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1. INTRODUCTION

Recently fractional differential equations have aquired many important applica-
tions in science and engineering involving different types of differential operators
(see [1-3,5,6,13]). In [4], the author studied the controllability of the control system

x(t) =pl®f(t.x(@).u()), 0<a =<1,
u(t) € nG(t,x (1), u(t)), t € J :=[0,T1],
where p € [0, 1], G(¢,x(t),u(t)) denotes a set-valued function which has a nonempty

closed convex set of values in R” and I¢ f(¢) is the fractional integral operator
defined as follows.

Definition 1 ([7,9,11,12]). The fractional order integral of the function f of order
0 < a <1 is defined by

1“f(r)=[twf(f)dr 0O<a<l
¢ a T ’ T

and I§ f(t) = 1% f(t) = f(t) * Ya(t), where (*) denotes the convolution product
(see [9, 11]), ¥ (t) = % fort > 0 and ¥, (t) = 0fort <0 and ¥y (¢) — 6(¢) (the
delta function) as o — 0.

Definition 2 ([7,9, | 1, 12]). The fractional order derivative of the function f of
order o > 1 in the Riemann-Liouville sense is defined by

o (Z_T) * _i | Y
pe 10 =4 [ s roae = L1 o,
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Remark 1. [9,11] The fractional order derivative and integral of a continuous func-
tion f satisfies the relation:

19D f(t)) = D*(I* f(1)) = f(1).
Also we have
T — I'(p+1)
'p+a+1)
In this work, we consider the control set of fractional differential equations (SCFDE)

as follows: Let K.(R") be the collection of all nonempty compact convex subsets of
[Rl’l

AT (> —1).

D*X(t) = F(t,X(),U(t)), 0<a <1, (1.1)
where
(X(0) =0, X(t) € Kc(R"), U(t) € Ke(R™), 1 € J :=[0,T)).
F(t,X(1),U@t)): J x Ke(R") x Ko (R™) —> Ko (R")

and let D* be the fractional derivative of order « € (0, 1]. Thus (1.1) reduces to the
system

D%x1 (1) J1@ x1 (), X0 (), U1 (0, um (1))

D¥xy (1) Fu6x1 (0o Xn (021 (1)t (1)

This paper is organized as follows: in Section 2, we recall certain basic concepts and
notations which are useful in next sections. In Section 3, we present the problem of
global controllability (GC) for (SCFDE), and some examples of globally controllable
(GC) and non - controllable SCFDE will be given. In Section 4, we present the
conclusion of this paper.

2. PRELIMINARIES

We recall some notations and concepts presented in detail in a recent series of
works of V. Lakshmikantham et al. (see [8]).

Given A, B € K.(R"), the Hausdorff distance between A and B is defined by

D[A, B] := max{sup inf ||a —b||gn, sup inf ||b—al|r~}
acA beB beB a€A
where |.||g» denotes the Euclidean norm in R”. We define the magnitude of a nonempty
subset of A4 as
D[A,0"] = || Al = sup{llallgs.a € A} 2.

where 6" is the zero element of R” which is regarded as a one point set. The || 4] =
D[A,6"] norm in K.(R") is finite when the supremum in (2.1) is attained with A €
K (R"™). The Hausdorff metric satisfies the following properties.

D[A+C,B+C] = D[A, B] and D[A, B] = D[B, Al
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D[AA,AB]=AD[A,B],D[A,B] < D[A,C]+ D]|C, B],
D[A+A",B+ B’ < D[A,B]+ D[A", B']
forall A,B,C € Kc(R")and A e R4. If r,s € R and A, B € K.(R"), then
r(A+B)=rA+rB,r(sA) = (rs)A,1.A = A.

Finally, let A, B € K.(R"). The set C € K.(R") satisfying A = B + C is called the
Hausdorff difference (the geometric difference) of the sets A and B and is denoted
by the symbol A — B.

3. MAIN RESULTS
In this section we consider different cases of the system
D*X(t) = F(¢t,X(),U(t)), 0<a <1, (3.1)
where F(t,X(2),U(t)) € C[J, K. (R"), K. (R™)] whose solution set is of the form
X(t) = X(Xo.t,U(t)) € Kc(R"), (X(0) = X0 =0)
= X(0,1,U(t)) (3.2)
=X, U(@t)).

Definition 3. A state pair of the solution set (X, X1) € K.(R") is controllable if
after time 71 we can find a control set U(¢) € K. (R™) such that

X(t1) = X(Xo,11,U(t1)) = X1 € K (R"). (3.3)

Definition 4. The system (3.1) is called
- (GO): Globally controllable if every state pair of solution set (Xo, X1) € K.(R") is
controllable;
- (GR): Globally achievable if for every X; € K. (R") we have a state pair of solution
set (0", X1) € K.(R") that is controllable;
- (GNQ): Globally achievable to 8" € K.(R") if for every X1 € K.(R") we have
state pair of solution set (X1,0") € K.(R") that is controllable.
- (SGR): Globally achievable set after time ¢:

Ri(Xo) :={X(1) € Kc(R*)[FU(1) € K (R™) : X(Xo.1,U(1)) = X(1)}

and

R(Xo) := | Re(Xo).

>0

Definition 5. A control system (3.1) is called completely controllable (CC) if
V Xo, X1 € K:(R") there exists a continuous control U(t) € K.(R™),t € J =[0,T]
such that X(0) = Xp and X(T') = X;.

In virtue of Definition 4, we have the following result:
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Theorem 1. System (3.1) is
(i) (GC)ifforevery Xg € K.(R") we have R(X¢) = K.(R");
(ii) (GR) if we have R(6") = K.(R");
(iii) (GNC) if for every Xo € K¢ (R") we have 6" € R(Xy).
Remark 2. From Definition 5, every (CC) is controllable.
In the following we study several kinds of systems (3.1) :
3.1. Stationary linear control set of a fractional differential equation
Let us define the fractional system
D*X(t)=AX(t)+ BU(@1), 0<a <1, (3.4)

where X(0) = Xo =0 € K. (R"), A: K.(R*) - K.(R"), B : K.(R™) — K.(R")
are operators, whose solution set is of the form

X(1) =X, U1)) € Kce(R")

_ B (et
_F((x)/o [(t—1) AlU(r)d .

Theorem 2. System (3.4) is (GC) if and only if B is invertible.

(3.5)

Proof. Sufficient condition: For #; > 0, we consider

L(t) := /Otl [(t—7)* ! — Ald.

Then for all ¢ € J, the control U(¢) € K.(R™) has the form
U(t)= B ' @)L (1)) X;.
In virtue of Remark 1, we have
X(@t)=1%AX@t)+ BU@t)] = AI*X(t)+ BI®U(¢t).
Then by using Laplace transform and its inverse for the fractional integral operator
(see [11], p. 104), we obtain
E{X(2)} =L{AI*X (@) + BI®U(t)} = AL{I“X ()} + BE{I®U(1)}
= X(s) = AL{I*X ()} + BE{I®U@)} = X(s) = As X (s) + Bs~*U(s)
= X(s)[1—As™% = Bs~*U(s)

—

B
= X(s) = l_swws) -

5@ _A‘U(s),

where X (s) and U(s) are the Laplace transform of X and U respectively. Hence, by
the inverse Laplace transform, we have

_ B [t e
X0 =705 fo [(t —7) AlU(r)dx.
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Now for #; > 0, we state that
_ B n a—1
X0 = 7 /0 [ — 0" — AJU(x)d
15}
= %/0 [(t1—0)* ' —A|[B~ ' ()L™ (1) X1]d

= BB_l(/(;t1 [(Il —‘L’)Ol_1 —A]dT)L_l(Zl)Xl = Xi.

This implies that the system (3.4) is (GC).

Necessary condition: Assume that system (3.4) is (GC). If B is not invertible then
the existence of the feedback control U(¢) implies that system (3.4) is not (GC) and
this is a contradiction. O

3.2. Non stationary linear control set of fractional differential equations
Let us define the linear system
D*X(t)=A0)X@)+B)U@), 0<a <1, (3.6)
where X(0) = Xo € K. (R?), A(t) : Ko (R") - K (R"), B(t) : Ko (R™) - K. (R")
are operators, whose solution set is of the form X () = X(0, Xo,t,U(¢)) € K. (R").
Theorem 3. System (3.6) is (GC) if and only if B~1(t) exists.

Proof. Sufficient condition: For #; > 0, we consider
151
Yt):=[ [t—0)* '=A>x)dz.
0

Then for all ¢ € J, the control U(¢) € K.(R™) has the form
U(t)=B Y ) ()T (1) X,.
In view of Remark 1, we have
X(@)=I%[A@0)X(@)+B@)U@)] = I*A()X (1) + I*B()U(1).
By using the Laplace transform and its inverse for the fractional integral operator (see
[11], P 104), we obtain
E{X ()} =L{I*A0)X(t)+ I*B)U(1)}
= X(s) =LA X))} +E{I*B)U®1)}
= X(s) =5 %A)X(s) + s *B(s)U(s)
= X(s)[1—A(s)s™%] = B(s)s *U(s)
B(s)s™* _ B)

= X(s)=———U(s)

1— As)s ™ N s“—A(s)u(S)’
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where A(s), B(s), X (s) and U(s) are the Laplace transform of A, B, X and U re-
spectively. Hence by the inverse of Laplace transform, we have

X(@) = %a) /0 t [t —1)* ' — A(0)]B(x)U(r)d .

Now, for ¢; > 0, this yields
_ 1 i _\o—1
X = s [ =0 AU
151
- % /O B — 0% — A@NB~ (O (@) T~ (1) X1]d T

_ (/Ot' (61—~ A@dT) T ()X = Xi.

This implies that system (3.6) is (GC).

Necessary condition: Assume that system (3.6) is (GC). If B(¢) has no inverse, then
we have not the feedback control U(¢) implies that system (3.6) is not (GC) and this
is a contradiction. O

3.3. Nonlinear control set of a fractional differential equation (NLSCFDE)

Theorem 4. Let F be continuous and || F|| < M,0 < M < co. Then the control
system (3.1) is (CC).

Proof. The solution set of system (3.1) takes the form
X@)=I%F(t,X(1),U()), (telJ).
By continuity of F, the solution X(¢) is continuous. We only need to find X and

X. Since
X(0)= X9 =0,

and by Definition 1, X(z) = ta_rl(;a};(t), where (x) is the convolution product, we have

T s F(T)
X(T)=———, (F(T 0).
(N ="p > FM#0
We can choose X and X such that Xo = 0 and X = X(7T'). Hence the system (3.1)
is completely controllable on J. U

Our next aim is to show that system (3.1) is (GC). For this purpose we need to the
following preliminary result..

Lemma 1. Suppose that the decreasing Lyapunov-like function V (¢, X(t),U(t)),
t € Ry satisfies the followings:
(i) V e C[R4+ x Ko (R®) x K. (R™), K. (R™)],
(i) |V(t, X1,U1) = V(t, X2,U2)| < L(D[X1,X2] + D[U1,U2]), L >0
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(iii) b(|X|) < V(t, X, U) <a(t, || X)), fort € Ry, X, X1, X2 € Ke(R?),U, Uy, Uy €
K:(R™), where b(.),a(t,.) € ® = {p € C[Ry,R4] : ¢(w) is increasing in w and
¢(w) = coasw — oo} then for every u > 0,ty € Ry,3v > 0 such that

| Xoll < pimplies || X ()| <v, Vt > to. 3.7

Proof. Given u > 0, we can choose v > 0 such that a(to, ) < b(v), tp € R4+. If
(3.7) 1s not hold, then for ¢y < t1, we obtain

b(v) <b([[X()|) = V(tr, X (1), U(t1))
< V(to, X(t0), U(to)) < alto, || Xoll) < a(to, ) < b(v).
This contradiction proves (3.7). O
Theorem 5. Assume that the assumptions of Lemma 1 are satisfied. Assume that
F(t,X(@),U(@t)) € C[R4 x Ko (R?") x Ko (R™), K. (R™)] with
IF@.X@).UO) <LAX|+1UI). L>0

such that

Ta+1) LT*|X|
U <~—_ X e —— X .
U] < Tra [—[| Xoll F(a+1)+ll 1l]

In that case the system (3.1) is (GC).

Proof. The solution set of system (3.1) satisfies the following: for#; € J

n( —1)* !

1X < 1 Xoll + /O |F (e X(0).U(@)) d T

I ()
<ol + [ OO x4 e < 1ol + e TX U D)
s @) T+t
< X1l
Our aim is to prove || X (#1)|| = || X1||. If this is not true, i.e. | X(¢1)| < || X1]|, then in

view of Lemma 1, we have
b(v) =b(|X(t)|) < V(t1.X(t1),U(t1))
<V(to,X1.U(t1)) < a(t1,|X1])) <a(ty,pn) <b(v).

That means the state pair (Xo, X1) € K.(R") is controllable. Hence the (NLSCFDE)
(3.1) is (GO). OJ

In the same manner as in Theorem 5, we can prove the following result

Theorem 6. Suppose that the assumptions of Lemma 1 hold. Assume that
F(t,X(@),U(t)) € C[R4 x Ko (R?) x Ko (R™), K. (R™)] with

IF @, X@), U < ZAX | + U1, L >0
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such that U(t) == o(t) X1 and
F(e+1) LT*|X||
< — [ Xo|| - ———— + | X1|I]. 3.8
= eIl = F i + 1l (338)
then system (3.1) is (GC).
Remark 3. In the case m = n, the control operator ¢ (¢) must chose as a real func-
tion such that

o]

Ia+1) LT*|X||
lo| < ——=—[-Xol - =+

| X1||LT* I'a+1)
then system (3.1) is (GC).

We present a few examples of these two cases:

+ 1 X1 []],

Example 1. Global controllable case: The movement of the oil trace on the sea
will be controllable. Because for every pair of state sets
(Xo0,X1) € Kc(R*) x K (R™), Vi1 >19,3U(t) € K (R™), such that U(¢) = o () X1,
(where the control operator o (¢) satisfies (3.8)) the NLSCFDE (3.1) is (GC).
Example 2. Non controllable case: We consider the problem of transfer of an
alcohol concentrations in a volatile environment. This motion of the alcohol will

not be controllable, because it might move to somewhere else so we can’t find any
suitable feedback U(t) = h(X(¢)).

FIGURE 1. Globally controllable case

4. CONCLUSION

In this paper we used Riemann-Liouville fractional differential and integral oper-
ators for the study of the possibility of global control. We established the complete
controllability of generalized systems of the form (3.1). In the case of @ = 1, the
system (3.1) reduces to the form

D X(t)=F(,X(1),U(1)), 4.1)
where D is the Hukuhara derivative
(X(0) = Xo, X(t) € Kc(R"),U(t) € K. (R™),t € J :=10,T)),
F(t,X(t),U@)):J x Kc(R") x Ko (R™) — K. (R™).
This system has been studied by several authors (see [8, 10]).
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FIGURE 2. Non controllable case
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