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

MATTEO DELLA ROSSA AND ANEEL TANWANI

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 Lyapunov functions.
Earlier converse results focus on switched systems with dwell-time constraints only, and the resulting in-
equalities depend on the flow of individual subsystems. With the help of a counterexample, 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.

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 [26]. A generalization of this concept is obtained in terms of average dwell-time
constrained signals which allow for finitely many rapid switches (called chattering bound) while the system
respects a lower bound between the switching instants on average [17]. 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 [17], [20, Chapter 3]. Several generalizations
and refinements of this line of research have been pursued in [32, 27, 24, 22] 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 [14]. Surprisingly enough, the necessity of such conditions, or the converse Lyapunov results for such
systems have not been developed.
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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 possi-
ble bounds in some cases) for dwell-time ensuring stability of the overall switched system. In the linear case,
the paper [33] provides a complete characterization in terms of necessary and sufficient conditions involv-
ing 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 [25], [§]
for the linear case, [23] 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
[12], via quadratic Lyapunov functions. Along similar lines, we have LMIs based on discretization in [1] and
bilinear matrix inequalities using polyhedral norms in [4]. A different numerical technique based on the use of
sum-of-squares formulations of the inequalities to compute the dwell-time is proposed in [5]. More recently,
in [6], [10] 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 [9]. 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 [33] (and the related literature) and the ones used
in [17] (and subsequent developments) is due to the inequality that relates different Lyapunov functions
associated with different modes (see the subsequent (11c) and (20c) for comparison). The inequalities
in [33] 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 — e4* has the limitation of being (componentwise) non-convex, for any ¢ > 0, and this
can lead to numerical restrictions, see the discussion provided in [1] and [13, Chapter 1]. On the other
hand, the sufficient conditions proposed in [17], and later generalized in [22], 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 [17] 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 [17] provide more
conservative lower bounds than the ones obtained from [33], 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 [17] or their nonlinear coun-
terpart in [22] 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 pro-
vides a characterization 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 1, we introduce the considered classes of
systems and switching signals, while in Section 2, we illustrate the studied notions of stability for switched
systems, together with some preliminary results and observations. In Section 3, we present our main result
comprising a converse Lyapunov result for stability over the class of average dwell-time signals. In Section 4,
we specialize our results in the more structured linear subsystems case while Section 5 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 Lip,(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 a : Ry — Ris of class K (o € 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 8 : Ry xRy — R
is of class KL if B(-,t) is of class K for all s, and B(r,-) is decreasing and B(r,t) — 0 as t — oo, for all
re R+.

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

the existence, uniqueness and forward completeness of forward solutions (in the sense of Carathédory, see [15,
Section 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(z) = —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 € L(R).

Given F = {fi}iez C X(R"), for any i € Z, we denote the (semi-)flow of the i-th subsystem by ®; :
R, x R" — R, i.c.

®,(t,x) := solution to (1), starting at € R" evaluated at time ¢t € R;.
Given F = {f; }iez C 3(R™), we consider the switched system defined by
(2) (t) = fou)(z(t)), =(0) =z R", tcRy,

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

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

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

Given 0 € S, x € R and ¢t € R} we denote by ®,(t,z) the solution of (2) starting at « and evaluated at ¢
with respect to the switching signal o € S.

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

(4) CC(t) = Ao’(t)x(t)a ZE(O) =0, t € R+7

where o € S is again an external switched signal.
Given a V € Lipy(R",R) N C(R™,R) and f; € ¥(R™), we denote by D}:V the Dini-derivative of V' with
respect to f;, defined as

VzeR"

b, _
D;V(x) := lim sup V(®:(h,2)) V(x),
’ h—0+t h

We recall that, given x € R™, if V is continuously differentiable at x, then

D}V (z) = (VV(2), fi(2)).
In what follows, we introduce the subsets of switching signals considered in this manuscript.
Definition 1 ((Average) Dwell-Time Signals). Given a threshold 7 > 0 we denote by

(5) Saw(r) :={c eS|t —t_y >7, V] >0},
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the class of 7-dwell-time switching signals.
Given Ny € N and 7 > 0, we consider the class of (7, Ny)-average dwell-time switching signals, defined by

t —
(6) Sadw(T, No) = {JESNU(s,t)§N0+TS, VtstO};

in this case, Ny € N is referred to as the chattering bound.
We denote by 8%, (1) the class of the 7-average dwell-time switching signals, defined by

adw

(7) pan(1) = | Saau(r, No).

NoeN

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

_ t
(8) S(1) :=={o €S| limsup N,(0,t) — — < +o0}.
t—+o0 T
Remark 1. 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 N1 < Na, Sadw(T, N1) C Sadw(T, N2), or in other words, the set-valued function n — Sggu(7, )
is increasing with respect to the partial relation given by the set inclusion;

(2) Sadw(Ty 1) = de(T);

(3) 83au(T) & S(7);

(4) Consider o € S periodic of period T > 0, and suppose without loss of generality that lim,_,;- o(t) #
a(0). Then, o € S(7) if and only if N,(0,T) < g Moreover, this is also equivalent to the property
0 € Saaw(T, No(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 0 € Syau(T,1).

Suppose now o € Sqquw(7,1) and consider any switching point t7 > 0. For all s € [t]_;,t7_; + 7) we have

No(t7_1,s) <1+ —F= <2, and thus s cannot be a discontinuity point (since already t7_, € [t7_,,s) is).
This proves that t7 —t7_, > 7, for any t{ > 0, concluding the proof.

Let us prove Item (3). Let us consider any o € 829, (7) i.e. there exists Ny € N such that o € Sqq.(T, No).
We obtain

o
s—ti 1

t t 4
Na(oat)*;§N0+;*;:NOa Vte Ry,

and thus trivially, limsup, ,, . No(0,t) — £ < Ny < 400. To see that the inclusion is strict, consider a

signal o : Ry — Z such that
o has k — 1 discontinuity points in the interval [k, (k* +1)7), VY k € N\ {0},

o is constant otherwise.

It is clear that o ¢ S59,,(7) since it has an unbounded number of discontinuity points in the intervals of

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

M—k2<_7<0.

h=k
t
_ < — 1=k <
N,(0,1) T_}?:l(h )—k* < 5 < 5

By arbitrariness of ¢ € R, we conclude that limsup,_, . N,(0,t) — £ < +o0, i.e., o € 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,(0,7). Then consider any ¢ € Ry and suppose
te KT, (K+ 1)T) for some K € N, then,

No0.0) - L < (kN0 - et okt =T
T T T T T

Since the bound is independent of K, this implies that limsup,_,, . N (0,t) — ; < +oo and thus o € S(7).
For the converse implication, let us suppose N, (0,T) > % and thus consider € > 0 such that N,(0,T) = %—Fe.
4



Let us consider t, = kT for all k € N, it follows that
ti kT T kT
0,ty) — — =kN,(0,T) — — = k(— — — = ke.
No(01) = = =k, 0,1) - ke - M e
We have thus proved that limg_, 4 Ny (0,25) — % = 400, proving that o ¢ S(7).
Finally, it is easy to see that, if N,(0,7) < T then N,(s,t) < t_T“’ + N, (0,T) for any 0 < s < ¢, implying
0 € Suaw(T, Ns(0,T)). Since we have already proved that S5, (1) C S(7), the desired assertion follows.

2. 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).

Definition 2 (Stability Notions for a Given Class). Given a class S C S and F = {fi}iez C B(R™),

system (2) is said to be uniformly globally asymptotically stable (UGAS) with respect to (w.r.t.) S if there
exists 8 € KL such that

9 @, (t,z)| < B(|lz|,t), Voes, VreR", VteR,.
+

Given p > 0, system (2) is said to be uniformly globally exponentially stable with decay p (UGES,) w.r.t. S
if there exists M > 0 such that

(10) @, (t,x)| < Me Pz|, Vo e8, Vo eR", ViecR,.

The supremum over the p > 0 for which (10) 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)
and UGES, of (4)) with respect to dwell-time switching signals, i.e., S = Sg,(7), for a given 7 > 0.
p g sig g

Proposition 1 (Lyapunov characterization for Sg,(7)). Consider any T > 0 and F = {f1,..., fm} C Z(R"™).
System (2) is UGAS w.r.t. Squ(7) if and only if there exist Vi, ..., Viy € Lipy(R™,R) and a1, as € Koo such
that

(11a) (|x| ) < V(az) as(|z]), VieZI,VxeR™,

(11b) Vi(z) < =Vi(z), VieIVxeR",

(11c) V(@ ( r)) < e "Vi(z), V(i,j) €I? VreR™

(Linear Case): Consider A = {A1,...,Am} C R"X”; given T > 0 and p > 0, system (4) is UGES, w.r.t.
Saw(T) if and only if there exist norms vy,..., vy : R™ — R such that

(12a) D} vi(z) < —pvi(z), VieIVzxeR",

(12b) vi(e™iz) < e PTu(x), V(i,j) € T, Vx € R™

The proof of this proposition, for the linear case, is provided in [33], see also [6]. For the proof of the
direct extension to the non-linear case, see [9)].

Summarizing, Definition 2 provides notions of stability which are uniform over a given class S cCs.
In the case of Sgu(7), for some 7 > 0, there already exists a complete Lyapunov characterization of such
stability notions, as illustrated in Proposition 1. 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 [9, 7, 6, 29].

On the other hand, for the class of switching signals S5, (7) defined in (7), Definition 2 is somehow too
restrictive in the sense that it requires a single KL function that works for 8,4, (7, Ng) for all values of Ng.
This is formally illustrated in the following lemma.

Lemma 1. Given 7 > 0 and F = {fi}icz C E(R"), system (2) is UGAS w.r.t. §,(7) if and only if it
is UGAS w.r.t. § (a.k.a. arbitrary switching stability). Similarly, given p > 0, system (2) is UGES, w.r.t.
829.,(1) if and only if it is UGES, w.r.t. S.
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Proof. If system (2) is UGAS w.r.t. S then it is UGAS w.r.t. 899 (1), since 859

adw adw

suppose that system (2) is UGAS w.r.t. §5 (7), i.e., there exists 8 € KL such that

adw

(r) € S. Let us then

|, (t, 2)| < B(|z|,t) Voe8ig,(T), Ve e R" ViteR,.
Consider any o € S and any T > 0, we have that there exists a Ny € N such that

U|[0,T) S Sadw(Ty N0)|T7

where, given SCS , we denote by S| |7 the set of restrictions of signals in S over the interval [0,7), ie.
g‘T ={y:[0,T) = Z|JoeSst v= Tl I+

As a (conservative) case, we can choose Ny = N,(0,T) < +oo. In other words, there exists ¢ € S35, (7)
such that o(t) = o (¢t) for all ¢ <T. We thus have

B (t,2)| = |95t 2)] < Bl ), Vo R, Vi< T,

By arbitrariness of ¢ € S and T > 0, we conclude that UGAS w.r.t. §59,,(7) implies UGAS w.r.t. S.
The UGES, case follows a completely equivalent argument, that it is thus not explicitly reported. O

Lemma 1 suggests to introduce a non-uniform notion of stability in order to take into account signals in
855.,(7) (and therefore also in S(7)). In what follows we introduce a somehow “strong” notion of bounded-
ness, that takes into account the number of discontinuity points of any signal, up to the considered time.

Definition 3 (Jump Dependent Boundedness Notions). Consider any 7 > 0 and F = {f;};ez C L(R"),
system (2) is 7-dependent uniformly globally bounded (or, T-UGB for short) if there exist 11,12 € Koo and
« > 0 such that

(13) @ (t, )| < my (XN (O e=(Fty (12])) Vo € S, Vo € R?, Vit e R,.

Similarly, given p > 0, we say that system (2) is 7-dependent uniformly globally exponentially bounded with
decay p (T-UGEB,, for short) if there exist M > 0 and « > 0 such that

(14) |®,(t,x)| < M ed™Ne O e=4)t |3 Y5 e S, Yz e R", VieR,.

The notions of 7-UGB and 7-UGEB, introduced in Definition 3 are somehow peculiar: the defining
inequalities (13) and (14) indeed provide bounds on the norm of solutions to (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 € § for which the term N, (0,t) is not significantly large with respect to
f, at least when t approaches +o0o. More specifically, such convergence property holds true for eventually
T-average signals, as defined in (8). Moreover, such notions imply uniform global asymptotic stability with
respect to the classes Syqu(7, No), for any fixed Ny € N. Before formally proving these claims, we will discuss

some preliminary concepts related to the stability notions introduced.

Remark 2 (Arbitrary switching stability). We note that in the case o = 0, inequality (13) is equivalent to
UGAS w.r.t. S. This can be proved recalling the Sontag’s KL-lemma (see for example [30, Proposition
7] or [31, Lemma 3]). Similarly, in the case a = 0, (14) 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 [23] for the non-linear case and [25, 8] for
the linear case). For this reason, the case a = 0 in (13) and (14) can be considered as a trivial case.

4

Moreover, it can be seen that the choice of the term “—17 in inequality (13) is arbitrary, and can be
replaced by —A for any A > 0 . We formally prove this property in the following statement.

Lemma 2. Given any 7 > 0, if system (2) is T-UGB then, for any A > 0, there exist 1,72 € Koo and @ > 0
such that

(15) |®, (¢, x)| < 71 (XN OB =MD (12])) Vo e S, Yz e R™, VieR,.
6



Proof. Let us suppose that (2) is 7-UGB, and consider 11,72 € Koo and a > 0 such that inequality (13)
holds. Consider an arbitrary A > 0. In the case @ = 0, the statement trivially follows by choosing a = 0,
(r) = m(r¥) and 72(r) = (g2(r))* for any r € Ry. If a > 0, we choose & > 0 such that the following
equation is satisfied:

a o«
Ata  1+a’
and let us call 6 := ﬁ—g = % > (0. Then, we have

aT — « aT — a %
9 (0,0)] < (75700 e D)) = gy ({7500 et )

aT — o é
—m ((e No(0,t) o —(A+ )t(ﬁ2(\$|))9> ) ’
and we can thus conclude by letting 771 () := 71(r#) and 72(r) := (n2(r))°. O

The notion introduced in Definition 3 has important consequences on gtability/ boundedness of solutions
to (2), when considering switching signals in the classes Sq4.,(7, No) and S(7), as we report in the following
statement.

Lemma 3 (Stability properties). Given 7 > 0 and p > 0 suppose that system (2) is T-UGB (resp.
T7-UGEB,). Then the following propositions hold:

(1) System (2) is UGAS (resp. UGES,) w.r.t. Sadw(T, No), for all Ny € N.
(2) For all o € S(7), there exists B, € KL (resp. My > 0) such that

[P, (L, 2)| < Bs(|z|,t), VzeR™VteRy,
(resp.) |®y(t,x)| < Mye x|, Vo€ R" VtecR,.

Proof. Let us prove Item (1) first. Suppose that system (2) is 7-UGB and thus consider 77,72 € Ko and
a > 0 as in Definition 3. Consider any Ny € N and any o € Sgauw(7, No). For any € R and any t € Ry
we have

| (t,2)] < mu (N OV em Wy (Ja)) < (2T F D e UF Dy (|a])) =y (e N0T e 2 |a]).
Defining By, (r,t) := n1(e®NoTetny(r)), for all Ny € N we have
|Do(t,2)| < Bn,(|2|,t), Vo € Saquw(m, No), Ve e R", Vit € Ry,

concluding the proof. The exponential case, i.e. that 7-UGEB, implies UGES, on Sqqu(7, Ny), for all
Ny € N is similar and thus avoided.

Next, let us prove Item (2). Consider any o € S(7), i.e. we suppose that limsup,_, . No(0,t) — £ =C <
+00. By definition of the limit superior, given any € > 0, there exists T, > 0 such that

(16) No(0,) SC et -, VT,

Let us denote by N1 = N,(0,7:), then by definition of 7-UGB, we have

(A7) 1@y (t,2)] < m(e2™Ne 0D+, (2])) < (@17 el () V€ RY, WE T,

Moreover,

(18) | Do (£, )] < (27N O em(Fin, (|a])) < iy (27 (CF=FR) e (O ()

< (2T CFD ety (|2]), Vo e R, Vit >T..

Now consider R = max{N;, C+¢} and define 3, (r,t) := n1 (e*" e ~tny(r)). Merging (17) and (18) we obtain
|D,(t,2)| < Bs(|z|,t) Y2 eR", ViteRy,

concluding the proof. Again, the exponential case can be proved by similar arguments. O
7



In Lemma 3 we have shown that 7-UGB and 7-UGEB,, imply the classical UGAS and UGES,, properties
w.r.t. Saaw(T, No), for any fizred Ny € N. Moreover, we have seen that they also imply asymptotic (expo-
nential) stability for system (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 1 for the UGAS and UGES, w.r.t. Sg,(7).

Before providing the aforementioned converse result, in the next subsection we discuss the relations
between Definition 2 for Sg,(7) and Definition 3.

2.1. UGES, w.r.t. Sg,(7) does not imply UGES, w.r.t. Sgu(7,2). In switched systems literature,
stability with respect to dwell-time signals Sg,(7) and stability with respect to average dwell-time signals
Sadw(T, Npy) 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 [26, 17, 20] 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 1 that, given any 7 > 0, we have Sgy(7) = Sadw(T,1) C Sadw(T, No)
for any No > 1. It is thus clear, from Definition 2, that UGAS (resp. UGES,) w.r.t. Suquw(7, No) for any
Ny € 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 S,4.,(7,2). The system data is obtained by modifying a benchmark example provided in [20].

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

-01 1 —-0.03 1
A= [ -2 —0.1] y Ae= [ -1 —0.03} '

Using the sufficient conditions provided by Proposition 1, we are able to prove that (4) is UGES, w.r.t.
Saw(T), with p = 0.001 and 7 = 7, := 2.1. More precisely, it can be seen that there exist Py, P, € Sym(R?*2)

——— .

o (t, w0)

T2

FIGURE 1. Considering the switching signal ¢ € Syq,(7,2) in (19), and the initial condition
xo = [1,0] T, we represent the corresponding solution ®, (-, z¢) : Ry — R2, highlighting the
fact that it is unbounded, i.e., lim; 4 [P, (¢, zo)| = +00.
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such that
I, X P, 21001, Vi€ {1,2},

PiA; + Al Pi+2pP; <0, Vie{l,2},
e T PiefiT — e P20, Y (i, ) € {1,2)2,

where I, € R?*2 denotes the identity matrix. This implies that conditions (12) in Proposition 1 are satisfied
considering the quadratic norms v; : R? — R defined by v;(z) = /2T Piz for i € {1,2}.

On the other hand, we now see that the system is unstable on Sg4,(7«,2), by providing a destabilizing
signal o € Syquw(T%,2). It can be seen that, for any ¢t € Ry, it holds that

pALt — 0.1t cos(v/2t) Y2 sin(v/2t)
—V/2sin(v/2t)  cos(v/2t)

This suggests to consider t1,t5 € Ry defined by

)

Azt _ ,—0.03t [ cos(t) Sin(t)]
—sin(t) cos(t)|”

3
and ty:= i,

T
22’ 2

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

t1 =

1, iftel0,t),

(19) o(t) = { it t e [ty,T).

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 § turn in the state space (clockwise) while
3T

to is the time that the solutions of © = Asz employ to span a 5= turn (clockwise), see Figure 1. The

state-transition matrix of the system @(t) = A,;)x(t) at time T (see [19, Section 4.6]) is then given by

Aots Aty 010003t (V2 0
eft2t2e =e :
0 V2
3

Choosing as initial condition 29 = [1, 0], it can be seen that the corresponding solution is exploding, indeed

lim |®,(kT,z0)| = lim e *FO10+0-03t2) ((/9)k120) > Tim (1.09)% = +o0.
k—+o00 k—o0 k—+o00

Since N, (0,T) =2 < 2.773 ~ Tl*, from Item (4) of Remark 1 we have that 0 € Sgguw(7«, 2).

By providing an explicit diverging solution, we have thus proved that the system is unstable w.r.t. switch-
ing signals in Syauw(7x, 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, Np), even for planar linear subsystems and for Ny = 2, and thus
in particular it cannot imply 7-UGEB, as introduced in Definition 3.

On the other hand, it will be shown in Section 4 that for the family of linear systems {A;, A3} considered
in this example, we can find 7* > 7, such that the system is UGES, with respect to Saqw (7%, No) for any
Ny € N. But the system is clearly not UGAS w.r.t. arbitrary switching, or w.r.t. S5,(7) for any 7 € R
(recall Lemma 1).

3. 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 [17] (see also [26, 20]) and further developed/extended in [22]. After
some preliminaries discussion, we provide a converse Lyapunov result inspired by the ideas behind the
proof of Proposition 1, formally proving the equivalence of such conditions with the property introduced in
Definition 3.

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

9



Proposition 2. (Theorem 1 in [22]) Consider F = {f1,..., fm} C Z(R™). Suppose that there exist o, g €
Kooy pEK, X € Ko, and Vi, ..., Vin € Lipy(R™,R) such that

(20a) a1 (lz]) < Vi(z) < as(|z|), VieZ, Ve e R,
(20b) DiVi(z) < —p(Viw)),  VieT, VoeR",
(20¢) Vi(z) < x(Vi(z)),  V(i,j) €% Yz e R"

Moreover, consider € > 0 and the function
U (t) := m[én]{p(s) +e(t—s)} <min{p(t),et}, VieR,.
s€|0,t

Suppose that, for a given € > 0, it holds that

(21) T 1= sup /X(S) ! dr < 4o0.
s>0Js \IIE(T)

Then, for any T > 7*, system (2) is T-UGB.

We refer to [22, Theorem 1] for a direct proof of Proposition 2. It must be noted that the notion of 7-UGB
is not explicitly introduced in [22]. However, by following the proof of [22, Theorem 1], one can obtain the
expression (13), which in particular proves UGAS for Syqw (7, No) for all Ny € N that were studied in [22],
as stated in Lemma 3. Here we provide a novel proof of Proposition 2, based on the following statement
which will be independently used in what follows.

Lemma 4. Consider F = {f1,..., fm} C L(R™). Suppose that there exist a1, a3 € Koo, p € K, X € Ko,
e>0 and Vi,...,Viy € Lipy(R™,R) such that conditions (20)-(21) are satisfied; then, for any T > 7*, there
exist Wi, ... Wn € Lipy(R™,R), a1, 02 € Koo and o > 0, such that

(22a) ay(|z]) < Wi(z) < as(|z]), VieZ, Vo eR",
(22b) D;Wl(x) <—(1+a)Wi(z) VieI, VzeR"
(22¢) Wi(x) < e*"W;(x), Y (i,j) € I?, Yz € R™
Conversely, if there exist W1, ..., Wy, € Lipy(R™,R), a1,02 € Koo, @ > 0 and 7 > 0 satisfying (22) then

there exist 7% < T and aj,a2 € Koo, p € K, X € Koo, € > 0 and V1,..., Vi € Lipy(R™,R) such that
conditions (20)-(21) are satisfied.

Remark 3 (Common Lypunov function). We note that the case a = 0 in conditions (22) corresponds to the
fact that any W; is a common Lyapunov function for the considered switched system. Indeed, inequality (22c)
in this case reads W;(z) < W;(z), for all (i,j) € Z?, Vo € R™, thus implying that W; = W; for all (i, j) € Z?,
i.e., all the functions coincide with a unique W € Lipy(R™, R). Then inequality (22a) will provide the classical
positive definetenss property for W, while (22b) now reads D}:W(x) < —W(z), for all i € 7 and all x € R™.
In other words, W is a common Lyapunov function for system (2) (as introduced in [25, 8, 23], for example),
which is thus UGAS with respect to S. This observation is in line with the discussion provided in Remark 2.

Proof of Lemma 4. Let us first suppose that ay,as € Koo, p € K, X € Koo, and Vi,..., Vi, € CHR™,R)
satisfy conditions (20), for some € > 0 and 7* > 0 such that (21) holds. Consider any 7 > 7* and take o > 0
such that

T«
T 1+a
Let us consider the function v : Ry — Ry defined by
() 0, if s =0,
s) = s .
i exp(f; \I}:'(f) dr), if s #£0.

Using the fact that U, is globally Lipschitz (with & as Lipschitz constant), in [22] (see also [28, Lemmas 11
& 12]) it is proved that v € Koo NCH(R,4,R). In particular, we have

1+a
/
s) =

v(s), Vs>0.
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We now define W;(z) := y(Vi(z)). It is clear that choosing a3 = 7o a1 and s = 7 o aa, condition (22a)
holds. Consider now any x # 0, by definition, we have
Vi(®i(h, — (Vi . Vi(®i(h, (Vi . Vi(@i(h,z)) = Vi

D (0) = oy AP0 “2VEE) _  A00) 5 Vi(Bilh) ~ Vi)

‘ h—0+ h h=ot Vi(®i(h,x)) = Vi(x)  poo+ h
where the last equality is justified since:
. D;{Vl(a:) < 0 implies that there exists h > 0 such that V;(®;(h,z)) — V;(z) < 0 for all h € (0, h);
o limy, .o+ v(V‘i/Equif?Aw;g;:q/fzz;x)) exists, and it is equal to 7/ (V;(x)) > 0, since limy,_,o+ V;(®;(h, x)) = Vi(z).
We thus have

. — (Vi(x)) .. Vi(®; :
DWW, - 1 () — (Vi 1 i\®i —_ (Y DTVi(x).
pWilz) = lim Vi) lmsup 0 ¥ (Vi(x)) Dy, Vi(x)

Then, we obtain
D Wi(e) = 7/ (Vi) D Vile) < —/ (Vi) p(Vilw)
= g PV EAV(E) < =1+ 0 (Vi) = ~(1+ )W)

which proves (22b) for any = # 0. Since (22b) is trivial in the case = 0, it remains to prove that (22c)
holds.
Let us consider the Ko, function Y :=~ o0 xo~~1, by (20c) we have
Wi(z) < X(Wj(x)), Y(i,j) € I% Yz e R™
We then obtain

1 %(Q)} 1 /X(S) /(‘YOX)(H) 1
5 1 = —dr = —d
(1+a)2‘>”8{°g( s (1+a)ap T o S Ry

B /X(u) 5 r) B /x(u) o,
= sup dr = sup =T7"
w0y (L a)y(r) u>0

X(s) < eT Utalg —emes VseRy,
which proves (22¢), concluding the first direction of the proof.
The other implication is straightforward. Consider any 7 > 0 and suppose that the functions Wy, ..., Wy,
satisfying (22) exist (for some a1,as € Koo o > 0 and 7 > 0). If @ = 0, then we can choose x = p = Id and
the conditions in (20) (21) trivially hold with 7 = 0 and V; = W; for any ¢ € Z. If a > 0, consider 7 < 7
such that % = 174, then the functions V; = W; for any i € T satisfy (20), by choosing p(s) := (1 + a)s,
x(8) = e*"s, e = @+ 1. Moreover, choosing ¥,11(s) = (1 + a)s, it can be seen that condition (21) holds,

ie.,
x(s) 1 e™ls 1 1 |
su ——— =3su ———dr=——su —dr
s>18/s Ui () SJS/S (I+ayr” " 1+a g>18/ r

aT
In(e®s) — In(s)) =
= e sup (n(e7s) — In(s) = 15

concluding the proof. O

This implies that

We now prove Proposition 2 using Lemma 4.

Proof of Proposition 2. Using Lemma 4, let us consider Wy, ... Wy, € Lipy(R",R), a1, a2 € Ko and o > 0
satisfying (22a), (22b) and (22c). Consider any o € S, and any ¢ € Ry and suppose that ¢ € [t7,t7 ), for
some t7 > 0. Using the flow condition (22b) together with the comparison principle applied to the continuous
function W;(®;(-,x)) : Ry — R™ (see for example [19, Lemma 3.4]) and applying the jump condition (22¢)
recursively, we obtain
23) Wg(t)(q,a(t’gg)) < e_(1+°‘)(t—tk‘)Wg(tg)(Qg(tg,x)) < eaTe_(lJ'_a)(t_tkﬂ)Wo—(tgil)((I)a(tz—ly33)) < ...

< eaTN”(O’t)67(1+a)tW0(0)(Cﬂ).
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From (22a), it follows that
|®,(t, )| < ay (e Ne O e=(Htg, (|2])) Vo €S, Vo € R", VteR,.
By letting n; := &1_1 and 1y := &g, we have thus proved (13) and this concludes the proof of Proposition 2. [

In the following statement, we present our main result establishing the equivalence of 7-UGB of (2) with
the existence of functions satisfying (20)-(21) (via the intermediate step provided by Lemma 4).

Theorem 1. Consider F = {f1,..., fm} C L(R™) and 7 > 0. System (2) is 7-UGB if and only if there
exist Wi, ..., Wy, € Lipy(R™",R), a1,a3 € Ko, @ > 0 satisfying (22).

Proof. The proof of sufficiency follows from Proposition 2 and Lemma 4.
(Necessity): Suppose that the system is 7-UGB, and let us fix ¢ > 0. Recalling Definition 3 and Lemma 2,
there exist 11,72 € Ko and « > 0 such that

|®y(t, )| < my (XN 0D e=(Fetalty, (12])), Vo e S, Vo e R, Vi e Ry,.

Without loss of generality, we can assume that 171 € Ko NCHR4 \ {0}, R) and 7 (s) > 0 for all s > 0 (see
[18, Lemma 1]). Let us define v := 1 + «, we thus have

evt
(24) ma1(|®0(t,m)|) § 7]2(|‘T|)676t S 772(|1'|), Vo € S, Vx € RTL’ Vit € R+,

with oy = 771_1. We define, for every i € Z, the set
S ={oe€S|o(0) =i},

i.e., the signals that “start” with the value equal to ¢ € Z. We then define, for all i+ € Z, the function
W; :R™ — R by
evs
(25) Wi(x) == :gg i;lgmal(@a(s’IN)
For every i € Z, let us denote by v; € S; the constant signal, that is v;(t) = ¢, for all ¢ > 0. We have
e’ evs 1
Wi(z) = :3}3) i;}g mm(@g(s,m)l) > Eg%) mm(@m(s,m)l) > ea—Tm(lxD,
where in the last inequality, we have chosen s = 0 as sample time. On the other hand, equation (24) implies
Wi(z) < na(|z|), VieZ, Vo e RY,

and we have thus proved that the W;, for each i € Z, satisfies the inequality (22a) with a; = 6%771_ ! and
Qg = 1.
Since from now on we use concatenation arguments, we refer to Appendix A for the main definitions and
results. We now prove inequality (22b). Considering any ¢ € Z, any = € R™ and any ¢ > 0, we have
evs vSs

e
Wi(®;(t, z)) = Sgg Sglg mal(@a(& ®,(t,z))]) = Sgg Sg% mal(@wota(s +t,)]).

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

evs
W;(®;(t,x)) = sup sup 0TD a1(|®y;0,0(s + t,2)|)

atNy, 6,0

og€S; s>0 €
eY(r—t) o e ot
< sup sup —grryan |2y (r2)l) < €7 sup sup —ormran(12y(r 2)l) = e Wila).
i T2 i >

We have thus proved that W;(®;(t,z)) < e "'W;(z), for all i € Z, for all z € R™ and all ¢t € R;. If the

functions W; are locally Lipschitz on R™ \ {0} (as we will prove in what follows), this implies (22b). Indeed,

it holds that

Wi(®;(h,z)) —W; MWi(z) = Wi -1

DT W;(z) = limsup (®i(h, 2)) = Wilw) < limsup ¢ (z) — Wi() = W;(x) lim £ o —yW;(z),
fi h—0+ h h—0+ h h—0 h

for any = € R".
12



We now prove (22c). Since e*” > 1, the case ¢ = j is trivial, we thus suppose that i # 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 6 > 0, we have

evs e’
Wile) = sup sup gy a([@o (s, 0))) 2 b Mooy 4 ([ Buiogu(s: 2)D),
e (r+90)
> 3 4 - .
> sup sup o (45,

where, in the last step, we restricted the supremum over s > § and we performed the change of time-variable
s = 6 +r. Since in Lemma 5 of Appendix A, we proved that N,,.,4(0,7 + 6) = Ny(0,r) + N,,(0,6) =
Ny (0,7) 4+ 1 for every ¢ € S; and every r > 6, we have

e (r+6)
Wi(z) > 53}5) sup mal(@w(ﬂ ®;(8,z))|)
F
e'yé T v¥é

e e
> a1 (| Dy (r, B4 (6, = —_W;(®;(5, x)).
2 o7 Sup sup oy o 1 (18 (1, 2:(0,2))]) = “ZW5(@4(6,2))

e?? 1

Since the previous inequality holds for any § > 0 and lims_,g+ &= W;(®i(6, 7)) = ==
in (22c) holds.

It remains to prove that W; € Lipy(R™,R), for all ¢ € Z. This can be done substantially following the
arguments in [31, Section 5]. The proof is technical and thus only sketched in Lemma 6 in Appendix, to
avoid breaking the flow of the presentation. O

W;(z), the inequality

Remark 4. The contribution of Theorem 1 is somehow bi-fold. From one side it provides a multiple Lyapunov
functions characterization of 7-UGB property introduced in Definition 3. On the other side, it also formally
describes the conservatism of Lyapunov sufficient conditions as in Proposition 2, closing the gap of a long
and fruitful story of Lyapunov conditions for average dwell-time stability that can be traced back to [17].
This equivalence has been proved in a generic non-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 [11, 22] and references therein. For simplicity and conciseness, we did not provide in this
paper the local/practical versions of Theorem 1 and this line of research is open for future investigation.

4. LINEAR SUBSYSTEMS CASE

In this section, we specialize Theorem 1 to the linear case. Using linearity and following the results
in [20, 2] and [3, Chapter 5], it can be proved that in this context, given any set S C 8 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 7-UGEB,, for a certain p > 0. For this reason, in this
section we focus on the -UGEB,, notion provided in Definition 3.

As for the characterization of UGES, w.r.t. Sg,(7) provided in [33] (and reported in Proposition 1), we
show that T-UGEB,, of (4) is equivalent to the existence of multiple Lyapunov norms, with properties similar
to the ones provided in Theorem 1 for the non-linear case.

Corollary 1. Given A = {Ay,...An} CR™", 7 >0 and p > 0, system (4) is T-UGEB, if and only if

there exist norms vy, ...,vm : R® = R and a > 0 such that
(26a) D} vi(z) < —(p+ a)vi(z), Viel, VzeR",
(26D) vi(z) < e®vj(z), Yz €R",V (i,5) € I

Proof. The proof basically follows from Theorem 1. The sufficiency is trivial. For the the necessity, recalling
Definition 3, there exist o > 0 and M > 1 such that

(27) 1@, (t,x)| < Meo™Ne O e=(ptt|3) - VoS, Vo e R", VE € R,

s C S is closed under time right-shifting if o € S < o(-+1t) € g, vte R,
13



Recalling that S; = {0 € S | 0(0) =i}, we define, for every i € Z,
elptajt
vi(x) == Sup sup a0 | 2o (5, )].
By (27) it holds that
e%|x| <wi(x) < Mlz|, VieZ, Yo e R

The inequalities in (26) can now be proved with the arguments presented in proof of Theorem 1. It remains
to show that v; are norms. For this, we recall that, by linearity, the flows maps of (4) are linear, i.e.,

x> ®y(t,x) is linear, Yo € S, Vt € R;.
For this reason, for any A € R, we have
e*(p+a)t 67(p+a)t

vi(Az) = sup sup W@”(S’ Az)| = || sup sup

D, (s,2)| = |A|lvi(x
o€S; s>0 e No 0€S; 530 )‘ U( ) )| | | l( )a

e™Ns(0,s

while for the triangular inequality, considering x1,x2 € R™ we have

e_(p+a)t
) = Sp P e o+ )
e—(ptajt e—(pta)t
< (ilelg 2;18 W@a(saﬁlﬂ + 522 iglg m‘@a(S»xZN = vi(z1) 4 vi(22),
concluding the proof. O

‘We note here for historical reasons that the conditions of Corollary 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

HAi+A2—Pi<—2(a+,0)Pi

28
( ) Bjy2pj7

then the system (4) is 7-UGEB,, for 7 > %
These inequalities exactly correspond to the conditions provided in the seminal paper [17, Theorem 2]

(modulo some changes in the notation).

Remark 5 (Minimum (average) dwell-time). Given A € R™*™ we introduce the spectral abscissa of A, defined
as A(A) 1= max;eq1,... ny 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
ledt]| < M.eXMA+e)t 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 vi,...,0vy : R™ — R such that the conditions in Corollary 1 are satisfied. Thus, the conditions in
Corollary 1, once we fix a desired and feasible decay rate p < |A\(A)[, can be used to provide a “safety” value
of 7, for which (4) is 7-UGEB,. If we are able to search candidate Lyapunov norms over the whole class
of norms, and to arbitrarily vary the parameter o € R, Corollary 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;,..., A} and
p < |A(A)|, we define
Tmin(A, p) :=inf {7 > 0 | system (4) is —-UGEB,},

which, by the discussion above, is bounded for any p < A(A). The problem of computing/estimating
Tmin(A, p) is challenging, and it can be considered related to the celebrated open question proposed in [16]
(see also [7] for a recent overview).

2Given a norm || - || : R™ — R, the associated operator norm on R"*" is defined by || A := SUPgcrn\ {0} %, for A € R™X™,
14
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FIGURE 2. The graph of the minimum 7 in Example 1 obtained by the techniques of [14],
parametrized by the value of yu = e®7.

Rephrasing Corollary 1 in the light of above discussions, and using the notation W, for the set of norms
over R™, we arrive at

Fmin(.A, ,0) = inf T
T,0,U1,.-.Um
(29) st. 7>0, a>0, vy,...,vm €Ny,

and conditions (26) are satisfied.

The optimization problem (29) characterizes T, (A, p), but has the following drawbacks: it requires to
search over the whole class of norms and it has a possibly unbounded variable & > 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 (28)), SOS polynomials, polyhedral functions (as in [14]), etc. These
relaxations “convexify” 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 [14] for the formal discussion.

Ezample 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. Sg,(7%) with 7, = 2.1 and that is unstable for
Sadw(Tx,2). Thus, it is certainly not 7,-UGEB, or, in other words, we have Ty,in(A, p) > 74, for any
p € (0, |IA(A)]) = (0, 0.03). We now use the conditions of Corollary 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 [14] in which the research in (29) 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 7 is obtained considering e*” = p = 1.15 and it is equal
to Trpum = 5.4744. This proves that, for any 7 > T,um the system is 7-UGEB,. Note that, as somehow
predicted by the discussion provided in Subsection 2.1, the computed upper bound Tpym Of Tpin(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).

5. 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.
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Conjecture 1. Consider any 7 > 0. System (2) is 7-UGB if and only if it is UGAS w.r.t. Sgaw(T, No) for
any Ny € N. Given p > 0, it is 7-UGEB, if and only if it is UGES, w.r.t. Sqaw(T, No) for all Ny € N.

Conjecture 1 aims to clarify the relations between the 7-UGB (resp. 7-UGEB,) property introduced
in Definition 3 for which we are able to provide converse Lyapunov result in Theorem 1, and the more
“Intuitive” property of being UGAS (resp. UGES,) w.r.t. Sqqu(7, No) for all Ng € N. The “only if” part of
the conjecture has already been proved in Item (1) in Lemma 3.

(?) Conj. 1
P A
UGAS w.r.t. Sqw(7) UGAS w.r.t. Saaw(7, No), ¥V Ng € N 7-UGB
Subseé 2.1 Lemma 3
ﬁProp. 1 ﬂTheorem 1
3 LFs as in Prop. 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 2 (resp. norms as in
Corollary 1 for the linear case) implies the existence of functions (resp. norms) as in Proposition 1.

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 coun-
terexample. 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 verifica-
tion. 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.

Acknowledgements. The authors would like to thank anonymous reviewers for their helpful comments in
improving the presentation of the manuscript. The authors are also grateful to Sigurdur Hafstein for his
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APPENDIX A. CONCATENATION OF SWITCHING SIGNALS

In this section, we collect basic definitions and results concerning concatenation of signals.

Definition 4 (Concatenation). Given any finite index set Z, consider 0,7 € S defined in (3). Given any

o>

0 we define o o5y € S by
o(t) ift <9,

t) =
L T

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

Lemma 5. Let us consider o,y € S. For any § > 0 and any 0 < s <, it holds that

(30)

Noos(8:8) < Ny(s,8) + N (0, — ).

Moreover, considering any 0 < 6 < t, the following holds:

(31)

Na(oa 6) + N‘Y(Oat - 5) -1 Zf hmr—>5— U(r) = ’7(0)7
No(oa 6) + N“/(07 t— 5) Zf lim, ,5- O'(T) 7é 7(0)'
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Proof. Let us prove (30), we consider s < t. The cases s <t < § and § < s < t are straightforward.
Indeed, suppose s < t < 6, we have Nyo,~(5,t) = Ny(s,t). In the case 6 < s <t we have Nyoyq(s,t) =
N, (s —0,t —9) < N,(0,t — ). Suppose then s < ¢ < ¢, from the cases studied above, we have

NUO(W(&t) = NG%’Y(Sﬂé) + NU'Q(S’Y(67 t) < N5<876) + N’Y(O7t - 6)

concluding the proof of (30). Let us prove (31) by considering 0 < § < ¢. Let us suppose first that
lim,_,5- o(r) = (0) i.e., in a open left neighborhood of § the signal ¢ is equal to v(0), then

Noosy(0,t) = Npogy(0,0) + Npogy(6,1) = No(0,0) + N, (0,t —5) — 1

where the term —1 has been added since ¢y = 0 is a discontinuity point of v (and thus taken into account
in N,(0,¢t —0)), while ¢ is not a discontinuity point of o o5 y. The case lim,_,5- o(r) # v(0) is similar and
thus left to the reader. |

We note that (30) in Lemma 5 in particular proves that S35, (7) is closed under arbitrary concatenations:
if 01 € Sadw(T,N1) and o9 € Suaw(7, N2) for some N1, No € N, then o1 05 02 € Saauw(T, N1 + N3), for all
d > 0. On the other hand, Sy4.,(7, Np) 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 Wy,... Wy, : R* - R
constructed in the proof of our main converse Lyapunov result, i.e., Theorem 1.

Lemma 6. Under the hypotheses of Theorem 1, the functions W; : R™ — R defined in (25) are continuous
and locally Lipschitz on R™ \ {0}.

Sketch of the proof. The proof follows by adapting the arguments in [31] and [21] to our case. We first assume
for simplicity that, for the dynamical systems defined by fi,... fm, the {0} equilibrium is not reached in
finite time, i.e., for any x € R™\ {0}, for any ¢ € R, we have ®;(¢t,z) # 0. This assumption simplifies the
proof but can be easily relaxed as we suggest at the end of the proof.
Let us fix i € Z, and let us recall that we defined W; : R" — R by
evs

Wi(x) := :gg 2;18 —arN,(05) a1 (| Do (s, 2)]).
We have already proved that W; satisfies (22a) with & = e%ﬂ]f Land o = 79, for certain ns € Ko and
m € Koo NCH(R \ {0},R) such that n{(s) > 0 for all s € Ry \ {0}. First of all, for any = € R\ {0}, let us
introduce

(32) Ty(z) == e~} (1 —In (:Z((;”')))) :

then, we have
e’
(33) Wi(z) = fgg SE[IOT}%)%I)] WQ1(|‘I’U(37x)|)~
Indeed, recalling that by (24) we have #&Mal(kﬁa(t,x)b < ma(|z|)e ¢, Vo € S, Vo € R™ and Vt € Ry,
we obtain
evs es

Wi(z) = max { Sgg se[{)n%}%w)] mal(@a(&fﬂ)v Slelg :;11? : eO‘TNU(O’S)al(@U(s’x)D}
o i E g i 8211 (T

e Ty (x)
SmaX{jggsegg}%ﬁzﬂ (s 2)), mllal)e }

e’ 1
< max {félg se[Ior,l%f{(z)] Wm(l%(s,w)l), eWi(x)} )

from which we obtain (33). Given an arbitrary z € R™ \ {0}, we consider a compact neighborhood of z,
denoted by U and we suppose U C R™ \ {0}. Let us denote by

Ty = maxe™! <1 —1In (&1(|y|)))

yeu n2(]yl)
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which is well-defined by continuity of &; and 79. Since, by (22a) W;(z) > ai(|z|) for every z € R™ and
recalling (32), we have that T} (y) < Ty for every y € U. Let us then define
K=RsTulU):={2=,(t,y) |c€S;, yel, tel0,Ty]}.

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 [21, Proposition 5.1]. For any j € Z, let us define L; > 0 as the Lipschitz
constant of f; in K and consider L := max;c7 L;. By continuous dependence of initial conditions (see [19,
Theorem 3.4]), we have that, for every y € U, any o € S; and any ¢ < T, we have

|6 (t,y) — Bo(t,z)| < ey —a| < ™|y —al.

From now on, we define R = eXTu; moreover, let us call @ := maxyex o) (|y]); we have Q € (0, +00) since
a1 =0yt € Koo NCHR, \ {0}, R). Let us consider any y € U, we have

evs evs ,
Wily) = sup max (1o y)l) < sup max sy (an([@o (s, 2)]) + 01 (@0 (s, 2) Rlw = y)
ev®
< _— —
< sup s oot (@a(as.2)) + QR o)
evs

< sup max 1(|®s(s,2)]) + TUQR|z — y| = Wi(x) + Alz — y|

~ —
O’GSi SE[O,TM] eocTNU (O,S)

with A = e?T“@QR. With a similar reasoning, one can conclude that W;(y) > W;(z) — A|z — y|, proving that
W; is Lipschitz continuous in . By arbitrariness of @ € R™ \ {0} we conclude that W; is locally Lipschitz
on R™\ {0}. Continuity then trivially follows by (22a).

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

et
Taan) =sp {120+ s an(@a(e)) > anla) }.

eVt

with the convention that sup® = 0. If {t >0 e al(|Ps(s,y)]) > 041(‘1‘|)} # ), then Ty(x,0) is

bounded (uniformly with respect to o), since W%%al(@”(s,yﬂ) < e “na(|z]), for any o € S;, any
x € R™\ {0}, any ¢t > 0. Then, we have

evs
W;i(z) = su max —————a1(|P,(s,x
() o€S; s€10,T2(x,0)] €N (0,5) 110 (s, 2)l),
and adapting the reasoning from the previous case, the claim can be proved, mutatis mutandis. ([l
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