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Abstract The stability analysis of fractional-order
systems with unbounded delay remains an open prob-
lem. In this paper, we firstly explore two new inte-
gral inequalities. Using these two integral inequali-
ties obtained, the Halanay inequality with unbounded
delay is extended to Caputo fractional-order case and
Riemann—Liouville fractional-order case. Finally, sev-
eral examples are presented to illustrate the effec-
tiveness and applicability of the fractional Halanay
inequalities in obtaining the asymptotic stability con-
ditions of fractional-order systems with unbounded
delay.
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1 Introduction

Fractional calculus as an old mathematical topic is
developed long ago by the mathematicians Leibniz,
Liouville, Riemann and so on. It does not attract great
attention due to the difficulty in computing and the
uncertainty of its geometric significance. However,
since these decades, researchers found that fractional
calculus can precisely describe some abnormal phe-
nomena, itis widely used in many areas such as physics,
control and engineering, see [1-6].

As an important aspect of control systems, stability
has attracted increasing interests. In 1996, Matignon [7]
firstly presents the stability result of fractional-order
linear system which can be used to determine the sta-
bility through the location in the complex plane of the
dynamic matrix eigenvalues of the state. Since then,
many results about the stability of fractional-order sys-
tems are obtained. The main methods to analyze the sta-
bility of fractional-order linear system include Laplace
transform method [8], linear matrix inequality (LMI)
approach [9] and the Riesz basis approach and the
semigroup method [10]. For the stability of fractional-
order nonlinear system, the main approaches include
the comparison method [11, 12], the integral inequality
method [13], the linearization technique [14] and the
Lyapunov method [15,16].

The Lyapunov direct method is a powerful tool to
analyze the stability of integer-order nonlinear systems
which can be verified easily without solving the system.
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For fractional-order nonlinear system, the Lyapunov
method is not developed until 2009 [15] and 2010 [16],
where the authors proposed the Mittag-Leffler stabil-
ity, which is a generalization of classical exponential
stability, and they explored the fractional Lyapunov
method. Nevertheless, since the well-known Leibniz
chain rule is invalid for fractional-order derivative, the
application of Lyapunov method is not available until
2014 [17] where the authors proposed a simple but
useful derivative inequality, which makes x> become
a good Lyapunov candidate function. A similar differ-
ential inequality in the Riemann—Liouville sense was
explored in 2016 [18].

Time delay as a common phenomenon is often
encountered in different real systems, such as elec-
tric, synchronous, chemical processes [19-21]. It is
worth to remark that, the existence of delay may cause
some undesirable response, even instability, so the
research on the stability of fractional-order system with
time delay is meaningful and important. In [22,23],
the authors generalized the Razumikhin method to
fractional-order systems with bounded delay. Using
frequency domain method, the asymptotic stability
results about fractional retarded and neutral systems are
obtained in [24,25]. In [18,26], the authors explored
the fractional-order systems with unbounded delay
and they obtained the stability of the systems with
the restriction 7(f) < d < 1. The stability results
in [18,26,27] are essentially in L? norm sense. It is
noted that the convergence in L? norm sense does not
imply the convergence in pointwise sense, i.e., x () —
0 as r — oo cannot follow from ftt_m) x2(s)ds — 0
ast — o0o.

In this paper, motivated mainly by [18,26,27], we
focus on the asymptotic stability of fractional-order
systems with unbounded delay, where the fractional-
order derivatives are in Caputo sense and Riemann—
Liouville sense. The main tools proposed here which
are also our first contribution are two integral inequal-
ities which generalize the Halanay inequality with
bounded delay to the fractional Halanay inequality with
unbounded delay. The second novelty is that we do not
need the assumption that 7(f) < d < 1 usedin [18,26]
(also see Remark 3).

The rest of this paper is organized as follows: Sect. 2
presents some basic concepts and lemmas on fractional
calculus. The new integral inequalities and fractional
Halanay inequalities with unbounded delay are intro-
duced in Sect. 3. Several kinds of fractional-order sys-
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tems with unbounded delay are explored in Sect. 4
where the asymptotic stability conditions are obtained.
Section 5 is a conclusion about this paper.

2 Preliminary

In this section, some basic definitions and lemmas are
presented which are useful throughout this paper.

Definition 1 [2] The Riemann-Liouville fractional
integral of order @ > 0 for a function f:RT — R
is defined by

oD f (1) = / (1 — )" f(s)ds.

I(a)

Based on this definition of Riemann—Liouville frac-
tional integral, the fractional-order derivative in
Riemann-Liouville sense and Caputo sense are given.

Definition 2 [2] The Riemann-Liouville fractional
derivative of order o > 0 for a function f:RT — R s
defined by

dk ——a
5070 = 2 (007 f )

1
F(k—a)dtk/(
t >0,

— o)== £(s)ds,

where k — 1 < @ < k,k € Nand I'(-) is the Gamma
function, that is

+00
@) = / e s,
0

In particular, when 0 < o < 1, we have

SEDE (1) = ﬁ " / (t — )7 f(s)ds.

Definition 3 [2] The Caputo fractional derivative of
order & > 0 for a function f:R* — R is defined by

S f(1) = oD p® (1)

_ ! k—a—1 p(k)
i | =P
t >0,

wherek—1 <« < k, k € Nand f(’")(t) is the m-order
derivative of f(¢). In particular, when 0 < o < 1, we
have
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1 O]
s
Il —a Jo =29
A very important concept in the theory of fractional
calculus is Mittag-Leffler function.

Spef() =

Definition 4 [2] The two-parameter Mittag-Leffler
function is defined by
+00 j

Eap@) =) —— «>0, B>0

Z - .—’ 9 .

T ST @i+ )

When B8 = 1, the two-parameter Mittag-Leffler func-
tion becomes the one-parameter Mittag-Leffler func-
tion, i.e.,

+00 Zj
E =F = _ 0
«(2) = Eq1(2) ;F(ajﬂ) o>

It is well known that the computation of the frac-
tional derivatives for composite functions is com-
plicated since there is no chain rule for fractional-
order derivative. That is, generally, ng‘ f(x(@) #
S (x(t))g *x(t). This leads to the difficulty of com-
putation ng‘xz(t). Fortunately, for the sake of stabil-
ity, the following two lemmas about fractional-order
derivative inequalities are enough to analyze the stabil-
ity of a class of fractional systems considered in this

paper.
Lemma 1 [17] Let ¢ € (0, 1) and x(t) € R be a con-
tinuous and differentiable function. Then for anyt > 0,

SDx*(r) < 2x()§DYx(1).

Lemma 2 [18] Let o € (0, 1) and x(t) € R be a con-
tinuous and differentiable function. Then for anyt > 0,

RLpe x2(1) < x(1)RED% x (1).

Consider the following fractional-order system with
unbounded delay

oDfx(t) = f(t,x(t), x(t — (1)), t=>0, (1)

where 0 < o < 1, 0D x(t) represents the fractional-
order derivative of x(¢) in Riemann-Liouville or
Caputo sense. x(¢) € R" is the state vector, f:RT x
R" x R* — R" is a nonlinear functions with
f(0,0,0) =0.t(¢): [0, + 00) — [0, + 00) represents
the unbounded time delay.

Definition 5 For fractional-order system (1), the trivial
solution is called to be asymptotically stable if x () —
Oast — 4o0.

3 Integral inequalities

In this section, we establish two integral inequalities
which can be used to deal with the asymptotic stabil-
ity for fractional-order systems with unbounded time-
varying delay. The proof is based on “inf—sup”” method.

Theorem 1 Let ¢:[— h, + 00) — R be bounded on
[— &, 0] and continuous on [0, + 00). Suppose that
a € CRT,R) satisfies lim;s4100at) = 0, T €
CRT, RN witht(t) <t+handt —t(t) - +0
as t — 4o00. K € C@RT,RH N LYRY), and
lim;—, 15 K(¢) = 0. u > 0 is a constant and the fol-
lowing inequality holds: for allt > 0,

¢ (o)ds.
(2)

t
(1) <a()+ M/ K(—s)  sup
0

s—1(s)<0o<s

IFlK 1wy < 1, then, limy—s o0 (1) = 0.

Proof The proof is divided into two steps.

Step 1 Proving that ¢ (¢) is uniformly bounded on
[—h, + 00).

Indeed, since 7(¢t) <t + h, for s € [0, t], we have

sup ¢ (o)

o€[—h,t]

sup p(0) =

s—t(s)<o<s

which, combining with (2), gives

t
o) <a()+ sup ¢(U)M/ K — s)ds
0

o€[—h,t]
t
sup ¢(a)u/ K (s)ds (3
o€[—h,t] 0

sup - @ (o)l Kl L1 r+ys
oel—h,i]

=a(t)+

<a(t) +

Taking the supremum on both sides of (3) yields

sup ¢(o)

sup (o) < supals) +
s>0 oe[—h,0]

oel—h,i] @
+ sup @(o)ullKllpigs)-

o€[—h,t]

Since u||K [ 1 r+) < 1, it follows from (4) that for all

t>0,

SUP;=( a(s) + SUPge[— 1.0] ¢ (o)
1 — pl Kl g

sup ¢(0) <

oe[—h,t]

’

&)
that is, ¢ (¢) is bounded on [— &, + 00).
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Step 2 Showing that lim,_, ;o ¢ (f) = 0. Denote
5([) = sup,~; ¢(s). It is clear to see that a(t) is well
defined and is non-increasing with respect to ¢ since
¢ (¢) is nonnegative and is bounded on [— &, 4 00) just
proved in step 1, which also implies the existence of
inf;>0 ¢ (t). Thus, to order to show lim;_, 1o ¢ () = 0,
it suffices to prove inf;>0 ¢(t) = 0.

Indeed, for any given & > 0, there exists a constant
T > 0 such that ¢(¢) < ¢(T) < inf,>0 G (t) + & holds
forall + > T. Since lim;_, 4 oo (t — T(t)) = 400, there
exist T > Osuchthatforalls > T,t—1(¢t) > T holds.
It follows from (2) and (5) that

t
(1) < alt) + u / K(t — $)B(s — t(s))ds
0
T J—
<a) + u/ K(t — )B(s — t(s))ds
0

t
+ M/f K@t —s)p(s — 1(s))ds
T

Supszo a(s) + Supae[,hvo] ¢(O')

< a(t)+
© L=l KL gy

T t
X / K(t—s)ds+p [inga(z) + e] / K(t —s)ds
0 [

T
Supy>q a(s) + SUPy e[ 1,0 ¢ (o)
1= pll Kl g @ty

<a() +

T
xf K — s)ds + [;nga(r>+s]u||K||Ll<R+).
0 >
©)

By the definition of a(t) and (6), we get that for
t>T,
supg>q a(s) + SUPg [ 4,0] ¢ (o)
L=l KLty

(1) < sup [a(S) +

s>t

T
X /L/O K(s —o)do + [}Ega(t) + 8] ,u,||K||L1(R+)]

<supa(s) + SUPy> @(s) + Sup, e[ 0] #(0)
= 1= 1Kl

T
x u/ sup K (s — o)do + [[igg¢(t)+8}ullKllLl(R+)~
0 =

s>t

)

From lim;— o0 a() = 0 and lim;— 400 K(t) = 0,
one has

. SUPg=( a(s) + Supy e 4,0; P (0)
lim { supa(s) +
1=>+00 | s>1 1— M”K”LI(RH

T
X ,u/ supK(s—a)da} =0.
0

s>t
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Taking the infimum on both sides of (7) and noting that
inf,~0 ¢(t) = lim,_ 4 o ¢ (1), we derive

inf ¢ (1) < [infa(t) + 8} UK 1 r+ys
t>0 t>0

which, jointly with || K[| 11 g+ < 1,yieldsinf;>0 o(t) <
el Kl L1 w+y/ (L=l K |l 1 (m+))- The arbitrariness of
& implies inf;>¢ a(t) = 0. Proof is completed. |

Theorem 2 Let ¢: (0, +00) — RT be continuous.
Suppose that a: (0, +00) — R is a continuous func-
tion satisfying lim; o0 a(t) = 0. 7:(0,4+00) —
(0, 4 00) is continuous and satisfies t — t(t) >
g@®) > 0 for all t > 0, where g(t) is monoton-
ically increasing and lim;_, 4~ g(t) = 4o00. K €
C@RT,RY) N LY R"), satisfies lim;_, o0 K (1) = 0,
and there exists a constant T > 0 such that fOT K(t—
$) SUPs_(5)<o <5 P (0)ds is bounded for t > g(T) and
tends to 0 as t — 4o00. u > 0 is a constant and the
following inequality holds: for all t > 0,

t
¢(t)§a(t)+M/ K(t—s) sup ¢(o)ds. (8)
0

s—1(s)<0<s

IfM||K||Ll(R+) < 1, ﬂ’len, lim[_>+oo ¢(l) =0.

Proof We prove this theorem by two steps.

Step 1 Showing that ¢ (¢) is uniformly bounded for
allt > g(T).

Noting that 0 < g(¢) <t — ©(¢), it follows from (8)
that

T
¢(t)§a(t)+u/ Ki—s) sup  $lo)ds
0

s—1(s)<0o<s

t
+,u/ Kt —s) sup
T

g(s)<s—1(s)<0<s

¢(o)ds

T
<a(t) + ,u/ K(t —ys) sup ¢ (o)ds
0

s—1(s)<o<s

t
+  sup ¢(0)u/ K(t — s)ds
T

o€lg(T).1]

T
<a()+ ,u/ K@ —s) sup ¢(o)ds
0 s—1(s)<o<s
+  sup  p(@)ulKl g+, ©)
o€lg(T).1]
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which implies + usup ¢(J)/ K(t — s)ds
[G.1] FaN(©))
T T
sup ¢(t) < sup a(t)+p sup / K@ —ys) .
r2g(T) r2g(T) 12g(1) Jo sa -t LK@= - sup plo)ds
x sup  @(o)ds+ sup POuIKI L w+- PR(E)
s—T(s)<o<s 1>g(T) + ,U«N/ K(t —s)ds
(10) T
Since a(t) is continuous and lim;_, y oo a(t) = 0, it is + |:[>1§1(fT) ¢ + 8:| MUK L ey (12)

seen that a(¢) is bounded on [g(T'), + 00). Since

T
/ K(t—ys) sup ¢ (o)ds
0

s—1(s)<0o<s

is bounded and p|| K[| 1g+) < 1, it follows from (10)
that

sup a(f) +p sup foT K@ —s) sup ¢(o)ds
sup ¢(t) < =i z8(T) s—T(s)<o<s
1>g(T) 1_“‘|K||LI<R+)
=N.t=gD),

(1)

that is, ¢ (¢) is uniformly bounded on [g(T'), 4 00).

Step 2 Showing that lim;_, 1o ¢ () = 0. Denote
o) = SUPy> = g(1) P (5, it is seen that ¢(¢) is well
defined and is non-increasing with respect to ¢ since
¢ () is nonnegative and is bounded on [g(T), 4 00)
justproved in step 1, which also implies the existence of
inf,- ¢y (). Thus, in order to show lim;_, 4 oo () =
0, it suffices to prove inf,; - ¢(r) a(t) = 0. Indeed, by the
definition of infimum, for any given ¢ > 0, there exists
G > g(T)suchthat ¢(t) < ¢(G) < inf, (1) P(t)+e
for all ¥ > G. Considering the fact that 0 < g(r) <
t —t(¢) and g(¢) is increasing, we have g(T) < T and
g g(G)) = G < g1 (G). It follows from (8) and
(11) that

T
¢(t)§a(t)+M/ Ki—s) sup  $lo)ds
0

s—t(s)<o<s

Fa(©))
+ ,LL/ K@t —ys) sup ¢ (o)ds
T s—1(s)<o<s
t
+ [,L/ Kt —ys) sup ¢ (o)ds
¢ 1 (G) g(s)<s—t(s)<o <s

T
<a(t) + ,u/ K(t—ys) sup ¢ (o)ds
0

s—1(s)<0<s

(O]
+ ,uN/ K(t — s)ds
T

By the definition of ¢(¢) and (12), we get that for
1> ¢ 1(G) > g(I),

T
¢(t) < sup |:a(s) + u/ K(s—o0) sup ¢ (w)do
s>t 0

o—t(0)<w<o

()
+ ;,LN/ K(s —o)do
T
+ | inf @)+ K
[r;?(nﬂ) 8]#“ HL‘(]R*)i|

T
<supa(s) + usup/ K(s —o) sup ¢ (w)do
s>t s>t Jo

o—1(0)<w<o

()
+ MN/ sup K (s — o)do
T

s>t

[ I8 e [uK e (13)

From lim,_, ;o a(t) = 0 and lim;_, oo K(¢) = 0,
one has

T
lim {supa(s)—l—usup/ K(s—o0)
1—>+00 | s>t s>t Jo

¢ (w)do

X sup
o—t(0)<w<o

g7

—i—uN/ supK(s—a)do}:O.
T s>t

Taking the infimum on both sides of (13) and noting

that inf,~ o) @(t) = lim,—, 100 (1), we derive

inf ¢(t) <| inf @t K ,
z>1?<r)¢( ) = [t;!r;m () + 8} K N 1+
which, jointly with w||K|lp1gy <
infrogr) d(t) < enlKllpge)/(1 — 1Kl @)
The arbitrariness of ¢ yields inf;. ¢(7) ¢(t) = 0. Proof
is completed. O

1, yields

By using Theorem 1, we arrive at the following
corollary.

@ Springer
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Corollary 1 Leta € (0, 1)and V:[—h, +oc0) — R
be bounded on [— h, 0] and continuous on [0, 4+ 00).
Suppose that T € C(RT,RY) satisfies T(t) <t +h
for some fixed h > 0,t — 1(t) - 400 ast — 4o0.
For some positive constants ). > n > 0, the following
inequality holds: for all t > 0,

SDEV(t)y < —aV) +p sup V(i +o). (14)

—1(t)<o <0
Then lim;_, 1o, V(t) = 0.

Proof According to (14), for ¢t > 0, there exists a non-
negative function M (¢) satisfying

SDAVO)+ M) =-AVi)+u sup  V(t+o).
—1(t)<0 <0
15)
Taking the Laplace transform on both sides of (15)
yields, for t > 0,

sV (s) — V(0)s® 1 4+ M(s) = —AV(s) + uF(s),
(16)

where

Vis) := fooe—”\/(r)dt,
0

M(s) := /Oo e S M(t)dt,
0

o
F(s) := / e sup  V(t+o)de,
0

—1(t)<0 <0

are, respectively, the Laplace transform of the functions
Vi(t), M(t) and sup_, <, <o V (¢ + o). Therefore, by
(16), it has V (s) the expression given by

V(0)s®~! — M(s) + uF(s)

Vis) =
(s) oY

a7

Taking the inverse Laplace transform on both sides of
(17) gives
V(1) = Eq(—h®)V(0) — M(t) % [r“—‘Ea,a(—xtﬂ')]

+ |: sup V(¢ + U)i| * [t“ilEu,a(—kt“)} ,

—1(1)<0<0

(18)

@ Springer

where * represents the convolution operator. Since
M), t*~ 1 and Ey o (—At%) are nonnegative, we have
the following estimate:

t
V(t) < Eo(=A*)V(0) +M/ (t—5)*"!
0

X Eqo(=A(t—s5)*) sup V(s+o)ds.

—1(t)<0 <0

19)

It can be easily seen that (19) is the form of (2) with
a(t) = Eq(— %)V (0) and K (t) = to‘*lEa,a(—M”‘).
Obviously, a(-) is continuous and lim;_, 4 a(?) = 0.
From Theorem 1, in order to prove lim;_, 4o, V(1) = 0,
it is sufficient to verify w| K|l 1g+) < 1. Indeed, it
follows from [3, p. 50, formula 1.10.7] that

d _
" Eaart (2] =1 VEgq(—21%),

which implies

1
/ 5V Eg o (—As%)ds = 1YEq o1 1(—At%). (20)
0

It follows from [3, Page 43, formula 1.8.28] that

1 1
Ea,ot-i—l(_)"ta) = W +0 (W) ,
which yields

1
i a — a = —
tilgloo t Eot,oH—l( A7) I

Since fot s“_lEa,a(—)»s‘”)ds is non-decreasing with
respect to ¢, from (20), so does for t* Ey o+1(—At%).
Thus,

vt > 0. (21)

t
1
/ sV Eg o (—as)ds < —,
0 ' A

which, jointly with A > u, implies

o w
M”K”LI(RH = M/ Sa_lEoz,a(_)tsa) = x < L
0

(22)

Hence lim;_, 1 o, V(¢) = 0. |

By using Theorem 2, we arrive at the following
corollary.

Corollary 2 Let a € (0,1) and V: (0, +00) — RT
be continuous on (0, + 00) and t'=*V (¢) is continuous
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on [0, +00). 7: (0, + o0) — (0, + 00) is continuous
and satisfiest — t(t) > g(t) > O forallt > 0, where
g(t) is monotonically increasing, lim,_, 1o g(t) =
+00 and (g(t))*~ ' is integrable on (0, T. Assume that
for some positive constants A > > 0, the following
inequality holds: for all t > 0,

Rlpev(t) < —aV(t) + . sup

—1(t)<o<0
Then lim;— o, V() = 0.
Proof By (23), for t > 0, we know that there exists a
nonnegative function M (¢) satisfying

Rlpev iy + M@ty = -av() + 11 sup

—7(1)<0 <0

V(t+o).
(24)

Taking the Laplace transform on both sides of (24)
yields

s*V(s) = Rp v (0) + M (s)
= —AV(s) + nF(s), (25)

where ¢t > 0 and

Y o0

V(s) = / e STV (1)dt,
0

Y o0

M(s) = f e STM()dt,
0

o
F(s) :=f e sup
0

—1(t)<o <0

V(t +o)dt,

are, respectively, the Laplace transform of the functions
V(t), M(t) and SUP_ (1) <0 <0 V (t+o0). Therefore, (25)
is reduced to

RLp 1=y (0) — M(s) + wF(s)

Vis) =
) s+ A

(26)

Taking the inverse Laplace transform on both sides of
(26) gives

V() = 197 Eg o (—uRD; Yy (0)
— M(t) % [197 Eg o (—01*)]

—1(t)<o <0

+u[ sup V(t+(7)i|*[ta1Ea,a(—Ma)],

27)

where * represents the convolution operator. Since
M(t),t* ! and Eq o (—At%) are nonnegative, it follows
that

V(1) < 197 Eg o (—a)ED Y (0)

t
+u /0 (= 9 Eau(=t =) (28)

X sup V(s + o)ds.

—7(5)<0 =<0

Clearly, (28) is the form of (8) with K(r) = r*~!
Eqo(—1%) and a(t) = 197 Eqq(—1®)Rip; 17
V (0), it can be seen that a(+) is continuous on (0, + 00)
and satisfies lim;_, 5, a(t) = 0. Similar to the proof
of Corollary 1, we have lim;—, K(#) = 0 and
lIK L1+ < 1. To show lim,—, 1o V(¢) = 0, it suf-
fices to prove that fOT K(t — ) Sup;_r(5)<o<s V(0)ds
is bounded for ¢t > g(T') and tends to zero as t — +00.
Actually, for t > g(T), it has

T
/ K({—s) sup
0

s—1(s)<o<s

V(o)ds

T
= / K@ —ys) sup o o=V ()ds
0 g(s)<s—1(s)<0<s
T

< / K(t —5)(g(s)* ! sup oV (o)ds.
0

s—1(s)<0<s

Since ¢!7¢ V (¢) is continuous on [0, T'], we obtain

T
/ K(t—ys) sup
0

s—1(s)<0o<s

V(o)ds

T
< f K@t —5)(g()*'ds sup o!*V(o)
0

0<o<T

IA

8(T)
( f T K@ - 5)(g(s)? " \ds
0

s 0<o<T

2

T
+/ )K(t—s)(g(s))“lds> sup o7V (o)
@
<| sup K@-s) / (g(s)* " ds
sef0.£4P] 0

T
+  sup (g(s))“”/ K(t — s)ds
se[@,T] @
x sup o' "%V (o). (29)
0<o<T
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Since (g(s))*~! is integrable on (0, 7] and lim;_, o
K (t) = 0, it can be verified that
2
swp K9 [ 7 gerles
AYE[O,@} 0

is bounded for all + > g(7T') and converges to zero as
t — 00. On the other hand, since K () is integrable on
(0, T] and lim;—, o, K () = 0, it is easy to check that

T
sup (g(s))“—lf Kt — s)ds
&(T)
se[#P.7] 2

is bounded for all + > g(7T') and converges to zero
as 1 — oo. Thus, by (29), [i K (1 — 5)(g(s)% 'ds
is bounded for all + > g(7) and tends to zero as
t — +4o00. Hence, it follows from Theorem 2 that
lim;— 400 V(£) = 0. |

Remark 1 Corollaries 1 and 2 can be regarded as gener-
alization of Halanay inequality with unbounded delay
[28]. Corollary 1 is applicable for the asymptotic stabil-
ity of Caputo fractional-order system while Corollary
2 can be applied to obtain the stability of Riemann—
Liouville fractional-order system. According to the
characteristic of solution expression of fractional-order
system oD x(t) = —Ax(t) + f(x), where oDy repre-
sents Caputo derivative or Riemann-Liouville deriva-
tive, V (¢) in Corollaries 1 and 2 has different domain
of V(t) (One is t > —h, the other is ¢t > 0), and thus
7(¢) in Corollary 1 is supposed to satisfy t — t(t) >
—h, whereas 7(¢) in Corollary 2 is required to satisfy
t — 7(t) > 0 which is assumed in [18,26].

Remark 2 In[23], the authors use Razumikhin theorem
to investigate the stability of fractional-order system
with bounded delay. Corollaries 1 and 2 can be regarded
as a generalization of Theorem 3.2 in [23].

4 Applications on asymptotic stability

In this section, by applying the inequalities derived in
the previous section, we investigate the asymptotic sta-
bility for several classes of fractional-order systems
with unbounded time-varying delay.

Example 1 Consider the following fractional-order
differential system

ng‘x(t) = —a()x(t) +b@)x(t — (1)), (30)

@ Springer

where 0 < o < 1, x € R is the state, a(t), b(t) are
continuous functions, 7 (¢) is a continuous function sat-
isfyingt — 7(t) > —h fort > 0andt — 7(t) - 400
ast — +oo.

Denote V(r) = x2(¢) and choose two constants
A > pu > 0. Finding Caputo’s derivative of V (¢) with
respect to ¢ along the solution to (30) yields

SDYV(@t) +AV() —p  sup

—1(t)<o <0
< 2x(D)SDEx (1) + Ax* (1) — px*(t — (1))
= 2x(t)[— a()x(t) + b()x(t — 7)] + Ax>(t)
— px(t = (1))
= [—2a(t) + Ax> (1) + 2b()x ()x(t — (1))
— ux?(t — (1))
= (x(t) x(t—1(1))
(—2a(t) + A b(t)) ( x(1) >
b(1) —pn) \x(t — (@)

EO’

V(t+o)

provided that

(—2a(t) +X b@)

b(r) —M) <0, Vr=0. 31

By Corollary 1, if (31) holds, the solution of (30) is
asymptotically stable.

Proposition 1 Suppose that there exist two constants
A > @ > 0 such that LMI (31) holds. Then system (30)
with xg = ¢ € C([— h, 0], R) is asymptotically stable
for all unbounded delay t(t) satisfying t(t) <t +h
andt —t(t) > 400 ast — +o0.

When a(t) = a, b(t) = b in (30) are two constants
functions, (31) becomes

—2a+Xx b
( b —M) <0. (32)

Thisisequivalenttou > 0, —2a+A < Oand —(—2a+
M —b% > 0, thatis, u > 0, 2 € (0,2a) and 2a —
M > b% It is easy to verify that if @ > |b]|, there
exists two constants A, 4 > 0 with A > p such that
A € (0,2a) and 2a — M > b2, ie., LMI (32) is
feasible. Hence the following corollary is proved.

Corollary 3 Suppose that a > |b|. Then system

§DYx (1) = —ax(t) + bx(t — (1)), (33)
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1 1
08k —§DPSa(t) = 8w (t) + 3x(t - (5t +3)) 0.8} - §DPSa(t) = —(22 + V)(t) + tar(t — (3t +3)) |
0.6} 06
04 04l
0.2 k\v 0.2}
0 0

050 100 150 200 250 300 350 400 450 500

Fig. 1 System (33) witho = 0.8,a = 8,b =3,x0 =1 €
C[—3,0], and with delay t(¢r) =¢/2+ 3

1

0sl [Fntato = —seto+aee— 252+ 43| |

ol Wb . |
04 / 1
?ﬂo 225 250
o.zwm "/ <
Lol
o o

L)

0 B0 100 150 200 250 300 350 400 450 500

Fig. 2 System (33) witho = 0.8,a = 8,b =3,x0 =1 €
C[—3, 0], and with delay t(¢) = tsinz(t)/2 +1t/343

with0 < o < 1, xg = ¢ € C[— h, 0] is asymptotically
stable for all unbounded delay T (t) satisfying t(t) <
t+handt —t(t) > +ooast — +o0.

Note that t — 7(t) — +o0o0ast — +00 whence 7(¢) is
bounded. Corollary 3 generalizes the results of [13,29],
where both time delays are required to be bounded.

Figure 1 gives a numerical simulation of system (33)
withe = 0.8,a = 8,b =3,7(t) = 3t + 3 and xo =
1 € C[— 3, 0]. Figure 2 gives a numerical simulation
of system (33) with e = 0.8,a = 8,b = 3,t(¢t) =
L0 | L4 3and xo = 1 € C[—3,0].

Now taking a(t) = 24+ 1,b(t) = t and choosing
A=1pu= %, a simple computation shows that LMI
(31) holds for all # > 0. Hence system gD?'Sx(t) =
—2 4+ Dx@) +tx(t — t(1)) is asymptotically stable
with unbounded delay t(¢) satisfying t(¢) < t + h
and t — 7(t) —> 400 ast — —+o00. The simulation
of this system with delay 7(¢) = %t +3and 7(¢t) =
@ + % +3 canbe seen in Figs. 3 and 4, respectively,
where the initials are xo = 1 € C[— 3, 0].

Example 2 Consider the following fractional-order
nonlinear system with delay

SDx(t) = f(x(0), y(1), 2(1)) + ax(t — ©(1)),
SDYy(1) = g(x(0), y(1), 2(1)) + by(t — T(@)), (34)
ED2z(1) = h(x (1), y(1), (1)) + cz(t — T(1)).

0 5 10 15 20 25 30 35 40 45 50

Fig. 3 System (30) witha =0.8,a =12+ 1,b=t,xo=1¢
C[—3,0], and with delay t(r) =¢/2+3

1

0.8 — (DI = (£ + 1)a(t) + ta(t — (B2 + L +3)) [

0.6

04f A g
SO0 nn
0.2 /

0 . I o

0 10 20 30 40 50 60 70 80 90 100

Fig.4 System (30) withe = 0.8,a = 2+l,b=t,xg=1¢€
C[— 3, 0], and with delay 7(r) = tsin*t/2+1/3 +3

where0 < o < 1, x, y, z € Rarestates, f, g, hR3 —
R are continuous functions, () > 0 is a continuous
function satisfyingr —7(t) > —handt —t(t) - 400
ast — +oo.

Proposition 2 Suppose that there exist constants A, |4
such that A > u > 0 and

(% + )L)xz + (ll:—z —i—k)yz + (% +A)Z2
+ 2xf(x,y,2) + 2yg(x,y,2) +2zh(x,y,2) <0

holds. Then system (34) withxo = ¢ € C([— h, 0], R),
yo=¢ € C([—h,0LR), z0 =y € C([—h,0,R)
is asymptotically stable for all unbounded delay t(t)
satisfying t — t(t) > —h and t — ©(t) — +00 as
t — +o00.

Proof Denote V(1) = x2(t) + y*(t) + z>(¢). Finding
Caputo’s derivative of V (¢) with respect to ¢ along the
solution to (34) gives

6DV (1) < 2x()GDJx (1) + 2y (NG Df y(1)
+22(0)§ DY 2(1) = 2x (1) (f (x (1), y(1). 2(1))
+ ax(t — (1))
+ 2y()(8(x (@), (1), 2()) + by(t — T(1)))

+ 22(1) (h(x (1), y (1), 2(1)) + cz(t — (1))
(35)
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By Young’s inequality and (2), it follows that

SDEVy+av) —pn sup

—1(t)<0 <0
< 2 (f(x (@), (@), 2(1) + ax(t — (1))
+2y(1)(g(x (@), y(1), 2(1)) + by(r — (1))
+22(1) (h(x (@), y(1), 2(1)) + cz(t — T(1))) + ax2(1)

V(t+o)

+02 (1) + 22— sup x2(t+o0)
—1(t)<0 <0
—n sup Y 4o)—pu  sup Xt +0)
—1(t)<0 <0 —7(t)<0 <0

azxz(t)

< 2x(O) f(x (1), y(1), 2(1)) + + ux(t — (1))

b2y2(1)

+2y(@)gx@®), y(@), z() +

2.2
+ w2t — T() + 22(Oh(x @), Y1), 2(1)) + c“z=(1)

+ 122t — () + Ax2() + () + 222 (0)
—pux(t —T(0) — 2t — T(1) — 22t — T (1))
azxz(t)

=2x(0) f(x(0), y(1), 2(1)) +

b2y2(1)

+2y(®)gx@®), y(®), z() +

czzz(t)

+2zOh(x (@), y(1), (1)) +

+2x2(0) + 1) + 2220
<0

which, jointly with Corollary 1, implies that V (z) =
xz(t) + yz(t) + zz(t) — 0 ast — 4o00. Thus, system
(34) is asymptotically stable. O

Now taking f(x,v,z) = —2x 4+ y + y> +
2, 8(x,y,2) = —xy—x—=2y—z, h(x,y,2) = —x+
y —2z,and choosingA =2, u =1l,a=b=c=1,it
is easy to verify that system (34) with o = 0.8, initials
x0 = yo = z0 = 1 € C[— 3, 0]is asymptotically stable
for unbounded delay t(¢) satisfying 7(¢) < t + h and
t —t(t) - 400 ast — +oo. The simulations of sys-
tem (34) with the above parameters and t(¢) = %t +3

and t(¥) = % + % + 3 can be seen in Figs. 5 and
6, respectively.

Example 3 Consider the following fractional-order
nonlinear system in Riemann-Liouville sense with
unbounded time delay

@ Springer
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Fig. 5 System (34) with o« = 0.8,x0 = yo = 20 = 1 €
C[—3,0], and with delay t(t) =¢/2+ 3

Nt |

-02

0 50 100 150 200 250 300 350 400 450 500

Fig. 6 System (34) with « = 0.8,x0 = yo = 20 = | €
C[— 3, 0], and with delay 7(r) = ¢ sin®>(t)/2 +1/3 + 3

6D x (1) = —3x(1) — %x(r — () + iy(r — (1)
+ x(0) sin(y (1)),

§EDEy (1) = —2y(1) + %y(z — (1)
+ (@) sin(x(r — T(1)), (36)

where 0 < o < 1, x(#),y(t) € R. t(t) > Ois a
continuous function and satisfies + — () > 0 and
t—1(t) > 4ooast — 400

In order to prove the stability of system (36), we shall
construct Lyapunov function V (¢) = x2@) + y2(t) to
verify that there exist A > p > 0 such that inequal-
ity §EDEV (1) + AV (1) = 1 Sup_py<p <o V(1 +0) <0
holds. By Lemma 2, finding Riemann—Liouville deriva-
tive of V (¢) with respect to ¢ along the solution to (36)
gives:

§LD?‘V(I) +AV(@)—pn  sup

—1(t)<o<0

V(t+o)

3 1
<2x(n[ - 3x(1) - FX—T@) + 7yt —7(@)

+x(1) sin(y(0))] + 2y ()] — 2y(1) + %y(r — (1))

+ y() sin(x(t — 7(1)))]

+ax% (1) + Ay () — pux?(t — T(0) — uy(t — (1))
= —6x2(t) — 3x(t)x(t — T(1)) + %x(r)y(t — (1))
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16 ;
- a(t) 0)
— y(t) —y(t)
04g 20 20 80 80 100 ) 50 100
Fig. 7 System (34) with @ = 0.8,0D% 'x()|;m0 = Fig. 8 System (34) with @ = 0.8,0D% 'x();0 =

OD;’"ly(t)|,_>0 = 1, and with delay 7(r) = /5

+2x2(0) sin(y(1)) — 4y (1) + y(O)y(t — (1))
+2y2 (1) sin(x(t — T(1))) 4+ Ax> (1) + Ay (1)
—ux?(t — () -yt — T (1))
< (=2 + O — 2)y2(1) — 3x(O)x(t — (1))
1
+ Ex(t)y(t —t(@)+y®yt — 1))

—pux(t — () — py*(t — T(1))
(x@) y@) x@t—t@®) y@—1@)

A—4 0  —=3/2 1/4 x(1)

o r-2 0 1p (1)
—-3/2 0 —n 0 x(t — (1))
/4 12 0 —n) \yt—t@)

<0

if

A—4 0 =32 1/4

0 A—-2 0 1/2

32 0 -u o0 |=° G7

1/4  1)2 0 —n

holds. It can be directly calculated that with A = 1.7
and u = 1.2, LMI (37) holds and thus (36) is asymptot-
ically stable. The evolution of system (36) witho = 0.8
and initials 0 D* ' x(1)|,—0 = 1, 0D* ' y()]10 = 1
can be seen in Figs. 7 and 8 where the delays are

£ sin2(10¢)

T(r) = L and (1) = § + =77, respectively.

Remark 3 In [18], the authors prove the stability result
by using the Lyapunov method under the restriction
7(t) < 1. Also, the stability results of [18]isin L? norm
sense. In this paper, we have removed the assumption
that 7 (#) < 1 by using the integral inequalities to obtain
the asymptotic stability in R” norm sense. Particularly,
t(t) < 1 is invalid for the case where 7(f) = }1 +

2
m, the stability results derived here cannot be
obtained from the method used in [18].

0D 1 y(1)),—0 = 1, and with delay T(t) = 1/4 + ¢ sin?(10r) /4

5 Conclusion

In this paper, we investigated the asymptotic stability
of fractional-order systems with the Caputo fractional
derivative and Riemann-Liouville fractional deriva-
tive. Firstly, two integral inequalities are presented,
by which the Halanay inequality is generalized to
fractional Halanay inequality with unbounded delay.
According to the characteristics of the solution of
fractional-order system, we made the assumptions that
t — t(¢t) > —h for Caputo fractional-order system and
t — 7(t) > 0 for Riemann—Liouville fractional-order
system. Examples are included to illustrate the effec-
tiveness of our results. It should be remarked that our
results are easily applied to obtain the stability condi-
tions.

In future works, applying the fractional Halanay
inequality obtained in the paper to time fractional reac-
tion diffusion equation with time-varying delay seems
to be an interesting problem. At addition, a future
research direction may be to use the fractional Halanay
inequality and LMI approach in [30] to design the
robust state feedback controller for fractional nonlin-
ear system with bounded or unbounded time delay and
to analyze the global stability analysis for fractional-
order neural networks with mixed time-varying delays
[12,31].
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