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Abstract

This article concerns robustness analysis for interconnections of two dynamical systems (described
by upper semicontinuous differential inclusions) using a generalized notion of derivatives associated with
locally Lipschitz Lyapunov functions obtained from a finite family of differentiable functions. We first
provide sufficient conditions for input-to-state stability (ISS) for differential inclusions, using a class
of non-smooth (but locally Lipschitz) candidate Lyapunov functions and the concept of Lie generalized
derivative. In general our conditions are less conservative than the more common Clarke derivative based
conditions. We apply our result to state-dependent switched systems, and to the interconnection of two
differential inclusions. As an example, we propose an observer-based controller for certain nonlinear
two-mode state-dependent switched systems.

1 Introduction

For analyzing stability or performance of integrated or large-scale dynamical systems, it is natural to consider
them as a collection of several subsystems of lower dimension/complexity. After a certain abstraction, the
behavior of the overall system can be obtained either by switching among the constituent subsystems,
or through certain interconnections of the underlying subsystems, or through a combination of these. This
viewpoint of analyzing complex systems provides the motivation to consider stability and robustness analysis
for interconnections of switched systems.
Given a family of vector fields {fi,..., fx} C C*(R™ x R™ R") and a switching signal o : R" —
{1,..., K}, we consider the system
T = fg(z)(w,u). (1)

For studying generalized solutions of such discontinuous systems, we extend the map f,.)(-,u), considering
the Filippov regularization of (1) (see [16]). This leads to a differential inclusion of the form (see Section 3
for details)

& € F(z,u), (2)

where F' satisfies some regularity assumptions. Our first objective is to study asymptotic stability and

robustness with respect to u for system (2). We then apply our results to the analysis of interconnected
systems of the form

jjl S F1($17$2,U),

{ 3)

To € Fg(xl,xg,u).

In the theory of nonlinear control systems, the concept of input-to-state stability (ISS), introduced in [42],
has been widely used to study the robustness of dynamical subsystems to external disturbances. Because
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of its elegant characterization in terms of Lyapunov functions, ISS is now perceived as a textbook tool
for analyzing the performance of nonlinear systems, [32]. For example, the ISS notion has been useful in
analyzing interconnections of two dynamical systems, either in cascade form [43], or in feedback by using
the small-gain condition [26, 25, 22]. Moving away from the framework of conventional nonlinear systems,
the ISS notion has been generalized to systems with continuous and discrete dynamics. In this regard,
we find sufficient conditions in terms of slow switching for ISS of time-dependent switched systems in [50],
characterization of ISS for hybrid systems with jump dynamics in [4], [5], or for a class of differential
inclusions in [24]. More recently, we have seen ISS results for interconnections of hybrid systems [34, 39],
and time-dependent switched systems [51, 52].

By and large, most of the aforementioned results in the literature deal with smooth Lyapunov functions.
This is partially justified by the fact that the existence of a smooth Lyapunov function is not only sufficient
but also necessary for asymptotic stability of the equilibrium [8], [47], [10], and for ISS with respect to
external perturbations [35]. Under some assumptions, this implications holds true also in the context of
hybrid systems, as proved in [17], [5]. The recent survey on converse Lyapunov theorems [31] provides an
insightful background on such developments. However, in the context of switched and hybrid systems, the
“composite” structure itself provides the motivation to work with multiple smooth Lyapunov functions, see
for example [33, Chapter 3] and [27]. More specifically, when dealing with time-dependent switched systems,
these multiple Lyapunov functions can still be combined to get a smooth (with respect to the state) composite
Lyapunov function. Such constructions have been seen in analyzing ISS of switched system [50] and certain
interconnections [51, 52]. When dealing with state-dependent switched systems, the patching of the Lyapunov
functions may make the resulting common Lyapunov function non-differentiable, but locally Lipschitz in most
cases. This element is seen in the analysis of asymptotic stability using piecewise differentiable functions
[27, 3], and to some extent for establishing ISS in [19], [18]. For trajectory-based conditions for ISS of
state-dependent switched systems, see the recent paper [36].

This paper is about developing sufficient conditions for ISS using locally Lipschitz Lyapunov functions
for the class of differential inclusions in (2). The concept of set-valued derivatives for locally Lipschitz
functions, introduced in [7], [1], is crucial to properly define the notion of derivatives along the system’s
trajectories. In particular, we focus on two different notions of set-valued derivatives that we call Clarke
and Lie derivatives, each of them being a set-valued map from the state space R™ to the real numbers, see
[6] and [9] for the formal definitions. For a large class of locally Lipschitz functions called non-pathological
functions (as phrased in [49]), the notion of Lie derivative leads to less conservative stability conditions,
see [6] and our recent papers [14] and [15]. As another example, the Lie derivative concept has been recently
used in [28] to identify and remove infeasible directions of a differential inclusion of the form (2), and for
stability analysis using an invariance principle for state-dependent switched systems [29], based on the ideas
already introduced in [40].

The technical content of this paper starts with the use of Lie derivatives for establishing Lyapunov-based
ISS results for differential inclusions (2) (but with particular attention to switched systems as in (1)), while
considering non-pathological candidate Lyapunov functions. The following original contributions are then
presented.

e We propose a novel ISS Lyapunov result for state-dependent switched systems (1) using piecewise C*
Lyapunov functions, also providing a numerical example that illustrates its relevance.

e We study ISS of the interconnection (3), using non-smooth Lyapunov functions that satisfy a mild decrease
condition based on the Lie derivative, thus generalizing the existing small gain results for state-dependent
switched systems based on the Clarke derivative/gradient, as [34], [18].

e When (3) is in cascade form, we combine two non-pathological Lyapunov functions to provide ISS certifi-
cates. These state-dependent switching results differ significantly from the existing results for intercon-
nected time-dependent switched systems [51, 52].

e We finally illustrate the usefulness of our results by performing output feedback stabilization of a state-
dependent switched system using an observer-based controller. The arising conditions are shown to become
computationally tractable in the switched linear case.



The rest of the article is organized as follows: In Section 2 we provide the basic definitions from non-
smooth analysis, with particular attention to the nonpathological class of locally Lipschitz functions, together
with the main result on ISS of system (2) using locally Lipschitz Lyapunov functions. In Section 3 we
apply our result to state-dependent switched systems. In Section 4, we study interconnected differential
inclusions, proposing a Lie derivative-generalization of classical small-gain and cascade arguments. We study
the application of our results for feedback stabilization of switched systems in Section 5. In the Appendix,
we prove some technical results on piecewise C! functions used in Section 3.

2 Fundamental Tools and Results

2.1 Basic notions for differential inclusions

We introduce here the formalism of differential inclusions with inputs, and recall the basic concepts of
solutions and stability of equilibrium. Throughout this manuscript, we consider set valued maps F : R™ x
R™ = R"™, satisfying Assumption 1.

Assumption 1. Considering a set valued map F : R™ x R™ == R™, we suppose that:

e [ has nonempty, compact and convex values;

e F is locally bounded (see [37, Definition 5.14]);

e For every u € R™, F(-,u) : R® = R™ is upper semi-continuous;

e For every x € R", F(z,-) : R™ = R" is continuous. A

The interested reader is referred to [37] for a thorough discussion about continuity concepts for set-valued
maps. We suppose that F(0,0) = {0}, and consider the differential inclusion

& € F(z,u), (4)
where input u : Ry — R™ belongs to the set of measurable and locally essentially bounded functions, i.e.
u measurable,

esssup |u(7)| < oo, VI' >0

77—7

U=qu:Ry - R™

For the unperturbed differential inclusion & € F(z,0), the hypotheses that F(-,0) : R™ = R™ has closed,
convex and non-empty values together with upper semicontinuity are sufficient for the existence of solutions,
and are sometimes referred as basic assumptions in the literature, (see, for example, [17]). On the other
hand, the hypothesis that F': R™ x R™ =3 R" is continuous in the second argument is introduced to handle
a large class of inputs like U.

We introduce here the concepts of solutions: Given a vector zp € R™ and an input u € U, = : [0,T) — R"
(for some T' > 0 and possibly T' = o0) is a (Carathéodory) solution of system (4) starting at xq if z : [0,T) —
R™ is locally absolutely continuous, x(0) = zg, and #(t) € F(z(t),u(t)), for almost every ¢t € [0,T). Under
the stated assumptions on the map F': R" x R™ == R™, we may prove the following existence result.

Proposition 1 (Local existence). Let F': R™ x R™ = R" satisfy Assumption 1. Given any input u € U,
system (4) has solutions from any initial point xg € R™, i.e. there exists (at least) a Carathéodory solution
x:[0,T) = R™ of system (4), for some T > 0, with x(0) = x¢.

Proof. Considering any input u € U, we define F,, : Ry x R* = R” by F,(t,z) := F(z,u(t)) and we prove
the existence of solutions of the non-autonomous differential inclusion

(t) € Fylt, x(t)).



By hypothesis, F,, is upper semicontinuous with respect to the z-argument. By continuity of F' with respect
to the second argument, for every x € R™ we can extract a continuous function f(x,-) : R™ — R”
such that f(z,u) € F(z,u), for every u € R™, see for example [37, Example 5.57] or [11, Lemma 2.1].
Thus, f(z,u(:)) : Ry — R™ is a measurable function such that f(z,u(t)) € F(z,u(t)) = F,(t,z). Since
F:R"” x R™ == R” is locally bounded, F, : Ry x R™ = R"” is locally essentially bounded, and hence it is
locally bounded by integrable functions. We can then apply [11, Corollary 5.2] to conclude local existence
of solutions. O

Next, we recall the input-to-state stability (ISS) concept, firstly introduced in [42].

Definition 1. System (4) is input-to-state stable (ISS) with respect to u if there exist a class KL function
B, and a class KC function! y such that, for any zo € R™ and for any input u € U, all the solutions starting

at x( satisfy
(2(8)] < BlJol, £) + x (esssup [u(r)]), ¥t > 0. (5)

0<r<t

Recalling the definition of U, bound (5) ensures that the solutions z are uniformly bounded, and thus
complete, i.e. dom(z(-)) = [0,+00). It is clear that ISS of (4) implies global asymptotic stability (GAS) in
the unperturbed case u = 0. A

2.2 Generalized derivatives

Our aim is to prove ISS of system (4) via non-smooth Lyapunov functions, and thus in the following we collect
various notions of generalized derivatives and gradients. Given a locally Lipschitz function V' : R” — R we
have the following characterization of the Clarke generalized gradient [7, Theorem 2.5.1, page 63] which is
taken here as a definition. Let V' : R™ — R be a locally Lipschitz function, Clarke generalized gradient of V'
at z is

AV (z) :=co {kli)rgo VV(zk) | zK — z, x, ¢ ./\fv} ) (6)

where Ny C R” is the set where VV is not defined, which has zero Lebesgue measure by Rademacher’s
Theorem, and co(S) denotes the convex hull of a set S C R". We now introduce two different notions of
generalized directional derivatives for locally Lipschitz functions with respect to differential inclusion (4),
which appeared firstly in [1].

Definition 2 (Set-valued directional derivatives [1, 9]). Consider the unperturbed differential inclusion (4)
with u = 0; given a locally Lipschitz continuous function V' : R" — R, the Clarke generalized derivative of
V with respect to F, denoted Vp(x), is defined as

Vie(z) = {(p, f) [ p € OV (2), f € F(x,0)}.

Additionally, we define the Lie generalized derivative of V' with respect to F, denoted ?F, as
Vi(z):={a € R|3f € F(z,0): (p, f) = a, ¥p € OV ()}.

These concepts can be extended to the case of a perturbed differential inclusion with input (4) as follows:

Ve(z,u) :={(p,f) |p€dV(z), f € Flz,u)},

vp(x,u) ={aeR|3f € F(z,u): {p, f) =a, Vp € OV (x)}.

LA function a : R>g — R is positive definite (a € PD) if it is continuous, a(0) = 0, and a(s) > 0 if s # 0. A function
a:Rsg — Rsq is of class K (a € K) if it is continuous, «(0) = 0, and strictly increasing; it is of class Koo if, in addition, it is
unbounded. A continuous function 8 : Ry x Ry — Ry is of class KL if 8(-,s) is of class K for all s, and §(r,-) is decreasing
and B(r,s) — 0 as s — oo, for all r.

(7)




For each (z,u) € R" x R™ the sets Vi (z, u) and VF (z,u) are closed and bounded intervals, with vp(x, u)
possibly empty, see [6]. In particular

Vi(e,u) € V(. u). ®)
Moreover, if V' is continuously differentiable at x, one has 9V (z) = {VV(x)} and thus

Ve(e,u) = Vi(w,u) = {(VV(2), ) | f € F(z,u)}.

2.3 nonpathological Functions
We now introduce a class of locally Lipschitz functions (and not necessarily C!), firstly introduced in [49].

Definition 3. [49] A locally Lipschitz function V' : R” — R is said to be nonpathological if, given any
absolutely continuous function ¢ € AC(R,R™), we have that for almost every ¢t € R, there exists a; € R
such that

(v,0(t)) = ay, for all v € IV (p(t)).

In other words, OV (¢(t)) is a subset of an affine subspace orthogonal to ¢(t), for almost every t e Ry. A
The usefulness of nonpathological functions is mainly given by the following result.

Proposition 2. [49] If V : R" — R is nonpathological and ¢ : Ry — R™ is an absolutely continuous

function, then the set
{0, 2(1) [ p € OV(p(t))},
is equal to the singleton {%V ((t))} for almost every t € Ry.

Remark 1. Given a nonpathological function V : R™ — R, for any u € U, any initial condition zy € R™ and
any solution z : dom(x(-)) — R”™ of (4), we have that

SV (1)) € Vilalt), u(t) (9

for almost every t € dom(z(-)). In fact, by Proposition 2, for almost every ¢ € dom(z(-)), we have that

(v ()} = (.a0) | p € V()
C {a €R|3f € Fa(®),u(®) : (. f) = a.¥p € OV (a(1)}
=Vr(x(t),u(t)).

nonpathological functions form a large class of functions which clearly includes C!(R", R), we recall here
some important properties of this family of functions, for the proofs we refer to [49] and [2].

Lemma 1. The set of nonpathological functions is closed under addition, multiplication by scalars and
pointwise mazximum operator. More precisely, if Vi,Vo : R™ — R are nonpathological then Vi + Vs,
max{Vi(z),Va(z)} and AV (A € R) are nonpathological. Moreover, if V : R™ — R is locally Lipschitz
continuous and has at least one of the following properties:

o Continuously differentiable,

o Clarke-regular (see [7, Definition 2.3.4.]),
e convez/concave,

e semiconver/semiconcave,

then V is nonpathological.



In our paper [15] the class of nonpathological functions obtained from pointwise maximum and minimum
combinations over a finite set of continuously differentiable functions has been studied, by proposing sufficient
conditions for asymptotic stability of state-dependent switching systems. In particular, explicitly exploiting
the properties of the max-min structure, we have shown in [15] the advantages of using the Lie derivative
concept (Definition 2), providing several examples where the Clarke derivative approach is too conservative.
In this work instead, we study ISS of differential inclusions with inputs, considering the broader class of
nonpathological candidate Lyapunov functions, and investigating how the nonpathological property could
be exploited in the context of interconnected differential inclusions. In Section 3 we will define a family of
locally Lipschitz functions and we will prove that it is a subset of the nonpathological functions. A similar
class is considered also in our parallel work [13], in the context of hybrid systems composed by continuous
differential inclusions over restricted domains.

2.4 1ISS-Lyapunov Result

We now provide sufficient conditions for ISS of system (4). In what follows, due to the fact that the set

Vr(x,u) is possibly empty, we adopt the convention max() = —oo. The novelty of the following ISS-
Lyapunov result lies in the fact that we require Lie generalized derivative of the Lyapunov function to be
negative definite. Recalling the inclusion (9), this statement can be seen as a generalization of the existing
results on ISS of differential inclusions relying on the notion of Clarke derivative, in particular [34].

Theorem 1. Let V : R® — R be a locally Lipschitz and nonpathological function such that there exist
a, @ € Ky, p € PD and v € K such that

a(lz]) < V(z) <a(|z)), (10)
V(z) >9(jul) = maxVp(z,u) < —p(|z]), (11)
then system (4) is 1SS w.r.t. u, and V is called a nonpathological ISS-Lyapunov function for system (4).

Proof. Let us consider any initial condition xy € R™ and any input v € Y. Let x : dom(z(-)) — R™ be a
solution of system (4) starting at xop and with input w. Let us note that the function V ox : dom(z(-)) - R
is absolutely continuous because it is the composition of a locally Lipschitz continuous function and an
absolutely continuous function. Then %V(z(t)) exists almost everywhere. Since V is nonpathological,

recalling (9) in Remark 1, we have that £V (z(t)) € Vp(x(t), u(t)) for almost every t € dom(z(-)). From

equation (11), we have that

d

=V @®) < —p(lz(0))),

for almost every ¢t € dom(z(+)) such that V(x(t)) > v(Ju(t)|). The proof is completed by following standard
approaches as those in [44], [32, Theorem 4.18]. For the interested reader, the argument is fully developed
in [12, Proof of Theorem 5.4]. O

Remark 2. As already observed in the literature, for example in [4], under some assumptions the existence
of p € PD and v € K such that condition (11) holds is equivalent to the existence of two functions p € K
and 7 € K such that '

max Vp(z,u) < —p(|z]) +7(u]) V(z,u) € R" x R™. (12)
Indeed, implication (12) = (11) holds by choosing p := %ﬁ and v = p~! 0 27. The converse implication
(11) = (12) holds if F(0,0) = {0} and p € K. Indeed, it suffices to choose p := p and ¥ € K such that
(r) > max{0,7o(r)}, for all r € R, where

~

Fo(r) = max { max Vs (2, u) + p(|]) | |2 < +(r), u <7}



It is possible to show that 7y above is well defined and 7y € K, using local boundedness of 9V and regularity
of F: R™ x R™ = R™. Moreover, using (10), another equivalent formulation of condition (12) corresponds
to asking that there exist two functions p € Ko, and 5 € K such that

max Vp(z,u) < —p(V(2)) +7(ul), ¥(z,u) € R" x R™. (13)

The advantage of (13) is that in this formulation the function p represents the decay rate of V along the
solutions. A

3 ISS for State Dependent Switched Systems

In this section, we apply our ISS result to a specific differential inclusion with inputs arising from a suitable
regularization of state-dependent switched systems. We introduce the concept of a “well-behaved” partition
of the state space, of the associated switched system, and of a family of functions related to this partition,
and finally we provide the specialization of Theorem 1 in this setting.

Definition 4 (Proper State-Space Partition). Given a finite set of indexes Z := {1,... K}, let us consider
closed sets Xq,...,Xxg € R™ and open sets O1,...Og C R" such that

a) UK, X, =R",

b) X; CO,, forallieZ,

C

)
)
) 1nt( i) =X, forallieZ,
)

d) For every i € Z, bd(X;) has zero Lebesgue measure,

e) X;NX; =bd(X;)Nbd(Xj;), foralli,j € Z, i # j,

In this situation, we say that X := {X;, O;}icz is a proper partition of R™. We define 0X := U;ez bd(X;),
and we underline that 0X has zero Lebesgue measure. A

Given a proper partition X of R™, we can introduce an “index indicator map”, that is a set valued map
Zx : R™ = 7T defined as
Ix(z)={iel|xe X} (14)

We underline that Zy is almost everywhere single valued. In fact, by Definition 4, Item e), if 2 € int(X,) for
some £ € Z then Tx(x) = {{}.

Definition 5 (State-Dependent Switched System). Given X = {X;, O,};cz a proper partition of R”, consider
fi €CHO; x R™ R™), i € Z. A state-dependent switching signal associated to X is a function o : R® — T
such that

o(x) =1, ifzeint(X;), (15)

and the (perturbed) state-dependent switched system associated to {X;, O;, fi}icz is the differential equation

= fa(z)(xau)' (16)

We note here that, given a proper partition X = {X;, O}, a state dependent switching signal associated
to it is not uniquely defined: the value of ¢ remains unspecified on the null-measure set 0X. We now clarify
why this ambiguity does not affect the solution set of the corresponding state-dependent switched system.

System (16) has a discontinuous right-hand side in the first argument thus it may not have any Carathéodory
solutions at the discontinuity points of f,(.)(-,u), see [9]. Many possible definitions of “generalized solutions”



for discontinuous dynamical system are possible (see for example [6] or [9]); we consider the concept of Fil-
ippov solutions, introduced firstly in [16]. More formally, we define Fil, the Filippov regularization of the
discontinuous map f,, as

Fil(f,)(z,u) ﬂ ﬂ co{ foy)(y,u) |y € B(x,0) \ S}

6>0 p(S)=0
=: F*(x, u),

where p denotes the Lebesgue measure. Under the hypotheses in Definitions 4 and 5, it can be proven that
F*(,u) = co{ fi(z,u) | i € Zx(x)},
see for example [16], [9] and [18]. Summarizing, we consider the regularized differential inclusion
€ F*V(x,u) = co{fi(z,u) | i € Tx(x)} (17)

considering again signals u € U. Since it is easily verified that f,,)(z,u) € F*(x,u) for all (z,u) € R" xR™,
we have that any solution of (16) is also a solution of (17). Moreover, it can be seen that F*" : R x R™ = R"
satisfies Assumption 1, and thus by Proposition 1 we have existence of solutions of (17) from any initial
condition and any input w € U (which was not the case for (16), see [9]). Then, characterizing desirable
(stability /convergence) properties of the solutions of (17) indirectly also characterizes the solutions of (16).
In particular, a Filippov solution of system (16) is by definition a solution of the differential inclusion (17),
according to the definition given in Section 2.

We introduce here a family of locally Lipschitz functions that we propose as candidate Lyapunov functions

for (17).

Definition 6 (Piecewise C' Functions). Consider J = {1,...,N} and Y = {Y},V,}je7, a proper partition
of R™. A continuous function V : R™ — R is called a piecewise C' function with respect to the proper
partition Y (and we write V' € 2(Y)) if there exist real-valued functions Vi,...Vx such that

1. V; € CY(V},R) for each j € J,
2. V(z) =Vj(z),ifx €Y. A

Piecewise C! functions with respect to a proper partition are a particular kind of “piecewise C' functions”
defined in [41].

Proposition 3. Consider V- € (), with respect to a proper partition Y = {Y;,V;};jc7, in the sense of
Definition 6. Then the following hold:

1. 'V is locally Lipschitz, nonpathological and
OV(x) = co{VV;(z) | j € Zy(x)}. (18)
2. Given F?V : R"™ x R™ =3 R" defined as in (17), we have

af € F¥(z,u) : }

(VVj(@), f) = a, Vj € Iy(x) (19)

?st(x,u) = {a eR ’

We postpone the proof of Proposition 3 to the Appendix. We can now specialize the results stated in
previous sections in this setting. First, we consider a candidate Lyapunov function in the class of piecewise
C! functions P(Y), where the proper partition )’ does not necessarily coincide with X', the proper partition
associated with the considered switched system. Then we present specifically the case X = ), see the
subsequent Remark 3 for further discussion.



Corollary 1 (ISS for state dependent switching). Consider a proper partition X = {X;,O;}icz and an
associated switched system (17). Let us consider another proper partition Y = {Y;,V;}jes andletV e 2(Y).
Suppose that there exist o, @ € Koo, p € PD and v € K such that:

A) for each j € J, for each x €Y},
a(lz]) < Vj(z) < a(lz]);

B) for each j € J, for each x € int(Y;) \ dX and for each u € R™,
V(@) >y(lul) = (VV(@), fora) (@) < —p(la]);
C) for each (x,u) € dX x R™,
V(z) > y(ju) = maxVpw(z,u) < —p(|z]);

then system (17) is ISS.

Proof. By the nonpathological property of V established in Proposition 3, we can apply Theorem 1. Getting
inequality (10) from A) is straightforward. We check inequality (11) decomposing R™ as follows:

R" = ( U int(Yj)\8X> UOX U (9Y \ X).
€T
Consider first a point = € int(Y;) \ X for some j € J. Function V € 2(Y) is C* at x, and F*(z,u) =
{fo(2)(z,u)} is single-valued. Thus, for any u € R™, we have

Vipew (2,u) = {(VV;(2), fo@@)(2,u))},
and by B), the implication in (11) holds.
If © € 90X, the assertion follows directly by C).
As the last step, consider a point x € 9Y \ 90X, and thus z € int(X;) for some i € Z. In particular at z, we
have F*V(x,u) = {fi(x,u)}. Consider v € R™ and suppose that V(x) > v(|u[). Recalling (18) in Lemma 3
and by Definition 4, for each j € Zy(z), there exists a sequence x], — x such that zj € int(Y;) N int(X;)
for all k¥ € N. By continuity of V" and ~, we can suppose V(xfc) > y(Ju|). At these points, from B), we get
<VVj(:1:f€), fl(a:fg,u» < fp(|:c;? ). By continuity of VV}, f; and p we have

<v‘/](x)7 fz(xvu» < —p(|l‘|),

for each j € Zy(x).
We have proved (11) for all z € R™, concluding the proof. O

We underline that we are not explicitly checking (11) on the zero Lebesgue measure set 9Y \ 0X: this
is possible thanks to the continuity of F*" when restricted to int(X;) for some i € Z. As a special case of
Corollary 1, we present the situation X = ).

Corollary 2. Consider a proper partition X = {X;, O;}icz and the associated switched system (17). Con-
sider V€ P(X) such that there exist o, @ € Ko, p € PD and v € K satisfying

A)’ for each i € I, for each x € X;
a(|z]) < Vi(z) <a(|z));

B)’ for each i € I, for each (x,u) € int(X;) x R™,

V(z) >y(lul) = (VVi(@), fi(z,u)) < —p(|z]);



C)’ for each (z,u) € 0X x R™,
V() > () = maxVpe(w,u) < —plla]);

then system (17) 4s ISS.

Remark 3 (Comparison between Cor. 1 and Cor. 2). To check the conditions of Corollary 2 for each i € Z,
we must find a smooth Lyapunov function V; for the system f; on the set O; D X;. Then we must construct
a continuous function V' by “gluing together” the V;’s on dX and finally check the Lie-based condition C)’
on the switching surface 9X. On the other hand, in some situations, it can be difficult to construct a smooth
Lyapunov function even for a single subsystem in its region of activation if the subsystem is unstable. For
this reason, in Corollary 1 we allow the candidate Lyapunov functions to be possibly non-differentiable in
the interior of the X;, and we do not need to check the conditions at the point of non-differentiability of V,
since F'(-,u) is continuous in a neighborhood of 9Y \ 0.X. A

In the following example, mainly inspired by [27, Example 1], we apply the result presented in Corollary 2
to a particular state-dependent switched system.

Ezample 1. Consider the proper state-space partition X = {X;, R?};cqy 2y of R? defined by
X;:={z eR?| 2" Qiz >0},
with Q1 = [_01 (1)], and @2 = —@Q;. Define the switching system

. Az + Bu, ifzxe Xy,
xTr =
AQQZ‘ + Bu, ifx e XQ,

with Ay = [ 25 9], Ao = [ 25 2] with 0 < e < a1 < ag and B € R**™ arbitrary. We want to study the

—a2 —€& —a1 —¢€
resulting Filippov regularization as defined in (17); for a graphical representation of the unperturbed case
u = 0, for some specific selections of ay, as, e, see [14, Figure 1]. Consider the function V : R? — R defined
by
Vi) = Vi(z) = :z:IPlz ?f:r € Xy,
Vo(z) =a' Pox  ifx € Xo,

with P, = [‘62 aol], P, = [“1 aOQ] We now show that V' is an ISS Lyapunov function, in the sense of

0
Corollary 2. Since P, — P; = (az — a1)Q2, V is continuous (and thus V € #(X)) and moreover it satisfies
item A)’ of Corollary 2 with a(s) = a;s? and @(s) = azs®. Moreover, it can be seen that

AiTPi + PA;+el <0, foranyie{l,2};
thus, following the reasoning of [32, Lemma 4.6], it can be proven that, for any 0 < &’ < ¢ we have
lz| > blu| =z (A} P+ PiA)x + 22" PiBu < —¢'|z|?, (20)

for some b > 0 depending on Ay, Ay, B, Py, P, and €’.

It is easy to check 0X = {z € R? | 27 Q.2 = 0} = Ry URy where Ry = {[z1 x2]" € R? | 21 = 25} and
Ro = {1 22]" € R? | 2y = —x5}. Consider z € X, and firstly, let us suppose that z € Ry, and define
W= %; we can write z = u[l 1]7 (w.l.o.g. supposing that z lies in the first quadrant). By Proposition 3

and (17), we have that
OV (z) =2pco{vi,va} and F(z,u) = pco{fi, f2} + Bu,

where v; = [az a1]", v2 = [a1 a2]" and f; = A;[1 1]7 for i € {1,2}. Recalling Definition 2, we have that
V pew(z,u) # () if and only if there exists A € R, 0 < A < 1, such that

(1A f1 4+ (1= N f2) + Bu] "o = [p(Afi + (1= A) f2) + Bu] Tva.
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Simplifying, we obtain (a; + az)u = [~1 1]7 Bu (note that the dependence on A cancels out). Now, it is
clear that if (a; + a2)u > v/2||B|||ul, this equation has no solution?. Recalling the definition of y we have
proved that

2 € Ry and |2| > IBlJu| = Ve (2, u) = 0. (21)

a1 + ao
Since A; = RTA;R and P, = R" P;R with R = [Pl (1)] for any 4,5 € {1,2}, i # j, it can be seen that
(21) holds also for z € Ry. Fixing ¢’ < € in (20) and defining ~(s) := as max{bs, (121‘51”2 s} and p(s) 1= €'s?,
we have proved Items B)’ and C)’ of Corollary 2, establishing that V' is a (nonpathological) ISS Lyapunov
function, and thus the system is ISS. A

Remark 4. The construction proposed in Example 1 can be generalized to broader settings. The main
idea is the following: consider a proper partition X = {X;, O;}icz and the switched system (17) with
filz,u) = Az + gi(u), with A; € R™™™ and g; : R™ — R"™ satisfying a linear growth condition, i.e. 3 L > 0
such that g;(u) < Ll|u| for all w € R™, for all ¢ € Z. Suppose that a piecewise quadratic V € P(X)
satisfies conditions A)’ and B)’ of Corollary 2. Then, if for the unperturbed system the Lie derivative on
the discontinuity surface 90X is empty, i.e.

VFSW(l',O):@, Vxe@X,

it follows that condition C)’ is satisfied. Intuitively speaking, this is due to the fact that the set V psw (, u)
remains empty for all z € R™ and all uw € R™ small enough. For further insight regarding the construction
of piecewise C! (or piecewise quadratic) Lyapunov functions for (unperturbed) state-dependent switching
systems, we refer the reader to [27], [21], [15] and references therein. A

4 Interconnected Differential Inclusions

In this section, we use Theorem 1 to study stability of feedback and cascade interconnections of two systems
modeled by differential inclusions.

4.1 Feedback Interconnection and Small Gain Theorem

For the system shown in Figure 1, we establish ISS of the interconnected system by constructing a Lyapunov
function from two (nonsmooth) ISS-Lyapunov functions associated with the two subsystems.

Consider F; : R™ x R™ x R™ =% R™ and F5 : R™ x R™ x R™ == R"2 and suppose that they are
locally bounded, have non empty, compact and convex values and are upper semicontinuous in the first two
arguments and continuous in the third one. Consider the interconnection

S.Cl S Fl(xl,zg,u), (22&)
ij € F2(£l)£27u)' (22b)
We introduce the notation x = (z1,22) := (z{,74)" € R® = R™*"2 and the augmented differential

inclusion

Fl(:rl,xg,u)) . (23)

€ F(x,u) = (Fg(xl,xg,u)
We start our construction by assuming the existence of ISS-Lyapunov functions for the two subsystems, in
order to conclude ISS of the overall interconnection (23). These types of assumptions characterize classical
ISS approaches [26, 25], also used in the recent works [18], [34]. The novelty introduced here lies in the fact
that we consider monpathological 1SS Lyapunov functions satisfying the “relaxed” conditions involving the

Lie derivative presented in Theorem 1, as formalized in the following statement.

2Here, and in what follows, we consider the 2-induced matrix norm, i.e., given M € R"*™ we define
|M]| := sup |Maz|
|z|=1

11



u (z2,u) | T
—,> ary & F1($1,$27u)

T2 1
To € Fo(x1, 20, U) [=——
T2 (1,22, ) (z1,u) U

Figure 1: The interconnected system in (23).

Assumption 2. Suppose that there exist nonpathological functions V3 : R™ — R and V5 : R™? — R such
that

la) There exist oy, a1 € Koo satisfying

o (Jea]) < Vi) <@i(fanl), Ve R™.

1b) There exist aq, @2 € Koo satisfying

ay(|z2]) < Va(w2) < @a(|wal), Vo2 € R™.

2a) There exist p; € PD, and x1,71 € K satisfying

Vi(21) > max{x1(Va(z2)), 71 (Ju))}
U

max Vq r, (21, 22,u) < —p1(Vi(z1))

2b) There exist ps € PD, and x2,72 € K satisfying

Va(z2) > max{xa(Vi(z1)),y2(lul)}
%

max Vo, m, (21, 22,u) < —p2(Va(w2))

Since we want to combine the functions V; and V5 to obtain a nonpathological ISS function W : R™ — R
for the interconnected system (23), we need the following results from non-smooth analysis.

Fact 1. [7, Theorem 2.6.6] Consider a locally Lipschitz function V : R¥ — R and o € C*(R,R), and define
U:=00V. We have
oU(z) = o' (V(x))oV (x), Ve RF,

where o/(s) denotes the derivative of o at s € R. A

Fact 2. [7, Proposition 2.3.12] Given two locally Lipschitz functions V : R¥ — R and V5 : R¥ — R consider
the function V (x) := max{Vi(z), Va(z)}. Given any z € R* such that V;(z) = Va(z), it holds that

OV (2) C co{dVi(z),Va(2)}. A

Moreover, we need this well-known comparison result, for the proof, see [25, Theorem 3.1].
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Fact 3. Given x1, x2 € K such that xj 0 x2(r) < r, Vr > 0, there exists a continuously differentiable o € K,
with o’(s) > 0 for all s € [0, 00), such that

xa2(r) < o(r), and x1(o(r)) <7, Vr>0. (24)
A

The geometrical intuition behind (24) is that the graph of the function o lies between the graphs of o
and Xl_l, see for example Fig.1 in [25]. Finally, the following lemma will be used in the proof.

Lemma 2. Suppose V1 : R™ — R and V5 : R™ — R are two nonpathological functions satisfying Assump-
tion 2. Consider o € C*(R4,Ry) such that o'(s) > 0 for all s > 0 and the composite function Uy := o o V.
Let W (x1,22) := max{Uj(z1), Va(z2)}, and consider a point z = (21, 22) # (0,0), z1 € R™, 29 € R™ such
that Uy(z1) = Va(z2). It holds that

OW (21, 22) = co {001 (1), OVa(z2) | (25)

where

9(=2) o= (V) = (TAGEDIMED)

8@(22) = (5‘/'2()(2*2)) '

Proof. Consider a point z = (21, 22) # (0, 0) such that Uy (21) = Va(z2), the inclusion 9W (z) C co{@ﬁl(zl), 8?2(2’2)}
is obtained by Fact 2. N

For the converse inclusion, due to convexity of OW (21, 22), it suffices to show that OU;(z1) C OW (21, 22)
and 8/‘/\'2(22) C OW (21, 2z2). We only prove the first inclusion, as the other one can be proved with a similar
reasoning. To prove 861(2'1) C OW/(z1, 22), we note that, recalling the definition of Clarke generalized
gradient (6) and by convexity of W (z1, 20), it suffices to show that, for each sequence z¥ € R™ where U,
is differentiable, with 2% — z; and with v; 1= limy_,o, VU1 (2¥), we have 9 := (v1,0)" € OW (21, 22). From
1b) and 2b) of Assumption 2, the function V5 has no local minima other than 0 because V5 is a Lyapunov
function for the unperturbed system &2 € F5(0, x2,0). Thus, considering any point x4 # 0, V2 is decreasing
along the solutions starting at (0, x2) with zero input. By local existence of solutions from any initial point,
we have that x5 cannot be a local minimum of V5. Thus 29 is not a local minima for V5, and we can consider
a sequence x5 — zo such that Va(zo) > Va(a), for all £ € N. Now, by continuity of U; and Vs, for each
¢ € N, there exists k¢ € N such that

Ur (k) > Va(a}). (26)
ke

Consider the sequence Ty := (ile ) € R™. We have Ty — z = (21, 22), and from equation (26)
2

W (Z¢) = max{Uy (z¥), Va(a)} = Uy (z¥), Vi eN.

Thus, W is differentiable at all T, € R™ and

lim VW (Z,) = (hmf%o VUl(”flfz)) _ (“1> i
L—00 0 0

By definition of © and the generalized gradient, it follows that © € 0W/(z1,22) and hence 8@\1(21) -
OW (21, z2). Similarly, one can prove that 9Va(z2) C OW (21, 23), and thus the equality (25) holds. O

We have now all the necessary tools to present a small gain theorem involving nonpathological ISS
functions, adapting the idea firstly proposed in [25].
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Theorem 2 (Generalized Small Gain Theorem). Consider the nonpathological functions Vi, Vs satisfying
Assumption 2 and suppose that
x10xz2(r) <r, Vr>D0. (27)

Considering a function o € Koo NCH(Ry,Ry) satisfying property (24) in Fact 3, define W : R* — R as
W(x1,22) := max{o(V1(z1)), Va(z2)}. (28)
Then W is a nonpathological ISS function and thus system (23) is ISS w.r.t. u.

Proof. We want to show that W : R™ — R satisfies all the conditions of Theorem 1. To this end, it is enough
to show that

A) 00 V;:R™ — R is nonpathological, and W : R™ — R is nonpathological.
B) There exist p € PD and « € K such that

W(z)>y(jul) = maxWe(z,u) < —p(lz]). (29)

Proof of A): We recall that Vi : R"™ — R is nonpathological and ¢ € C*(R,R) and ¢'(r) > 0 for all
r > 0. Defining Uy := 0 o Vq, by Fact 1 we have oU;(z) = o' (Vi(x))0Vi(z) for all z € R™. Moreover for
any absolutely continuous function ¢ : [0,7) — R"™, by Definition 3 we have that dV;(¢(t)) is a subset
of an affine subspace orthogonal to ¢(t), for almost every ¢ € [0,T), and the same holds for OU;(p(t)) =
o' (Vi(p(t))0Vi(p(t)). Thus U; : R™ — R is nonpathological. The non-pathology of W : R® — R follows
from the fact that pointwise maximum of nonpathological functions is nonpathological, as stated in Lemma 1.
Proof of B): We proceed by considering three cases. Let us define the sets

O1 :={(z1,22) € R" | Va(x2) < o(Vi(21))},

Oy :={(z1,22) € R" | Va(2) > o (Va(z1))},
r ::{(acl,xg) e R" | VQ({EQ) = O'(Vl(l‘l))}

8

For z = (z1,22) € O1, by continuity there exists a neighborhood U of z where W (z) = o(Vi(z1)), for all
x = (x1,22) € U. By Fact 1, we have that OW (z) = o' (V(21))0V1(z1) x {0}. Thus f = (f1, f2) € F(z,u) is
such that (p, f) = a, Vp € OW (z) if and only if f; satisfies (p1, f1) = a, Vp1 € 0/ (V(21))0Vi(z1). From (19),
we thus get ) _

WF(Z7U) = O'/(V(Zl))vl,F1 (21a227u)' (30)
Recalling that z € O; and equation (24), we have x1(Va(22)) < x1(c(Vi(21))) < Vi(2z1). Thus, by condition
2a) of Assumption 2, we have from (30) that

W(z) > 31 (|Ju|) = maxWF(zm) < —p1(W(z)), Vz € Oy, (31)

where py(s) := o' (071(s)) p1(c71(s)) is a positive definite function and 7y (s) := o(vy1(s)) is class K.
For z = (21, 22) € Oy, following the same reasoning (but without the complications introduced by o), one

has that L
W(z) > y2(|u]) = max Wg(z,u) < —p2(W(z2)), Vz € O,. (32)

Before addressing z = (z1,22) € T, using an idea proposed in [28], we introduce the following notation
motivated by definition (7): Given F' : R” x R™ = R™ and a locally Lipschitz function V' : R™ — R we define

FV(z,u):={f € F(z,u)|3a €R : (v, f) = a, Vo € IV (2)}.

By Definition 2, it is clear that

Vi(z,u) = {{v,f) |[vedV(z),f € FY(zu)}. (33)
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We continue by using the following set inclusion whose proof is postponed a few lines to avoid breaking the
flow of the exposition:
FW (z,u) C F/ (21, 20,u) X Fy?(z1, 20, 1). (34)

Consider z = (21, 22) " € I' and take any w € OW (z), by Lemma 2, there exist v; € OV (21), v2 € OVa(22)

and A € [0, 1] such that
w— ()\a’(Vl(zl))m)
(1 — )\)UQ ’

Consider f = h € FW(z,u), so that, from (34), f1 € FY (21, 22,u) and fo € FY?(z1, 22, u). Using (33),
f 1 2
2

we may proceed as in (31) and (32) and use continuity of W to get, for all z € I' = bd(O;) N bd(O2)

W(z) >M(jul) = max o' (Vi(z1)){v1, f1) < —p1(W(2))
f1eF t (z,u)
v1 €OVi(z1)

(35)
W(z) > %(lul) =  max  (vy, f2) < —p2(W(2)).
f2EF, 2 (z,u)
v2 €EOVa(22)
Using (35) we finally get that W (z) > max{71(|u|),v2(Ju|)} implies
(w, f) = Ao’ (Vi(21)) {1, f1) + (1= A)(v2, f2)
< =AW (2) = (1= A)pa(W(2))
< —min{py (W (2)), p2(W(2))}.
Thus, letting v(s) := max{71(s),72(s)} and p(s) := min{pi(s), p2(s)}, we have
W(z) > ~v(|u]) = maxWg(z,u) < —p(W(2)), ¥z € T. (36)

Collecting (31), (32) and (36) we can conclude (29), and prove item B).
We complete the proof by proving (34). To this, take any f € F" (z,u). By definition of F in (23), we
)

have that f = (fl) for some f1 € Fi(z1,29,u) and fo € Fy(z1,22,u). By Lemma 2 and Fact 1, for any

f2
O'/(Vl (21)>U1

v1 € OVi(z1), the vector w = ( 0 ) € OW(z) and thus

(w, f) = o' (Vi(21))(v1, fr).

By varying vy in Vi (21) and recalling that f € F" (z,u) (and thus (w, f) is constant for all w € OW(z)),
we obtain that f; € Flvl(zl, z9,u), that is (vq, f1) constant w.r.t. v; € OVi(z1). The same reasoning applies

to fo, considering a vector w = (7?) € OW(z), with ve € 9Va(22), concluding the proof of the claim. O
2

Remark 5. The idea of analyzing the derivative of the composite function W in the three sets O1,0,, T,
appeared firstly in [25], and is the common idea of many results on small-gain theorems for interconnected
systems, see for example [34] or [22]. The analysis in O; and O was straightforward, but because of non-
differentiability of V; and V3, the analysis in the set T' is different from [25]. In particular the additional
tools from nonsmooth analysis have been used to study the Lie-derivative of W along F' on the set I'. A

4.2 Cascade System

We now apply Theorem 1 to cascade interconnections as in Figure 2. More precisely, given two maps
F:R™ xR™ x R™ = R™, and Fy : R™ x R™ = R™2 we consider the cascade system defined as follow:

.i‘l S F1($1,$2,u), (373,)
To € FQ(:L‘Q, ’LL) (37b)
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X2 T

T € Fl(xl,xQ,u) >

——| 29 € FQ(ZEQ,U)

T2

Figure 2: The cascade system in (37).

Defining again n := nj + ne we will write £ : R® x R™ = R" defined by

F(xy,29,u) = (F}éx(;jzé;lv '

The cascade system (37) can be seen as a system of the form (23) where Fy does not depend on z1, see
also Figure 2. Therefore Theorem 2 can be applied with x; = 0 and condition (27) holds for any y2 € K. On
the other hand, the cascade structure allows us to construct a different ISS-Lyapunov function, based on two
non-smooth ISS-Lyapunov functions associated with each subsystem. The function that we construct is in
the so-called sum-separable form, that has some clear advantages with respect to the maz-separable form (28)
in Theorem 2, see [23] and references therein for a thorough discussion. In particular, the sum-separable
architecture preserves regularity, and in our setting also leads to a more direct proof of ISS of the cascade
interconnection.

In the following we adapt, in the framework of differential inclusions and nonpathological functions, the
proof technique proposed firstly in [43]. More specifically, we assume that both subsystems admit an ISS
Lyapunov function, using the formulation (12) in Remark 2. Similar constructions can be found in [45]
and [52].

Assumption 3. The following conditions hold for system (37):

(A.1) ISS of (37b). There exist a nonpathological function V5 : R"2 — R and a, @, p2 € Ko and 12 € K
satisfying

ay(|z2]) < Va(z2) < @p(la2l),  Vaz € R™,
max727p2 (w2,u) < —p2(Va(w2)) + v2(|ul),
for all o9 € R™ and for all u € R™.
(A.2) ISS of (37a). There exist a nonpathological function V7 : R™ — R and a; @1, p1, 11 € Koo satisfying
o (|z1]) < Viar) <@ (faa]),  Vay € R™,

maXVLFl (,’El, xg,u) < - pl(‘/l(xl))
+n(Va(22)) +y2(lul),

for all z1 € R™, zo € R™ and all u € R™.

(A.3) Defining 7(s) := y1(s)/p2(s), there exists a scalar M > 0 such that
1(s)

2

lim 7(s) = lim < M.
s—0+ s—0+ pa(s)
In other words, v1(s) € O(p2(s)) as s — 0. A
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Remark 6 (Tightness of Assumption 3). Condition (A.3), which is used in the construction of W in the
proof of Proposition 4, is not restrictive: if it does not hold it is possible to modify the function V; in such
a way that it holds, following the same idea proposed in [43]. Due to this fact, Proposition 4 establishes
that when system (22) is in the cascade-form presented in equation (37), it suffices to have ISS-Lyapunov
functions (satisfying the Lie-derivative conditions presented in (A.1) and (A.2) ) for each subsystem, to
conclude ISS of the interconnected system. In this context, the small gain condition required in the general
construction of Theorem 2 is somehow trivially satisfied. A

Using Assumption 3, we can construct a nonpathological Lyapunov function for the cascade system (37),
by adapting a Lyapunov design developed in [43] and [52].

Proposition 4. Consider the cascade system (37), and suppose that Assumption 3 holds. There ezists a
continuous and nondecreasing function v : Ry — Ry satisfying v(s) > 40(s), for all s € Ry. Moreover, the
function

Vz(wz)
W(z1,x2) = / v(s)ds + Vi(z) (38)
0
is a nonpathological ISS functions for system (37); that is there exist a,&@ € Koo such that
a(|(z1,22)]) < W(zy, 22) < a(|(21,22)]) (39)

for all (x1,22) € R™ x R, and there exist p € Koo and v € K such that

max Wr (21, 2,u) < —p(W(z1,22)) +7(Jul), (40)
for all (x1,22) € R™ x R™ and for all u € R™.

Proof. The existence of function v : Ry — R under (A.3) of Assumption 3 is established in [43, Lemmas
1 and 2]. Introduce the function £: R, — R, defined by

£(s) = /OS v(r)dr, VseR,.

Since v(s) > 4v(s) > 0, Vs > 0, then £ is a class K function. Moreover ¢ € C*(R;,R;). We can thus
rewrite

W(x1,x2) = £o Va(xz) + Vi(z1).
Non-pathology of W follows from Proposition 3 and Fact 1 since ¢ is C' by construction. Moreover, the
functions o and @ of equation (39) are easily constructed as a(s) := fo%(s) v(r)dr + a;(s) and a(s) =
ffﬂs) v(r)dr + o (s).
Let us now define Uy := £ o Va; noting that ¢'(s) = v(s) and using Fact 1, we have that ﬁZFQ (x2,u) =
I/(va(.’L'Q))vQ’FZ (22, u). Recalling (A.1), we can write

max Uy g, (2, u) < — v(Va(22))pa (Va(2))

(41)
+v(Va(x2))y2(Jul),
Vo € R", Yu € R™. Defining 0(s) := p; *(272(s)), we prove the following inequality
max U p, (12, ) < — 30(Va(z2))pa(Va(a2)) "

+v(0(u)ya(ul).

Indeed, by (41), if v2(|u]) < 3p2(Va(w2)), (42) trivially holds. Otherwise, we see that

Y2(lul) 2 %Pz(Vz(sz)) & Va(x2) < py* (292(Jul)) = O(lul),
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and by the nondecreasing property of v, inequality (42) holds. Before proceeding to proving (40) we observe
the following equality

We(z1,22,u) = Uz g (w2, u) + V1 g (21, 72). (43)

To show (43), we recall that any locally Lipschitz function G : R™ x R" — R defined by G(x1,x2) =
G1(z1) + Ga(z2), satisfies

0G (21, 22) = {(Z;) |v1 € OG1(21),v2 € aGQ(xQ)} (44)
and thus, using definition (7), we obtain (43). From (A.2), (42) and (43), we have

maxWF(xl,xg,u) < —p1(Va(z1)) + 11 (Va(ze)) + v2(Jul)

- %V(Vz(ivz))pz(‘/z(wz))+V(9(IUI))vz(IUD~

From the assumption v(s) > 471( ) for all s € R, and following [30, Lemma 10], we finally have

maXWF(:cl,xz) < = (Va(z2)) — pr(Vi(zr))
v(0(lul))y2(lul) +y2(ul)
< —p(W (21, 22)) +7(|ul),

where we have defined

V(s) = (w(6(s)) + 1) 72(s),

O

5 Feedback Stabilization of a 2-mode State-dependent Switched
System

We now use the tools developed in the previous section to solve an output feedback stabilization problem for
a class of switched systems with two modes. In particular, we consider the state dependent switched system

defined as

_ {fl(z) +g(z)u ifz € Xy := {q(z) > 0},

fa(@) + g(@)u ifz € Xo := {q(z) < 0}, (45)

y = h(x),
where z € R™ and u € R™. The basic assumptions we impose on the system (45) are the following:
Assumption 4. The data in (45) is such that
a fl,fg S Cl(Rn Rn)
b gc Cl(Rn Rnxm)
c) h € CHR", RP);

e

)
)
)
d) ¢ € CH(R",R) and X = {X;, R™}ic 11,2y form a proper partition of R™ (recall Definition 4);
) 4(0) >0 = f1(0) =0 and ¢(0) <0 = f5(0) = 0;

)

f) There exists 4 € C(R,R4.), B4(s) > 0 for all s > 0, such that ||g(z)|| < B4(|z]), for all z € R™,
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g) There exists B¢ € Ko such that |fi(z) — fa(z)| < Bf(|z]), for all z € R™. A

Ezample 2 (Regular Values and Partitions). Consider ¢ € C*(R™,R) such that 0 is a regular value of g,
ie. Vg(x) # 0 for all x satisfying g(«) = 0; then condition d) of Assumption 4 is satisfied. Indeed, by the
Implicit Function Theorem, X := {x € R" | ¢(z) = 0} is a (n — 1)-dimensional C! manifold, and hence X,
has Lebesgue measure 0. Let us prove that {X;, R"};c(1 2} is a proper partition, with X; and X, defined as
in (45). First of all, X; U Xy = R™ and bd(X;) C X, for any ¢ € {1,2}: in fact, if ¢(x) > 0 (resp. q(z) < 0),
by continuity of ¢ it holds that z € int(X;) (resp. = € int(Xs)). It remains to prove that int(X;) = X,
for any ¢ € Z. Consider w.l.o.g. i = 1; the inclusion int(X;) C X, is trivial. Let us consider x € Xj, i.e.
qg(x) > 0. If g(x) > 0, then z € int(X;) C int(Xy). If ¢(x) = 0, by assumption Vq(z) # 0, therefore x is
neither a maximum nor a minimum. Thus there exists a sequence x; — x such that ¢(xx) > 0, Vk € N, and
hence, x € int(X;). A

Ezample 3 (Switched Linear Case). As a simple paradigm, one can think of a state-dependent switched
linear system, such as

filx) = Ajz, g(z) =B, h(z)=_Cuz,

where A; € R™ " for i € {1,2}, B € R™™ and C € RP*". Regarding the function ¢ € C'(R™,R), the
simplest non-trivial cases are the halfspace partitions or the symmetric conic partitions, described respectively
by the functions

Gu(@) = (v,7) or go(x) =2 Qu,
for some v € R”, or Q@ € Sym(R"*") := {S € R™*™ | §T = S}, @Q is neither negative, nor positive
semi-definite. These cases satisfy Assumption 4, by selecting

By(s) == [IBl, and Bf(s) := [[A1 — Ag][s. A

Under Assumption 4, we design next an observer-based controller for system (45) of the form

i {ﬁ(z) +9(z)u+ iy —h(2)) if 2 € X1,
C: fo(2) + g(2)u+ La(y — h(2)) if z € Xo, (46)
w=k(z),

where (1,05 € C*(RP,R"™), and the globally Lipschitz map k : R® — R™ are design parameters.®> The design
of globally Lipschitz feedback laws is a rather common occurrence in stabilization problems for various kinds
of nonlinear systems and in particular the design methods in [32, Chapters 13, 14] can be adapted to meet
this requirement. Moreover, when restricting the attention to initial states in a compact set, it is possible
to develop semiglobal results to allow for locally Lipschitz feedbacks, as explained in [46]. We consider the
interconnected system (45)-(46), and in particular its Filippov regularization, which can be written as follows

z €co{fi(x)|i€Ix(x)}+g(x)k(z)=:Fy(x,z), (47a)
zeco{fi(z) +4i(h(x) — h(2)) | i € Ix(2)}

) ~ (47Db)
+ g(z)k(z) = Fz(xv 2)7
where the function Zy is defined as in (14).
The maps F‘m, F‘z : R™ x R™ = R"™ satisfy the conditions of Assumption 1: they have non-empty, compact
and convex values, they are locally bounded, upper semicontinuous with respect to the states (x and z
respectively) and continuous with respect to the inputs (z and x respectively). We can thus conclude local
existence of solutions for the systems (47a), (47b) using Proposition 1.

3The globally Lipschitz assumption on k& : R® — R™ can be relaxed by asking that Jay € Koo such that |k(z) — k(y)| <
ai(|lz —yl), for all z,y € R™.
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To design (46), we first characterize stability of the interconnection (47). To this end, we perform the
change of coordinates (z,z) — (z,e) := (z,2 — z) and we construct the Filippov regularization of the
corresponding dynamics, resulting in

&€ Fy(x,e) = E(m, x—e) (484a)
€ € Fe(x,e), (48b)
where the map F, : R® x R®" == R" is defined as the Filippov regularization of the discontinuous map

fe(z,e) =

fi(@) = f1(z) = b (h(z) — h(2)) + g(, 2) if q(z) 2 0,q(2) 20,
fo(x) = f1(2) = tr(h(z) = h(2)) + (=, 2) if q(x) < 0,4(2) = 0, (49)
fi(@) = fa(z) = L2(h(z) — h(2)) + g(, 2) if g(x) > 0,4(2) <0,
fa(@) = fa(z) = L2(h(z) — h(2)) + g(, 2) if g(x) < 0,4(2) <0,
with g(z, 2) := (9(z) — 9(2))k(2)-

In our construction, we first use Theorem 2 to ensure ISS of (48a) based on two functions Vi, Vs, each of
them associated to a mode.

Property 1. There exist V;,V> € CYHR™,R), and ym,aw,pgj,ai € Ko, such that, for each x € R",
(—1)1g(z) > 0 implies

¥, (Jz]) < Vi(z) < 9, (Ja), (50a)
(VVi()| < pa(l2]), (50Db)
(VVi(x), fi(z) + g(2)k(2)) < —au(|a]). (50c)
Moreover, there exists a function 6, € K., such that
oz (s)
0,(s) < ——————, VseRy. 51
(s) 3,(5)pa(5) + (51)
Finally, defining
Vao(z) =Vi(x), ifrxeX; i=1,2, (52)
we suppose that V, is continuous, that is,
(¢(x) = 0) = Vi(x) = Va(w), (53)

and there exist functions v2 € K and o € PD such that for all z € R™ satisfying ¢(z) = 0, it holds that
(2] > vi(lel)) = maxVy p, (z,e) < —af(|z]). (54)
Based on Property 1, we may prove the next result.
Proposition 5. Under Property 1, there exists o, € PD and 7, € K such that
(lz] > Fz(lel)) = maxVyp, (z,e) < —au(|2])
and thus system (48a) is ISS w.r.t. e.

Proof. First of all we rewrite system (48a) as
i € co{fi(x) | i € Ix(x)} + g(x)k(z) — g(2) [k(x) — k(2)].

Let us note that equation (50a) assures continuity of the function V,, and thus V, is a piecewise C! function
with respect to X, in the sense of Definition 6. Consider first a point € int(X;) for some ¢ € {1,2}, that is
an x € R™ such that (—1)""1g(z) > 0. We have

Fu(x,e) = { i) + g(2)k(x) — g(@) k() — k(2)]} =: {[:},
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and thus by equation (50c) it follows that, for z € X,

(VVa(@), fi) = (Vi) fi)
—ag([z]) + |VVi(@)[llg(@)[|[k(z) - k(2)
=g (|z]) + po (2] By (|2[) Lilz — 2],

<
<

where 8, comes from Assumption 4, Ly > 0 is the Lipschitz constant of the map &k : R™ — R and p, is given
by equation (50b). Choosing 0 < £ < 1, we have

(VVila), fi) < — (1 = €)ag(|z])
—eag(|z]) + pu(|2]) By (|2]) Li |z — 2]
and thus, for ¢ € {1,2}, and each x € X,
eag(|z|)
S P (PR ()

Thanks to (51), the function 8,(s) := EOE}ES) < Lklio‘(zgg)g(s) is of class K. Defining af := (1 — €)a, and

~¢ := 071, by arbitrariness of i € {1,2}, the previous inequality implies that, for any z € int(X;) U int(X>),

(VVa(@), fi) < —(1 = )ag(|z]), if |

(2] > 75(lel)) = maxV, p, (z,€) < —as(|a]). (55)

Consider now a point € 9X; U9Xs. By definition of the proper partition {X;, X}, we have ¢(z) = 0, and
thus implication (54) holds. Collecting (54) and (55) we obtain that, for all z,e € R™,

(Iz] 2 Az (lel)) = maxVy g, (2,€) < —0a(l2]),
where 7, (s) := max{v°(s),v4(s)} and a,(s) := min{ag(s),al(s)}, concluding the proof. O

Remark 7 (Clarke derivative based condition). It is possible to obtain a corollary of Proposition 5, based on
the Clarke derivative, as in Definition 2. To this end, it is sufficient to replace implication (54) in Property 1,
with the following:

(CL.1) For all x € R™ such that g(z) = 0, for each i € {1, 2},
(WVi(z), fo-i(z) + g(2)k(2)) < —aq(|z]),
where a, € K satisfies also (50c).

The proof carries over straightforwardly, recalling the inclusion (8). A

Ezample 3 (Continued). In the switched linear case of Example 3, Property 1 can be guaranteed with
quadratic functions V;(z) := 2" Pz, i € {1,2}. Indeed, since the partitions given by ¢, (or gg) are conic,
i.e. X; is a cone for each i € {1,2}, we can look for Lyapunov functions homogeneous of degree 2, see [38]
and the extension [48]. From now on we focus on the case qg(r) = 2" Qx. The half-space partition case (i.e.
considering ¢, () = (v,z)) can be developed analogously to [19].

Considering gg(x), it suffices to find K € R™*", positive definite matrices Py, P» € R"*", 119, fto1, g €
R, a; > 0 and p1, e > 0 such that

P — P> = pQ; (56a)

11Q + Pi(A1 + BK) 4+ (A1 + BK) ' Py + a1 < 0; (56b)
—p2Q + Pa(Az + BK) + (A3 + BK) " Py + a.I < 0; (56¢)
p12Q + Pi(As + BK) 4 (A2 + BK) ' Py + a.I < 0; (56d)
121Q + Po(Ar + BK) + (A1 + BK) " Py + a1 < 0. (56¢)
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Then all the conditions of Property 1 hold with V, (x) := 2T Pz, if z € X;. Indeed, first we note that (56a)
implies (53) of Property 1. Moreover, we can define

)\x = i >\min-P7L ) )\71::: )\max P’L )
Az ié?i,%}{ (P)} ig{lzg}{ (P)}

where Amax(P), Amin (P) represent respectively the largest and the smallest eigenvalues of a positive definite
matrix P > 0. The bound functions in (50a) and (50b) of Property 1 are thus obtained by defining

U (s) = Aas?, Ba(s) = Nos?, pals) = 2hgs.
Via the S-Procedure, equation (56b) implies
2" (P (A, + BK) 4 (A, + BK) Pz < —ag|z|?,
if 27 Qx > 0 and equation (56¢) implies
x" (Po(As + BK) + (As + BK) " Py)x < —ag|z|?,
if 2T Qz < 0. We have thus proved (50c) of Property 1 with a,(s) := a,s?. Similarly, using Finsler’s Lemma,

equations (56d) and (56e) imply item (CL.1) in Remark 7, again with a,(s) := a,s%. The function 0, € K.
in (51) can be defined as 0,(s) := ABI S A

Let us now consider the error dynamics (48b) and characterize ISS from x, using a C!-Lyapunov function,
satisfying the next property.

Property 2. Suppose that there exist V, € C*(R",R), and ge,ﬂe, Qe, Pe € Koo such that

6 (|el) < Vele) < Tullel), Ve e RT (57a)
B <pulll), veer, (57)

Moreover, for all z € R™, for all z € R"™ and for each i € {1,2},

<aa‘£€ (e)’fi(l’) - fz(Z) - gz(h(l‘) — h(Z)) +§($,Z)> < —a€(|e|), (58)

with e = z — z. Finally there exists 6. € K, such that

~

ae(s
Pe(s)

Oe(s) < VseRy. (59)

Based on Property 2 we can prove the next result.
Proposition 6. Under Property 2, there exist 7. € K and a. € Ko such that

oV,
Ode

for all fo € Fe(x,e), and thus the system (48b) is ISS w.r.t. x.

(lel =2 7e(lz])) = |

(€), fe) < —ae(lel),

Proof. Tt is easy to see that the second and third expression in (49) can be rewritten respectively as

file) = f1(2) = Lu((x) = h(2)) + (2, 2) + (f2(2) = fr(2))
fa(@) = fa(2) = La(h(z) = h(2)) + g(2, 2) + (1 (z) = fo(2))
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and thus we can rewrite f. : R® x R" — R"™ as

fi(z) = fi(z) - él(h(ﬂi) — h(z))

+9(z,z) + I_(q()) f(x) if g(2) >0,
felz,z) :=

f2(z) = fa(2) — fz(h(f) —h(z))

+9(z,2) — Iy (q(2)) f () if g(2) <0.

where we defined f(x) := fo(x) — fi(x) and Z,,Z_ are the indicator functions of the positive and negative
real numbers respectively. We note that, by Assumption 4,

max{|Z_(q(z))f ()], |Z4(q()) f(@)[} < Br(|=])

for all x € R™. Thus, we can now apply the same reasoning used in proof of Proposition 5, concluding that

oVe
Oe

(lel =2 Fe(lz])) = (S-(e), fe) < —Qc(le]), Vfe € Fe(a,e),
where @, := (1 — ¢)a. and 7, := (e6.) "' o B¢, for some 0 < ¢ < 1. Note that condition (59) ensures that
e € K. The ISS property follows again from Theorem 1. O

To clarify our construction, the idea behind Property 2 and Proposition 6 is to search for a common C!
Lyapunov function for the two vector fields f;(z) — fi(z) — ;(h(z) — h(2)) + g(=z,2), i € {1,2}. If  and
the estimated state z are not in the same region X;, then the (x — z)-dynamics is perturbed by a factor
+(f1(x) — f2(x)), which is treated as an external disturbance. The injection gains ¢; induce ISS with respect
to these disturbances.

Ezample 3 (Continued). For the switched linear case presented in Example 3, Property 2 can be ensured
using a quadratic function V,(e) := e' P.e, with P, = 0, by finding matrices Ly, Ly € R"*? and a. > 0 such
that

P.(A; — L;C) + (A; — L;C)"P. + a.I < 0, (60)

for each i € {1,2}. Indeed, defining

)\e = )\min(Pe)a Te = )\max(Pe); %(S) = )\6827
%(5) = )\7852’ pe(s) = 2)\7857 ae(s) = 6527

equations (57a), (57b) and (58) are satisfied, and the function . € Koo in (59) is defined as 0.(s) = J=s.A

S}

We are finally ready to state our stability conditions, based on Theorem 2, for the interconnection in (47).

Corollary 3. Assume that Properties 1 and 2 hold, and define 0y := 1, 07, oge_l and 1y =1, 07, oygl.
If
mone(s) <s, Vs>0, (61)

then system (47) is globally asymptotically stable.

Proof. Since by Propositions 5 and 6 we can construct nonpathological ISS-Lyapunov functions V,, and V, as
in Assumption 2, it remains to check that condition (61) implies the small gain condition (27) in Theorem 2.
First we note that, by (50a) and (57a),



since V() < ¢y (|]), and Ve(e) > tpc(|e]). By Proposition 5, this implies that

(Vo) = m(Vele))) = max Vi p, (2, ) < —@y(|z).
Following the same path for 11, we obtain the implication
(Ve(e) 2 m2(Va(2)) ) = max Ve p, (z,€) < —ac(le]),
proving that (61) implies (27). O

Remark 8. Considering again the switched system presented in Example 3, we can check the small-gain
condition (61) as follows. Recalling the definitions of 7, and 7, in the proofs of Propositions 5 and 6 we can
write o o
- 2| B||[| K[| A N 2||A1 — As||A
oo < BIEIR 2 - Al
gy EQe

Thus, by arbitrariness of 0 < ¢ < 1, condition (61) holds if

~—33
16]| B[ K17 [ A1 — A[*As"Ac

< 1. A
Az Aea2a?

6 Conclusions

We focused on ISS of differential inclusions using locally Lipschitz Lyapunov functions. We provided suffi-
cient conditions based on the notion of Lie derivative of the candidate Lyapunov function, which generalize
previous results relying on the study of the Clarke derivative. We applied our results to state-dependent
switched systems and proposed a new formulation of the well-known small gain theorem in the context of
interconnected differential inclusions. We finally studied the design of an observer-based output feedback
controller for a bimodal switched system. As possible further research, we may investigate convex LMI-based
algorithms, based on using Lipschitz non quadratic functions and Lie derivative.

A  Properties of piecewise C' functions

In this Appendix we prove the two items of Proposition 3, first characterizing Clarke generalized gradient,
and then showing that piecewise C' functions are nonpathological.

Lemma 3. Consider X = {X;,0;}icz, a proper partition of R™. If V. € P (X) then V is locally Lipschitz
and

OV (z) = co{VVi(x)| L€ Ix(x)}. (62)

Proof. For the proof that V is locally Lipschitz we refer to [41, Proposition 4.1.2]. Given any x € R", define

the sets
Si(z) = {VVi(z) [ £ € Zx(2)},

So(z) == {kli)n;o VV (zr) | zr — x, ap ¢ /\fv}.

We prove below that Sy (z) = S2(x); then (62) follows from (6). If 2 € int(X,) for some £ € Z, we have already
noted that OV (z) = {VVy(z)} and thus Si(x) = Sa(x) trivially holds. Let us suppose = ¢ Ué\ilint(Xg)
which implies x € 0X.

S1(z) C Sa(x): Consider any v = VVp(z) for some £ € Zy(z). By Definition 4, there exists a se-
quence xp € int(Xy) such that z;x — =z and thus VV(zg) = VVi(zr). By continuity of VV, we have
limg 00 VV(z1) = limg—y 00 VVi(21) = VVi(2), therefore v € So(x).

Sa2(x) € Si(x): Consider any v € R™ such that there exists a sequence z — z of points where V is
differentiable, such that the sequence VV (z},) converges to v. By Definition 4, there exists a neighborhood O
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of z such that O € Uz, () Xr, and thus for each k (large enough) there exists an index ¢, € Zx (2) satisfying
xp € Xy,. By finiteness of Zy(z) we can extract a subsequence of zj (without relabeling) and an index
¢ € Tx(x) such that z; € X, for each k € N and VV (x) — v. Now for each k € N we can take a sequence
Tpy — o satisfying xp; € int(X,). Thus VV(zg) = limyoo VV(2i,) = limyoo VVe(zk,) = VVe(xg).
Summarizing, we have
v= lim VV(z) = lim VVp(zy) = VVi(2).
k—o0 k—o0

Since we proved S1(z) = Sa2(x), then (62) follows from (6). O

Having shown (62), equation (19) in Proposition 3 directly follows. The next statement completes the
proof of Proposition 3.

Lemma 4. Consider X = {X;,O;}icz, a proper partition of R™. If V € P (X), then V is nonpathological.

Proof. Recalling Definition 3 we must show that, given any ¢ € AC(R4,R™), 9V (p(t)) is a subset of an
affine subspace orthogonal to ¢(t), for almost all ¢t € R, namely that Ja; € R such that

(v,0(8)) = ar, Vv € IV (p(t)). (63)

Since ¢ : Ry — R™ is absolutely continuous and V' : R™ — R is locally Lipschitz we have that ¢ and V(p(t))
are differentiable almost everywhere, i.e. there exists a set of measure zero N' C R, such that ¢(¢) and
4V (p(-))(t) both exist for every t € R \ V. Using (62) in Lemma 3, to ensure (63) it is enough to show
that, for almost all ¢t € Ry \ V, there exists a; € R such that

(VVe(p(t), o(1)) = ar, VL€ Ix(p(t)). (64)
Fix any t € Ry \ V. Either (64) holds for that ¢, or there exist £1, 2 € Zx(p(t)) such that ¢1 # ¢5 and

(VVi, (@(1)), o(1)) # (VVi, (0(1)), 4(1))-

In this second case we have

(Ve (0(8)) = Vo ((1)))
(VVi, (p(1), o(t)) = (VVi, (0(1)), &(8)) # 0.

Thus, by continuity, there exists € > 0 small enough such that Vi, (¢(t)) # Vi, (o(t)) , for all te(t—et+e)\

{t}, which implies that either £; ¢ Zx (0 (t)) or £y ¢ Zx((t)) (or both), for all such ¢, since, by Definition 6,

oS

bl €Tx(x) = V(z)=Vy(x) ="V (x),

for any x € R™. Iterating the argument, this shows that for any point ¢ where two or more scalar products
(VVi, (p(t)), ¢(t)) “disagree” in (64), t is isolated. We conclude by recalling that a set of isolated point is
countable [20, Page 180] and thus has measure zero, as to be proven. O
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