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Abstract—This paper develops the time-delay approach to networked
control systems with scheduling protocols, variable delays and variable
sampling intervals. The scheduling of sensor communication is defined
by a stochastic protocol. Two classes of protocols are considered. The first
one is defined by an independent and identically-distributed stochastic
process. The activation probability of each sensor node for this protocol
is a given constant, whereas it is assumed that collisions occur with
a certain probability. The resulting closed-loop system is a stochastic
impulsive system with delays both in the continuous dynamics and in the
reset equations, where the system matrices have stochastic parameters
with Bernoulli distributions. The second scheduling protocol is defined
by a discrete-time Markov chain with a known transition probability
matrix taking into account collisions. The resulting closed-loop system is
a Markovian jump impulsive system with delays both in the continuous
dynamics and in the reset equations. Sufficient conditions for exponential
mean-square stability of the resulting closed-loop system are derived via
a Lyapunov-Krasovskii-based method. The efficiency of the method is
illustrated on an example of a batch reactor. It is demonstrated how the
time-delay approach allows treating network-induced delays larger than
the sampling intervals in the presence of collisions.

Keywords: networked control systems, Lyapunov functional,
stochastic protocols, stochastic impulsive system.

I. INTRODUCTION

Networked control systems (NCSs) have received considerable
attention in recent years (see e.g., [1], [2]). In many such systems,
only one node is allowed to use the communication channel at a
time. The communication is orchestrated by a scheduling rule called
a protocol. The time-delay approach was recently developed for
the stabilization of NCSs under the round-robin (RR) protocol [3]
and under the try-once-discard (TOD) protocol [4]. The closed-loop
system was modeled as a switched system with multiple and ordered
time-varying delays under RR scheduling or as a hybrid system with
time-varying delays in the dynamics and in the reset equations under
the TOD scheduling. Differently from the existing results on NCSs
in the presence of scheduling protocols (in the frameworks of hybrid
and discrete-time systems), the transmission delay is allowed to be
large (larger than the sampling interval), but a crucial point is that
data packet dropout is not allowed for large delays in either [3] or
[4].

In the framework of hybrid systems, a stochastic protocol was
introduced in [5] and analyzed for the input-output stability of
NCSs in the presence of data packet dropouts or collisions. An
i.i.d (independent and identically-distributed) sequence of Bernoulli
random variables is applied to describe the stochastic protocol.
Communication delays, however, are not included in the analysis.
The stability of NCSs under a stochastic protocol, where the activated
node is modeled by a Markov chain, was studied in [6] by applying
the discrete-time modeling framework. In [6], data packet dropouts
can be regarded as prolongations of the sampling interval for small
delays.

In the present note, to overcome the lack of stability analysis of
NCS under scheduling protocols with large communication delays
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and data packet dropouts, we develop a time-delay approach consid-
ering multiple sensors under a stochastic scheduling protocol. The
resulting closed-loop system is a stochastic impulsive system with
delays both in the continuous dynamics and in the reset equations.
We treat two classes of stochastic protocols. The first one is defined
by an i.i.d. stochastic process. The activation probability of each node
for this protocol is a given constant, whereas it is assumed that the
collisions occur with a certain probability. The second protocol is
defined by a discrete-time Markov chain with a known transition
probability matrix taking into account collisions.

By developing appropriate Lyapunov-Krasovskii techniques, we
derive linear matrix inequalities (LMIs) conditions for the exponential
mean-square stability of the closed-loop system. As in [3] and [4],
differently from the hybrid and discrete-time approaches, we allow
the transmission delays to be larger than the sampling intervals in
the presence of scheduling protocols. The efficiency of the presented
approach is illustrated by a batch reactor example.

The rest of this note is organized as follows. Section II presents
the model of NCS and the hybrid delayed system model for the
closed-loop system. In Section III below, the exponential mean-
square stability of the closed-loop system under i.i.d stochastic
protocol will be studied. The exponential mean-square stability of
the closed-loop system under Markovian stochastic protocol will be
presented in Section IV. In Section V, the efficiency and advantages
of the presented approach are illustrated by a batch reactor example.
Finally, the conclusions and the future work are stated in Section
VI. Preliminary results on the stabilization of NCSs with two sensor
nodes under i.i.d stochastic protocol have been presented in [7].

Notations: Throughout this note, the superscript ‘7" stands for
matrix transposition, R™ denotes the n dimensional Euclidean space
with vector norm |-|, R™*™ is the set of all n x m real matrices, and
the notation P >0, for P € R™*"™ means that P is symmetric and
positive definite. The symmetric elements of the symmetric matrix
will be denoted by x. the space of functions ¢ : [—7ar,0] — R",
which are absolutely continuous on [—7as, 0], and have square
integrable first-order derivatives is denoted by W[—7az, 0] \ivith the

norm [|@llw = maxoe sy [60)] + [[°,, 16(s)2ds] " . Zzo
denotes the set of non-negative integers.
II. SYSTEM MODEL
A. NCS model
Consider the system architecture in Figure 1 with plant
#(t) = Az(t) + Bu(t), (@)

where z(t) € R™ is the state vector, u(t) € R™ is the control input
and A, B are system matrices of appropriate dimensions. The initial
condition is given by z(0) = xo.

The NCS has N distributed sensors, a controller and an actuator
connected via two wireless networks. Their measurements are given
by yi(t) = Ciz(t),i=1,...,N. Let C = [C{ --- CH]T, y(t) =
[yi(t) - y& ()T € R™. We denote by s, the unbounded and
monotonously increasing sequence of sampling instants 0 = sg <
S1 < v S < vy k € Zzo, limpg oo Sk = 00, Sk+1 — Sk <
MATI, where MATTI denotes the maximum allowable transmission
interval. At each sampling instant s, at most one of the outputs
yi(sk) € R™, Efvzl n; = ny, is transmitted over the network.

We suppose that the transmission of the information (between
the sensor and the actuator) is subject to a variable delay mr =
5+ mi® + i, where ni¢ and n;® are the network-induced delays
(from the sensor to the controller and from the controller to the
actuator, respectively), and where 7, is the computational delay in the
controller node. Denote sy + 7y by . Differently from [8], [9], we
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Fig. 1. NCS architecture

do not restrict the network delays to be small with 1, < sg4+1 — Sk.
Following [3], [4], [10], we allow the delay to be large provided
that packet ordering is maintained. Assume that the network-induced
delay 7, and the time span between the instant {511 and the current
sampling instant s, are bounded:

tepr —te + 6 <7y, 0 < < SMAD, k € Z>o, (2)

where MAD denotes the maximum allowable delay. Here 7, and
MAD are known bounds and 7p; = MATI+ MAD. The inequality
Nm > Tar/2 implies the case of large delay. For the given example
in Section V, we show that our method is applicable also for n,, >
T /2.

Remark 1 Differently from [10], where subscript k in ty corre-
sponds to the measurements that are not lost, in our paper k
corresponds to the sampling time. This is because we consider the
probability of collisions or data packet dropouts (see further details
below). Therefore, ti is the actual or the fictitious (when collisions
occur or the data packet is lost) updating time instant of the zero-
order hold (ZOH) device.

Remark 2 We follow a commonly used assumption on the bounded-
ness of the network-induced delays, e.g., [8], [11]. Another possibility
is the Markov chain model of the network-induced delays, e.g., [12].

B. The impulsive model

At each sampling instant sj, at most one of the system nodes 7 €
{1,..., N} is active. In some cases, collisions may occur when nodes
access the network [5]. If this happens, then packet with sensor data
is dropped. At the sampling instant s, let o, € Z = {0,1,..., N}
denote the active output node, which will be chosen according to the
stochastic protocol. Here o), = 0 means that either collisions occur
when nodes access the network or the data packet is lost during the
transmission over the network from the sensor to the controller. We
suppose data loss is not possible during the transmission from the
controller to the actuator.

Denote by §(sx) = [§1 (sr) -+ Gx(sx)]T € R™ the most
recently received output information on the controller side. We
consider the error between the system output y(sx) and the last
available information §(sx—1):

e(t) = col{er(t), - sen(t)} = Gsk-1) — y(sx),

3
t € [t thi1), k € Zso, 9(s_1) 20, e(t) € R™. ©)

We suppose that the controller and the actuator are event-driven (in
the sense that the controller and the ZOH device update their outputs
as soon as they receive a new sample).

Static output feedback control: Assume that there exists a matrix
K =[K: -+ Kn], Ki; € R™*" such that A+ BKC is Hurwitz.
Then the static output feedback controller has the form

u(t) = Ko\ Yo, (k) + Z;V:l,i#gk Kigi(sk—1),

4
t € [tk,trt1), k € Z>o, @

where Ko, Yo, (sx) = 0 when o, = 0. Therefore, we obtain the
following continuous dynamics:

{ l’(t) = Al’(t) + Alx(tk — nk) + Z?I:l,i#ak Biei(t), )
€t) =0, tE€[tr,terr),
where A1 = BKC, B; = BK;, i=1,...,N.
From (3), it follows that
ei(tes1) = Gi(sk) — yi(Sk+1)
= yi(sk) —yi(sk+1), =0, € I\{0},
ei(trr1) = Gilsk) — yi(ske1)
= Gi(sk-1) — yi(Skt1), © # ok, © € Z\{0}.
Thus, the delayed reset system is given by
(k1) = ot ),
ei(tk+1) = Ciz(sk) — z(skt1)], i = ox € I\{0},
ei(tes1) = €i(t;+1) + Cilz(sk) — z(sk+1)],
i # o, © € T\{0}.
(6)

Applying the time-delay approach to sampled-data control [13],
denote 7(t) = ¢t — tx + nk, then 7(t) € [Nm, 7] (cf., (2)) and
x(ty —nr) = x(t—7(t)) for t € [ti, trr1). Therefore, the impulsive
system model (5)—(6) contains the piecewise-continuous delay 7(t)
in the continuous-time dynamics (5). Even for 1, = 0, we have
the delayed state z(tx) = x(t — 7(¢)) with 7(¢) = t — tr. The
initial condition for (5)—(6) has the form of z(t) = ¢(t), t € [to —
7'1\/1,150]7 ¢(O) = X0 and e(to) = —Cm(to — 770) = —Cmo, where
@(t) is a continuous function on [to — Tas, to].

Dynamic output feedback: Assume that the controller is directly
connected to the actuator. Consider a dynamic output feedback
controller of the form

@e(t) = Ace(t) + Beg(sk),
u(t) = Cexe(t) + Degi(sk), L€ [tr,trt1), k € Zxo,

where z.(t) € R" is the state of the controller, A, B., C and D.
are matrices of appropriate dimensions. Let e;(¢), 7 = 1,..., N, be
defined by (3). The closed-loop system can be presented in the form
of (5)-(6), where z,e and matrices are replaced by the ones with
bars as follows:

_ A BC. _ BD
—~ _ 1T . T1T _ c _ c
z=z" z.]", A= { Onn Ae ,B; = B, ]7
- BD.C Opxn, = = = T
b= | g€ e Je=per R
a_lcl 07" o4 [ Ouw <f 077
Yo 0 TP T | Onuxny, O 0] 7T

T T
On = [ - ] o) = [E7() - R,
e1(t) = [e1(1) 0T, Ea(t) = O1xny €1(8) 01T,
en(t)=[0 ek )7, C; eR™*(Fe) &ty e R™, i=1,...,N.

C. Stochastic scheduling protocols

In the following, we will consider two classes of stochastic proto-
cols, which are defined by i.i.d and Markovian process, respectively.
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1) Li.d scheduling: The choice of oy is assumed to be i.i.d with
the probabilities given by

PI‘Ob{O’k = Z} = Bi, 1 €L, (@)

where ;,7 = 0,1, ..., N are non-negative scalars and Ef.vzo B = 1.
Here 8, 7 = 1,..., N are the probabilities of the measurement y; (s)
to be transmitted at sj, whereas o is the probability of collision.
2) Markovian scheduling: The protocol determines oy through a
Markov Chain. The conditional probability that node j € Z gets
access to the network at time s, given the values of 0,1 € Z, is
defined by
PI‘Ob{O’k = jlo’k,1 = Z} = Tij, (8)

where 0 < m;; < 1 forall i,j € Z, 30" mi; =1 for all i € Z and
oo € T is assumed to be given. The transition probability matrix is
denoted by IT = {r;;} € RIVFD>N+1)

Remark 3 The i.i.d scheduling is a special case of the Markovian
scheduling. For instance, assume that there are N = 2 sensor nodes
and collisions do not occur, the Markovian scheduling with 11 =

Z 1:2 , 0 < p <1, is an iid. scheduling with 1 = p,
=1 - P.

Definition 1 The hybrid system (5)—(6) is said to be exponentially
mean-square stable with respect to x if there exist constants b > 0,
o > 0 such that the following bound holds

E{Je(t)*} < be OB By + le(to) P}, ¢ > to

for the solutions of the stochastic impulsive system (5)—(6) initialized
with e(to) € R™ and x(t) = ¢(t), t € [to — Tar, to]. The hybrid
system (5)—(6) is exponentially mean-square stable if additionally the
Jollowing bound is valid

E{le(t)|*} < be > E ||z iy + le(to) P}, t > to.

III. NCSS UNDER I.I.D STOCHASTIC SCHEDULING PROTOCOL

A. Stochastic impulsive time-delay model with Bernoulli distributed
parameters

Following [14], we introduce the indicator functions

L,
op=i} = 0,

Thus, from (7) it follows that
]E{W{O'k:i}} = E{[ﬂ—{o'k:i}]2} = PI‘Ob{O’k = ’L} = ﬁh

E{[T {0, =i — Bl = { gﬁiﬁfﬁif ?: j.

o =1

oy 2 1€T kElx

= Bil[m (o =5}

Therefore, the stochastic impulsive system model (5)—(7) can be
rewritten as

{ B(t) = Az(t) + Arz(te — ) + S0, (1
2(t) =0, tE [tr,tht1)

— T{gp=i})Biei(t),

10)
with the delayed reset system

z(tht1) = x(tk+1)
ei(tes1) = (1 = Tiop=iy)ei(tiy)
+Cilx(ty — k) — x(thyr — 1)), i =1,..., N.
(11)

Remark 4 Applying the Bernoulli-distributed stochastic variables
T{op=i}> ¢ = 0,1,..., N, the closed-loop system (10)(11) is pre-
sented as an impulsive time-delay system with stochastic parameters
in the system matrices. Note that the Bernoulli distribution has

previously been applied to NCS with probabilistic measurements
missing [15], stochastic sampling intervals [16], time-delay system
with stochastic interval delays [14], output tracking control under
unreliable communication [17] and fuzzy control for nonlinear NCSs

[18].

B. Exponential mean-square stability of stochastic impulsive delayed
system

Our objective of this section is to derive LMI conditions for
exponential mean-square stability of the stochastic impulsive system
(10)—(11). Consider Lyapunov-Krasovskii functional (LKF):

Ve(t) = V(t, e, @) + 20, ef (H)Qies(t),

V(t .Z't,.l't) V(t xt,mt) + Ve,

Vg = Z?’Zl(TM — D) fstk eQa(S*t)|\/G_'iC’ii’(s)|2ds,

V(t, 2, ) =27 (t) Pz )Jrftt_nm e 2T (5)Soa(s)ds
+ft Nm 2a(s t) T( )Sll’(S)dS

t—Tpr

+0m f_ ft_\\_g 226037 (5) Rod:(s)dsdh
H(rar =) [ [ €T VET (s) Rai(s)dsdo),

P>0,5>0,R; >0,G; >0,Q; >0,a >0,

17=0,1,7=1,...,N, te [tk,tk+1), k‘GZZO,
12
where x+(0) 2 xz(t+6), 0 € [—7ar,0]. Here the term
ei (Qiei(t) = e (tr)Qiei(tr), t € [tr,trsr), i =1,..., N,

is piecewise-constant. The term f/(t,mt, %) represents the standard
Lyapunov functional for systems with a time-varying delay 7(¢) €
[m, Tar]. The novel piecewise-continuous in time term Vg is inserted
to cope with the delays in the reset conditions. It is continuous on
[tk,tk+1) and does not grow at the jumps ¢ = tx41, since

E{VG\t:tk+1 VG\t th }
< _(TM_Wm) ~2aTh Zz 1 ::tl,;nHl E{| \ sz( )|2}ds
<

20T Zi:l E{|vVG:Ci[x(ts—nr) — l’(tk+1*77k+1)]|2(}173)

where we applied Jensen’s inequality. The infinitesimal operator £
of Ve(t) is defined as

LVe(t) = lima o+ 2{E{Ve(t + A)[t} - Va(D)}.

The following lemma gives sufficient conditions for exponential
stability of (10)—(11) in the mean-square sense:

(14)

Lemma 1 If there exist positive constant o, 0 < @Q; € R™*™i,
0< U e R"*™, 0< G e R"*™ ¢ =1,...,N, and V.(t) of
(12) such that along (10) for t € [ty,tr+1)

E{LV.(t) +2aVe(t) — === 3% el ()Uiei(t)} <0, (15)
with
—BiQi + U; 1-8:)Q:
Qi: " Qi(—GieZQ‘”M SO, 'L:17...,N.
(16)

Then V.(t) does not grow in the jumps along (10)—(11)
© = E{Ve(trs1) — Veltyyy) + 3oiv, ef (te)Usei(tr)} < 0.
(17
Moreover; the following bounds hold for the solutions of (10)—(11)
with the initial condition x+,, e(to):
]E{V(t, Tt, l’t)} < 6_2a(t_t0)]E{V to)} t > to, (18)
Ve(to) = V(to, 2eg, eg) + 2y €f (t0)Qiei(to),

and

Sin E{lVQiei(t)P} < ge 2 TR Ve (t0)}, (19)
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where ¢ = ¢2*(™M =1 implying exponential mean-square stability

of (10)«(11).

Proof: Since f:k e 2 ds < tap — fm, t € [tk k1) and
L[>V, (1)] = e**[2aV.(t) + LV.(t)], a > 0, then (15) implies

E{Ve(t)} < e 2 WE{V, (tx)}
+ 30 Blel (te)Uiei(tr)}, t € [ty trr)-

Because (16) yields U; < 5:;Q; < Q4, i =1,..., N, we have

(20)

E{V(t, e, @0)} < e 2T RE{VL(tx)}, t € [th, tegr).  (21)

Note that
N
‘7 T
E{Ve (i 1)} =E{Viimt o+ V= + D €7 (ter1)Qiei(tisn)}
i=1

and

E{e] (tks1)Qiei(trr1)}

= E{[VQi[(1 — m(o,=i})ei(tr)
+Ciz(ty — mk) — Cim(trrr — mey)]*}

=E{(1 - Bi)e] (te)Qiei(tr)
+2(1 = Bi)ef (tr)QiCilaw(tk — mk) — (thy1 — Mrt1)]
+IVQiCi[z(tk — i) — x(terr —mes1)])*}, i=1,...,N.

Taking (13) and (16) into account, we obtain

0 = E{L, [IVQiei(trs))* — [VQie(ts)|*]
+VGW:%+1 - VG\t:t;+1}
<E{XL Qﬁ'ez’(tml)IQ — [VQiei(tr) "]}
—e 20 3 B{VGiCilz(tk—nk) — @ (tkrr —mkr1)] 1}
< YL B{G) TG0} <0,
where (Z(t) = COl{ei(tk),Ci[.T(tk — nk) — m(tk+1 — nk+1)]} and
Q; is given by (16).
Therefore, the inequalities (17) and (20) with ¢ = ¢, , imply

E{Ve(tkt1)} e 2k mtIR{V, (1)}
e_2a(tk+1_tk—l)]E{‘/e(tkil)}

e—2a(tk+1*t0)E{Ve(t0)}~

(22)

IANIAIA

The latter inequality, with k+1 replaced by k and (21) give (18). The
inequality (18) implies exponential mean-square stability of (10)—(11)
with respect to x because

Amin (P)E{|2(1)]*} < E{V(t,z¢, i)},
E{V(t()’mtmito)} < UE{H'T%H%V}

for some scalar v > 0. Moreover, the inequality (22) with k£ + 1
replaced by k implies (19) since for ¢ € [ti, tkt1),

672a(tk7t0) — 672a(t7t0)672a(tk7t) < 567204(1&71&0). O

By using Lemma 1 and the standard arguments for the delay-
dependent analysis, we derive LMI conditions for the exponential
mean-square stability of (10)—(11):

Theorem 1 Given 0 < 7y, < Tar, @« > 0, Bo > 0, B > 0,
Ef\]:oﬁi = 1land K;, i = 1,...,N. Suppose there exist n X n
matrices P > 0, S; > 0, R; > 0, j = 0,1, Si2 and n; x n;
matrices Q; > 0,U; >0, G; > 0,4 =1,..., N, such that (16) and

Ri  Si2
= >
o { * Iy } 20, 23)
S+2THE+ YN BETHE <0 (24)

are feasible, where
H = TﬁnRo + (tm — ﬁm)QRlJr(TM — M) leil ClTGlCl,
Y=FIPE+ET PR+ YT —Ff RoFre 20 — FTOFe=20M |
F1 = [[n 0n><(3n+ny)]7 F2 - [[n - [n 0n><(2n+ny)]7

F= Onxn In —In  Onxn Onxny
2 =1[4 0nxn A1 Onxn (1=31)B1 -+ (1—Bn)Bn],

=1 = [Onx4n 7B1 0]7 52 - [Onx(4n+n1) 7B2 0]7 R

Enx =[0 —By], Ej € RUntny)

Y=diag{So+2aP, —(So—S1)e 2¥"m 0, —Sie 2™ ahy .- abn},

P = fmUjJrQan, j=1,...,N.

(25)

Then the solutions of (10)—(11) satisfy the bounds (18) and (19).
Hence, the closed-loop system (10)—(11) with initial condition x,,
e(to) is exponentially mean-square stable. If the aforementioned
matrix inequalities are feasible with o = O, then the bounds (18)

and (19) hold also for a sufficiently small oo > 0.

IV. NCSS UNDER MARKOVIAN STOCHASTIC SCHEDULING
PROTOCOL

In this section, we will derive LMI conditions for exponential
mean-square stability of the stochastic Markovian jump impulsive
system (5), (6), (8) with respect to x. Note that the differential
equation for = given by (5) depends on e;(t) = e;(tx), t € [tk, tk+1)
with j # og, 7 € Z\{0} only. Consider LKF:

Ve(t) = V(t, T, Te) + Z;'V:Lj;éak eJT(t)Qjej(t), o €1,
V(t, Tt, .Tt) = V(t, T, J]'t) + VQ,
VQ _ (T]M o nm) Stk eQa(s—t)l\/@i,(S”st’

t € [thytht1), k € L0, Q@ >0, Q; >0, 5=1,...,N,

(26)
where V(t, X, @¢) is given by (12). The following statement holds:

Lemma 2 If there exist positive constant o, matrices 0 < @Q €

R™™ 0 < Q; € R"*™ 0 < U; € RM*™ j =1,...,N,
and V(t) of (26) such that for any i € T along (5)
BLLV(t) + 20V,(1) = i
S siel Q= Uje; ()} <0, t€ [t th),
(27

with o @

& 11 12

.= . <
Q; { . ol ] <0, (28)

holds, where

=20 Y0 T Ol QiCi—e 20 Q,
fo = [l (mo+ma)CT Q1 - g 1y Tt (CF Qi) -
ity maCR@w,
‘1)32 = diag{ZlI\LQ(mo + 7Til)Ql —Ui,--,
Zf\io,z;&j i1 Qs —Uijywar 7211\;_017"“QN_UN}~
Then Ve(t) satisfies

E{Ve(tk+1) — ‘J/\;(tJZH) ;
+ 251, € (t)(Q5 — Ujlej(tn)} <0, i € 1&29)
The bound (18) is valid for the solutions of (5), (6), (8) with the initial
condition x+,, e(to), implying exponential mean-square stability of
(5), (6), (8) with respect to x.

Proof: Consider ¢ € [tx,tx+1) and assume that o = i € Z.
Following the proof of Lemma 1, we have from (27)
E{Ve(t)} < e 22" WE{V, (1)}

30 e el (8)(Q—Uj)e;(tr)}, t € [t thsn).
(30)
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Therefore,
E{V (t,x¢, @)} < e 22 OR{V, (tx)}, t € [tr, ths1).
Note that
E{Ve(tii1)} = B{Viems,,, + VQli=ty
+ Z;\;l,#gk“ ej (trr1)Qje;(tr1)}
and
St i BAET (ths1)Qjes (s o = i}
=3 SN o Bt ) Quen(tria) ).
Taking (28) into account, we obtain
BAVe(thra|ow = 1) = Vet i) jop=i
+ Z;'V:I,j;ti e (tx)(Q;j — Uj)e;(tr)}
< E{ S Y misel (1) Quen(tgn)
- Z;'V:I,j;ti e?(tk)Ujej(tk)
—e 2 Q= ) — (b = mes)]
=E{ZTmR&m} <o,

where Q(t) = COl{.T(tk — nk) - .T(tk+1 — nk+1), (&) (tk), ety

€j i (th), - sen(te)} and ; is given by (28). Therefore, the
inequalities (29) and (30) with ¢t = ¢, , imply E{Ve(tx1+1)} <
e 2tV (1)} < e 22(tk17IE{V,(t9)}. The latter
inequality, with k+ 1 replaced by & and (30) give (18), which implies
exponential mean-square stability of (5), (6), (8) with respect to z.
O

Remark 5 Differently from Lemma 1, in Lemma 2 the inequality
E{V.(tps1)} < e 2Ek+170IRLV, (t9)} does not give a bound on
o, (tr) since Ve(t) of (26) for t € [tr,tr41) does not depend on
€oy, (tr). That is why Lemma 2 guarantees only mean-square stablility
with respect to x.

By using the above lemma and the arguments of Theorem 1, we
arrive at the following result:

Theorem 2 Given 0 < 7y, < 7, @« > 0, 0 < 7 < 1,
E;,V:Omj =1,45 € ZTand K;, | = 1,...,N. Suppose there
exist n X n matrices P >0, Q >0,5; >0, R; >0,5=0,1, Si2
and n; X n; matrices Q; > 0, Uy > 0,1 =1,..., N, such that for
any i € I, the matrix inequalities (23), (28) and S+ é?ﬁéz <0
are feasible, where the notation ® is given by (23), and where
H =n2%Ro + (s — 0m)*Ra + (Tar — 1m) Q,
i = FfTPEZ + é;TPFf + Tz — (ng)TRoﬁgie_Qanm
7(F~‘i)T(I)F~‘i672aTM ,

M

i = [A Onxn A1 Onxn By -+ By - Bw],

lfll = [[n 0n><(3n+ny—ni)]7

F3=[In —1In Opxoning np)

Fi _ Onxn I, —In  Onxn Onx(ny—ni) :|
Onxn  Onxn I, -1, Onx(ny—ni) '

Yl‘ = diag{So +2CMP, *(50751)6720”17” s 0, 781672047—”1,
@17 e 71&”#1_7 e 71ZN}7
b= ———(Q; —Uj) +2aQ;, j=1,...,N.
Then the solutions of (5), (6), (8) satisfy the bound (18), implying
exponential mean-square stability with respect to x. If the aforemen-

tioned matrix inequalities are feasible with o = 0, then the solution
bound holds also for a sufficiently small oo > 0.

Remark 6 Note that Theorem 1 under i.i.d. scheduling protocol
guarantees exponential mean-square stability with respect to the

TABLE I
COMPLEXITY OF STABILITY CONDITIONS UNDER DIFFERENT PROTOCOLS
(FOR y1, y2 € R™/2)

Method Decision variables | Number and order of LMIs
[3] (RR) 8.5n% + 2.5n two of 6n X 6n,
two of 3n X 3n
[4] (TOD/RR) 3.75n% + 3n two of 5.5n X 5.5n,
one of 2n X 2n
Theorem 1 4.25n% 4+ 4n one of 8n X 8n,
(i.i.d) two of 2n X 2n
Theorem?2 4.5n% + 4n two of 5.5 X 5.5n, one of 2n X 2n,
(Markovian) two of 1.5n X 1.5n

full state col{x,e}, while Theorem 2 under Markovian scheduling
protocol only guarantees exponential mean-square stability with
respect to x. The LMI conditions in Theorems 1 and 2 are different.
In the special case when the Markovian scheduling protocol is i.i.d,
the conditions in Theorem 2 give more conservative results (MATI
and MAD) than those in Theorem 1.

Remark 7 The time-delay approach was developed in [3] and [4]
for the stability analysis of NCSs under RR protocol and under
TOD protocol, respectively. Assume that collisions do not occur. Let
N = 2 and compare the number of scalar decision variables and
the resulting LMIs (application of Schur complement) under different
protocols. See Table I for the complexity of the LMI conditions for
different protocols. Note that Theorem 2 achieves less conservative
results than Theorem 1 at the price of more LMIs (see example in
the next section).

V. EXAMPLE: BATCH REACTOR

We illustrate the efficiency of the given conditions on a benchmark
example of a batch reactor under the dynamic output feedback (see
e.g., [8], [9], [19]), where N = 2 and

1.380  —0.208 6.715  —5.676
4 | 0581 —4.2902 0 0.675
1.067  4.273  —6.654 5.893 |’
0.048 4273  1.343 —2.104
0 0
5.679 0 Cy 1 0 1 -1
B=1 1136 -3.146 ’C_|:CQ]_|:O 1 0 0 }
1.136 0
0 0 01
Ac | B ] 00 1 0
{Cc | Dc}_ -2 0 0 -2
0 8 ‘ 5 0

Assume that Sy = 0, mo; = w0 = 0, 2 = 0, 1,2, which means
that collisions do not occur. Let 31 = 0.6 and the transition matrix of
Markov chain oy € {1,2} as IT; = [ 8:3 8:?
Nm given in Table II, by applying Theorems 1 and 2 with ac = 0, we
obtain the maximum values of 7oy = MATI+ MAD that preserve
mean-square stability of the impulsive system (5)—(6) (see Table II).
From Table II it is seen that for small transmission delays, our method
essentially improves the results of [9], but is more conservative than
the results obtained via the discrete-time approach. However, the
latter approach becomes complicated for uncertain systems. Polytopic
uncertainties in the system model can be easily included in our
analysis [3], [4]. When 7, > 7ar/2 (m = 0.03,0.04), note that
our method is still applicable.

Choosing 7, = 0.02, by Theorem 1 with @ = 0, we obtain
the corresponding maximum values of 7as shown in Figure 2(a) for

. For the values of
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TABLE II
ESTIMATED MAXIMUM VALUES OF 1)y = MATI+ MAD FOR DIFFERENT
Mm
| ™ \ Im | 0 | 0.004 | 0.02 | 0.03 | 0.04 |
[9](MAD = 0.004, TOD) | 0.0108 | 0.0133 - - -
[91 MAD = 0.004, RR) 0.0088 | 0.0088 - - -
[8](MAD = 0.03, TOD) 0.069 0.069 0.069 | 0.069 -
[8] MAD = 0.03, RR) 0.068 0.068 0.068 | 0.068 -
[4](TOD/RR) 0.035 0.037 0.047 | 0.053 | 0.059
[3] (RR) 0.042 0.044 0.053 | 0.058 | 0.063
Theorem 1 (81 = 0.6) 0.022 0.025 0.039 | 0.048 | 0.056
Theorem 2 (I1;) 0.035 0.038 0.049 | 0.055 | 0.061
0.05 T T T T
0.045
0.04
= 0.035[
0.031
0.025
0.02 L L L L
0.2 0.4 0.6 0.8 1
B|
(@)
0.05 T T T T T T T T T
0.045 4
0.04 b
= 0.0351 b
0.03 b
0.025 b
0.02 . . . . . . . . -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(b)

Fig. 2. (a) Estimated maximum values of 77 (/31) by Theorem 1 with o = 0;
(b) Estimated maximum values of 77 (711) by Theorem 2 with o« = 0.

different (1. Choosing 7,, = 0.02 and 721 = 0.9, by Theorem 2
with a« = 0, we obtain the corresponding maximum values of 7as
shown in Figure 2(b) for different 7r11.

VI. CONCLUSIONS

In this note, a time-delay approach has been developed for the sta-
bilization of NCSs under stochastic protocol. Two types of stochastic
protocols, which are defined by the i.i.d and Markovian processes
are proposed. By developing appropriate Lyapunov methods, the ex-
ponential mean-square stability conditions for the delayed stochastic
impulsive system were derived in terms of LMIs. Future work will
involve the optimization of (;,i = 0,1,..., N and II to obtain
less conservative results, the implementation aspects of the stochastic
protocol in a real wireless network and the consideration of more
general NCS models, including stochastic communication delays and
scheduling protocols for the actuator nodes.
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