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Abstract

We investigate the scenario where a perturbed nonlinear system transmits its output measurements to a remote observer
via a packet-based communication network. The sensors are grouped into /N nodes and each of these nodes decides when
its measured data is transmitted over the network independently. The objective is to design both the observer and the
local transmission policies in order to obtain accurate state estimates, while only sporadically using the communication
network. In particular, given a general nonlinear observer designed in continuous-time satisfying an input-to-state
stability property, we explain how to systematically design a dynamic event-triggering rule for each sensor node that
avoids the use of a copy of the observer, thereby keeping local calculation simple. We prove the practical convergence
property of the estimation error to the origin and we show that there exists a uniform strictly positive minimum inter-
event time for each local triggering rule under mild conditions on the plant. The efficiency of the proposed techniques

is illustrated on a numerical case study of a flexible robotic arm.

1. Introduction

While digital networks exhibit a range of benefits for
control applications in terms of ease of installation, main-
tenance and reduced weight and volume, they also require
adapted control theoretical tools to cope with the induced
communication constraints (e.g., sampling, delays, packet
drops, scheduling, quantization), see e.g., [1, 2]. In this
work, we concentrate on the state estimation of nonlin-
ear systems over a digital channel and we focus on the
effect of sampling. In particular, we consider state esti-
mation where the plant is nonlinear, perturbed and com-
municates its measurements over a digital network to a
remote observer, whose goal is to estimate the plant state.
The communication schedule is very important to guaran-
tee good estimation performance. An option is to generate
the transmission instants based on time, in which case we
talk of time-triggered strategies for which various results
are available in the literature, see, e.g., [3-7]. However,
this paradigm may generate (significantly) more transmis-
sions over the network than necessary to fulfill the esti-
mation task, thereby leading to a waste of the network
resources. As a potential and promising solution, one can
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use event-triggered transmissions to overcome this draw-
back, see e.g., [8] and the references therein. In this case,
an event-based triggering rule monitors the plant measure-
ment and/or the observer state and decides when an out-
put transmission is needed.

Various event-triggered techniques are available in the
literature for estimation, see, e.g., [9-24]. Numerous pa-
pers propose to implement a copy of the observer within
the sensor and then use its information to define the trans-
mission instants, see e.g., [9-15]. A possible drawback with
this technique is that it may require significant computa-
tion capabilities on the sensors, especially in the case of
large-scale systems, or highly nonlinear dynamics, which
may be unavailable. Another solution is to follow an event-
triggered strategy, which is only based on a static condition
involving the measured output and its past transmitted
value(s) see, e.g., [16-23]. Consequently, it is not necessary
to implement a copy of the observer in the sensors and thus
the sensors are not required to have significant computa-
tion capabilities. However, such static triggering rules may
generate a lot of transmissions and the results in [16-23]
only apply to specific classes of systems and a centralized
scenario, where all sensors communicate simultaneously
over the network, with the exception of [16, 19]. An alter-
native are self-triggering policies, see e.g., [25, 26], where
the observer requests a new output measurement when it
needs it to perform the estimation. However, the available
results only apply to specific classes of systems. Moreover,
self-triggering rules typically generate more transmissions
than event-triggered ones.

In this paper, we adopt a dynamic event-triggered ap-
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proach based only on the measured output and the last
transmitted output value. This strategy keeps monitoring
the plant output, and thereby may lead to less transmis-
sions compared to a self-triggering approach. Moreover, it
does not require a copy of the observer, which simplifies
the implementation and requires less computation capabil-
ity on the sensor. The main novelties are, first, the design
of a new triggering rule, which involves an auxiliary scalar
variable for each sensor node, that has several benefits as
explained in the sequel. Second, the proposed results ap-
ply to general, perturbed nonlinear systems contrary to
the vast majority of works in the literature, which con-
centrates on specific classes of systems, see e.g., [10-24].
Third, the triggering strategies are decentralized. Indeed,
we consider the scenario with IV sensor nodes, where each
node decides independently when to transmit its local data
to the observer via a digital network. Consequently, each
sensor node has its own triggering rule.

Our design is following an emulation-based approach in
the sense that in the first step the observer is designed ig-
noring the effects of the communication network. In par-
ticular, we assume that the observer has been synthesized
in continuous-time in such a way that it satisfies an input-
to-state stability property, that holds for many observer
design techniques of the literature, see e.g., [27, 28] and
the references therein. In the second step, we take the
network into account and propose a new hybrid model us-
ing the formalism of [29, 30]. We then design a dynamic
triggering rule for each sensor node to approximately pre-
serve the original properties of the observer. In particu-
lar, we ensure that the estimation error system satisfies
a global practical stability property and we show that, in
some particular cases, it is possible to recover the same
decay rate for the Lyapunov function along the solutions
as in the absence of the communication network. Note
that, we do not guarantee an asymptotic stability prop-
erty, but a practical one in general, which is a consequence
of the absence of a copy of the observer in the triggering
mechanism as we explain later (see Remark 4). As al-
ready stated, the triggering rules are dynamic in the sense
that they involve a local scalar auxiliary variable, which
essentially filters an absolute threshold type condition, see
e.g., [20-23]. This is a new in the context of estimation,
to the best of the authors’ knowledge, and is inspired by
related event-triggering control techniques [31-33]. In ad-
dition, our design of the triggering rules rely on very mild
knowledge of the observer properties; only some qualita-
tive knowledge is needed on the gains appearing in the
input-to-state stability dissipativity property, which is as-
sumed to hold for the state estimation error system, as
will be explained in more detail below.

Compared to [16-19], we do not consider a stochastic
setting and discrete-time plants, but deterministic (non-
linear) continuous-time systems, which raise the issue of
potential Zeno phenomena. Moreover, in our work we
propose a new triggering rule, which filters the absolute
threshold rule proposed in e.g., [20-23] and, as a result,

typically leads to less transmissions, as illustrated on a
numerical robot example in this paper. The closest work
is [24] where a similar triggering rule is presented, but only
for polynomial systems and for a centralized approach (one
communication sensor node only). In contrary, our results
essentially only rely on an input-to-state stability assump-
tion of the estimation error system, which is commonly
satisfied [27]. Moreover we consider the more challenging
case of a decentralized set-up, we provide in-depth charac-
terizations of the domains of the solutions and we provide
various extensions for scenarios where the outputs are af-
fected by additive noise, and where the plant input is also
transmitted over the network (see Section 7). Compared
to our preliminary version of this work [34], here we con-
sider nonlinear systems, instead of linear time-invariant
ones, and the transmission strategy is decentralized, and
not centralized as in [34]. Moreover, the plant is affected
by unknown disturbances and we prove the completeness
of maximal solutions for the overall system.

The remainder of the paper is organized as follows. Pre-
liminaries are stated in Section 2. The problem setting, the
assumption on the observer and the problem statement are
presented in Section 3. The proposed triggering rule and
the overall hybrid system model are given in Section 4.
In Section 5 we analyze the stability properties of the pro-
posed event-triggered observer. In Section 6 we derive var-
ious properties of the solutions domains (completeness of
maximal solutions and the existence of a minimum time
between any two transmissions of each sensor node). Some
generalizations and extensions are presented in Section 7
and a numerical case study on a flexible joint robotic arm
is reported in Section 8. Finally, Section 9 concludes the
paper. Two technical lemmas are given in the Appendix.

2. Preliminaries

The notation R stands for the set of real numbers
and Ry := [0,+m). We use N to denote the nat-
ural numbers, N = {0,1,2,...} and N5y := {1,2,...}.
For a vector x € R", |z| denotes its Euclidean norm.
For a matrix A € R"*™ |A| stands for its 2-induced
norm. For any signal v : Ryg — R™, with n, € N.g,
[Vlle, 1) 7= €SSSUPey, 4,7 [v(E)]- Given a real, symmetric
matrix P, its maximum (minimum) eigenvalue is denoted
Amax(P) (Amin(P)). The notation Iy stands for the iden-
tity matrix of dimension N € N, while Oy x s stands for
the null matrix of dimension N x M, with N, M € N.o. We
consider class-KC, KCo, KL functions as defined in [29]. We
model hybrid systems in the formalism of [29, 30], namely

-
H'{gﬁ €

where C € R™ x R"+ is the flow set, D € R"» x R™
is the jump set, F' is the flow map and G is the jump
map. Solutions to system (1) are defined on hybrid time
domains. A set E € Ryg x N is a compact hybrid time

F(z,u),
G(z,u),

xz,u) € C,
Ex,ug i D, (1)



domain if E = U ([tj,tj+1],7) for some finite sequence
of times 0 = tg < t1 < ... < ty and it is a hybrid time
domain if for all (T, J) e E, En([0,T]x{0,1,...,J})isa
compact hybrid time domain. Given a hybrid time domain
E, sup; E := sup{j € N : 3t € R such that (¢,5) € E}.
A hybrid signal x : dom x — R"= is called a hybrid arc
if (-, j) is locally absolutely continuous for each j. Given
a set U € R, Ly is the set of all functions from R
to U that are Lebesgue measurable and locally essentially
bounded. We consider the notion of solution proposed in
[30]. Hence, a hybrid arc x is a solution to H for a given
input u € Ly, if

e for all j € N such that IV := {t | (¢,
has nonempty interior, @(t,j) € F(z(t,j),
(z(t, ), u(t)) € C for almost all ¢ € I7;

e for all (¢,5) € dom x such that (¢,j + 1) € dom «,
(2(t,7),u(t)) € D and (¢, j + 1) € G(x(t, j), u(t)).

A solution x to H for a given input u € Ly is mazimal, if
there does not exist another solution Z to H for the same
input u such that dom x is a proper subset of dom Z and
x(t,7) = Z(t, j) for all (¢, 7) € dom z. Moreover, a maximal
solution x to H for a given input u € Ly is complete, if
dom zx is unbounded.

j) € dom x}
u(t)) and

3. Problem statement

3.1. Setting
Consider the nonlinear system

y = h(z), (2)

where z(t) € R is the state to be estimated by the ob-
server, u(t) € R™ is the measured input, y(¢) € R™v is the
output measured by sensors, and v(t) € R™ is an unmea-
sured disturbance input at time ¢ € Ry with n,,n, € N.g,
and n,,n, € N. The inputs v and v to (2) are such that
u € Ly and v € Ly for some sets Y € R™ and V € R".
The vector field f, : R" x R™ x R™ — R" is locally
Lipschitz in its first argument and continuous in the others
and h : R" — R™ is continuously differentiable.

We follow an emulation-based design in the sense that
a continuous-time observer for system (2) is first designed
ignoring the packet-based nature of the communication
network. Afterwards, we will consider the network and
design a triggering rule to decide when the output data
need to be transmitted to the observer in order to approx-
imately preserve its original properties. In particular, we
assume the availability of a continuous-time observer for
system (2) of the form

&= fplz,u,v),

(3)

where z(t) € R™ is the observer state, with n, > n,,
Z(t) € R™ is the state estimate, g(t) is the output esti-
mate at time ¢ € Ryo. The vector field f, : R"s x R x

R™ x R™ — R™z is continuous, and ¥ : R™ — R"* ad-
mits a right inverse ¥~ of v, i.e., z = ¥(¢p%(z)) for any
x € R™. Often z = Z, but this does not necessary have
to be the case, like in Kalman filters, which involve extra
variables that can be stacked in vector z. Observer (3)
has a general structure and can be designed using several
observer design procedures, including Luenberger-like ob-
servers and Kalman filters, see e.g., [3, 27], [28, Section
IV] and the references therein. The precise assumption
we make on observer (3) is stated later in this section.
For simplicity, we do not consider in this work the case of
reduced-order observers (see e.g., [35]), but we believe that
similar derivations could be developed in this scenario. We
also adopt the following assumption.

Assumption 1. The plant and the observer have access
to the input u at any time instant.

Assumption 1 is reasonable in many control applications
such as, for example, when the control input is jointly
communicated to the observer and the plant, or when the
input is generated at the observer node, which is collocated
with the plant actuator node. It is worth noting that, when
the plant and/or the observer do not know the input wu,
meaning that Assumption 1 is not satisfied, the input «
can be included in the unknown disturbance input v in (2)
and the results presented in the sequel apply, as long as
Assumption 2 presented later holds. Furthermore, in the
case where the input u is transmitted from the plant to the
observer via a digital network, we explain in Section 7.2
how to define a triggering rule for u so that the forthcoming
results hold mutatis mutandis.

We investigate the scenario where the output mea-
surements of system (2) are transmitted to observer (3)
via a digital channel, as depicted in Figure 1. In par-
ticular, we consider the setup where the sensors are
grouped into N nodes, where N € {1,...,n,} and we

write, after re-ordering (if necessary), v = (y1,...,yn) =
(hi(z),...,hn(z)) with y; € R™:i, n,, € {1,...,n,} and
Ny, + ...+ nyy = ny. Bach sensor node decides when

its output measurement needs to be transmitted to the
observer over the network, independently of the other sen-
sor nodes. Hence, several nodes are allowed to commu-
nicate at the same time instant. Note that this is not a
strong assumption. Indeed, in practice, the sensors may
use different channels to communicate over the network.
On the other hand, if two or more sensors transmit their
output data on the same channel at the same time in-
stant, there could be some interference in the communi-
cation. These interferences can be modeled as additive
measurement noise and we explain in Section 7.1 how the
proposed approach can be modified to account for mea-
surement noise.

Considering a decentralized setup allows to cover the
case where the sensors are spatially distributed, such as,
for example, in the case of large-scale systems where dif-
ferent sensors are not collocated and transmit their data
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Figure 1: Block diagram representing the system architecture (ETM: Event-Triggering Mechanism)

independently. Moreover, compared to a centralized sce-
nario, with the considered setup, only the sensor (or sen-
sors) that needs to communicate transmits its data over
the network, instead of the full plant output vector. As a
result, the data packet size transmitted over the network
can be reduced. Note that, the considered decentralized
setup covers also the case with only one sensor node when
N =1, for which the results presented afterwards are new
as well.

In this setting, the observer does not know y, but its
networked version § := (g1,...,9n) € R™. Each g; €
R™:, with i € {1,..., N}, is generated with a zero-order-
hold device between two successive transmission instants,
i.e., in terms of the hybrid systems notation of Section 2,

yi=0 (4)

and, when a transmission of node ¢ occurs the correspond-
ing output y; is transmitted, considering an ideal sampler,
hence

yz' - yzv ( )
otherwise, when another node generates a transmission the
last received value is kept constant, i.e.

g =i (6)

It is worth noting that the zero-order-hold is just a choice
we make to generate the output sampled version y; for all
i€ {l,...,N} between transmission times. Other options
are for example the first-order-hold and the model-based
holding function [36].

Since the output y is transmitted over the network, ob-
server (3) does not have access to the exact measurement
output y, but its networked version y. As a result, the
observer equations in (3) become

fo(z7u7g’ g)?
(2), 9 =h(2).

N
Il

(7)

=
Il
<

We define the network-induced error for each sensor node
e;:=7; —y; € R™i, with i € {1,..., N}, and the concate-
nated vector e := (eq,...,en) = § — y € R™. We obtain,
in view of (2) and (7),

2= fo(z,w,y +¢,9) = folz,u, h(z) + e, h(¢p(2))). (8)

The dynamics of variable e;, for ¢ € {1,..., N}, between
two successive transmission instants is, in view of (2) and
(4) and since h; is (continuously) differentiable,

ohi(z)
ox

éi =Yi— yz = - fp(xaua U) = gi(xvuav)' (9)

Furthermore, at each transmission instant of the i-th sen-
sor node, we have

et =0, (10)

e; =ej. (11)

8.2. Assumption on the observer

Inspired by [27], we require observer (3) to satisfy the
next input-to-state stability property.

Assumption 2. There exist o, @, o, Y1,...,7N,0 € Ky,
Vi R"™ x R" — Ry continuously differentiable, such
that for all x € R™, z € R"*, u e U, v eV, e € R,
g e Rny)

a(lr —¥(2)]) < V(z,2) <a(lv™"(z) - 2|) (12)
<VV(‘T7 Z), (fp(.'IJ,U, U)a fo(z7uvy + €, g))> S

N (13)
—a(V(z,2)) + 2 villeil) + O (Jvl).



Assumption 2 implies that (3) is a global asymptotic ob-
server when v = 0 for system (2) in the sense that (12) and
(13) guarantee that, in this case, for any initial condition
2(0) € R" 2z(0) € R™ and any input (u,v) € Ly x {0},
the corresponding (maximal) solution z and z to (2) and
(3), if complete!, satisfy x(t) — 2(t) — 0 as t — +o0,
where Z(t) = (z(t)). More precisely, Assumption 2
implies that the estimation error system x — & satisfies
an input-to-state stability property [37] with respect to
both the network-induced errors e;, which act as additive
measurement noises in (13), and to the unknown distur-
bance input v. In other words, there exist § € KL and
v € K4 such that, for any input u € £y and any distur-
bance v € Ly, the corresponding solutions z and z to (2)
and (3) respectively, for all ¢t > 0 satisfy |2(t) — z(t)] <

N
By~ (2(0)) = 2(0)], 1) + V(2 leilio.n + [vlo,q)- Hence,

Assumption 2 is a robustness property of the observer with
respect to measurement noises, which is independent of the
network.

In view of [27, Section VI], the class of observers in (3)
satisfying Assumption 2 cover various observer designs in
the literature, including Luenberger observers for linear
systems, various observers for systems with globally Lips-
chitz vector fields, observers for input affine systems and
extended Kalman filters, see [38] and references therein.
See [28] for further results on input-to-state stability prop-
erties for observers. It is important to notice that for the
design of the triggering rule, that will be presented in Sec-
tion 4, a € K, and the Lyapunov function V' in Assump-
tion 2 are not needed to be known. Indeed, only ~; is
needed and, in addition, we have a lot of freedom regard-
ing the definition of ~;, as explained later in Remark 1.
Note that we work, for simplicity, with global assumption
(see Assumption 2) but all the analysis could be done in a
more local setting (i.e. semi-global, or regional).

3.3. Problem formulation

Our goal is to design the local triggering rules to de-
cide when each node ¢ needs to transmit its data to ob-
server (3), while approximately preserving the properties
of observer (3) in the absence of the network as stated in
Assumption 2. We assume for this purpose that the N
sensors are sufficiently “smart” so that they have enough
computation capabilities to run a local scalar filter, as de-
tailed in the next section.

4. Design of the triggering rules

In the proposed architecture, each sensor node i €
{1,..., N} has access to its local output measurement y;
and its last transmitted output value g;. We also introduce
a set of local scalar variables n; € Rxo, with i € {1,..., N}.
The n;-dynamics is, between two successive transmissions

LCompleteness of maximal solution will be ensured in Section 6.1

ETM ¢
Transmit y; when
yilled]) = oiai(n) + i

where
N = —ai(m) + civi(led])
n:’ = b;m; when node i transmits

4 =0,
Q?’ =1y; when node i transmits

|

Yi Yi
—{ Sensor i ’ ’ >

Figure 2:
{1,...,N}

Event triggering mechanism (ETM) of node ¢, i €

of any node and at each transmission of node i, respec-
tively, given by

1 = —ou(ni) + civi(les]) =: Gi(ni, e:)

;= bin; (14)

17]-+=17j, je{l,..., N} with j # i,
where 7; € K, comes from Assumption 2, while a; € Ko,
¢i =20, b; € [0,1] are design functions and parameters. In
particular, equation (14) means that when node i trans-
mits, with ¢ € {1,..., N}, the corresponding 7; is updated
according to " = b;n;, while the auxiliary scalar variables
n;, with j € {1,..., N}, j # 4, associated to the other sen-
sors are not updated. The auxiliary scalar variable n; is
used to define the triggering instants for sensor node i.
Indeed, sensor 4, with ¢ € {1,..., N}, transmits its output
measurement only when the condition

Yillei]) = oici(n:) + € (15)

is satisfied, where o; = 0 and &; > 0 are additional design
parameters, as summarized in Figure 2. The variables 7; in
(14), for i € {1,..., N}, and the triggering rule in (15) are
inspired by the dynamic event-triggered mechanism in [31]
in the context of control. The proposed triggering rule is
a filtered version of the absolute threshold triggering rule
in e.g., [20-23], which we recover by letting o; = 0 for all
i€{l,...,N}in (15). This dynamic rule is generally able
to reduce the number of transmissions over the network,
as illustrated on an example in Section 8.

The design functions and parameters «;, ¢;, b;, o; and
g; in (14) and (15) can be selected differently for different
i€ {l,...,N}. We can therefore design them to trigger
more often the transmissions of more relevant output data
and less frequently the ones whose information is less im-
portant. Note that the parameter ¢; is essential to avoid
the Zeno phenomena. Indeed, we will show in Section 6.2,
under mild extra conditions, that there exists a strictly
positive minimum time between any two transmissions of
the same sensor node, which vanishes when ¢; = 0.

Remark 1. To design the triggering mechanism it is not
necessary to know a € K. and the Lyapunov function V



in Assumption 2 in view of (14)-(15): only ~; is needed,
and, as a result, there is a lot of freedom regarding the
definition of ;. Indeed, if Assumption 2 is satisfied with
some Y1,...,YN € Ko, then Assumption 2 holds with any
My AN € Koy verifying vi(r) = O(F:(r)) as r - +©
with a different V' and a different o in view of Lemma 1
in the appendix. This implies for instance that, when As-
sumption 2 holds with ~y; quadratic for all i € {1,...,N},
the 7;’s can be replaced by any quadratic function in (14)-
(15). We will exploit this property in the example in Sec-
tion 8. Note that, in this case, the proposed technique
will not necessary approrimately preserve the input-to-
state stability property of observer (3), but it still ensures
a desirable input-to-state stability property.

Remark 2. The n;-system and the triggering rule in (14)
and (15) are special cases of a more general setup. In-
deed, we can design the auziliary scalar variable n;, i €
{1,..., N}, with the dynamics 1; := —&;(n;) + Yi(|es|), in
stead of (14), with any &; € Ky, and any ¥; € K. The
update n;t, i € {1,...,N}, is the same as in (14). Re-
garding the triggering rule, let 3; be any mon-decreasing
continuous function from Rsqg to Rsq, which can be equal

to 0 only at 0. The triggering rule in (15) can then be

replaced by v;(|e;|) + Cd (m %(|ez|) < Cd{/("‘)&z(nl) + &4,

where d; € K, is deﬁned as d;(s) := So T)dT for all
s=20and o; € (0,1) for alli e {1 N} The results in
this paper hold mutatis mutandis using this more general
dynamics for the n;, i€ {1,..., N}, and for the triggering
rules. We do not consider this more general setup in the
paper to not over-complicate the result and to not blur the
main message of the work.

We write n := (m1,...,nn) € RY; and we define the
overall state as q := (x,2,¢e,1) € @ := R" x R"* x R" x
RY, and the overall input w := (u,v) e W:=U x V. We
obtain the hybrid model

{ ¢ =F(qw), qeC 16)

¢t € G(g), qeD.

where the flow map F' is defined as, for any q € C and any

weW,

F(g, w):=(fp(x, w), folz, u, h(x), h(¥(2))), g(z, w), €(n. €)),
(17)

where g(z,w) = (g1(z,w),...,gn(z,w)) with g; in (9)

and £(n,e) := (¢1(m,e1),...,¢n(nn,en)) with ¢; in (14).

The flow set C is defined as

N
=-Nea (18)
=1

with
= {q € Q:vi(lei]) < oiai(mi) + i}, (19)
for any i € {1, ..., N}. On the other hand, the jump set

D is defined as
D= D (20)

with
={qe Q:v(lei]) =

for any ¢ € {1,...,N}. Sets C and D in (18)-(21) are
such that a transmission is triggered whenever one of the
conditions v;(|e;|) = o;a;(n;)+¢; is satisfied by at least one
sensor node, as illustrated in Figure 2. These conditions
may be verified simultaneously by different sensor nodes.
In this case, several jumps may occur immediately one
after the other, with no flow in between.

oioi(mi) +eif, (21

The set-valued jump map G in (16) is defined as, for
any q € D,

N
- e (22)

=1
with
X
z
qeD;
Gi(q) := Aje (23)
(bi(In —T3) +Ti)n

where A; is the block diagonal matrix of dimension n, with
N blocks, where the i-th block is Onyixnyi,) while all the
other blocks are I, , forallie {1,..., N}, je{l,...,N},
with j # 4. Moreover I'; is the dlagonal matrix of dlmen—
sion N with all elements on the diagonal being equal to 1
except for the i-th element, which is 0, for i € {1,..., N}.
The set D; corresponds to the region of the state space
where a triggering of node i is allowed. Indeed, a jump
in (16) corresponds to a transmission of one current out-
put y; to the observer. In this case x7 = z, 2T = 2z,
ef =0, ej =e;, N =bin; andn;' =n; for je{l,...,N}
with j # i. The empty set in (23) essentially means that
we consider the jump map G; only when its argument is
in the jump set D;. Indeed, in our setting, each sensor
performs its output transmission, according to G;, inde-
pendently of the other sensors and the transmission does
not affect the other sensor nodes. However, this notation
is useful because we also have to define G;(q) when ¢ ¢ D;
in view of the definition of the jump set D in (20)-(21).
Note also that the empty set in (23) guarantees that the
jump map G in (22) is outer semicontinuous and locally
bounded relative to the jump set D, which is necessary to
satisfy the hybrid basic conditions [29, Assumption 6.5].
We are ready to proceed with the design of oy, 0y, ¢;, €,
b; in (14)-(15) and the stability analysis of system (16).

5. Stability guarantees

We first present Lyapunov properties in Sections 5.1,
then we derive stability guarantees in Section 5.2. The
corresponding proofs are provided in Section 5.3.



5.1. Lyapunov properties

The objective of this section is to prove that the pro-
posed event-triggered observer satisfies a uniform global
practical stability property, as defined below.

Definition 1. Observer (7) is uniform globally practically
stable for system (2), if there exist f* € KL and v* € Ko,
such that, for any v > 0 there exist non-empty sets of
values for parameters o;, c¢;, €; and b; such that for any
input w € Lyy, any corresponding solution q to (16)-(23),
for all (t,7) € domgq, satisfies

j(t, ) — &(t, )| <B*(|(¥~(x(0,0)) = 2(0,0),
+ 7 (v +0([[vll10,4))

1(0,0))],t)
(24)

where 0 € K, comes from Assumption 2.

For this purpose, we first prove a Lyapunov stability prop-
erty for the overall system (16) in the next theorem.

Theorem 1. Suppose Assumptions 1-2 hold and consider

the hybrid model (16)-(23). For any v > 0, select o} >

0, ¢ = 0 such that ofc; < 1 and d; > df where d} :=
* N

> 0 and select €} > 0 such that Z 1+d;c))el <
i=1

o;
1—o7cy

v, for allie {1,...,N}. Define

N
V(z,2) + ), dims,

i=1

U(q) := (25)

for any q € Q. Then, there exist ag;, ay € Ko such that
for any a; € Koo in (14), o; € [0,07], ¢; € [0,¢f], € €
(0,er] and b; € [0,1], for all i € {1,..., N}, the following
properties hold.

(i) For any q€ Q,

ap((z =¥ (2),n)]) <U(g) <au(|(~ () =z n)).

(ii) For any q € C and any we W,
(VU(q), F(g,w)) <

a;(ni) +v +0(Jv)),

where a, 0 € Ky, come from Assumption 2, and §; :=
d; — 0‘;(1 + dzcv*) > 0.

(i) For any q € D, for any g € G(q),

U(g) < U(q). (28)

Theorem 1 shows the existence of a Lyapunov function U
for system (16)-(23), which guarantees a uniform practical
stability property, where the adjustable parameter is v.
The conditions of Theorem 1 can always be ensured. In-
deed, we just need to select o} and ¢ such that o}c; <1,

for alli e {1,..., N}, which is always possible and then all
the other parameters can be selected such that conditions
in Theorem 1 hold. Moreover, v in (27) can be taken ar-
bitrary small. However, typically the smaller v is selected,
the higher the number of transmissions required. In Theo-
rem 1, we first fix v and then we present how to select the
design parameters in order to obtain the Lyapunov prop-
erties in (26)-(28). An alternative approach is to select
o; and ¢; such that o;¢; < 1 for all 4 € {1,..., N}, and
then, by simply selecting b; € [0, 1], and any positive value
for g;, any a; € K, for all 4 € {1,..., N}, (26)-(28) hold
for some strictly positive v. The selection of the design
parameters in the example in Section 8 is done exploiting
this second strategy.

Remark 3. In absence of network, Lyapunov function V
decays with a rate o € Ko, along the solutions to (2) and
(3) according to Assumption 2. We can ensure any decay
rate ay € Ko, such that ay < a on flows for the Lyapunov
function U along the solutions to (16)-(23) on any given
compact set by suitably selecting c; in (14), for all i €
{1,...,N}. The result is global in some special cases, like
when a € K. is subadditive, i.e. a(s1)+a(s2) = a(si+s2),
forall s1,s5 = 0, or when a € K. is uniformly continuous,
see also Theorem 2 and Lemma 2 in the Appendiz.

5.2. Uniform global practical stability property

Based on Theorem 1, we prove that the event-triggered
observer satisfies a global practical stability property.

Proposition 1. Consider system (16)-(23) and suppose
Assumptions 1-2 hold. For any v > 0, select oy, o0y, ¢,
€, d; and b; as in Theorem 1 for alli e {1,...,N}. Then
there exist 5* € KL and v* € K4, all independent of v,
such that, for any input w € Ly, any solution q satisfies
for all (t,7) € domg,
|(2(t,4) — (¢, 3), n(t, 5))]

(™" (2(0,0)) - 2(0,0),
)

Z(t, g
<B*( 1(0,0))},t)
(29)

with 0 € Ky from Assumption 2.

Proposition 1 guarantees that the estimation error x —
Z satisfies a uniform global practical stability property.
Moreover, (29) also ensures that the 7; components, with
i € {l,...,N}, are bounded and converge to a neighbor-
hood of the origin. Note that for general nonlinear systems
it is difficult to analyze the impact of the parameters on
B* and v* in (29). However, this can be done in some spe-
cific cases, as we will show in Theorem 2 in the case when
Assumption 2 is satisfied with a linear « € Ko, as well as
in our preliminary version of this work in [34, Theorem 1]
in the context of linear systems in absence of disturbances.

Remark 4. To ensure an asymptotic stability property for
the estimation error system, in the sense that (24) holds



with v = 0, as opposed to a practical one as in Proposi-
tion 1, we argue that a different set-up would be needed,
which would require to implement a copy of the observer at
each node. Indeed, a typical way to ensure an asymptotic
stability property for the estimation error system when em-
ulating an observer of the form of (3) is not to only hold
the plant output y as we do in (8) but the output esti-
mation error § —y see e.g., [3, 39, 40]. In this case,
the network-induced error associated to mode i becomes
(% — yi) — (yi — 9:). Hence, for the local triggering rule
i to evaluate this network-induced error, it would need to
know y;, which can only be done by implementing a local
copy of the observer at node i to generate §j;. Because our
goal is precisely not to rely on a copy of the observer at
each node, as explained in the introduction, the triggering
rules we present do not rely on §;, but only on y; (and n;),
which leads to a practical stability property.

As mentioned before, we do not need to know a € Ky
and V to design the triggering conditions such that the
results in Theorem 1 and in Proposition 1 hold. However,
the knowledge of o € Ky, is useful when we want to recover
the decay rate a € Ky, of the Lyapunov function along
solutions in absence of network, as formalized below for
the case where Assumption 2 holds with « linear, see also
Remark 3.

Theorem 2. Consider system (16)-(23) and suppose As-
sumption 1 holds and Assumption 2 is satisfied with a(s) =
as, for any s = 0 with a > 0. For any ay € (0,a]
and p > 0 select o, ¢;, 04, €; and b; as follows for all
ie{l,...,N}.

(i) ¢; € [0,¢f] and o; € [0,07], where ¢; = 0 and of > 0
are such that ofcy <1, for allie {1,...,N}.

(i) a;(s) = a;s for any s = 0 with a; = af and af > 0
such that af > or *,for allie{l,...,N}.

(1i) b; € [0,1], for allie {1,...,N}.

() €; € (0,ef] for allie {1,...,N} and €] +
ay p

—— with ¢ := max{dic],...
1+¢ S {11 ’

or(1-otc; — )™

ey <
dney}, where d; =

>0, forallie{l,...,N}.
Then, for U defined in (25) with d; selected as in item

(iv), which satisfies the condition stated in Theorem 1, for
all i € {1,...,N}, for any solution q with z'nput w € Ly

(7)) + Z dimi(t,j) <

=1

and any (t,j) € domgq, V(z(t,7),

e~ (V(2(0,0), 20, 0))+ 3. dine(0,0))+ s+ 0] .1

i=1

Theorem 2 guarantees that it is always possible to re-
cover the same decay rate of the Lyapunov function along
solutions in absence of network when the observer satisfies
Assumption 2 with « linear. In particular, with Theorem 2

we guarantee, in presence of network a convergence rate
ay € (0,a] for U(q) =

(16)-(23), which can therefore be equal to the decay rate
a of V in absence of network.

It is important to notice that many observers in the
literature satisfy Assumption 2 with a linear «, see [27].
Moreover, it is always possible to ensure the conditions
in Theorem 2, like in Theorem 1. Indeed, selecting o}
and ¢} such that ofcf <1 for all i € {1,..., N}, which is
always possible, we have that all the other parameters can
be always chosen such that items (7)-(iv) of Theorem 2
are satisfied.

V(z,2) + Z d;n; along solutions to

5.8. Proofs
5.3.1. Proof of Theorem 1

Let all conditions of Theorem 1 hold.

Item (i) of Theorem 1 follows from (12) and (25) and
the application of [41, Lemma 4]. In particular, it holds

: i : s s s
with o (s) := min{« Nt ) DN dN—N_H}and

ap(s) =a(s +Zd8foranys 0.

We now prove that item (%) of Theorem 1 holds. Let
g € Cand w € W. In view of (13), (14) and (25),

VU@, Fla.0)y < —a(V(z,2) + X illed) +0(lo) +

S il + eonlled) = —a(Ve,2) - X dias(n) +

N
3 (1 + dici)vi(lei]) + 0(|v]). Since ¢ € C, we have from

i=1
(19) that vi(les]) < osai(n;) +¢; for all 4 € {1,...,N}.
Hence, the next inequality holds VU(q), F(q,w)) <

—a(V(x,z)) — Z dioi(m;) + Z (1 + dici) (o (n;) +€5) +

9(|’U|) — —O[(V(-T, Z))— ]szll(dl_o-l(l +dzci))az(nl)+ ;1(14‘

dic;)e; + 0(|v]). Due to the conditions o; € [0,07],¢; €

[0,¢f] and ¢; € (0,¢7] in Theorem 1, <VU(q), F(q,w)) <
N N

—a(V(z, 2))= X (di—of (1+dic]))ei(mi) + X (1+dic])ef +
i=1 i=1

O(Jv]). Using the definitions of J; in item (i¢) of Theo-

)e;, we obtain

N
rem 1 and the fact that v > Z (1 + d;cf)
=1

(VU(9), F(q Z dicvi(mi) +v +6(|v]),

where ¢; is strictly positive for any i € {l,...,N} as
d; > df and ofc; < 1. The proof of item (%) is complete.

We finally prove that item (%) of Theorem 1 is sat-
isfied. Let ¢ € D, in view of (14) and (23) and since
b; € [0,1] for all ¢ € {1,..., N}, for any g € G(q), there
exists k € {1,..., N} such that g € Gi(q), hence U(g) =

N N

Vix,z) + > dim + dpbeme < V(z,2) + D dims = U(q),
i=1 i=1
i#k

which concludes the proof of item ().

sw)) < —a(V(z, 2)) =



5.3.2. Proof of Proposition 1

Consider the Lyapunov function U defined in

(25). From item (i) of Theorem 1 and [41,
Lemma 4], we derive that for any ¢ € C and
w e W, (VU(q),F(g,w))y < —av(U(q)) + v + 0(|v]),
where  ay(s) = min{a ), (%)} and
qn(s) = min{51a1 (ﬁ)7 L ONOaN (J )}, with
d := max{d;,...,dy}. Hence, given ¢ € (0,1), when
v+0(jv]) < (1= Qau(Ulq)),

(VU(q), Fq,w)) < =Cau(U(q))- (30)

We then follow similar steps as in [29, proof of Theorem
3.18]. Let w € Lyy and g be a solution to system (16)-(23).
Pick any (t,j) e domgandlet 0 = tg <t; <+ <tjpq =1t
satisfy domg n ([0,t] x {0,1,...,5}) = Ul_oltrs trs1] x
{k}. For each k € {0,...,7} and almost all s € [tg,tr+1],
q(s,k) € C. In view of (30), applying [42, pages 19-21],
there exists Sy € KL,vu € Ky such that U(g(s,k)) <
Bu(U(q(te, k)),s — te) + yw(v + 0(vl}, o) for all s €
[tk, 1], for all k € {0,...,j}. Consequently, we have, for
any k€ {0,...,7},

Ulq(tri1, k) < Bu((U(g(te, k), thsr —tr)

0+ (1o lga,)) (31

On the other hand, from item (%) of Theorem 1, for each
ke{l,...,5},

U(q(tr, k) = U(q(ty, k —1)) <0 Vke{l,...,j}. (32)

From (31) and (32), we deduce that for any (¢, j) € domg,
Ula(t,4))

Using the
V(x(t, j), 2(t,

< BuU(0,0)),6) + 70+ 8(lolg.)- (33)
U deﬁnition in  (25), we
7))+ Z dini(t,j) < Pu(V(x(0,0),

=1

N
Eldmi((),O),t) + wv + 0(vlp,y)- From  the

last inequality, by wusing (26), we derive (29)
with  B*(s,t) = ap'(Bu(av(s),t) € KL and
7*(s) = ay'(y(s)) for all s,t > 0. This concludes
the proof.

obtain

z(0,0)) +

5.3.83. Proof of Theorem 2
Let all conditions of Theorem 2 hold and consider the

Lyapunov function U defined in (25) with d; satisfying

item (iv) of Theorem 2. Note that d; satisfies the condition

d; > d} in Theorem 1. As a(s) = as and «;(s) = a;s for

any s = 0, for all i € {1,..., N}, by following the steps of

the proof of Theorem 1, we derive that for any ¢ € C and
N N

we W, {VU(q), F(q,w)) < —aV(x,z)— ] dia;mi+ > (1+
i=1 j

i=1

dicy)es +6(|v]). Defining a,, := min{%, s ‘SJZZN} >0,

we obtain

(VU(q), F(q,w))

< —aV(z,z) —

N N
ap X dom + X (1+ dict)e + 6]

i=1 i=1

N
< —min{a, a, }(V(z, 2) + 4;1 din;)

N
+ X (1 +dic))er +0(|v])

=1
N
= —min{a, a,}U(q) + X (1 + dic})er + 0([v])
=1

N
< —apU(q) + X (1 + dic))ey + 0(Jv)),
i=1
(34)
where the last inequality comes from the choice of param-
eters. Indeed, when min{a,a,} = a, then —min{a,a,} =

—a < —ay. Conversely, when min{a,a,} = a, =
mim{‘sé%7 e 512’1?" }, we have from the definition of J;

in item (%) of Theorem 1, for all i € {1,...,n}, —% =
—(di = ot (L+ dic))§ < —(d; = o7 (14 dic)) 5 = —(1 -
»*(i +¢}))ar and since d; = o} (1 —ofc; — ) ' we

derlve that —2 et < —ay. Therefore (34) holds and since

* *
Z e; < 14£, with ¢ = max{d;c7, ... ,dncy}, we have

(VU(q), F(g,w)) < —avU(q) + (1 +5) 215 +0(Jv])

< —ayU(q) + aup + 0(|vl).
(35)
The desired result is obtained by following similar lines as
in the proof of Proposition 1.

6. Properties of the solution domains

We present in this section the properties of the domain
of the solutions to system (16)-(23). In Section 6.1, we
show that maximal solutions are complete, while in Sec-
tion 6.2 we prove that the time between any two consec-
utive transmissions of each sensor node is lower-bounded
by a uniform strictly positive constant.

6.1. Completeness of maximal solutions

The results in Theorem 1, Proposition 1 and Theorem
2 are valid on the domain of the solutions, but we did not
say anything yet about completeness of maximal solutions.
Extra properties on the system plant and the observer are
needed for this purpose. In particular, we assume that
system (2) is forward complete and observer (8) has the
unboundeness observability property with respect to out-
put Z [43], as formalized in the next assumption.

Assumption 3. The following hold.

(i) For any initial condition x¢ in R™ and any input in
L, the mazimal solution to (2) is complete.



(i) For any input w € Ly and y € Lrry, any mazimal
solution z to system (8) defined on [0,t*) with t* :=
sup, domgq < © satisfies imsup,_,;+ |Z(t)| = 0.

Note that Assumption 3 is needed to prove completeness
of maximal solutions, but it is not needed for the stability
results in Section 5 to hold. We are now ready to prove the
completeness of maximal solutions of system (16)-(23).

Theorem 3. Under Assumptions 1, 2 and 3, any maxi-
mal solution to system (16)-(23) is complete.

Proof: We exploit [30, Proposition 6]. Let w € £y, and
¢ be a maximal solution to (16)-(23) with w as input. We
denote, for the sake of convenience, £ := ¢(0,0) € Q. By
definition of C and D in (18)-(21), £ € C U D. Suppose
¢ € C\D, we want to prove that ¢ is not trivial. Since
F is continuous and w € Lyy, from [44, Proposition S1]
there exist ¢ > 0 and an absolutely continuous function
5 [0,e] — Q such that 5(0) = & 3(t) = F(3(t),w(t))
for almost all ¢ € [0,e]. We now write 3 = (32,32, 3¢,3)
where de = (5617' - ?3€N) and dn (57]17 s 7577N)' By the
definition of F', 3,(¢t) = 0 for any t € [0,e]. Moreover,
since € € C\D, 3(0) = & and 3 is (absolutely) continuous,
there exists € € (0,¢€] such that, for any ¢ € {1,..., N},
Yi(J3e, (1)]) < 0506(30,(t)) + €; for almost all t € [0,€].
Consequently, 3(t) € C for almost all ¢ € [0,€¢]. We have
proved that the viability condition in [30, Proposition 6]
holds, which implies that ¢ is non-trivial.

To prove that ¢ is complete, we need to exclude items
(b) and (c¢) in [30, Proposition 6]. Item (¢) cannot occur
because G(D) c C u D and the jump set imposes no con-
dition on w. On the other hand, to exclude item (b), ¢
must not blow up in finite time. Hence, each component
of ¢ must not blow up in finite time. Let q = (x, z, ¢, 7).
By Assumption 3, we have that x cannot blow up in fi-
nite time. Moreover, z cannot do so as well in view of
Proposition 1 and item (éi) of Assumption 3. In addition,
e cannot blow up in finite time by its definition and 7,
cannot in view of its dynamics (14) and because e; does
not, for all i € {1,..., N}. Hence, item (b) in [30, Proposi-
tion 6] cannot occur. Consequently, we conclude that any
maximal solution to (16)-(23) is complete. |

6.2. Minimum individual inter-event time

To exclude the Zeno phenomena, in this section we guar-
antee the existence of a strictly positive minimum time
between any two transmissions of each sensor node, which
is an important requirement that is needed in practical
applications. For this purpose, we adopt a mild bounded-
ness condition on plant (2). As this property is satisfied
for each sensor node, and not for the overall system, it is
an individual inter-event time property, as in [45, Defini-
tion 3]. Indeed, simultaneous or arbitrarily close in time
transmissions performed by different sensor nodes are al-
lowed, which cannot be avoided due to the decentralized
nature of the setting, see Fig. 1.
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We define, like in [45], the set of hybrid times at which
a jump occurs due to a transmission of sensor ¢ for i €
{1,...,N}, as

Ti(q) :={(t,j) € domgq : ¢(t, j) € D; and
Q(tvj + 1) € Gz(Q(t’]))}

From the definition of C; and D; in (19) and (21), we see
that the time between two consecutive transmissions of a
specific sensor ¢ is lower-bounded by the time it takes for
le;| to grow from 0, which is the value after a jump due to
sensor i, according to (23), to at least v; *(g;). To prove
that this time is lower-bounded by a strictly positive con-
stant, we want to exploit the fact that the time derivative
of e; is bounded. For this purpose, recalling that from (9)

- _ _ Oh;i(x)
we have ¢; = g;(v,u,v) = gi(v,w) = === fp(v,w), we
define the following set, for any given £ > 0,

(36)

oh; ()

ox

Vie{l,...,N}},

se = {la e @xws| M | <

(37)

Note that, we can take the same & for all i € {1,..., N}.
Indeed, if this is not the case and the set Sg in (37) is
defined with arbitrarily (large) constants &;, which can
be different for ¢ € {1,..., N}, we can always take & :=
max,e(r,..., N} i, and obtain (37). We now restrict the flow
and jump sets in (18)-(21) to obtain the following hybrid
system

q=F(q,w),
q" € G(g),

(g, w) € Cg :=(C x W) n Sg

(38)
(Qaw) € D¢ := (D X W) N Se.

With the sets C¢ and Dg, we essentially only consider solu-
tions to system (16) such that the norm of the derivative
of e; is bounded. Hence, Theorem 1, Proposition 1 and
Theorem 2 apply to system (38). It is important to notice
that the constraint (37) does not need to be implemented
in the triggering rule: it is only used here for analysis pur-
poses. Moreover, this constraint is always verified as long
as the solution to plant (2) evolves in a compact set, which
is usually the case in practical applications.

In the next theorem we prove the existence of a strictly
positive individual minimum inter-event time [45, Defini-
tion 3] between any two consecutive transmissions of any
sensor node for system (38).

Theorem 4. Consider system (38) with € > 0 under As-
sumptions 1-2. Then, for any input w € Lyy, any solution

q has an individual minimum inter-event time, in the sense
that for any i € {1,...,N} and any (¢,7),(t',5") € Ti(q),

t+j<t+j = t'—t>mn

(Ei), for alli e {1,...,N}. As a conse-

quence, for any input w € Ly, any solution q to (38) has

(39)

vt

with 7; :



an average dwell-time, in the sense that, for any (t,J),
(t',j") € domq witht+j <t'+j,j—j <it—-t)+N
holds with T := % min{ry,...,7n}.

Proof: Let w € Lyy and g be a solution to system (38).
Pick any (t,j) € domgandlet 0 = tp <1 < --
satisfy domg n ([0,¢] x {0,1,...,5}) = Uitk trs1] x
{k}. For each k € {0,...,7} and almost all s € [tg,tr+1],
(q(s,k),w(s,k)) € Cc. Then, for almost all s € [tx, trr1],
from (9) and (38), (q(s, k), w(s,k)) € Ce = (C x W) n S¢
and, in view of (37),

d ohi(z)

ds ox

forallie {1,...,N}. Let i€ {1,..., N}, from (23), when
(t, k) ¢ Ti(q), ei(tkt1, k+1) = e;i(tx, k). Conversely, when
(tk7 k) € 7;((]), ei(tkﬂ, k+ 1) =0.

Let (tx, k) € Ti(q) and ¢}, inf {t >ty : |e;(t, k)| =
v; '(e;) with & > k such that (¢,k) € domg}. Note that
t}. is not necessary the next time after ¢; at which sensor
node i generates a transmission, and that, between t; and
t}, only jumps, which are not due to sensor node ¢, may
occur. Consider that there are n € N of these jumps. Note
that n is finite because of (40) and because the sampled
induced errors e; are reset to 0 after a jump, according to
(23). From (40), we have that for all m € [0,n — 1] and
almost all s € [txrm, tktmt1],

Sty =t

folz, w)‘ <é, (40)

e =\

d
£|ei(s7 Il < €. (41)

Integrating this equation and applying the comparison
principle [46, Lemma 3.4], we obtain, for all m € [0,n — 1]
and almost all s € [tkym,thtm+1], lei(s,k + m)|] <
lei(tksm, k + m)| + E(s — tktm). Similarly, for all s €
[tetn: t1]s lei(s b +n)| < |ei(thrn, b+ )| + E(s = trin).
Moreover, recalling that when (¢, k) ¢ T:(q), ei(tk+1,k +
1) = e;(tx, k), we obtain that, for all s € [t, )]

lei(s, K')| < lei(tr, k)| + E(s —tr), (42)

for k' € [k,k + n], such that (s,k’) € domg. Moreover,
since (tg, k) € Ti(q), ei(tk, k) = 0 and (42) becomes

lei(s, k') < E(s —tg), Vs € [tr, )] (43)

As a consequence, the time it takes for s — E(s — 1)
to grow from 0 to v; '(g;) is 7; = w > 0, for all
i€ {l,...,N} and it lower-bounds ¢}, — ¢} in view of (43).
Let w € Lyy and ¢ be a solution to system (38). Pick
any (t,7),(t',j') € domgq such that t + j < t' + j'. For
any 7 € {l,..., N}, denote with n;(¢,t') the number of
transmission of node ¢ that occur between (¢, j) and (¢, j').
In view of the above developments, we have that n;(¢,t") <

) N

L=t 1 1. Noting that }; n,(t,t') = j' —j, we have j' —j <
‘ i=1

D (t;;t +1). Using 7 = & min{ry,...,7n} and we obtain

i=1
j' =7 < Lt —t) + N, which concludes the proof. |
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The event-triggered observer presented in this paper
guarantees a strictly positive individual minimum inter-
event time between transmissions according to Theorem 4.
Therefore, the time between any two consecutive transmis-
sions of sensor 7 is always greater or equal than the strictly
positive constant 7;, which can be arbitrarily tuned using
the design parameter ¢;. However, the larger 7; is de-
sired or needed for a practical application, the larger ¢;
has to be chosen and consequently, v in Theorem 1 in-
creases. Note that to guarantee the individual minimum
inter-transmissions time we do not need Assumption 3.

Remark 5. The proposed triggering rules stop the trans-
missions of sensor i, when the sampling-induced error e;,
i€ {1,...,N}, becomes and remains small enough, i.e.,
if there exists (t,j) € domq such that |e;(t',5")| < v (g;)
for all (t',5") € domq witht' +j' =2t +j,i€{l,...,N},
then sup; T;i(q) < . Moreover, if the sampling-induced
errors of all sensors become and remain small enough, no
transmissions occurs anymore, i.e., Sup; domq < 0. We
believe that this is a clear advantage over time-triggered
strategies, where output y; is always transmitted, even if
its information is mot needed to perform the estimation,
see [34, Figure 3] for an illustration.

7. Extensions

In this section, we discuss generalizations and extensions
of the results presented so far. In Section 7.1 we discuss the
modifications needed in presence of measurement noise,
while in Section 7.2 we consider the case when the input
u is sampled and transmitted to the observer via a digital
network and we propose a triggering condition for u, which
is compatible with the previous results.

7.1. Additive measurement noise

In the case where the system output is affected by ad-
ditive measurement noise, system (2) becomes

t = fp(z,u,v)

§ = hz) + m, 4

with m € L, where M := My x -+ x My € R x
- x R™~. The output measured by sensor i, with i €
{1,...,N}is

Ui =Y; +my (45)

where m; € L, is the measurement noise of sensor i.
We assume that we know a bound on the £.-norm of the
measurement noise. Therefore, the set M; is defined as
M,; = {7’\7/7,Z € R"vi : |’I>I/’lz| < ml} (46)
for some m; € Ry(. Consequently, the observer does not
know the real output y;, but its sampled noisy version, due
to the network, 4; := §; + m;, where 7m; is the networked

version of the measurement noise m;, with ¢ € {1,..., N}.
Due to the measurement noise, sensor ¢ does not know



the network-induced error e;, but only é;, which is the
network-induced error of sensor i in presence of noise,
which is defined following [45],

€=y — Ui =Yi+m;—y;—m; =e; +m; —m; (47)
foralli e {1,..., N}. Asa consequence, the triggering rule
cannot rely on e;, and sensor ¢ needs to decide when the
measured output g; has to be transmitted to the observer
based on é;. We therefore replace the dynamic of 7; in (14)
by 7; = —a;(7;) + ¢iv:(|é;]) and the triggering rule in (15)
by vi(|&]) = oy (;) + €, for all i e {1,...,N}. We can
then follow similar lines as in [45] to guarantee a practical
input-to-state stability property for the estimation error
system and a semi-global individual minimum inter-event
time. We just need to select g; > ~;(2m;), for all i €
{1,...,N} and then all the previous results hold. Note
that, since, in presence of measurement noise we have a
lower-bound on ¢;, for all i € {1,..., N}, we cannot select
v arbitrary small, as in Theorem 1.

The measurement noise can be used to model possible
interference in the communication channel due to the si-
multaneous transmission of two or more sensor nodes. In
addition, the impact of possible delays in the received mea-
surements packets can be modeled as addictive measure-
ment noise when the transmission delays smaller than the
inter-transmission time. Indeed, denote with ti, k € R~o,
the transmission instants of sensor i, with ¢ € {1,... N}
and with 7/ € R.( the transmission delay at time ¢}. Un-
der the small delay assumption, see e.g., [47], we have that
the delay 7/ is smaller than the inter-event time ¢}, —t},
for all i € {1,... N}, k € R.g. Due to the delay, for all
t e [ti,ti 4+ 7)) the observer uses ;(t; ) instead of g;(t%).
When the transmission is triggered (at time ¢}), from (5)
and (15), we have |y;(t), 1) —vi(t},)| = [7:(t},_1) —¥:(t})| =
v (i (ni(th)) + &) Al € R.g. Thus, for all
t € [t} t;, + 7i) the observer uses g;(t}) with the error
due to the delay, equal to g;(t},_;) — v:(¢},), whose norm is
smaller than Af. As a consequence, |7;(ti_,) —y;(ti)] can
be modeled as measurement noise with bounded norm.

7.2. Triggering the input u

When the input u to (2) is communicated to the observer
over a digital network, Assumption 1 does not hold. We
explain how to define a triggering rule for u in this case so
that the previous results apply mutatis mutandis.

Let @ be the networked version of u available to the
observer. Between two successive transmission instants,
using zero-order-hold device we have @ = 0, and when the
input is sent, u* = u. We define the input network-induced
eITor e, as e, := 4 — u and the observer equations in (7)
becomes

Z

f0(27ﬂ7g7g) = fO(Z7U + €us Y + 673))7
=¥(z),  §=h(2)

In this new setting, where also the input is sampled, As-
sumption 2 needs to be modified so that an input-to-state

(48)

<>
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stability property holds also with respect to the input
sampled-induced error e, .

Assumption 4. There exist a, @, a, Y1,---,7N, 0, Yu
e, V:R™ x R* — Ry continuously differentiable,
such that for all x € R™, 2z € R":, u € R™, e € R",
geR™, veR"™, e, € R™, (12) holds and

a(lr —v(2))) < V(z,2) <a(lv™"(z) - 2))
(VV(2,2), (fp(@,u,0), folz,u+ eu,y +€,§))) <

—a(V(e. )+ X ilesd) + 00D +ullea)

1=

(49)

(50)

For many classes of observers in the literature, if the ob-
server is input-to-state stable with respect to v, then it is
also input-to-state stable with respect to e, see [27] for
more details.

Based on Assumption 4, we can design the triggering
rule for the input similarly to the triggering rule designed
in (15) for the output y;, with i € {1,..., N}. In particu-
lar, let n, be an auxiliary scalar variable, whose equations
during flows and jumps are, respectively,

ﬁu = au(nu) + Cu7u(|eu|) =: gu(nu’ eu)

(51)
77: = buny

where ~,, comes from Assumption 4 and a, € K., ¢, =0
and b, € [0,1] are design function and parameters. An
input data is transmitted to the observer when the condi-
tion

Yu(leul) Z oucn (i) + €u (52)

is satisfied, where o, > 0 and ¢, > 0 are design param-
eters. As for the output triggering rule, parameter ¢, is
needed to avoid the Zeno phenomena. In this new setting,
all previous stability results apply similarly. Moreover, to
have an individual minimum inter-event time a sufficient
condition is that the input u is continuously differentiable
and |u| < &,, where &, is any positive constant.

8. Numerical case study

We design the event-triggered observer presented in this
paper to a flexible joint robotic arm [48]. For this appli-
cation, our framework is relevant in scenarios where the
observer is not co-located with the robotic arm and com-
municates with it through a digital network. In this case
study, we consider two sensor nodes, but the results would
also be relevant if we would have only one node. The sys-
tem model is described by

& =Ax +Bu+Go(Hx) +v

53
y = Cx + m, (53)

where the system state that need to be estimated is z :=
(z1,%2,%3,24), while the measured output y is defined as



y:= (y1,¥y2) = (x1,x2). The system matrices are

0 1 0 0 0
A= —408.6 _1625 42[3).6 (1) . B= 2%.6 ,
i (1)9.5 0 0—19.5 0 Lo 0 (54)
A A
-1 0 0 0

and o(Hx) = 3.3sin(x3) for any z € RY As in [48],
we assume that the input is w(t) sin(t) for all ¢t €
R>. Moreover, we consider the disturbance input v(t)
0.02(0,1,0,1) sin(0.4¢) for all t € Rso and the measure-
ment noise m(t) = 0.01(0,1) sin(0.3t) for all ¢t € Ryo. We
design a continuous-time observer

z

Az + Bu+ Go(HZ) + L(y — 9)

Cz, (55)

<>
Il

where L € R**2 is the observer gain that is designed
following a polytopic approach [49]. To do so, we solve
the linear matrix inequalities PA — WC + PG; + G} P +
ATP—-C"WT £ —Q, i€ {1,2}, with P € R¥* sym-
metric positive definite and W := PL € R**2, where

0 0 0 O 0 O 0 0
0 0 0 o0 0 0 0 0 _
Gy = 0 0 0 0 ,Ga = 0 0 0 0 and Q = I4.
0 0 33 0 0 0 =33 0
0.58 —42.96
. 467  2.83
We obtain L = | 7" 55 |- Note that, observer (55)
16.34 88.46

is in the form of (3) with z = Z. Defining the Lyapunov
function V (§) := £" P¢ for any € € R*, where £ := x — 7 is
the state estimation error, Assumption 2 is satisfied with
afs) = 2@t g gs) = L|PJ*|s]2, m(s)

LIPL |5 and 7a(s) = & [PLJ? s, where cy,c1,c3
are parameters chosen such that ¢, > 0,¢; > 0,¢5 > 0 and
Amin (@) — ¢, — ¢1 — ¢ > 0, while Ly and Ly are the first
and the second column of the matrix gain L, respectively.

We have first simulated the event-triggered observer
(16)-(23) with o1 = 600, o2 = 800, ¢; = 0.001, ¢ = 0.001,
by =1, bo = 1, a1(s) = a1s, with a; = 2, as(s) = ass,
with as = 3, &1 = 10 and &9 10. With this choice
of parameters the conditions o1c¢; < 1 and o9cy < 1 are
satisfied and Theorems 1 and 2 apply. Moreover, the con-
F’h(ig(f) fp(m,w)‘ < € is satisfied for i € {1,2}, for £
large enough and Theorem 4 applies. Thanks to the free-
dom on the choice of ; in Remark 1, we do not need to
use 1, 2 coming from Assumption 2, as explained in Sec-
tion 4, but we can select any -1, o such that v;(s) = ;52
and Yo(s) = lps%, with [} > 0 and [y > 0, which are thus
additional design parameters. We select 1 (s) = 5s? and
Y2(s) = 5s2.

We have considered the following initial conditions
x(0,0) = (3,2,3,—2),%(0,0) = (0,0,0,0),¢(0,0) = (0,0)
and 7(0,0) = (10,10). In Figure 3, we provide the plots
obtained for the plant states and its estimates, in Fig-
ure 4 the plot related to the norm of the estimation error

dition ‘
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Figure 4: Norm of the state estimation error |£| := |z — &

is shown, while in Figure 5 the inter-transmissions time
is reported. From these figures, it is clear that all state
estimation error practically converge. Moreover, the mini-
mum inter-event time measured is 0.201 s for sensor 1 and
0.112s for sensor 2.

We have also analyzed the impact of the design param-
eters, in particular we focus on the effect of o1, 09, €1, €2,
ai, as, I and ly. We have run for this purpose simulations
with different parameters configurations and 100 different
initial conditions for each chosen parameters configuration.
In particular, x1(0,0) and 23(0,0) were selected randomly
in the interval [0, 20], while 22(0,0) and x4(0,0) were cho-
sen randomly in the interval [0, 10]. The initial conditions
of the observer states #1(0,0),22(0,0),£3(0,0),24(0,0)
and of the network-induced errors e;(0,0),e2(0,0) were
always selected equal to 0, while 71(0,0) = 72(0,0) = 10
in all simulations. For all the choice of parameters, we
have evaluated the number of transmissions in the (con-
tinuous) time interval [0, 30] on average and the maximum
ultimate bound on the state estimation error in the time
interval [20,30] averaged over all simulations. The data
collected are shown in Table 1. The same analysis was
repeated also in the case where the system is not affected
by the disturbance input v and the measurement noise m.
In Table 1 the data collected in this configuration are also
reported.

Table 1 shows that choice of the design parameters im-



Table 1: Average number of transmissions in the time interval [0,30] and maximum absolute value of the state estimation error || for
t € [20,30] with different choices for o1, o2, €1, €2, a1, a2, [1 and l2, both with and without disturbance input and measurement noise.

o1 o2 1 £o a as [1 [2 Transmissions 1€] Transmissions 1€]
with v and m with v and m without v and m without v and m
600 800 10 10 2 3 5 5 ‘ 163 0.0236 ‘ 167 6.32-107°
600 800 1 1 2 3 5 5 497 0.0235 515 2.13-107°
600 800 100 100 2 3 5 5 47 0.0236 49 2.34-107%
600 800 1000 1000 2 3 5 5 10 0.0234 7 2.63-107%
0 0 10 10 2 3 5 5 452 0.0238 474 4.02-107°
300 400 10 10 2 3 5 5 221 0.0235 214 4.98-107°
950 950 10 10 2 3 5 5 148 0.0236 156 7.43-107°
600 800 10 10 1 1.5 5 5 126 0.0238 125 1.14-10~4
600 800 10 10 4 6 5 5 223 0.0235 228 6.08 - 107°
600 800 10 10 10 10 5 5 267 0.0234 238 4.01-107°
600 800 10 10 2 3 1 1 55 0.0236 52 2.01-107%
600 800 10 10 2 3 10 10 256 0.0236 256 2.54-107°
600 800 10 10 2 3 100 100 922 0.0236 923 9.88-107"

10 20 25 30

15
Time

Figure 5: Inter-transmissions times (sensor 1 top, sensor 2 bottom)

pacts the average number of transmissions both when the
system is affected by the additional disturbance input v
and measurement noise m and when it is not. Moreover,
data shows that the ultimate bound of the estimation er-
ror is small in all the chosen configurations and that the
obtained values are not significantly affected by the choice
of the parameters in presence of noise m and disturbance
v, but this is no longer true when those are absent.

9. Conclusions

We have presented a decentralized event-triggered ob-
server design for perturbed nonlinear systems. We have
designed for this purpose new dynamic triggering rules for
each sensor node to define the transmissions over the digi-
tal network. We have formally established a uniform global
practical stability property for the estimation error and
we guarantee the existence of a uniform, strictly positive
time between any two transmissions of each sensor node.
Moreover, the proposed triggering rule does not require
significant computation capability on the smart sensor, as
it only needs to run a local scalar filter. We have also
shown how the triggering rule can be generalized and how
to cope with measurement noise and/or sampled input.

It would be interesting in future work to tailor the re-
sults to specific classes of systems and observers, as we
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did for linear time-invariant systems in [34]. Another rele-
vant research direction would be to take into account other
network effects such as delays and packet losses, by taking
inspiration from e.g., [50, 51].

Appendix A. Technical lemmmas

We present two technical lemmas. The first one is about
the change of the supply rates and generalizes [52, Theo-
rem 1].

Lemma 1. Let f:R" x R™1 x -+ x R~ — R™  with
Ny Nuyy - - -y Nuy € N. Suppose there exist V : R™ — Ry,
with ny € Nsg continuously differentiable, oy, ayv, o,
Y1, --,YN € Ko such that for all x € R™  u; € R™

ay(|z]) < V(z) <av(lz)

N
WV (), (f(z,ur, .- un))) < —a(|z]) + Z vi(luil)-

(A.1)
Then, for all i € {1,...,N} and any given 5; € K. wveri-
fying vi(r) = O(F:(r)) as r — oo, there exist ayy, aw, &
and W : R — Ry continuously differentiable such that
for all x € R | u; € R™,

aw (|2]) < W(z) < aw(|z)) (A.2)
N
(VW (), f(z,u1, .. un)) < —a(|z]) + Z Yiluil). (A.3)

Sketch of proof: The proof follows similar steps as the
proof of [52, Theorem 1]. Let W := p oV where p is a
K -function defined as p(s) := SS q(t)dt, where ¢ is a suit-
ably chosen smooth non-decreasing function from [0, o)
to [0,00), which satisfies ¢(t) > 0 for ¢ > 0. Hence,
the function W is continuously differentiable and posi-
tive definite by properties of p and V. As a consequence,



there exist ay, € Ko and aw € K, such that (A.2)
is satisfied. Following similar steps as in the proof of
[52, Theorem 1] we obtain (VW (z), f(z,u1,...un)) <

JXV] [¢(V(2)) (—xa(z]) +7i(|ui]))] instead of [52, Equa-

=1

tion (4)]

(VW (z), f <

X

(z,u1,...

un)y

i [a(¥i(Jua))vi(luil) = s alay (J2])a(z)]

(A4)
instead of [52, Equation (6)] with ¢; := @y o™ (2Nv;) €
K, for any ¢ € {1,...,N}. Since v;(Jui]) = OFi(Juil))
as |u;| — oo, for all ¢ € {1,..., N}, following the same
arguments as in the proof of [52, Theorem 1] we obtain
that, for all i € {1,..., N}, there exists ¢; smooth non-
decreasing function such that ¢;(0) = 0 and

Dilwi])vi(ui]) < Fi(Jwil)-

Note that the condition ¢;(0) = 0 does not come from the
proof of [52, Theorem 1], but the proof applies by adding
this extra condition. We define ¢ := min{q,...,qn}. Note
that ¢ is a positive definite, non-decreasing function. Using
[53, Lemma 1] we have that there exists a function ¢ € K,
smooth on R, so that q(s) < G(s) < ¢;(s) for all s > 0,
for all i € {1,..., N}. Combining the last inequality with
(A4), (A.5), and defining & € K, as in the proof of [52,
Theorem 1] we obtain (A.3), which concludes the proof. B

The next lemma is related to the decay rate of the Lya-
punov function in Remark 3.

ai( (A.5)

Lemma 2. Consider system (16)-(23) and suppose As-
sumptions 1-2 hold. For any ay € Ky such that ay < «
any compact set M < Q and any v > 0, select o;, ¢,
€, di, by and 0; as in Theorem 1 for all i € {1,...,N}
and define d := max{dy,...,dy}. Select a; € K, such

that min {(51a1 (dN> L o0naN (dN)} = Ypam(s) for all

> 0, where Ypg € Ko, is the modulus of continuity of
the function ay in the compact set M. Then, for any
qgeCn M and any we W,

F(q,

with U defined in (25) and 0 € K. comes from Assump-
tion 2. Moreover, (A.6) holds globally, i.e., for any q € C
andw € W, when a € Ky, is uniformly continuous or when
a € Ky is subadditive, i.e. a(s1)+ a(s2) = a(si + s2), for
all s1,80 = 0 and o; € Koo with i € {1,..., N} are selected

such that o (ﬁ) > a(gj) for all s = 0.

(VU(q), F(g,w)) < —au(U(g)) +v +0(Jv]),  (A.6)

Proof: We first show that we can ensure any decay rate
ay on flows for U along solutions to (16)-(23) with ay €
Ky and ay < a on any given compact set by suitably
selecting «; in (14), for all i € {1,..., N}.

Let M c Q be a compact set, g € C n M and w € W,
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from (27) and by using [41, Lemma 4] we obtain
(VU(q), F(g,w))

A7)
< —a(V(z,2)) -

an<i§1 dini) + v + 0([v]),

where o, (s) —mln{51a1 (dN> §NaN( )}EIC,,
with d := max{di,...,dy}. Take any ay € K., such
that ay < a on M. From the Heine-Canton theorem,
we have that ay is uniformly continuous on M. Apply-
ing [54, Proposition A.2.1] we have that, for all q e M,

av (V(a,2) + Z dine) — o (Vi 7)) < (Z din ).
where g € IC7 is the modulus of continuity of ay. Se-
lecting o; € K, i € {1,..., N} such that, for all s > 0,

ay(s) = mln{dlal (dN) L ONOaN (dN)} = Yamls),
1), {VU(q), Fg,w)) < —a(V(z,2)) —

(X dim) + v+ 0(0]) < —a(Vw,2) - av (Vi) +

we obtain from (A

N
> dmi) + ay (V(w,z)) + v + 0(Jv]), and since ay < «,
i=1

N
(VU (@), Fla,w)) < —ou (Ve 2)+ X di) +v+0(10]) =

—ay(U(q)) + v + 0(|v]). Moreover, when o € K, is uni-
formly continuous the result is global for all oy € Ko, such
that ay < a and ay uniformly continuous. This comes
directly from the first part of this proof.

We now prove the last part of the lemma, in par-
ticular we prove that (A.6) holds globally when « €
K is subadditive, ie. «a(s;) + a(s2) = a(31 + 89),
for all s1,80 = 0 and o; € Ky with ¢ € {1,...,N}

> a(s for all s > 0

are selected such that oy dN
From (A 7) we have (VU(q), F(q, )> < —a(V(x,z2)) —

(z dzm) v+ 0(0), < —a(V(z,2)) — (2 din; ) +

v+ 9(|v|) where the last inequality comes from a,(s) =

min {(51a1 (ﬁ) , QN (ﬁ)} > as), for all s > 0.
Since « is subaddltlve we obtain (VU(q), F(q,w))

—a(V(x,z)—i— » dmi) +v+6(|v]) = —(U(g)) +v +6(

and since ay < a, (VU (q), w)) <
O(|v)-

/N

v)

—ay(U(q)) +v +
[ |

F(q,
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