%34 % 2
2008 4 2 H

B 3 b % Vol. 34, No. 2
ACTA AUTOMATICA SINICA February, 2008

—RKMBIZFI R GR Hy 7705
IR OBEW HEX

O TSR 0 R, AR R S e T eI RO &
R of T TR IR LA U B MR R 5 R i — R S R R 4, BTSR
Hoy iy S i il v i B8 1) 2 SR AT 22 Bernoulli 2347 ¥ — 1k
BENLAZ b7 k. RIRHIMEARE R ELG T Hy S5 R
IS AFTERIFT 3 2 1, DT e vk A2 I 215 PR R R 402 3805 = SO 4R
eI R4 e Hy TEfE. R SLPMM (Sequentially linear
programming matrix method) 7 H AR HI8s kAL, e M
T AL T TR i SA I AT

KW MESIEHIRS, Hy Pl s ks, k%%, SLPMM
(Sequentially linear programming matrix method)

FESES  TP13

An H, Approach to Networked Control
System
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Abstract Packet-based transmission of data over a network
with limited bandwidth would result in lost data. The Hs output
feedback control problem for a class of networked control system
with both measurement data and control data missing simulta-
neously is considered in this paper. The packet loss is modeled as
a Bernoulli distributed white sequence with a known conditional
probability distribution. A sufficient condition for the existence
of a dynamic output feedback controller is present via matrix
inequalities, such that the closed-loop system is exponentially
mean-square stable and a prescribed H, performance is guar-
anteed. The sequentially linear programming matrix method
(SLPMM) is used to solve the matrix inequalities. Numerical
example is provided to demonstrate the feasibility of the pro-
posed condition and the controller design procedure.

Key words Networked control system, Hs control, dynamic
output feedback, missing data, SLPMM (sequentially linear pro-
gramming matrix method)
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R S T 25 2 T e, SR I e i g AT P ). 3
fik [4—6] I AL Bernoulli 43 A K77 41 KAt ik il 4 K40 1)
T, TRAG MR DB H3 R AR, MR XA T R R AT
VEPE AR BT, SCHR [7) SR A SE R RE R A/E F R 5,
B i i LR G O o)) e 3 W e S R L o W B S v o
Ho M — R B HL S R AT R BRER, SR SR AR ELS ok
WFFT s b g g e ). L2 ) I % R 00 e 50 A0 4 s B 5 2k
(R A Ve 5 9 R F ST A ). STk [9] SR T Bernoulli
AL 2 Rt I B AN b B s 2 Ok, il i — AN R
IR RIS ST 2o IR E T (LQG) S, Al
Hoy Pl s, N7 B SR DL %, IR RE S N P S 5.

AR Bernoulli B AR 5ok ik Bodis 2%, X RIS
LA I 2 K 0 s ) Kl O F I 4 s ) FR 4, R B R
LR T S R R R R A, BTk
I 28 15 A RGN T R L PRSI A A &
[f) Ho PEfE, 375 SLPMM &5 HAH I 042 5% SR g 433k

FEF U ST THERE A, p(A), Amax(A), Amin(A), tr(A4),
st(A) IR RHIE A BIER, BN SE, BN RE,
RIS

1 [ EEA
ZBIT B RS

z(k+1) = Az(k) + Biw(k) + Bou(k)
z(k) = Ciz(k) + Di2u(k) (1)
y(k) = Cox(k) + Darw(k)

H z(k) € R* HRZERE, wk) € R™ AFWE. AL
o Z M OEE R (E S, 2(k) € R RGBT,
u(k) € R™ NPITHRBRBIEHIE S, y(k) € R LK
LIRSS, A, By, Ba, C1, Ca, D12 Fl Doy A BN Z
£S5y Sl

BT e vt i SN2 S i i 2 A W R g

#(k+1) = Agz(k) + Bry” (k)

u” (k) = Cxz(k) @
Hiob #(k) € R™ Q#EHIBIIRE, of (k) € R™ Q#EHIRIN
mifES, yU (k) € RP WEHIBRNMAGYS, Ax, Bk M
Cr AR Hl A =40

Wi 240 (1) MEiilas (2) Ak WEEf ik, W
T AR S I S S L R 2% i I g NS S,
Tl PR A H A5 T 8 R BT B R NE S, B e
AHWTHRR

u(k) = a(k)u’ (k)
y" (k) = B(k)y(k)

o a(k), B(k) € R & Bernoulli BEHLAZ &, 43 ) T Sk filiik
HEAR I 2RI LK. Y alk) = 1 1, $ATAREIRE]
SEREFIE S, B w(k) = ' (k); 24 a(k) = 0 B, #HE
B E R, AT SO B R, B u(k) = 0. R, 4
B(k) = 1 B, ¥l a5 B2 21 58 5 (1) 45 188 I =15 20 (10 £,
By (k) = y(k); 24 B(k) = 0 I, REMEHRE T 2%, bl
BB P BEE, By (k) = 0.

®3)

B a(k), B(k), z(k) Al w(k) AT, JHERK
a(k) (k) FIMER R

P{a(k) =1} = E{a(k)} = a

_ (4)
P{a(k) =0} =1-E{a(k)} =1-a
P{B(k) =1} = E{B(k)} = 5 )
P{B(k) =0} =1-E{B(k)} =1-7
Hrh g a ZEsiES.
X (1)~(3) AP RGN
za(k+1) = Aaza(k)+ (Bao + (B(k) — B)Bai)w(k)
z(k) = (Ceo+ (a(k) — @)Cu)ze(k)
(6)
Hdt Aq = Aao + (a(k) — &)Acr + (B(k) — B)Aa,
T (k) = :f(k‘) ) AclO _ 4 aBQCK s
z(k) BB C> Ak
0 B2CK 0 0
Acll — 0 0 5 Aclg BKCZ O :| s
Buo = | . . Ba1 = 0  Cuo =
BBk D21 B D2
[ C1 aD12Ck ]7 Ceo1 = [ 0 D12Ck }
EX 10 B za(k), HFHER > 1,0 <7 <1k
&

E {|lza(k)*} < #7"E { & (0)]*} ,Vza(0) #0  (7)

A2 RGEFR A B T HREREE ).

AR SCHFF 0 ) R e v S IS (2), X1 BT E BRI E
LAE IR AT AT R

1) MAMBHE) w(k) = 0 B, HIRRS (6) Z3
FRAEM;

2) IR % (6) BA Hy Phfg, W

J = lim E{||z(k)|I"} <~ (8)
XA E AN BENL AR I (k) T B(K), B FFI TR
E{a —a}=0,E{8 -3} =0, E{(a —a)(8—-B)} =0,
E{(a—a)’} =a(l-—a)=a,E{(8-B)*} =B(1-B)=b
2 H, MREDHT
AT Hy ThRE, T2 N5
3158 109, V(xy (k) = 2% (k) Pz (k) N Lyapunov B
B.WmRAFE >0, v>0 M0 <y <1 fF5

pllza(B)* < V(e (k) < viiza k)| 9)

E{V(za(k+1)ea(k)} — V(@a(k)) < —pV(za(k)) (10)
i/ E)

E{|lza(k)||I*} < %(1 — ) E{llza (07} (11)
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za(k+1) = (Ao + (a(k) — a)Aar + (B(k) — B) Aci2) e (k)

(12)
T AN A
1)
p(n) = p(32) < 1 (13)
Horp

1 = Acio ® Acio + aAcit ® Acin +bAci2 ® Az (14)

Yo = Alo® Alp + aAly ® Ay +bAL, @ AL, (15)

Hh ® ¥R Kronecker F4.
2) FEEIEEXTREE P = PT > 0, 44

AZoP Ao+ aAly PAgy +bAL,PAqe — P <0 (16)
3) AAEIEEXFRE Q = QT > 0, filifd
Ac0QAz + aAca1 QA + bAwQAL —Q <0 (17)

4) R (12) AR iREGLE .

IERR. SRFHSCHR [11] BHE 1 MR B, IR SR 1
HE 1 RIRTSE e, BT, RS TEAEY. O

Hy PEfEE XN J = limg—oo E{|J2(k)|*}. X Qr =
E{z.(k)x5(k)}, B4

AaoQrAl + aAcn QAL +
bAa2Qr AN, + BeoBho + bBeai Bhy

BRI
st(Qrt1) = Yast(Qr) + st(BeoBao +bBanBay)  (19)

HARGRITRBEE, mIlE 2 17 p(ye) < 1 HQ =
limg oo Qr, AT (18)

Quar = (18)

AaoQAL o + aAca1 QAY, + bAc2 QAN+
BCZOB;;II‘O + bBcllBC’Il‘l

@ = (20)

Kt Hy PEfE J = limg oo E{||2(k)|*} = tr(CetoQCy +

aCcllQC’cIl‘l).
S14h,
Py = ANgPer1Aco+aAl PoiAcn+

(21)
bAL, Pui1Acia + CLoClero + aCly Cent

AT IR
St(Pk) = ¢1St(Pk+1) + St(C;E()CClO + CLCCTHCCM) (22)

IR, 5 ARG TR BRGE, mEIE 2 41 p(vn) < 1 H
P =limg—oo P, 2K (21) N

P = AL PA.o+aAL PA.1 +bAL, PAo+

23
CFoCero +aCk Conn (23)

klirgo tr{Qr+1Prr1 — QrPr} =0 (24)

7

tr(Cer0QClo + aCe1 QCL1) = tr(BloPBeio + By PBert)
(25)
SEECL BT, AR T e B
I 1. WR RS (6) R IRERaE N, B Hy Vb
A LA

J = t2(BloPBao + bBY, PBay) (26)
H P =PT >0 4k (23) KR
ik

J = t1(Ce10QClio + aCa1 QC41) (27)

HaQ =Q" >0 A (20) M.

TR SR R PR BEAS 2 SR %1 il R LK Ho 1HERE.

EIB 2. WRRS (6) Rl ffae v, Ma Hy PEfE
AT LA IA Sk

J = tr(BYoPBeo +bBYPBai) <

~ ~ 28
tr(BLoPBeo + bBY PBuy) (28)
ot P = PT > 0, WU FAER 7
_p“l‘Ag;OpAclO +G/A;[;1p14cl1 +bA’£2ﬁAcl2+ (29)
CToCeio+aCk Cen <0
[£1%
J = tr(CclOQCCTl‘O + acclchgl) < (30)
tr(CconCEO + aCCllQngl)
Hh Q=Q" >0, HUUF AR MM
—Q+ AaoQALy + aAa1 QAL + bA QAT+ (31)

B.oBY, 4+ bB.1BY, <0

JERR. PR TR0, 7E 0k . O

L AR 2 ) NSRS ANEE R, TR AR,
B Hy PERSE S BRSSO SR AR P(EL Q), Toiksk
3 Hy PERER LFL, UL TS| B E @ SRR EE Z kit
5, WA (28) /5N

BYoPBeo +bBY PBuy < Z (32)
J < tr(2) (33)
2 (30) 750
Ca0QCo + aCa1 QCHy < Z (34)
J < tr(2) (35)
MmN HHE R,

W 1. BRI L, AR (6) BT IRA
Bk, Hil2 Hy PERBZIH (8).
1) WURAELE IR ATRBE P 2, 09

-p * * * * *
pAClo -y * * * *
a]:DAE“ 0 —aP * ) * * <0 (36
bPA.2 0 0 —bP  * *
Ceio 0 0 0 —1I *
aClepy 0 0 0 0 —al |
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-7 * *
PB.y -P } <0 (37)
bPByy 0 —bP
tr(Z) < v (38)
2) WRAFAEIE RIS Q. Z, 15
I —Q * * * * *
QAEZO —Q * * * *
GQA;T“ 0 —aQ x| (39)
bQAL, 0 0 —bQ x =
B, 0 0 0 -1 x
| bBJ, 0 0 0 0 —bl
-7 * *
QCcr, -Q <0 (40)
aQC;Fll 0 —aQ
tr(Z) < v (41)

N AR RS (6) BT REGRE Bk L I TEREY
W (8) M5 —M A4, ZAMRHER 1 A& ZSEN T,
UE B 77 77T 22 DL STk [6] 2 B 2 RAE .

EIR 3. B A2 — oL, ARG (6) A TTHE%
FaER, B Ha PEREZIH (8).

1) WRAEAEIEEXFREE Py Z, fiFE G 115

P

* % % * *
GTAuo = x * * *
aG:AC“ 0 a= *_ * * <0 (42)
bG Az O = % *
Cero 0 0 (U *
aClepy 0 0 0 0 —al |
-7 * ok
GTBaoy = = ] <0 (43)
bGTBar 0 b2
tr(Z) <~ (44)

Hh=z=P-G-G".

2) WIRAFAEIE EXFREE Py Z, HEFE G i
[ P-G-GT * * * * *
ALG -pP * * * *
aAL, G 0 —aP * * * <0
bAL,G 0 0 —bP x =
BY.,G 0 0 0 —-I x
| bBLG 0 0 0 0 —bl
(45)
-7 * *
cry P <0 (46)
aCh, 0 —aP
tr(2) <7~ (47)

iE 2. 20 (36) Ml (42), =0 (37) A1 (43), 20 (39) F1 (45),
(40) 1 (46) £EMH. EMIRARLET (36), (37), (39) M

(40) T RGHEFER Lyapunov MEATERE A, U (42), (43),
(45) A1 (46) ARG FEF Lyapunov FEAAELER G172 [F]
—AN B HEM G Mk, XIEME RS, HEL 1 FEH 3 1
RSP R, (R B 3 R Ad R 22 AR AN 2 B RE 8
RS PER VE RIS B BRI R 1 AR AR et
AR S IETLAT B4 3 0 B R, DR e 4 o 2
HORER i B 3 SRR AR A I B T

3 #EHlEwRt

AATRT S 3 4 IS P 2 79 A, AEI 7 0%
7 % L SCR [14).

EE 4 SEWHE~y >0 WRAERME H =
Hi Hjy _ H, HY .
b > 0, H = . > 0, H =
H> Hs H, Hj

H, Hs
(48)~(52) AT

o HY N . .
{ v } > 0, Ag, Br, Cx, X, S fY, i3k

—Z * * * *
Bl Rl * * *
Bi +f3BxDs1 Rai Ra * * <0 (49)
bB; 0 0 bR =
bBr D21 0 0 bRai bRs
ﬁl * * *
H, H
S Y (50)
Y 0 H1 *
0 X' H, Hs
tr(Z) <~ (51)
HH=1 (52)

K Y = A+ 3BrCo+aB:Cr + Ag, Ri = Hi - Y —
YT Roy=Hy,— X" —S—-Y,Rs1=Hs — X — XT. #4
R4 (6) YT IREGE 2N B L He MERELIH (8). Bk,
AR S EAT iR 2RI

A =YS 'Ag, Bk =YS 'Bk,Cx = Ck (53)

EE 5 LEHHy >0 WRAEHEME H =
AT _ i, Ar X
S >0, H= | _ ' > 0, H =
H2 H3 H2 H3
o AY A . .
T2 >0, Ak, B, Ok, X, S MY, iR
Hy Hs

(54)~(58) JT.

-7 * * * *
cf+alEDy, —H * * *
ct —H, —H; * * <0
aCEDL 0 0 —aH *
0 0 0 —aH> —aH;
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I —H1 * * * * * * * * x|
—f{z —_Hg * * * * * * * *
A+ &BQC'K A ]:21 * * * * * * *
T A+ BBKCQ R21 Rgl * * * * * *
aBQC:'K 0 0 0 a]ﬁfl ik * * * * <0 (48)
aB2Ck 0 0 0 aRo1 aRs * * * *
0 0 0 0 0 0 bR, * * *
bBrCo bBrCh 0 0 0 0 bRy bRy *
Cy + aD2Ck Ch 0 0 0 0 0 0 I =«
aD12Cr 0 0 0 0 0 0 0 0 —al |
[ Rl * * * * * * * * x ]
]%21 Rgl * * * * * * * *
AT + &C’};B; T —H, * * * * * * *
AT AT BC;B}; —H, —Hs * * * * * *
aCA';‘EB;F aCA';‘EB;r 0 0 —al?l *7 * * * * <0 (54)
0 0 0 0 —aHs —aHs * * * *
0 bCy BE 0 0 0 0  —bH; * £ %
0 bCT BE 0 0 0 0  —bHy, —bHs x =
BT BT + BDHLBEY 0 0 0 0 0 0 I %
i 0 bD3, BE 0 0 0 0 0 0 0 —bl
Y, AR 2 1E B PR A H bR R s
oo min tr (HA* + A*H + 2) (60)
H, H; « * s.t. (48) ~ (50), (59)
- . >0 (56)
Y 0 Hy = or
o XT A, s.t. (54) ~ (56), (59)
Hay, MR
tr(Z) < v (57) - o
ltr(HA® + H® H) — 4n| < €
HH=1 (58)

Hh Y = A+ BBgCo+aBoCx + Ag, Ry = Hi —Y - YT,
Ry =Ho—XT—-8S-Y, ka1 =Hs — X — XT. BLES
(6) ‘¥ TT B e It Hit e Hy PEREZIR (8). Bk, #374!
REHTHRA (53) RHL.

i 3. K (52) #(58) EFEXRLW, WL T ik
W H >0, H >0, H

H I
I H
W tr(HH) > 2n, H tr(HH) = 2n M HACY HH = I.

XFERE A AR A SLPMM (Sequential linear programming
matrix method)™ JHEATRAR, i AT 758 R 5519k

>0 (59)

=57
E1H. HERKNERE N, RERE ¢
F2d. FHHLEK (48)~(50), (59) (T (54)~(56),

(59)) H—4ln4TfiR, 34 H® = 7, H® = H k= 0;
®3%. SRBMM A, H, H, Ax, Bx, Cx, X, S F

T2 AT AT AR, ARSI
W k> N, B4
T8 p* € [0,1] WL

min {tx((A®) + p(H — A)(HY + p(H ~ AY)))}

p€l0,1
E T N A A b S A I
A® = GO 4 (F— W),
Hk=k+1, B3 5.
4 #EHIF
15 RIINT HLE R GE, HL RO S RG0S Mo O

#E5%.
6.

g% = g(k)+p*(ﬁ_g(k)))

0.9226 —0.6330 0 0.5 1
A= 1.0 0 0 [,Bi=| 0 [,B2=|0 |,
0 1.0 0 0.2 0

Ci=]01 0 0],02:[23.738 20.287 0 |,
D1z =0, Dy =0.
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B IR R R P{B(k) = 0} = 0.1 It %
W ERIMR P{a(k) = 0} = 0.1, WM 3 Fransiik 1
AL i (60), sk FE TR YALMIPRS T HAf ek
fifd, Forb SRR % FT 1O & Lmilab sKARSS, 715 Hy ERA
0.2896 I A4zl 4% -

[ —0.2013 —0.1955 —0.0078
A = 05400 —0.1125 0.0057 |,
0.2596  0.5013  0.0162
[ 0.0092
Bx = | 0.0142 ,CKz[—1.0564 0.8341 0.0037 |.
| 0.0029
5 it

ASSCRIT ST T ) IR A 00 s R 47 o B 25 2K 1 199 2%
PRI RGN Ho i tE OB ) B, SR T 22 Bernoulli 73
A1 1R AL A B R 1 M (R B ML 25 Ok, R R AR AN 5 X7
R T Bl A e e S B A ) T R 0 7S o A A, R A
SLPMM &t T AH W P & SR Al 1%
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