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APPROXIMATE CONTROLLABILITY OF FRACTIONAL
CONTROL SYSTEMS WITH TIME DELAY USING THE
SEQUENCE METHOD

XIUWEN LI, ZHENHAI LIU, CHRISTOPHER C. TISDELL

ABSTRACT. The aim of this article is to establish sufficient conditions for the
approximate controllability of fractional control systems with time delay in
Hilbert spaces. By the technique of sequential approach, we prove that the
fractional control systems with time delay are approximately controllable. Fi-
nally, an example is provided to illustrate our main results.

1. INTRODUCTION

Let V and U be Hilbert spaces. For 0 < h < b, let Z = L?([0,b]; V) be the
function space corresponding to V and Y = L2([0,b];U) be the function space
associating to U. C(J,V) denotes the Banach space of all continuous functions
from the time interval J to V with the norm ||z||% = sup,c; e *||z(t)||v, where
A is a fixed positive constant which will be fixed in Theorem The purpose of
this paper is to consider the approximate controllability of the fractional control
systems with time delay:

CDex(t) = Ax(t) + Ayx(t — h) + Bu(t) + f(t,z(t — h)),
t >0, %<a§1, (1.1)
z(t) = o(t), —h<t<O.

where © D¢ denotes the Caputo fractional derivative of order o with the lower limit
zero. The state function z(-) takes its values in the space Z and the control function
u(-) takes its values in the space Y. Let ¢ € C([-h,0;V). A: D(A) CV — V is
the infinitesimal generator of a Cy—semigroup T'(¢)(¢ > 0) on the Hilbert space V.
Aj is a bounded linear operator on V. B : Y — Z is a bounded linear operator.
f:]0,b] x V — V is a given function to be specified later.

Fractional differential equations arise in a natural manner as mathematical mod-
els of dynamic systems that exhibit such properties as long-term memory and self-
similarity. Recently, they have drawn great applications in the mathematical model-
ing of systems and processes in the fields of physics, aerodynamics, electrodynamics
of complex medium, heat conduction, electricity mechanics, blood flow phenomena,
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fluid flow in porous media, fitting of experimental data, etc. For more details on
this topic, we refer to [IL 2, [, B 8, [0 14} [16] and the references therein.

In recent years, an important number of problems arising in the modeling of
physical phenomena from science and engineering lead to the nonlinear systems
with time or state delay (cf. [3] 6l [7, I8 [19] [20]). On the other hand, extensive
attention has been paid to the approximate controllability of the nonlinear con-
trol systems by many authors. To our knowledge, most of them focused on the
approximate controllability of the nonlinear control system provided that the cor-
responding linear system is approximately controllable. For instance, one can see
[0l 7, 10l 12} 13} 15], [I7] and the references therein. There are also some researchers
use other methods, such as sequence method, to study the approximate control-
lability for nonlinear control systems. For instance, Zhou [22] obtained sufficient
conditions for the existence of solution and approximate controllability for a class
of semilinear abstract equations without delay using sequence method. By apply-
ing similar technique of [22], Kumar et al. [7] obtained some suitable sufficient
conditions for approximate controllability of fractional order system; Liu and Li
[11] considered the approximate controllability of fractional evolution systems with
Riemann-Liouville fractional derivatives. Very recently, Shuklan et al. [I8] obtained
results on approximate controllability of semilinear system with state delay also by
using sequence techniques. However, in best of our knowledge, the suitable suf-
ficient conditions for the approximate controllability of fractional control system
with state delay using similar techniques as in [7, [T}, [I8] 22] is still untreated topics
in the literature and this fact is the motivation of the present work. The main con-
tributions of our present paper is to show the approximate controllability of linear
and nonlinear system with delay by using a sequence approach with some suitable
hypotheses.

This article has five sections. In the next section, we include some basic defini-
tions, notations and results. In section [3] some sufficient conditions are established
to guarantee the existence of mild solution of system . In section 4| we are
concerned with the approximate controllability of the fractional control systems
with time delay. In the last section, a concrete application of our main results is
provided.

2. PRELIMINARIES
Let us recall the following definitions related to fractional differentiation and
integration (cf. [5] [14]).

Definition 2.1. The Riemann-Liouville fractional integral of order a with the
lower limit zero is defined by

1 t
Ifft)=—— | (t—s)*"1f(s)ds, t>0, O0<a<l,
FI0 = g | (=9 s o
where I' is the gamma function.

Definition 2.2. The fractional derivative of a function f € C|0, ), in the Caputo
sense, can be written as

1 d

CD?f(t): F(l—a)%

/Ot(ts)a[f(s) — f(0)]ds, t>0,0<a<l.
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Remark 2.3. (i) The Caputo derivative of a constant is equal to zero.
(ii) If the function f’ € C[0,00), then we can get

t
CDRI0) = e [ ) s =10, 0<a<t

(iii) If f is an abstract function with values in a Banach space V, then integrals
which appear in Definition [2.1] and [2.2] are taken in Bochner’s sense.

In view of [23] Lemma 3.1], we can give the following concept.

Definition 2.4. For any given v € Y, a function z(-) € C([—h,b]; V) is said to be
a mild solution of the system (1.1)), if

Pa(t)p(0) + fo (t — 5)° 1 Qa(t — 5)[Ara(s — h)
x(t) = { +Bu(s) + f(s,z(s — h))lds, t>0, (2.1)
o(t), —h<t<O.

where

/ga T(t°6)d0, Qu(t —a/ 0., (0)T(t0)do,

1 1
§al0) = —07 T @a(677) 2 0,
_ l n 19 noa— 1M Sin(nﬂ'oz)7 9 S (O,OO)
7 4 n!

It is interesting to notice that the functions w,(#) and £,(0) act as a bridge
between the fractional and the classical abstract theories. Next results play an
important role for the main assertions of this article.

Lemma 2.5 ([23] Lemma 3.2-3.4]). The operators Py (t), Qn(t) appeared in Defi-
nition [2.) have the following properties:

(i) For any t > 0, the operators Pu(t) and Q. (t) are linear. Moreover, if
sup,so [T ()| < M, then the operators Po(t) and Qu(t) are bounded, i.e., for
any x €V,

[Pa(t)z]l < Mljzllv, [|Qat)z| < FJ(VI> [lv-
(i1) Operators Py (t)(t > 0) and Q. (t)(t > 0) are strongly continuous, that is,
forallz eV and 0 <ty <ty <b, we have
[Pa(t1)x = Pa(t2)zllvy — 0,
|1Qa(t1)x — Qulta)x|ly — 0, asty — to.
(111) Fort > 0, Py(t) and Qu(t) are compact operators if T(t) is compact.

3. EXISTENCE RESULTS

This section is devoted to the study of the existence of mild solution of the
fractional control systems with time delay. In the sequel, we make the following
hypotheses on the data of our problems:

(H1) The semigroup T'(t) generated by A is uniformly bounded on V, i.e., there
is a constant M > 0 such that supc(o o) [|7(?)]| < M.
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(H2) The nonlinear function f(¢, ) is continuous in ¢ for all z € V and continuous
with respect to x for almost all ¢ € [0, b] and there exists a positive constant
L, such that

||f(t,!1))—f(t,y)|| §L||$—y||v, for all ANTIS V.
Now, we are in a position to present the main result of this section.

Theorem 3.1. For each control function u(-) € Y, problem (1.1) has a unique
mild solution on C([—h,bl; V) if conditions (H1) and (H2) are satisfied.

Proof. Consider the operator F defined by

Pa(t)$(0) + fy(t = )7 Qu(t = 5)[Arz(s — )
+Bu(s) + f(s,z(s — h))]ds, t>0, (3.1)

B(t), —h<t<O.

(Fa)(t)

In view of the definition of F, the problem of finding mild solutions of is
equivalent to obtaining fixed points of F.

For a given control u(-) € Y, to show that the operator F has a fixed point on
the interval [—h, b], the positive constant A appearing in the definition of the norm
| - I& is chosen below

i (MAL DY
T (2a—1) ') ’
and the radius of the sphere By is defined by

M r [p2a-1 L b

> L, 2M 2| B |}
R > max {1, 2M60)] + 2755 [y 57— Bul 2 +
where Ly = maxe(op) [|£(0)|lv, M = supicpo, 4o [IT(¢)]|. Now, to prove that 7
has a fixed point, we subdivide the proof in two steps.
Step 1: For the sphere B = {z(-) € C([—h,b], X) : ||z||& < R}, we show F(Bgr) C
Bp.

If t € [—h,0), it is readily to get that ||Fz||, = ||¢[|& < R. For any x € Bg, if
t € [0,b], under the assumption (H2) and by Lemma (i), we have

e M(Fa)(t)llv

«

< e M| Pa(t)9(0)]] + €7M/O (t=5)""11Qalt = s)|
x ||A1z(s — h) + Bu(s) + f(s,z(s — h))||ds
Me=A

< MO+ | [ =9 Arats =y fvas

+ / (t — )° 1| Bus)| zds

+ /0 (t =) f (s, 2(s = ) = f(s,0)[lv + | (5. 0) [ v]ds

Me=> { p2a—1

< M6+ oy [ ga =g 1Bulz + (sl + L)
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< [ 6= 9t = Ry lvs + =27 ]

A L —At
<o MUALELIC P oot - s
0

M(HA1||+L) Mt ata1) 1 N2 ([ ax( —h) g 3
< _ @ s
<Rt R (/0@ 520 Vas) (/0 M ds) o]

— At 20 —2/\h 2t _
< o ML D [T C/EeT,
20 — 1
R.

M(\|A1||+L) b2e—t
') 2A(2a — 1)

k= M|60)] + \/73 |z ]

From the definitions of A and R, we obtam |Fz||& < R, Wthh proves the claim.

Step 2: We show that F is a contraction operator on C'([—h,b]; V). If t € [—h,0),
the claim is obviously valid.
If t € [0,0], for any x,y € C([—h,b]; V) and under the assumption (H2), we know

I(Fa)(t) - (Fo)(B)lv
< / (t = )" Qult — ) Ara(s — h) — Avy(s — h)]|ds
0

<rk+

where

+ / (t— ) U Ta(t — $)[f (s, x(s — 1)) — F(s, (s — h))][ds
0

t
< M(|[A1]l + L) / (t— S)a—leA(s—h)e—A(s—h)||x(s —h) —y(s — h)|lvds
[(a) 0
M(|| Ay + L)Xt | p2a-1 -
= [(a) 2X(2a — 1) o

Using the definition of A, it follows easily that

M([[A1] + L) be—t .1 )
— < — — .

[Fz = Fylle <

Hence, F is a contraction operator on C([—h,b]; V). As a consequence of the
Banach’s fixed point theorem, we can deduce that F has a unique fixed point z(+)
on C([—h,b]; V), which is the desired solution of the system (L.1]), which completes
the proof. [l

4. APPROXIMATE CONTROLLABILITY RESULTS

In the remainder of this section, we study the approximate controllability results
of the nonlinear control systems driven by fractional-order involving time delay. To
prove the approximate controllability results, the following definitions are essential
for our work.

Definition 4.1. Let x(¢; u) be the state value of system (1.1]) at time ¢ correspond-
ing to the control u(-) € Y. The set Kp(f) = {x(b;u) : u(-) € Y} is called the
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reachable set of system (L.1)) at terminal time b (b > k). If f =0, then the system
(1.1) is called the corresponding linear system and is denoted by (1.1)*. In this
case, K;(0) denotes the reachable set of the linear system (1.1)*.

Definition 4.2. The system (1.1)) is said to be approximately controllable at time

b (b > h)if Kp(f) =V, where Kp(f) denotes the closure of K;(f). Clearly, the

corresponding linear system (1.1))* is approximately controllable if ;(0) = V.

Now, to begin our study on the approximate controllability of the system (|1.1)),
we define a bounded and linear operator G : Z — C([0,b]; V) by

Gh = /Ob(b 810 (b— $)h(s)ds, for h() € Z.

From Definition we know that system (1.1)) is approximately controllable at
time b (b > h), if for every desired final state ( € V and any € > 0, there exists a
control u.(-) € Y, such that

I€ = Pa(b)6(0) = GA1aL — GFal — GBuc|| <,

where (Fa")(t) = f(t,z(t — h)), Aix" = Ajz(t — h) and x(t) = z(t;u.) is a mild
solution of system (L.1)) corresponding to u.(-) € Y. Relevant results regarding the
approximate controllability can be found in [6], [7, 10, [1T], 12} 13} [15] 17, 18], [19] 20,
9.

Remark 4.3. In Definition we require that b > h. This is reasonable since
one cannot control the value of x(s) for [b — h, 0] if b < h. Indeed, it is easy to see
that z(s) = ¢(s) in [—h, 0] is independent of the control u(t).

To prove our main result, we also suppose that:
(H3) For any € > 0 and ¢(-) € Z, there exists a u(-) € Y, such that

G — GBullv <e, (4.1)
[Bu()llz <vlleC)llz, (4.2)

where 7 is a positive constant which is independent of ¢(-) € Z and satisfies

M([[Asll+ L)y [ b2t
') 200 — 1

Eo(M([|Aa]l + L)b%) < 1. (4.3)

To investigate the approximate controllability of system (1.1]), we need the following
lemma.

Lemma 4.4. Suppose that conditions (H1) and (H2) hold, then any mild solutions
of system (L.1)) satisfy the following inequalities

(s u)lle < kE(M([[Ar] + L)b),  for any u(-) €Y,
[#1(-) = 22()lle < pEa(M([|[Ax] + L)b%)[|Bua(-) — Bua(-)| 2,
for any ui(-), ua(-) €Y,

where

M [ [pa- Lsbe M [pre—T
= M||¢(0)]| + = |1/ B Al =/
r= Mg+ 575 [ o118z =] r=rV a1
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and E, is the Mittag-Leffler function defined by

oo
Zk

E,(z)= That D)’

k=0

Proof. If z(-;u) = x(+) is a mild solution of system ([1.1)) with respect to u(-) € Y,
then

x(t) = Pa(t)p(0) + /0 (t — )1 Qu(t — 8)[A12(s — h) + Bu(s) + f(s,z(s — h))]ds.
For t € [0,b], we obtain
|z()llv

< [[Pa(t)o(0)] + /O (t =) Qalt — )
X ||A1z(s — h) + Bu(s) + f(s,z(s — h))||vds

t

< MIoO)| + s [ [ =92 (s = mllvas+ [ 6= Buo)as

+ [ =9 s = 1) = £, 0) + 175, 0) Vs
0

M p2a—1
< MIGO) + s [ 5 =7 18212

+ (1AL + L) /0 (t =) Hlw(s — h)|lds +

MAAT L) [ ot ie s
< TG [ ot = s

It follows from Corollary 2 in [21] that

Lfb“}

[e%

lzlle = t:l[tpb]e_”l\x(t)Ilv < KEo (M ([[Av]l + L)b).

Similarly, we obtain

l21(-) = 22 ()lle < pEa(M([[Ar]l + L)bY)[|Bus(-) = Bua(-)| z-

This completes the proof. ([

Now, we are in a position to present the other main result of this section.

Theorem 4.5. Under conditions (H1)-(H3), system (L.1) is approzimately con-
trollable.

Proof. Since D(A) = V, it is sufficient to prove that D(A) C Ku(f), i.e., for any
e >0 and n € D(A), there exists a control u.(-) € Y, such that

7 = Pa(d)$(0) — GAyz — GF2" — GBu.| < e. (4.4)

Firstly, for any given n € D(A) and any xo € V, there exists a function ¢(-) € Z,
such that Gy = n — Pa(b)¢(0). Next, we show that there is a control u.(-) € Y
such that the inequality (4.4) holds.
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Now, we begin to construct a sequence of the control. Let € > 0 and u;(-) € Y
be arbitrary. It follows from H(3) that there is a uz(-) € Y, such that

In = Pa(b)$(0) ~ GAia} — GFa} — GBus|| < 75,
where z1(t) = z(t;uy) for 0 <t < b. Denote z2(t) = z(t;uz) for 0 <t < b, by H(3)
again, we know there exists wo(-) € Y, such that
IG[A1zh — Ayl + Fal — Fal) — GBuws|| < 2%
and
1Bw2(-)l|z < 7ll(Arz} — Ara}) + (Fah — Fay)|
<([[ A+ L) lfz2(-) = 210l
< M(||A1+ L)y [ b2t
- I'a) 20— 1
Now, we define uz(t) = ua(t) — w2 (t), us(-) € Y, and it is readily to get that
11 = Pa(b)$(0) — GAry — GFal — GBus|
< lIn = Pa(b)6(0) — GA1z} — GFa — GBus|
+|GBwz — [Avey — Avay + Fay — Fatl|

Ea(M([|Ay + L)0)[[Bua () = Bua ()]l z-

1 1
< (23 + 27)6
By induction, we know there exists a sequence {u,(-)} C Y, which follows that
1 1
1= PoB)6(0) — GArzh — GFat — GBusl < (g +---+ o)e.

where z,(-) = z(-;u,) for 0 < ¢ <b, and
||Bun+1 — Buy,||z

M([[Ay + L)y [ bt
INa) 200 —1

From (4.3), we know the sequence {Bu,, : n = 1,2,---} is a Cauchy sequences
on the Banach space Z. Therefore, there exists a ¥ () € Z, such that

le Bu,(-) =v(-) in Z.

Eo(M([|Ax + L)b%)[[Bun(-) = Bun-1(:)] z-

Then, for all € > 0, there exists a positive integer number N, such that
|GBun+1 — GBun| < %
Therefore, we have
[n — Pa(b)p(0) — GA1ay — GFaly — GBuy|

< |l = Pa(0)$(0) — GA Yy — GFaly — GBun1|| + [|GBun+1 — GBun||
(ot tm)et S<e

22 AL 2

Hence, from the above argument, it is easy to get that system is approximate
controllability. This completes the proof. (I
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5. APPLICATION

In this section, a possible application of Theorem on the approximate con-
trollability of control systems with state delay is presented, such as:

D34(t,0) = a—zx(t 0) + x(t — h,0) + f(t,z(t — h,0)) + Bu(t,0),

062
€(0,1], 0e€l0,7, (5.1)
z(t,0) =xz(t,m) =0, te(0,1),
x(ta 0) = ¢(t)7 te [7ha 0]7 ZAS [O,’/T}.
Take V = U = L?(0,7) and the operator A = 2’ with the domain given by
D(A) ={z € V : z,2" are absolutely continuous, z” € V, x(0) = x(7) = 0}.
Then, A can be written as

Az = — ZnZ(x,an)an, x € D(A),

n=1

where 0, (0) = /2/msin(nf)(n = 1,2,---) is an orthonormal basis of V. It is well
known that A is the infinitesimal generator of a compact semigroup T'(¢)(t > 0) in
V given by

Z -n t (x,o0n)on, x€V, and |T(t)] <1
=1

For every u(-) € Y = L%([0,1];U), we have
u(t) =Y un(t)on,  un(t) = (ult),on),

Define the operator B by

where for n =1,2,...,

then, one can easily obtain that ||Bu(:)|| < |lu()||, which implies that B is a
bounded linear operator from Y to Z = L%([0,1]; V).
Firstly, by the definition of the operator B, the corresponding linear system of

BI) is
1
D?/gxn(t) +n2x,(t) = un(t), 1-— — <t<1,
n
zn(0) = @(t), t€[-h,0],.

Next, we will check that the hypotheses of (H3) are satisfied. To check these, let
us denote

1 )
h = / (1_8)71/392/3(1_5)9(5)(18: Zhngna hn = <h70n>7
0 —

(5.2)
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for every g(+) € L%(J,X). In fact, we can choose 1, (t) which follows from

_ 2n? 1
Un(t) = 1_72_2’%67"2(17”, 1- 2 Sts 1,

and

/ / 20605 (0)e 00 e (1) dbr
For this, we define u(t) >0 un(t)on, where forn =1,2,...,

{0, 0<t<l-—L,

Up(t) = ¢ _
®) Un(t), 1—H<t<1.

Therefore, for any given function g(-) € Z, there exists u(-) € Y, such that

1 1
[ =551 - 9Bu) = [ (1-5) 1501 - 9)g(s)ds
0 0
which implies the condition (4.2)) of (H3) is satisfied. Moreover, we can get

| Bu()|? = Z/ an () t)[2dt = Z2n2h2
_ 3 1 —2\—1 —2n dt
_5( —e ) Z - |gn ‘
3

8

< S =) Mg

Hence, it can be seen that the conditions of (H3) are satisfied, then system (5.1) is
approximately controllable on J, if

3‘[3&5”(1 —e ) ' Bys(1+L) <1,

is satisfied.
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