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Abstract

In this paper, we study the stability of nonlinear fractional neutral systems equipped
with the Caputo derivative. We extend the Lyapunov-Krasovskii approach for the
nonlinear fractional neutral systems. Conditions of uniform stability are obtained for
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1 Introduction

In recent decades, fractional calculus and fractional differential equations have attracted
great attention. It has been proved that fractional calculus and fractional differential equa-
tions are valuable tools in the modeling of many phenomena in various fields of engineer-
ing, physics and economics. For details and examples, see [1-5] and the references therein.

Stability analysis is always one of the most important issues in the theory of differential
equations and their applications for both deterministic and stochastic cases. The analy-
sis on stability of fractional differential equations is more complex than that of classical
differential equations, since fractional derivatives are nonlocal and have weakly singular
kernels. Recently, stability of fractional differential equations has attracted increasing in-
terest. The earliest study on stability of fractional differential equations started in [6], the
author studied the case of linear fractional differential equations with Caputo derivative
and the same fractional order o, where 0 < @ < 1. The stability problem comes down to
the eigenvalue problem of system matrix. Since then, many researchers have done further
studies on the stability of linear fractional differential systems [7-11]. For the nonlinear
fractional differential systems, the stability analysis is much more difficult and a few re-
sults are available in [12-18]. For more details about the stability results and the methods
available to analyze the stability of fractional differential equations, the reader may refer
to the recent survey papers [19, 20] and the references therein.

As we all know, Lyapunov’s second method provides a way to analyze the stability of a
system without explicitly solving the differential equations. It is necessary to extend Lya-
punov’s second method to fractional systems. In [12, 13], the fractional Lyapunov’s sec-
ond method was proposed, and the authors extended the exponential stability of integer
order differential system to the Mittag-Leffler stability of fractional differential system.
In [14], by using Bihari’s and Bellman-Gronwall’s inequality, an extension of Lyapunov’s
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second method for fractional-order systems was proposed. In [15-17], Baleanu et al. ex-
tended Lyapunov’s method to fractional functional differential systems and developed
the Lyapunov-Krasovskii stability theorem, Lyapunov-Razumikhin stability theorem and
Mittag-Leffler stability theorem for fractional functional differential systems. As far as we
know, there are few papers with respect to the stability of fractional neutral systems. In
this paper, we consider the stability of a class of nonlinear fractional neutral functional
differential equations with the Caputo derivative. Motivated by Li et al. [12, 13], Baleanu
et al. [15] and Cruz and Hale [21], we aim in this paper to extend the Lyapunov-Krasovskii
method for the nonlinear fractional neutral systems.

The rest of the paper is organized as follows. In Section 2, we give some notations
and recall some concepts and preparation results. In Section 3, we extend the Lyapunov-
Krasovskii approach for the nonlinear fractional neutral systems, results of uniform stabil-
ity for the nonlinear fractional neutral systems are presented. Conclusions are presented
in Section 4.

2 Preliminaries
In this section, we introduce notations, definitions, and preliminary facts needed here.
Throughout this paper, let R” be a real n-dimensional linear vector space with the
norm |- |, let C = C([-r,0],R") be the space of continuous functions taking [-r,0] into
R” with [|§]|, ¢ € C defined by ||@|| = supsc(_, oy [#(s)], r > O be a real constant. If o € R,
A>0andx € C([o —r,0 + A],R"), then for any ¢ € [0,0 + A], we let x, € C be defined by
x:(0) =x(t +6),0 € [-r,0].

Let us recall the following known definitions. For more details, we refer the reader to [1,
2,4, 5].

Definition 2.1 The fractional order integral of a function f : [ty,00) — R of order « €
R* = [0, +00) is defined by

1 t
¢ t):—/ t—5)* 7Y (s) ds,
0= gy . €90
where I'(-) is the gamma function.

Definition 2.2 For a function f given on the interval [£,00), the « order Riemann-
Liouville fractional derivative of f is defined by

D¢ (t):ﬁ(%)n/tot(t—s)”“1f(s)ds, n-l<a<nnel,

where N={1,2,3,...}.

Definition 2.3 For a function f given on the interval [£y, 00), the & order Caputo fractional
derivative of f is defined by

Dy f(0) = ﬁ / t(t—S)”’“’lf(”)(s) ds, n-l<a<n,
‘Dif)=f"@), a=nneN.

Some properties of the aforementioned operators are recalled below [1].
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Property 2.1 The following results are especially interesting:

(i) Forv > -1, we have Df (t —to)" = mi:”l{ (t—1to)" ™.

(if) Whenn—1<a<n,neN,wehave

nl () PRy
“Dyf(t) = Dy, [f(t) - zw}

i=0

(ili) Fora €(0,1), T =ty and f € C([ty, T],R"), we have CDZ)ItOf(t) =f(t),
12D f(6) = £(6) — £ (to).

Remark 2.1 From Property 2.1, if °Df f(¢) > 0, « € (0,1), then for ¢ > £, we have
(i) f(&) = f(to).

(ii) In general, it is not true that f(¢) is nondecreasing in .

In [21], Cruz and Hale studied a class of functional difference operators which are very
useful in stability theory and the asymptotic behavior of solutions of functional differ-
ential equations of neutral type. In monograph [22], Hale et al. presented the following
definitions and results of the difference operators.

For Banach spaces X and Y, £(X, Y) is the Banach space of bounded linear mappings
from X to Y with the operator topology. If L € £(C,R"), then the Riesz representation
theorem implies that there is an # x n matrix function p on [-r, 0] of bounded variation
such that

0
1= [ [au@)]s0)
Definition 2.4 Let Q2 be an open subset of a metric space. We say L : Q@ — L(C,R") has

smoothness on the measure if, for any B € R, there is a scalar function y (A, ) continuous
for L € Q,t €R, y(A,0) =0, such that if L(1)¢ = fi[du(k,@)w(@), A€ Q,s>0,then

B+s
/ / [d(,0)]O)| < ¥ 0,91l
B+h B-s

ha()‘r

If B € R and the matrix A(A; B, L) = (A, B*) — (%, B7) is nonsingular at A = Ao, we say L(})
is atomic at B at Ag. If A(A; B, L) is nonsingular on a set K € A, we say L(A) is atomic at B
on K.

Definition 2.5 Suppose that Q@ C R x C is open with elements (¢, ¢). A function D : Q —
R” (not necessarily linear) is said to be atomic at B on € if D is continuous together with its
first and second Fréchet derivatives with respect to ¢; and Dy, the derivative with respect
to ¢, is atomic at B on €2.

Remark 2.2 If D(¢,¢) is linear in ¢ and continuous in (¢,¢) € R x C,

0
Dt,¢) - / [do1a(6,0)]6:(0),

r

then A(t, ¢, B) = A(¢, B) is independent of ¢ and

A(t,B) = u(t,B*) - u(t,B").
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Thus, D(t, ¢) is atomic at B on R x C for all ¢ € R. In particular, if B # 0, B € [-r,0],
D(t,¢) = ¢(0) + F(t)¢p(B), then A(t,B) = F(¢t) and D(t,¢) is atomic at B on R x C if
detF(¢) #0 for all t € R.

In the sequel, we consider the following nonlinear fractional neutral system:
D} [D(t, %)) = f (&%), > to, (2.1)
with the initial condition

Xey = @, (2.2)

where 0 <« <1, ty € R is a constant, D,f : R x C — R” are given continuous functions,
nonlinear difference operator D atomic at zero. For more details about the operator D, the
reader may refer to [21, 22, 24] and the references therein. In the sequel, we always assume
that, for any given £, € R and a given function ¢ € C, there exists a unique continuous
solution of (2.1), denoted by x(¢) = x(t, £, ¢), such that it satisfies (2.1) forall £ > £y and (2.2).
To deal with stability, as usual, we assume that D(¢, 0) = f(¢,0) = 0 so that (2.1) has the zero

solution.

Definition 2.6 [23] The zero solution x = 0 of (2.1) is stable if for any £, € R and any ¢ > 0,
there exists § = §(¢y, £) such that any solution x(t) = x(¢, to, ¢) of (2.1) with initial value ¢
at to, |l¢|| < 8 satisfies |x(£)| < & for t > ¢,. It is asymptotically stable if it is stable and for
any fp € R and any ¢ > 0, there exists 8¢ = §(¢o, &), T'(to,€) > 0 such that ||¢| < 8o implies
lx(t)| < e for t >ty + T(to,¢), i.e., lim;, ;o0 2(£) = 0. It is uniformly stable if it is stable and
8 =3(¢) > 0 can be chosen independently of ty. It is uniformly asymptotically stable if it is
uniformly stable and there exists §o > 0 for any n > 0, there exists 7' = T'() > 0 such that
llell < 8o implies |x(¢)| < n for ¢ > £y + T. It is globally (uniformly) asymptotically stable if it
is (uniformly) asymptotically stable and §, can be an arbitrary large, finite number.

For a nonlinear operator D, in [24], Zhang gave the following definition.

Definition 2.7 D(¢, ¢) is said to be uniformly stable if there exist positive constants a, b,
¢ such that for any /1: R — R” and any o € R, ¢ € C, with D(o, ¢) = h(o), the solution
x(t,0,¢) of

D(t;xt) = h(t)’ t Z o,

(2.3)
Xo = .
satisfies the following estimate:
el < be™* gl + ¢ sup |h(u)|, t=o0. (2.4)

u€lo,t]

The following lemma plays a major role in our analysis.

Lemma 2.1 Let D(t, ¢) be uniformly stable, x; = x;(c, ¢) be the solution of equation (2.3).
Suppose that o(t) is any continuous and nondecreasing function with «(0) = 0, and a(t) > 0
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fort>0. Then, for small s > 0, there is a continuous and strictly increasing function B(s) >
bs + ca(s), B(0) =0, B(t) > O for t > O such that
(i) foreach small § >0, ||¢|l <6, |D(t,x:)| <«(8), t > o, then

lx:ll < B(), t=o. (2.5)

(ii) for each small § >0, u > 0 and a nonnegative constant L, there exists T (j,8,L) >0
such that ||l¢|| < 8 and |D(t,x,)| < a(u), t > o imply

lxell < B)+L, t>o+T(w,3,L). (2.6)
Proof (i) From Definition 2.5, for sufficiently small § > 0 and ¢ > o, we have

eIl < bl + ¢ sup |h(u)|

u€lo,t]

< bs + ca(d).

Trivially, we can choose a continuous and increasing function 8(8) > bé + ca(8), (0) = 0,
B(t) > 0 for t > 0, so that (2.5) holds.

(ii) For L > 0 and sufficiently small u > 0, if ||¢|| < § and |D(¢,x;)| < (), t > o, then by
Definition 2.5 it suffices to show that

be 9§ + ca(w) < b + ca(pn) + L,
which implies
llxell < Bp) +L, t>0+T(w,é,L).

Therefore, if we take T'(u, 8, L) = max{0, % In b‘i’%}, then (2.6) holds. |
3 Main results

In this section, we consider the stability of nonlinear fractional neutral system (2.1).
Here, we always assume that fractional neutral system (2.1) with initial condition (2.2)
has a unique continuous solution x(t) which depends continuously upon ¢, ¢. By Prop-
erty 2.1(iii), we can obtain that initial value problem (2.1)-(2.2) is equivalent to the integral

equation
D(t,xt) = D(tO; ‘/’) + ]?Of(t)xt)’ t=> tO’xt() =@. (31)

If V: R x C — Ris continuously differentiable, we define the Caputo fractional derivative
Dy, V (¢, ¢) along the solution x; = x;(ty, ¢) of (2.1)-(2.2) as

[ Y% 1 ! - !
Dy V(t,x) = m /zo (t—s)™*V'(s,x,) ds.

Now, we give the following Lyapunov-Krasovskii methods for nonlinear fractional neu-
tral systems as counterpart to Lyapunov-Krasovskii methods for classical neutral systems
proposed in [21].
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Theorem 3.1 Suppose that D(t,¢) is uniformly stable, f takes closed bounded sets
into bounded sets, and suppose that u(s), v(s) are strictly increasing functions with
u(0) =v(0) = 0, and w(s) is a continuous, nonnegative, nondecreasing function. If there
exists a continuously differentiable functional V : R x C — R such that

(D)) < Ve, ¢) < v(lpl),
))

where y € (0,1]. Then the zero solution of (2.1) is uniformly stable. If, in addition, w(s) > 0
for s> 0, then it is uniformly asymptotically stable.

(3.2)
Dl V(t,x,) < -w(|D(t, %)

Proof 1t is possible to choose a continuous function «(f) so that «(0) = 0 and «(f) >
u ' (v(£)) > 0 for small £ > 0. Then v(¢) < u(x(2)) for small £ > 0. For the above-chosen «/(¢),
by Lemma 2.1, we can find a corresponding () with the desired properties. Now, for any
€ > 0, we can find a sufficiently small § such that 5(8) < €. Hence, for any initial time £, and
any initial condition x;, = ¢ with ||¢|| <, (3.2) implies

CD;/O V(trxt(tO) (,0)) S O; tZ tO;
by Property 2.1, we have

V(t,x:(to, @) < V(to,9), t=>to.
By (3.2), this implies that

M(|D(t;xt(t07<ﬂ))|) =< V(tvxt(tOr 90)) =< V(tOr QD) =< V(B) < M(O[((S)), t > t0¢

which implies that |D(¢, x.(to, )| < «(8) for t > . Since D(t, ¢) is uniformly stable,
Lemma 2.1 implies

”xt(t();(p)“ <§, tZtO
Therefore, the zero solution is uniformly stable.

To prove uniform asymptotic stability, let &y := ¢ = 1, choose &y := §(1) > O corresponding
to uniform stability. Then, for any £, € R, ||¢|| < §¢ implies

||xt(t07 ‘P) ” < &, |D(t7xl(t0¢¢))‘ < (1(80), t = to. (33)

Next, for any 7 > 0, we wish to show that there is T(8o, ) such that any solution x(z, t, ¢)
of (2.1) with ||| < &y satisfies

|%:(t0, @) <m,  £= 0+ T(S0,m). (3.4)

Suppose that (3.4) is not true, then there is a solution x = x(¢, £y, ¢) of (2.1) with ||| < 8o
and || (to, )|l = 8 = 8(n) (8 < 4ba(8p)) for t > £y. Then, for any s > £y, from (2.4) we have

8 < llxell < be™ ) |lx|| + ¢ sup |D(w,x,)]- (3.5)

uels,t]
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Choose N = N (8, 1) so that N > max{o, é In %b}. Let £; = £y + N, from (3.5) we have

8 <y Il < be™™N x|l +¢ sup |D(u,x,)]
u€elto,t]

=

N S

+b sup !D(u,xu)|.

u€lto,t1]

Then we have

N S

b sup |D(u,x,)| >

u€lto,t1]

Therefore, there exists ¢; € [to, t;] such that

8
| D(¢1,5)| > TR (3.6)

Now consider a sequence of intervals Ij with I = [tx_1, t], tk = Lo + kN, k =1,2,.... By (3.5)

and (3.6), there must be some ¢; in each I; such that

3
|D(§k>x:k)| = 2%

Then there exists a sequence {Zx}2;, {x — 00, as k — oo such that

)
’D(fk:xzk)‘ = BT% k>1.

Without loss of generality, we may assume that {1 — ¢ > 7 for k > 0. It follows from
equation (3.1) that

D(t¢ xt(t0r §0)) = D(tO! §0) + Itaof(t! xt(tOI (P)): t > t(h

and

D(é‘erg‘k (tO) §0)) = D(t()r §0) + 1? (é‘erg‘k (tOr QD))

Then we have

D(t;xt(tOr (0)) = D({k:ka(tOr §0)) +I?0f(trxt(t0’(/))) _I?Of(;erg‘k(tO;w))~

Since f takes bounded sets into bounded sets, there is a constant Ly such that |f(z,
x¢(t0, )| < Lo for £ > to, ll¢|l < 8o. Then

) LO(’f - ;k)a

% Tra) T

|D(t»xt(t0’ <P)) | =

Hence, for any k > 1, we have

8
|D(xt(t0’¢))| > Er te [gk: {k + 9]’

ST (1+a) ] é }

where 6 = min{r, I

Page 7 of 9
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Let

A= min w(s)>0.

& <s=<aé0)

Then there exists some positive integer ko such that

A
V(to, ¢) < m(fko -t)". (3.7)

By (3.2), we have

CD;:) V(th)’xiko (t0,9)) < _W(|D(§]‘0’x§k0 (0, 9)) ’) =

By (3.2), (3.7) and Property 2.1, we have

1) A
0 — | <V s to, < Vlty,p) - ——— — 1) <0, 3.8
<u(2b) = (é-ko xlko( 0 (P)) = ( 0 (/7) F(1+]/)(§k0 0) < ( )
which is a contradiction. Then there must be some t* € [ty, fy + ko/N] such that ||x (¢,
@)l < 8. Therefore, for ||¢]| < 8q, we have

|x(t, to,go){ <n, t>ty+koN.
This proves the uniform asymptotic stability of the zero solution of (2.1). O

Remark 3.1 From the proof of inequality (3.8), we can know that the analysis on stabil-
ity of fractional differential equations is more complex than that of classical differential
equations, since fractional derivatives are nonlocal and have weakly singular kernels.

Remark 3.2 If D(¢, ¢) is linear in ¢ and « = y =1, Theorem 3.1 is just the same as Theo-
rem 4.1 in [21].

Remark 3.3 If D(¢t,¢) = ¢(0), the conclusions of Theorem 3.1 are just the same as the
corresponding conclusions of Theorem in [15].

Theorem 3.2 Suppose that the assumptions in Theorem 3.1 are satisfied except replacing
”DZ) by Dfo, then one has the same result for uniform stability and uniform asymptotic
stability.

Proof By using Property 2.1, we have

(t—to)™

CD;O V(t,x:) = D;/O V(t, %) — V(to, 90)1_,(17_y)~

Since V (tp, ¢) > 0, then CDZO V(t,x:) < DZ) V(¢,x:). Then we can obtain the same result for
uniform stability and uniform asymptotic stability. O

4 Conclusions
In this paper, we have studied the stability of nonlinear fractional order neutral systems.
We introduce the Lyapunov-Krasovskii approach for the nonlinear fractional neutral sys-
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tems, which enrich the knowledge of both the system theory and the fractional calcu-
lus. We partly extend the application of Caputo fractional systems by using Lyapunov-
Krasovskii approach. By using Caputo and Riemann-Liouville derivatives and Lyapunov-
Krasovskii technique, uniform stability criteria are obtained for the nonlinear fractional
neutral systems. The obtained conclusions generalize the corresponding conclusions in
15, 21].
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