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Stability Analysis of Linear Conformable Fractional Differential
Equations System with Time Delays
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ABSTRACT: In this paper, we first study stability analysis of linear conformable
fractional differential equations system with time delays. Some sufficient conditions
on the asymptotic stability for these systems are proposed by using properties of the
fractional Laplace transform and fractional version of final value theorem. Then,
we employ conformable Euler’s method to solve conformable fractional differential
equations system with time delays to illustrate the effectiveness of our theoretical
results.
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1. Introduction

Fractional derivative is generalized from the ordinary derivative whose source
refers to the late seventeenth century when the basics of differential and integral
calculus were being developed by Newton and Leibniz. Although this subject has a
history of over 300 years, it is about forty years that it has been used by engineering
communities as a powerful tool in solving engineering problems. Because of the
freedom on the order of the derivative, physical and engineering system such as
electromagnetic waves, viscoelastic systems, etc. can be described with very high
accuracy. In literature there are many definitions on fractional derivatives but the
most frequently used are as below.
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i) The Riemann-Liouville fractional derivative is defined by [1,2,3]

1 d

el RO R N (Y

D f(t) =
ii) The Caputo fractional derivative is defined by [1]

1 ! o
)/0 (t—e) " f(e)de, O0<a<l (1.2)

Dtaf(t)zm

iii) The Hilfer fractional derivative of order v and type 3 is defined by [4]

—) d (- (1-a
DR f(t) = OO ZITI Y p), 450, 0<a<1,0<8<1,
(1.3)
where ItB (179 is the Riemann-Liouville fractional integral operator of order

B(1-a).

iv) The Ji-Huan He’s fractal derivative [5]

Df(t) —T(a+1) f(t1) — f(t2)

t 1L (14
Dt At:tln—I}SZAL (tl _ t2)(l ) > 0, 0<a< ( )

where At does not tend to zero, it can be the thickness (L) of a porous
medium.

v) The conformable fractional derivatives [6]

D () = lim f(”stl;a)’f(t), >0, 0<a<l. (15

Since investigation of the stability of differential equations system with fractional
derivatives is important in control engineering, numerous articles are provided in
this field in recent years. Matignon in [7] firstly studied the stability of linear frac-
tional differential systems with the Caputo derivative. Since then, many researchers
have done further studies on the stability of fractional differential systems. For ex-
ample,Qian et al. [8] studied the case of linear fractional differential equations with
Riemann-Liouville derivative and the same fractional order « , where « € (0, 1).
Then, in [9,10] authors derived the same conclusion as [7] for the case o € (1,2).
Aminikhah et al. examined the stability of fractional differential equations system
of distribution order with non-negative density function [11,12]. Deng et al. inves-
tigated the stability of fractional differential equations system with multiple delays
and provided the results that ensure the stability of these systems [13]. Rezazadeh
et al. recently examined the stability of Hilfer fractional differential equations sys-
tem by using the properties of Mittag-Leffler functions [14]. In [15], the authors
studied the stability for the fractional Floquet system and shown the fractional
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Floquet system is asymptotically stable if all multipliers have real parts between
-1 and 1.

In this paper, we first introduce linear conformable fractional differential equations
system with time delay and then, state some results about the stability of these
systems which are consistent with the results presented about the stability of the
delay system with ordinary derivatives in particular occasions. Then, we offer a
numerical method namely conformable Euler’s method to solve the conformable
fractional differential equations system with time delay to show our claim about
the assessment of the stability of such systems on the graph.

The rest of the paper is organized as follows: Section 2 give some definitions and
theorems of conformable fractional derivative. Section 3 describes the stability
analysis of conformable fractional order systems with time delay, Section 4 explains
the numerical method of conformable fractional delays systems and in Section 5
analytical results of an example with the conclusion in Section 6.

2. Conformable fractional derivative

Conformable fractional derivatives were stated by Khalil et al. (2015) [6] , and
developed by Abdeljawad [16] . Moreover, Abdeljawad gave the fractional chain
rule, the fractional integration by parts formulas, the fractional power series ex-
pansion and the fractional Laplace transform definition.Then in short time, other
professionals provided mathematical models in structure of which conformable frac-
tional derivatives have been used [17,18,19,20,21,22,23,24,25,26] . Since the stabil-
ity of such systems is very important, Rezazadeh et al. (2016) studied the stability
of conformable fractional linear differential equations system for the first time [27]

In this Section, we briefly recall some definitions, notations and results from the
conformable fractional which will be used in our main results.

If the limit (1.5) exist then we say is differentiable and if is a-differentiable in (0, a),
a >0 and tl_i}lgl+ D¢ f(t) exist then we have

Df(0) = Tim D7 f(t) (2.1)

Theorem 2.1. Let « € (0,1), and [ and g be a-differentiable at a point t, then
the conformable derivative satisfies the following properties:

i) D2 (af(t) +bg(t)) = a D2 f(t) +bDq(t), Va,beR.
i) D(t") = pt"=*, ¥ p € R.
iii) DF(f(t)g(t)) = f(t)Dfg(t) + g(t) DF f ().

. o D f(t)—f(t) DE

. . . a _ad
Furthermore,if f is differentiable, then D¢ f(t) = t! d—];.
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In [16] T. Abdeljawad established the chain rule for conformable fractional
derivatives as following theorem.

Theorem 2.2. [16] Suppose f, g : (0,00) — R be a-differentiable functions and
€ (0,1] . Then fog is a-differentiable and for all t # 0, g(t) # 0 we have

Di(fog)(t) = (D7 f)(9() (D} g)(t)g(t)* . (2.2)
Definition 2.3. The conformable exponential function is defined by

Lo o= toF
ot — -
e > T (2.3)
k=0
As further result of the above formula
e (thr)™ _ eit“egr“7 B eR. (2.4)

Now, we list here the fractional derivatives of certain functions [6]
i) Df(eF!") = eFt"
ii) Dg(sin 1) = cos Lt~
iii) Dg(cos 1t*) = —sin 2¢~
iv) D(Lt*) =1
On letting o = 1 in these derivatives, we get the corresponding ordinary derivatives.

Definition 2.4. (Fractional Integral) Let a > 0 and t > a. Also, let [ be a
function defined on (a,t] and o € R . Then, the a-fractional integral of f is defined

by

i,

tl—a ™7

oI f(t) =

a

(2.5)

if the Riemann improper integral exists. If f : (0,00) — R be a continuous function
such that oI exist then for allt >0, 0 < a <1 we have

Dol f(t) = f(b). (2.6)

Also let f : (0,00) = R be a a-differentiable function and 0 < o < 1 then for all
t > 0 we have

ol DY f(t) = f(t) — f(0). (2.7)

Theorem 2.5 (Fractional power series expansions [16]). Assume f is an infinitely
a-differentiable function, for some 0 < a < 1 at a neighborhood of a point zero,
then f has the fractional power series expansion

e Dan £(() ¢ne
:Z¢, 0<t<Rs, R>0, (2.8)

a"n!
n=0

f(t)

where D™ f(0) means the application of the fractional derivative n times.



STABILITY ANALYSIS OF LINEAR CONFORMABLE ... WITH TIME DELAYS 163

Theorem 2.6. [27] Let f,g: (0,b] = R are two real function such that f.g is
differentiable then

b b
/ f() Dig(t) d(t) = f-glg*/ g(t) D f(t) da(t), (2.9)
0 0

where da(t) = t*~dt.

Definition 2.7. (Fractional Laplace transform [16] ) Let 0 < o < 1 and
f:(0,00) = R be a function with real values then the fractional Laplace transform
of order o is defined as follow

o

Lalf(t)} = Fals) = / TS 1) dalt), (2.10)

where da(t) = t*~dt.

The fractional Laplace transform of some crucial function is as follow [16]

1) Lo{1} =1, s>0,

2) Lof{t*} =1, s>0,

3) La{e“%} = Sia, s> a,

4) Lofsin 2t} = 25, s> 1,
5) La{cos1t*} = =, s> 1L

Furthermore from properties of the fractional exponential function and theorem
2.6 we get

LoADSf(t)} = s Fals) — £(0), 0<a<1. (2.11)
Theorem 2.8. (Fractional final value Theorem [27]) If f(t) and DY f(t) have
the fractional Laplace transform and F,(s) be the fractional Laplace transform of
f(t) and sF,(s) has no poles in the area R(s) > 0 ,then

tliglo f(t) = ;13(1) sFy(s). (2.12)
3. Stability analysis of linear conformable fractional differential
systems with time delays

In this Section we evaluate the stability of linear conformable fractional differ-
ential systems with time delays.
The general form of a linear conformable fractional differential system with time
delays is as follows

D'z (t) = anzi(t) + -+ a1nzn () + bzt —711) + - - + binn (E— T1n) ,

Di2xs(t) = anrw1(t) + -+ - + aonwn () + bo121(t — To1) + -+ - + ban@p (t — Ta2n) ,

D?nxn(t) = An1T1 (t) + -+ annzn(t) + bnlxl (t - 7_nl) + -+ bnn-rn (t - Tnn) )
(3.1)
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with the initial conditions z;(t) = x;0(t) for —max7;; = —Tmax < ¢ < 0 and
0 <o <1,4,5 =1,...,n. In this system A = (ai;), ., B = (bij) € R™»*",

nxn
coefficient matrix z; (t) ,x; (t — 7;;) € R state variables are given.

Definition 3.1. Linear conformable fractional derivative system with time delays
(3.1)

i) is said to be stable if for any initial value xqo , there exist an § > 0 such that
l(@®)|| <& for allt > 0.

ii) is asymptotically stable if at first it is stable and ||z(t)|] = 0 as t — oo.
Remark 3.2. Denoting by X, (s) the fractional Laplace transform of the function
x(t), we can evaluate

Lola(t —1)] = [;° e~ 2(t — 1) da(t) = [z ems S z(t) da(t)

—T

=e 7o Xo(s) + e iE fBT e~ 2(t) da(t),
where 8 € R.

Now we consider system (3.1) and express the main theorem for analysis of stability
by applying the fractional Laplace transform and fractional final value theorem.
Theorem 3.3. If all roots of

[e3 [e3 @
_Sﬂn"ul _Sﬂ127121 _Sﬂlnflﬂl
s—a11 —bie 1 —ai2—bize “1 —aip—bine “1
[e3 [e3 (3
_Sﬂ21"212 _Sﬂ227222 _Sﬂznfzf
—az1 — bare az s — aga2—base az —agp —bane az
det 21 21 22 —022 2n—b2n =0,
_Bmatp? _Bn2my? _ o BanTol
—an1—bnie an —an2—bnae an ... 8—apn —bpne on

have negative real parts, then system (3.1) is asymptotically stable.
proof: We get the fractional Laplace transform of both sides of system (3.1)
and obtain

B1jT1;41

a1 Xa; (s) + 30 bije” " o1 Xo, (s)
j=1

-

I
-

8 X, (8) —21,0(0) =
! P11t o1

n
s 0 gt
3 bye T L e o) das (D),

2722

J
n B
5 Xay(s) — $2,0(0) = a2jX0<j (s)+ > b2j€7S o2 Xa]. (s)
j=1

J

n
=1

s_ﬂzj 72572 2

n _ 0 g2
30 byge T [T e o (t) da(t),
=1

n n BrjTni®m
§ Xa, (8) = 2n,0(0) = 32 anjXo,(s) + 3 bpje "™ = Xa,(s)
j=1 j=1

00 by T [0 e o (8) don (B),
1 J
(3.2)
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where X, (s) is the fractional Laplace transform of x;(t), i =1,...,n.

We can rewrite (3.2) as follows

Xal (S)
Xy (5)
A(s) .
Xa, (s)
in which
An(S) AND)
A21(8) Ago
A(s) = . .
Anl (3) A712
where
5 — a;; — bye
Agji(s) =

hl(S) = 1,0 + Z blje_ 1
j=1

B2j725%

n
hQ(S) = 2,0 + Z bgje_é @2
j=1

hn(s) = xno+ D bnje” " on
j=1
multiplying s on both sides of (3.3) gives

s§a1 Es;
A(s). o

sXaln (s)

B1j71; 1
s J J

PngTni "

0 gt
ffTu e Shan Sijo(t) dozl(t),

2 P

0 —s==
f7T2j e 2 Sijo (t) dOéQ (t),

a
tdn

2. e ao(t) dan(t)),

shi(s)
sha(s)

sh,;(s)

165

(3.4)

If all roots of det (A (s)) = 0 lie in open left half complex plain,i.e. , ®(s) < 0
,then we consider (3.4) in $(s) > 0 .In this restricted area, (3.4) has a unique
solution sX, (5) = (sXa, (8),8Xa, (8),...,5Xa, (8)). Since lims_,g sh; (s) = 0 for
i=1,2,...,n, so we have
lim (3.5)

sXa,(s) =0,
s—0,R(s)>0

i=1,2,...,n.
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Therefore sX,,(s) has no poles in area R(s) > 0 which from the fractional final
value theorem of fractional Laplace transform we get

tliglo x(t) = tli}rg)(xl(t), x2(t), ..., xn(t))
= s—>01,1§}?(13)20 (X0, (8),8Xa,(8),...,8Xq4,(s)) =0,
so system (3.1) is asymptotically stable.
For simplicity we name A(s) a characteristic matrix of system (3.1) and det(A(s)) =
0 a characteristic equation of system (3.1).

Corollary 3.4. If r;; =0 fori,j =1,...,n system (3.1) is changed to:
Dy x(t) = Cx(t), t>0, z(0)=uxo, (3.6)

where C' = A+ B. Hence characteristic equation becomes det(sI — C) = 0. Then
A = s where X is eigenvalue of C' .If all roots of det(sI — C) = 0 have negative real
parts then system (3.1) is as asymptotically stable.

Remark 3.5. If a1 = ... = ay, = 1 system (3.1) is changed to a linear common
differential equation.

Definition 3.6. The inertia of system (3.1) is the triple
In(con) (Aa B) = (ﬂ-n(con) (Aa B)a Vn(con) (Aa B)a 5n(con) (Aa B))a

where Ty (con) (A, B),Vn(con) (A, B) and 0y, con)(A, B) are the numbers of roots of
det (A(s)) = 0 with positive,negative and zero real parts,respectively.

Theorem 3.7. If Ty (con)(A, B) = On(con)(A, B) = 0 then system (3.1) is asymp-
totically stable.

4. Numerical method

Since most of the conformable fractional differential equations systems do not
have exact analytic solutions, so approximation and numerical techniques must be
used. Several analytical and numerical methods have been proposed to solve the
conformable fractional differential equations [26,28,29] . Hence, in the simulations
of this paper we employ conformable Euler’s method to solve conformable fractional
differential equations systemby applying the fractional power series expansions.
Consider the following initial value problem

Diy(t) = f(t,y(t)), a<t<b, yla)=c (4.1)

where a = to,t1,...,ty = b such that t; = a+1th, g =0,1,--- , N and step length
h = b*Ta are given.
Suppose that D@y(t), D??y(t) € C°[a,b]. According to the fractional power series

expansion,for ¢ =0,1,--- | N — 1 we can write
o 2a

Y(tisn) = ot + ) = y(t:) + (DR (1) + 5 (DEW)(E),  (42)
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where t; < &; < tit1.
Since h = t;11 — t;, there exist 6; where 0 < 6; < 1 such that

ho o h2a o
y(tiva) = y(ti) + E(Dt y)(t) + T«Q(D? y)(ti + 0;h), (4.3)
From the equation (4.1) we obtain
he h2a
y(tin) = y(t) + —F(ti,y(6) + 55 (DY) (t: + 0:h), (4.4)
We can rewrite (4.4) as follows
a(y(tiv1) — y(ts h™ 5,
W) 00D _ p4, y0)) + oo (Do)t +0m), (45)

When step length h be small enough the second term in the right-hand side of the
equation (4.5) is small and can be deleted.Hence

ay(tivi) —y(t:))
ha

~ Flt(t). (1.6
Yltis) = y(t) + o f 1, y(02). (4.7)

Relation (4.7) is called the conformable Euler’s method

Obviously if we set & = 1 then the conformable Euler’s method (4.7) reduces to
the classical Euler’s method.

Now, we will consider the general conformable fractional order equation with time
delay as follows

Dy y(t) = ft,y(t),y(t — 7)), te(0,T],
{ y(t) = o(t), te -0, (4.8)

where « is real and lies in (0,1] , ¢(t) € C°[—7,0] is the initial condition associated
to above equation and 7 > 0 represents the time delay.
We consider conformable Euler’s method to earn numerical solution for the con-
formable fractional differential equation with time delay.
Suppose j and N are integer numbers so that T = hN and 7 = hj. We use a
uniform grid

ty, =kh, k=-j5,—j+1,...,—1,0,1,..., N, (4.9)
Let g(tx) denote the approximation to y(t) and also we consider g(tx) = ¢(tx) for
k=—-j,—j+1,...,—1,0.
In addition, according to the assumptions we have

Gty — 1) = g(kh — jh) = g(tx—;), k=0,1,...,N. (4.10)
Presume we have already calculated approximation y(tx) ~ y(tx),k = —j,—j +
1,...,—1,0,1,...,n—1 < N. Therefore, a general numerical solution of the con-

formable fractional differential equation with time delay in the form (4.8) can be
expressed by using the relation (4.10) as

Htnss) = Glt0) + o, ), Gtns))y m=Too N1 (410)
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5. Example

In this Section,we give example to confirm out result for asymptotic stability
of conformable fractional order systems.
Consider the following linear conformable fractional differential system with mul-
tiple delays

Dityi(t) = =2y1(t) — aya (t — 1) + aya(t),
Di?ys(t) = —kyi(t) + by (t — 72) — y2(t) — kys(1), (5.1)
Dy*ys(t) = gy (t) — cys(t — 13),

where a,b,c,k and g are real numbers and y1,0(t) = y2,0(t) = ys,0(t) = 1 for
t € [-7,0] and 7 = max {71, 72,73 }.
The characteristic matrix for this system is as follow

B1711
s4+24ae " m —a 0
BoToO2
A(s)= | k—be* 5 s+1 k :
_gB3T33
—qg 0 s+ ce o3

without loss of generality, we assume that 3, = 8, = 83 = 1. Now we analyze the
stability of this system by applying the previous theorems.In the tablel we compute
Iy (con) (A, B) for different values of a,b, ¢,k and g with time delays (71,72, 73) and
fractional orders (aq, ag, ag).

Table 1: Stability analysis of the system (5.1) for different values.

| (a,b,c,k,g) || (a1, g, ag) || (T1,72,7T3) || L (con) || stability |
,5,6,2,7) 0.89,1,1) 0,0.6,0.71) ][ (0,3,0) || Yes
(0.2,3,2,2,4) (0.9,0.95,0.99) || (0.2,1.6,0.71) || (1,2,0) | No
(0.75,1.8,8,1.5,3) || (0.85,0.9,0.97) || (0.65,0.8,1.5) | (1,2,0) || No

Figure 1 indicates that system (5.1) with parameters (a,b,c,k,g) = (9,5,6,2,7)
and orders (a1, a9,a3) = (0.89,1,1), when (71,72,73) = (0,0.6,0.71) is asymp-
totically stable. Figure 2 shows that system (5.1) with parameters (a,b, ¢, k,g) =
(0.2,3,2,2,4) is unstable when (a7, a9, a3) = (0.9,0.95,0.99) and (71,72,73) =
(0.2,1.6,0.71). Figure 3 demonstrates that system (5.1) with parameters (a, b, ¢, k, g) =
(0.75,1.8,8,1.5,3) and orders (a1, as,a3) = (0.85,0.9,0.97) , when (71,72,73) =
(0.65,0.8,1.5) is unstable. The final time of conformable Euler’s method is T' = 20
and the time step size h = 0.05.
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6. Conclusion

In this paper, we have studied the asymptotic stability of the linear conformable
fractional differential equations system with time delays. The results are obtained
in terms of the fractional Laplace transform and the Fractional final value theorem.
Further since system (5.1) needs to be solved numerically for the reconciling our re-
sults are given in Table 1, a suitable numerical method needs to be selected. Hence,
we have employed conformable Euler’s method to solve fractional conformable dif-
ferential equations system. The linear conformable fractional differential system
with multiple delays is given to demonstrate the effectiveness of the theorem and
the proposed approach. All numerical results are obtained using Matlab 2010.
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