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On Homogeneous Finite-Time Control for Linear
Evolution Equation in Hilbert Space

Andrey Polyakov, Jean-Michel Coron, Lionel Rosier

Abstract—Based on the notion of generalized homogeneity, a
new algorithm of feedback control design is developed for a plant
modeled by a linear evolution equation in a Hilbert space with a
possibly unbounded operator. The designed control law steers any
solution of the closed-loop system to zero in a finite time. Method
of homogeneous extension is presented in order to make the
developed control design principles to be applicable for evolution
systems with non-homogeneous operators. The design scheme is
demonstrated for heat equation with the control input distributed
on the segment [0, 1].

I. INTRODUCTION

A certain type of symmetry of an operator with respect
to the so-called dilation group is known as homogeneity [1],
[21, [3], [4], [5], [6], [7]. Homogeneity simplifies qualita-
tive analysis of nonlinear dynamical systems. For ordinary
differential equations (ODEs) it allows local properties (e.g.
local stability) to be extended globally, but asymptotic stability
and negative homogeneity degree always imply finite-time
stability [8], [9]. In order to ensure finite-time convergence
control and/or observer design algorithm can be based on
homogeneity [10], [11], [12], [13]. Homogeneous finite-time
stabilization of linear plants is studied in [10], [14], [13], [15]
but homogeneous finite-time observers are designed in [16],
[17], [18]. Homogeneity allows robustness analysis to be done
easily for essentially nonlinear systems [19], [20], [21].

Recently [22], a generalized group of dilations was intro-
duced for Banach spaces allowing us to extend all impor-
tant properties (known before only for ODEs) to homoge-
neous evolution equations in Banach and Hilbert spaces. The
generalized homogeneity can be established for many well-
known partial differential equations (PDEs) like heat, wave,
Korteweg-de Vries, Saint-Venant, Burgers, Navier-Stocks and
fast diffusion equations [22].

The finite-time control of PDEs is still the topic of intensive
research [23], [24], [25], [26], [27]. It is related with controlla-
bility analysis of evolution systems [28] as well as with sliding
mode control method [29], [30].

This technical note deals with homogeneous finite-time
control design for plants modeled by linear evolution equations
in Hilbert spaces. The design scheme follows the idea of
the implicit Lyapunov function method [31], [32], which
was recently linked with homogeneity theory [33]. Using
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the monotone dilations, we introduce the so-called canonical
homogeneous norm in a Banach space, which is utilized next
for both control design and finite-time stability analysis. The
preliminary version of this paper was presented at Conference
on Decision and Control [34]. The key differences are as
follows: the proof of the main theorem is presented; the results
are extended to evolution equations with non-homogeneous
operators which admit homogeneous (possibly set-valued)
extensions; piecewise linear realization of the homogeneous
feedback is studied; the new example of finite-time stabiliza-
tion of heat system with Dirichlet boundary conditions on the
segment [0, 1] is presented.

Notation. Set of reals (integers) is R (Z resp.); R4 =[0,+0o0);
H™(Q,R)=W™2(Q,R) is Sobolev space of functions {2 —
R, © C R is an open set; C§°(Q2,R) is the set of infinitely
smooth functions having compact support in Q; H'(Q,R) is
the closure of C§°(2,R) with respect to the norm in H™; X
denotes the closure of the set X of a metric space.

II. PROBLEM STATEMENT AND PRELIMINARIES
Let us consider the following control system
a(t) = Au(t) + BE(u(t)), t>0 (1)
u(0) = ug € D(A), ()

where A : D(A) C H— H is a (possibly unbounded) closed
linear operator with the domain D(A) dense in H, B : X — H
is a linear bounded operator, X is a real Banach space, H is
a real Hilbert space with the inner product (-,-), u(t) is the
system state, £ : H — X is a (locally or globally) bounded
feedback control.

The control aim is to steer any solution of the closed-loop
system to zero in a finite time. The control design procedure
is assumed to be based on the generalized homogeneity [22].

A. Homogeneous Dilations in Banach Spaces

Let £(B) be the space of linear bounded operators B — B,
where B is a real Banach space with a norm || - ||.
Definition 1 ([22]): Amapd : R — L(B) is called dilation
in B if it satisfies
o Group property: d(0) = 1 € L(B) and d(t + s) =
d(t)d(s) for t,s € R;
o Strong continuity property: the map d(-)u : R — B is
continuous for any u € B;
. Limitproperty:sgmoo||d(s)u|| =0 ands lirilooHd(s)uH =00
uniformly on u € S, where S is the unit sphere in B.

We refer reader to [22], [34] for more details about homo-
geneous dilations and homogeneous evolution systems.



The dilation d is strongly continuous group of linear
bounded invertible operators defined by an infinitesimal gen-
erator Gq : D(Gq) C B — B given by Gqu = ;iﬁr%d(s)%
with the domain D(Gq) ={u€B:3 I%W} being the
linear subspace dense in B. The genera?or (G4 is a closed linear
operator satisfying the property [35, Ch.1, Theorem 2.4]:

for any uw € D(Gy) and any s € R one holds d(s)u €
D(Gyq) and the function d(-)u : R — D(Gy) is continuously
differentiable, “-d(s)u = Gad(s)u = d(s)Gqu.

For example, if B = H°(R,R) then the dilation can defined
as (d(s)u)(z) = e*ule™®z), s € R, u € B, x € R has
the generator (Gqu)(x) = —zu'(z) + u(z) with the domain
D(Gq)={uc H'(R,R) : —au'+uc H°(R,R)}.

Definition 2 ([22]): A nonempty set D C B is said to be
d-homogeneous if D is invariant with respect to dilation d.

The set D can also be called d-homogeneous cone, since
a point z belongs to D together with the homogeneous curve
{d(s)z : s € R}. The d-homogeneous set D becomes the
conventional positive cone in B if d(s) = e*I € L(B).

The homogeneous sphere of the radius r is given by

Sa(r)={ueB:d(—In(r))u e S},

r>0. (3

One has Sg(r) = d(In(r))Sa(1). For g € £(B) let us denote

D D .
lgllz S lg(u)ll and [g]z = inf ‘lg(u)].
Definition 3 ([34]): A dilation d is (strictly) monotone on
DCBif ||d(s)|R <1 (resp. IB>0: ||d(s)|| R <eP*), Vs <O0.
If the dilation d is monotone on D C B then (see [34])
1. for any u € D\{0} there exists the unique pair (sg, ug) €
R x S4(1) such that u = d(so)uo;
2. the function |d(-)u|| : R — R4 (with w € D\{0}) is
continuous and strictly increasing on R;
3. the function[|d(")[|Z: R— R (|d(-)|Z :R—R,) is lower
(upper) semicontinuous and strictly increasing.

It is worth stressing that monotonicity of dilation depends

on the norm || - ||. For example, the dilation d(s) = (eos 695)
is monotone on B = R? equipped with the conventional

Euclidean norm, but it is non-monotone on R? equipped
with the weighted norm |ullp = VuTPu with P =

7 ( 0 ) S 4 |- Inthe latter case, the curve
2

2 2

{d(s)u : s€R} may cross the sphere S in two different points.

Remark 1 (On dense set): If the dilation d is monotone on
a set D dense in B then it is monotone on B, since D = B
and [[d(s)[2 = [d(s) .

Remark 2 (On a uniformly continuous dilation): Let the
generator (G4 be a bounded linear operator. Then the group
d is uniformly continuous, ||d(s)|% < esIGallZ for s > 0 and
L d(s) = Ggd(s) = d(s)Gq for any s € R (see [35, Ch.1]).

1 1
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B. Canonical homogeneous norm
Let us introduce the so-called homogeneous norm in B.
Definition 4: A continuous functional p : B — R is said
to be d-homogeneous norm in B if p(u) — 0 as u — 0 and
p(d(s)u) = e*p(u) > 0 for u € B\{0}, s € R.

The functional p may not satisfy triangle inequality p(u +
v) < p(u) + p(v), so it is not a semi-norm. However, many
authors (see e.g. [13], [36], [9]) call functionals satisfying
the above definition by "homogeneous norm”. We follow this
tradition and consider the canonical homogeneous norm

|lulla = €, where s, € R: ||d(—s,)ul| = 1.

“)
defined for monotone dilation. Obviously, ||d(s)ulla=e’||u|a.

Lemma 1: If the dilation d is monotone on B then the
functional || - || : B\{0} =R defined by (4) is single-valued
and positive. It can be prolonged to zero by continuity since
lulla =0 as ||u|| — 0. Moreover, if d is strictly monotone on
B then || - ||a is Lipschitz continuous on B\{0}.

In [34] such a homogeneous norm was called canonical
since it is induced by the canonical norm ||- || in B and ||u|jq =
1 < ||ul|=1. Obviously, ||u|l¢ = r implies v € Sq(r),7 > 0
and for any © € B we have

[d(n(Julla)]2 < fu]l < [[d(n(]|ulla)]IZ (5)

The canonical homogeneous norm || - ||q is not a norm in
a usual sense, but it defines a sort of topology in B. Indeed,
the homogeneous sphere is given by (3) and the homogeneous
ball can be defined as Bq(r) = {u € B: ||ulla <7}.

Lemma 2: Let d be a dilation in a Hilbert space H and
3B > 0 such that (Gqv,v) > B||v||%, v€ D C D(Gq), where
the set D is dense in H. Then the dilation d is strictly monotone
on H, the homogeneous norm || - |4 is Fréchet differentiable
on D(Ga)\{0} and the Fréchet derivative of || - || at v €
D(Ga)\{0} is given by

(= InJull) - d(= In [lull)u)
(Dlfulla) () = 1Gaar=1n Tulaye.di—tn Tufaay | lla-

(6)
Proofs of all claims are given in Appendix.

C. Homogeneous Operator
Operators to be studied in this paper are introduced by
Definition 5 (Homogeneous operator): An operator f :
D(f) C B — B is said to be d-homogeneous of degree v if
D(f) is d-homogeneous set and

fld(s)u)=e""d(s)f(u), seR, ueD(f),

where d is a dilation in B and v € R.

Any linear operator is always d-homogeneous of zero
degree if d(s) = e°I € L(B). However, in some cases
linear operator may also have negative or positive homogeneity
degree dependently of the dilation group. For example, the
operator A = &, : H2(R,R) C H(R,R) — H(R,R) is
d-homogeneous of degree ¥ € R provided that the dilation
d is defined as follows (d(s)u)(z) = e*u(e’?"*x), s € R,
u € H'(R,R), z € R and v < 4a.

Remark 3 (On set-valued homogeneous operator):
Definition 5 1is applicable to a set-valued operator
F : D(F) ¢ B = B provided that the identity (7) is
understood in the set-theoretic sense (as equality of sets). It
remains meaningful even for unbounded sets (values of F)
since d(s) is a linear bounded invertible operator on B. In
this paper we introduce the relaxed set-theoretic condition of
homogeneity of the operator F' given by the inclusion

e”’d(s)F(u) C F(d(s)u),

)

seR, ueD(F). (8



Evolution equations with d-homogeneous operators were stud-
ied in [22] and [34]. Below we basically use the next property:
if a uniformly asymptotically stable evolution system is d-
homogeneous with negative degree then it is finite-time stable.

D. Homogeneous Extension

Homogeneous extension allows some homogeneity-based
methods to be applied for non-homogeneous systems.

Definition 6: (Homogeneous extension) A (possibly) set-
valued d-homogeneous operator F : D(F)CB=B is said to
be d-homogeneous extension of an operator f : D(f)CB—B
if f(u) C F(u) for any uw € D(f) C D(F).

Set-valued homogeneous extensions appear, for example, as
a result of Filippov regularization procedure applied to dis-
continuous vector field [12], [14]. It also allow us to simplify
robust stability analysis of uncertain non-linear affine system
s =a+b¢, sER, |a| <O, 0< bpin < b < byax provided
that the extended differential inclusion s ¢ [-C,C] +
[Dmin, bmax)€ is homogeneous, where £ =£(s, §, ..., s 1) is
a homogeneous feedback law [12], [14].

In this paper we deal with the homogeneous extension

Fw= J A{e7d-9)f@dsu)}, O
s€R:d(s)ueD(f)
having the domain D(F)= |J d(s)D(f). By construction the

seR
set-valued operator F' is d-homogeneous of degree v. It sat-

isfies (7) in the set-theoretic sense (see, Remark 3). Formally,
such a set-valued homogeneous extension is defined for any
fixed v € R. For example, if f(u) = —(1 + 0.5sin(u)))u
with v € R then F(u) = —u - (0,400) for v # 0 and
Fu) = —u- (2, 2) for v = 0. The issue of an appropriate
selection of the parameter v can be solved for a concrete f.
Below we utilize the homogeneous extension for Lyapunov
analysis of a well-posed non-homogeneous evolution system
u(t) = f(u(t)) having classical (or strong) solutions u(t) €
D(f) C H. Notice that in the latter case we do not need to
prove existence of solution to the extended evolution inclusion
4 € F(u) but we simply use the fact f(u(t)) C F(u(t)) in
order to estimate time derivative of the Lyapunov-like func-
tional V' : D(f)\{0} — R defined as V(u) = ||ul/a. Indeed,
if D(f) € D(Gq) and 33 > 0 such that (Gqz,z) > Blz|?
for z € D(Gq) (see, Lemma 2) then the formula (6) g1ves

_ (= 1In [[ufla) f(w), d(= In [Julla)u
V( (DH“Hd) ( ))— (Gad(— 1nﬁu”dq)1ud( 1n|\17||:)u || ||d

(= 1n [[ulla)y, d(=In [[ulla)u)
Sygﬁlﬁ)@dd( I [[ula)w,d(— In Jul[a)u)

HU”d

for u € D(f)\{0}. Since F is d-homogeneous operator then
e”*d(s)F(u) C F(d(s)u) for any s € R and
A P i (U,d(—lnHqu)u)
v v o flullg)w)
V(w) < flull T alaar

(Gad(—In [lufla)u.d(—
Using ||d(—In ||u|/q)u]| = 1 we conclude that the inequality

a(Gaz,z) + sup (v, z2) <0, VzeD(f):]z]|=1 (10)
vEF(2)
implies
V(u) < —aV'™(w), a>0, uweD(f)\{0}. (1)

In the latter case the functional V' decays along any solution
u(t) € D(f) and vanishes in a finite time provided that v < 0.

The above considerations remain consistent for the case of
unbounded sets F'(u),u € D(f). For example, if f : R — R
is defined as f(u) = —(1 + |u|)+/|ulsign(Ju|), v € R and
d(s) = e®, v = —1/2, then the formula (9) gives the set-valued
d-homogeneous extension with F(u) = |ulsign(u) -
(1,4+00). The differential equation &(t) = f(x(t)), obviously,
has continuous right-hand side so its solutions are well-defined
(at least locally). For the uniform dilation d(s) = e® one has
Gg=1and V(u) = ||ulla = |u| Hence, from (10) and (11)
we derive V' < —V/2 since 2% + sup,¢ .y yz < 0 for all
z € R: |z| = 1. We refer reader to [15], [33] for more details
about application of this scheme in the finite-dimensional case.

III. HOMOGENEOUS FINITE-TIME CONTROL DESIGN

In [15], [33] finite-time control is designed for linear finite-
dimensional plants using implicit Lyapunov function method
and homogeneity. First, a linear stabilizing feedback and
a corresponding quadratic Lyapunov function are designed.
Next, homogeneous dilation is applied in order to derive a
finite-time stabilizing feedback and a corresponding implicit
Lyapunov function. In this paper, we follow the same idea and
use the norm || - ||¢ defined by (4) as a Lyapunov function.

Theorem 1: If A : D(A) C H — H is a generator of a
strongly continuous semigroup on H, B : B— H is a linear
bounded operator and

A) dy is a uniformly continuous group of linear bounded
operators in H and ~||z||* < (G, 2, ), Vz € H with >0,

B) d be a dilation on H such that B||z||?> < (Gaz,z2) for
2€D(A)CD(Gy) and 3>|Ga, |1

C) 3K € L(H,X) such that BK(D(A)) C D(A) and

((A+ BK + aGy)z,z) <0, YzeD(A),

where o > 0 is a positive number,
D) the operator A be d-homogeneous of degree —u < 0 with
1€ (0,8—|Ga, |%] and d(s)BKd:(s)=BKd(s), scR,
then the feedback control £ : H — H defined by

_ Jlullg” Kdy (= In([Julla)w if u#0,
is Lipschitz continuous on H\{0}, Fréchet differentiable on
D(Ga)\{0} and BE(D(A)) C D(A). If B> pu+ ||Ga, || then
¢ is continuous at 0 € H. If AM > 1 such that ||d(s)||# <
M0 for s > 0 then ||€(-)|| < M||K| .

For any ug € D(A)\{0} the closed-loop system (1), (2),
(12) has a unique classical solution' u : [0, T(ug)) — H such
that ||u(t)|| — 0 as t — T'(uo) and

illﬂ( tlla < —allu(®)llg™" ¢ € [0,T(uo)),

and the settling time admits the estimate T (ug) < Hu;llj“ .
The finite-time extinction of classical solutions obviously
follows from the inequality (13), which can be derived using
conditions of Theorem 1. Indeed, Condition D) asks for d-
homogeneity of the operator f := A + B¢ with negative

degree —p < 0, so one has e #*d(s)f(u) = f(d(s)u) =

'A continuous function w : [0,7) — H is called classical solution to the
initial value problem (1), (2) if it is continuously differentiable on (0,T),
u(0) = ug, u(t) € D(A) and u(t) = Au(t) + BE(u(t)) for all t € (0,T).

12)

13)



(A4 BK)d(s)u for s = —In(||u|la) and v € D(A). Hence,
Condition C) and the formula (6) yield (13). The detailed proof
of Theorem 1 is given in Appendix. If Condition D) does not
hold (non-homogeneous case) then the finite-time extinction
can be analyzed using extension of A.

Corollary 1: Theorem 1 remains true if D) is replaced with

D*) there exists a set-valued operator F : D(F) C H = H
such that Au+ B&(u) € F(u) for u € D(A) C D(F),
F' is d-homogeneous of degree —p < 0 and
a(Ggz,z)+ sup (y,z) <0, ze€D(F):|z|| =1.
YEF(2)

The operator F' is the homogeneous extension of the op-
erator A + B¢ (see Definition 6). Recall (see Section II-D)
that we do not need to study an evolution system @ € F(u).
The only fact Au + B&(u) € F(u) is utilized for analysis of
finite-time extinction of the system (1). Notice that adding a
linear feedback &,ey = Kou+E, Ko € L(H, X) we may allow
the operator Ag = A + BK( to become homogeneous with a
negative degree (see [33] for more details).

Corollary 2: If all conditions of Theorem I or Corollary 1
hold then for any uy € H\{0} the closed-loop system (1), (2),
(12) has a unique mild solution u : [0,T(ug)) — H given by

u(t) = ®(t)uo —i-/o O(t — s)BE&(u(s))ds, (14)

where {®(t)}1>0 is a strongly continuous semigroup of linear
bounded operators generated by the operator A. Moreover,

t
[u(®)la <lluolla —a/ lu(s)llg™"ds, t € [0,T(u)) (15)
0

and ||u(t)|| = 0 as t — T(ugp), where the settling time admits
the estimate T (ug) < “;LH“’L
This corollary allows any mild solution of the closed-loop
system to be prolonged to zero by continuity u(t) = 0 for
t > T(ug) since the canonical homogeneous norm || - ||q is
the Lyapunov function to the closed-loop system implying
uniqueness and finite-time stability of the zero solution.
Realization of the control law (12) needs calculation of the
homogeneous norm ||u| g, which is defined implicitly by the
functional equation (4). Sometimes the homogeneous norm
can be calculated explicitly (see, [15], [34] and the example
below). The control law (12) can also be applied in a sampled
way by means of replacing ||u(t)|la in (12) with ||u(t;)||a for
t € [tj,tj41). The value ||u(t;)|la can be found by means of an
appropriate numerical procedure (see, e.g. [15]). The control
(12) becomes linear on each interval of time [t;,t;41).
Let us consider the following switched linear feedback
fg(t)(u(t)):r;(’Z)Kdl(—1n(r0(t)))u(t), (16)
with state dependent switching function o such that o(0) €Z,
ot)= St ),u(t)), S:ZxH-=Z,
i—1if o=¢ and ||u|[a>7ri—1,

S(O’, U) = i if o=t and ri;1<||lulla<ri—1,
i+1 if o=4 and 741 <||u|la,

where 7; € Ry : 741 <71y, i € Z and Q = | J,;,{r:}. The
switching variable o has its own evolution equation given by
(17) so the pair (u(t),o(t)) can be treated as an augmented
state of the closed-loop switched system. We refer the reader
to [37] for more details about switched systems.

A7)

Corollary 3 (On switched linear finite-time feedback law):
If all conditions of Theorem 1 hold and the control is given
by (16), (17) with ro = 1, 141 = e %7, i € Z and q; > 0
such that Zj:g q; = +0o0 and Zi}gloo qir1e M9 /q; < 1 then

o for ug € D(A)\{0} the closed-loop system (1), (2), (16), (17)
has a unique strong solution® and ||u(t)||—0 as t— T (uo),
where T(ug) <a™ 377, rhq; < 400 if |[uolla € (rig41, 7o 5
o the time instants t; : |u(t;)||a = r; are isolated and the set
{t; }j':‘)fo 11 has the unique accumulation point T (uo);
o the control is linear continuous feedback on each (t;,t;1)
and [[E(y (D] < MK if ()| < Mel+)* for s > 0.
Existence, uniqueness and finite-time extinction of mild
solutions to the closed-loop system (1),(2),(16),(17) with
ug € H\{0} can be shown repeating the proof of Corollary 2.
Corollary 3 proposes a scheme for homogeneity-based
finite-time control design in the form of switched linear
feedback. Its applicability to boundary control case looks like
a promising research direction, especially, in the context of the
papers [26], [38], where a finite-time linear switched boundary
control has been designed for heat system using the back-
stepping approach [39].

IV. EXAMPLE: DISTRIBUTED FINITE-TIME CONTROL FOR
HEAT SYSTEM

Application of Theorem 1 for ODEs can be found in [33]
and for PDEs defined on unbounded domains in [34], where,
in particular, homogeneous finite-time feedback control is
designed for wave equation. To demonstrate a possible way
of application of Corollary 1, in this paper, we design a
distributed finite-time control for heat system on [0, 1], namely,

ou 02

5 = 5o TO@E (@), u(t,0)=u(t, 1)=0, u(0,x)=uo(x).
where u is the state, ¢ is the distributed control, ¢ : [0,1] —
R is a continuous function such that

ca® < ¢(x) z € [0,1], (18)

for some ¢ > 0. The function ¢ represents possibly non-
uniform feedback gain on [0, 1]. The problem of distributed
finite-time control design for the heat system with ¢(z) = 1
has been studied in [30]. Initially, we design a homogeneous
finite-time control for a system virtually extended to R . Next,
we reduce the extended closed-loop system to the original one
provided that the initial condition has a support only in (0, 1).

for

A. Homogeneous finite-time control design on R

LetH = H°(R,,R) and the operator A : D(A) C H— H be
the connection of the Laplace operator with Dirichlet boundary
conditions on [0,1] and the zero operator on [1,+00), i.e.
(Au)(z) = Z52) if & € (0,1) and (Au)(z) = 0 if 2 > 1 for

_ . 2(0,1)€H;((0,1),R)NH?((0,1),R),
u€ DA)=4zeH: " 1Z(11+‘;)€C80((1’+00)7R) } where

Z(a,p) denotes the restriction of z to the interval (a, b). Operator

2A continuous function w : [0,7) — H which is differentiable almost
everywhere on [0, T such that & € L1((0,T),H) is called strong solution
to the initial value problem (1), (2), (16), (17) if u(t) € D(A) for t €
(0,T), u(0) = up and there exists a (locally) piecewise constant function
o :[0,T) — Z such that o satisfies (17) on (0,T) and 4(¢) = Au(t) +
B¢, (1) (u(t)) almost everywhere on (0, T').



A generates the strongly continuous semigroup {®(¢)}¢>o:

(@(t)u)(x) —{
if x€[l,+00).

Let us consider the equation (1) with A given above and B :
H — H defined as follows (Bz)(x) = ¢(x)z(x) if z € (0,1)
and (Bz)(z) = ¢(1)z(x) if x > 1 for z € H. Let us show
that conditions A)-C) of Theorem 1 and the condition D*) of
Corollary 1 hold for K = —plI € L(H) with a sufficiently
large scalar p > 0.

A) Let the uniformly continuous dilation d; be defined as
(di(s)u)(z) = e*su(z) if © € (0,1) and (d;1(s)u)(z) = u(x)
if z > 1. Hence, 0 < (G4, u,u), u € Hand ||Gq, ||® = p > 0.

B) Let the dilation d(s) in H be defined as (d(s)u)(x) = e°-
u(e=0-5#51), It has the generator Gqu = u — 0.5uxu’ with the
domain D(Gq) = {u € H : u—0.5uxv’ € H}. Obviously,

ld(s)ull = \/ [z, e*u?(e=05ms)dz = H02505 [y
and (1+0. 25u)||uH2 < <Gdu u) if ue D(A) C D(Gqa). Hence,
we derive |julla = Hu||1+O % and the formula (12) gives

§(u) = —pllullg" Bdy (= In [|ulla)u.
According to Theorem 1 this feedback control ¢ is locally
bounded and continuous on H if 0 < pu < 4/7 and globally
bounded if p = 4/7.
C)-D*) Let us consider the homogeneous extension (9), i.e.

U {Asu+qs(u)},

seR:d(s)ueD(A)

2 Z et s1n(7mac)f sin(mny)u(y)dy if x€(0,1),

n=1
u(w)

F(u) =

where A;=e**d(—s)Ad(s) and gs(u) =e**d(—s)BE(d(s)u).
It is easy to see that (A.u)(x) = u”’(z) if z € (0,e70-519)
and (Agu)(x) = 0 if 2 > e~ 0513,

PSR u(z)

z€(0,e 05k
lul3’ ( ):

(gs(u))(z) = —p{

#(1) u(zZL’ o> 0BHs

Tl

The set-valued operator F D(F) ¢ H = H is d-
homogeneous of degree —p < 0 and Au + Bé(u) € F(u)
for u € D(A), where D(F')=J,cpd(s)D(A).

= [Pu(z)v(z)de. For d(s)z € D(A)

using integration by parts we derive
—{= Z><q5 +o0)

Let us denote (u, v) (q,p) =
and gs = —0 S5us
<xz',z>(07qs)—w and (z2', 2) (g, o) =
Due to (18) one has ¢(e?-5*5z)e s > ca? if x € [0, o0 5“*]
and (p(e" M x)e 5z, 2) (g, e—0ms) = (T2, T2)(0,e~0.505).
Since Ggz = z—puxz’ then for ||z|| = 1 we obtain

(Asz 4 qs(2) + aGa)z, z) < —(2',2')(0,q.)
—2a(1 4 0.25u)(x2", 2) (0,4,) — Pc(T2, 22)(0,q.)
—(p6(1) — a1+ 025}, 2g, ey < 0

provided that p > max { a(140.25p) ~a®(140.254) )}

(1) 7 c

Taking into account Ag= A, go= B¢ we conclude that the
conditions A) — C') of Theorem 1 and the condition D*) of
Corollary 1 hold, so the feedback law (12) steers any solution
of (1) to zero in a finite time 7' < (ap) ™! [|ug |}

Remark 4: Note that all constructions presented above re-
mains correct if on the left boundary we have the homoge-
neous Neumann boundary condition: %(t, 0) = 0. Extension
of the proposed methodology to other types of boundary
conditions is an interesting problem of future research.

B. Restriction of finite-time control to the segment [0, 1]

If supp(u) C [0,1] and v € H\{0} then supp(®(t)u) C
[0,1], supp(&(uw)) C [0,1] and |jul| = \/fo u2(z)dx, where
supp(z| denotes the support of a function z € D(A). There-
fore, any classical solution of the closed-loop system (1), (12)
with initial condition uy € {z € D(A) : supp(z) C [0, 1]}
coincides on [0, 1] with the classical solution to the equation

u(t,0)=u(t,1)=0,
u(0,z)=ug(z), z€[0,1].

du 9%u —p
=S8+ o) —E—u
ot 0z2 ¢( )Hu”Hgiu%u )

Consequently, any solution of the latter heat system vanishes
Ll s 0.51/(1+0.251)
( Jo uo(x)dx) .

C. Piecewise linear finite-time control on [0, 1]

in a finite time T (ug) < ()

Applying Corollary 3 for ¢; = In2 we derive £(t) =
—A(t)u(t), where the switched gain A(t) = p/ri‘(‘t) with
ri = 27% and o(t) defined by (17). Therefore, for any

up € H((0,1),R) N H?((0,1),R) the equation
% = 5% — \Dd()u,

ot — Ox?
has a unique strong solution which vanishes in a finite-time
T(ug) < M23°1% 2715 for |uglla € (rig41,7i,]- Notice
that in contrast to the linear switched feedback presented in
[26], the settling time of our algorithm depends on the initial
condition.

The simulation results of the system (19) (for ¢(x) = x?)
with homogeneous and switched linear finite-time controls
(p = 0.5,p = 1) as well as with the static linear feedback
(A = p) are depicted at Fig. 1. The initial condition is given by
uo(x) = 5.25x(1 — ). For numerical simulations the system
has been discretized by means of divided differences on a
uniform grid with the step A = 0.005 for the space variable.
The discretization with respect to time has been done using
implicit scheme with the step size 7 = h2. The norm |ul|
is calculated by Simpson rule. Numerical simulations confirm
that the heat system with homogeneous control has fast decay
rate (typical for finite-time stable system) with the settling time

u(t,0)=u(t,1)=0,

w(0,2)=uo(x), zel0]. (19

V. CONCLUSIONS AND DISCUSSIONS

The universal scheme of finite-time control design for a
plant modeled by an evolution equation in a Hilbert space
with a linear (possibly unbounded) operator is developed. The
design procedure is essentially based on the concept of gen-
eralized homogeneity of operators in Banach/Hilbert spaces.
The developed framework looks promising for extension of
other homogeneity-based results (e.g. robustness (input-to-
state stability) analysis [21] or finite/fixed-time observer design
[16], [18]) to evaluation equations in Hilbert spaces.

VI. APPENDIX
A. Proof of Lemma 1

Since the dilation is monotone B then for any u € B\{0}
there exists a unique pair sg € R and ug € S such that
u = d(sg)up (see, Property 1 on the page 2). This means that
[[d(=s0)u| = 1,i.e. ||u|la = e®° is finite, positive and uniquely
defined for any u € B\{0}. Since ||d(—In||ulla)u| = 1 for
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Fig. 1. Evolution of L2-norm of the heat equation with linear, switched

linear and homogeneous control laws plotted in the logarithmic scale

u € B\{0} then [d(—1In|lulla)l|} > ;- This means that
ld(—1n ||ulla)||® — +oo as |Ju|| — 0. Property 3 on the page
2 implies ||ulla — O as |lu|| — 0. By definition of the homo-
geneous norm one has |||u\|§ — ||v||g| = |efsu — B0, where
[d(=sy)ull = 1 and ||d(—s,)v]| = 1. On the one hand, for
Sy < 8y we have 1=||d(—s,)(v—u)+d(s, — 8y )d(—5,)u|| <
(=0 B — o]+ s —5) B < d(—s,) B u—v]] +
eB(su=sv) On the other hand, for s, > s, we derive similarly
1< ||ld(—5,)|B - [Ju—v|+eP=»=5«). Hence, if ||ula > r and

[vlla > r then e”*u[ld(—s,)|[2 < L. e”*[ld(=s,)[[} < L
and Hu||§f ||v||g = |efsu—efse| < Ljlu — v|, where
L = max{l,|/d(—Inr)||®}. The latter means that || - |4

satisfies Lipschitz condition on any set B\ Bq(r), 7 > 0.

B. Proof of Lemma 2

Since for any u € D C D(Gq) we have | d(s)ul]> =
L (d(s)u,d(s)u) = 2(Gad(s)u,d(s)u) > Blld(s)ul|? then
d(s2)ul| > ef(s2=51)||d(s1)ul| for any s; < so. Hence for
sy =0 and 51 = s < 0 we have ||d(s)u| < e*||u| for any
u € D and [|d(s)||? = sup,ep W < P for any s < 0.
Since D is dense in H then D = H and ||d(s)||? = ||d(s)|/%.

Since (d(—s)u,d(—s)u) = 1 for ||ulla = e° then formula
(6) follows from the implicit function theorem [40, Theorem
E], the identity (D|ul])(-) = {2 and the identity £d(s)u =

Gad(s)u, which holds for u € D(Gy).

C. Proof of Theorem 1

L. Properties of Control. Since the domain D(A) is dense in
H then in the view of Lemmas 1 and 2 the inclusion D(A) C
D(Gq) and the first inequality in the condition C) imply that
d is strictly monotone on H, ||d(s)|[¥ < ¢e?* for s < 0, the
homogeneous norm || - |4 is continuous at 0, Lipschitz contin-
uous on H\{0}, Fréchet differentiable on D(Gq)\{0} and the
derivative of the homogeneous norm ||- ||q can be calculated by
the formula (6). Similarly, we conclude that ||d;(s)|/¥ < e7*
for s < 0. Taking into account Gg, € L(H) we derive that
& is Fréchet differentiable on D(Gq)\{0}. Due to (5) we
have [l¢(0) | < [l | Kl (— T ffufl) %1 (tn fufa) 5.

Hence, for |lu|| > 1 one has ||E(u)|| < MJ|K]|, if
[d(In [|ufa)|® < M|ull4*7, but for |ju]| < 1 we derive

)< ™", since [ (5) [ <19 2 it s> 0.
II. Existence of Solutions. Let us prove that for any initial

condition u(0) = u* € D(A)\{0} the system (1), (12) has a

classical solution u(t) € D(A) defined at least locally.

a) Let function €:(0,400) x H— H be defined as

&(q,u) = ¢ *BKd;(—1n(q))u.
Since the group d; is uniformly continuous and %dl(s) =
Ga,d(s) for all s € R then the function ¢ is continuously
Fréchet differentiable on (0, 4+00) x H.

Let T be an arbitrary positive real number and let g :
[0,7] — R be an arbitrary continuous function such that
g(t) > 0 for all ¢ € [0, T*]. To prove that Cauchy problem

alt) = AlgO)u(t) == Au(t) + E(g(t), u(t)),
u(0) = u* € D(A)
has a unique classical solution u,(t) € D(A), t € [0,T*], we
use [35, Chapter 5, Theorem 3.1], which needs to check the
following three conditions:

H1) A(g(t)){te[O,T*]} is stable family of generators;

H2) Y is A(g(t))-admissible, where Y = D(A) is a Banach
space with the graph norm ||ully = |Ju| + || Aul|;

H3) A(g(t)) € £:= L(Y,H) for t € [0,7*] and A g(-)R is

continuous on [0,7*] in the norm || - || = sup Hy\l‘-i.r%'
yeY\{0}

Since the function g is continuous and positive on [0, 7]
then £(g(t),-) € L(H), the conditions H1) and H2) hold and
A(g(t)) € L(Y,H) for all ¢t € [0, T*]. Finally, the inequalities
[14Gg(t +0))lL2 ~ IAGo(0)z| < 1At +)) — Alg(0))]

= l1&(g(t +9),-) = &(g(1), iz < suPyevy oy Tty *
(g™ (t +6) —g™(¢)) BEdy(=Ing(t +0))ll.c
+llg™" (@) BK(di(=Ing(t +6)) — di(=Ing(t)))] )
and uniform continuity of the group d; yield that condition
H3) also holds. Therefore, the considered Cauchy problem

(20) has the unique classical solution u,(t) on [0,T%].
b) Let the numbers Gmin> 9max> T"min> "max be defined as fol-

(20)

lows: 0 < gmin <Wnf{[|ulla : [luf = [[u"[|}, sup{[lulla : [Ju] =
[} < gmax < +00, Tmin = sup {[[ull/[|v*[ : [|u]la = gmin},
Tmax = inf {JJull/||w*]| : ||u]|la=¢max}- From definition of

homogeneous norm we have that r,;; — 0 as qumin — 0 and
Tmax — 00 a8 ¢max — +00. Let us select ¢y and gmax such
that rin < 1 < 7max. Let {®(t) }+>0 be strongly continuous
semigroup generated by A then there exist x > 0 and R > 0
such that || ®(t)u|| < Re™||u| for any u € H.

Let us consider the family of Cauchy problems

Ui (t) = Aun (1) +E(gn-1(t), un(t)), T € (0,T,-1),

un(0)=u" € D(A)\{0},
where n > 1, g,—1 and T,, are defined recursively as follows
Ty>0: BBl ¢ o) v e (0, T,
Tn=Tn—1 if |un(7)|| € (*mins "max); V7 € [0, Trr—1),
T,=inf{r € [0,T—1) : [|[un(T)]| € {rmin, "max}} otherwise,

qo(t) = l[u*lla and  qn(t) = [[un(t)lla.

Since ¢,—1 is a continuous positive function then the Cauchy
problem (21) has unique classical solution u,,(t) € D(A) on
[0, T,,]. So the sequences {g,} and {u,} are well defined and

Gmin < ¢n(t) < Gmax> Tminl[w* || < [Jun ()| < rmax|lu]]-

2L



c) Let us show that 7 := inf T}, > 0. Initially, note that

1€(an-1(5),tn ()] = 19,2, (5) BEA(= In g1 () un ()| <
IBE|[Bq, 19 ()] (5)[| < clju*||, where e= | BE[-

H H
max{gmax HG‘“”‘, ;ﬁ:”gdl‘l‘}rmax. Hence, we derive
T"“"HHU | < [l )u | < lun@®l + llun(t) — @) <
[un ()] + fo||‘1’ $)€(an-1(8),un(s))llds < Jlun ()] +
cR||u*||fe (t=s ds<|\un( )|| + M On the other
hand, [lun (2)]| = [|®(t)u +fo f(qn 1(8),un(s))ds|| <
7’"’“3‘“ lu*||  + 701%”“ ”FE Y. Therefore, 7T, >
min { L1 (14 S077n) ) L (14 =m0 Tt >0

1))

d) For all ¢t € (0,7*) we have ||un(t + At) —u, ()| <
@)z [|D(At)u"—u ||+f||<1>

. H ] (oAt . .
< (RHBKHgHN IIC 1)—|—||<I>(At)u —u ”) t s[(l)lg ]||<I>(t)||g.
€0, T+

pn 1 (IH'U) un(t—HJ’)) ||d0

Hence, we derive that the sequence {u,} is equicontinuous.
Since the homogeneous norm || - ||q is Lipschitz continuous
on H\{0} then the sequence of scalar functions {g,}
(where ¢,(t) = ||un(t)]la with ¢ € [0,T*]) is also
equicontinuous. Arzela-Ascoli theorem implies that there
exists a subsequence {¢n,} that converges uniformly on
[0,7*] to g € C([0,T*],R). Let uy be the corresponding
solution to (20) Then for Aw,, = uy — u,, we have
1A, (¢ < IT(E=5)(E(9(s), g(5) —E(9(5) ttn (5))) s

+ T = $)E(9(5), iy (5)) — €y (5), uny () lds <
Clt) s [18un, () + 2u(t) sup luns ()] where

= [ IT(t—s)BEK g *(s)dy(~In g(s))||zds and e (t) =
JI =) B (o (50 (= 1 9(5) = 6)as (T gy (1)
Since sup,co 7+ €k(t) — 0 as ny — 0 then for sufficiently
small ¢ > 0 : C(t) < 1 we have leII;O SUPsefo, [Auk(s)]| =0

and |lug(s)lla = g(s) for s € [0,t]. Hence, we conclude
that the system (1), (12) has a classical solution defined
on an interval [0,7(u*)), where T(u*) > 0 is such that
0 < |Ju(t)]] < 4oo for all ¢t € [0,T(u*)).

III. Uniqueness of solution. Let us suppose the contrary,
i.e. there exists another solution v € C([0,7T),H) such
that v(0) = uw(0) = u* € D(A)\{0} and u(t) # v(t)
for t € (0,t]. Since ||u*|| > 0 and w, v are continuous
functions of time then for sufficiently small ¢ we have
[o(@)lla € [gmin, gmax] and [u(t)lla € [gmin; Gmax] for
t € [0,t']. The evolution (20) with g = |jv|la > O has a
unique classical solution, which coincides with v. This means
that v(t) € D(A) for all ¢ € [0,¢]. Due to Lemma 1 the
homogeneous norm 1s Llpschltz contmuous on H\{0}. Hence
we derive [[u(t) — v()] = || i T(t — $)(E(u(s) ay u(s)) —
§(\|U(S)||d7v(8))d5|| < O(t) supycpo ||U( )—v(s)]l, where C
is a continuous increasing function, C(0) = 0, i.e. 0 < C(t (t) <
1 for 0 <t < t” < t'. Hence, we derive contradiction.

IV.  Finite-time  Convergence. Using formula (6)
let us calculate the time derivative of homogeneous
norm along the trajectory w(t) € D(A) C
D(Gq) of the closed-loop system (1), (12):

% ||u(t) Hd — (Du”'l,b(t)”d)(u(t)) — Es(t) (d(—S(t))'ll(t);d(_S(t))u(t)>

(Gad(=s(t))u(t),d(—s(t))u(t))

where s(t) = fu(®)le so d(=s@®lu(t)] = 1
If u(t) € D(A) then due to homogeneity we have
d(—s(t))a(t) = d(—s(t))(Au(t) + BE(u(t)) =

e (Ad(—s(t))u(t) + BKd(—s(t))u(t))
where the condition D) has been utilized on the last step.
Since d(—s(t))u(t) € D(A) then due to condition C)
we obtain dt||u( Wa < —ae=mst) = _qju(t )|| B
Therefore, ||u(t)|la > 0ast — T < HuEXO,in for any initial
condition u(0) € D(A)\{0}.

D. Proof of Corollary 1

The existence and uniqueness of solutions is proven in
Theorem (1) using Conditions A)-C) only. Since due to
homogeneity d(—s(t)) (Au(tHBE(u(t)) ed(—s(t)) F(u(t)) C
e "W E(d(—s(t)u(t)) and ||d(—s(t))u(t)| = 1 then D*)
implies % |ju(t)[la < —au(t)||y"(see Proof of Theorem 1).

E. Proof of Corollary 2

Since the control £ is Lipschitz continuous on H\{0} then
using [35, Theorems 1.2 and 1.4, Chapter 6] we derive that
for any uyo € H\{0} the closed-loop system has a unique
mild solution w given by (14) and defined at least locally on
[0,T(up)) such that u(t) € H\{0} if ¢ € [0,T(up)) and
lu@)|l — 0 (or ||u(t)]|] = +o0), where T'(up) is a finite
instant of time or T'(ug) = +oc. Since D(A) is dense in
H then for any uy € H\{0} and any ¢ > 0 there exists
uOD(A) € D(A)\{0} such that ||ug — uOD(A)H < e. Let uP)
be a classical solution with «P(0) = u>*) € D(A)\{0}.
Since mild solutions continuously depend of wug (see, [35,
Theorems 1.2 and 1.4, Chapter 6]), then then sup,¢(o 4 [[u(s)—
uP@(s)]| — 0 as e — 0 for any t < T(ug). Moreover,
sup,cio.g [Ju()]la — [PD(s)]al — 0 as & — 0, since
I - |la is Lipschitz continuous on H\{0} and continuous at
0. We complete the proof taking into account that all classical
solutions satisfy Theorem 1 (or Corollary 1) but the inequality
(13) is equivalent to (15) if u is a classical solutions.

F. Proof of Corollary 3

Let us denote (o, 8) = {u € D(4) : a < |lulla < }. L
Existence and Uniqueness of Solution. Since BK; € L(H) for
any i € Z, where K; =7, " Kd;(—In(r;)), then for any initial
condition u(0) = u*€D(A) the evolution equation

alt) = (A+BK)u(t) (+)

has a unique classical solution u;(t,u*) € D(A) defined for
all ¢ > 0. We have ;41 < 7, ¢ € Z by construction.
Since ||ui(,uq)|la : R — R4 is continuous (see, property
4 on page 2) then for u(t;) = up € K(rit1,7;) and
o(t;) = i the closed-loop system (1), (2), (16), (17) has
classical solution u defined at least on [t;,¢;11) and u(t) =
ui(t — ti,uo) for t € [ti)ti-‘rl)» where t;11 = +oo and/or
tiitrglﬂu(t)ﬂd =r;_1 or tiig}rlﬂu(t)\\d = r;y1. Let us show
the only latter case is possible for some ¢;1; < +o00. Since
g lld(=In(ri))u(t) > =2(d(= In(r:))a(t), d(— In(r:) ju(t)) =

2e=#1(r) (A + BK)d(— In(r;))u(t), d(— In(r;))u(t)) <

_20&<Gdd(*1n(f‘i))7ﬁjf)vd(*111(7%))“(0) < _2Oéﬁ\|d(*17r}lgri))U(t)\|2

then the continuous function |d(—In(r;))u(-)|| aecays ex-
ponentially. Taking into account ||d(—In(r;))ul? = 1



if lulla = 7 and ||[d(—=In(r;))ull* < 1 if |ulla <
ri, we derive |u(t)la < r; for t > ¢ and
limy s, lu(t)lla = rig1. Moreover, tjp1 <t +

g ta ! In w), where &; > 0 is such that

[d(=In(r))ull <& = ulla < ris1
Therefore, u(t; 1) = wi(tit1 — ti,ug) € D(A). Repeating
the same considerations for [t;11,%;+2], etc, and taking into
account uniqueness and continuity of solutions of the equation
(*) we derive that for any initial condition u(0) € D(A)\{0},
o(0) = ip such that 7,41 < [|u(0)|la < r4—1 the closed-
loop system (1), (2), (16), (17) has a unique strong solution
defined on [0,7T(ug)), which may not have time derivative
only at isolated instances of time ¢; : ||u(t;)|la = i, where
T(up) = ijofo t;+1 — t; is the unique accumulation point
of the set {¢;}. In addition, o(t) = const for t € (t;,t;41]-
Since Z;Og q; = +oo then r; = ﬁ —0 as i — +oo and
u(t)]| =0 as t—T(uo). 7

1L Settling Time Estimate. Taking into account S[|d(s)ul|? <
(Gad(s)u, d(s)u) = L L]d(s)u we derive [d(s)u] > e* lu]
and [[d(—In(r;))ul| = [|[d(In(]|ulla) —n(r;))d(= n([[ulla))ull
> efnlllulla/rs) = ||y|| /r}. Selecting &; = e~#9 we obtain
tiry <ty —ﬁ—a’lrfqi and the settling time 7'(ug) is finite since
s oo 741 Gipr /(75 @) = ¢£+moo Givr1e M /q; < 1.

1. Boundedness of Control. Since for u(t) € K(rit1,7;)
and o(t) = 4 the control law can be rewritten as fol-
lows &g (t) =7; “Kdy(—Inr;)u(t). Taking into account (5),
[d(s)|[} < e and [|d;(s)|[}} < e* if s < 0, but [|d(s)]]} <
Me+7)5 with M > 1 and [|d(s)||} < elGallzs if 5 > 0 we

, H 1 ri>1, H o
derive [|¢(0)| < MK o o =" < MK since

B—p— HGd”IL{ >0 (see Theorem 1).
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