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Abstract. In this paper, we study the stability of Networked Control
Systems (NCSs) that are subject to time-varying transmission intervals
and communication constraints in the sense that, per transmission, only
one node can access the network and send its information. The order
in which nodes send their information is dictated by a network proto-
col, such as the well-known Round Robin (RR) or Try-Once-Discard
(TOD) protocol. Focussing on linear plants and linear continuous-time
or discrete-time controllers, we model the NCS with time-varying trans-
mission intervals as a discrete-time switched linear uncertain system. We
obtain bounds for the allowable range of transmission intervals in terms
of both minimal and maximal allowable transmission intervals. Hereto, a
new convex overapproximation of the uncertain switched system is pro-
posed, using a polytopic system with norm-bounded uncertainty, and
new stability results for this class of hybrid systems are developed. On
the benchmark example of a batch reactor, we explicitly exploit the lin-
earity of the system, leading to a significant reduction in conservatism
with respect to the existing approaches.

1 Introduction

In many control applications nowadays, controllers are implemented on a system
having spatially distributed sensors and actuators that are closed over a shared
real-time network. These Networked Control Systems (NCSs) offer several ad-
vantages such as less wiring and cost, increased system’s flexibility and ease of
installation and maintenance. To harvest the advantages that NCSs can offer,
control algorithms are needed that can deal with communication imperfections
and constraints. This latter aspect is recognised widely as is evidenced by the
broad attention received by NCSs recently, see, e.g., the overview papers [1-4].

One source of communication imperfections is the fact that sensors/con-
trollers/actuators do not operate synchronously anymore causing variations in
sampling/transmission intervals. Also the presence of the network results in de-
lays between the transmittal and the arrival of the data packets. The finite word
length of the packets causes quantisation errors in the transmitted interval. More-
over, communication constraints are induced by restrictions of the network in
the sense that not all sensor and control values can be transmitted at the same



time. Typically, at each transmission time only a selected set of sensors and
actuators (called a node) has access to the shared network to communicate its
data. The effects of quantisation and communication delays in NCSs are studied
in, e.g., [5,6] and [7-9], respectively. In this paper, we will focus on the stability
of NCSs with time-varying transmission intervals and the presence of communi-
cation constraints in the sense that, per transmission, only one node can access
the network.

The communication constraints in NCSs give rise to the problem of how
to schedule which nodes are given access to the network and when. The algo-
rithms that dictate the scheduling of tasks are often referred to as protocols.
Some well-known and often used protocols are, the Round Robin (RR) proto-
col and the Try-Once-Discard (TOD) protocol [10-14]. The stability assessment
of NCSs with communication constraints and time-varying transmission inter-
vals has already been considered in [10,14-17]. These papers provide criteria
for computing the so-called Maximal Allowable Transmission Interval (MATTI).
Stability is guaranteed as long as the transmission interval is smaller than the
MATTI. These results apply for general nonlinear plants and controllers and a
wide class of protocols (including the RR and TOD protocols) and are based on
a continuous-time modelling paradigm related to hybrid inclusions [18]. How-
ever, these results do not include the possibility that the controller is formulated
in a discrete-time form, which is of interest in many practical situations due to
digital implementations. Only recently, the case of discrete-time controllers has
been considered in [19], however, assuming a fixed transmission interval. Another
difference is that in [10,14-17] always a zero lower-bound on the transmission
intervals (i.e., hy € (0, MATI]) is considered, while we also allow for non-zero
lower bounds, which is often more realistic in many situations. Although the
work in [10, 14-17] presents a research line that is very general and can accom-
modate for many nonlinear NCSs, their results might become conservative when
more structure is present in the NCS such as, e.g., linearity of the controller and
plant.

In this paper, we will focus on linear plants and linear controllers and study
the stability of the corresponding NCS in the presence of communication con-
straints and time-varying transmission intervals, possibly having a non-zero
lower bound. Moreover, we allow that the controller can be either continuous-
time or discrete-time, which requires a different approach than in [10,14-17].
To be more precise, for the RR protocol, the TOD protocol and the newly in-
troduced class of quadratic protocols we will provide techniques for assessing
stability of the NCS with time-varying transmission intervals hy, € [h, h] using
Linear Matrix Inequalities (LMIs). In contrast with [10,14-17], we will apply
a discrete-time modelling framework that leads to a switched linear uncertain
system. Hybrid stability methods will be used to determine the stability of this
NCS model based on a polytopic overapproximation. To obtain this overapprox-
imation, we will present a novel technique that combines ideas from gridding
as in [20] and norm-bounding as in [21]. We will show the effectiveness of the
presented approach on the benchmark example of the batch reactor as used also



in [10,14-17]. Moreover, we will show that the linearity of plant and controller
can indeed be exploited and leads to a significant reduction of conservatism with
respect to the existing approaches.

The following notational conventions will be used: diag(A41, ..., A4, ) denotes a
block-diagonal matrix with the entries Ay, ..., A, on the diagonal, ||z| := Vz Tz
the Euclidean norm of a vector z € R™, and ||A|| := /Amax(AT A) the spectral
norm, which is the square-root of the maximum eigenvalue of the matrix AT A.

2 The Networked Control System & Problem Formulation

In this section, we introduce the Networked Control System (NCS) under study,
a discrete-time model describing it and give the problem formulation.

2.1 Description of the NCS

Both the plant and the controller are linear time-invariant systems, where the

plant is given in continuous-time by

z(t) = Az(t) + Ba(t), w(t) = a(ty) Yt € [tk thr1) (1)
yt) = Cx(t)

and the controller is given in discrete-time, i.e.,

_ . (2)
up = Ccb + Dcfr—1-

{5k+1 = Ak + By
In these descriptions, z € R™ and £ € R™¢ denote the states of the plant and
controller, respectively, y € R™ denotes the measured plant output, u € R™ the
controller output. The description given by (1) and (2) can cover the situation
of a single plant having multiple inputs and outputs, as well as separate plants
with separate controllers that share a common network. In the latter case, both
(1) and (2) typically have a diagonal structure. Furthermore, ¢, k € N, denote
the transmission times at which the controller is updated. Since the plant and
controller are communicating through a network, the actual input of the plant
2 € R™ is not equal to u and the actual input of the controller § € R™v is not
equal to y. Instead, @ and g are ‘networked versions’ of u and vy, respectively.
To introduce these networked versions 4 and g properly, we have to explain
the functioning of the network. The plant is equipped with n, sensors and with
n, actuators. These sensors and actuators are grouped into N < n,, + n,, nodes,
where we assume that actuators and sensors are not in the same nodes. At each
transmission time t;, £ € N, one node obtains access to the network and its
corresponding values in u or y are transmitted. In this work, as in [10, 14, 16,
19], we assume that the data is not delayed and packet loss does not occur. Only



the transmitted values will be updated in 4 and g, while the other values in @

and ¢ remain the same. Such constrained data exchange can be expressed as

e = Iy + T =T )ik 3)
F(;L ug + (I — ng)ﬁk—ly

k

U,

where I,,, = diag (I

Y, I*) is a diagonal matrix taken from the set § =
{In,...,I'n}, with

Fi:diag(’yiJIl,...,’yi’NIN). (4)
In (4), I; denotes the identity matrix with dimensions corresponding to the
number of sensors or actuators in node j. The elements ; ;, with j € {1,..., N},

of the each matrix I is given by v; ; = 1, when j = ¢, and 7, ; = 0, when j # 1.
Note that I, € G also formalises the assumption that actuators and sensors
cannot be in the same node, since for each ¢ only one ; ; can be equal to one.

The value of oy lies in {1,...,N} and its value indicates which node is
given access to the network at transmission time t5. Indeed, (3) reflects that the
values in @ and g corresponding to node o}, are updated with the corresponding
transmitted values, while the others stay the same. A protocol determines the
values of (0g,01,...), which are made explicit later. Note that because of the
functioning of the network, the direct feed-through of the controller is based on
Yr—1, instead of yg, as in [19].

The transmission times tx, kK € N, are not necessarily distributed equidis-
tantly in time. Hence, the transmission intervals hy = t;1 —tx are time-varying.

We assume that these variations are bounded and lie in the set [h, h]. Hence,
hi € [h, h] for all k € N. Note that in [10, 14, 16], only h = 0 was allowed, while
here h > 0 is considered. This latter situation is more natural when using a
discrete-time controller, since such a controller is implicitly designed for some

nominal transmission interval larger than zero.

2.2 Discrete-Time NCS and Problem Formulation

To arrive at a discrete-time model for the NCS, we have to obtain a discrete-
time equivalent of (1). Since the inputs of the controller are constant between
subsequent transmissions due to the zero-order hold, we can exactly discretise
the plant (1) at the transmission times ¢; resulting in

{xkﬂ = eMrgy, + [ eAdsBiy )

where z = x(t;) and ux = u(tx), k € N. If we define the network-induced
error ey, = [(eZ)T(e}:)T]T, by

{ez = k-1~ Yk (6)

ey Up—1 — Ug,



we can obtain the complete NCS model by combining (2), (3), (5), and (6). This
results in

Tk+1 Tk
N £ SN &k
mk—‘rl o ey - Aak,hk ey 9 (7)
k41 k
u u
Ch+1 €k

where flak,hk € R™™ with n = ng + ng + ny + ny, is given by

ek 4 By, BD.C B, BC. En, BD, Bn, B(I—T})
~ B.C A, B(I—TY )
Aak hk: C(I Ahy, Yy k u (8)
; (I—e*s —By, BD.C) —~CEn, BC, [-TY —CEp, BD. —CEy B(I—T})
—~C.B.C Ce(I = A) DY —CeBo(I-TY,) I—ry

and Ej, = Oh'“ esds.

In this paper, we focus on two commonly used protocols, see [10,14-17],
namely the Try-Once-Discard (TOD) and the Round-Robin (RR) protocol. In
the TOD protocol, the node that has the largest network-induced error, i.e., the
difference between the most recently received value and the current value of the
node, is granted access to the network. To make this more precise, assume that
er is partitioned as ex = [(e}f)T, ..., (eN)T]T, according to the nodes. Hence,
el is the networked induced error for the signals corresponding to node i. For
the TOD protocol, the switching function is now given by

oy, = argmax {[lex ... lef |1} - 9)

In the case that two nodes have the same values, one of them is chosen arbitrarily.
For the RR protocol, each node is granted access periodically and the switching
function is given by

1, if k=14jN, forsome jeN

2, if k=24 jN, forsomeje N
O = . (10)

N, if k=N, for some j € N.

The above modelling approach now provides a description of the NCS system
in the form of an wuncertain switched linear system given by (7) and one of
the protocols (9) and (10). The system switches between N linear uncertain
systems and the switching is due to the fact that only one node accesses the
network at each transmission time. The uncertainty is caused by the fact that

the transmission interval hy € [h, h] is time-varying. Let us now formally define
stability for the NCS.

Definition 1 (Uniform Global Exponential Stability). System (7) with
(9) or (10), is said to be uniformly globally exponentially stable (UGES) if
there exist ¢ > 0 and 0 < X\ < 1, such that for any initial condition Ty € R",
and any sequence of transmission intervals (ho, hi,...), with hi, € [h, k], for all
k € N, it holds that

|Zx]| < cllzolIA". (11)



The problem studied in this paper is to determine the UGES of the NCS

model (7) with (9) or (10) given the bounds hy € [k, h], or to find these bounds.

Remark 1. In Definition 1, we defined UGES of the uncertain discrete-time NCS
model (7), whereas the states of the plant (1) actually evolve in continuous-time.
In [22], it is shown that the intersample behaviour is bounded as a function of the
states on the transmission times, and consequently, stability of the discrete-time
NCS model also implies stability of the continuous-time NCS. |

Remark 2. Although, we mainly focus on the case of a discrete-time controller
(2), we can also incorporate continuous-time controllers in our framework. In-
deed, in case of the continuous-time controller

{f = Acf"'écg

. (12)
u = C+ Dy

the A, and B.-matrices in (8) for the NCS model (7) have to be modified to

- Ry N
A, =eM and B, = / eAe*dsB., (13)
0

which then also become uncertain and time-varying. |

2.3 Overapproximation of the NCS model by a polytopic system

The form (7) is not really convenient to obtain efficient techniques for stability
analysis due to the nonlinear appearance of the uncertain parameter hy in (8).
Therefore, we will provide a procedure that overapproximates system (7) with a
polytopic system with a norm-bounded additive uncertainty of the form

M
Tpy1 = Z (o1 Aoyt + iy BiAKCs,) T, (14)

=1
where B, € R™™ C,, € R™" and o) = [ag ... apm]’ € A denotes an

unknown time-varying vector with
M
Az{aERM|Zal:1,alZO}. (15)
1=1

Moreover A € A, where A is a set of matrices in R”™*™ describing the additive
uncertainty, which possibly has some structure, as we will see below. Equation
(14) should be an overapproximation of (7) in the sense that

M
{AUk’hk | by € [ﬁ,ﬁ]} - {Z ok (Ao i + BiAKCS,) | aw € A, Ay € A} )
=1
(16)



In this paper, we use the idea of [20] to obtain A,, ; by gridding (8) at a
collection of selected transmission intervals. However, we choose to allow for
convex combinations of the vertices corresponding to the grid points, whereas in
[20], the system switches between these vertices. For that reason, we can grid at a
priori chosen points iLl, R ha € [h, E], and construct a norm-bounded additive
uncertainty A € A to capture the remaining approximation error, as done in,

e.g., [21]. Hence, Ay, = A, i, in(14), with [ € {1,..., N}. In contrast with
[20], this procedure prevents the problem of an iterative procedure in which the
number of grid points can become large, resulting in intractability. Furthermore,
we obtain smaller bounds on the additive uncertainty than in [21]. This explains
that the newly proposed method performs better with respect to both complexity
and approximation accuracy.

By specifying the grid points, and thereby determining A,, ;, it only remains
to show how to specify BlAkC(,k in (14) and A as this should be used to sat-
isfy (16). This additive uncertainty is used to capture the approximation error
between the original system (7) and the polytopic system

M
Th1 = Z et Aoy 1Tk (17)
=1

which consists of the convex combination of the gridded matrices. In order for
(16) to hold, for each h and each o, these should exist some o € A and A € A,
such that

M ~ M
Z alBlAéJ = Ag’h - ZalAg’l. (18)
=1 =1

Hence, we should determine the worst-case distance between the real system (7)
and the polytopic system (17), leading to an upper bound of the approximation
error, see Fig. 1. To obtain a tight bound, we construct different uncertainty
bounds between each two grid points. Indeed, for each two grid points hy, b1,
we compare for h € [hy, hy11], Ay n With {@Ag, 1 + (1 — &) Ay, 141 | @ € [0,1]}
and compute the worst-case bound between them for all h € [iLl, iLl+1]. Finally,
we will scale all these bound to get a common additive uncertainty set A.

This procedure is formalised in the theorem below. For ease of exposition, we
will focus on the case where A is diagonalisable with real eigenvalues only. The
procedure above also applies for general A, using the real Jordan form, although,
in these cases, the structure of A is different than indicated below in (23).

Theorem 1. Let the NCS model (7) be given with h € [h,h] and A := TAT*
for some invertible matriz T € R">*™ aqnd A = diag (A1,..., Ay, ) with \; € R,
i € {1,...,n.}. Furthermore, consider the system (14) in which A, := flm;”,
le{l,..., M}, is obtained by evaluating (8) at M distinct transmission intervals
{?Ll, .. .,BM}, with h =:hog < hy < ... < hy < BM_H := h. Moreover,

T-! 0 0 0

Co=\r-1pp,c 7-'BC, T-'BD, T-'B(I — I'")

(19)



Approximation error:

A(Tk,h -

i h

El*] }.i] - : ~ }.LH»l
afhut(1-af)hi

Fig. 1: The procedure of obtaining the overapproximation.

and
T T
D 0 0 : * * * *
B; = _oT —oT| diag (max{éu, 617”1}, ... 7rnax{égng“l7 62nw,l+1}> (20)
0 0
in which
sup  |eMh — aZe)"‘;”*1 + (af, — 1)6)\JLZ|, if 1<i<mn,
helhi—1,hi]
5::[ = h ;7,]
sup | [ elimnaS s 4 0‘2/ etimnad (s, if ng+1<i<2n,,
helhi_1,h] Yl hi—1
3 3 (21)
foreach i€ {1,...,M + 1} and o is given for h € [hj_1, ] by
¢ | e — Gethiot 4 (G — 1)eh 0 !
=arg in ; .
o £a €[0,1] 0 f;Z eMsds + df;l; efsds
(22)
The additive uncertainty set is given by
A = {diag (61,...,02,,) € RZ"=¥?= | §, € [~1,1]}. (23)

Then, (7) holds meaning that (14) is an overapproximation of (7).

Proof. The proof is omitted for the sake of brevity, but can be found in the
technical report [23]. O

The stability of (7) with (9) or (10), where hy, € [h, h], can now be guaran-
teed by proving stability of (14) with ay € A, Ay € A, k € N, as (14) is an
overapproximation of (7).



Remark 3. In case of a continuous-time controller as in Remark 2, a similar
procedure applies. |

3 Stability of Switched Systems with Parametric
Uncertainty

In the previous section, we discussed the NCS model and introduced an effective
way to overapproximate it by a switched polytopic system with a norm-bounded
uncertainty. Given this uncertain switched system, we can analyse whether a
switching sequence, as induced by a protocol, renders the switched system UGES.

We will start with so-called quadratic protocols that include the well-known
TOD protocol as a particular case. The analysis is based on extensions of ideas
in [24], in which only switched linear systems without any form of uncertainty
is considered. Hence, extensions are needed to include switched polytopic sys-
tems with norm-bounded uncertainties as in (14). After the stability analysis for
quadratic and the TOD protocols, we show how we can analyse stability for the
RR protocol.

For proving stability of system (14), we will employ the so-called full block
S-procedure [25], which is presented in the following lemma.

Lemma 1 (Full block S-procedure). Let P be given and let

-l 331 e

for some matrices @ = Q', S, and R = R" = 0 of appropriate dimensions.
Then, the following statements are equivalent:

B TN F T 1T B

2. For all A € A, it holds that

A R
[[1 + BA@} P {A + BA‘C*] <0. (26)
By choosing a suitable P, (26) can lead to a sufficient condition for stability
of (14), as we will show later. To use this result we aim at constructing the

matrices (), S, and R such that the actual additive uncertainty set given by A
as in (23) is equal to A as in (24).

Lemma 2. Consider A as in (23). If

[SQT Z} = [_OR %} with R e R ={diag(r1,...,7m) | i > 0}, (27)

then A as in (24) is equal to A i.e., A = A.
Proof. It follows by direct calculation, exploiting the diagonal structure of (23). O



3.1 Quadratic Protocols

In this section, we assume that the switching function is given by

o = arg min igPifk, (28)
i=1,..,N
where P; with i € {1,..., N} are certain given positive definite matrices. We call

protocols of the form (28) quadratic protocols. We will show later that the TOD
protocol is actually a special case of this type of protocols. To analyse stability
of (14) having switching law (28), we introduce the non-quadratic Lyapunov

function
N
V(Zr) = min z, P;Tr = minz, v, P;x 29
() =1, N kTR uengllk’ (29)
i

)

where

=1

N
N::{VERN | ZViZLViZO}- (30)

Furthermore, we introduce the class of so-called Metzler matrices given by

N
M= eRVN | "mji=1,m;, > 0. (31)
j=1

The main result of this section is presented in the following theorem.

Theorem 2. Assume that there exist a matriz II € M, a set of positive def-
inite matrices {Py,...,Pn}, and a set of positive definite diagonal matrices
{Rl,la ey RNJ, ey R17M7 ey RN,]\/[}, with Ri,l € R, with R the set Of dz'ag—
onal matrices as in (27), satisfying

/I;’rl ;yzljrjinIi?Ll - Pl :F C’le,lél - A;rlN ;»Vzl 7Tj{PjBl <0 (32)
B Y mii P A B Ym, ™ Py B — Ry 7
forallie{l,...,N} andl € {1,...,M}. Then, the switching law (28) renders
the system (14) UGES. Consequently, the NCS (7) is also UGES if the switching

law (28) is employed as the protocol.

Proof. The proof is based on showing that V(Zx) as in (29) is a Lyapunov
function for the switched uncertain system (14) with switching law (28). Note
that V(zy) = 2 P2y, with o = i, due to (28). Now, we obtain using (29) and
(14) that

N N

_ . _ T _
V(Zry1) = Win Ty E ViPjZpi1 < Ty g i PjZg41 =
v
=1 i=1

M N M
Z QU T (Aig, + BllAkCi)T Z 75 P} Z iy (A + Bi, AkCy) Ty (33)
j=1

li=1 lo=1



UGES is now implied by requiring that the Lyapunov function is strictly de-
creasing in the sense that (due to (33))

M N M
Z Q.1 (Ai,ll + By, AC’:‘)T Z'/Tjipj Z Qe 1y (Ai,b + BZ2A@) — P, <0. (34)
=1 j=1 lo=1

for all i € {1,..., N}. By taking a Schur complement, and realising that

Z;.V:l mj;Pj > 0, we obtain that (34) is equivalent to

M - = AT N
o P, (A + BAC) SiLimibi| o (g5
=l

jo1 mii Py (Aig + BIAC) Y TP

Gia

for all ¢ € {1,..., N}. A sufficient condition for the satisfaction of (35) is that
Giy>=0foralie{l,...,N}and ! € {1,..., M}. Using again a Schur comple-
ment, we can rewrite the condition G;; > 0 as follows:

N
P (A + BAC) S Py (A + BIAC:) = 0 (36)
j=1
or equivalently,

A i L <o (37)
Ai,l+BlACi 0 Z;'Vzlﬂ—jipj Ai7l+BlACi ’

foralli e {1,...,N}and !l € {1,..., M}. As (37) has the form of (26) of Lemma
1, it can, therefore, be rewritten in a form equivalent to (25) in which we use
(27). This yields (32) for all 4 € {1,...,N} and all | € {1,...,M}. Hence,
we can conclude that V(Zy) is strictly decreasing in spite of the presence of
the uncertainty if the inequalities (32) are feasible. Standard Lyapunov-based
stability arguments now prove that (14) with (28) is UGES. O

Remark 4. The results of Theorem 2 can be exploited in two ways: (i) For the
design of a stabilising protocol. Then the conditions in (32) are not LMIs, but
Bilinear Matrix Inequalities (BMIs) due to the presence of the product of 7;; and
P;. Although literature on solving BMIs is available, see, e.g., [26-28], solving
BMIs is considered to be of a high numerical complexity. If the number of nodes is
relatively small, one way to proceed is gridding the possible solutions in IT € M,
and subsequently solving the resulting LMIs. (ii) Stability analysis for a given
protocol. In the situation that the set of matrices {Pi,..., Py} is completely
dictated by a particular quadratic protocol, the conditions (32) are LMIs. |

3.2 The TOD Protocol

In this section, we will show that the TOD protocol is a special case of the class
of quadratic protocols and thus that the Lyapunov-Metzler inequalities can be



employed to determine the allowable range of transmission intervals of the NCS
using the TOD protocol as well. Since the switching sequence is given by (28),
we can arrive at the TOD protocol by adopting the following structure in the P;
matrices:

P-:P+[O 9} (38)

i 0 -Pz .

Each P; € R(wHnu)x(ny+nu) jg partitioned according to the partitioning of the
nodes in the sense that

P; € {diag (—I1,02,...,0n),...,diag (01,...,0n_1,—In)}, (39)

where I;, ¢+ = 1,..., N, are identity matrices and 0;, ¢ = 1,..., N, are null
matrices, both having dimensions R™*" with n; corresponding to the number
of actuators or sensors in node i. Indeed, this structure implies that (28) becomes

oy, = argmin { —[lex[*, ..., —[lef'|*} = argmax {leill,.... lex |} (40)

which is exactly the TOD protocol as described by (9). This proves that the TOD
protocol can be regarded as a special case of the class of quadratic protocols.
Therefore, stability of the NCS with the TOD protocol can be analysed using
Theorem 2.

3.3 The RR Protocol

We will analyse an other well-known communication protocol, namely the RR
protocol. Therefore, we need to analyse stability of the system (14) with a switch-
ing sequence induced by (10). This system is essentially a periodic uncertain
system with period N. For this system, we introduce a set of positive defi-
nite matrices {P,..., Py} and a mode-dependent Lyapunov function given by
Vo (Zr) = ) Py, Tr. We can now present the main result of this section.

Theorem 3. Assume that there exist a set of positive definite matrices {Py,
..., Pn} and a set of positive definite diagonal matrices {R11,...,Rn1,...
Rim,.-. Ry}, with R € R with R as in (27), satisfying

AIZPHlA_i,z P+ CTRi,C; B ALP@1BZ <0 (41)
BITPH,lAiJ BlTPiJrlBl - Ri,l ’

where Pyy1 := Py, foralli € {1,...,N} andl € {1,...,M}. Then, the system
(14) with (10) is UGES and consequently, the NCS (7) with (10) is UGES.

Proof. The proof follows the same lines as the proof of Theorem 2. O

4 TIllustrative Example

In this section, we illustrate the usefulness of the presented theory using a well-
known benchmark example in the NCS literature [10,14,19], consisting of a



Table 1: Allowable Range of Transmission Intervals

Method ‘Range
Simulation based, obtained in [10] | hx € (g,0.06]
Theoretical, obtained in [10] hi € (6,1077]
Theoretical, obtained in [14] hi € (¢,0.01]
Theoretical, obtained in [16] hi € (e,0.0108]

Newly obtained theoretical bound | hx € [0.001,0.032]

model of a batch reactor. First, we will analyse the continuous-time controller
as also used in [10, 14]. This will show that our results provide less conservative
bounds on the uncertain transmission intervals than earlier results in the liter-
ature. Secondly, we show that our framework can also deal with discrete-time
controllers. For both examples, we consider the TOD protocol.

The details of the linearised model of the batch reactor model used in this
example and the continuous-time controller can be found in [10,14,19]. As in
these references, we assume here that the controller is directly connected to the
actuator and that only the two outputs are transmitted via the network. Hence,
we have N = 2 nodes. Therefore, we have G = {diag(1,0), diag(0,1)}, as defined
in Section 2.1.

4.1 Continuous-Time Controller

In order to assess the bounds on the allowable transmission intervals, we first ob-
tain the uncertain polytopic system (14) that overapproximates the NCS model
(7). In this example we choose to grid at h; € {0.001, 0.004, 0.015, 0.032} and
determine an upper bound on the approximation error as in Theorem 1. Now
we check the matrix inequalities (32) in Theorem 2, using the structure of the
P;-matrices as in (38).

Using this procedure we obtain a feasible solution to (32) on the basis of which
we conclude that the TOD protocol stabilises the NCS for any transmission
interval between h € [1073, 0.032]. In Table 1, we compare our results with the
existing results in [10, 14, 16]. The results in [10, 14, 16] can guarantee UGES for
the given ranges of Table 1, where € > 0 can be arbitrary small. We can conclude
that taking h = 1073 as a lower bound on the transmission intervals leads to a
guaranteed MATI h = 0.032, which is much larger than the recently obtained
results. The real MATI was estimated to be 0.06 in [10], hence, we are getting
closer to this estimate.

4.2 Discrete-Time Controller

Next, we compute [k, E] for the NCS given a discrete-time controller. The discrete-
time controller is obtained by discretising the continuous-time controller (12)



with the matrices given in [10,14,19] by using a zero order hold, assuming a
fixed sample time of 0.003. Following the procedure presented in this paper,
we conclude that this controller stabilises the NCS using the TOD protocol if
hi € [0.001,0.032]. Hence, the bound h = 0.032 of the continuous-time controller
can also be guaranteed by a discrete-time equivalent of the controller. Of course,
a discrete-time controller has the advantage over the continuous-time controller
that it is much easier to implement.

5 Conclusions

In this paper, we studied the stability of Networked Control Systems (NCSs) that
are subject to communication constraints and time-varying transmission inter-
vals. These communications constraints impose that per transmission, only one
node can access the network and send its information. We analysed the stability
of the NCS when the communication sequence is determined by the Round Robin
(RR), the Try-Once-Discard (TOD) or a quadratic protocol. This analysis was
based on a discrete-time switched uncertain linear system to describe the NCS.
A new and efficient convex overapproximation was proposed that allowed us to
analyse stability using a finite number of matrix inequalities. On a benchmark
example, we illustrated the effectiveness of the theory. In particular, we showed
that if the minimum allowable transmission interval is not infinitesimally small,
stability can be guaranteed for a much larger maximum allowable transmission
interval, when compared to the existing results in the literature. Interestingly,
our results can be applied to both continuous-time and discrete-time controllers.
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