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Abstract: This paper introduces a methodology for examining finite-approximate controllability
in Hilbert spaces for linear/semilinear v-Caputo fractional evolution equations. A novel criterion
for achieving finite-approximate controllability in linear v-Caputo fractional evolution equations is
established, utilizing resolvent-like operators. Additionally, we identify a control strategy that not
only satisfies the approximative controllability property but also ensures exact finite-dimensional
controllability. Leveraging the approximative controllability of the corresponding linear v-Caputo
fractional evolution system, we establish sufficient conditions for achieving finite-approximative
controllability in the semilinear v-Caputo fractional evolution equation. These findings extend and
build upon recent advancements in this field. The paper also explores applications to v-Caputo
fractional heat equations.
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1. Introduction

In recent developments, there has been significant progress in the field of fractional
derivatives, particularly in formulations involving derivatives with respect to another
function. A noteworthy contribution is presented in [1], where a novel type of fractional
derivative, known as the ¥Y-Caputo fractional derivative, is introduced. This derivative
incorporates an additional function ¥ and is designed to improve the accuracy of ob-
jective modeling. Advantages of the proposed Y-Caputo model lie in the flexibility to
choose both the classical differential operator and the ¥ function. This implies that, based
on the selected ¥ function, the classical differential operator can act on the fractional
integral operator or vice versa. In a subsequent study [2], the authors explored the unique-
ness/existence/stability of mild solutions for ¥-Caputo fractional infinite dimensional
differential systems.

We will highlight a few selected scientific articles that serve as motivating references for
the study of approximate and finite-approximate controllability (reachability), recognizing
the enormous amount of relevant literature in this article.

*  Several approaches have been employed to establish conditions for approximate reacha-
bility in infinite dimensional systems. Zhou, in [3,4], utilized the sequential approach to
derive conditions sufficient for the approximate reachability in nonfractional semilinear
infinite dimensional systems. Mahmudov, as referenced in [5], employed the resolvent ap-
proach, initially introduced by Bashirov and Mahmudov in [6] for linear evolution equations.
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Later, this method is successfully applied to fractional semilinear evolution systems in the
work of Sakthivel et al. in [7]. Thereafter, several researchers, Bora et al. [8], Kavitha et al. [9],
Hagetal. [10], Aimene [11], Bedi [12], Matar[13], Geetal [14], Grudzka etal.[15],
Keetal. [16], Kumaretal. [17,18], Liu et al. [19], Sakthivel etal. [20], Wang etal. [21],
Yan [22], Yang et al. [23], Rykaczewski [24] have used different methods to study approximate
controllability for several fractional differential and integro-differential systems.

e Thereafter, several researchers, Vijayakumar et al. [25], Ding et al. [26], Bose et al. [27]
studied the approximate reachability for different kind of v-fractional systems.

¢  Variational approach initially employed by Zuazua [28,29] reachability of the heat
equation has been adapted and extended by Li et al. [30], Mahmudov [31] to explore
these concepts in the context of semilinear evolution systems. Subsequently, this
method has been widely applied by various researchers to investigate the finite-
approximate reachability of various kinds of evolution systems. Notable contributions
include the works of Liu [32], Ding et al. [33], Wang et al. [34], Liu and Yanfang [35].

The potential impact of establishing finite-approximative controllability in the context
of v-Caputo fractional evolution equations could be significant in several areas: Control
Design and Engineering Applications, Optimization of Control Systems, Robustness in
Control, Advance in Fractional Calculus Theory, Cross-disciplinary Impact, and Technolog-
ical Innovation. The concept of finite-approximate controllability implies a higher level of
robustness in controlling systems with fractional dynamics. This robustness can enhance
the stability and performance of controlled systems in the presence of uncertainties or
disturbances. It opens up avenues for more effective and reliable control strategies in
complex systems with fractional dynamics.

The paper addresses the concept of finite-approximative controllability, a more robust
form of approximative controllability that incorporates simultaneous approximative con-
trollability and finite-dimensional complete controllability. Notably, there is currently a gap
in the literature regarding finite-approximative controllability, specifically for v-Caputo
fractional evolution equations. This study focuses on investigating the finite-approximative
controllability of v-Caputo fractional evolution equations.

Here are the notations used in the paper.

e [0,d CR.

e (D, -Hilbert space.

e  U-— Hilbert space.

e (C([0,d],9) is the Banach space of continuous functions with values in 9).

e [2(]0,d],U)—the Hilbert space measurable and of square integrable functions u :
[0,d — U.

e v € CY([0,d],R) with v is strictly increasing with v(0) > 0 and v/(t) > 0 for every
t € [0,d], v(ts) :=v(t) —v(s).

n—1
e ACH([0,d],R) := {g :[0,d] > R |(U,L(t)%) g€ AC([O,d],]R)}
e  ©Dj! - v-Caputo fractional derivative of order «,

We investigate the finite-approximative controllability of the v-Caputo fractional
evolution semilinear system.

{ CDyro(t) = Av(t) + Bu(t) + F(t,0(t)), t € [0,d], )

v(0) = vy, %<vc§1,

Here, A : D(A) C 9 — 9 is a closed linear operator generating Cy-semigroup S :
[0,d] — L(D),u € L2([0,d],U), B: U — 9 is a continuous linear map, F : [0,d] x Y — 2,
andyp € 9.

We define the approximate reachability and finite-approximate reachability notions
for the system (1).



Fractal Fract. 2024, 8, 21

30f16

Definition 1. For the system described by Equation (1), the following concepts are defined:

(a)  The v-Caputo fractional system (1) is deemed to be approximately controllable over the interval
[0, d], if for any vy, vp € ), and for any given @ > 0, there exists a function u € 12 ([0,d], U)
s. t. the mild solution v of the v-Caputo fractional IVP (1) satisfies the conditions v(0) = vy
and ||v(d) — vp|| < @.

(b)  Denoting by Iy the orthogonal projection from ) onto a finite-dimensional subspace M C 9),
the v-Caputo fractional system (1) is considered finite-approximatively controllable on [0, d],
if IIpo(d) = Ipop and it is also approximately controllable.

In this manuscript, we extend a variational method proposed in [36] to study finite-
approximate reachability of the linear v-Caputo fractional evolution equation. Moreover,
we study finite-approximate reachability of semilinear v-Caputo fractional evolution of
systems. Here are the main contributions of this manuscript:

*  We extend a variational method from [36] to explore the finite-approximative reacha-
bility of linear v-Caputo fractional evolution equations. Our investigation establishes
a criterion for the finite-approximative reachability of linear v-Caputo fractional evo-
lution systems. This condition is articulated in terms of resolvent-like operators, as
specifically outlined in Criteria (iv) of Theorem 1. For v(t) = ¢, this condition coincides
with that of [36].

e Additionally, we derive a closed explicit form of finite-approximative control that satis-
fies both the finite-dimensional complete reachability and the approximate reachability
criterion, as shown in the Formula (8). This control plays a pivotal role in the proofs of
Theorems 2 and 3. By utilizing the closed form of the finite-approximative control (8)
and the Schauder Fixed Point Theorem, we investigate the finite-approximate reacha-
bility of the semilinear v-Caputo fractional evolution system. This result is novel even
for v(t) = t. It is important to highlight that in [36], we focused on the case v(t) =t
and employed a linearization method under the assumptions of continuity and uni-
form boundedness of the Frechet derivative F’ (t,v). Moreover, in [36], Theorem 4
assumes compactness and analyticity of S(¢), t > 0.

Section 2 provides preliminary remarks, setting the foundation for the subsequent dis-
cussions.

In Section 3, we present a variety of results related to parameter-dependent charac-
teristics of positive linear compact operators. Our focus is on introducing resolvent-like
operators for the linear fractional v-Caputo evolution equation. In addition, we define
essential conditions for finitely approximated controllability, expressed in the context of
resolvent-like operators.

Moving on to Section 4, we establish a control operator, denoted as Z,, and prove the
existence of fixed points within this framework. Following that, we present the principal
outcome related to the finite-approximative controllability in the context of semilinear
v-Caputo fractional evolution systems.

Finally, the article concludes with the presentation of two illustrative examples de-
signed to underscore and elucidate our principal findings. We show that the heat equation
is not only approximately controllable, but also finite-approximately controllable

2. Preliminaries

For F € ACJ(]0,d],R) the v-Caputo type fractional derivative of order & > 0, « ¢ N,
is defined as follows

(COF) 0 = i [ VO (s 5 ) P
_ M/Ot(u(t,s))"M([;@) F(s)dv(s),
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where n = [a] + 1, [¢] means the integer part of « , W(a) is Gamma function, see for
example [37].
We define family {%,(v(t,5)) : 0 <s < t}, {Ua(v(t,s)) : 0 < s < t} of operators by

ol _pyn—1
7.(0) = ’; = 5)13\)/(1 ) sin(nnta), 6 € (0,00),
1x(6) >0, Ooo 1.(0)d0 =1,

* _ wWa+9)
/0 dhn(0)d0 = ot G € (~1,00)

Lemma 1. Operators Ty, By satisfies the following properties:
(i)  Forany0 <s <t, T,(v(ts)), Ba(v(t,s)) are linear and bounded operators, and

Mg
W(a)

[Ta(v(t 8))x]| < Msllxl|, [[Balv(ts))x]| < [[x]l, Ms := s;1>113||5(t)\|-

(i) {Za(v(t,s)):0<s <t} {Va(v(ts)):0<s <t}arecompact,if {S(t):t > 0} is com-
pact.

(iii) {Za(v(t,8)) 10 <s <t}, {Va(v(t,s)):0<s < t}arestrongly continuous.

Now, we present the following definition of mild solutions of v-Caputo fractional
semilinear evolution system (1).

Definition 2. For u € L2([0,d], U), a function v € C([0,d], Q) is called a mild solution of (1) if
v(t) = T(v(t,0))vg

+ /Ot(v(t,s))%l%a(v(t,s))[Bu(s) + F(s,0(s))]V (s)ds, t€[0,d].

3. Linear Systems

Here, our focus is on exploring the finite-approximative controllability of a linear
v-Caputo fractional evolution system:

{ CDylv(t) = Av(t) + Bu(t), te|0,d], 2

v(0) = vp.

Finite-approximative controllability property was first studied in [28]. This property
is characterized not only by the small distance between y(d) and the target yr, but also by
the coincidence of the projections of y(d) and yr onto M.

-1
The resolvent operator (@I + W§ ) has proven utility in investigating the approxi-

mative controllability characteristics of both linear/semilinear systems, as referenced in [6].
In light of this, we introduce a criterion for finite-approximative controllability applicable to
v-Caputo fractional linear evolution systems (2), which coincide with that of [36] for the case

-1
v(t) = t. This criterion is expressed in terms of a resolvent-like map (cD(I —TIy) + WY ) .

Our analysis establishes the equivalence between approximate controllability over the
interval [0, d] and finite-approximate controllability over the same interval for the v-Caputo
fractional linear evolution system (2). Additionally, we derive a closed explicit form for the

-1
finite-approximative control in terms of (c@([ —IIy) + Wi ) .
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Firstly, we mention some properties of resolvent operators.

Lemma 2 ([36]). Assume that W(@), W : Q) — ), @ > 0, are linear positive operators.
(@) If
lim [|[W(@)h —Wh|| =0, he,
@—0t

then for a sequence {@,, > 0} converging to 0 as m — oo, we have

et +Wiow 1] 0
(b)  Forany @ > 0 we have Hco(wl + W(co))flﬂMH <1

Next lemma shows relationship between the resolvent operator (@I + W) ~and the
resolvent-like operator (@ (I —ITy) + w)~ L.

Lemma 3 ([36]). If W : Q) — Q) is a nonnegative linear operator, then @(I —Ilj;) + W :9) — Q)

is invertible and ,

WHMI, hey, 3)

(@1 =T10) + W) || <

where § = min{ (I Wy, @) : |TIpme|| = 1}. In addition, if W : ) — Q) is a positive linear
operator then

(@(I—TIy) + W) ! = (1 — (@l + W)_ll'IM) ol W)L (4)

Following that, we introduce a criterion that determines finite-approximate controlla-
bility for the v-Caputo fractional evolution Equation (2).
Bounded linear operator (controllability operator) Lg : L2(]0,d], U) — 2 defined by

d
Liu ;:/ (v(d, $)) "V (v(d, s)) Bu(s)v' (s)ds;
0
Controllability Grammian is defined by
*

Wé = Lg(Lg) - /Od(u(d,s))2<“—1>m(u(d,s))BB*sn;(u(d,s))v’(s)ds Y. 6

Theorem 1. The following conditions are equivalent:

(a)  System (2) is controllable approximately over [0,d];
(b) Wg is a positive operatot, i.e., <ng, x> >0forall0 #x €9);

-1
() w(w1+wg) h—0as@ — 0t ,he;
-1
(d) w(w(I—HM)erg) —0as@ — 0" ,hey;

(e)  System (2) is finite-approximately controllable over [0, d].

Proof. The implications (a) < (b) < (c) are well known, see [6]. To show (c) <= (e), for
any @ > 0, h € 9, introduce the functional Jo (-, /1) : 9 — R:

3001 = 2 [0t 9 5w v(a, ) s

+ S~ Tha)g, @) — (9, = Ta(v(d,0))20).

Jo (-, h) is differentiable,
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Jo(p, 1) = Wi + @ (I —TIpg)p — h+ Tu(v(d 0))vg

is monotonic strictly and so J(+, h) is convex strictly, as Wg is positive. Hence, Jo (-, 1) has
minimum ¢, which is unique, and calculated as:

Wi + @ (I — Tp)p — b + To(v(d,0))vp = 0,
fuin = — (@1~ 1) + WE) " (Tu(v(d,0))op — h).
Thus for up(s) = (v(d,s))*  B*V% (v(d, s) ) pmin, We obtain
Vo (d) —
= T (0 0))o0 + [ (v(d, )" Vulv(d) — v(s)) Bu(s) (5)ds — h
= T (v(d,0))00 — b — Wi (@(1 — TTag) + W§) ~ (Ta(v(d,0))00 )
= T, (v(d,0))vg — h — (wg + (I —Tly) —@(I — HM))
x (@(1 —TIy) + wg) (Ta(v(d, 0))00 — h)
= @ (I~ ) (@(I = ) +Wg)_l(%(v(d,0))vo—h). ©)
Thus
lim oo (d) ~ ]| = lim. cDH (1= ) (@(1 — T1ag) + WE) ™ (Su(v(d,0))yo — ) H ~0,
Nyt (ve (d) — ) =0,
That is, the system given by Equation (2) is approximately controllable within the finite
interval [0, d]. Therefore, condition (c) implies condition (e). The reverse implication ((€) = (c))

is straightforward, as finite-approximate controllability naturally implies approximate control-
lability. Now, to establish (c) = (d), assume that for any & € )

lim
@—07t

’(a)l+ ) th =0.

From (4), forany h € 9

IN

‘w(wwwg) _1hH

H(D((D(I —TIy) + Wg) _1hH

H (1 _ w(wl + wg) _1HM> B

< ! —
1— H(D(C’DI+ W¢) HMH

H@(wIJrWS)th. @)

From
1 ((011 + Wg) 71HM — (D(COI + Wg) 71HM

= @1 (@11 + W (1 +@ Wi — 1 - @' Wi )@@l + W) My

)
@1 (w11+Wd) ( ”W{jl—col*lwg)w(cong)_lHM
-1

T+ W) (@i - owg) (o1 + W) My

(@
((DlI + WO) (@7 — w)wgw(col + wg) ',
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-1
it follows that @ ((DI + W¢ ) I1ys is continuous in as a function of @. Really,

- @ — @

-1
Hw1<w11+wg) nM—w<wI+Wg) HMH < | —0 as w1 — @.

@1
-1
By (7), property of @ (cOI + Wg) ITp and Lemma 2, we obtain

= max
7 0<w<1

-1
w(wl+wg) HMH <1,

Hc@(c@([ —IIy) + W{}) 1hH < 1i,yuco(col + Wg) 1hH.

-1
Therefore, @ (C’D(I —TIy) + W¢ ) h converges to zero as @ — 0. The implication
(c) = (e) follows from (6). O

Remark 1. The control

-1
o (5) = (v(d) = v(s))* B U (v(d) = v(s)) (@(1 —Tluy) + W) (h = Fa(v(d, 0))y0) ®)
provides approximate controllability and finite-dimensional exact controllability of (2).

4. Semilinear Systems

The Schauder fixed-point theorem is a result in functional analysis that guarantees the
existence of fixed points for certain types of mappings. This theorem is named after the
Polish mathematician Juliusz Schauder.

Here is a statement of the Schauder FPT:

Let 3 be a non-empty convex, closed, and bounded subset of a complete normed
vector space. Let 7 : 3 — 3 be a compact map. Then, 3z € 3 such that 7 (z) = z.

This theorem has applications in various areas of mathematics, including differential
equations, variational inequalities, and nonlinear functional analysis. It provides a powerful
tool for establishing the existence of solutions to certain types of equations and problems
involving self-maps on Banach spaces.

We introduce the succeeding assumptions:

Hypothesis 1. {S(t) : t > 0} is compact Co-semigroup, M := sup,l|S(#)]|-

Hypothesis 2. Function F : [0,d] x ) — 2 satisfies the Caratheodory conditions:

(a) F(s,-):Y — 9 is continuous for any s € [0,d],
(b) F(-,v):][0,d] = 9 is measurable for any v € Q).

Hypothesis 3. ILr € L®([0,d] x Q) s. t. forally € Y
|F(s,v)|| < Lp(s), ae., s€[0,d].
By means of the control

wa(t,0) = B0 (u(d, ) (@(1 — mag) + W)

X (h — Y, (v(d,0))vg — /d(v(d,s))“_l‘lia(v(d,s))F(s,v(s))v’(s)ds)

0

for @ > 0, define the following operator
Epu(t) = T (v(t,0))vg
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+ /Ot(v(t,s))“_lﬁla(v(t,s))[Buw(s,v) + F(s,v(s))]V (s)ds.

Theorem 2. Assuming that (H1)-(H3) hold, the Equation (1) possesses at least one mild solution
belonging to C([0,d], Q).

Proof. Set
By :={y € C([0,d],Y) : [[v]| < p}-

Step 1: For an arbitrary @ > 0, thereis a pg = p(@) > 0s. t. Ep : By, — Bp.
Indeed, the following two inequalities

[Eov(t)[] < [|Da(v(t,0))voll
t
+ H /O (Wt 7)) B (v(t, ) Buo (r, o) (r)dr

+ H/Ot(ll(t,r))“1Q]lx(1/(t,T))F(r,v(r))vl(r)dr
M
< W)

T [t o, o)V ()

Tl [ ) E o) I )

[l

and
(v(d,0))*

1 Ms
<= h —||Lp|| oo ——— .
ol )] < 5 MaMs | ]+ Mol + s 1Lelso %
These imply that for sufficiently large pg > 0, pp > 0
1Bav(B)]] < po, Y € By

Step 2: B is continuous.
Consider a sequence vy € By such that vy — v in By as k — co. Given the hypothe-

ses (H2) and (H3), we can express, for every s € [0, 4],

F(r,ve(r)) — F(r,v(r)) ask — oo,

and
[F(r,0x(r)) — F(r,0(r))|| < 2Lg(r).

We have
[Eouvk(r) — Eov(r)||
/O (v(t, 7)) ' Bu(v(t, 7)) (F(r, v6(r)) — E(r,0(r)) )V (r)dr

<

+ /Ot(l/(t,r))“_lﬁa(v(t,r))BB*‘BZ(U(d, t)) ((D(I —IIy) + Wg) _11/’(r)dr

x /Od('/(dﬂ))“1%(1/(01,?))(F(n vk(r)) = F(r,0(r)))v'(r)dr

< M][V(Ii) /Ot(v(t,r))“flma(v(t,r))||F(r, op(r)) — F(r,o(r) ||V (r)dr

212 |
B OV 1) E(r4() — o) )
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We take limit as k — oo and use the Lebesgue dominated convergence theorem, to
obtain continuity

lim ||Epvi(s) — Eov(s)| = 0.
k—o0

Step 3: Now, we prove {Eoy(+) : y € By, } is an equicontinuous family on [0, d].
First we show that {Eqy(s) :y € Bpo} is equicontinuous in 2). For any y € By,
and 0 < 51 < sy < d, we have

1E0v(s2) — Zov(s1)]
1Za(v(s2,0))y0 = Tu(v(51,0)) 00|

* /SZ(V(SzfS))“_lma(V(SLS))F(S/U(S))V'(S)ds

51

IN

+ /:l [(V(sz,s))“*l - (1/(51,5))“71}Q?a(v(Ser))F(S/U(S))V/(S)ds

| [ 015D T B vs25)) = Buvlo1, )G, 0(5)0 (5)ds

(v(s2,5))* 'Ua (v(s2,5)) Bu(s,v)v' (s)ds

51

+ | (v(sl,s))“_l[‘ﬂa(v(sz,s))—Q]a(v(sl,s))]Bu(s,v)v’(s)ds

+ /051 {(V(sz,s))"‘—l . (V(Slfs))a_l}WW(V(SQ,S))BM(S,v)l//(s)ds

=lp+hL+DL+..+1.

By Lemma 1, we have

To < 1% (v(52,0) )0 — S (v(s1,0) o]
< M (s )

L < Ms||LE|| o /Sl
0

- aW(a) (V(SLS))IX_l - (1/(51,5))“_1 V’(s)ds.

Therefore, I — 0, I, — 0 as s; — s1. Let 17 be the arbitrary small positive, we write:

Iz < /051—’7(1/(51,5))“71||QT,X(V(52,S)) — B (v(s1,9) ||| F(s,y(s)) ||V (s)ds
+ /5151_17(1/(51,5))061”‘3“ (v(s2,8)) — B (v(s1,8))||||F(s,y(s)) ||V (s)ds

< IILPIIw/OSI "Ws1,9) W (s)s sup [ Bu(v(s2,5)) ~ Vulv(sr,s))]
0<s<s1—7n
2 [ o) s

It follows that, Is — 0 as s, — 51 and # — 0. Using the similar procedure, we obtain
that Iy, Is and I are tend to zero.

Step 4: We show that {Zoy(+) : y € By, } is relatively compact in 9).

Take 0 < s < dthenforany#n > 0and ¢ > 0 define an operator & ;, s on B, as follows

Ew,n,& (S )

= /500’7“(9)5((1/(3,0))“9)119110
—i—oc/os—n /:oG(V(S’r))tx_lﬂtx(6>s((v(sr7’))“6)1:(7’,0(7’))1//(}’)[16511/
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Jroc/s_'7 /006(1/(5 M) (0)S((v(s,7))*0) Bu(r, o)V (r)dodr
0 5 7 o 7 7
= 5(1°0) [ na(0)S((v(5,0))"0 — y*6)doyo
o S a—1 o o /
+aS (o) /O /5 0(v(s, 1)) 1 (0)S((v(s,1))*0 — y*8)E(r, v(r) )V (r)dodr
D) /0 o / T 0w (s, 7)) e (0)S((v(s, )"0 — n8) Bu(r, 0)v' (r)dodr.
é
Now by compactness of S(17*J), 7“6 > 0, we have relatively compactness of
{Ev(s) :v € By, }
in ). Moreover, for any y € B,, we obtain
|Z00(s) — Eq,y,60(s) ||
0 ®
< /O 72(8)S((v(s,0))*8)d8vg

+ua /05 /059(1/(5, r))ﬂflﬂa(Q)S((V(s, 7’))“9)[F(1’,Z)(7’)) + Bu(r, U)]U/(?)dedr

+a

/ s” [ 05, (@S (s, 1) O [F(r, 0(0)) + Bulr, o)} (r)dedr

< Mg /05 112(0)d6
4 Ms[L ]+ Mallul]((5,0))* [ on,(0)d6

+ Ms[|ILell + Mallul}(v(s,5 = )" [ Onu(0)de.

From f0°° 014 (60)d6 = W%a) and the absolute continuity of the integral, we obtain

[1]

|Z0v(s) — Eq,y60(s)|| = 0 as 17,6 — 0.

A relatively compact set E, ; 5(s) is arbitrarily close to the set 5 (s) for s > 0, implying,
by the Arzela—Ascoli theorem, that & is itself relatively compact in C([0,d],2)). Hence, for
all @ > 0, E, is completely continuous operator on C([0,d],2)). Consequently, according
to the Schauder fixed point theorem, E, possesses a fixed point within By, representing
the mild solution to the system referenced as (1). O

Now, we focus on the approximate controllability of the Equation (1).
Theorem 3. Assuming that conditions (H1) to (H3) are satisfied and the function F is uniformly
bounded, with the additional condition that the associated linear Equation (1) exhibits approximate
controllability over the interval [0,d], it follows that (1) is finite-approximately controllable within

the same interval [0, d|.

Proof. By Theorem 2 a fixed point y© of & exists in B, and y is a mild solution of (1) with
@ * gy d -1
o (ty®) = B'U(v(d, 1) (@(1 — Tag) + W)
d
X (h — Tu(v(d,0)) —/ (v(d,s))" ' Bu(v(d,s))E (s, v‘”(s))v’(s)ds).
0

Thus
v (t) = Tu(v(t,0))vg
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t
+/O (v(t,3))* " B (v(t,5))E (5,07 (5)) v (5)ds
t -1
+/0 (v(t,s))"‘_liia(v(t,s))B*Q?Z(v(d,s))v’(s)ds((D(I—HM)—|—Wg) p(v9)

where

p(v©) = h—Ta(v(d,0))vo — /Od(l/(d,S))“1ma(v(d,s))P(s, 0®(s))v/ (s)ds.

-1 -1
Using the identity W¢ (co([ —TIy) + Wg) = I— (I —TIy) (co(I —TIy) + wg) ,
we have
v (d) = Tu(v(d,0))vg

+/Od(v(d,s))“_lQ],x(v(d,s))F(s,v‘D(s))v’(s)ds
d -1
+/0 (v(d,s))“*lm“(v(d,s))B*m(u(d,s))u’(s)ds(w(l—HM)+wg) p(v?)
=T, (v(d,0))vg + /Od(v(d,s))”‘_l‘lla(v(d,s))l-"(s, 09 (s))v (s)ds
+ Wi (w([ —Iy) + Wg) 71;7(0‘9)
=T, (v(d,0))yo + /Od(v(d) — v(s))“il%a(v(d) —v(s))F(s,07(s)) v (s)ds
+p(v°) — @1~ Tyg) (@1~ Tag) + WY p(o?)
= h— (1~ ) (@(1 — myr) + W) p(o). ©)

By the Dunford—Pettis theorem, 3 a subsequence {F(s,v“(s))} that convergent weakly
to {F(s,v(s))} in L'(]0,d],9). Consider
d
ply) =h—Za(v(d,0))vg — /0 (v(d,s))" 'V (v(d,s))F(s,0(s))v (s)ds.
We have

lp (@) = p(@)]|

< V\j,\fi) /Od(V(d,s)>"“1%(V(d,s)>HF(s,v‘D(s)) — F(s,0(s))||v/ (s)ds

Furthermore, approximate controllability of the system (2) implies

< 0| (@(1 = T1w) +Wg) " (@) + [[[p(°) - p@)]|

—0as @—0t.

[0 (@) = h|| < @| (@(1 — TTy) + Wg) o)

+o| (o =11 + 1) [pe?) - p(o)]

Hence, the system (1) is approximately controllable. On the other hand, applying Il
to the both sides of (9) we obtain finite dimensional exact controllability:

HMU(D(d) = HMI’Z.
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5. Applications
Example 1. We consider the v-Caputo heat equation

v 0%y t,
DRt 1) = T3+ K (1) + FC0(11),
v(t,0) =ov(t,m) =0, 0<t<d,

Iy7"0(0,7) = vo(y), 0<y<m,

(10)

where X (a,,a,) (1) is the characteristic function of (a1, a2) C (0,71). Let Y = L?[0, 7], U = R,
and A = d*/dn? with D(A) = H}[0, 7] N H?[0, 7t]. We define the bounded linear operator
B: R — L2[0, 7] by (Bu)(t) = X(ay,uy) (1) u(t), and the operator F is bounded.

Set M = L2[0, 7t] := {(p co(n) = XK wei(y), ;€ R} and denote by T1; the operator
of the orthogonal projection L2[0, 7] onto L% [0, 7t]. Define

e} tn

V(1)1 = iEa,a<—n2n2(v(t))”‘”)<h,en>en, Eaa(t) = ¥ 70

——— (Mittag-Leffler series),
= W(na+a) ( & )

od 1
L= [ (v(d) = v()* " Va(v(d) = v(£)) (Bu) (1) (1)

= i:l/od(v(d) - V(t))a_lEa,zx(_/\n(V(d) - V(t))a) <X(,X1,,X2)(U),en>u(t)1/(t)dten,
(Lﬁ)*h — é/od(v(d) - V(t))“*lE,xlzx(_)\n(V(d) —v(t)") <X(N1/“2)(;7),en><h, en )V (1)dt,

Subsequently, we attain

(01 1) + ¢ g
1

(@01~ T1a0) + 0@ = o) 2E2u(~A80) = VD)W O (0 (1))

2) (g en)en

K 1
=) d 202 28 en)en
A )~ () B0 (A0 (d) — V()Y (X 0y (1) )
> 1
+ Z (g en)en
R (@ [ 00) — () B (-AG) = ()Y (O (1) 1) )

-1
It is clear that a)(co(l —ITy) + Wg) g —0asw — 0T if

L%
<X(a1,ucz) (q),en> = V2sin(nmny)dy = —n—\/j cos(nmn) [2# 0,
&1
which holds whenever aq £ &y is an irrational number.
If the sum or difference of a1 and a is an irrational, then the linear v-Caputo system associated
with (10) exhibits finite-approximate controllability. According to Theorem 2, this implies that the
system (10) itself is finite-approximately controllable over the interval [0, d].
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Example 2. Define the differential operator £ by

d
Lo(y) =— ) i <“i(77)§7;(77)> +e(n)oln), neQ,

where aj; = aj; € Cl(Q),1<i,j<d ceC(Q),c(y) >0, €Q,and
d 2 = d
Y ai(n)mm; > 1yl°, 1>0, 1€Q, € R
ij=1
Hence £: D(£) = HX(Q) N H}(Q) C L?(Q) — L*(Q).

Consider the following initial value/boundary value problem for a v-Caputo fractional system
in a bounded domain Q0 C R? with a smooth boundary 9Q).

DG o(t, 1) + Lot ) = xwv(tn) + F(o(t ) (1,1) € Qx (0,d),
o(t,y) =0, (y,t) € 9Q x (0,d), (11)
Dg‘flv(O,ﬂ) =19, veECy(wx(0d), wcQ.

For any vy € L?(Q) the Equation (11) has a unique solution v given by

(e )

o(t,n) = Y (v0,en) Ena (—Au(v(t) — v(0))%)en(y)

n=1

F 1 [ ECE =) e B (~av(8) = v0) ) drea),
n=1
o
LF= ) [ (FCod =) e Eua (<Aa(v() = (7)) )dren(),
n=1
(L@ *8 = Xo(v(d) —v(£)* 1 ; Exa(—An(v(d) — v(£)*) (g en)en(n).

Assuming L*g = 0, we derive the equation
(d— t)a_l Z Ea,a(_/\n(v(d) - V(t))a) (8 en)en(n) =0
n=1

on w % (0,d). According to Proposition 4.2 in [38], this implies that ¢ = 0 on Q) x (0,d), which is
equivalent to the approximate controllability of the linear system associated with (11). Therefore, with
the additional assumption of the uniform boundedness of F, the system (11) is finite-approximately
controllable over the interval [0, d)].

Example 3. Let Q) = U = L?[0, t]. Consider the following Sobolev type v-Caputo fractional PDE:

DI (y(€,6) — yoo(E,9)) = yoo(&,6) + 5(& (&, 0)) + (5, 6),

y(¢,0) =y(¢ ) =0, (12)
y(0,0) =¢(0),:0<¢<T,:0<6<m.

Define A : D(A) C 9 — Dby A = ypand G : D(G) C 9 — 9 by Gy :=
Y — Yep, Where

D(A) = D(G) = {y € 9 : y,ygare absolutely continuous, ygg € Y, y(&,0) = y(&, 7) = 0}.
A and G are defined as follows
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Ay =Y 1 (y,en)eny € D(A), Gy = 1. (1472 (y,eneny € D(G),
n=1 n=1

respectively, where e, (0) := \/% sinnd, n = 1,2, ... is the set of eigenvalues. Moreover, for any
y € U we have

00 0 42 3
s =1 [ 0630) L exp( 1552 (€) 0 tnenlends

= —n? 3
= Y Eys (72 (V@) ) wenen,
where E% and E% 3 the Mittag—Leffler functions. Thus,

@l <1 IB@1<1r(3) €0
Next, define

O (u(1),v(n)y = kzl axxe(7) (v(1) = v(p)) FBE(v(&) — ) D" Ta(v(1) (671 y
() (=) iy (v(1) — () (67) y =0, 0< g <

— e () —vi) By

—n?

foranyn € Nand &,y <5 < 1. Ify # Othen thereisn € Ns. £. E%% (an

forany &, < u < 1. This is not possible, since

(v(1) - v(n))i) ~0

lim EM( — (v(1) v(q))i) =Ey5(0) = 1/1’(2).

n—1- 1+ n?

So, ®*(v(1),v(y))y = 0,0 < 5 < 1 implies that y = 0, which means approximate
controllability of associated linear system of the problem (12) on [0, 1].

Define f : [0,1] x 9 — D by f(C,y)(0) = g(&,y(C,0)) which is assumed to be continuous.
Thus, under uniform boundedness of f, the system (12) is finite-approximately controllable on [0, d].

6. Discussion and Conclusions

Finite-approximate controllability builds upon recent advancements in the study of
fractional evolution equations by offering a more comprehensive understanding of the
controllability aspects of systems described by Caputo fractional equations. Recent research
may have explored various aspects of fractional calculus, but finite-approximate controlla-
bility specifically addresses the feasibility and methods for controlling these systems within
finite-dimensional spaces. This contributes to the ongoing discourse by bridging the gap
between theoretical developments in fractional calculus and practical control strategies for
systems with fractional dynamics.

Possible directions for exploring finite-approximate controllability include: control
strategies, optimal control approaches, sensitivity analysis, numerical simulations, stability
analysis, and application in real-world problems. By exploring these avenues, researchers
can deepen their understanding of finite approximate controllability in the context of
fractional equations and contribute to the development of effective control strategies for
systems exhibiting fractional dynamics.

The implications of finite-approximate controllability for numerical implementations
are crucial to ensuring the practical feasibility and reliability of the proposed control strate-
gies for systems governed by Caputo fractional evolution equations. The implication
revolves around ensuring numerical stability, the accuracy of approximations, appropri-
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ate choice of numerical methods, consideration of discretization effects, efficient use of
computational resources, and rigorous validation of the proposed methodology.

The methodology’s computational complexity and efficiency are significant consid-
erations, especially for larger or more complex systems of fractional evolution equations.
Discuss how the proposed controllability approach scales with the size and complexity of
the system. Consider whether there are optimizations or computational techniques that
can enhance efficiency. Addressing these concerns is crucial for the practical applicability
of the methodology, especially in real-world scenarios where computational resources may
be limited.

In our study, we investigated the finite-approximate controllability of v-Caputo frac-
tional differential equations using the fixed point method. The main results were obtained
by applying semigroup theory, v-Caputo fractional derivatives, and fixed point theorems.
The practical relevance of these findings is illustrated through a specific application. In our
upcoming research, we will focus on investigating the finite-approximate controllability
of v—Hilfer fractional differential systems. Additionally, we aim to explore the existence
of v—Hilfer fractional differential systems, considering both cases with and without delay.
Our approach will involve the application of a fixed point method to address these aspects.

Author Contributions: Conceptualization, N.LLM.; formal analysis, M.A. and J.A.; methodology,
N.LM. and M.A.; writing—original draft preparation, M.A. and J.A.; writing—review and editing,
N.LM. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Deanship of Scientific Research, Vice Presidency for
Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia (grant no. 5155).
This study is supported via funding from Prince Sattam bin Abdulaziz University, project number
(PSAU /2023 /R /1445).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Almeida, R. A Caputo fractional derivative of a function with respect to another function. Commun. Nonlinear Sci. Numer. Simul.
2017, 44, 460-481. [CrossRef]

2. Suechoei A.; Ngiamsunthorn, P.S. Existence uniqueness and stability of mild solution for semilinear Y-Caputo fractional evolution
equations. Adv. Differ. Equ. 2020, 2020, 114. [CrossRef]

3. Zhou, H.X. Approximate controllability for a class of semilinear abstract equations. SIAM ]. Control Optim. 1983,21, 551-565.
[CrossRef]

4. Zhou, H.X. Controllability properties of linear and semilinear abstract control systems. SIAM ]. Control Optim. 1984, 22, 405-422.
[CrossRef]

5. Mahmudov, N.I. Approximate controllability of semilinear deterministic and stochastic evolution equations in abstract spaces.
SIAM ]. Control Optim. 2003, 42, 1604-1622. [CrossRef]

6.  Bashirov, A.E.; Mahmudov, N.I. On concepts of controllability for deterministic and stochastic systems. SIAM ]. Control Optim.
1999, 37, 1808-1821. [CrossRef]

7. Sakthivel, R. ; Ren Y.; Mahmudov, N. I. On the approximate controllability of semilinear fractional differential systems. Comput.
J. Math. Appl. 2011, 62, 1451-1459. [CrossRef]

8.  Bora, S. N.; Roy, B. Approximate Controllability of a Class of Semilinear Hilfer Fractional Differential Equations. Results Math.
2021, 76, 197. [CrossRef]

9. Kavitha, K,; Vijayakumar, V.; Shukla, A.; Nisar, Kottakkaran S.; Udhayakumar, R. Results on approximate controllability of
Sobolev-type fractional neutral differential inclusions of Clarke subdifferential type. Chaos Solitons Fractals 2021, 151, 111264.
[CrossRef]

10. Hag, A.; Sukavanam, N. Partial approximate controllability of fractional systems with Riemann-Liouville derivatives and nonlocal
conditions. Rend. Circ. Mat. Palermo 2021, 70, 1099-1114. [CrossRef]

11. Aimene, D.; Laoubi, K.; Seba, D.; On approximate controllability of impulsive fractional semilinear systems with deviated
argument in Hilbert spaces. Nonlinear Dyn. Syst. Theory 2020, 20, 465-478.

12.  Bedi, P; Kumar, A.; Abdeljawad, T.; Khan, Z.A.; Khan, A. Existence and approximate controllability of Hilfer fractional evolution

equations with almost sectorial operators. Adv. Differ. Equ. 2020, 2020, 615. [CrossRef]


http://doi.org/10.1016/j.cnsns.2016.09.006
http://dx.doi.org/10.1186/s13662-020-02570-8
http://dx.doi.org/10.1137/0321033
http://dx.doi.org/10.1137/0322026
http://dx.doi.org/10.1137/S0363012901391688
http://dx.doi.org/10.1137/S036301299732184X
http://dx.doi.org/10.1016/j.camwa.2011.04.040
http://dx.doi.org/10.1007/s00025-021-01507-1
http://dx.doi.org/10.1016/j.chaos.2021.111264
http://dx.doi.org/10.1007/s12215-020-00548-9
http://dx.doi.org/10.1186/s13662-020-03074-1

Fractal Fract. 2024, 8, 21 16 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Matar, M.M. Approximate controllability of fractional nonlinear hybrid differential systems via resolvent operators. |. Math. 2019,
2019, 8603878. [CrossRef]

Ge, F. ; Zhou, H.; Kou, C. Approximate controllability of semilinear evolution equations of fractional order with nonlocal and
impulsive conditions via an approximating technique. Appl. Math. Comput. 2016, 275, 107-120. [CrossRef]

Grudzka, A.; Rykaczewski, A. On approximate controllability of functional impulsive evolution inclusions in a Hilbert space.
J. Optim. Theory Appl. 2015, 116, 414—439. [CrossRef]

Ke, T.;Obukhovskii, V. ;Wong, N. ; Yao, ]. Approximate controllability for systems governed by nonlinear Volterra type equations.
Differ. Equ. Dyn. Syst. 2012, 20, 35-52. [CrossRef]

Kumar S.; Sukavanam, N. Approximate controllability of fractional order semilinear systems with bounded delay. J. Differ. Equ.
2012, 252, 6163-6174. [CrossRef]

Kumar S.; Sukavanam, N. On the approximate controllability of fractional order control systems with delay. Nonlinear Dyn.
Syst. Theory. 2013, 13, 69-78.

Liu, Z,; Li, X. Approximate controllability of fractional evolution equations with Riemann-Liouville fractional derivatives. SIAM J.
Control Optim. 2015, 53, 1920-1933. [CrossRef]

Sakthivel, R. ; Ganesh, R.; Ren, Y.; Anthoni, S.M. Approximate controllability of nonlinear fractional dynamical systems.
Commun. Nonlinear Sci. Numer. Simul. 2013, 18, 3498-3508. [CrossRef]

Wang, J. R.; Liu X.; O’Regan, D. On the Approximate Controllability for Hilfer Fractional Evolution Hemivariational Inequalities.
Numer. Funct. Anal. Appl. 2019, 40, 743-762 [CrossRef]

Yan, Z. Approximate controllability of partial neutral functional differential systems of fractional order with state-dependent
delay. Internat. J. Control. 2012, 85, 1051-1062. [CrossRef]

Yang, M.; Wang, Q. Approximate controllability of Riemann-Liouville fractional differential inclusions. Appl. Math. Comput. 2016,
274,267-281. [CrossRef]

Rykaczewski, K. Approximate controllability of differential of fractional inclutions in Hilbert spaces. Nonlinear Anal. 2012,
75,2701-2702. [CrossRef]

Vijayakumar, V.; Malik, M. Anurag Shukla Results on the Approximate Controllability of Hilfer Type fractional. Semilinear Control
Syst. Qual. Theory Dyn. Syst. 2023, 22, 58. [CrossRef]

Ding, Y.; Li, Y. Finite-approximate controllability of impulsive v-Caputo fractional evolution equations with nonlocal conditions.
Fract. Calc. Appl. Anal. 2023, 26, 1326-1358. [CrossRef]

Varun Bose, C.S.; Udhayakumar, R. Approximate controllability of ¥-Caputo fractional differential equation. Math. Meth. Appl.
Sci. 2023, 46, 17660-17671. [CrossRef]

Zuazua, E. Finite dimensional null controllability for the semilinear heat equation. J. Math. Pures Appl. 1997, 76, 570-5%4.
[CrossRef]

Zuazua, E. Approximate controllability for semilinear heat equations with globally Lipschitz nonlinearities. Recent Adv. Control
Pdes. Control. Cybernet. 1999, 28, 665-683.

Li, X;; Yong, J. Optimal Control Theory for Infinite Dimensional Systems; Birkhauser: Boston, MA, USA, 1995.

Mahmudov, N.I. Finite-approximate controllability of evolution equations. Appl. Comput. Math. 2017, 16, 159-167.

Liu, X. On the finite approximate controllability for Hilfer fractional evolution systems with nonlocal conditions. Open Math.
2020, 18, 529-539. [CrossRef]

Ding, Y,; Li, Y. Finite-approximate controllability of fractional stochastic evolution equations with nonlocal conditions. J. Inequal.
Appl. 2020, 2020, 95. [CrossRef]

Wang, ].R.; Ibrahim, A.G.; O'Regan, D. Finite approximate controllability of Hilfer fractional semilinear differential equations.
Miskolc Math. Notes 2020, 21, 489-507. [CrossRef]

Liu, X; Yanfang; X.G. On the finite approximate controllability for Hilfer fractional evolution systems. Adv. Differ. Equ. 2020, 2020, 22.
[CrossRef]

Mahmudov, N.I. Finite-Approximate Controllability of Riemann-Liouville Fractional Evolution Systems via Resolvent-like
Operators. Fractal Fract. 2021, 5, 199. [CrossRef]

Wu, G.C,; Kong, H.; Luo, M,; Fu, H.; Huang, L.L. Unified predictor—correctormethod for fractional differential equations with
general kernel functions. Fractional Calculus Appl. Anal. 2022, 25, 648-667. [CrossRef]

Fuyjishiro, K.; Yamamoto, M. Approximate controllability for fractional diffusion equations by interior control. Appl. Anal. 2014,
93, 1793-1810. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1155/2019/8603878
http://dx.doi.org/10.1016/j.amc.2015.11.056
http://dx.doi.org/10.1007/s10957-014-0671-y
http://dx.doi.org/10.1007/s12591-011-0101-7
http://dx.doi.org/10.1016/j.jde.2012.02.014
http://dx.doi.org/10.1137/120903853
http://dx.doi.org/10.1016/j.cnsns.2013.05.015
http://dx.doi.org/10.1080/01630563.2018.1499667
http://dx.doi.org/10.1080/00207179.2012.675518
http://dx.doi.org/10.1016/j.amc.2015.11.017
http://dx.doi.org/10.1016/j.na.2011.10.049
http://dx.doi.org/10.1007/s12346-023-00759-2
http://dx.doi.org/10.1007/s13540-023-00164-1
http://dx.doi.org/10.1002/mma.9523
http://dx.doi.org/10.1016/S0021-7824(97)89951-5
http://dx.doi.org/10.1515/math-2020-0158
http://dx.doi.org/10.1186/s13660-020-02354-4
http://dx.doi.org/10.18514/MMN.2020.2921
http://dx.doi.org/10.1186/s13662-019-2478-5
http://dx.doi.org/10.3390/fractalfract5040199
http://dx.doi.org/10.1007/s13540-022-00029-z
http://dx.doi.org/10.1080/00036811.2013.850492

	Introduction
	Preliminaries
	Linear Systems
	Semilinear Systems
	Applications
	Discussion and Conclusions
	References 

