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are given concerning stability, exponential stability, asymptotic stability, and
boundedness of solutions. The investigations are based on an application of a
quadratic Lyapunov function, its generalized Caputo proportional derivative, and a
modification of the Razumikhin approach. Some auxiliary properties of the
generalized Caputo proportional derivative are proved. Five illustrative examples are
included.
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1 Introduction

In this paper, we study stability for a very general class of fractional delay integro-
differential equations. We use a recently introduced concept [11] of the so-called gen-
eralized Caputo proportional fractional derivative. This derivative is a generalization of
the Caputo fractional derivative. For the study of various types of fractional differential
equations, we refer the reader to the classical book [19]. In [4, 6,7, 9, 13, 14, 20], Lyapunov
functions and functionals are used to study the stability of various fractional-order nonlin-
ear dynamic systems with classical Caputo and Riemann-Liouville fractional derivatives
and for ordinary differential equations with state delays in [21]. Following the introduction
[11] of the generalized Caputo proportional fractional derivative, some studies concerning
this derivative were contained in [1-3, 5, 10, 15-18].

In this paper, we apply Lyapunov functions to study some stability properties of integro-
differential delay equations with generalized Caputo proportional fractional derivatives.
We consider the case of bounded delays that are variable in time. We develop some nec-
essary tools for generalized Caputo proportional fractional derivatives, starting with an
important inequality concerning an estimate of that derivative of quadratic functions.
A modified Razumikhin condition is developed and used to show the main result, con-
ditions that guarantee the stability of the zero solution with zero initial function. From

© The Author(s) 2022. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by

L]
@ Sprlnger statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a

copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1186/s13661-022-01595-0
https://crossmark.crossref.org/dialog/?doi=10.1186/s13661-022-01595-0&domain=pdf
mailto:snehri@gmail.com

Bohner and Hristova Boundary Value Problems (2022) 2022:14

there, we give results concerning the boundedness of all solutions, as well as results about
exponential stability and asymptotic stability.

The organization of the paper is as follows. In Sect. 2, the problem is stated and essential
assumptions and definitions are given. In Sect. 3, we prove several auxiliary results about
generalized Caputo proportional fractional derivatives. Section 4 contains the main re-
sults as well as a comparison with the recent paper [8]. The paper concludes with Sect. 5,
in which five detailed examples are offered.

2 Problem statement
Consider the fractional delay integro-differential equation with generalized Caputo pro-
portional fractional derivative

(52°"%)(0) = =F (1, x(2)) Zwk(t (), %(t ~ gi(8))

k=1

* Z/ Ci(t, 9)fic(s,%(5)) ds, ¢ > to,
t-gi(t
x(to +0) = 9(0), 6 €[-7,0],

where we assume throughout this paper
(Co) 20 =0, €(0,1), p €(0,1],
g.@‘”’x is the generalized Caputo proportional fractional derivative of x € C!([¢y, 00), R),
o g [0, 00) = [0, k], Tk =0,k =1,2,...,n,
« ¢ € C([-7,0L,R), T = maxx-1,2,.n T,
o F:[ty,00) x R— R, and
o fiilto—1,00) x R— R, Cx : [t,00) X [tg — T,00) = R, ¥ : [£n,00) x R? — R for
k=1,2,...,n

Remark 2.1 Everywhere in this paper, rather than giving conditions that imply the exis-
tence and uniqueness of solutions of (2.1), we will assume that for any initial function
¢ € C([-7,0],R), the initial value problem (2.1) has a unique solution defined for ¢ > #.

We recall that the generalized proportional fractional integral and the generalized Ca-
puto proportional fractional derivative of a function u : [a,00) — R are defined, respec-
tively, by (as long as all integrals are well defined, see [11])

B, el p-1
TP Pu)(t) = ,of‘I’(ﬂ)/ e t )P u(s)ds, t>a

and
(5770 = (o5 ("))
~ 1 oL - 0 (Z2°u)(s)
_4/)1‘“[‘(1— )/H e 97 ds, t>a,
where

DPu=1-pu+pu.

Page 2 of 15
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Remark 2.2 The generalized proportional fractional integral ,.##*u is defined also for
B € (-1,0) since I'(B) < 0 exists.

Remark 2.3 1f p = 1, then the generalized Caputo proportional fractional derivative is re-
duced to the classical Caputo fractional derivative.

-1
Remark 2.4 1f u(t) = e 9 for ¢ > a, where ¢ € R, then the relation

(S@""pu)(t) =0 fort>a (2.2)
is known from [11, Remark 3.2].

3 Auxiliary results

The next result about the generalized Caputo proportional fractional derivative is new,
and it is used twice in the remainder of the paper. It also will be of valuable use any time
the generalized Caputo proportional fractional derivative is studied.

Lemma 3.1 Ifthere exists t > a such that u € C'([a, t], R) satisfies u(t) = 0, then
Ot epT(t —a) u(ol)

Copa, _
S2% u) (@) = (o7 " u)(t) - F(l ) -

(3.1)

Proof Let u € C!([a,t],R) and u(t) = 0. We denote

u(s)

(t—s)

f(s):= e%(t_s) and g(s):= for s € [a, t).

Now, we integrate by parts to obtain

Copa, ~ 1 Lo (1= p)uls) + pu'(s)
@Qfmxn-7;$a¢;1/f@ O g

1-p ’()
. mf{ 1605+ 20 0
au(s)
1_ 2. { $)g(s) + £ )[ W“ds

p / ap® [*o o uls)
- r(1-a)/ﬂ (Y (9 ds = 77— / SOy ®

o

(f 0{){

" (s
T / SO e &

= (aj—a,pu)(t) - F(f— Ol)f(a)g(a),

lim £(s)g(s) - f(@)g(a) }

where we used L'Hépital’s rule to find

m SS)uls) lim S (S)uls) +u/(s)f (s)

s>t (t—s)“ se= a(t—s)“—l

:0,

completing the proof. d
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Now, we prove three results that will be used in the derivation of our main results in the

next section.
Lemma 3.2 Ifu € C!([a,00),R), then
(S@“'p uz)(t) < 2u(t) (S@“’p u)(t) forallt>a.
Proof We fix t > a and define the function v: [4, t] — [0, 00) by

u(s) = (u(t) - uls))”.

Note that v € C!([a,t],R) and v(t) = 0, so v satisfies the assumptions of Lemma 3.1, and

(3.2)

therefore, from (3.1) and the inequalities v(s) > 0 and I'(-«) < 0 for « € (0, 1), it follows

(€2**v)(t) < 0. Thus, since

(2°u?)(s) — 2u(t) (2" u) (s)
= (1 - p)u(s) + p(u?) (s) — 2u(t){(1 - p)uls) + pul'(s)}
= (1 - p)u(s) + 2pu(s)u(s) — 2(1 — p)u(t)u(s) — 2pu (s)u(t)
= (1- ) (uls) — ()" + 200 (5) (u(s) — (1)) ~ (1 ~ p)us(2)
(1= p)v(s) + pv'(s) — (1 - p)u?(2)
(2°v)(s) - (1 = p)i?(2)
<(2°v)(s),

we obtain

(P u?)(8) - 2u(2) ($2** u) (0) < ($Z**v)(®) <0,

where the last inequality follows from Lemma 3.1 because v(s) > 0 and since I'(—«) < 0 for

a€(0,1).

Lemma 3.3 Let ¢ € C([-7,0],R) and assume that
x=x(-,t0,P) € Cl([—t, 00),R)

is a solution of (2.1). If for any t > to such that
2t +0)e 7’ <) forall6 € [-1,0),

the inequality
(52 x*) () <0

holds, then

1
|x(s)| < \/ max ¢2(9)ep7(s_t°) forall s > t,.
6el-1,0]

O

(3.3)

(3.4)

(3.5)

Page 4 of 15
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Proof Let x = x(-, %, ¢) be a solution of (2.1). We define

o1 o1
n(s):=x%(s) —Be 7 “ ) _¢e 7 fors >t

where

B: —en[lax ¢%(0) > 0.

Observe that
N(to) =#2(ty) — B— e’ © <x(to) ~ B < B—B =0,
We claim
n(s) <0 foralls>t, (3.6)
from which (3.5) would follow. Assuming that (3.6) is not true, there exists ¢ > £, such that
n(s)<0 forallse[t,t) and n(t)=0. (3.7)

Note that € C!([ty,t],R) and 5(¢) = 0, hence 7 satisfies the assumptions of Lemma 3.1.
According to Lemma 3.1 and the choice of the point ¢, we have (%@"‘"’ n)(t) > 0. For any
0 € [-7,0], we have

sy o Ly
x(t+0)e 7 ={ (t+9)+Be/’ e+~ t0)+gep(”9)} 2 0

L (t-to) -1y

1-
=n(t+0)e 70 4 Be's +ge P

—n(t+0)e 7 +520) - D)

1-
=)+t +0)e 7’

< x2(2),

so for this ¢, (3.3) holds, and thus

0¥ (Coe (1) (Cg=ry)(1) > 0

where the last inequality follows from Lemma 3.1, contradicting (3.7), proving (3.6), and
hence implying (3.5). O

Remark 3.4 The condition “if for a point ¢ such that (3.3) holds, then (3.4) is satisfied”
is a (modified) Razumikhin condition. In the case of the Caputo fractional derivative, i.e.,
p =1, this condition reduces to the classical Razumikhin condition (see, for example [12]).

Remark 3.5 The main characteristic of Lyapunov functions applied to delay differential
equations is the condition for its derivative, the so-called Razhumikhin condition (for ex-
ample, the negativity of the derivative). It allows us to assume a restriction on their deriva-
tives only at some point, not for all values of ¢. This is different from the applications to
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ordinary differential equations and to Caputo fractional differential equations without de-
lays.

Corollary 3.6 Ifthe conditions of Lemma 3.3 are satisfied, then

|x(s)| < legixo] @2(0) foralls=> to. (3.8)

Proof This follows from (3.5), (Cy), and epT_l(H") <1 fors>tg. a

4 Stability and boundedness properties
We introduce the following assumptions.
(C1) FeC([ty,00) x R,R), and for k=1,2,...,n,
o Y € C([to, 00) x R%,R),
o fx € C([2o — Tk, 00) X R, [0,00)),
o Cr € C([ty, 00) x [ty — T,00),R).
(Cy) F(t,0)=0,and for k=1,2,...,n,
o Yi(t,0,0) =0 for t > to,
o fx(t,0) =0 for ¢t >ty — 7.
(C3) There exist b € C((ty, 00), [0,00)) and, for k = 1,2,...,n, A, By € C((ty, 20), [0, 00)),
£y € C((to — %, 00), [0, 00)) such that
o xF(t,x) > b(t)x> for t > ty, x € R,
o [Pt x,9)] < Ak(@)lx| + Bi(@)lyl for £ > to, %,y € R,
o fx(&x)] < Lk (t)|x| for £ >ty — T, x € R.
(C4) The inequality

n e
bit) > Z[Akm + #Bkm

k=1

A ekTﬂ(t_s)
+ / _ |Ck(t, s)|€k(s) ds:|
t-g(t) 2

holds for all £ > ¢.

Our first main result is concerned with stability. Note that, in contrast to ordinary
derivatives, fractional derivatives depend significantly on the initial time point £y, which
is equal to the lower limit of the derivative. Hence, any change of the initial time leads
to a change of the fractional derivative. For this reason, we will not consider the case of
uniform stability and study only the cases of stability, exponential stability, and asymptotic
stability.

Theorem 4.1 (Stability) If (C;)—(Ca) hold, then the zero solution of (2.1) with zero initial
function is stable.

Proof Let x = x(-,ty, ¢) be any solution of (2.1). We will show that the assumptions of
Lemma 3.3 are satisfied. To this end, suppose ¢ > t, is such that (3.3) is satisfied. If
set—gt),t] C[t—-r1,t], thend :=s—t € [-7,0], and from (3.3), we obtain

2(s)e 70 <x2(t) foralls e [£ - gilt),t]. (4.1)

Page 6 of 15
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In the calculation below, we also use the “trivial” inequality
|2ab| <a®+b* foralla,beR. (4.2)

Now,
(Caera) ) 'S 2x(0) (C7*#x) 1)

= —2x(t)F (t,2(t)) + 2 x() Wt x(8), x(t - gi (1))

k=1

+ 2Z/tgk Cr(t, s)x( t)fk(s x(s))

< ~2x(6)F(t,%(£)) +2 Z|x<t) [ (2, (8), % (¢ - g (1)) |

k=1

+22/tgk |ths||x ka(sx |ds

2 abxr) + 23 |10 {Ac 0|0 + Be(®)x(t - (1) )

k=1

+2 Z / (£)x(s)| ds

=g (£)

= —2b(t)x’ Z 24067 () + Y Be(t)| 220t — ge(2)) |
k=1
: Z /

=g (£)

)| 22(2)(s)| ds

b0 + Y 244008 ZBk(t 2(e) + (£ - ge(0))}

k=1

+Z / |Ck(t,s)|£k(s){x2(t)+x2(s)}ds

=gk (t)

n

= =2b()*() + Y _{24(®) + B(t) }x*(£) + Y Br(t)a (¢ - gi(t))

k=1 k=1

+Z/tgk ‘Ck(t,s)|€k(s){x2(t)+x2(s)}ds

@1 "

< <26()x7(8) + Y _{2Ak(8) + Be(®) }a (1)

k=1

+ZBk t)ep (t—gi(0)-2)

+Z/ |Calt, )| () {2(8) + 2 (e 7 ¢} ds

=gk (t)
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n LLgr(e)
= 24%(t) |:—b(t) ¥ Z{Ak(t) ¥ %Bk(t)}

k=1

N lier 9
£y /t |Ce(t, )] xls) ————ds
k=1

—gk(t)

(Ca)
=0

i.e., (3.4) holds. Hence, the assumptions of Lemma 3.3 are satisfied. According to Corol-
lary 3.6, (3.8) holds. This completes the proof. O

Corollary 4.2 (Boundedness) If (Cy), (Cs), and (C4) hold, then the solutions of (2.1) are
bounded.

Proof As in the proof of Theorem 4.1, we obtain (3.8) for any solution x = x(-, £, ¢) of (2.1),
i.e,, boundedness is established. O

Remark 4.3 The above-obtained sufficient conditions for stability and boundedness are
true for the case of delay Caputo fractional integro-differential equations (p = 1). Note
that a partial case of (2.1), namely F in a special form, ¥; not depending on the third
variable, ¥ = 0 for all 2 < k < n, constant delays, and the Caputo fractional derivative
is studied in [8], and the stability of the zero solution and boundedness of solutions are
proved. A modified Razhumikhin condition and results known in the literature (see [8,
Lemma 1, Lemma 4]) are used. However, this condition is not applied adequately in the
proof of the result for stability (see [8, Theorem 1]). In the proof of the boundedness [8,
Theorem 2], the negativeness of the Caputo fractional derivative of the Lyapunov function
is applied for all points ¢ instead of only for those for which the Razhumikhin condition
is true (compare with Remark 3.5). Hence, our results do not only generalize theorems
from [8], they also remove the inconsistencies in the case of regular Caputo fractional
differential equations.

In connection with the above-mentioned remarks and for future reference, we state
our results for delay integro-differential equations with Caputo fractional derivative (with
p=1)

n

(2'%) (1) = ~F(t,x(8) + Y _ et 2(8), %(t - g(t))

k=1

"t (4.3)
+ Z/ Ci(t,s) k(s,x(s)) ds, >t
k=1 Y-8

x(to+0)=¢0), 0¢€[-1,0]
As a partial case of Theorem 4.1 and Corollary 4.2, we obtain the following result.

Corollary 4.4 Assume (C1)—(Cs) hold and

n

b(t)zZ[Ak(t)+Bk(t)+ f )|Ck(t,s)|£k(s)ds]. (4.4)

k=1 —gk(t
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Then,
« the solutions of (4.3) are bounded and the bound depends on the initial function;

« the zero solution of (4.3) with zero initial function is stable.
From Theorem 4.1 and Corollary 4.2, we obtain the following results.

Corollary 4.5 (Exponential Stability) Let p € (0,1). If (C1)—(Cs) hold, then the zero solu-
tion of (2.1) is exponentially stable.

Proof Let x = x(-, £y, ¢) be any solution of (2.1), and suppose the point ¢ > ¢, is such that
(3.3) holds. If s € [t — g(t),t] C [t — 7,¢t], then

0:=s—te[-1,0],

and from (3.3), we obtain (4.1), i.e.,

Loy

22(s)e » <x*(t) forallse [t - g (1), t]

holds. Following the ideas of the proof of Theorem 4.1, we obtain
(Cara?) () <0,

i.e., (3.4) holds. Therefore, the assumptions of Lemma 3.3 are satisfied, and thus

-1
|x(s)| = ‘len[laxo] ¢2(9)ep2_0(s‘t0) for all s > £, (4.5)
€l|-T,

holds, i.e., since p € (0, 1), exponential stability is established. O

Corollary 4.6 (Asymptotic Stability) Let p € (0,1). If (C1)—(C4) hold, then the zero solu-
tion of (2.1) is asymptotically stable.

Proof The proof follows from p € (0,1) and (4.5). O

Remark 4.7 The above-proved results about exponential stability and asymptotic stabil-
ity are true only for p € (0,1), i.e., we do not provide sufficient conditions for the case
of the Caputo fractional derivative (with p = 1). For Caputo fractional derivatives, results
concerning the asymptotic stability [8, Theorem 3] and Mittag-Leffler stability [8, The-
orem 4] are studied, but the negativeness of the Caputo fractional derivative of the Lya-
punov function is applied for all points instead of only for those for which the Razumikhin
condition holds (compare with Remark 3.5). Hence, the question about asymptotic stabil-
ity and Mittag-Leffler stability is still open for delay Caputo fractional integro-differential

equations.

5 Examples
We first look at [8, Example 1] with appropriate modifications.



Bohner and Hristova Boundary Value Problems (2022) 2022:14

Example 5.1 Consider

(6252 %) (8) = = (24 + ﬁ) (4x(t) + x(t)e*xz(t)—ﬂ)

sin(x(¢))
1+et

- 3x(t) — sin(x(2)) +

. / t es_tsin(x(s))

e T+ o’ ds, ¢>0.25,

x(0.25+06) = ¢(0), 6 e[-0.25,0].

Problem (5.1) is a special case of (2.1) with

n=1, p=1, to = 0.25, a(t) =1 =0.25,

o sin(x) sin(x)
Cl(t,S) =€ t: fi(t’x) =T a0 WI(t:xry) = —t’
1+et l+e

1
F(t,x) = <24 + ﬁ) (4 + xe"‘z‘tz) + 3x + sin(x).
+
It is easy to check that

4 4
F(t,0) =0, xF(t, %) > (98 + ﬁ)xz, b(t) =98 + —,
+

1+t
|x| 1
£,0,0) =0, Lxy)| < —, Ai(t) = , B:(t) =0,
¥1(2,0,0) |1 ( xy)|_1+ef 1(2) T2 ¢ 1(2)
|| % 1
t,0) =0, t, < <—, £1(t) = —.
LAY I ( x)|_1+ef2_ 5 1(8) 5

Therefore, (C1)—(C3) are satisfied. Moreover, we have (recall that B;(¢) = 0)

t 1 1 t
A0 +/ |C1(t,5)|€1(s)ds = + —/ e tds
t-g1(t) ¢

-q1(t l+et 2 Ji 025

1 1
= +
1+ef 2(1-e02%)

so that (4.4) is fulfilled. According to Corollary 4.4, the zero solution is stable.

Page 10 of 15

(5.1)

4
<3.3<98<98+ —— =b(p),
1+¢

Example 5.2 Let o € (0,1) and let p € (0.0247292, 1). Consider (5.1) with the generalized

Caputo proportional fractional derivative instead of the Caputo fractional derivative, i.e.,

consider

(5257 %) () == (24 ! 1%,:) (4(0) + 2()e™"0F)

sin(x(¢))
1+et

. .
+ f o) 4005,
t-0.25

2
1+e’

—3x(t) — sin(x(t)) +

x(0.25+0) = ¢(0), 06 [-0.25,0].

(5.2)
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As in Example 5.1, (C;)—(Cs) are satisfied. Let us define

1 1
K :=— — = <9.6095062.
4p 2

We have (recall that B;(¢) = 0)

R G
Aq(t) +/ —————|Cit,9)[1(s) ds
t=g1(t) 2

1 C e | ds
= + / 4€s_t —_—
1+ef -0.25 2 2

1 |1 ifk =0,

16 # otherwise

4
<97.995812 <98 <98 + —— = b(¢t),
1+¢

and the first inequality in the last line is due to the fact that the function f defined by
f(x) = (e —1)/x for x € R\ {0} and f(0) = 1 is strictly increasing. Thus, the condition (C4)
is fulfilled. According to Corollary 4.5, the zero solution of (5.2) is exponentially stable.

Example 5.3 Consider

2
(S2*x) (1) = —1—:§x(t) ¥ 1"22

+ '/H(t —s)x(s)ds, >0, 653

x(0)=¢6), 6e[-1,0].

Problem (5.3) is a special case of (2.1) with

x
C t, =t- y t; =X, t; 3] =T 5
1(£,5) s,  fltx)=x Vitxy) =1
2+t
F(t,x):;x.
1+t
It is easy to check that
2+t 2+t
F(t,0) = 0, F(t,x) = —x*  b(t)=—,
(¢, 0) xF (¢, %) Tt (®) T+z
HG0.0)=0, [ty < A= ——,  Bi)=0
1\ Y, ) I;yy_1+t2; 1 1+t2’ 1 =Y,

£(£,0) =0, fitx)|=1xl, () =1



Bohner and Hristova Boundary Value Problems (2022) 2022:14 Page 12 of 15

Therefore, (C;)—(C3) are satisfied. Moreover, we have (recall that B;(¢) = 0)

t 1 t
Aq(2) +/ |C1(t,s)|€1(s)ds: 5 +/ |t —s|ds
t-g1(t) L+22 Jia

1 1 2+t
= - < —— =
1+£2 2 1+t

b(t),
so that (4.4) is fulfilled. According to Corollary 4.4, the zero solution is stable.

Example 5.4 Let o € (0,1) and let p € (0.3420471, 1). Consider (5.3) with the generalized
Caputo proportional fractional derivative instead of the Caputo fractional derivative, i.e.,
consider

2+t x(¢
——x(t) + ®)
1+t 1+¢2

x(0)=¢©), 6e[-1,0].

(§2rx)(t) =

t
+ / (t-s)x(s)ds, t>0,
t-1

As in Example 5.3, (C;)—(Cj3) are satisfied. Let us define

1 2+t
1+£2 1+¢

1
K:=——1<1.9235739, g(t):=
P

maxg(t) =-1-2 1+ﬁ 1+ V5
:=maxg(t)=-1-2( -+ — - .
o= mExE 2" 2 2

We have for ¢ > 0 (recall that B;(¢) = 0)

1o
l+er &9

Ay(0) + /t_gm e aealneds

1 £ ] et
- + / (t—s)ds
1+ t2 -1 2

11! o

=——+t: (v +ve )dv
1+¢ 2 0

1 1{1 (/c—l)e"+1}
e e

T1+22 22 pe

:g(t)+b(t)+%{%+(lc_i¢}

1{1 (k- 1) +1

E‘I'T}‘Fb(t)

and the last inequality is due to the fact that the function f defined by f(x) =
((x — 1)e* + 1)/x* for x > 0 is strictly increasing. Thus, the condition (C,) is fulfilled. Ac-
cording to Corollary 4.5, the zero solution of (5.4) is exponentially stable.
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Example 5.5 Consider

2+t
(S@O‘s’o'sx)(t) = —mx(t) +0.03x(¢ — 1) cos? ¢

x(t—1—sint)
2

t
+ / (t—s)x(s)ds, t>0,
t-1

x(0)=¢6), 0e€[-2,0].

Problem (5.5) is a special case of (2.1) with

n=2  p=08  «=03,  t=0,
a®=1, g(t) =1 +sing, 71=1, Ty =2, T=2,

Ci(t,s)=t—s, Cy(t,s) =0, fi(t,x) = fo(t,x) = x,

2 y 2+t
¥1(tx,y) = 0.03ycos” ¢, Ua(t, x,y) = 07 F(t,x) = "
If we put
2+t
b(t) =T Zl(t) = EZ(t) = 1)
1+t

Al(t) :Az(t) = 0, Bl(t) = 003, Bz(t) = 0.1,

then (C;)—(C3) are satisfied. We put « := (1 — p)/p = 0.25 and estimate for ¢ > O (recall that
A1(t) = Ay(t) = Co(t) = 0)

1+ ngl(t) 1+ ng2(t) t 1+ eK(t*S)
——Bi()+ TBz(t) +/ ————|Ci(t,5)|ta(s) ds

2 t-g1(8) 2
1+ € 1+ ek(l+sint) t 1+ eK(t—s)
= 0.03 + O.1+/ ——(t-9)ds
2 2 2
1+e 1+e* 1t
¢ 0.03 + ¢ 0.1+ = / (V + Ve’“’) dv
2 2 2 Jo
1+ 1+e* 1(1 (k-1 +1
= 0.03 + 01+ —-{—-—+—"TF7
2 K2

1
<0.712544 <1< 1+ — = b(¢),
1+t

and thus (Cy) is fulfilled. From Corollary 4.5, follows the exponential stability and therefore
the asymptotic stability of the zero solution of (5.5), and according to (4.5), any solution
of (5.5) satisfies

’x(s)’ < [ max ¢2(0)e®'* foralls> 0.
6e[-2,0]

Page 13 of 15
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6 Conclusions

A scalar nonlinear fractional integro-differential equation with time-variable bounded de-
lays and the generalized Caputo proportional fractional derivative is studied. Some qual-
itative properties such as stability, exponential stability, asymptotic stability, and bound-
edness are investigated. The main apparatus is the application of Lyapunov functions and
a Razumikhin method, modified for our special situation. Five examples are provided to
illustrate the usefulness of the obtained sufficient conditions for generalized Caputo pro-
portional fractional delay integro-differential equations, as well as for classical Caputo
fractional delay integro-differential equations. Also, the main lemma about the inequal-
ity for quadratic functions offers a tool for successful study of stability of various types
of models described by generalized Caputo proportional fractional differential equations
with and without delays.
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