Periodic event-triggered control for nonlinear
networked control systems

W. Wang, R. Postoyan, D. Nesi¢ and W.P.M.H. Heemels

Abstract—Periodic event-triggered control (PETC) is an ap-
pealing paradigm for the implementation of controllers on plat-
forms with limited communication resources, a typical example
being networked control systems. In PETC, transmissions over
the communication channel are triggered by an event generator,
which depends solely on the available plant and controller data,
and is only evaluated at given sampling instants to enable its
digital implementation. In this paper, we consider the general
scenario where the controller communicates with the plant via
multiple decoupled networks. Each network may contain multiple
nodes, in which case a dedicated protocol is used to schedule
transmissions among these nodes. The transmission instants over
the networks are asynchronous and generated by local event
generators. At given sampling instants, the local event generator
evaluates a rule, which only involves the measurements and the
control inputs available locally, to decide whether a transmission
is needed over the considered network. Following the emulation
approach, we show how to design the local triggering generators
to ensure input-to-state stability and £,-stability for the overall
system based on a continuous-time output feedback controller
that robustly stabilizes the network-free system. The method is
applied to a class of Lipschitz nonlinear systems, for which we
formulate the design conditions as linear matrix inequalities. The
effectiveness of the scheme is illustrated via simulations of a
nonlinear example.

I. INTRODUCTION

Etworked control systems (NCS) refer to systems in

which the plant and the controller communicate via
networks. Integrating networks into control systems, compared
with the traditional dedicated point-to-point (wired) links, has
major advantages like lower cost, reduced weight and power,
simpler installation and maintenance, and higher reliability [1].
Moreover, the NCS configuration is essential when the plant
consists of many subsystems, which are physically distributed
and interconnected to coordinate their tasks and achieve an
overall objective, see their applications in smart grids, wide-
area systems or for systems with distributed sensors, actuators
and controllers. A major challenge in NCS is to design control
strategies which do not “overuse” the network, to limit the
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transmission delays and the occurrence of packet losses, which
may destroy the desired closed-loop system properties. An
attractive approach in this context is event-triggered control,
which adapts the transmission instants based on the current
state, input and/or output measurement of the plant, see [2]
and the references therein. The idea of ETC is to use the
network only when this is needed by generating transmissions
whenever a state or output-dependent condition is satisfied.
Most literature on ETC focuses on continuous event-triggered
control (CETC), in the sense that the triggering condition is
evaluated at all times, see, for instance, [3]-[7]. Although
CETC may significantly reduce the number of transmissions
compared with traditional periodic sampling, the continuous
evaluation of the triggering condition causes issues when sen-
sors are battery powered for mobility and/or flexibility reasons.
Moreover, it is not even possible to evaluate triggering rules
continuously when the implementation platform is digital. In
this case, it is more natural to evaluate the triggering criterion
at some discrete sampling instants, leading to periodic event-
triggered control (PETC), see [8], [9].

Hybrid systems are commonly used to model CETC systems
(e.g. [4], [71, [10], [11]), as the plant and the controller are
often described by continuous-time systems and transmissions
are discrete events, which can be modeled by jumps. The
generic results in [12] about the sampled-and-hold imple-
mentations of hybrid controllers ensure that the emulation of
a continuous event-triggered controller as a periodic event-
triggered controller still “works”, if the sampling period is
sufficiently small. To be more precise, the uniform global
asymptotic stability of a compact set ensured by CETC is
semiglobally and practically preserved for fast sampling by
PETC. Unfortunately, these results do not provide exploitable
explicit bounds on the sampling period. Furthermore, it is
of interest to preserve global asymptotic stability properties
in PETC, instead of semiglobal practical asymptotic stability.
Works addressing these points have mostly been developed
for systems with linear dynamics, see [8], [13]-[16]. On the
other hand, PETC results for nonlinear systems are scarce.
In [9, Chapter 6.5] and [17], it is explained how to convert
general continuous state-feedback event-triggered controllers
to periodic event-triggered ones, while (approximately) pre-
serving the properties of the former. The work in [18] develops
observer-based output-feedback controllers for a class of non-
linear Lipschitz systems and a practical stability property is en-
sured at the end. Another work is [19], where output-feedback
PETC scheme is studied to ensure global asymptotic stability
for a class of polynomial nonlinear systems. Obviously, PETC
for nonlinear systems is at its early stage and a lot remains to



be done. In particular, there is a need for systematic design
frameworks, which are flexible enough to cope with output
feedbacks as well as exogenous disturbances. The primary aim
of this paper is to address this challenge.

We study plants modeled by a continuous-time nonlinear
system affected by exogenous disturbances and for which only
some output is available for control. We proceed by emulation
to design the periodic event-triggered controller. Thus, we first
assume that we know an output feedback controller, which
robustly stabilizes the plant in absence of communication
constraints, in the sense that it either ensures an input-to-state
stability or a £,, stability property for the closed-loop system
with respect to the exogenous disturbances as well as output
and input noises. At this stage, any continuous-time design
technique can be applied. We then implement the controller
over networks. We investigate the scenario where multiple
asynchronously operating networks are used to connect the
controller to the plant: this is an additional novelty of this
work. This setup is relevant, for instance, when one network
ensures the communication from the sensors to the controller,
and another one is used to connect the controller to the
actuators. The sensors and the actuators are grouped into
nodes, which are connected to a given network. The trans-
missions over each network are generated by a local triggering
generator. The latter collects measurements and control inputs,
which are locally available, at some sampling instants specific
to the considered network (and not necessarily periodic), it
evaluates a criterion and then decides whether a node needs
to transmit its packet over this network. The transmitting node
is selected according to the local scheduling rule, such as the
Round-Robin (RR) or Try-Once-Discard (TOD) protocol con-
sidered in [1], [20]. To design the local triggering generators,
we therefore have to define three elements: (i) the criterion;
(i1) the sampling instants at which the criterion is evaluated;
(iii) the scheduling rule. Regarding the scheduling rules, we
require that they are uniformly globally asymptotically stable
as characterized in [20], which cover the RR, TOD and
the sampled-data protocols. We also make assumptions on
the robust stability of the original closed-loop system in the
absence of network, which can be checked a priori. Note
that imposing robust stability properties is required for any
nonlinear control systems to be implementable in practice.
Based on these assumptions, we provide the expression of
the local triggering conditions as well as an explicit bound on
the maximum allowable sampling periods (MASP), which are
used to characterize the sampling instants. We actually show
that there is a tradeoff between the MASP of each triggering
generator and a parameter used to define the corresponding
triggering condition.

The overall system is modeled as a hybrid system using
the formalism of [21], [22], for which a jump corresponds to
a sampling instant of one local triggering generator. We then
ensure an input-to-state stability or a £,-stability with respect
to the exogenous disturbances, depending on the assumptions.
These results lead to a uniform global asymptotic stability
property in the absence of disturbances. The analysis relies on
a novel hybrid Lyapunov function. We apply the results to a
class of globally Lipschitz nonlinear systems and formulate

the assumptions as linear matrix inequalites (LMIs). The
obtained LMIs are always verified in the special cases when
the nonlinearity only involves the measured output or for
any stabilizable and detectable LTI systems. The latter case
appears to be a contribution in its own right as it extends the
centralized and state-feedback PETC for linear systems in [8],
[13] and the output-feedback PETC in [14] to decentralized
implementations. Simulation results on a nonlinear system,
which is not globally Lipschitz, are also provided.

The decentralized setup we investigate is similar to the
one in [4] where continuous event-triggered controllers are
synthesized. The fact that we consider PETC, as opposed to
CETC, benefits for digital implementations, which leads to
additional difficulties. Because the triggering rules are contin-
uously evaluated in CETC, properties, which are essential to
guarantee stability, are ensured at all times. This is no longer
the case in PETC, as the triggering criteria are only checked at
some sampling instants and may therefore be violated between
two successive sampling instants. As a result, our approach
requires a new hybrid model, a different set of assumptions
as well as a novel hybrid Lyapunov function compared to
[4]. Note that CETC as proposed in [4] relies on time-
regularization, as the triggering criterion is evaluated continu-
ously after a fixed waiting time has elapsed since the previous
event. This is different from PETC as done in the paper, as the
triggering conditions here are evaluated only at some sampling
instants, which facilitates digital implementations. Compared
to [9, Chapter 6.5] and [17], the results are applicable for
decentralized output-feedback control, tolerate the presence of
exogenous disturbances and explicitly reveal a link between
the triggering conditions and the sampling instants. Compared
to [18], we consider exogenous disturbances, a decentralized
scenario, we do not restrict our attention to nonlinear systems
with a specific structure, and we ensure asymptotic stability in
the absence of perturbations. Conference versions of this work
can be found in [23] and [24]. In particular, a centralized full-
state feedback PETC is provided for disturbance-free systems
in [23], and a centralized output-feedback control for systems
implemented on a single network is studied in [24] where only
input-to-state stability results are provided.

To summarize, our work leads to the following contributions
on PETC: (i) a generic design framework of the triggering
generators for nonlinear systems, which is applicable for out-
put feedback control as well as in the presence of exogenous
disturbances; (ii) decentralized PETC strategies over multiple
asynchronously operating networks, for the first time to the
best of our knowledge; (iii) a novel hybrid Lyapunov function
is constructed to investigate stability properties of the system;
(iv) even in the particular case of linear systems, the results
extend those in [8], [13], [14] to decentralized output-feedback
control.

The rest of the paper is organized as follows. The notation
and preliminaries on hybrid systems are given in Section II.
We state the problem and present the hybrid model in Section
III. The main results are provided in Section IV and applied to
a class of globally Lipschitz nonlinear systems in Section V.
Simulation results for a nonlinear system are given in Section
VI and conclusions are provided in Section VII. The proofs



are postponed to the appendix, where technical lemmas are
also provided.

II. PRELIMINARIES

Let Zso = {1,2,...}, Z> = {0,1,2,...}, R :=
(—00,00) and R>¢ := [0,00). For kg € Z>¢ and I' C Z>,
ko+T = {kg+k : k € T}. For sets A and B in a
universe U, A\ B := {x € U : © € A and = ¢ B}. Let
0, and 1,,, n € Z~(, be the n-dimensional vector for which
elements are all zeros and ones, respectively. Let 0, ., and
I, «n be the square zero matrix and the identity matrix of
dimension n, respectively. Let |z| denote the Euclidean norm
of the vector € R". Let Apin(P) and Apax(P) stand for
the minimum and maximum eigenvalues of real symmetric
matrix P, respectively. For x € R™ and y € R™, (x,y) stands
for [z, y*]". Given a set A C R™ and = € R™, we define
the distance of x to A as |z]|4 = Ulgf‘l |z —y|. A set-valued

mapping M : R™ = R™ is outer semi-continuous when its
graph {(y,z) € R™ xR": z € M(y)} is closed, see Lemma
5.10 in [22]. A function v : R>9 — R>( is of class-K, if
it is continuous, zero at zero and strictly increasing and it
is of class-ICy, if, in addition, it is unbounded. A function
v : Ry X Ryog — Ryq is of class-KCL, if it is continuous,
v(-,7) is of class-KC for each r € R>, and, for each s € R,
(s, -) is decreasing to zero. The notation (¢, j') < (t, j) refers
tot <tand j' < j with t,t’ € Rsg and j,j’ € Z>. For
z,v € R™ and locally Lipschitz U : R" — R, U°(z;v) is the
Clarke derivative of the function U at z in the direction v, i.e.
Uly +v) = U(y)

U°(x;v) := limsup . This notion will be

y—x,Al0 A
useful as we will be working with locally Lipschitz Lyapunov

functions, which are not differentiable everywhere. We omit
the definitions on hybrid systems and refer the reader to [21],
[22].

III. PETC SETUP AND HYBRID MODEL

In this section, we introduce the setup and model the overall
system as a hybrid system. We then formally state the problem.

A. PETC setup

We consider the plant model

Ep = fp(Tp, u, w)

y = gp(2p),
where x, € R"? is the state, w € R"™ is the exogenous
disturbance, u € R™* is the control input, and y € R™¥ is the
plant output. As already mentioned in the introduction, we use

an emulation-based design approach. We therefore assume that
we know an output-feedback controller

(D

(tc = fc(xcay)

2
u = gc(xc) @

with state z. € R"™, which robustly stabilizes the origin of
(1) in a sense made precise in Section IV-A. The functions
fp and f. are assumed to be continuous, and g, and g. are
assumed to be continuously differentiable and zero at zero.

Any controller design method can be used to obtain controller
(2), such as backstepping, forwarding, feedback linearization,
high-gain techniques etc.

lw

Plant

N networks

Controller

Fig. 1: Block diagram of the setup

We consider the scenario where plant (1) and controller
(2) communicate with each other via multiple networks, as
illustrated in Figure 1. In particular, sensors and actuators are
connected by N € Z( independently and asynchronously
operating networks A7,...,Ny. Let N := {1,2,...,N}
and v = (y,u) € R™*™ For simplicity of exposition,
we assume v = (vq,...,vy) (after reordering, if necessary),
where v;, i € N, corresponds to the sensors and the actuators
whose signals are transmitted through network N;.

A local event-triggering generator generates the sequence
of transmission instants for each network N, i € N, in the
following manner. A triggering condition is evaluated at each
sampling instant sé, i€N,jc Z>(, where

ei <8y —s; <T, 3)
with T; > 0 the upper bound on the inter-sampling times
and &; € (0,7;] the minimum time between two successive
evaluations of the triggering condition. Note that each network
has its own sequence of sampling instants, which is not
necessarily periodic or synchronized with the other networks.
Consequently, the sequence of transmission instants of net-
work N, which we denote {t;}mezzo, is a subsequence of
{s; } j€Zs,» and two successive transmissions are spaced by at
least €; units of time in view of (3), thereby avoiding the Zeno
phenomenon. Parameter ¢; reflects the minimum achievable
transmission interval given by the hardware constraints. Note
that ; can be chosen arbitrarily in the set (0,7;]. In fact,
the stability and performance results below apply for any
g; € (0,T;]. In practical, &; > 0 is determined by the hardware
constraint. We assume that transmission delays and quan-
tization effects are negligible. Each transmission generator
consists of a triggering law and a scheduling rule. We need to
introduce some variables before presenting those.

We denote by # the networked version of w available to plant
(1). Similarly, controller (2) has access to g, the networked
version of y. We let ¥ be the networked version of v and we
partition it as (01,...,0x) in the same way as v is. Thus, ¥;,
i € N, is related to the network N;. Between two successive
transmission instants, v; is governed by

'éi = fvi(ﬁ;gp(xp)agc(xc))a te (Sja 5§'+1) » J €ZL>o, 1 € N7
“4)



where fv is the holding function corresponding to network N;
and we define fv = ( Forreons va) Zero-order-hold devices

correspond to fv = 0 for instance. Other holding functions can
also be envisioned, like model-based ones, see, for example,
[5]. Before modeling the dynamics of o;, i € N, at each
i we introduce the vector of network-

sampling instant s,
R™ei, where n., € Zsg satisfies

induced errors e; := U; —v; €
N

E Ne, = Ny+n,. Hence, n,, is the number of sensor/actuator

i=1
signals associated with network M.

At each sampling instant s}, j € Z>g and i € N, a function
T; : R" x R" x Z>o — R is evaluated, which depends on
v;, U; and an auxiliary variable x;, which counts the number of
transmissions over network A;. The expression of Y; will be
given in Section IV-B. A transmission is triggered depending
on the sign of T;, which leads to the update law for 0; given
by

{U'L erl 61 } .
when T, ( ( ) vl(sz) Kki(s5))) >0
iy e § 1)

when T;(e (s ),pi(s;-),m(s’-)) <0

{0(s5), vi(s5) + xa(e z,( i) ki)
when Ti(ei(s}),vi(s}), ki(s)) = 0,

4)

where x; models the scheduling protocol corresponding to
network A, such as the RR!, or TOD protocolz, or the so-
called sampled-data protocol for which y; = 0 when the
network is composed of a single node. Expressions of y; for
various protocols are available in [20], [25] and the cases of
RR and TOD are provided next for completeness.

Example 1 (TOD protocol): Let i € N and ¢; € Zwg
denote the number of nodes of A; network. TOD protocol

is modelled as x;(e;) = (I— U, (e )) e;, where U;(e;) =
dlag {wl(&) "1 Xnj 511[}2(67) n ><n [ % (el)InZIXnEI}

J

The functions W satisfy w (es) = 1 when

s = min(arg {max les]) and s(e;) = 0 otherwise,
je{l,....t:}

for s € {1,2,...,4;}. O

Example 2 (RR protocol): RR protocol has the form
of Xl'(ei,lii) = (I — A7(K7))€Z, where Al(lil) =
diag {61(’11)1711 xnt s 5%(’@)17% Xnbs 62 (Hi)Inzi ><n§7 }7
5;(/@) =1 for s € {1,2,...,4;} when s — 1 = k; mod ¢;
and 9. (x;) = 0 otherwise. O

Let ¢; € Z~o be the number of nodes of network M,
and v; and ¥; are, respectively, partitioned as (v; 1,..., Vi, ),
and (0;1,...,0;,) (after reordering these, if needed), where
v;; and 0;;, j € {1,---,4;}, denote a group of sensors
or/and actuators associated to the same node on N;. In view
of (5), when T; (e;(s}), Uz(sé),f;,-(sj-)) > 0, a transmission
occurs over network N at time s’ and the scheduling protocol
grants access to the network to a single node, say the k-th

'RR protocol assigns access to network in a predetermined and cyclic
manner.

2TOD protocol gives access to the node with the largest mismatch between
the current signal value and the last transmitted one.

node with & € {1,2,...,4}. Then, o; (s ”) = v (st
and 07 (s} ) = @Zm( ) for all m € {1,2,..., 6\ {k}.
When T; (e;(s5), vz(sj) m( )) < 0, no transmission occurs,
k; and the complete vector ¥; remain unchanged. When
T; (ei(s}),vi(s}), ki(s5)) = 0, the model allows two possi-
bilities: either a transmission occurs or not. This construction
ensures that the jump map in (5) is outer semi-continuous,
which is essential for the hybrid model presented below to
be (nominally) well-posed, see Chapter 6 in [22] for more
details. Note that the transmissions over the N networks are
independently generated, as a result, several transmissions can
occur at the same time, but over distinct networks.

We are almost ready to model the overall system. Before
that, we need to write the dynamics of the network-induced
errors. Let x := (x,, z.) € R™ and ny, := n,+n.. We deduce
from (5) that the variable e; has the following dynamics at
jumps

eilsi ) € h (e(s)). exls}). mils))) ®)

where
hi(w, e, k) = (1 = Ties, vi, k) €i + Diles, vi, ki) xiles, ki),
(7N
and I'; : R™i x R™i X Z>¢o = {0,1} in (7) indicates

whether a transmission occurs. Based on the discussion above
(3), Ti(es,vi,k;) = {1} when T;(e;,v;, ki) > 0, which
corresponds to a transmission and h;(z,e;, k;) = Xxi(ei, ki)
in this case. When Y;(e;, v, k) < 0, T'; (e, v, k;) = {0} and
this corresponds to no transmission and h;(z,e;, k;) = e;.
When Y;(e;, v, ki) = 0, T'i(e;,vi, %) = {0,1} covers the
above two possibilities. In agreement with [20], we call (6)
the protocol map. We see from the right hand-side of (7) that
h; depends on v; and not on the complete vector of z. Writing

Vi = o, (1')7 ®)

since v; is composed of components of y and u, which depend
on x in view of (1) and (2), we make h; depend on x and not v;
in (7), for the sake of convenience. We note that h; depends
on the state x contrary to [20], [26], [27], which will have
important consequences on the stability property and analysis
of the protocols compared to the latter references, see Remark
3 in Section IV-B.

B. Hybrid model

We model the overall system as a hybrid system using
the formalism of [21], [22] so that we can resort to the
analytical tools of [21], [22] to study the stability properties
of the system. We introduce for this purpose clock variables
T; € R>q for ¢ € N to keep track of the time elapsed since
the last evaluation of the triggering criterion of network M.
Thus, 7; and &;, the transmission counter of network N;, have
the dynamics

=1
ki =0
J’_

=0
1
{ ki € ki + Ty(ei,vi, ki)

when 7; € [0, 7]

when T; € [Ei,Ti],



where T'; is introduced after (7). Let 7 := (7q,...,7n) and

k:= (K1,...,5N). We model the overall closed-loop system
as
¢ = F(q,w) geC ©)
q" € G(q) q€ D,
where ¢ := (z,e,k,7) € X := R"™ x R" x ZN x RV,
C:=R" x R"™ x ZL) x Ty x ... x Ty
N
D = Dl
Z.:le (10)
D; =R" x R x Zgo X Ty x...xT;_1 X [Ei,Ti]
XTi+1 X ... XTN,
and T; := [0,7;]. The mapping F in (9) is defined as, for

qg € C, F(gw) = (f(z,e,w),g(z,e,w),0n,1x), where
f(z,e,w) = (fp(zp, ge(ze) + €us W), fele, gp(Tp) + el)),

gz, e,w) := (q1(z,e,w),..., gn(x,e,w)), and for i € N,
gi(l'v 6,11.)) = .]E’U,; (91)1 (1’) + €i5 Ju; (1’)) - f’ui (1’7 €,’UJ)
09y, (11)
fUi(x767q) = g .

Wf(z7 €, ’lU),
with fp, gp, fe, ges fvi, gu, coming from (1), (2), (4) and (8),
respectively. The set-valued mapping G is defined, for ¢ € &,

ng

as G(q ) with

12)

(z,e,kK)
{ ot F el,x m)xl when ¢q € D;
0

when g ¢ D,

where A; € RV*Y and A; € RY*YN are diagonal matrices,
for the former the diagonal elements are 1 except the i-th
one which is 0, and for the latter the diagonal elements are 0
except the i-th one which is 1. Hence, A; + A, = Inon.
Function H; : R™ x R" x ZY, — R™ is defined as
Hi(z,e,k) = (e1,e2,...,€i—1,hi(z,€i,Ki),€i41,-..,N),
where h; comes from (7). The map G; describes how e jumps
when a transmission occurs over network N: e; is updated
to hi(z,e;, k;), k; is incremented to k; + 1 when the local
generator triggers a transmission, otherwise it keeps the same
value, and 7; is always reset to O after a jump. The function
G, keeps w, €j, rij, 7; unchanged for all j € N\ {i}. In model
(9), simultaneous transmissions over different networks are
modeled by successive jumps with no flow in between.

C. Problem statement

Our objective is to design the local triggering generators,
namely Y; and T}, i € N, to ensure either input-to-state (ISS)
or L, stability properties for system (9), as defined next.

Definition 1: Set S C X is input-to-state stable (ISS) for
system (9) if there exist 5 € KL and ¢ € K, such that any
solution pair (¢, w) satisfies® |¢(t, j)|s < B(]¢(0,0)|s,t +

3See the definition of ||w]|so in [21].

J) + ¥(||w||e) for all (t,j) € dom ¢. We say that S
is exponentially-ISS with a linear gain when (3(s1,s82) =
ksy exp(—csy) and 1(s) = s for some k,c,y > 0 and for
S1,82,8 > 0. O

We define £,-stability with respect to output z := n(x, w),
which may correspond to y or not.

Definition 2: System (9) is L,-stable from w to z with
respect to set S C X with gain less than or equal to 0, if there
exists ¥ € K such that any solution pair (¢, w) satisfies*
211z, < 7(12(0.0)ls) + Ol w]lc, O

IV. MAIN RESULTS

In this section, we first state the assumption we make on the
closed-loop system (1)-(2) and the scheduling rule, based on
which we construct the triggering condition Y'; and the bound
on T;, for i € N. We then present the stability guarantees.

A. Assumptions

We assume that each e;-system in (9) satisfies the following
properties.

Assumption 1: For each i € N, there exist a locally
Lipschitz function W; : R™ X Z>¢ — Rx, a continuous
function H; : R™ x R™ x R™ — Rsq, ay.,aw, € Koo,

€ [0,1) and Ly, > 0 such that the following hold.

() For any e; € R"i and w; € Zxo, apy,(lei]) <

Wi(es, ki) < aw,(leil).

(i) For any (e;z,k;) € R x R™ X Zsq,
Wixi(es, ki), ki +1) < piWileq, ki).

(iii) For almost all e, € R"i, all k; € Z>¢ and
6Wi(€z‘,:‘€i)

(z,w) € R™ x R™, < e, 7gi(xﬂe7w)> =

Lw, Wi(ei, k;) + lLNL(:Jc7 e, w) with g; coming from (11).
]

Items (i) and (ii) are exclusively related to the scheduling
protocol implemented on network ;. Indeed, these items state
that the protocol is uniformly globally asymptotically stable,
see Definition 1 in [25]. These conditions are always satisfied
for the sampled-data case, RR and TOD protocols for which
expressions of W, are available, see [20]. Then given W;, item
(iii) of Assumption 1 essentially requires that 1¥; exponentially
grows on flows. Such a property is natural, as the e;-system
is typically unstable between two transmission instants. Item
(iii) of Assumption 1 is always feasible when W; is globally
Lipschitz in e; uniformly in x;, and g; satisfies a linear growth
condition for instance, see Remark 11 in [20].

We assume that controller (2) has been designed to robustly
stabilize system (1) in the following sense.

Assumption 2: There exist a locally Lipschitz function V :
R™ — R, oy, v, aw € K, locally Lipschitz functions
§; : R™ — Ry satisfying §,(0) = 0, continuous functions
ay : R" xR xR"™ — Rand J; : R xR" xR" — R,
v >0, Ls, € R, i € N, such that the following hold.

(i) For all x € R, ay (|z]) < V() <@y (|z|).

(i) For almost all z € R" and all (e,w) €
R™ x R™, (VV(z), f(z,e,w)) < —ay(z,e,w) +

4See the definition of [[wllz, in [4].



N
Z (W’?Wf(@m Ki) _ﬁ?(xvea w) —Ji(z, e, w) —5z‘(vz‘)),
i=1 _
where W; and H; come from Assumption 1.

(iii) For almost all 2 € R"* and all (e,w) € R™ x R™,
(Vi (v3), fo,(x,e,w)) < Ls,05(vi) + HE(z,e,w) +
Ji(z, e, w) with f,, coming from (11). O

Assumption 2 states properties of the closed-loop system
(1)-(2) and it neither requires any knowledge on the network,
nor it implies the stability of (9). Indeed, variable e is here
understood as a generic perturbation affecting (y, u). To verify
whether Assumption 2 holds, we simply have to take the
Lyapunov function V' used to ensure the stability of (1)-(2)
in the absence of network, and study whether the required
conditions are verified.

Function ary in Assumption 2 will be taken in the following

N

as ay (z,e,w) = ay(|z]) + aw(le|) —ng,i(|w|) for some
o i=1

ay,oq, 0v,: € K, © € N, when investigating ISS, and as

ay(z,e,w) = —pu(0P|w|? — |2|P) with g > 0, 6 > 0, when

studying L,-stability. Item (ii) of Assumption 2 means that
either the origin of (1)-(2) is ISS with respect to input (e, w)
or (1)-(2) is L,-stable from w to z. That type of conditions are
natural as we approach the problem by emulation, that is, the
original closed-loop system needs to satisfy some robustness
properties to cope with the errors induced by the network,
as does any nonlinear controller, which is implemented in
practice. But again, this does not mean that (9) satisfies desired
stability properties because the e-system is typically unstable.
Similar assumptions as item (ii) of Assumption 2 are often
made in the literature on NCS, see, e.g., [4], [10], [28], where
examples of systems satisfying these conditions are provided.
The functions §; in Assumption 2 will be used to define the
local event triggering condition. Item (iii) is an exponential
growth condition of §; on flows, where the function J; is used
to collect the redundant terms when we bound the norm of
the derivative of &;(v;) with Ls,0;(v;) + HZ(z, e, w).

We show in Section V how to satisfy Assumptions 1 and 2
for a class of globally Lipschitz systems. A nonlinear example,
which is not globally Lipschitz and satisfies all the required
conditions, is provided in Section VI.

Remark 1: Assumptions 1-2 may be verified by systems
subject to model uncertainties. Indeed, these Lyapunov-like
conditions do not necessarily require a precise model of the
plant to checked, as will be illustrated in Section VI. |

Remark 2: Assumptions 1-2 impose conditions on the class
of systems to which the results apply. It is possible to relax
these assumptions to only hold in a given compact set. In this
case, the forthcoming results can be adapted to derive local
stability properties, at the price of more technicalities, which
we do not present in order not to blur the main message of
the paper. (I

B. Local triggering generators

We exploit Assumptions 1-2 to design the triggering gener-
ators and T;, ¢ € N. We define T; in (5) as, for v;,e; € R™<i

and k; € ZZO’

Yiles, v, k) = VW7 (es, ki) — Nip;0i (vi), (13)

1_%)\);}/61} > 0 with p; and W;
coming from Assumption 1, Ls, € R, v; > 0, ¢; coming
from Assumption 2, and A\; > 0 is a design parameter. The
triggering condition (13) is similar to those proposed in [3],
[4], [10], [11] for CETC in different contexts. Note that p;
in (13) depends on p; and thus on the scheduling protocol.
The mapping Y; only depends on the local variables e;, v;
and k;, and not the whole state ¢, which is essential for the
envisioned setup and for the decentralized implementation of
the triggering rule.

We select A; in (13) such that A; < A7, where A is defined
as

where p, := max{ p;,

1 when Ls, < —v;
*— 1
5 T Vi

Given A\; € [0,A]), we select T; defined after (9) such
that T; < Tvasp,i(Ai), where Taasp,i(Ai) is the maximum
allowable sampling period (MASP) of network N and is
defined as

(14)

arctan(t;), when ; > Ly,
w;Ti
I 1-p
Taasp,i(Ni) == T 155 when ; = Lyy,
17. K3
arctanh(v;), when 7; < Ly,
Lw,r;

5)

where p,; is defined above, r; =

(1 —p;

— ri Pi) , Ly, > 0 and 7; > 0 come
Pi i —

21+ﬁi szi - 1) +1+p;

respectively from Assumptions 1 and 2.

The bound in (15) depends on the triggering parameter \;.
More precisely, the bound is decreasing in A;. In other words,
the larger the \;, the smaller Tyrasp,;(A;) and vice versa.

Remark 3: The local event-triggering condition in (13)
ensures that the protocol equation (6) is input-to-state stable
(ISS) with respect to v;, see Definition 5.3 in [29]. In partic-
ular, in view of the definition of T; in (13) and item (ii) of
Assumption 1, a transmission is triggered when W;(e;, k;) >
vV Aip;0:(vi) /i, which ensures that W;(x;(e;, k), ki + 1) <
piWi(ei, ki), where p; € [0,1), for any v;,e; € R"i. Al-
though the actual protocol equation (6), which is implemented,
is ISS, the scheduling rule itself, which is modeled by x; and
decides which nodes gets access to the network is uniformly
globally asymptotically stable (UGAS) in view of items (i) and
(ii) of Assumption 1, see the definition of UGAS protocols in
Remark 7 of [20]. O

Remark 4: When \; = 0, i € N, the triggering function T
is always non-negative. Consequently, transmissions occur at
every sampling instant according to (5). We then recover the
time-triggered results of [28], in particular the bound on the
maximal allowable transmission interval (MATI) is the same



when a single network is used and there are no disturbances,
i.e. w = 0, as well as those in [27] when the network consists
of a single node. U

C. Input-to-state stability

We are ready to state the next result about the input-to-state
stability of system (9).

Theorem 1: Consider system (9) and suppose the following
hold.

1) Assumption 1 holds with H;(z,e,w) = H;(z,e) +

ow, (|w]) for some continuous functions H; : R"* X
R™ — R>¢ and gow, € K, @ € N.
2) Assumption 2 holds with ay(z,e,w) = ay(|z]) +
N
aw(le]) — Zgw(\wD for some vy, aw, v, € Koo,
i=1
i€N.

3) For each i € N, let \; € [0,\)) and T; €
[ei, Tmasp,i(Ni)), where AT and Tyiasp,;(A;) are defined
in (14) and (15), respectively.

Then, the set A :={ge CUD : 2 =0,e =0,K; € Z>0,T; €
[0,T;],i € N} is ISS for system (9). O

Theorem 1, whose proof is given in Appendix A, shows
that set A4 is ISS for system (9). This implies that (i) « and
e globally converge to a neighborhood of the origin, whose
“size” depends on the norm of the disturbance w; (ii) the set
A is uniformly globally asymptotically stable [22, Definition
3.6] when w = 0.

Remark 5: Theorem 1 relies on small-gain techniques. The
general idea is that the x-system is assumed to satisfy an ISS
property with respect to (w, Wi(e1, 1), ..., Wn(en,kn)) on
flows according to items (i)-(ii) of Assumption 2, and remains
constant at jumps. On the other hand, Assumption 1 leads to an
ISS property of the e-system with respect to (z, w) as well, as
shown in Proposition 6 in [20], thanks to the definition of the
event generators. Then, by carefully selecting the triggering
conditions and T;, the small gain condition apply and the
desired result is obtained. While the connection with small-
gain techniques is easier to see in the case where the controller
is a state-feedback law and there is only one network as in
[24], the fact that output-feedback control is addressed and
the decentralized scenario we investigate prevent us to directly
apply existing hybrid small-gain results. That is the reason why
we propose a completely novel hybrid Lyapunov construction
in the proof of Theorem 1. |

Tailored results can be derived from Theorem 1 either under
stronger conditions or for more specific implementation setups.
Thus, an exponential-ISS property is obtained by strengthening
the conditions of Theorem 1 as stated next, whose proof
follows directly from the proof of Theorem 1 and is therefore
omitted.

Corollary 1: Consider system (9). Suppose that items
1) and 2) of Theorem 1 are satisfied and there exist
aw,, aw,, ey, ayv,ay,aw > 0,1 € N, such that Assumptions
1 and 2, respectively, hold with ay (s) = ay,s, aw,(s) =
aw,s, oy (s) = ays?, av(s) = ays?, ay(s) = ays® and
ayw (s) = aws? for s > 0. Then, the set A defined in Theorem
1 is exponentially-ISS with a linear gain. (]

When a single network is used and the state of plant x,
is available for control, i.e. y = x, in (1), we can relax
Assumption 2 and modify the triggering condition. Since we
consider only one network here, only one triggering generator
is needed. We therefore use the notation Y to define the
triggering condition, and x to denote the scheduling rule. As
we need to specify the expressions of H;,.J; in Assumptions
1 and 2 for this special case, we rewrite those conditions here
as follows.

Assumption 3: There exist locally Lipschitz functions V' :
R" — RZQ and W : R x ZZO — RZO with V and W
positive definite, oy € K, continuous function ay : R™* x
R™ x R"™ — Rx>q, p € [0,1), av,y >0, and Ly, Ly >0
such that the following hold.

() For any (e, z,k) € R" x R" X Z>o, W(x(e, k), k +

1) < pW(e, k).
(i) For almost all e € R™, all k € Z>o and (x,w) €
ow
R™ x R, <8(Z’ K)vg(%@’w)> < LwW(e, k) +

Lyv/V(x)+ ow (Jw]).

(iii) For almost all x € R"™ and all (e,w) € R"™ x
R™, (VV (), f(x,e,w)) < —ayV(x) —ay(z,e,w) +
VW2 (e, k). O

We define the single triggering condition Y, as for (z,¢e) €

R" x R™ and k € Z>,

Y(e,x, k) = YW?2(e, k) — \pV (z), (16)

A
where p := max {p, il } We select A such that A < A* with
ay

A" = min{l,av}.
Y

For each \ € [0, \*), the MASP Tyiasp () is defined as

a7)

arctan(d), when vLy > Ly,
s
—p
T A) = —_— when vLy = Ly,
MAsP(A) Llivl+ﬁ YLv w
arctanh(¢), when vLy < Ly,
LwT
(18)
where p is defined below (16), r := <’YLV>2 —1
b LWW 9
1-5
9= — L’L P) , Lw,Ly > 0, and
avy —
205 (tw "2y 1) T4

ay,y > 0 come from Assumption 3. The MASP in (18) is
different to (15) since extra parameters Ly > 0 and ay > 0
are introduced in Assumption 3 and it is consistent with (15)
when L% Jay = 1.

We can state the next theorem.

Theorem 2: Consider system (9). Suppose that Assumption
3 holds with ay(z,e,w) = aw(le]) — ov(|w|) for some
aw,oy € Ko from Assumption 3. Let A € [0,\") and
T < Tvasp(A), where A* and Tyasp(A) are defined in (17)
and (18), respectively. Then, set A defined in Theorem 1 is
ISS. ]



Theorem 2 extends the main result of [23] to scheduling and
allows considering exogenous disturbances acting on the plant
and [24] to scheduling. Note that the conditions in [24] which
are parallel to Assumption 3 are slightly different, where p = 0
and H;, J; are not specified as in Assumption 3.

D. L,-stability

We now consider the input-output stability of system (9)
from w to the output z = n(z, w).

Theorem 3: Consider system (9) and suppose the following
hold.

1) Assumptions 1 and 2 are verified with ay (z,e,w) =
—u(0P|w|P — |n(x,w)|P) for some p, 6 > 0.

2) For each i € N, let \; € [0,A}) and T; < Tmasp.i(\i),
where A\ and Tyasp,;();) are defined in (14) and (15),
respectively.

Then system (9) is £,-stable from w and to z with respect to
the set A defined in Theorem 1 with gain less than or equal
to 6. O

Like in Section IV-C, we derive a tailored result for the case
where a single network is used and y = x,. Its proof follows
from the ones to Theorems 2 and 3, and is therefore again
omitted.

Theorem 4: Consider system (9). Suppose that Assumption
3 holds with ay (z,e,w) = —p(0P|w|? — |n(x,w)|?) for some
w0 >0.Let A € [0,\") and T' < Tyiasp(A), where A* and
Tyvasp(A) are defined in (17) and (18), respectively. Then,
system (9) is L,-stable from w and to z with respect to the
set A defined in Theorem 1 with gain less than or equal to 6.

O
V. CASE STUDY
A. Setup and hybrid model
We consider nonlinear systems of the form
&p = Apxp + Bpu+ Dptp(zp) + Epw (19)

y = Cpxyp,

where z, € R"? is the state, v € R" is the control input,
w € R™ is the external disturbance, y € R™ is the measured
output, A,, By, Cp,, D, and E, are matrices of appropriate
dimensions, (A,,Bp) and (A4,,C,) are assumed to be sta-
bilizable and detectable, respectively, and ¢ : R"» — R"",
satisfies 1(0) = 0 and |¢(z1) — ¥(x2)| < L|z1 — x2| for all
1, x9 € R™ with constant I > 0, where n,. € Z~0.

We focus on observer-based controllers of the form

& = Apte + Bpu + Dpp(z.) — M(Cpze — y)
u= Kz, (20)
where z. € R"™ is the state estimate, M and K

are matrices of appropriate dimensions such that A; :=

A, B, K

MC, A,+B,K—-MC,
possible since (A,, B,) and (A,,C,) are stabilizable and
detectable, respectively.

We consider the scenario where the plant and the controller
communicate via N independently operating networks, as

is Hurwitz, which is always

described in Section III. Zero-order-hold devices are used
so that fv = 0 as defined after (4). Each network is
scheduled by an arbitrary uniformly globally exponentially
stable (UGES) protocol, whenever the local triggering rule
is satisfied. Hence, items (i) and (ii) of Assumption 1 hold
with W; : R™i x ZZO — RZO’ pi € [07 ].), aywy, (S) = aw;,S$,

aw. (s) = ay.s, i € N, for some aw, > ay, > 0 and all

s > 0, which depend on the considered protocol. We further
OW; (ez, Ki) <

for almost all e; € R™ and k; € Z>(, which is the case for
the sampled-data case and RR and TOD protocols according
to Section V in [20].

Let x = (zp,2.) € R™, v = (y,u) € R", e = (0 — v),
nz = n, + ne and ne = ny, + n,,. We write v := Cx, C :=

C(;p € R"e*"= apd

assume that there exists c; > 0 such that | —————=

0
K

v; ' =C,x € R"i, €N, 1)

be the i-th element of v associated with network N with

C; € R™i*™ Define e, := §—y = Cye, e, := a—u = Cye,

with appropriate matrices Cyy € R"**"* and C,, € R"*"*.
In this case, the hybrid model (9) is given by,

Avz + Bie + Dig(x) + Erw
AQlE + 826 + DQ{/}((E) + ng

= eC
Oy (22)
1y
qt € G(q) qe D,
B,C,
where = (x,e,k,7), By = pu},D =
q ( ) 1 { MC, 1
D, 0 [E ] -
Yool a = [B] e = wee
1A1 C1B;
Ay = — ; , By = — : , Dy =
- 61\[.,41 o 6]\781
01D1 Clgl
- , o 1= — : . The flow and jump sets
6]\72)1 6]\[51

C and D are defined after (9), and the jump map G is given
in (12).

B. Input-to-state stability

Before stating the main results of this section, we need to
introduce some notation. For any 7w = (7, ..., n) € RZZVU, we

define
V(r) = diag{miln,, ..., 7N "eN} € RMeXMe, (23)
Let ¥; = diag{On, xn. - On, | xrie;_y > ne, xne,
0n67+1 ><ne7+17~-~>OnSN><neN} S Rngxne, le,i =
B2
61‘61(1,“6 - EZ) € R"eiXM 4 ¢ N, EQ = S
Ba, N

)

R™*" where C; comes from (21).



TABLE I: Expression of functions and parameters in Section V.

Proposition 1/Lemma 1

Proposition 2

ATP+ PA; + avin, + DIV (V2w L)V (V2wL) D2
+2L[D1|P + A3 (3T (@) ¥(w) + U7 () T(e)) Az

i +DIWT (VaLw) W (v2Lw) Az
+6T\IJT(r\/2L\D1| + 1)U (ey/2L[D1| + 1)C

o1 = BT P 4+ B, 97T (w) \I/(w).Ag + BIUT (e)w(e)C

Lo = —(¥(v) — awln,.) + By U7 (w)¥(w)Ba

Y31 = ETP+ SV (@)W (w) Az + £5 U (€)W(e)C

Y33 = —0I, + ET VT (@) U(w)EL

awy, (s) = Ay, S

aw; s) = awis

Ly, = wi/gwi|€i81§i|

H;(z,e) := @;i(|Cs A1z + Ba se| + L|C;D1l|z])

ow; (w) = w;|Ci&r|w]

V(z) = zT Pz

8;(vi) == e luil®

ay(s) == Amin (P)s?

Oév(S) = Amax(P)52

Noq
_ZN

i=1

ay |z|* + aw|e|? Olw|?

v —aw — wi2|E2,i|2

Vi =
ajy,
612 ( ‘AféiTéiAl‘ +2L|C; C; D |:E\2
Ji(z,e,w) = e
4262 )xTC’i Ci(Bie+ Slw)‘
Ls. := 1

ATP 4+ PA; + DIOT (wL)¥(wL)Dy
+2L\D1 |P 4+ AL (07 (@)U (w) + T () T(e)) AT
+D3 FuT (V2L w) U (V2L w) Az
+C \I/T( V2L|D1| + 1) ¥ (ey/2L|D1| + 1)C + uCT C.
BTP + 5, \IIT(w) (w) Az 4+ BIOT () ¥ (e)C
-y )+32 U7 (@) ¥ () B2
ELP + TV (@) ¥(w) Az + EF T () (e)C + DT C.
— 16?1, + uDT D, + EF U7 (@)U (w)Es
Qwyy, S
aw, s
@i/aw, |CiB1 T,
wi(|CiArz + B je + L|C;D1||z|)
w;|CiE1w|
2T Pz
8i(vi) = € vi?
Amin(P)52
Amax(P)52

w(|Czz + Dzw|2 - 92|w|2)
Vi — ZUZ-2|EQ’¢|2
ajy,
e ( ]AlT @TEAJ YA leixe?
+2¢2 ‘ITGZT?i (Bie+ €1w)’

)1ef?

The next proposition states that all conditions of Corollary
1 hold if the linear matrix inequality (LMI) in (24) is satisfied.
Proposition 1: If there exist a positive definite symmetric
matrix P, ay,aw,0,ay,,€; >0, @; > ay, and v; > aw +

@?Ba|?, i € N, such that the following LMI holds
X1 * *
o1 Yo ok <0, (24)
231 (‘:QT\I/T(ZU)\I’(W)BQ 233
where U is defined in (23), w := (wi,...,@N), € =
(61, ceey EN), 211, 221, 222, 231 and 233 are given in Table

I. Then, Assumptions 1-2 hold with the data given in Table I.
O
An immediate consequence of Proposition 1 is that the set
A= {q eCUD :xz=0,e=0,k; € ZZO;Ti € [O,TJ,Z S
N7} is exponentially-ISS with a linear gain for system (22)
according to Corollary 1 by suitably defining A; and 7;, as
Proposition 1 ensures the satisfaction of all the conditions of
Corollary 1.

C. Lo-stability

We now consider L,-stability for system (22) using Theo-
rem 3, with respect to the performance output z := C,x +
D w.

We can follow the proof of Proposition 1, provided in the
Appendix A, to show that the conditions of Theorem 3 hold.

Proposition 2: If there exist a positive definite symmetric
matrix P, u,0,€;,ay, >0, w; > ay, and v; > w?@m 2
i € N, such that (24) holds. Then, Assumptions 1-2 hold with
the data given in Table L. (]

Based on Proposition 2, system (22) is Lo-stable from w to
z with respect to the set A with gain less than or equal to
according to Theorem 3, when \; < A} and T; < Tyiasp,i(A)
with A7 in (14) and Tyasp,i(A;) in (15).

D. Special cases

When 9 in (19) only depends on the output y, not the state
Zp, and D, = B,,, condition (24) slightly differs and can be
shown to always hold as formalized next.

Lemma 1: Consider system (19) with ¢ (y) instead of ¥ (z}),

and D, = B,. Let D; := [ By and replace 9 (z) in

0
[ »(y) —1/6(3+2y) ]

(22) by Y(y, €) == . Then, there exist a

positive definite symmetric matrix P, av, aW,é aw,, € >0,
w; > ay, and v; > aw —|—L2|D1| |P| /ay +wl|821|2

EL2[CDy 2 + 2w2(L2CiD1|? + L|C;Dy||Basl). i € N.
such that (24) holds with o1, Y31 and Y33 from Table
Iand Byy = AP + PA + A7 (97 (V2w) ¥ (V2w) +
VT ()U(e)) Ay + 2avl,, + C UT()U()T, T =
~W(v)+ (aw + LDy [P Jay ) I,,, + By U7 (@) ¥(w)Ba +
TP (eL|Do|)U(eL|Ds|)  + VT (kw)¥" (kw) with
k* = 2L%/Ds* + 2L|Dy|Bs|. As a result, Assumptions
1-2 hold with the data from Table I except that
Hi(x,e) = wz(|€1A1$ + Bg’i€| + L|€1D2||6|),
v = (v = (aw + L*DiP|PPJay + @P[Byl® +
6?L2|61'D1|2 + 2wl2(L2|61D1|2 -+ L|61’D1HEQJ|)))/Q€V7,
Jilwew) = G((ATC Tl + [CiP)lel +
L2 ’611)1‘2 |€|2) + 2622 $T6?6i(816 + Elw)‘ O




It is important to note that Lemma 1 covers linear time-
invariant systems as in this case ¢(y) = 0. In other words,
the proposed approach can always be applied to stabilizable
and detectable linear time-invariant systems.

VI. ILLUSTRATIVE EXAMPLE

In this section, we provide an example of a nonlinear
system, which is not globally Lipschitz contrary to the systems
addressed in Section V, to which our results apply. The control
system consists of two coupled plants P; and P, whose
origin is unstable, as in Section VILB in [4]. The plants P;,
i € {1, 2}, are modeled as

i =dia? — 23 ao +up Fw
p ot e (25)
Y1 =21

P2:{9b2=d2x§—x§+x1+u2+w 26)
Y2 = T2

where x; € R, i € {1, 2}, is the state of subsystem P;, y; = x;
is its output, d1,d> € R are unknown uncertain parameters
(potentially time-varying) verifying |di| < 1 and |do| < 1,
w € R is the exogenous disturbance. For each subsystem, its
own controller is collocated with the actuator and is given by

Controller 1 I P, Controller 2

A

» X
PETC 1 * 7 pETC 2

I v

N, .

1

Fig. 2: Control setup of the two coupled systems.

We consider the case where the output measurements of
y1 and yo are respectively transmitted via two independently
operating networks, A; and N2, and received by the controller
as g1 and o, as illustrated in Figure 2. Zero-order-hold devices
are used to implement the controller and this gives fv =0,
as defined after (4). Let ey = ¢1 — y1 and es = Yo — Ys
be the networked-induced error (there is no need to introduce
4 — u since the controller is static), x = (z1,z2), e = (e1, €2).
Let 7 = (7, 72) with 7,7 € Rso. Note that k € Z>¢
in (9) is irrelevant here since both networks have only one
node. We obtain system (9) with ¢ = (z,e,7), F(q,w) =
(f(e,z,w), gle,z,w), 1,1), f(z,e,w) = (dix} — 2} + 29 —
2(x1 +e1)+w, doxs — x5+ a1 —2(x0+e2)+w), g(x, e, w) =
—f(z,e,w), C,D defined as after (9), G(q) in (12) with
hi(e;,x) being defined as h;(e;,x) = (1 — Ti(e;, x))es,
ie€{1,2}.

We now verify Assumptions 1 and 2. Let i € {1, 2}, we take
Wi(ei) = |es|. Assumption 1 holds with ayy. (s) = aw, (s) =
s for all s > 0, p; = 0 (since the networks consist of one

node), Ly, = 2, Hy(x, e, w) = | —dia? +a3 —x5_;+2x;|+|w|,
i€ {1,2}.

To verify Assumption 2, we take &;(v;) = 0.5y7
and consider the candidate Lyapunov function V(z) =

2 2 4
a2z<bx2’ +c:1’> for any z; € R, some a,b,c > 0
i=1

and i € {1,2}. Since (V&;(vi), fo,(z,e,w)) < —227 +
|dix? + xiws_i — 2xie; + mpw| < —46;(v;) + |dixd — 2} +
ziws_q| + 227 + e ® + |w|* < Ls,6:(v;) + Ji(x, e, w), item
(iii) of Assumption 2 holds with Ls, = —4, Ji(z,e,w) =
|2? 4+ @ias_i| + [2d;2?] + |€2| + |w|?, i € {1,2}. We now
verify item (ii) of Assumption 2. Since 25155 < s% + s% for
any s, s2 € R, we have that

2
(VV(2), f(z,e,w)) < a2<2[(b2 +c*)e? +0.5(b% 4 ¢*)w?
i=1
+ (—c + 1.5)28 + cd;a? 4+ (=b — 2¢)x} + bd;x?

+ (=2b+ 1.5)a3] + 2bz132 + cxiws + ca:lx‘;).

Noting that (s; + 59)% < 2(s? + s3) for any s1,s0 € R,
H(z,e,w) < 2(—dix? + 23 — x3_; + 2x;)* 4+ 20° <
4(—d;x? 4+ 2P +22;)* +das_ +2w? < 4(xf —2d,x0 + Bl —
4d;x3+4x7) +dai_ +2w? and Ji(z, e, w) < 0.5274+0.5(x7+
w3 ;)2 F2dir? el dw? < i +ad 4+ (2d; + 0.5)xi +el+w?,
i € {1,2}. We then subtract and add a(z,e, w) = va? +ve?,
8;(v;) = 0.507, H(2,e,w) and J;(x, e, w) to get
(VV (@), f(z,e,w)) < —av(z) — aw(e) + a’p(w)
2
+ > ot (lw]) = 6:(vi) — Hi (2, e,w)]
i=1
2

+ Z [— Ji(z,e,w) +a?(b* + 2 +a2(1 + y))e?],
i=1

2
where p(x) := Y 27 [(—2b+1.5+a >(21+2d;+v)) +d;(b—
i=1

16a=2)z; + (—=b—2c+21a”3)a? + di(c — 8a~)a? + (—c+
1.5+4a_2)xfl+2bx1x2+cx:1)’m2+cx1x§, ov,(s) == (0.5(b°+
02) + 3a*2)5 for all s > 0. This implies that item (ii) of
Assumption 2 holds with y; = o = a\/b% + ¢2 + a=2(1 + v/)
provided parameters a,b,c,v are such that p(x) < 0 for
all z € R?. We take (a,b,c,v) = (1.7,3.93,2.9,0.01) to
ensure p(z) < 0 for all = € R?, which yields v; = 8.36
and determines the expression of V(x), hence, item (i) of
Assumption 2 holds.

Note that H;(z,e,w) = Hi(z,e) + ow,(lw|) with
Hy(x,e) := | — diw] + @} — w33 + 22| and ow, (|w]) := |w]
for i € {1,2}, and ay(z,e,w) = av(|z|) + aw(le]) with
av(|z]) == v|z|*, aw(le]) = v|e>. Ttems 1) and 2) of

Theorem 1 are therefore verified. We have that \] = 0.2289
according to (14), from which we derive Taiasp ;(A;) for any
Ai € [0,A7). Indeed, Thasp,1 can be taken as a function of
A1, which tends to zero as A; tends to its maximal value A7,
and the maximal value for Tyasp,1 is 0.1634, which arises
when \; — 0. As a result, the set A is ISS according to
Theorem 1.



TABLE II: Average inter-transmission time for N7 and N5 networks

Average inter-transmission time
A1 =0.06 A2 =002 [ Ay =0.1 X2 =0.09 | Ay =0.15 X2 =0.12
N N2 N1 No N1 Na
Ty =0.01 T =0.02 | 0.068 0.0403 0.0793 0.0781 0.0952 0.08
T7 =0.04 T5> =0.05 | 0.0971 0.0556 0.101 0.098 X X
Ty =0.08 T =0.1 0.1103 0.101 X X X X

To illustrate the impact of \; and sampling period 73,
i € {1,2}, on the number of transmissions over the net-
works, we have considered different values of A\; and 7T} with
T, < TMASP,i()\i) being satisfied, where TMASP,i()\i> is the
MASP determined by the given A\; € (0,A}). We have set
g; = T; for all ¢ € {1,2}, and run 50 simulations over 10
seconds with parameters d; = d2 = 0.8 and initial conditions
randomly selected in [—20,20] for both systems. Parameter
€; was selected as T;, so that the triggering generators pe-
riodically evaluate their triggering condition. We have taken
w(t) = 2sin(207t). The obtained average inter-transmission
times over the 50 simulations are reported in Table II.

Empty boxes in Table II mean that the condition T; <
Tnasp,i(Aq) is violated. In view of the lines of Table II, we
see that the average inter-transmission times increase when
A; grows for the same sampling period 7;. Also, when we
keep the same triggering parameter \; and vary the sampling
period T;, the average inter-transmission times increase with
T;. This suggests that, for this example and this set of
simulations, setting sampling periods close to Thasp,i(Ai)
uses less network bandwidth and ensures system stability.
Interestingly, selecting 7; large and A; small, or 7T; small and
A; large, lead to similar average inter-transmission times in
view of Table II.

VII. CONCLUSIONS

We considered periodic event-triggered control of nonlin-
ear systems subject to exogenous disturbances, where the
controller communicates with the plant via multiple asyn-
chronously operating networks. An emulation-based system-
atic design procedure was proposed, which is applicable for
output feedback control. The starting point of the design is the
availability of a controller, which robustly stabilizes the system
in the absence of communication constraints. In the next step,
the implementation of the controller over the networks was
considered. Each network consists of multiple nodes, in which
case a protocol is used to schedule transmissions. Moreover, a
transmission over each network is triggered when a criterion,
which only depends on the local measurements and the local
control signals, is violated at given discrete sampling instants.
We derived a hybrid system model to describe the resulting
dynamics of the NCS and constructed a novel hybrid Lyapunov
function for stability analysis. We provided conditions on the
controller and scheduling protocols in order to design the local
event-triggering criteria and explicit bounds on the maximum
allowable sampling periods (MASP), to ensure input-to-state
stability and L,-stability of the NCS. We showed that our
design framework is applicable to a class of globally Lipschitz
nonlinear systems and formulated the required conditions as
linear matrix inequalities. We also showed explicitly that our

results are applicable to any stabilizable and detectable linear
time-invariant system. The effectiveness of the scheme was il-
lustrated via simulations for a nonlinear example, which is not
globally Lipschitz and suffered from parametric uncertainties.

Several extensions can be envisioned based on the frame-
work laid down in this paper. Refined results could be de-
veloped for more specific classes of nonlinear systems. The
results on LTI systems in Section V may also serve as a basis
to derive co-design techniques, where both the triggering gen-
erator and the controller are designed simultaneously, similarly
to [30] where CETC is studied.

APPENDIX A
PROOFS

A. Proof of Theorem 1
We define, for any ¢ € C'U D, the Lyapunov function

N
Ulg) == V(z) + Z Si(q)

Si(g) == max {wd)i(Ti)Wf(ei, Ki), )\iéi(vi)} ,
where W;, §; and V come from Assumptions 1 and 2, and
¢; : [0,T;] — [Hi’ﬁi] with 7z; > p, > 0 is defined as in
Lemma 3 in Appendix B.

We first show that the following properties hold for system
(9). There exist ay, ay, oy, 0 € Koo such that:

27)

a) U is locally Lipschitz in z, e and 7, and, for all ¢ € CUD,
ay (lgla) < U(g) <av (lq]a);

b) for all ¢ € C and w € R", U°(q;F(q,w)) <
—ay(U(q)) + Or(Jwl);

c) forall g € D, w € R™ and g € G(q), U(g) < U(g).

Proof of item a). It follows from Assumptions 1 and 2, the
definition of ¢; in Lemma 3 that the Lipschitz property of U
in item a) is satisfied. Since ¢, is continuous and positive semi-
definite, v; = gy, (z) with g,, in (8) is continuous and g,, (0) =
0, as g = (gp, gc) and g,(0) = g.(0) = 0 with g, and g, in (1)
and (2), there exists a5, € Ko such that §;(v;) < @s, (|x]), see
Lemma 4.3 in [31]. In view of Lemma 3, ¢;(7;) € Mi»ﬁ@}
for all 7 € [0,7;] with 0 < p* < p, < ; < fif, i € N.
Consequently, in view of items (i) of Assumptions 1 and 2
N

and (27), ay(l2]) + Y vipady, (lel) < Ulq) < av(|z]) +

i=1
N

Z (vimiaiy, (
i=1

Appendix B, we derive that there exist o7, ay € Koo such
that a; (lg].a) < U(q) <@y (|qla), hence item a) holds.

el) + Aidvs, (

z])). By applying Lemma 4 in



Proof of item b). Let ¢ € C, w € R" and ¢ €
N. We distinguish three cases according to Lemma 2
in Appendix B: Case D) vigi(ri)Wi(ei, wi) < Nidi(vy);
Case II) ~;0:(m)W, (el, ki) > Xid;(v;); and Case III)
Yis (1) )W2(es, ki) = Nid;(vs). Suppose that Cases I), IT) and
II), respectively, hold for ¢ € Ny, ¢« € Ny and @ € Nypp,
where NI7NII7NIII gﬁand N[UN[[UNIII :N Then,
in view of item (ii) of Assumption 2, items 1)-2) of Theorem
L

U(g; F(g,w)) < —av(lx\) —aw(le])
+) (Zilg,w) + 57 (g Flg,w))), (28
iEN
where Z;(q,w) = v?W2(e;) — H2(z,e,w) — Ji(z,e,w) —

di(vi)+ov.i(|w]). We next consider S; (¢; F'(q,
i € Nyr and ¢ € Ny, respectively.

Case I) i € N;. We have that S;(q) = \;0;(v;) in (27) in this
case. It then follows from item (iii) of Assumption 2 and [32]
that

Si(g; F(g,w)) <

w)) fori € Ny,

Ai(Ls,6i(v;) + H?(z,e,w) + Ji(z, e,w)).

B Vii
=P 2 11—\ L5

Lemma 3, 1 — A\;Ls, > 0 as ensured by )\ < A] with ]

defined in (14), ;i (1) W7 (es, ki) < \id;(v;) implies that

Since ¢i(7;) = p, > p; according to

VEWE (i, ki) < 7iAidi (Vi < ’Yi)‘ifi(vi) < %)\«Z,é,i(vl) _
¢i(Ti) Pi 1—)1\71[1157;
(1 = X;Ls,)d;(v;), and
Zi(q,w) + S°(q; Fq,w)) < v2W2(e;) — H2(x, e, w)

—Ji(z,e,w) — 6;(vi) + ov,i(Jwl)
+ Xi(Ls, 0i(v) + H2(z,e,w) + J;(z, e, w))
—(1-=X)) (ﬁf(x, e,w) + J;(z, e,w)) + ov,i(Jwl|)

< ov,i(|wl) (29)

since \; < A7 <1 in view of (14).

Case II) i € Ny;. We have that S;(q) = ;i (1)) W7 (es, ki)
in this case. We omit below the dependency of ¢; on 7; for
the sake of convenience. In view of item (ii) in Assumption
1 and the facts that ¢;(7;) < @, according to Lemma 3,
Hi(x,e,w) = H;(x,e) + ow,(|w|) according to item 1) of

Theorem 1,

57+ 52 < 51+ 59 and 25354 < vs3 + ;si, for
S1,892,83,84 > 0 and v > 0,

5¢(q; F(q,w) = vi(—=2(Lw, + 73) i — 7i(07 + 1)W (e, ki)
+ 2vi9piWilei, ki) (Lw, Wi(es, ki) + Hi(z,€) + ow, (Jw|))
< %i(=(2Lw, + 13) i — 7i(dF + 1)) Wi (e, ki)
+ 2y Lw, 0iWi (ei, ki) + 22 W2 (e, ki) + HE (0, €)

0 (1 2<em>+;g%w<w|>)

—VW2(es, ki) + HE (2, ¢) + EE2 % (ful),

(2

where 7; > 0 is given in Lemma 3. Then, since zi; < z; and
H}(x,e,w) > H (w,e),
Zi(g,w) + 87 (g5 F(q,w)) < fW(e:) —
= Ji(w, e,w) = 6i(vi) + ov,i(Jw])
— WP (i, i) + HE (w,€) + ELL 03y ()

K2

H} (2, e, w)

< =6;(v;) — Ji(z, e, w) + —=—

)+ ev.i(Jw])

Mz’yl
o QW (

(3

ﬂlt%Q‘Q/VL(

K2

<

)+ ovii(Jwl). (30)

Case IIl) i € Nyrr. In view of Lemma 2 and (30), in this

o 7,72
case, Z,(q, w) + 2 (4 F(g w)) < P22 0% () + ovii(Jw))
In view of Cases I)-1II),
U°(g; F(q,w ))<*av(\xl)*aw(|€\) 31
+ Y (Zilg,w) + S (g Flg, w)))
iEN
:u’z’yl 2
< av<|x|>—aw||+z( G (o) + v
€N Vi
In view of item a), there exists oy OO such
that item b) holds with 6z (s) Z"F and
iEN

0r,(s) == @Q%V(s) + ov,i(s) for all s > 0.

1
Proof of item ¢). Let ¢ € D;, i € N. We distinguish two cases
whether a transmission occurs. When a transmission occurs,
Wi(xi(ei, i), ki +1) < p;Wi(e;, k;) according to item (ii) of
Assumption 1. Note that ¢;(0) < 1 = 1/p;, ¢i(Ti) > p; =

p; and p; > p; in view of Lemma 3. Let g € G;(q),

Si(g) = max {’Yi¢i(0)Wi2(Xi(eia Ki), ki + 1)), Aﬁi(%)}
< ma {3 W) A 00}
< max {~;p;W; 2(eq, i), Aidi(v;) }
< max {yi¢i (T;)W7 (e, ki), Nidi(vi) } < Si(q). (32)

When no transmission occurs, it follows from (7), (13)
and item (ii) of Assumption 1 that W72 (x;(es, ki), ki) =
1iWi(ei, ki) < Aip;0i(vi). Since $;(0) < @ = 1/p,
according to Lemma 3, we have that

Si(g) = (euﬁz) Az‘@(%‘)}
< max {pli)\ipi(si(’ui), )\1(51(’()1)} = )\iéi(vi) < Sz<q)

As a result, for all ¢ € D and g € G(q),

N
Ulg) <V(x)+ Y Silg) <V(z)+
=1

and item c) holds.

max {7;¢i(0)

Let (¢, w) be a solution to (9). Note that U is locally
Lipschitz in z, e, 7 from item a). In view of page 99 in [32], for



any v € (0,1), all j € Z> such that there exists t € R>¢ with
(t,7) € dom ¢ and almost all s € I? := {t: ({,7) € dom¢},

@ U(p(5,3)) < U005, 3): Flp(s. ), wls,3))
< ~(1 - au (Ulg(s.9)
v (U (s, 3)) + Or((s,3)).

By invoking standard ISS arguments, we derive that there
exists § € KCL such that for all (¢,7) € dom ¢,

Ulp(t.3) < BUGL1). 0 1) + o (Sorlnlles))

where t; := inf I;. It follows from item c) that, for all j such
that (¢,7) € dom ¢,

Ulp(tjtr,7 +1)) < Ulp(tjta,4))-
Let € := min¢;, where ¢; > 0 is the minimum inter-sampling
i€EN
time corresponding to network N;. Let (¢,j) € domep. The
integer j represents the total number of transmissions over the
N networks, we can therefore write it as j = j; + ... + jn,
where j; is the number of transmissions that has occured so
far on network A;. In view of the definition of the jump set

t
in (9), t > e(j; — 1). Consequently, — > i(ji — 1) and
N N
t= Ni > —(] + .
N =NV ,
we have that ¢t > ¢/2 +¢/2 max{]jv - 1,0}. Consequently,

(t,j>)>
<B <U(<p(o, 0)),0.5¢ + 0.5¢ max {ij

)
+agt (Sor(lulles).

Since sy + s2) < «(2s1) + a(2s2) for any o € Koo and
s1,82 > 0, see (7) in [33], we deduce from item a), to have
that [p(t,5)la < B(le(0,0)lat + ) + Y(llwlley))

. FiN)—e= %j—s. Since ¢t > 0,

for any (¢,7) € dom ¢,

Uo(t.3)) < BU(0.010) + " (10r(l

for all (¢,7) €  domep, where f(s1,s2) =
So
a (26 (aU(sl) 05111111{5 1} max{N 2 O})) and
Tl)(s) = g{]l <2al_]1 (VQF(|U}|(tJ)))>
B. Sketched proof of Theorem 2
For any ¢ € C U D, let U(q) := V(z) +

max {y¢(7)W?(e, ), \V(z)} with W and V coming from
Assumption 3. The function ¢ : [0,7] — [, T is defined as
in Lemma 5 in Appendix B.

The proof Theorem 2 follows same steps as the proof
of Theorem 1. We only explicitly prove the flow property
corresponding to item b) in Appendix A-A in the following. In
particular, we need show that item b) holds under Assumption
3. Let ¢ € C and w € R™ and we distinguish three cases
according to Lemma 2.

Case 1) yp(T)W?(e,k) < AV(x). We have that U(q)
(A + 1)V (z) in this case. According to Lemma 5, ¢(7)

(AVARRAVAN

A
p > iy Hence, there exists v € (0,1) such that p
ay
1 A AV
T2 Thus, VW3(e, k 1AV (@) ) < (1 =v)ayV(x)
1—vay

) <
wd U Flg,w) < O+ )( -~ vV (@) - aw(lel) +
() ) < 0 (=) (i) +
ov{jw])).

Case II) vo(T)W (e, AV (x). In this case, we have that

K) >
Ulq) = V(x)+v¢(7)W?(e, ). From item (ii) of Assumption
3, the facts that ¢(7) < @ in view of Lemma 5, and 2ab <
ca® 4 1/cb? for all a,b > 0 and ¢ > 0,

U°(q; F(q,w)) = —avV(z) — aw(|e])
+7*W2(e, k) + pv (Jw|)

+7< (2Lw + )¢ — 7< VLQ_~¢2+1>>W(6,H)

+27¢W(e7/$)(LWW(e7/$ + Ly/V(x) 4+ ow( \w|))
< —avV(z) —aw(le]) + ¥’ W2(e, k) + pv (Jw])

Ly + D)W (e, k) — A2 (qus . 1) W2(e, )
ay —V

L2
+92 Y= "W (e, k) + (av — D)V ()
ay —V

2L (e,r) 490 (7(e) + Lt ()

< iV (z) — aw(le]) + “—Yg%mwo + ov([w]),

where 7 > 0 comes from Lemma 5.

Case II: vp(T)W?(e,k) = AV(x). In view of Lemma 2,
and cases I and II, U°(¢; F(q,w)) < —min{y, 0}V (z) —

wy
aw (le]) + ov (lw]) + == aiy (|w]).
In view of cases D-II), U°(q;F(q,w)) <

—min{r, 7}V (@) — aw(le) + evlluwl) + Sl (lul)

for all ¢ € C and w € R". Then, there exists ay € K

such that item b) holds with Oz (s) := @Q%VGUJD + ov (|w])
v
for all s > 0. The rest of proof follows the same steps as the

proof of Theorem 1 and is therefore omitted.

C. Sketched proof of Theorem 3

We define the storage function as (27) and prove the desired
result by ensuring the satisfaction of the next properties.

a) U is locally Lipschitz in x, e and 7, and, for all ¢ € CUD,
ay (lgla) < U(q) < av (lgla), where @y, oy € Koo

b) forall ¢ € C and w € R", U°(¢; F(q,w)) < p(0P|w|? —
|217);

¢) forall g€ D, w € R™ and g € G(q), U(g) < U(q).
The proof of items a) and c) follows the same steps

as the proof of Theorem 1. We therefore prove the flow

property corresponding to item b) in Appendix A-A. Recall

that there are three cases to consider when ¢ € C': Case I)



Yidi (1)) W7 (€5, 1) < Nidi(v;); Case I) v, (13) W7 (€5, k1) >
X\idi(v;); and Case ) ;¢ (i)W (es, 55) = Nids(v;), and
they are respectively hold for ¢ € NI, i€ Nyrand i € Nygg.
We derive that the following hold.

Case 1) i € Ny. In this case, S (¢; F(q,w)) < Ai(Ls, 6:(vi) +
ﬁ?(m,e,w) + Ji(x,e,w)). Let Zi(q,w) = ~?W?2(e;) —
HE(z,e,w) — Ji(z,e w) 8i(v;). We have that Z;(q,
S5 (q; F(q,w)) < 7W7(eiy ki) — (1 — AiLs, )8 (vi) —
A

w) +

7F(Q7 (1 -
i)(Hiz(az,e,w) + Ji(z,e w)) < —-(1- )\i)HiQ(:E,e,w) -
(1 — Ai)Ji(z,e,w), i € N, since A\;Ls, < 1 from (14) and
W (ei, k) <

(1 — >\1L57)51(U1)

Case II) © € Nys. =

i(—=QRLw, + )¢ — v(ei +_ )W, +
2’y7¢1 (6,,/@,)(LW Wilei, ki) + H (z,e w)) <
— V2 Wi (e, ki) +HE (x, e,w) and Z;(q, w)+S5 (q; F(q, w)) <
—5()—J(mew)z€N

In Case II), So(q,

Case Ill) i € Nyyy. In view of Lemma 2, and cases I and
I, Zi(q,w)+ S5 (q; F (g, w)) < max{—(1—\;)H}(z,e,w) -
(1= X) iz, e,w), —6;(vi) — Ji(x, e, w)}.
Consequently, U°(q; F(q,w)) <
27) + Y Zilg,w) + S7(q; Fgw)) <

iEN
2P) = > (Giw) + il e w) -
1€ENT

i) (f]f(x, e,w) + Ji(z, e,w)) —

p(0|wl? - —
p(0Fwl?

2. -

1ENT

Z max{(1

_ 1ENTIT
)\Z)(HZQ('rﬂevw) + Ji(x767w)) + 51(’01) + Ji(x767w)} <
w(OP|w|P — |z|P) since A; < A7 < 1 in view of (14). The
satisfaction of items a) and c) follows by applying similar
arguments as in the proof of Theorem 1.

Let (p,w) be a solution to (9). In view of page 99 in
[32], for all j € Z>( such that there exists t € R>q with
(t,7) € dom ¢ and almost all s € I/ := {t : (,j) €
dome}, —U(p(s,j)) < U°(e(s,5); Fle(s, ), w(s, j))) <
—|z(s, 5)|P + 6P|w(s, 5)|’. We then follow similar lines as the

the proof of Theorem 1 and the Theorem IV.7 in [26] and we
obtain that [|z]|z, < 7(|¢(0,0)|.4)+0||wl|c,, where ¥ := @y .

D. Proof of Proposition 1

Let matrix P, av,aw,ﬁ €; > 0and v; > aw +w2|821 ,
i € N, be given such that (24) holds. Let i € N,

aWZ 19 (2
since L(eﬁ) < w; for almost all e; € R™ and

861‘
ki € Zx>o (as the protocol is UGES, see discussions above
(21)), we have that for all x € R" and almost all e €
n 8Wi(€i, Hi) — —
R™e, e, —Ci(A1z + Bre + Diyp(z) + 51w)> <
’w2|C .A1£L' + C 816 + C Dﬂ/)( ) +6 51w| < w2|6 Alx +
By ie+CiDip(z)+CiE1w|+|CiB1¥;e) and |C;Dyip ()| <
L|C;Dy||z| in view of the properties of 1. Note that Bs ;e is
independent to e; and By V;e depends only on e; according
to the definition of Bgl and W;. This implies that item
(iii) of Assumption 1 holds with Ly, = w;/ay, |CiB1Y,,

H; (z,e,w) = w;(|C; A1z + Ba e + C;&1w| + L|C;D1||z]).

Recall that §;(v;) = €2|v;]?, v; = Ciz and note that

‘xT (@T@Al + ATT T 2| = 2|(Ciz, TiAyz)]
2[Cia| [Ciiz| < |o7Ci Cia| + [o"ATC]Citia
Hence, (V6;(v;),Ci(Arz + Bie + Dip(z) + Eyw))
T (63”@Al n A{@Ta) w‘ + 22(127C Ci(Bie +
E1w)|+L[C; CiDy||z|?) < Ly, 6i+Ji(x, e, w), where Ls, = 1
and J;(z,e,w) = € ( A?é?éifh’ +2L ‘@Téml]) |lz|? +
QE?JxTC’Z—TC’i(Ble + Elw)’, hence item (iii) of Assumption 2
holds.

Let V(z) = 27 Pz. Ttem (i) of Assumption 2 holds with
ay(s) := Amin(P)s?, @y (s) := Amax(P)s® for all s > 0.
Note that, for all z € R™ and almost all e € R"¢,
(VV(z), Aiz+Bre+Dip(z) + & w) = 2T (AT P+PA )z +
2xTPBle—|—2L\D1 |1:TPx—|—2xTP51w. We now post- and pre-
multiply LMI in (24) respectively by the state vector (z, e, w)
and its transpose, re-arrange its terms, and derive from (24)
and the definitions of Az, By and &; defined after (22) that
item (ii) of Assumption 2 holds with functions H;, J;, ;, ov,i
and ~; > 0 given in Proposition 1.

I/\— IA

E. Proof of Lemma 1

The proof agrees with the one to Proposition 1 with re-
placing 1 (x) by v (y, e), and the property [¢)(y,e)| < Lle| in
view of properties of v. Since 2L|Pz||Di|le| < av|z|® +
1/ay (L|P||Dy|le])? for all z € R™, ¢ € R™ and any
ay > 0, and hence, (VV (z), A1x+Bie+D1(y, e)+Ew) =
2T (AT P+ PA))x + 22" PBye + 2L| Px||Dye| + 227 P& w.
We then follow similar lines as in the proof of Proposition 1 to
show Assumptions 1-2 hold. On the other hand, (24) always
has a solution in this case since A; is Hurwitz, which ensures
311 < 0 and (24) follows by taking sufficiently large 6, v and
small enough € > 0.

APPENDIX B
TECHNICAL LEMMAS

The next statements corresponds to Lemma II.1 in [34].

Lemma 2: Consider two functions U; : R® — R and
Us : R" — R that have well-defined Clarke derivatives for
all z € R” and v € R". Introduce three sets A := {z :
Ui(z) > Us(x)}, B := {x : Ui(x) < Ux(x)}, T :=
{z : Ui(z) = Us(x)}. Then, for any v € R", the function
U(z) := max{U;(x),Usz(x)} satisfies U°(z;v) = U7 (z;0)
for all z € A, U°(x;v) = Ug(x;v) for all x € B, and
U°(z;v) < max{U7 (z;v),Us (z;v)} for all z € T O

Lemma 3: Leti € N, \; € [0,A\]) and T; < TMASP,i(Ai)
with A7 and Tyasp,i (i) defined in (14) and (15), respectively.
Letzi; := 1/pi, ;= p; with p; defined after (13). There exist
g > p, >0, satisfying 0 < MZ <p, <pp < ar,and 7; >0
such that the solution ¢; to qSZ =—(2Lw, + 0;)¢; — %(qﬁf +
1), ¢:(0) = @, verifies ¢;(t) € [/;i7ﬁi] for all ¢t € [0,T;],
where Ly, > 0 comes from Assumption 1 and ~; > 0 from
Assumption 2. ]



Proof of Lemma 3. Let i € N, \; € [0,)\]) and T; <
Tnasp,i(Aq). We first show that the following fact holds.

YiNi
Fact 1: 0 < — 1 <1,i€N. ([l
ac W i
i i\
Fact 1 holds since 0 < 1 jAng 11% N < 1 when

Ls, < —v;, and \; < —— when Ls, > —;, in view of
L, +

the definition of \* in (14).
Fact 1 leads to p;, = max{pi, %)\)\ZL} € [0,1) since
€ [0,1). Hence, 0 < p7 < ;. Denoti: by T (s, p, i)
the time it takes for the solution ¢; to decrease from y; to
B, for a given 7; > 0. In view of the dynamics of ¢;, th
function T; is continuous in all its arguments, increasing in 1z;,
decreasing in p. and decreasing in ;. By following similar
lines as in the proof of Lemma 2 in [28], we have that Tyiasp,;
defined in (15) satisfies Taasp,i(Ni) = 7;()\“/11',,“,-70)-
Since T; < Twasp.i(\:i), by continuity of 7; and in view
of its increasing/decreasing properties, there exists a triplet
(13 p, i) with i, < @7, p, > p; and ; > 0, such that

Ty = Ti(hisTis iy, 77) and 6i(t) € {Hﬂ holds for all
t € 0,T;]. O

Lemma 4: For any aq,...

N
,ay € K, a Zsl <

N
Z%(Si) <a Zsi holds for all s; > 0 and i € N,

i=1 i=1
where o, @ : s — min{m (i) e, N (%)} € K and
- .

N
Proof of Lemma 4. Let aq,...,ay € K and sq,...,sy > 0.

N
,an are increasing functions, g a;(s;) <

i=1
N
D s

=1
= max{si,..

Since aq,...

N
Z Oti(Sl

=1
generality, we

., SN) Without loss of

assume that s; .,sn} for

N
— 1
some j € N. It then follows that N Z <

%

Si

1t

1
s; and Za, si) > a(s) > aj N

1 N
min { oy NE Sil,-..,an ﬁg S;
i=1

pletes the proof

=1

, which com-

The proof of Lemma 5 follows the proof to Lemma 3 and
is therefore is omitted.

Lemma 5: Let A € [0,A\") and T < Tyasp(A) with A
and Tyiasp(A) defined as (17) and (18), respectively. There
exist 1 > p > 0, satisfying 0 < p < p < @ < 1/p, and
7 € (0,ay) such that the solution ¢ to ¢ = —(2Ly + )¢ —

L2
v (qu + 1), #(0) = 7, verifies ¢(t) € [p, 7] for all

A
t € [0,T], where p := max{p,’y}, p€l0,1) Ly,Ly >0
ay

and ay,7y > 0 come from Assumption 3. ]

REFERENCES

[1] G. Walsh and H. Ye, “Scheduling of networked control systems,” IEEE
Control Systems Magzine, vol. 21, pp. 57-65, 2001.

[2] W. Heemels, K. Johansson, and P. Tabuada, “An introduction to event-
triggered and self-triggered control,” in Proceedings of the IEEE Con-
ference on Decision and Control, Hawaii, USA, 2012, pp. 3270-3285.

[3] P. Tabuada, “Event-triggered real-time scheduling of stabilizing control
tasks,” IEEE Transactions on Automatic Control, vol. 52, pp. 1680-1685,
2007.

[4] V. Dolk, D. Borgers, and W. Heemels, “Output-based and decentralized
dynamic event-triggered control with guaranteed L,-gain performance
and Zeno-freeness,” IEEE Transactions on Automatic Control, vol. 62,
pp. 3449, 2017.

[5] J. Lunze and D. Lehmann, “A state-feedback approach to event-based
control,” Automatica, vol. 46, pp. 211-215, 2010.

[6] X. Wang and M. Lemmon, “Event-triggering in distributed networked
control systems,” IEEE Transactions on Automatic Control, vol. 56, pp.
586-601, 2011.

[71 R. Postoyan, P. Tabuada, D. Nesi¢, and A. Anta, “A framework for the
event-triggered stabilization of nonlinear systems,” IEEE Transactions
on Automatic Control, vol. 60, pp. 982-996, 2015.

[81 W. Heemels, M. Donkers, and A. Teel, “Periodic event-triggered control
for linear systems,” IEEE Transactions on Automatic Control, vol. 58,
pp. 847-861, 2013.

[91 W. Heemels, R. Postoyan, M. Donkers, A. Teel, A. Anta, P. Tabuada,

and D. Nesi¢, “Periodic event-triggered control,” in Event-based control

and signal processing, 2015, pp. 105-119.

M. Abdelrahim, R. Postoyan, J. Daafouz, and D. Nesi¢, “Stabilization

of nonlinear systems using event-triggered output feedback controllers,”

IEEE Transactions on Automatic Control, vol. 61, pp. 2682-2687, 2016.

M. Abdelrahim, R. Postoyan, J. Daafouz, and D. Nesi¢, “Robust event-

triggered output feedback controllers for nonlinear systems,” Automat-

ica, vol. 75, pp. 96-108, 2017.

R. Sanfelice and A. Teel, “Lyapunov analysis of sampled-and-hold

hybrid feedbacks,” in Proceedings of the 45th IEEE Conference on

Decision and Control, San Diego, USA, 2006, pp. 4879—4884.

X. Chen and F. Hao, “Periodic event-triggered state-feedback and

outputfeedback control for linear systems,” International Journal of

Control, Automation and Systems, vol. 13, pp. 779-787, 2015.

[14] W. Heemels, G. Dullerud, and A. Teel, “L2-gain analysis for a class of

hybrid systems with applications to reset and event-triggered control: A

lifting approach,” IEEE Transactions on Automatic Control, vol. 61, pp.

2766-2781, 2016.

A. Selivanov and E. Fridman, “Event-triggered Hoo control: a switching

approach,” IEEE Transactions on Automatic Control, vol. 61, pp. 3221-

3226, 2016.

M. Braksmayer and L. Mirkin, “Redesign of stabilizing discrete-time

controllers to accommodate intermittent sampling,” in Proceedings of

the 2017 IFAC World Congress, Toulouse, France, 2017, pp. 2633-2638.

D. P. Borgers, R. Postoyan, A. Anta, P. Tabuada, D. Nesi¢, and

W. Heemels, “Periodic event-triggered control of nonlinear systems

using overapproximation techniques,” Automatica, vol. 94, pp. 81-87,

2018.

L. Etienne, S. D. Gennaro, and J. Barbot, “Periodic event-triggered

observation and control for nonlinear Lipschitz systems using impulsive

observers,” international Journal of Robust and Nonlinear Control,

2017. [Online]. Available: http://dx.doi.org/10.1002/rnc.3802

E. A. Escolastico, M. Abdelrahim, M. Guinaldo, S. Dormido, and

W. Heemels, “Design of periodic event-triggered control for polynomial

systems: A delay system approach,” in Proceedings of the 2017 IFAC

World Congress, Toulouse, France, 2017, pp. 7887-7892.

D. Nesi¢ and A. Teel, “Input-output stability properties of networked

control systems,” IEEE Transactions on Automatic Control, vol. 49, pp.

1650-1667, 2004.

C. Cai and A. R. Teel, “Characterizations of input-to-state stability for

hybrid systems,” Systems & Control Letters, vol. 58, pp. 47-53, 2009.

R. Goebel, R. Sanfelice, and A. Teel, Hybrid dynamical systems:

Modeling, Stability, and Robustness. Princeton University Press, 2012.

W. Wang, R. Postoyan, D. Nesi¢, and W. Heemels, “Stabilization of non-

linear systems using state-feedback periodic event-triggered controllers,”

in Proceedings of the 55th IEEE Conference on Decision and Control,

Las Vegas, NV, USA, 2016, pp. 6808-6813.

[10]

(11]

(12]

[13]

[15]

[16]

(17]

(18]

[19]

[20]

(21]
[22]

[23]



[24] ——, “Periodic event-triggered output feedback control of nonlinear
systems,” in Proceedings of the 57th IEEE Conference on Decision and
Control, Florida, USA, 2018, pp. 957-962.

D. Nesi¢ and A. Teel, “Input-to-state stability of networked control
systems,” Automatica, vol. 40, pp. 2121-2128, 2004.

W. Heemels, A. Teel, N. van de Wouw, and D. Nesi¢, “Networked
control systems with communication constraints: Tradeoffs between
transmission intervals, delays and performance,” IEEE Transactions on
Automatic Control, vol. 55, pp. 1781-1796, 2010.

D. Nesi¢, A. Teel, and D. Carnevale, “Explicit computation of the
sampling period in emulation of controllers for nonlinear sampled-data
systems,” IEEE Transactions on Automatic Control, vol. 54, pp. 619—
624, 20009.

D. Carnevale, A. Teel, and D. Nesié, “A Lyapunov proof of an improved
maximum allowable transfer interval for networked control systems,”
IEEE Transactions on Automatic Control, vol. 52, pp. 892-897, 2007.
M. Tabbara and D. Nesi¢, “Input-output stability with input-to-state
stable protocols for quantized and networked control systems,” in
Proceedings of the 47th IEEE Conference on Decision and Control,
Cancun, Mexico, 2008, pp. 2680-2685.

M. Abdelrahim, R. Postoyan, J. Daafouz, D. NeSi¢, and W. Heemels,
“Co-design of output feedback laws and event-triggering conditions for
the Lo-stabilization linear systems,” Automatica, vol. 87, pp. 337-344,
2018.

H. Khalil, Nonlinear Systems.
2002.

A. Teel and L. Praly, “On assigning the derivative of a disturbance
attenuation control Lyapunov function,” Mathematics Control Signals
Systems, vol. 13, pp. 95-124, 2000.

Z.P. Jang, A. R. Teel, and L. Praly, “Small-gain theorem for ISS systems
and applications,” Mathematics Control Signals Systems, vol. 7, pp. 95—
120, 1994.

D. Liberzon, D. Nesi¢, and A. Teel, “Lyapunov-based small-gain the-
orems for hybrid systems,” IEEE Transactions on Automatic Control,
vol. 59, pp. 1395-1410, 2014.

[25]

[26]

[27]

(28]

[29]

[30]

[31] Prentice Hall, Englewood Cliffs, NJ,

[32]

[33]

[34]

Wei Wang received her B.E. and M.E. degrees in
Mechanical Engineering from Qingdao University
of Science and Technology in 1994 and 2002, re-
spectively. She obtained her Ph.D degree in Elec-
trical Engineering at the University of Melbourne,
Australia, in 2011. Since July 2011, she is a post-
doctoral researcher in the Department of Electrical
and Electronic Engineering at the University of
Melbourne. Her research interests include nonlinear
control systems, hybrid systems and networked con-
trol systems.

PLACE
PHOTO
HERE

Romain Postoyan received the M.Sc. degree in
Electrical and Control Engineering from ENSEEIHT
(France) in 2005. He obtained the M.Sc. by Research
in Control Theory & Application from Coven-
try University (United Kingdom) in 2006 and the
Ph.D. in Control Theory from Université Paris-
Sud (France) in 2009. In 2010, he was a research
assistant at the University of Melbourne (Australia).
Since 2011, he is a CNRS researcher at the Centre de
Recherche en Automatique de Nancy (France). He
serves/served as an associate editor for the journals:
Automatica, IEEE Control Systems Letters and IMA Journal of Mathematical
Control and Information.

PLACE
PHOTO
HERE

Dragan NeSi¢ is a Professor in the Department
of Electrical and Electronic Engineering (DEEE) at
The University of Melbourne, Australia. He received
his BE degree in Mechanical Engineering from The

PLACE University of Belgrade, Yugoslavia in 1990, and
ng;ré) his Ph.D. degree from Systems Engineering, RSISE,

Australian National University, Canberra, Australia
in 1997. Since February 1999 he has been with
The University of Melbourne. His research interests
include networked control systems, discrete-time,
sampled-data and continuous-time nonlinear control
systems, input-to-state stability, extremum seeking control, applications of
symbolic computation in control theory, hybrid control systems, and so on. He
was awarded a Humboldt Research Fellowship (2003) by the Alexander von
Humboldt Foundation, an Australian Professorial Fellowship (2004-2009) and
Future Fellowship (2010-2014) by the Australian Research Council. He was
a Distinguished Lecturer of CSS, IEEE. He is a Fellow of IEEE and a Fellow
of IEAust. He served as an Associate Editor for the journals Automatica,
IEEE Transactions on Automatic Control, IEEE Transactions on Control of
Networked Systems, Systems and Control Letters and European Journal of
Control.

W. P. M. H. Heemels received the M.Sc. degree
in mathematics and the Ph.D. degree in control
theory (both summa cum laude) from the Eindhoven
University of Technology (TU/e), Eindhoven, The

PLACE Netherlands, in 1995 and 1999, respectively. From
PII{-IEOI;FF? 2000 to 2004, he was with the Electrical Engineering

Department, TU/e, as an Assistant Professor and
from 2004 to 2006 with the Embedded Systems
Institute (ESI) as a Research Fellow. Since 2006, he
has been with the Department of Mechanical Engi-
neering, TU/e, where he is currently a Full Professor
in the Control Systems Technology Group. He held visiting research positions
at the Swiss Federal Institute of Technology (ETH), Zurich, Switzerland
(2001) and at the University of California at Santa Barbara (2008). In 2004,
he was also at the Research and Development Laboratory, Océ, Venlo, The
Netherlands. His current research interests include hybrid and cyber-physical
systems, networked and event-triggered control systems, and constrained
systems including model predictive control. Dr. Heemels served/serves on the
editorial boards of Automatica, Nonlinear Analysis: Hybrid Systems, Annual
Reviews in Control, and the IEEE TRANSACTIONS ON AUTOMATIC
CONTROL. He was a recipient of a personal VICI grant awarded by NWO
(The Netherlands Organization for Scientific Research) and STW (Dutch
Technology Foundation).




