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ABSTRACT: Practical stability properties of Caputo fractional delay differential
equations is studied and, in particular, the case with state dependent delays is con-
sidered. These type of delays is a generalization of several types of delays such as
constant delays, time variable delays, or distributed delays. In connection with the
presence of a delay in a fractional differential equation and the application of the
fractional generalization of the Razumikhin method, we give a brief overview of the
most popular fractional order derivatives of Lyapunov functions among Caputo frac-
tional delay differential equations. Three types of derivatives for Lyapunov functions,
the Caputo fractional derivative, the Dini fractional derivative, and the Caputo frac-
tional Dini derivative, are applied to obtain several sufficient conditions for practical
stability. An appropriate Razumikhin condition is applied. These derivatives allow
the application of non-quadratic Lyapunov function for studying stability properties.
We illustrate our theory on several nonlinear Caputo fractional differential equations

with different types of delays.
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1. INTRODUCTION

Fractional differential equations have been studied extensively in the literature be-
cause of their applications in various fields of engineering and science (see, for example,
the monographs [4, 13], and the cited therein references). Also, various types of delays
arise in differential equations due to more adequate modeling of real world problems.
State-dependent delays in differential equations with ordinary derivative are applied
in modeling milling [10] and in control theory [18].

In the qualitative study for nonlinear systems stability properties are important.
For example, several stability results for fractional order systems with delay were ob-
tained in [5]. An appropriate method for this study is the Lyapunov second method
and its modification of the Razumikhin method (see, for example, [6] for stability of
fractional delay differential equations, and [9], for Lyapunov-Razumikhin techniques
for state-dependent delay differential equations). LaSalle and Lefschetz [12] intro-
duced the so called practical stability which do not provide stability of the equilibrium
point but it is connected with its boundedness. This type of stability is studied for
various types of differential equations (for the Caputo fractional differential equations
see [2]).

The main goal of this paper is the study practical stability properties of Caputo
fractional delay differential equations. We study the general case of state dependent
delays which includes for example the cases of time dependent variable delay, with a
constant delay, and without delay. To the best of our knowledge, this is the first paper
studying practical stability properties of Caputo fractional differential equation with
state dependent delay. The investigation is based on the fractional modification of the
Razumikhin method. It is worth pointing out that the Lyapunov functional method
cannot be easily generalized to fractional order systems. Taking these factors into
consideration, we present a brief overview of the literature, with various definitions
of fractional order derivatives of Lyapunov functions among Caputo fractional delay
differential equations. Three types of fractional derivatives of Lyapunov functions are
applied: Caputo fractional derivative, Dini fractional derivative, and Caputo frac-
tional Dini derivative. Although the most popular of them is the Caputo fractional
derivative, it leads to some restrictions in applications, such as applying differentiable

Lyapunov function and a Razumikhin condition over the whole past time interval.
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When the other two types of derivatives of Lyapunov functions, the Dini and Caputo
fractional Dini derivatives, are applied, then in the sufficient conditions we obtain,
we use less restrictive conditions (similar to the Razumikhin condition and continu-
ous Lyapunov functions without the restriction of differentiability). Several examples
with various types of delays are provided to illustrate the application of the sufficient

conditions we obtain.

2. NOTES ON FRACTIONAL CALCULUS

Fractional calculus generalizes the derivative and the integral of a function to a non-
integer order [14]. In many applications in science and engineering, the fractional
order ¢ is often less than 1, so we restrict ¢ € (0,1) everywhere in the paper. There
are several definitions of fractional derivatives and fractional integrals, and three of

them are presented next ([14]):

1. The Riemann-Liouville (RL) fractional derivative of order ¢ of function m is
given by
RLDam(t) = _ b d / (t—s) " Tm(s)ds, t > tg
0 I'(l—gq)dt -

to

where I'(.) denotes the Gamma function.

2. The Caputo fractional derivative of order ¢ is defined by

¢ Dim(t) = ﬁ/(t—s)*qm/(s)ds, >t

to
The Caputo and Riemann-Liouville formulations coincide when the initial condi-
tions are zero. Note that the RL derivative is meaningful under weaker smooth-

ness requirements.

3. The Griinwald-Letnikov fractional derivative is given by

(2]
~ 1 q
q r _
o Dim(t) = }llm%) % TEZO (=1) <T>m (t—rh), t>to

and the Griinwald-Letnikov fractional Dini derivative by

t—tg
h ]

toDEm(t) = limsup hi Z (-1)" (z)m(t —rh), t>to, (1)

h—0+ h1 =

where () = w and [£52] denotes the integer part of the fraction

t—to )
yar
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From the relation between the Caputo fractional derivative and the Griinwald-
Letnikov fractional derivative, using (1), we define the Caputo fractional Dini deriva-
tive as

f,D4m(t) = o DY [m(t) —m(to)],
i.e.

(5]

¢ D% m(t) = lim sup % [m(t) —m(te)— > (1) (i) (m(t A m(to))} e

h—0+

r=1

3. STATEMENT OF THE PROBLEM

Let Ry = [0,00) and r > 0 be a given number. Consider the space Cy of all functions

y : [-r,0] — R" which are continuous endowed with the norm

lyllo="sup {[ly(®)l: y € Co},
te[—r,0]

where || - || is a norm in R".
Consider the initial value problem (IVP) for a nonlinear system of fractional dif-
ferential equations with finite state dependent delay (FrDDE) with ¢ € (0, 1):

tC;thx(t) = f(t,x(t), 2 p(1,2,)), fort > to,

(3)
w(t +to) = o(t), for t € [~r,0],

where z € R", to > 0 is the initial time, and thqy(t) denotes the Caputo fractional
derivative for the state z. Also, f : [tg,00) x R" x R" = R", p: [tg, 00) x Cy — R,
and ¢ € Cp, are three given functions, where r > 0. Here, x+(s) = z(t+s), s € [-r,0]
represents the history of the state from time ¢ —r up to the present time t. Note that,
for any t > 0, we let 2, ,,) = z(p(t,z(t + s))), s € [-r,0].

We introduce the following assumptions:

A1 The function f belong to C([to,o0) x Cy x Co, R™).

A2 There exists a set 0 C Cp such that the function p € C([tg,00) x Cp,R) and
t—r <p(t,u) <t, for u e Q.

A3 The function f(t,0) =0 for t > to.
Remark 1. Condition (A2) guarantees the delay in the argument of the unknown

function in (3), i.e., the function p determines the state-dependent delay. Also, this

condition guarantees the boundedness of the delay in (3).
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Remark 2. The delay in (3) is in a very general form and it includes the time de-
pendent variable delay (with p(t,u) = t—7(t), for t > 0,u € Cp, and 7 € C(R, R})),
the constant delay (with p(t,u) =t — C, for t > 0,u € Cy, and C' = const > 0), and
without delay (with p(¢,u) = ¢, for ¢t > 0, and u € Cp).

Remark 3. Note that condition (A3) guarantees the existence of the zero solution
of IVP for FrDDE (3) with the zero initial function ¢ = 0.

Remark 4. The function p(t,u) = t — sin®(u) satisfies the condition (A2) with
r=11e t—1 §t—sin2(u) <t

Remark 5. Let = be a solution of (3). Then, xz; € Cy for any fixed ¢ > 0. Define
the function ¢(s) = z(t + s), s € [-r,0]. Then, 1o = 2 € Cy and

To(ta) = T(p(t, 2(t+s))) = x(t+(p(t, 2(t+s5))—t)) = P((p(t, ¥ (5) =) = Pp(tap0)-1)-
If the condition (A2) is satisfied, then ¢ € Cy and p(t,¢o) —t € [—r,0].

Now we will define practical stability for the nonlinear Caputo FrDDE following
the ideas for practical stability for ordinary differential equations ([12]).

Definition 1. The zero solution of FrDDE (3) with zero initial function is called

(S1) practically stable w.r.t. (X, A), if there exits an initial time ¢y > 0 such that, for
any initial function ¢ € Cp : [|¢]lo < A, the inequality ||z (t;to, ¢)| < A, for t >
to, holds, where the real numbers (A, A) with 0 < A < A are given;

(S2) wniformly practically stable w.r.t. (A, A), if (S1) is satisfied for all tg > 0;

(S3) practically quasi stable with respect to (A, B,T) if there exists t > ty such that,
for any ¢ € Cp, the inequality ||¢|lo < A implies ||z (t;to, ¢)|| < B, for t > to+T,
where the positive constants A\, B,T with 0 < A\ < B are given,;

(S4) wuniformly practically quasi stable with respect to (A, B,T) if (S3) holds for all
to > 0.

Here, x(t;t0, ¢) is a solution of (3).

Remark 6. We note that in (S2) and (S4) of Definition 1, the change of the initial
time ?p leads to a change of the differential equation and not only on the initial
condition (different than the case of ordinary differential equations).

Remark 7. Note that, from stability properties of the zero solution of (3), we have

the practical stability but the opposite is not true.
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Remark 8. Similar to Definition 1, various types of practical stability of a fixed
nonzero solution could be defined. For convenience, we state all definitions and the-
orems for the case when the equilibrium point is the origin of R" because any equi-

librium point can be shifted to the origin via an appropriate change of variables.

Define the following sets:
K = {a€CRLR,): ais strictly increasing and a(0) = 0};
Sa {xeR": ||z|| <A}, A>o0.

We will use comparison results for the scalar fractional differential equation without
any delay
s D(t) =g (t,u), fort>to, s.t. u(to) = vo, (4)
where u,v9 € R and g : [tg,00) x R — R.
We denote the solution of the IVP for the scalar FrDE (4) by w(t;to,vo). In the
case of non-uniqueness of the solution we will assume the existence of a maximal one.

We introduce the assumption:

A4 The function g € C([tg,0) x R, R), g(¢,0) = 0, and for any vy € R, the IVP
for the scalar FrDE (4) has a solution wu(t; to, vo).

Remark 9. Practical stability properties of the scalar IVP (4) is defined similar to
Definition 1.

Remark 10. We will study the practical stability of (3) or (4) in the case when
the right side part depends on the unknown function. In the case f(t,x) = F(t) or
g(t,z) = G(t), then the equation has no zero solution. The nonzero solution could be

bounded by a bound depending on the initial condition.

Example 1. Consider the IVP for the scalar FrDE
_t1.6 t2
By ({1}, {1.3,1.8}, ——), for ¢ > 0,

§ D0 u(t) = -

- T'(2.6)
u(0) = uo,

(5)

where 1 F5(1,{1.3,1.8}, —%2) is the regularized generalized hypergeometric function.
The IVP (5) has a solution ([15])

u(t) = ug + cos(t) — 1, t > 0.
For any (A, A), with A =2+ A, and for any initial value |ug| < A, the corresponding
solution satisfies |u(t)| < A, ¢ > 0. This is similar to (S1) in Definition 1 but we are
not able to say that the zero solution is practically stable because there is no zero

solution. The solution is bounded by a constant 2 + |ug].
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4. LYAPUNOV FUNCTIONS AND THEIR FRACTIONAL
DERIVATIVES

We study the connection between the practical stability properties of the zero solution
of the system of FrDDE (3) and the practical stability of the zero solution of the
scalar FrDE (4) by applying an appropriate modification of Razumikhin method and
Lyapunov functions. In connection with the application of fractional derivatives, we
need an appropriate definitions of the derivative of Lyapunov functions among the
studied fractional equations. We introduce the class A of Lyapunov-like functions
which will be used to investigate the practical stability of the system FrDDE (3).

Definition 2. Let I C Ry and D C R". We say that the function V : I x D — R4
belongs to the class A(I,D) if V' is continuous and locally Lipschitzian with respect

to its second argument in I x D.

In connection with the Caputo fractional derivative, it is necessary to define in an
appropriate way the derivative of the Lyapunov functions among the studied equa-
tion. We will give a brief overview of the three main types derivatives of Lyapunov
functions V' € A([to — r,T), D) among solutions of fractional differential equations in

the literature:

- Caputo fractional derivative - Let z(t) € D, t € [to —r,T), be a solution of the
IVP for the FrDDE (3) and V € A([to — r,T), D). We define

t

/(t—s)—qdils(V(s,x(s)))ds, te (to,T).  (6)

1

0, DV (L x(t)) = Ti—¢

This type of derivative is applicable for continuously differentiable Lyapunov
functions.

- Dini fractional derivative - Let ¢ € C([-7,0],D) and V € A([to — r,T),D),
to > 0 is a given initial point. Then, for any ¢ € (¢9,7), we define the Dini

fractional derivative of V' by
[t—to

ol
WDl V0(0)0) = msup [Vies0) = 3 (-1 (%) V(e = (0

h—0 r

r=1
— R 9(0),biptam )]
@
where v (s) = 1(3) and () 1) = (ot 1(3)) — 1), for 5 € [=r.0]

Note that, if condition (A2) is satisfied, then p(t,v(s))—t € [—r, 0] and ¥,y (s))—t
is well defined.
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- Caputo fractional Dini derivative - Let the initial data (to, ¢) € Ry xC([—7,0], D))
and 1 € C([—7,0],D) be given. Then, for the Lyapunov function V € A([ty —
r,T), D), we define the Caputo fractional Dini derivative by

£, Dy V(L. 1(0). 10, 0(0))
zlimsup%{ (t,9(0)) — V(to, #(0))

h—0t

t— to]

Z: r+1 ( ) (V(t —rh,(0) — h9f(t,4(0), ¢p(t’¢0)7t)) — V(to, ¢(0))) }7

(8)
for t € (to,T), or its equivalent form,

¢ DI, V(1,6(0), Y30, 6(0))
[t ]

—tmsup vt 07 (D) o 0) = 170 50 -0}
h—0+ —1

Vit 00)
(t—to)T(1—q)
(9)

for t € (to,T).

Remark 11. For any initial data (¢, ¢) € R, x C([~7,0], D) of the IVP for FrDDE
(3) and ¢ € C([—7,0], D), the relation between the Dini fractional derivative defined
by (7) and the Caputo fractional Dini derivative defined by (9) is given by

V (to, ¢(0))
(t—10)T(1 - q)’

¢ Dt(l) ( ¢( ) ¢»t0,¢( )) = toD?3)V(tvw(0)7w)_
or by

5 Dl V(£ 16(0), w3, 6(0)) = 1 Dy V (1, 16(0),0) = £D7(V (10, 6(0)) )

Remark 12. In the particular case of time variable delays p(t, z;) = 7(¢) < ¢, some
authors use the following definition for the derivative of the Lyapunov function among

the fractional delay differential equations (see, for example, [16])

DIV (2, 9(0)) = limsup - [Vt 9(0)) ~ Vit~ h(0) ~ WS (v0)] . (10)

h—0
with ¥o(s) = ¥ (s).
This operator does not depend on the order ¢ of the fractional derivative nor on

the initial time ¢y, which is typical for the Caputo fractional derivative. Also, it has
no memory and if z is a solution of (3), then DTV (t,z(t)) # ¢ DIV (t,(t)).
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We will give an example illustrating the above defined types of fractional deriva-
tives of Lyapunov functions. To simplify the calculations and to emphasize the deriva-

tives and their properties, we will consider the scalar case, i.e., n = 1.

Example 2. Let V(t,z) = m(t) 2%, where m € C*(R,,R}).
Case 1. Caputo fractional derivative. Let x(t) = x(t;t0,¢) be a solution of the
IVP for FrDDE (3). The fractional derivative

! (s)z2 (s m(s)z(s)z’ (s
ey R CES TEEC L

is difficult to obtain in the general case for any solution of (3). In the particular case

S

m(t) = 1, there is an upper bound ([8])

DIV (t (1) = §,D(x(1))? < 22(t);, DT(t) = 22(t) f(t, 2(t), Tp(e,0.,))-

Case 2. Dini fractional derivative. Let 1p € C([—T,0], D) be given. Applying (7),

we obtain

Digy V (t,4(0),v) = 2:(0) m(t) f(£,(0), Yp(t,00)-¢) + (¥(0))* {FDIm(t).  (11)

Case 3. Caputo fractional Dini derivative. Let the initial data (to,¢) € R, x
C([-7,0],D) and ¢ € C([—7,0],D) be given. Use (9) and we obtain

. DL V(£ (0. ¥ to, 6(0)

2 (12)
= 2O VO). Yygaig)—o) + (0 D (1) — O mlto)

(t = to) T (1 —q)

5. COMPARISON RESULTS FOR FRACTIONAL DIFFERENTIAL
EQUATIONS WITH STATE DEPENDENT DELAY

First we recall the following result for Caputo fractional Dini derivatives of continuous
functions.

Lemma 1. ([1]) Let m € C([to,to + 0],R), 6 > 0, and suppose that there exist
t* € (to,to + 0] such that m(t*) = 0, and m(t) < 0, for to < ¢ < t*. Then, if the
Caputo fractional Dini derivative (2) existst = t*, then the inequality { D{m(t*) >0
holds.

Now we will obtain some comparison results for the case of state dependent delays.

Lemma 2. (Comparison result by the Caputo fractional Dini derivative) Assume

the following conditions are satisfied:
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1. The function z*(t) = z(t;to,z0) € D, D C R", is a solution of IVP for FrDDE
(3) defined for t € [to,to + 6], 6 > 0.

2. There exists a function G € C([to,to + 0] x R,R) and a real H > 0 such that,
for any € € [0, H] and vy € R, the scalar FrDE

& Du=G(t,u) +e for t€lto,to+0], withu(to) = vo (13)
has a solution u(t;ty,vo,€) € C4([to, o + 6], R).

3. The function V € A([to —r,to + 0], D) and, for any point t € [to,to + 0] such

that
V(t,z*(t)) = sup V(s,z*(s)),
se[t—r,t]
the inequality
EODE%)V(tv w(o)v 7% tOv ¢(0)) < G(tv V(ta x* (t))) (14)

holds, where ¥(s) = x*(t + 5) for s € [=r,0] and Vipt,po)—t) = Tpt,e) i Eq.
(8) (see Remark 5).

Then,

sup V(o —s,¢(s)) < ug
s€[—r,0]

implies
V(t,z*(t)) < u*(t), fort € [to,to+ 0],
where u*(t) = u(t; to, uo,0) is the mazimal solution of IVP for scalar FrDE (13) for

vg = ug and € = 0.
Proof. Assume that the condition

sup V(t() -5 ¢(S)) < uo,
s€[—r,0]
for a given ug, holds. Let e € (0, H| be an arbitrary fixed number and consider
the initial value problem for the scalar FrDE (13) with vg = ug + €. According to
Condition 2, the IVP for the scalar FrDE (13) has a solution u.(t) = u(t; to, up +¢,€).

Then, it satisfies the Volterra fractional integral equation ([7, Lemma 6.2])

1 t
ue(t) = ug + e + —/ (t— 8)471<G(s,u6(s)) +5)ds, for t € [to,to +0]. (15)
F(Q) to
Let the function m € C([to,to + 0],IR}) be defined by m(t) = V(¢,2*(t)). We now
prove that
m(t) < ue(t), for te [to,to+0)]. (16)
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Note that the inequality (16) holds for ¢ = ¢y since

m(to) = V(to, 2% (to)) = V(to,#(0)) < sup V(to —s,d(s)) < ug < ue(to).

s€[—r,0]

725

Assume that the inequality (16) is not true for some ¢ € (tg, to+6]. Then, there exists
a point t* € (to,to + 0] such that m(t*) = u-(t*) and m(t) < u(t), for t € [to,t*).

Now, Lemma 1 (applied to m(t) — u(t)) yields
& DL (m(t") —ue(t™) >0,

i.e.

& DIm(t") > G(t", uc(t)) + e > G(t*, m(t")).
Then, from Eq. (2), we obtain for t € (to,to + 6] the equality

timsup 2L [2°(1) — 9(0) — S(* (1) 1)] = £(1,2° (1), 2301

P
where o
5(a¢(t>,h)::[rhl]( 7+ (D) la* 0= ) - (0]
Therefore,
(1) = 6(0) — § (2 (1.h) = WO (1,2 (1), 3 )) + ZC19)

a(t) = hIf (82" (1), 2 2py) = S (27(1), h) + ¢(0) + Z(h7),

with 1EGDI ( I 5 0ash— 0.
Then, for any t € (to, to + 0], we obtain

=
m(t) — mito) — Z (—1)7+1 (i) [m(t —rh) — m(to)}
—{Vt.5"©) - Vito.000)

(17)
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Since V is locally Lipschitzian in its second argument with a Lipschitz constant L > 0,

applying (18), we obtain
[52]

3 (-t <i> {V(t —7h, S (2 (t), h) + 6(0) + E(h"))

r=1

- V(t—rh,x*(t—rh))}

[52]

IA

e (1) s . +60) — (e -l + s Y v (7)

T r=1

[_%J ‘ (%21 a
<2 30t ()52 () e i) - 00+ 00— o

r Jj=1

(2]

w22 3 -1y (?)

r=1

[%2] q
by (4t te = ) = o000

t tO [f }10]
)

+LZ o () > 74 (1) (e = )~ 000

woi=on 3 (7))

(20)

Note that

lim sup Sy (i) =-1. (21)

Substitute (20) in (19), divide both sides by h?, take the limit as h — 0T, use
(21), and we obtain that, for any ¢ € (to,to + T/,



CAPUTO FRACTIONAL DIFFERENTIAL EQUATION 727

. =) & [
DIm(t) < DL VI 6(0),Uito,6(0) + L lim Z0 pyy ;(_”T(r)
1 iy 10] r+1(4 *
# Llime g 3 (-1 (“) e te = ) — o000
+ L lim [g](—l)rﬂ (q) Jim sup — [g](—nﬂ‘ﬂ (q) l2* (t — jh) — $(0)]
h—0+ £~ r) hoot+ A9 = J

= DL V(L B0), Ui, 60)) < G V(1 (1)) = Gt m(1),

(22)
where 1o = @} and Yp(t,p0)—t) = T} ,,) I Eq. (8) (see Remark 5). Now, (22) with
t = t* contradicts (17). Therefore, (16) holds on [tg,to + 6]. Since € € (0, H] is an
arbitrary number, it follows that (16) holds on [tg, o + 0] and any ¢ € (0, H].

We now show that, if 0 < g5 < ¢; < H, then

Uey (B) < ug, (t)  for t € [to,to + 0] (23)

Note that the inequality (23) holds for ¢ = ¢y. Assume that inequality (23) is not
true. Then, there exists a point t* € (to,to + 6] such that u.,(t*) = u., (t*), and
Uey (1) < ug, (t), for t € [to,*). Now, Lemma 1 (applied to ue, (t) — ue, (t)) yields

fo D% (uey (87) — ue, (£7)) > 0.
However,
fo DY (ue, (87) — ue, (£7)) = Gt ue, (7)) + €2 — [G(", ue, (7)) +e1] = €2 — 1 <0,

obtaining a contradiction. Thus, (23) is true.

Now, given 0 < ¢ < H, (16) together with (23), guarantee that the family of
solutions {u.(t) : t € [to,to+ 0]} of (13) is uniformly bounded, i.e., there exists K > 0
with

lue(t)] < K, for (t,e) € [to,to + 6] x [0, H].

Let
M =sup{|G(t,x)| : (t,x) € [to,to + 0] x [-K,K]}.

Consider a decreasing sequence of positive numbers {¢; };‘;0, 0 < g9 < H, such that
limj oo e; = 0, and consider the sequence of solutions U, (t). Now, for ti,to €
[to, to + 6], with ¢; < t2, using the inequalities

a? — b1 <2(a—0)1, fora>b>0,

(tl — S)q < (tg — S)q, for s € [to,tl],
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and
/t:I ((752—8)1171 —(t1 —s)qfl)ds = %((tz—to)q— (t1 —to)? — (tg—tl)q) < @’

we get
e, (t2) — e, (12)] < ﬁ} /ttl (tt2 = 57" = (01 = )7 (Gls. e, (5)) + 25 )

+ ‘ /tf((tz — S)q_l)(G(s’ ue,(s)) + gj)ds‘

M+ H (tg—tl)q (tg—tl)q . M+1
I'(q) { PR }_ qT'(q)

(t2 — t1)".
(24)

Thus, the family {uc,(t)} is equicontinuous on [to, to +6]. The Arzela-Ascoli Theorem
guarantees that there exists a subsequence {u. i (t)} that is uniformly convergent in
the interval [to,to + 0]. Let

w(t) = lim uc; (1)

k— o0

Take the limit in (15) as k — oo and we see that w satisfies the initial value problem
(4) for ¢ € [to,to + 0], i.e., it is a solution of IVP (13) for vg = up and ¢ = 0. Now,
take the limit in (16) for € = ¢, as k — oo and we have m(t) < w(t) < u*(t) on
[to, to + 0]. O

In the case when the Dini fractional derivative is applied instead of the Caputo

fractional Dini derivative, the following result is obtained.

Lemma 3.  (Comparison result by the Dini fractional derivative). Assume the

conditions of Lemma 2 are satisfied where inequality (14) is replaced by
¢ DI V(t,0(0),9) < G(t, V(L2 (1), (25)

where (s) = x*(t + s) for s € [=r,0] and Y(y(t,p0)—t) = Tp(tx,) 0 Eq. (7).
Then,

sup V(to — s,0(s)) < wuo
s€[—r,0]

implies
V(t,z" () <u(t), fort€ [to,to+ 6],
where u*(t) = u(t; to, up,0) is the mazximal solution of IVP for scalar FrDE (13) for

vg = ug and € = 0.

The proof of Lemma 3 follows from Remark 11 and Lemma 2.
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Corollary 1. Let Condition 1 of Lemma 2 be satisfied and the function V &
A([to — 7, to + 0], A) be such that, for any point t € [to,to + 0] such that
V(t,a"(t) = sup V(s,2"(s)),
se€[t—r,t]

the inequality

£, Dl V(£ 1(0) <0 (26)

holds, where ¢ Dgg)V( ¥(0)) denotes one of: the Caputo fractional Dini derivative
¢ D‘(’3) (t,(0 ) V3 to, ¢(0)) or the Dini fractional derivative § D{, V (t,1(0), 1)) with

(3)
w(p(t,ww—t) = Zy(1.0,) in Bq. (8) or (7), respectively.
Then, fort € [to,to + 0], the inequality

V(t,z"(t)) < sup V(to —s,¢(s))
s€[—r,0]

holds.

Proof. The proof of Corollary 2 follows from the fact that the corresponding IVP
for the scalar FrDE (13) with G(t,u) = 0, ¢ = 0, and vo = sup,e(_,.q; V (to — 8, ¢(s)),
i.e., the equation § D% = 0, has a unique solution

u(t) = sup V(o —s,¢(s)),
s€[—r,0]

for t € [to,to + 0. O

The result of Lemma 2 is also true on the half line.

6. PRACTICAL STABILITY RESULTS.

We will use various types of fractional derivatives of Lyapunov functions to obtain
sufficient conditions for different types of practical stability. The base of the study
will be the comparison results applying scalar fractional differential equation without
any type of delay. We will use in our method a fractional extension of the Razumikhin
method. Note that in [6] some stability results for delay FrDDE are obtained apply-
ing the Caputo fractional derivative of the Lyapunov function and the generalized
Razumikhin condition

sup V(0,2(0)) =V (t,z(t)). (27)

oc[—r,t]

Remark 13. Note that condition (27) is not very similar to the idea of Razumikhin
condition and it is very restrictive, but it is necessarily because of the application of

Caputo fractional derivative of the Lyapunov function.
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We will give sufficient conditions for practical stability of zero solution of FrDDE

(3) applying the Caputo fractional derivative of the Lyapunov function.

Theorem 1. (Practical stability by the Caputo fractional derivative). Let condi-
tions (A1)-(A3) be satisfied for a given number to > 0 and for Q = Cy. Suppose also
that here exists a continuously differentiable Lyapunov function V€ A([to—r, 00), Rn)
with V(t,0) = 0, such that

(i) the inequalities

ay([lz])) <V (t,x), for t>to,x € R"
V(t,z) < ax(||z|]), for t>to,x € Sy,

hold, where ai; € IC, i =1,2, and A > 0 is a given number.

(ii) for any t > to and for any solution x(t) = x(t;t0, ¢) of (3) with ¢ € Cy such
that
sup  V(0,2(0)) = V(t,z(t)),

O€c(to—r,t]
the inequality
LDV (t (1) <0
holds.

Then, the zero solution of (3) is practically stable w.r.t. (X, ay ' (aa(N))).

Proof. Let x(t) = x(t; 0, ¢) be a solution of FrDDE (3) with ||¢|lo < A. Define the
function

v(t)= sup V(s,z(s)), t > to.
s€[to—r,t]

Obviously, the function v is nondecreasing. We will prove that
v(t) = v(ty), fort > to. (28)

Assume that (28) is not true, i.e., there exists a point T' > to such that v(t) = v(to),
for t € [to,T], but v(t) > v(to) and v is strictly increasing for ¢t € (1,7 +¢], € > 0
is a small enough number. Then v(s) = v(ty) > V(s,z(s)), for s € [to,T], and
v(t) =V (t,z(t)), for t € (T, T + ¢]. Therefore, for t € (T, T + €], the inequality
sup  V(0,2(0)) = v(t) = V(t,x(t))
O€(to—r,t]

holds, and according to condition (i), the inequality § D{V (¢, 2(t)) < 0 holds. Then,
for any ¢ € (T, T + €|, we obtain

t
v ( V(s
e Do) 1_q / l—q / t_s s =C DIV (1, (1)) < 0,

t—s
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because v(s) > V(s,x(s)) for s € [to, T + ¢}, and

j o= / S / S

o(to) — Vito,x(te)) [ v(s) — V(s,2(s)) V(s 2(s))
— = to)" _q/ (t—S)q+1 d +t/7(t—5)q ds.

According to the assumption, we get v'(t) = 0, for t € [to,T], and v'(t) > 0, for
€ (T, T +¢€]. Then, for any t € (T,T + €], we obtain

¢ Diy(t) = 1 ; v'(s) . 1 / v'(s) .
& Do(t) F(1_61)t0/(t_8)qd F(l—q)T/(t—s)qd >0, te(T,T+¢l.

The contradiction proves the inequality (28).
From condition (i), we get

ar([lz@))) < V(£ z(t)) <v(t) =v(to) = sup Vs, ¢(to + 5))

Se[to—T’,to]
< supax([[o(to + 5)]]) < az(A).

sE [to 7T,t0]

O

Remark 14. Note that Theorem 1 is similar to [6, Theorem 3.1], except for condition
(i). This condition leads to practical stability and it gives the bounds of both the
initial function and the solution.

Theorem 2. (Uniform practical stability by the Caputo fractional derivative). Let
conditions (A1)-(A3) be satisfied for to = 0 and Q = Cy. Suppose that there exists
a continuously differentiable Lyapunov function V € A([—r,00), R"™), with V (t,0) =
0, t >0, such that condition (i) of Theorem 1 is satisfied for t > 0 and
(ii) for any to > 0 and any t > to such that
sup V(@,Z‘(@;to,(b)) = V(t,l‘(t;to,(b)),

O€(to—r,t]

the inequality
DIV (t, x(t;to, 9)) <0

holds, where z(t;to, ) a solution of (3) with initial time to and initial function ¢ € Cy.
Then, the zero solution of (3) is uniformly practically stable w.r.t. (X, a7 " (az(N))).

Now we will apply the Dini fractional derivative and the Caputo fractional Dini

derivative of Lyapunov functions to obtain sufficient conditions for practical stability.
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In this case, we will use the Razumikhin condition

sup  V(t+0,9(0)) = V(t,4(0)) (29)
ec[—r,0]

for a function ¢ € Cy.

Remark 15. Note that condition (29) is less restrictive than condition (27) and it

is closer to the idea of the original Razumikhin condition.

We will study the connection between the practical stability properties of the
system FrDDE (3) and the practical stability properties of the scalar FrDE (4) .

Theorem 3. (Practical stability by the Caputo fractional Dini derivative). Let the

following conditions be satisfied:
1. The conditions (A1)-(A4) are satisfied for a given ty and Q = Cy.
2. There exists a function V € A([tg — r,00), R"™) with V(t,0) = 0 such that
(i) the inequalities

ar(||z]]) < V(t,z) for t>tg, z € R",
V(t,z) < az(|jz|]) for t>tg, x € Sh,

hold, where a;; € IC, i = 1,2, and X\ > 0 is a given number;

(i) For any functions ¥ € Cy and ¢ € Cy, with ||¢|lo < A, and for any point
t > to such that

es[ljpo] V(t + s, 'Q/J(S)) = V(tv ¢(0))7

the inequality
¢ DIVt 6(0), i to, ) < g(t, V(L 0(0)) (30)
holds.

3. The zero solution of the scalar FrDE (4) is practically stable w.r.t. (az(X), A),

where A > as(N) is a given number.
Then, the zero solution of FrDDE (3) is practically stable w.r.t. (X, a7 (A)).
Proof. From condition 3 of Theorem 3, for ug € R with |ug| < az(\), we have

[u(t; to, uo)| < A, for t > to, (31)
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where u(t; 1o, up) is a solution of FrDE (4). Let x(t) = z(t;to, ¢) be any solution of
FrDDE (3) with ||¢]lo < A, and let

g = max V(o + s, 0(s)).

s€[—r,0]

From Condition 2 (4), it follows that

g < max s ([|g(s)]]) < az(A).
s€[—r,0]

Therefore, the maximal solution u*(t) = u(t; to, Ug) of FrDE (4) satisfies inequality
(31). The conditions of Lemma 2 are satisfied for D = R", § = oo, and G(t,u) =
g(t,u). According to Lemma 2, the inequality

V(t,z" (t) <u*(t),for t > to, (32)
holds. Then, from condition 2 (i) and inequalities (31), (32) we obtain
ar([lz*@)]) < V(t, 2" (1)) < (1) < A,
which implies that
lz* ()| < a7t (A), fort > to.

Note that A > as(A) > a1(\) or A < a7 '(A). Therefore, according to Definition 1,
the zero solution is practically stable w.r.t. (\,a;'(A)). O

In the case when the Caputo fractional derivative § D V (t,1(0),;to, $) in The-
(0

(3)
orem 3 is replaced by the Dini fractional derivative ¢ Dgg) (t,1(0),), we obtain the

following result:
Theorem 4. (Practical stability by the Dini fractional derivative). Let conditions
1 and 8 of Theorem 3 be satisfied, and
2. There exists a function V € A([to — r,00), R™) with V(t,0) = 0, such that
(i) the inequalities
ar(||z])) < V(t,x) for t>to, v € R",
Vt,z) < az(|jz|]) for t>tg, x € Sh,

hold, where c; € IC, i =1,2, and A > 0 is a given number;
(ii) for any function 1 € Cy and for any point t > to such that

es[ljpo] V(t + s, 'Q/J(S)) = V(tv 1/)(0))7

the inequality
t D)V (,0(0),9) < g(t, V(t,4(0))) (33)
holds.
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Then, the zero solution of FrDDE (3) is practically stable w.r.t. (X, a7 *(A)).

The proof of Theorem 4 is similar to the one of Theorem 3 where Lemma 3 is used
instead of Lemma 2.

In the case of the zero function on the right side part of the FrDE (4), we obtain:

Corollary 2. Let the conditions of Theorem 3/ Theorem / be satisfied with g(t,u) =
0. Then, the zero solution of FrDDE (3) is practically stable w.r.t. (A, a7 (az(N))).

Theorem 5. (Uniform practical stability by the Caputo fractional Dini derivative).
Let conditions (A1)-(A3) be satisfied for to = 0 and Q = Cy. Suppose that there exists
a continuously differentiable Lyapunov function V € A([—r,00), R"™) with V (t,0) =
0, t >0, such that condition (i) of Theorem 3 is satisfied for t > 0, and

(i) for any to > 0, for any functions ¥ € Cy and ¢ € Cy with ||¢llo < A, and for
any point t >ty such that

sup V(t+s,1(s)) = V(t,4(0)),
s€[—r,0]
the inequality
gngg)V(taw(O)awath¢) <0 (34)

holds. Then, the zero solution of (3) is uniformly practically stable w.r.t. (A, a7 (\)).

The proof of Theorem 5 follows from Theorem 3 and the fact that the solution of
FrDE (4) with g(t,u) = 0 is u(t;to,v0) = v, for any to > 0 and vy € R, i.e., it is
uniformly practically stable w.r.t. (A, \).

Theorem 6. (Uniform practical stability by the Dini fractional derivative). Let
conditions (A1)-(A3) be satisfied for to = 0 and Q = Cy. Suppose that there exists
a continuously differentiable Lyapunov function V € A([—r,00), R"™) with V (t,0) =
0, t >0, such that condition (i) of Theorem 3 is satisfied for t > 0 and
(ii) for any to > 0, any functions ¥ € Cy and any point t > ty such that
sup V(t+s,1(s)) = V(t,4(0)),

s€[—r,0]
the inequality

5 DY V (£, 9(0), ) < 0 (35)

holds. Then, the zero solution of (3) is uniformly practically stable w.r.t. (A, a7 *(\)).

Remark 16. Note that when the Dini fractional derivative or the Caputo fractional

Dini derivative is applied in the obtained sufficient conditions

- the less restrictive condition (29) is used instead of the condition (27);
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- the Lyapunov function need only be continuous without the restriction of dif-

ferentiability.

7. APPLICATIONS

Example 3. (Constant delay and the Caputo fractional derivative). Consider the

IVP for the scalar linear FrDDE
§DYa(t) = —(| cos(t)| + 1.5)z(t) + | sin(t)|x(t — =) for t > 0, (36)
z(s) = ¢(s) for s € [—m,0].

Consider the quadratic Lyapunov function, i.e., V(t,z) = 2. Let ay(z) = 0.522,
as(z) =z, and A = 1. Then, condition (i) of Theorem 1 is satisfied.
Let z be a solution of IVP for FrDDE (37), and ¢ > 0 be such that

V(t,a(t) = 2*(t) > 2% (s) = V (s, 2(s)),
for all s € [—m,t). Then, according to [8], we get

gD?AV(t,x(t)) < 2z(t) OCD?Ax(t) = —2(] cos(t)| + 1.5)(x(t))2 + 2| sin(t)|z(t)z(t — )
< —2(] cos(t)| — | sin(t)| + 1.5)(z(t))* < 0.

According to Theorem 1, the zero solution of (36) is practically stable w.r.t. (1,1),
i.e. for any initial function ¢ € Sp, the solution is also in the ball S;. The graphs of
the absolute values of the solutions x1, 2, x3 of the IVP for FDDE (36), with initial
functions ¢1(s) = sin(s), ¢2(s) = cos(s) and ¢3(s) = 0.5, for s € [—, 0], are given

in Figure 1.

Example 4. (Constant delay). Consider the IVP for the scalar linear FrDDE

SDYx(t) = g(t)x(t) + 0.1z(t — ) for t > 0,

(37)
x(s) = ¢(s) for s € [—m,0],
where
§LD0-4(sm2(t) n 1)
t)=-0.5 —-0.1, t>0,
9(1) sin(f) + 1
r¢(s) = z(t — ) for s € [-m,0], and p(t,u) =t —m. Therefore, z, ,) = x(p(t,z¢)) =
z(t — ).

Denote f(t,z,y) = g(t)z + 0.1y.
Case 1. Consider the quadratic Lyapunov function, i.e. V(t,2) = 2%. Let x be a
solution of IVP for FrDDE (37), and ¢ > 0 be such that

Vt,z(t)) = xQ(t) > x2(s) = V{(s,z(s)),
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Figure 1: Graph of the the absolute values of the solutions x1, x2, x3.

for all s € [—m,t). Then, according to [8], we get

IDY4V (t, x(t)) < 2x(t) §DO*a(t) = 2(x(t)%g(t) + 0.22(t)x(t — ) (38)
< 2(x(t))?g(t) +0.12%(t) + 0.12%(t — ) < 22%(¢)(0.1 + g(t)).

The sign of § D4V (¢,z(t)) is changeable (the graph of the function g + 0.1 is given
in Figure 2).

Case 2. Consider the function
V(t,z) = (sin®(t) 4 1)z?

for t > —7 and x € R. Then, condition 2(i) of Theorem 3 is satisfied with tq = 0,
ai(u) = u?, az(u) = 2u, and A = 1, because

sin?(t) +1€[1,2], Vt>0.

Case 2.1: Caputo fractional derivative. Let x be a solution of IVP for FrDDE (37).
Then, we obtain

SDY4V (t, z(t)) 1 —2 / : (sinQ(s) +1)a(s)a’(s) + sin(2$)x2(s))ds.

0

The fractional derivative of this function V is difficult to obtain so it is difficult to

discuss its sign.
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Figure 2: Graph of the function g + 0.1.

Case 2.2: Dini fractional derivative. Let v € C([—m,0],R) be a function and
t > 0 be a point such that

V(t,1(0)) = (sin®(t) + 1)1*(0) > (sin®(t + s) + 1)¥2(s), s € [-,0).
Therefore,
(sin®(t) + 1) (=) = (sin®(t — ) + 1)yp? (=) < (sin®(t) + 1)1*(0).

Note that, in this case, ¥,(s,ypo)—t = (—m). Then, according to Example 2 and Eq.
(11), we obtain

0 D5V (t,9(0), (=)

= 20(0)(sin?(t) + 1)f (£, $(0), ¥(—)) + ((0))? {1 D% ((sin () + 1))

= 20(0)(sin?(t) + 1) (g(1)(0) + 0.10(—m) ) + (¥(0))* D% (sin?(t) + 1)

= 42(0) (Q(Sin2 () + 1)g(t) + gfLDOA(st(t) n 1))

+0.2¢0(0) (sin®(t) + 1)ap(—)
< —0.2¢0%(0)(sin?(¢) + 1) 4 0.1(sin’(t) 4+ 1)(¥%(0) + ¥*(—7)) = 0.

Therefore, the conditions of Theorem 4 are satisfied, with g(¢t,u) = 0, and ac-
cording to Corollary 2, the zero solution of (37) is practically stable w.r.t. (1,+/11)
because a; *(u) = /u and o (az(1)) = V2.
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Figure 3: Graph of the the absolute values of the solutions x1, x2, x3.

Case 2.3: Caputo fractional Dini derivative . According to Remark 11 and Case

2.2, the inequality

0.1¢%(0) <0

BD0 V(8 9(0), (=1 0,0(0)) = oDV (4, 9(0) (=) = s <

holds. Therefore, the conditions of Theorem 3 are satisfied, with g(¢,u) = 0, and
according to Corollary 2, the zero solution of (37) is practically stable w.r.t. (1,v/2).

The graphs of the absolute values of the solutions 1, z2, x5 of the IVP for FrDDE
(37), with initial functions ¢1(s) = sin(s), ¢2(s) = 0.5—-0.5cos(s) and ¢3(s) = 0.527,
for s € [—m,0], are given in Figure 3.

Example 5. (Time variable delay). Consider the IVP for the scalar linear FrDDE

EDYx(t) = g(t)x(t) + 0.12(t — sin?(t) + 1 — ) for t > 0,

39
x(s) = ¢(s) for s € [—,0], (39)
where
RLDO.4 m(t) ﬂ_
9() = _0'50m—(t()) = 0.1, m(t) = Oﬁ; . t>0,

and p(t,u) =t —sin®(t)+1 — 7. Note that t — 7 < p(t,u) < t, for t > 0, i.e., condition
(A2) is satisfied. Consider the function V (t,z) = m(t)z?, for t > —m, x € R. Then,
condition 2(i) of Theorem 3 is satisfied, with ¢y = 0, a;(u) = 0.5u?, az(u) = 0.9u,

and A = 1, because
0.1t+m

——— €[0.5,0.9], Vt>0.
t+ 27
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Let 1 € C([—m,0],R) be a function and ¢ > 0 be a point such that

V(t,%(0)) = m(t)y*(0) = m(t + s)v*(s) = V(¢ +5,4(s)), s € [-,0)

Then, since & = —sin?(t) + 1 — 7 € [—,0], we have

m(t)p2(0) > m(t + )% (€) = m(t — sin®(t) + 1 — 7)Y (—sin®(t) + 1 — )

739

> m(t)p*(—sin®(t) + 1 — 7).

Note that, in this case, ¥, p0)—t = V¥(— sin?(t) + 1 — 7). According to Example 2

and Eq. (11), we obtain

0DV (.1(0), %)
= 20(0)m(t) (1, 0(0), Vpta.p0y-0) + ($(0))? FED (1))

= 20(0)m(t) (9(t)(0) + 0.10(— sin?(t) + 1 = m)) + ((0))* F+D* (m(1))

= v2(0)(2m()g(t) + F*Dm(1)) + 0.20(0)m(t)(~ sin’(t) + 1~ 7)
< —0.2¢%(0)ym(t) + 0.1m(t) (¥2(0) + ¢*(—sin®(t) + 1 — 7)) =0,

and

0.5¢%(0)

6D 06y V (t,1(0),1;0,0(0)) = 0D{s5,V (¢, (0), ) <0

~04T(0.6) ©

Therefore, the conditions of Theorem 3/ Theorem 4 are satisfied with g(¢,u) = 0,

and according to Corollary 2, the zero solution of (39) is practically stable w.r.t.

(A a1 (a2(1))) = (1,V1.3).

The graphs of the absolute values of the solutions 1, z2, z3 of the IVP for FDDE
(39), with initial functions ¢1(s) = sin(s), #2(s) = cos(s), and ¢3(s) = 0.5-25, for

s € [—m,0], are given in Figure 4.

Example 6. (State dependent delay). Consider the IVP for the scalar linear FrDDE

with state dependent delay

S DY (t) = g(t)a(t) + 0.12(t — sin®(x(t — 7)) + 1 —7) for t > 0,
x(s) = ¢(s) for s € [—m,0],

where f(t,z,u) = g(t)x + 0.1u,

t+1  pp040lt+11

= 05—
9(t) = =055 77 0 P

0.1, t>0,

(40)

z¢(s) = z(t — ), and p(t,u) = t —sin®*(u) + 1 — 7 € [t — 7,1, for t > 0, i.e., the

condition (A2) is satisfied.
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Figure 4: Graph of the the absolute values of the solutions x1, x2, x3.

Consider the Lyapunov function
At 411
V(t,xz) = sz.
t+1
Then, condition 2(i) of Theorem 3 is satisfied, with ¢y = 0, a1 (u) = 0.1u?, az(u) =
1.1u, and A = 1, because 22HELL (0.1, 1.1].

T+1
Let ¢ € C([—m,0],R) be such that, for any ¢ > 0, the inequality

V(e w(0) = 2y 0) > SHEEI 2 ) vie g y(s))

holds, for s € [—m,0). Similar to Example 2 and Eq. (11), applying p(t,v0) — t €
[—, 0] and

0.1(t+s)+1.1 - 0.1t + 1.1

t+s+1 — t+1 » s €[-n0],
we obtain
0.1t+1.1
oD?4%)V(t,¢(0),¢) = 21(0) T (g(tw(o) +0-1¢p(t,¢0>7t)
0.1t +1.1 0.1t+1.1
=2¢?(0) —————g(t) +0.2 - _
¥=(0) o g(t) +0.2¢(0) o Vp(t,p0)—t
0.1t+ 1.1
() FrpP
t+1 (41)
0.1t + 1.1 o, 0.1t 4 1.1
= 0-2H_71¢(0) Vp(tapo)—t — 0-2¢7(0) 1
0.1t +1.1 , 0.1t +1.1 , o 11t 40.01
<0l—— J— — 0.2 _
0.1(t+s)+1.1 1
<0.1 2 iy i S A Mt —0.2¢° <0.
=0 t+0.1w (0)+0 t+s+1 Vptt,)—1 ~ 0-27(0) t+0.1 =0
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Therefore, conditions of Theorem 4 are satisfied and, according to Corollary 2, the
zero solution of (39) is practically stable w.r.t. (1,+/11).

Remark 17. The above examples illustrate the importance of practically applicable
sufficient conditions to study stability properties of Caputo fractional derivatives with
delays, especially in the case of state dependent delays.
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