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Abstract

In this work, we introduce a class of impulsive switching signals described via functional inequalities which govern the switch-
ing among different modes with state resets. By choosing the parameters of the inequalities appropriately, we can recover
several known classes of switching signals and also allow for signals that depend on time, mode or state of the system. Signals
from this class can also be generated online via the use of an auxiliary timer while the dynamical system is running. Via a
multiple Lyapunov functions approach, we provide sufficient conditions on the functional parameters of the switching signal
which ensure that the equilibrium is globally asymptotically stable (GAS) for autonomous impulsive switched system. In case
of inputs, similar methodology is used to provide sufficient conditions for input-to-state stability (ISS) and integral-input-to-
state stability (iISS) uniformly over the proposed class of impulsive switching signals. As case studies, we consider switched
systems which do not satisfy ISS (respectively, iISS) property for switching signals with arbitrarily large dwell-times but they
are shown to be ISS (resp. iISS) for our proposed class of impulsive switchings signals described via functional inequalities.

Keywords: Impulsive switched systems, hybrid systems, global asymptotic stability, input-to-state stability

1. Introduction

Inheriting the merits of both switched systems [19, 33] and
impulsive systems [2, 9], impulsive switched systems are par-
ticularly useful in the study of complex systems which con-
sist of both continuous and discrete dynamics. An impulsive
switched system is composed of three parts: a family of con-
tinuous processes characterizing the flow behavior of the sys-
tem between impulses or switches, a family of discrete pro-
cesses characterizing the jump behavior during impulses or
switches, and a governing law which determines the impulse
times and orchestrates the switching of the system dynamics.
The stability analysis of such systems is rather intricate due
to the interaction of continuous and discrete dynamics and
this paper focuses on providing sufficient conditions which
can cover a broad class of such systems. For systems without
inputs, global asymptotic stability (GAS) of the equilibrium is
a property of fundamental interest [17], and for the systems
with inputs, we consider input-to-state stability (ISS) and in-
tegral input-to-state stability (iISS) introduced in [32] and
[1] respectively, which characterize the effect of external sig-
nals on the stability of the state trajectories. For a switched
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system to be GAS, ISS or iISS uniformly over arbitrary switch-
ing signals, not only all the subsystems are required to have
these properties, but in addition all subsystems must share a
common Lyapunov function. While the existence of a com-
mon Lyapunov function turns out to be the necessary and suf-
ficient condition for GAS, ISS or iISS switched systems under
arbitrary switching [5, 11], such conditions are very restric-
tive in practice and there are well-known classes of switched
systems which are GAS, ISS or iISS uniformly over some set of
switching signals but not all switching signals [19]. For such
systems, different approaches can be used to describe the sets
of switching signals over which the desired stability property
is ensured uniformly. The most straightforward method is to
introduce slow switching. Intuitively, the actions of switching
are treated as the source of instability and hence, as long as
switching occurs sufficiently infrequently, the stability of the
switched systems can be ensured. Well-known slow switch-
ing conditions include dwell-time (DT) condition and average
dwell-time (ADT) condition. An autonomous switched sys-
tem with a common asymptotically stable equilibrium for all
subsystems is shown to be GAS, uniformly for switching sig-
nals with sufficiently large DT or ADT [24, 15]. For switched
systems with inputs, ISS can also be studied similarly with
respect to slow switching signals subjected to DT or ADT con-
ditions [34]. Building on these results, there has been signif-
icant research to generalize the class of switching signals for
which one can establish GAS, ISS, or iISS uniformly. These
generalizations are developed by modifying the framework
from aforementioned references in certain directions: a) by
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modifying the definition of ADT, b) by allowing some unsta-
ble subsystems and/or stabilizing discrete jump maps, and
¢) by relaxing the assumptions on the supply functions in the
dissipation inequalities associated to each subsystem.

For the first case, the notion of ADT is generalized by re-
placing the affine function of time in the definition of ADT
by a more generic function in [18]. Similar generalization is
also seen in the recent work [12]. Meanwhile, in [23], the
authors propose impulse sequences whose impulse frequen-
cies are eventually uniformly bounded, but iISS-related ques-
tions have not been investigated for such a class of signals.
For the second case, one may consider unstable subsystems
with stabilizing impulsive maps and frequent switching, so
that the impulsive maps dominate the continuous flow and
stabilize the system [35, 36]. Conditions describing how fast
such stabilizing impulsive effects must occur are captured
under the notion of reverse average dwell-time (rADT), in-
troduced in [14]. Alternatively, since the activation of un-
stable subsystems is treated as the source of instability, sta-
bility of a switched system with unstable subsystems can be
preserved by limiting the time that the system dwells in the
unstable modes. Following this approach, average activa-
tion time (AAT) conditions are introduced, which are usually
imposed together with ADT conditions in the characteriza-
tion of switching signals, uniformly over which an impulsive
switched system is shown GAS, ISS or iISS [37, 25, 22]. The
third research direction comes from relaxing the linear decay
on the Lyapunov functions of individual subsystems to non-
linear decay functions. The papers[7, 21] provide counterex-
amples of switched systems with all stable subsystems where
the dissipation inequalities have nonlinear supply functions
and the resulting switched system is not asymptotically stable
no matter how large the DT or ADT is chosen. Sufficient con-
ditions for impulsive systems with nonlinear decay functions
in dissipation inequalities associated to continuous and dis-
crete dynamics appear in [29, 4]. These were generalized to
switched systems in [38] while using a Lyapunov function for
the stability analysis, and the construction of this Lyapunov
function builds on some earlier work done in [27]. Inspired
by [38], the recent work [22] allows for unstable systems and
develops conditions for GAS, ISS, iISS which relate ADT and
AAT in a rather elegant manner.

Despite the fact that all the aforementioned approaches of
switching are well established and acknowledged in the lit-
erature, they have their own limitations. On one hand, slow
switching or rapid switching are purely time-dependent, and
as shown in [20, 10] that when the Lyapunov functions for
individual subsystems are naively chosen, the lower bounds
on the DT or ADT may be too conservative and sometimes
impractical for providing stability guarantees. It is also ob-
served in [7, 21] that for some switched systems with stable
nonlinear subsystems, there always exists a divergent solu-
tion no matter how slowly the system switches. On the other
hand, AAT condition only characterizes subsystems to be ei-
ther “stable" or “unstable" and confines the total activation
time of all “unstable” modes. This is clearly restrictive, as
dwelling in a “more unstable" mode has a more negative im-

pact on the stability compared with dwelling in a “less un-
stable" mode. Therefore, the restrictions of the activation
time of the two modes should be different, or put differently,
one should allow for mode dependent AAT. The scope of this
work is to overcome these limitations by proposing a class of
switching signals which refines and unifies different classes
of switching signals. In a nutshell, the major contribution of
this paper lies in the identification of certain classes of impul-
sive switching signals such that

» for the systems which are uniformly stable with respect
to the impulsive switching signals satisfying some well-
known conditions in the literature, our results show that
stability is guaranteed uniformly with respect to a newly
proposed broader class of impulsive switching signals;

e for the systems which are not uniformly stable with re-
spect to the impulsive switching signals satisfying those
well-known conditions in the literature, our results show
that stability can still be guaranteed uniformly with respect
to a smaller class of impulsive switching signals.

These objectives are achieved by introducing a class of im-
pulsive switching signals, which is defined via functional in-
equalities. The parameters in these inequalities are possible
functions of time, modes, and state of the system. In addition
to providing sufficient conditions for non-emptiness of such
classes of impulsive switching signals and for ruling out Zeno
signals, we also provide a constructive method to generate
such impulsive switching signals online. This is done with
the help of an auxiliary timer in the hybrid systems frame-
work involving flow and jump dynamics. Our results provide
sufficient conditions for GAS, ISS, and iISS in terms of the
parameters of functional inequalities and the functions ap-
pearing in the dissipation inequalities of individual subsys-
tems. As an illustration of our theoretical results, we con-
sider several case studies. The first case study shows that
autonomous impulsive switched systems are guaranteed to
be GAS uniformly over a broader class of switching signals
than those satisfying time-dependent conditions. The other
two case studies contain switched systems which are known
to be not ISS (respectively not iISS) under ADT switching
no matter how slowly the system switches, but they are ISS
(resp. iISS) uniformly over the class of impulsive switching
signals studied in this paper.

The rest of the paper is organized as follows. Section 2
reviews the necessary mathematical tools for this paper. Sec-
tion 3 introduces the novel class of impulsive switching sig-
nals. Section 4 and Section 5 provide the main stability the-
orems and case studies of autonomous impulsive switched
systems and impulsive switched systems with inputs, respec-
tively. Finally Section 6 concludes the paper.

2. Preliminaries

In this section, we will first introduce the basic notations
needed. We will then formally define impulsive switched sys-
tems and provide some stability definitions for such systems.



A motivational example is also presented at the end of this
section to highlight the central theme of our research.

2.1. Mathematical notations

Let N be the set of natural numbers including O,
R, Ry, R, be the set of all real numbers, non-negative real
numbers and positive real numbers, respectively. For any vec-
tor x € R", denote its 2-norm by |x|. Moreover, for any set
</ CR", let x|, :=inf ¢, |x — y|. With some abuse of no-
tation, when & is a countable set, |7 | means its cardinality.
For a function f : Ryq — R" whose left limit exists at t > 0,
denote this left limit by f(t7) :=lim,_,,- f(s).

A function a : Ry — Ry is said to be of class Z 2 (pos-
itive definite) if it is continuous, a(0) = 0 and a(s) > O for
all s > 0. If a is also strictly increasing, then it is said to
be of class .. In addition, if a is also unbounded then it is
said to be of class #,,. A function f8 : Ryy x Ry — Ry,
is said to be of class &% if B(-,t) is of class & for each
t € Ry, B(s,-) is continuously decreasing and f(s,t) — 0
as t — oo for each fixed s € Ry(; see [17, Chapter 4]
for their use in formulation of common stability notions.
In addition, we require class ¥ ¥ ¥ functions: A function
B Ryp x Ryg X Ryg — Ry is a class # £ % function if
B(-,-,j)is a class # % function for each j = 0 and (-, ¢t,-) is
a class # % function for each t = 0.

2.2. Definition of impulsive switched systems

Let .# C N be a finite set. An impulsive switching signal is
a pair (0,7), where o : Ry, — £ is a right-continuous,
piecewise constant function and & := {ty, t,, -+ } is a count-
able subset of R, such that the following conditions are sat-
isfied:

¢ (Compatibility) all discontinuities of o belong to J;
¢ (Non-Zeno) for any bounded interval I, |I N | is finite.

Let ¥ be the set of all admissible impulsive switching signals.
In particular, for any (i, j) € .#2, let Fj={teT o(t)=
i,0(t) = j}. With this definition, 7, ; is the collection of all
switching instants from mode i to mode j wheni # j, and 7; ;
is the collection of all impulses while maintaining the mode
to be i. It is easy to see that when J;; = @ for all i € .#,
the impulsive switching signal reduces to the usual switching
signal and when .# is a singleton, the impulsive switching
signal reduces to the usual impulse signal.

For a given impulsive switching signal (¢, 7) € & and de-
pending on whether the system is autonomous (i.e., has no
exogenous input) or it has an input, we consider the follow-
ing two types of impulsive switched systems:

x(6) = fon(x(t))
x(t) =g ;(x(t7))

for almost all t € 7, (1a)
t €7, (i,j) €9, (1b)

»J2

or

x(t) = fo(x(t),w(t))  foralmostall t € 7, (2a)

x(t) = g;;(x(t7), w(t))

Here, x : Ry, — R" is the state trajectory, w : Ry — R™ is
the input signal and it is assumed to be Lebesgue integrable,
locally essentially bounded on R, and bounded on 7. We
denote by .#,, the set of all such admissible input signals.
Moreover, f; : R" — R" asin (1a) and f; : R"xR™ — R" as
in (2a) are assumed to be locally Lipschitz in their arguments,
and g;; : R" — R" as in (1b) and g;; : R" x R™ — R"
as in (2b) are assumed to be continuous in their arguments.
With these assumptions, the solutions of differential equa-
tions (1a), (2a) are well-defined and absolutely continuous
[13, Chapter 1]. The discontinuities introduced by the equa-
tions (1b), (2b) make the state-trajectories piecewise contin-
uous, and we work with solutions that are right-continuous.
We call (1a), (2a) the continuous flow and (1b), (2b) the dis-
crete jumps. We denote the solution of (1) with initial state x,
and impulsive switching signal (o, 7) by x(-; xy, 0, 7). Sim-
ilarly, we denote the solution of (2) with initial state x,, input
w and impulsive switching signal (o, 7) by x(-; xq, w, 0, 7).
When x,, w, (0,7 are clear from the context, the solution is
also abbreviated by x, same as the state trajectory.

teJ;,(i,j))es’  (2b)

2.3. Stability definitions for impulsive switched systems

In this paper, we will focus on one internal stability prop-
erty for the autonomous system (1) and two external stabil-
ity properties for the system with an input (2). Moreover, we
consider these stability notions with respect to a compact set
«/ C R", and provide conditions that establish these proper-
ties uniformly with respect to the impulsive switching signals
in a subset & C ¥. In what follows, the essential supremum
norm of w over a set I (that is, the supremum of w on I except
for a set of measure zero) is denoted by esssup,¢; |w(s)|.

Definition 1. An impulsive switched system (1) is globally
asymptotically stable (GAS) uniformly over X if there exist
B € A% such that

[x(t; x0,0, T ) o < B(Ix0] 05 t) 3)
forall t = 0,x, € R" and (0,T) € Z.

Definition 2. An impulsive switched system (2) is input-
to-state stable (ISS) uniformly over X if there exist f €
HL,y1,Yy € X such that

x(t; x0,w, 0, T )| s < (Il r5 t) + 71 (eS8 su]p lw(s)I)
s€(0,t

+712( suplw(s))) (4
s€(0,tInT

forall t 2 0,x, € R",w e A, and (0,T) € %.

Definition 3. An impulsive switched system (2) is integral
input-to-state stable (iISS) uniformly over X if there exist a; €
Koo, B € X L,Y1,7y € X such that

t

ao(|x(t; x0, W, 0, T )| o) < B(Ix0].0» t)+f r1(Iw(s))ds

0



+ Dorn(wE) 6

s€(0,tInT
forall t =2 0,x, € R",we A, and (0,T) € =.

Our definitions of ISS and iISS are adopted from [3] and
[26]. Notice that both ISS and iISS require the unforced sys-
tem, i.e., system (2) with w(t) = 0, to be GAS. Also notice
that the last terms in (4), and in (5) do not appear in standard
definitions of ISS and iISS for non-switched systems; these
additional terms are needed in our framework to capture the
growth of state trajectories at switching/impulse instants due
to the presence of inputs in the discrete jump maps (2b).

2.4. Motivational example

Consider a one-dimensional switched system with 3
modes:

x(t) o(t)=1,
x(t)=1 —x(t) o(t)=2, tET,
—2x(t) o(t)=3,
[2x() teFsugys,
x(0)= {x(t‘) otherwise. tes.

To ensure GAS of the set . = {0}, for a class of switch-
ing signals which allow occasional activation of the unsta-
ble mode 1, the system must consistently switch to either
mode 2 or mode 3, both of which are stable. While [25]
provides an upper bound on the average activation time for
mode 1 based on switching frequency, a less conservative sta-
bility condition should consider the specific switches, partic-
ularly acknowledging that switches to mode 3 amplify the
state and thus have a more destabilizing effect than the other
switches. Conversely, as dwelling in mode 3 has a more stabi-
lizing impact than mode 2, a less conservative stability con-
dition should also take into account the activation time of
each mode. In the context of this one-dimensional system
with linear flow and jumps, establishing a class of impul-
sive switching signals which guarantee stability is already in-
tricate. This complexity intensifies when dealing with non-
linear flows, jumps, and external inputs — a challenge that
forms the core focus of our research. In particular, the results
of Section 4 provide a class of switching signals for which
this system is GAS, while taking into consideration the issues
raised here.

3. Impulsive switching signals defined via functional in-
equalities

Given a constant T > 0, a functionc : 4 — R and a
function d : #2xR" — R such that d(i, j, x) is continuous in
x, we consider impulsive switching signals (o, J) satisfying
the following functional inequality:

fc(a(’r))d’v+ > d(o(v),0(e),x(zT)) T, (6)

TE(s,tINT

for all t > s = 0. Define %(c,d,T) := {(0,7) € T :
(6) holds}. It is not difficult to see that the inequality (6)
is a time/mode/state-dependent condition on the impulsive
switching signals. However, full information of the state tra-
jectory x(+) is unnecessary for checking (6). In fact, because
o is piece-wise constant, only the set 7, and o(t; ), x(t;)
for any t; € 7 are needed (note that o(t;) = o(t;, ), where
t;q is the first switching/impulse instant after t;). In other
words, we only need to know the set of switching/impulse
instants, the values of the impulsive switching signal and
the state before each switching/impulse instant and conclude
whether (o,7) € 2(c,d, T).

As discussed in Section 2, since GAS, ISS, iISS for impul-
sive switched systems are defined to be uniform with respect
to a class of impulsive switching signals, we need to ensure
that (c,d, T) is significantly large. In this section, we first
show that depending on the functional parameters c,d ap-
pearing in the definition, (¢, d, T) in fact encompasses many
well-known classes of switching signals. We then show that
when c,d satisfy some mild conditions, X(c,d,T) is non-
empty and the inequality (6) does not allow switching signals
with Zeno phenomenon (that is, accumulation of infinitely
many switching/impulse time instants over a finite interval).
We also show that any (o, 7) € %(c,d, T) can be generated
online via the use of an auxiliary timer.

3.1. Comparison with known sets of switching signals

Here, we recall that, the paper [14, Theorem 1] consid-
ered stability of impulsive systems with impulsive sequences
&[u, A] that satisfy

Vt>s=20:—d*(s,t]NT|—(c*—A)(t—s) < u,

for some c*,d* € R, and u, A > 0. This class of impulsive sig-
nals can be obtained from (6) by setting T = u, c(i) = A—c*,
and d(i,j,x) = —d*. Since the set &[u,A] is equivalent
to the class of average dwell-time (ADT) or reversed average
dwell-time (rADT) switching signals depending on the signs
of ¢c* — A,d*, the set %(c,d, T) can also represent classes of
ADT or rADT switching signals, denoted by X pp or Zapt
respectively, by selecting proper constant functions ¢,d. In
addition to that, since we allow the functions ¢ to be mode-
dependent and d to be both mode- and state-dependent, the
set of impulsive switching signals >(c,d,T) can be made
more general. In this subsection, we show that X(c,d, T)
can be the superset of many well-known classes of switching
signals, some of which cannot be modeled by &[u, A].

Assume that d(i,j,x) < 0 for all (i, j) € #2,x € R" and
there exist a partition ¢ = 4 U %, and c] < 0,c; = 0 such
that c(i) < ¢ for all i € 4 and c(i) < ¢ for all i € .%,. We
have

t t t
f c(o(r))dr <c f 1o(nesdT + czf 1,(0)ern,dT

t
<ci(t—s)+(c;— c;‘)J 15(1)es,dT,
S



where 1, is the indicator function. Hence, (6) holds if

Glt—s) T
+

* __ ko
Ca ™6

t
f lo(t)eyudf S - 7
S

c—cr
This is the average activation time (AAT) condition of modes
in the set .#, [25], with AAT parameter ——

* ok
S 6

and chatter
bound % Denote the switching signals satisfying (7) by
Yaar- Meanwhile, it can also be computed that (6) holds if

ci(t—s) T

* %
Cu cs

®

t
f Lr(esdT =
S

* %
G 6

This is the reversed average activation time (rAAT) condition
<

and chatter

of modes in the set .%,, with rAAT parameter

bound —# Denote the switching signals satisfying (8) by
Z:rAAT'

Finally, suppose that the system state does not jump after
each switch. Assume c(i) < Oforalli e £. LetV, : R" —
R~ be some value functions for each i € .¢ and construct
d(i,j,x) :=InV;(x) —InV;(x) + € for some € > 0. Then, it is
not difficult to see that (6) holds if d(o(t7), o(t),x(t7)) <0,
which is equivalent to

Vo (x () S e Vyy(x(t7)) VteT, ©)

which is a state-dependent condition. Denote switching sig-
nals satisfying (9) by Xgp.

So far, it is seen that under some particular conditions
on the functions c(i),d(i, j, x), the set of switching signals
Y ADT> ZrADT> LAAT> 2raaT> Lgp are all subsets of X(c,d, T). As
aresult, an impulsive switched system is GAS, ISS or iISS uni-
formly over X apt, ZrapT> ZaAT> Zraar OF Zgp if it is also GAS,
ISS or iISS uniformly over %(c,d, T). It can be acknowledged
that neither ADT nor rADT conditions are mode-dependent,
and AAT, rAAT conditions are only partially mode-dependent,
in the sense that they only differentiate modes i with ei-
ther negative or non-negative values of c(i). Meanwhile, the
state-dependent condition (9) is not time-dependent. The
comparisons show that the set of impulsive switching signals
defined via the functional inequalities (6) is a generalization
of the combination of all the aforementioned sets of switch-
ing signals.

3.2. Regularity considerations

Stability analysis in this paper will become vacuous if
¥(c,d, T) = @. This could happen, for example, when c(i) >
0 and d(i,j,x) = 0 for all i,j € .#,x € R". Clearly in this
case, (6) will be violated when t —s is sufficiently large. The
first proposition in this section provides sufficient conditions,
under which X(c,d, T) is non-empty.

Proposition 3.1. If there exists i € .# such that c(i) < 0, or
there exist d* < 0 and k modes ij,i,, -+ ,i;, € % such that
d(i},ij41,x) < d* forall x e R"and | = 1,2,---,k, where
l}q =13, then ©(c,d, T) # @ for any T > 0.

Proof. Clearly when c(i) < 0, the constant signal with 7 =
@,0(t) =i for all t = O satisfies (6), as its left-hand side is
always non-positive.

When c(i) > O for all i € .# and the other conditions in
Proposition 3.1 hold, consider the periodic impulsive switch-
ing signal with 7 = {lAt : | = 1,2,---}, where At :=
w03, and o(t) = i moaq for all t € [IAL, (1 +1)At),
[ € N. For any interval [s,t), let j € N be such that
t —s € [jAt,(j + 1)At). Then there can be at most j
switches/impulses over the interval [s,t) according to the
definition of . We have

Jc(a(’r))df—k > d(o(r),0(x),x(77))

T€(s,tINT

< (t—s)maxc(i) +jd* < (j+ 1)Atmaxc(i) + jd*
i€y i€y
=+ 1)min{T,—d*}+ jd* < T.
Hence (0,7) € X(c,d, T). O

We remark here that the set of switching signals
YADT> 2rADT> LAAT> 2raar> Lsp as discussed in Section 3.1 all
satisfy Proposition 3.1 and hence they are all non-empty.

Note that since %(c,d, T) is defined to be a subset of &, it
naturally excludes Zeno signals. Nevertheless, Zeno signals
may satisfy the condition (6). For example, when d(i, j, x) <
0 for all i,j € #,x € R", then (6) allows signals with in-
finitely many switches/impulses over a finite interval. This
observation leads to the following straightforward sufficient
condition, under which (6) automatically excludes Zeno sig-
nals:

Proposition 3.2. When there exists d* > 0 such that
d(i,j,x) = d* forall i,j € #£,x € R", then (o,T) satisfy-
ing (6) cannot be Zeno.

Proof. Clearly in this case, infinitely many switches/impulses
over a finite time interval will lead to the left-hand side of (6)
being infinite. O

Proposition 3.2 directly concludes that the switching sig-
nals satisfying the ADT condition are non-Zeno, since in this
case, we have d(i,j,x) = d* > 0 foralli,j € #,x € R".
A less trivial sufficient condition guaranteeing non-Zeno sig-
nals is observed for autonomous impulsive switched systems
with convergent jumps and bounded finite-time reachable
set. This sufficient condition allows negative d(i, j, x) and
is stated below.

Proposition 3.3. Consider the autonomous impulsive switched
system modeled by (1). Assume that there exist € > 0, contin-
uous functions ¢; : R" — R for all i € .# such that

d(i, j,x) 2 1h;(g;;(x)) = hi(x) +e. (10)

Further assume that for any initial state x, € R" and any im-
pulsive switching signal (o, T ) satisfying (6), the following two
properties hold:



* The jumps are convergent. That is, either J is finite, or
T = {ty, ty-++} such that lim__, o, [x(t;) — x(t;)| = 0.

* The finite-time reachable set is bounded. That is, for any
T* = 0, there exists a compact set Z(x,, T*) C R", inde-
pendent of (o,7), such that x(t;xq,0,7) € Z(xq, T*)
forall t €[0,T*].

Then, such (o, ) satisfying (6) cannot be Zeno.

Proof. Pick arbitrary initial state x, € R". Suppose there is
a Zeno signal (o, 7) satisfying (6). Denote the accumula-
tion point of switches/impulses as T*; that is, lim;__, ., t; =
T* < oo. It follows from the uniform continuity of ;
over Z(xq, T*) that there exists § > 0 such that for any
te, tp € [O: T*]:

Vie #.
1y

It also follows from the uniform continuity of f; over
R(xy, T*) that, for a given p > 1, there exists 7] > 0 such
that for any t, t,, €[0,T*]N T,

x(ta)=x(tp)l < & = [h;(x(£)) =i (x(£p))] < %

_ o
ltisr — tel < 77 =[x () —x(t ) < 2 (12)

Additionally, it follows from the convergent jumps property
that there exists 7 > 0 such that for any t, €[0,T*]N 7,

_ 6
ty = T"— 75 = [x(t;) — x(£,)] < 5

(13)
Define 7% := min{7], 75} and let sp,s1,55,-*,s, € [T* —
7%, T*]1NT be consecutive switch/impulse instants such that
o(s,) = o(sy), called a ¢ycle. Since there are p modes in .#,
without loss of generality we choose r such that r < p.

Consider the case r = 1. Sinces; = T*—17, it follows from
(13) that |x(s;) —x(s])| < % < §. It then follows from (11)
and the fact o(s;) = o(sy) that

d(0(s0), 0(s1), %(57)) Z Yo(s)(X(51)) = Y5, (X (s7)) + € =

N ™

When r = 2, we can first conclude that

r

> d(o(s0), o (si), x(57))

k=1

> (oo (x(s10) = Yo (xX(s55)) +€)
k=1
=re+ > (Yo, X (5k1)) = Yo n(x(57)))
k=1

+ 5 (Yoo @50 = o (X (56-1))

k=1

r—1
=re+ Z (Yo (X(51)) = Yo (x(55,1)))

k=0

+ (wa(sr)(x(sr)) - wo(so)(x(so))) .

On one hand, it follows from (11) and (12) that
Yo (X (1)) = Yo (5,) (X (51, ,)) = —35. On the other hand, we
first obtain from (12) and (13) that

r

r—1
1x(5,) = x(50)| < D Ix(si) = x (5l + D (s, — x50
k=0

k=1
<o s
2p 2p

Thus, it is further implied by (11) and the fact o(s,.) = o (s)
that ¥ y(x(5,)) = Y (s,)(x(s0)) = —5. Therefore, we con-
clude that

; d(o(sp), o(s), x(sy)) > re— % _ g _ (r —21)6 =

€
7"

In other words, over a cycle, 21::1 d(o(s; ), o(si), x(s ) is
bounded below by 5. Since [T* —1*,T*]NJ consists of in-
finitely many switches/impulses and .¢ is finite, it must con-
tain infinitely many consecutive cycles [16] and hence the
left-hand side of (6) is infinite when the time interval [s, t)
contains these cycles. This leads to the violation of (6) for
any T > 0. ]

By applying Proposition 3.3 to Xgp, when the system has no
jumps, we conclude that the state-dependent switching sig-
nals satisfying (9) are non-Zeno, provided that the solution
does not escape in finite time.

Proposition 3.3 requires the properties of convergent
jumps and bounded finite-time reachable set, especially in
order to bound the term [t 5.y (x(s.)) =Y 55,y (x(s0))|. Such
properties do not hold in general for impulsive switched
systems with arbitrary inputs. Beyond Proposition 3.2 and
Proposition 3.3, which only provide sufficient conditions for
excluding Zeno impulsive switching signals, less conservative
conditions with more information on the system dynamics
can certainly be investigated in the future research.

3.3. Hybrid model of the switching signals

It may appear that, since the switching signals satisfying
(6) allow for dependence on state, such switching signals
cannot be pre-defined before running the impulsive switched
system. With given functions c, d and constant T, stability re-
sults which are uniform with respect to %(c,d, T) are mean-
ingful if we can generate a switching signal o € %(c,d, T)
concurrently while the system is running. We show that this
can be done by designing an auxiliary timer and modeling
the impulsive switched system in the framework of hybrid
systems, under the assumption that the mode-to-switch is
known at each switching/impulse instant.

To this end, we define the hybrid state by z

(y"€a b)T € ¥ = R"™! x %2 where the component
y € R" is a copy of the state x of the impulsive switched
system, the component £ € R is the timer for dealing with
the condition (6) and the components a, b € .# are the cur-
rent mode and the mode-to-go, respectively. We start with an
autonomous switched impulsive system,; i.e., it has dynamics



given by (1). We appeal to the hybrid model in [8], described
compactly by the following inclusions:

2€F(z), z€C
+ (14)
z7€G(z), z€D
with data C, D, F, G given by
C=R"x[0,T]x .92 (15a)

D= {(y, &,a,b)e X : £ [0, T —max{d(a, b,y),O}]},

(15b)
fa(¥)
o) = | Le@maxle(@,01) | 150
0
(ga,b(y)
a@=| "W |, (15d)
59
where

ifd(a,b,y) =0,
ifd(a,b,y) <0.
16)
When the switched impulsive system has an input; i.e., it
has dynamics given by (2), we alternatively consider the hy-
brid model in [31], described compactly by the following in-
clusions:

ay o [(EFd@ DY)
7 [max{0,+d(a, b, )}, €]

¢2€F(z,u), (z,u)ecC
+ a7
z7 €G(z,u), (z,u)eD
with data C, D, F, G given by
C=R"x[0,T]x .#2xR™, (18a)

D={(y,§,a,b)e 2 : £ €[0,T —max{0,d(a, b, y)}]} x R™,

(18b)
faly,w)
Flz,u) = [C(a),ma)(;{C(a),O}] ’ (180)
0
8ap(y,u)
G(z,u) = Egz) (18d)
y

where Z(z) is defined in (16). It is not difficult to verify that
the hybrid systems (15), (18) are well-posed as defined in
[8], [31], in the sense that

* C and D are closed subsets of & for (15) (resp. closed
subsets of & x R™ for (18));

* F is outer semicontinuous and locally bounded relative to
C and F(z) (resp. F(z,u)) is convex for every z € C (resp.
(z,u) € C);

* G is outer semicontinuous and locally bounded relative to
D.

We now provide some explanation of the hybrid systems
(15), (18). Indeed, the first components in (15c), (15d)
or (18c), (18d) show that y mimics the dynamics of the
state of the impulsive switched system. To capture the con-
dition (6), we let the timer & flow with a flow map in the
set [c(a), max{c(a),0}] when & € [0, T]. Meanwhile, £ can
also jump - corresponding to a switch/impulse for the im-
pulsive switched system — with a jump map in the set Z(z)
when & € [0, T —max{d(a, b, y),0}]. When jump occurs, the
current mode a is updated to the mode-to-go b, whereas b
can be changed to any mode in .#.

Letdomz C RN denote the hybrid time domain of a hy-
brid solution z of (15) or a hybrid solution pair (z,u) of (18).
We provide a few definitions regarding hybrid solutions.

Definition 4. A hybrid solution z or a hybrid solution pair
(z,u) is called

* Complete, if dom g is unbounded;

* Non-Zeno, if either it is not complete, or dom, z := {t :
dj s.t. (t,j) € domgz} is unbounded;

¢ Double-jump-free, if for any t € dom, 2, the set {j : (¢, j) €
domz} contains at most 2 elements;

* Propery, if it is complete, non-Zeno and double-jump-free.

The following proposition states the equivalence between
the impulsive switching signal/state pair of the impulsive
switched system and the solution of the hybrid system.

Proposition 3.4. There is a surjective map from the proper hy-
brid solutions of (15) or proper hybrid solution pairs of (18)
with hybrid input u(t,j.) = w(t), j, := max{j : (¢t,j) €
dom 2} to the switching signals (o, 7) € ©(c,d, T), given by

(19a)
(19b)

o(t) =al(t,j.),
T ={t:3Jjs.t (t,j),(t,j+1) € domgz}.

Moreover, the corresponding state of the impulsive switched sys-
tem is given by

x(t) = y(t, j,)- (20)

The implication of Proposition 3.4 is two-folded. On the
one hand, surjectivity and the formula (20) imply that we
can conclude stability results for the impulsive switched sys-
tem, by analyzing the corresponding stability properties of
the hybrid system. On the other hand, we can always obtain
an impulsive switching signal (o, ) € X(c,d, T) via the for-
mula (19), by generating a proper solution or solution pair
of the hybrid system.

Proof. We only provide the proof for the case of hybrid sys-
tem (15), as the proof for the case of hybrid system (18) is
almost identical.

To show that each impulsive switching signal (o,7) €
%(c,d, T) can be expressed as a proper solution of the hybrid



system (15) via the formula (19), let (0,7 ) € (c,d, T),x :
R, — R" be an arbitrary pair of impulsive switching signal
and the state trajectory of the impulsive switched system (1).
Let the set of switching instants be & := {t{, t5,- - } and take
to = 0 as the convention. We consider the case when J is
infinite, and define a complete hybrid arc z : domz — X as
follows:

* domz = J;elts, tin] x {i}.

* y(t,j) = x(t) for all t € [t;,t;4;) and y(tj4q,7) =
limt_,t]f+1 x(t).

s a(t,j)=o(t;) forall t € [t;,t;4].
® b(t,]):O'(tJ+1) for alltE[tJ, tj+1]‘

* &(t,j) :domz — [0, T], with t € (¢}, t;,,), is constructed
as follows:

£(0,0)=0, (21a)

ig(t = 0 if £(¢,j) =0 and c(a(t, j)) <0,
a:o 0 c(a(t,j)) otherwise

(21b)

5(’-]’]) = tlﬂ}}7 g(ti.])i (2].(:)

(21d)

The complete hybrid arc z when & is finite or empty can also
be defined similarly, taking into the account that the mode-to-
go b(t, j) can be assigned arbitrarily and the timer £(t, j) can
be defined to be constant after the last jump. By construction,
(19) and (20) hold for all t = 0. Also, this hybrid solution is
proper due to the properties of the impulsive switching signal
(o,T). We are left to show that the hybrid arc z defined
above is a solution to the hybrid system with dynamics (15).

It is easy to check that y(t,j),a(t, ), b(t,j) and the dy-
namics of £(t,j) as in (21) are compatible with the contin-
uous flow F(z) and discrete jump G(z) in (15). We now
need to check that continuous flow happens only when z € C
and discrete jump only happens when z € D and we will
prove this by contradiction. Note that because both (21b)
and (21d) will not change &(t, j) to be negative, incompat-
ibility will only occur if there exists (%, j) € domz such that
£(t,j) > T. In this case, let

(t,)) := sup{(t, j) € domz : (t,) < (%, ), &(t,j) = O}.

It is noted that the set above is non-empty as £(0,0) = 0.
Also (t,j) € domz, as {(t, j) € domz : (¢,j) < (t,)} is com-
pact and both £(t, j),d(a(t, j), b(t,j), y(t,j)) are continuous
in t over each interval [t;,t;,;]x {j}. Hence f(g,l’) =0, and
for any (¢, j) € domz with (¢, ) < (¢,j) < (t,j), we have
E(t,j) > 0. Thus, it follows from (21b) that %E(t,j) =
c(a(t,j)) during the flow. Moreover, it also implies that
&(t, j+1)—=E&(t, j) = d(a(t, j), b(t, j), x(¢, j)) at the jumps, or

otherwise the dynamics (21d) suggests that £(¢t;,j+1) =0,
which contradicts the supremum property of (¢, j). As a re-
sult, we have -

T <EE)—EL))

. . . .
=Jt Eé(wf)dH . j)egmz(i(t,ﬁl)—i(w))

() < (t,) < (E]), (t,j+1) € domsz.

=f c(a(t,j))de+ > d(alt, ), b(t,j),y(t,))
t (t,j) € domz s.t

(L)< (6N L)), (6,j+1) € domz.

= f co()dr+ Y. d(o(7),0(1),x(7)

T€(s,tINT

which is a contradiction to (6).

To show that all proper solutions of the hybrid system (15)
can be mapped to impulse switching signals in ¥(c,d, T) via
the formula (19), we let z : domz — & be an arbitrary
proper solutions of the hybrid system (15). Clearly, it yields
o:Ryy— £, T CR,y by (19) and x : Ry, — R" by
(20). The compatibility condition is satisfied by construction
and non-Zeno condition is satisfied because z is non-Zeno.

We are left to show that (o, ) satisfies the condition (6).
Note that because z is complete, £(t, j) € [0, T]forall (¢, j) €
domz. Thus for any t > s = 0, it follows from the dynamics
of £ in (15¢), (15d), and the fact z is double-jump-free that

JC(O(T))dT+ > d(o(),0(1),x(7)

T€(s,tNT (o)

= f c(a(r,j))dr+ Y d(a(t,k), b(z,k), y(1,k)
S (7,k) € domz s.t

(s, Js) < (7,k) < (¢, o),
(t,k+1) € domz.

gf ;—Tg(f,jf)dt-f- > (E(r,k+ 1) = &(7, k)
s (7,k) € domz s.t

(s,) < (7, k) < (t, o),
(t,k+1)edomz.

=&(t,j)—E(s, J) < T.

which is exactly (6) and this completes the proof. O

4. Stability of autonomous impulsive switched systems

Having discussed some properties of the impulsive switch-
ing signal, we now turn to the study of uniform stability
properties of the impulsive switched systems. We first pro-
vide stability result for the autonomous impulsive switched
systems (1). Following the methodology employed in [6],
we adopt a similar approach by considering an assumption
which requires the existence of multiple Lyapunov functions,
each corresponding to a subsystem.

Assumption 1. There exist smooth Lyapunov functions V; :
R" — R, for all i € .#, satisfying the conditions:



* There exist a,a € X, such that

allxl,) < Vi) <allxl,), VxeRhie.s. (22)
* There exist a partition .¢ = .4, U .¢,, functions a; € 9
such that

(L), f0) S —a (V) YxeRTic 4, (23a)
dx

<;—xv;(x),fi(x)> <a(V(x)) YxeR%ie.s,. (23b)

Remark 4.1. Note that the inequality in (23a) is the equiv-
alent definition of GAS for continuous-time systems [17].
Thus, all subsystems in .#, are GAS. However, the partition
4, #, is not necessarily an indicator whether a subsystem is
GAS or not. This is because, even if a subsystem is GAS, it
may still lead to the inequality (23b) due to the improper
choice of V;. In this case, this subsystem needs to be catego-
rized to the set .4,.

To state the main stability result, we need one regularity
assumption on the functions a;, i € .£.

Assumption 2. The functions a; are globally one-sided Lip-
schitz; that is, for each i € .#, there exists ¢; > 0 such that

a;(t)—a;(s) <c(t—s) 24
forallt =>s>0,i € .£.

Assumption 2 is not restrictive. Please refer to [22,
Lemma 6] to see how an arbitrary positive definite function
can be majorized to be a globally one-sided Lipschitz function
with prescribed Lipschitz constant ¢;.

4.1. Stability result for autonomous systems

We now state the first main theorem of this paper:

Theorem 4.2. Consider the autonomous impulsive switched
system (1) and assume that Assumptions 1,2 hold on the sub-
systems. Pick arbitrary positive constants x;,i € . and define
functions ¢ : £ — R, d : $? x R® — R with d(i, j, x) con-
tinuous in x, such that

C(l) > —Ki,
C(l) > Ki,

Vies, (25)
Vie s, (26)

and for all i, j € 4, x € R", it holds that,
V;(g:,;(x)) K. Vi(x) .
d(i,j,x)>J ! dr—f Ldr.  (27)
1 aj(r) 1 a;(r)

Then, for any T > 0, the system (1) is GAS uniformly over
%(c,d, T).

Proof. The inequalities (25), (26) imply the existence of € >
0 such that
(28a)

c(i)=—x«;+e Vie 4,

ci)=zx;+e Vie g, (28b)

dr—

On the other hand, because both d(i, j, x), f‘/j(gi’j(x)) o

1 a;(r)
Vi(x) K; d . . £ h . .. 2 .
1 andr are continuous in x for each pair (i,j) e #7, it

is induced by (27) that there exists a continuous function
p :Ryg— R, such that, for all i, j in.# and x € R",

V;(g:,;(x)) Kj Vi(x) .
d(i, j,x)— dr— Ldr|=p )
(l:]:x) (ﬁ al(r) r L ai(r) r) p(|x|ﬂ)

Define the hybrid Lyapunov function by @
V(z) =", (Va(y)), (30)
where .
ex %odr), ifs>0,
For system (14), let us consider the attractor
F* = x[0,T] x #2, (32)

then |z| ;. = |y|,. It is implied by [22, Lemma 8] that ¢; €
Ao for all i € #. Thus it follows from the condition (22)
and the fact £ € [0, T] that

a(lz| ) < V(z) < a(z] ) VzeX, (33)

where d(s) := min;c 4 ¢; (g(s)), a(s) := el max,c 4 ¢; (E(s)_)
and both &,a € A,,. We will then examine the flow of V
when z € C, and the jump of V when z € D individually.

Pick arbitrary z € C, f € F(z). When a € %, it follows
from (15c¢), (23a) and (28a) that

<%V(Z),f> <5 (V,(y)) <aiyva(y),fa(y)>
—c(@)e" o (V.()

r-£ Ka?a(Va(¥)) —c(a)e™ ¢

aa(Va(y)) aa(Va(J’)) C(a)e Saa(va(y))
= —(kq +c(@))e"E 0, V(1))
= —EV(Z):

< —e

where we have also used the fact that the derivative of ¢; is

given by

Kipis)
a;(s)

Similarly, when a € .#,, it follows from (15c), (23b) and

(28b) that

@i(s)= (34

T—-& Ka ¢G(Va (}’))
a,(Vu(y) “atVer))

—c(@)e" o (Vo(y))
= (kg —c(@))e" 0, (V,())
=—eV(2).

<%V(z),f> <e



As a result, by appealing to the first inequality in (33), we
conclude that

<%V(z),f><—ac(|z|w) VzeC,f € F(z), (35)

where a.(s) :=ed(s) € o, C P 9.
On the other hand, pick arbitrary z € D, g € G(z). It fol-
lows from (15d) and (29) that
R (ACIN D))
R T ACHND))
—d(a,b,y) Sob(vb(ga,b(.y)))

va(Va()
dr_fl‘/a(y) ka4

aq(r)

N N
®

=e" %0, (Va(y))e

_ _ Vp(8q,b () xp
= V(Z)e d(a’b’y)+f1 ap(r)

< V(z)e Pllar),

Hence V(g)—V(z) < —H(2) for all z € D, g € G(z), where
H(z) = V(2)(1—eP(2ls+)). Because H(z) is continuous in z,
H(z) =0 for all z € .&* and H(z) > 0 for all z ¢ .&/*, there
exists aq € # 9 such that H(z) = a4(|z| 4~) and hence

V(g)—V(z) < —a4(lz| ) Vz€D,ge€iG(z). (36)

Therefore, by [8, Theorem 3.18], the conditions
(33),(35),(36) imply that the hybrid system (15) is
uniformly globally pre-asymptotically stable with respect to
the set .&*; i.e., there exists * € 4 ¥ % such that

|Z(t’])|,«zf* <[5*(|ZO|427*’€)]) (37)

holds for all (t, j) € domz. It then follows from the relation
between the solutions of the impulsive switched system (1)
and the solutions of the hybrid system (15) given by Proposi-
tion 3.4 that by picking (s, t) = *(s, t, 0), we conclude (3),
which shows that the impulsive switched system is GAS. [

We remark here that when the jumps are convergent and
the finite-time reachable set is bounded (which hold when
g;; are all identity maps), the conditions (25), (26) and a
condition slightly stronger than (27), in the form of the exis-
tence € > 0 such that, for alli,j € .#, x € R",

Vj(gi,j(x)) K

O
d(i,j,x)>f ! dr—f L
1 a;(r) 1 a;(r)

not only guarantee that the system is GAS uniformly over
%(c,d,T) by Theorem 4.2, but also ensure that all signals
satisfying (6) are non-Zeno and hence belong to >(c,d, T)
by Proposition 3.3.

It is noted in Theorem 4.2 that since the parameters k; can
be chosen arbitrarily, they will give different functions c, d.
For many impulsive switched systems with mathematically
similar subsystems, the functions a@; are comparable; that is,
they are constant multiples of each other. In this case, there
is a natural choice of x; which can simplify the expression
(27). This is stated by the following corollary.

dr +€

10

Corollary 4.3. Consider the autonomous impulsive switched
system (1) and assume that Assumption 1 holds on the subsys-
tems. Further assume that there exists a globally one-sided Lisp-
chitz function o* € 9 such that a; = k;a* for some x; > 0
and all i € #. Define functions c : & — R satisfying (25),
(26) and d : .#2 x R® — R with d(i, j, x) continuous in x,
satisfying

Vi(g;,;(x))
d(i,j,x)> f
v @)

Then, for any T > 0, the system (1) is GAS uniformly over
»(c,d, T).

dr

Vi,je £,x€R". (38)

The condition for d(i, j, x) can be further simplified when
a; are linear functions.

Corollary 4.4. Consider the autonomous impulsive switched
system (1) and assume that Assumption 1 holds on the subsys-
tems. Further assume that a;(s) = k;s for some k; > 0 and
all s = 0,i € #£. Define functions ¢ : & — R satisfying (25),
(26) and d : .#2 x R® — R with d(i, j, x) continuous in x,
satisfying

d(i, j,x) > InV;(g; ;(x)) = InV;(x). (39

Then, for any T > 0, the system (1) is GAS uniformly over
Y(c,d, T).

4.2. A case study of autonomous systems

Here we provide a case study of an n-dimensional au-
tonomous impulsive switched system with linear subsystems
and linear jumps

x(t) = Ay x(8),
x(£) =By jx(t7),

tET,
te;

(40a)

)€ s, (40b)
and show how Theorem 4.2 can be used to identify a class of
impulsive switching signals, uniformly over which the system
is GAS. Case studies of impulsive switched systems with par-
ticular nonlinear subsystems and nonlinear jumps will appear
later in Section 5, where the example systems have inputs.
Suppose that there is a partition .¢ = .%,U.%, such that only
the subsystems with indices in .%, are GAS. We can therefore

assume the existence of A; > 0 for all i € .# such that
AP, +PA + AP, <0, Yie.4,
AlP,+PA — AP, <0, Yie4,

(41a)
(41b)

where < 0 means the matrix on the left is negative semi-
definite. By picking the Lyapunov functions V;(x) =
x " P,x, we conclude that Assumption 1 holds with a(s) :=
minU;c sA(P;), a(s) := maxU;c sA(P;) and a;(s) := A;s,
where A(P;) denotes the spectrum of P;. Since all a; are
linear, the functional parameters c(i),d(i, j,x) can be con-

structed according to (25), (26) and (39) with some € > 0

such that
N J—Aite
()= {li +e

ifi € .4,
ifie.g,



d(i,j,x)= lnxTBlT]P]B X — lnxTP x+e€.
Furthermore, Corollary 4.4 implies that the system (40) is
GAS uniformly over %(c,d, T).

Now if we assume ., = 0, define A := min;c 4 A;, and pick
@ = 0 such that

B.PB;;

1PBij—uP 20 W(i,j) € 5%,

(42)
then we have c(i) < —A +¢, d(i,j,x) < Inu + € and hence
(A +elnu+¢,T) € X(c,d, T). Meanwhile, according
to the discussion in Section 3.1, Z(—A + ¢,Inu+¢,T) is a
class of switching signals satisfying ADT condition, with ADT
pararneter < and chatter bound - m +E Consequently, the
system (40) is also GAS with ADT switching signals. Note
that by taking e — 0, the infimum of ADT parameter oy
coincides with the result in [15].

On the contrary, if .4, # 0, let A, := minicy A;, A,
max;e 4 A;. If we still assume that (42) holds for some u > 0,
then we can similarly conclude that c¢(i) < —A, + ¢ for all
ie g, c(i)S Ay +eforallie g and d(i,j,x) <Inu+e.
Hence, the condition (6) is satisfied if,

t t
(—AS+€)J 10.(t)€ysd’l'+(7tu+6)f lo‘(t)e.ﬂudT
S S
+(nu+e)l(s, t]NT|< T,

for all t > s > 0. After rearranging the terms, we obtain

t
A+ AS)J 1,pdT+nu+e)l(s, t]1NT|
S(A—e)(t—s)+T,

which is satisfied if the switching signals satisfy ADT and AAT
conditions, in the sense that

t
f 1ydT < n(t—s)+ T,
S

s
(s, t]NT| < + Ny,

a

with some parameters 7, Ty, T, Ny such that

1 +
(A + A + 5

<A — (43)

a

(A +A)T, + (np+ €Ny < T (44)

Divide both sides of (43) by A, and take ¢ — 0, we obtain

(G o)

which is exactly the formula guaranteeing GAS of a switched
system with unstable subsystems as in [22].

As a numerical illustration, let n = 2,.# = {1,2,3} and
consider the matrices

A =9 —011) Ay = (7?'1 sy )’

lnu
AgTq

<1, (45)

(46)

Ay =(%o1)
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Figure 1: Plot of a solution of the system (40) with the given numerical
parameters. The solid curve is x;(t) and dashed curve is x,(t). Different
color represents the current activated mode. Blue: mode 1; green: mode 2;
red: mode 3. The vertical dotted lines indicate the switching instants.

B;=(95) Vijes. 47)
Notice that only A; and A, are Hurwitz matrices so .4, =
{1,2}, 4, = {3}. Meanwhile, B; ; has the property that when-
ever a switch/impulse occurs, the state x;, x5, will swap. It
can be numerically verified that the inequalities (41) are sat-
isfied with A; = A, =0.1335,1; = 0.2665 and matrices

7.4876 0.1244

) 3.7562 —0.1244
0.1244 3.7562 J>

P, =P;= Py = (550 Fage ) (48)

Furthermore, the inequality (42) is satisfied with y = 2. Pick
€ = 0.01,T = 5 and an initial state x, = (1 O)T. With
the help of HyEQ toolbox [30] in MATLAB, the solution tra-
jectory of this impulsive switched system (40), subjected to
an impulsive switching signal (o, 7) € %(c,d, T) generated
by the hybrid system (15), is plotted in Fig. 1. Indeed, this
solution is convergent since the system is GAS, while there
is an elapse of 12 units of time for each switch on average,
with the unstable mode 3 being activated for 27% of the to-
tal time. On the other hand, when this system is subjected to
ADT switching signals with ADT parameter 7, = 12, it can
be computed by (45) that = 19%, smaller than 27% which
is observed earlier when a switching signal from %(c,d, T) is
applied. This comparison shows that the results in this paper
provide a broader class of impulsive switching signals, in-
cluding those satisfying the ADT/AAT-mixed condition (45),
uniformly over which the impulsive switched system is GAS.

5. Impulsive switched systems with inputs

We now switch our focus to impulsive switched systems
with inputs (2). Similar stability results can also be con-
cluded for such systems, based on an assumption requiring
the existence of multiple Lyapunov functions corresponding
to the individual subsystems.

Assumption 3. There exist ¢! Lyapunov functions V; :
R" — R, for all i € .#, satisfying the conditions:

* There exist a, a € A, such that

a(lx|,) S Vi) <a(xl,), VxeR"ies. (49)



* There exist a disjoint partition .¢ = .4, U.¢,, functions a; €
P9 and v, € A& such that, for all x € x e R",w € R",

0
(F2HE)filw)) S~ (V) 7wl i€ s,
(50a)

0
(G2 filem)) S aV00) + vellwl), i€ 4,
(50b)

* There exist continuous functions y; ; : Ry, — R for all
(i,j) € #% and y4 € A such that

Vi(84,;(x, w)) < 1, (Vi(3)) + va(lwl)

for all x e R",w € R™.

(G

Remark 5.1. Assumption 3 is the standard set of descriptions
on the nonlinear dynamics of the subsystems and the possible
jumps between them. For each subsystem in .#,, the condi-
tion (50a) provide a necessary and sufficient condition for it
to be iISS [1]. In addition if it is assumed that a; in (50a)
is X, then each subsystem in .% is ISS. Meanwhile, the
condition (51) describes how the input at switching/impulse
instants may affect the jumps of the system state.

5.1. Stability result for systems with inputs
The stability results for iISS or ISS impulsive switched sys-
tems are summarized in the following theorem.

Theorem 5.2. Consider the impulsive switched system with
an input (2) and assume that Assumption 3 and Assumption 2
hold on the subsystems. Pick arbitrary positive constants k;,i €
£ and define functions c : .$ — R satisfying (25), (26), d :
#? —s R with d(i, j, x) continuous in x, such that, for all
i,je 4, xeR",

K

1) e
d(i,j,x)>f ! dr—f -
1 a;(r) 1 o)

Then, for any T > 0, the system (2) is iISS uniformly over

%(c,d, T). Moreover, if it is assumed in Assumption 3 that a; €

Hoo, and instead of (52), there exists € > 0 such that, for all
2i,j(Vi(x)) K.

i,je #, x eR",
Vi(x)
K
d(i,j,x)?J ! dr—f l
1 a;(r) )
Then, for any T > 0, the system (2) is ISS uniformly over
»(c,d, T).

dr.

(52)

dr+e. (53)

Comparing Theorem 5.2 with Theorem 4.2, we observe the
following two subtle differences:

e The condition (27) is almost identical to the condition
(52), except that while the lower bound on d(i, j, x) as
in (27) relies on V;(g; ;j(x)), which is the value of the new
Lyapunov function after the jump, this term is relaxed by
%i,j(Vi(x)) in (52). This difference is due to the fact that
when the arbitrary and unknown input signal w is present,
the value of the new Lyapunov function V;(g; ;(x,w)) is not
accessible before the jump and has to be estimated.
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e The condition (53) is stronger than the condition (52)
when further proving that an impulsive switched system
is ISS uniformly over X(c,d, T), in the sense that the dif-
ference between the left-hand side and right-hand side
of (52) needs to be bounded uniformly with respect to
x. Without this uniform condition (53), an impulsive
switched system can be GAS with 0 input but not ISS. Such
systems are recently studied in [28].

Proof. Similar to the proof of Theorem 4.2, there exists € > 0
(without loss of generality, can be assumed to be the same as
the one for the inequality (53)) such that (28a), (28b) hold.
Also, when (52) holds, there exists a continuous function p :
Rsy — R, such that, for all i, j € £, x € R",

D) e
d(i,j,x)—(J dr—f !
1 a;(r) 1 a;(r)

Define the hybrid Lyapunov function by

dr) > p(Ix])-
54

W(z) = ¢ (V(2)), (55)

where V is defined in (30) and ¢, is defined in (31). It can be
directly seen that since & € [0, T], W(z) = V,(y). Moreover,
by defining 6(s) := ¢ (e’ “¢p,(s)) with fixed a € #,£ €
[0, T], it can be concluded from Lemma A.2 that W(z) =
0(V,(y)) < e "IV, () —0) + 6(0) < e~ "V,(y). Define
the set .&/* asin (32). Appeal to (49) and the fact that |z| 4. =
|¥|., we have

a(|z] ) S W(2) < @(lz|l,.) VzeZ, (56)
where &(s) := a(s), a(s) := e*Ta(s), and
Ci
K :=max —, (57)
ies K;

and both &, & € A.,. We will then examine the flow of W
when (z,w) € C, and the jump of W when (z,w) € D indi-
vidually.

Pick arbitrary (z,w) € C,f € F(z,w). When a € .4, it
follows from (18c), (50a) and (28a) that

rockapa(Vay))
vy TV +yewh)

— c(@e™ (Vo)
T—E& Ka(pa(Va(y))
a,V(yy TP

J -
(5\/(2), f<e
=—(k, +c(@)e"f g, (Vo) +e

KoV (2)
a(Va(¥))

Similarly, when a € .¢,, it follows from (18c), (50b) and
(28b) that

< —eV(z)+el r(lwl).

r-£KaPa(Va)
oGy @alVal D+ relhw)

—c(@)e" o (Va(1))

<%‘7(Z),f> <e



T—E Ka‘Pa(Va(}’))Y (|W|)

= - T-¢
= (@) = o)™ a(Valn) + €™ = = ST

k V()
a,(Vo(¥))

In other words, in both cases, we have

<—eV(z)+el y.(Iw)).

g - - r KJV(2)
(27C).r)<-ev) +e Oae TACONICD
Meanwhile, it follows from (34) that
“1y 1 a;(¢;1(s)) :
(p;7)(s) =) P (59)
Hence,
o a,(¢ V(=) / 8
(G0 )< =g (5770)
€ = Taa(W(Z))
<TG+ sy

Finally, since ¢ (W(2)) = €' %0, (V(y)) < e (V,(y)),
it follows from Lemma A.1 and (57) that a,(W(z)) <

e~ Ta,(V,(y)). Thus, for every (z,w) € C, f € F(z,w),
J - _
<£W(z),f> < WE)+yw)  (60)

a;(s)

Ki

where for any s = 0, ai‘(s) = emin;c g4
e(1+K)T

and y.(s) :=
7.(s). We immediately observe that a’g ePPandy,. €
. Furthermore, there exists a. € & 2 such that a.(|z] ,.) <
a?(W(z)). Hence, for all (z,w) € C, f € F(z,w),

o -
(W f ) <-adel ) +rdo. (6D

Moreover, when all a; € %, we also have a, € ¥, (e.g.,

a (s) == al(a(s))).
On the other hand, pick arbitrary (z,w) € D, g € G(z,w).
It follows from (18d), (51) that

IO g, (Vy(g,,(1))

elmmax0&+d@b o (o L (Vo (3)) + va(IWD).

Define 0(s) := ¢;t(ef mal0&+d@byly (5)).  We have

W(g) = v, (V(g)) < 0(xap(Va(3)) + va(lw])). Hence, it
follows from Lemma A.2 that

W(g) < 0(x0p (VD)) + 2 (TmexiOEra@on), 1y

< O(xap(Va(y)) + e Tya(lwl). (62)

Meanwhile, it follows from (52) that

05 (0(2ap(Va(r)))) = T malOExd@b sl (o (V, (1))
el @b, (3 b (Va(¥))
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T—& . Va —d(a,b,y) @b(%a,b(va(.y)))
el )e ¢a(Va())

Kb o (Yal)
ab(r)dr 1

Kg
aq(r)

dr

Za,b(Va(¥))
1

— V(z)e—d(a,b,y)+f
< e—ﬁ(lyl)“/(z) — e_ﬁ(‘zlﬁ*)(pb(W(z))‘

Plug it into (62), we conclude that W(g) —
W(z) < —H(z) + yq(lwl), where H(2) W(z) —
maxc s o7 (e P, (W (2))), 74(s) := eTyy(s). Clearly
Y4 € . Similar to the proof of Theorem 4.2, because H(z)
is continuous in z, H(z) = 0 for all z € .&* and H(z) > 0 for
all z & .7*, there exists ag € 2 2 such that H(z) = ayq(|2| 4)
and hence, for all (z,w) € D, g € G(z,w),

W(g)—W(z) < —aq(lz| &) + va(Iwl). (63)
In addition, the condition (53) ensures that 5(|z| ) = € for
all z € . Thus, it is guaranteed by Lemma A.3 that a4 €
Koo When a; € #, foralli e .#.

Finally, depending on whether a., a4 € #, or 9, the
conditions (56), (61), (63) imply that the hybrid system (18)
isISS by [3, Theorem 3.1] or iISS by [26, Theorem 1], respec-
tively. In other words, there exist * € X L%, y.,y; € X
such that

|2(t, 5 S0, . < B7(I20]., £, 7) + 7 (esssup Iu(f,f)l)

Pj<t+j

+74 sup lu(t, )
(£,))edomu s.t.

(t,j+1)edomu, t+j<t+j

holds for all (¢, j) € domgz, or additionally there exists a* €
Ao such that

t

a*(1z(t, j; €0, )l o) < B (120] o> £, 7) +J ve(luls, j)Dds

0
> riutE D)
(£,))edomu s.t.

(£,j+1)edomu, F+)<t+j

+

holds for all (¢, j) € domz. It then follows from the relation
between the solutions of the impulsive switched system (2)
and the solutions of the hybrid system (18) given by Proposi-
tion 3.4 that by picking (s, t) = *(s,t,0),v1 = v5,v2 =1}
and ay = a*, we conclude the inequalities (4), (5), respec-
tively. O

Similar to the corollaries in Section 4.1, the formula for
the function d in Theorem 5.2 can also be simplified when
a; are comparable or linear. These are summarized by the
following results.

Corollary 5.3. Consider the impulsive switched system with
an input (2) and assume that Assumption 3 holds on the sub-
systems. Further assume that there exists a* € & 9 such that
a; = k;a* for some k; € R and all i € $. Define functions



¢ : # — Rsatisfying (25), (26) and d : #2 x R" — R with
d(i, j, x) continuous in x, satisfying

2i,;(Vi(x))
d(i,j,x)> f
v o)

Then, for any T > 0, the system (2) is iISS uniformly over
%(c,d, T). Moreover, if a* € #,, and instead of (52), there
exists € > 0 such that

21, (Vi(x))

d(i, j,x) >f
Vi(x)

then, for any T > 0, the system (2) is ISS uniformly over
»(c,d, T).

dr, Vi,jef,xcR". (64)

dr+e, Vi,je #,xeR", (65)

a*(r)

Corollary 5.4. Consider the impulsive switched system with an
input (2) and assume that Assumption 3 holds on the subsys-
tems. Further assume that a;(s) = k;s for some k; € R and
all s =2 0,i € #. Define functions c : ¥ — R satisfying (25),
(26) and d : .#2 x R® — R with d(i, j, x) continuous in x,
such that for some € > 0, it holds that

d(i,j,x) =2 Iny; ;(Vi(x))—InVi(x) +e, Vi,j€L xR
(66)
Then, for any T > 0, the system (2) is ISS uniformly over

»(c,d, T).

5.2. Case studies for systems with inputs

We now illustrate through two case studies on how our
theory developed in this work can be applied for finding a
class of switching signals, uniformly over which a switched
system with input is ISS or iISS. In the first example, a class
of switched systems with inputs and nonlinear subsystems is
studied. We show that although each subsystem is ISS, this
system might not be ISS uniformly over any ADT switching
signals. Nevertheless, our results still find a class of switching
signals which preserves uniform ISS. These switching signals
have the feature that the smaller magnitude of the state, the
longer time it is required for the next switch to occur. Anal-
ogously, another class of switched systems with inputs and
nonlinear subsystems is studied which might not be iISS uni-
formly over any ADT switching signals. Our results again find
a class of switching signals which preserves uniform iISS. Un-
like the previous exmaple, this time, these switching signals
have the feature that the larger magnitude of the state, the
longer time it is required for the next switch to occur.

ISS switched system with nonlinear subsystems
Consider a switched system with nonlinear subsystems

x = (x"Px)*A;x + Bw 67)

where k > 0 and assume that there are no jumps of state at
switching instants. For simplicity, we assume that all A; ma-
trices are Hurwitz and P; are positive definite matrices such
that (41a) holds for some A; > 0. Since

| TPix)Aix] _
x|

>
|x|—0
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it is implied by [7, Theorem 1] that there exist certain A; ma-
trices such that for any 74 > 0, there exists a switching sig-
nal o satisfying ADT condition with ADT parameter 7,4, but
the solution of the unforced switched system does not con-
verge to the origin. Hence the switched system made up with
subsystems (67) is not ISS uniformly for any ADT switching
signals.

We now show that this switched system can be ensured to
be ISS under stronger conditions on the switching signals. To
this end, pick Lyapunov functions!

Vi(x) ==

xTPx+1—1. (68)

We conclude that
1
2(Vi(x)+1)

1
(—22,(x"Px)* xTPx +24/xTPx||P2 By [ul)

Vi(x(t) =
<1

2(V;(x) +1)
<1

2(Vi(x) +1)
L )+ -1
T (Vi) + 1)

((x"Px)*x (A P, + PA)x + 2xP,Biu)

(=4 +12 = 1) 4 200,0) + DIP Bl ful)

)k+1

1
+ 1P Byl Jul.

+1)2_1)k+1

Hence we conclude (50a) with a;(s) := 4, € 26t € Hoos

1
and y.(s) := max;c 4 ||P’B;|ls € . On the other hand, if we
assume that there exist y; ; > 0 such that P; < y; ;P;, then
(V;(x)+1)* =1 =x"Pjx < py jx TP = iy (Vi () +1)*—1).

Because it is assumed that the state does not jump at switch-
ing instants, we conclude that the condition (51) holds with
21;(8) = 4/t j(s + 1> —p;; +1—1 and any y4 € X

It is observed that a; are comparable with a*(s) =

((s+1)2—1)**?
s+1

let c(i) := % + ¢ for some € > 0. Meanwhile, define

, Kj = % Hence we appeal to Corollary 5.3 and

21,;(V;(x))
d(i,j,x):= f
Vi(x)

1 1 _ 1

2k \ (xTP,x)k ‘ui.(’j (xTPix)k
ok

2k(xTP;x)k

r+1

Gt

=

We therefore conclude that if y; ; > 1, then d(i, j, x) — oo
when x — 0. In other words, when the state is closer to
the origin, longer time between two consecutive switches is
needed in order for the switched system to be ISS. We also ob-
serve that when a switch occurs at a state x that is sufficiently
close to the origin, then the left-hand side of (6) evaluated
over a sufficiently short time interval only containing that

+ €.

1

'We can also pick the Lyapunov functions V;(x) := /xTP;x = |P? x| for
simpler computation despite the fact that these functions are not smooth at
x = 0. Non-smoothness at the origin is not critical for our analysis.
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Figure 2: Plot of a solution of the system (67) with the given numerical
parameters. The solid curve is x;(t) and dashed curve is x,(t). Blue de-
notes mode 1 and green is for mode 2. The vertical dotted lines indicate the
switching instants.

switch will be larger than any finite T. Because ISS implies
GAS when the system is unforced, we conclude that when
the system (67) is unforced, switching signals in %(c,d, T)
which make it GAS must be eventually constant.

As a numerical demonstration, consider the case .#
{1,2}, with A;, P; matrices given by (46), (48). We assume
that the input matrices are B; = B, = (0 1)T and the in-
put signal is w(t) = e *'*sin(t). It is computed that p; , =

=e
Uy1 = 2. With e = 0.1,k = 0.5, T = 100 and initial state

Xo = (1 O)T, The solution trajectory of the switched system
(67) subjected to a switching signal (o,7) € %(c,d, T) is
shown in Fig. 2. Indeed, convergence of solution is observed
when the input is also convergent, which is guaranteed by
the ISS property. It is also seen that the closer the state is
to the origin, the longer dwell-time is needed for the next
switch, which is consistent with the previous discussion.

iISS switched system with nonlinear subsystems
Now let us look at a different switched system with non-
linear subsystems

x=(x"Px+1)*A;x + Bw (69)

where k > 0. Again assume that there are no jumps of state at
switching instants, and P; are positive definite matrices such
that there exist A; > 0 for all i € .¢ and (41a) holds. This
time because

| TPix + 1) Aix| _
x|

|x]— 00 ?
it is again implied by [7, Theorem 2] that there exist certain
A; matrices such that for any 74 > 0, there exists a switch-
ing signal o satisfying ADT condition with ADT parameter
T4, but the solution of the unforced switched system does
not converge to the origin. Hence the switched system made
up with subsystems (69) is not iISS uniformly for any ADT
switching signals.
To show that this switched system can be ensured to be
iISS under stronger conditions on the switching signals, again
pick the Lyapunov functions (68). We conclude that

1

)= ST D

((x"Pix +1)*xT(A] P, + PA)x + 2x " P,B;u)
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Figure 3: Plot of a solution of the system (69) with the given numerical
parameters. The solid curve is x;(t) and dashed curve is x,(t). Blue de-
notes mode 1 and green is for mode 2. The vertical dotted lines indicate the

switching instants.

1

1
< WD (=2 (xTPx + 1) x"Px +24/xTPx|IP2 Bl |ul)

(Vi) + 1) H((Vi(x) +1)* = 1) )
+2(V,() + DIP B [ul

A; 1
= _EI((Vi(X) + 1) — (0D + 1) + 1P Bl ful.

< _(
2V +1)

Hence we conclude (23a) with a;(s) := %((s + 1)kl
(s+1)72"1) € 9, and the same function y, as for the previ-
ous example. Again these a; functions are comparable with

a'(s) = (s+ 1) — (s + 1)k, = % Hence we ap-
peal to Corollary 5.3 and let c(i) := % + € for some € > 0.
Meanwhile,

2,5 (Vi(x)) 1
d(i,j,x) :=
22 V0 (r + 1)—2k+1 _ (r + 1)—2k—1

2i,j(Vi(x))

2 f
Vi(x)

1
= ﬂ((uiijTPix +1)F—(x"Px + l)k) +e.

dr+e

(r+1)*dr+e

We also conclude that if y; ; > 1, then d(i, j, x) — oo when
|x| — oo. In other words, when the state is further away
from the origin, the cost of the switch from mode i to mode j
approaches to infinity and it takes longer time between two
consecutive switches in order for the switched system to be
iISS.

We also perform a numerical demonstration for this sys-
tem (69). With the same values of .#,A;, B;, P;, input signal
w(t), initial state x, and parameters €,k, T as for the pre-
vious numerical demonstration on system (67), the solution
trajectory of the switched system (69) subjected to a switch-
ing signal (o, J) € X(c,d, T) is shown in Fig. 3. Indeed, con-
vergence of solution is observed when the input has bounded
integration, which is guaranteed by the iISS property. It is
also seen that the further away the state is from the origin,
the longer dwell-time is needed for the next switch, which is
consistent with the previous discussion.

6. Conclusion

We have studied the stability of impulsive switched systems
with nonlinear supply functions in this work. A broad class



of time/mode/state-dependent switching signals, which is
shown to be a superset of many known sets of switching sig-
nals by choosing the appropriate functional parameters, are
defined in this work. We have also shown that these switch-
ing signals can be generated online via the use of an auxiliary
timer while the system is running. By choosing appropriate
functional parameters according to the Lyapunov characteri-
zations of the subsystems, the main results of this work con-
clude UGAS, ISS or iISS of the impulsive switched systems
uniformly over our proposed classes of switching signals.

To build upon the results proposed in this paper, one may
take several routes. One such research direction is to numeri-
cally compute the class of switching signals described via (6)
directly from the system data while constructing the func-
tions V; stipulated in Assumption 1 or Assumption 3. This
has been done recently for ADT constrained switching signals
in [20, 10] and one could investigate the potential of those
techniques for the switching signals proposed in this paper.
Secondly, it would be interesting to investigate the utility of
proposed class of switching signals in the design of control
related applications.

A. Supporting lemmas for the main results

Modified from the results in [22], we have the following
observations for the function ¢; defined in (31):

Lemma A.l. Let x > 0 and s > t > 0 such that ¢;(s) <
K;(t). It follows that a;(s) < K?li)ai(t).

Proof. Fix s =2 t > 0. Then, the inequality p;(s) <
implies that

0 KO
exp(f1 ai(r)dr) < Kexp(f (r) )

Take logarithm on both sides and subtract the integral on the
right from the left, to get

T )
J; ai(r)dr
Define @; : [t,00) — R, by a;(r) := a;(t) + ¢;(r —t). It

follows from Assumption 2 that a;(r) = a;(r) for all r > t.
Hence, continuing from (A.1), we have

HO) ’ H0)
In(ic) > ftai(r)dr Jta<(t)+5-(r—t)dr

c(l) a(s) c(l)

G a (t) C;

Kp;(t)

< In(x). (A1)

a;(s)
o a,(t)’

which results in a;(s) < k@ a;(t). O

Lemma A.2. The function 6 : Ry, — Ry, defined by 6(s) :=
Lp;l(Kﬁpi(s)) with any x = 1 is globally one-sided Lipschitz with

S
constant K <@,

Proof. To show 0 is globally one-sided Lipschitz with con-

stant x @, we need to show that 0(ty)—0(t) < K?lo(tz— t1)
for all t, > t; > 0. In other words, we need to show that

0(t)— K¢ is non-increasing in t over R,. To this end, we
recall the derivatives (34), (59), with which we conclude that
for any t > 0,

d d, _

00 =— (¢ (xe:(1))

ai(‘Pi_l(KS@i(t))) kE(Depi(t)
&g (D) a(t)

Let s := 0(t), so that ¢;(s) = Kgol(t) Sincex =1,s >
0 a;(t). Therefore,

a,;(6(t))
a;(t)

t>0

and Lemma A.1 yields a;(s) <

d

— ki <0.
dt

L (o()—xtt)= m

Hence O(t) — k@ ¢t is non-increasing and this completes the
proof. O

Lemma A.3. For some € > 0, define a function
~0;(5)).

Then it holds that y € X, when a; € X, foralli € 4.

7(s) :=s—max ;" (e (A.2)
ies

Proof. For eachi € 4, let v,(s) :=s— cpi_l(e_ecpi(s)). Then
clearly y € A, if y; € X, foralli € .#. To show the latter, it
follows from the definition of y; that (pi((s—yi(s)) =e “p;(s)
and, after plugging (31) in and taking logarithm, gives

T H (i) EOR
fl mdr——e-i-f 1(7”)

Hence, we have

* 1
f dr=€>0. (A.3)
5=i(s) ai(r)
When q; € %,

oos I (r) monotonically decreases to 0 as r in-
creases to infinity; therefore, (A.3) holds for all s > 0 only
when the interval of integration grows to infinity with re-
spect to s. In other words, we conclude that a; € 4, and
this completes the proof. O

References

[1] D. Angeli, E. D. Sontag, and Y. Wang. A characterization of inte-
gral input-to-state stability. IEEE Transactions on Automatic Control,
45(6):1082-1097, June 2000.

[2] D.D.Bainov and P S. Simeonov. Systems with Impulse Effects: Stability,
Theory and Applications. New York: Academic Press, 1989.

[3] C. Cai and A. R. Teel. Characterizations of input-to-state stability for
hybrid systems. Systems & Control Letters, 58(1):47 — 53, 2009.

[4] S. Dashkovskiy and A. Mironchenko. Input-to-state stability of non-
linear impulsive systems. SIAM Journal on Control and Optimization,
51(3):1962 — 1987, 2013.

[5] W. P Dayawansa and C. E Martin. A converse Lyapunov theorem for
a class of dynamical systems which undergo switching. IEEE Transac-
tions on Automatic Control, 44(4):751-760, 1999.



(6]

(7]

(8]
[9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

R.A. Decarlo, M.S. Branicky, S. Pettersson, and B. Lennartson. Perspec-
tives and results on the stability and stabilizability of hybrid systems.
Proceedings of the IEEE, 88(7):1069-1082, 2000.

M. Della Rossa and A. Tanwani. Instability of dwell-time constrained
switched nonlinear systems. Systems & Control Letters, 162:105164,
2022.

R. Goebel, R. G. Sanfelice, and A. R. Teel. Hybrid Dynamical Systems:
Modeling, Stability, and Robustness. Princeton University Press, 2012.
W. M. Haddad, V. S. Chellaboina, and S. G. Nersesov. Impulsive and Hy-
brid Dynamical Systems: Stability, Dissipativity, and Control. Princeton
University Press, 2006.

S. Hafstein and A. Tanwani. Linear programming based lower bounds
on average dwell-time via multiple Lyapunov functions. European
Journal of Control, 74:100838, 2023.

H. Haimovich and J. L. Mancilla-Aguilar. A characterization of inte-
gral ISS for switched and time-varying systems. IEEE Transactions on
Automatic Control, 63(2):578-585, Feb 2018.

H. Haimovich and J. L. Mancilla-Aguilar. Strong ISS implies strong iISS
for time-varying impulsive systems. Automatica, 122:109224, 2020.
J. K. Hale. Ordinary Differential Equations. Krieger Publishing Com-
pany, Malabar, Florida, 2nd edition, 1980.

J. P Hespanha, D. Liberzon, and A. R. Teel. Lyapunov conditions for
input-to-state stability of impulsive systems. Automatica, 44(11):2735
— 2744, 2008.

J. P Hespanha and A. S. Morse. Stability of switched systems with
average dwell-time. In Proceedings of the 38th IEEE Conf. on Decision
and Control, volume 3, pages 2655-2660, Dec 1999.

0. Karabacak. Dwell time and average dwell time methods based
on the cycle ratio of the switching graph. Systems & Control Letters,
62(11):1032-1037, 2013.

H. Khalil. Nonlinear Systems, 3rd ed. Prentice Hall, Englewood Cliffs,
NJ, 2002.

A. Kundu, D. Chatterjee, and D. Liberzon. Generalized switching
signals for input-to-state stability of switched systems. Automatica,
64:270-277, 2016.

D. Liberzon. Switching in Systems and Control. Birkhéuser, Boston,
MA, 2003.

S. Liu, S. Martinez, and J. Cortes. Average dwell-time minimization
of switched systems via sequential convex programming. IEEE Control
Systems Letters, 6:1076-1081, 2022.

S. Liu, A. Russo, D. Liberzon, and A. Cavallo. Integral-input-to-state
stability of switched nonlinear systems under slow switching. IEEE
Transactions on Automatic Control, 67(11):5841-5855, 2021.

S. Liu, A. Tanwani, and D. Liberzon. ISS and integral-ISS of switched
systems with nonlinear supply functions. Mathematics of Control, Sig-
nals and Systems, 34:297-327, 2022.

J. L. Mancilla-Aguilar, H. Haimovich, and P Feketa. Uniform stabil-
ity of nonlinear time-varying impulsive systems with eventually uni-
formly bounded impulse frequency. Nonlinear Analysis: Hybrid Sys-
tems, 38:100933, 2020.

A. S. Morse. Dwell-time switching. In Proceedings of the 2nd European
Control Conference, pages 176-181, 1993.

M. A. Miiller and D. Liberzon. Input/output-to-state stability and
state-norm estimators for switched nonlinear systems. Automatica,
48(9):2029 — 2039, 2012.

N. Noroozi, A. Khayatian, and R. Geiselhart. A characterization of inte-
gral input-to-state stability for hybrid systems. Mathematics of Control,
Signals and Systems, 29(3):13, Jun 2017.

L. Praly and Y. Wang. Stabilization in spite of matched unmodeled dy-
namics and an equivalent definition of input-to-state stability. Mathe-
matics of Control, Signals and Systems, 9(1):1-33, Mar 1996.

A. Russo and S. Liu. Do 0-GAS-guaranteeing impulse sequences pre-
serve ISS or iISS properties? Not always. In Proceedings of the 62rd
IEEE Conf. on Decision and Control, pages 7649-7654, 2023.

A. M. Samoilenko and N. A. Perestyuk. Impulsive Differential Equations.
World Scientific Publishing, 1995.

R. Sanfelice, D. Copp, and P Nanez. A toolbox for simulation of hy-
brid systems in matlab/simulink: hybrid equations (HyEQ) toolbox.
In Proceedings of the 16th international conference on Hybrid systems:
computation and control, pages 101-106, 2013.

R. G. Sanfelice. Hybrid Feedback Control. Princeton University Press,

17

[32]
[33]

[34]

[35]

[36]

[37]

[38]

2021.

E.D. Sontag. Smooth stabilization implies coprime factorization. IEEE
Transactions on Automatic Control, 34(4):435-443, 1989.

Z. Sun and S. S. Ge. Stability Theory of Switched Dynamical Systems.
Springer London, 2011.

L. Vu, D. Chatterjee, and D. Liberzon. Input-to-state stability
of switched systems and switching adaptive control. Automatica,
43(4):639 - 646, 2007.

W. Xiang and J. Xiao. Stabilization of switched continuous-time sys-
tems with all modes unstable via dwell time switching. Automatica,
50(3):940-945, 2014.

H. Yang, B. Jiang, V. Cocquempot, and H. Zhang. Stabilization
of switched nonlinear systems with all unstable modes: Applica-
tion to multi-agent systems. IEEE Transactions on Automatic Control,
56(9):2230-2235, 2011.

G. Zhai, B. Hu, K. Yasuda, and A. N. Michel. Stability analysis
of switched systems with stable and unstable subsystems: An aver-
age dwell time approach. International Journal of Systems Science,
32(8):1055-1061, 2001.

G. Zhang and A. Tanwani. ISS Lyapunov functions for cascade
switched systems and sampled-data control. Automatica, 105:216 —
227, 2019.



