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1 Introduction

Stability and robustness of infinite-dimensional dynamical systems play the important roles
in applications. The input-to-state stability (ISS) framework, originally introduced for finite-
dimensional systems in [28] describes global stability properties of an equilibrium in case of per-
turbations and seems to be promising for infinite-dimensional systems as well. This property is
invariant under nonlinear coordinate transformations and extends the classical global asymptotic
stability of an equilibrium to the case of systems that have external perturbing signals. If an un-
perturbed system possesses a global asymptotically stable equilibrium point (which is by definition
the invariant and attracting set), then in case of perturbation entering the ISS property of the system
means that instead of the equilibrium point there is an invariant and globally attracting domain. The
size of this domain is a nonlinear function of the perturbation norm. This framework was very suc-
cessful in studying nonlinear interconnected systems and construction of Lyapunov functions for
them [11].

During the last five years the ISS framework was actively developed for infinite dimensional
systems [23, 10, 25, 24, 18, 27]. The reason of these activities is the success of this framework
in many applications in finite-dimensional case. In this paper we are going to consider stability
and robustness properties of a special class of functional differential equations, where the dynamics
depends on the maximum of the solution taken over a past time interval. This class of systems
belongs to nonlinear infinite-dimensional delayed systems with time varying state dependent delay.
We are interested in stability properties of such systems and, in particular, in robustness with respect
to external perturbations.

Systems of this type appear in modeling of various practical processes, e.g.such a model of fi-
nancial market was discussed in [4], see also [31] for discrete market model including maximization
operator; a model of optimal motion for solar panels with a maximization was used in [5, 6]. In [1,
pp-166], a model of a hydroelectric power dam which involves a supremum operator was discussed.
Other applications can be found in [12] and [17, Example 1.2.2, pp. 7-8].

Systems with maximum without external inputs were extensively studied in [7]. However there
is only a few works ([1, 2, 5, 9, 33, 6]) studying such systems perturbed by an external input func-
tion. Recall that there are some works devoted to input-to-state-stability property of systems with
delays, where the Lyapunov-Krasovskiy functional [26] or the Razumikhin function [32] is applied.
However, none of them provides explicit expressions for the ISS gain functions.

In this paper we investigate the behavior of solutions to systems of differential equations with
maximum and external perturbing signal. We will derive an explicit expression for the ISS gain of
a certain class of systems without usage of any Lyapunov techniques but on the base of trajectory
estimations. Due to the max-operator in the systems equations, we will see that such systems are
nonlinear, that the state-dependent delay is discontinuous in time and that the backward uniqueness
property of solutions is not satisfied. In spite of this rather complex dynamics, we will see that
the stability properties are in some sense better than for systems with constant time delay. We will
observe that dimension of such system may change from infinity to one along its solution i.e., we
deal with Multi-Mode Multi Dimensional systems (see [16]) in this paper. We will compare stability
properties of one-dimensional differential equations with constant delay and with maximum, and we
will see that in many cases for equation with maximum the stability does not depend on the length
h of the past time interval which is not true for the delay equations. This work is an essentially
extended version of the conference paper [9].
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The manuscript is organized as follows. In the next section we introduce all necessary basic no-
tions and notation, study some properties of the max-operator and properties of equations with this
operator. Comparison principle for equations with maximum is provided in Section 3. Some further
properties of solutions are discussed in Section 4. Stability and input-to-state stability properties are
studied in Sections 5 and 6 respectively including several examples. Section 7 concludes the paper.

Nomenclature

N,R,R; the set of natural, real, nonnegative real numbers resp.

R" the set of n-dimensional vectors
x! transposition of a vector x € R”
|x| := v xTx, the Euclidean norm of x € R"

for an open set J C R we define
C(J;R™)  the set of continuous functions f :J — R”
|1l :=sup|f(z)|, norm of f:J — R (sometimes, we write || f]| if the set J
reJ

is clear from the context)

PC(J;R") the set of piecewise continuous functions f : J — R" i.e. f is right continuous
and has only finitely many discontinuities
on any compact subset of J C R

AC(J;R™)  the set of absolutely continuous functions f: J — R”

Lo.(J;R")  the set of measurable essentially bounded functions f : J — R”

[|A(7)]| = max i |a; j(t)|, matrix norm of A € C(J;R"*")

=1, n =]
P :={y:R; — R, | yis continuous, ¥(0) =0, and y(s) > 0 for s > 0}
H ={ye £ | yis strictly increasing }
Heo :={y€ | yis unbounded}
Z = {y :R; — Ry | yis continuous, strictly decreasing and}Lm ¥(t) = 0}
HL ={B Ry xRy =Ry |B(-,1) eVt >0, B(s,") € L Vs>0}

Forany x,y e R" wedefinex >y:< x; >y;, foralli=1,--- n.

2 Preliminaries

Leth>0, to € Rbe given and [tp —h,T) C R, T < oo be a time interval. For a scalar valued
function g € C([to — h, T);R), we introduce the map

max : C([to —h, T);R) = C([to, T);R) , g+ gy , (2.1)
where
Vtelty, T): g (t):= max g(s)ER. (2.2)

s€ft—h,1]

Similarly for a vector valued function g € C([to —h, T);R"), n € N, we define component-wise

T n
Vi€, T): g}vl(t) = (g}/ﬁh(t) , g¥7h(t),...,g,\{7h(t)) cR". (2.3)
Sometimes, we write g¥ instead of g/ to simplify notation, if the value  is clear from the context.
For o € C([to — h, T);R), we introduce the map

argma

argmax : C([to —h, T);R) — PC([to, T);R) , a3 argmaxo
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Vi€, T): (argmax a)(t):= sup{r €, T): r[nax ](x(s) = a(r)} eR, (2.4)
sEt—h,t
similarly, for a vector valued function o € C([to — h, T); R"), we define

Vi€ ty, T): (argmaxa)(t) := ((argmax oy)(z),--- , (argmaxa,)(¢))’ €R". (2.5)

Using the definition (2.5), we can rewrite the definition (2.3) as follows

T
gi (1) = (&1 ((argmax gn)(1)) -+ , g ((argmax g)(1)) ) - 2.6)
From (2.4) it follows that argmax ¢ is piecewise continuous function satisfying
Vt € ty, ) : (argmaxo)(r) <t.

To illustrate the above definitions, consider the following example.

Example 2.1 Let g(t) = sint on [—1, 6] and h = 1. Then we have

sint , tef0, 7], t, telo, 3],
1, relf,2+1], . z telZ,241],
si=1 AL (argmax sin) (1) = 4 2 5.3+
sin(r—1), re[Z+1,r), t=1, te[F+1,17),
sint , tet*, o], t, te, o],

where t* := (37 + 1) is the unique solution of sint* = sin(t* — 1) on (2 + 1, 6](Figures 1, 2).
The max-operator has the following properties:

1. Sublinearity.
For continuous functions g, 1 : [fo —h, T) — R", T < o, the following holds

Vi, T): (g+m)" (1) <g' () +n"(1). 2.7)
Indeed, fix any ¢ € [to, 7). Fix any i € {1,--- ,n}. Lett;, 12, 13 € [to, T) be such that
gi(h) +min) = (gi+m)" (1), &) =g (1), M) =m"(t).
Then we have
(gi+m)" (1) = gi(t) +mi(nr) <&V (0) + M (1) = gi(r2) +Mi(13) - (2.8)

Inequality (2.8) holds for any i € {1,--- ,n}, hence (2.7) is proved.
Moreover, for any number ¢ > 0, the map defined by (2.1) satisfies

(a+g) =a+g,, (ag)) =ag, .

2. Monotonicity.
Let £,6 € C([to—h,T);R"), T < oo. If £(t) > g(t) for all 7 € [to — h, T), then &' (1) >
g) (¢) for all ¢ € [ty, T). Moreover, if for any i =1,2,---, n, function g; is nondecreasing
(nonincreasing) for all [to — h, T'), then function glV is nondecreasing (nonincreasing) for all
t € [to, T). In this case for any 7] > t,, it follows that gV (1;) > g"(12) (resp. g¥(t1) < g¥(12)).
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Figure 2: The graph of (argmax sin)(z) .

3. Periodicity

Let g € C([to — h, );R) be periodic with period 7’ > 0. Then for any & > 0, the function g,/
is periodic on [fy, o) with the same period 7’. Indeed, for all ¢ € [ty o), we obtain

Vv V
t1):= max g(s)= max g(s+7’ max s)=:1g,t+T).
gr (1) sl h,z]g() s ht]g( )= sl T,}g() g ( )

. Useful inequality.
The next Lemma provides useful estimation for the work with max-operator.

Lemma 2.2 Leth >0, 1) € R, T < 4o, and g € C([to—h, T);R"). Then forallt € [ty, T)

n max [g(s)] = nlg”|(r) > 1" ()] = 1g"1(r) - (2.9)

Proof. For any fixed t € [ty, T'), we have

()] = [(g1(arg max gl( ,-eo, Enlarg max gn(s)))"|
seft— s€(t—h,1]
. 2
\/ Y g2 (arg naxgifs \/lgg, g max [g(s)])

= |g(arg max [g(s)])] = [g"[(z) -
s€[t—h,1]
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This implies the second inequality in (2.9). To prove the first one observe that for any i =
1,...,n, the following holds

max = max 4/ ) > max .
s€[t—h t]‘ ( sE[t—h,1] ng s€[t—h,1] ‘gl( )|

Taking the sum left and right for all i = 1,...,n, and using that Y, ¢; > /Y7, ¢ holds for
any ¢; > 0,i=1,...,n,and |g;(s)| > gi(s) for any s, we obtain

> ; 2
nsel[lzl—a})f,z} | ZZI seI[Itlali( 1] ‘gl l; eI[Itla})ft )
(2.10)
> i 2= =1g" (1) .
> \/ ;(ser[??})z(,z]g (s)) Ser[glg;t]g(S) g"(1)]

5. Lipschitz continuity.

Definition 2.3 Let (X, || ||x) and (Y, || ||ly) be two normed spaces. A map x :X — Y
is called Lipschitz continuous if there exists a Lipschitz constant L > 0 such that for all
X1, X € X the following holds

[ (x1) = 2 (e2) |y < Lfx1 —xa|x -

Lemma24 Let h >0, to € R, T < oo, n € N. Max-operator is Lipschitz continuous with
Lipschitz constant L =n i.e.

\V/V,WGC([IO—]’I,T);R”): HVZ Hto <I’l||V WH[I()*h,T) . (211)

Proof.  For short we denote v =: v". We obtain

IV =W,y == sup () =w ()] = sup [(v—w+w)"(t) —w"(1)]
t€lty,T) t€lty,T)
@7 (2.10)
< sup | max (v(s)—w(s))| < n sup  max |v(s)—w(s)]
t€lty,T) |sE€t=h,1] t€fto—h,T)SEl—h,1]

=n_sup [v(t) —w(t)| =:nllv=wl[g_nr1)-
t€lto—h,T)

O

Note that max-operator does not preserve smoothness as already seen from the Example 2.1, where
g), is not differentiable at r*.

Let top = 0, 4 > 0 and consider the system of differential equations with max-operator and input
signal u € Lo([0, 00);R™) of the form

x(t) = ft,x(t), %] (t),u(t)), t>0, (2.12)
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where f € C([0, o) x R" x R" x R™;R") with initial condition
x(t)=o@(t), te€[-h,0], (2.13)

where ¢ € C([—h, 0];R"). By x(¢) we mean the right-hand side derivative of x at . Note that (2.12)
is a system of functional differential equations with state-dependent piecewise continuous delay.
The state space of this system is C([—h, 0];R"), therefore we deal with an infinite-dimensional
dynamical system.

Remark 2.5 Since max is sublinear operator, system (2.12) is, in general, nonlinear i.e., it can
happen that the sum of two solutions of the problem (2.12), (2.13) is not a solution to (2.12), (2.13).

Definition 2.6 For an input u € L([0, o0); R™) and an initial function ¢ € C(|—h, 0];R"), a func-
tion x(-) =x(-;@, h, u) is called a solution to the problem (2.12), (2.13), if there is a Ty € (0, o]
such that x € C([—h, T¢);R"), x(t) = @(t) for all t € [—h, 0], x is absolutely continuous on [0, Ty)
and satisfies differential equation (2.12) almost everywhere on [0, Ty); x is a maximal solution if it
has no right extension that is also a solution.

For each input u € L.([0, «);R™), the function F : [0, ) x R" x R" — R” is defined by
F(t,8,8):=f(t,&, &, ut)).

Suppose that Q is an open subset of [0, e) X R" x R". The function F : Q — R" is said to satisfy
the Carathéodory conditions on  if

(i) for each fixed t € R, function F(¢, -,-) is continuous;
(ii) for each fixed &;, & € R”, function F (-, &1, &) is measurable;

(iii) for any fixed (¢, &, &) € Q, there is a neighborhood W (¢, &; , &) and a Lebesgue integrable
function m : [0, ) — R such that

’F(t7§1/>§é)|§m(t) for all (t,é{,éé)GW(l‘,él,éz);

(iv) for each compact subset Q C Q, there is a locally integrable function [ : [0, %) — R such
that

P, &, &)~ F(, &L &) <10 (116 — &l +11& - &ll)

forall &,&,&,& €Q, and for almost all 7 € [0,0) .

By Lemma 2.4, max-operator is Lipschitz continuous, hence under Carathéodory conditions
imposed on F : [0, o) x R" x R" — R", existence of unique maximal solution x(-) = x(-;@, h) of
the problem

x(t)=F(t,x(t),x/(r)), t>0,
x(t) = o), te[=h,0],

where x(r) € R", h > 0, ¢ € C([—h, 0];R"), follows from Theorems 2.1, 2.3, 3.1, 3.2 in [14].
Therefore we can formulate the following theorem.

(2.14)
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Figure 3: Graph of functions y and ¢.

Theorem 2.7 Let h >0, ¢ € C([—h,0];R"). Assume F :[0,00) x R" x R" — R" satisfies the
Carathéodory conditions. Then there exists a unique solution x : [—h,Ty) — R", Ty € (0, o] of

the problem (2.14), and every solution can be extended to a maximal solution; moreover, if x is
bounded for all t € [0, Ty), then Ty = oo.

For any function ¢ € C([—h, 0];R"), we define the function y € C([—h, 0];R") by

y(t):= max ¢(s), t€[—h,0]. (2.15)
s€lr,0]
Here max is taken component-wise as in (2.3). Note that each component of the function y(-)
defined by (2.15) is a nonincreasing function (see Figure 3). Indeed, let ¢, ,#, € [—h, 0] such that
t; < tp. Then we have
y(n) = max @(s) > max ¢(s) = y(t),

s€lt1,0] s€[t2,0]
and
Vi€ [—h,0]: max @(s) = y(t) = max y(s), (2.16)
s€(t,0] s€(t,0]
holds. Also,
Vie[—h,0]: y(t) > e(t),
and

¥(0) = ¢(0).
Consider the equation with maximum (2.12) with the initial condition
x0)=wy(t), te[-h,0], (2.17)
where the function y is defined by (2.16).
Assumption 2.8 For any initial function ¢ € C(] O;R"), h > 0 and any input u €

—h,
Lo([0, 00);R™), there exists a unique solution x(-) = x(-; @, h,u) of the problem (2.12), (2.13)
defined on [0, oo).

Lemma 2.9 Let Assumption 2.8 be satisfied. Then for any ¢ € C([—h,0;R") and any input
u € Lo([0, 00); R™), the solution of the problem (2.12), (2.13) coincides with the solution of the
problem (2.12), (2.17) on [0, o).
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Proof. Let h >0, ¢ € C(|—h,0;R") and u € L.([0, «);R™). By the Assumption 2.8, for any
initial function solution to the problem (2.12),(2.13) exists on [0, o), therefore denote by x;(-) =
x(;0,h,u) and x2(-) = x(-; ¥, h, u) the solution to the Cauchy problem (2.12), (2.13) and the
solution to the Cauchy problem (2.12),(2.17) on [0, o), respectively. Let # € [0, h]. Then we have

X1 (t) = f(t,x (t)7x\1/,h(t)7 u) = f(t,x(t), maX{selgl_aX

0] (p(s) ) Sgl[gﬁ]xl (S)} ) u)

2.16)

f(t,x1(t), max{ max wy(s), max x;(s)},u).

s€(t—h,0] s€(0,7]
Therefore, x(-) = x(-; @, h, u) is a solution to the Cauchy problem (2.12),(2.17) on [0, 4]. By the
Assumption 2.8, there exists a unique solution of (2.12) with initial condition (2.17), hence

Vee[0,h]: x1(t) =x(t) . (2.18)
Let ¢t > h. Consider (2.12) for t > h with the initial condition
Vie[0,h]: x(t) =x(t) . (2.19)

By the Assumption 2.8, there exists a unique solution x;(-) to the problem (2.12), (2.19), and
in conjunction with (2.18), we conclude that x;(-) = x,(-) on [h, ), where x;(-) is the solution
to (2.12) with initial condition x(z) = x,(¢) for all t € [0, h]. Therefore, x; (t) = x2(¢) on [0, o). This
proves the lemma. g

Remark 2.10 Lemma 2.9 shows that without loss of generality we can restrict our consideration
to the case of the nonincreasing initial functions. Also from Lemma 2.9 it follows that prob-
lem (2.12), (2.13) has no backward uniqueness property.

The following notion of stability, originally introduced for ordinary differential equations (ODEs)
in [28], is used in this paper.

Definition 2.11 System (2.12) is called input-to-state stable from u to x if there exist a function y
of class 2 and a function B of class & £ such that for each input u € Lo([0, o0);R™) and each
initial function @ € C([—h, 0];R"), the unique solution x(-) = x(-;@, h,u) to (2.12), (2.13) exists
forallt € [0, ) and furthermore it satisfies

(@) < B(llell, 1) +¥(lull) , =0, (2.20)
The function vy is called ISS-gain.

Definition 2.12 If in Definition 2.11 function B(s,t) = Me *'s for any s, t € R, and some M >
0, A > 0, then system (2.12) is called exponentially ISS (elSS).

Assume that f(¢,0,0,0) =0 for all 7 > 0, so that x = 0 is an equilibrium of (2.12).

Definition 2.13 The solution x = 0 of system (2.12) with u = 0 is said to be zero stable if for any
€ > 0, there exists a 6 = 6(€) > 0 such that ||@|| < & implies |x(t)| < € for all t € [0, 00). It is
said to be zero asymptotically stable if it is zero stable, and for some 6 > 0, ||@|| < & implies
lim x(¢) = 0. It is zero globally asymptotically stable (0-GAS) if it is zero asymptotically stable with

[—ro0

0 = 0. It is zero globally exponentially stable (0-GES) if there exist ¢ > 0, k > 0 such that for any
@ € C([~h, O;R") the solution satisfies |x(t)| < ce *||@|| for allt € [0, ).
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In the special case when f has no input signal
i) = f(t,x(t), %/(), >0, 2.21)

instead of 0-GAS (0-GES) of x = 0 we say that x = 0 is globally asymptotically stable (GAS)
(globally exponentially stable (GES)).

3 Comparison lemmas

In many problems of mathematical control theory one needs to compute bounds of a solution
x(-;u) to equation x = f(¢, x, u) without knowing the solution itself. One of the powerful tools
which is widely used for this purpose is the comparison principle (see [19, Lemma 3.4, pp.102] and
e.g.[29, 30] for its applications).

In the literature there are some comparison results for delay equation in the form

n

X(t) = — _gl%(f)x(f— %(t)), t>0, 3.1
with initial condition
x(t) = (1), re[ min inf(s—7(s)), 0], 3.2)

where 7; € C([0,00);Ry), i=1,---,n, ¢ € C([ nllin ir>1£(s— 7;(s)), 0];R,). For example, in [22]
i=1,.ns>

the equation (3.1) in case 7;(¢) = 7 is studied. The authors consider two different initial conditions
and compare corresponding solutions. In [21] the case of continuous variable delays is considered
and the following comparison result is obtained:

Theorem 3.1 Let 7, € C([0,);Ry), i=1,---,n, ¢ €C([ rglin igg(s—ri(s)) ,O0;R;),Le (0, 00].
i=1,,ns>
Assume x satisfies (3.1) and (3.2) for allt € [0, L). Suppose y € C([ r?in ir>1£(s —Ti(s)), o0);R) and
i=1, s>
y € C'([0, «0);R) satisfies

50> ~ ¥ gy -u(0) . 120,
"

; ref min inf(s—(s)), 0],

with y(0) = @(0) > 0. Then y(t) > x(t) for all t € [0, L), where the interval can be closed if L is

finite.

To the best of our knowledge, comparison results for general state-dependent delay differential
equation are not available in the literature.

Consider the differential equation with maximum in the form

£(0) = £, x(0),5(0) 120,
=), rel-h0], (33)

where x(1) € R, h >0, ¢ € C([—h,0];R).
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Assumption 3.2 f € C(]0, ) x R x R;R) satisfies the implication

yi<y2 = flt,x,y1) < f(t,x,y2) forall t >0, xcR.

Lemma 3.3 Leth > 0, ¢ € C([—h,0];R). Assume

e the Assumption 3.2 holds;
o there exists x(-) = x(-; @, h) solution to (3.3) on [—h,T),0 < T < co;

e thereisy € C([—h,);R) such that y is differentiable almost everywhere on [0, =), satisfies

y(1) < f(t,y(0),y,(1)), 1€[0,T), (3.4)

and y(t) < @(t) forallt € [—h,0]. Then y(t) < x(t) for all [0, T).

Proof. Fort =0 we have y(0) < x(0) and y,/(0) < x)/(0). Consider the function r(z) := x(¢) — y(r)
on [0, T'). Note that #(0) > 0. Assume there exists 7* € (0, T') such that r(t*) = 0 and r(-) > 0 for all
t €10,1*). Since x(-) is right hand side differentiable on [0, T') as a solution to the problem (3.3),
and by the assertion of the lemma y is differentiable almost everywhere on [0, T'), then function
r(+) is right hand side differentiable on [0, 7). This in particular means that 7(¢*) < 0. On the other
hand, by Assumption 3.2

V() < f@, (), v () < (7, x(7) 2 (1) = x(t7) - (3.5

It follows from (3.5) that 7-(¢*) > 0 which contradicts 7(#*) < 0. Thus, such ¢* does not exist. This
proves the lemma. 0

4 Scalar differential equations with maximum and input

Consider the scalar problem with max-operator and input in the linear form

X(t) =ax(t)+bx)(t)+u(t), t>0,
x(1) = o), t€[=h,0],

where x(t) € R, h >0, a,b €R, u € Lo([0,);R), ¢ € C([-h,0];R). Recall that (4.1) defined
an infinite-dimensional dynamical system. Since the right-hand side of (4.1) satisfies Carathéodory
conditions, Theorem 2.7 insures that for every input u € L.([0, =);R) and every initial function ¢ €
C([—h,0];R), there exists a unique maximal solution x(-) :=x(-;¢@, h,u) on [0, Tf), Ty € (0, oo].
Recall that inputs are essentially bounded, then solution x(-) is bounded on [0, 7), and therefore
Ty = +oo. We define, for this x(-)

Dyy={r€[0,e) | x(t) <xy(1)} ,
Gy ={r€[0,00) | x(t) =x;(r) <0} .

4.1

Note that by this definition for any solution x(+) to (4.1), it holds D, yNGyy =



46 S. Dashkovskiy, S. Hristova & K. Sapozhnikova, J. Nonl. Evol. Equ. Appl. 2019 (2020) 35-58

Theorem 4.1 Leth >0, u € Loo([0, 00); R) withu(t) <0 forallt € [0, ) and a, b € R be such that
a+b<0. (4.2)
Let x(-) be the unique solution of the problem (4.1) on [0, o). Then

[0, 00) = Dy() UGy, - (4.3)

Proof. By the definition of sets D,y and G,.), the following holds
[0,00) D Dx(‘) U Gx(.) .

We will prove that
[0, 00) C D) UGy - 4.4)

Assume there exists #; € [0, o) such that #; ¢ D,(.)UG,(.) which indicates that
x(t1) =x(t1) >0. 4.5)

Then
X(tl) = ax(tl) —&—bx,\l/(t]) —|—u(t1) :x(tl)(a—i—b) —|—u(t1) .

Since u(¢) < 0 for any r > 0 and taking into account (4.2), it follows that there exists € > 0 such
that x(f) < 0 almost everywhere on (¢; — €, 1 + €). Therefore, x is decreasing on (1; — €, 1, +€) =
x(f1) < x)/(t1). This contradicts (4.5). Hence inclusion (4.4) is obtained. O

Remark 4.2 From the proof of Theorem 4.1 it follows that if D, is bounded then there exists
t* € [0, o) such that the solution x(-) satisfies the ODE %(t) = (a+b)x(t) +u(t) for all t <t*. In
this sense the infinite-dimensional system (4.1) reduces to a one-dimensional after t*.

Example 4.3 Consider the following problem

x(t) —2x)(t)+u(t), t>0,

te[—h,0], (4-6)

=
e
-~
N—
I
S I—

with h =2, u € Lo([0,);R). The condition (4.2) holds and let u(t) := —e™" —1 < 0 for all
t €10, 00). The solution to (4.6) is

Sert 420142 1€10,2],
x(t) = (—ez—Z%ge%t—i—S%e%”l +7Be 410, re2,30],
—172745e72 —2¢7' - %, t €315, ) .

The point t* = 32k satisfies x(t*) = x(t* — h) and x(t*) = x)/ (t*) i.e., x(t) < x)/(t) for all t < t*
which indicates that the equation (4.6) becomes an ODE for all t* > 3%0 i.e.,, we have D, =

[0, 35%) and Gy = 3555+ o) (see Figure 4).
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Figure 4: Sets Dy and G, for the solution to the problem (4.6).

In the considered example differential equation reduces an ODE at t* and remains ODE for all r > ¢*.
However, in general, dynamic of system with maximum and input may change back from one to
infinite. For example, let us consider the following Cauchy problem

(1) = —xy (1) —u(r) , 1€]0,2),
x(t)=0, te[-2,0]. “.7)
Choose u(t) = —|sinz| < 0 for all # > 0. By Theorem 2.7, there exists a unique solution x(-) for (4.7)

for which, by Theorem 4.1, we have
[0, 00) = Dx() U Gx() .

The sets D,y and G,(.) are shown in the Figure 5.

0.5

Figure 5: Sets D) and Gy for the solution to (4.7).

Lemmad4.4 Leta,beR t*>0,h>0, ¢ € C(|[—h, O0];R) be given and function x € C(|—h, «);R)
be such that
X(t) =ax(t)+bx)(t), t>1*,

x(1) = () , telrt—n, 1. (4.8)

Assume (4.2) holds and
@ (1) = (") <0. (4.9)
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Then for all t € [t*, o) the solution to the problem (4.8) coincides with the solution of

x(t)=(a+Db)x(t), t>t*, 4.10)
x(t*) =(t*) <0.
Proof. 1t follows from (4.9) that there exists € > 0 such that the solution to the problem (4.8)
coincides with the solution to the problem (4.10) for all # € [¢*, t* + €]. By (4.2) and continuity of
x, we obtain x(¢) > 0 for all 7 € [t*, t* 4 €], then x is nondecreasing on [t*, t* + €] and, therefore,
maximum is attained at the right end of [t — &, t] for ¢t € [t*,t* + €]. Since the solution to (4.10),

x(t) = @(t*)e @) =1") is a nondecreasing function for all 7 > r*, maximum is taken at the right end
of [t —h,t] for all t > ¢*, thus (4.8) is equivalent to (4.10) for all # > ¢*. O

Remark 4.5 By definition of G,.), it follows that t* = ir>1(f)Gx(4). Hence (4.8) reduces to an ODE for
1>
allt > t*.

S Stability of scalar equations with max-operator

Here we consider scalar equations without input. In [35], it was proved that the trivial solution
to the delay equation

x(t)=—x(t—h), te€]0,),

is GES if and only if 7 € [0, 7). The following theorem shows that GES of the trivial solution to the
corresponding equation with maximum does not depend on the value of 4.

Proposition 5.1 Let h, b >0, ¢ € C([—h,0;R). Suppose x(-) = x(-;¢, h) is the solution to the
Cauchy problem
X(t) =—=bx)/(t), t>0,
x(t) = @(1) , [=h,0].

Then the trivial solution to (5.1) is GES.

G.D

Proof. By [34, Theorem 3.1], it follows that (5.1) is asymptotically stable. Notice that (5.1) is a
particular case of (4.1) for which Theorem 4.1 holds. Assume that D, is bounded, then for some
t* > 0 by Remark 4.2 and Lemma 4.4, it follows that the solution to problem 5.1 coincides with the
solution to

x(t)=—bx(t), t>r",

x(1*) =x)/(t%) .

Then |x(z)| < |x(t*)]e 2~"") for all 1 > r* and therefore, there exists ¢ = ¢(¢, h, t*) > 0 such that
lx(t)] < ce™||g]| for all £ > 0. Next, assume D,.) is unbounded, then by definition of D,., for all
t > 0, the solution to problem (5.1) coincides with the solution to the delay differential equation

x(t)=—bx(t—h), t>0,
x(t)=o(1), te[—h,0].

(5.2)

By [20, Remark 2.2], asymptotic stability of (5.2) is equivalent to GES. Thus theorem is proved. [J
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Proposition 5.2 Leth, b >0, ¢ € C([—h,0];R), ¢ € R. Suppose x(-) = x(-; ¢, h) is the solution
to
x(t)=—bx)(t)+c, >0,

x(t) = (1) (€ -h.0]. )
Then the trivial solution to (5.3) is GES.
Proof. Denote z(t) := x(t) — § forall ¢ € [0, o). Then
(1) =—bz)/(r), t>0,
5.4
)=~ 5. 1€[-h0. G4

Applying Proposition 5.1 to the problem (5.4), we obtain the GES of (5.4) and, therefore, of (5.3).
O

Stability of the problem
x(t) = —ax(t)—bx)/(t), t>0,
x(t)=o(t), te[—h,0],

where a,b € R, h >0, ¢ € C([—h, 0];R"), is studied in [34]. There it is shown that the trivial
solution of the problem (5.5) is GAS if and only if a, b satisfy

5.5

b>—a, for a>—1/h,
b>1te "1 for a<—1/h, (5.6)
see Figure 6.
e—-ah——l

/ / /
//
/

"'///7///

: /

/.

|

SR R

b= —a

Figure 6: Shaded region stands for the set of parameters for which the trivial solution to the prob-
lem (5.5) is GAS.

Recall that the trivial solution to the delay differential equation in the form
x(t)=—ax(t)—bx(t—h), t>0,
x(t) = 9(1) | r€[~h,0],
wherea,b € R, h >0, ¢ € C([—h,0];R"), is GAS if and only if a, b satisfy

(5.7)

1
a>-—, —a<b<r(a),

where r(a) = A(hsinA)~!, A is the unique root of @ = —A A~ ! cotA in the interval (0, 7) [3], [13,
pp.108-109], see Figure 7.
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S| prmmmnenes

Figure 7: Shaded region stands for the set of parameters for which the trivial solution to the prob-
lem (5.7) is GAS.

6 Input-to-state stability of systems with maximum

Consider the following system of differential equations with maximum in the linear form

%(t) =A(t)x(t) +B(t)x) (t) +u(t), >0,
x(1) =o(1), te[—h,0],

where x(t) € R", A,B € C(|0,);R"*"), initial function ¢ € C([—h,O0];R"), input u €
Lo(]0, o0); R™). The right-hand side of (6.1) satisfies Carathéodory conditions, thus by Theorem 2.7,
for every input u € L.([0, );R") and every initial function ¢ € C([—h,0];R"), there exists a
unique maximal solution x(-) :=x(-;¢, i, u) to problem (6.1) on [0, Ty), Ty € (0, o|. Since inputs
are essentially bounded, solution x(-) is bounded on [0, 7¢), and therefore Ty = +oo. The scalar
case of (6.1) with a periodic input u(-) is studied in [15, 8], where several stability properties are
obtained.

6.1

Now we investigate whether the system (6.1) is ISS and what is the corresponding gain function.
First, derive the following auxiliary result for the scalar case. Consider the differential inequality
%(t) < —a(t)x(t) +b(t)x),(t) +w(t), t>0, 6.2)
with a non-negative initial function
x(t)=9(), te[-h,0], (6.3)
where x(1) € R, ¢ € C([—h,0;R;), h >0, a,be C([0,);(0,)), input w € L([0, );R).
Lemma 6.1 Let x € AC([0, o0);R,) be a solution to (6.2), (6.3). Assume a,b € C(]0,);(0, ))

such that
Vi€ [0,00): a(t)—b(t)>6>0,
where & := i[(r)lf )(a(t) —b(t)). Then there exists A > 0 such that
t€[0, 00
Iiwl

x(r) < max{1, h} gl e + =

L 1>0. (6.4)
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Proof. Define the function H as follows:

H(t, M%) :=A"—a(t) +b(t)er", A cR, t€[0,0). (6.5)
Consider
F(A*):= sup H(t,A*), A*e€R,. (6.6)
€0, 00) ’

Observe that function F is continuous for all A* € R, then

F(0) = sup H(t,0)= sup (—a(t)+b(1))

t€[0,00) t€[0,00) 6.7)
= (= sup (~[a(t)~b(1)]))) = — inf (a(t)~b(r))=—5<0. '
16[0700) tE[O,OO)
Write
= inf b:= inf b

4 zel[(r)l,oo)a(t) ’ : tel[(r)l,oo) <[) ’

a:= sup a(t), b:= sup b(t),
€0, 00) €0, 00)

since functions a, b are bounded on [0, =) by assumption a, @, b, b € R, are finite numbers. Set
F(A*):=A*—a+be*", F(A*):=A*—a+be* " then
F(A") SFQAY) <F(A), A"€R,.
Since F(A*) — oo, F(A*) — oo, when 1* — oo, one obtains
F(A") o0, as A" — 0. (6.8)

Let 0* be such that 0 < 6* < §. Then from (6.7), (6.8) and by the continuity of F it follows that
there exists A > 0 such that,

F(A)= sup H(t,A)= sup (A—a(t)+b(t)") =—-6*<0.

t€[0,00) t€[0,00)

Hence
Vi €[0,00): A—a(t)+b(t)e* < -8 <0. (6.9)

For any € > 0, define the function ¢ € C([—h, ); R, ) by

vl
)
Observe that g(r) > x(¢) for all r € [—h, 0] by this definition. We prove that g(r) > x(¢) for all

t € (0, o). Suppose this is not true, i.e., there exists #; > 0 such that ¢(¢;) = x(¢;) and ¢(¢) > x(¢)
forz € (0, 11). Therefore, for the left side derivative the following holds

gti—) <x(ti—) .

C](f) = [max{l , h} H(pH +8]e—lt+

At the same time
(t—) = —Ae " [max{1,h} || +&] > (—a(t) +b(t)e*")e " [max{1, h} | o] +¢]
= —a(t)e " [max{1, h} || ||+ €]+ b(t)e*"e*" [max{1, h} | ¢ + ]

—~atn) [ate) ~ 51 o) fater - - 151
)

= —a(t)x(1) +b(r)q(ty —h) — (—a(t)) +b(1)) =
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Lett € [ty —h, 1] be such that x)/ (1) = x(¢').

In case #; > h we have ¢’ > 0 and from the choice of the point #; and monotonicity (decreasing)
of the function g on [0, oo) we obtain x(¢') < g(t') < q(t; — h).

In case t; < hif #' <0 then x(¢') <||@|| < g(t; — h). Therefore,
q(t—) > —al(t)x(tr) +b(n)xy () + [w]| > (0 —) -
The obtained contradiction proves the inequality g(¢) > x(¢) for all t € (0, ) and the claim of

lemma. O

Coming back to the system (6.1) we assume that the following assumptions hold for (6.1):
Assumption 6.2

(i) Letb € Ry, B€ C([0,o0); R™™M) in (6.1) be such that |B(t)|| < b forallt € [0, ).

(ii) Let there exist a function
V:R" R, y— V(y) =y Py,

where P € R™" is a positive definite, symmetric matrix P € R"™", i.e. for some constants
o >o >0
aly? <V(y) < alyl® forallyeR". (6.10)

(iii) the inequality
Y (PA(t) +AT (t)P)y < —aa|y|* forallt >0, y e R"

holds with o
a3>2n5m2§, 6.11)

where oo = min{1, o, }, m = ||P||, [|B(t)|| <b € R, forallt € [0, ).

Theorem 6.3 Letb c R, ,n €N, h, A, &, m, 0, 03 > 0, Assumption 6.2 hold, u € L. ([0, 0); R")
and ¢ € C([—h, O];R"). Then the following estimate for the solution to the problem (6.1) holds

200m
ooz —20nbm

1 _
[x(1)] S\/ia—lmaX{lyh}H(PHe My lull , 220,

Proof. Compute the derivative V (x(¢)) of the Lyapunov function along the solution x
V(x(t)) =x"(t) (PA(t) + A (t)P) x(t)
+ (BT ()%, " () +u" () Px(t) +x" (t)P (B(t)x), (t) +u(t)) (6.12)
< =0 [x(¢)[* 2 x(0) [ | B()PI| by (1) +2[x(2)| | P [Jul] -

Let € > 0 be an arbitrary small number and define the function R : [—h, e0) — (0, o) s.t.

2o JV(x()+e, t>0,
R(t)'{ycp(t)PJre, t€[~h,0). (13
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From (6.10) it follows that for all 7 € [0, o)

’x(t)‘<\/V(x(t)) <\/V(x(t))—i—8
B o (03]

_ \/RZ(r) RO _
o \/(JT] -

Let & € [—h, o) be such that r[na})l( ]|x(s)] = |x(&)|. Assume t € (h, ). Then & > 0 and by (2.9),
SE[t—h,t
we obtain
V(x(&
SO <n_max [x(s)] = nfx(§)] <V 2D
s€(t—h,1] (04] (6.14)
R) R) '
_ VOGN TE _ RE) _ RIO) _ RI®
v/ £\ O v O \/a
Now, lett € [0, h]. If & € (0, o) then inequality (6.14) holds. If & € [—h, 0] then
R R/ (1
0] < max 1(6) = nk(€)] =nlo(@)] <nR(E) < =L <nF)
Then for ¢t > 0 we obtain
) R%(t) nbm 2R(1)
2R(t)R(t) =V (x(t)) £ —«. 2R(t R
(O)R(1) =V (x(z)) 3, RO 5 () + \/amHulla
N 0) , nb Jul
. R(t) nbm m||u
R(t) L —az—= Y (t .
()= =0y g R+
By Lemma 6.1 with
o3 nbm m||ul|
)= —— 1) = ) = 6.15
al) =g bO="2 e =" (6.15)
_ 2(X2 om
A >0: R(r) <max{l,h Aty = )
() < max{1, } [plle ™+ 2L
Since € > 0 is an arbitrary number, we can take the limit for € — 0 and obtain
_ 20p /om
V(x(t)) < max{1,h Ay . .
(00) < max{1, A 4 - ZEY ATy
Therefore from |x(¢)| < 7Vi/(ﬁ;l(t)) for any r > 0, we get
o 2062m
ax{1,h Aty = .
5(0)| < = max{L i} gl + 2R |
O

Remark 6.4 Note that from the proof of the Theorem 6.3 it follows that (6.1) is not only ISS but

even elSS.

The next statement follows immediately from the Theorem 6.3.

Corollary 6.5 Let system (6.1) be elSS. Then system (6.1) is 0-GES.
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6.1 Examples

Example 6.6 Leth>0,a>b >0, u€ L.([0,);R), ¢ € C([—h, 0];R). Consider a scalar system
with input

x(t) = —ax(t)+bx)(t)+u, t>0,

x(t) = (1), te[—h,0].

Applying Theorem 6.3 with A(t) = —a, B(t) =b, P=m=1, 0y =0 = 1, a3 =2a > 2b, we get
1
'}/: b and

1
|x(2)] gmax{l,h}Hq)He’Mﬁ—mHu” , 120,

for some A > 0 i.e., the considered problem is elSS.

Example 6.7 Consider

x(t) = —2x(t) +sintx) () +u, t>0,

x(t)=1, te[—h,0]. (6.16)

for fixed h = 2. Check the eISS property. Apply Theorem 6.3 in case A(t) = —2, B(t) = sint,
|sint| < 1=:b, forallt € [0, ), and check the conditions of the Theorem 6.3:

(i) chooseV(x)=x*thenP=1=mand ) =0 = o0 = 1;

(ii) A(t) = —2 then 2x(—2x) = —4x* and the inequality az = 4 > 2 holds.

Since the conditions of Theorem 6.3 hold, one can calculate

ZOtzm

ul|) = — ||ul| = ||u|| ,
V) = o=l =

1 _ _
ﬁ(ll(PII7t)=\/7—lmax{1,h}\lfp\le M=2e?, 120,
From Lemma 6.1 it follows that there exists A > 0 such that
x(t)] <2 +lul|, 1>0.

One can check that A = 0.27 satisfies A — 2+ e** < 0. The Figure 8 illustrates the behavior of
solution to the problem (6.16) and its input-to-state estimate in case u(t) = cost for allt € [0, o).

Example 6.8 Consider the following system
(6.17)

where
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N —x=x(t)
N - - Bkl

| | 1 1
0 5 10 15 20 25 30 35 40 45 50
time(s)

Figure 8: Graph of the solution to (6.16) and its boundedness.

h=1, ¢ €C([—1,0;R?), u € L.([0, ) R?). Find the ISS estimate for the solution of the prob-
lem (6.17) using Theorem 6.3. Let b := 1 = ||B(t)||, t € [0, ). Check Assumption 6.2 (ii), (iii).

Define
2 0
7o 2)

then ||P|| = m = 2 and Lyapunov function

V(x) = (é (2)>x:2x%+2x% forall x e R? .

Then the estimate (6.10) holds for oty = ap = 2. Find o3 such that the following inequality holds

ot [0 -0 DE I

T (6.18)
(3 )xm a0 s Al = —eslaf,
2
where \
12 —3
(1)
_% 8
and 0z = im,-n(Q) = min{xl ) ):2} Here A, = 7Lz 15 are eigenvalues of Q.

Notice that Assumption 6.2 (ii), (iii) hold with oz = 7 > 7. Hence, the conditions of the
Theorem 6.3 hold and one obtains the following estimate for the solution of the problem (6.17)

[x(2)

48
- >
13||u||? t—O?

| < \[H(Plle

where A > 0 satisfies A — % + %e’l <0.

7 Conclusions

This work presents several interesting properties of solutions to differential equations with max-
operator subjected to external perturbations. In particular the ISS property including explicit expres-
sion for the ISS gain function is derived. In our future work, characterizations of ISS by means of
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superpositions of other stability properties like asymptotic gain, global stability and 0-GAS property
will be investigated for systems of more general type, then it is considered in Theorem 6.3.
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