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Abstract The problem of input-to-state stability (ISS), and its integral ver-
sion (iISS), are considered for switched nonlinear systems with inputs, resets
and possibly unstable subsystems. For the dissipation inequalities associated
with the Lyapunov function of each subsystem, it is assumed that the sup-
ply functions, which characterize the decay rate and ISS/iISS gains of the
subsystems, are nonlinear. The change in the value of Lyapunov functions at
switching instants is described by a sum of growth and gain functions, which
are also nonlinear. Using the notion of average dwell-time (ADT) to limit the
number of switching instants on an interval, and the notion of average activ-
ation time (AAT) to limit the activation time for unstable systems, a formula
relating ADT and AAT is derived to guarantee ISS/iISS of the switched sys-
tem. Case studies of switched systems with saturating dynamics and switched
bilinear systems are included for illustration of the results.

S. Liu and D. Liberzon were supported by the NSF grant CMMI- 1662708 and the AFOSR
grant FA9550-17-1-0236. The work of A. Tanwani was supported by ANR project ConVan
with grant ANR-17-CE40-0019.

S. Liu (Corresponding author)
Department of Mechanical and Aerospace Engineering, University of California at San Diego,
La Jolla, CA 92093, USA. E-mail: shl055Q@Qeng.ucsd.edu

A. Tanwani
LAAS—-CNRS, Université de Toulouse, CNRS, 31400 Toulouse, France.
E-mail: aneel.tanwani@laas.fr

D. Liberzon

Coordinated Science Laboratory, Department of Electrical and Computer Engineering, Uni-
versity of Illinois at Urbana-Champaign, Urbana IL 61801, USA.

E-mail: liberzon@illinois.edu



2 Shenyu Liu et al.

Keywords Switched System - Hybrid system - Nonlinear stability analysis -
Input-to-state stability (ISS) - Integral ISS - Average dwell-time - Average
activation time

1 Introduction

Switched systems — comprising a family of dynamical subsystems orchestrated
by a piecewise constant switching signal — provide a mathematical framework
for modeling systems where the state trajectories exhibit sudden transitions,
either due to instant change in the vector field or due to jumps in some of
the state variables [16,17]. A canonical approach for stability analysis of such
systems is to develop characterizations based on the stability properties of the
individual subsystems, and the effects observed at switching times. When all
subsystems are stable, the undesired instability effects may occur at switching
times. In such cases, if one restricts the frequency of switching times over
an interval, then the decay in the norm of state trajectories can overcome the
growth at switching times. Such slow switching results are usually obtained by
imposing lower bounds on the dwell-time or average dwell-time (ADT) between
switching instances [13]. In the case when some subsystems are unstable, one
needs to restrict the activation time or average activation time (AAT) of these
unstable subsystems in order for the resulting switched system to be stable,
and this has been studied in [35,34,21]. For switched linear systems, stability
conditions based on matrix measure can also be used to determine stability
when the switching signals are periodic [23], and this criterion is later extended
to switching signals satisfying asymptotic AAT constraints [33]. Meanwhile,
it is also possible to consider cases where the continuous dynamics of all the
individual subsystems are unstable, but the impulsive effects from switching
between these subsystems stabilize the system [30]. Conditions describing how
fast such stabilizing impulsive effects must occur are captured under the notion
of reverse average dwell-time (r-ADT), introduced in [12].

An additional important element that we incorporate in our stability ana-
lysis of switched systems is the presence of inputs or disturbances. For non-
linear systems, in general, quantitative relationships between the norm of the
state trajectories and the magnitude of the inputs are appropriately captured
by the notion of input-to-state stability (ISS), or its integral variant, integral
input-to-state stability (iISS). These notions have been pioneered in [26] and
[28], and since their inception, these tools have been used for analysis and
design purposes in many control-related problems. In the context of switched
systems under arbitrary switching, converse results regarding the existence of
ISS and iISS Lyapunov functions first appeared in [19], and some implica-
tions relating ISS and iISS for switched systems have been developed in [8].
Switching dynamics with reset maps can also be captured by the framework
of hybrid systems [7] and ISS characterizations via Lyapunov functions for
hybrid systems have been developed in [3,4]. Relaxing certain assumptions in
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these works, along with some developments based on converse results, iISS
characterizations via Lyapunov functions for hybrid systems appear in [22].
However, these results do not explicitly work out the stability conditions for
switched systems in terms of the data associated with individual subsystems.

Combining the aforementioned two directions of research, it is rather nat-
ural to ask whether the Lyapunov characterizations for individual subsystems
can be combined with ADT and AAT notions to obtain sufficient conditions
for ISS/iISS of switched systems with inputs. This question has indeed been
addressed in the literature in different settings. When a switched system has
only one mode, it becomes an impulsive system, for which the ISS and iISS
properties are studied in [12,20]. While the result [12, Theorem 6] provides
conditions for the impulsive system to be iISS under arbitrary switching even
if the decay rate is nonlinear, growth in the Lyapunov function when impulses
occur is not allowed in that result. On the other hand, the work [20] relaxes
both the decay and growth rates to be nonlinear, and concludes sufficient con-
ditions on the impulse sequence so that the time-varying impulsive system
is ISS. For switched systems with multiple modes, the paper [31] provides a
lower bound on the dwell-time and the paper [29] provides a lower bound on
the ADT in terms of the data associated with individual ISS subsystems so
that the switched system is ISS. Later the paper [21] relaxes the assumption
of all ISS subsystems and allows possible unstable subsystems. A result on ISS
switched system is concluded in that work when the switching signal satis-
fies both ADT and AAT conditions. Nevertheless, a major restriction of these
works on switched systems is that the results require the assumption that
both the decay rates in the inequalities associated with the derivative of Lya-
punov functions and the growth rate in the value of the Lyapunov functions
at switching instants are linear. This assumption becomes overly restrictive
when studying ilSS.

Compared to the aforementioned references, the major contribution of this
work is to study ISS and iISS of switched systems with nonlinear decay rate
in the dissipation inequalities associated with the Lyapunov functions of indi-
vidual subsystems. In other words, using the terminology from [27], we con-
sider Lyapunov functions for each subsystem with nonlinear supply functions.
Moreover, the change in the value of Lyapunov function at switching times
is also described by nonlinear growth function. This setup was, in particular,
adopted in the conference version of this paper [18], and the previous independ-
ent work of the authors [36,25]. While [36] provides the construction of an ISS
Lyapunov function to find the lower bounds on ADT for stability of cascade
interconnections, the present work uses a conceptually similar approach for a
broader class of switched systems and extends the study to iISS. In contrast
to [25], where the analysis is carried out using trajectory-based methods with
nested comparison functions, this paper makes transition from dwell-time con-
ditions to a more quantitative ADT estimate. In our conference paper [18], we
only study switched systems whose subsystems are all (i)ISS and the growth
of the Lyapunov functions at the switching times is not allowed to depend on
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the input. Such assumptions have been relaxed in this work and consequently,
a generalization of the results in [21] is obtained with a Lyapunov-function-
based approach that allows us to handle additional nonlinearities in the supply
functions.

The rest of the paper is organized as follows. After some necessary prelim-
inaries about switched systems given in Section 2, our main result is stated
in Section 3 with some discussions about the validity of its assumptions. Sec-
tion 4 contains the technical tools used to prove our main result. Case studies
of switched systems with saturating dynamics and switched bilinear systems
are provided in Section 5 for illustration of the results, followed by the con-
clusion in Section 6.

2 Preliminaries

In this section, we introduce the basic notation of comparison functions, the
definition of switched systems and switching signals, and the definitions of ISS
and iISS of switched systems.

Comparison functions. A function o : Ryg — Ry is said to be positive
definite if it is continuous, a(0) = 0 and a(s) > 0 for all s > 0. If « is
also strictly increasing, then it is said to be of class K. In addition if « is also
unbounded, then it is said to be of class K. A function 5 : RyoxR>9 — Rxg
is said to be of class KL if §(-,t) is of class KC for each t € Rxg, B(s,-) is
continuously decreasing and ((s,t) — 0 as t — oo for each fixed s € Rxq;
see [14, Chapter 4] for their use in formulation of common stability notions. In
addition, we require class JCLL functions: A function 8 : Ryo xRz xRxo —
R>o is a class KLL function if B(-,-, j) is a class KL function for each j > 0
and B(-,t,-) is a class L function for each s > 0.

Switched systems. Let P C N. For each p € P, there is a vector field f, :
R™ x R™ — R™, which is jointly locally Lipschitz in its arguments. The
differential equations

(f:fp(l',OJ), peP (1)

are the dynamics of the subsystems or modes of the switched system with
input w : Ryg — R™. For each pair (p,q) € P x P, there is also a continuous
Jjump map gpq : R® x R™ — R™. It is assumed that for each p € P, z € R"
and w € RY, the set Gp(z,w) = {gpq(z,w) : ¢ € P} C R is closed. Let X
be the set of all right-continuous, piecewise constant mappings from R to
P with a locally finite number of discontinuities, called switching signals. For
each switching signal o € X, define

T(o):={t>0:0(t)#o(t7)} (2)
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In other words, 7 (o) is the collection of switching instants. With this data,
we consider switched dynamical systems with inputs and resets, described by

E(t) = foq(x(t),w(t)) it ¢ T(o), (3a)

‘T(t) = 9o (t—),0(t) (I(ti)aw(t)) ift € T(U)v (3b)
where w : Ryg — R™ is locally essentially bounded on Ry and bounded
on T (o). We note that, over an interval [tg,?;) where o is constant, (3a) is
seen as a time-varying differential equation with possible discontinuities due
to inputs. The solution of (3a) is, therefore, interpreted in Carathéodory sense
over such an interval [tg, t1), see [10, Section I.5]. With f,(-,-) locally Lipschitz
in both arguments, the conditions for existence of Carathéodory solutions hold
[10, Theorem 5.1, Page 28]. We call (3a) the continuous flow and (3b) the
discrete jumps. We denote the solution of (3) with initial state x¢, input w and
switching signal o by z(-;zo,w, o). When z¢,w, o are clear from the context,
the solution is also abbreviated by z(-).

Switching signals. We now specify the class of switching signals for which we
study the stability of the system (3). We write the set P as a disjoint union
P = Ps U Py, and introduce two different notions which constrain the class
of switching signals. Conceptually, the class of switching signals with ADT
constraints puts an upper bound on the average number of switches over any
time interval. According to [13], we say that a switching signal o satisfies
average dwell-time (ADT) condition with parameters 7, > 0 (average dwell-
time) and Ng > 1 if

to — ¢
Via >t 2 0: Ny(t,tg) < No+ —, (4)

a

where N, (t1,t2) is the number of switches occurring in the interval (¢1,ts]:
Ny (t1,ta) :=|(t1,t2) N T (0)]. We denote Xapt(74, No) to be the collection of
all ADT switching signals with parameters 7,, Np.

The second constraint provides a bound on the activation time for the
modes contained in P,,. Following the definition in [21], we say that a switching
signal o satisfies average activation time (AAT) condition with parameters
n € [0,1] (percentage activation time), Ty > 0, if

Vo 261 20: T,p, (t1,t2) < Ty +n(ta —t1), (5)

where T, p (t1,t2) is the activation time of modes in P, over the interval
(t1,t2]. More precisely, if we consider the function 1p, : P — {0, 1}, defined

as
1, ifoePy,
1 = 6
Pu(7) {O, otherwise, (©)

then T, p, (t1,t2) = f:f 1p (o(7))dT. We denote Xaar(Py,n,To) to be the
collection of all AAT switching signals of modes in P, with parameters 7, Tj.
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Notice that the AAT condition is always with respect to the set P,, which we
later associate with the collection of subsystems with not necessarily stable
dynamics. In addition, in the special case when n = 1, (5) imposes no con-
straints on the activation time and hence the switching signal can be arbitrary.
On the other hand, when Ty = 0 and 1 < 1, (5) implies that modes in P, are
not activated at all.

Stability definitions. Let X C X be a set of switching signals. In this paper,
we will focus on the following two uniform external stability properties of
switched systems with respect to all switching signals in Y. In what follows,
the essential supremum norm of w over a set I (that is, the supremum of w on
I except for a set of measure zero) is denoted by esssup,c; |w(s)|.

Definition 1 A switched system (3) is uniformly input-to-state stable (ISS)
over X if there exist 5 € KL, ~vy1,7v2 € K such that

|2(t; 2o, w, 0)| < B(lzol,t) +71( esssup |w(s)]) +12(  sup |w(s)]) (7)
s€[0,t]\T (o) s€[0,t]NT (o)

forallt > 0,29 € R"” and 0 € Y.

Definition 2 A switched system (3) is uniformly integral input-to-state stable
(iISS) over X if there exist ag € Koo, 8 € KL, 71,72 € K such that

ao(lx(t;wo»w,a)\)<5(|ﬂco|,t)+/0 nw@hds+ > (e (@)

s€[0,¢6]NT (o)

forall t > 0,z0 € R", and 0 € X.

Our definitions of ISS and iISS are adopted from [3] and [22]. Notice that
the last terms in (7), and in (8) do not appear in standard definitions of ISS
and iISS for non-switched systems; these additional terms are needed in our
framework to capture the growth of state trajectories at switching instants due
to the presence of inputs in the jump dynamics (3b). We also remark here that
both ISS and iISS can be defined in an even stronger way that the magnitude
of the solution is in addition required to decrease with respect to the total
number of switches so far. However such stronger definitions are not necessary
for the development of our results. Some discussion around this issue appears
later in Remark 5.

3 Assumptions and main results

We now state some assumptions on the data of system (3) required for the
statement of the main result.
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Assumption 1 There exist C! Lyapunov functions V,, : R — R, p € P,
satisfying the conditions:

(L1) There exist o, @ € Koo such that
a(lz]) < Vp(x) <a(lz]), Ve eR",peP. 9)

(L2) There exist a disjoint partition P = Py U Py, two positive definite func-
tions ag, ay, and v € K such that

(1), ol ) < ~an(Vpla)) +1(wl) Vo € B w e R, pe P,
(10a)
and

5}
(5 V(@) fol@,w) ) < au(Vp(@) +7(Jwl) Vo € R",w €R™,p € Py,
(10b)
(L3) There exist x € Koo, p € K such that

Va(gp.g(z,0)) < Xx(Vo(@)) + p(lw]) Vo € R",w e R™,p,geP. (1)

Remark 1 For each subsystem in Ps, (L1) and the condition (10a) in (L2)
provide a necessary and sufficient condition for it to be iISS [2]. In addition if
it is assumed that ag in (10a) is K, then each subsystem in Py is ISS.

Remark 2 The partition Ps, P, is not necessarily an indicator whether a sub-
system is iISS or not. Indeed, when a subsystem is not iISS, (10a) will not hold
for any choice of V, but (10b) may still hold. However, even if a subsystem is
iISS, it may still lead to the inequality (10b) due to the improper choice of V.
In this case this subsystem needs to be categorized to the set P,.

Based on Assumption 1, we introduce the function ¢ : R>g — R as

¥(#) = min {as(r) +c(t - 7)} (12)

where ¢ > 0 is some constant. The next assumption bounds the divergence
rate for the subsystems in Py:

Assumption 2 The supremum

K = sup ou(r)

r>0 'L/}(T)

is finite, where a, comes from (L2) in Assumption 1 and v is defined in (12).

(13)

Our last assumption will be instrumental in deriving a lower bound for
ADT in a similar fashion as in [36]:



8 Shenyu Liu et al.

Assumption 3 The supremum

. x(s) 1
4"2218/5 o (14)

is finite, where x comes from (L3) in Assumption 1 and v is defined in (12).

We are now ready to state the main theorem of this paper:

Theorem 1 Consider the switched system (3) and suppose that Assumptions 1,
2, and 3 hold with the function ¥ constructed via (12) for some ¢ > 0. If
Ta > C*, then for every n € [0,1] satisfying the inequality

(1+m)n+% <1, (15)
the system (3) is uniformly iISS over Xapt (74, No) N Xaar(Pu,n,To) for any
No 2 1 and Ty = 0. Moreover, if in (L2) as € Koo, and 7, > (*, then system
(3) is uniformly 1SS over XapT(Ta; No) N XaaT(Pu,n, To) for every n € [0,1]
satisfying (15) and any Ny =2 1,Ty = 0.

To provide some insight about Theorem 1, let us consider its application to
some special types of switched systems. We first consider the case when all the
subsystems are ISS/iISS. In this case, we can always find V), satistying (10a)
in (L2) for all p € P so that P, = (). Hence the AAT condition vanishes and
we could simply set 7 = 0. As a result, (15) reduces to 7, > ¢*. In other words,
in this case the switched system (3) is uniformly ISS/iISS over Xapr (74, No)
for any 7, > (*, No > 1.

We next consider the case when the switching does not introduce jumps in
the Lyapunov functions evaluated along the solutions of the unforced system,
so that x = id. We then conclude from (14) that ¢* = 0, so by Theorem 1,
the switched system is ISS/iISS with arbitrarily small values of the average
dwell-time 7,. In addition, (15) results in n < 1_%& and the switched system
(3) is uniformly ISS/iISS over (Ur,>0 XapT(7a; No)) N Zaar(Pu, 7, To)-

Lastly, we consider the case when the decaying rates and growth rates in
(L2), (L3) of Assumption 1 are all linear; that is, there exist Ag, Ay, > 0
such that as(r) = A7, (1) = Aur, x(r) = pr for all » > 0. In this case, the

formula (14) yields
| Inp
— d =
¢ / A A
and consequently the inequality (15) becomes
Au Inp
14+ — 1.
( + )\S)n—i—/\sTa <

After rearranging the terms, we recover the conditions on 7, and n which
guarantee ISS switched system as stated in [21, Theorem 2]. Thus our work
turns out to be a generalization from linear to nonlinear setting of the known
results in the literature.
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Discussion of the assumptions. Once we impose some characterizations of the
stability or instability of individual subsystems and the reset maps in As-
sumption 1, it is seen that the stability condition in (15) primarily depends
on finiteness of k in Assumption 2 and ¢* in Assumption 3. In both the as-
sumptions, the function v constructed in (12) plays a key role.

1. Note that (12) immediately implies that (t) < ¥(t) := min{as(t), ct}. In
[18], we proposed stability conditions using the function 1 while assuming
that it is globally one-sided Lipschitz. That assumption is necessary in [18];
for example, take ag(r) = re™" + 1 — cos(r?), then v (t) is not one-sided
Lipschitz for any ¢ > 0. In this work, the Lipschitzness assumption is
no longer required because the function ¢ in (12) has this property by
construction, which will be shown later by Lemma 7.

2. The function 1 is essentially a global one-sided Lipschitz modification of ay.
In case a4 is already globally Lipschitz, ) can be chosen equal to ag by set-
ting ¢ larger than its Lipschitz constant. Functions like a5(r) = r, a5(r) =
In(1 4 r) and as(r) = re”™" are examples of such a case.

3. Combining (12) and (13), we conclude from (10b) that for all p € Py,
<%Vp(a:), fp(x,w)> < keVp () + v(|w]). According to [1, Theorem 1], this
property in turn implies that these subsystems are forward complete, which
is a very reasonable assumption on the subsystems as one cannot expect
the switched system to be ISS/iISS if an active subsystem has finite escape
time.

4. In order to get a qualitative answer to the question of when the switched
system is ISS/iISS under slow switching, we need to better understand
Assumption 3. The next lemma states that, in order to show that (* is
finite, we only need to examine the values of ¥(s), x(s) for small and large
s without computing the integral in (14). To this end, we say a positive
definite function o : Ryg — Ry is initially increasing if there exists r > 0
such that a(s) < a(t) for all 0 < s < ¢t < r, and eventually increasing (resp.
eventually decreasing) if there exists R > 0 such that a(s) < a(t) (resp.
a(s) = a(t)) for all R < s < t.

Lemma 2 The value (* defined in (14) is finite when both conditions (a)
and (b) hold:
(a) ¥ is initially increasing and limsup,__, o+ % < 00, and

(b) v is eventually increasing and limsup,__, Xf;()sjs < o0, or

P is eventually decreasing and limsup,__, % < 0.

Proof. We only study the non-trivial case when x(s) > s for all s > 0. By

inspecting the definition of ¢* in (14), we see that it suffices to show that
lim sup, fSX(S) (1T) dr is finite when s approaches both 07 and infinity in
order for ¢* to be finite. When ¢ is initially increasing, we have 7 > 0 such

that for all s > 0 with x(s) <7,

x(s) q x(s) 1 Cx(s)—s
L[ =
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Take the limit as s — 0T, and it follows from the first condition in
1
¥(r)

condition results in limsup,__, fSX(S) 27 dr being bounded. O

Lemma 2 that limsup, o+ [, GX(S) dr is bounded. Similarly, the second

It is not hard to see that ¢* is finite for the linear functions when ¥(s) =
As, x(s) = ps. In addition, using Lemma 2, it is straightforward to verify
that the nonlinear pairs such as (¢(s),x(s)) = (1 —e *%,s +1 — e %),
(e7*(1 —e*),In(e® 4+ 1)) also ensure finite ¢*.

4 Technical Tools and Proofs

Our proof of Theorem 1 relies on rewriting the switched system into a hybrid
system in the framework of [7] and then showing ISS/iISS of that hybrid sys-
tem. In this section we provide a brief description of hybrid systems, followed
with some supporting lemmas and the proof of Theorem 1.

4.1 Hybrid systems with inputs

Consider the hybrid dynamical system with inputs, which is described as:

{é € F(¢,d), (&d)ec,

¢t egled), (6d)eD, (16)

where the state trajectory £ evolves in X C R", and the disturbance d takes
values in R™. The sets C, D are subsets of X x R™ and are called flow and jump
sets, respectively. The evolution of the state is thus described by F (during
flows) and by G (at jump instants), which are set-valued mappings from X’ x R™
to X. The solutions of the hybrid system (16) are defined on hybrid time
domains. A set I C Rxyo X Zxo is called a compact hybrid time domain if
I= U‘j;ol([tj,tjﬂ],j) for some finite sequence of times 0 = tg < t1--- < ty;
and I is a hybrid time domain if for all (T, J) € I, IN([0,7] x {0,1,...,J})
is a compact hybrid time domain. The domain of the hybrid input d in (16) is
a hybrid time domain, and d : domd — R™ is such that d(-, ) is Lebesgue
measurable and locally essentially bounded for each j € Z3o. When the system
data (F,G,C,D) satisfies certain basic assumptions [7, Assumption 6.5], [3,
Page 48], it holds that, for each input d : domd — R™, the system (16)
admits a local solution, called hybrid arc, & : dom¢& — X. A hybrid arc
¢ :dom¢& — X and a hybrid input d : domd — R™ are a solution pair to
the hybrid model (16) if:

— dom ¢ = dom d;

— for all j € Z>¢ and almost all ¢ € Rx such that (¢,5) € dom¢, we have

(&(t,4),d(t,5)) € C and &(t, ) € F(&(t, 5), d(t, j)); and
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— for (t,7) € dom¢ such that (¢,j + 1) € dom & we have (£(¢,7),d(t,5)) € D

and z(t,j + 1) € G(§(¢, ), d(t, 7))-

For an initial state & and an input d, a hybrid arc of (16) is denoted by
&(+,+;€0,d). In what follows, we denote the distance between a vector £ € X
and a compact set A C X by [£]4, that is, |{| := infcc 4 |§ — (|. Following
[3], for a hybrid signal d, we use the notation ||d||( ;) to denote the maximum

between ess sup |d(£,7)| and sup |d(%,7)].
(£,j+1)¢dom d,t+j<t+j (#,j4+1)edom d,i+j<t+j

Definition 3 A hybrid system (16) is said to be input-to-state stable (ISS)
with respect to A if there exist 8, € KLL and 7, € K such that for all g € X
and all (¢,7) € dom ¢, each solution pair (£, d) satisfies

[€(2, 33 €0, d)|a < Br(IS0la, 2, 5) + v (lldlle,z))- (17)

Definition 4 A hybrid system (16) is said to be integral input-to-state stable
(iISS) with respect to A if there exist ay, € Koo, Bn € KLL and 7, € K such
that for all §, € X and all (¢, ) € dom &, each solution pair (£, d) satisfies

t
Oéh(|£(t,j,§0,d)|A) g ﬁh(|£0|¢4at7.7)+/ 7h(|d(8?jd,s)|)ds+ Z 7h(|d(f7j)|)
0 (t‘,jﬂ)edomd
t+y<t+g
(18)
where jg s := max{i € N|(s,i) € domd}.

We can also characterize ISS and iISS using Lyapunov functions. The fol-
lowing result provide sufficient conditions in terms of existence of Lyapunov
functions with certain properties which guarantee ISS/iISS.

Lemma 3 ([3,22]) A hybrid system (16) is iISS with respect to A if there
exists a smooth function V : X — Ry, positive definite functions o, aq,
functions aq, s € Koo and v, vq4 € K such that

a1(|€la) < V(€) < az(l€]a) (19)
forallé € X,
<8V(£) f> < — (€l + e(ld) (20)
85 5 X Q¢ A Ye
for all (¢,d) € C, f € F(&,d), and
V(g) — V(&) < —aq(|€]a) +valld]) (21)

for all (£,d) € D,g € G(&,d). In addition if ae,aq € Koo, then the hybrid
system (16) is ISS with respect to A.
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We call a function V satisfying the inequalities in Lemma 3 with posit-
ive definite functions o, g (resp. ac,aq € Ko) a hybrid iISS (resp. ISS)
Lyapunov function.

Remark 3 In papers [3,22], the authors work with a single-valued version
of (16), that is, F(¢,d) = f(&,d) and G(§,d) = g(&,d). The statements in
Lemma 3 are obvious extensions of those results. Additionally, we see a con-
dition on system data in the results of [3,22], which says that, for each £ € X
and each € > 0, the set {f(&,d)|d € R™ N eB} is convex. However, this condi-
tion is only required for proving the converse implication that ISS/iISS implies
the existence of an appropriate Lyapunov function, and is not needed for our
purposes.

4.2 Hybrid models for ADT and AAT

We now model the switched systems with ADT and AAT constraints as a
hybrid system (16). It is assumed that P = P, UPs, and we recall that 1p_(-),
defined in (6), is the indicator function associated with unstable modes indexed
by Pu. Recall that the definitions of ADT and AAT constrained switching
signals in (4) and (5) depend on the positive integer Ny and the scalar Ty. We
consider an autonomous hybrid system evolving on X := P x [0, Ny x [0, Tp]
with state denoted by (p, 7, 7,). The dynamics of this hybrid system is given
by

p=0,

7€ [0, ], cec, (22a)
Tu € [1p,(p) — 0, 1p,(p)],

pteP,

Tt =71, ¢eD (22b)
qu = Tu;

where the parameters 7,,7 come from (4), (5) and the flow and jump sets are
given by C := P x [0, Ng] x [0,Tp], D := P x [1,Ny] x [0,Tp], respectively.
Essentially, in our model (22), we are introducing two timers: 7 and 7. This
idea of using two timers can be found in the work [24], where it is shown
that while the timer 7 confines the switching signals with ADT constraint,
the timer 7, confines the switching signals with AAT constraint. Recall the
definition of 7 (o) in (2) and denote T (o) =: {t1,t2, -} with t; < 3 < ---
and denote to := 0. In addition we abuse the notation that when |7 (¢)| < oo,
[t17 ()] tT(o)+1)] := [t|7 (o)), 00). The next proposition formalizes the relation
between the complete solutions of the hybrid system (22) and the switching
signals satisfying both ADT and AAT conditions.
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Proposition 4 For every switching signal 0 € XapT(7a, No)NXaat(Pu, 1, To),
there exists a complete solution & = (p,T,7,) to the hybrid system (22) with

the hybrid domain dom & = Uljz(g)‘[tj,tj_,_l] x {j} and it satisfies that
p(t,j) =o(t;) V(t,j) € dom&. (23)

On the other hand, for every complete solution & = (p,7,7,) to the hybrid
system (22), denote its hybrid domain by dom¢ := Uj:()[tj,th] x {7}, where
[tr,tre1] = [ts,0) if J < oco. Define a switching signal

o(t) =pt,j) Vtetjtjz),j=1,---,J (24)
then o € ZADT(Ta,NO) N EAAT(PH, 77,T0).

Proof. As shown in [7, Example 2.15], the dynamics of p and 7 guarantees
the equivalence between complete solutions of the hybrid system (22) and
switching signals ¢ € Xapr(74, No) such that p(t,j) = o(t). It remains to
show that the dynamics on 7, confines p(t,j) to be equivalent to an AAT
switching signal, which is given by [24, Lemma 7). O

Remark 4 We make a comparison between our model with two independent
timers and the one proposed in [32], where a single timer is developed in
the context of a small-gain theorem in [32] which imitates a switching signal
under both ADT and AAT constraints. We acknowledge here that although
the models are different, Proposition 1 in [32] is analogous to Proposition 4
in our paper. It turns out that for our purpose (see Section 4.4), using two
individual timers makes the argument fairly intuitive and straightforward.

Using the result of Proposition 4, one can write the switched system (3),

along with the ADT and AAT constraints on the switching signal, more nat-
urally in the form of (16). To do so, we let

eR” x P x [O,No] X [O,To] = X. (25)

Iy
I
dam <

The hybrid model capturing the dynamics of the switched system, driven
by an R™-valued disturbance d and a switching signal o € Xapt (74, Nog) N
Yaar(Pu,n, Tp), is compactly written as

y = fp(yad)7

. ) = 0,

EeFEd) 1L 1. (&dyec,  (26)
u € [1p,(p) — 1, 1p, (p)],
Yyt € Gy, d),

pteP,

Tt =7r-1,

+
T’lL

£t eg(d): (&,d) e D, (26Db)

= Tu,
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where C := X x R™, D := R" x P x [1,Ng] x [0,Tp] x R™, and G,(y,d) =
Uqep 9p,q(y,d). For the system (26), it is of interest to study whether the
compact set

A= {0} x P x [0, No] x [0, T] (27)

is an attractor. We observe that system (26) satisfies basic assumptions listed
in [7, Assumption 6.5]:

— The sets C and D are closed.

— The mapping F(-,-) is outer semi-continuous, convex-valued and locally
bounded relative to C, and C C dom(F). Here, we used the fact that, for
each p € P, the mapping (y,d) — f,(y, d) is locally Lipschitz continuous
by assumption, and as already noted in (22), the set-valued dynamics for
(p, T, Ty) are outer semi-continuous.

— The mapping G(-,-) is outer semi-continuous and locally bounded relative
to D. This is because, for each p € P, y € R", d € R™, we assumed that
Gp(y,d) is closed and hence the mapping (y,d) — G (y, d) is outer semi-
continuous. Because of the discrete topology of the set P, it then follows
that (p,y,d) — Gp(y,d), as a subset of P x R™ x R™, is closed, and outer
semi-continuity of G(-,-) follows by checking that its graph is closed.

Comparing (17) and (18) with (7) and (8) respectively, we have the fol-
lowing straightforward result, which shows that studying ISS (resp. iISS) for
system (3) is equivalent to studying ISS (resp. iISS) for system (26).

Corollary 5 The switched system (3) is uniformly ISS (resp. iISS) over the
class of switching signals Xapr(7a, No) N Xaar(Pu,n, To) if the hybrid system
(26), with augmented state variable defined in (25), is ISS (resp. iISS) with
respect to A.

Proof. We show that a solution of the switched system (3) satisfies the estimate
(7) if the hybrid system (26) is ISS with respect to .A. The proof for iISS follows
by similar arguments. Let x(-; 2o, w, o) be a solution of the switched system.
From Proposition 4, we see that x is equivalent to a complete solution of the
hybrid system (26) with a hybrid input signal d defined by d(0,0) := w(0),
d(t,j) = w(t) for t € [t;,t;41), where we recall that {¢1,ts,---} = T (o) is the
set of switching instants, in the sense that (23) holds and y(0,0) = zo, y(t,5) =
x(t;xo,w,0) for all t € [t;,t;11). With the hybrid system (26) being ISS,
dom¢ = domd and the pair (£, d) satisfies the estimate (17). Therefore, by
observing that |z(¢; xo,w,0)| = |y(t,7)| = |£(t,5)|a for all ¢ € [¢;,%;41), and

ldll .5y = max{ esssup |w(s)|, sup |w(s)|},
S€[0,0\T (o) 5€[0.NT (o)

the estimate in (7) is now obtained by taking 8(s,t) = Bn(s,t,0) and v; =
Y2 = Yh- 0
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Remark 5 Towards the end of the proof of Corollary 5, if we define a class
KLL function B(s,t,7) := Br(s,t,j) instead of taking the class KL function
B, then we can actually conclude

|z(t; 20, w, 0)| <g(|x0|,t71\70(07t))+%( esssup |w(s)])+y2(  sup |w(s)|).
s€[0,t|\T (o) s€[0,4]NT (o)
(28)

Compared to (7), in (28) not only the magnitude of the solution decreases with
respect to ¢, but it also decreases with respect to the total number of switches
up to t. We can also conclude a similar stronger estimate on the solution for
iISS. Such properties are termed as strong ISS/iISS, which appeared in [12,9].
Nevertheless, we do not work with the strong ISS/iISS notions in this paper.
This is because it is inferred from [9, Proposition 2.3] that strong ISS/iISS and
ISS/iISS are equivalent for switched systems with switching signals satisfying
the ADT condition, which is the class of switching signals addressed in our
results.

4.3 Supporting lemmas

In this subsection we provide a couple of supporting lemmas which will be
used in our proof of Theorem 1. We start with an observation on 1:

Lemma 6 The function ¢ constructed in (12) is positive definite. It is also
of class Ko if a is of class K.

Proof. By construction it is clear that ¢ is positive definite. To show that
Y € Koo when oy € K, notice that ¢ is continuous, ¥(0) = 0 so we are left
to show that 1 is strictly increasing and unbounded. To show v is strictly
increasing, we take arbitrary t; > t; > 0. Suppose that as(r) + c(te — r)
achieves minimum at some t* € [0, to], that is, ¥(t2) = as(t*) + c(t2 — t*). We
consider two cases by comparing t* and t;. If t* < ¢1, then

U(ts) = as(t*) + ety — t*) + c(ta — t1) > as(t*) + c(ty — t¥)

> Tér[lggll{as(r) +e(ty — 1)} = Y(tr).

Otherwise, if t* > ¢, then

P(t2) = as(tr) + (as(t) — as(tr)) + etz — t7) > as(t)
> min {os(r) + oty =)} = ¢(t).

Therefore, we conclude that ¥ (t2) > (7). Next we show that lim; o ¥ () =
oo. If this is not true, there exists K > 0 such that ¢ (¢t) < K for all ¢ > 0.
Because as € Koo, there exists » > 0 such that as(r) = 2K. Then, for any
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' e0,r+ %], either 7’ € [0, 7] so that c(r—l—%—r’) >2K,orr" € (r,r+ %]
so that as(r’) > 2K. Thus,

2K 2K
z/z(r—i—): min {as(r')+c<r+—rl)}>2K>K,
C r’€[0,7‘+2£<] c

which is a contradiction. This completes the proof. O

The next lemma shows that v is globally one-sided Lipschitz. One-sided
Lipschitzness often appears in the study of differential inclusions (see, e.g.,

[6])-

Lemma 7 The function v constructed in (12) is a globally one-sided Lipschitz
function on Rso with constant c; that is, for any to > t1 > 0, ¥(t2) — Y(t1) <
C(tQ — tl).

Proof. For any to > t; >0,
¥(t2) = min {as(r) +c(tz — 1)}
rel0,ts]
< min {ag(r) +c(ta —r)}

r€[0,t1]
= min {os(r) +c(ty —7)} + c(ta — t1)
rel0,t1]
=Y(t1) + c(t2 — 1)
which is the desired inequality. O

Next we define a function which will be used in the construction of the
(i)ISS Lyapunov function for the hybrid system. Define the function ¢ :
R>0 — R)O by

o(s) = {exp (fl 1/)(6 dr) if s >0, (29)
0, if s =0.

where we recall ¢ and v are introduced in (12). We state two properties asso-
ciated with .

Lemma 8 It holds that ¢ € K

Proof. By definition, ¢(s) is strictly increasing and continuous for all s > 0. It
remains to show that ¢ is continuous at 0 and lim,_, ¢(s) = co. It follows

from (12) that ¢(r) < er for all » > 0 so wQ(i) > % Therefore when s > 1,

fs ij) dr > fs 2¢dr = 21In s so lim,— o0 ¢(s) = 00. On the other hand when

s < 1, fl Zdr < [T 2¢dr = 2Ins so lims_,o+ ¢(s) = 0 and thus ¢ is
continuous at O [




ADT and AAT bounds with nonlinear supply pairs 17

Lemma 9 Let ¢g > 0 and s >t > 0 such that o(s) < cop(t). It follows that
P(s
5 < Ve

Proof. Fix s >t > 0. Then, the inequality ¢(s) < cop(t) implies that

exp (j(suii)dr> < coexp ( 1tﬂii)dr>.

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

¥ 2
/t mdr < In(ey). (30)

Define ¢y : [t,00) — Ry by ¢;(r) := th(t)+c(r—t). Recall from Lemma 7 that
¢ is also the global one-sided Lipschitz constant of ¥, so we have 1 (r) > ¥(r)
for all r > t. Hence, continuing from (30), we have

5 2 5 2 s 2¢
@) [ 5002 ) = s

r=s "/) t) + —t w
=21In (Y(t) + c(r — t))|T:t = 21n()w(ct()s) > 2lnw((j§,
which results in ﬁi:; < V/Co. O

The next Lemma tells that a special transformation of function ¢ inherits
the global one-sided Lispchitzness from 1.

Lemma 10 The function 6 : Rsg — Rxo defined by 0(s) := ¢~ (cop(s))
with any co > 1 is globally one-sided Lipschitz with constant \/co, where ¢ is
defined by (29).

Proof. Before we start the proof, we note that ¢! in the definition of  is well-
defined because ¢ € K, stated by Lemma 8. To show 6 is globally one-sided
Lipschitz with constant \/c, it suffices to show that

O(t2) — O(t1) < Veo(ta — t1)

for all to > t; > 0; in other words, we need to show that 6(t) — t\/c, is a
non-increasing function on Rx. To this end, we first observe that it follows
from the definition of ¢ in (29) that the derivatives

o 2600)
#s) = =503 (31)

and

Sy — 1 _d(e7l(9)
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Hence, we conclude that for any ¢ € Ry,

P (cop(t)) 2ccop(t)  P(0(1))
) .

d d/ 4
£9(t)=£(<p (COw(t))) 2ccoplt vty oY)

Let s := 0(t), so that ¢(s) = cop(t). Since ¢o = 1, s >t > 0, Lemma 9 yields
ﬁ%i) V¢, and

d _ Y(s)
%(G(t) —ty/ey) = O Vep <0

Therefore, 6(t) — t\/c, is non-increasing and this completes the proof. O

4.4 Proof of the main result

We now use the developments carried out in Sections 4.1, 4.2, and 4.3 to prove
Theorem 1.

Proof of Theorem 1. Since 7, > ¢* and (15) holds, we pick ¢ € (¢*,7,) which
is sufficiently close to (* so that

(/@4—1)77+£ <1. (33)
We prove the theorem by showing that
V() = o (T mr) (v () (34)

is an (i)ISS Lyapunov function for the hybrid system (26) corresponding to
the switched system (3) with ADT and AAT constrained switching signals.

Firstly, to verify the condition (19), we set
o1(s) = a(s), and as(s) = (p—l(€2c(CNo+(K+1)To)@(a(s)))
and the bounds in (19) clearly hold.
Secondly, to verify the condition (20) for the continuous flow, we define
W(e) 1= 2o (et DT o (1 1), (3)

Picking (¢,d) € C and f € F(&,d), we have

<§£W(§), f> W (E)F — 2e(s + DIW(E)%,

0

n <eQC(CTJF("“)(T“_T“))tﬂ(%(@)axvp(x)7 folz, d)>
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. . 1 0
where we have used (31) for ¢'. When p € P, it follows from (10a) and (12)
that (ZV,(2), fy(z,d)) < —¢(Vy(z)) + v(|d]). In addition 7 € [0, ] and
Tu € [-1,0], so

Ta

¢

<§”«OJ><QC&_+M+1M1>W@)+2dw®

(Vp())

When p € Py, it follows from (10b) and (13) that (2 V, (), f,) < sp(Vy(z))+
~(|d|). In addition 7 € [0, %] and 7, € [1 —n,1], so

0 ¢ > 26 (€)
—W(), <2 =+ (k+1 — D+ |W(E) + —~(|d
(W OF) <2e( St (e =14 1) WO+ S Sala
and we reach the same upper bound as in the first case. Appealing to (33), we
conclude that

~(ld])-

a

<§£W(§),f> < —2caW (€) + o v(|dl)

where
ai=1—5 (it 1)m>0. (36)

Ta

Consequently it can be computed that along the differential inclusion (26a),

(v ©F) = e rovien { wee.7)

. (d)(«pl(W(&)))) <_2CQW(£)+ 20W(§) 7(|d|)>

2 (€) bV (@)
(o e V()

= —op(e W (E) + T ()
L UV (©)

=~ (VE) + iz sl

To further simplify the right-hand side, let v := V,(z), w := V(£). Then
we have w > v > 0 and p(w) = W(§) = eQC(CTH”H)(TO_T“))cp(Vp(a:)) <

e2c(<N°+(”+1)T°)<p(v). Hence from Lemma 9,

<§§v<e>, f> < —ap(V(©)) + (Mot GtT) 1)

< —apo al(‘€|A) + ec(CNo-‘r(n-i—l)To),y(ldD
and (20) holds with

te(s) = a0 ar(s), els) = e(NoFFIT) ). (37)



20 Shenyu Liu et al.

It follows from Lemma 6 that if s is positive definite (resp. as € Ko ), then
o, is also positive definite (resp. a, € K ). In addition, 7. € K.

Lastly, to verify the condition (21) for the discrete jumps, we pick (§,d) € D
and g € G(&,d). Notice that

2c

o) =es ([ Sar)

= exp (/vj((::(z)) 1;((;) dr) exp (/lvp(x) wz(j) dr) < 2CC*S0(VP($))

where we recall that ¢* is defined in (14). Hence, if we define
9(8) — (,071 (626(4(771)+(H+1)(Toi‘r“))(p(s)) 7

and recall the definition of W from (35), we have the estimate that 6 (x(V,(z))) <
1 (e2eCr=DHFDTo—mu)+2eC" 5 (Y, (2))) = o~ (€27 =OW (€)). Therefore,
using the assumption (L3) and Lemma 10, we get

_ - c(¢rt+(r 0=
V@) =y 1(62 (DT (1, (a)) )
(r—1) +(n+1)(TO*Tu))go(V:](gp,q(xad))))
e2c(C(r=D)+(r+1)(To—7u)) ( (Vp(x))+p(|d|)))

(p —1
0 (x(Vp(2)) + p(|d]))
0

A/-\

< (X Vy(a )+ec(<(T D+(r+1)(To—7u)) p(d))
<ol (ezc )+ec(C(No DH(+DT0) (1))
= 7 (T DV () + N0 DT (),
Define
A(s) i= s — ot (2 00(s)) (38)

then the inequality (21) is seen to hold with
aq(s) = koai(s), ~a(s) = elCWomDHE+DT) (5), (39)

Recall that ¢ > ¢* and ¢ € K ; thus by construction x is positive definite,
S0 is ag. In addition, v4 € K. Lastly we show that ay € Ko when ag € K
and it suffices to show that x € K. It follows from (38) that ¢((s — k(s)) =
2" = (). Using the definition of ¢ in (29), and taking logarithm, it follows

that
s=r(s) 9¢ 5 2
€ g = 2¢(¢* — d
[ e o [ e
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Hence, we have

s 1 i}
/S_K(S) w(r)dr =(—(C">0. (40)
_1

By Lemma 6, when a5 € K, ¥ € Ko as well and thus e) decreases to 0 as
r increases to infinity. Therefore, (40) holds for all s > 0 only when the length

of the interval of integration grows to infinity as s — oo. In other words, we
conclude that k € K.

With all the three conditions (19), (20) and (21) verified, we appeal to
Lemma 3 and conclude that the hybrid system (26) is ISS (resp. iISS) when
a5 € Koo (resp. ay is only positive definite). Then by Corollary 5, the switched
system (3) is uniformly ISS (resp. uniformly iISS) over the set of signals
YapT(Ta, No) N Xaar(Pu,n, To)- O

Remark 6 Tt is observed that the formulas for ., vq in (37), (39) only depend
on the parameters Ny, Ty but not 7,,n. Since it is known in [3,22] that the
(i)ISS gain is related to 7., y4, we conclude that the average dwell-time or
percentage activation time of the unstable modes do not affect the (i)ISS gain.
On the other hand, it is seen that the functions a., ag depend on 74, 7. Thus we
conclude that the convergence rate of the unforced switched system depends on
the average dwell-time and percentage activation time of the unstable modes.
In particular when the left-hand side of (15) is close to 1, the convergence rate
of the unforced switched system may become extremely slow and when it is
larger than 1, the unforced switched system may become unstable and thus
the switched system with inputs is not (i)ISS. This observation is consistent
with the known results in [11].

5 Case Studies

In this section we will demonstrate how our results can be applied to determ-
ining stability of several switched nonlinear systems. The subsystems of these
switched systems will be constructed using the matrices:

—-0.1 —1 —-0.1 -2 0.1 -1
A= < 2 —0.1)’ Az = ( 1 —0.1)’ As = < 2 0.1)' (41)
Notice that A; and A, are both Hurwitz and they have the same eigenvalues;

Az is not Hurwitz. In addition, it is discussed in [16, Section 3.2] that the
switched linear system with modes P = {1, 2}

t=A,zift & T(o), (42a)
z=z" ifteT(o). (42Db)

has no common Lyapunov function and for some particular switching signals
the solution will diverge.
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5.1 Switched system with saturation-like scaling

Consider the switched system with modes P = {1, 2}

1
1+ |z

Asx+w ift &€ T(o), (43a)

r=x" ift e T(o) (43Db)

1
1+ |z]
such that & ~ A,z +w when |z| is small and & =~ Ag 17 +w when || is large.

The subsystems of (43) are both iISS, which can be verified by picking the
iISS-Lyapunov functions

Vp(x) =y/1+aT Mz —1 (44)

where M), are the solutions to the Lyapunov equations

where w € R? is the input. The coefficient mimics the effect of saturation

MyA, + A) M, + 1 =0. (45)

However, this switched system is not iISS under slow switching. To see this,
notice that when u = 0, the solutions of the switched system (43) are the same
as the solutions of (42) after a time re-parameterization. By similar arguments
as discussed in [25], for any 7, > 0 and Ny > 1, we can pick an initial state far
away enough from the origin and a switching signal from Xaprt (74, No), yet
the solution diverges. Hence the switched system (43) is not uniformly iISS
over Yapr (74, No) for any 7, > 0. Nevertheless, we show that the switched
system (43) is iISS over AAT switching signals. To do this, let V7 be defined
as in (44) with p = 1 and set Vo = V4. We first see that (9) is verified with
a(s) := \/1+a(M;p)s? —1 and a(s) := /1 +a(M;)s? — 1, where 7(-),0(")
denote the largest and smallest singular values, respectively. We further denote
Q1 = —1,Qy := M1 Ay + AJ M;. Notice that because V3 is not a Lyapunov
function for the subsystem p = 2, @5 defined in this way is sign indefinite. It
can be computed that

<%Vp(x),fp(x,w)> = \/IJF}EW (jTMlz + g:TMli?)
B x T (A;—Ml +M1Ap)x QxTMp
(|21 + 2T My \/1+xTMpxw
_ ITQPZL' n 2x T My "
(1+|z)V/1+2 Mz /1427 Mz
xTsz 2x T M,

A+ 2D Vo@ + D) redho



ADT and AAT bounds with nonlinear supply pairs 23

It is observed that the function h(s) = i is increasing on R>o; in addition,
from (44) we have 4/ V{;j‘; lz| < 2% 7y~ Hence we conclude that
V12 +2V; 25(M1)

0
(311 fle)) <= (e() + VaOR)(VZ +270)) (Vi + 1) V(M)

i : i +2s —
which fits the form (10a) with ay(s) := (U(M1)+\/W) = and v(s) :=
25 (M)

Ws. It can be verified that oy is globally Lipschitz so as discussed in Sec-
oM

tion 3, we can set 1) = . For p = 2,

0 F(@2) (V2 +2Vy) 25 (M)

Vi 7f ’ < + ’
<a$ 2(37) 2(33 w>> (Q(M1)+ \/Q(Ml)(%2+2v2)> (‘/'2+1) Q(Ml)lwl
which fits the form (10b) with ay(s) = 7(Qa)(s+25) . The

(o(M1)+y/a(M1)(s?+25) ) (s+1)
above computations imply that Assumption 1 holds. Plugging the numer-
ical values (41) for Aj, A5 into the formulas for z/J,au, it is computed that
K = SUPgs O;/j((ss) = (QQ)O_(M) = 24.9436 and 3 = 0.0385. Hence As-
sumption 2 also holds. In addition, because we have chosen Vi = V5 and
the switched system has no resets at switches, (* = 0 and Assumption 3
holds as well. Therefore by Theorem 1 and the discussion after the theorem
statement, we conclude that the switched system (43) is uniformly ISS over
EADT<Ta;NO) n ZAAT({Z}an,TO) for any 7, > 0, Ny > 1,n < 0.0385,T = 0.

5.2 Switched bilinear system with resets and stable modes

Consider the switched system with modes P = {1, 2}
&= Asx +wBx ift & T(o), (46a)

x =Dz~ +wFEz~ ifteT(o), (46b)

where w € R is the input, A, are given in (41) and B,D,E € R**2. Each
subsystem is shown to be iISS (see, e.g., [5]) by picking the iISS-Lyapunov
function V,, as

Vo (x) :=In(1 + 2" M,x) (47)

where again M, are the solutions of (45). We have

a(la]) = In(1 + min o(M,) ) < Vy(e) < In(1 + maxa(M,)|e]?) = a(fe]).
pEP pEP
For the continuous flow, it can be computed that

(e ) = 1 (4 300
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_ MITMMJ(A; M, + M, A))e +
B |z|? 22" M, Bz
o _1+xTMpx 1+xTMpxw
(e"» —1)  &(M,B)
S TS0 a0,

QITMsz
—w
14+ 2" Myz

Hence (10a) is satisfied for all p € Py = P with ag(s) := =" 4(s) =

Omax
_ (M, B .
€15 where Opmax = maxpep 6(Mp), c1 = maxpep aé(]\jp)). Now consider the

discrete jumps and denote g(z,w) := Da + wEx. Let p > 0 be such that
xTDTMpr < /mTqu for all x € R™ and p,q € P, then we have the
inequality that

14 g(z,w) " Mg(z,w) = 1+ (Dx + uFEx) " M,(Dz + uEx)
=1+2"'D"M,Dx + 2" (2uE" M,D +w?*E" M,E)x
<1+ pr" Myx + 2" (2uE" M,D +w?>E" M,E)x
2uET M,D + w2ETM,,E)x>
1+ paT My
26(ETM,D)|w| + ¢(ET M,E)|w|?
o (M) )

-
= (14 pz" M,x) (1 +2 (

< (1 + px" Myzx) (1 +

Hence when a switch occurs,

Vo(g(z,w)) =In(1+ g(z,w) " Mg(z,w))
26(ET M,D)|w| + U(ETMPE)MP))
ﬂQ(Mq)
26(E " M,D)|w| + J(ETMPE)|W2>
pa (M)

< In ((1 + pa " M) <1 +

=1In(1+ pz" Myx) +1n (1 +

26(E" M,D o(ETM,E)|w|?
(10 1)) (14 22N Dl LSBT M

pa (M)

Hence (11) is satisfied with x(s) := In(1+ p(e® — 1)) and p(s) := In(1 +
2 max 5(ET M,D) . 2max 5(ET M,E)

uﬂiijew Z(ng 3= T mpii:ep Q(Mpl)) - Therefore

Assumption 1 is verified and since both modes are stable, Assumption 2 is

omitted. Again because ay is globally Lipschitz, we let 1) = a4 and it can be

computed that

x(s) 1 x(s) o o
= sup/ ——dr = Sup/ DA _dr
s>0.Js 1b("") s>0Js (67 - 1)

In(u(e ~1)+1)

cas+c3s?), where ¢ :=

= Omaxsupln(e” — 1)
s>0

S

s—1 1)—1
— o supn (e —1)+1)
>0 e’ —1

)
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= Omax In 1Y

and Assumption 3 is verified. Hence we conclude from the special case of
Theorem 1 that the switched system (46) with modes P = {1,2} is uniformly
iISS over X apr (74, No) for all 7, > omax Inp, Ng = 1. In particular if D = I,
it can be numerically computed that oy In pu = 5.1804.

The same arguments also work for switched bilinear systems with resets
and stable modes in general, in the form

&= A,z + Z B, jrw; + Cow, ift € T(o), (49a)
J=1
mq
Tr = D(U—J)CE— + Z E(Uig),kx_wk + F(U—J)w ift e T(o), (49b)
k=1

where x € R™ is the state, w € R™ is the input and Ay, By j, D(p,q); E(p,q).k €
R Oy, Fipg € RP™ forall pgeP,j=1,---me, k=1,---mg.

Proposition 11 Consider the switched system (49) with finitely many modes
and assume that A, are Hurwitz for all p € P so that there exist positive
definite symmetric matrices My, Qp, € R™*™ for which A;Mp—FMpAp—FQp =0
hold. Let A > 0 be such that ' Qpz > Ax' Myx and pn > 0 be such that

xTD(Tp o MqDp,gz < px " Myz for all x € R™ and p,q € P. Then (49) is

uniformly iISS over Xapt(7a, No) for all T4 > h‘T’L and Ng > 1.
The proof is similar to the one carried out for system (46) and is provided
in the Appendix.

Remark 7 Notice that X, p defined in Proposition 11 are exactly the linear
decay rate in the continuous flow and linear growth rate in the discrete jumps,
respectively for the unforced switched system (49). It is known that in this case,
IHT” is the lower bound on ADT such that the unforced switched linear system
is globally asymptotically stable (see [13]). It follows that the bilinear input
does not affect the inheritance of the stability properties from the subsystems
to the switched system when it is under slow switching. In addition, when there
exists a common Lyapunov function, all M),’s are the same and further when
D = I, we conclude (* = 0 so 7, can be as small as possible. This is indeed
the case because such a switched system is i[SS with arbitrary switching [19].

5.3 Switched bilinear system with unstable modes

For the last example we still consider the switched system with dynamics
given by (46) but now the set of modes is P = {1,3}. Recall that A3 given
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in (41) is non-Hurwitz so this switched system is not uniformly iISS over
Y apT(Ta, No) for any 7, > 0. We also let D = 21, that is, whenever a switch
occurs the state is scaled by 2 and hence this switched system is also not
uniformly iISS over Xaar(Py,n,Tp) for any n € [0,1]. However, if we pick
V3=V =In(l+ xTMlx), it can be computed that

0 1 22" M, Bz
—V3(x), ) >: 2 (A M, + M A —_
(5 V3@). Jo(ww) = e (AT My + M Ay + 5w

< 6(A;M1 +M1A3)|£C|2 + 2£CTM1.B£L' w
= 1+2T Mz 1+2T Mz
— T —
< 0'(143 M1 + MlAg) (1 . eVp(x)) + U(MlB)w
a(M) a(My)
So we have P, = {3} with a(s) := W(l—es). Thus Assumption 2

holds with k = & = G(A] My + My A3) 247 = 3.9868. On the other hand,
V, being the same and D = 21 imply p = 4. Thus Assumption 3 holds with
C* = Omax Inp = 10.3857. Therefore by Theorem 1 we conclude that (46) is
uniformly iISS over Xapr (74, No) N Xaar({3},7n,To) for any No > 1,75 > 0

and all 7, > 0,7 € [0, 1] satisfying 3.98687n + %{1857 < 1.

6 Conclusion

Within the context of literature on stability of switched systems, this paper
provided conditions on the switching signals such that a switched nonlinear
system with inputs, resets and unstable modes is ISS or iISS. In particular, we
considered the case where the decay or growth rates of all subsystems are al-
lowed to be nonlinear, and the changes of Lyapunov function values at switch-
ing instants are also assumed to be nonlinear. Under some mild assumptions
on the switched system, and using the hybrid system framework, we derived a
mixed ADT and AAT condition which guarantees ISS or iISS of the switched
system. Using the main result of our work, switched systems with saturating
dynamics and switched bilinear systems were shown to be uniformly iISS over
switching signals satisfying this mixed ADT and AAT condition.

From a broader viewpoint, in this paper, we restricted ourselves to a cer-
tain class of switching signals, and we proposed techniques which relate the
parameterization of these switching signals with the nonlinear rates associated
with the Lyapunov functions of individual subsystems. There are other classes
of switching signals which can be studied. For example, in [15], the notion of
ADT is generalized by replacing the affine function of time in the definition
of ADT by a more generic function. Similar generalization is also seen in the
recent work [9]. Meanwhile, in [20], the authors propose impulse sequences
whose impulse frequencies are eventually uniformly bounded, but iISS-related
questions have not been investigated for such a class of signals. Thus, a natural
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question that originates from these works is to find conditions for ISS/iISS of
switched systems in the nonlinear setting with different classes of switching
signals, and whether the tools proposed in this paper could be used in making
such generalizations.

Appendix

Proof of Proposition 11. First of all, each subsystem is shown to be iISS (see, e.g., [5]) by
picking the iISS-Lyapunov function V), as

Vp(z) :=In(1 4z Mpx). (50)
We have
a(jz]) == In(1 + min a(My)|el?) < Vp(@) < In(1 + maxs(M,)[z?) = a(lel).  (51)
peEP peEP

So the condition (L1) is verified. For the continuous flow, it can be computed that

8 1 T T .
(52¥5@) 1)) = T (67 M a7 )
1 227 My By, 227 M,C,
e ——, ATM M. A pOp,j i r-p
1+zTMp33 T pt Mp I+Z 1+ 2T Mpx i 1+mTMprw

TQ e 2x ' M, B, ? 2| M, Cpl
x x x i L xr
P E ( it 2V > | | P | |

1427 My 142" Mpz 1+z" Mpz
j=1
_ /\x—z\/fpﬂ? 2\/>maxj a(Mp pg)|w|+ o (MpCp) |
142" Myx a(Mp) o(Mp)

max; &(MpBp ;) i 7 (MpCp)

o (Mp) \/ o (Mp)

Al —e V2@ 4 [ 2y/m

|l

Hence (10a) is satisfied for all p € Py = P with

max; 6(MpBp,;) + 5(Mpcp))
o (My) J/o(My)

Now consider the discrete jumps. we start by defining the terms:

as(r) == A1 —e "), (r) := mzz)amx (2\/5

Kpp := (D(zzmz)"]”_)TJMQD(p,q)Z_7

mg mg

_ T _

Kgg = (ZE(p,q),kx wk) Mq(ZE(p,q),kx ""k)i

k=1 k=1
Kpr = (F(P!Q)W)TM‘Z(F(P#)W)’

mq

Kpg = (D<p7q>x7)TMq(ZE<p,q),kx7wkﬁ)7

Kpr = (D(zmq)m_)TJ\/LI(F(p,q)‘“)7
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mq

Kgp = ( Z E(qu),kxiw’f) TMCI(F(P"”W)'
k=1

These are the terms when expanding the product

myg mq
_ _ T _ _
(D(p,q)x + Z E(p,q)k% Wk + F(pyq)"") Mq (D(p,q)‘r + Z E(p,q),k% Wk + F(p»q)w)'
k=1 k=1

From the hypothesis of Proposition (11) we have Kpp < p(z~)" Mpz~—. Meanwhile, use
the fact that y T My < &(M)|y|? for any matrix M € R™*™ and any vectors y € RY, in
addition to the inequality that

mq mq mq
’ZE(p,q),kwwk| < ‘ZwkE(p,q),k“xl < Z&(E(p,q%k)Qlez"
k=1 k=1 k=1

we conclude that Kpg < ]<3EE|$7|2|(1.)|27 Krr < k:pp\w\z, Kpgr < kDE‘J:7|2|UJ|, Kpr <
kprlz~||lw| and Kgr < kpp|z™||w|?, where

mq
kg = 5(Mg) Y 5By r)? ke i=G(Fj, o MqFip q),

k=1
mgyg %
kpg = 5(MqD(p,q))<Z5(E(p,q),k)2) o kpp = &(D(;vQ)MqF(p’q))’
k=1
my 1
2
kpr = a(MqF,q) ( Z 5(E(p,Q),k)2> :
k=1

Therefore when a switch occurs,

Vq(z) =1n (l + Kpp + Kgg + Krr +2Kpg +2KpFr + QKEF)
<In (14 p(@) T Mpa™ + (2kpplo| + kpplwl®) 2™ * + (2kprlw| + 2ker|w?) |27 | + krplw|?)
(2kpplw| + kpelw?)|z™ |2 + kprlw| + 2kpp|w|?) |z~ | + kpplw|? ))
14+ pu(z=)T Mpz—
(2kpelw| + keplw?)|z~|* + Ckpr|w| + 2kpr|w?)|z~| + ka|w|2)
1+ p(z=) T Mpz—

=1In ((l—l-,u(z_)TMpx_)(l—l-

=In(1+4 puz") T Mpz™) +1n (1 +

_ _ 2kpplw| + keelw)|z~|* | Ckprlwl + 2kprlwl?)|z"| 2
<In(1 ™™ 1 (1 ( k
n(1+pe) T Mpz™) +1n (14 )T My e ya——
- 2%k k 2k k 2
<In(1+4 (@) Z 1)) +1n (1+ pE|W| + kEE|w| prlwl + kgp|w| +/€FF|w|2)
po(Mp) pa(Mp)

Hence (11) is satisfied with x(s) :=In (1 + ,u,(es — 1)) and p(s) :=In (1 + (Hik(?f) +
g p

kpr kEE kpr 2 : . .
N )er (ug(Mp) + /e +kpp)s . Therefore Assumption 1 is verified. Because
as is globally Lipschitz, we let ¥ = o and it can be computed that

x(s) 1 x(s) er
¢* = sup/ ——dr = sup/ ——dr
Wl v T e
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In(u(e®—1)+1)

1
—supln(e” — 1)

s>0 s
1 s—1 1)—1
— Llp WD+ -1
s>0 e’ —1
_Inp
=5
Thus Assumption 3 is verified and Proposition 11 is proven by Theorem 1. O
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