A simula-
tion example verifies the effectiveness of the proposed approach

Key words Continuous-time system; Innovation analysis Delayed measurenent; H » control

1 (s 71
( ), , Hw
[8] H o
, Snith L [9]
y H [e:]

. . H
H o (21 , [10, 11] —

: 2005-09-26; : 2005-11-18

(60174017); (69925308).

(1976—), ' , ; (1963—), , ,



12

H o 1355

x(t) = F()x () + Gi(w (1) + G2(t)u(t),

(2)
y() = H (Ox () + v(1), (2
Zo () = M (t- h)x(t- h) + va(t), 3)
s() = L ()x (1. (4
x(® Rw® Rw@® R.y®
Rz R s R
v R v R F (1),
Gi1(t),G2(t),H (t),M (t- h) L (1)
h h> 0, *
1 )4 H o
u(t) = F{y(9),0s s< tzsn(s),h< s< t},
X(ggwp(.)A/B < Y (5)
A =X (T)PE(T)x(T) +J’;u* (Du(Ddt+
I;s* (st dt,
B = x" (0)TT 'x (0) +J';w*(t)w () dt +
I;v' (t)v(t)dt+I:v{ (). (0 dt
Il PC(T) ( )
[12] , (5
I(T) =
%" (0) T x (0) +J’;v* (v (D) dt +
Ihv (Ov.(Odt- ¥ 2x" (T)P(T)x(T) +
T[u(t)J"[lr 0 ][u(t))] dis
IO w (t 0 - Yidlw(t
Is CECLIER 6)

JT) =x"(MP(T)x(T) +

T[u(t)]'{lf 0][u(t))]dt+
Iow(t) 0 - Yidlw(t

Is ()s(1) dt

[12] ,J(T)
J(T) =x" (0)P°(0)x (0) +

T[u(t)- u(t)J*[l, 0 ]x
Iow(t)-w(t 0 - Y
[u(t)- u(t)J N -
w(t) - w(t

u(®)| [KU(t)J _
{w('J_ o) ¥

G2 (H)P°(1)
] [ Y %! (t)p°(tJX(t)' (®
Pe(1) Riccati -
Pe(t) =

F P+ PR+ H (DH (1) -
Pe(1)G2(t)Gz ()P (1) +
Y P (1)G1()G1 (D) P(1). (9)
(7) (6),
J(T) =

x (0)[Io*- ¥ ?P°(0)]x(0) +

[ @ W@ @ - woade

] u(t) + G2 (DP()x (1)
. y(t) - H ()x (1) x
h

Zen(t) - M (t- h)x(t-
- Y2, 0 O u(t) + Gz ()P(t)x (1)
! 0 Im 0]! y(t) - H ()x (1) Jdt
0 0 Ig “zen(t)- M (t- h)x(t- h
(10)
zen(t) = M (t- h) = 0,0 t< h
[12] ,Hw
x(0)  w(*),
J(T) Jn (T), u(t),
Jn(T) > Q
3
(10) ze n (1),
Krein
31 Kren

x(t),0< t< h;
(1 = [ X(t)J’ch
x(t- h



1356 21
{y(t),os t< h; {(nol- Y °ps) 0 ]
ye(t) = |: Y(t) i| I 0 .
Zt h(t) 2 h 0 |:0 Q‘7:| o
(10) J(T) Ve Qq, = diag{Qv,,Q«}. 0=
J(T) = t< h ,Q¢= diag{- ¥’ In}; t=h ,Q¢=
x (0 IL*- Y2P(0)x(0) + diag{- ¥I:, In, I5}.
[L0 @ W@ @ woe 32
[10, 11] J(T)

i

T (t) -
IO[;c(t) -

H (t)x (t
u(t) - Ku(t)x (1)
Lmy ﬁmﬂjdt (y
{H (1),0< t< h:
H®=93[HC(® 0 }
M (t- h ,t= h
K (1),0< t< h;
[K () 0],t= h
- YA, 00
i 0 In] ,0< t< h;
Re()=4[- Y% 0 0
0 Im O] ,t=2 h
- 0 0 I*
, n @ t
y (1)
ye(t) = [ y(t)]] =
ze n (1)
H ()x (1) + ve(t),0< t< h;
"l
0 M(t- hdLx(t- h) '
t= h
0< t< h ,ve(t) = v(t); t= h ,ve(t) =
ol{v(t),v: ()}
(12) J(T) K rein

x() = (F@) + Y1061 (OP°())x (1) +

Gi() W(t) - w(t) + G2(t)u(t), (12
[““’J - [K_“(t)} O (13)
ye(t H (1)
X,W,u  Ve= l{w,v} Krein (
),

x (0) x (0)
w(t) - w@|.|w()- w()| =
Ve (1) Ve (1)

Im (T) J' [u(t)

ye(t) -

] Ku(t)x(tlt)] Ru () x
H () (t]0)

[u(t) - Ku()x(t |t)] ot (10
ye() - H (Ox(t|0
. _u(t))]
‘R (1) Lyt
x(t|t),0s t< h;
x (t|o) = { x (|t J'tz X
x (t- h|t
x(t|t) x (t- h|t) x(t)  x(t- h)
u(s)}
L{[yc(s) ,0< s< } (15)
x(0)  w(*) J(T)
In (T) Krein x (t|t)
x (t- h|t)
K rein x(t])  x(t- h|v.
(15)
[u((s))] ,0< s< t- h;
Yyt (S (16)

L
[u(s)} ,t- hg st

y (s)

_ y(s |
ye(s) = [zs(s+ hJ -

[Hﬂx@+w@,

M (s)

_ v(s)
Vi (S) = |:VZ(S+ h):|.

Vi (S)

Qy, (s) = diag{Qv

(9,Qy,(s)} = diag{lm, I}



12 H e 1357
wary Pthes (18)
3 s>r=t- h pPths
Pihs/E= PihA (t- h9 (20)
W (s 1) = [u(s)] ) [u(s|s, tj _ Pl (1)
Y Ly(slst A(t- hs) =
[K“(S)] o(s 1) + ["“(S)} e< t AY{10- Pinsl- YK (DKL +
H (9 v(s) ( l ) M (M (9}
u S, S
W (s, s) = |:U(S)):| - |: S 1: [10]
yr (s yr (sls, s) )
Ku(s) x (t]0):
u ()
{H (s)] e(s ) + [V J 1 (12 (13,
vi (s
M (s) x(t|t),0s t< h;
re(s, ) = x(0) - x(t|s,1),e(ss) = x(s) - x (t]o) = { x (t]t) J oo
x(s|s,s),s< t x(t|s,t)(t2 s x (t - h|t C
x (1) : x(t- h|9 = x(t- h|t- h,0 x(t]) =
[u(r)} 0< r< [u(rﬂ s< r<t
L yf(r) y V= s 5 y(r 19 = = . X(tlt' h,t)
W, *)} : x(t- h|t- h,t) =
W(ss),0< s< t- b x(t- h|t- h,t- h)+ t Pih8i(s)ds,
L W (s 1),t- h< s< t (17) Jl” "
(15)  (17) (21)
x(s|t— h,s) =
( diag{Q,, (1,Q. (D}, t> s ®(s, t- h)x(t- h|t- h,t- h) +
st diag{Qy, (1),Qy (0}, t= s IihqD(s,ﬂPIh,Bz(ﬁdT,t- h< sst (22
33
W () .
Pio.= x(D,e(t- h9 (rsz t- h) G(st- h)= A9l t- h),
Bi(s) =

x (r) e(t- h,s)

1 P(s) = F (s)+ Y2Gi(s)x

G1 (9P°(s). P:ns(s,r= t- h) 3
1) s=r=t- h Pss
Riccati
dp:s/ds=

Ry Pis+ PP (9 + Gi(DGs (1) -
YG:(0Gs (1) - Pis(- YKi (9Ku(9) +
H (H (s) + M~ (sM (9)) Pss,
Poo= Ik (18)
2 s=r>t-h Pt s
Pine/d=
R P nst+ PiosP (s + Gi(DGH (1) -
YG2(9Gs (9) - Pins(- YKi (9Ku(s) +
M (IM (9) P ns, (19)

- YKi(u(s) + H (9y (s +

(YKo (9Ku(9) - H (IH (9)x(s]t- h,9),

B2(s) =

- YKo (u(s) + M " (9z(s+ h) +

(¥YKi (9Ku(s) - M " (IM () x (s|]t- h,9).
&s) 1, Pt Pibs

(19) (200 . x(t- hlt- h,t- h)

x(t]t, 0 =

&(t,0)x (00, 0) +I;q>(t,1)p;431(1)dr (23)
P (18).
h> 0 x(t- hlt-
h, t) {W (s, 8),0< s< t- hyW (t- h,s),t-
h< s< t}

x(t- hlt- h,t) =



21

1358
X ()W ( )lQV“(t) 0]1w< Y
IOXt, S, S 0 Qvf(t) S, S)ds
— t K“(S)i| ’
x(),W (ss) = Ps,t[H ©)

x(t- hlt- h,1)

C Ku(t)]*
x(t- hlt- h,t- h) +J’t_hPt.h,s[H(t) x

{Qvu(s) 0 ]1[u(sﬂ_ [Ku(s)}x
0 Q. (s) { y (s H (s)

x(s|t- h,s)}ds

Pths (20),
(22). , x(s|t- h, s)
W (r,r),0< r< t- W (t- h,r),t- h< r<
s}
x(s|t- h,9) =

I; h x(9),W (r,r) Qy (r)W (r,r)dr +

J’ x(9W (t- h,1) Qi'(NW (t- h,ndr
S

dx (s[t- h,s)/ds=

d(s)x(s|t- h,s) + Pt h,s|:
{Qvu (s) 0 } ’ 1{[u(s)} )
0 Qv y(s
[Ku(s)] }
x(s|t- h,s)(.

H (s)
Pt ns (19), (22).

(23) x (t-
. d
34 Ho

Ku(s)} .
X
H (s)

h|t- h,t- h) Kaman

2 1 (.
Y, He
F{y(s),0< s< tzsn(s),h< s<
(5) . . t- hgs<t 0s<
t< T Pins Pihs

P(T) Riccati (9)

u(t) =

Pe(1).

u(®) = Ku(®x(t]t- h,0. (24)

cx (t]t- h, o) 2 K (1)
(8).

1) H o

{x(),w (0, ,wN)},
Jn(T) Jn(T)>AQ
Jn (T) K rein
x(t|t) x (t- h|t) x(t|t)
x(t- h|v ; t- h< s<
t 0< ts T, Pins Pihs
2) (14)

J(T) J(T)

Krein

In(T),

In(T) =

I[ Y2 - Ku@®x (t]0)" ) -

Ku(x (t]0) + (ye(® - A @x(t]0) " (ye(t) -

H ()x (t|t) ]dt
Jn(T)> 0
u() = Ku(®x(t|t- h,0 =
- G2(OPC()x (t]t- h, ).

TPO(t) (9) Riccati
x (t|t- h, o) 1
u(t) . O
4
1 @,
[o 1 07] [0 5}
= G1 = ,
0O @ 0

G5 0
¥=08h= 10,P°(T)=[0 J,T: 10Q

1 . t,
(5) AB
H 0
0.6
0.5 [\\ S
a 0-4f-frdmgebeeee
= 0.3 ] \‘\*
0.2 T o =N
0.1

0 20 40 60 80 100



12

H o 1359

H: . Gram ians

(References)

[1] Smith O JM. Closer Control of L oopsw ith Dead-time
[J] Chenical Engineering Progress, 1957, 53(5): 217-
219

[2] Doyle J C, Glover K, Khargonekar P P, et al State
Space Solutions to Standard H 2 and H » Control Prob-
lans[J]. IEEE Trans on A utanatic Control, 1989, 34
(8): 831-847.

[3] Tadnor G H ~ Control in Systensw ith a Single Input
Delay [A ] Proc o 1995 American Control Conf [C]
Seattle, 1995 321-325

[4] Khargonoker P P, N agpal KM, PoollaK R. H « Con-
trol with Transients[J]. SIAM J o Control Optimiza-
tion, 1991, 29(6): 1373-1393

[5] Fridman E, Shaked U. Finite Horizon H » State-feed-
back Control of Continuous-time Systans with State
Delays[J]. 1EEE Trans on A utanatic Control, 2000, 45
(12): 2406-2411

[6] Fridnan E, ShakedU. A Descriptor System A pproach
to H » Control of L inear Time-delay Systens[J] IEEE
T rans on A utanatic Control, 2002, 47(2): 253-27Q

[7] PilaA W, Shaked U, Souza C E Robust Control of
L inear Time Delayed Systans[A ] Proc o 35th Conf
on D ecision and Control[C]. Jgpan, 1996: 1368-136Q
[8] Nagpal KM, RaviR. H «Control and Estimation Prob-
lens with Delayed M easuranents State-pace Solu-
tions[J]. SIAM J o Control Optimization, 1997, 35(4):
1217-1243

[9] ShakedU, SouzaC E H «» Control of L inear Systems
w ith Delayed M easurements[A . Proc o 1999 IEEE
Int Conf on Control and App lications[C]. H aw aii, 1999:
22-27.

[10] Zhang H, Zhang D, XieL. H » Fixed-lag Smoothing
and Prediction for L inear Continuous-time Systems
[A] Procd 2003American Control Conf [C]. Colorar
da, 2003: 4201-4206

[11] Zzhang H, XieL, Soh Y. A U nified Approach to L in-
ear Estimation for Discrete-time Systens — Part 1I:
H « Estimation[A ]. Proc o 40th IEEE Conf on D eci-
sion and Control[C]. Florida, 2001: 2923-2928

[12] HassibiB, SayedA H, Kailath T. Indé inite-quadrat-
ic Estimation and Control: An United Approach to
H2 and H« TheoriesM ]| Nav York: SIAM , 1998

( 1353 )

[6] Nilson J, Bernhardson B. Stochastic A nalysis and
Control of Real-tme Systam sw ith Random TimeDelays
[J] A utanatica, 1998, 34(1): 57-64

[7]Nilsson 1 Real-time Control Systansw ith D elays[D ]
Sveden: Lund Institute of Technology, 1998

[8] L incoIn B, Bernhardson B. Optimal Control over N et-
works w ith Long Random Delays[A ] Proc o the Int
Symp onM athematical Theory of N etw orks and Systens
[C] Perpignan, 2000: 84-90

[9JHu S S, Zhu Q X. Stochastic Optimal Control and
A nalysis of Stability of Networked Control Systems
with Long TimeDelays[J] A utanatica, 2003, 39(11):
1877-1884

[10] M iddleton R H, Goodwin G C D igital Control and

Estimation — A n U nif ied Approach [M ]. Englevood
Cliffs Prentice Hall, 199Q

[11] ZhangD, WuJ, Yang C. Robust Stabilization and Ro-
bust H - Control for the Delta Operator Systens via
State Feedback [J]. Control Theory and Applications,
2001, 18(5): 732-736

[12]LiH G,ZhuX D, Wang P S Optimal Control L av of
Robot Based on DeltaOperator inV isual Servoing[A |
Proc o 2004 IntConf onM achineL earning and Cyber-
netics[C ] Shanghai, 2004, 1: 533-537

[13]A strom K J, W ittermark B. Camputer Controlled Sys
ten: Theory and D esign[M ] Englevood Cliffs Pren-
tice Hall, 1997,



