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Abstract

The aim of this paper is to establish a controllability result for a class of nonlo-
cal quasilinear differential inclusions of fractional order in Banach spaces. We use
the theory of fractional calculus, resolvent family and fixed point techniques for
the main results. Furthermore, a suitable set of sufficient conditions is presented
for the considered problem to be controllable. As an example that illustrates the
abstract results, a fractional nonlocal control partial differential system is given.
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1 Introduction

Nowadays, fractional differential systems are applicable in various fields of science and
engineering with more accurate and qualitative results, see the monographs of Baleanu
et al. [5] and Malinowska & Torres [19]. The existence and controllability problems for
dynamic systems by using the methods of fixed point theory have been investigated in
many works, see for instance [13, 14,21,23]. In recent years, the study of differential
inclusions and control problems have attracted the attention of many mathematicians
and physicists [1,2]. A large amount of articles developed concerning the investigation
of controllability problems for systems governed by semilinear differential inclusions in
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Banach spaces [4,6,7, 11, 16]. However, there are few papers dealing with the control-
lability for systems governed by nonlocal quasilinear differential inclusions.

Motivated by Bragdi and Hazi [8], Gérniewicz et al. [16] and Debbouche & Baleanu
[12], our main purpose in this paper is to study the controllability of nonlocal quasilinear
fractional differential inclusions by using a resolvent family, a fixed point theorem and
multi-valued analysis [17]. We remark that the method used in this paper is different
from that in [16].

The paper is organized as follows. In Section 2 we give the necessary preliminaries
for the paper. In Section 3 we give the outline of the corresponding results for the case
when the multivalued map is lower semicontinuous. The last two sections are devoted
to an illustrated example and a remark.

2 Preliminaries

In this section, we give some basic definition and proprieties of fractional calculus and
resolvent family.

The theory of fractional calculus is essentially based on the integral convolution be-
tween the function x(¢) and the following generalized function, introduced by Gelfand
and Shilov [15], ¢ (t) = ¢} /T (\), where X is a complex number, ¢ = t*0 (), 6 (t)
being the Heaviside step function, and I" (\) is the gamma function.

Following Gelfand and Shilov [15], we define the Riemann—Liouville fractional in-
tegral operator of order 3 > 0 by

1 t
IPx(t) = —/ (t —s)°1a(s)ds. (2.1)
L'(8) Jo
If 0 < a < 1, we can define the fractional derivative of order « in the Caputo sense as
o 1 t /
d*z (t) _ / x (S)ads, 22)
dt~ Frl—a)jy (t—ys)

d
where 2’ (s) = % (see also [18,20,22]).

If x is an abstract function with values in X, then the integrals and derivatives which
appear in (2.1) and (2.2) are taken in Bochner’s sense.

Now let X be a separable real Banach space with the norm || - ||. We denote by E the
Banach space C'(J; X) of X-valued continuous functions on J equipped with the sup-
norm and by B(X) the space of all bounded linear operators from X to X. Forx € X
and for nonempty sets A, B of X we denote d(x, A) = inf{||z—y|;y € B}, e(A, B) :=
sup{d(z, B);xz € A} and x(A4, B) := max{e(A, B),e(B, A)} for a Hausdorff metric.
For more details, we refer the reader to [10,21].

Definition 2.1 (See [12]). Let A(t, z) be a closed and linear operator with domain D(A)
defined on a Banach space X and o > 0. Let p(A(t, x)) be the resolvent set of A(¢, x).
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We call A(t,z) the generator of an («, z)-resolvent family if there exist w
a strongly continuous function R, : RZ — L(X) such that {\* : R()\)
p(A(t,z))and for 0 < s <t < o0,

> 0 and
> w

} C

AT — A(s,z)] 'z :/ e MR (t, 8)ydt, RON) > w, (z,y) € X2
0

In this case, R(q 4 (t, s) is called the (o, x)-resolvent family generated by A(¢, z).

Motivated by the work in [8, 12, 16], we consider the following control system gov-
erned by a fractional semilinear differential inclusion:
d*x (t)
dt>

€ A(t,z(t))x (t) + F (t,x (t)) + Bu(t), t € J:=[0,0], (2.3)
z (0) + h(z) = zo, (2.4

where 0 < v < 1, F': J x X — P (X) is a bounded, closed, multivalued map, P(X)
the set of all nonempty subsets of X, zop € X and h : C(J,X) — X. We assume
that A(t,-) is a closed linear operator defined on a dense domain D(A) in X into X
such that D(A) is independent of ¢. It is assumed also that A(¢, ) generates an («, x)-
resolvent family R, (¢, s) in the Banach space X and the control function u(-) is given
in L*(J,U), a Banach space of admissible control functions with U as a Banach space.
Finally B is a bounded linear operator from U to X . The following definition is similar
to the concept defined in [3, 12, 16].

Definition 2.2. A continuous function z(-) is said to be a mild solution of the problem
(2.3)~(2.4), if 2 (0) + h(x) = x, and there exists a function v € L'(.J, X) such that
v(t) € F(t,z(t)) a.e. on J and

2 () = Riaumy(£, 0)t0 — Riamy (£, 0) () + /0 Riaun(t,5) [Bu (s) + v (s)] ds.

Definition 2.3 (See [12, 16]). The system (2.3)—(2.4) is said to be controllable on the
interval J, if for every xg, x; € X there exists a control v € L?*(.J,U) such that the
mild solution x(t) of (2.3)—(2.4) satisfies = (0) + h(z) = x¢ and 2:(b) = z;.

Also, we need the following lemma.

Lemma 2.4 (See [12, Lemma 3.1]). Let 2 C X, Y be a densely and continuously
imbedded Banach space in X and let R, 5)(t, s) be the resolvent operator for the prob-
lem (2.3)—(2.4). Then there exists a constant K > 0 such that

t
[ Ray) (s 8)w = Riaa)(t; s)w]| < K||W||y/ ly(r) — (7)[|dr

for every zy, zo € E with values in () and every w € Y.
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3 Main Results

To investigate the controllability of the system (2.3)—(2.4), we assume the following
conditions:

(H1) The bounded linear operator W : L*(J,U) — X, defined by
b
Wu = / Ra2)(b, s)Bu(s)ds,
0
has an induced inverse operator W ! which takes values in L2(J,~U )/kerW and
there exist positive constants M;, My such that | B|| < M; and | W™ || < My;

(H2) F:J x X — P (X) is a nonempty, compact-valued, multivalued map such that:

(i) (t,x) — F(t,z)is L ® B measurable,

(ii) = — F (t,x) is lower semi-continuous for a.e. t € J;

(H3) For each k > 0, there exists ¢, (-) € L'(J, R, ) such that
1 (&, )| = sup {[lvfl| v € F (£, 2)} < @r(t),
for all ||z|| < k and fora.e. t € J;

(H4) There exists a function () € L'(J,R,) such that F is 1(¢)-Lipschitz in the
sense that

X(F(t,y), F(t,x)) < (t)||ly — x|, forae.t € J,
and for each x,y € X, where  is the Hausdorff metric on P (X) (see [10,21]);

(HS) h : E — Y is Lipschitz continuous in X and bounded in Y, that is, there exist
positive constants H; and H> such that

[h(2)lly < Hi,
10(y) = h(x)lly < Helly — 2|z, 2,y € E;
(H6) M = max||Rq)(t,s)|x),0<s <t <bxeX;

(H7) There exist positive constants k; and ko such that

b
M ||zo|| + MM My | ||z1|| + M [[zol| + M Hy + M/ Pk, (8) ds}
0

+ M lonll <k
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and
b
ky = M M, Msb {(Kb2HfHL1 + M/ Y(s)ds) + (Kbl||xo|| + M Hy + Kle)}
0

b
+ KbM; M, [||g:1|| + M ||xo|| + M Hy + M/ Ok () ds] < 1.
0
Theorem 3.1. If hypotheses (H1)—(H7) are satisfied, then system (2.3)—(2.4) is control-
lable on J.

Proof. As in [16], the assumption (H2) and (H3) imply that F' is lower semicontinuous
(i.e., it has nonempty closed and decomposable values (see [9])), then there exists a
continuous function f : £ — L'(J, X) such that f(x) € F(z) for all z € F, where F
is the Nemitsky operator defined by

F@)y={wel'(JX)|w(t) € F(tuz(t)) forae.tcJ}.
Consider the problem

d®z (t)
dte

z (0) + h(z) = zo. (3.2)
It is clear that if x € F is a solution of the problem (3.1)—(3.2), then it is also solution to

the problem (2.3)—(2.4). In view of the hypothesis (H1) for an arbitrary function z (),
the control is defined as follows (compare with [12])

uy (1) = W |21 — Riau)(b,0)x0 + Riax) (b, 0)h(x) —/0 Raz)(b,s)f(x) (s)ds| (t).

In what follows, it suffices to show that when using this control the operator @ : £ — E
defined by

Dz (1) = Riaz)(t,0)z0 — Rz (t,0)h(z) + /0 Riaz)(t — s) [Bug (s) + f(x) (s)] ds,

t € J, has a fixed point z () from which it follows that this fixed point is a mild solution
of the system (2.1)—(2.2). Clearly ¢z (b) = x4, from which we conclude that the system
is controllable.

Let By, be the nonempty closed and bounded set given by

By, ={z€ FE: z(0) = x, ||z|]| < k1}. (3.3)
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We first prove that &(By, ) C By,. For convenience we let

GJ? (77) = BW?l xry — R(a,:p) (ba O)i[)o + R(a,m) (b, O)h($)

b
-—ng Ra) (b, 8) f() (8)(18] (n)-
It is clear, for x € By, that

b
1Go ()l < Mo, [nmu M ool + M+ [ (9 ds] — Gy
0

and
[Pz ()| < M [Jxo]| + MGo + M ||g, || 11,

where the last two inequalities follow from (H1), (H3), (H5) and (H6).
From assumption (H7), one gets ||@z|| < k;. Thus, @ maps By, into itself.
Now we prove that @ is a contraction. For x,y € Bj

[Py (t) — Pz ()| < Li(t) + Lo(2) + I5(2),
where

Li(t) = ||R(a,x) (t,0)z0 — R(a,y) (t,0)xol| + HR(a,z) (t,0)h(z) — R(a,y) (t,0)h(y)|],

L(t) = /0 1Ry (t. $)Gy(5) — Ramy(t, $)Gal(s)||ds,

and

t
B0 = [ Wi (t:5)£5)(5) = Reo (905
Applying Lemma 2.4, (H5) and (H6), we get

Li(t) < | Riaw)(t, 0)z0 — Riay) (L, 0)2ol| + [ Raz) (8, 0)h(x) — Riam) (¢, 0)A(y)|]
+ HR(a,x) (ta O>h(y) - R(a,y) (ta O>h(y)”
< (Kbl|lzol| + MHy + KbH)||x — yl 5.
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From Lemma 2.4 and (H4)—(H6), we have
t
&@séwmwwa%@—mWMQ@@u
+ ([ Biay) (t: $)Ga(s) = Riaw) (t, 5)Gals)|]ds

< /0 [M]|Gy(s) = Ga(s)l| + Kb Ga(s)lly — zll£lds

< /t[MMle(h(b) + I3(b)) + KbGolly — z||]ds

b
< {MMlMQb[(Kb2Hf||L1 + M/ W(s)ds) + (Kb||xo|| + M Hy + KbH,)]
0

Again, we apply Lemma 2.4, and (H4)—(H6), to obtain

hwélmﬁwﬁ@ﬂw®—&wﬁ@ﬂ®@H
1 Ry (£ )£ (@)(5) — Ry (1)1 (2)(5) 1 ds

sAwwmw@—ﬂ@@wummmws

b
< (K0l -+ 21 [ 0t6)ds) = el
0
Now, from (HS5), we have

1Py (t) — P (t)|| < keolly — 2 2.

Therefore, @ is a contraction mapping and hence there exists a unique fixed pointz € X,
which is a solution to problem 3.1-3.2. This completes the proof. [l

In next section we present an example to illustrate our main results.

4 Example
Consider the following partial control differential system:
0%w(y,t Ow(y,t
TUD oty w708 L Qw0+ plt), @D
ot Jy
p
U}(y, 0) + Z Ciw(y7 tz) - U)()(y), y e [07 7T], (42)

i=1

w(0,t) =w(m,t) =0, t € J:=10,b], (4.3)
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where 0 < a <1, 0<t; <ta<---<t,<b ¢eRa:(0,7)x[0,0] xR —R,

p: [0,7m] x J — [0, 7] is continuous and Q : J x R — P (R) is a multivalued map.
p

Letustake X = U = L*[0, 7], u (t) = pu(t,-), z(t) = w(t, ), h(w(-, 1)) = Z crw (-, t;)
and -

Ftx(t)(y) =Q(tw(ty), t€J yel0n]
such that the hypotheses (H2)-(H4) are satisfied. We define A(¢,-) : X — X by
(A(t7 )Z) (y> = CL(ya t ')Z// with

(i) The domain D(A(t,-)) = {z € X : z, 2’ are absolutely continuous, z” € X and
2(0) = z(m) = 0} dense in the Banach space X and independent of . Then A
can be written as

Alt,z)z Zn (2, 2n) 2n, 2 € D (A),

n=1

where (-, -) is the inner product in L?[0, 7] and 2z, = Z, o x is the orthogonal set
of eigenvectors in A(t,z), and Z,(t,s) = \/2/msinn(t —s)*, 0 < s <t <b,
n=12..;

(ii) The operator [A(t,-) + A\*I] " exists in L(X) for any \ with () < 0 and

I[AGE, ) + A7 <

2 _teJ;
|>\‘+17 b

(iii) There exist constants 7 € (0, 1] and C,, such that

I[A(t1,-) = A(ta, )AT (s, )| < Culty —ta]", th,ta,5 € J.

Under these conditions each operator A(s,-), s € J, generates an evolution operator,
which is an («, z)-resolvent family and has the form (see [12]):

o
R, . (t, ) Zexp —n?(t — 8)*)(2, 2n)Zn, 2 € X.

n=1

With this choice of A, F' and (Bu)(y,t) = u(t,y), we see that (2.3)—(2.4) are the ab-
stract formulation of (4.1)—(4.2). Now assume that the linear operator IV given by

0 b
= Z/O exp[—n®(b —1)*)(1(y, 5), 20) 2nds, y € [0, 7]

has a bounded invertible operator W in L?(J,U)/ ker W. Thus all the conditions of the
Theorem 3.1 are satisfied. Hence system (4.1)—(4.2) is controllable on .J.
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5 Remark

The controllability for semilinear fractional order systems, when the nonlinear term is
independent of the control function, is proved by assuming that the controllability oper-
ator has an induced inverse on a quotient space, see for example [12, 13]. However, if
the semigroup associated with the system is compact, then the controllability operator
is also compact and hence the induced inverse does not exist because the state space is
infinite dimensional [24]. Thus, the concept of exact controllability is too strong, i.e.,
the results cannot be applicable. In this case the notion of approximate controllability
is more appropriate for these control systems. We can define the approximate control-
lability for the control system (2.3)—(2.4) as follows. Let (o — h(x);u) be the state
value of (2.3)—(2.4) at terminal time b corresponding to the control  and the nonlocal
value z(0). For every zy € X, we introduce the set

R(b, x(0)) = {@y (wo — h(2(t));u) (0) : u(-) € L*(JU)},

which is called the reachable set of system (2.3)—(2.4) at terminal time b (with U a Ba-
nach space). Its closure in X is denoted by 2R(b, z(0)).

Definition 5.1. The system (2.3)—(2.4) is said to be approximately controllable on .J if
MR(b,xz(0)) = X, that is, given an arbitrary ¢ > 0, it is possible to steer the system from
the point z(0) at time b to all points in the state space X within a distance e.

Consider the following linear control fractional system
Dix(t) = A(t, x(t))x(t) + Bu(t), (5.1
z(0) = . (5.2)

The approximate controllability for the fractional linear control system (5.1)-(5.2) is a
natural generalization of the notion of approximate controllability of a first-order linear
control system. It is convenient at this point to introduce the controllability operators
associated with (5.1)—(5.2) as

b
b= /O Ria.z)(b, s)BB*R{, (b, s)ds,

where B* and R, ,) denote the adjoints of B and R/, s), respectively. Moreover, we
give the relevant operator
R(ATg) = (AL +T¢)7",

for A > 0. It is straightforward to see that the operator I'} is a linear bounded operator.
Lemma 5.2 (See [25]) The linear fractional control system (5.1)—(5.2) is approximately

controllable on J if and only if AR(A,I'§) — 0 as A\ — 07, in the strong operator
topology.
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