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H-infinity filter design for discrete-time networked systems with

random communication delays
WANG Wu, LIN Qiong-bin, YANG Fu-wen

(College of Electrical Engineering and Automation, Fuzhou University, Fuzhou Fujian 350002, China)

Abstract: The sensors and filter are connected via a limited bandwidth communication channel. The system measure-
ments are often subject to randomly varying communication delays. A H-infinity filtering problem is proposed for linear
discrete-time networked systems with random communication delays. The problem addressed here is the design of a linear
H-infinity filter such that the error systems are exponentially mean-square stable and guarantee a prescribed H-infinity per-
formance in term of linear matrix inequality (LMI). The filter is then obtained by solving a LMI using convex optimization

techniques. A numerical example is also provided to demonstrate the validity of the proposed design approach.
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1 5| (Introduction)

Bt I 285 1 R 1) B, B 4 0 G b s il 4, DB
PRI L 2 I B B 5 Ak R G T I S AE
v B, (5 S AR I RE P & W A RN ZE. AT &
A0, I RE 3 R R G AN B A R T BRI T N
Z0UE T 0 28 0 A G A AL A T A AR R, XA A
ARG T SRS T AR IR, S EA TR
ME AL 10 5 V2 K IR IX PP AL 4E, LG an STk [ 2]
T B ¥ LA BT R B MR 23 A1 SCHR (3] B AL A
SEEAE ORI 2 20 A1 1) (A W 75 5 STk [4, 5] SR A FR
Y10 R ] Rk Rk R IR B AL 48, SCHR(6, 7)ok H
HUE ORI ¥ Bernoulli/ 7 51 K 4R R S M BEA LI 4E.
R 3 I i 2R 498 1 48 o) 5 9 O L IAR VT 2 R, 1
X IX S H AT B AL IR 4E 1) 28 48 (R F 903 2 W W 4.
A SCHRT6, 7] IR BE ML ZE 15V, %8 RS
DB B0 E T TR R 0 I 2 3% 4 Y 4% 1) At o PR

A H 3: 2005—06—01; W& B H 1: 2006—02—23.

T I 2 AL VR 22, R P 2 2 AN
KOTVER A L PE AR IR B 2%, P vl (I ot 2% i 13
VeV R ZE RG AT R PR e I R e
I H P RE.
2 [0l &8 4 38 (Problem formulation)
BT At RS
{x(k +1) = Az(k) + Buw(k),

(k) = La(k) + Tw(k). )

Hrp: 2(k) € RPERGRE MR, w(k) € R™ESS
HIED, JE T 1,00, 00), 2(k) € RPEMAETHIRA, A,
B, L, T 2 C AN S M. BAT — 5 AL TR 2E 1
DB H AR Ay
{y(k) = Cu(k),

(k) = r(R)y(k) + (1 — r(B))y(k —1).

FeETHH B K B RERE A % I H (60474049, 60604027); 8 @44 H SRR # H 4% B35 H (A0410012, A0510009).
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Hr: y(k) € R m &, O T S
B, BEHLAE (k) € Ri—N# £ BernoulliZy £ ¥
JP 3, B ORI, & FINER A :

Prob{r(k) =1} = E{r(k)} =7, 3)
Prob{r(k) =0} =1 —-E{r(k)} :=1—-7. (4
Hrhr 2O A AL

S BBNLE I AR M RS 7
NSRRI B, (k) = y(k): T 2SI A — A
SR JEL 55 AR .2 IV S35, (k) = y(k — 1). 7T,
T 505 SR JE 301 P, 750 4 7% 6 5 42 oy () FEOABESE Sr,
y(k — DI IEL — 7.

i1 R ARL R .

ARSI H bR iE ik a8

{gz(k +1) = Asi(k) + Beg(k),

5(k) = Ceé (k) + D (k), ®

Horp: 2(k) € RMEDREAE, Ag, By, Cr, Dy 2%
W IE R A 240
FHE X (DHQ)FI(S), PT LA R R 3 R4
{xf(k—i-l) = Auw(k)+ Agaz(k—1)+ Baw(k),
zt(k) = Caxe(k) + Cyazxe(k — 1) + Daw(k),
(6)
Horp:

A 0
A A k)—Tr)A
cl T(k)BfCAf C]o“‘(’l“( ) T) clly
A O U Ao (r(k)—7)A
dcl (1—7’(]{3))ch 0 — <1dclo dclls
Bcl - B )
0

Ca=[L—r(k)DiC — Ct]=Cuo — (r(k) — 7)Cun,
Odcl :[—(1 —T(k))DfC O] = Cddo‘i‘ (’I”(k) _f)Cdclh

A 0
Dc :TaAc == | _ ;
! 0T BC A
0 0 0 0
Ac 7AC = ’
" Bco| T [(1—7‘)ch 0
0 O
Agn = ,Cuo = [L —7D:C — C4],
dell B.C 0 10 [ g f]

Cen = [D:C 0],Cyao = [—(1 —7)D:C" 0],
Cdcll — [.ch 0]

A H bR NG 4B g vk 2%,

a) fEANE L Bhw(k) = OB UL F, JE3 IR ZE R
4L(6) 235 T = R R B E 11,

b) FEEVIRAAE T, JEI R Z= R G0 (6) A AH M
fey(y > 0), Bl
S E {20} <r* D E(uw(®)]*) Vuk) £0. )

EX 1
115

E {{|z¢(k)|]” }<s7*E{]J2:(0)[|*}, Vae (k) £0, (8)

RGARR NI 7 =S HRBTRUE M.

WRwk) =0, 7k > 1,0< 7 <

I 17 V(n(k))MLyapunoved 5. Wi A7

A>0,0>0,v>0f0 <y < 1§15
pln(k)|> < Vn(k)) < viin(k)|?, ©)
E{V(n(k+1))In(k))} =V (n(k)) A=V (n(k)).
(10

i/ 5}
A

E{||77(k)||2}<%(1—¢)kE{||77(0)||2}+W- (11)

3 FEZH(Main results)
EFE1 48y > 0Hshw(k) = 0. WAL
1EEXTFREE PR, 8143
—~P+R 0  ALP aAL,P
0 —R AP —aAj, P
PAgy PAgw —P 0
aAg P —aAqanP 0 —aP

O, Heba = (1 - 7)7, A RGO T E LT
FaHcE e ).
iE R4(6)F 2 w(k)=0. {Lyapunov & £
V(k)=af (k)Pz¢(k)+xf (k—1)Rar(k—1), (13)

<0 (12)

Forp PR IF 5 X FR B
B2,
(Aclo$f(k) + Adcloxf(k — 1))TP(A010{L‘f(k) +

Adclofﬂf(k} — 1)) + E(T(k‘) — f)Q(ACnCCf(k?) -
Adcuxf(k—1))TP(Aclle(k)_Adcl1$f(k_1))+
xf (k) (R — P)ae(k) — o (k — 1)Ray(k — 1) =

" (k)An(k), (14)
Herpr:
k) A,
”(k)_[xf(k—n A= gm0
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Ay = AL PAgo + aAl,PAg, — P+ R,
Ay = AEOP Agero — GACTHP Adenn s

Ay = AlyoPAgeo + aAjg PAgen — R,
a=E(rk)—7)?=(1-7)

tiSchur#h 5[ #, :L(12)FEM T4 < 0, Kb

E{V(k+1)[z(k), - 2(0), 2(k), -, 2(0)} =V (k)=
" (k) An(k) < =Ain(=A)0" (k)n(k) <
—an" (k)n(k), (15)
HP0 < & < Apin(—A).

WARAEAED < a < v, Hy = max{ A\ (P),

Amax(R)}, A

E{V(k+1)|zx(k), -, 2(0),2(k), -, 2(0)} =V (k) <
—aV(k)/v=—yV(k),0 <y <1 (16)

X
plin(B)1* < Vn(k) <vin(®)?, A7)
Hrbp = min{ Ao (P), Amin(R) }.
Wats
E{fo( ) < E{ln(R) 17} <
;(1—¢)’“E{||77( )l }Z*(l—w)kE{lle(O)IIZ}- (18)

2 RT3 R G0(6) 238 7 B e Eiia e 9.
HEEE

T2  4Ey > 0. I RAFAEE ERFREE PAI
R, 13
[R-P 0 0 ALP C% aAL,P aCh ]
# —R 0 AP Clg —adjy P —aCly,
* x —2T BCIIP D;l; 0 0
* * * —-P 0 0 0 <
* * * * -1 0 0
* * * * * —aP 0
* * * * * * —al
0 (19)

AL, Ha = (1 — 7)7, A RG(6) AT LT
FrEe e M H R A 458 I H . T BE

iE i Schurth 51 B 3 (19) 8 7 B 2 X (12) 1 o7,
P AR GE(6) =2 475 e SN R EARE ).

Hw(k) # OFf,
E{V(k+1)|z(k), - - 2(0), &(k), -, 2(0)} =V (k) =
0" (k) An(k) +w™* (k) By PBaw(k) +
w" (k) BLP(Aaozs(k) + Agaoze(k — 1)), (20)

B2,
E{V(k+ 1)} —-E{V(k)}+
E{z (k)2 (k)} — v E{w" (F)w(k)} =
0" (k)An(k) +w" (k)B4 PBaw(k) +

w (k) B P(Aaoze (k) + Agaozre(k — 1)) +
E{(Caz¢(k) + Caaxs(k — 1) + Daw (k)"
(Cazi(k) + Caaze(k — 1) + Daw(k))} —
Yt (k)w(k) =

ﬂUf(k) Uy Yo Vs xf(k)
(L'f(k—l) * &pgz lpgg Iﬂf(k—l) 5
w(k) ¥ x Wy w(k)

)
K}

Wll = ACT]0PA010+GA51PACH+
Cgocc10+acglccll +R_P7
Uig = ACTloPAdclo — aACTuPAdcll +
CchCdclo - aCcTnCdcu,
lAplffo - AgiOPBCI + CgoDcla
kZ722 = AgclopAdc10+aAgcl1PAdcll+
CdTClo Cacio+ aC[fCu Caen — R,
Ep23 - AE(;]()PBCI + C(riI‘cloDclv
Ws3 = By PBa + DDg — 1.
i Schurfh 5 |2, 2 (19) 7 Bl
E{V(k+1)} —E{V(k)} +
E{=7 (k)2 (k)} —7*E{w" (k)w(k)} <0, (22)
S B(V(k+ 1))~ B{V(R)} +
E{z (k)2 (k)} =" BE{w" (k)w(k)}} <0, (23)
EOE{Hzf(k)HQ} <72]§)E{Ilw(k)ll2} +
E{V(0)}—E{V(0)}. 24

B4 Z W82 (0) = OH ARG T 2 U ik
€ 1, Fr A

l;)E{\sz(k)\lz} < 'YZEOE{IIw(k)IIQ}- (25)
IF e,
T HBE B e Tk
THE 3 4y > 0. R IEENKIER,,
Ry, YW, %5 BERs, M, N, Z, Dy, 1§13:(26) 1857,
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[ R —-W * * * * * ok % * * % |
Ry — W R3;—Y * * * * k% % * *
0 0 —Ry * * * ok x k * *
0 0 —Ry —R3 * * ok k% x %
0 0 0 0 —21 x *x x x ok

WA WA 0 0 WB —-W % x  x * % <0, (26)

YA+TZC+MYA+7ZC bZC bZC YB —-W-Y x x * %
L—7DiC - N L—-—7D;C —bD:C —bD;C T 0 0 —I =« * *
0 0 0 0 0 0 0 0 —aW x «x
aZC aZC —aZC —azZC 0 0 0 0 —aW— *

aDiC aDiC  —aDiC —aD:C 0 0O 0 0 O 0 —al|

Hag=01-7)r,b=1-7,

wIIZHON:
Ar=(W-Y)"'M, B
Ct = N, Dy = Dy.

Uk E A, RG(6) 2 R X R
SE 1 H A2 5 FIH MERER) 78 20 44 /2 20 (19) ik

WaRGL OB iE AR XAY SRR B IE 0 AR, UV 2 kb,
XT?@&%"EE’JEE% 50T MHo TERE. ULINUESE  PNAFE RN, WIERERELL, oA

X I

=1y

9

_ _yy—1
—(W-Y)"1Z, o

HPIL = II>.

1Y
0oUT

; (29)

ﬂX@E?ﬁ%I@Fl = diag{ﬂlynlala H1>I7H17[}'

4
A\L T
L PAIP—1 % HlTRﬂl _ XR;(X XR, ’
| YU pa_[XV %) X B
ur 2|’ vt 2|’ XA BT A IR AR 4, B A2 e I 44 36 1 #3(30):
XRiX-X * * * * * ok k% * _
Ry X -1 Rs;-Y * * * I T * *
0 0 —XR X * * * % ok ok * *
0 0 —Ro X —Rs3 ® ko ok ok sk * ok
0 0 0 0 -2 x x x x *
AX A 0 0 B —-X x x % * * [<0. (30
YAX +7UB;CX+UAVTYA+FUB;C bUBCX bUBC YB —I -Y x x x ok
LX—FD;CX -C:VT —rDiC  —-bDiCX —-bD:C T 0 0 —I =% * *
0 0 0 0 0 0 0 0 —aX x* =
aUB;CX aUB;C —aUB{CX —aUB:C 0 0 0 0 —aX —aY =«
i aDeCX aDeC —aD;CX —aD;C 0 0O 0 0 O 0 —aI
H A 8t o P (30) BEAT A A AR e, RIS el Ay el

Dy =diag{X LI, Xx V1,1, x ' 1,1,x ' 1,1}, =@

i Rl—X71
R27X71
0
0
0
XA

—7DiC—CyVTX 1
0
aUBfC
aDeC

* * * * * * %
R3-Y * * * * * %
0 —Ry * * * * ok
0 —Ry —Rs3 * * * %
0 0 0 'y 2T o« x ok
XA 0 0 X 'B-X"1 % «
YA+7UB;C+UAVTX ' YA+7UB:C bWUB;C WDBiC YB —-X"'-Y «
L—-7D:C —-bD:C —-bD:C T 0 0 -1
0 0 0 0 0 0 0
aUBC  —aUB{C —aUBtC 0 0 0 0
aD¢C —aDiC  —aD:C 0 0 0 0

ONN********

|
=

|
O%*********

<0. (31)

EE R R S R

\
IS
'~
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AW = XL UAVT = MW UB; = Z,
CeVT = NW—L, B 2)58(26).
PEE AL 18 R A
T; = Cy(2f — A) " 'By 4 Dy =
NwW= v Tr-vtMmw—.
VT lUTlz4+ D =
Nzl — (UVTW)=tMm)~t.
(UVIW)™1Z + Dy, (32)
TS B S HO T
{Af:(UVTW)_lM, By=UVTW)"1Z

"(33)
Ct =N, D¢ = Dy,

HPP =1L HAYX+UVT =1, 13
Uvtw =w —v, (34)

B GHRANKE3)HIHK2T). k5.

JE PR35 T AEGauss M AN 19 Hoo U5 I 4%
HIB T, B8 R G (D) I o SER A A7 E [ 78 73
SNV A Ry — > Bk R B AN 55 2w it ] R, D
A I S ARG B AR 18] R R T Hoo DB 455

min s=~% (39
8.t.(26) Ry, Ry, R5,Y,W,M,N,Z,D; 6
FH IS R A F 2 (27) SR SR I
4 {jj EHF (Simulation example)
RGNS HaT:

g |08 024 o 04]
012  0.85 —0.2

L=1[04 03],C=[0.2 —0.4],

T =0.3,7=0.6

F FHMATLAB LMI Toolbox X {4, ] % (35)3dk
AT 348, Bty = 1.2207 TR 2 S50

0.7947 —0.2171 0.6319
A = , By = ,

0.1250 0.8297 —0.1721
Cr = [0.3837 0.2528],
Dy = 0.2612.
i A

2,20 < k < 30,
w(k) =4 —2,50 < k <60,

0, HoAth.

FERXAER TR T, BOHLAS B (k) (s B
K1, Al 45 R G IR A ADE B & 1 A% TR, W

> 2 (k)2 (k)=5.3038,
k=0

Kl 54 2 (k)| o=

S wT(k)w(k) =8.9443, T2
k=0

|26 (k) |2/ ||w(k)||]2 = 0.5930 < 1.2207.
A AR R () Bt 7V 2 A ).

1 T T T T T

lw(k)]l2=

< 05r
0 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
k
2 T T T T T T T
s |
_2 1 1 1 1 | ‘ 1 1 1
0 10 20 30 40 50 60 70 80 90 100
k
5 T T T T
—_ — system
) 0 o - filter
= N -
,5 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
k
£
x
,2 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
k
1 BERVAZ e (k), SN T Plw(k), REHPIRA
AIEBASALTH HPRZS
Fig. 1 Stochastic variable r(k), the disturbance input w(k),

the state of system and the state of filter

5 #5i8(Conclusion)

RSO T AT — A BALIE TR SiE 1 25 5 0
Ak RGN Ho JEP A5 21T, K HIBernoulli 4y A 1)
WAL AR AR 28 G0 2 H5 s 1) — 20 A LE T
AT FFHLMUT 45 T 2B I8 il 2 A7 £/ 78 4
A, BT UL R DR A AR DR I R ¥ T Fe B
SE H AT 45 58 MH MRS, SCrp 0 7 3 mT 4] AN
2 RGN 28 BET
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