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Abstract: In this paper, nonlinear differential equations with a generalized proportional Caputo
fractional derivative and finite delay are studied in this paper. The eventual presence of impulses
in the equations is considered, and the statement of initial value problems in three cases is defined:
namely non-instantaneous impulses, instantaneous impulses and no impulses. The relations between
these three cases are discussed. Additionally, some stability properties are investigated. We apply
the Mittag-Leffler function which plays a vital role and which gives well-known bounds on the
norm of the solutions. The symmetry of this function about a line and the bounds is a property that
plays an important role in stability. Several sufficient conditions are presented via appropriate new
comparison results and the modified Razumikhin method. The results generalize several known
results in the literature.

Keywords: generalized proportional fractional derivatives; delays; non-instantaneous impulses;
instantaneous impulses; Mittag-Leffler stability; Razumikhin method; Lyapunov functions

MSC: 34A34; 34K45; 34A08; 34D20

1. Introduction

Fractional calculus in real world phenomena is very applicable because of some typical
properties such as memory. Various types of kernels in fractional integrals and fractional
derivatives are applied (for example, in [1,2] the fourth-order time-fractional integro-
differential equation with various types of kernels are studied numerically). A very general
type of kernel was studied in [3] and called a general fractional integral /derivative. These
general fractional integrals and derivatives were systematically studied by Y. Luchko [4,5]
in appropriate function spaces in the framework of fractional calculus. Luchko also studied
some qualitative properties of solutions of various types of differential equations with
general fractional derivatives (see, [5]). In this paper, we focus on stability for a particular
kernel (to be described in Section 3). Stability properties for fractional differential equations
were studied by many authors (see, for example, [6,7]). As mentioned in [8], the generalized
energy of a system does not have to decay exponentially for the system to be stable in the
sense of Lyapunov, and recently the Mittag—Leffler stability and the fractional Lyapunov
direct method were introduced for various types of fractional differential equations (see,
for example, [9-12]) and applied in fractional models ([13-17]).

Many real processes are characterized by rapid changes in their state, and they are
adequately modeled by differential equations with impulses. The acting time of these
changes could be short relative to the duration of the whole process and they could
be modeled as instantaneous impulses (see, for example, the classical book for ordinary
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differential equations [18] and the cited references therein). In some processes, the duration
of changes might not be negligible, i.e., they start at arbitrary fixed points and remain active
on finite time intervals. These types of changes could be modeled by non-instantaneous
impulses (see, the overview given in the book [19]).

Even though fractional derivatives have memory, often various types of delays are
involved in the fractional differential equations to represent some dynamics of the corre-
sponding processes. When one studies fractional differential equations with delays and
any type of impulse, there are a number of technical and theoretical difficulties.

In this paper, we study nonlinear differential equations with finite delay and with a
generalized proportional Caputo fractional derivative. We consider three main cases: the
case when there are non-instantaneous impulses in the equation, the case when there are
instantaneous impulses in the equation and the case without any impulses. In all of these
cases, we set up the initial value problem and we discuss the relation between them. The
appropriate Mittag-Leffler type stability is defined, and several sufficient conditions are
obtained. Our study is based on the Razumikhin method and its appropriate modifications.
Some of the obtained results are generalizations of results known in the literature for the
case of Caputo fractional differential equations.

Our contributions in this paper include:

1.  The statement of the initial value problem for nonlinear systems of generalized pro-
portional Caputo fractional differential equations with finite delays, and we consider
three cases:

- With non-instantaneous impulses;
- With instantaneous impulses;
- Without impulses.

An appropriate interpretation and connection between the three cases are provided.
Generalized proportional Mittag-Leffler stability of the three types of systems is defined.
The appropriate modifications of the Razumikhin method are applied in the three cases.
Some extensions of the comparison principle are provided.

Sulfficient conditions for the Mittag—Leffler-type stability are obtained.

AR

The paper is organized as follows. In Section 2, we recall some basic definitions about
generalized proportional fractional integrals and Caputo-type derivatives, and some basic
results are presented. In Section 3, we discuss the statements of fractional order delay
systems in our three cases, and the relationships between them is provided. In Section 4,
in the three cases, the generalized proportional Mittag—Leffler stability is defined, some
comparison results are proved and several sufficient conditions are obtained with the help
of appropriate modifications of the Razumikhin method.

2. Preliminary Notes and Results

We will give some basic notations used in this paper.
Letu:[0,b] = R", b >0, b <ocoand 7T € (0,b). Then, we will use the following
notations u(7) = u(t — 0) = limy u(t) and u(7 + 0) = lim; - u(t).

Let 7 > 0 be a given number and consider the set E = {¢ : [—r,0] — R" is continuous
everywhere except at a finite number of points 7; € (—7,0) : ¢(7; —0) = ¢(77), ¢(7; +0) <
oo} with a norm [|¢[|o = sup,c(_, g |[|¢(s)[|, where ||.|| is a norm in R".

Let two sequences of points {t;}°; and {s;}°, be given such that 0 < s;_; < t; <
si <tiy1,i=1,2,...,and limy_,, Sx = oo. Denote ty = 0.
Let ] C [0,00) be a given interval. Consider the following classes of functions:
NPC(J,R") ={u:]—=R": ue C[Jn (|JUo(te si]), R"] :
u(sy) = u(sy —0) = limu(t) < oo,
s

u(sg+0) = ltiimu(t) <oo, k: s €]},
Sk
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and
PC(LR") = {o:] = R": v e C[J N ([0,00)/ {1}, RY)
v(ty) = vty —0) = limo(t) < oo,
thty
v(ty +0) = ltlj,rtnv(t) <oo, k: €]},
k
We will give a brief overview of the literature on fractional integrals and derivatives

with general kernels. In [4], Luchko described what was known in the literature on general
fractional integrals (GFI) and general fractional derivatives (GFD) and studied GFI and
GFD with the Sonine kernel. In [5], Luchko studied some analytical properties of initial-
value problems for single and multi-term fractional differential equations with GFD with
a Sonine kernel that possess integrable singularities of power function-type at the point

zero. Luchko introduced the set of Sonine kernels S_ and he considered GFI with a kernel
x € S_1 (Definition 3.2 [5]):

t
T hD) = [ xt=D)f(D)dr, t>0, 0

GFD of Riemann-Liouville type (Definition 3.3 [5]):

d t
D)) =5 [ xt=n)f (), >0, )
and GFD of Caputo-type (Definition 3.3 [5]):

(Do /)(t) = (D £)(E) = f(0)x(t), t>0. ®)

In [5], the first fundamental theorem of fractional calculus for the GFD (Theorem 3.1 [5])
and the second fundamental theorem of FC for the GFD (Theorem 3.2 [5]) are proved. Ad-
ditionally, an explicit form of the solution of the initial value problem (IVP) for the linear
fractional differential equation with Caputo type GFD is obtained. This formula signif-
icantly depends on the kernel ¥ € S_;. Since the main goal of this paper is the study
of fractional generalization of exponential stability, i.e., so-called Mittag—Leffler-type of
stability, we will use a spacial type of the kernel x € S_;:

pocfl oty
K(t;a,P):me P ES,l,DéE(O,l),pE (0,1], tZO (4:)

Then, the definitions of GFI and GFD given by (1)—(3) are reduced:

t A& _ o)a—1 o—1 s
(00 = U O = [ T o
a>0, pe(0,1],
(*ED £)(t) = (D (10,0 f) ()

i T O, a0, 0e 0, 6
(D) () = (D(iap f)(E)

_ plel d t L pp;l(tfs) ptxfl o prl

= ma/o (t—s) % f(s)ds—f(O)me t

for t >0, a€(0,1), pe(0,1].

Remark 1. The fractional integral (Z'~%Ff)(t), the fractional derivatives (RED*Pf)(t) and
(CD*# £)(t) are called generalized proportional fractional integral, generalized proportional Rieman—
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Liouwille fractional integral and generalized proportional Caputo fractional derive, respectively, and
they are studied in [20,21].

—1
Remark 2. (see Remark 3.2 [20]) Ifa € (0,1) and p € (0, 1] then the relation (ED“'PePT(') )(t) =
0 for t > a holds. At the same time ($D*PK)(t) # 0 for K € R, K # 0.

We recall some results about generalized proportional Caputo fractional derivatives
and their applications in differential equations, which will be applied in the main result in
the paper.

Lemma 1. (Proposition 5.2 [20]) For p € (0,1] and « € (0,1) we have

(CD (e 7 (t — )T (t) = L(ﬁie%t(t —a)f~17%, g >0.

Lemma 2. (Lemma 3.2 [22]) Let u € C'([a,b],R) with a,b € R, b < oo (if b = oo then the
interval is half open), and g € (0,1), p € (0,1] be two reals. Then,

(DY u2)(t) < 2u(t)($DPu)(t), te (a,b).

Lemma 3. (Lemma 5 [23]) Let u € C([ty, T,R), T > to, and there exists a point t* € (to, T]
such that u(t*) = 0, and u(t) <0, for tg < t < t*. Then, if the generalized proportional Caputo
fractional derivative of u exists for t = t*, then the inequality ( § D**u)(t)|i=¢+ > 0 holds.

Lemma 4. (Example 5.7 [20]) The scalar linear generalized proportional Caputo fractional initial
value problem
(ED¥u)(t) = Au(t), u(a) =uy, « € (0,1), p € (0,1]

has a solution
£ (t-a) t—a

u(t) = ugpe Ex(A( ), t>a,

where A € R, Ex(z) = Y52 is the Mittag—Leffler function of one parameter.

5
T(ia+1)

Lemmab5. Leta € (0,1) and p € (0,1]. Then

s (2 (52)) a6 052 )

Proof. From Lemma 1 and the definition of Mittag—Leffler function with one parameter,
we obtain

1, _ & EDWET ()
o (=) —
))e )= L Mast)

i=0

t—a®

(e D" (Ea(A(
0o i , L (t—a) -
AT (ai 4+ 1)e Y(t—a)«

- l; p“T(ai +1— )T (i + 1)

) i ATt =)D et <A<(t - ”>>“>.
S et UT(a(i = 1) +1) ’

O

3. Statement of the Problems

In this paper, we will consider three cases: non-instantaneous impulses, instantaneous
impulses and without impulse,s and we give the relations between them.
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3.1. Non-Instantaneous Impulses

Let two sequences of points {t;}°; and {s;}°, be given such that 0 < s; 1 < t; <
s; < tiy1,i=12,..., and limy_, 5y = oo. Let tp > 0 be the given fixed initial time.
Without loss of generality, we will assume 0 < ty < sp < f;.

Remark 3. The intervals (si, tyi1], k = 0,1,2,... are called intervals of non-instantaneous
impulses.

Let | C Rbe a given interval. Consider the following class of functions:

NPC*(J,R") ={u:] - R": ue NPC(J],R"): foranyk=0,1,2,---: t;y €],
(gD“'Pu)(t) exists for t € (i, s, NJ},

Consider the system of non-instantaneous impulsive delay differential equations (NIDDE)
with the generalized proportional Caputo fractional derivative

(ED“Px)(t) = f(t,x¢) for t € (t, 5], k=0,1,2,...

6
x(t) = CDk(t,x(sk —0)) fort € (Sk,tk+1], k=0,1,2,..., ©)

with initial condition
x(t+tg) = ¢(t) fort € [—r,0], (7)

where f @ [to,s0] UUR; [tk sk] X R" — R", @; : [s;,t;q] x R* — R", (i = 0,1,2,3,...),
r > 0is a given number, ¢ : [—r,0] — R" and x; = x(t +5s),s € [—1,0].

Remark 4. The functions ®(t,x), k =1,2,.. ., are called non-instantaneous impulsive functions.

Remark 5. For some detailed explanations about non-instantaneous impulses in generalized pro-
portional Caputo fractional differential equations without delays, see [24].

We will introduce the following conditions:
(A 1.1.) The function f € C(U2 [t 5] x R",R").
(A 1.2.) For any natural number k the functions @ € C([sg, ] X R",R"), k =1,2,....

Remark 6. We will assume that for any initial function ¢ € E the IVP for the system of
NIDDE (6) and (7) has a solution x(t; to, ¢) € NPCP([tg, 00), R").

We now give a brief description of the solution of IVP for NIDDE (6) and (7). The
solution x(¢; tg, ¢) of (6) and (7) is given by

Xk(t), fort € (tk,Sk],kZO,l,Z,...,

8
D (t, Xp(sp — 0)), for t € (s, tk+1] k=1,2,... ®)

x(t;to, ¢) = {

where

- On the interval [ty — 7, fo], the solution satisfies the initial condition (7);
- On the interval [ty, so], the solution coincides with Xy(t) which is the solution of

(%D“’Px)(t) = f(t,x¢), t € (to,so] with initial condition (7);
- On the interval (sg, 1], the solution x(£; t, ¢) satisfies the equation

x(t;to, ¢) = Do(t, Xo(so —0));
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- On the interval (t1,51], the solution coincides with X;(¢) which is the solution of
(5 D%Px)(t) = f(t,x1), t € (f1,51] and initial condition x(t + t;) = ¢(t), t € [-7,0]

with ® ( % ( 0)) 0
- t1, 50 — t=
o) = { 2t — tysto, ) fe [—r,0);

- On the interval (sq, tp], the solution x(£; t, ¢) satisfies the equation
x(t; to, XO) = q)l (l’, Xl (Sl — 0)),

and so on.

In connection with the study of the stability properties of zero solutions, we introduce
the following assumption:

(A 1.3.) The equalities f(t,0) = 0and ®¢(¢,0) =0, k=0,1,2,..., hold.

3.2. Instantaneous Impulses

Let the sequence of points {t;}°, be given such that0 < t; < t;;1,i=1,2,...,and
limy_, tx = 0. Let ty > 0 be the given fixed initial time. Without loss of generality we will
assume 0 < ty < t7.

Remark 7. The points ty, k = 0,1,2, ... are called points of impulses.

Let | C Rbe a given interval. Consider the following class of functions

PC*(J,R") ={v:] > R": v e PC(J,R"): forany t, €], k=0,1,2,---:
(iD“'Pv)(t) exists for t € (g, tr 1] NJ}

Consider the system of instantaneous impulsive delay differential equations (IDDE) with
the generalized proportional Caputo fractional derivative

(ED“Px)(t) = f(t,x¢) for t € (b, tesn], k=0,1,2,...

9
x(tp +0) = Ye(x(ty —0)) fork=1,2,...,

with initial condition (7), where f : [fp,00) x R" — R",¥; : R" - R", (i =1,2,3,...).
Remark 8. The functions Yy (y), k = 1,2, ..., are called impulsive functions.

Remark 9. In the case in Section 3.1 that both sequences coincide, i.e., s; = tiy1, 1=0,1,2,...,
the system (6) is reduced to the system (9) with ®y(f,u) = ¥Yi(u), k=0,1,2,..., ie., the case
of non-instantaneous impulses could be considered as a generalization of the case of instantaneous
impulses.

We will introduce the following conditions:

(A 2.1.) The function f € C([to, f1] Uy (tk, trs1] x R, R™).

(A 2.2.) The functions &, € C(R",R"),k=1,2,....

(A 2.3.) The function f(t,0) =0, t > ty and the functions ¥4(0) =0,k =1,2,....

If condition (A 2.3) is satisfied, then for the zero initial function, the IVP for IDDE (7) and (9)
has a zero solution.

Remark 10. We will assume that for any initial function ¢ € E the IVP for the system of
IDDE (7) and (9) has a solution x(t; ty, ¢) € PC*P([tg, o0), R")
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3.3. No Impulses

Consider the system of delay differential equations (DDE) with the generalized propor-
tional fractional derivative

(E]D‘X'px)(t) = f(t,x¢) fort >ty (10)
with initial condition (7), where f : [y, 00) x R" — R".

Remark 11. The system (10) could be considered as a partial case of (9) in the case when there are
no impulses, i.e., in Section 3.2 t; = ty, i =1,2,..., i.e., the case of instantaneous impulses could
be considered as a generalization of the case of without impulses.

Let | C Rbe a given interval. Consider the following classes of functions

CY(LR") = {u:J=>R":ueC(JNlao00),R"):
(D% u)(t) exists for t € [a,00) N J}.

We will introduce the following conditions:
(A 3.1.) The function f € C([tp,o0) x R",R").
(A 3.2.) The function f(t,0) =0, t > t,.

Remark 12. We will assume that for any initial function ¢ € E, the IVP for the system of
DDE (7) and (10) has a solution x(t; ty, ¢) € C*([tp, o), R")

4. Mittag-Leffer-Type Stability Properties

We will study the Mittag—Leffler-type stability for NIDDE (6), IDDE (9) and DDE (10)
by Lyapunov functions and an appropriate modification of the Razumikhin method.

4.1. Non-Instantaneous Impulses

Definition 1. The zero solution of the system NIDDE (6) and (7) is said to be generalized
proportional Mittag—Leffler stable if there exist constants B,y, C, A > 0 such that the inequality

x(t:t0, )|
~1 Y
C||¢||o( e OB (<A )T R (A )
tE i’k,Sk k—O,l,..., (11)
- B Lsi—t) si—tiyay ) |
Cllgllf (T ge ™ OB (-A(5) )
te Sk,tk+1] k=0,1,2,...

holds, where x(t; to, ¢) is a solution of the IVP for NIDDE (6) and (7) (with an arbitrary initial
function ¢ € E).

Remark 13. The definition for generalized proportional Mittag-Leffler stability for NIDDE
(6) and (7) depends significantly on the type of intervals—the intervals of differential equations and
the intervals of non-instantaneous impulses (see, the first and the second line, respectively, in (11)).

We will use the following class of Lyapunov-like functions (for more details, see the
book [19]):

Definition 2. Let a < b < oo be given numbers , O C R", 0 € . Then, the function

V:a—rb] x Q — [0,00) is from the class NA([a —r,b], Q) if:

- VeC(ab]/{s} xQ,[0,00)) and it is Lipschitz with respect to the second argument;

- Forany s, € (a,b), x € Q, there exist finite limits V(sy — 0,x) = limy,, V(t, x) and
V(sk+0,x) = limy,, V(¢ x).
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We will consider the following scalar non-instantaneous impulsive differential equa-
tion (NIDE) as a comparison equation

(gD“'pu)(t) = —Au(t), forte (f,s], k=0,1,2,...,
u(t) = Ek(t,u(sk — 0)) fort € (Sk, tk+1]/ k=0,1,2,..., (12)
u(ty) = uo.

According to Lemma 4, the solution of the IVP for NIDE (12) is given by

—1
upe 7 O, (- Ay, € [to, o]
u(t) = Er(t,u(se —0)), t (sk,tk+1] k=0,1,2,...,

1
Ey1(tg u(sg_q — )) 0 E, (- )\(%)“), te (s, k=1,2,....

Applying the scalar NIDE (12) as a comparison equation, we will obtain the following
comparison result for NIDDE (6).

Lemma 6. Suppose:

1. Thefunction x*(t) = x(t; ty,¢) € NPC*([ty, c0), A) is a solution of the NIDDE (6) and (7),
where A C R".

2. The functions ;. € C([sg, trr1] X R,R) and Ex(t,u) < u for t € [sg, tyiq], u > 0,
k=0,1,2,.

3. Thefunction V € NA([tp — r,00),A) and
(i) foranyt € (ty,sg] withk =0,1,... such that

Ty
5 (t=t)

. e
"‘(_ ( P ) ) (13)
o7 (1)
> sup V (s, x*(s))
s€(t—rtN[tet] Ey (—/\( (S;t") )a)
the inequality
EDYPV(tx* (1) < —AV(t,x*(t))
holds where A > 0 is a given number.
(ii) Forany k =0,1,...the inequalities
V(t, D (t, x"(sx — 0))) < Ege(t, V(sk — 0,x" (s = 0))) fort € (g, tes1]-
hold.
Then, the inequality
V(L (1)
M(TT L7 g, (—Atiye) ) R, (—A (k)
0
< te ( sel, k=0,1,...,
(n (i >Ea<—A<Sf;“>“>), Fe (st k=0,12,...,

holds where M = max,c[_, 0] V(to + 5, $(s)).
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Proof. Case 1. Let t € [t,sp]. Define the function m(t) = V(t,x*(t)) for t € [ty —r,5¢].
Then, the function m(t) € C%°([ty,so],R4) and the inequality m(tg) = V(to, $(0)) <
SUPge[_y ) V(tp+s,¢(s)) = M hold. We will prove that

m(t) < Mepf%l(t*tO)Ea (—)t(t_pto> > +£epf%1(t7t°), t € [to,s0], (15)

where € > 0 is a small enough number. Note for t = tj inequality (15) holds. Assume (15)
is not true on (g, so]. Therefore, there exists t* € (g, so] such that

m(t) < Me%(tfto)Eoé <—)\(t _pto) ) + sepf’;l(t*t()), t € [to, t7),

m(t*) = e%(t*_tO)Ea (—A(t* ; to)“) + ee%(t*_m).

(16)

-1 -1
Consider the function &(t) = m(t) — MepT(t_tO)Ea (—A(%)Q) e 7 T fort e

[to, so]. According to Lemma 3 with u(t) = ¢(t) the inequality ( § D**¢)(t)[i=+ > 0 holds.
Therefore, according to Lemma 5 and Remark 2, we obtain

¢ D) (¢ ame g, (L (E =t 17
(5, D*Pm)(t)|t=r > —AMe al| — 5 : 17)
Case 1.1. Letr < t* —to. Then, t* —r > tg and [t* —r,t*] C (to,t*], i.e, [t* — 1, t*] N
[to, t*] = [t* — r, t*]. Therefore, since the function E,(—At) is decreasing for t € (o, t*], i.e.,
1 —~ < 1 —~ for t € [t* —r,t*] by (16), we obtain
() * B
1-p
== (t=to)
er 1
m(t) ~ <M+e ~
t—t t—t
E(-A(5)) E(-A(5))
1
<M+SE (_/\ t*_t())a) (18)
& P
1-p (1%
- (" —to)
g
= m(t*)—° Jte[t =],

i.e., inequality (13) is satisfied for t = t*.
According to condition 3(i) the inequality

(5D m) ()=t = (5 DV (t,x"(1))) 1= < —AV (", x"(t7))

1, % « 1, 1
= —Am(t") = _/\MePTl(t tO)Ea<—/\(t ; t0> ) —/\Se%(t —to) (19)

holds.

From inequalities (17) and (19), it follows that —)LsePT](tLtO) > 0. The obtained
contradiction proves the inequality (15) on [to, So].

Case 1.2. Letr > t* —to. Then, t* —r < tgand [t* —r, t*] N [to, t*] = [to, t*] =
{to} U (to, t*]. Similar to the proof in Case 1.1, we obtain the inequality

1op
e o (=)

2 ()

< m(t") , t € (to, t7].
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1—

(" ~tg)
For t = to, apply (16), E4(0) = 1 and obtain m(#*) —¢&-+- o

Ea<—/\(t*;t0>a>
Therefore, inequality (13) holds for t = t*.
Thus, condition 3(i) is applicable and as in Case 1.1 we obtain a contradiction.
The contradiction proves inequality (15). From inequality (15) as ¢ — 0 follows the
validity of (14) on [to, So]-
Case 2. Lett € (so,t1]. Then, x*(t) = ®1(t,x*(sop — 0)). From conditions 2, 3(ii) for
k = 0 and Case 1, we obtain

>M> m(i’o).

V(t,x*(t)) = V(t,Po(t,x*(s0 —0))) < Eg(t, V(so—0,x"(so —0)))
< V(so—0,x"(s0—0))

1 _ 114
< Mepﬂ(soto)E,x(—)\Co ; to) ) t € (s0,1)-

Therefore, inequality (14) holds on (s, #1].
Case 3. Let t € (t1,5]. Define the function

my(t) = V(ty,x*(ty)) forte [ty —rt],
1 V(t,x*(t))  fort e (t,1].

Then, the function mq(t) € C**([t1,s1], R4 ). Denote My = V(t1,x*(¢1)). Then,

( max_mq(t +s)> = M

se[—r,0]
and according to Case 2, the inequality
-1 _ 14
M < Me'7 0 0E, (/\(SO ; to) )

holds.
Similar to the proof of inequality (15) in Case 1, we have the validity of the inequality

-1 _ & -1

Thus,

my(t) < Me%(SO‘tO)E“ <—A (So_to) a) e’%l(t—tl)E’X (_)\ (t -t > “)
P P (20)

[
+ee r (t tl), t € (t,51)-

Taking the limit in (20) as ¢ — 0 we obtain the claim of Lemma 6 on (t1, s1].
Continue this process and an induction argument proves the claim in Lemma 6. [

Remark 14. The condition (13) is a modified Razumikhin condition applied in connection with
generalized proportional fractional derivatives.

Remark 15. The inequality (13) in condition 3(i) of Lemma 6 could be replaced by

ot ()
V(t,x*(t)) > sup

s€[t—rt)N[ti.t] Ey <_)‘ ((S%k)) “)

V (s, x*(s)) (21)

Note that if (21) holds, then inequality (13) is also satisfied.
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Remark 16. If the condition (21) is satisfied, then the classical Razumikhin condition V (t, x*(t)) >
SUPsc[t—r,£N[t.1] V (s, x*(s)) holds.

Remark 17. The condition 3(i) is satisfied only at some particular points of t from the studied interval.

We study the generalized Mittag-Leffler stability properties of the zero solution of
NIDDE (6).

Theorem 1. Suppose :

1. Conditions (A 1.1)-(A 1.3) are satisfied.
2. There exists a function V.€ NA([tg — r,00),R") such that

(i) There exist positive constants A, B, a, b such that the inequalities Al|x||* < V(t,x) <
B||x||"Y, t > tg, x € R" hold.
(ii) For any point t € (ty,s¢] with k = 0,1,2,... and any function p € C*P(t, [t —

r,t], R") such that (g{D“'Pgb)(t) = f(t,¢¢) and

Ty
5 (t=t)

V() — -
(t=ty)
(o) N
> o)
su _ s, (s
B se[t—r,t}%[tk,t] Ea(_D((S;tk)) ) ¢
the inequality
(gD“'pV(fﬂlJ(f))) < —DV(t,y(t)) (23)

holds where D > 0 is a given number.
(iii)) Foranyk =0,1,... and u € R", the inequalities

V(t, @(t,u)) < Cllull" fort € (sg, tira].

hold where C € (0, A].
Then, the zero solution of NIDDE (6) with the zero initial function is generalized proportional
Mittag—Leffler stable with C = {’/g,ﬁ =bA=D,y=1

a

Proof. Let ¢ € E be an arbitrary initial function and now let x(t) = x(t;ty, ) € NPC**
([to, 00),R") be the solution of the IVP for NIDDE (6) and (7). Let t* € (f,s¢] with k a
non-negative integer, be such that the inequality (22) holds with ¢(t) = x(t). Note that
x € CY (ty, [t* —r,t*],R") and (gD“fpx) (t)|t=¢= = f(t*, x4). Then, according to condition
2(ii) of Theorem 1, the inequality (23) holds, i.e., we have

(gp“fPV(t,x(t))) li_p- < —DV(£*, x(t)),

i.e., the condition 3(i) of Lemma 6 is satisfied with A = D.

Let k = 0,1,... be an arbitrary number. Then, from conditions 2(i) and 2(iii) of
Theorem 1, we obtain V/(t, ®x(t, x(sy — 0))) < Cl|x(sy — 0)]|* < SV (sx — 0,x(sp — 0)), i.e.,
condition 3(ii) of Lemma 6 is satisfied with Zi (¢, u) = %u < u according to the choice of
the constants A, C.



Symmetry 2022, 14, 2290

12 0of 19

According to Lemma 6, the inequality

Vit x(t)
1 -1
m(ITid e o ”a(D(*,ﬁff)“))e”p“‘fk)m(D(f;’fm, o
< fe ( sl k=0,1,...,
(H 7t)E,¥( D(S’;ti)a)), tE(Sk,tk+1],k:0,1,2,....

holds where M < B||¢]|2.
Thus, from condition 2(i) of Theorem 1, we obtain

[x(6)]]

(/EH‘PHS((I—K{ Le o (si— ) g a(—D(sipt")“)>eppl(tt")E,X(—D(t_ptk)’X))”/
t e (tkrsk] k=0,1,. (25)

1

Rloli (e (- D<Sf,:“>“>)",

t e (Sk/tk—i-l]r k=0,1,2,....

IN

Thus, the zero solution of (6) is generalized Mittag-Leffler stable with C = ¢ %, B =
bA=D,y=1 0O

Corollary 1. Let the conditions of Theorem 1 be satisfied where the inequality (22) is replaced by

el%p(sffk)
V(t,p(t)) >  sup _
selt—rAn[tt] Ey <_D<(S%k)) )

Then, the zero solution of NIDDE (6) with the zero initial function is generalized proportional
Mittag—Leffler stable.

V(s 9(s)) (26)

Proof. If the inequality (26) is satisfied for the point ¢, then we obtain

L.y
e o (=)

e (-0(5))

i.e., inequality (22) is satisfied. O

V(t, () V(L (1)),

Corollary 2. Let the conditions of Theorem1 be satisfied where the condition 2(ii) is replaced by
2(ii)* for any point t € (ty, sg] withk = 0,1,2,... and any function € C%P(ty, [t —r,t],R")

such that (g{D”“ﬁp) (t) = f(t, ¢¢) and

120 (s—t)
e r
V) > sup e V) @7)
s€[t—rt]N[t.t] Ea(—D( pk) )
the inequality
(G ViLpm)) <-D  sup  [jp(s)|| (28)

selt—r,t|N[t,t]

holds where D > 0 is a given number.
Then, the zero solution of NIDDE (6) with the zero initial function is generalized proportional
Mittag—Leffler stable.
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Proof. From condition 2(iii) of Theorem 1 and inequality (27), we have that ||¢(s)||" >
V(s,(s)), s € [t—r,t] N[t 1], ie.,

—D< sup ||¢(s)||“b> < —D< sup V(s,lp(s))> = —DV(tp(t)).

s€[t—r,t]N[ty,t] s€[t—rt]N[tgt]

Thus, from inequality (28) we have inequality (23). O

Corollary 3. Let the conditions of Theorem1 be satisfied where the inequality (23) is replaced by
LDYPV(ty(t) <0, (29)

and condition 2(i) is changed by

2(i)* There exist positive constants A, B such that the inequalities Al|x|| < V(t,x) <
B||x||, t > ty, x € R" hold.

Then, the zero solution of NIDDE (6) with the zero initial function is stable.

Proof. Inequality (29) is a partial case of (23) with D = 0, then use E,(0) = 1 and in-
equality (25) and we obtain ||x(t)|| < £||¢||o for t > to, which proves the stability of the

solution. O

Example 1. . Consider the scalar IVP for NIDDE

2+t k
@wayﬂz—FIﬂﬂﬂ—awp) fort € (ty,si, k=0,1,2,...,
x(t) = 0.5(sint)x(sx — 0) for t € (sg, txy1), k=0,1,2,..., (30)

x(to+5) = ¢(s), s € [-1,0],
where for any t € (ty, si| we denote xt(k) (s) =x(t+s),s € [max{—r,ty —t},0].
The scalar IVP for NIDDE (30) with ¢(s) = 0 has a zero solution.
Consider the Lyapunov function V (t,x) = x2. Then, condition 2(i) of Theorem 1 is satisfied
with A = 0.25, B=1,a = 2,b = 1. Let k be a whole number and the point t € (ty,si| and the

function p € C*P(ty, [t — r,t], R) be such that (Ek D“ff’lp) (t) = — 2t (p(t) — 059" and

=1
) L
IIJ (t) 2 Sup (S*t) 3 lp (S) (31)
s€[t—r,tN[tt] Eg (—( p’f ) )
, £ o 2 '
Then applying supc,_, (s, 1 wlp (s) = SUPse(t—r,fn [ty t] ¥ (s) we obtain
“\ e
(S%y?) (1) < 29(1) (5D*09) (1)
_ a2t o (k)
— 2= (9?1 - 05yl
2+t
< S (-297(1) +0597(1) + 05(y,")?)
(32)
2+t
< t+1(—21p2(t) +0.5¢%(t) +05  sup  ¥*(s))
selt—r,HN[t,t]
2+t B ) > . _2 +t 5
< FEHL59R() +0592(1) = 19

< V(b))

Let t € (sg, teq] wherek =0,1,2,.... Then, (0.5sint u)* < 0.25u% = 0.25|u|2.
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Therefore, the conditions of Corollary 1 are satisfied with D =1,C = A =025B=1,a =
2,b = 1. According to Corollary 1 the zero solution of the scalar NIDDE (30) is generalized
proportional Mittag—Leffler stable with C = \/4 =2, =1, A =1, v = 0.5, i.e., the inequality

[[x(£)]]
2||4’||0\/<H§( 0 P (s;— t)E ( (s;'pti)lx)> pT(t tk)E ( (t—ptk)oc)l
tG(tk,Sk] k=0,1,...,

i—ti i—ti
20plloy Tz 7 OV E(—(554)0),
te (sgtrs1), k=0,1,2,....

IN

holds.

Remark 18. The Mittag—Leffler type stability for the Caputo fractional differential equations (with
o = 1) is studied in [25].

4.2. Instantaneous Impulses
As mentioned in Remark 9, the case of non-instantaneous impulses could be consid-

ered as a generalization of the case of instantaneous impulses. That is why we can translate
the results from the previous section to instantaneous impulses.

Definition 3. The zero solution of the system IDDE (7) and (9) (with ¢ = 0) is said to be
generalized proportional Mittag—Leffler stable if there exist constants B,«y,C, A > 0 such that
the inequality

=1, _ v
x(t:t0,9)]| <C||¢||§(eﬂ<f WE, (~a(t t")“)) ,

p (33)

t e (tk/tk-‘rl]/ k=0,1,...,

holds, where x(t;to, ¢) is a solution on the IVP for IDDE (7) and (9) with an arbitrary initial
function ¢ € E.

We will use some comparison results for IDDE (9) by applying piecewise continuous
Lyapunov functions and we introduce a class of Lyapunov-like functions:

Definition 4. Let a < b < oo be given numbers , 3 C R", 0 € Q. Then, the function

V:la—r0b] x Q — [0,00) is from the class PA([a —r,b], Q) if:

- Vel(ab]/{t} xQ,[0,00)) and it is Lipschitz with respect to the second argument;

- Forany t; € (a,b), x € Q, there exist finite limits V(t; — 0,x) = limyy, V(t,x) and
V(tk +0, X) = limmk V(t, x).

The comparison scalar equation (IDE) is

(ED“Pu)(t) = —Au(t), forte (t,tra], k=0,1,2,...,
u(t) = E(u(ty —0)) fork =1,2,..., (34)

u(tg) = up.

According to Lemma 4, the solution of the IVP for IDE (34) is given by

u(t) = { w7 OB A5 e ot

Ex(u(ty —0))e'7 - tk)Ea(—)\(%)“) te (ttepl, k=12,....
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The auxiliary Lemma, corresponding to Lemma 6, reduces to

Lemma 7. Suppose:

1. The function x*(t) = x(t;tg,¢) € PC*P([ty, 00),A) is a solution of the IDDE (7) and (9)
where A C R".

2. The functions By € C(R,R) and E(u) <uforu>0,k=1,2,...

3. The function V.€ PA([to —r,00),A) and

(i)

(ii)

Forany t € (ty, tyy1] withk =0,1,..., such that

V(t,x*(t))

)) o)
> sup

= seft—rfNlted] Ey (_/\< (s—t) )ac)

the inequality
tCkD“'PV(t, x*(t)) < —AV(t,x*(1))

holds where A > 0 is a given number.
Foranyk =1,..., the inequalities

V(te —0,¥k(x"(t — 0))) < Ex(V(t — 0,x"(t — 0))),

hold.

Then, the inequality

t— tk)uc)’

V(tx (1) < < max V(t0+s,<p(s)))epﬂl(tt")Ea(—)\( ; 56

se[—r,0]

te (ttis], k=0,1,...,

holds.

Remark 19. The comparison scalar Equation (34) is chosen such that its explicit solution is known
and condition 3(i) will be satisfied for the Lyapunov function.

Theorem 2. Suppose:

1. Conditions (A 2.1)-(A 2.3) are satisfied.
2. There exists a function V€ PA([tg — r,00), R") such that

(i)

(ii)

There exist positive constants A, B, a, b such that the inequalities Al|x||* < V(t,x) <
B||x||"?, t > ty, x € R" hold.
For any point t € (ty, ty 1] withk = 0,1,2,... and any function § € CYP(ty, [t —

7, t|,R") such that (gD“fpw)(t) = f(t, ) and

1y
e p (=)

Eo(-D(4)") -

1p (g
e o (5—H)

V(t,y(t))

> sup
selt—rtN[tt] E4 (— D

—

0
SR

-

=

~—

=

N—
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the inequality
DUV (L Y(H) < —DV(t () (38)

holds where D > 0 is a given number.
(iii) Foranyk =1,2,... and u € R" the inequalities

V(t, ¥i(u)) < Cllul" fort € (t tsa]-

hold where C € (0, A].
Then, the zero solution of IDDE (9) with the zero initial function is generalized proportional
Mittag—Leffler stable with C = {’/%,/3 =b,A=D, v= 1

.

Now we will provide an example illustrating the application of the given above suf-
ficient conditions. To be able to compare both cases about non-instantaneous impulses
and instantaneous impulses we will consider the scalar IVP for NIDDE (30) with appropri-
ate changes.

Example 2. . Consider the scalar IVP for IDDE

24t k
(Ekparﬂx) () =~ () - 0520 fort € (e, tesn], k=0,1,2,...,
x(tx +0) = 0.5(sintg)x(ty —0) for k=1,2,...,

x(tg+s) = ¢(s), s € [-r,0].

(39)

The scalar IVP for IDDE (39) with ¢(s) = 0 has a zero solution.

Let V(t,x) = x2. Thus, the condition 2(i) of Theorem 2 is satisfied with A = 0.25,B = 1,a =
2,b=1

Let k be a given natural number and t € (ty, ty + 1), and the function p € C*P(ty, [t —
r,t],R) be such that

2+t
C a0 __&cTt B 3
(tkD lP) (1) = =3 (W) - 0.59,7)
and
2( ) 61%(57”() 2( )
Pe(t) = sup " (s).
se[t—r N[t Eq <_((S;tk)> )

Then, we obtain (gD“'sz) (t) < =V(t,9(t)) (see (32)), i.e., condition 2(ii) of Theorem 2 is
satisfied with D = 1.

Foranyk =1,2,... we obtain (0.5sin t, u)* < 0.25u% = 0.25|u?, i.e., the condition 2(iii)
of Theorem 2 is satisfied with C = 0.25.

According to Theorem 2, the zero solution of the scalar IDDE (39) is a generalized proportional
Mittag—Leffler stable with C =2, =1, A =1, v = 0.5, i.e., the inequality

t— 1t
P

-1
B (t=t)

[x(t; to, )| < 2[I¢lloy /e Eo(—=(

)“), te (tkztk+1]/ k=0,1,...

holds (compare with the special case ty 1 = s, k =0,1,2,... of Example 1) .

4.3. No Impulses

As mentioned in Remark 11 the case of instantaneous impulses could be considered
as a generalization of the case of no impulses, i.e., the system (10) could be considered as a
partial case of (9) with t; = ty, i = 1,2,.... That is why we can translate the results from
the previous section to the case without impulses.
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Definition 5. The zero solution of the system DDE (10) (with ¢ = 0) is said to be generalized
proportional Mittag-Leffler stable if there exist constants B, v, C, A > 0 such that the inequality

-1 —_
x(t: t0, )] < C|¢||§(epp<”0>ﬁa<—ut fo

)“))7, t > to, (40)
holds, where x(t; to, ¢) is a solution on the IVP for DDE (7) and (10).
Remark 20. In the case p = 1, Definition 5 is the same as in [26].

We will use some comparison results for DDE (10) by applying Lyapunov functions:

Definition 6. Let a < b < oo be given numbers , 3 C R", 0 € Q. Then, the function
Vila—rb] x Q — [0,00) is from the class A([a —r,b],Q) if V€ C([a,b]/{tx} x Q,[0,00))
and it is Lipschitz with respect to the second argument.

The comparison scalar equation (DE) is

(%D“'pu)(t) = —Au(t), fort>ty,

41
M(to) = Ug. ( )

According to Lemma 4, the solution of the IVP for DE (41) is given by u(t) =
-1

o=l
uge 7 VB (—A(E)). > ko,
The auxiliary Lemma, corresponding to Lemma 6 reduces to

Lemma 8. Suppose:

1. The function x*(t) = x(t;tg,¢) € C*P([tg, 00),A) is a solution of the DDE (7) and (10),
where A C R™.

2. The function V.€ CA([tg — r,00), A) and for any point t > ty such that

1py_
e o (t=to)

W) -

1o
e o (5h)
> su

se[t—r,t]%[forf] E, (—/\( (s=to) )a)

V(t,x*(t))

the inequality
(gD“rPV(t, x*(t))) < —AV(L (1))
holds where A > 0 is a given number.

Then, the inequality

V(5 (8) < max V(o +s,¢(s))e’™ (0 E (—a(t210

se[—r,0]

)%), t>to

holds.

Theorem 3. Suppose:

1. Conditions (A 3.1), (A 3.2) are satisfied.
2. There exists a function V. € A([tg — r,00),R") such that

(i) There exist positive constants A, B, a, b such that C < A and the inequalities Al|x||* <
V(t,x) < B||x||”b, t>ty, x € R"hold.
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(ii) For any point t > to and any function § € C*P(ty, [t — r,t],R") such that (gD""Plp)
(8) = f(t 1) and

1—
" (t=to)

V() — ;
(t=ty)
Ea(%( B ) ) (43)
ot (5 t) oole)
> su V(s ¢(s
se[tfr,t]%[to,t] E“(_/\((S*‘Dto)> )
the inequality
SDYV (L (1) < ~DV(t, (1)) (44)

holds where D > 0 is a given number.
Then, the zero solution of DDE (10) with the zero initial function is generalized proportional
Mittag—Leffler stable with constants C = (/g,ﬁ =bA=D,y=-

Example 3. Consider the scalar IVP for DDE

2+t
CD“’P = — 0.
(§Dx) (6 = - o (x() 05S€s[ggo]x(t+s)), E> to, -

x(to+s) = ¢(s), s € [-r,0].

The scalar IVP for DDE (45) with ¢(s) = 0 has a zero solution.

Let V(t,x) = x2. Thus, the condition 2(i) of Theorem 3 is satisfied with A = 0.25,B = 1,a =
2,b=1.

Let t > to and the function ¢ € C*(ty, [t —r,t],R) be such that (CD“'Pzp) (t) =

T) stO

—FH(p(t) —0.5sup ¢ (_, Y(t +s) and PA(t) > SUPse [t—r,H]N]to, 1] (e e > *(s). Then,

we obtain
(GD%¢?) (1) < —V(tp(1)

(see (32)), i.e., condition 2(ii) of Theorem 3 is satisfied with D = 1.
According to Theorem 3, the zero solution of the scalar DDE (45) is generalized proportional
Mittag—Leffler stable with C =2, =1, A =1, v = 0, i.e., the inequality

t—tg

(=T
|x(tto, )11 < 2/19]l0 eﬂ“%@4—<p

)%), t = to.

holds (compare with the special case of tg = ty, k =1,2,... of Example 2).

5. Conclusions

In this paper, a system of nonlinear differential equations with finite delay and with
a generalized proportional Caputo fractional derivative is studied. The basic cases are
presented: the case when there are non-instantaneous impulses in the equations, the case
when there are instantaneous impulses in the equations, and the case without any impulses
in all equations. The appropriate initial value problem is set up in all these cases, and the
relation between them is discussed. It is shown that the case of non-instantaneous impulses
is a generalization of the case of instantaneous impulses, and the case of instantaneous
impulses could be considered as a generalization of the case without any impulses. These
statements could be applied to study various qualitative properties of the solutions. In this
paper, based on the application of Lyapunov functions and an appropriate modification of
the Razumikhin method, the Mittag-Leffler type stability is investigated.
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