Iranian Journal of Numerical Analysis and Optimization

oz
Vol. 7, No. 1, (2017), pp 13-32
DOI: 10.22067 /ijnao.v7il.46917

Stability Analysis of Conformable
Fractional Systems

H. Rezazadeh, H. Aminikhah*, and A.H. Refahi Sheikhani

Abstract

In this paper, we investigate stability analysis of fractional differential
systems equipped with the conformable fractional derivatives. Some stabil-
ity conditions of fractional differential systems are proposed by applying the
fractional exponential function and the fractional Laplace transform. More-
over, we check the stability of conformable fractional Lotka-Volterra system
with the multi-step homotopy perturbation method to demonstrate the effi-
ciency and effectiveness of the proposed procedure.

Keywords: Stability analysis; Asymptotical stability; Conformable frac-
tional derivative; Lotka-Volterra system.

1 Introduction

Fractional differential equations are generalizations of classical differential
equations of integer order that have recently proved to be valuable tools
for the modelling of many physical phenomena, and have been the focus of
many studies due to their frequent appearances in various applications, such
as physics, biology, finance and fractional dynamics, engineering, signal pro-
cessing and control theory [8,12]. Finding solutions to fractional differential
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systems is rather complicated, consequently, the stability results of the frac-
tional differential systems have been the main goal of the previous studies.
For example, Matignon considers the stability of fractional differential sys-
tems in control processing [11], Deng has studied the stability of fractional
differential system with multiple time delays [6] and we have investigated the
stability of fractional differential systems with Hilfer derivatives [15]. More
novelty, authors in [3, 4, 14] studied stability analysis of distributed order
fractional differential equations with respect to the nonnegative density func-
tion. There are many definitions of fractional derivatives, such as Riemann-
Liouville, Grunwald-Letnikov and Caputo’s fractional derivatives [12], which
these fractional derivatives do not satisfy the product rule, the quotient rule
and the chain rule. In 2014, to overcome these and other difficulties, Khalil
et al. [7] introduced a new simple well-behaved definition of the fractional
derivative called conformable fractional derivative. This fractional deriva-
tive is theoretically very easier to handle and also obeys some conventional
properties that cannot be satisfied by the existing fractional derivatives, for
instance, the chain rule [1]. However this fractional derivative has a weak-
ness, which is the fractional derivative of any differentiable function at point
Zero.

In this paper, we shall describe stability conditions for conformable frac-
tional differential systems. In particular our analysis covers the linear con-
formable fractional differential systems with commensurate order and in-
commensurate order and the nonlinear conformable fractional differential
system. At first, stability conditions will be established using fractional
exponential function for linear conformable fractional differential systems,
corresponding to this result we will derive asymptotic stability for the non-
linear conformable fractional system. Then, we produce sufficient conditions
for asymptotical stability of in-commensurate linear conformable fractional
differential system by of the fractional Laplace transform and the fractional
final value theorem. Finally, we present the multi-step homotopy perturba-
tion method for obtain approximate analytical solution and stability of the
conformable fractional Lotka-Volterra system to illustrate the validity of the
results.

2 Conformable fractional derivative

Here, some basic definitions and properties of the conformable fractional cal-
culus theory which can be found in [1,2,7] are presented.

Definition 1. Let f : (0,00) — R, then, the conformable fractional deriva-
tive of f of order « is defined as [7]
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ST () (1) = lim LEEEED = () "
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for all t > 0, a € (0,1).
If f is a-differentiable in some (0,a), a > 0, and H%lJr +To (f) (t) exists, then
t—

by definition

t T (f) (O) = lim T, (f) (t) (2)

t—0t

The new definition satisfies the properties which are given in the following
theorem.

Theorem 1. Let o € (0,1], and f, g be a-differentiable at point t, then [7]
(1) tTolaf +bg) = a tTo(f) +b:Ta(g), for all a,b € R.
(it) 1 To(t*) = p t*=, for all p € R.
(i11) ¢ To(fg) = [ tTal(g) + 9+ Ta(f).

(iv) tTa(g) = M. In addition, if [ is differentiable, then

Ta(H)(t) =t
In [1] T. Abdeljawad established the chain rule for conformable fractional
derivatives as following theorem.

Theorem 2. Let f : (0,00) — R be a function such that f is differen-
tiable and also a-differentiable. Let g be a function defined in the range of f
and also differentiable; then, one has the following rule

1 Ta(fog)(t) = (Tuf) (9(t)) (:Tag) (1) g(t)* . 3)

If t =0, then

1Ta(f0g)(0) = lim (. Taf) (9(t)) (- Tug) (1) 9(t)*~".

The fractional exponential function plays a very important role in the con-
formable fractional differential equations. The fractional exponential function
1 . . . .
e, where 0 < o < 1, is defined by the following series representation,

00
10 tak

eat = .
okk!
k=0

Now, we list here the fractional derivatives of certain functions [7]

(z) tTa(eétQ) = eét"7
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(i)  To(sin 2¢*) = cos Lt
(i) 4 Ta(cos 2t*) = —sin L1,
(iv) ¢ To(Lt*) =1.

On letting @ = 1 in these derivatives, we get the corresponding ordinary
derivatives.

Definition 2. (Fractional Integral) [7] Let a > 0 and t > a. Also, let f
be a function defined on (a,t] and « € (0, 1]. Then, the a-fractional integral
of f is defined by,

t
x
aer = [ A @
if the Riemann improper integral exists.

Theorem 3. (Integration by parts) [1], Let f,g : [0,b] = R be two func-
tions such that fg is differentiable. Then

b b
/0 £(t) 1T (9) () da(t) = fg|! - / o(t) To () (1) da(t),  (5)

where da(t) =t~ dt.
It is interesting to observe that the a-fractional derivative and the a-

fractional integral are inverse of each other as given in [7].

Theorem 4. (Inverse property). Let o € (0,1] and f be a continuous
function such that I f exists. Then

TaISF)() = £(£),  for t>0.

Definition 3. (fractional Laplace transform) [1] Let 0 < o < 1 and
f :]0,00) = R be real valued function. Then the fractional Laplace trans-
form of order « starting from a of f is defined by,

Lalf(0} = Fuls) = [ T e £(1) dat), (6)
where da(t) = t*~Ldt.

Fractional Laplace transform for certain functions are presented as fol-
lows [1]
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o L{1} =1 s>0.

s

o

Lo{try = 220 T(1+ 1), s>0.

La{e%}: . s> 1.

© s—17

Lo{sinit*} = S 1
o Lo{singt*} = 57, s>1
o Lo{cosit>} = 7, s> 1L

Furthermore, using the properties of the fractional exponential function
and integration by parts, we have

Lo{iTo (f) (1)} = s Fa(s) — f(0). (7)

Next we prove a fractional version of final value theorem which will be
useful is studying stability of conformable fractional systems.

Theorem 5. (final value theorem) Let F,(s) be the fractional Laplace trans-
form of the function f(t). If all poles of sF,(s) are in the open left-half plane,
then,

lim f(t) = 11_1)1(1) sF,(s). (8)

t—o00

Proof. By using formula (7) we arrive at the following relation

lim Lo T () (6)} = lim (s Fa(s) — £(0)) = lim (s Fu(s)) — £0).  (9)

s—0

Consider now the first term only. Since s is independent of ¢, the order of
integrating and taking the limit can be interchanged

lim3_>0 La{tToe (f) (t)} = 1iIns—>0 fooo 678% tTa (f) (t) do‘(t)

o

= 5 [imeso e S ] T () () dalr)  (10)

=Jo tTa (f) (1) da(t).

Taking the integration in the last term of (10), implies that

/0 T () (8) do(t) = lim (F(t) — £(0)). (11)

Finally, using (9) and (11), we have
lim (s Fu(s)) — £(0) = lm (f(t) — £(0)).

s—0 t—o0
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Neither term on the right-hand side depends on s, so we can remove the limit
and simplify, resulting in the final value theorem

3 Stability analysis of linear conformable fractional
differential system

In this section, we consider the stability of the following linear conformable
fractional differential system

tTo x(t) = Az(t), t>0, z(0)=wxo, (12)

where * € R", matrix A € R"™" x5 = (219,%20,---,%n0)’, and a =
[a1, @a,...,a,] such that 0 < o; <1, fori=1,2,...,n.

Remark 1. If « = a1 = ag = -+ = a,, then system (12) is called a com-
mensurate order system, otherwise system (12) indicates an in-commensurate
order system.

Definition 4. The zero solution of linear conformable fractional differen-
tial system (12) is said to be stable if, for any initial value g, there exists
an € > 0 such that ||z(t)|| < e for all t > ;. The zero solution is said to be
asymptotically stable if, in addition to being stable, ||z(t)|] — 0 as t — oo.

Now we state stability theorems from commensurate order system, next
produce conditions for asymptotical stability of the in-commensurate order
system.

Theorem 6. The solution to the linear commensurate order system (12)
is given by )
a(t) = wo ex A", (13)

where the solution is assumed to be differentiable on (0,00).
Proof. Taking the fractional Laplace transform of (12), by formula (7), we

have that
$Xo(8) — sxg = AX,(9),

so that
Xo(s) = mo(sI — A)~ L (14)

Now, by applying the fractional Laplace transform of the fractional exponen-
tial function, we obtain the claimed result. O]
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Definition 5. If all the eigenvalues of A satisfy

jarg(A(4)] > 7. (15)

then A is said to be Hurwitz stable. If all the eigenvalues of A satisfy
larg(A(A)| = 7/2, (16)

and if |arg(\jo(A4)| = 7/2, Ajo only correspond to simple elementary divisor
of A, then A is said to be quasi-stable.

Theorem 7.The zero solution of the conformable fractional differential sys-
tem (12) is asymptotically stable if and only if A is a Hurwitz stable, and the
zero solution of system (12) is stable but not asymptotically stable if and only
if A is quasi-stable.

Proof. According to the relation (13), we have

z(t) = xo enAt”,

Let A = 5JS~!, Jis a Jordan canonical form, where J;, 1 < i < r has the
following form

and >_'_, n; = n. Then,

1 e 1 -1, 1 a
eaAtt — g3 SISTHY —_ g o5t S_l,

1 5« . 1 o 1 a 1 «
ealt zdzag(eaJlt Jeal2tt | ewdrt ),
1 Lpa L2 1 Ve
@ az 2! o™i~ (n;—1)!
10 1 g —e
) 01 3t a™i % (n; —2)! )
Ly S At
a”d = a M
6 0 0 e .
: o1 lia
Do =
00 --- 0

M XN

One can easily show that the stability of zero solution of system (12) is
determined by the boundedness of eéAtQ, or the boundedness of e /t" or the
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boundedness of all e=”i*" j = 1,2,...,r i.e., |arg(\;(A)| > 7/2, and when
larg(X;(A)| = 7/2, n; =1, i.e., A is quasi-stable. Asymptotical stability of
the zero solution of system (12) is given by

. 1 g0
lim ea?t” = 0,
t—+oo
or
. 1 g0
lim e=’t" = 0,
t——+o0

which is equivalent to

lim e«’it" = 0, (G=1,2,...,r).

t——+oo
That is,
1 lta Lt2(x 1 t(njfl)a
@ a? 2! ami~l (ny—1)!
1a 1 g =e
01 3t a™im? (n;—2)!
I L ' ANt =0, Vj =1,2
t;gloo 00 - .. : e« =U, vp=1L14,...,71,
. 1
: 1 Ly
0 0 0 1

NG Xn;

and thus |arg(A;(4)] > 7/2 (j = 1,2,...,n) implying that A is a Hurwitz
matrix. The proof is complete. O

Remark 2. If there is a Ay such that |arg(A\g)| < 7/2, then zero solution of
system (12) is unstable.

Remark 3. If A has zero eigenvalue, then zero solution of system (12)
is unstable.

Proof. If A =0, then from the proof of Theorem 7, we have

(@) e

t(jfl)a

t—Da

JE N S . <i<r
(j—].)!oz(jfl)7 J 1’2’ > s 1 STST

A=0

It is obvious that tlggo Goae— = oo for j > 1. Thus, tlggo [z@)[| = cc. O

Now, we consider an in-commensurate linear conformable fractional dif-
ferential system

tTo, 1(t) = an121(t) + a12w2(t) + - + a1z (),

tTo, 22(t) = a2121(t) + agewa(t) + - - + a2nxn (1), (17)

tTa,,L xn(t) = anlxl(t> + an2x2(t) + -+ annxn(t>7
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where z;(0) =z and 0 < ; <1 fori=1,2,...,n.
We study the stability of system (17) by applying the fractional Laplace
transforms on both sides of this system, we have

X, 8) 70 = D 045X (5), (15)
j=1
for i =1,...,n, where X, (s) is the fractional Laplace transform of x;(t).

We can rewrite (18) as follows

Xa, (s)
A(s). chz(s) = 2. (19)
X, (5)
in which
Aq1(8) Aqa(s) Aqn(s)
AGs) = A21.(5 AQ?(S) | Azrf(S) ’
Bar(s) Aa(s) - Ans)
where o
Aij(s) = { ,Z; o oltfhzejwji’se.
and xg = (210,220, . -.,Zno)’ . For simplicity, we call A(s) a characteristic

matrix of (17), moreover det(A(s)) = 0 is the characteristic equation of sys-
tem (17). Now, we express the main theorem for checking the stability of
system (17).

Theorem 8. If all roots of det (A(s)) = 0 have negative real parts, then
zero solution system of (17) is asymptotically stable.

Proof. Multiplying s on both sides of (19) gives, we have

X0, (8)

5Xa,(s
A(s). : =) = $xg. (20)

$Xo, ()
if all roots of the det (A(s)) = 0 lie in open left half complex plane (i.e.
R(s) < 0), then, we consider (20) in R(s) > 0. In this restricted area, the
relation (20) has a unique solution sX(s) = (sXq4,(5), 5X0, (), .., 5Xa, (9)).

Since lim s = 0, so we have
s—0
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lim  sX,,(s) =0, 1=1,2,...,n
s—0,R(s)>0

which from the Theorem 5, we get

lim z(t) = lUm (21(t),22(t), ..., 2z,(t)) = lim (sX4, (), $X0y(8),...,8Xa, () =0.

t—o00 t—o0 s—0

The above result shows that system (17) is asymptotically stable. O

The inertia of a matrix is the triplet of the numbers of eigenvalues of A
with positive, negative, and zero real parts. Now, we generalize the inertia
concept for analyzing the stability of fractional linear system.

Definition 6. The inertia of the system (17) is the triple

In(a)(A) = (ﬂ-n(a) (A)7 Vn(a) (A)a 5n(o¢) (A))v

where 7,,(4)(A), Vn(a)(A) and 6,4 (A) are, respectively, the number of roots
of det (A(s)) = 0 with positive, negative, and zero real parts.

Theorem 9.The linear conformable fractional differential system (17) is
asymptotically stable if any of the following equivalent conditions holds.
(i) The matriz A is a Hurwitz matriz.

(i1) Wn(a)(A) = (5n(a) (A)=0.
(111) All roots of the characteristic equation of system (17) satisfy |arg(s)| >
/2.

Proof. According to Theorem 8 and Definition 5, proof can be easily ob-
tained. 0

4 Stability of non-linear conformable fractional
differential systems

In this section, we will mainly discuss the stability of a nonlinear conformable
fractional differential system, which can be described by

tTa X(t) = F(X(t)), t>0, 0<a<l, (21)
with the initial value X (0) = Xy, where

fl(l‘l(t),IQ(t), N ,.’L‘n(t))

le‘lt,l‘gt,...,xnt
FX(D) = (z1(t) (:) (1)) |
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and X (t) = (z1(t), 22(t),..., 2, ()T € R".

Theorem 10. Let XA(t) = (:izﬂt),@(t),...,ﬁ“t{))T is the equilibrium of
system (21), i.e. (ToX = F(X) =0 and J = (%Hx:f( is the Jacobian
matriz at the point X, then the point X s asymptotically stable if and only
if J is a Hurwitz matrix.

Proof. Let ((t) = X(t) — X, where () = (C1(t),Ca(t), ..., Ca(t)) is a small
disturbance from a fixed point. Therefore

To () = o To (X(0) = X)), (22)
since T}, (X(t) — X) = T,X(t) — T X, and 1T, X = 0, thus, we have

TaC(t) = (T X(t) = F(X(t)) = F(¢(t) + X)

= F(X) + J((t) + higher order terms
~ J((t).
System (22) can be written as

1Ta(t) = JC(1), (23)

with the initial value ¢(0) = Xo — X. The analytical procedure of lineariza-
tion is based on the fact that if the matrix J has no purely imaginary eigen-
values, then the trajectories of the nonlinear system in the neighborhood
of the equilibrium point have the same form as the trajectories of the lin-
ear system [17]. Hence, by applying Theorem 7 the linear system (23) is
asymptotically stable if and only if all roots of the characteristic function
of J satisfy |arg(\(J)| > m/2, which implies that the equilibrium X of the
nonlinear conformable fractional system (21) is as asymptotically stable. [

Remark 4. The nonlinear conformable fractional system (22) in the point
X is asymptotically stable if and only if 7, (0)(J) = dna)(J) = 0.

5 The multi-step homotopy perturbation method

The homotopy perturbation method (HPM) was proposed by He [10] in 1999.
This method has been used by many mathematicians and engineers to solve
various functional equations. Although the HPM yields a solution series
which converges very rapidly in most linear and nonlinear equations, in the
case of a large time interval ¢ it may produce a large error. To overcome this
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shortcoming, the multi-step homotopy perturbation method (MHPM) was
presented in [5], to solve nonlinear ordinary differential equations. For the
convenience of the reader, we will first present a brief account of HPM. Let
us consider the following differential equation:

A(u) — f(r) =0, r e, (24)

with boundary conditions

o, rer, (25)

B
(u, 5

where A is a general differential operator, B is a boundary operator, f(r) is
a known analytic function, and I' is the boundary of the domain (2.
The operator A can be generally divided into two parts L and N, where L
is linear, while N is nonlinear. Therefore Equation (24) can be written as
follows:

L(u) + N(u) — f(r) =0. (26)

By using homotopy technique, one can construct a homotopy y(r,p) :
Q x [0,1] — R which satisfies

H(y,p) = (1=p)[L(y)+ L(uo)]+p[A(y) = f(r)] =0, pel0,1], e, (27)

which is equivalent to

H(y.p) = L(y) — L(uo) + pL(uo) + p[N(y) — f(r)] =0, (28)

where p € [0, 1] is an embedding parameter, and ug is an initial guess approx-
imation of Equation (24) which satisfies the boundary conditions. Clearly,
we have

H(y,0) = L(y) — L(uo) = 0,
H(y,1) = A(y) — f(r)] = 0. (30)

Thus, the changing process of p from 0 to 1 is just that of y(r,p) from
ug(r) to y(r). In topology this is called deformation and L(y) — L(ug) and
A(y) — f(r) are called homotopic. If, the embedding parameter p, (0 < p <
1) is considered as a small parameter, applying the classical perturbation
technique, we can naturally assume that the solution of Equations (27) and
(28) can be given as a power series in p, i.e.,

Y=Yo+pyi +p°ya+ - . (31)

According to HPM, the approximation solution of Equation (24) can be ex-
pressed as a series of the power of p, i.e.

u=limy=yo+yr+y2+---. (32)
p—1
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Now, consider a general systems of conformable fractional ordinary dif-
ferential equations

tTalul +gl(t7 Uy, U2, .- - 7um) = fl(t)ﬂ

tToyus + ga(t,ur, ug, - .y ) = fa(t), (33)

ot + Gon (01,03, 1) = Fin(1),
subject to the initial conditions
ui(to) = c1, ua(to) =ca2y ... um(to) = cm.- (34)
First, we write the system (33) in the operator form

L(uy) + Ni(t,up,ug, ... um) — f1(t) =0,

L(’U,Q)—FNQ(t,ul,UQ,...,um) —fg(t) =0, (35)

L(tum) + Ny (t, ur,uz,y ooy um) — fm(t) =0,
subject to the initial conditions (34), where L (u;) =¢ T (u;) is a linear oper-

ator and Ny, N, ..., N, are the nonlinear operators. To apply the MHPM,
we first construct a homotopy for system (35) as follows

L(u1) = L(v1) + pL(v1) + p[N1(ur, ug, . . ., um) — f1(2)] = 0,

L(UQ) — L(Ug) + pL(Ug) +p[N2(u1, U, ... ,um) — fg(t)] =0, (36)

L(tm) — L(om) +pL(om) + p[Now (1, 1z, - 1m) — fin(£)] = 0,

where vy, vs, . .., vy, are initial approximations which satisfying the given con-
ditions. Let us take the initial approximations as follows

uyo(t) = vi(t) = wi(to) = c1,
ug,0(t) = va(t) = ua(to) = c2, (37)

im0 (t) = V() = tm(f0) = e,

and
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ui(t) = u1,0(t) + pura(t) + p?usp(t) + pPurs(t) ...,
ur (t) = uz,0(t) + pua,1(t) + pPusa(t) + pPuas(t) .. ., (38)

U () = Um0 (t) + Plim,1(t) + PP tm 2 (t) + pPPums(t) ...,

where w; j, (1 =1,2,...,m;j = 1,2,...) are functions yet to be determined.
Substituting (38) into (36) and arranging the coefficients of the same powers
of p, we get

L(uy1) + L(vy) + Ni(u1,0,u2,0,- -, Umo) — f1 =0, u11(to) =0,

L(ug,1) + L(v2) + Na(u1,0,u2,0,- - -, Um,0) — f2 =0, u21(to) =0,

L(um,l) + L(Um) + Nm(u1,07u2,07 v vum,O) - fm = 07 um,l(tO) = 07
L(ul,g) + N7 (U171, U2,15 - - - ,um,1) =0, U172(t0) =0,

L(ug2) + Ni(u11,u2,1,- - Um,1) =0, uz2(tg) =0,

L(unL,Q) + Nnb(ul,la U1y - 7u'm,1) = Oa um,2(t0) = 07
(39
etc. We solve the above systems of equations for the unknowns w; ;, (i =
1,2,...,m;j=1,2,...) by applying the inverse operator

L) = /0 (.) da(t). (40)

Therefore, according to HPM the n-term approximations for the solutions of
(33) can be expressed as

G1a(t) = ur(t) = limy1 ur (t) = SpZg urk(t),
¢2,n(t) = u2(t) = hmp—>1 u2(t) = Z;é u271€(t)’ (41)
¢m,n(t) = Um (t) = lim;u—>1 Um(t) = Z;é um,k(t)v

The solution obtained by HPM is not valid for large t. A simple way of
ensuring validity of the approximations for large ¢ is to treat the algorithm
of HPM in a sequence of intervals choosing the initial approximations as
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uo(t) = vi(t) = ui(t7) = cf,

uz,0(t) = va(t) = ua(t*) = c3, (42)

um,o(tj = U (t) = up (t*) = ¢,

where t* is the left-end point of each subinterval. Now we solve (42) for the
unknowns w; ;, (¢ = 1,2,...,m;j = 1,2,...) by applying the inverse linear
operator

5

L) = /t () da(t). (43)

In order to carry out the iterations in every subinterval of equal length
At, [0,t1), [t1,t2),
[t2,t3), ..., [tj—1,t), we would need to know the values of the following

uio(t) = ui(t™), wus(t) =wa(t?),. .. up, o(t) = um(t). (44)

s

But, in general, we do not have these information at our clearance except
at the initial point ¢* = ¢y. A simple way for obtaining the necessary values

could be by means of the previous n-term approximations ¢1 n, ¢2.n,..., dmn
of the preceding subinterval given by (41), i.e.
up o~ P1(t’), uzp > Gan(t), . U 0~ Gmn(t?). (45)

6 An illustrative example

The following example is presented to illustrate the effectiveness and appli-
cability of the proposed stability criteria.

The Lotka-Volterra equations, also known as the predator-prey (or parasite-
host) equations, are a pair of first order, non-linear, differential equations
frequently used to describe the dynamics of biological systems in which two
species interact on each other, one is a predator and the other is its prey. They
were proposed independently by Alfred J. Lotka in 1925 and Vito Volterra in
1926 [9,16]. The conformable fractional Lotka-Volterra system is described
by the following nonlinear fractional conformable differential equations [13]

tTo,x1(t) = 21(t) (r —a z1(t) — b xa(t)),
0< aq,09 S 1, (46)
1T, w2 (t) = w2(t) (—d + ¢ 21(1)) ,

with the initial values x1(0) = x19 and x2(0) = x9o , where 1,29 > 0 are
prey and predator densities, respectively, and all constants r, a, b, ¢ and d
are positive. This system has three equilibrium E; = (0,0), Fs = (£,0) and

a’
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E3 = (4,¢=949) The Jacobian matrix for equilibria E* = (z*,y*) is defined
as

0.8

0.7

0.6

0.5

0.4+

0.3+

0.2

0.14

Figure 1: The equilibrium point Ea of the system (46) with (a1, a2) = (0.95,0.9) and
(r,a,b,c,d) = (1,3,1,2,2) is asymptotically stable

r—2azx* —by* —bxr*

J= cy* —d + cz*

(47)
When (r,a,b,c,d) = (1,3,1,2,2) the system equilibrium points are E; =
(0,0), B2 = (3,0) and E3 = (1,—2). Corresponding eigenvalues for equi-
librium point Ey are A\; = 1, Ao = —2, since I,,o)(J) = (1,1,0), hence the
equilibrium point E is unstable. For equilibrium point Fs the eigenvalues are
A =1, = %4, because I,o)(J) = (0,2,0), thus the equilibrium point
is asymptotically stable and the equilibrium point Fs5 is unstable, because
Iya)(J) = (1,1,0). Let us consider the following parameters of the system
(46), (r,a,b,c,d) = (3,0.5,2,2,2.5), for these parameters the system (46) has
three equilibrium points E; = (0,0), E2 = (6,0) and E5 = (1.25,1.1875)
and their corresponding inertias are I,)(J) = (1,1,0) for £y, E; and
Loy (J) = (0,2,0) for E3, thus the equilibrium point E3 is asymptotically
stable.

Figure 1 shows that system (46) with parameters (r, a, b, ¢,d) = (1,3,1,2,2)
and (a1,a2) = (0.95,0.9) is asymptotically stable in the equilibrium point
E5. From Figure 2 we can see that the system (46) is asymptotically stable
in the equilibrium point Fs, with parameters (r,a,b,c,d) = (3,0.5,2,2,2.5)
and (aq,a2) = (0.95,0.85).
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3

2.51

0.57

Figure 2: The equilibrium point E3 of the system (46) with (a1, a2) = (0.95,0.85) and
(rya,b,c,d) = (3,0.5,2,2,2.5) is asymptotically stable

In system (46) when we take a = 0, we obtain modified the fractional
conformable Lotka-Volterra system

tTo,x1(t) = rz1(t) — b 21 (t)z2(2),
(48)
tTa,xa(t) = x2(t) (—d + c 21(t)) .

System (48) has two equilibrium points: Ey = (0,0), By = (%, o).
The Jacobian matrix of the system (48), evaluated at the equilibrium

E* = (z*,y*), is given by

J— r—by* —bz*
| eyt —d+cx*

(49)
The eigenvalues of the Jacobian matrix (48) evaluated at all equilibrium
points show that all equilibria are unstable. Since, for the equilibrium point
FE, we obtain \; = r and Ay = —d, for the equilibrium point F; we get
A2 == ivrd. All these eigenvalues satisfy the condition for the system to
be unstable (I,(q)(J) = (1,1,0)). Figure 3 shows that the system (48) with
parameters (r,b,¢,d) = (1,1,4,2) and (a1, az) = (0.97,0.97) is unstable.

All the results are calculated by using the computer algebra package
Maple. The term-number of MHPM series solutions is fixed N = 4 and the
time step size h = 0.1, with the initial conditions (x1(0),z2(0)) = (0.2,0.8).
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T

Figure 3: System (48) with (a1, a2) = (0.97,0.97) and (r,b,¢,d) = (1,1,4,2)
is unstable

7 Conclusion

In this paper, we have studied the stability analysis of fractional differen-
tial systems. Fractional derivatives are described by conformable fractional
derivatives. At first, the stability conditions established by fractional ex-
ponential function for commensurate linear fractional differential systems.
Then, we proved a fractional version of final value theorem and by using this
theorem we proposed sufficient conditions on the asymptotical stability for
in-commensurate linear fractional differential system. The numerical simula-
tions of conformable fractional Lotka-Volterra system are used to illustrate
our main result. Although this paper just focuses on the linear systems and
non-linear systems but, the problems remain open for the multi-order frac-
tional differential systems, the time-delayed fractional differential systems
and distributed order fractional systems. This will be the investigation goal
of future works.
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