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scheduling protocols and communication delays *
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August 14, 2018

Abstract

This paper develops the time-delay approach to Networked Control
Systems (NCSs) in the presence of variable transmission delays, sampling
intervals and communication constraints. The system sensor nodes are
supposed to be distributed over a network. Due to communication con-
straints only one node output is transmitted through the communication
channel at once. The scheduling of sensor information towards the con-
troller is ruled by a weighted Try-Once-Discard (TOD) or by Round-Robin
(RR) protocols. Differently from the existing results on NCSs in the pres-
ence of scheduling protocols (in the frameworks of hybrid and discrete-time
systems), we allow the communication delays to be greater than the sam-
pling intervals. A novel hybrid system model for the closed-loop system
is presented that contains time-varying delays in the continuous dynamics
and in the reset conditions. A new Lyapunov-Krasovskii method, which
is based on discontinuous in time Lyapunov functionals is introduced for
the stability analysis of the delayed hybrid systems. Polytopic type un-
certainties in the system model can be easily included in the analysis.
The efficiency of the time-delay approach is illustrated on the examples
of uncertain cart-pendulum and of batch reactor.

Key words networked control systems, time-delay approach, scheduling

protocols, hybrid systems, Lyapunov-Krasovskii method.
AMS subject classification. 93D15, 93D05.

1 Introduction

Networked Control Systems (NCSs) are systems with spatially distributed sen-
sors, actuators and controller nodes which exchange data over a communication
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data channel [I]. In many NCSs, only one node is allowed to use the com-
munication channel at once. The communication along the data channel is
orchestrated by a scheduling rule called protocol. The introduction of commu-
nication network media offers several practical advantages: reduced costs, ease
of installation and maintenance and increased flexibility.

Three main approaches have been used to model the sampled-data control
and later to the NCSs: a discrete-time [6, [10], an impulsive/hybrid system
[18 20] and a time-delay [7, [9 1T, 12] approaches. The hybrid system approach,
which was inspired by [23], has been applied to nonlinear NCSs under Try-Once-
Discard (TOD) and Round-Robin (RR) protocols in [15] 20]. In the framework
of discrete-time approach, network-based stabilization of linear time-invariant
systems with TOD/RR protocols and communication delays has been considered
in [6]. Variable sampling intervals and/or small communication delays (that are
smaller than the sampling intervals) have been considered in the above works.

Note that in the absence of scheduling protocols, all the three approaches are
applicable to non-small communication delays (see e.g., [3,[19]). The time-delay
approach that was recently suggested in [I6] allowed, for the first time, to treat
NCSs under RR protocol in the presence of non-small communication delays.
In [16] the closed-loop system was presented as a switched system with multiple
ordered delays.

In the present paper, we consider linear (probably, uncertain) NCS with ad-
ditive essentially bounded disturbances in the presence of scheduling protocols,
variable sampling intervals and transmission delays. Our first goal is to extend
the time-delay approach to NCSs under TOD protocol in the presence of com-
munication delays that are allowed to be non-small. This leads to a novel hybrid
system model for the closed-loop system, where time-varying delays appear in
the dynamics and in the reset equations. Since a similar hybrid system model
corresponds to RR protocol, we derive new conditions for Input-To-State (ISS)
under RR protocol as well. These conditions are computationally simpler than
the existing ones of [16] though may lead to more conservative results. A novel
Lyapunov-Krasovskii method is introduced for hybrid delayed systems, which
is based on discontinuous in time Lyapunov functionals.

Polytopic type uncertainties in the system model can be easily included
in the analysis. The efficiency and advantages of the presented approach are
illustrated by two examples. Some preliminary results were presented in [I7].

Notation: Throughout the paper, the superscript “I” 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 ele-
ments of the symmetric matrix will be denoted by *, Ap,in (P) denotes the small-
est eigenvalue of matrix P. The space of functions ¢ : [—7ps, 0] — R™, which are
absolutely continuous on [—7,/, 0], and have square integrable first order deriva-
tives is denoted by W([—7as,0] with the norm |¢|lw = maxge[—r,, 0 |0(0)] +

1
{fETM |b(s)|2ds| . Z denotes the set { 0, 1, 2, ... }, whereas N denotes the
natural numbers. The symbol x; denotes z;(0) = z(t+6), 6 € [—7ar, 0], whereas
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Figure 1: System architecture with N sensors

lwlto, t]||co stands for the essential supremum of the Euclidean norm |wlto, ]|,
where w : [to,t] = R™. MATI and MAD denote Maximum Allowable Trans-
mission Interval and Maximum Allowable Delay, respectively.

2 Problem formulation

2.1 The description of NCS and the hybrid model

Consider the system architecture in Figure 1 with plant
(1) #(t) = Ax(t) + Bu(t) + Dw(t), t >0,

where z(t) € R™ is the state vector, u(t) € R™ is the control input, w(t) € R?
is the essentially bounded disturbance. Assume that there exists a real number
A > 0 such that ||w[0,t]||cc < A for all ¢ > 0. The system matrices A, B and D
can be uncertain with polytopic type uncertainties.

The system has several nodes (N distributed sensors, a controller node and
an actuator node) which are connected via the network. The measurements
are given by y;(t) = Cjz(t) €e R™,i=1,...,N, Ef\il n; = n, and we denote
c=[cf - Cf }T, yt)=[yi(t) - yk(t) ]T € R". Let sj, denote
the unbounded monotonously increasing sequence of sampling instants

O=s0<s1< -~ <sp<--+, k€eZy, lim s =o00.
k—o00

At each sampling instant s, one of the outputs y;(si) € R™ is transmitted
via the sensor network. We suppose that data loss is not possible and that the
transmission of the information over the network is subject to a variable delay
k. Then tx = sp + nx is the updating time instant of the Zero-Order Hold
(ZOH).

Differently from [6, [15], we do not restrict the network delays to be small
with tx = sp + Mk < Skt1, 1.e. Nk < Sp+1 — Sg. As in [I9] we allow the delay



to be non-small provided that the old sample cannot get to the destination (to
the controller or to the actuator) after the most recent one. Assume that the
network-induced delay 7, and the time span between the updating and the most
recent sampling instants are bounded:

(2) thr1 — te +0r < Ty, 0 <M <mi < MAD, keZy,
where 73; denotes the maximum time span between the time
(3) Sk =tk — Mk

at which the state is sampled and the time ;41 at which the next update
arrives at the destination. Here 7, and MAD are known bounds and 7, =
MATI+ MAD. Since MATI = 75y — MAD < 7ar — 0, i > 3¢ implies that
the network delays are non-small due to nx > 1, > 7ar — 7. In the examples

of Section [6, we will show that our method is applicable for 7, > L.

Denote by §(si) = [ 91 (sk) -+ G (sk) ]T € R™ the output information
submitted to the scheduling protocol. At each sampling instant s, one of the
system nodes i € {1,..., N} is active, that is only one of §;(sy) values is updated

with the recent output y;(si). Let i} € {1,..., N} denote the active output node
at the sampling instant si, which will be chosen due to scheduling protocols.

Consider the error between the system output y(s;) and the last available
information §(sg—1):

e(t) =col{ex(t), - ,en(t)} = h(sr—1) — y(sw),
(

9(sk—1
t € [thrtis1), k€ Zy, §(s_1) 20, e(t) € R,

(4)

We suppose that the controller and the actuator are event-driven (in the
sense that the controller and the ZOH update their outputs as soon as they
receive a new sample). The most recent output information at the controller
level is denoted by §(sk).

Static output feedback control

Assume that there exists a matrix K = [ K -+ Ky ], K; € R™*" guch
that A + BKC' is Hurwitz. Then, the static output feedback controller has a
form

(5)  ult) =Ky (tk — 7716)_'—21']\;1,1';61';; Kifi(te—1—nk—1), t € [ty titr),

where ¢}, is the index of the active node at s; and 7 is communication delay.
We obtain thus the impulsive closed-loop model with the following continuous
dynamics:

(1) = Ax(t) + Avw(te — i) + 2,1 iz Biei(t) + Deo(t),
e(t) =0, tE€ [tr,trt1)s

(6)



where Al = BKC, Bl = BK“ 1= 1, . .,N.
Taking into account [, we obtain

ei(ter1) = Dilsk) — yi(sk+1) = yi(sk) — vi(Skt1)
Ciz(sk) — Ciz(sk41), 1 =17,

and

Ui (Sk—1) — Yi(Sk+1)
Yi(sk) — yi(sk+1)
z(Sp41)], 1 # 5,1 €N

ei(the1) = Di(sk) — vi(sp41) =
= Ji(sk—1) — vi(sk) +
= ei(ty) + Cilz(sk) —

Thus, the delayed reset system is given by

T(tey1) = 2(t, ),
(7) ei(trr1) = Cilo(ty — i) —2(thrr — merr)], @ = g,
ei(ter1) =ei(te) +Cilo(ty — np) —2(thrr — nrgr)], i7#10),1 € N

Therefore, (@)-(7) is the hybrid model of the NCS. Since z(t; — nx) =
z(t — 7(t)) for t € [tg,tp+1) with 7(¢) = t — b6 + M € [P, 7ar] (cf. @),
the hybrid system model (@)-(7)) contains the piecewise-continuous delay 7(¢) in
the continuous-time dynamics ([@). Even for nr = 0 we have the delayed state
x(ty) = x(t — 7(¢)) with 7(¢) =t — tg.

Note that the first updating time ¢y corresponds to the time instant when
the first data is received by the actuator. Assume that initial conditions for
@)-([@) are given by x, € W[—7ar,0] and e(tg) = —Cx(tog — m9) = —Cxo.

Dynamic output feedback control

Assuming that the controller is directly connected to the actuator, consider a
dynamic output feedback controller of the form

Ze(t) = Acxo(t) + Beg(sk),
’U,(t) = chtc(t) + ch(sk), te [tk, tk+1), ke Z+,

where z.(t) € R, A., B.,C,. and D, are the matrices with appropriate dimen-
sions. Let e;(t)(i =1,...,N) be defined by (#]). The closed-loop system can be
presented in the form of (@)-(7), where z, e; and the matrices are changed by
the ones with the bars as follows:
= D
D =
oLl ]

_ | = - | A BC,
=oAL, e[

[ BD.C  Onxne },Cvl _ [ 001 } c, eRny x(ntne)
= [ O, CF 0]" c o k1"
2 — Onc N — 0 0 9
ei(t)=[ef (1) O]TvéQ(t):[()anl 62T(t) 0], en(t)=[0 ex ()] e(t) € R™.

Remark 2.1 In [15], a piecewise-continuous error e(t) = §(ty) — y(t),t €
[sk, Sk+1] s defined, which leads to the non-delayed continuous dynamics. The



derivation of reset equations is based on the assumption of small communica-
tion delays, that is avoided in our approach. In our approach e(t) is different:
it is given by (f)) and is piecewise-constant. As a result, our hybrid model is
different with the delayed continuous dynamics. Moreover, in the absence of
scheduling protocols, the closed-loop system is given by non-hybrid system (@),
where e(t) = 0. The latter is consistent with the time-delay model considered
e.g. in [11,[12].

2.2 Scheduling protocols

TOD protocol

In TOD protocol, the output node i € {1,..., N} with the greatest (weighted)
error will be granted the access to the network.

Definition 2.2 (Weighted TOD protocol) Let Q; > 0(i = 1,...,N) be
some weighting matrices. At the sampling instant s, the weighted TOD proto-
col is a protocol for which the active output node with the index i}, is defined as
any index that satisfies

(8) |\/@12612(t)|2 Z |\/@1€Z(t)|27 te [tkvtk+1)7 k € Z+7 1= 17 . 'aN'

A possible choice of i} is given by

.....

The conditions for computing the weighting matrices Q1, ..., Qyx will be given
in Theorem below.

Remark 2.3 For implementation of TOD protocol in wireless networks we refer

to [4/

RR protocol

The active output node is chosen periodically:

(9) iy, =i N, forallk € Zy,
iy #ip, for 0<j<I<N-—-L

Remark 2.4 Note that another model for the closed-loop system under RR
protocol was given in [16]. The model in [16] is a switched system with ordered
delays 71 (t) < -+ < 7n(t), where 7;(t) = t — tg—it1 + M—it1,? = 1,..., N.
A Lyapunov-Krasovskii analysis of the latter model is based on the standard
time-independent Lyapunov functional for interval delay.



Definition 2.5 The hybrid system ({@)-({4) with essentially bounded disturbance
w 1s said to be partially ISS with respect to x (or x-1SS) if there exist constants
b> 0,0 >0 and ¢ > 0 such that the following holds for t > tg

|2(8)]? < be™ 20710 [[lgo[IFy + le(to)|?] + cllwlto, t]]12

for the solutions of the hybrid system initialized with x;, = ¢ € W[—7ar,0] and
e(to) € R™. The hybrid system ([@)- (1) is ISS if additionally the following bound
1s valid for t > tg

le(®)1? < be™ ) [llag, |3 + le(to)*] + cllwlto, t]]|2-

Our objective is to derive Linear Matrix Inequality (LMI) conditions for the
partial ISS of the hybrid system (@)-(7) with respect to the variable of interest
x. In [5], the notion of partial stability was also used. In Section [ below, ISS
of [@)-() under TOD protocol with N sensor nodes will be studied. For N = 2,
less restrictive conditions will be derived in Section [ and it will be shown that
the same conditions guarantee x-ISS of (@)-(7) under RR protocol. In Section
Bl the latter conditions will be extended to RR protocol with N > 2.

3 ISS under TOD protocol: general N

Note that the differential equation for z given by (@) depends on e;(t) =
ei(ty), t € [tk,te41) with ¢ # ¢} only. Consider the following Lyapunov func-
tional:
Ve(t) = V(t,zy, @) + Zi\]:l el (1)Qiei(t),
V(t7 Tt .’I]t) = V(tu Tt, :Et) + VGu
Ve = ity (s =) [y, €70 |VGiCii(s)|Pds,
V(t,xy, @) = 2T (t)Px(t) + ftt_nm 2= 2T (8)Spx(s)ds
(10) + ftt::%[" 22T (5)S  x(s)ds
t oa(s—t) .
i [, S € tt)xT(S)Row(S)dSCw
v =) [ [ €26 DET (5) Ry (s)dsd,
P>0,5>0,R; >0,G; >0,Q; >0,a0 >0,
jzoalvi: 15"'7N7 te [tkvtk+1)7 k €Z+a

where x,(6) 2 z(t +0), 0 € [—7a,0] and where we define (for simplicity)
x(t) = xo, t<O.
Here the terms

el (1)Qiei(t) = el (tr)Qieiltr), t € [thytit1)

are piecewise-constant, f/(t,xt,dct) presents the standard Lyapunov functional
for systems with interval delays 7(t) € [, Tar]. The novel piecewise-continuous



in time term Vg is inserted to cope with the delays in the reset conditions. It is
continuous on [tg, tx+1) and do not grow in the jumps (when t = t541), since

VG\t:tk+1 - VG\t:zf

= SN (rar — ) [255 €200 b4  Cri(s) P

Sk+1

(1) 3 () [ €00 | T Cri(5) P

= X (s — e [ [VGiCui(s)] s

= 2im € 2 VGCila(sk) — a(sk1)]]?

where we applied Jensen’s inequality (see e.g., [I4]). The function V,(¢) is

thus continuous and differentiable over [tg,tr+1). The following lemma gives
sufficient conditions for the z-ISS of (@)-(&):

IN A

Lemma 3.1 Let there exist positive constants a, b, 0 < Q; € R™*™ 0 < U; €
Rixmi 0 < G; € RM*™ ¢ =1,...,N, and V.(t) of {IO) such that along (@)
the following inequality holds

o Ve(t) +20Ve(t) — M St iy [VTiei()
(12) —1ii;
_2a|\/ leelk b|w >| <0, te [tk, tk+1).

Assume additionally that

A —71_2%(\311_%)@ +U; Qs

(13) = i} 01 — Gre-2am| < 0, i=1,...,N.

Then V,(t) does not grow in the jumps along (@)-(3):

(14) o é ‘/;(tk+1) ( k+1) + Z’L 1,04} (tk)|

+20(7ar — nm) [/ Qiz €z (tr)[* < 0.

Moreover, the following bounds hold for a solution of (@)-(8) initialized by x;, €
W -7, 0], e(to) € R :

V(t, g, @) < e 220V (40) + 2 A2 t > tg,

15 .

(15) Ve(to) = V(to, ey, it ) + Sies |[VQiei(t0) |2,
and

(16) SN WVQiei(t)]? < cem 20V, (1) + L A2,

where ¢ = 620‘(7”[7777"), implying 1SS of ([6)-(8).

Proof. Since fttk e 2= ds < Tap — Ny, t € [ty tes1) and |w(t)] < A, by the
comparison principle, (I2)) implies
(17)
Ve(t) < e 22V, (1) + .1 s {IVTies(t)?}
+20(7ar = m)|y/Qiz e (1)) —|—bA2f e 209 ds, t € [ty trr1)-




Note that ([I3) yields 0 < 2a(mp — 1) < 1 and U; < %Qi <Qi, 1=
1,...,N. Hence,

(18)  V(t,wy,d¢) < e 200tV (1) + A Ltk e 20(t=9)ds, t € [ty tpi1)-

Since f/‘t:tkﬂ = f/‘t:t;H and e(t,, ;) = e(tx), we obtain

0 = XL [IV@iei(tur) 2 = WQie(ti) ] + iy s VTiea(ti) 2
+2a(TM — nm)1 /Qizeiz (tk)|2 + VG|t:tk+1 — VG“:F .

Then taking into account () we find

© < VQ;:ei; (tk+1)|2+zi]\;1,i¢i; VQiei(trr1)P—[1—2a(Tar—nm) |\ /Qiz ei (ti) [?
= Y i LT (00)[Qi = Uilea (1)} = X0, €227 [VGiCilew(si) — (i) -
Note that under TOD protocol
~IVQizei ()P < —x7 Xil iy VQiciltr) .
Denote ¢; = col{e;(t;), Ci[x(sk) — 2(sk+1)]}. Then, employing (@) and (Bl we

arrive at

O < —|\/Gizem20m Qi Cie [w(s) — @ (s )] + il iy (TG <0,

that yields (I4).
The inequalities (I4) and (I7) with ¢t = ¢, , imply

‘/e(tk-i-l) < 6_2a(tk+1_tk)%(tk) + bA2 tht1 e—2a(tk+1—s)d8_

123
Then
‘/e(tk-‘rl) < e—2a(tk+1—tk,1)%(tk_l) +bA2 tthrl e—2a(tk+1—s)d8
- k—1
(19) < e 2elteri=t)V (t) 4+ bA? :k“ e 20(ter1=s) g,
- 0

Replacing in (I9) £+ 1 by k and using ([I8), we arrive at (1)), which yields 2-ISS
of ([@)-{) because

/\mln(P)|I(t)|2 < V(tvxtvjst)v V(thItoaito) < 5||Ito||%/V

for some scalar 6 > 0. Moreover, (I9) with k£ + 1 replaced by & implies (L6
since for t € [tg, txr1)

e—2a(tk—t0) — e—2a(t—t0)e—2a(tk—t) S ée—2o¢(t—t0)'

]

By using Lemma [3.I] and the standard arguments for the delay-dependent
analysis, we derive LMI conditions for ISS of (@)-(®) (see Appendix A for the
proof):



Theorem 3.2 Given 0 < n, < Tar, a > 0, assume that there exist positive
scalar b, n X n matrices P > 0, Sg >0, Ry >0, S1 >0, Ry >0, S12, n; X n;
matrices Q; >0, U; >0, G; >0,i=1,..., N, such that {I3) and the following

inequalities are feasible:

| R Sie
(20) o | M2
L \T 1 ,—2QT g ':*T
(21) i (F)fFe ?5}<0,1—1,.. N,
where
(22)

H =02 R + (tar — 0m)?R1 + (1ar — i) Y1y CLGIC,
S, = (F))TPE; + (2 PFj + T, — (F§)" RoFje =2,
Fll = [In 0n><(3n+ny7ni+q)]u

FQZ = [In -1, 0n><(2n+ny—ni+q)]7

i Onxn I, —In Opxn Onx(nyfniJrq)

!

Onxn  Onxn I, =1, Onx(ny—ni-l-q)
Ei = [A On><n Al On><n B2 . BN D]7 1= 17
=i = [A Ouxn At Osn By -+ By, By D], i=2,...N,
Ti:diag{50+2aP, —(50—51)6_20”7” , Onexcns —516_20”—1‘/1, P, - - ,’lﬁN,—qu}, =1,
Ti :diag{50+2aP, —(50—51)6_20”7” , Onexcns —516_2(171‘4,’@/11,- ‘. ,’Q/lej?éi; .. ,’lﬁN,—qu},
i=2,...N, ¥ =—=—2—-U; +2aQ,, j=1,...,N.

TM —Nm

Then solutions of the hybrid system ([@)-(8) satisfy the bound [I3), where V (¢, z¢, &)
is given by (I0), implying ISS of (@)-(8). If the above LMIs are feasible with
a =0, then the bound (I3) holds with a small enough ag > 0.

4 ISS under TOD/RR protocol: N =2

For N = 2 less restrictive conditions than those of Theorem for the z-ISS of
[@)-([@ will be derived via a different from (I0) Lyapunov functional:

_ ; tey1—t T . o
(23) ‘/e(t) - V(t7xt7 :Et) + ﬁ{ez (t)QZel(t)}h;é’LZ?

Q1>07 Q2>07 a >0, te[tkatk-i-l)a kEZ-‘ru
where i} € {1,2} and V(t,z¢,4:) is given by ([[0) with G; = Q;e**™ . The
term % {eT (tx)Qie;(tr)} is inspired by the similar construction of Lyapunov

functionals for the sampled-data systems [8] [I8, 22]. The following statement
holds:

Lemma 4.1 Given N = 2, if there exist positive constants a, b and V.(t) of

(23) such that along (@)-@8) ((@), (@), (@) the following inequality holds
(24) Vo(t) +2aVe(t) = blw(t)|> <0, t€ [ty trps1).

10



Then V,(t) does not grow in the jumps along (8)-(8) (@), @), (@), where
(25) CERACT- Veltipq) <0.

The bound (13) is valid for a solution of {@)-(8) ((@), (@), (D)) with the initial
condition xy, € W[—7um, 0], e(to) € R™, implying the x-ISS of (8)-(8) ((@), (@),
@)

Proof. Since |w(t)| < A, 24) implies
(26) Vo(t) < e 2=tV () + bA? ft‘; e 200t=9)ds, t € [tp, try1).
Noting that

Ve(trs1) < f/\t:tk+1 + |\/@iei(tk+l)||2i¢iz+l
+ Z;(TM . 77m) brt1 e20¢(5—tk+1)|1 /G;Ci:'c(s)|2ds,

thp1—Mk41
we obtain employing (L)

O < ef (trr1)Qieiltrr1)izi
<ef (tr1)Qiei(thy1)ini

+Vaj=t — VG|t:t*

k+1

=37 VQiCilx(te — i) — 2(tert — nesr)]| .

We will prove that ©® < 0 under TOD and RR protocols, respectively. Under
TOD protocol we have

*
k41

*
k+1

ef (ter1)Qiei(tia1) iy, , < €fz (trs1)Qiz €z (tot1)

e
for 43, = iy, whereas

(27) e (tke1)Qiei(ter1)jiziy,, = €is (tr1)Qig iz (bern)

for i, # i}. Then, taking into account (7)) we obtain

© < |VQiCilz(te — m) — x(trsr — 1)y
=3 WQiCila(tk — mk) — 2(trsr — mes)]|? < 0.

Under RR protocol we have i}, # i} meaning that (27) holds and that © < 0.
Then the result follows by the arguments of Lemma 3.1l =

Remark 4.2 Differently from Lemma [31, Lemma [[-1] guarantees ([I9) that
does not give a bound on e;x (ty) since Ve(t) fort € [ty,tr11) does not depend on
eir (tr). That is why Lemma [{-1] guarantees only x-ISS. However, as explained
in Remark[5.3 below, under RR protocol x-1SS implies boundedness of e.

In the next section, we will extend the result of LemmalZTunder RR protocol
to the case of N > 2. Theorem 5.2l below (in the particular case of N = 2) will

provide LMIs for the z-ISS of [@)-®) (@), @), @)).
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5 ISS under RR protocol: N > 2

Under RR protocol ([@), the reset system ([l can be rewritten as

r(tpy1) = x(tl;rl)v
(28) eir_ (ter) = Ci_ [x(sk—;) — x(sk41)],
j=0,....N—1ifk>N—1,

where the index k — j corresponds to the last updated measurement in the node
-
Consider the following Lyapunov functional:
(29) ‘/e(t) :V(t,ItJi.Et)—FVQ, tZthl,
V(t7 Tt .’I]t) = V(tu Tt, :Et) + VGu
where V (t, x+, ;) is given by (I0). The discontinuous in time terms Vg and Vg
are defined as follows:
(30)
_N-1 tgya—t 2
Vo =% Qe (O k>N =1, € [trtis),

=1 §(rar—nm)
Ve = { SN (T~ ) st,c GV /G Cii(s)|?ds, k> N, t € [te, tir1),

il (Tar = 1m) sto 20| GiCii(s)*ds, t € [tn-1,tN),
where fori =1,..., N
(31) Gq/ = (N — 1)Qi€2a[TM+(N_2)(TIW_77771)] > 0'

Here V. does not depend on eix (tx). Note that given ¢ = 1,..., N, e;-term
appears N — 1 times in Vg for every N intervals [tg+;, tk+jt1), 5 =0,...,N—1
(except of the interval with i} ; = 4). This motivates N — 1 in (BI) because Vg
is supposed to compensate Vg term.

As in the previous sections, the term Vi is inserted to cope with the delays
in the reset conditions. It is continuous on [t;,tx4+1) and does not grow in the
jumps (when ¢ = ¢441), since for k > N — 1 (cf. ()

(32)
Vlimton =V o < = Xy (T =) JIFH €20C )| G Cii(s) [P ds

k+1

and for k=N —1
(33) Vaj=tn = Vo, < - Sy (rar — M) [ 2| /G Cii(s)[*ds.

The term Vj grows in the jumps as follows:

_ N—-11t —t ] ) 2
VQ|t:tk+1 VQ\t terr Zj 1 jlzizzf :;:)l QZZ+1—J‘612+177‘ (tk+1)|
< Zg —0 g+1| i [@(sk—g) = 2(sk41)]?
N-2 .
< Yoo (v — nm) fsk“ |\/Qiz_,Ciz_i(s)[Pds,

12



where we have used Jensen’s inequality and the bound

(34) Sk+1 — Sk—j = Sk+1 —Sk+ Sk — -+ Sk—jt+1 — Sk—j
< U+ D0m —nm)
Since 1 < e2elmm+(N=2)(rm—nm)lg2a(sk—;—ti+1) for j =0,..., N — 2, we obtain

N— alr —2(Ta —
YOzt ~ VO, = Zj:oZ(TM — 1 )20 =2) (s =m)]

k+1
Xf::jjl eza(sftk+1)| Qiz,jcizfji(S)Pds'

(35)

The following lemma gives sufficient conditions for the x-ISS of (@), @), (23]
(see Appendix B for proof):

Lemma 5.1 If there exist positive constants «, b and V.(t) of (29) such that
along (@), (@), (28) the inequality (249) is satisfied for k > N — 1. Then the
following bound holds along the solutions of (@), (@), (28):

Velthrr) < e 20tk =tn-0) Vo (tn ) + Uy g

(36) +bA2 :kJrl e~ 20(ter1=9)ds k> N — 1,
N—-1 -
where
(37)
Vi1 =—(mar — nm)e2a[TM+(N—2)(TM—nm)]
X [Z?f:—o?’(N -2-1j) f::fjl,l eels=ti)| Qiz ,Ci;_,i(s)ds

(N — 1)fsk+le20t(5—tk+l)| Qizﬂcizﬂfﬂ(s)PdS} <0.

Sk
Moreover, for all t > tn_1

V(t,xt,:bt) S6_2a(t_tN*1)‘/'€(tN_1)+2iA2,
Ve(tn—1) = V(N1 Ttn 1 Tty _y) + 2oimg [VQiei(tn—1) .

The latter inequality guarantees the x-ISS of (@), (@), (28) fort > tn—_1.

(38)

By using Lemma [5.1] arguments of Theorem and the fact that for j =
1,...N—-1

d_teg1=t 1 < _ 1
dt j(TM_"hn) j(TIW _77771) - (N_l)(TJW_"hn) ’

we arrive at the the following result:

Theorem 5.2 Given 0 < n,, < Tpr and « > 0, assume that there exist positive
scalar b, n x n matrices P > 0, So > 0, Ry > 0, S;1 > 0, Ry > 0, S12 and
n; X n; matrices Q; > 0 (i = 1,...,N) such that (20) and (Z1) are feasible
with U; = %, where G; is given by @BI). Then for N > 2 solutions of the

hybrid system (@), (D), (28) satisfy the bound (38) with V (¢, x¢, &+) given by (29),
meaning x-18S for t > tn_1. For N = 2 solutions of the hybrid system (@)-(3)

((8), @), (@) satisfy the bound {I3) meaning x-ISS (for t > ty). Moreover, if
the above LMIs are feasible with o = 0, then the solution bounds hold with a

small enough ag > 0.
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Remark 5.3 For N =2 and a = 0, the LMIs of Theorem[3.2 are more restric-
tive than those of Theorem[22: ([I3)) of Theorem[ZA yields (N—1)U; < Q; < G,
whereas in Theorem [5.2 we have (N — 1)2U; = (N — 1)Q; = G that leads to
larger U; for the same G;. The latter helps for the feasibility of 1), where
U; > 0 appears on the main diagonal only (with minus). However, Theorem
[Z2 achieves ISS with respect to the full state col{x, e} and provides the solution
bound for t > tg, while Theorem [5.3 guarantees only x-ISS.

Note that Theorem under RR protocol guarantees boundedness of e as
well. Indeed, since e(ty) in 28]) depends on z(0),...,x(tn—nn) andtny < NTas
(this can be verified similar to [{37))), relations (28) yield

lei(t)* < ¢/suppe(—Nry0) 2t + )%, t >ty
with some ¢’ > 0, which together with (38) imply
lea(®)? < eIV (it ) + A7
for some ¢’ >0 and all t >ty + N7pp.

Remark 5.4 The LMIs of Theorems[32 and[52.2 are affine in the system ma-
trices. Therefore, in the case of system matrices from an uncertain time-varying
polytope
M
ij‘ilgj(t) =1, Q;=[49 BOL DO ],

one have to solve these LMIs simultaneously for all the M wvertices Q;, applying
the same decision matrices.

6 Examples

6.1 Example 1: uncertain inverted pendulum

Consider an inverted pendulum mounted on a small car. We focus on the
stability analysis in the absence of disturbance. Following [13], we assume that
the friction coefficient between the air and the car, f., and the air and the bar,
/v, are not exactly known and time-varying: f.(t) € [0.15,0.25] and f;,(t) €
[0.15,0.25]. The linearized model can be written as (1), where the matrices
A=E"1A; and B = E~!'By are determined from

1 0 0 0
0 1 0 0
E=19 0 3/2 —1/4 |’
00 —1/4 1/6
0 0 1 0 0
0 0 0 1 0
A = d By=
=10 0 —~(fotfo) fo/2 St
0 5/2  f)2  —f)3 0

14



Here A belongs to uncertain polytope, defined by four vertices corresponding
to fe/fo = 0.15 and f./fp = 0.25. The pendulum can be stabilized by a state
feedback u(t) = Kz(t), where x = [x1, x2, 23, 24]7, with the gain

(39) K =[11.2062 —128.8597 10.7823 — 22.2629).

In this model, x; and x5 represent cart position and velocity, whereas x3, x4
represent pendulum angle from vertical and its angular velocity respectively. In
practice x1, x3 and x3, x4 (presenting spatially distributed components of the
state of the pendulum-cart system) are not accessible simultaneously. Suppose
that the state variables are not accessible simultaneously. Consider first N = 2

and
1000 0010
Cl_{o 10 o}’CQ_{o 00 1}

The applied controller gain K has the following blocks:
Ky =[11.2062 —128.8597 |, K, =[ 10.7823 —22.2629 |.

For the values of 7,, given in Table 1, we apply Theorems and
with o« = 0, b = 0 via Remark (.4 and find the maximum values of 7py =
MATI+ MAD that preserve the stability of the hybrid system (@)-(T) with
w(t) = 0 with respect to . From Table 1, it is observed that under TOD
or RR protocol the conditions of Theorem possess less decision variables,
and stabilize the system for larger 7; than the results in [I6] under RR protocol.
Moreover, when 7, > H£(n, = 0.02,0.04), our method is still feasible (com-
munication delays are larger than the sampling intervals). The computational
time for solving the LMIs (in seconds) under the TOD protocol is essentially
less than that under RR protocol in [16] (till 36% decrease).

Table 1: Example 1 (N=2): max. value of 75y = MATI+ MAD

™ \ Tm 0 0.005 | 0.01 0.02 | 0.04 | Decision
variables
6] (RR) 0.023 | 0.026 | 0.029 | 0.035 | 0.046 | 146

Theorem [3.2] (TOD) 0.014 | 0.018 | 0.021 | 0.029 | 0.044 84
Theorem [£.21 (TOD/RR) | 0.025 | 0.028 | 0.031 | 0.036 | 0.047 72

Consider next N = 4, where C1,...,Cy are the rows of Iy and Ki,..., Ky
are the entries of K given by (B9). Here the maximum values of 7, that preserve
the stability of (G))-(T) with w(t) = 0 with respect to x are given in Table 2. Also
here Theorem leads to less conservative results than Theorem

15



Table 2: Example 1 (N=4): max. value of 7,y = MATI+ MAD
T™ \ NMm 0 0.01
Theorem (TOD) | 0.003 | 0.012
Theorem (RR) | 0.006 | 0.015

6.2 Example 2: batch reactor

We illustrate the efficiency of the given conditions on the example of a batch
reactor under the dynamic output feedback (see e.g., [I5]), where N = 2 and

1.380 —-0.208 6.715 —5.676
—0.581 —4.2902 0 0.675

A= 1067 4273 6654 5893 |
0.048  4.273  1.343 —2.104
0 0
_ | 5679 0 o]l 101 -1
B=1 113 —3.146 ’C_[C’z}_[OIO 0]’
1136 0
0 0 01
Ac | B. | 00 10
Co | Do || -2 0 0 -2
0 8 5 0

For the values of 7, given in Table 3, we apply TheoremsB.2and 52 with o = 0,
b =0 and find the maximum values of 7y = MATI+ MAD that preserve the
stability of the hybrid system (B)-(7) with w(t) = 0 with respect to z. From
Table 3 it is seen that the results of our method essentially improve the results
in [I5], and are more conservative than those obtained via the discrete-time
approach. Recently in [2] the same result 75y = 0.035 as ours in Theorem
for 7, = 0, MAD = 0.01 has been achieved. In [2] the sum of squares method is
developed in the framework of hybrid system approach. We note that the sum
of squares method has not been applied yet to ISS. Moreover, our conditions are
simple LMIs with a fewer decision variables. When n,, > 5% (n,, = 0.03,0.04),
our method is still feasible (communication delays are larger than the sampling
intervals). The computational time under the TOD protocol is essentially less
than that under RR protocol in [16] (till 32% decrease).

7 Conclusions

In this paper, a time-delay approach has been developed for the ISS of NCS
with scheduling protocols, variable transmission delays and variable sampling
intervals. A novel hybrid system model with time-varying delays in the contin-
uous dynamics and in the reset equations is introduced and a new Lyapunov-
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Table 3: Example 2: max. value of 7py = MATI+ MAD for different 7,

| 20\ Tim [ 0 [ 0.004 [ 0.01 [ 0.02 [ 0.03 [ 0.04 |
[I5](MAD = 0.004) | 0.0108 | 0.0133 | - - - -
[6](MAD = 0.03) 0.069 | 0.069 | 0.069 | 0.069 | 0.069 | -

Theorem B.2 (TOD) 0.019 | 0.022 | 0.027 | 0.034 | 0.042 | 0.050
Theorem B.2 (TOD/RR) | 0.035 | 0.037 | 0.041 | 0.047 | 0.053 | 0.059
[16] (RR) 0.042 | 0.044 | 0.048 | 0.053 | 0.058 | 0.063

Krasovskii method is developed. The ISS conditions of the delayed hybrid sys-
tem are derived in terms of LMIs. Differently from the existing (hybrid and
discrete-time) methods on the stabilization of NCS with scheduling protocols,
the time-delay approach allows non-small network-induced delay (which is not
smaller than the sampling interval). Future work will involve consideration of
more general NCS models, including packet dropouts, packet disordering, quan-
tization and scheduling protocols for the actuator nodes.

A Proof of Theorem

Proof. Consider ¢t € [tk,tkt1), k € Z4 and define &(t) = col{x(t),z(t —

nm)v'r(t - T(t))v'r(t - TM)ael(t)v T 7€j(t)a e eN( ) ( )} with @ = Zk € N
j # i. Differentiating V,(¢) along (@) and applying Jensen’s inequality, we have

N ftt—nm 2T (s)Roi(s)ds > ft dsRoft . z(s)ds
t = §T( )(Fz)TRon&( )
—(Tar =) J, 0 &7 (8) Rudo(s)ds

t—7Tnm
t—7(t)

= (ot = 1) Ji G &7 (9 Rad(s)ds = (rar =) J,277 67 (5) Bai(s)ds
< 2 0 () {1 O,y ] RalL O FUE(D)

- ) —1m

_TMﬂmT iT Q¢
&7 (0)](0wxn LIF] RalOuxn LIF'& ()

TM—T t)

< =& OEF)TRFE ().

The latter inequality holds if (20) is feasible [2I]. Then

Ve(t) +2aVe(t) — =00 VD) — 2alv/@ieq(t)]” — blw(t)?
<& (OB +ETHE; — (F')T@F e?07M]g(t) < 0,

if ¥, + 2 H=,; — (FY)T®Fie~2™ < (, i.e., by Schur complement, if 1)) is
feasible. Thus due to Lemma Bl inequalities (I3)), (20) and @I)) imply (I3). =
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B Proof of Lemma [5.7]
Proof. Since |w(t)| < A, 24)) implies

V(f,(Et,!tt) V;l(t)

40
(40) e 20—V, (1) + bA? [ 2009 ds, ¢ € [ty thy).

<
<
Note that Ve (tgp+1) = f/|t:tk+1 +VQ—s,,, + Ve, - Taking into account 28)
and the relations Vi—;, ,, = V;:t);l, e(t,1) = e(tx), we obtain due to (31)), (32)
and (@8) for k > N —1
(41)
Opt1 = Ve(trt1) = Veltpyr)
= Vo + V=i — Vo + Vel |
S(TM—nm)e%‘f"'M‘l'(N*Q)(TM%m)][E;i?f f:::rjl e2a(5*tk+1)| kaij C;C,ji(sﬂzds

— SN (V= 1) [ et /_QiCij:(s)Fds},
whereas for k = N — 1 due to (83) and (B3]

GN < Zjv:_(f(TM — nm)e2a[TM+(N_2)(TM—7]m)]
X fSN em@—mnmqﬁ

L2
on 1 Nilfjx(s)| ds

=N (Tar = ) [N 2T |GG (s) 2 ds

< —(rar — nm)eza[TM+?N—2)(rM—nm)] [N g2a(s—tn)
< s

X[(N =2) oL, V@iCii(s)2 + [VQiCui (s) sz 1ds.
We will prove B8 by induction. For k = N — 1 we have

Ve(tn) < On + Velty)
< —(TM _ nm)e2a[TM+(N—2)(TM—77m)]

x [oX el mtI[(N=2) L [VQiCii(s) 2 + |[VQiCui (s)[f_ 1ds
+e—2a(tN—tN,1)‘/;3(tN_1) +bA2 :J\Z[\CI 6_2a(tN_S)dS,

which implies (3).
Assume that (B6]) holds for k —1 (k > N — 1):

Ve(ty) < e 220tV (i _y) + Uy + DA [[* e=20(te=)ds,

Then due to (40) for t = ¢, we obtain

Ve(tk+1) < Opt1 + e*2a(tk+1*tk)\llk + 672&<tk+17tN71)‘/6(tN71)
1HA2 ttk+1 e—2a(tk1—5) dg.
N-—-1
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We have

672a(tk+17tk)\1/k — _(TM _ nm)62a[fM+(N72)(Tanm)]

X [ ZZ\LBB(N —2— l) fsk e2als—trt1) % | Qizf1fzcizf1fzj’;(8)|2ds

Sk—1—2

Sk a(s—t 2
FN = 1) [ eRelemton)| Qi Cip () Pds|
_(TM _ nm)62a[7M+(N 2)(Ta —nm)] {Z;V:(f(N 1 ])
x [5* 620‘(54’““” Qi;ﬂ_ Oi;7j$($)|2ds} )

Sk—j—1

Then, taking into account ({Il), we find

@k+1+e*2°‘(tk+1*tk)\llk (TM TIm )2047M+(N72)(TM*%)]
X[ZjV:BQ Sktl g20(s— tk+1)|\/@0* '(S)|2d5

Sk—j—1 lk—j

— Y (N = 1) [ e2alsmten) |G (s) 2 ds

_ZjY:BZ( _1_])158:] ) e20(s—tpi1) ><| /sz |2ds}

S _(TM _ ,rl ) QQ[TM+(N 2)(7’]\/[ nm)]

B e (e o
(N 1) fsk+1 20(s—tpy1) | Ck+1$( )|2dS:|

- \I/k+17

k+1

which implies ([B8). Hence, (36) and (0] yield (38). =
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