# # 5

*R

274 511 2012 4F 11 H
Vol. 27 No. 11 Control  and  Decision Nov. 2012

XEHS: 1001-0920 (2012) 11-1621-06

= B ET 8] Lipschitz JEL (BT T B R 4% H, (h1t:
Krein Z= [8] 5 7%

BAEE, RAKE
(LZRR: PRl 5 TRE2EBE, HFm 250061)

& F: WP U ] Lipschitz JE £ 1 I AR IS R 8 1) Hoo il vl 1) R S0 IRZS YT J5VE, I AR IS5 R 48
Ak B IR SN IR i R R, 456 Hoo VERETH AR AN Lipschitz JE R 1 4 11, R A & IR I3 37 5 Krein 7
&) Ho Al tH R BE R, a2 - R 40 7 757280 Krein R A3, 45 T Hoo flivH 88 AFTE I 7850 4 A RIEE T Riceati J7 72
PGB HE R, ), U BB AE T T Ee R A R k.

K$#iA): Lipschitz IR &L Hoo flivhs Krein 23[H; #EHT

PESHES: TP273 MRS A

H,, estimation for discrete-time Lipschitz nonlinear time-varying delay
systems: Krein space approach

ZHAO Hui-hong, ZHANG Cheng-hui
(School of Control Science and Engineering, Shandong University, Ji’nan 250061, China. Correspondent: ZHANG
Cheng-hui, E-mail: zchui@sdu.edu.cn)

Abstract: The H, estimation problem is investigated for a class of discrete-time Lipschitz nonlinear time-varying delay
systems. By using state augmentation approach, the time-varying delay system is converted into a delay free system with
time-varying parameters. Combing H., performance with Lipschitz nonlinear conditions, an indefinite quadratic form is
constructed and a relation is built with Krein space H> estimation. By applying innovation analysis approach and Krein
space projection formula, a sufficient condition for the existence of the H, estimator is proposed and the estimator is

derived in terms of Riccati difference equations. Finally, the effectiveness of the proposed algorithm is illustrated through a

numerical example.
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20 {th 22 90 4FAX, Babak HassibiZs !SI HY 7 —F
Krein 2% [A) e M AL THFIE . 1% 7 VA IR 0o JB AU : ARl
Krein 7% [H] $5¢ 5% v /8 [¥) fif 15 Hilbert 2% [H] — YR 4 f /)N
Ak 1) R i AR ], R Krein 2% /) Kalman 389 21
T fi# Bk Hilbert 2% (0] — X AL fe /ME ) 8L tH T Hoo 98
T 10 R T Al Ry AN 5 R B e /ML I P i, SC
R [15] (&5 SR 52 S il ok T 26t REEIN Hoo 93K
), G AN B B R B AR G v R G . A
SCWFST T — 25 B B ) Lipschitz 35 28 2 I A5 I i 5
GE 11 H oo RS IR A T A S0 P8 3 10 96 45 48 - 1)
LIRS, K R G A O B AR SR
TG R GG He T Hoo PEREFE PR A Lipschitz Y4k 1%
A, R IEAS T IR I 37 5 Krein 2% (R 6 PEAG T
LR USRI R 18 FB0 8 20 M 7 718 RI Krein 2% R 4%
A, 4 T Riccati 77 F2 1 Hoo A3 28 8037
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A5, [R] IS A B 0N ) Lipschitz JF 28 P I A2 I8 3 5
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AR F 29 R, F @ 7R Krein F MG HE, H 2 %
71~ Hilbert 75 0] JC %
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R R HT ) = S P o AR B AR

x(k+ 1) = Ax(k) + Agz(kqry) + Bww(k)+

By f(z(k), x(kag)), u(k));
y(k) = Cx(k) + Cax(kqry) + Dww(k)+
Dyg(x(k), x(kar)), u(k));

2(k) = La(k) + Lax(kqw)) + Low(k);

z(0) = ¢(0), 0 € [~d,0].

Hrr: z(k) € R W RGRE; u(k) € R™ ¥l i

N w(k) € RY T 1[0, N HIANEBHLED; y(k) € RP

R 2(k) € R™ARHSIHE S A, Ag, B, By,

C, Ca, Dy, Dy, L, Lq 1 Ly, HAT TG S e CURNAR

K5 o(0) IHMERREL gy = k — d(k); d(k) AR

Gemt Az, Hod(k) € [d,d],d > d > 0; f(-) : R* x

R"XR™— R", g(-): R"xR"xR™ — R" JC.%I

e Lk i Bk B, H Yk € [0, N], Vu(k) € R™, Yz, 2,

#,2 € R™, ¥ AW F Lipschitz 414

f(0,0,u(k)) =0,

1 f (2, &,u) — f(&,Z,u)|| < | F(z — &) + Fa(@ — 7|,

lg(z, &, u) — g(&,&,u)|| < Bl|G(x — &) + Ga(E — 7).
(2)
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o) = SIE(kIE) — =(R)%,
k—OO N
ANY = 3 lleli) = By + 3 B2
i=—d k=0

XML IT(i) A 45 5 1E 8 FRE, OB a6 R 3 s o
@(1) K THIUIRES o(0) AT & FE B, HA K — &
H4 (i) = 0.
3 FEHS®w

T 4%, 35|\ Kronecker delta B 45 6;; (R 2% 4 #
G, 65 = 0 i = j I, 6, = 1), GRS NGiE
G2 (1) A o I T 8 B IR R 4

x(k+1) = Az(k) + iéid(k)Adx(ki) + Byw(k)+
By f (). i Sy (ke), ulk));
y(k) = Cax(k) + é‘sid(k)Cdx(ki) + Dyw(k)+
Dyg (a(k), fj Biau () u(k) )
z(k) = La(k) + Zd: SiaekyLaw (k) + Lyw(k);
z(0) = ¢(0), 6 elz[iﬁ, 0].

4)

SR, N 28 TR S 5 I R GOIRS T 4 JT %, Wk
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zo(k+1) = Ag(k)zo (k) + Boww(k)+

Ba, s f(@a(k), u(k)),
Co(k)xo(k) + Dyw(k)+

Dyg(wa(k), u(k)),

z(k) = La(k)za (k) + Lyyw(k),
24(0) = ¢4(0).
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za(k) = [2T(k) 2T(k—1) Tk —d) "
0a(0) = [T (0) ¢T(-1) Pt (—d) "

A0 0 ¢(d) - ¢(d—1) ¢(d)]
I 0 0 0
0o I - 0 0
Aa(k) = :
(00~ 0 0 - I 0 |
¢(j) = 6jayAdas J € [d,d];
Ca(k)=[C 0 - 0 9(d) - 9(d—1) 9(d)];

() = 8ja)Cas J € [d, d);
Ba,¢ " 1 By fR& Bow T By, 3815, Lo (k) 7Tt L
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L, LRI G NS BGE R 5 iR . i 3 () =
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=[I0---00],
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wy(k) = f(za(k), u(k)) = f(Za(k|k), u(k)),
(

wy(k) = g(wa(k), u(k)) — g(Za(k), u(k)),
Zp(klk) = Fa(F)Za(k[F),

Zg(k) = Ga(k)Za(F),

vp(k) = 2 (klk) = Fa(k)za(k),

vg(k) = Z(k) — Ga(k)za(k),

v(k) = Z(k|k) — 2(F). (6)
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FRAR SCHR [15], 9K )t (3) 2540 A
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RPEREFRIE 3) 1) Hoo ﬁﬁ‘%% A E — IR e /MA
i 8P 3 Krein 2% [ 505 75 V5 SR 1191,
e, 5INWR Krein 25 [HIBENL R 4
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B § (@a(kIE), u(k)) + B gwy (K),
= Co(k)xo (k) + Dyw(k) + Dywgy(k)+
Dygla (), u(k)),
S(k1K) = La(K)za(k) + Luwo(k) + v-(k),
54 (k) = Fu(B)aa(k) +vs(E),
Zg(k+1) =Golk + Dao(k+1) +vy(k+1).
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i Krein SS9 T AHIK F1OR 5 1, 7%
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E 4 RGBT (k) 25 (k|k) R 2, (k) K
ARG TN REALM A N0, AT TP A g S ey s 4 B
RIS
X zZm(klk) = [ 2T (k|k) 27 (k|k) ", WA

Zm/(k|k) = Ly, (k)xo (k) + Ly ww(k) + v (k). (10)
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Li(k) = [ LT (k) FL(k)]", Linw =

vm(k) =[] (k) vf(k)]".
EX 1 X TVkelo,N],
P28 L{{y(i), 2
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1624 = #1 5 * x %27 &
Y 2 (k|k) BB 2 (K[ R) AEEAE AR L{{y (i ) 3. (k) = Zg(k+ 1), k= -
2 (i), 24 ()} 20 29 (k), y (k) } 12 101 Krein %% [7] 45 5 v (97 (k) 25 (klk) 25 (k+1)1", k> 0.
zg(k: + 1) RoR 24 (k + 1) ELAMEZ] L{{y (i), Zm (i]i )7 v (k+1), k=—1;
Zg(i) Yoo} LY Krein X1 852, v(k) = {[Dgqu(k;) ol (k) vI(k+1)17, k>0.

e, SINITT BEALAS & A H 7 22 R R
=y(i) —9(i), Ry(i) = (y(i),y(1)),
Zm(i]1) = Zm(i]1) — Zm(il0),
Rz, (ili) = (Zm(i]2), Zm (i]7)),
Zg(i) — 24(i), Rz, (i) = (Z4(i), Z4(2)). (11)
{24(2), 9(2), Zm (il0) Yoo 9 BT 5 51,
A ) B 2 ) S A T
L{{z4(i),y(i), Zm (ili)} 1o }-
UERH AR SCHER [16] S 2.2.1, HHE X1 5
UESEE 1 aar. O
EEB1 HIERG ), fHEbssy > 0LLKLIE
SERIE I (1), 1 € [—d, 0]), W24 HACS R AN kar
IS, I A7 de/MA:
R;(k) >0, Vk € [0, N];
Rs (k|k) <0, Yk € [0, N];
Rz, (k+1) <0, Vk € [-1,N].
H J% s ME AT B R R4

min Jy = Z Z]T(k)le(k)g(
k=0

(i)

Z4(1) =

311

(12)

k)+

m (K[R) R (k[]) Zo (K| k) +

)
zy (K)RZ ' (k)Zg (k). (13)

N
D
k=0
N+1
k=0

=

y(k) = y(k) — 9(k),
Zm(klk) = Zm(k|k) — Zn (K[F),
Zg(k) = Zg(k) — Z4(k).
X (k) ol iy (k) 1E
LUy (@), 2m (i), 24(0) 129, 29 (K)}
) Krein 25 (A2 384F; 2, (k|k) 7T 2,,, (k|k) 16

(14)

L{{y (@), 2m (ili), 24 (1)}i=0 . 2o (k), y(k)}
b Krein 77 A1 B 52 36195 2,(k + 1) AT 1 24 (k + 1)

£ L{{y(0), HIERS 273

.
W B, g R AT E X

R(k) = (9:(k), 9=(k)), Qu(k) = (v(k),v(k)).

Zm (i), Zg (i) o} 1211 Krein 1

(15)
FHOSCHK [15] AT %0, 24 HACY R(k) A1 Q, (k) X TATRIM
k € [0, N #SHATAH B R BEE RN, T3 A e ME, H.
IRl i

N
T = Z gz (k)R

k)y=(k),
k=-—1
Horp g, (k) w3 R i Hilbert 25 10) 70 A% 4. (k) T AH
M) Krein %% IEHJE?%’JEH
B2, HE X1, 513 1 K& (15) w40

Ry { B b+ 1) k=1,

diag{ R (k), zm(k|k) s, (k+1)} k>0.

_5721—) k = - a

@)= { diag{D, DT, Q. (k),
Q.,, (k) = diag{—vzl, —a_zl}.
PRt 4 BAY 4 2 (12) o s, g3 A7 s /ME, Honl H
K13 %4H. O

5 ERIEE T, A Krein 7% W) J7 2l v
BB RS H oo Al V1 1) RN, 75 BB 8 5 22 R0 R AT
SRS R GAFAE 2 R E I, R
AR E R SR 2% Mt 12X (A3) TR g(k), 2 (K| k) A
2o (k) HANAHIG, o7 AT HE M = M o0 i H 57, A48

—B72I}, k> 0.

AT Hoo Al v 88 BT I, ASCE R CmR [15] 3 H.
WL 5.
i
yi(i) =[27() y () 25l ]"
y2(i) = [ 21 () y (i) ]"s ys(i) = Z,(0).  (16)
EX2  HTFVE €0, N], h(k,1) £RAEHE h(k)

75 L{{y1(7)}20} b1 Krein 25 1 % Ak, 2) %7
A2 B (k) 75 L{{y1 ()} =0,y (k)} ¥ Krein 2% [ £
5 h(k,3) R A2 i (k) 76 L{H{y () Y20, va (k) L
] Krein %5 [H] 5.

i
y1(3,1) = y1(i) — 91 (3, 1)
Ry, (i,1) = (91(i, 1), 91(i, 1)).
AR, {916, 1) Yoo MBI H, FLR R 2 1 2 ) 25

¥ L{{y: (0 )}5:0}-
HR 48 Krein 25 (A $5E5% 20 20, 45 i R ot 5

FE.



911 10 MAEF . BHKA ] Lipschitz 3F &b i B 2 % Ho 433t Krein & 18 7 % 1625
1) &,(i,1) (i € [0,k]) ATaE Ik >CUHA T4 v 5 Zm(k|k) = Lo (k)&4(k,3) + L ww(k,3),  (27a)
£o(i+1,1) = Aa(i)Za(i, 1) + a,ff(wa(zlz),U(i))wL R, (k|k) = Ly (k) Pa(k, 1) Ly, (k) + Qu,, (K)+
K (i, 1)g1(i, 1), Lun,w Lo — K (k, 3) Ry, (k) K (K, 3),
£4(0,1) = 0. (17) (27b)
Hrp K (k,3) = L (k)K (k,3) + LmwDy R (k), (27¢)
K(i,1) = (Aa(§) Pa(i, 1)C (i) + Baw DY) Ry (i, 1), Qu,, (k) = diag{—*I, —a™*I}. (27d)
Ci(i)=[GXi) ¢X@i) LTG) Fre) )", AR 3R I3 By, ATA 4 T i B

=0 DT LT 0o]T,
Po(i, 1) = (@ (i) — &a(i, 1), Ta(t) — Ta(i, 1)),
Ry, (i,1) = C1(§) Pa(i, 1)CT (i) + D1DY + Qu, (i),
Qu, (i) = diag{=p721,D,D, —*I,—a~*I}. (18)
X P,(i,1) (i € [0, k]) W A2 W1 F 224> Riccati J7 F#:

Pau(i+1,1) = Aq(i)Pu(i,1) A} (i) + Ba,w By o+
Ba,fByy — K (i, 1) Ry, (i, 1) K (i, 1),
P,(0,1) = II,(0). (19)
AR, HE 1 FIRSE (9) T4l
Zg(k) = Ga(k)a(k, 1), (202)
R:, (k) = G (k)P (k,1)G} (k) — B°1. (20b)

2) M L2 ATAN, &, (k, 2) AT R F T
@q(k,2) = @4 (k, 1) + K (k,2)2,(k), Q1)
Hrp
K(k,2) = Pa(k, 1)Gy (k)R (k). (22)
T, HEX L, & L2 KRG (9) W%
§(k) = Cu(k)&o(k,2) + Dyg(@a(k),u(k)),  (23a)
Ry(k) = Cq(k)Pa(k,1)Cy (k) + DDy, + DyDy —
C,(k)K (, 2)R~ (k)KT(k 2)CT (k). (23b)
3) [FIHE, &, (K, 3) @R~ 2004
#q(k,3) = Ta(k, 1) + K(k, 3)g2(k). (24)

=
=

(ka 3) = Pu(k, 1)0’21‘(]{)Rj1(k)1

Y2

Ca (k) Pu(
Co(k) = [GY(k) CY(k)]", D2=[0 DL]",
QW()—de—BQII)DT} (25)
B2, ab(k, 3) Al N 235
W(k,3) = Dy Ry, (k)ga(k). (26)

T, MR X1, 52 X2 Kl (10) Al 4

EE 2 F#E R4 (1) M Lipschitz JF £k M 41
(2), e bRy > O FIIE @A FE 11 (i), i € [—d,0]. 4
WUN S5 A AL I, 3 Tk BE AR AR (3) 1) Hoo Al TH 4547
1F:

Rj(k) >0, Yk € [0, N;
R;, (k|k) <0, Vk € [0, N;
R: (k+1) <0, Vk € [-1,N]. (28)

H: Ry(k), Rz, (k|k) #1 Rz, (k-+1) 7435 H138 (23b),
(27b) A1 (20b) T 5. ME I, — A TEEZ )y > 0K
Hoo A28 mr i1 R 3045 e

2(k|k) = Ezpm (k|k), (29)
Hi:E=1[1 0], 2n(klk) 7 20 (272) 115

UEBY b B LA, 2 HACE S (12) o,
T A M, Has /AME R (13) 45 . FERE, AT
W TR AL AR S — AT My > 07K°F Hoo
ko, Rk, ASCAT 4 5,,, (k| k) = 2, (K|K) B2, (k) =
2q(k), FHIGAT B — ANl 2 VERRFR AR (3) I Hoo Al 1125
O

4 5 B
BIERG (1), K HHABEI N

0.7 0 —0.1 0
A= s Ad = )
0 0.2 0 0.3

B, =109 14]% Bf=[08 0]%,
C=[1205], Ca=[-0.3 0.2],
Dy, =05, D, =07, L=[0 09],

=[0.7 0], Ly =04, F=[-0.1 0.2],

F;=1[040),G=
2
f(x(k), 2(kqry), u(k)) = sin(Fx(k) + Far(kawy)),
g(x(k), z(kqm)), u(k)) = cos(Gz(k) + Gaz(kqr)))-
TREa=1, 8= 1. BBHAER
d(k) = sgn(sink) + 2,
(1,3]. Wy = 2, ¥ME LI T A

[0.1 0], Ga=105 0.3].

WA d(k) €



1626 ¥ +) * E 3 %027 %
T < T 5
w(@)=[-020 010],¢@B)=[0 0],
Hrro € [-3,0]. Tsh w(k) EAERY 0.01 B FBR A ° o}
5, WK 1R, E
E RV N AN NN N la T oY Sl WL W W
3 e -51 - Ry
) Rzg
.= Rzml
— = Rzm?2
1k -10 : : : :
— 0 200 40 60 80 100
s k
=
-l B4 3 NERESEE
_3 5 4 ®

0 20 40 60 80 100
k
1 SMEBHER w(k)

A i S5 A ST P A I B S SR [15]
Krein 75 [W & P AG V7 i3 AT 5 JL LB, i T [15]
SRR X et R4, A N R SFVE I, AR SORK R 4E
(S) AR 2k I S (20 (F), u(k)) 1 g(xa(k), u(k)) 1F
RPN AT B 245 H 7155 2(k) A SCERISC
R [15] 70T 2 (k) ATl B3 45 T AR SRV
2 (k) PN T 5% 22 406 |eq (K)| A1 SCHR [15] T 32060
2 (k) AL TR ZZLOHE |ey, (k)| HH T2 R 3 W] 40, XF
T U 1] Lipschitz AE£e Mk R 40, A CHEIEE [15]
SRR LA AR B Ak T R

6

\S]

-2t z(k)
o AP z(k) AN VHE
= = SCERCIS TR z(k) A THE
0 20 40 60 80 100
k

signal and its estimation

2 155 z(k) FARMEERT 2(k) B9 1T
2
S Y
S |n i eyt bl
2 — le.(k)|
= = le,(k)|

-1
0 20 40 60 80 100
k

3 BWMEEX (k) EIHRE
EXHE |eq (k)| 5 |es (k)|

HiBE Ry (k), Rz, (k) M Rz, (k|k) (RF QA Ui 1] 4
s, e Ry (k) BIRFIEAE A Ry, R, (k) FRFAE(E A
Rzg, Rs,, (k|k) FIHFEAEAE 4 Rzm1 FI Rzm?2. /& 4 7]
B, My = 20, ASCHITBCE G T AR 2 T BE 2 v gk
F (28).

AR SLER X — R B U W) Lipschitz 28 24 i AR iy
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