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Abstract: The robust H, control of a class of uncertain networked control systems with network-induced delay and data
packet dropout is studied. A new Lyapunov-Krasovskii functional is proposed, and sufficient conditions for guaranteeing the
robust stability and H, performance of the considered system are derived based on an improved version of Wirtinger
inequality. The derived conditions can lead to less conservative results than existing corresponding ones. A cone
complementary linearisation(CCL) algorithm is given to solve the suboptimal robust H, controller gain. Numerical
examples are given to illustrate the effectiveness of the proposed methods.

Key words: networked control system; robust H., control; Lyapunov-Krasovskii functional; time delay; data packet

dropout

.

0 31 B

H i, P2 R 58 (NCS) 2k B 4h 3 3
AR 1) — N A s B SR, — MR X NCS [T
TN PSR T A 7R R 3 282 s [ R 2R O A T ) . S
HR [1-5] %5 NCS QB 2 5 R 48, i 51 A0 %5 1) bl
B B85 2R AT A 4 O 1Y) 2 45 3 I E RN 5 A, 1%
JIVE T2 8T I 2% I ZE AN AL e v A, WA
Nk N R M T S BV i s
SRR I 2 R 1 8 T R, S TR SR Ak IR . SR
[6-13] K5 NCS HA5 Ay H A7 i A\ I s IR 28 R 48, FIH
Lyapunov AH O 8 0 2 48 34T 880E 1 0 A F g il 2
BT AT W0 45 1555 I SaE 25 A 1) 5 M) S Al 4
% N B SE I, S8 Lyapunov #H5GHL 8, 7l LSRG &R
GERaE AR A5 AT, IR BE S A3k — 20 W] U A Ze bk

ks H H:
HEEWE:
1EHEN:

2012-11-01; f&[E HHA: 2013-03-27.
[ % B 2R R} #3410 H (61202253).

Wiz gl BN EAFTT.

SR AN 45 2 (LMD [ SR . 17 5T A8 B A7, (RS
T YRGB PR, HOATEE ISR R IR
BEAE Tp AR W] PR LR 57 2% | Lyapunov-Krasovskii
T2 BRI 38 BRI 62 R SR A e i AT SCTUAA Ak 2y
g2 7 AR ST M R S A 2 R EL SCRR (716 78
Lin Lt % (0) Ri(0)d6ds [1) Lyapunov-Krasovskii 72 b

F ARG K 0™ (1) Rk (1) LT (s)Ri(s)ds,

t—r(t)

FH - [T 05 Ri(s) s e M, WA TTI T
PRAF . SCHR [10] 7823 ) FH SCHR [7] 0 #2081 5K 53
51, #J 3 T 3 () Lyapunov-Krasovskii 32 B8, 753K 5 i
RPN A2 XIRREAT 1 R 5 €, JEFIH Jensen A5
FORTG T IR IR /NI S5 5. 5K Tensen A5
FUMR ) R AL T — AN AT R, (R B R 1) O

XNF2.(1986—), B, A, MM sl G hlpi o, 25K E1953-), 5, #%, B 50, WF



K

518 = 1 5 * 09 %
R LAY 8 SEXT(t) =t — igh, t € [ikh + Ty ikp1h + Tip oy )s k=

KULFERT —REAAES BRI R
NCS 71 [7] I 47 7 I 2 A1 A DL 1 &6 Hoo 3257
) . 38 o 44 38 B ) Lyapunov-Krasovskii 72 B8, FF 7
JEISCHR (147 $2 43 (¥ 50 Wirtinger AU VS5, 3R93 T
TRAFPE /N R GoR 8 Bl 2 Hoo PEREIE T 28 474
()78 3 25 A A2 MR R b, ) F 2tk HE b 55025 (CCL)
SEHL T IRLE M H oo A28 1 2 (0 5K
1 )R

SCHAE AR 8 SCRIAT e T O 3 4 B B,
BR Tk REL B B A L, e DAy R R R A A R 8 X R TR,
diag{-} ARHAHEE, v(b, a) = ﬁ Lb x(s)ds.

FRELL N AR S

(t)

[A+ AA(t)]x(t) + [B + AB(t)|u(t) + Byw(t),

xz(to) = o, 2(t) = Cx(t) + Du(t). (1)
Hrp: z(t) € R WRGMIRE M H; u(t) € R™
TN w(k) € Lal0, +00) AAMTILBNHIN; 2(t) € R
i 2(t) € R* A RGVIHEIRE; A, B,C, D
IR BUEE, AA(L) RTAB() K [ W R G h
ZHAE M AR FN R, B LU B

[AA(t) AB(t)] = MFE(t)[Ea Eb],

F(t) R e

2

F)TF(t) <1 3)
I € HLBE, M B, T Ey, S CAN 3 BOERE, e
ST AN E ZEUN A S S
BB 19 48 A7 A T A% SR A% 5 P ol 4 DA il %
AT A5 2 1], AL I A I TR) 3K 5y, 428 1 2 FH AT #45 h
HAFIRBN, W20 G AR W H A R B A
. 7% IR 2 GEIN 5 LAUI, R n] @R
z(t) = (A+ AA)x(t) + (B + AB)u(t) + Byw(t);
2(t)=Cux(t)+Du(t), t € [ixh+Ti,, ikt 1h+Ti ., );
wth) =Kzt —1,), t € {ixh+7,,k=1,2,---}.
“4)
b K RS GG A h R RFE R, 4y, 5 H
{i1,i0, -} C {1,2,--- }; 73, IR TG I AE, Fon%L
P AL JEES RAE I 2] g Iy 28 11 X 88 A1 328 B BHAT #  Fof
P FEIR IS TR]. AR AT
Ulikh + 7o insah + iy, ) = [to, 00), to > 0.
k=1
(374
(k1 —ik)h + 7, <1,

OnggTik,k:].,Q,"‘. (5)

1,2, -, MRL (4) 0] LA A
(t) = Ax(t) + BK2(t — 7(t)) + Byw(t);
z(t) = o(t), t € [to —m,tol;
2(t) = Ca(t) + DKz (t — (t)).

Horp

(6)

A=A+ DF(t)E,, B= DF(t)Ey,
T(t) =1, t #ixh+ 7.

1 AEXGOH, {ide, - PN{L2, I —
ANTEE A i1 — i = 1, MR 5L R b s A7
AL T B inr —ix > 1, TR W R E AL H I
B ERING, HIESEEBANE N g1 — i — 1 47
g1 < dr, WSRO0 2 A% vt IR BS0HE 0 4 T IR 42
75 NCS H stk 20 A8 77 5 1 (0 b 3105 202 & vl
1 5040 A, AN 5 181 i dee T s, DR AT DU &
Tpt1 > Tk

ARSOFER X R GE (6) BVl R W1 R SRR
T .

EX1 iy > 0, 7 W RS (6) X1t
95 2 30 3) AN 2 1, A7 LA R Habs: D T
ANw(t) = 0, I RGHIT R 2) 7 F WL 4 AT
T, TN w(e) A S 2 () WE Hoo JEEZTR
FAE2(t)]l2 < YJw(t)|l2. WIFKFRL (6) 1F Hoo LB
7K v N BT R E .

N T I B R 2, 45 R ] L

BIFEAM 4y5E IF S HIE RANTE [a,b] 1 AT i)
R 2, LA FANE A RO

[T () Ri(s)ds <

T
) z(b) z(b)
0
b a z(a) (R) | z(a)
v(b,a) v(b,a)
Hrp
OélR OéQR OégR
2(R)=| * woR azR|,
* *  auR
2 2
al——l—z,ngl—%,
2
s
(0% 7, (67} —7T'2.

1382 WY, D, F, Ehi& % 4 5000 58 5 B,
F(t) WL F(t)TF(t) < 1,Y JRFRFEE, N
Y + DF(t)E + ETF*(t)D* <0,
2 HACH A E— M e > 0, flife
Y +e'ETE+eDD" <.



3

X FZ & BANEFE 6 NCS &46 H 354 519

2 3‘:%"2%%

T < 1), 47 T?TXﬁAJtE%Eﬁi P, W, Ry, Ry, XIFRAR
W Z, FEFE Y, {815

. P 0

U= F > 0, @)

* Z—i—W/n]

R PR (8)

* 222
Hrp
po [ ]

* —’yQ‘I

Sy =Y I oIy Iy mn I 619,
Sy = diag{—I — PRT'P+e,MM™ —6PR;' P+
esMM"Y —e I —eyl —e3l},

& =
_@11 ale éslg 0 ¢i5 (25{6 @17 i
% Do %R2 0 0 %Rz sk
* * 6@5 %R %]% &R 0
33 5 2 5 2 5 2 )
* * * Pyy  Piy Dy —TmZ |,
£ % x o« %1%2 0 0
T
—R 0
* * * * % 5 2 A
L* * * * *  agRy |
d=1n—"Tn, (2511 :PAT+AP+W+CY1R1+€1MMT,

13 = BY, djs =32, &5 =0, &lg =0, ¢f; =57,
f]17 = a3R1 + TmZ, @22 = OélRl + %RQ,

5
2 ~ ~ ~ ~
By — %RQ, By = 7R2 W, ¢l = %RQ — 47,
ésiﬁ = ?31%2’ @iG = 07 @36 = 752’

=[BX 00000 0],

=[CP 0 DY 0000 0],

=[AP 0 BY 00 0 0 By,
I's=[E,P 0 E,Y 0000 0.
W R G A 5 BT A RS 1V, L H oo 8 3 048 b
~, ORI Hoo PN K = Y P

UERH M3 Lyapunov-Krasovskii 12 PR 1
V(t) = Vo(t) + Vi(t) + Valt) + Va(t). )

Hr
T
(1) P o a(t)
Vo) = {Itnx(s)ds] 0 Z Lin x(s)ds] ’
Vi) = [ o (eWals)ds,

—rmf [ ORu0)d0ds,

)= [ [l @R (t)asas.
F| F Jensen T ;‘LET Dk i
Vo(t) + Va(t) = | v et :
Lin z(s)ds Lin z(s)ds
(10)
Hrp

R ) (11)

x Z+W/n

HT R AT PGy 2 b8V (8) 1IEE DR A 0 i
M P, W, Ry, Ry JJ X FRIE E R M, Z b Xt AR A K L
Ji(ll)ﬁf‘cj ‘#ﬂﬂ%lﬁl A LU AR AL

—r [[ () Ru(s)ds < €T (0 2(R)E(), (12)
B :_,:(t) &7 (s) Rod(s)ds < %@T (t)2(R2)&(t), (13)
[T ) Ra(s)ds < €T OAR)E(. (14

t—7(t)

H: 2(R)(i=1,2) B’JEXWJIJ‘El HA
&) =[a"(t) 2" (t —7m) 0T (tt — 1),
&(t) = [zt (t—7(t) «"(t—n) v (t—7(t),t—n)]",
&(t) = [a" (t=7m) 2" (t=7(t)) V" (t—Tm, t—7(1))]".
fEt € ligh + 7, ik h + 7y, ) L XV () W R
4t (6) AR 2, 455 (12) ~ (14) HE RS

ft*n z(s)ds =

t—7(t) t—Tum t
L x(s)ds + z(s)ds + L x(s)ds,

-n t—7(t)

V() <ET(H)OL(t) — 2T (1)2(t) + v wT (Hw(t). (15)

2Vt —7m) 2Tt —7(t) 2Tt —n) =

— vl —7@t),t—n) T
ottt —7n) w (6],

O=I+7tN(TFZYy+ TFZ1)+

2 TR T 4+ 6T Ry

(t—7m,t —7(t)) =

[0 FOT
* —72.7

Il =

)

T'=[I00 —10000)],
T,=[0000 —I100],
=[A 0 BK 0000 B,

Ty=[BXP 0000O0QO],



520 Ee #] * R W29 %
P = Sy = diag{—I — Ry'+eaMM" —
(@11 asR1 dy3 b5 P16 D7 | — =Ry +esMM"' —e1l —eol —esl},
* Do %Rz 0 0 %32 azRy I'n=[C 0DKO0O0OO0DO0,
* ok D3 %Rz %sz %Rz 0 Iy=[A0BK 0000 B,
ok kP (545 Ps6 —TmZ | Iy=[E, 0 E,K 0000 0]
L R MR (18) B T T
S T diag{P~!---P~L ...}
| * * * * * * ay Ry | %7’_/ R;_/

P, =ATP+PA+W + R, +CTC,
®13 = PBK + CTDK, &15 =nZ, ¢16 = T 7,
¢17 = OZ3R1 + 7_mZ, @22 = Othl + ﬂ1?27

5
2
By — %RQ 4+ (DK)'DK, &4 = %RQ —W,

By = %RQ —0Z, Py =T Z.
tH = (15) vl %0, 45 © < 0, M
V(t) < —2T(8)2(t) + Y?w (t)w(t). (16)
HERER O1E [1, 0] LT 7(8) 1549, LA
Oy =M +1,( VL ZT o+ Y5 Z70)+
2RI+ 0" Ry <0,
Oy =M+ n(TFZ s+ TFZ 1)+
2 TR T + 0T RaT < 0
B, WO < 0 BA7. AR Schur #b e BEAT G 2E 2, o
(A7) B2 HAC A7 ¢ > 05 = 1,2, 3), fiif5

an

o %y ,
<0,i=1,2. (18)
* 222
/\q:‘
[
]« —~2r|’
¥ =
(&1, aaR, P13 0 @{5 Ebf@ .
* @22 %RQ 0 0 %RQ 013R1
Qa2 ag a3
* * @33 ?RQ ?RQ ?RQ 0
* * k @44 éﬁlﬁ) é}m _TmZ )
* * * * %RQ 0 0
* * * * * %Rg 0
| * * * * * * agRy |

&, =ATP+ PA+W + Ry +e,PMMTP,
&3 = PBK, &5 =67, ®% =0, &l5 =0,
By = 62, Bl = TRy =67, B = R,
Pl =0, &2 = —52,

Do = [If 7y 60 Ty 7, I8 6],

F O E, e P =P~ W = PWP, R; = PR;P
(i =1,2), Z = PZP, n[#3:X(8). X=X (11) #1533
Jee it o diag{ P~1 P~1} M SLiEE, M s e T 13
K.
HEH B REE (6) 75 w(t) = 0 I & ta e
PE. sk (18) W LA
' Ty .
<0,i=1,2. (19)

* 222

o
Yo = [ty Ry 6T Ry I'f 7,1 61y,
Sy = diag{—Ry +eoMM™T — Ry +esMM™ —
— —e1] —eol —e3l}.
S5 A5 M A9 WA, M w(t) = 0, V() < 0, fif
LAAIFE 2R 5t (6) A2 B i A A 5E 1.
X (16) LM igh + 73 Bligyah + 7, BT,

it
U likh + Ts,., iky1h + Ty, ) = [to, 00),
k=1

REG

V(o) = V(t) < [ (==7()2(5) + 72w (s)w(s))ds.

(20)

EERIUE AT, Bl a(t) = 0, Vt € [to — 1, Lo, H12
(20) FT A [|2(t)[l2 < ~[w(t)]2- T

E2 0 G143 T SCHR [14] P o Wirtinger
SRS, TN R TS S AR I X E R
T, FI T 2 AN 45 30 E 3K 75 LE Tensen AN 25 5 {4 <7 v 5
NSRS T A5 M 1B, A5 44 3 Lyapunov-
Krasovskii 22 BIN A TBUMIL [ a(s)ds 0 e 22
ST

EIL1 XTI RS (6), HEhiitr,, n(0 <
Tm < n) FIRLBE K, 547 AEXFRIE & HiBE P, W, Ry,
Ry FOFR A BE Z i i X (11) R (18), WIFR R 4t (6) &
R R 1.

3 M eI K, AAEERESH
A s PR, (1) BTA8) R BEA S, AT H
P23 1 Matlab LMI Toolbox 4T 3K i



3

X FZ & BANEFE 6 NCS &46 H 354 521

HEEREH PR @) A E LML, b TR
il a3 25, W BN gk — P R ok, R
B Ly, Lo Wi 2

—Li>—-PR'P,i=1,2 (21)
FH Schur #h e #E, = 21) 50T
—R7Y —p!
i <0,i=1,2. 22
A (22)

FINFAL S Py, Rin, Ren, Lin, Loy, 2\ (22) A
HHh

—R P, —R P,
w Py O I
* _LlN * _L2N
PPy =1I, RiRiy =1, RoRoy = I,
LiLiny =1, LoLoy = 1. 24)

T30 (23) A1 (24), Al B e HE 1 TR SR B o I R
et ) 8
min tr(]:’PN + RlRlN + R2R2N+

LiLin + LoLon); (25)
s.t. X (7), (23);
(&1 5y, )

1 <0,i=1,2; (26)
| ¥ Yoo
(P T R I

=0, >0,
_>|< PN * RlN
Ry T L, I
o >0, | >0,
| * Ron * Lin
(L, T
> 0. 27

_* LQN

o
5oy = diag{—I — Ly +e,MM"™ —
— 0Ly +esMM™ —ejI —eql — esl}.
A LR ) R Hy 5, B
min tr(PPN + RiRiy + RoRoy + L1 Lin+
LyLan) = 5n,
W= (7), (23), (24) M1 (26) & FTAT . HR 5 SCHR [15) 32
LR TEHERNEE, 45 Hoo KA 28 SR AR V5.
Step 1: & k = 0, A0 KIHILHE o >
0, fi#3 X (25) i) LMIs A i 47 fiff.
Step2: W k=1, y="0, T LK (25) 1 LMIs
(R RIAT 1% (PO, PR, R, ROy, RS, Ry, LY, LYy, LS,
Lyy)-
Step 3: KAADLAL ] B
min tr(P*Py 4+ PP + RFRyn + RiRF +
RERon + RaRby + LY Ly + LiLiy+

L5Lon + LoLby);
s.t. LMIs in 2 (25).
I
PH+t = p Pl = Py, RV = R,
RMYY = Ryy, RET' = Ry, RELY = Ron,
LM =Ly, LV = Ly,
LY = Ly, LY = Lo
Step4: 47 Step 3 T SR AfE A2 2 (21), WYk ~o
Je iR [7] Step 2; A5 PR A2 21) H k < kax (B2
KIEARIKELD), WAk =k + 1, ¥ % Step 3; MR H.
Step 5: il H R Hoo PEREFR R v S JEXT N (4%
g2 K =y Pl
E4 AEBUE EIRER (25) I d /M 5n AR
Me, BRI IE PR 21) VR L2 14 F.
3 EHI T
51 L& NCS i F st %
0 1 0
x(t) = 0 _0'1] z(t) + L).l] u(t). (28)
Wi hlge il K = [-3.75 —11.5]. #47,, =0
I, JE I SRR 1P R AN SR K (1) R (18), FAS
n (g5 KA, BV K e VAL i35 (MADB). H# 1 1]
WL, R 1 3 BILL SRR [6, 8, 10, 12] {5 PETE /N &5
BNy — 1 = 030, AR 1 AT 7, KA
0.757 9, 1M SCHR [6,12] ZRAF 1 7., 5 KAE 5334 0.691 6
F10.750 1. Mt — 20 % B R G AEAE AR BT 1S T,
3 (28) MTLAER R A

a0 ] ol 0]
= [0 ] lm OF 2| @
2(t) = [0 1a(t) + 0.1u(?). (29)

#£1 7, =0/ MADB

JCwk[e]  ScEks]  ScEk(io] o scik(12] o kiR
0.869 5 0.92 1.008 1 1.0081  1.0230

K2 T M, =0, = 0.8695 I Hy AL
PEREFE b,

SCHK 6] 3CHR[10] 3wk 1121 fEie 1
6.82 1.0005 1.00 0.8363

512 e NCS #4045

-1 0 —05
i:(t):( 1 -05 0 +AA(t))x(f)+
0 0 05

00 U%u(t)+[1 1 1] w(),



522 1= ! 5 * % w29 3%
z(t) =[1 0 1]z(t) + 0.1u(t), (30) the presence of random delays and packet losses[J].
F|AA(E)] <0.01. W 7, =0.1, 1 = 0.5, M 1 Automatica, 2012, 48(6): 1017-1030.
s [6] Yue D, Han QL, Lam J. Network-based robust H ., control
of systems with uncertainty[J]. Automatica, 2005, 41(6):
Ymin = 1595
999-1007.

K =[-0.6343 —0.0091 -1.4823]. [71 Peng C, Yue D. State feedback controller design of
FEFFRE LR, SCHR [6,10,12] 345 (4 Ymin 730 1.9, networked control systems with parameter uncertainty and
1.62, 1.7. HA] L, AR SO ) 05 2k BE SRR [6,10,12] state-delay[J]. Asian J of Control, 2006, 8(4): 385-392.

WP T R I 7 1 RS PR RN [81 He Y, Wang Q G, Lin C, et al. Delay-range-dependent

4 % i/t\, stability for systems with time-varying delay[J].

Wi 52 NCS [0 6 #2 H R A R i 4 M3E T 5 10 [9] Peng C. Networked, guaranteed cost control for a class of

e N DL T Y. (=] M
Lyapunov-Kraso SklleZlZl T Wirtingerz: ot industrial processes with state delay[J]. Asia-Pacific J of
yapunov- A% - s 2B ; ~F . . . .
A T REHDHGE L T AR e . ngLLg e een
. . . . iang X F, Han Q L, Liu SR, et al. A new H stabilization

ARG 56AT, TEen th T 88 Ho #HIS Bt A Ts

5 Zﬁfﬁ')ﬂm?%l%@f%;j [;J R Ojg‘;ﬁﬁf N criterion for networked control systems[J]. IEEE Trans on

D S 0757 5 7N AR 5

/EZZ ﬂ’]ﬁj‘i " TRRAH o Automatic Control, 2008, 53(4): 1025-1032.

FIOFARE. (1] 56, 25/0 3. 14 bl R AT oo ARAS IR P 23

5 2% 3Lk (References) BEVF[I]. F IS 5 R, 2008, 25(3): 414-420.

YE L SY Hy ¢ -fi k 11 si

[1] Shousong H, Qixin Z. Stochastic optimal control and (Guo ) L1 S state-feedback controller design

fi tworked trol t J]. Control Th &
analysis of stability of networked control systems with long or networked control systems[J] ontro eory
Applicati 2008, 25(3): 414-420.
delay[J]. Automatica, 2003, 39(11): 1877-1884. pplications, 2008, 25(3) )

[2] Zhang L, Shi Y, Chen T. A new method for stabilization [12] Zhu X L, Yang G H. Network-based robust Hoo control
of networked control systems with random delays[J]. IEEE of continuous-time systems with uncertainty[J]. Asian J of
Trans on Automatic Control, 2005, 50(8): 1177-1181. Control, 2009, 11(1): 21-30.

[3] Shi Y, Yu B. Output feedback stabilization of networked ~ [13] Liv Y Y, Yang G H. Sampled-data Hoo control for

control systems with random delays modeled by Markov
chains[J]. IEEE Trans on Automatic Control, 2009, 54(7):
1668-1674.

WHE e, ERAEA, HE, S5 HLAT I I R A 1) Y 4 4
R GE Hoo RS RABHEHI[T]. 42751 5 Y3, 2009, 24(4):
587-592.

(Xie D X, Han X D, Huang H, et al. H state feedback

(4]

control for networked control systems with time-delay and
packet dropout[J]. Control and Decision, 2009, 24(4): 587-
592.)

[5] Xu H, Jagannathan S, Lewis F L. Stochastic optimal

control of unknown linear networked control system in

[14]

[15]

networked control systems with digital control inputs[J].
Int J of Systems Science, 2012, 43(9): 1728-1740.

Seuret A, Gouaisbaut F. On the use of the wirtinger
inequalities for time-delay systems[C]. Proc of the 10th
IFAC Workshop on Time Delay Systems. Boston, 2012:
260-265.
Ghaoui L E, Oustry F Aitrami M. A cone
complementarity linearization algorithm for static output-
feedback and related problems[J]. IEEE Trans on

Automatic Control, 1997, 42(8): 1171-1176.

(TR 3R FRIRE)



