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based on discrete-time linear switched and parameter-varying systems. Stability (in the mean-square)
of these systems is analysed using a new stochastic computational technique, resulting in a finite
number of linear matrix inequalities. We illustrate the developed theory on the benchmark example of a
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1. Introduction

Modelling, analysis and controller design of networked control
systems (NCSs) have recently received considerable attention in
the literature. The main reason for this attention is the many
advantages that NCSs offer, such as reduced system wiring and
increased flexibility. A drawback of networking the control system
is, however, that it becomes subject to time-varying delays,
time-varying transmission intervals and packet dropouts, and
that communication becomes constrained, (i.e., it is no longer
possible to transmit all sensor and actuator signals at every
transmission instant). Most of the literature studies the effects
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of only some of the phenomena, while ignoring the others.
Clearly, it is important to consider the combined presence of
time-varying delays and time-varying transmission intervals and
communication constraints, as in any practical NCS they will be
present simultaneously.

Despite the importance of studying the combined presence
of the mentioned network-induced phenomena, only a few
results exist that provide a framework that allows studying
these phenomena simultaneously. For instance, the joint presence
of time-varying transmission intervals, time varying delays and
communication constraints has been considered in Heemels, Teel,
van de Wouw, and Nesi¢ (2010), Chaillet and Bicchi (2008) and
Donkers, Heemels, van de Wouw, and Hetel (2011). The mentioned
papers provide methods for computing the so-called Maximum
Allowable Transmission Interval (MATI) and Maximum Allowable
Delays (MAD), given a certain network protocol that determines
which sensor and/or actuator information is sent at a transmission
instant. Stability is guaranteed as long as the actual transmission
intervals and delays are always smaller than the MATI and MAD,
respectively. Three other network induced phenomena, namely
time-varying transmission intervals, time-varying delays and
packet dropouts, are considered in Naghshtabrizi and Hespanha
(2006) and Cloosterman et al. (2011), in which stability is analysed
for the case that the number of consecutive dropouts are upper
bounded, and hard bounds on the transmission intervals and
delays are available.

A common feature of the aforecited references is that conditions
for stability are derived, given hard bounds on the various
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network phenomena. In many situations, however, transmission
intervals, delays and packet dropouts can be described as random
phenomena. Unfortunately, fewer stability results are available in
this context. A common approach found in literature, see, e.g.,
Montestruque and Antsaklis (2004), Shi and Yu (2009) and Yang,
Wang, Hung, and Gani (2006), is to take a finite or countable
set of possible transmission intervals and delays and attribute
probabilities to each element of the set. It is, however, not
possible to make any statements about stability when a continuous
probability distribution is given and, consequently, the number of
elements in the set is not finite or countable.

In this paper, we focus on linear plants and linear controllers
and study the stability (in the mean-square) of NCSs in the pres-
ence of communication constraints, time-varying transmission in-
tervals and time-varying delays, where the latter two phenomena
are described by an independent and identically distributed (iid)
sequence of random variables and the delays are assumed to be
smaller than the transmission intervals. Contrary to Montestruque
and Antsaklis (2004), Shi and Yu (2009) and Yang et al. (2006),
we allow for continuous probability distributions with possibly un-
bounded supports, as in Tabbara and NeSi¢ (2008) and Antunes,
Hespanha, and Silvestre (2011). In particular, the techniques we
provide are applicable to any distribution whose tail is exponen-
tially bounded and, thereby, includes the exponential distribution
that was studied in Tabbara and NeSi¢ (2008) as a special case. Fur-
thermore, we consider three classes of network protocols, namely:
the class of quadratic protocols, of which the well-known try-once-
discard (TOD) protocol is a special case, the class of periodic pro-
tocols, which includes the round-robin (RR) protocol and was also
studied in Antunes et al. (2011), and the stochastic protocol, which
was introduced in Tabbara and NeSi¢ (2008). Next to treating a
more general setup than in Tabbara and NeSi¢ (2008) and Antunes
etal.(2011), the essential difference between (Antunes et al.,2011;
Tabbara & Nesi¢, 2008) and the work presented in this paper is that
(Antunes et al,, 2011; Tabbara & Nesi¢, 2008) use a continuous-
time modelling paradigm, while we apply a discrete-time modelling
framework that leads to a switched linear system model that is
stochastically parameter varying. We propose novel convex over-
approximation techniques, which are used to handle continuous
probability distributions, and newly developed Linear Matrix In-
equalities (LMIs) to guarantee stability (in the mean-square) of
NCSs with the transmission intervals and delays satisfying a con-
tinuous probability distribution. Note that in this paper, we con-
sider the simultaneous presence of all the aforementioned network
effects, whereas in Montestruque and Antsaklis (2004), Shi and Yu
(2009), Yang et al. (2006), Tabbara and NeSi¢ (2008) and Antunes
et al. (2011) only some of them are considered. We will show the
effectiveness of the presented approach on the benchmark exam-
ple of a batch reactor as also used in Antunes et al. (2011), Donkers
etal. (2011), Heemels et al. (2010) and Tabbara and NeSi¢ (2008).

1.1. Nomenclature

The following notational conventions will be used. diag(A;,
..., Ay) denotes a block-diagonal matrix with the entries A, ...,
Ay on the diagonal, AT € R™" denotes the transposed of the
matrix A € R™™ and A (A) denotes the maximum eigenvalue
of a symmetric matrix A € R™*", For a vector x € R", we denote by

x' the i-th component and by ||x|| := ~/xT x its Euclidean norm. For

amatrix A € R™™, we denote by ||A|| := v/ Amax(ATA) its spectral

norm. For brevity, we sometimes write symmetric matrices of

A B A
the form I:BT c]' as [*
approaches t from above. The convex hull and interior of a set
A are denoted by co and intw, respectively, and the indicator
function of a set A C R" is the function 1, : R" — {0, 1}

g], By lim, ¢, we denote the limit as s

that satisfies 1 4(x) = 1ifx € Aand 1,(x) = 0ifx & A. A
polytope is the convex hull of finitely many points. The probability
distribution of a random variable x, taking values in R", is given in
terms of the probability measure u, which satisfies w(R") = 1. We
assume that the measure p can be decomposed into a continuous
component p. and a discrete component pg, i.e, & = e + Ly,
where . (A) = f 4 Pc(w)dw for some probability density function

(pdf) p. : R" — R, and where ug(4A) = Zie{jlajeA} pa.i, for
some finite or countable set of isolated atom points {a; | i € 4}
and a corresponding set of weights {pq; | i € 4}, where { C N.

This probability measure u defines the probability that the event
X € s occurs, denoted by Pr(x € ) = u(+4), and defines
the expected value of f(x), for a mapping f : R" — R™, as

E(f (%) = [ f(@)pc(@)do + 3=, f(@i)pa.i-
2. NCS model and problem statement

In this section, we present the model describing Networked
Control Systems (NCSs) subject to communication constraints,
time-varying transmission intervals and delays. Let us consider the
linear time-invariant (LTI) continuous-time plant given by

%x"(t) =APxP(t) + BPu(t),
y(t) = CPxP (1),

(1)

where x* € R denotes the state of the plant, I € R™ the most
recently received control variable, y € R the (measured) output
ofthe plantandt € R the time. The controller, also an LTI system,
is assumed to be given in discrete time by

Xy = AKX + B, @)
u(ty) = Cx, + DY (ty),

where x* € R™ denotes the state of the controller, y € R™ the
most recently received output of the plant and u € R™ denotes
the controller output. At transmission instant ty, k € N, (parts of)
the outputs of plant y(t;) and outputs of the controller u(t;) are
sampled and are transmitted over the network. We assume that
they arrive after a delay 1, at instant ry := t, + 1, called the
arrival instant. The states of the controller X, ; are updated using
Vi = limgy, P(t), i.e., directly after y is updated.

Let us now explain in more detail the functioning of the network
and define these ‘most recently received’ y and i exactly. The plant
is equipped with sensors and actuators that are grouped into N
nodes. At each transmission instant t, k € N, one node, denoted
by o, € {1,..., N}, gets access to the network and transmits its
corresponding values. These transmitted values are received and
implemented on the controller and/or the plant at arrival instant ry.
AsinDonkersetal.(2011)and Heemels et al. (2010), a transmission
only occurs after the previous transmission has arrived, i.e., tj;1 >
. > t, forall k € N, where t; = 0. After each transmission
and reception, the values in y and i are updated with the newly
received information, while the other values in y and & remain the
same, as no additional information is received. This leads to

O = Tyt + (=TI,
a() = Mu(t) + (1 — I,

forallt € (ry, riq1]. The matrix I, = diag(Fayk, 1’;;() is a diagonal
matrix, given by

(3)

= diagWi, - Vimg i) (4)

when o, = i. In (4), the elements y;;, withi € {1,...,N} and
je{1,...,n)}, are equal to one if plant output ¥ is in node i, the
elements y;jn,, withi € {1,...,N}andj € {1, ..., n,}, are equal
to one if controller output i is in node i and are zero elsewhere.
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Thevalueof oy, € {1, ..., N}in(3)indicates which node is given
access to the network at transmission instant t, k € N. Indeed, (3)
reflects that the values in @i and y corresponding to node oy are
updated just after ry, with the corresponding transmitted values at
time ti, while the others remain the same. A scheduling protocol
determines the sequence (og, o1, . ..) and particular protocols will
be made explicit below.

In this paper, we consider the case that both the transmission
intervals hy = t+1 — ty > 0, k € N, and the transmission delays
Ty =Ty —t > 0,k € N, are varying in time. Since we assumed that
tyr1 > 1y, for all k € N, we have that tp < hy. Furthermore, we as-
sume that the transmission intervals and transmission delays are
described by an independent and identically distributed (iid) se-
quence of (possibly) continuous random variables. These assump-
tions are made explicit below.

Assumption 1. For each k € N, the transmission interval h;, and
the transmission delay t; are continuous random variables, charac-
terised by a probability distribution that satisfies Pr((h, T) € (~)) =
1,where ® C {(h,7) € R* | h > 0,0 < 7 < h}.Furthermore, the
sequence {(hy, Tx) }ken is iid.

Remark 2. In the above reasoning, we can accommodate for
packet dropouts by modelling them as prolongations of the
transmission interval as done in Heemels et al. (2010) and Donkers
etal. (2011).

2.1. The NCS as a time-varying switched system

To analyse the stability of the NCS described above, we
transform it into a discrete-time model. In this framework, we need
adiscrete-time equivalent of (1). To arrive at this description, let us
first define the network-induced error as

[eV(t) = J(t) —y(t) (5)
e'(t) == U(t) — u(t).

The stochastically time-varying discrete-time switched system can
now be obtained by describing the evolution of the states between
tyand ty 1 = ty+hi. In order to do so, we define xi = xP(ty), U, =
u(ty), iy == limey, (t) and e} = e"(t). Since 1, as in (3), is a
left-continuous piecewise constant signal, we can write {y_; =
limgy,,_, G(t) = U(ry) = U(ty). As (3) and (5) yield @_1 = ui + €},
and l_1 — il = I e}, we can write the exact discretisation of (1)
as follows:

h b=
P _ APh D Ps ;.pp u Ps j.pp U LU
Xiy1 = e xp —I—/O e SdsBP (uy + €}) — A eSdsB I, ek

(6)

The complete NCS model is obtained by combining (2), (3), (5)

and (6), and defining X := [x*" xT e’ e“T]T. This results in the

discrete-time model (7), with x, = X(t;), as shown in Box I, in
which Aak.hwk e R™", withn = np +n. +n, + n,, and

_le" o _[o B _Jc? o
A, ._[ o al° B=|p ol €=|o c| G
p=|L O E =di pe"‘psd I R 8b
=lpc | Eo=diag ; s, 1], peR. (8b)

Remark 3. In this paper, we consider the case where the controller
is given in discrete time (2). However, the same NCS model (7) also
allows the controller to be given in continuous time, as was shown
(Donkers et al., 2011). The stability analysis presented below
applies in a similar manner to this case, see Chapter 3 of Donkers
(2011) for the details. Although the ability to study continuous-
time controllers is less important from a practical point of view, it

allows us to compare our modelling framework with the existing
results in the literature (Antunes et al., 2011; Heemels et al., 2010;
Tabbara & Nesi¢, 2008; Walsh, Ye, & Bushnell, 2002), which all
focus on continuous-time controllers. See also the example in
Section 5.

2.2. Protocols as a switching function

Based on the previous modelling steps, the NCS is formulated as
a stochastically parameter-varying discrete-time switched linear
system (7). In this framework, protocols are considered as the
switching function determining oy, k € N. We consider three
classes of protocols, namely quadratic and periodic protocols, as
introduced in Donkers et al. (2011), and stochastic protocols, as
introduced in Tabbara and Ne3i¢ (2008).

2.2.1. Quadratic protocols
A quadratic protocol is a protocol, for which the switching
function can be written as

O} = arg_min )'(ZPi)'ck, 9)
ie{1,...,N}

where P;,i € {1,..., N}, are certain given matrices. In case two
or more nodes have the same minimal values, one of them can
be chosen arbitrarily. As was shown in (Donkers et al., 2011), the
well-known try-once-discard (TOD) protocol, see, e.g., Walsh et al.
(2002) and Heemels et al. (2010), belongs to this class of protocols.
In the TOD protocol, the node that has the largest network-induced
error, i.e., the largest difference between the latest transmitted
values and the current values of the signals corresponding to the
node, is granted access to the network. The TOD protocol can be
modelled as in (9) by adopting the following structure in the P;
matrices:

P = P — diag(0, I}), (10)

in which I3,i € {1,...,N}, is given by (4) and P is some
arbitrary matrix. Indeed, if we define é;; .= Tjey, being the error
corresponding to node i (extended with zeros on the entries that
do not correspond to node i), where e, := [e] ', e!T]T,(9) becomes

o = argmin {—e; Iey, ..., —e; Iver)

argmax {[1g [, ..., lleYll}, (11)
which is the TOD protocol.

2.2.2. Periodic protocols

Another class of protocols that is considered in this paper is
the class of so-called periodic protocols. A periodic protocol is a
protocol that satisfies for some N € N

Oy = 0k, forallk € N. (12)

N is then called the period of the protocol. The well-known round-
robin (RR) protocol belongs to this class of protocols.

2.2.3. Stochastic protocols

The stochastic protocol determines o, € {1, ..., N} through a
Markov chain. The conditional probability that nodei € {1, ..., N}
gets access to the network at time t;, given the value of oy_1 €
{1,..., N}, is given by

Pr(oy = ilov_1 = j) = m; forallk € N\ {0}, (13)

wherer';lmj = 1forallj € {1,...,N}and oy € {1,...,N}is
assumed to be given.

For each of the three classes of protocols, the above modelling
approach now provides a description of the NCS in the form
of a stochastically parameter-varying discrete-time switched linear
system given by (7) and one of the protocols, characterised by (9),
(12) or (13).
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Box 1.

2.3. Stability of the NCS

The problem studied in this paper is to analyse stability of the
stochastically parameter-varying discrete-time switched linear
system (7) with protocols (9), (12) or (13).

Definition 4. The continuous-time NCS given by (1)-(3) and (5),
with protocols satisfying (9) and (12) or (13), is said to be Uniformly
Globally Mean-Square Exponentially Stable (UGMSES) if there exist
Cc, Bec > 0, such that for any initial condition x(0), for a sequence
of random variables {(hy, tx)}ken and for all t € R* it holds that
E (IIR(0)]1%) < cc[1x(0)[|2eFe.

Stability of the continuous-time NCS can be analysed by
assessing stability of the discrete-time uncertain switched linear
system (7) with switching functions satisfying (9), (12) or (13), as
we will show below. Before doing so, let us formally define stability
of this discrete-time system and introduce an assumption on the
probability distribution.

Definition 5. System (7) with switching sequences satisfying
(9), (12) or (13) is said to be Uniformly Globally Mean-Square
Exponentially Stable (UGMSES) if there exist ¢4, 84 > 0, such
that for any initial condition X, € R", for a sequence of random
variables {(hg, t)}xen and for all k € N, it holds that

E (|I%cl1?) < call%oll?e k. (14)

Assumption 6. There exists a constant A, such that A >
max{0, Amax(APT + AP)}, such that the probability distribution for

(h, 7) satisfies E(e*") < c, for some ¢, > 0.

Assumption 6 excludes all probability distributions whose
tails are not exponentially bounded, sometimes called heavy-
tailed probability distributions. However, when the probability
distribution has an exponentially bounded tail, such as the
Uniform, the Normal and the Gamma distribution, stability can be
analysed using the results presented in this paper. Indeed, under
Assumption 6 we can guarantee that UGMSES of the discrete-time
model implies UGMSES of the continuous-time NCS in the sense of
Definition 4. We formalise this result in the next theorem, whose
proof can be found in Chapter 3 of (Donkers, 2011).

Theorem 7. Assume that the discrete-time system (7) with switch-
ing sequences satisfying (9), (12) or (13) is UGMSES and that As-
sumptions 1 and 6 are satisfied. Then, the corresponding continuous-
time NCS given by (1)-(3) and (5), with protocols satisfying (9) and
(12) or (13) is also UGMSES.

This theorem states that it suffices to consider the discrete-time
model (7) with switching sequences satisfying (9), (12) or (13) to
assess UGMSES of the continuous-time NCS system.

3. Obtaining a convex overapproximation

In the previous section, we obtained an NCS model in the
form of a stochastically parameter-varying discrete-time switched
linear system. The matrix Af’kvhk-fk depends nonlinearly on the
uncertain parameters h, and t,, which is not convenient for

stability analysis. To make the system amenable for analysis, in
Heemels et al. (2010) and Ieferences therein, procedures were

given to overapproximate A, p, . by a polytopic system with
norm-bounded additive uncertainty, i.e.,

L
Xep1 = (Z apAg 1+ BAkCrrk> Xk, (15)

=1

where A, € R™", B € R™,(C, € R foro € {1,...,N}
and [ € {1,...,L}, and where L is the number of vertices of the
polytopic system, which is determined by the particular procedure
used to obtain (15). The vector o = [a} -+ af]"T € A,k € N, is

time varying with 4 = {a € R' | Yo = 1,a >0Vl e
{1,...,L}} and Ay € A, k € N, where

A= {diag(Al, .., AY) e RIXI | Al g RIXG

||A"||<1we{1,...,Q}}. (16)
The system (15) is constructed to be an overapproximation of (7),
in the sense that forall o € {1, ..., N}, it holds that

L
{Ag,h,f | (h,7) e @} c {Za’ixa,,JrBAEg la e Ae A}.
=1

(17)
Hence, as argued in Heemels et al. (2010), satisfaction of (17) and
stability of (15) implies the stability of (7).

The approaches surveyed in Heemels et al. (2010), based on
(17), are not suitable in the context here, as this would remove
all information present in the probability distribution of (hy, ti).
We therefore propose a new procedure that also preserves the
probabilistic information. In this procedure, we use the notion of
diameter of a set § C R? as
diam4 := sup |jv — w|. (18)

v,wes

Procedure 8.

(1) Given some h* > 0 and ¢ > 0, choose M polytopes §,, <
®,me {1,..., M}, such that
(a) Pr((h,7) € (8, N 8y)) = O, forallm,p € {1,...,M} and

p#m
(b) diam4,, < ¢, forallm € {1, ..., M}

(© UY_, 8n = {(h,7) € ® | h < h*}.
(2) Compute py = Pr((h, T) € 8m).

(3) Overapproximate the matrix set {;\U,h,, | (h, T) € 8y} foreach
dnandallo € {1, ..., N}, in the sense that

{Aone| th ) € 80

L
c { ZalAa,m,l + BmA(_:a
=1

aeA,AeA}, (19)

whereA, . € R™", B, € R™9. Any of the overapproximation
techniques surveyed in Heemels et al. (2010) can be used to
obtain A, .1, Bm, C» and A, such that (19) is satisfied for all
oe{l,...,N}L

In Procedure 8, we define polytopes 8, m € {1,..., M} and

make overapproximations of Aﬁk,hwk for each individual polytope
4m in the sense of (19). This allows us to assign a probability p,, to
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each polytope and utilise this information in the stability analysis
that is given below. Roughly speaking, the continuous probability
distribution is approximated by a discrete probability distribution
that assigns probabilities p, to polytopes &, (see, e.g., Fig. 1
below for an example). By choosing h* in Procedure 8 sufficiently
large and ¢ sufficiently small, the discrete approximation of the
probability distribution can be made as accurate as desired. The
parameter h* is present, since it is in general not possible to achieve
a partitioning satisfying Ufgzl $m = O, as we use a finite number
of polytopes §,,, m € {1,..., M}, while ® can be an unbounded
set. Loosely speaking, the parameter h* is chosen sufficiently large
to bound the ‘tail’ of the probability distribution in a suitable
manner. We will formally propose a stability analysis method that
incorporates this ‘tail' @ := @ \ (UM_, 8,).

4. Stability of NCSs with stochastic uncertainty

In this section, we will use the overapproximation derived in
the previous section to develop conditions to verify UGMSES of the
NCS model (7). For this, we need two intermediate results, whose
proofs can be found in the Appendix.

Lemma9. Let Assumption 1 hold. The system (7) with switching
functions satisfying (9) and (12) or (13) is UGMSES if there exist a
Lyapunov function V : R" x N — R, and scalars by, b, b3 > 0
satisfying>

bi[IXI* < VX, k) < by [xI?

E[V (Ao e u % k + D] = V&, k) < —bs|Ix|)?
forallx € R"and allk € N.

(20a)
(20b)

Lemma 10. Let Assumptions 1 and 6 hold, and let a symmetric matrix
P and aset @ C © be given. It holds for eachi € {1, ..., N} that

E(A;’rh,tﬁA,‘,h,fl (Q(h, ‘L'))
= )Lmax(ls)UiE()O(h)l a(h, ‘L'))I, (21)

in which v; == (|Aio.0ll + |IBIl [IGi|)% with A; ., as defined in (7),
and

= I I I ~ ! 0
B:=|_c _¢ _c| Gw=|BDC BD, (22)
0 BI;
and
h
o(h) = max{‘1’(e;)‘max((Ap)TvLAp)h_i_l)z’/ e)\max((Ap)T+Ap)5dS}_
0

(23)

4.1. Quadratic protocols

To analyse the stability of (7) with protocol (9), we use ideas
from (Geromel & Colaneri, 2006), in which the non-quadratic
Lyapunov function

N
V()= min X PX,=mink, Y viPx 24
(k) i, N}klk veNk;'lk ( )

is used, where & = {v € RN|Z§V:1 vi=1,v>0Vie{l,...,
N}}. Furthermore, we introduce the class M of so-called Metzler

3 Note that for quadratic and periodic protocols, the expected value is taken with
respect to hy and 7. For stochastic protocols, however, the expected value is taken
with respect to hy, 7, and o1, as the Lyapunov function V on time k + 1, depends
on oy 1, which is a random variable, see (13).

——— Uniform mpdf p(h) with ¢; =0 and ¢z = 0.11
= = = Gamma mpdf p(h) with ¢z = 10 and ¢4 = 0.006
Probability p, for the Gamma Distribution
N
£
! \
! \
! 3
1 \
1 \
T A
/ Y S
4 ) L L
0 0.05 0.1 0.15 0.2 0.25

Transmission Interval h

Fig. 1. [llustration of the considered mpdfs, and the approximation of the Gamma
distribution.

matrices IT = {m;},i,j € {1,..., N}, given by

N
M= {HERNXN|Z7TJ','= 1vie(l,...,N},
=1

7 > 0Vi,je{1,...,N} (25)

and the set of matrices given by

R = {diag(rl, ..., rqlg) € R™|r; > 0Vie {1,...,Q}}, (26)

where [; is an identity matrix of size g;, as in (16).

Theorem 11. Let Assumptions 1 and 6 hold and let the sys-
tem (7) with a switching function satisfying (9), a probability distri-
bution for (h, t) and positive definite matrices P; as in (9) be given.
Suppose there exist a convex overapproximation obtained by Proce-
dure 8, a matrix IT = {mn;} € M, positive scalars u; satisfying
Zj'-\lzl miP; < wil, matrices U; m, and matrices Rim; € R, for i €
{1,...,N},me{1,...,M},andl € {1, .. ., L}, satisfying the LMIs

— N -
Um O I_ij;!—mJanin G Rimi
=1
N
AT
N
* * Zﬂﬁpj 0
=1
. * * Ri.m,l -

foralie {1,...,N},m € {1,...,M},l € {1,...,L}, in which
Pm = Pr((h, 7) € $y), and satisfying

M
Pi =Y Uim — wiviE(p()1 o (h, 1)1 = 0, (28)

m=1

foralli € {1,...,N}, in which @ = © \ (UM_, 8,), and v; and
p(h) are defined as in Lemma 10. Then, the switching law (9) renders
the system (7) UGMSES. Consequently, the continuous-time NCS given
by (1)-(3) and (5) is also UGMSES if the switching law (9) is employed
as the protocol.

Proof. The proof is given in the Appendix. O

We will briefly comment on Theorem 11. Firstly, note that Theo-
rem 11 guarantees the stability of (7) for hy and 7y, k € N, satisfying
the original probability distribution. Secondly, in case the h* can be
chosen such that Pr((h, 7) € @) = 0, where @ :== © \ (UY_, 5,),

the conditions in (28) simplify since E(p(h)1¢(h, 7)) = 0. This is
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possible, if there exists an upper-bound on the transmission inter-
vals. Finally, for the TOD protocol the matrices P; still contain a free
variable P. This freedom P in modelling the TOD protocol can be
exploited as the conditions in (27) are still LMIs in P as well. This
can be shown by applying the ideas of Corollary IV.4 of Donkers
etal. (2011).

4.2. Periodic protocols

We will now analyse stability of the system (15) in the case
where the protocol is periodic, as in (12). For this system, we
introduce positive definite matrices P;,i € {1, ..., N}, and a time-
dependent periodic Lyapunov function given, for k € N, by

VX, k) = X, Py od v Xes (29)

where kmod N denotes k modulo N, which is the remainder of the
division of k by N.

Theorem 12. Let Assumptions 1 and 6 hold and let the sys-
tem (7) with a switching function satisfying (12) and a probability
distribution for (h, T) be given. Suppose there exist a convex overap-
proximation obtained by Procedure 8, positive definite matrices P;,
positive scalars p; satisfying P; < u;l, matrices U; , and matrices

Rimi € R,ie{1,....,N,me {1,....,M},andl € {1,...,L},

satisfying the LMIs
Um O f’mAI,-,m,lPiH C;:Ri,m,l
*x  Rimy PmByPit1 0 > 0, (30)
* * Piiq 0
* * * Rim.i

forali e {1,...,N},m e {1,...,M},l € {1,...,L}, where
Piy1 = Py and p, = Pr((h, T) € 8y), and satisfying

M
Pi—= Y Uim — tis1uiE(p(M1 (h, ) = 0, (31)

m=1

foralli € {1,...,N}, in which @ == © \ (U'_, 8,), un+1 =
1, and v; and p(h) are defined as in Lemma 10. Then, the
switching law (12) renders the system (7) UGMSES. Consequently, the
continuous-time NCS given by (1)-(3) and (5) is also UGMSES if the
switching law satisfying (12) is employed as the protocol.

Proof. The proof follows the same lines of reasoning as the proof
of Theorem 11 and is therefore omitted. O

4.3. Stochastic protocols

Finally, we will analyse stability for the stochastic protocol.
Hence, we need to analyse stability of the system (15) with
a switching sequence satisfying (13), which can be done by
introducing positive definite matrices P;, i € {1,...,N}, and a
node-dependent Lyapunov function of the form

VX, k) = Xy Po X (32)

Theorem 13. Let Assumptions 1 and 6 hold and let the system (7)
with a switching function satisfying (13) and a probability distribu-
tion for (h, T) be given. Suppose there exist a convex overapproxima-
tion obtained by Procedure 8, positive definite matrices P;, positive
scalars u; satisfying Z}Ll miiP; < i, matrices U; ,, and matrices
RimieR,ie{l,...,N},me{l,...,M},andl € {1, ..., L}, sat-
isfying (27), foralli € {1,...,N},me {1,...,M},l € {1,...,L},
in which p,, = Pr((h, T) € )Sm), and satisfying (28), for all i €

{1,...,N},inwhich @ := ® \ (U’r‘n”:1 4$m), and v; and p(h) are de-
fined as in Lemma 10. Then, the switching law (13) renders the sys-
tem (7) UGMSES. Consequently, the NCS given by (1)-(3) and (5) is
also UGMSES if the switching law (13) is employed as the protocol.

Proof. The proof follows the same lines of reasoning as the proof
of Theorem 11 and is therefore omitted. O

As was also observed in Geromel and Colaneri (2006) for
switched linear systems, the conditions of Theorems 11 and 13 are
similar, with the only difference that in Theorem 13 the scalars

mi, i,j € {1,..., N} are given by the protocol, see (13), whereas
in Theorem 11 the matrices P;,i € {1,..., N}, are given by the
protocol.

Remark 14. Similar to Donkers et al. (2011), in which NCSs were
studied without incorporating probabilistic information on the
transmission interval and delays, we can show that if the original
discrete-time system (7) (without any overapproximation), and a
protocol satisfying (9), (12) or (13) is mean-square stable in the
sense that a Lyapunov function exists of type (24), (29), or (32),
respectively, the presented LMI conditions will establish mean-
square stability and will find a respective Lyapunov function,
provided that in Procedure 8 the parameter h* > 0 is chosen
sufficiently large, the parameter ¢ > 0 is chosen sufficiently
small, and the method proposed in Donkers et al. (2011) is used
to calculate the overapproximation that achieves (19). Therefore,
making a convex overapproximation as in (19), introduces no
conservatism in the stability analysis as presented in the previous
subsections (provided that the convex overapproximation of the
system (7) and the approximation of the probability distribution is
sufficiently accurate). See Chapter 3 of Donkers (2011) for a formal
result and a complete proof of this fact.

Remark 15. The approach presented in this paper requires
verifying feasibility of N x M x L LMIs of the form (27) (plus
a few smaller LMIs) for quadratic and stochastic protocols, and
N x M x L LMIs of the form (30) (plus a few smaller LMIs)
for periodic protocols. This means that for large-scale systems
with a large number of nodes N or a large period N, and
with an accurate approximation according to Procedure 8, which
results in a large M, the numerical complexity of the presented
approach can become large. Which sizes of problems can be
analysed using the method presented in this paper depend on
the adopted LMI solver and the computation platform. In any
case, the numerical complexity can be reduced by making a less
accurate approximation (by taking fewer polytopes &, resulting in
a smaller M) at the cost of introducing conservatism in the stability
analysis. To give an indication of the computation times, we will
provide them for the numerical example in Section 5 below.

5. Illustrative example

In this section, we illustrate the presented theory using a well-
known benchmark example in the NCS literature (Antunes et al.,
2011; Donkers et al., 2011; Heemels et al., 2010; Tabbara & NeSi¢,
2008; Walsh et al., 2002), consisting of a linearised model of a batch
reactor. The details of the linearised model of the batch reactor
model and the controller can be found in the aforementioned
references.

In Antunes et al. (2011), Heemels et al. (2010), Walsh et al.
(2002), Donkers et al. (2011) and Tabbara and Nesi¢ (2008), it
was assumed that the controller is given in continuous time and
it is directly connected to the actuator, i.e., only the two outputs
are transmitted via the network. Hence, as indicated in Remark 3,
a continuous-time controller requires slight modifications of the
matrices in (8) as in Donkers et al. (2011). The reader is referred



M.CF. Donkers et al. / Automatica 48 (2012) 917-925 923

to Chapter 3 of Donkers (2011) for more details. We will consider
here the TOD protocol and assume, for simplicity, that delays are
absent, i.e, Pr((h,7) € ©®) = 1, where ® = {(h,7) € R? | h >
0,7 = 0}. Furthermore, we let Pr((h, 7) € 8) = [; p(h)dh, for
some § C ©, where § = {h € R | (h,0) € 8} and p(h) denotes
the corresponding marginal probability density function (mpdf). In
this example, we consider two different mpdfs for the transmission

intervals, namely the uniform mpdf given by p(h) = Cz 5 forcy <

h < ¢y, withc; = 107% and ¢c; = 0.11, and p(h) = 0 elsewhere,
h

and the Gamma mpdf given by p(h) = 1 h©—le” < for

) (e3=1)!(ca)3
h > 0, with c3 = 10 and ¢4, = 0.006, and p(h) = 0 elsewhere, see
Fig. 1.

In order to assess stability, we first define our NCS model as in
(7). We then derive the uncertain polytopic system (15) and p,,, us-
ing Procedure 8. For the uniform distribution, we choose h* = 0.1 1

and ¢ = %}, yielding 8, = [(%5-(m — 1),0), (%'m, 0)], m

{1, ..., 80}, and for the Gamma dlstnbutlon we choose h* =0. 25
and ¢ = %2 yielding 8, = [(32(m — 1),0), (32m,0)], m €
{1, ..., 30}.The values for the parameters h* and ¢ are chosen such

that increasing h* and decreasing & does not significantly change
the results in this example. We can now derive the uncertaln _poly-
topic system (15), satisfying (19). To obtain A, 1.m» Bm, and G;, we
use the overapproximation technique presented in Donkers et al.
(2011), in which we use two grid points for each 4. In Fig. 1,
we also illustrate for the Gamma distribution the partitioning of
h in polytopes 4, and the resulting (scaled) p,;,. We now check the
matrix inequalities of Theorem 11, using the structure of the P;-
matrices as in (10). Using this procedure we obtain a feasible so-
lution of LMIs of Theorem 11, on the basis of which we conclude
that the TOD protocol stabilises the NCS when the transmission in-
tervals are given by an iid sequence of random variables with the
aforementioned mpdfs. The computation time required to com-
pute the overapproximation and to find feasible solutions to the
LMIs on a standard desktop computer* is 36 s for the Gamma distri-
bution and 180 s for the uniform distribution. For full details about
this example, the reader is referred to Donkers (2011).

In Donkers et al. (2011), we obtained a ‘robust’ range of
allowable transmission intervals, i.e., hy € [1073, 0.066], k € N,
which includes all probability distributions for which it holds that
Pr((h,7) € ®) = 1where ® = {(h,7) € R* | 1073 <
h < 0.066, T = 0}. Therefore, we can conclude that incorporating
probabilistic information on the distribution of the transmission
intervals is very useful as it can be used to prove stability for
situations not contained in the case that was studied in Donkers
etal. (2011), Heemels et al. (2010) and Walsh et al. (2002).

6. Conclusions

In this paper, we studied Networked Control Systems (NCSs)
that are subject to communication constraints, time-varying
transmission intervals and time-varying delays. In particular,
we analysed the stability of the NCS when the transmission
intervals and transmission delays are described by a sequence
of continuous random variables and the communication sequence
is determined by a quadratic, periodic, or stochastic protocol.
This analysis was based on a stochastically parameter-varying
discrete-time switched linear system model of the NCS. We
derived conditions for stability (in the mean-square) by adopting
techniques for convex overapproximation, which are now used
as a way to handle continuous probability distributions. This

4 The authors have used a Windows PC running at 3 GHz with 4 GB RAM, and
MATLAB 2007B and SEDUMI 1.3 for this numerical example.

convex overapproximation technique was extended such that the
probabilistic information as present in the probability distribution
is preserved, and yields LMI based conditions for stability.
On a benchmark example, we showed that by incorporating
probabilistic information on the transmission intervals and delays
and packet dropouts, stability can now be guaranteed for situations
not covered by earlier results in the literature.

Appendix. Proofs of theorems and lemmas

Proof of Lemma 9. The proof is based on showing that for system
(7), the inequalities (20a) and (20b) imply (14). First observe that
because of (20a) and (20b), it holds that

biE(||Ay h e XII%) < EIV(Ag X k+ D] < (b, — ba)[XI%,  (33)

and because the left-hand side of the expression is nonnegative,
we have that b, > bs. Now using that b, > bz and (20a), we can
rewrite (20b) as E[V (A, n.X. k + 1] < (1 — gg)va, k), which

implies that E[V (x, k)] < (1 — %)"V(xo, 0), for all k € N. Finally,
using the bounds (20a), we obtain (14) with ¢; = g—f > 0 and
Ba > ln(b a

Proof of Lemma 10. First, observe that for eachi € {1,...,N},
the left-hand side of (21) satisfies

E(A PAin1a(h, D) < dmaxPE(Ainc P 1ah, D). (34)
We can now upper bound the right-hand side of (34) using

~ ~ ~ o~ ~ N2
IAin 1> < (IAso.0ll + IBI | An < Il ICill)
< vymax{[ A%, 1}, (35)

where ;\,;h,, is givenin (7), Band Cin (22) and

An = diag(Ay — Ao, En — Eo, En_r — Eo). (36)
Now using the fact that
I1An — Aol < (e ma TR 4 1y2 (37a)
h
IEn — Eol* < / ermax T A5 g (37b)
0

h—t h
pT AP LAY
”Ehft — E0||2 < / e)\max(A +A )Sds < f e)hmax(A +A )Sds’ (37C)
0 0

which holds due to Wazewski’s inequality, that is, [|e/] <

3Amax (A T+4P)s \ve have that

ez
max{[| An 1, 1} = max{[|Ay — Aoll*, IlEx — Eo|*,
IEn—r — Eoll*, 1} < p(h). (38)

Now substituting (35), with (38) into (34), we obtain (21), which
completes the proof. O

Proof of Theorem 11. The proof is based on showing that (24) is
a Lyapunov function for system (7) with switching law (9), see
Lemma 9. Note that V(x;) = )‘(EPi)_(k, withi = oy, due to (9). Now
using (7) and (24), we have that

N
E I:V(Athk’fk)_‘)] =E |:{’12/{[1 Z)_‘TAIhk,Tkijin*hk’rk)_‘]
|: lh, Tk ZHJIPA' hye. X i|
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M N
< Z E|XTA, o Z TjiPiAi g X 1 5, (i, Th)

m=1 j=1
~ N ~
+E|X Al o D miPAn X Talh ) | (39)
=

foralli € {1,...,N}and X € R". Since we have the following
inequality

N
_T~T ~ -
E|X Ao E 7iPiA; 0 X 1 55 (i, T)
=

N
max )_(TA,-Thk’rk Z JTﬁPin’hkqfk)_( (40)

M
< Zﬁm he, )€
=1 (hi, k) €8m =

foralli € {1,...,N},m € {1,...,M}, and x € R", UGMSES can
now be shown using Lemma 9. Because of (24), condition (20a) is
satisfied and, using (39), condition (20b) is implied by

M N
- ~T ~ _

2 :pmAi,Emij :”ﬁPJ'Ai,hm,fm

m=1 j=1

N

+E Al Y miPAinc1alh 1) | =P <0, (41)
j=1

for all (Hm,fm) € 8u,m € {1,...,M},and alli € {1,...,N}.

This condition is satisfied if there exist matrices Ujpn,i €
{1,...,N},m e {1,..., M}, such that

N

PmAl; o D iPA G 7 — Uin < 0 (42)
=1

foralli e {1,...,N}and all (hy, Ty) € 8m,m € {1, ..., M}, and

N M
E (A Z miPiAin1ao(h, ) | —Pi + Z Uim 20, (43)
j=1 m=1
foralli € {1, ..., N}.Hence, if we can now show that (27) and (28)
imply (42) and (43), the proof is complete.
Eq. (42) still yields an infinite number of LMIs (due to the fact
that (h,, Ty) can take an infinite number of values in $,,). This can

be resolved by employing the hypothesis of the theorem, implying
that (19) holds. Indeed, (42) is satisfied, if

L TN L
B | Y"1 Aimiy +BnAG) D wiP | Y oa?Aim, + BnAG

=1 j=1 =1

— Ui,m <0, (44)
foralla € A, A € A,i € {1,...,N},andm € {1,...,M}.
By taking a Schur complement, realising that ZJ’-Vzl miP; > 0, and
using that o, € +, we obtain that (44) is equivalent to stating that
Z,L=1 a'Gim; > 0, where

N
Um /b (Aim1 + BJAC')T Z 7;jiP;
Gim1 = = , (45)

N
* > P
=

foralla € A, A € Aji € {1,...,N},m € {1,...,M}, and
I € {1,...,L}. A necessary and sufficient condition for positive
definiteness of Zlel oc'G,-,m,,, for all « € A, is that G;p,; > 0 for
allie {1,...,N},me {1,...,M}and !l € {1, ..., L}. Using again

a Schur complement, we can rewrite the condition G;,; > 0 as
follows:

N
Uim — Pm (Aim1 + BmAEi)T Z 7P (Aim,1 + BmAa‘) > 0. (46)
=

Now observe that for all A € A, it holds that E}T(qum,] —
ATRmiAG > 0, forall Ry € R,i € {1,...,N},m €
{1,...,M}andl € {1,...,L}. Hence, (46) is satisfied if

N
Uim — Pm (Aimt + BmAEi)T Z 7iP; (Aim,i + Bn AG)
=

> G Rimi — AT Rim1A)G, (47)

or equivalently that [ (AG) ]G mill (AC)T]" > 0, forall A €
Ajief{l,...,N},me{l,...,M}and! € {1, ..., L}, in which

N
Gil,:n,l ﬁmAiTm,l Z 7;iPiBm
Gimi = = : (48)

N
* Ri,m,l — B; Z 7Tj,'Pij
j=1

with ﬁ}}n, = Uim — [_Jmlz\;rml jl‘V:l 7Tj,'PjA,"m’1 — E}TR,"mJé, which

is implied by the requirement that ﬁi,m,, > 0, foralli € {1,...,
N},m e {1,...,M}andalll € {1, ..., L}, which is equivalent to
(27) after a Schur complement.

It remains to show that (28) implies (43). To do so, we use the

result of Lemma 10 with P = Zszl m;iP;, thus Amax(P) < i, and

Q:=0)\ (Um:1 4m). Therefore, using inequality (21), we have that
(43) is satisfied if (28) satisfied. O
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