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Lyapunov stability for discontinuous systems

Estabilidade de Lyapunov para sistemas descontinuos

Iguer Luis Domini dos Santos'

Abstract

The present work studies the stability analysis of equilibrium of ordinary differential equations with the discon-
tinuous right side, also called discontinuous differential equations, using the notion of Carathéodory solution
for differential equations. This way, it is studied the stability of equilibrium in the Lyapunov sense for disconti-
nuous systems through nonsmooth Lyapunov functions. Then two existing Lyapunov theorems are obtained.
The results established refer to systems determined by nonautonomous differential equations.
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Resumo

O presente trabalho estuda a analise de estabilidade do equilibrio de equacdes diferenciais ordinarias com o
lado direito descontinuo, também chamadas de equac¢des diferenciais descontinuas, usando a nogao de solu-
cdo de Carathéodory para equacdes diferenciais. Desta forma, estuda-se a estabilidade do equilibrio no senti-
do de Lyapunov para sistemas descontinuos através de funcdes de Lyapunov ndo suaves. Entao, sdo obtidos
dois teoremas de existéncia de Lyapunov. Os resultados estabelecidos referem-se a sistemas determinados
por equacdes diferenciais nao autdbnomas.
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1 Introduction

Discontinuous differential equations determine discontinuous systems. This report studies the stability in the sense of Lyapunov for
discontinuous systems determined by discontinuous differential equations. So, it is studied the stability in the sense of Lyapunov
of the equilibrium of discontinuous differential equations through nonsmooth Lyapunov functions. This study was also addressed
by Shevitz e Paden (1994) and by Bacciotti e Ceragioli (2006), through different notions of generalized solutions to differential
equations. Shevitz e Paden (1994) studies Lyapunov stability of equilibria by using the notion of Filippov solution, while Bacciotti
e Ceragioli (2006) address Lyapunov stability of equilibria by using the notion of Carathéodory solution. The discontinuous
systems addressed by Bacciotti e Ceragioli (2006) relate to autonomous differential equations. Motivated by Bacciotti e Ceragioli
(2006), the present work studies Lyapunov stability of equilibria for discontinuous systems determined by nonautonomous
differential equations, establishing stability properties that make an analogy with Theorem 3.1 given in Shevitz e Paden (1994).
Here are studied discontinuous systems determined by the nonautonomous differential equation

x(t> = f(t,l’(t)) (D

where x € R” and f : R x R™ — R"™. For the study of the stability properties of system (1), it is assumed throughout the
work that for every o € R”, there is at least one Carathéodory solution of differential equation (1) with the initial condition
x(to) = . It is also assumed that all Carathéodory solutions of (1) such that z(tg) = x¢, are defined on [t, + 00). The existence
of Carathéodory solutions for (1) has been treated in Coddington e Levinson (1955) and Hale (1980).

Thus, it is studied stability properties of system (1) through nonsmooth Lyapunov functions. Then, sufficient conditions are
obtained for the equilibrium to be uniformly stable, or uniformly asymptotically stable. That is, two existing Lyapunov theorems
are obtained.

2 Preliminaries

In this section are considered basic concepts and results that will be used throughout the work.

2.1 Lebesgue measurability

The following are basic concepts of measure theory. A more complete approach to Lebesgue measure and integral can be found in
Royden (1963).

Definition 2.1. A function f : R™ — R" is said to be Lebesgue measurable if for all open set V- C R"™, the set
FUV)={z eR™: f(z) eV}
is Lebesgue measurable.

Let I C R be an interval. It is said that a statement P holds almost everywhere (a.e.) on I, if the set IV given by
N = {t € I: Pdoesnothold at ¢}

has Lebesgue measure zero.

2.2 Generalized solutions

For completeness and ease of reading, Carathéodory and Filippov solutions for differential equation (1) are defined below. Solutions
to the differential equation (1) will be understood as absolutely continuous functions. A approach to absolutely continuous
functions can be found in Natanson, 1955 and Riesz e Sz.-Nagy (1955).

Definition 2.2. Let I C R be an interval. A function x : I — R™ is a Carathéodory solution of (1) on I if x(t) is absolutely
continuous and ©(t) = f(t,x(t)) fora.e. t € I.

In the next definition, the function f : R x R™ — R™ is assumed to be Lebesgue measurable and essentially locally bounded.

Definition 2.3. A vector function x(-) is a Filippov solution of (1) on [to,t1] if x(-) is absolutely continuous on [ty,t1] and for a.e.
t € [to.t1]

i(t) € Fp(ta(t))
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where

Fr(ta)= () [ eof{f(tB(=3)\N)}

6>0 u(N)=0
(1 is the Lebesgue measure of R™, o denotes the closure of the convex hull, and B(x,r) is the open ball of radius r centered at x).
Spraker e Biles (1996) address relations between the Carathéodory and Filippov solutions sets for the initial value problem

@(t) = f(x(t)), 2(0) = zo 2

where ¢t € [0,7] and f : R™ — R™. According to Spraker e Biles (1996), if f : R — R is given by
ra={ 220

and z¢ = 0, then z(¢t) = 0 is a Carathéodory solution but not a Filippov solution to the initial value problem (2). On the other
hand, if f : R — R is given by

ro={ 5 120

and zo = 0, then 2(t) = 0 is a Filippov solution but not a Carathéodory solution to the initial value problem (2).

2.3 Generalized gradients

Below is defined the Clarke’s generalized gradient. It is proved here a chain rule (Theorem 2.1) similar to the chain rule given in
[Shevitz e Paden (1994), Theorem 2.2].

Definition 2.4. For a locally Lipschitz function V : R x R™ — R define the generalized gradient of V at (t,x) by
8V(t,ﬂi) = @{hm VV(ti,J)i)Kti,in) — (t,.i?), (ti,xi) §_Z Qv}
where Qv is the set of measure zero where the gradient of V' is not defined.

Note thatif V : R x R™ — R is given by V (t,z) = V;(z), where V; : R"” — R, then 9V (¢t,z) = (0,0V1(x)).
Next, generalized directional derivative is defined.

Definition 2.5. The generalized directional derivative is defined by
£°(2;v) = limsup fly+tv) — fly)
y—2,t0 t

The next result is due to Clarke (1983).

Lemma 2.1. Let f be Lipschitz near x, then
[ (@;0) = max{(§,v)[§ € Of (x)}-

The chain rule (stated in Theorem 2.1) will be for the useful class of regular functions.
Definition 2.6. The function f : R™ — R is called regular if:

1) for all v, the usual one-sided directional derivative f /(:,E; v) exists,

2) forallv, f (z;v) = fo(x;v).

Theorem 2.1. Let z(-) be a Carathéodory solution to (1) on an interval containing t. Suppose that the function V : R x R — R

is Lipschitz and regular. Then V (t,x(t)) is absolutely continuous, %V (t,z(t)) exists for a.e. t, and

d .
$V(t,ac(t)) =V(tz(t)) ae.t

where

‘L/(t,x) = n <§,(1,f(t,1‘))>

£€OV (t,x)
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Proof. Since V is a Lipschitz function and (¢,2(t)) is an absolutely continuous function, then V'(¢,2(t)) is absolutely continuous.
Hence, 4V (t,z(t)) exists for a.e. t. In what follows, o(h) is a real function such that limj,_,o % = 0. If ¢ is a point where x ()
and V (¢,x(t)) are both differentiable (this is holds a.e. t), then

. V(4 haxt+h) —V(ta(t))
dt hi0 h

~ im V(t+ hx(t) + 2(t)h) + o(h) — V(t,z(t))

and
o Vit =ha(t—h)) = V(ta(t))
SV (ta(®) = lim =
— lim V(t — hx(t) — &(t)h) + o(h) — V(t,z(t))
h10 —h
V' ((te®); (-1, - (1))
= —Vo((ta(t)); (-1, — (1))
= —max{{¢,(~1, - (1)) [¢ € AV (t.a(t))}
= min{(£,(1,2(2)))|¢ € OV (t,2(t))}.
Therefore,

%VW”): N (L) aet.

€€aV (t,x(t))
Since z(-) is a Carathéodory solution to (1), it follows that
d
oV Ba(t) = N ELrEe®) aet,
€€aV (t,2(1))

that is,

d .
@V(t’xa)) =V(tz(t)) a.e.t.

For systems determined by autonomous differential equations, the following chain rule applies.

Proposition 2.1. Let x(-) be a Carathéodory solution to i(t) = f(x(t)) on an interval containing t. Suppose that the function

V : R™ — Ris Lipschitz and regular. Then V (x(t)) is absolutely continuous, %V (x(t)) exists for a.e. t, and

d .
%V(x(t)) =V(z(t)) ae.t

where

2.4 Nonpathological functions

Nonpathological functions will be considered here because of Examples 3.1 and 3.2. The considerations made here about
nonpathological functions are based on Bacciotti e Ceragioli (2006).
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Definition 2.7. It is said that a function V : R™ — R is nonpathological if it is locally Lipschitz continuous and for every
absolutely continuous function ¢ : I C R — R™ and for a.e. t € I, the set OV (p(t)) is a subset of an affine subspace orthogonal

to @(t).
Bacciotti e Ceragioli (2006) use nonpathological functions like Lyapunov functions to obtain stability properties (see for
instance [Bacciotti e Ceragioli (2006), Proposition 2]).

Proposition 2.2 (Bacciotti e Ceragioli (2006)). If V : R™ — R is nonpathological, and p : R — R" is absolutely continuous,
then the set {{p,(t)) : p € OV (p(t))} is reduced to the singleton {%V(g@(t))}for a.e. t.

Corollary 2.1 (Bacciotti e Ceragioli (2000)). Let the function V : R™ — R be nonpathological, and let p be any solution of
system & = f(x). Then

p(t) € {z € R™ : (p1,f(2)) = (p2,f (%)), Vp1,p2 € OV ()}

and %V(%’(t)) = (p,f(p(t))) for any p € OV (p(t)), and for a.e. t.

3 Stability properties

In this section, it is proved stability properties to system (1). The contributions of the paper to the Lyapunov’s stability theory to
discontinuous systems are stated in Theorem 3.1.

Let the set of Carathéodory solutions of (1) with initial condition x(¢g) = x¢ be denoted by S(xq,to). Suppose that for any
initial conditions (z,to) the set S(zo,to) is nonempty and all solutions are defined on the interval [¢y,00). Also suppose that the
origin = 0 is an equilibrium point of (1) at ¢ = 0, that is, f(¢,0) = 0 for all ¢ > 0.

Below are defined concepts of stability in the Lyapunov sense.

Definition 3.1. The equilibrium point x = 0 of (1) is stable, if for any € > 0 and any to > 0, there is a 6 = 0(g,to) > 0 such that
|zo| < 0 implies |z(t)| < e fort € [tg,00) and x(t) € S(xg,to).

If in the previous definition ¢ is independent of ¢, that is, if § = §(¢), then the equilibrium point = 0 of (1) is said to be
uniformly stable.

Definition 3.2. The equilibrium point x = 0 of (1) is uniformly asymptotically stable if it is uniformly stable, and there is a
do > 0 such that for every € > 0 and for any ty > 0, there exists a T'(¢) > 0, independent of to, such that |xo| < §o implies
|z(t)| < eift > to+ T(e) and z(t) € S(xo,to).

Theorem 3.1 given below states two existing Lyapunov theorems (uniform stability and uniform asymptotic stability) in terms
of V. The concept of class K function considered below can be found in Khalil (2002).

Theorem 3.1. Let V : R x R™ — R be a locally Lipschitz continuous and regular function. Suppose there exist functions 11 and
Py € K satisfying

dr(lz]) < V(ta) < iha(|z])
forallt > 0 and for all x with |x| < r. Thence:

1) Iff/(t,m(t)) < 0 for all t > 0 and for all Carathéodory solution x(t) of (1) with |z(t)| < r, then the equilibrium point
x = 0 is uniformly stable.

2) If in addition, there exists a function 13 € K obeying

V(tat) < —s(lz(t)])

for all t > 0 and for all Carathéodory solution x(t) of (1) with |x(t)| < r, then the equilibrium point x = 0 is uniformly
asymptotically stable.

The proofs of Theorem 3.1 are similar to their smooth counterparts. The smooth version of item 1 for Theorem 3.1 can be
founded in [Vidyasagar (1993), Theorem (5.3.14)] and [Miller e Michel (1982), Theorem 9.2]. On the other hand, the smooth
version of item 2 for Theorem 3.1 can be founded in [Vidyasagar (1993), Theorem (5.3.25)] and [Miller e Michel (1982), Theorem
9.6].

Theorem 3.1 remains valid if the expression "for all £ > 0" in items 1 and 2 is replaced by "for a.e. t > 0", in this case, by
Theorem 2.1, V (t,z(t)) can be replaced by %V (¢,z(t)).

In the following, it is also stated a result analogous to Theorem 3.1 for systems determined by autonomous differential
equations.
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Theorem 3.2. Let V : R™ — R be a locally Lipschitz continuous and regular function. Suppose there exist functions 11 and
o € K such that

dr(lz]) < V(@) < a(]z])
Sorall x with |x| < r. Thence:

1) IfV(x(t)) < 0forallt > 0 and for all Carathéodory solution x(t) to £(t) = f(x(t)) with |x(t)| < r, then the equilibrium
point x = 0 is uniformly stable.

2) If in addition, there exists a function 13 € K satisfying

V(a(t) < —s(|z(t)))

forall t > 0 and for all Carathéodory solution x(t) to ©:(t) = f(x(t)) with |z(t)| < r, then the equilibrium point x = 0 is
uniformly asymptotically stable.

The following are two examples for using the results obtained in this section.
Example 3.1. Consider the Artstein’s circles example
= (22 —y*)u
Y = 2xyu
where u € R. Similarly to [Bacciotti e Ceragioli (2006), Example 1], let

1, z <0

Then the equilibrium point (x,y) = (0,0) of (3) is uniformly stable.

Proof. Let V : R™ — R be the nonpathological function V'(x,y) = /422 4+ 3y? — |z|. Although the function V is not regular
(in & = 0), it is still possible to use Theorem 3.2 because of Proposition 2.2 and Corollary 2.1. Take an arbitrary Carathéodory
solution (z(t),y(t)) of (3), and then consider

V(z(t)y(t) = (| (Eram)wm)
£eoV(z(t),y(t))

where f(z,y) = ((2* —y?)u,2zyu). If t > 0 is such that 2(t) # 0, it follows that IV (z(t),y(t)) = VV (x(t),y(t)). Hence
V(z(t),y(t)) <0, since

—Alx® = 20afy® + (2% — y?)V42® + 3y _ 0
V4?4 3y? B

whenever z # 0. On the other hand, suppose that ¢ > 0 is such that z(¢t) = 0. If y(¢) > 0,
3

(VV () f(zy)) =

3
(Qﬁ) € OV (0y(t) = {(87%) rs e [=11]}
and if y(t) < 0,
3 3
(0, - %) € V(0,y(t) = {(s, - %) rs € [-L1]}
Now, if y(t) = 0 then
3 3
(0,0) € 9V (0,0) = {(s,v) : s € [-1,1],v € [——3,%]}

In any case, if #(t) = 0 it follows that f(z(¢),y(t)) = (—y(t)?u,0) and so
V(a(t) (1) = 0.

Therefore f/(:c(t),y(t)) < 0 forall t > 0 to an arbitrary Carathéodory solution (z(t),y(¢)) of (3). It follows from Theorem 3.2
that the equilibrium point (x,y) = (0,0) of (3) is uniformly stable. O
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The system of differential equations given in the example below was treated in Grzanek et al. (2008).

Example 3.2. Consider the two dimensional system

T = *l'fg(t,:my) + ‘y|
{ v =—yfilt.zy) +|z| 4)

where f1,fs : [0,00) x R?2 = R, fo(t,z,y) > sgn(y) and fi(t,x,y) > sgn(x). Then the equilibrium point (x,y) = (0,0) of (4) is
uniformly stable.

Proof. Let V : R x R™ — R be defined as V (¢,z,y) = Vi(z,y), where V3 (z,y) = |z| + |y|. The function V' is not regular
(whenever x = 0 or y = 0), but V; is nonpathological. Hence, it is still possible to use Theorem 3.1 because of Proposition 2.2.
Let (x(t),y(t)) be an arbitrary Carathéodory solution of (4) and let

V(ta(t)y(t) = N (&(Lf (8 (t),y(2))))

£eV (t,x(t),y(t))

— N (&1, f(t,x(t),y(1))))

£€(0,0Vi(=(t),y(1)))

= N (n, f(t,x(),y(1)))

ne€dVi(z(t),y(1)))

where f(t,.x,y) = (—xf2(t,z,y) + |yl, — yfi(t,z,y) + |z|). For brevity, denote z(t) by x and y(¢) by y. If ¢ > 0 is such that

x(t) # 0 and y(t) # 0, it follows that OV (¢,x,y) = (0,VV1(x,y)) = (0,sgn(x),sgn(y)). Thence V (¢,x,y) < 0, since

((0,5gn(x),sgn(y)),(1,f(t,x,y))) = sgn(x)(—z fa(t,z,y) + |yl) +sgn(y) (—yfi(t,xy) + |z|)
= —|z|fa(t,2z,y) + sgn(x)|y| — [yl f1(t2,y) + sgn(y)|z|
= —|z|(f2(t,2,y) — sgn(y)) — |y|(f1(t,2,y) — sgn(x)) < 0.

Now, suppose that ¢ > 0 is such that y(¢) = 0. If 2(¢) > 0,
(1.0) € Vi (2(8),0)) = {(Ls) : 5 € [-1,1]}
and thus

V(ta(t)y(t) = ((1,0), (—zfa(t,2,0),]z]))
= —xfo(t,x,0) <0

because fo(t,2,0) > sgn(0) = 0. If z(¢) < 0,
(_170) € (9‘/1(.7}(15),0)) = {(_178) RS [_171]}
and thus

V(ta(t)y(t) = (1,0, (~zfa(t,2,0),|z]))
=z fo(t,x,0) <O0.

On the other hand, suppose that ¢ > 0 is such that z(¢t) = 0. If y(¢) > 0,
(0,1) € Vi (0,y(1)) = {(s,1) : s € [~1,1]}
and then

V(ta(t)y(t) = ((0.1), (lyl, — yfi(tey))
= _yfl(tvxay) < 0

since f1(t,0,y) > sgn(0) = 0. If y(¢) < 0,

(0, = 1) € 0V (0,y(1))) = {(s, = 1) : s € [-1,1]}
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and then

V(tax(t)ay(t)) = <(O7 - 1)’ (‘y|a - yfl(taxvy)»
=yfiltey) <O0.

Finally, if ¢ > 0 is such that (x(¢),y(t)) = (0,0),

(0,0) € aV1(0,0))) = {(s,0) : s € [-1,1],0 € [-1,1]}

and then f/(t,w(t),y(t)) = 0. Therefore ‘L/(t,m(t),y(t)) < 0 for all ¢ > 0 to an arbitrary Carathéodory solution (x(¢),y(t)) of (4).
From Theorem 3.1 the equilibrium point (z,y) = (0,0) of (4) is uniformly stable. O

4 Conclusions

The paper contributes to the Lyapunov’s stability theory to discontinuous systems. More specifically, the paper studies stability
properties for discontinuous systems determined by discontinuous differential equations. The stability properties studied here
relate to uniform stability and uniform asymptotic stability (Theorem 3.1 and Theorem 3.2). Theorem 3.1 establishes stability
properties for systems determined by autonomous differential equations, while Theorem 3.2 establishes stability properties for
systems determined by nonautonomous differential equations.
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