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CONVERSE LYAPUNOV RESULTS FOR STABILITY OF SWITCHED
SYSTEMS WITH AVERAGE DWELL-TIME

MATTEO DELLA ROssA™ AND ANEEL TANWANTI?

Abstract. This article provides a characterization of stability for switched nonlinear systems under
average dwell-time constraints, in terms of necessary and sufficient conditions involving multiple Lya-
punov functions. Earlier converse results focus on switched systems with dwell-time constraints only,
and the resulting inequalities depend on the flow of individual subsystems. With the help of a coun-
terexample, we show that a lower bound that guarantees stability for dwell-time switching signals may
not necessarily imply stability for switching signals with same lower bound on the average dwell-time.
Based on these two observations, we provide a converse result for the average dwell-time constrained
systems in terms of inequalities which do not depend on the flow of individual subsystems and are
easier to check. The particular case of linear switched systems is studied as a corollary to our main
result.
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1. INTRODUCTION

Switched systems comprise a family of dynamical subsystems and a switching signal that determines the
active subsystem at any given time instant. Early research on the stability of switched systems mostly focused
on developing necessary and sufficient conditions using the framework of Lyapunov functions. Due to their
peculiar structure, it is natural to develop stability conditions using the Lyapunov functions for individual
subsystems as “building blocks”. Similarly, in case the switched system is unstable for certain class of switching
signals, it is natural to look for design of switching signals which stabilize the overall system. All these problems
are relatively well-studied by now, but several aspects of these problems are still being investigated in depth to
get more insights.

When the individual subsystems share a common equilibrium point, and each subsystem has its own Lyapunov
function relative to that equilibrium, then it is natural to look for a class of switching signals for which the
stability of the switched system is guaranteed. In such cases, we commonly look for switching signals constrained
by imposing a dwell-time between two consecutive switches, so that for a class of switching signals satisfying
certain lower bound on dwell-time, the resulting switched system is uniformly globally asymptotically stable
[1]. A generalization of this concept is obtained in terms of average dwell-time constrained signals which allow
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for finitely many rapid switches (called chattering bound) while the system respects a lower bound between
the switching instants on average [2]. Under a compatibility condition on the Lyapunov functions, we can find
lower bounds on the average dwell-time in terms of system data and parameters of the Lyapunov functions
that ensure stability [2, 3], Chapter 3. Several generalizations and refinements of this line of research have been
pursued in [4-7] and references therein. A common element of this line of research is that a sufficient condition
for stability is provided using multiple Lyapunov functions when the switching signals are constrained in some
way. These constraints depend on the assumptions imposed on the vector fields of individual subsystems, and
in the case all of them are asymptotically stable, we compute the lower bounds on the average dwell-time of
the switching signals for which the overall switched system is asymptotically stable. Numerical algorithms for
computing such multiple Lyapunov functions while minimizing the lower bounds on average dwell-time have
been proposed in [8]. Surprisingly enough, the necessity of such conditions, or the converse Lyapunov results
for such systems have not been developed.

On the other hand, in the study of stability conditions over the restricted class of dwell-time signals (not in
average), researchers have also used the particular structure of systems to provide bounds (or, tightest possible
bounds in some cases) for dwell-time ensuring stability of the overall switched system. In the linear case, the
paper [9] provides a complete characterization in terms of necessary and sufficient conditions involving Lyapunov
functions for stability under dwell-time constrained switching signals. The necessity of such conditions has to
be underlined since it provides a characterization of stability for switched linear systems over the class of dwell-
time signals, as was already provided in the case of arbitrary switching (see [10, 11] for the linear case, [12]
for the nonlinear counterpart). Results based on similar structure/reasoning have been used to get bounds on
dwell-time for switched linear systems using linear matrix inequalities (LMIs) in [13], via quadratic Lyapunov
functions. Along similar lines, we have LMIs based on discretization in [14] and bilinear matrix inequalities using
polyhedral norms in [15]. A different numerical technique based on the use of sum-of-squares formulations of
the inequalities to compute the dwell-time is proposed in [16]. More recently, in [17, 18] the authors address the
question of finding bounds on stabilizing dwell-times via graph-theory based approaches. A nonlinear version of
the aforementioned Lyapunov characterization of stability over dwell-time signals was recently derived in [19].
Summarizing, in the case of fixed dwell-time signals, we have a rather mature Lyapunov theory, providing not
only sufficient conditions for stability but also converse statements, that leads to completing the picture from
analysis perspective.

In the two broad research directions discussed above (average dwell-time and dwell-time stability analysis),
one major difference between the conditions proposed in [9] (and the related literature) and the ones used in [2]
(and subsequent developments) is due to the inequality that relates different Lyapunov functions associated
with different modes (see the subsequent (3.3c) and (4.1c¢) for comparison). The inequalities in [9] and in its
extensions require the explicit knowledge of solutions of individual vector fields, and this solution/flow map is
not readily available for many systems. Even in the restricted linear case, the exponential map A — e* has the
limitation of being (componentwise) non-convex, for any ¢ > 0, and this can lead to numerical restrictions, see
the discussion provided in [14] and [20], Chapter 1. On the other hand, the sufficient conditions proposed in [2],
and later generalized in [4], for stability under average dwell-time signals are numerically easier to check because
they do not rely on the flow map of individual subsystems. Another elegant aspect of the Lyapunov inequalities
in [2] is that they are independent of the chattering bound and allow us to infer stability over a broader class
of switching signals with certain lower bound on average dwell-time and arbitrarily large (but finite) chattering
bound. Moreover, in the linear case, these conditions are convex in terms of systems data because they are
not directly affected by the exponential matrices associated to the subsystems, and are thus robust in terms of
perturbations to system matrices. Nevertheless, for the dwell-time constrained switching signals, the conditions
in [2] provide more conservative lower bounds than the ones obtained from [9], as we explicitly observe in this
manuscript with the help of an academic example.

A natural question based on these observations is whether the conditions in [2] or their nonlinear counterpart
in [4] are also necessary for a tailored notion of stability over the class of average dwell-time signals. The main
result of this paper provides an affirmative answer to this converse question when the stability notion under
consideration is described by a certain class of KL functions. More precisely, this work provides a characterization
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of a tailored stability notion under average dwell-time constraints, with necessary and sufficient conditions in
terms of multiple Lyapunov functions.

The rest of this manuscript is organized as follows: In Section 2, we introduce the considered classes of
systems and switching signals, while in Section 3, we illustrate the studied notions of stability for switched
systems, together with some preliminary results and observations. In Section 4, we present our main result
comprising a converse Lyapunov result for stability over the class of average dwell-time signals. In Section 5,
we specialize our results in the more structured linear subsystems case while Section 6 concludes the paper with
some closing remarks and an open conjecture. Some technical arguments are postponed to the Appendix to
avoid breaking the flow of the presentation.

Notation: The set Ry := {s € R | s > 0} denotes the set of non-negative real numbers. Given m,n € N,
the classes C(R™,R™) and C!(R"™,R™) denote the sets of continuous and continuously differentiable functions,
respectively. The set Lip(R™, R™) denotes the set of locally Lipschitz continuous functions from R™ to R™, while
Lipy(R™,R™) denotes the set of functions from R™ to R™ which are locally Lipschitz on the open set R™ \ {0}.
Comparison Functions Classes: A function o : Ry — R is of class K (a € K) if it is continuous, a(0) = 0, and
strictly increasing; it is of class K, if, in addition, it is unbounded. A continuous function g : Ry x Ry — R4
is of class KL if B(-,t) is of class K for all s, and B(r,-) is decreasing and S(r,t) — 0 as t — oo, for all r € R,..

2. SYSTEMS CLASS AND SWITCHING SIGNALS

To describe the class of dynamical systems studied in this paper, we consider a family of vector fields,
fi : R™ = R™ with ¢ belonging to a finite index set Z := {1,...,m} for some m € N\ {0}. We stipulate the
following property with each of these vector fields:

Assumption 2.1. For each i € Z, we suppose that f; € £¥(R"), where the notation f; € X(R™) is used to say

that f; € Lipg(R™,R™) and f; induces a well-posed dynamical system with an equilibrium at the origin, i.e.,
fi(0) =0 and for the ODE

&= fi(x), (2.1)

the existence, uniqueness and forward completeness of forward solutions (in the sense of Carathédory, see [21],
Sect. 1.5), holds for any initial condition zy € R™.

Note that, in general, f; € X(R"™) does not imply that f; € C(R™,R"™). Consider f : R — R defined by
f(x) = —sgn(z) (with the convention sgn(0) = 0), or g : R — R defined by g(z) = —1 for  # 0 and g(0) = 0.
It can be verified that f,g € 3(R).

Given F = {fi}iez C Z(R™), for any i € Z, we denote the (semi-)flow of the i-th subsystem by ®; : R; x R™ —
R"™, i.e.
®,(t,x) := solution to (2.1), starting at € R™ evaluated at time ¢ € R,.
Given F = {f;}iez C Z(R™), we consider the switched system defined by
(t) = fou)(z(t)), =(0) =z R", tcRy, (2.2)

where o : Ry — 7 is an external switched signal. More precisely, the switching signals o are selected, in general,
among the set S defined by

S:={0:Ry — T | o piecewise constant and right continuous} . (2.3)

Given a signal o € S, we denote the sequence of switching instants, that is, the points at which ¢ is discontinuous,
by {t7}. Moreover, given t > s, we define by N,(s,t) as the number of discontinuity points of ¢ in the interval
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[s,t). We stress that ¢t§ := 0 is considered to be a discontinuity point. We note that, for any o € S, the set {¢7}
may be infinite or finite; if it is infinite, then it is unbounded.

Given 0 € §, z € R and t € Ry we denote by ®,(t,x) the solution of (2.2) starting at = and evaluated at ¢
with respect to the switching signal o € S.

Linear Case: Given A = {A;,..., Ay} C R™ "™ we consider the switched linear system defined by

i(t) = Agpx(t), =(0) =20, t€Ry, (2.4)
where o € S is again an external switched signal.

Given a V € Lipy(R™,R) NC(R™,R) and f; € 3(R™), we denote by D}:V the Dini-derivative of V' with respect
to f;, defined as

D-;:V(‘T) := lim sup V(®;(h,x)) — V(x)

1 . , VaxeR".
h—0

We recall that, given = € R™, if V' is continuously differentiable at x, then
D}:V(x) = (VV(a), fi(x)).

In what follows, we introduce the subsets of switching signals considered in this manuscript.

Definition 2.2 ((Average) dwell-time signals). Given a threshold 7 > 0 we denote by

Saw(r) :={c eS|t —t7_, >7, V7 >0}, (2.5)

the class of 7-dwell-time switching signals.
Given Ny € N and 7 > 0, we consider the class of (7, Ng)-average dwell-time switching signals, defined by

tf
Sadw(T, Np) 1= {0 €S| Ny(s,t) < No+ TS, Vt>s>0 } ; (2.6)

in this case, Ny € N is referred to as the chattering bound.
We denote by §29, (1) the class of the T-average dwell-time switching signals, defined by

adw

3310(7—) = U Sadw(TaNO)- (27)
NoeN

Finally, we denote by S(7) the class of eventually T-average signals defined by

S(7) := {0 € S| limsup N,(0,t) — ; < +o0}. (2.8)

t—+o0

Remark 2.3. We provide some remarks and insights regarding the introduced families of signals. Let us fix a
7 > 0. The following propositions hold:

1. For any N7 < Na, Suqw(T, N1) C Saaw(T, Na), or in other words, the set-valued function n — Suqu(7,n) is
increasing with respect to the partial relation given by the set inclusion;
2. Spaw(T,1) = Saw(7);

3' S(ﬁw(7> % 8(7)7
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4. Consider o € S periodic of period T' > 0, and suppose without loss of generality that lim;_,p- o(t) #
o(0). Then, o € S(7) if and only if N,(0,7) < L. Moreover, this is also equivalent to the property
0 € Sudw(T, Ny (0,T)).

Ttem (1) is straightforward. Let us prove (2): given o € Sgu(7), consider any 0 < s < ¢t and suppose K7 <
(t —s) < (K +1)7 for some K € N. Then N,(s,t) < K +1 < 1+ =2, proving that o € Syau(7,1). Suppose

now o € Sqaw(7,1) and consider any switching point ¢ > 0. For all s € [t]_,,t]_, + 7) we have N, (t7_;,s) <

14+ Li’“*l < 2, and thus s cannot be a discontinuity point (since already t7_, € [t7_,,s) is). This proves that

17 —t7_, > 7, for any t§ > 0, concluding the proof.
Let us prove Item (3). Let us consider any o € S5, (7) i.e. there exists Ny € N such that ¢ € Saqu(T, No).
We obtain

t t t
Na(oyt)—;SNo-F;—;:No, Vte Ry,

and thus trivially, limsup,_,, ., N (0,t) —
o : Ry — 7 such that

% < Ny < +o0. To see that the inclusion is strict, consider a signal

o has k — 1 discontinuity points in the interval [k*7, (k* +1)7), V k€ N\ {0},

o is constant otherwise.

It is clear that o ¢ S5, (7) since it has an unbounded number of discontinuity points in the intervals of length

of the form [k?7, (k* 4+1)7), as k — +00. On the other hand, consider any ¢t € R and suppose t € [k?T, (k+1)27),
for any k € N. We then have

h=k
t k(k —
Ny (0,8) — = < h—1)—k?< 2 L
R R e
h=1
By arbitrariness of ¢ € R, we conclude that limsup,_, , , No(0,t) — £ < +00, i.c., 0 € S(7).
We now prove Item (4), let us suppose that N, (0,7) < % It can be easily proved by induction that, for any

t, = kT with k € N we have N,(0,t;) = kN,(0,T). Then consider any ¢t € R4 and suppose ¢t € [KT, (K +1)T)
for some K € N, then,

t KT T T T
Ny(0,t) — = < (K + 1)N,(0,T) = — < (K + )= — K— = —.
T T T T T

Since the bound is independent of K, this implies that limsup,_, , ., No(0,¢) — £ < 400 and thus ¢ € S(7). For

the converse implication, let us suppose N, (0,7) > L and thus consider € > 0 such that N,(0,7) = L +e. Let
us consider t; = kT for all k € N, it follows that

l kT T kT

We have thus proved that limy_, ;. Ni (0, %) — % = +o00, proving that o ¢ S(7).
Finally, it is easy to see that, if N,(0,7T) < % then N, (s,t) < %i + N, (0,T) for any 0 < s < ¢, implying
0 € Suaw(T, No(0,T)). Since we have already proved that §%, (1) C §(7), the desired assertion follows.

adw
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3. STABILITY OVER CLASSES OF SWITCHING SIGNALS:
REVIEW AND FIRST RESULTS

In this section we recall and review classical concepts of stability for switched systems with respect to classes
of switching signals, providing some discussion and first results. We introduce here the concept of uniform
stability with respect to a class of switching signals for systems as in (2.2).

Definition 3.1 (Stability notions for a given class). Given a class S C S and F = {fitiez C B(R"), system (2.2)
is said to be uniformly globally asymptotically stable (UGAS) with respect to (w.r.t.) S if there exists 8 € KL
such that

|®,(t,x)| < B(|z],t), Voed VeeR" VieR,. (3.1)

Given p > 0, system (2.2) is said to be uniformly globally exponentially stable with decay p (UGES,) w.r.t. S if
there exists M > 0 such that

@, (t,2)] < Me P|z|, Vo eS8, Ve e R", Vit eR,. (3.2)
The supremum over the p > 0 for which (3.2) is satisfied for some M > 0 is called the S-exponential decay rate,

and it is denoted by pg(F).

We report from the literature, in a condensed form, the main characterization result for UGAS of (2.2) (and
UGES,, of (2.4)) with respect to dwell-time switching signals, i.e., S = Sgq,(7), for a given 7 > 0.

Proposition 3.2 (Lyapunov characterization for Sg,(7)). Consider any 7 >0 and F = {f1,..., fm} C Z(R"™).
System (2.2) is UGAS w.r.t. Sagu(T) if and only if there exist Vi,..., Vi € Lipy(R™,R) and ay, a2 € Ko such
that

ar(|z]) < Vi(z) < ao(|z|), VieZ,VzeR", (3.3a)

D}iVi(x) < —Vi(x), VieZVxeR", (3.3b)

Vi(®i(r,2)) < e Vi(z), V(i,j)€I? VxeR"™ (3.3¢)

(Linear Case): Consider A = {Ai,...,An} C R™*"; given 7 > 0 and p > 0, system (2.4) is UGES, w.r.t.
Saw(T) if and only if there exist norms vy, ..., vy : R™ = R such that

DXivi(x) < —pvi(x), VieI,VxreR", (3.4a)

vi(e™iz) < e PTu(x), V(i,j) € I?, Vr € R™ (3.4b)

The proof of this proposition, for the linear case, is provided in [9], see also [17]. For the proof of the direct
extension to the non-linear case, see [19].

Summarizing, Definition 3.1 provides notions of stability which are uniform over a given class SCS. In
the case of Sg,,(7), for some 7 > 0, there already exists a complete Lyapunov characterization of such stability
notions, as illustrated in Proposition 3.2. Similar results can be found for related classes of signals (signals with
lower bound on the length of intervals, signals with graph-based constraints, etc.), see for example [17, 19, 22, 23].

On the other hand, for the class of switching signals S5, (7) defined in (2.7), Definition 3.1 is somehow too
restrictive in the sense that it requires a single KL function that works for S,q.,(7, No) for all values of Ny. This
is formally illustrated in the following lemma.
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Lemma 3.3. Given 7 > 0 and F = {fi}iez C Z(R"), system (2.2) is UGAS w.r.t. §59,,(7) if and only if it
is UGAS w.r.t. S (a.k.a. arbitrary switching stability). Similarly, given p > 0, system (2.2) is UGES, w.r.t.

ou(T) if and only if it is UGES, w.r.t. S.

Proof. If system (2.2) is UGAS w.r.t. S then it is UGAS w.r.t. §55,,(7), since 855, (7) C S. Let us then suppose
that system (2.2) is UGAS w.r.t. §59,,(7), i.e., there exists 8 € KL such that

[P, (t,2)| < B(|z],t) VoeS8g, (), Ve e R, VieR,.
Consider any o € § and any T > 0, we have that there exists a Ny € N such that

Olor € Sadu(T NO)|T7

where, given SCS , we denote by S| |7 the set of restrictions of signals in S over the interval [0,T), i.e.
S ={y:0,T)=>I[JoceSst.y=0,,}

As a (conservative) case, we can choose Ny = N,(0,T) < +00. In other words, there exists o € S5, (7) such
that o(t) = o(t) for all ¢ <T. We thus have

|Do(t,z)| = | D5 (¢, 2)| < B(|z|,t), Vx e R", Vt <T.

By arbitrariness of 0 € S and T > 0, we conclude that UGAS w.r.t. S35, (7) implies UGAS w.r.t. S.
The UGES, case follows a completely equivalent argument, that it is thus not explicitly reported. O

Lemma 3.3 suggests to introduce a non-uniform notion of stability in order to take into account signals in
859.,(7) (and therefore also in S(7)). In what follows we introduce a somehow “strong” notion of boundedness,
that takes into account the number of discontinuity points of any signal, up to the considered time.

Definition 3.4 (Jump dependent boundedness notions). Consider any 7 > 0 and F = {f; };ez C L(R"), sys-
tem (2.2) is 7-dependent uniformly globally bounded (or, T-UGB for short) if there exist 11,12 € Ko and a > 0
such that

B, (t, )| < my(eX™Ne 0D (Ft) (12])) Vo € S, Vo e R, Vi e Ry. (3.5)

Similarly, given p > 0, we say that system (2.2) is 7-dependent uniformly globally exponentially bounded with
decay p (T-UGEB,, for short) if there exist M > 0 and a > 0 such that

@, (t,2)| < Med™NeODe=(era)t | Vo e S, Vo e R", VteR,. (3.6)

The notions of 7-UGB and 7-UGEB, introduced in Definition 3.4 are somehow peculiar: the defining inequal-
ities (3.5) and (3.6) indeed provide bounds on the norm of solutions to (2.2) for any signal o € S, and such
bounds explicitly depend on the number of switches/discontinuity points. These bounds lead to convergence
of solutions only for o € S for which the term N, (0,¢) is not significantly large with respect to f, at least
when t approaches +oo. More specifically, such convergence property holds true for eventually 7-average sig-
nals, as defined in (2.8). Moreover, such notions imply uniform global asymptotic stability with respect to the
classes Sqaw(T, No), for any fixed Ny € N. Before formally proving these claims, we will discuss some preliminary
concepts related to the stability notions introduced.

Remark 3.5 (Arbitrary switching stability). We note that in the case a = 0, inequality (3.5) is equivalent
to UGAS w.r.t. S. This can be proved recalling the Sontag’s KL-lemma (see for example [24], Prop. 7 or [25],
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Lem. 3). Similarly, in the case o = 0, (3.6) is equivalent to UGES, w.r.t. S. Uniform (exponential) stability on
the class of arbitrary switching signals S is well-studied, and it already has its Lyapunov characterization, via
common Lyapunov functions, (see [12] for the non-linear case and [10, 11] for the linear case). For this reason,
the case @ =0 in (3.5) and (3.6) can be considered as a trivial case.

Moreover, it can be seen that the choice of the term “—1” in inequality (3.5) is arbitrary, and can be replaced
by —A for any A > 0 . We formally prove this property in the following statement.

Lemma 3.6. Given any 7 > 0, if system (2.2) is 7-UGB then, for any A > 0, there exist 71,72 € Koo and & > 0
such that
@, (t,z)| < 7y (¥ NeODe=C+DE (12])) Vo € S, Vo e R", VieR,. (3.7)

Proof. Let us suppose that (2.2) is 7-UGB, and consider 11,72 € Ko and « > 0 such that inequality (3.5) holds.
Consider an arbitrary A > 0. In the case a = 0, the statement trivially follows by choosing @ = 0, 71 (r) = 771(7"%)
and 72(r) = (n2(r))* for any r € Ry If a > 0, we choose & > 0 such that the following equation is satisfied:

and let us call 0 := %{‘5 = 2 > (0. Then, we have

o

=
N~

|CI)g(t,x)| < 771(eaTN“(O’t)e_(1+a)t772(|x‘>) = (((eO(TNo-(Oyt)e_(l“!‘a)tnz(|$|) )9)
1
9

=m ((eaTNo'(O,t)e_()\+a)t(n2(|x|))9) > 7

and we can thus conclude by letting 7 (r) := 71(r#) and 72(r) := (n2(r))°. O

The notion introduced in Definition 3.4 has important consequences on §tability/ boundedness of solutions
to (2.2), when considering switching signals in the classes Sgqu (7, No) and S(7), as we report in the following
statement.

Lemma 3.7 (Stability properties). Given 7 > 0 and p > 0 suppose that system (2.2) is 7-UGB (resp.
7-UGEB,). Then the following propositions hold:

1. System (2.2) is UGAS (resp. UGES,) w.r.t. Saaw(T, No), for all Ng € N.
2. For all 0 € §(7), there exists B, € KL (resp. My > 0) such that

|D,(t, )| < Bs(|z|,t), VzeR"VteR,,
(resp.) | @, (t,z)| < Mye x|, Vo e R" VteR,.
Proof. Let us prove Item (1) first. Suppose that system (2.2) is 7-UGB and thus consider 71,72 € Ko, and

a > 0 as in Definition 3.4. Consider any Ny € N and any ¢ € Syau(7, No). For any € R™ and any t € Ry we
have

| (t, )] < (27N D e Wy (|])) <y (7ot 2 em (HF Dy ((a])) = my (2T e M pa(Ja]).
Defining By, (r,t) := n1(e“NoTe"tn,(r)), for all Ny € N we have

|D,(t, z)| < Bn,(|2],t), V0 € Saaw(T, No), Yo € R", Vit € Ry,
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concluding the proof. The exponential case, i.e. that 7-UGEB,, implies UGES,, on Sqqu(T, No), for all Ng € N
is similar and thus avoided.

t

Next, let us prove Item (2). Consider any o € 8(7), i.e. we suppose that limsup,_, , o No(0,t) — £ = C < +o0.
By definition of the limit superior, given any ¢ > 0, there exists T, > 0 such that

NAQU§C+6+£,Vt2E. (3.8)
Let us denote by N3 = N,(0,7.), then by definition of 7-UGB, we have
| (t, )] < mu(e?TN O e UFy (|2))) <y (e*MiTem FDny(Ja)), Vo e R, VE< T (3.9)
Moreover,

| D (¢, )] < (27N O em(1F i, (|ar])) < iy (27 (OF=F2) e (F Oy (2]
<m (e CF ety (|2]), Vo e R, Vit > TL.

(3.10)

Now consider R = max{ Ny, C' + ¢} and define 3, (r,t) := n1(e*"Fe~tny(r)). Merging (3.9) and (3.10) we obtain
|Po(t,2)| < By(|x|,t) Y2 eR™, VieR,,

concluding the proof. Again, the exponential case can be proved by similar arguments. O

In Lemma 3.7 we have shown that 7-UGB and 7-UGEB, imply the classical UGAS and UGES,, properties
w.r.t. Saaw(T, No), for any fized Ny € N. Moreover, we have seen that they also imply asymptotic (exponential)
stability for system (2.2) when a o € S(7) is fixed a priori. In the next section, we will show how these notions
have a direct and neat Lyapunov characterization in terms of multiple Lyapunov functions, somehow mimicking
the result provided in Proposition 3.2 for the UGAS and UGES,, w.r.t. Squ (7).

Before providing the aforementioned converse result, in the next subsection we discuss the relations between
Definition 3.1 for Sgy,(7) and Definition 3.4.

3.1. UGES, w.r.t. Sg,(7) does not imply UGES, w.r.t. Sqqu(T,2)

In switched systems literature, stability with respect to dwell-time signals S4.,(7) and stability with respect to
average dwell-time signals Sqq., (T, No) for any Ny € N are often interchanged and considered to be qualitatively
the same. From a general point of view, this is justified in a “stabilization setting”: switching among a finite
set of exponentially stable subsystems will preserve stability, if the switching is slow enough (absolutely or in
average). This was the philosophy behind the earlier references [1-3] and related results. On the other hand,
the relations between these notions of stability have not been completely analyzed from a theoretical point of
view, as far as we know. We provide a first step into this analysis in this short subsection.

We start by recalling from Remark 2.3 that, given any 7 > 0, we have Sgy(7) = Sadw (7T, 1) C Sadw(T, Np) for
any Ny > 1. It is thus clear, from Definition 3.1, that UGAS (resp. UGES,) w.r.t. Sqquw(7, No) for any Ng € N
implies UGAS (resp. UGES,) w.r.t. Sgu(7).

via an explicit numerical example, we now prove that the converse implication does not hold. More precisely,
we provide a switched linear system that is UGES, w.r.t. Sq,(7) (for some p > 0 and some 7 > 0) but unstable
on Su4u(T7,2). The system data is obtained by modifying a benchmark example provided in [3].

Example 1. Consider A := {4;, A} C R?*2 defined by

01 1 —0.03 1
A= {2 0.1]’ Az = [ -1 0.03}
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Using the sufficient conditions provided by Proposition 3.2, we are able to prove that (2.4) is UGES, w.r.t.
Squ(T), with p = 0.001 and 7 = 7, := 2.1. More precisely, it can be seen that there exist P, P, € Sym(R?*?)
such that

I, < P, <1001, Vi€ {1,2},
PA; + Al P +2pP; <0, Vie{l,2},
AT PefiT — 72T p 20, Y (i,5) € {1,2)7,

where I, € R?*? denotes the identity matrix. This implies that conditions (3.4) in Proposition 3.2 are satisfied
considering the quadratic norms v; : R? — R defined by v;(z) = /2 Pix for i € {1,2}.

On the other hand, we now see that the system is unstable on S;4.,(7«, 2), by providing a destabilizing signal
0 € Suaw(Tx,2). It can be seen that, for any ¢t € R, it holds that

it _ gm0 | cos(v2t) P sin(v2t) eAztze_o.ogt[cosa) sin(t)}
—V/2sin(v/2t)  cos(v2t) |’ —sin(t) cos(t)|’

This suggests to consider t1,t5 € Ry defined by

3

t, = and tp 1= 5

T
22’

and to consider the periodic signal o : Ry — {1,2} of period T :=t; + t2 defined on the interval [0, T') by

o=

Intuitively, the idea behind the construction of this switching signal is the following: ¢; represents the time in
which the solutions of & = A;x starting on the axes span a 7 turn in the state space (clockwise) while 5 is
the time that the solutions of & = Asx employ to span a 37” turn (clockwise), see Figure 1. The state-transition
matrix of the system (t) = A )x(t) at time T' (see [26], Sect. 4.6) is then given by

eAztzeAltl — e—O.lt1—0403t2 <\/§ 0 > .

1, iftel0,t),

3.11
2, iftel[ty,T). (3:11)

0

Choosing as initial condition 2o = [1, 0] T, it can be seen that the corresponding solution is exploding, indeed

lim |®,(kT,z0)| = lim e FO10+0-03t) (/o) k201 > Tim (1.09)F = 4-o0.
k—+o0 k— o0 k—+o0o

Since N,(0,T) =2 < 2.773 = %, from Item (4) of Remark 2.3 we have that o € Sqqu(7x, 2).

By providing an explicit diverging solution, we have thus proved that the system is unstable w.r.t. switching
signals in Sqduw(Tx, 2).

Summarizing, we have shown that uniform exponential stability w.r.t. Sg,,(7) does not always imply uniform
exponential stability w.r.t. Sqqu (7, No), even for planar linear subsystems and for Ny = 2, and thus in particular
it cannot imply 7-UGEB,, as introduced in Definition 3.4.

On the other hand, it will be shown in Section 5 that for the family of linear systems {47, A3} considered in
this example, we can find 7* > 7, such that the system is UGES, with respect to Sqqu (7%, No) for any Ny € N.
But the system is clearly not UGAS w.r.t. arbitrary switching, or w.r.t. §9 (7) for any 7 € R (recall Lem. 3.3).

adw
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FIGURE 1. Considering the switching signal o € Sgau(7,2) in (3.11), and the initial condition
xo = [1,0]T, we represent the corresponding solution ®, (-, zo) : R, — R2, highlighting the fact
that it is unbounded, i.e., limy_ 4 |Ps (¢, xo)| = +00.

4. LYAPUNOV (CONVERSE) RESULT FOR 7-UGB

In this section we provide a self-contained review of classical multiple Lyapunov conditions for average dwell-
time stability, introduced in [2] (see also [1, 3]) and further developed/extended in [4]. After some preliminaries
discussion, we provide a converse Lyapunov result inspired by the ideas behind the proof of Proposition 3.2,
formally proving the equivalence of such conditions with the property introduced in Definition 3.4.

First of all we recall the main Lyapunov sufficient conditions in the non-linear case.

Proposition 4.1. (Thm. 1 in [4]) Consider F = {f1,..., fm} C Z(R™). Suppose that there exist a1, as € Ko,
p€EK, X € Koo, and V1, ..., Viy € Lipy(R™,R) such that

ar(|z]) < Vi(z) < as(lz|), VieZ, Vo eR", (4.1a)
D} Vi(z) < —p(Vi(x)), Vi€, Vo eR", (4.1b)
Vi(x) < x(V;(x),  VY(i,j) € I? Vz € R™ (4.1c)

Moreover, consider € > 0 and the function

U (t) = srerl[(i)g]{p(s) +e(t— )} <min{p(t),et}, VteRy.
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Suppose that, for a given € > 0, it holds that

x(s)  q
T = su ——dr < +o0. 4.2
| () (4.2)

Then, for any T > 7*, system (2.2) is T-UGB.

We refer to [4], Theorem 1 for a direct proof of Proposition 4.1. It must be noted that the notion of 7-UGB
is not explicitly introduced in [4]. However, by following the proof of [4], Theorem 1, one can obtain the
expression (3.5), which in particular proves UGAS for Sya. (7, No) for all Ny € N that were studied in [4], as
stated in Lemma 3.7. Here we provide a novel proof of Proposition 4.1, based on the following statement which
will be independently used in what follows.

Lemma 4.2. Consider F = {f1,..., fm} C Z(R™). Suppose that there exist a1, an € Koo, p € K, X € Koo,
e>0 and Vi,..., Vi, € Lipy(R™, R) such that conditions (4.1)—(4.2) are satisfied; then, for any T > 7*, there
exist Wi, ... Wy € Lipy(R™,R), a1, a2 € Koo and o > 0, such that

ay(|z]) < Wi(z) < ao(|z]), Viel, VzeR", (4.3a)
D;:Wl(x) <-1+a)Wi(z) Viel VreR", (4.3b)
Wi(x) < e*™W;(z), V(i,5) € I?, Vo € R™. (4.3¢c)

Conversely, if there exist Wy, ..., Wy, € Lipy(R™,R), a1,a2 € Ko, @ >0 and 7 > 0 satisfying (4.3) then there
exist T < T and aq, 00 € Koo, pEK, X € Koo, € >0 and V1, ..., Viy € Lipy(R™,R) such that conditions (4.1)—
(4.2) are satisfied.

Remark 4.3 (Common Lyapunov function). We note that the case & = 0 in conditions (4.3) corresponds to the
fact that any W; is a common Lyapunov function for the considered switched system. Indeed, inequality (4.3c)
in this case reads W;(z) < W;(z), for all (i,7) € Z?, Vo € R", thus implying that W; = W; for all (i, j) € Z?,
i.e., all the functions coincide with a unique W € Lip,(R™, R). Then inequality (4.3a) will provide the classical
p051tlve definetenss property for W, while (4.3b) now reads D+W( ) < =W(z), foralli € 7 and all z € R™. In
other words, W is a common Lyapunov function for system (2 2) (as introduced in [10-12], for example), which
is thus UGAS with respect to S. This observation is in line with the discussion provided in Remark 3.5.

Proof of Lemma /4.2. Let us first suppose that oy, as € Koo, p € K, X € Koo, and Vi, ..., Vi, € CH(R™R) satisfy
conditions (4.1), for some € > 0 and 7* > 0 such that (4.2) holds. Consider any 7 > 7* and take o > 0 such
that

Let us consider the function v : Ry — R, defined by

(s) = 0, if s =0,
N = exp( \Ij'*'a dr), ifs#0.
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Using the fact that U, is globally Lipschitz (with € as Lipschitz constant), in [4] (see also [27], Lem. 11 and 12)
it is proved that v € Ko NCH(R4,R). In particular, we have

1+«
B e(s)

v (s) v(s), Vs>0.

We now define W;(x) := v(V;(x)). It is clear that choosing &; = v o a1 and as = 7 o a3, condition (4.3a) holds.
Consider now any x # 0, by definition, we have

, Vi(®i(h,2))) —y(Vi(z)) . Vi(®;(h,z)) — V()
DY Wiz) =1 it > 1 1 ; 7
Wil = fina h o Vi@ (he) — V(@) ot B

where the last equality is justified since:

. D;{VZ(:U) < 0 implies that there exists h > 0 such that V;(®;(h,x)) — Vi(x) < 0 for all h € (0, h)
T

e limy .o+ W(V\/(Eb¢(?hw;;;:$z§w)) exists, and it is equal to +/(V;(z)) > 0, since lim;,_,o+ V;(®;(h,z)) = V;(z).

We thus have

. —y(Vi(2)) .. Vi (®; ~
DTW;(z) = lim Mhmsn A =~ (Vi(2)) DT Vi(x).
fite) = i ST g g, PR Y (V@)D Vi)

Then, we obtain
D} Wi(z) = ' (Vi(x)) Dy, Vi(z) < =/ (Vi(2))p(Vi(x))
14+«

= —WP(W(%“))V(W(%)) < -1+ a)y(Vi(@) = =(1+ a)Wi(z),

which proves (4.3b) for any x # 0. Since (4.3b) is trivial in the case x = 0, it remains to prove that (4.3c) holds.
Let us consider the K, function Y := vy oy o~~1 by (4.1c) we have

Wi(z) < X(W;(2)), V(i,j)€I? VYV eR™

We then obtain

1 |:1 (%(@)] 1 /)?(3) 1 p /‘(’YOX)(U) 1 p
sup [log | == || = ———su —dr =su ———dr
(1+a) S>]§ 8\ (1+a) S>IS s T u>}3 (W) 1+ a)r

x(w) / x(w) g
:sup/ &dr:sup/ dr =17,
u>0Jy (1 + O[)’Y(T) u>0Jy

This implies that
X(s) < e t)g = ¢Tog Vg€ R,

which proves (4.3c), concluding the first direction of the proof.

The other implication is straightforward. Consider any 7 > 0 and suppose that the functions Wy,..., Wy
satisfying (4.3) exist (for some &1, a3 € Koo a > 0 and 7 > 0). If a = 0, then we can choose x = p = Id and the
conditions in (4.1)—(4.2) trivially hold with 7* = 0 and V; = W; for any i € Z. If a > 0, consider 7* < 7 such
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that % = 115, then the functions V; = W; for any i € Z satisfy (4.1), by choosing p(s) := (1 +a)s, x(s) = €*7s,

e = a+ 1. Moreover, choosing ¥,1(s) = (1 + a)s, it can be seen that condition (4.2) holds, i.e.,

aT aT

/X(s) 1 /e s 1 p 1 /e s q p
su —— = Su r = su — ar
S0y Ve S0/, Orar” T Tvals

1 aT

=11a 21;18 (In(e*"s) —1In(s)) = =7

concluding the proof. O
We now prove Proposition 4.1 using Lemma 4.2.

Proof of Proposition 4.1. Using Lemma 4.2, let us consider Wy, ... Wy, € Lip,(R™,R), &1,a2 € K& and o > 0
satisfying (4.3a), (4.3b) and (4.3c). Consider any o € S, and any t € Ry and suppose that t € [t{,t7, ), for
some t7 > 0. Using the flow condition (4.3b) together with the comparison principle applied to the continuous
function W;(®;(-,z)) : Ry — R™ (see for example [26], Lem. 3.4) and applying the jump condition (4.3c)
recursively, we obtain

Wg(t)(‘%(t,x)) < 67(Ha>(t*ti)W0(tZ)(‘I)o(t‘;:,a:)) < eocTe*(1+a)(t7tz—1)Wo_(tg71)((I)o_(tg_hx)) <...

(4.4)
< eOzTNU (O,t)e—(l—i-a)tWU(O) (LC)

From (4.3a), it follows that
|®,(t, )] < ay (e N0 e=(HG, (|2])) Vo € S, Vo e R™, VieR,.
By letting n; := &;1 and 7o := ag, we have thus proved (3.5) and this concludes the proof of Proposition 4.1. [

In the following statement, we present our main result establishing the equivalence of -UGB of (2.2) with
the existence of functions satisfying (4.1)—(4.2) (via the intermediate step provided by Lem. 4.2).

Theorem 4.4. Consider F = {f1,...,fm} C Z(R™) and 7 > 0. System (2.2) is 7-UGB if and only if there
exist Wi, ..., Wy, € Lipy(R™,R), a1,a3 € Koo, @ > 0 satisfying (4.3).

Proof. The proof of sufficiency follows from Proposition 4.1 and Lemma 4.2.
(Necessity): Suppose that the system is 7-UGB, and let us fix £ > 0. Recalling Definition 3.4 and Lemma 3.6,
there exist 71,712 € Ko and « > 0 such that

D, (L, )| < my (e NeODe=(Fetalty, (12])), Vo e S, Vo e R®, Vi€ R,.

Without loss of generality, we can assume that n; € Koo NCHR, \ {0}, R) and 7] (s) > 0 for all s > 0 (see [28],
Lem. 1). Let us define v := 1 + «, we thus have

et

mal(|®g(t7ﬂ7)l) S n2(|1'|)€76t S ’I’]Q(|I’|), Vo S S, VY € Rn, Vit S R+, (45)

with a; = nfl. We define, for every i € Z, the set

Si:={ceS8|o(0) =i},
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i.e., the signals that “start” with the value equal to i € Z. We then define, for all ¢ € Z, the function W; : R™ — R
by

evs

Wi (x) = Slelg Sli}o) m@l“@o—(s, $)|) (46)

For every i € Z, let us denote by v; € S; the constant signal, that is v;(t) = i, for all ¢ > 0. We have

evs E]

e 1
Wz(.’L’) = fél}g) S:ig WOQH‘I)U(S,QT)D > ig}g malﬂ@w(&%”) > 66?041(|.%‘|)7

where in the last inequality, we have chosen s = 0 as sample time. On the other hand, equation (4.5) implies
Wi(x) < n2(lz]), VieZ, Vo e R™,

and we have thus proved that the W;, for each i € Z, satisfies the inequality (4.3a) with a; = e%nf L and
&2 = 1’}2.

Since from now on we use concatenation arguments, we refer to Appendix A for the main definitions and
results. We now prove inequality (4.3b). Considering any i € Z, any € R™ and any ¢t > 0, we have

s evs

(&
Wi(q)i(tax)) = Sgg Slig malﬂq)a(sa (I)z(tvx))‘) = Sgg Sli% mal(|q)w<>t0(s + t,CE)D.

Recalling Lemma A.2 in Appendix A, for any o € S; and for any ¢t € Ry, we have v; 0, 0 € S; and Ny, 6,,(0, 5+
t) = N, (0, s) for any s > 0. We thus proceed as follows:

e’
Willlt2)) = S S e oy 1 (B o :2))
67(7“*75) eyt er et
< sup sup —grryan |2y (r2)l) < €7 sup sup —opmrsan(12y (r @) = e Wila).

We have thus proved that W;(®;(¢,z)) < e "*W;(x), for all i € Z, for all z € R™ and all ¢ € R.. If the functions
W; are locally Lipschitz on R™\ {0} (as we will prove in what follows), this implies (4.3b). Indeed, it holds that

(P —W. —YhY. —W- —-vh _1q
Wi(@i(h, z)) = Wilz) < limsup e Wilz) — Wilz) = W;(z) lim £ o —yWi(z),
h—0+ h h—0+ h h—0 h

D]Ti W;(x) = limsup

for any z € R™.

We now prove (4.3¢). Since e*” > 1, the case i = j is trivial, we thus suppose that ¢ # j. The core idea is to
concatenate the constant signal v; with an arbitrary ) € S;, on an initial interval of arbitrarily short length.
The obtained signal will be in §;, but the corresponding solutions will be close, in a sense we clarify, to the ones
corresponding to %, if the initial interval is small. More formally, for every x € R™ and for an arbitrary § > 0,
we have

e’ evs
; = _ > _— ox
Wi(z) sup i;% N0 a1 ([P, (s, z)]) > 52& ig}g N 00 a1 (|Pu050 (s, 2)]),
eV(r+9)
Z sup sup W@l(|¢¢(?”, @1(5,$)|),

PeS; r>0 €
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where, in the last step, we restricted the supremum over s > § and we performed the change of time-variable s =
d +r. Since in Lemma A.2 of Appendix A, we proved that N, ¢, (0,7 +3) = Ny(0,7) + N, (0,0) = Ny(0,7)+1
for every ¢ € S; and every r > J, we have

e (r+9)
Wi(z) > wbélgj sup mal(@w(ﬂ ®;(6,z))|)
erd err erd
> s 52‘1% 212118 mm(@w(ﬁ ®;(0,2))]) = e?Wj(@i(@ z)).

Since the previous inequality holds for any § > 0 and limgs_,o+ eai W;(®,(0,2)) = eif W;(z), the inequality in
(4.3c) holds.

It remains to prove that W; € Lip,(R™,R), for all i € Z. This can be done substantially following the
arguments in [25], Section 5. The proof is technical and thus only sketched in Lemma B.1 in Appendix, to
avoid breaking the flow of the presentation. O

Remark 4.5. The contribution of Theorem 4.4 is somehow bi-fold. From one side it provides a multiple
Lyapunov functions characterization of 7-UGB property introduced in Definition 3.4. On the other side, it also
formally describes the conservatism of Lyapunov sufficient conditions as in Proposition 4.1, closing the gap of
a long and fruitful story of Lyapunov conditions for average dwell-time stability that can be traced back to [2].
This equivalence has been proved in a generic mon-linear subsystems setting. It is well-known that in such
general non-linear case, non-global/practical stability phenomena can arise in a switching systems context, see
for example [4, 29] and references therein. For simplicity and conciseness, we did not provide in this paper the
local /practical versions of Theorem 4.4 and this line of research is open for future investigation.

5. LINEAR SUBSYSTEMS CASE

In this section, we specialize Theorem 4.4 to the linear case. Using linearity and following the results in [3, 30]
and [31], Chapter 5, it can be proved that in this context, given any set S C S closed under time right-shifting?,
(UGAS) w.r.t. S imply (UGES,) (for a certain p > 0) w.r.t. S. Similarly, it can be proved that, for linear
switched systems, 7-UGB implies -UGEB,,, for a certain p > 0. For this reason, in this section we focus on the
7-UGEB,, notion provided in Definition 3.4.

As for the characterization of UGES, w.r.t. S4,(7) provided in [9] (and reported in Prop. 3.2), we show that
7-UGEB, of (2.4) is equivalent to the existence of multiple Lyapunov norms, with properties similar to the ones
provided in Theorem 4.4 for the non-linear case.

Corollary 5.1. Given A= {A;,...An} CR™™", 7 >0 and p > 0, system (2.4) is T-UGEB, if and only if

there exist norms vy, ...,y : R® = R and a > 0 such that
D"A'ivi(x) < —(p+a)v(x), VieZ, VeeR", (5.1a)
vi(z) < evj(z), Yz €R",V (i,j) € I (5.1b)

Proof. The proof basically follows from Theorem 4.4. The sufficiency is trivial. For the the necessity, recalling
Definition 3.4, there exist o > 0 and M > 1 such that

B, (t, )| < MeO™ N0 =)t 3 Vo e S Ve e R, Ve Ry, (5.2)

1S C S is closed under time right-shifting if o € S & o(-+1t) € g, vVt e Ry.
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Recalling that S; = {oc € § | 0(0) = i}, we define, for every i € Z,

elptajt

vi(@) = Sup sup a0 [P (5, 2)].

By (5.2) it holds that
1 )
— x| <wvi(x) < Mlz|, VieZ, Vo eR"
e T

The inequalities in (5.1) can now be proved with the arguments presented in proof of Theorem 4.4. It remains
to show that v; are norms. For this, we recall that, by linearity, the flows maps of (2.4) are linear, i.e.,

x> O, (t,x) is linear, Vo € S, Vt € R;.

For this reason, for any A € R, we have

e—(ptajt —(pta)t

W‘@g—(S,A.’I})‘ = |)\| sup sup m|@g(

vi(Ax) = sup sup
( e No o€S; s>0 €

o€S; 520

va)‘ = ‘)"Ui('r)’

while for the triangular inequality, considering z1, x5 € R™ we have

e—(ptajt
vi(z1 + 22) = :élg i;}g m|®0(57$1 + z2)|
e—(ptajt e—(ptajt
S0 0 iy o020 00 00 o )] = ) + i)
concluding the proof. O

We note here for historical reasons that the conditions of Corollary 5.1, when restricted to quadratic norms
(and thus loosing the necessity), read as follow:
For a fixed p > 0, if there exists P;,..., Py = 0, @« > 0 and v > 1 such that

9 (5.3)
Pi v P]7
then the system (2.4) is 7-UGEB,, for 7 > %
These inequalities exactly correspond to the conditions provided in the seminal paper [2], Theorem 2 (modulo
some changes in the notation).

Remark 5.2 (Minimum (average) dwell-time). Given A € R™*" we introduce the spectral abscissa of A,
defined as A(A) := max;eqy,... oy Re(\;), where Ay, ..., A\, denote the (possibly complex) eigenvalues of A. Given
an arbitrary norm || - || in R", and its associated operator norm?, for every ¢ > 0 there exists M. > 1 such
that [|e4?|| < M.eCA+) for all t € R,. A matrix A is said to be Hurwitz if A(A) < 0. Let us now consider
A = {A;}icz, and suppose A; is Hurwitz for all ¢ € Z, we introduce the notation A(A) := max;ez A(4;) < 0.
It can be easily proved that, for every 0 < p < |A(A)[, there exist & > 0 and 7 > 0 (large enough) and norms
V1, .-, Uy : R™ = R such that the conditions in Corollary 5.1 are satisfied. Thus, the conditions in Corollary 5.1,
once we fix a desired and feasible decay rate p < |\(A)|, can be used to provide a “safety” value of 7, for

2Given a norm || - || : R — R, the associated operator norm on R™*™ is defined by || Al := SUPLeRrn\ {0} Hﬁfﬁu , for A € R"*™,
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which (2.4) is T-UGEB,,. If we are able to search candidate Lyapunov norms over the whole class of norms, and
to arbitrarily vary the parameter a € Ry, Corollary 5.1 ensures that we will recover the best value for 7, i.e.
the so-called minimal (average) dwell-time. More formally, given A = {A4,..., An} and p < |A(A)|, we define

Tmin(A, p) := inf {7 > 0 | system (2.4) is T-UGEB, } ,

which, by the discussion above, is bounded for any p < A(A). The problem of computing/estimating 7,:» (A, p)
is challenging, and it can be considered related to the celebrated open question proposed in [32] (see also [22]
for a recent overview).

Rephrasing Corollary 5.1 in the light of above discussions, and using the notation AN, for the set of norms
over R, we arrive at

Tmin (.A, p) = inf T

T,0LU1 . U
st. >0, a>0, vi,...,0m €N, (5.4)

and conditions (5.1) are satisfied.

The optimization problem (5.4) characterizes Tp,in (A, p), but has the following drawbacks: it requires to search
over the whole class of norms and it has a possibly unbounded variable o > 0. The first issue can be handled
by relaxation, restricting the functional space in which the optimization is performed, for instance, considering
quadratic norms (as in (5.3)), SOS polynomials, polyhedral functions (as in [8]), etc. These relaxations “con-
vexify” the problem (for a fixed a > 0), paying the price of loosing the optimality, and thus only providing
upper bounds for 7,,;, (A, p). The second issue (the dependence from «) can be handled by line search, see for
example [8] for the formal discussion.

Example 1. (Continued) We consider again the planar switched linear system considered in Example 1. We have
already proved that such system is UGES w.r.t. Sgy(7%) with 7, = 2.1 and that is unstable for Sy 4.,(7%, 2). Thus,
it is certainly not 7,-UGEB,, or, in other words, we have T, (A, p) > 7, for any p € (0, |A(A)]) = (0, 0.03).
We now use the conditions of Corollary 5.1 to provide upper bounds on 7., (A, p) for a small value of p > 0
(chosen according to machine precision). In particular, we use the numerical scheme presented in [8] in which the
research in (5.4) is restricted over a class of homogeneous functions with polyhedral level sets, and the variation
of the parameter « is handled by line-search. The results are illustrated in Figure 2. The best upper bound for
T is obtained considering e*” = p = 1.15 and it is equal to Ty = 5.4744. This proves that, for any 7 > Tpum
the system is 7-UGEB,. Note that, as somehow predicted by the discussion provided in Subsection 3.1, the
computed upper bound Tpym Of Timin(A, p) is considerably higher (2.6 times) than the upper bound for the
minimal dwell-time, i.e. the minimal 7 for which the system is uniformly exponentially stable w.r.t. Sg,(7).

6. CONCLUSIONS

As an open question for future research, we propose the following conjecture, for which the preformed analysis
did not allow us to provide a complete answer.

Conjecture 6.1. Consider any T > 0. System (2.2) is T-UGB if and only if it is UGAS w.r.t. Saaw(T, No) for
any No € N. Given p > 0, it is T-UGEB, if and only if it is UGES, w.r.t. Saaw(T, No) for all Ny € N.

Conjecture 6.1 aims to clarify the relations between the 7-UGB (resp. T-UGEB,) property introduced in
Definition 3.4 for which we are able to provide converse Lyapunov result in Theorem 4.4, and the more “intuitive”
property of being UGAS (resp. UGES,) w.r.t. Sqaw(7, No) for all Ny € N. The “only if” part of the conjecture
has already been proved in Item (1) in Lemma 3.7.
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FIGURE 2. The graph of the minimum 7 in Example 1 obtained by the techniques of [8],
parametrized by the value of p = e®7.

UGAS w.r.t. Sgw(7) UGAS w.r.t. Saaw(7, Ng), ¥V Ng € N
ﬂ: b . Subseé. 2.1 0 0
rop.

3 LFs as in Prop. 1

(?) Conj. 1

7-UGB

ﬂTheorem 1

3 LFs as in Prop. 2

FIGURE 3. Schematic collection of the main results for the nonlinear case. The notation “LFs”

stands for “Lyapunov functions”. The linear-case scheme is completely equivalent, mutatis
mutandis, replacing UGAS by UGES, and 7-UGB by 7-UGEB,,.

Summarizing our results, we highlight the relations between different properties in Figure 3. One can see
that, as a by-product, we observe that the existence of functions as in Proposition 4.1 (resp. norms as in Cor. 5.1
for the linear case) implies the existence of functions (resp. norms) as in Proposition 3.2.

To conclude, this manuscript characterized stability for switched nonlinear systems under average dwell-
time constraints, establishing necessary and sufficient conditions in terms of multiple Lyapunov functions. The
performed analysis highlighted the presence of a strict gap between stability for dwell-time switching signals
and stability for average dwell-time constrained switching signals, as demonstrated through a counterexample.
Building on these insights, we developed a converse result for average dwell-time constrained systems, presenting
inequalities independent of the subsystem flow maps, thereby facilitating easier verification. Additionally, we
examined the particular case of linear switched systems, deriving a corollary from our main result. This study

enhances the theoretical understanding of stability in switched nonlinear systems, offering valuable insights with
potential implications for practical applications.
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APPENDIX A. CONCATENATION OF SWITCHING SIGNALS
In this section, we collect basic definitions and results concerning concatenation of signals.

Definition A.1 (Concatenation). Given any finite index set Z, consider o,y € S defined in (2.3). Given any 6 > 0 we
define o0 o5 v € S by

o(t) ift <9,
005 (t) = .
~(t — 9) ift > 4.

We now provide bounds on the number of discontinuity points of a concatenation of signals.

Lemma A.2. Let us consider o,v € S. For any § > 0 and any 0 < s < t, it holds that
N’-”'OSW(Svt) SN0(876)+N’Y(Oat76)' (Al)
Moreover, considering any 0 < § < t, the following holds:

N,(0,6) + Ny(0,t —6) =1 if lim,_,s— o(r) =

(0),
NU(O,(S) + N’Y(Ovt - 5) ’Lf limr—NS— U(T) 7& .

o (A.2)

NUQ&’Y(Q t) = 7

v
Proof. Let us prove (A.1), we consider s < ¢. The cases s <t < § and 0 < s < t are straightforward. Indeed, suppose
s <t <4, we have Noos~(s,1) = No(s,t). In the case § < s <t we have Ngos(s,t) = Ny(s — 6,6t — ) < Ny(0,t — 9).
Suppose then s < § < t, from the cases studied above, we have

Noosy(8:t) = Noosy(5,0) + Noog~(0,t) < Ns(s,8) + N4 (0,¢ — 9)


mailto:subscribers@edpsciences.org
https://edpsciences.org/en/subscribe-to-open-s2o

22 M. DELLA ROSSA AND A. TANWANI

concluding the proof of (A.1). Let us prove (A.2) by considering 0 < § < t. Let us suppose first that lim,_ s o(r) = 7(0)
i.e., in a open left neighborhood of ¢ the signal o is equal to v(0), then

NUQ&’Y(O’t) = NUQJ’Y(Ové) +N0<>5’Y(67 t) = NG(Ov 6) +N’Y(0’t - 6) -1

where the term —1 has been added since to = 0 is a discontinuity point of v (and thus taken into account in N (0,t — 9)),
while 4 is not a discontinuity point of o ¢s . The case lim,_,5- o(r) # v(0) is similar and thus left to the reader. O

We note that (A.1) in Lemma A.2 in particular proves that Sgg,(7) is closed under arbitrary concatenations: if
01 € Sadw(T, N1) and 02 € Sqequ(T, N2) for some N1, N2 € N, then o1 05 02 € Saauw(T, N1 + N2), for all § > 0. On the other
hand, Sqau (7, No) is not closed under concatenation, for any Ny € N.

APPENDIX B. PROOF OF LOCAL LIPSCHITZ PROPERTY

In this Appendix we provide the proof of local Lipschitz continuity of the functions W4, ..., Wy : R®™ — R constructed
in the proof of our main converse Lyapunov result, i.e., Theorem 4.4.

Lemma B.1. Under the hypotheses of Theorem /.4, the functions W; : R™ — R defined in (4.6) are continuous and
locally Lipschitz on R™ \ {0}.

Sketch of the proof. The proof follows by adapting the arguments in [25] and [33] to our case. We first assume for
simplicity that, for the dynamical systems defined by f1,... fm, the {0} equilibrium is not reached in finite time, i.e., for
any x € R™\ {0}, for any t € Ry, we have ®;(¢,z) # 0. This assumption simplifies the proof but can be easily relaxed as
we suggest at the end of the proof.

Let us fix ¢ € Z, and let us recall that we defined W, : R" — R by

e’
Wi(x) == :gg igg malﬂ@a(s,m)‘).
We have already proved that W; satisfies (4.3a) with & = e%nl—l and as = 12, for certain 72 € Koo and n1 € Koo N
C'(R4 \ {0}, R) such that n{(s) > 0 for all s € Ry \ {0}. First of all, for any 2 € R™\ {0}, let us introduce

Ty(z) = (pm(Wi(‘”))), (B.1)

n2(|zl)

then, we have

~s
Wi = su max —
z(x) UEE s€[0,T) ()] a7 No(0,5)

a1 (%o (s, ). (B.2)

Indeed, recalling that by (4.5) we have Mﬁ%al(@a(t,xﬂ) < ma(|z))e %%, Vo € S, Vx € R™ and Vt € Ry, we obtain

ys ys

€
a1(|2o (s, x)]). sup sup Mmq@a(s,xm}

ma - -
ces; s€E[0,T1 (z)] e@™No (0, S) 0€S; s>T4 ()

{ o 1(|®s (s, 2)]), 772(\93|)676T1<z)}
{i

e

= max { sup

JES sel0.1 (2] €27 No (0:5) ¥

e’ 1
< _ D, , —W;
max{sup xS (0,0, W)

from which we obtain (B.2). Given an arbitrary € R™ \ {0}, we consider a compact neighborhood of z, denoted by U
and we suppose U C R™ \ {0}. Let us denote by

=< (1 (G10))
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which is well-defined by continuity of &1 and 72. Since, by (4.3a) W;(z) > a1(|z|) for every z € R™ and recalling (B.1),
we have that 71 (y) < Ty for every y € U. Let us then define

K =RsTu(U) :={z=D,(t,y) |0 € Si, y €U, t €0, Tul}.

By forward completeness and by the hypothesis that 0 is never reached in finite time, it can be proved that K C R™\ {0}
is compact, see also [33], Proposition 5.1. For any j € Z, let us define L; > 0 as the Lipschitz constant of f; in K and
consider L := max;ez Lj. By continuous dependence of initial conditions (see [26], Thm. 3.4), we have that, for every
y €U, any o € S; and any t < Ty, we have

|00 (t,y) — Bo(t,2)] < ey —a| < U]y —zl.

From now on, we define R = ¢*"%; moreover, let us call Q := maxycx o (|y|); we have Q € (0,+00) since a1 = n; ' €
Koo NCH(Ry \ {0}, R). Let us consider any y € U, we have

e’YS e"{S

[®o(s,9)]) < sup max ——F—r

Wi = sup ma
(y) P ceS; s€E[0,Ty] €

sup ms (@114 (5, ) + 0 (1@ (5. 2) DRl — y])

XM] ea7Ns(0,s) al(

Vs

€
< SUp X o Ne () (a1(|®s (s, z)]) + QRlz — yl)

e’

< sup ma 1(1®(s,2)]) + "MQRlz — y| = Wi(z) + Az —y|

X —F
= oes, s€[0,Ty] eaﬂ'NU(O,S)

with A = ¢?T“QR. With a similar reasoning, one can conclude that W;(y) > W;(x) — A|z — y|, proving that W; is Lipschitz
continuous in Y. By arbitrariness of € R™ \ {0} we conclude that W; is locally Lipschitz on R™ \ {0}. Continuity then
trivially follows by (4.3a).

In the case where the equilibrium {0} is possibly reached in finite time, one has to consider, given any o € S;, the time

e
To(x,0) = sup {t >0 : mal(@a(s,yﬂ) > 041(|ac|)} ,

with the convention that sup® = 0. If {t >0 : emff%al(@g(s,yﬂ) > al(\m|)} # 0, then Th(x, o) is bounded (uni-

formly with respect to o), since Wﬁ%al(@g(s, Y)|) < e 'na(|z]), for any o € S;, any x € R™\ {0}, any ¢ > 0. Then,
we have

e’
Wi(x) = sup m

ax ————an(|®, (s, 7)),
e, sel0.Ta(2,0)] €0™Na(0,3) a1(|%o(s,2))

and adapting the reasoning from the previous case, the claim can be proved, mutatis mutandis. O



	Converse Lyapunov results for stability of switched systems with average dwell-time
	1 Introduction
	2 Systems class and switching signals
	3 Stability over classes of switching signals:review and first results
	3.1 UGES w.r.t. Sdw() does not imply UGES w.r.t. Sadw(,2)

	4 Lyapunov (converse) result for -UGB
	5 Linear subsystems case
	6 Conclusions

	References
	Appendix A Concatenation of switching signals
	Appendix B Proof of local Lipschitz property


