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Abstract: In this paper, the asymptotical stability for several classes of fractional order differential systems with time delay is
investigated. We firstly present an integral inequality by which the Halanay inequality is extended to fractional order case. Based on
the generalized Halanay inequality, we establish several asymptotical stability conditions under which the fractional order systems
with time delay are asymptotically stable. It is worth to note that these stability conditions are easy to check without resorting to

the solution expression of the systems.

1 Introduction

Fractional calculus, more precisely, arbitrary order calculus, appears
almost at the same time with the classical calculus. But it did not
attract a great attention due to the lack of application background
and the complexity of computation, until the last few decades when
researchers found that there are many anomalies that can not be
explained by classical calculus while fractional calculus is a use-
ful tool to describe some abnormal diffusion process because of its
memory and hereditary properties, then it is widely used in many
fields such as blood flow phenomena, electrochemical processes,
viscoelastic materials, etc.[1-3]. In 1991, Oustaloup proposes a
CRONE control, and in 1999, Podlubny[4] introduces the PI ADH
controller, fractional calculus has been used in control theory, and
the researchers found fractional order controllers provide superior
performances in both theory and practice, and many results are
obtained, see[5-8].

Asymptotical stability analysis of fractional order systems, one
of the fundamental issues in control theory, is to find some stability
conditions under which systems are asymptotically stable. For linear
fractional order systems, the first stability result is the well-known
Matignon theorem [9]. This theorem enables us to determinate the
stability of linear fractional order systems through the location in
the complex plane of the dynamic matrix eigenvalues of the state.
Recently, many mathematical tools have been applied to analyze
the asymptotical stability in fractional order linear systems. These
include LMI approach [10], the Laplace transform method [11], the
Lyapunov method [12] and the Riesz basis approach and the semi-
group method [13]. In [14], it introduces the characteristic equation
of the system to give some simple sufficient asymptotical stability
conditions for interval linear fractional order neutral system with
time delay. Laplace transform method is developed in [11], where a
n-dimensional linear fractional order differential equation with mul-
tiple time delays is addressed and several sufficient conditions of
globally asymptotically stable are exploited.

For nonlinear fractional order systems, the Lyapunov method is
a classical approach to deal with the stability problem. The key
advantage of applying the Lyapunov method in obtaining the sta-
bility criteria for a given system is that it does not need to solve
the system to obtain the explicit solution expression and the need is
just the system structure. However, due to the memory effect and

Lyapunov method was not developed until 2009 in [12] and 2010
in [15], and the applicability of the fractional Lyapunov method was
not available until 2014 in [16]. The Mittag-Leffler stability concept
is introduced in [12] and this kind of stability implies the asymptot-
ical stability. In [16], a simple but useful fractional order differential
inequality is established, which proves the quadratic function, z2, to
be a good Lyapunov candidate function. Very recently, a class of con-
vex and positive definite function as Lyapunov candidate function is
developed in [17], which makes the fractional Lyapunov theorem
more applicable. In [18], an indirect approach to obtain the stabil-
ity for nonlinear fractional order systems is established by using the
relation of the stability between the fractional order systems and the
corresponding integer order systems.

For the stability of fractional order system with time delay
(FSTD), Mittag-Leffler stability is addressed in [19]. In [20, 21], fre-
quency domain method is used to obtain the asymptotical stability
results. Razumikhin method was generalized to fractional order sys-
tems with delay in [22]. However, to the best of our knowledge, there
are few easily verifiable asymptotical stability criteria for FSTD.
In this paper, we are concerned with the asymptotical stability for
FSTD via a new integral inequality. Based on this inequality, we
generalize the Halanay inequality proposed by Aristide Halanay in
[23]. With these inequalities and the result of [16], we establish some
stability criteria that are easy to check.

The paper is organized as follows: Section 2 presented some
basic concepts and lemmas about fractional calculus. A new inte-
gral inequality and a generalized Halanay inequality are introduced
in Section 3. Section 4 is devoted to the asymptotical stability for
several kinds of fractional order systems with time delay. Section 5
is a conclusion about the paper.

2  Preliminary

In this section, some basic definitions and preliminaries are given
which are useful throughout this paper.

Definition 1. [4, Page 79] The Caputo’s fractional derivative of
order oo > 0 for a function f : RY — R is defined by

t (m)
the weakly singular kernels of the fractional order derivative, the ng‘ f(t) = 1 J S(0) do, t >0
fractional Lyapunov method which is different from the classical L(m—a) Jo (t —)o—m+!
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withm = min{k € N : k > a > 0}, where f™)(t) is the m-order
derivative of f(t), and T'() is the Gamma function.

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

Lo
(i —a) Jo o)

5D f(t) =

Definition 2. [4, Page 16] The one-parameter Mittag-Leffler func-
tion and two-parameter Mittag-Leffler function are defined by
= P = P
E = - and E, = _—
a(2) I§) Tlak+ 1) 4 Fas2) kz—‘; T(ak + B)

respectively, where o > 0, 8 > 0.

Let h > 0 be a constant, we suppose that z € C([—h, +00); R™).
For any ¢ > 0, we denote by x¢ an element of C([—h,0];R")
defined by z¢(0) = z(t + o), —h < o < 0. Consider the fractional
order system with time delay.

§DRa(t) = f(t,z0),
z(t) = ¢(t),

t>0,

1
t € [—h,0], M

where 2 € R is the state vector, f : Rt x C([—h, 0];R™) — R"
is a nonlinear functional vector satisfies f(0,0) = 0, ¢ is the contin-
uous vector valued history function and ||| = supge[_p,q] [9(0)],
where | - | denotes the Euclidean norm for vectors.

Definition 3. [24, Page 4] For system (1), the trivial solution is said
to be:

e stable, if for any given € > 0 there exists a § > 0 such that ||¢|| <
d implies |z(t)| < € forall t > 0.

e asymptotically stable, if it is stable and if in addition there exists
a é > 0 such that if ||¢|| < 6, then x(t) — 0 as t — +oo.

e unstable, if it is not stable.

Lemma 1. [I6] Let z(t) € R be a continuous and differentiable
function, then, for any t > 0,

6D 2*(t) < 22()§Df a(t), Yo € (0,1).
If x(t) € R", it holds that forVa € (0,1) and t > tg,
6D (" (1)a(t) < 20T (HTDF(t).

Lemma 2. The Cauchy problem for fractional order time-delay
system of order 0 < v < 1:

OCDtax(t) :/\$(t)+f(t,$t)7 t >0,

2(t) = o(1), refho, @
is equivalent to the following integral equation:
t
2(t) = Ba(M)9(0) + | (¢ = 9" Ea.a(A(t - 5)")
’ (3

X f(s,zs)ds, t>0,

x(t) = ¢(t)7 te [—h,O],

where A € R and f:RT x C([—h,0;R) = R is a continuous

Proof: Taking the Laplace transform on both side of (2) gives

s2(s) — s*71(0) = Ai(s) + f(s,24), )

where

too . R too .
B6) = | alat fw) = |t

0 0

are respectively, the Laplace transform of functions x(t), f (¢, zt).

Therefore,

QAZ(S) — Sa_ld)(o) + f(s,:cs) .
sY 4 A

Taking the inverse Laplace transform on both side of (5) yields

(6))

2(t) = Ea(=M*)$(0) + f(t, xt) * t* " Ea,a(—ALY),
where * denotes the convolution operator, that is, for ¢ > 0,
t

2(t) = Ea(~At")$(0) +j (t -

0

$)* " Ba,a (=t — 5)%)
X f(s,xzs)ds.
For integral equation (3), it equals to

2(t) = Ea(=M*)p(0) + f(t, x1) % > Eaa (=A%), t > 0.
(6)
Taking Laplace transform on both side of (6) and then taking the
inverse Laplace transform, we can transfer (3) to equation (2). This
ends the proof. ]

3 Anintegral inequality

In this section, we establish an integral inequality which can be used
to deal with the asymptotical stability for fractional order systems
with time delay. The proof is based on “inf — sup” method.

Theorem 1. Let ¢ : [—h,+oo) — R be bounded on [—h, 0]

and continuous on [0, +00). Suppose that a,K : R* — R are

two continuous functions which satisfy lim a(t) =0, K(t) >0,
t——+oo

lim K(t) =0 and K € L*(RY). 1> 0 is a constant and the

t——+o0

following inequality holds:

t

o0 <alt) +| Kit=s) s

¢(o)ds, t > 0. @)

Pl ey < L then, lim () =0.

Proof: This proof is divided into two steps.
Step 1: We show that ¢(t) is bounded for all ¢ > —h. Indeed,

since for any s € [0,¢], [s — h,s] C [—h,t],then sup ¢(o) <
s—h<o<s
sup ¢(o), by (7), we obtain
oc€[—h,t]
t
60 <a)+ s ool | K- s)is

oE€[—h,t] 0
t

—a)+ sw olo)n| K(sds ®)
o€[—h,t] 0

<at)+ sup S(o)ul K| L1 (rt),
oc€[—h,t]

which, together with the boundedness of sup( a(s), gives

sup ¢(0) <supa(s)+ sup G(o)ul|K| L1 m+)-

Sfunction. o€(0,t] 5>0 c€[—h,t]
. IET Research Journals, pp. 1-8
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Noting that

sup ¢(0) < sup ¢(o)+ sup (o),
o€[—h,t] o€[0,t] o€[—h,0]
we get
sup  ¢(o) <supa(s)+ sup (o)
oc€[—h,t] s>0 o€[—h,0] ©)
+ sup  @(o)ullK|lp1 g+
o€[—h,t]
Since p|| K| 1 (r+) < 1, it follows from (9) that
+ -
swp (o) < 2P0tV E WPoelna 00) g
oel—hit] 1= pl Kl g+

that is, ¢(t) is bounded on [—h, +00).
Step 2. We show that lim ¢(¢) = 0. Denote ¢(t) := sup ¢(s).
t——+00 s>t
Since ¢(t) is nonnegative and ¢(t) is bounded on [—h,+0c0)
just proved in step 1, ¢(t) is well-defined and is non-increasing
with respect to ¢, which implies that tlgg @(t) exists. Moreover,

tlgf) o(t) = t:1>15-noo ¢(t). Thus, to show t_l)lg_n(xj @(t) = 0, it suffices
to prove t11>1€ ¢(t) = 0. Indeed, for any given & > 0, there exists 7' >
0 such that o(t) < (T) < tlgg ¢(t) + € for all t > T. Tt follows

from (7) and (10) that
(1)

t

<a(t) + ,LLJ K(t—s)¢(s — h)ds
0
T+h B

<a(t) + NJ K(t —s)p(s — h)ds
0

+ ur K(t —s)¢(s — h)ds
T+h

SUp,>0 a(s) + SuPye[—p,0) 9(0) JT”‘
<a(t) + = ’ K(t—s)ds
2 Iy prea— M
t
+ u[tlgg o(t) +¢] JT+h K(t—s)ds
SUPg>0 a(s) + SuPye[—p,0) 9(0) JTM’
<a(t) + = : K(t —s)ds
<a(t) I P
+ [gggi(t) + el Kl L r+)-
(11

By the definition of ¢(t) and (11), we get fort > T + h,

(1)
s [a@ SUDg>( a(s) + supg e[, 0 #(0)
= 1= WKl mr) (12)

T+h -
XuJO K(s = 0)dor| -+ [inf 3(0) + elull K 1

IET Research Journals, pp. 1-8
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From lim a(t)=0and lim K(¢) =0, we have
t——+oo t——+oo

SUPg>0 a(s) + supyc[—p,0) ¢(0)
1 — pl|[ KL r+)

lim s
s [o(5)+

T+h

X ,LLJ K(s— U)da}

0

(13)

) SUPg>0 a(s) + Supsec[—p,0) ¢(0)

< lim supa(s)+
t—+00 >4 1= pl Kl 1w+

T+h
X ut_lggloo ilgt) JO K(s—o)do =0.

Taking the limitation on both side of (12) and noting that
inf;>0 @(t) = limg— 100 P(2), by (13), we derive

g;g&(t) < [gg@(t) +elpll Kl (r+y,

which, jointly with N’HK”Ll (R+) <1, yields inftz() &(t) <
epll KL m+)/(1 — pll K||1 (r+))- By the arbitrariness of e, we
get inf;>0 ¢(t) = 0. Proof is completed. d

Several remarks about Theorem 1 are given in order:

Remark 1. In general, the inequality (7) does not yield that ¢(t)
tends to zero, exponentially. For example, consider the following
integral equation:

t
60 = Ba(=31)+ | [(0 =97 Bua(=3(t = 5)°)
(14)

Eq(—25%) s s
el 2 (5 - 1)]as, 12 0

where ¢(t) =1 —t fort € [—1,0], and

2t 0<t<l,
t>1.

o0 ={ 5o,

We claim that the solution of (14) satisfies the inequality (7). Indeed,
by Lemma 2, it is seen that the integral equation (14) is actually
equivalent to the following fractional order differential equation
with time delay:

Cra _ E(X(72ta) _
¢o=1—te€ C[-1,0].

The solution is explicitly found to be
1-—t, -1<t<0,
¢U>"{ Ba(=2t%), t>0, (16)

which gives  sup  &(o) = ¢(s — 1). On the other hand, since

s—1<0<s

En(—2t%) is monotone decreasing on t € [0,4+00) and 1 —t >
1= Ea(~2-0%) for t € [~1,0], we have 0 < Z=b25) <
Thus, by (14), ¢ satisfies (1) withh =1, up = 1, a(t) = Ea(—3t%),
and K(t) = t* Y Eq,o(=3t%). From the proof of Corollary 1
below, we get p||K|| 11 r+y = 1/3 <1, which implies ¢ satisfies
(7). However, by (16), ¢ is asymptotically convergent to zero and
cannot decay exponentially as t goes to infinity.

Remark 2. If a(t) and K (t) decay to zero exponentially, then ¢(t)
may tends to zero exponentially. To illustrate this, we consider the

IET Review Copy Only 3
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—The solution of system (14)
08f- 1

- - The solution of system (17)

Fig. 1: The evolutions of the solutions of systems (15) and (18)

following integral equation

t
8() = 47| (s - nas, >0, (D)
0

where ¢(t) = e 2! for t € [~1,0]. Similar to Remark 1, the solu-
tion of (17) satisfies the inequality (7) with h = 1, a(t) = K(t) =
e 3t This system (17) is equivalent to the following first order
differential equation with time delay

P(t) = —30(t) + e 2p(t — 1), t >0,

_ot (18)
¢o =€ € C[-1,0].
A simple comémtation shows the solution of (18) is explicitly given
by ¢(t) = e~ forallt > —1. We can see that ¢(t) > 0 and decays
to zero exponentially.

Figure 1 shows the evolutions of the solution of system (15) with
«a = 0.8 and the solution of system (18). It is seen that the solution
of system (18) decays quicker than the solution of system (15).

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

Corollary 1. Let V : [—h, +00) — R be bounded on [—h, 0] and

continuous on [0,400). Assume that for some positive constants
A > p > 0, the following inequality holds:

SDSV(t) < =AV()+p sup V(t+0),t>0, (19
—h<o<0

where 0 < a < 1. Then, lim V(¢) =0.
t——+o0

Proof: By (19), we know that there exists a nonnegative function
M (t) satisfying

SDEV(t)+ M(t) = -AV(t)+p sup V(t+o), t>0.

—h<o<0
(20

Taking the Laplace transform on both sides of (20) gives

sV (s) = V(0)s* L+ M(s) = —AV(s) + uF(s), t > 0,
21

(22)

4 IET Review Copy Only

are respectively, the Laplace transform of the functions V' (¢), M (t)

and sup V/(t+ o). Therefore, by (21), we have that
—h<o<0

V(0)s*t — M(s) + pE(s)

Vis) = Y

(23)
Taking the inverse Laplace transform on both sides of (23) yields

V() =Ea(=A)V(0) — M(t) * [t* " Ea,a (=A%)

ful_sup Vit+ o) [ Ea(-M)], Y
—h<o<0
where * denotes the convolution operator. Since M (t), t*~! and
Eq,o(—Xt%) are nonnegative functions, it follows that
t
V(t) <Ea(=A")V(0) + “J (t—s)* "
0 (25)
X Ba,a(=At—35)%) sup V(s+o)ds.

—h<o<0

We can see that (25) is the form of (7) in Theorem 1 with

a(t) = Ea(—=M*)V(0) and K (t) = t* " Eq,a(—At?). It is obvi-

ous that lim a(t) =0, K(¢t) >0 and lim K(¢)=0. To
t—+oo t——+o0

show . hT V(t) = 0, it suffices to prove that /,L||KHL1(R+) < 1.
—+00
Indeed, it follows from [27, Page 50, formula 1.10.7] that

d
— [t Eaat1 (= AtY)] =

dt tailtha(_)\ta)?

which gives us
t
J 5% ' Ba.a(—As")ds = t* Eqat1(—At%). (26)
0

It follows from [27, Page 43, formula 1.8.28] that

1 1

Ea,a-‘rl(_kta) = W + O(w)

with £ — 400, which yields

. « « _l
Jim 1 Ba a1 (-M7) = 1.

On the other hand, from (26), since f(t) s Eq a(—As®)ds is non-
decreasing with respect ¢, so does for t*Eq q+1(—At"). Thus,

t
J s Eaa(=AsY)ds < % vt >0, 27)
0

which, jointly with A > p, implies

+oo
Wl =n] T Eaa(-Asds <5 <1 08)
0

>I=

Thus, it follows from Theorem 1 that lim V(¢) = 0. O
t—4o00

Remark 3. The above corollary can be regarded as a generalization
of Halanay inequality [23, Page 378, Lemma], where o = 1 and
V (t) tends to zero, exponentially, as t goes to infinity.

However, when o € (0, 1), we generally cannot expect that V (t)
decay exponentially because there is a memory effect in the equation
due to the tail of time. A typically example can be seen in Remark
1, system (15) satisfies the conditions in Corollary 1, the solution of
(15) satisfies tilgl @(t) = 0 but ¢(t) cannot decay exponentially.

(o]
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4  Asymptotical stability

In this section, we investigate the asymptotical stability for five
classes of fractional order systems with time delay.

Example 4.1. Consider the following fractional order differential
system:

D¢ x(t) = —ax(t) + ba(t — (1)), (29)

where 0 < a < 1, x € R is the state, a,b are two constants, and
7(t) is a continuous function and satisfies 0 < 7(t) < hfort > 0.

In order to obtain the stability condition of (29), we denote
V(t) = 2%(t) and choose two constants X > p > 0. Finding
Caputo’s derivative of V (t) with respect to t along the solution of
(29) yields

SDIV)+AV(E) —p sup  V(t+0)
—h<o<0

<23 ()§Df x(t) + Ao (t) — pa® (t — 7(t))

:@@)x@——T@D](_Z%+A AZJ [ig%—T@D] <0
(30)

if

—2a+X b
( b 7“) <0, 31

which is equivalents to —2a + X\ < 0 and —(—2a + \)p — b2 >0,
that is, A € (0,2a) and (2a — \)p > b%. Since X\ > p, LMI (31)
reduces 1o (2a — A)\ > b2, Therefore, if a > |b|, then LMI (31) is
feasible, and by Corollary 1, the solution of (29) is asymptotically
stable.

In system (29), taking o« = 0.8,a = 8,b = 3,20 =1 € [-1,0],
the numerical simulations of this system with delays T =1 and
7(t) = sin?(t), respectively, are plotted in Figure 2, from which,
we can see that system (29) with both 7 = 1 and 7(t) = sin?(t)
are asymptotically stable and the solution of the system (29) with
time-varying delay decays faster than that of the system with con-
stant delay. Taking b = —3 and the rest of parameters as before,
the numerical simulations plotted in Figure 3 show that system (29)
with both T = 1 and 7(t) = sin®(t) are still asymptotically stable.
The solution of the system (29) with time-varying delay decays faster
than that of the system with constant delay.

The stability for system (29) is considered in [22], where the
author used the Lyapunov-like theorem to prove the asymptotical
stability result. Figure 4 shows the regions of a > |b| that make the
system (29) to be asymptotically stable.

Proposition 1. Suppose that a > |b|, then given h > 0, system
(29) with xog = ¢(t) € C[—h,0] is asymptotically stable for all
fast-varying delay T(t) € [0, h).

Example 4.2. Now we consider the following fractional order
differential system

§Dfx(t) = Ax(t) + Ara(t — 7(t)), 32)

where 0 < a < 1, x € R" is the state, A, A1 are constants matri-
ces, and 7(t) is a continuous function satisfies 0 < 7(t) < h for
t>0.

IET Research Journals, pp. 1-8
© The Institution of Engineering and Technology 2015

Fig. 2: System (29) wiht « = 0.8,a = 8,b=3,z9 =1 € [-1, 0],
and with delay 7 = 1 and 7(¢) = sin®(t).

‘ The at?solute va{ue of x ‘ -

Fig. 3: System (29) with a=08,a=8b=-3,20=1¢€
[—1,0], and with delay 7 = 1 and 7(t) = sin(t).

Fig. 4: The regions of a > |b| which make the system (29) to be
asymptotically stable

Similar to Example 4.1, let Lyapunov function V(t) =
z " (t)z(t). Then

SDEVE)+AV() —p sup  V(t+0)
—h<o<0

<2¢ " ()§Dfa(t) + Ax T (z(t) — pa | (t—7(1)z(t — 7(2))
<2z T ()[Ax(t) + Arz(t — 7)) + Az | (H)z(t)
— pa ' (t—7(t)z(t — 7(t))

< [ggT(t) z'(t— T(t))] w { ig)* 7(t)) } <0

IET Review Copy Only 5
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AT+ A+ A
= . 33
144 ( AT oI <0 (33)

From Corollary 1, we have the following proposition.

Proposition 2. Suppose that there exist two positive constants \ >
> 0 such that the LMI (33) is feasible. Then, for any given h > 0,
system (32) with xg = ¢ € C[—h, 0] is asymptotically stable for all
fast-varying delay 7(t) € [0, h].

Remark 4. When the delay is independent of time, i.e.,7(t) = h
for some constant h > 0, the asymptotical stability of (32) is con-
sidered in [11], where the Laplace transform method is used. Note
that when the delay is dependent of time, the asymptotical stability
cannot follow from the Laplace transform method.

Example 4.3. Consider the following fractional order differential
system with distributed delay

ODfa(t) = —a(t) +y(1),
§Dfy(t) = —g(t,y(t)) — f(a(1)) 34)
0

+J h(z(t + 0))y(t + 6)do,

where 0 < a < 1, x,y € R are the states, 7 > 0 is a constant, and
fLh:R =R, g:R xR — R are continuous functions.

Proposition 3. Suppose that the function h satisfies |h(x)| < L with
some L > 0 and there exist three positive constants €, A and p with
A > p > 0 such that

L% <ep (35)

and

2 2
A=—pu—=2)z"+ (A +e)y 36)
+2y(z — g(t,y) — f(x)) <0.

Then, the system (34) with xo = ¢ € C([-h,0],R), yo=¢ €
C([—h,0],R) is asymptotically stable.

Proof: Let V (t) = 2%(t) + 32 (t) be a Lyapunov function. Finding
Caputo’s derivative of V' (¢) with respect to ¢ along the solution of
(34) gives

§DEV (1)
<2x(1)§ Df*x(t) + 2y(t)§ D y(t)
= —222(t) + 22(t)y(t) — 2y(D)g(t.y) — 2y() f(z)  OD

Noting the fact that |h(z)| < L, by Young’s inequality, (35), (36)
and (37), we get

OCD?V(t) +AV(t) — sup V(t+o0)

—7<0<0
< — 227 (t) + 2z(8)y(t) — 2y(t)g(t,y) — 2y(t) f(x)

+2y(t)LT sup |y(t+o)|+ A2 () + /\y2 (t)
—7<0<0

—u sup (Z2(t+0)+y (t+0)

—7<0<0
<~ 202(1) + 20 (B)y(t) + Aa2(t) + M2(t) — 2y(E)a(t, )
2 2
— oy f@) + (W)~ sup 22(t+ o)
—7<0<0
< —222(t) + 2x(t)y(t) + Az (1) + M2 (1) — 2u(D)g(t,y)
2 2
— 2y f (@) + 20 - pa? ()
L2T2

=\ —p—2)22(t) + (A + Y2 (t) + 22 (t)y(t)
—2y(t)g(t,y) — 2y(t) f(=)

<A —p—2)a® + A+ o)y’ +2y(x — g(t,y) — f(z))
<0

)

which, jointly with Corollary 1, implies that V(t) = 22(t) +
y%(t) — 0 as t — +oo. Thus, the system (34) is asymptotically
stable. O

Corollary 2. Suppose that the functions f,g,h satisfy f(x) >
Mz, g(t,y) > Ny, and |h(z)| < L with some M >0,N >
0, L > 0 and there exist three positive constants £, A\ and (1 with
A > p > 0 such that

L% <ep (38)

and

A—p—2 1-M
<1—M /\+a—2N)§0' (39)

Then, the system (34) with o9 = ¢ € C([—h,0],R
C([—h, 0], R) is asymptotically stable.

)7y0‘: RS

Proof: By proposition 3, it suffices to prove that (36) holds. By
conditions (38), we have

(A= 1= 2)°(t) + A+ 2)y*(1)
+ 2y(t) (z(t) — g(t,y) — f(=))
=(\ = p—2)2(t) + (A + )y’ () + 22(t)y(t)

—2y(t)g(t,y) —2y(t)f(z,y)
<O = -2 () + (A+6—2N) (1)

+ (2 —2M)x(t)y(t)
=(z(t) () (Af_“z\}z A+e - 2N)

)

<0,
0
+ 2y(t)J h(@(t + 0))y(t + 0)do. o ,
—r which implies that (36) holds. This ends the proof. ]
. IET Research Journals, pp. 1-8
6 IET Review Copy Only © The Institution of Engineering and Technology 2015

Page 6 of 8



Page 7 of 8

IET Control Theory & Applications

Thisarticle has been accepted for publication in a futureissue of thisjournal, but has not been fully edited.
Content may change prior to final publication in an issue of thejournal. To cite the paper please usethe doi provided on the Digital Library page.

Example 4.4. Consider the following fractional order nonlinear
system with distributed delay,

t

EDFa(0) = Ja(0) + |

t—7(t)

g(x(¢))d¢, (40)

where 0 < a <1, 0<7(t) < h, x € R", the initial function is
x0 = ¢ € C([-h,0,R™). f,g:R"™ = R"™ are two continuous
vector-valued functions such that (40) has a global solution on
[0, 00).

Proposition 4. Suppose that there exist two positive constants \ >
> 0 such that

t
207 (1) [f(x(t)) + g(m(@)dq} el (at)

t—7(t)

2" (0)z(o) <0, Vo € R".

(41

— K sup
t—7(t)<o<t

Then the system (40) with zo = ¢ € C([—h,0],R"™) is asymptoti-
cally stable.

Proof: Let V() = x| (t)z(t) be the Lyapunov function. By Lemma
1, computing the Caputo’s derivative of V'(¢) along the solution of
(40) gives

OCDtO‘V(t) +AV(t)—pn  sup
—7(t)<o<0

V(t+o)

<2z (t)gD?m(t) +xz! ®)z(t) —p  sup z! (o)z(o)

t—7(t)<o<t

o T (1) [f(x(t)) T jt

t—7(t)

g(w(@)dc} e (Ba(t)

—p  sup (o)z(o) < 0.
t—7(t)<o<t

(42)
Since 0 < 7(t) < h, we have

sup V(t+o0)>  sup
—h<o<t —7(t)<o<t

V(t+o).

Thus, it follows from (42) that
SDYVA) +AV(E)—p sup V(t+o)
—h<o<0

<EDRV() +AV(H) = sup
—7(t)<o<0

V(t+o)

<0

k]

which, jointly with Corollary 1, implies that V' (¢) — 0 as ¢ — +oo.
Thus, system (40) is asymptotically stable. ]

Corollary 3. Suppose that the function g satisfies ||g(z)|| < L|z||
with some L > 0 and there exist three positive constants €, A and
with A > o > 0 such that

K2L% <ep, and 22" f(x)+ (A +e)z ' © <0, forallz € R™.
(43)

Then the system (40) with g = ¢ € C([—h, 0], R™) is asymptoti-
cally stable.

IET Research Journals, pp. 1-8
© The Institution of Engineering and Technology 2015

Proof: By Proposition 4, it suffices to show that (41) holds. Indeed,
by Young’s inequality

lz(®)l  sup [lz(o)]l
t—7(t)<o<t
T I T
<—z (t)z(t) + = su z (o)x(o),
5 OO +5  swp o (0)a(o)

(43) and the fact that ||g(z)|| < L||z||, we have

2" () [f(x) + J t g(w(a))da] + 2z’ (H)z(t)

t—7(t)

—p sup  z(0)a(o)

t—7(t)<o<t

t
gsz<t)f<z>+2L||x||j () ||do + Az T ()a(t)
t—7(t)

—p sup z (0)z(0)
t—7(t)<o<t
<2a' (t)f(z) +2Lhllz]|  sup  [x(o)l| + Az (£)z(t)
t—7(t)<o<t
—p sup ! (0)z(0)
t—1<o<t
T L*n? + T
<2z (t)f(x) + 2Tty +u sup ! (0)z(o)
t—17<0<t
+Az’ (t)x(t) —p  sup z’ (o)z(o)
t—7<0o<t

L2h2 T

=22 () f(2) + ———a " (B)a(t) + Az (H)z(t)

<2z () f(x) + A +e)z' (t)a(t)
<0

)

which proves that (41) holds. This ends the proof. ]

Example 4.5. Consider the fractional order nonlinear system with
distributed delay governed by

t

§D a1 (1) = fr(a(t)) + 91(z(¢))dc,

tt*Tl (t)

Siaa) = pGo)+ | mos

t

D an(t) = f(a(t)) +j
t—7n (t)

gn(x(C))dC,

where 0 < a <1, x(t) = [z1(t),2(t), - ,zn(t)]T €R", the
initial function is xg = ¢ € C([—h,0],R"™). The time delay func-
tions 7; : RT — [0,h] are continuous. Functions f;(x),g;(x) :
R™ — R are continuous such that (44) has a global solution on
[0, c0).

Proposition 5. For any z(t) € R", suppose that functions g; satisfy
|gi ()] < L;||z|| with some L; > 0,i=1,2,...,n, and there exist
three positive constants €, A and jv with A > p1 > 0 such that

h2L? <ew, and 45
2" f(x)+ (A +e)z x <0, forallz € R",
where L = max L;. Then, given h > 0, the system (44) with ¢ €
K3
C[—h, 0] is asymptotically stable.
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Proof: The Proposition can be established by mimicking the proof
of Corollary 3. We leave details to the interested reader. g

Remark 5. The key idea of Lyapunov method to get the stability
is that we do not need to solve the differential systems but just use
the structure of systems. Clearly, the conditions (36), (43) and (45)
do not involve the solution of (34), (40) and (44), respectively, thus
(36), (43) and (45) are easily to verify for application purpose. The
results here could provide some insights into the qualitative analysis
of fractional order systems with time delay.

5 Concluding remarks

In this paper, we have obtained a new integral inequality, which is
our novelty. Applying this integral inequality and Laplace transform,
Halanay inequality is extended to Caputo fractional order case. Sev-
eral examples validate that this generalized Halanay inequality can
be easily applied to obtain the asymptotical stability conditions for
fractional order systems with time delay, where the delay is bounded.
If the delay is unbounded, a new technique to prove the integral
inequality should be developed. Stability of fractional order systems
with time-varying delay or time constant delay is a wide open and
fertile area for future research. The presented integral inequality can
be used to obtain the stability of Caputo fractional order systems
with multiple time delays.
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