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Characterization of Finite/Fixed-time Stability of Evolution Inclusions

Andrey Polyakov

Abstract— Characterizations (necessary and sufficient con-
ditions) of finite-time and fixed-time stability of evolution
inclusions in Banach spaces are presented in terms of Lyapunov
functionals. The present version of the paper refines some
theorems from [1].

I. INTRODUCTION

The method of Lyapunov function is the main tool for
stability analysis and stabilization of both finite [2] and infi-
nite dimensional non-linear systems [3], [4]. Characterization
(necessary and sufficient conditions) of stability of evolution
systems is an important problem in this context (see [5], [6]).

Finite-time and fixed-time control and estimation problems
are in the scope control theory [7], [8]. Finite/Fixed-time
estimation algorithms allow a separation principle to be
realized in nonlinear systems [9]. Finite/fixed-time control
algorithms allows us to fulfill some time constrains [10].
Finite-time stable of infinite dimensional systems are studied,
for example, in [11], [12], [13], [14].

Some sufficient and some necessary conditions of finite-
time and fixed-time stability of finite dimensional systems are
given, for example, in [7], [15], [16]. This paper presents the
conditions for a class of evolution systems (both finite and
infinite dimensional).

Notation. B is a real Banach; H is a real Hilbert space;
L(B,B) denotes the space of linear bounded operator on B;
L? denotes the Lebesgue space of quadratically integrable
functions; Cg°is a set of infinitely smooth functions with
a compact support; H? is a Sobolev space and H} is a
completion of Cg° in the norm of HP; 0 is the zero element
of B; K (resp. K) is a set of strictly increasing positive
functions o : [0,+00) — [0,400) (resp. o(s) — 400 as
s — +00); B(r) is a ball of the radius r > 0 centered at 0.

II. SYSTEM DESCRIPTION AND BASIC ASSUMPTIONS

Let us consider the nonlinear system

& — Ax € F(t,x), t> to, (D

where tg > 0 is an initial instant of time, x(t) € B is the
system state, A : D(A) C B — B is a linear (possibly)
unbounded closed densely defined operator which generates
a strongly continuous semi-group ® of linear bounded op-
erators on B (see e.g. [17, Chapter 2] for more details) and
F :RxB = B is a set-valued non-linear mapping such that

The research is partially supported by ANR Finite4SoS project (15-CE23-
0007) and the Government of Russian Federation (Grant 08-08).

Andrey Polyakov is with Inria Lille, Univ. Lille, CNRS, UMR 9189
- CRIStAL, (F-59000 Lille, France) and with ITMO University, 49 av.
Kronverskiy, Saint-Petersburg, 197101, Russia (andrey.polyakov @inria.fr).

0 € F(t,0). The latter means that the evolution inclusion
always has the zero solution.

Definition 1: A continuous function z : [tg,to +T) — B
is said to be a mild solution to (1) if there exists a selector
(a single-valued mapping) f € L'((tp,to + 7)), B) such that

f(s) € F(s,z(s)) for almost all s ¢€ (0,T)

t

x(t) = ®(t)xzg +/ Dt —s)f(s)ds, Vi€ [to,to+T).
to

If this mild solution satisfies (1) for (almost) all ¢ € (0,7T)

then z is called classical (strong) solution of (1).

The integral in the above definition is understood in the sense

of Bochner (see e.g. [18], page 187).

The problem of existence of solutions for evolution models
like (1) with singled-valued and set-valued F' is studied in
literature (see e.g. [17], [19], [20]). Notice that if B = R"
then, to guarantee existence of solutions, the operator A must
be bounded and, without lost of generality, we may assume
A =0, ie. (1) becomes an ordinary differential inclusion.

Assumption 1: A mild solution x;, 5, with the initial con-
dition zo € B exists and is defined, at least, on a time interval
[0,7), where t = +00 or t < 400 : lim, 7 ||z¢q, )| =
~+o00. The time instant ¢ may depend on z and/or on a
concrete solution x4, ., if solutions are not unique.

The aim of this paper is to provide characterizations (nec-
essary and sufficient condition) of finite-time and fixed-time
stability of the system (1) in terms of Lyapunov functions.

Notice that the most of constructions presented below can
be repeated for more general models of dynamical systems
dynamical systems considered, for example, in [5] and [21].

III. PRELIMINARIES
A. Stability Definitions

The concept of stability introduced by A.M. Lyapunov
[22] considers some nominal motion x, , (t) of a dynamic
system and studies perturbations Axg of the initial condition
xo, where the index t(, x¢ indicates a dependence of a solu-
tion of the initial condition z(tg) = x¢. If small perturbations
imply small deviations of perturbed motions i, 4o+ Az, (£)
from zj . (t) then the nominal motion is called stable.
Below we consider the zero solution (or, equivalently, the
origin) of the system as the nominal motion.

Solutions to ODEs, differential inclusions and evolution
systems may be non-unique in the general case. This implies
two possible types of stability: weak stability (a property
holds for a solution) and strong stability (a property holds
for all solutions). Weak stability usually is not enough for



control purposes. In this paper we deal only with strong
stability.

Definition 2 (Lyapunov stability): The origin of the sys-
tem (1) is said to be locally (globally) Lyapunov stable if
there exists €., € KC (resp. Koo) such that

240,20 ()] < €45 ([[0l]),

for any solution ¢, , of (1) and any xo € U, where U C B
is a neighborhood of the origin (resp. U = B). If the function
€t, 1s independent of ¢, then the origin of the system (1) is
locally (gloablly) uniformly Lyapunov stable.

Let us recall the well-known result about Lyapunov stable
systems (see e.g. [7]).

Proposition 1: If the origin of the system (1) is Lyapunov

stable then x4, o(t) = 0 is the unique solution of the system
(1) with the initial condition z(ty) = 0.
Proof. Suppose the contrary, i.e. there exists a solution ¢, o
and a time instant ¢’ > ¢o such that z;, o(¢') # 0. Denote
€ = ||&y,,0(t')]|/2 > 0. From the definition of Lyapunov
stability we have for any € > 0 there exits § > 0 such that
lzo|| < ¢ always implies ||z, 4, (¢)]] < e for all ¢ > .
Taking into account that, in our case, ||zo|| = ||0]| =0 < ¢
we obtain the contradiction. H

Definition 3 (Finite-time stability): The origin of the sys-
tem (1) is said to be locally (globally) finite-time stable if it is
locally (globally) Lyapunov stable and finite-time attractive
in a neighborhood U (tg) (resp. U(ty) = B) of the origin,
ie. 3T : R x B — R, such that

Tio,20(t) =0, Vt >to+T(to, z0)

t >t

Vaog € U(ty) =

for any solution x;, ., of the system.

Obviously, if T satisfy the latter definition then the func-
tion 7'+ T also does for any nonnegative T"+. Therefore,
it is reasonable to consider a minimal functional 7.

Definition 4: A functional T': R x B — R, is called the
settling-time function of the finite-time stable system (1), if
T satisfies Definition 3 and for any 7 : R x B — [0, +-00) :
T # 0 the functional T — T does not satisfy Definition 3
(with the same U).

Finite-time stability always implies asymptotic stability.
The settling-time function 7" of time-invariant finite-time
stable system is independent of ¢3. However, in contrast to
asymptotic and Lyapunov stability, finite-time stability of
time-invariant system, in general, does not imply uniform
finite-time stability [7].

Definition 5 (Uniform finite-time stability): The origin of
the system (1) is said to be locally (globally) uniformly finite-
time stable if it is finite-time stable in a time-invariant attrac-
tion domain U and the settling time function 7' : RxU — R
is locally bounded uniformly on the first argument, i.e. Yy €
U,3e > 0 such that sup; cr, |z—y|j<c 1 (t0; To) < +00.

Notice that uniformity of finite-time stability on initial
condition is guaranteed by local boundedness of 1" on z,
but uniformity on the initial instant of time comes from the
uniform boundedness of 1" on ¢ (see [23] for more details).

Definition 6 (Fixed-time Stability): The origin of the sys-
tem (1) is said to be locally (globally) fixed-time stable if

it is locally (globally) uniformly finite-time stable and the
settling-time functional 7" is globally bounded, i.e.

ATnax > 0: 2y 20 (t) =0, VE>to+ Thax, Voo € U

where U C B is a neighborhood of the origin (U = B).
Fixed-time stability can be discovered even for linear
evolution systems (i.e. with F' = 0). For example, solutions
of wave equations with the so-called transparent boundary
conditions vanish in a fixed time (see e.g. [24] and [11]).

B. Generalized derivatives

A mild solution satisfies the evolution inclusion (1) in the
integral sense (see Definition 1). Its time derivative may not
exist and not satisfy (1). Generalized derivatives (see e.g.
[25]) can be utilized in this case for Lyapunov analysis.

Let Z be one of the following sets: [a,b], (a,b), [a,b) or
(a,b], where a,b € [—00,4+0], a < b. Let K be the set of
sequences of real non-zero numbers converging to zero:

{hn} €K < h,—0, h, #0.
Definition 7 (page 207, [25]): A number
D yo(t)= lim £UHnl=e® (Ve ¢4 h, €T

n——+oo
is called derivative number of the function ¢ : Z — R at the
point t € Z, if the above limit exists (both finite and infinite
limits are admissible).
The set of all derivative numbers of the function ¢ at the
point ¢t € 7 is called contingent derivative:

Dxp(t) = U
{hn}€EK:3D(h,, y(t)
Obviously, if a function ¢ is differentiable at a point t € 7

then Dgo(t) = ¢(t).

Lemma 1 ([25], page 208): The set Dgp(t) -
[-00,+00] is nonempty for ¢ : T C R — R and
tel

If ¢ : Z — R then the notation Dkp(t) < 0 means y <
0, Yy € Dgy(t). In the similar component-wise sense we
define| Dx(t)| < L with L € R, and ¢Dg¢(t) with g € R.
Definition 7 implies if Dx¢1(t) < ¢1 and Dxpa(t) < ca for
all t € I, where c1,co € R, then Dg(¢1+ ¢2)(t) < ¢1+ ca.

Recall that a function ¢ : Z— R is called decreasing on
TitVt,to €Lt <ty = (p(tl) > gﬁ(tz).

Lemma 2: The function ¢ : Z € R — R is decreasing on
7 if and only if Dge(t) < 0 holds for all ¢ € 7.
Sufficiency is the straightforward consequence of Definition
7 (see also [25], page 266]). Necessity immediately follows
from the definition of the decreasing function.

Lemma 3 ([25], page 212): If a function ¢ : [a,b] = R
is decreasing then it differentiable almost everywhere and

{D{hn}w(t)} - [7007 +OO}

b

o0) - (@) < [ d(ryar

Lemma 4: Let a function f : [(()17 T) — R be continuously
differentiable with f/ > 0, where T < +oo. If ¢ : T —
[0,T) is a decreasing function then Dx f(¢(t)) < 0 for all
te7 and w < f'(p(t))e(t) almost everywhere on Z.



Proof. Since ¢ is decreasing and f and differentiable with
f' > 0 then for h, > 0 we have LelFh))=f(e®) _

hn
— S5 g I (@) < eltrhn)—e(®) min () <
n n z€[p(t+hn),o(t)]
0, but for h, < 0 we derive L(Fha))=f(o(t)
“’“Jrh") x)dx !
Joce hnf( ) < so(t+h}:3—%0(t) min f'(z) < 0.

z€[p(t),p(t+hn)]
According to Lemma 3 the function  is differentiable almost

everywhere on Z. Hence, it is continuous almost everywhere
on Z and lim_>i(r)1ff’(<p(t+8))DK¢( ) = f(p(t))p(t) almost
everywheregon Z.

Lemma 5: Let ¢ : T — [0,C] with C' < 400 and ¢ :
Z — R.If Dgpi(t) < —1 and Dgys(t) < 0 then

Di(p192)(t) < —po(t), teT.
Proof. Since  £ilttha )9"2(t+h ) =1 (D)2 (t)

P1(tthn)p2(t+hn)— <P2(t)s01(t+h )+992(t)<P1(7‘+hn) e1()pa(t)
‘/’1(t+hn)(tp2(t+hn)7tp2(t)) then

under our assumptions we derive Dyp, }(<p1g02)() <
©2(t)Din,yo1(t). W

C. Positive Definiteness and Generalized Properness

Recall that a functional W :  C B — R is said to be
positive definite if W (0) = 0 and W (x) > 0 for x € Q\{0}.

Lyapunov function candidates in R™ are usually positive
definite and proper (see e.g. [26]). Recall that a mapping
f :R™ — R is proper if the inverse image of any compact
set is a compact set. In the general case, closedness and
boundedness is not sufficient for compactness in Banach
spaces, and the properness in the classical sense may be
too strong condition for Lyapunov function candidate. For
“generalized” proper functions given by Definition 8 an
inverse image of any compact set belongs to a closed
bounded set (which may be not compact in the general case).
Below the word “generalized” is omitted for shortness.

Definition 8: A positive definite functional V' : R x
Q) — [0,+00) is said to be proper at O (locally proper)
if there exists V,V € K such that V(||z]|) < V(t,2) <
V(||z||) for all z € 2\{0}, and all ¢ € R, where Q C B is
a neighborhood of 0.

A positive definite functional V' : B — [0, +00) is said to
be globally proper if V.,V € K=, Q = B.

The locally/globally proper positive definite functions are
conventional Lyapunov function candidates for stability anal-
ysis of dynamical systems (see [2], [5]). To analyze a decay
of such discontinuous function along trajectories of a system,
the generalized derivatives considered above can be utilized.

Given number 7 € R and given positive definite function
W :Q CB — R let us denote the level set of the function
W as follows IL(W,r) := {z € Q: W(z) < r}.

jz 02 ()Wl(“rhn) v1(t)

IV. CHARACTERIZATION OF LYAPUNOV STABILITY

Lyapunov Function Method is founded on the so-called
energetic approach to stability analysis. It considers a posi-
tive definite function as a possible energetic characteristic
(energy) of a dynamical system and studies evolution of
this function in time. If such a function is decreasing along

any system trajectory then the system has some stability
property. The following theorem can also be recovered from
[27, Proposition 14.1].

Theorem 1: The origin of the system (1) is locally (glob-
ally) uniformly Lyapunov stable if and only if there exists
a locally (globally) proper positive definite functional V :
R x © C B — R such that the inequality

DV (t, 24y, (1) <0, Yt >t 2)
holds for any ¢, € R and for any mild solution x, ,, of (1)
as long as x4, 4, (t) € Q\{0}, where € is a neighborhood
of the origin (resp. 2 = B).
Proof. Sufficiency. Let 9 > 0 be such that B(gp) C €,
where B(r) as before denotes an open ball in B of the radius
r > 0. Notice that such gy always exists since 0 € int §2.

Since V is locally proper, then there exist V.,V € K such
that V(||lz||) < V(t,z) < V(|jz||) for all z € Q\{0} and
all ¢ € R. This implies that for any € > 0 here exists a
sufficiently small A, > 0 such that II(V,A\.) C B(e) and
there exists ¢ € (0, min{ep,e}) such that V(g.) = A.. On
the other hand, since the functional V is locally proper then
36 € (0, ¢.) such that V(¢,z) < V(q.) for all z € B(d), all
t € Rand B(6) C II(V, \.) C B(e).

Given xo € B(4) let us consider an arbitrary mild solution
Tty.2,(t) of (1). The inequality (2) and Lemma 2 imply
that ¢ — V(¢,24,,4,(t)) is decreasing on t > ¢, as long
as Ty, .z, (1) €€

Let us show that ||z, 2, (t*)]] < ge < € for all ¢ >
provided that ||zg]] < § < ¢.. Suppose the contrary, i.e.
3 > b ¢ sy ()] = o and [feg 0 ()] < g for
t € (tg,t*). From the definition of the function V we derive
V(t,z(t*, to,z0)) = V([[z(t",t0, z0)[) = V(g:) = A
On the other hand, x4, 4,(t) € B(g.) C B(eo) C Q for
all t € (to,t*), ie. V(t,24,4,(t)) is decreasing on this
interval and V (¢, 24 4,(t)) < V(to,x0) < Ae. We obtain
the contradiction.

Necessity. Let Sy, , denote the set of all solutions of the
system (1) with the initial condition x(tg) = z. Let the
origin of the system (1) be uniformly Lyapunov stable.In
this case, the functional V : R x 0 C B — B given by

V(to, x0) := sup

Ttg,20E€5tg,20

SUp [|40,z0 (2)]]-
t>tg

is locally (globally) proper. Indeed, by construction V' is
non-negative and V (||xzol]) = ||zol] < V(¢ 20), but the
definition of local (global) uniform Lyapunov stability im-
plies that V' is well defined and locally bounded in some
neighborhood € of O (resp. 2 = B) and there exists V € K
(resp. Koo) such that V(t,z) < V(||z|]), eg. V(s) =
S sup,cp ||z=s V (¢, ). Finally, due to uniform Lyapunov
stability of the origin, V (¢, x4, 4, (¢)) is decreasing and, by
Lemma 2, DV (t, 24, 4,(t)) < 0 as long as xy, 4, (t) €
o\{o}. &

Notice that, in many cases (see e.g. [23]), we do not need
to know solutions z;, ., to check the inequality (2).




V. CHARACTERIZATION OF FINITE-TIME STABILITY

The finite-time stability combines two properties: Lya-
punov stability and finite-time convergence. The correspond-
ing Lyapunov theorem must characterize both of them.

Theorem 2: The origin of the system (1) is locally (glob-
ally) uniformly finite-time stable if and only if there exist
a locally (globally) proper positive definite functional V' :
R x 2 C B — R and a locally bounded uniformly on the
first argument functional 7 : R x 2 € B — [0,400) such
that the inequalities

DV (t, 2y, () <0, DT (t, x4y 0,(t)<—1, t>to

3
hold for any ¢y € R and for any mild solution ¢, 4, of (1)(33
long as x4, 4, (t) € Q\{0}, where  is a neighborhood of the
origin (resp. {2 = B). Moreover, the functional 7" estimates
the settling time, i.e. 24, 4, (t) = 0 for t >ty + T'(to, xo).
Proof. Sufficiency. Theorem 1 implies that the origin of
the system (1) is locally (globally) Lyapunov stable. This
means that any solution zy, ,(t) remains bounded for all
t > to and x4, 5, (t) € Q provided that x, belongs to some
neighborhood U of 0 (resp. U = B in the case of global
Lyapunov stability). Hence, t — T'(t, x4, 4, (t)) is uniformly
bounded Vi > t.

Let us consider the interval [tg,t1 + €],e > 0,t;1 =
to + T'(to,xo) and show that there exists an instant of time
t* € [to,t1 + €] such that xy, ,,(t*) = 0. Suppose the
contrary, i.e. Ty, 4, (t) # 0 for V¢ € [to, t1+¢]. The inequality
(3) and Lemma 2 imply that the function T'(-, 4, 5,(-)) is
decreasing on [tg,t; + £] and, consequently, differentiable
almost everywhere on [tg,¢1]. Then using Lemma 3 we
derive

T(t1+e,2ty,uq (t14+€) =T (to,Tty,z0 (t0)) <

ttlerET(T,a:to,zO(T)))d‘rg7(t1+57t0):7T(t0,a:0)75,

“0
ie., T(t1+¢€, Tty 00 (t1+€)) < —e. This contradicts to T > 0
for all x € U C  and all ¢t € R. Therefore, there exists
t* € [to,t1 + €] such that x¢, ,,(t*) = 0. Since ¢ > 0
can be selected arbitrary small then t* € [tg,t1], i.e. t* <
to + T(to, o). Proposition 1 implies that the origin of the
system (1) is uniformly finite-time stable.

Necessity. Let the origin of the system (1) be locally (glob-
ally) uniformly finite-time stable. Notice that Proposition 1
implies that x4, 0 = O is the unique solution of our system
with the zero initial condition. The existence of a functional
V follows from Theorem 1.

Let Sy, ,», denote the set of all solutions of the system (1)
with the initial condition x(ty) = z¢ € U, where U C B
is a domain of finite-time attraction (U = B in the case of
global finite-time stability). If z € Sy, ,, then z is defined
on [tg, +00).

Let us introduce the functional 7' : R x U C B — R as
follows

T(ty,x0) = sup

wEStO,wO

inf T, xg9 € U.
7>0: z(to+7)=0

Since the origin is uniformly finite-time stable then T'(¢, x) >
0 and 7' is locally bounded on z € U uniformly on ¢t € R.

Let x be an arbitrary solution such that z(¢) € U for all
t > t* and let h > 0 be such that z(p) # 0 with p €
[to, o + h]. In this case, there exists & € Sy, ;(1,) such that

inf7'>0 s & (to+7m)=0T > h and
T(to,x(to))—h= sup T—h=

inf
@E€Sy w(tg) 77O @(to+T)=0

sup
*€5¢0,2(t0)
su
©€5¢0,2(t0)

inf =
F>—h: a(tg+h+7)=0

inf T.
F>0: z(tg+h+7)=0
Let us denote

h
Sto »Z0

= {Z[tg+h,+00) € C([to + h, +00),B) : 2 € Sty a0 } »
where h > 0 and 2,14, 4o0) denotes restriction of a function
z : [to, +00) — B to the time interval [ty + h, +00). Since
Sto—i-h,a;(to-i-h) C SZJ,x(to) then

T(to+h,z(to+h))= sup
©ESyth,a(ty+h)

inf 7<
#>0 : x(tg+h+7)=0

~ su ~

sup ~ inf 7= P
F>0:(t0+h =0 wes,

zesh

inf 7.
3 #>0:x(tg+h+7)=0
to,z(tg)

Hence, we obtain h=1(T'(tg+h, z(to+h)) —T(tg, x(to))) <
—1 for any sufficiently small & > 0. Similarly, one can be
shown h=Y(T(to, x(ty)) — T(to — h,x(tg — h))) < —1 for
h > 0. Therefore, Dx(T'(t,z(t))) < —1 as long as 0 #
z(t)eU. N

Notice that if the system (1) is autonomous (i.e. F is
independent of t) then V and T in Theorems 1 and 2 are
independent of t.

If the settling-time function 7" is continuous at the origin
then the function 7' can be excluded from Theorem 2 and
the settling-time can be estimated using V.

Corollary 1: The origin of the autonomous system (1) is
locally (globally) uniformly finite-time stable with a contin-
uous at the origin settling-time function if and only if there
exists a locally (globally) proper positive definite functional
V:Q CB — [0,+00) such that the inequalities

DKV(xto,wo (t)) <-1 t > 1o, 4

hold for any tp € R and for any mild solution x¢, , of (1)
as long as Ty, 4, (t) € Q\{0}, where € is a neighborhood
of the origin (resp. 2 = B).
Proof. Sufficiency can be proved similarly to Theorem
2 using V instead of T in all considerations. Necessity.
According to Theorem 2 we have two functions V' and T
such that V is locally proper, T is locally bounded and
DgV(xty.0,(t)) < 0, DgT (244 4,(t)) < —1. Since T is
continuous at 0 and 7(0) = 0 for any finite-time stable
system, then the function V"¢ := V+T'is locally (globally)
proper and DgV ™" (x4, 4,(t)) < —1. W

The finite-time stability can be characterized by means of
the coercive Lyapunov function (see definitions in [5]).

Corollary 2: The origin of the autonomous system (1) is
locally (globally) uniformly finite-time stable with a contin-
uous at the origin settling-time function if and only if there
exist a locally (globally) proper positive definite functionals
V,W:Q CB — [0,+00) such that the inequalities

DKV(xtuﬂfo (t)) S -1- W(xto,mo (t))v t> th (5)



hold for any ¢y € R and for any mild solution zy, ., of (1)
as long as xy, 4, (t) € Q\{0}, where € is a neighborhood
of the origin (resp. 2 = B).

Proof. Sufficiency immediately follows from Corollary (2).
Necessity. According to Theorem 2 we have two functions
V and T such that V' is locally proper, T' is locally bounded
and DV (zy,.2,(t)) < 0, DxT(xt,4,(t)) < —1. Since
T is continuous at 0 and 7'(0) = O for any finite-time
stable system, then the function V"% := T + (T + 1)V
is locally (globally) proper. Using Lemma 5 we derive
DgV™® (x4, 4,(t) <—-1—-V. R

A. Characterization of Fixed-time Stability

If the system is fixed-time stable then it finite-time stable.
Stability theorems for such systems are expected to be
similar.

Theorem 3: The origin of the system (1) is locally (glob-
ally) fixed-time stable if and only if there exist a locally
(globally) proper positive definite functional V : R x € C
B — R and a uniformly bounded functional 7" : R X
Q C B — [0,+00) such that T(¢,0) = 0, T(t,z) <
Tmax < +o0o and the inequalities DgV (t, x¢, 4,(f)) < 0,
DT (t, %4y ,50(t)) < —1 with ¢ > to hold for any t; € R
and for any mild solution zy, 4, of (1) as long as x, ,,(t) €
O\{0}, where € is a neighborhood of the origin (resp.
Q =B).

Proof. The proof literally repeats the proof of Theorem 2
using the property of boundedness of 7" (i.e. 3T}, > 0 such
that T'(t,2) < Tiyax forallt e R and all z € ). A

If the settling-time function 7' is continuous at the origin
then fixed-time stability can be analyzed by means of a
Lyapunov function V' only.

Corollary 3: The origin of the system (1) is locally
(globally) fixed-time stable with a continuous at the origin
settling-time function if there exist a locally (globally) proper
functional V' : 2 C B — R and a number ¢ > 0 such that
the inequalities DgV (x4, 4, (t)) < 0 with ¢ > to, and

a.e.

V(‘rtoyl’o(t)) S _q(l +V2(xt0,ro(t)))a

hold for any ty € R and for any mild solution x4, 5, of (1) as
long as y, 5, (t) € Q\{0}, where Q@ C B is a neighborhood
of the origin. The settling-time function admits the estimate
T(xg) < 2—’; for all zg € B (resp. 2 = B).

Proof. Theorem 1 implies that the origin of the system (1) is
locally (globally) Lyapunov stable. In particular this means
that any solution initiated in U exists for all £ > 0, where
U is a neighborhood of the origin (resp. U = B). Notice
that V(z; ,) is a monotone function and it is differentiable
almost everywhere.

Let us prove fixed-time convergence and show a settling
time bounded by Ti,.x = 0.57/q. Suppose the contrary,
i.e. there exists a solution xy, 5, which exists on [0, +0o0)
and does not vanish after the time 7},.«. Let us consider
the functional 77 : B — [0,+00) defined as follows
T(x) = 2ctanlV@) < 7 Obviously, T is locally
proper. Since arctan is a differentiable function then, using
Lemma 4 we derive DxT(x¢,4,(t)) < 0 for all ¢ >

t> 1o (6)

[to,to + Tmax] and T'(xy, 4, (t)) < ‘1(1+“//(2$(2£:,(;(;2t)+s)) <
—1 for almost all ¢ € [tg,to0 + Tmax)- Hence, using
Lemma 3 we derive T'(zy, 2, (to + Tmax)) — T (@120 (t0)) <

ST P4 g (1)) < T, i T(@g,00 (o +
Tiax)) = 0. Proposition 1 implies that x;, ,,(t) = 0 for
all t > tg 4+ Tiax- A

The conditions mentioned in the latter corollary are neces-
sary for the local fixed-time stability. Existence of a globally
proper Lyapunov function satisfying (6) for a globally fixed-
time stable system is still an open problem in the general
case. Particular cases are studied in [16], [15] for finite-
dimensional systems, where it is assumed that the settling-
time function is, at least, locally proper. This is not the case
for an unbounded operator A in (1) (see Section VI-B for
more details).

Corollary 4: If the origin of the autonomous system (1) is
locally (globally) fixed-time stable with a continuous at the
origin settling-time function then there exist a locally proper
functional V' : 2 C B — R and a number ¢ > 0 such that
the inequalities DgV (24, 4, (t)) < 0 with ¢ > to, and

V(@000 (1)) 'S —q(1 + V(10 0 (£))),

hold for any ¢y, € R and for any mild solution x, ,, of (1) as
long as x, 4, (t) € Q\{0}, where 2 C B is a neighborhood
of the origin (2 = B).
Proof. Since the system is locally (globally) fixed-time
stable then it locally(globally) uniformly finite-time and
Lyapunov stable. According to Theorem 3 there exist the
Lyapunov functional V' and the settling-time 7" such that
DgV(xty.0,(t)) < 0, DxT(x4y,4,(t)) < —1 as long as
Ttg,z0(t) € Q and T'(xg) < Tinax € (0, +00) for all z¢ € Q.
Let us consider the functional Tj : € — [0, +00) defined
as follows Ty(z) = T'(z) + <1 - ﬁ) ,x € €. Using
Lemma 4 we derive DxTy(zy,4,(t)) < —1 as long as
Tiy.zo(t) € Q and Ty is locally proper, ie. 3L, Ty € K
such that Ty (||z||) < To(z) < To(||z||). Moreover, we have

Ty(s) =1

t >t

and  To(s) = 1+ Tmax as s — +00.

The functional Vj B — R given by Vy(z) =
tan (mq})(l‘)) ,x € €. is locally proper. Using
Lemma 4 we derive V(x4 24(t)) < 0 for all ¢t € [to,to +
Tax) and DxVo (24, ,24(t)) < —W for almost
all t € [to, to + Tmax]~ |

The claims given above are proven without any assumption
about continuous dependence of solutions on initial condi-
tions. Making such assumptions we can derive continuity (or
even Lipschitz continuity) of V and T

VI. EXAMPLES

A. Example of finite/fixed-time stable evolution system in a
Hilbert space

Let us consider the evolution inclusion

t—Arx e F(x), ze€H, t>ty @)
_ _ L (=l +elz)?)z, if x50,
Fla) = { B(1), if =0, az0



and A : D(A) € H — H is a closed densely defined
dissipative operator (Az,z) < 0, x € D(A) on a real
Hilbert space H with an inner product (-,-) and the norm
lz|| = /{z,x),z € H.

Existence of solution. Let us show that the considered evo-
lution inclusion has a mild solution for any initial condition
2(0) = x9 € H and a classical solution for any initial
condition z(0) = x9 € D(A)\{0}. Let us consider the
evolution equation

i = Ar — f(x) — afjz||z, zeH (8)

with f(z) = p (Hgﬂy“) Tay> Where 6 >0 and p : [0, +00) —
[0,1] is the "cut-off” function given by

0 if  r=0,
— 1 __1
,0(7") - {er(e—e I-m) if 0<r<1,
1 if  r>1.

The function p is smooth and 0 = p'(0) = p/(r) for r > 1.
Tthe norm is continuously Frechét differentiable on H\{0},
(Dllz|)(h) = 452, @ € H\{0}, h € H,. Hence, we
derive the Frechét derivative D f(z) € L(H, H) of f

<M>|is<|364) ot p(| E%\ )

T i v, L

Since g : H — [0, +00) defined as g(z) := |z ~3p (“ﬁ”j
is continuous on H, ¢g(0) = 0 then and Df is continuous
with respect to x in the operator norm. According to [17,
Theorem 1.5., page 187] we conclude that the considered
evolution equation (8) has classical solutions for any initial
condition zy € D(A). Notice that in this case any mild
solution with g € H is uniform (on a compact interval
of time) limit of classical solutions (see e.g. [17, Theorem
2.7, page 108]). Moreover, these classical solutions satisfy
(7) for ||z|| > §. Tending 6 — 0 we prove existence of
classical solutions of (7) on D(A)\{0} and mild solutions
on H\{0}. Since 0 € F'(0) then in the view of Definition 1
the evolution inclusion (7) has the trivial solution z(¢) = 0
for the initial condition x(0) = 0, i.e. (7) has solutions for
all initial conditions in H.

Stability Analysis. The functional V : H — [0,+4o00)
given by V(z) = |z|| is Frechét differentiable on H\{0}
and globally proper. If x is a classical solution of (7) with
xo € D(A)\{0} then

V(@(1)=DV (2() Az()~(e(t)]| +allz(t)]*)(1))

=TtaT {420~ T -l 220
<—1-afla(t)[P=—1-aV (a(1))?,

as long as x(t) # 0. Again any mild solution Z is a uniform
(on compact intervals of time) limit of classical solutions
x; — T as ¢ — +oo (see e.g. [17, Theorem 2.7, page
108]). Since V is continuously Frechét differentiable then
any Dy, 4V (&(t)) is a limit of V(z;(t)) with some properly
selected sequence {z;}. Taking into account, V (z;(t)) <
—1—aV (z;(t))? we conclude Dk (z(t)) < —1—aV (Z(t))2.

Therefore, according to Corollaries 2 and 3 the evolution
inclusion (7) is globally uniformly finite-time stable for o >
0 and globally fixed-time stable for a > 0.

B. Settling-time function with zero lower estimate

Let us consider the evolutlon inclusion (7) with o = 0,
H = H(~1,1),R), 4 = &, D(A) = HY(~1,1),R) N
H2((—1, 1),R). In this case the model (7) describes some
heat system. The term F' can be tread as distributed feed-
back control [28], [13]. Recall that the inner product in
HO(-1,1),R) = L2((—1,1),R) is given by (z,y) —
fi1 z(8)y(s) ds, the eigenvalues of the operator A are \; =
i?72,i = 1,2, ... and the eigenfunctions are given by ¢;(2) =
sin(i¢),i = 1,2, .... define a basis in H°. In this case, any
classical solution z of (7) on H\{0} can be represented as

+oo
=Y wi(t)e(z)
i=1

where x; : R — R are some continuous functions. Taking
into account (¢;,¢;) = 0 for ¢ # j and (¢;,¢;) =
1 we derive (¢;, Az(t)) = —Xz; and (¢, F(z(t))) =

7\/(;(1320» - \/Z?"("t)z 5 al long as x(t) # 0. Hence,

we have
#lh = VEa

Let us consider now the sequence of initial conditions
x(0) = r¢;, where r > 0 is an arbitrary constant. On
the one hand, such a selection of the initial conditions
guarantees that :cj(t) = 0 for all ¢t > 0, j # i and
i(t) = —Niz(t) — ‘ilggl, z;(0) = 1. Hence, we derive
zi(t) -0 as t — 1n(r;\7+1), i.e. the settling time T
tends to zero as i — +oco. On the other hand, ||(0)|| remains
constant for any ¢ > 1, since ||¢;|] = 1. Therefore, for
any r > 0 we derive inf), -, T'(x) = 0, i.e. the settling-
time function cannot be estimated from below by a class K
function. This is a specific feature of infinite dimensional
finite-time stable systems with unbounded operators. Such
a situation is impossible in the finite dimensional case (see

[7D.

VII. COMMENTS AND ACKNOWLEDGMENTS

n [1], Theorem 1 was claimed to be true for the time-
invariant V. However, its proof contains an error in the
necessity part. It works only for time-invariant case of
(1) even if B = R”. The author would like to thank an
anonymous reviewer of the paper [29] who pointed out
this error. Notice that the error has impacted some other
Lyapunov theorems presented in [1] and utilized in [30].
The necessity parts in the mentioned theorems are true only
for the time-invariant case F'(t,z) = F'(x). This fact does
not impact the results of [30] since the converse Lyapunov
theorems are utilized there only for autonomous systems.
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