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Mittag-Lefller stability analysis of a class of
homogeneous fractional systems
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In this paper, we start by the research of the existence of Lyapunov homogeneous function for
a class of homogeneous fractional Systems, then we shall prove that local and global behaviors
are the same. The uniform Mittag-Leffler stability of homogeneous fractional time-varying
systems is studied. A numerical example is given to illustrate the efficiency of the obtained
results.
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1. Introduction

The history of fractional systems is more than three centuries old, when Li-
ouville asked the question how to find the fractional order derivative. Yet, it
only receives much attention and interest in the past 20 years. This branch of
mathematics has found applications in many areas, such as viscoelastic mate-
rials, dielectric polarization and signal processing. The advantage of fractional
differential equations is that they can describe more systems better than ordinary
differential equations. The reader may refer to [3,9, 11, 12] for the theory and
applications of fractional calculus.

Stability is the one of the most frequent terms used in literature whenever
we deal with the dynamical systems and their behaviors. In mathematical termi-
nology, stability theory addresses the convergence of solutions of differential or
difference equations and of trajectories of dynamical systems under small pertur-
bations of initial conditions. Same as classical differential or difference equations
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a lot of stress has been given to the stability and stabilization of the systems
represented by fractional order differential equations. Indeed, in [4], the authors
described an uniform stability for fractional order systems using general quadratic
Lyapunov functions. In [8], Yan Li et al., presented the Mittag-Leffler stability
of fractional order nonlinear dynamic systems. Furthermore, stability analysis of
Hilfer fractional differential systems is shown in [15]. On the other hand, in [16],
the authors described the asymptotical stability of nonlinear fractional differential
system with Caputo derivative. In nonlinear systems, Lyapunov’s direct method
(also called the second method of Lyapunov) provides a way to analyze the stabil-
ity of a system without explicitly solving the differential equations. The method
generalizes the idea which shows the system is stable if there are some Lyapunov
function candidates for the system. The Lyapunov direct method is a sufficient
condition to show the stability of systems, which means the system may still be
stable even one cannot find a Lyapunov function candidate to conclude the system
stability property. There are many researches on Lypunov’s second method for
fractional differential equations (see [7] or [8]).

Homogeneous vector fields play also a prominent role in various aspects of
nonlinear systems. In the framework of homogeneous dynamical systems, the
behavior of the trajectories of the solution on a sphere suitably defined around the
origin informs us about their global behavior [2,14]. This property has been found
useful for stability analysis [1,2,5,13], approximation of system dynamics [6, 10].
The main goal of this paper is to prove the existence of Lyapunov homogeneous
function for homogeneous fractional systems. In addition, we shall prove that
local and global behaviors are the same. The uniform Mittag-Leffler stability of
homogeneous fractional time-varying systems is studied.

The outline of this work is as follows: the preliminary is given in Section 2.
The construction of homogeneous Lyapunov function is given in Section 3. The
property for some class of homogeneous time-varying system is presented in
Section 4. In Section 5, an example is presented to illustrate the results.

2. Preliminary

In this paper, we consider the Caputo definition of fractional derivative, which
we will use next.

Definition 1 [3] The uniform formula of a fractional integral with 0 < a < 1 is
given by

1

Izaf(f)=m

t
f t -1 f(r)dr,
to
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where t > tq, f(t) is an arbitrary integrable function, 1" is the fractional integral

operator, I'(a) = ft”_l exp(—t)dt is the gamma function, and exp(-) is the
0
exponential function.

Definition 2 (Caputo fractional derivative [3]) The Caputo fractional derivative
of a function x of order a > 0 is defined as

“Dix(t) = f(t — $)7%'(s)ds,

where 0 < a < 1.

The Caputo fractional derivative of a n-dimensional vector function x(¢) =
(x1(0), ..., x,(t)T is defined component-wise as

Dex(t) = (CDEx1(1), ... CDExu(1)

Definition 3 [3] The Mittag-leffler function E,(z) and the generalized Mittag-
leffler function E, g(z) are defined as:

> k

Z
E ()= —— 0.
(2) ;) T(ak+1) @ =

For a = 1, we have the exponential series. Similarly,

a/ﬁ(Z) a, B> 0.

Z F(ak +B)’

For the convenience of mathematical analysis, the Caputo fractional order
system is equally written as:

“Dix(t) = f(x(1)), (1)

where @ € (0, 1], x(¢) € R" is the state vector; f: R” — R" is a continuous
function and f (0) 0. Suppose that the function f is smooth enough to guarantee
the existence of a global solution x(#) = x(¢, tg, xo) of system (1) for each initial
condition (¢, xq).
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2.1. Notion of stability

Some basic definitions of stability are introduced, which will be used in the
following sections.

Definition 4 The equilibrium point x = 0 of fractional nonautonomous system
(1) is said to be:

i) Uniformly Mittag-Leffler stable (UMLS) if there exists a neighborhood of
the origin U C R" such that each solution of system (1) satisfies:

1x(t, to, x0) | < [m(x0) Eq (=6(t = 10))1” ¥t > 10, xo € U
withb >0, 1 > 0, m(0) =0, m(x) > 0 and m is locally Lipschitz.
ii) Globally uniformly Mittag-Leffler (GUMLS) stable if the trajectory of (1)

passing through any initial state x( at any initial time to evaluated at time
t satisfies:

l1x(2, 10, x0) || < [m(x0) Ea(=6(t —t0)*)]” Vit > 19

withb >0, 1 > 0, m(0) =0, m(x) > 0 and m is locally Lipschitz.

2.2. Homogeneity

Definition 5 For any r = (ry,...,rp) € R* withr; > 0, i € {1,...,n}, and
A > 0, the dilation vector of x = (x1,...,x,) € R" associated with weight r is
defined as

Ay(x) = (A""xq, ..., A xy) .
The homogeneous norm of x € R" associated with weight r is defined as
n ° % n
el = > |x|n) o=
i=1 i=1
An important property is that

NAL (Ol = Allxl-

The homogeneous norm is not a standard norm, because the triangle inequality
is not satisfied. However, there exists o, o such that

allxll, < x|l <ollxll.
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Definition 6

i) A continuous function h: R* — R is r-homogeneous of degree k if
h(A)(x)) = /lkh(x)for all A > 0 and x € R".

ii) We say that a continuous function f: R" — R" is r-homogeneous of degree
kifeach f;,i € {1,...,n}, isr-homogeneous of degree k+r;.i.e. f(A(x)) =
/lkAA(f(x))for all A > 0and x € R".

Definition 7 The system (1) is said to admit a r-homogeneous Lyapunov function
of degree k, if there exists a continuously differentiable function V: R" — [0, +00)
such that:

i) V(0)=0 & x=0.
i) C DV (x) < 0.

0
iii) V is r-homogeneous of degree k: i.e. V(A (x)) = A5V (x), forall 1 >0
and x € R".

Remark 1 The derivative in the sense of Caputo in the case of a dilation vector
check the following property
T
DY (A(x)) = (A€DExy, ..., A" D xy) = Ay(CDx).

Remark 2 The homogeneity of the functions V:R" — R is verified for the
Caputo derived CD,%V. We have,

Vx = (X)i=1n € R0} VA >0 V(Ar(x) =V (A xp,...,A"x,) = XV (x),

where ry, ..., r, are some positive real numbers, and k is a non-negative real
number.
Hence, it is clear that
Vx = (X)i=1n € R\OLYA >0 DIV(A(x)) = 2DV (x).

to 0

This property implies that the global behavior of trajectories could be evaluated
based on their behavior on 8"~', where S"~! := {x € R"\{0} | ||x]|, = 1}.

3. Homogeneous Lyapunov function

In this section, we will establish the existence of a homogeneous Lyapunov
function for an asymptotically stable homogeneous system (1). To do this, we need
the following theorem which gives an upper bound of the fractional derivative of
a composite function.
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Theorem 1 [15] For a given xo € R", let x € {xo} + Ig+C ([0, T],R™) and
V: R XR" — R satisfies the following conditions:

i) The function V is convex on R" and V(0) = 0.
ii) The function V is differentiable on R".
Then, the following inequality holds for all t € [0,T] :

“DFV(x(1)) < (VV(x(1)), “Dg, x(1))

+ +

where VV is the gradient of the function V.

Lemma 1 Let the system (1) be a r-homogeneous system with degree k. If there
exists a scalar function V € C*(R",R), such that:

i) V(0O) =0, V(x) >0 forall x # 0and V(x) — +oo as ||x|| = +oo,
ii) Y x#0(VV(x), f(x)) <O0.

Then, there exists a r-homogeneous Lyapunov function of degree k V € CP(R"R)
where

< , h that:
P maxir | 1<i<ny St

a) V(0)=0, V(x) > 0 forall x # 0 and V(x) = +0 as ||x]| = +oo,
b) €DV (x) < 0 for all x € R"\{0}.

0

Proof. Let a € C* (R, R) such that

{O on (—oo, 1],
a=

1 on [2 00) and @ >0 on R.

We consider the following function

+00
1
V(x) . f W(d oV)(A(x))dAa if x e R"\{0},
0
0 if x=0.
+00 |
Let s > 0, V (A (x)) = f T (aoV)((s)"x1,...,(sA)"x,) dA with the

0
change of variable T = sA, we obtain:

+00
—_— k —_—
V (As(x)) = f i+1 (ao V) (t'xy,...,7""x,) dT = sV (x).
T
0
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The proof of a) it is easy and for V € CP(R™R) see [14].
Let us use the notion of dilation and i), we may find for all || x||, € [1—¢, 1+&]
with a small enough £ > 0 and two numbers / > 0 and L > O such that

V (/lrl.Xl, .. /lr".x ) x 1 for /l \ l,
VA xq,...,Ax,) >2 ford > L.

Then, for all x € R" such that ||x||, € [1 — &, 1 + &],

L
v 1
V(x):f k+1(aoV) (/lrIXb...,/lr"Xn) d/l'l'm

!

We may write
: 0
A" 1%

N f Qk+1 a (V(A"xy,...,A"x,)) ™ (A" x1, ..., A"x,) dA

l

and

= N AV
(W, )= 3 T fio
=1 L

l

L
& 1%
f/mkﬂa (V (Ax(x))) (ﬁa—x) (Aa(x))|da
7 i=1 !

Then, using the Theorem 1, we have for all x € sl

DRV (x) < (VW(x), f(x))
L
1
< f et @ (V (Aa()) (VY (A1(0), f (Aa(x)))dA

!
< 0.

From Remark 2, we obtain D2V (x) < 0 for all x € R"\{0}.

o

4. Mittag-Lefller stability of time-varying systems

Let us consider the following for time-varying systems

“Dix(t) = f(t,x(1)), t>1. 2)
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where a € (0, 1], x(¢#) € R”" is the state vector; f: R X R" — R" is a continuous
function and f(¢,0) = 0. Suppose that the function f is smooth enough to
guarantee the existence of a global solution x(¢) = x(¢, ¢, xo) of system (2) for
each initial condition (7g, xg).

Lemma 2 Let x(t) be a solution of the r-homogeneous system (2) with the degree
k for an initial condition xo € R". For any 1 > 0.

Then y(t) = Ay (x(/lst))for all t > to with the initial condition yy = A (xg)
is a solution of the following modification system

CDEy(t) = f (ﬁr,ym), £ 1. 3)

Proof. Fori=1,...,n,y;(t) = /l’fxi(/lét), for all r > t3. We have:

“Dpyi(t) = f(t—S) yi(s)ds

= ﬁ f(t -5 (/l”x,- (/lgs)), ds
r?lri_ f(t—s) /las)

Using the change of variable v = Aas we get

K _
Aite Mt(t— /l_év) ax;(v)dv

t —_—
/l¢k7t0
L A
/11' X k -
= m f A (/l“t - V) .X,':-(V)dV
/lgto
ri+k /lgt
pls X -
= m (/1"1‘ - V) )C;(V)dv
/lgl‘o

= DT, (ﬁ;), forall i=1,2,....n.
a1t
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DY) = (CDEy1 (1), .., CDEya(0)
( Ak epe, (/151) L amtkCpe (ﬁt))T
D) ’ /l%[o n
k k k k T
:( nk g (a tx(/l t)) LAtk (m,x( A6t )))
K K T
(a0 (b (80 o (a1 (254))
k k k
v (1 (e (25))
k k
:f(/lat,AA (x (m)))
k
:f(/lat,y(t)).
Then y(t) = Ay (x(/lﬁt)) is a solution of system (3). O

Lemma 3 Let y(t) be a solution of the r-homogeneous system (3) with the degree
k for an initial condition yy € R". For any A > 0, the system (2) has a solution

x(t) = A (y (/l_gt)),for all t > to with the initial condition xo = A -1 (y).
Proof. The proof is similar to the proof of Lemma 2. O

Remark 3 An advantage of homogeneous systems described by fractional non-
autonomous system is that any of its solution can be obtained from another
solution under the dilation rescaling and a suitable time re-parametrization.

Theorem 2 We assume that the systems (2) and (3) are r-homogenous with
degree k. Then, the system (2) is same GUMLS if and only if the system (3) is
GUMLS.

Proof. Let x(, 19, xo) is a solution of system (2) which is GUMLS. So,
12, t0, x0) I < [m(x0) Eq (=8(t = 10)*)]"

From Lemma 2 we have y(z, to, yo) = A,I(X(/lst, /lgto, x0)) with yo = A (xp) is
a solution of the system (3). We have

k k
1y (2. 10, y)lly = A Hx (m, A1, Xo)

k ' k b
B [m(xo)Ea(—(S(/Nt - Nto)")]
A [ o) Ea (=82t = 10)™)]”
< [(0) Eq (<30 —10)%)]"
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with m(yg) = /l%m(A/l_l(yo)) and 6 = 1%5.1t’s clear that 7(0) = 0 and m(y) >0

for all y € R”". So, the function m is locally lipschitz with constant m = ﬂ%‘lmo,
indeed: we pose y; = A (x1) and y, = A (x2), therefore, we have

() = m)lly = A7 [m(A - (1) = m(A7 (32,
< A mollA -1 (1 = y2)) I

1
g
< AP " mollyr = y2llr
< mollyr = 2l -

It follow that the system (3) is GUMLS.
Inversely, using the same technique, we proved that, if the system (3) is
GUMLS, then, the system (2) is also GUMLS. O

Theorem 3 We suppose that the system (2) is r-homogeneous with degree k and
Vxo € B, = {x e R", ||x|l, < p} with O < p < oo, the system (2) is UMLS. Then,
the system (2) is GUMLS.

Proof. For all xg € B, and ¢ > t¢, we have:

l1x(2, 10, x0) || < [m(x0) Ea(=6(t — t0)*)]”, V1 > 19

Let xo ¢ By, then there is xo € B, such that ||xyl|, = p and xo = A (xo) with
A = ||xoll p‘l. By using theorem (2), we have

x(t,t0, X0) = Ay (X (/1‘%1‘, /l‘k’to, Xo))

is a solution of system (2). Moreover, we have

_ _ k k
%1, 10, %), = HAA (x (Aaz, A1, xo))

r

=4

k k
x|Adeat, Aoty xo

k’ k ay\1b
<2 [m(xo)Ea (—5 (/151‘ - Aato) )]
b
< [Abm(a Go) Ea=2%6(t = 10)") |
_~ ~ b
< [mGo)Ea(=5(1 = 10))] "
Therefore, for all # > t(, the system (2) is GUMLS. O

Theorem 4 Let the system (3) be r-homogeneous with degree k and UMLS for
all xo € B, for a fixed 0 < p < oo, for any w > 0. Then the system (3) is GUMLS,
for any w > Q.
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Proof. We suppose that the system (3) is UMLS. Using the theorem (2), the
system (2) is UMLS. It follows that the system (2) is GUMLS. Therefore, the
system (3) is GUMLS. O

5. Example

Consider the homogeneous fractional order system

“DIx1(t) = —x1(t) -

1
5272

CDexa(1) = x1(1) = x2(0), 4)
“D§ x3(1) = —x3(1),

where 0 < @ < 1. The system (4) is of the form

“DSx(t) = f(t.x(1)),

where

£ x0) = (=310 = — 00, 1) - 00, ~x0) ).

1+122

Let us choose the function

2+t
V(t, x) :x%+—x%+x§.
1+12

Note that V is a homogeneous function and

x%+x%+x§ <Vt x) < x%+2x%+x§, Vx = ()Cl,X2,X3)T eR3.

Then, the Caputo fractional derivative of V (¢, x) along the solution x(#) to (4) as
follows

2
DIV, x(1) < [—2x%(t) - mxl(t)xz(t)]

2 + 12 2 + 12
+ [(1 " tzxz) x1 () xa (1) - (m) x%(r)] - 2x3(1)

= —2x3(t) + 2x1 (1) x2(t) — (2 T t) xX5(t) — 2x3(1)

< =2x3(1) + 2x1 (1) x2(t) — 2x5(1) — 2x3(1)
< =x{(0) = (x1(1) = x2(0)? = x3(1) = 2x3(1) < =[x @,
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We can obtain
1
V(t,x(t)) < E, (—Et“) V(0,x(0)), Vi>0.

Thus, it follows that

lx(O) < \/2Ea' (—%t‘”) lx(0)II2, Vi > 0.

As a result, the zero solution to the system (4) is Mittag-Leffler stable. Thus, the
zero solution is asymptotically stable. The numerical solution shown in the Fig. 1
indicates that the non-trivial solutions approach to the zero solution. The value of
fractional order @ = 0.99 starting from initial values x;(0) = —-0.3, x;(0) = 0.3
and x1(0) = 0.1.

0.3 T T T T T

—
=

iy
—

0.2

xX X X
N
—
=
1

—
e

0.1} 1

-0.1+F .

—0.2H j

-031 T

_0.4 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000

Time

Figure 1: Trajectories of solutions of system (4)

Figure 2 corresponding the numerical solution of the system CDgx(t) =

f (/l§t, x(¢)) where 1 = 10* and k = 1. The value of fractional order & = 0.99
starting from initial values y;(0) = —=3.10°, y;(0) = 3.10% and y;(0) = 10°.
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3000 T T T T T

2000 [

1000

=

-1000

-2000 1

~3000 I 1 1 I 1
0 1000 2000 3000 4000 5000 6000

Time

Figure 2: Trajectories of solutions of system CD(‘)” x(t)=f (/lgt, x(1))

6. Conclusion

In this paper, a class of homogeneous fractional systems is studied. The
construction of Lyapunov homogeneous function is given and we proved that the
global behavior of trajectories could be evaluated based on their behavior on a
suitably defined sphere around the origin. A homogeneous time-varying system
is studied, we proved that the uniform Mittag-Leffler stability of homogeneous
fractional system and the modified system are the same. The construction of
control homogeneous function for the fractional order homogeneous systems is
another possible direction of future work.
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