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Abstract: The approach in this paper is present asymptotically stability of fractional neutral systems under Riemann-Liouville (R-
L) derivatives. Some sufficient conditions are devised to such systems based on the Lyapunov method. The difficulty of obtaining a
fractional-order Lyapunov functional lies in how to design a positively defined functional V and easily determine whether the fractional
derivative of V is less than zero. The method we deal with in this study provides an advantage in terms of directly calculating integer
ordered derivatives of Lyapunov functionals. By improving a delay decomposition approach, the stability conditions for the solution of
fractional system were established in terms of linear matrix inequalities (LMIs) which can be easily tested. Finally, an example with
numerical simulation is given to illustrate the universality and the validity of proposed method.
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1 Introduction

Fractional calculus is a mathematical subject of about 300 years. In the past thirty years, fractional calculus has been
found in many various and widespread fields of science and engineering. To describe real world problems, it has been
proved that fractional-order calculus is more enough and general than the integer calculus. For this, researchers in the
field of mathematics alone do not have a keen interest in fractional calculus. At the same time, fractional systems have
received great interest in many scientific areas such as control theory, aircraft stabilization, biophysics, chemical
engineering processes, distributed networks, neural networks, nuclear reactors, and population Dynamics and etc. (see
[1-23]). For this, interest in the stability analysis of various fractional time delay systems has been increasing quickly in
recent years, especially due to its successful applications in common areas of engineering. Therefore, time delay
fractional systems and the stability analysis problem for these systems are an important topic both from a theoretical and
practical point of view. When the related literature is examined, it is seen that many researchers focus their attention on
the stability issue of neutral systems which has a more general class than the delayed type, via different approaches. In
this direction, in this study, we improve a delay decomposition approach in fractional neutral systems with time varying
delay and obtain novel robust stability criteria.

Motivated and considered by the above discussions, this study searches the asymptotically stability of fractional neutral
systems with a delay decomposition approach. We can summarize the main goal of this paper and its contribution to the
related literature as follows. First, this paper on the stability of fractional neutral systems with delay decomposition
approach is still under development. Therefore, we assert novel stability criteria on the stability of considered fractional
system with delay decomposition approach for further improvements. According to the present results in [4, 5, 7, 10, 13],
the results of this study are more general. Second, there appears to be very few papers in the literature on the stability of
fractional neutral systems with the delay decomposition approach. In this sense, the theoretical results of this paper will
contribute to the current related literature. Third, in this paper, some basic inequalities in terms of proof technique are
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used to reduce conservatism and a suitable Lyapunov functional is constructed. Finally, an example with numerical
simulation is evaluated to show the universality and the validity of theoretical results.

2 Problem description

In this research paper, we consider the following fractional neutral system with time varying delay
wDIx(t) — CyDix(t — T) = Ax(t) + Bx(t — 7(t)), t >0, (1)
with the initial conditions
WD Tx(0) = (1), 1 € [-1,0],

where 0 < ¢ < 1, ,,D{x(.) shows a g order R-L fractional derivative of x(.),x(¢) € R" is the state vector, A, B and C € R"*"
are constant matrixes and differentiable function 7(¢) is a variable delay function satisfying for all 7 > 0,

0<t(r) <7, Hr) <<, b

where 7 and 0 are some positive constants.

Definition 1. The R-L fractional integral and derivative with order q of x(t) are described as follows, respectively ([17])

10D; (1) :ﬁ / (0= )T x(s)ds, (g >0),
WD) :F(ml—q)jt’” / (— )" x(s)ds, (0<m—1<q<m).

where I'(+) states the Gamma function.

Lemma 1. For sufficiently good functions x(t), if p > g > 0, then the following equality ([9])
toD?(loD;IJX(I)) ) thipx(t)v

holds. In particular, this equality holds if x(t) is integrable.

Lemma 2. Let x(1) € R" be a vector of differentiable vector. Then, the following inequality holds for any time instant

12>0,([9]) |
EtOD?(xT(t)Mx(t)) <x" ()M, Dix(t), 0<g< 1,

where M € R™" is a constant, square, symmetric and positive semi-definite matrix.
Lemma 3. Given matrices Ay,A>, A3z where Ay = AIT,Ag = AST and Ay > 0. Then Ay +A2TA§1A2 < 0 ifand only if ([4])

Ay AzT —A3 Ay
<0 or <0.
A2T —A

Ay —A3

3 Main results

In this section, by applying delay decomposition approach and constructing an appropriate Lyapunov functional associated
with the R-L fractional derivative and fractional integral, we propose a novel stability criterion for the fractional system

(D).
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Theorem 1. Ler ||D|| < 1. If 0 < ©(t) < Bt for given scalars B(0 < B < 1),7(> 0) and 8, the system (1) with (2) is
asymptotically stable if there exist matrices P=PT >0,R=R" > 0,H; = HZ»T >0,U; = Ul-T >0,(i =1,2,3), such that
—'g’ll '{’12 0 0 ¥s %16_
WLy 000 0 W
~ 0 0¥ 0 0 O
0 0 0¥ 0 O
H 00 0 W
L 00 W W

<0, 3)

with

9, =ATP+ PA+H, + Hs, %> = PB,¥s = PC,

e =AT[R+ BTU, + (1 — B)TUs + BTU3), Wy = —(1 — 8)Hs,

Yo =BT [R+ BTU; + (1 — B)TUs + BTU3), ¥s3 = —Ha, Waa = Hr — H),
Y5 = —R, W6 = CT[R+ U, + (1 — B)TU, + BTUs],

Woo = — [R+ BU; + (1 — B)TUs + BTU3].

Proof. Construct the following Lyapunov functional

3
V() =} Vilx), “

where
Vi =toD{ " (xT (1)Px(r)),

V, = /tt x! ($)Hx(s)ds + tiBTxT (8)Hox(s)ds + ! X! (s)Hzx(s)ds + ./;OT(tOD?x(t + ﬁ))TR(tOD?x(t +&))dé

—Br -7 Jr—1(t)

= [ Pt D enasdo s [ 10(E) v icas
+/_0T(,) /ti(p(,oD‘éx(g))TUg(,OD‘éx(g))dgd(p_

From Definition 1., we know that, V|, V, and V3 are positive definite functional. By Lemma 1 and Lemma 2, calculating
time derivative V (x;) along the trajectory of system (1), we obtain

3
V(Xt) = ZVi(xt), (%)

where

Vi) =4, Df (7 (1)Px(1)) < 247 (1) P, DY (x(t))
=2x" (t)P[Ax(t) + Bx(t — ©(t)) + C,y Dix(t — 7)) (6)
=x"(¢)(PA+AT P)x(t) +2x" (t)PBx(t — ©(t)) + 2x" (t)PC,, D{x(t — 7)
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Va(xe) =x (1) (Hy + H)x(t) —x" (t — (1)) (1 = £(t) ) Hax(t — 7(1))
+xT(t — BT)(Hy — Hy)x(t — BT) —xT (t — T)Haox(t — T)
+( Dix(1))" R(syDfx(t)) — (1, Dfx(t = 7)) "R(1, Dfx(t — 7)) ™
(1) (Hy + Ha)x(t) —x" (1 = 7(1)) (1 — 8)Hzx(r — (1))
+x (1 = BT)(Hy — Hi)x(t — ﬁf) xl (1 — T)Hox(1 — 1)
)—

+ (1o D x(1))" R(sy DFx(1)) = (1, Dfx(t = ©))) " R(1, Dfx(t — 7))

V3(x:) = (1, D{x(1))" (BtUs + (1 — B)TUs + T(t)U3 )y Dix(t)
! t—BT
_ /,,ﬁr(tOD?x(s))TUl (toD?x(s))ds—/ (1, D%x(5))TUs (;, DYx(s) )ds

— (= #0)) [ (D1(0) Vsl Di(s)ds

< Di{x())" (BtUL + (1 — B)TUs + BTU3),, D x(t) ®
t . T . t—pBt . . ;
_/t*ﬁT(IODSX(S)) U1(toDSX(s))ds—/t (o Dx(5)) T U (1 DIx(s))dss

-7

(1=8) [ (uDI(5) U Dx(5)ds

From (7) and (8), the operator for term (,,D{x(¢))” [R+ BtU; + (1 — B)tU, + BTUs3),, Dix(1) is as follows:

(o Dix(t))T [R+ BTU; + (1 — B)tUs + BTUs], Dix(1)

=[Ax(t) + Bx(t — ©(t)) + C,, Dix(t — 7)]" [R+ BtU; + (1 — B)TU> + B1U3]
x [Ax(t) + Bx(t — ©(1)) + Cy DYx(1 — 7)]

=x" ()AT[R+ BtU; + (1 — B)tUs + BTUs]Ax(1)

+xT (AT R+ BtU, + (1 — B)tUs + B1Us]Bx(t — T(t))

+xT (0)AT[R+ BtU; + (1 — B)TUs + BTUs]C, Dix(t — 1)

xT(t —©(t))B" [R+ BtU; + (1 — B) U, + BTU3Ax(t)

Tt —(t))BT [R+ BtU; + (1 — B)tUs + B1Us]Bx(t — 1(t)) )
xI'(t—(t))B" [R+ BtUs + (1 — B)tUs + BtU3|C,, Dix(t — 7)
(oDix(t —))"CT[R+ BtU; + (1 — B)TU> + BtUs]Ax(t)

(oDfx(t —7))"CT[R+ BtU; + (1 — B)TU> + BtUs]Bx(t — T(1))
(o Dix(t — 7))T CT[R+ BtU; + (1 — B)TUs + B1U3]C; Dix(t — 7).

+ + +
=

+ + +

fo

Combining (6)-(9) yields that

Vi) < 870260~ [ (DI U Dix(ds— [ D6 Ul D6 s
[ D) (1= 8)Us)( Dix(5))ds,

t—1(t)

where

() = [xT(t) (e —(t) T (1 = 7)) X" (1 = B) (1 Dfx(t — )"

© 2020 BISKA Bilisim Technology



NTMSCI 8, No. 4, 1-8 (2020) / www.ntmsci.com BISKA 5

and
i Ziz 00 X5
S5 0 0 I
X=1]10 0 X3 0 0 |,
0 0 0 24 O
SLEL 0 0 Zss
with

I =ATP+PA+ H, +H; +AT[R+ BtU + (1 — B)TUs + B1U3)A,
1o =PB+AT[R+ BtU, + (1 — B)tU> + B1U3B,

X5 =PC+AT[R+BzU; + (1 - B)tU, + BTU3]C,

Ep =B"[R+ BtV + (1 - B)tU» + BTUs|B — (1 — 8)Hs,

X5 =BT[R+ BtU, + (1 — B)TU, + B1U3]C,

X33 =—Ha,

Xy =H, — Hy,

Y55 = —R+CT[R+BtU; + (1 — B)tU, + BTUs|C.

For (1) #0and 0 < 7(¢) < B, if £ < 0,V (x;) is negative-definite. From Lemma 3, if condition (3) is met, system (1) is
asymptotically stable.

Theorem 2. Let ||D|| < 1. If Bt < 1(¢t) < 7 for given scalars B(0 < B < 1),7(> 0) and J, the system (1) with (2) is
asymptotically stable if there exist matrices P=PT >0,R=R" > 0,H; = HiT >0,U; = Ul-T >0,(i=1,2,3), such that

-Ijnl?]z 0 0 IIjs 1?16_
N5, 0 0 0 Il
- 0 01 0 0 O
0 0 0 IL O 0
o 0 0 0 IIss IIs
|7 I, 0 0 IT% T |

<0. (10)

with

I, =A"P+ PA+ H, + H3,IT}» = PB,II;5 = PC,

6 =AT [R+ BtU, + (1 — B)tUs + U], IIhy = —(1 — 8)Hs,

I =B [R+ BtU; + (1 — B)tUs + tU3), I3 = —Ha, [y = Hy — H,
IIss = — R, ITss = CT [R+ BtU; + (1 — B)tU, + TU3],

Iss = — [R+ BTU; + (1 — B)tUs> + TU3).

Proof. Consider the Lyapunov functional defined by (4) in Theorem 1 for the proof of this theorem. For 7 < 17(¢) < 7,
calculating time derivative V (x;) along the trajectory of system (1), we have

V(o) <ATO@R0) = [ (D1(5) Vs DY) ds

t

t—B1
[ D) Ul D)) ds = [ (oDE(5)T (1= 8)Us) (o Dix(5))ds.

—1(1)
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where
AT (1) = [ (1) o (e = 2(6)) 27 (1= ) " (¢ = B) (4 Dix(t — 7))

and

Q1121 0 0 Q5

.QIT2 Qy 0 0 O

Q= 0 0 £235 0 0 |,

0 0 0 Qu 0

QL QL 0 0 Qs
with

Qi =ATP+PA+H| +H; +AT[R+ BtU; + (1 - B)tUs + TU3]A,
Q1 =PB+AT[R+ B1U; + (1 — B)tU, + TU3)B,

Q15 =PC+AT[R+ B1U, + (1 - B)tUs + TU3]C,

Q5 =BT [R+BtU; + (1 — B)tUs + TU3)B — (1 — §)H;,

Q55 =BT [R+ BtU; + (1 — B)tUs + TU3)|C, Q33 = —H,,

Qu4 =H> — H;,Qs55 = —R+CT[R+tU; + (1 — B)TU; + TU3]C.

For A(t) #0and B < 7(¢) < 7, if Q < 0,V (x;) is negative-definite. From Lemma 3, if condition (10) is met, system (1)
is asymptotically stable.

4 Numerical example

In this section, we give an example with numerical simulation to show the advantages and validity of our results.

Example 1. Consider the following fractional neutral system for r > 0,

0.4 0 —2.5-02 ~0.10.1
tOD;]x(t) - [ 0 0.1 toD?x(t_T) = l 0.1 _4.2‘| x(t> + [_02 01‘| x(t_T(t>>7 (11)
T
where x(¢) = [xl (t) xz(t)} and
0 < 7(r) = 0.4sin’(t) < 0.4 = 1. (12)

Applying Theorem 1 and Theorem 2 to above system (11) with (12), for § = 0.05, let us choose

15 0 41
P_[OIS]’R_[IZ]’

oo | 1834 —004] 1226 —036] [ 122 -0.14
"7 1004 5,42 |72 12036 0,48 [T | —0.14 0.02 |’

_24.02 4.04 2.62 —0.09

[ o012 —001
"7 4.04 14187777 | —0.09 1.12

Us = [—0.01 0.02 1 '

Thus, considering above assumptions and taking advantage of MATLAB-Simulink the all eigenvalues of the LMIs defined

by (3) and (10) are A4 (¥) < —0.0991 and A4, (IT) < —0.1163, respectively. This ensures that system (11) with (12) is
asymptotically stable.

© 2020 BISKA Bilisim Technology
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Fig. 1: The state response of system (11) for (12).

5 Conclusion

This paper studies the problem of asymptotically stability for fractional neutral systems under R-L derivatives. By
developing a delay decomposition approach, some novel stability criteria are obtained in terms of linear matrix
inequalities (LMIs) based on the Lyapunov method. An example with numerical simulation is presented to demonstrate
the universality and the validity of the considered system. Finally, the theoretical results of this paper contribute to

generalize and expand the present ones in the literature.
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