Event-Triggered Control for a Class of Cascade Systems
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Abstract— This paper addresses the event-triggered control
of cascade connected systems. In particular, we present event-
triggered mechanisms that guarantee the stabilization of cas-
cade systems with partial state feedback without infinitely fast
sampling. Our approach is based on growth conditions on the
interconnection terms and does not follow the framework of
input-to-state stability with respect to the subsystems and/or
measurement errors.

I. INTRODUCTION

During the last decade, the study of event triggered control
has attracted considerable attention within the control sys-
tems community, see [1]-[5], [9]-[?], [16]-[18], [21], [25],
[29], [30] and references therein. The main feature that
characterizes the event-triggered feedback strategies is that
information is exchanged only when a certain condition is
violated resulting in aperiodic controller updates. Although
event-based schemes are not a new concept (see for instance
[2]), recent advances in systems and control provided pow-
erful tools for the analysis and design of such methods.

The introduction of the input-to-state stability (ISS) prop-
erty by Sontag [28], provided a new approach to the study
of nonlinear systems with inputs. For event-triggered control,
the ISS framework was firstly implemented in [29] for the
design of a mechanism that is based on the state of the
system and yields asymptotic stability of the closed-loop
system. Specifically, under the assumption that the system
is ISS with respect to measurement errors, a simple event
trigger was proposed such that the sampling error is bounded
by a specific threshold depending on the system’s state
and also the intervals between sampling instants are lower
bounded by a positive constant. This technique proved to
be very useful and inspired several authors to use analogous
assumptions to study a variety of problems for linear and
nonlinear systems. For instance, similar designs have been
used for output-feedback and decentralized control in [5],
for distributed network control [4], [30], for stabilization of
systems subject to quantization and time-varying network
induced delays in [10]. In the recent papers, [4], [16],
and [17], the authors study the event-triggered control for
large scale interconnected systems, by employing ISS small
gain theorems. For the event-triggered control of nonlinear
systems various other approaches and formalisms have also
been considered; see for instance [11], [18], [21], [25].

For linear systems, the property of ISS follows immedi-
ately from the stabilizability of the system. However, for
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Fig. 1: Cascade connection of systems

general nonlinear systems, this property holds for some
special classes, see for instance [6], [8], [15] for such designs.
In particular, in [6] and [8], there are counterexamples that
show that the design of a feedback law that renders the
system ISS wrt measurement errors is not always feasible.

In this work, we study the event-triggered control for a
class of cascade connected systems, Fig.1. A feature that
characterizes these systems is that the control input enters
only the z-subsystem, and the state of the z-subsystem is
considered as the input for the z-subsystem.

The problem of stabilization of cascade systems was
addressed by various authors in the past years under dif-
ferent assumptions and techniques. For instance, in [23],
it was proved that the uncontrolled cascade is globally
asymptotically stable (GAS) if all trajectories are bounded
and both subsystems are GAS. In [22], the authors studied
the stabilization of partially linear cascade systems, i.e. the
composition of a nonlinear system with a linear one. Several
generalizations were also obtained in [7], [13] and [19] for
general classes of cascade systems under growth restrictions
on the interconnection terms. Various other approaches have
also appeared in the literature, see for instance [20], [24]
and references therein. Finally, the ISS framework provided
new techniques for the study of cascades as in [27] and for
general interconnected systems in [14].

This paper presents event-triggered control strategies for
a class of cascade connected systems with partial state
feedback designs, i.e. the feedback is based on the state
of the second subsystem. A key feature of those strategies
is that the stabilizing feedback is not necessarily ISS with
respect to measurement errors. It should be noted that similar
time-dependent triggering schemes have also appeared in
[12] and [26]. However, here, we mainly deal with nonlinear
systems. The paper is organized as follows. In Section II we
recall some basic concepts and definitions. In Section III,
a partially linear cascade system is considered to introduce
the main ideas for the event-triggered control of cascade
systems. Finally, in Section IV, we generalize the results of
Section III for more general classes of systems. Examples
and simulations are also included throughout the paper, to
demonstrate the proposed techniques.

II. PRELIMINARIES

A function o
continuous and strictly increasing with «(0) =

: Rzo — RZO is of class IC, if it is
0. If in



addition lim;_,o, a(s) = oo, then « is said to be of class
Koo. A function ﬁ : RZO X RZQ — RZO is of class KL
if for each fixed ¢ the mapping §(-,¢) is of class K and
for each fixed s it is decreasing to zero as ¢t — oo. By
|z| we denote the Euclidean norm of a vector z € R”. A
function f : R® — R™ is said to be Lipschitz continuous
on compact sets if for every compact S C R" there exists
a constant L such that |f(z) — f(y)| < L|z — y|, for every
2,y € S. By Anin(A) and Apax(A) we denote the minimum
and maximum real part of the eigenvalues of A € R"*"™,
respectively. Next we recall some known definitions.

Definition 2.1: The system & = f(z) with f : R" — R"
being locally Lipschitz and f(0) = 0, is globally asymptoti-
cally stable (GAS) if there exists a class CL function (-, )
such that for any initial state z(0) the solution exists for all
t > 0 and satisfies |x(¢)| < B(|=(0)],t).

Definition 2.2: The system & = f(z) with f: R — R”
being locally Lipschitz and f(0) = 0, is globally exponen-
tially stable (GES) if there exist positive constants x, p such
that |z(t)| < k|z(0)]e™*, t > 0, z(0) € R™.

Lemma 2.1: [Gronwall-Bellman Lemma] Let x, ¢ : R —
R be continuous functions and a, b > 0. If x2(t) < a +

t 2 p 1/2
b [ ¥(s)x?(s)ds, then, x(t) < (aexp {bfs W(T)dr D
III. PARTIALLY LINEAR CASCADE SYSTEMS

In this section we present then main ideas of event-
triggered stabilization for partially linear cascade systems of
the form:

& =F(x)+G(z,2)z, ze€R" zeRP,
2=Az+ Bu, u€R™,

(1a)
(1b)

where F, G € C* and A, B are constant matrices of
appropriate dimensions. In particular, we will study the
behavior and performance of the cascade system when the
(partial) state feedback w(t), that stabilizes the z-subsystem,
is implemented in a sample-and-hold fashion, i.e.: u(t) =
u(ty), Vt € [tg,tr11), Where tg, k € N are the time instants
the controller is recomputed and updated.

Systems of the form (1) have been extensively studied
and several results appear in the literature (see for instance
[13], [22]). There are several examples where, even if both
systems are GAS, the state of the x-subsystem may escape
to infinity in finite time. In order to deal with such cases, the
idea is to restrict the interconnection term G(z, z) by a linear
growth condition. Then, the stability of the cascade can be
guaranteed as shown in [7], [13], [20], and [22]. Specifically,
in [22], it was proved that the cascade (1) is GES if the
following assumptions hold
(A1) The pair (A, B) is stabilizable.

(A2) There exist a C' function V : R* — R> and positive
constants ai, as, asz, ag with

a1|:1:|2 <V(x) < a2|:13|27 (2a)
V=@ p) < —aylal?, (2b)
W) | < ayla, (2¢)

that establish global exponential stability of the equi-
librium = = 0 of the nominal system & = F(z).

(A3) There exists a nondecreasing function k(|z|) > 0, such
that |G (z, 2)| < k(|z|)|z| for all z, z.

Remark 3.1: By using standard converse Lyapunov theo-
rems, there exists a Lyapunov function V' (z) satisfying (2),
provided that F'(z) is globally Lipschitz.

Assume first that assumptions (A1), (A2), and (A3) hold.
Then, by virtue of assumption (Al), the linear feedback
u = Kz renders the closed-loop system z = (A + BK)z
globally asymptotically stable. Since between updates the
value of w is held constant, the sampled closed-loop system
is written 2(t) = Az(t) + BKz(ty). Let us define the state
measurement error e,.(t) = z(ty) — 2(t), k € N. Then, the
cascade closed-loop system is written

& =F(z)+ G(z,2)z,
2 =(A+ BK)z+ BKe,.

(3a)
(3b)

Our objective is to define a suitable triggering mechanism
T(t,e.-(t)) > 0, with which the sample-and-hold imple-
mentation of the partial state feedback law v = Kz will
guarantee the stability of the cascade, and also that the inter-
sampling times are lower bounded avoiding Zeno behavior.
In particular, we have the following.

Proposition 3.1: Consider the partially linear cascade sys-
tem (1) that satisfies assumptions (Al), (A2), and (A3).
Suppose that the triggering condition is given by

Tt er(t) = ler(t)] - ce ™, 4)

with ¢ > 0, 0 < a < A = [Amax(A + BK)|. Then, the
closed-loop system (3) is exponentially stable and the inter-
event times are bounded by a constant 7 > 0. <

Proof: For brevity and conciseness, let us first define
A := A+ BK and B := BK. Consider now the analytic
solution of the closed loop system (3b) for zy € RP, ¢t > O:
2(t) = eAtzo+f0t eAt=9)Be,.(s)ds, which implies, |z(t)| <
leAt]|z0| + fot |eA(=9)||B]|e,(s)|ds. Since the matrix A is
Hurwitz, it follows that there exist constants «, A > 0 such
that |e”*| < ke, t > 0. Thus, we get

t
12(8)] <klzole™ + / e Blle, (s)|ds.  (5)
0

Now, let us turn our attention to the subsystem (3a).
Consider the derivative of /' given in assumption (A2) for
the subsystem (3a): V = W F(x)+2L G, 2(t))2(t), where
z(t) is the solution of the system (3b) and satisfies (5). Thus,
by taking into account assumptions (A2), (A3), and (5) we
obtain:

V < — aglaf?+ | 5G| (G(a, =(2))]|2(0)
<~ @Y 4 k(|2(0)]) 20l NV

t
+ k(|2(8)) 2RV / M) Blle,(5)|ds. (6)
0

The triggering condition (4) with ¢ > 0 and 0 < a < A =
[Amax(A + BK)|, will guarantee boundedness of (5) which



will result in exponential stability of the cascade system (3).
Indeed, with this triggering condition we get from (6),

’ a a —At

V<=2V +E([2(t)]) gt klzole” MV

+ () 5B (e — e MY, ()

where A — a > 0. Notice first, that since k(|z|) is nonde-
creasing and bounded for bounded z, it follows that

t
B(12(0)]) < k(slzole ™ + n/ M) Blle, (s)ds )
0

<k (lzole ™ + SBLE e — e ) < ke (n]zo] + 2ELE).

From the previous inequality and (7) we have that

V< — @Vt k(nlzo] + 52 ) 22n]z0le ™V

A—a

+ k(/<;|zo| + f;\lf\;) %(e*“t —e V. (8)
It follows from (8) and the Gronwall-Bellman inequality that
V(z(t)) < 'ye*a%tV(x(O)), where v = exp{k(k|zo| +
'f\u_glf)fﬁ—;(\zo| + uﬂ)} which implies exponential stability
for the cascade system (3).

Next, we prove that Zeno behavior is excluded, namely,
that there exist a lower bound on the inter-event times.
Without loss of generality, let us assume first that |A| # 0.
Then, between two consecutive events [tg,tx,1) it holds
that ¢é,.(t) = —2(t) = —Az(t) — BKz(tx), or equivalently,
6 ()] = | A(=(t) — er) + BE2(ty)] < | A+ BE||2(t)| +
|Alle-|. At the event time tj, it also holds that |e(tx)| = O.
Thus, by solving the previous differential inequality for
t € [tk,tk+1), we have that

le, (£)] < \A+B‘1§1\|\Z(tk)| (eIA\(t—tk) _ 1>. 9)

Recall now that, according to the triggering condition (4), the
next event instant occurs when, e, (tx11)| = ce~%t+1, Thus,
it follows from (9) that ce™®#+1 < T|z(t,)|(el A1 —te) —
1), where T' = ‘Atf Kl Then, from the previous inequality,
a lower bound on the inter-event intervals is given by,

thyr — th > |j”m(l + W) |A| # 0. (10)
To prove that there is no Zeno behavior, it suffices to show
that 511 —%, > 0. Recall that by the triggering condition (4)
we have [e; (tp41)] = [2(tk) —2(te41)| = [2(tk)| —[2(tkt1)],
or equivalently

2(te)] < ce™H  [2(trr)]- (11)

Notice now that from (4), (5), and the fact that (e~% —
e~) >0 for all ¢ > 0, the state z(¢) is bounded by
2(8)] < K|zole M4+ BBIE (=0t _emA) < )20l (12)
K|Ble
A—a
(11) and (12) that the following holds 0] >
ce” “tk+1 ce” “th+1 _ c >0
ce Ml 4|z(tpy1)| T ce” “thHlpgg|zole TR+l T ctkilzol ’

Thus, (10) and the previous inequality imply that for | A| # 0,

where ki =

}. Then, it follows from

ce” “th+1

max{k|zo],

ton =t > (14 sy ) > 0.vkEN. (13)
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Fig. 2: Evolution of state of system (14) and inter-sampling times.

Finally, we consider the case where |A| = 0. Then, neces-
sarily we have that the matrix B has full rank due to assump-
tion (A1). With similar manipulations as above and by taking
into account (4) and the fact that é,.(t) = —BKz(t;) and
lex(te)] = 0, we get tiyr — ty > cem s /(| BK]|2(t)]),
with 0 < a < A = Apax(BK). Then, with similar arguments
as above we can obtain the lower bound txi; — tx >
BReramn > 0 ke N [

Remark 3.2: We note that the triggering condition (4) is
not new and variants of it have appeared in the literature,
see for instance [12], [26].

Example 3.1: Consider the system

i1 = —(3 + cos(x2))x1 + 22 + 2127 (142)
T = —xysin(zy) — 229
21 =—21+ 22
{ z9 =221+ 29 + 2u (14b)
Notice first that the nominal system & = F(x), z =

(v1,22)T, F(2) := (—(2 + cos(wa))x1 + T2, —21 sin(xy) —
x5)T is GES with Lyapunov function V := 1/22? + 1/222
and the interconnection term satisfies |G(z, z)| < k(|z|)|x|
with k(|z|) = |z1]|. Thus, both assumptions A2 and A3 hold.
Finally, the feedback law v = —2z; — 5/2z5 stabilizes the
linear subsystem (14b). Therefore, according to the previous
analysis, the triggering condition is chosen as |e,(t)] <
ce™®, with ¢ > 0 and « satisfying the following condition
0 <a< A= \a(A+ BK)|, where \,4.(A + BK) is
the maximum real part of the eigenvalues of (A + BK). In
Fig. 2, are shown the state of the cascade (14) with a = 0.55,
¢ = 0.38 (blue) and with a = 0.55 and ¢ = 0.6 (yellow),
where we have experience with a number of 26 and 21 events
respectively. It can be seen that larger values of ¢ reduce the
number of controller updates at the cost of performance.

IV. A GENERAL CASE

In this section we address the problem of event triggered
control for the following general case of cascade systems

F(z)+ G(z,2)z, z € R" z€R™,
= f(z) + 9(2)u, ueR?,

(15a)
(15b)

T
z
with f, g € C'. In particular, we will present two triggering
schemes, with which, Zeno behavior is avoided and the
cascade system (15) is GAS. For the latter we will exploit
assumption (A3) as well as, the following two hypotheses

(A4) There exist a C! function V, : R™ — R, a locally
Lipschitz map h : R™ — R with h(0) = 0, and



constants b; > 0,7 =1,...,4 such that
bi|z]? < Vi(2) < bolz|? (16a)
V. = S5 ((2) + g(2)h(2)) < —balzl>  (16D)
| 2G| < py)2. (16¢)

(AS) The equilibrium z = 0 of & = F(x) is GAS and there
exists a C! function V, : R® — R with V,(0) = 0
such that a;|z[? < V() < aslz|?, | 9= < aslz|, a1,
as, az > 0 and Ve (w)F( ) <0, x € R™.

Note that, assumption (A4) implies that the closed-loop

system 2 = f(z) + g(z)h(z) is GES and assumption (AS)

requires a Lyapunov function for the nominal system & =

F(z) to be known. Next, we recall a theorem from [23]:

Theorem 4.1: Consider the cascade system

= fi(z,2), z€R", 2z € R™, (17a)
2= fa(2), (17b)
where f1, fo are locally Lipschitz and f(0) = f1(0,0) = 0.

Then, if & = fi(x,0) and 2 = f3(z) are both GAS, and
every trajectory of (17) is bounded for ¢ > 0, then (17) is
GAS. «

We will present next, two triggering mechanisms that
guarantee the stability of the cascade closed-loop system (15)
and prevent the occurrence of Zeno behavior. In particular,
the following result holds

Proposition 4.1: Under assumptions (A3), (A4), and (AS5)
the system (15) with each of the triggering conditions

() |2(tx) - 2(8)] < ol2(0)]. o = o(z0) > 0;

(i) |z(tk) — 2(t)] < ce ™, ¢, a >0,
is asymptotically stable and Zeno behavior is avoided.
Proof: Suppose that we sample and hold the mea-
surement at time ¢t = t; and use the constant feedback
u = h(z(ty)), t € [tk,tg+1), k¥ € N. Then the subsystem
(15b) is written 2 = f(2) + g(2)h(2(tx)), t € [tk,tr+1), OF
equivalently

2(t) =f(2(t)) + g(z(t))h(z(t))
+9(2(8)) (h(z(tr)) — h(z(1)))-
(i) Let zp € R™, and define the set Q; := {z € R™ :
2—?|zo\}, where by, by > 0 are given in assumption (A4).
Then, by taking into account (16b), (16c), and the facts that
g € C! is bounded on Q; by a constant k, > 0, and h is
locally Lipschitz, with Lipschitz constant L; on the compact

set (), we calculate the derivative VZ of V, along (18) to
obtain the following estimate

(18)

2| <

V. (2(t)) < —bs|z(t)|* + bakgLp|2(t)||2(tk) — 2(¢)|. (19)
If we enforce the triggering condition
|2(tk) = 2(1)| < olz(t)]; (20)

with 1 > o > 0 sufficiently small in such a way that
obskg Ly < b3, then, we get from (16a) and (19)

Va(2(t) < —2(1 — obakg Ln)Va(2(1)). 1)

Notice that €2 is a forward invariant set for the closed-loop
system, since the triggering rule (20) guarantees that vV <o.
Indeed, suppose on the contrary that there exists T' € (to,t1),
where ¢; is the first event, such that z(T") ¢ (2. Due to con-
tinuity of z(-), there exists ¢ € (t9,T") such that V,(z(¢)) =
%‘ZOF and z(t) ¢ Qs, t € (f T). Then we get from (16a)
that Z—j|z0|2 < V.(z(T)) = V.(2(1)) + ft 2 (2(s))ds <
V. (2(1)) = lg—f\zo 2, which is a contradlctlon. Flnally, from
the Gronwall-Bellman inequality, (16a), and (21) we get that

|2()] < \/272|2062bl?2(1<7641€th)t.
1

Next, consider the Lyapunov function V, given in as-
sumption (AS5). Then we have V, < 83‘% G(z,2(t))z(t)
from Wthh it follows that V,(z(t)) < Vi(mo) +
fo x(s), 2(8))||z(s)|ds. From the latter and by tak-
ing now 1nt0 account assumptions (A3) and (A5), we obtain

|$(t)|2 V(Lo) + a3/ |2(s |2 2(5)])]2(s)|ds.

Consider now the estimate (22) for the state z(¢). Since
kE(|z(t)]) > 0 is nondecreasing, we get from (23) that
lz(t)|* < B + B2 fo |z (s)[2k( n\zo|) —Ksds, where B =
Vi(wo)/ar, B2 = (kl2olas)/ar, & = \/ba/b1, and p =
b3(1 — obakyLy,)/(2b2). By applying Lemma 2.1, with a =
B1. b= Bak(k|zo|) and ¢(t) = ™" we get

t 2
o0 = (oo [ Kelzhgeeoash) o0

(24)
which implies that z(¢) is bounded. Since z(t) is also
bounded by (22), we conclude from Theorem 4.1, that the
cascade is asymptotically stable.

Finally, we prove that the sampling intervals are bounded
from below. The proof follows similar arguments to [29].
First, define e = Z — z, 2 := z(t;) and notice that since f,
g are C! and h is Lipschitz on compact sets, it follows that
2] < (Ly+hgLn) 2|+ (kg Lu)lel < (Ly-+hgLn)(|2]+lel) =
L(|z| + le|), where Ly > 0 and L, > 0 are the Lipschitz
constants of f and h respectively, k, > 0 a bound of g on
the compact set €2;. Similar to [29], it can be shown that the
derivative of |e|/|z| satisfies the estimate & ||e‘| < L(1+ I‘ell)
with L := Ly + kyLj. By denoting y = |e|/|z|, we have
y < L(1+y)? and by the Comparison Principle, it follows
that y satisfies the bound y(t) < ¢(t, ¢g), where ¢(t, ¢p)
is the solution of the differential equation ¢ = L(1 + ¢)2,
(0, ¢0) = ¢o. Thus, the inter-event times are bounded by
the time 7 that satisfies ¢(7,0) = o, with ¢ satisfying (20).
From the solution ¢(7,0) = 7L/(1 — 7L) we get the lower
bound 7 = o/(L(1 + o)) which completes the proof that
Zeno behavior is excluded.

(ii) Assume now that we enforce |z(ty) —

|2(tk) — 2(8)] < ce™™,

(22)

(23)

z(t)] to satisfy
(25

for some positive constants ¢ and a. Notice first that the
triggering condition (25) implies that

|2(t)| < ce™ ™ + |z(tr)|, Vt € [th, try1). (26)



Let 0 < C < 1 and define the sets B(|z]) :=
R™ : |z] < 20|}, Q1 := B(lz0]) + C, and Q2 :=
Vo H(Va(B(l20))) + €', where V7H(VL(B(|20]))) := {z €
R™ : V,(z) € V.(B(]20]))}. Then it holds that

Q1 C Qo.

Let to = 0. Then, until the first event at ¢; occurs, (26)
implies that for 0 < ¢ < C, z(t) € @1 and consequently
from (27) that z(t) € Q2. By taking into account, assumption
(A4), (19), and (25) we obtain

Va(2(1)) < —bs|2(8)|? + cbakgLn|z(t)]e™",

where Ly > 0 is a Lipschitz constant of h(-) on the compact
set ()2, and k; > 0 is a bound of g on the same set. Let
O<c<m1n{C,bkL }, where 0 < C' < 1. Then, if it
holds that |z(t)| > e_“t it follows from (16a) and (28) that

Vo(2(t) < =5 (b3 — chakg Lp)Va(2(1),  (29)

with b3 — cbskgLp, > 0. Indeed, assume first that
min{C, ;27— k -} = C < 1. This would imply that bskg Ly, <
bs and (29) holds w1th 0 < c < C < 1. On the other
hand, if min{C, ;¢ Lh} = b4kth, then with ¢ = m,
a > 1 we again ’ obtain (29) with (b3 — cbakgLy) =
bs3(1 — 1) > 0. Additionally, it follows from (29) that
|z(t)] < Z—f|zo|ef“t, where = (bs — cbakyLy,)/(2b2).
Notice now that, at time t; = 0, due to continuity of
z(+) the triggering will not happen instantaneously. Thus,
until the next event occurs at time t; > to, VZ < 0. The
latter implies that z(t) € V' (Vo(B(|z0l))), t € [to,t1)-
Similar arguments hold for all intervals [t,t5+1), k¥ € N. In
particular, let k € N. Then, since z(t) € V7 (V. (B(|z0]))),
we get from (26) that z(t) € Q2 for all ¢ € [tx,try1). The
latter, in conjunction with the fact that VZ < 0, implies that
2() € Vo (Va(B(|20))s £ € [t thr).

Finally, if [2(t)] < e %, t > 0, we get from (16a)
that |z(t)] < +/ba/bre %, t > 0. On the other hand,
if there exists time 7' > 0 such that |z(T)| > e~¢T,
then from continuity of z(-), there exists £ < 7' such that
|z(t)] = e7% and |2(t)] > e~*, t € [t,T]. Then, from
(16a), (29), and by further restricting 0 < a < pu =
(b3 - Cb4/€th)/(2b2) we obtain b1| ( )|2 < V( (T)) <
V(z(1) < ba|2(1)[* < bae™ 2ut which implies that |2(T)| <
/b2 /by max{|zo|, 1} e~ Next for every 7 > 0 such that
|z(t)] > e, t € [0,7], it follows from (29) that |z(¢)| <
Vb2 /bi|z0le™, ¢ > 0 with 0 < a < p. If there exists T > 0
such that |2(T)| < e‘“T it follows with similar arguments
as before that |2(t)| < /ba/by max{|zg|,1}e~%, ¢t > T.

{z €

27)

(28)

Hence, |2(t)| < \/bz/bl max{|zo|,1}e %, ¢t > 0, prov1ded
that 0 < a < p.
Next, we will show that, with 0 < ¢ <

min{C, b3/(bskgLp)}, 0 < C < 1 and 0 < a <
w = (bs — cbakgLp)/(2bs), we can avoid infinitely fast
sampling. In order to show that the inter-event times are
lower bounded, we follow similar arguments with those
of Proposition 3.1. First, define e,.(t) := z(tx) — z(t). By
taking into account that f, g € C' and h is Lipschitz

on compact sets with constants Ly and L; respectively,
we have [e,(t)] < (Ly + Lukg)lz(to)] + Lyles(t)].
Solving this differential inequality with |e(tx)| = 0 we get
e, (¢)] < M(G(Lfﬁ‘Lhkg)(t_tk) — 1). From
the triggering condition (25), we know that the next event
instant occurs when |e,(tx41)] = ce”?*+1. Hence, from
the previous inequality we have that the inter-event times

1
Satisfy. tk-‘,—l - tk 2 mln(l —|— @fﬁlﬁ)
Thus, it suffices to prove that the argument of the lyogarlthm
is greater than one. With similar arguments to those in
the proof of Proposition 3.1, it follows, by taking into
account that |2(txy1)] < /b2/b1]z0le”%*+1 and the fact

that |z(tx)| < ce™ %+ + |2(tg41)], that

C \V/ b2/b1|20‘

where L := Ly + Lpk,.

Finally, by taking into account assumption (AS5) and with
similar arguments as in part (i), we again obtain (24) with
B1 =V (xg)/a1, P2 = (kaz)/a1, k = \/ba/by max{1,|zol|}.
The latter, together with Theorem (4.1), implies asymptotic
stability of the cascade system (15). |

Remark 4.1: In (28), we used the fact that the set ()5 is
compact in order to obtain the positive constants kg, and Lj,.
In practice it is not always easy to calculate explicitly this
set. However, for any zy € R™, it is easier to calculate the
constants k, and Ly, on the set Q3 := B(1/ba/b1]|20]) + C
which includes Q5.

Remark 4.2: For the triggering mechanism (25), analo-
gous results were obtained in [9], where system (18) was
considered as a perturbed system with perturbation terms
resulting from sampling.

Finally, we provide an extension of Proposition 3.1 for
the general system (15), that relaxes the need for (AS5). In
particular, the following holds

Proposition 4.2: Under assumptions (A2), (A3), and (A4),
the cascade system (15) with each of the triggering condi-
tions (20) and (25) is exponentially stable and Zeno behavior
is excluded.

Proof: [Sketch] Similarly to the proof of Proposition
4.1, we can obtain an estimate fo the form |z(¢)] <
k|z0le ™", with x and p depending on each of the triggering
conditions (20) and (25). Specifically, for the case (20), x =
\/bg/bl and o= (]. — 0b4kth)b3/(2b2), 0<o<1;and
for the case (25), k = /b2 /b1, 0 < ¢ < min{1,1/(kyL)}
and 0 < pu < (1 — ¢)bs/(2bs). Then, from assumption (A2),
there exists a positive definite and proper Lyapunov function
V. and positive constants a1, a2, as, a4 such that (2) holds.
Then, by taking into account (2), the previous estimate of
z(t), and assumption (A3) we obtain

v, < —Z—sz + Z—‘l‘k(m|zo|)6_“ti,

for i, k > 0 as previously defined and therefore, V,(z(t)) <
v exp{—ast/as}V,(x(0)), for some v > 0, which implies
exponential stability. Similar to the proof of Proposition 4.1,
it can be shown that Zeno behavior is excluded. [ ]
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Fig. 3: Evolution of states with state-dependent threshold (left) and
time-dependent threshold (right).
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Fig. 4: Evolution of |z(tx) — 2(t)| with state-dependent threshold
(left) and time-dependent threshold (right).

Remark 4.3: It should be noted that the feedback u =
h(z) that exponentially stabilizes the z-subsystem in assump-
tion (A4), does not necessarily render the closed-loop system
ISS with respect to measurement errors e € R™. This is
illustrated in the following example.

Example 4.1: Consider the planar system

&=—xz+x2?

3 = — zsin?(2?) + ucos(2?)

This system satisfies assumptions (A2), (A3) and (A4). In-

deed, the state feedback u = —2z cos(2?) renders the closed-
loop system exponentially stable with Lyapunov function
V, = 1/222. However, as has been proved in [6], this

feedback does not render the z-subsystem ISS with respect to
measurement errors. From the time-derivative of V, = 1/222
we get V, = —22 and thus (16) holds with by = by = 1/2,
bs = 1, by = 1. Similarly, we also have for the nominal
system & = —x, that a1 = a2 = 1/2, a3 = a4 = 1. With
initial conditions (x¢, z9) = (1,2), we can find L, = 5.5,
ky =1 and we can select 0 = 0.15, ¢ = 0.15 and a = 0.4.
The simulation results are depicted in Fig. 3 and 4.

V. CONCLUSION

This paper presents results for the event-triggered control
of a class of cascade systems with partial state feedback.
The proposed mechanisms ensure stability of the system
and avoid infinitely fast sampling. A main feature of those
techniques is that no assumption of ISS with respect to
measurement errors is required. Future work will include
event-triggered control of cascade systems with full state
feedback and also more general classes of cascades, i.e., the
first subsystem being also augmented by the control input.
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