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Abstract—We consider the stability analysis and state-
feedback stabilization of LTI uncertain sampled-data syséms.
There are two sources of uncertainty: the plant’'s parametes
can be uncertain and the sampling intervals can be unknown
and variable. We model the sampled-data system as a hybrid
system and we employ a Lyapunov function with discontinuites
to establish the stability of the system. Our stability and
stabilization results are presented as Linear Matrix Inequalities
(LMIs). By solving these LMIs, one can find a positive constan
which determines an upper bound on the sampling intervals
such that the stability of the closed-loop is guaranteed. Té
control design LMIs also provide controller gains that can ke
used to stabilize a given process. To reduce the conservaivess
we use slack matrices; however, we require a smaller numberfo
slack matrices than in the previous results and we show that &
have done it without making the results more conservative. A
a special case we consider sampled-data systems with comgta
sampling intervals and provide results for this class of syems
that are less conservative than the ones obtained for the geral
case of variable sampling time.

I. INTRODUCTION

(DDE) and the stability is established using Razumikin or
Lyapunov-Krasovskii Theorems. The third approach is based
on the hybrid modeling of sampled-data systems in which a
time-varying periodid_yapunov function is used [6, 7]. The
downside of this approach is that the sampling interval ef th
plant’s output must be constant and the sampling interval of
the controller’'s output ig-times ¢ € N) smaller than the
plant’s output sampling interval.

Our approach is based on a hybrid modeling of sampled-
data systems but we uselgapunov function with jumps
However, this Lyapunov function is inspired by the Lyapunov
functionals that appear in DDEs (c.f. [5]). The stability
conditions are presented as Linear Matrix Inequalities &M
which can be solved numerically using software packages
such as MATLAB. By solving these LMIs, one can find a
positive constant which determines the maximum sampling
interval. In the NCSs literature this maximum sampling
interval is often calledyar), €.9., in [8].

We also consider the control design problem, in which

_We consider the stability analysis and state-feedback stg-giatic controller gain becomes a parameter to be selected.
bilization of uncertain sampled-data systems. We considgyen this gain is viewed as an unknown, the stability condi-
an LTI plant connected to a digital state-feedback cor@roll jong mentioned above become Bilinear Matrix Inequalities
through sampling and hold. There are two sources of Unci\s). For numerical efficiency, these BMIs are converted
tainty: the values of the plant's parameters can be unknowW, .k into a LMI feasibility problem. These LMI provides
while satisfying a polytopic condition and the sampling,q; oniy the controller gain, but also the largegiar: for
interval can be uncertain and variable. This framework ighich stability can be assured. We show that our conditions

general enough to capture networked control systems (NCS8)oove upon previous results in the sense that the closed-

with packet dropout [1]. , _ loop system remains stable for larger sampling intervals.
Sampled-data systems have been studied extensively OVeéampled-data systems whose continuous state evolves

the past decades and three main approaches have been ugedging to an ordinary differential equation (ODE) are
for robust sampled-data stabilization. The first one is 8asgj,je_gimensional because the future evolution of theesyst
on lifting [2, 3], in which the problem is transformed into ;5 e completely determined from the current value of the
an equivalent finite-dimensional discrete-time problemievh S5 siate and the last received sample (given that the
maintaining the inter-sampling information of the SyStemsampIing sequence is known). We us&y@punov function

This gppfoach does not Wc_)rk n the_case of uncertaiiy discontinuities to establish the stability of suchtsyss.
sampling interval and polotopic parametric uncertaintii@ |, 51 these systems are modeled as infinite dimensional

system matrices. The second approa_\ch is bgsed on modelt@gES and aLyapunov functionalis used to prove their
the sampled-data system as a continuous-time system W&E‘;\bility. We show that for any system our sufficient

a delayed control input [4, 5]. In this case, the CIOSed'loof?ondition for stability of sampled-data system is less (or

becomes ainfinite-dimensionaDelay Differential Equation
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equally) conservative than the one in [5, 9]. From this
perspective, considering an infinite dimensional DDE model
and using a Lyapunov functional to prove its stability offer
no advantage for this class of finite-dimensional systems.
Slack matricesntroduce degrees of freedom that can be
exploited to minimize conservativeness and they have been
used extensively for analyzing the stability of samplethda
system and DDEs (c.f. [5, 9, 10]). We also use slack matrices;
however, we usa smaller numbeof slack matrices, without



making the results more conservative. Decreasing the numb&fe definep(t) :=t —ty, tx <t < tx,1, and therefore we have
of slack matrices reduces the number of scalar variables fiyat| = Sup-opP(t). We assume that there existstia> 0
the LMIs and enables us to study larger dimensional systermsich thattp < ti, 1 — tx.
bD:(\:/srlsglsnng;g:( inequalities for the design problem als%' Stability of sampled-data systems with variable samplin

When it is known that the sampling intervals are constant, WWe now construct a finite-dimensional Lyapunov function
the work reported in [5, 9, 10] is unable to take advantag®r the sampled-data system (1) with variable sampling.
of this information. It therefore arrives at the same valu&onsider the candidate Lyapunov function
for TyaT) that would be obtained for variable (but upper- .
bounded) sampling intervals. ([9, 10] allow the delay in V() = Va9 +Va(4) +V(4), )
the control loop; however, we assume the delay is zerojkhere
The conditions in our paper distinguish between the Case§/ L

. . . . 1(X) = X/PX,

of constant vs. variable sampling intervals and provids les 0
conservative results when the sampling interval is fixedy,(z).— 5/(/ (s+ tmar1) (F exp(Fs))'R Fexp(Fs)ds)E,
Although the classical time domain, frequency domain, and -p
lifting approaches provide necessary and sufficient camdit  V3({) 1= (twati — p) (X— 2)’X(X— 2),
for stability (and stabilization) of sampled-data systemith
constant sampling intervals, they are not readily appl&aband ¢ := :;  R= g C())

when there is a polytopic uncertainty in the parameters %Iefinite matfrices. It is clear that the Lyapunov function is

the continuous-time plant model. positive (for anyx andz not both equal to zero). Along jumps

In section Il we provide the sufficient conditions forthiS Lyapunov function does not increase singéZ) and

the stability of sampled-data systems in terms of LMIs. If i . .
section 11l we consider the problem of finding a stabilizing\z/3(Z) are non nega_twe before the jumps and they become
ero right after the jumps.

state-feedback based on the results in section Il. The las

with R P, X symmetric positive

section is dedicated to conclusions and future work. Remark 1:Note thatV»({) can be written as
Notation: We denote the transpose of a mafrizy A’ and 0 st
we write P > 0 (or P < 0) whenP is a symmetric positive V() :/ X (s)Rx(s)dsdb. 3)
or negative) definite matrix. We write a symmetric matrix —pJt+0
TA Bg] as A B This type of functional (or closely related forms) appeared
B C x C|’ in the DDE and NCSs literature extensively, e.g., in [5, 11]

Il. STABILITY OF SAMPLED-DATA SYSTEMS but with thep replaced byryar; in (3) (and without/z(Q)).

Consider a sampled-data system consisting of an LTI The next theorem provides a sufficient condition for the
plant and a state feedback controller with constant din decrease of the Lyapunov function (2) along the solution to
connected through sample and hold blocks. The LTI plaribe system (1) between the jumps. Decreasing the Lyapunov
has a state space model of the form function between and at the jumps provides a sufficient

(1) = AX(t) + Bau(t), y=x condition for the exponential stability of the system (12]1
. Theorem 1:The system (1) is exponentially stable for any
where x,u,y are the state, input and output of the pIantSampling interval satisfyingtp < tx.1 —t < Twari, vk € N,

respectively. At the sampling tintg, k€ N the plant's state, . q\iqeq that there exist symmetric positive definite noessi
X(tk), is sent to the controller and the control comman X and a (not necessarily symmetric) mati that
Kx(tx) is sent back to the plant to be used as soon as é'gti’sfy the following LMIs:

arrives until the next control command update. The regultin

closed-loop system can be written as a hybrid system of the W+ tvaTi(M1+M3) < 0, (4a)
form _ [W-l- TmATIML TMATINR] <0, (4b)
EU)=F&(), t&=<t<tga, (1a) * ~IMATI
where
fen) = [J ] ke (1b) _
kil F=[A B,
where [P] - o [P 0] | [I I}
vi= |PlELF P - { ] X
F= A Bl g2 PO, Bi= BK, 0 ~|
00 Z(t) |
.7 -N[I —I]- N,
Z(t) := x(t), tk <t <typs. —I1
The maximum interval between samples will be denoted by My :=F'RF,

TMATI .= EUI\IID(thrl—tk). My = [ ] XF_+ F'X [| —|} . (5)
S



See the appendix for the proof of Theorem 1. (since M, does not appear and the only remaining term in
equation (4) that containX is negative semi-definite, one
may simply takeX = 0). A sufficient condition for (7) to be
satisfied is

Remark 2:Suppose there exist matricBg > 0, Po¢, Pss,
Zs and Ry > 0 satisfying the following stability conditions
from Lemma 1 of [5]:

0 ol’ (A+B)P+P(A+B) <0, P=P >0, (8)
Wis <O, —Zs + P} [B] R?l [B] Pr <0, _ _
because if (8) holds, then (7) holds with the chole=
where ["P&*]. The condition (8) is the necessary and sufficient
C[Ps O condition for the stability of the closed-loop systexm="
Pr = [pzf psf:| ; (A+B)x. Hence the sampled-data system is stable for small
0 0 enough sampling intervals if the corresponding closegb-loo
Wit 1= Wot + TmaTIZE + TMATI [O R ], continuous system is stable. By the Matrix Elimination
f ; Lemma it turns out that (8) is also a necessary condition
Wor =P’ { 0 | } { 0 | ] P for (7). Therefore as the sampling intervals approach zero,
A+B I A+B I Theorem 1 recovers exactly the continuous-time stability
Then we have condition. This does not happen for the conditions that

appeared in [6]. Moreover using a Lyapunov function instead

!
Wort + TmATI {8 F\(’)} + TmaT 1P} [g} R;l [g} P; <0. (6) of a Lyapunov functional facilitates proving the exponehti
f stability (instead of just asymptotic stability) of the sys
Multiplying (6) from the right and left byu\ g} and its tem (1).
transpose we obtain (21) with B. Stability of sampled-data systems with constant samplin
P = TvaTi = hs, P =Py, Now we consider the case where the sampling intervals are
R= Ry, N'= — [B'P»s + B'PstA BPyB]. constant. This case may appear uninteresting since there ar

. ) . ] T classical results giving necessary and sufficient conustio
This means that if there are matrix variables satisfying thg, stability and stabilization of such sampled-data syste
conditions of Lemma 1 in [S] then the conditions in Theoowever the LMI conditions presented here can be used for
rem 1 will necessarily also be satisfied. It is also possible tyore interesting problems such as studying the stability an
show that when the stability condition in [9] holds (given bystabilization of sampled-data system with input saturetin
equation (12) in [9]), then the condition in Theorem 1 musjyhich one wants to maximize the region of attraction. These
also necessarily hold with results are also extendable to the study of multi-rate sadapl

p=tum =ty R=T, it ystm for i e rallo o e dferent samping

/ / / / :

P=R, N = [Ni, +NgA Ny +N3BJ. of V(&) in (2) we use
Hence our Lyapunov function leads to conditions in Theo- L
rem 1 that are less conservative than the stability conditio W(Z) = Va(x) +V({) + Ws({) ©)
in [5, 9] using a Lyapunov functional. From this perspectivewhere
considering an infinite dimensional DDE model and using a I ol=N o
Lyapunov functional to prove its stability offers no adveag W5(Q) := (tmaTI — P)€&’ [I _J X L —I] ¢, (10)
for this class of finite dimensional systems.

. s._ |0 X
Remark 3:Suppose that the system matrié@s= [A B] Xi= |y X! (11)
are not exactly known and instead they are specified through !
the following polytopic condition: Note that

K K _ !
0c { T HQ, 0<f<l - 1}’ W5(Q) = (tmati — P) ((X— 2)Xo(X— 2) + 2(x— 2)%12),
=1 =1 and consequenth/({) is not necessarily a positive function.
where thek vertices of the polytope are described byHowever, right before and after every sampling tikg({)
Qj:=[Al BI]. Stability of the system can be checked byiS zero (because right befomgari —p = 0 and right after
solving the LMIs in Theorem 1 for each of the individualX —z = 0), thereforeW({(t)) > 0,vk € N . If between

vertices with the same matrix variablBsX, R, N. sampling times we have th (dzt(t” <0, for ty <t < tyyq,

Remark 4:When the sampling intervals approach zercghen (@) W({(t)) is smaller right afterti than it was

. just beforety, but still positive and; (b) between sampling
52332”:58 thatiwar — 0) the conditions (4a) and (4b) oo W(Z(t)) must always be positive. Item (b) can be

justified as follows: By contradiction suppose that at some
[P} F+F P O -N[I —I]- { ' ] N'<0 (7) PointW({(t)) becomes negative. Then, since this function
0 — is monotonically decreasing, at the next sampling time it



Th 1 Th. 2 Bl &l [10]

variable sampling: The stability results in [5, 9, 1]
3.5n% 4+ 1.5n 52 +n 5r +2n M?+n  16n2+3n provide an upper bound on the sampling interval, for which
stability is guaranteed equal to 0.8696. This bound is
improved to 0.8871 in [10]. Theorem 1 gives the upper
bound equal to 11137. When compared to the constant-
sampling bound given by Theorem 2, we now obtain a more
conservative value. This is reasonable because we are now
guaranteeing stability for every sequence of samplinggime
with consecutive samples separated by no more than 1.1137,
but potentially with different sampling intervals from one
sample to the next.

11137 13277 08696 08696 08871

TABLE |
THE SECOND ROW SHOWS THE NUMBER OF VARIABLES IN THEMI s
USED TO TEST STABILITY AND THE THIRD ROW SHOWS THE VALUE OF
TmaT) FOREXAMPLE 1.

must still be negative, which contradicts item (a). The next Remark 5:In table | we compare the number of scalar

theorem provides sufficient conditions that guarantee thgpknowns that appear in the LMIs of the different papers

dwgt(t)) <0, fort <t <te.1. The decrease of the Lyapunov-assummg that the dimension of the plantnisNotice that

: ; ; (n+1) ;
like function (9) along the solution to the system (1) bo,[H°or ann x n symmetric matrix vanabl@z— scalar variables

) X . . ._are needed whereas for amx n matrix variablemn scalar
between and at the sampling times provides a sufficient . .
- X .. variables are required. We can see that our results use fewer
conditions that guarantee that for the exponential stgbili

L e variables, but this is not at the expense of degrading theeval
of the system (1) when the sampling interval is fixed. obtained fortyar). It is not fair to compare the number of
Theorem 2:The system (1) is exponentially stable forvariables in [10] to the others in Table | because this paper
any non-zeraconstant samplingnterval smaller tharmyar;  Considered the sampled-data system with delays (although
provided that there exist symmetric positive definite ntasi We presented the number of variables in [10] in Table I).
P,R and (not necessarily symmetric) matriddsX;, X, that

satisfy the following LMIs: IlIl. STABILIZATION OF SAMPLED-DATA SYSTEMS

— — The LMIs presented in the previous section become Bilin-

Y+ TmaTi(My+Mz) <O, ear Matrix Inequalities (BMIs) when the controller gadnin

[‘P—F TmaTiM1  TmaTIN ] B = KB, is unknown, because there are cross terms between

* —TvaTIR ’ B and P. This situation arises in the design problem, when

we want to find a feedback galf that stabilizes the closed-
loop system. The next theorem provides an LMI conditions

— =) _ I ol'=N o that enables us to find a stabilizing feedback gain for vigiab

W= [ J X { ] sampling intervals. Following the same steps, one can find

] the state feedback for the constant sampling case.

N,

Theorem 3:There exists a state feedback gain that
— I o0l'=N o ol =N o exponentially stabilizes the sampled-data system (1) rigr a
Mz 1= [| _J [| _|] F+F [ J X { ] J sampling interval satisfyingp <t 1 —tk < TmaTi, VK€ N,

_ provided that there exists a symmetric positive definiterixat
andMgy, X are defined in (5) and (11). Q, (not necessarily symmetric) matricl,Y, and positive

. scalarsey, & that satisfy the following LMIs:
See the appendix for the proof of Theorem 2.

Wy + TmaTIMg T™ATIFS

) . e <0,
Example 1:Consider the plant model from [13] “ — TuATIE 19
x| [0 1 ][x 0 Wy TmaTIFS TmMaTINg
|:X2:| o [O —0.1:| [X2:| T [0.1] v, (13) * —TMAT|8le 0 <0,
. . * * —TmaTIE1Q
with the state feedback gaik = —[3.75 115|. In our
notation, this corresponds to where
Fa:=[AQ BY],

e i R

constant sampling:Using standard techniques from

digital control one can show that the maximum constant —Ng [l —1]- [_IJ Ng,
sampling interval for which the closed-loop system remains

stable is 17s. The maximum constant sampling interval Mg =& {' :|Fd_|_£2Fé -
given by Theorem 2 is.B277. =l



When these LMIs are feasible, the stabilizing state feekibac V. CONCLUSION AND FUTURE WORK

. . . _ 1
gain is given byK =Y Q™. We considered the stability analysis and state-feedback

Proof. Assume Q = P-1. Multiplying (4a) by Q= stabilization of uncertain sampled-data systems. We -intro

. . . duced a Lyapunov function with jumps to study this class
l‘gzg(%%)sﬁgds(gﬁ&rb?/eﬂ?nfﬁfég;ﬁ;n@hirgwgv_fe of systems. As special cases we considered sampled-data

: - tems with fixed sampling intervals. Our stability and
KQ, and choosingX = £&,Q 1, we get Systems . )
Q K=2Q g stabilization results were presented as Linear Matrix lraq

Wa+tmariMa  tmamiFy | _ (15) ities (LMIs). To reduce the conservativeness we used slack
* ~TmaTIR ’ matrices; however, we used fewer slack matrices than the
WYy TmaTIFS TvaTiNg previous results in the literature. We showed that we have
x —TuaTIRL 0 <0. (16) done it without making the results more conservative.
* * —TvaTIQRQ

In the future we will extend our results to multi-rate
The matrix inequalities in (15) and (16) are not LMIs. Wesampled-data system. This setting does not require a gdtion
make them linear by choosir@= &Q*, which results in  ratio between sampling intervals of different variablesir O
the LMIs in Theorem 3. setting is also amenable to the analysis of linear systems
) . 1 with input saturation [5] or nonlinear uncertainty [16]. We
Remark 6:By choosingR = £Q * we transformed the iy 150 consider theH,, design for uncertain sampled-data

BMIs into LMIs that are numerically tractable, but this WaSgystem. We are also interested in studying the sampled-data
achieved at the expense of over design. This conservaﬁsengystems with delays in the control loop

could be reduced by using the cone complementarity algo-
rithm [14]. Consider a matrix variablé such thaZ < QRQ APPENDIX

Now the matrix inequalities to be considered are Proof of Theorem 1Along the trajectory of the system (1)

W+ TmaTiMg - TmaTiFy <0 we have
* —TyariR™? ’ dVA(2) = /
r _ g/
Wg  tmatiFg . TMATINg et ({O] [A B+ {B’} P 0] )Ea (17)
*  —TmaTIR® 0 <0, Qv
L * * —TmaTIZ # = —(x—2'X(x—2)+
Fjl le] > 0. 2(tmaTi — P)(X—2)'X(Ax+B2), (18)
Q dVa(¢

Clearly these matrix inequalities are not LMIs because thW) = (tmat1 — p)&’(Fexp(—Fp)'RFexp(—Fp))&
inverse of the matrix variables appear. However, the cone _, , (0 d .

complementarity algorithm transforms this problem into at¢ (/ﬁp(5+ TMATl)d_S[F exp(—Fs) RFexp(—Fs)dSDE =
linear (_)ptimizatior_1 subject to a set of_ LMIs that can be sdlve{((mmI — p)Fexp(—Fp)RFexp(—Fp) + TMAT|F/§F)5
numerically. The improvement of this type of approach tha , e

uses the cone complementarity algorithm has been investi- (TMATI —P)¢& ((Fexp(—Fp)'RFexp(—Fp))¢&

gated in [15] —5'(/0 (Fexp(Fs))'R Fexp(Fs)ds)E —

Example 2:Now we consider the state feedback con- P
troller design for the plant (13). We would like to find a o
feedback gainK that maximizes the upper bound of the e oz o
variable sampling intervals. Yue et al. [9] found a stabi- Twati& FRFE —¢ (/7p(F exp(Fs)) RFexp(Fs)ds)E.
lizing controller that guarantees stability up to a sanglin (19)
interval equal to 402. Our results provide the controlleg;
K=[5x10"° —0.034§, which improves this upper bound Sincex(t) - z(t .
to 820. This upper bound on the variable sampling intervals, ., / '
is very large because the plant (13) is marginally stable anGZE N [I _I] §=2 N(,/,p [I 0] Fexp(Fs)ds)E
little control action is needed to exponentially stabilthe L Loy .
plant. In fact by choosing = —a (0.1x; + 10x) with a small < ¢ (/ NR™N'+ (Fexp(Fs)) RFexp(Fs)ds)E
o, we can get very largeyat). For example when =0.001 P 0
we get Tyat; = 10°. The reason that this input leads to ng’NITlN’E+E’(/ (F exp(Fs))’IiFexp(Fs)ds)E,
very largetyar) is that we can define:= 0.1x; + x> then —P (20)
z=0.1u. This system with the input = —az is stable for
large sampling intervals with small enough Although our which relies on the fact that if we flow backward in time
LMIs improve upon the previous results, most likely becaustor p seconds and look at the component, we get the
of numerical errors they are unable to give the controllat th component. The matrix variabld represents a degree of
previous observation suggests. freedom that can be exploited to minimize conservativeness

=X(t) —x(t — p), for any matrixN, we have



and we call it a slack matrix. Combining (17),(18), (19) and [5] E. Fridman, A. Seuret, and J. P. Richard, “Robust

(20) we get sampled-data stabilization of linear systems: an input
delay approach,Automatica vol. 40, no. 8, pp. 1441—
dVa(2) - - Loy 1446, Aug. 2004.
i < &(tmariF'RF+pNRN' —2N I —1])¢. [6] L. Hu, Y. Cao, and H. Shao, “Constrained robust
V() _ sampled-data control of nonlinear uncertain systems,”
Hence =4~ <0 if Int. J. of Robust and Nonlinear Contvol. 12, pp. 447—
464, 2002.
Y41 M1+ M M3 —My) < 0, 21 '

+ Tuari (M1 +M2) +p (Mg 2) (21) [7] L. Hu, J. Lam, Y. Cao, and H. Shao, “A LMI approach
whereW, My, M, are defined in (5) antflz := NRN'. to robustH, sampled-data control for linear uncertain
A necessary and sufficient condition to satisfy (21) is systems,” IEEE Trans. Syst. and Man Cybernetics

vol. 33, no. 1, pp. 149-155, Feb 2003.

W+ Tmati (M1 +M2) <O, (22) (8] G. C. Walsh, H. Ye, and L. Bushnell, “Stability analy-

W+ Tyati(M1+Mg) <O0. (23) sis of networked control systems|EEE Trans. on
To see that these matrix inequalities are sufficient, camsid (z:ggg Syst. Techvol. 10, no. 3, pp. 438-446, May
a € [0,1] and note that :

[0,1] [9] D. Yue, Q.-L. Han, and C. Peng, “State feedback
a (W+ tvati(M1+Ms)) + (1— ) (W+ Tyati(M1+ M) = controller design for networked control system&EE
W+ TyaTIM1 + 0 TvaTiM3 + (1— @) TwaTIM. Lrgnzggfutomat. Conjwol. 51, no. 11, pp. 640-644,
V. .

Setting a = p/Tmari We conclude that (21) holds. Now [10] D. Yue, Q. L. Han, and J. Lam, “Network-based robust
suppose that (21) holds for evepy< Tmar. Hence it should He control of systems with uncertaintyAutomatica

hold whenp = 0 andp = tvar which gives (22) and (23) vol. 41, no. 6, pp. 640—644, 2005.

respectively. By Schur complement, the matrix inequalite  [11] J. P. Richard, “Time-delay systems: an overview of
(22) and (23) can be written as the LMIs givenin Theorem 1. some recent advances and open prob|emﬁbmatica
Finally, when the LMIs in Theorem 1 are feasible, there _ VOl- 39, pp. 1667-1694, 2003.

exists a constant, > 0 such th(,i,[d\/d(tz) < —c1f&f2 Itis also [12] M. S. E’S’rgnicky, “Stability of hybrid systems:_ _State of
the art,” in Proc. of the 36th Conf. on Decision and

easy to show that there exists a constgnt- 0 such that
y an Contr, vol. 1, Dec. 1997, pp. 120-125.

< 2, N
V({) < col¢|% Then =g < —2V({) and consequently [13] M. Branicky, S. M. Philips, and W. Zhang, “Stability of
V({) and Vi1({) both decrease to zero exponentially fas ) . ) R
networked control systems: explicit analysis of delay,

which in tern means thai(t) — 0 exponentially fast. in Proc. of the 2000 Amer. Contr. Conflune 2000, pp.
2352-2357.

Proof of Theorem 2Along the flow [14] L. E. Ghaoui, F. Oustry, and M. AitRami, “A cone com-
) plementarity linearization algorithm for static output-
dWs(€) 75,(_ I 0 < I 0 feedback and related problem$BEE Trans. on Au-
da I -l -l tomat. Contr. vol. 42, no. 8, pp. 1171-1176, Aug 1997.
I ol=M o [15] H. Gao and C. Wang, “Comments and further results on
+2(tvaTI — P) [I _|] X [| _J F)f “a descriptor system approach k4, control of linear

time-delay system”/IEEE Trans. on Automat. Contr.
vol. 48, Mar. 2003.
and rest of the proof goes exactly as in proof of thé¢l6] M. Yu, L. Wang, and T. Chu, “Sampled-data stabilisa-

Theorem 1. tion of networked control systems with nonlinearity,” in
IEEE Proc. of Cont. and applicationsol. 152, no. 6,
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