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On asymptotic stability of Weber fractional differential systems
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Abstract In this article, we introduce the fractional differential systems in the sense of the
Weber fractional derivatives and study the asymptotic stability of these systems.
We present the stability regions and then compare the stability regions of fractional
differential systems with the Riemann-Liouville and Weber fractional derivatives.
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1. INTRODUCTION

Fractional differential equations (the differential equations with the derivative of
arbitrary order) are generalizations of the classical differential equations of integer or-
ders and are applicable tools for the modeling of many physical phenomena in physics,
biology, fractional dynamics, engineering and control theory. With the developments
of theory of fractional calculus the stability analysis of fractional differential systems
have been the main point of view in many contributions [12, 16, 17, 20, 1, 3, 19].

In general, the stability analysis of fractional differential equations is related to the
stability analysis of the following fractional differential system

Dix(t) = Ax(t), =(0)==z9, 0<a<l, (1.1)

where D is a fractional differential operator and A € R™*™ is a matrix. The stability
analysis of the above fractional differential systems was studied for the first time by
Matignon [12] in the sense of the Caputo derivative. Later, other researchers obtained
the stability criteria of fractional systems containing other fractional derivatives such
as the Riemann-Liouville, Hilfer and Prabhakar fractional derivatives [16, 17, 20, 1,
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3,19, 4, 5, 6, 18]. In all contributions, the behaviors of eigenvalues of matrix A in
the complex plane determine the fundamental criteria for stability analysis of these
systems.

In this paper, we intend to introduce the fractional differential systems with re-
spect to a new fractional derivative (the Weber fractional derivative) and investigate
the asymptotic stability for these types of systems. Among other generalization of
fractional derivatives [9, 2, 7, 8, 10, 15], the Weber fractional derivative is defined
as a generalization of the Riemann-Liouville and Caputo fractional derivatives with
respect to the Weber parabolic cylinder function [13]. We employ the Laplace trans-
forms of the Weber fractional derivatives and use the asymptotic behavior of Weber
parabolic cylinder function to study the asymptotic behavior of the solution with
respect to the Jordan canonical forms of matrix A.

The rest of paper is organized as follows. In Section 2, some definitions and lem-
mas in fractional calculus are stated. In Section 3, we introduce the linear differential
systems containing the Weber fractional derivative and treat the asymptotic stability
analysis of these systems. In Section 4, we compare the stability aspects of We-
ber fractional differential systems with the Riemann-Liouville fractional differential
systems.

2. PRELIMINARIES

In this section, we recall some definitions and lemmas which are used in the next
sections. First, we consider the following function

]. v
eal(t) = mtwle*am_m( 2%), R(a) > 0,R(v) >0, >0, (2.1)

where D is the Weber parabolic cylinder function [13, p.448(46:6)]
D1—2a( ) V21- 20{71'6 4 Z

J

T v2 J) (2.2)

and the Laplace transform of thls function is given by

LT g [V, L s
L{Wt e 8t Dl*?&( 2715‘)’ S} = 57046 5 §R(V) > 0, CES (C (23)
Definition 2.1. [11, 14]. For 0 < o < 1 and f € L'[0,b], 0 < t < b < oo, the
Riemann-Liouville fractional integral and derivative of the order a are defined as

« 1 K a—1
o+1; f(t)F(a)/o fOt—7)*"dr, t>0, 0<a<l, (2.4)

d t
0+ D2 F(t) = ml_a)dt/o FE)(t—7)%dr, t>0, 0<a<l. (2.5)

Also, for the absolutely continuous function f, the Caputo fractional derivatives of
order « is defined as follows

DEF) =0 10 = iy [ (=) L (26)

(el
BE
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Definition 2.2. For m — 1 < R(«) < m and function f € L*[0,b], 0 <t < b < o0,
the Weber fractional integral is defined as follows

v

m)f(r)dr (2.7)

o+ E; f(t)—W/O (t —7)* e 507 Dy

Definition 2.3. For the function f € L'[0,b], the Weber fractional derivative is
defined as

[e3 dm m—o
o+ DY f(t) = a0+ Bt f(t), t>0, (2.8)
where m — 1 < R(«a) < m.

Lemma 2.4. The Laplace transform of the Weber fractional derivative for m — 1 <
R(a) < m is given by

m—1
L{o+ D f(t); 5} = "™V F(s) = > s FIDRT L () oo, (2.9)
k=0
or
m—1 dk
£loe DEF(0): 5} = e (s) = 3 5 g L (2a0)
k=0
where D = % and F(s) is the Laplace transform of f(t)
Fs)= [ e . (2.11)
0

Proof. Applying the Laplace transform on the right hand side of relation (2.8), we
get
«@ dm m—o
Lo+ Dy f(t); s} = L{ o B2 (8); s}
= s"L{o+ B f (1) s} — 8" T o+ EPTOL () o

-5 2%Et f(t) [¢=0 -+~ — WEt () =0 . (2.12)

We now use the following fact for the Laplace transform of fractional Weber integral
1

LL+ESf(t)ish = =5 e VPR (s), (2.13)

and substitute the relation (2.13) into (2.12), to obtain the claimed result. O

Definition 2.5. For m — 1 < R(a) < m and function f € L*[0,b], 0 <t < b < o0,
the Caputo-Weber fractional derivative of order a which is a generalization of the
Caputo fractional derivative is defined as

dm
e

§.D7 () = B

(t), (2.14)
[c ]
(o] ¢ ]
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or equivalently

m—1
1 v v
C «@ _ « s k—a—E v
o+ DY f(t) = o+ D7 f(E) — I;J 2%_(k_a+1)ﬁt ™ Di—a(e—atn) (1] 57)-
(2.15)

Lemma 2.6. The asymptotic expansion of the parabolic cylinder function is given by
[13, p. 449(46:6:6)]

Dy(.’II) ~ xve—% |:1 _ (_V)(l - V) n (—Z/)(l — Z/)(2 — 1/)(3 _ l/)

22 21(222)2
(=v)2j
* ey ]
v 7% - (71/)21'
where (—v)g; = —v(1 —v)---(—v + 2j — 1). Also, for small x we have [13, p.

450(46:9:1)]

Dy () ~ \/ﬂ[l _F(Eff))x - F”E:/; . (2.17)

3. ASYMPTOTIC STABILITY ANALYSIS OF LINEAR AUTONOMOUS WEBER

FRACTIONAL DIFFERENTIAL SYSTEMS

3.1. Main theorem. In this section, we introduce the linear autonomous Weber
fractional differential systems and treat the asymptotic stability of these systems. We
consider the following fractional system

o+ Dix(t) =Az(t), t >0, 0 <a <1,

o+ By x(0%) = a0, (3.1)
where 2z € R, A € R™*" is matrix, 29 = (210,20, -+ ,Tno) and a = (aq, @9, -+, ap)
such that 0 < a; < 1 fori=1,2,--- ,n.

Definition 3.1. The system (3.1) is called commensurate order system if
a1 = Qg = -+ = Qp.

Definition 3.2. The Weber fractional derivatives system (3.1)
i): is stable if for any initial value xy and ¢ > 0, i.e., there exists an € > 0 such

that ||z(¢)] < e.
ii): is asymptotically stable if it is stable and lim;_, ||z (¢)|| = 0.

We discuss the asymptotic stability of system (3.1) when A has non-zero eigenval-
ues.
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Theorem 3.3. The solution of the linear commensurate order system (3.1) is given
by

n2v

W)(A—l)"“gco. (3.2)

JR n2y
z(t) = ——— g napTna—lo =55 D oy
( ) m Z 1+2 (
Proof: Since A is an invertible matrix, then we have A=! 4 Dfz(t) = x(t). We
apply the Laplace transform on both sides of (3.1) and use the relation (2.10) to get
Ail{so‘e*‘/ﬁX(s) - xo} = X(s). (3.3)

We write the Taylor expansion of X (s) with the condition ||A~! s%e~V¥*|| < 1, to
obtain

-1
A o

_ __ g1 _4-1 a,—s )L
X(s) = T A lsag v A mo(I A7 5% )
= A"z Z(A_lsae_\/ﬁ)" = Z(A‘l)""’ls"o‘e_"\/”isxo. (3.4)
n=0 n=0

We now consider the relation (2.3) for the inverse Laplace transform of the above
expression in terms of the parabolic cylinder functions
n2v

—— ) (AT g, (3.5)

1 = —nay—na—1 -2
z(t) = N 22 t Le™ "8 Dy tonal o

Hence, the proof is completed.

Theorem 3.4. If all the eigenvalues of A ( A(A)) satisfy the following condition for
anyr >0 and v >0

1
|arg(A(4))| > ga —5V 2rv, (3.6)
then the solution of system (3.1) is asymptotically stable.

Proof: It is well known that the linear differential system
2/ (t) = Ax(t), z(0) = zo,

is asymptotically stable if and only if all roots of det(sI — A) = 0 have negative
real parts. So the system (3.1) is asymptotically stable if and only if all roots of
det(sae_ml — A) = 0 have negative real parts. In this sense, we apply the transfor-
mation W(s) = s®e~V¥® that maps the region arg(\(s)) > Z onto desired stability
region. For this purpose, we choose the boundaries s = re*?% of region

R := {s € Clarg(\(s)) > g},

and use the mapping function W (s) to find the necessary condition of asymptotic
stability. Therefore, we construct the mapped region as

larg(A(A))| > arg [sae*ﬁ} , (3.7)

; T
s=re'?2
[c ]
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which implies that

Jarg(A(A))| > T - %\/% (3.8)

We now discuss the asymptotic stability of system (3.1) in two cases as follows.

Case 1: Suppose that the matrix A~! is diagonalizable and .J has the Jordan canoni-

cal form of the matrix A~! such that J = P~1A"1P = diag(%, %27 e %) where P
is an invertible matrix and \;, i = 1,2, --- ,n, are the eigenvalues of A. In this case,
we have
AN = (pgp~tyrtl = pyrtlpl = P(di ! L y)p-t
( ) - ( ) - - ( lag(/\n+1v )\n—&-l"” ’ )\n+1 )) .
1 2 n
(3.9)
So, by applying relation (2.17) for the solution (3.2), we have
= n2u 1 — (§+na)@ o 1
z(t) = -— t—nele =S [ 4 2t } x9 — 0,
(¥ n; T'(—na) I (=12na) [\ b0
t—o00, 1<i<n. (3.10)

Hence for the value

2
> 2ol — (B 4na)mr 11 1
S = trorle [ 4 2t _ ]diag( , R JER
; ['(—na) [(=l5ne) APt g Antt
we get
lim $]| =0, (3.11)

and consequently

o0 3 n’v n?v
. I T —na—1 7"2;’ |:1 — (Z +’I’LO()W o t :| —1\n+1
im0l = Jim |37 et 5 [ g T — e [ (A7 )
n=0 2
= w21l — (34 noz)@ e
— lim ||P( tfnaflefw |: 4 2t AT :|Jn+1xO)P71|| =0.
t—00 nz:% I'(—na) I'(—=="%)
(3.12)
Case 2: Suppose that the matrix A~! has a Jordan canonical form J = (Jy, Ja, - -+ , Js),
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where J;,1 <1 < s, is given by
1

)\i}
SVl

J; = A\ €C, (3.13)

and Y7, n; = n. So, we have

(A~Hrtt = (pgp~hyrtt = pyrtipt = P(diag(Jy T, gyt ) P

(3.14)
and for the solution (3.2), we obtain
2
oo 2, 1—(§+na)ﬁ %
.'L'(t) — _ t—na—le—w[ 4 2t T :|Jin+1m0
nZ:O I(—na) F(%)
o0 3 2y n2v
:_Zt—na—le—%[l_(z—i_na)%_ t ]
—1—2na
0 T
X i o Zo,
o Dt
0 .. 0 ﬁ
(3.15)

where Di, 1 < j < n;, are the binomial coefficients such that
k! .
pi—( k\_! o 0=ish
k J 0 etc.

If we consider the non-zero elements of the above matrix and apply the relation (2.17)
once again, then for solution (3.2) we obtain

=S e [ ]
g (g_Ai;!KaaA)jl(i)nﬂg} A=A, @0, (3.16)
i=1,2,-- n;.

which implies that for ¢t — oo

> 2
‘ § :t_na_le_ B
n=0

(<)
EE
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L= (ma)ne VI 3 (A g 9 Yo Ly
X[ I'(—na) —F(,l%m)}u_l)!{(%) (Y) }”50‘_)0'
(3.17)
Consequently
L= (G tna)yy Y

. T o0 I —it”{ % } —1\n+1
Je I = i |3 vt L e

10 [(-na) — T(Fe

> 2, 11— (2 4+ noz)@ \/ my
— lim ”P(Z t—na—le—v [ 4 2t )} Jn+137())P_1|| =0.
n=0

(3.18)

4. COMPARISON WITH RIEMANN-LIOUVILLE FRACTIONAL DIFFERENTIAL SYSTEMS

It is obvious that for v = 0, the Weber fractional integral (2.1) coincides with the
Riemann-Liouville fractional integral of order «. In this case, the stability region of
fractional systems with the Riemann-Liouville fractional derivative can be plotted by
the following condition

am
|arg(A(A))] > <~ (4.1)
The stability regions of the Weber and Riemann-Liouville fractional derivatives differ

by the term Fo — % 2rv which is plotted in Figure 2.

Remark 4.1. The shaded region in Figure 2 shows that the fractional differential
systems with the Riemann-Liouville and Weber derivatives have not the same stability
for order 0 < a < 1. It means that, for a determined parameter «, the fractional
differential system with the Riemann-Liouville derivative is asymptotically stable, but
the associated fractional differential system with the Weber derivative is unstable.
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FIGURE 1. The asymptotic stability regions of system (3.1) for pa-

rameters o = 0.25,0.5,0.75,0.95,1 and v

1

alpha=0.25

alpha=0.75

=1

|

alpha=1

alpha=0.5

alpha=0.95

FiGURE 2. The difference region between the fractional differential
systems with the Riemann-Liouville and Weber derivatives of order

a=0.25v=1.
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