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Abstract

Studying the behavior of a dynamical system and the dependency of its solution on the
initial state or initial condition began in the late 1880s. Describing the dynamics of
dynamical systems as a function of time on the state space can generate a differential
equation. Thus, the theory of dynamical systems may be said to be a special and important
topic in the theory of differential equations. It falls under the qualitative theory which is
mainly concerned with properties which are not quantified. The study of qualitative theory
leads to a better understanding of the dynamical systems.

This thesis mainly focuses on the stability analysis of dynamical and control systems.
We basically deal with two types of stability treatment: (i) the Ulam-Hyers stability
of the solution of an impulsive fractional-order integro-differential equation involving
Caputo fractional-order derivatives, and also the Ulam-Hyers stability of finite difference
equations corresponding to first- and second-order differential equations, (i7) the Lyapunov
stability for a class of fractional-order differential equations involving a non-singular
kernel fractional-order derivative called Caputo-Fabrizio derivative and discuss the various
concepts such as the existence of a periodic solution, stabilization, and asymptotic stability
of Caputo-Fabrizio fractional-order semilinear evolution equations.

In the beginning of this study, we establish the existence of Ulam-Hyers and gen-
eralized Ulam-Hyers-Rassias stability results of the mild solutions of Caputo fractional
non-instantaneous impulsive integro-differential equations in the form of two separate
problems. The main results are established by using Banach fixed point theorem under
appropriate assumptions. For the second problem, we use our results to estimate the bound
for the difference between the fractional-order and the integer-order non-instantaneous
impulsive RLC circuit current and show that the bound mainly depends on the bandwidth
of the RLC circuit.

In the next part of this thesis, we consider the qualitative analysis as introduced by
Lyapunov for different classes of fractional-order differential equations involving Caputo-
Fabrizio fractional-order derivatives containing a non-singular kernel. First, we revisit the
Lyapunov stability of an equilibrium point of an autonomous Caputo-Fabrizio fractional-
order system and show that all isolated equilibrium points of an autonomous system
are asymptotically stable, and we find that only constant solutions exist for autonomous

systems. Further, we study the Lyapunov stability for the intermediate value Caputo-

TH-3276_186123104



vi Abstract

Fabrizio linear and nonlinear autonomous systems and derive the condition required for
the equilibrium point for such systems to be asymptotically stable. A suitable example
is presented at the end to illustrate the result of the existence of such a stability. In
another problem, the existence of a periodic solution of the Caputo-Fabrizio fractional-
order system is considered. Under a similar assumption as the one for an integer-order
differential system, and by using the properties of the Caputo-Fabrizio derivative, the
existence of a periodic solution of a non-autonomous Caputo-Fabrizio fractional-order
differential system is established. As an application, we derive a periodic solution of a
fractional-order Gunn diode oscillator under a periodic input voltage, and observe that
the diameter of the periodic orbit keeps reducing as the fractional-order continuously
increases. Further, by constructing a suitable linear feedback control, the solution of a
linear non-homogeneous fractional-order system is stabilized to a periodic solution, and an
example is presented to support the obtained result.

In another problem, we discuss the asymptotic stability of fractional-order linear
and semilinear evolution equations involving a Caputo-Fabrizio fractional derivative for
fractional-order @ € (0, 1), and introduce a new concept of a global solution for the
Caputo-Fabrizio system. Laplace transform and Gronwall inequality are used to derive the
local and global asymptotic stability conditions. By constructing a suitable linear feedback
control and using our main results, we stabilize the Caputo-Fabrizio fractional-order linear
and semilinear evolution equations. In the end, by using the stabilization result, we stabilize
a fractional-order chaotic system to support the obtained results.

The last problem of the thesis is considered in a different direction. By using the
Ulam-Hyers stability results for the linear recurrence relation, we establish the Ulam-Hyers
stability of a second-order convergent finite difference equation corresponding to the first-
and second-order non-homogeneous linear differential equations with constant coefficients.
Further, as per the location of the roots of the characteristic polynomial of the equivalent
recurrence relation, the minimum Ulam-Hyers constant is determined, and a suitable

example is presented to support the obtained result.
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CHAPTER

Introduction

1.1 Background

Almost all physical phenomena in nature are governed by mathematical laws that can be
formulated by differential equations. Newton (1642-1727) was the first one to realize
this fact to formulate the laws of mechanics and describe the motion of the planets. The
study of differential equations is of the highest interest since differential equations arise
in nearly all disciplines of science, medicine, engineering, economics, demography, and
biocenology. A differential equation is an equation containing the derivatives of one or
more dependent variables with respect to one or more independent variables. If there is only

one independent variable in the equation, then we call it an ordinary differential equation.
2

u
: . . . dt’ di> " .
notation) which we call integer-order derivatives of a dependent variable « with respect

Here, the derivatives are represented by the terms like (according to Leibniz

to an independent variable ¢. In this thesis, we use the generalization of the derivative
«

terms by qe where o € R, which we call as fractional derivatives. This means
that, if o € N, then the corresponding differential equation involving such derivatives is
called an integer-order differential equation, and for o« € R™ \ N, we call it a fractional-
order differential equation. In this thesis, we consider both types of derivatives under
consideration for various classes of differential equations. The branch of mathematics
that deals with the fractional-order derivatives and integrations of functions and studies

the relationship between them is called fractional calculus. The original query that led to

the name fractional calculus is: Can the meaning of a derivative ﬁ of integer order be
extended to have some meaning when n is a fraction? Later, the question became: Can n be
any number - fractional, irrational, or complex? Because the latter question was answered
affirmatively, the name fractional calculus has become a misnomer and might better be

called integration and differentiation to an arbitrary order. Fractional calculus is as old as



2 Introduction

classical calculus, i.e., around the time (17th century) when Newton and Leibnitz developed
conventional differential and integral calculus. A list of mathematicians, who have provided
important contributions up to the middle of the 20th century includes P. S. Laplace (1812),
J. B. J. Fourier (1822), N. H. Abel (1823-1826), J. Liouville (1832-1873), B. Riemann
(1847), H. Holmgren (1865-67), A. K. Griinwald (1867-1872), A. V. Letnikov (1868—
1872), H. Laurent (1884), P. A. Nekrassov (1888), A. Krug (1890), J. Hadamard (1892),
O. Heaviside (1892-1912), S. Pincherle (1902), G. H. Hardy and J. E. Littlewood (1917—-
1928), H. Weyl (1917), P. Lévy (1923), A. Marchaud (1927), H. T. Davis (1924-1936),
A. Zygmund (1935-1945), E. R. Love (1938-1996), A. Erdélyi (1939-1965), H. Kober
(1940), D. V. Widder (1941), M. Riesz (1949), etc. However, the first use of fractional
operations was made by Niels Henrik Abel in 1823. Abel applied fractional calculus to
solve an integral equation that arose in formulating the tautochrone problem. Fractional
calculus may be considered an old yet novel topic. The recognition of the first monograph
is credited to K.B. Oldham and J. Spanier [100] who, after a joint collaboration that started
in 1968, published a book devoted to fractional calculus in 1974. In this context, the
encyclopedic treatises by Kilbas et al. [70] and Podlubny [112] are considered the most
prominent ones. A reasonable number of comprehensive books on fractional calculus and
fractional differential equations have come up since then.

With the progress of fractional calculus, many different versions of the definitions
of fractional derivatives have been proposed by mathematicians, researchers, scientists,
and others. However, the definitions proposed by Riemann-Liouville, Gronwall-Letnikov,
and Caputo are the most popular ones in the history of fractional calculus. Of late, Hilfer
fractional derivative and -Hilfer derivative have also received immense attention from
the researchers. The various definitions of fractional-order derivative and its properties
can be found in several books and papers, e.g., [112, 89, 25, 9, 146, 145, 148]. The
main advantage of fractional calculus over classical calculus lies in the fact that fractional
derivatives provide an excellent tool for the description of memory and hereditary properties
of various materials and processes, and make the fractional-order models more realistic
than the integer-order models, for instance, waves [42, 55], visco-elasticity [87, 112],
control theory [90, 71, 88], chaos theory [110, 51], electrical circuits [7, 8, 118], biology
[31, 127, 41]. It is worth mentioning that an integer-order differential operator is a local
operator because, in order to calculate integer-order derivatives of a function, it is required
to know its properties in an infinitesimal neighborhood of the considered point, whereas
a fractional differential operator is a non-local one which means that the next state of a
system depends not only on its current state but also upon all its past states, which makes

the geometry and analytical solution more complicated.
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1.2 Fractional-order Operators with Singular and Non-singular Kernels 3

1.2 Fractional-order Operators with Singular and

Non-singular Kernels

In the history of fractional calculus so far, depending upon the requirement for model-
ing real-world problems and taking into account some mathematical difficulty, various
fractional-order differential or integral operators have been introduced, and these op-
erators are defined by using a kernel. So far, two types of fractional-order operators
have been defined involving singular and non-singular kernels. The most fundamen-

tal fractional-order operators are the Caputo and Riemann-Liouville operators with sin-
(t—9)
I'l —a)
defined a new fractional-order differential operator comprising the non-singular kernel
alt —¢
kt.)) = exp (— =9

tive. Atangana and Baleanu [13] generalized the definition of Caputo-Fabrizio derivative by

(t=¢)—«
11—«

gular kernel k(t,¢) = , 0 < a < 1. Recently, Caputo and Fabrizio [25]

), 0 < a < 1, which is now termed a Caputo-Fabrizio deriva-

replacing the exponential kernel with a Mittag-Leffler kernel k(t,¢) = Ea< -«
Some other researchers also introduced new definitions of the fractional derivatives with
non-singular kernels [9, 148, 146, 145]. Such a non-singular kernel fractional-order opera-
tor treats certain phenomena related to material heterogeneities that cannot be appropriately
modeled by Caputo or Riemann-Liouville fractional-order operator. Thus, from above,
we observe that every possible fractional-order operator can be defined with a singular
or non-singular kernel. In this direction, fractional differential operators involving non-
singular kernels provide some relaxation in solving a fractional differential equation with a
non-singular kernel numerically and analytically. On the other hand, using non-singular
kernel fractional derivative in modeling a problem has several drawbacks. Diethelm [36]
observed that the fractional differential operator with a non-singular kernel failed to satisfy
the fundamental theorem of fractional calculus. Furthermore, Zhang [151] pointed out that
the value of the derivative at the initial time was always zero, which put restrictions on

choosing the initial data for a fractional differential equation.

1.3 Impulsive Differential Equations

Many evolution processes in applied sciences are represented by differential equations.
Many real-world problems can be modeled with the help of differential equations. However,
there are some problems that need different types of handling, such as mechanical systems
with impact, population dynamics, industrial robotics, natural disasters, the intravenous
introduction of drugs in blood stream, and so on, in each of which there is an abrupt
change in the state. These phenomena involve short-term perturbations from continuous
and smooth dynamics, whose duration is negligible in comparison with the duration of the
entire process. Such a problem should be modeled through a different class of equations,

which we call an impulsive differential equation. The study of the theory of impulsive
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4 Introduction

differential equations has assumed importance for long, but its development reached a
high point only in the 1980s, and further development has been going on even now. The
advancement in research on such problems allows some real-world phenomena to be
modeled more accurately in terms of impulsive differential equations. As such, they have
found a significant place in modeling physical problems in several areas of science and
engineering [12, 48, 94, 130, 152, 153, 39, 30, 61, 19]. In most of the works, the use of
two familiar impulses is found: instantaneous impulses and non-instantaneous impulses. In
the case of instantaneous impulses, the time interval of the changes is relatively shorter in
comparison to the total duration of the whole process, while in the non-instantaneous case,
an impulsive action starts at an arbitrary fixed point and remains active for a finite time
interval. The following may serve as an impetus to study such systems involving impulsive
differential equations. Consider the simplified situation with respect to the hemodynamical
equilibrium of a human being. In the event of the occurrence of a de-compensation, e.g.,
high or low levels of glucose, some intravenous drugs (insulin) may be prescribed. It is
obvious that the introduction of drugs in the bloodstream and the consequent absorption
by the body are gradual and continuous processes. In this context, the situation can be
interpreted as an impulsive action that starts abruptly and stays active for a finite time
interval. It can be clearly observed that this situation can be modeled with the help of a

non-instantaneous impulsive differential equation.

1.4 Application of Fractional Calculus

Although fractional calculus is as old as classical calculus, it has not been considered a
fully-developed subject from the mathematical and application point of view compared
to integer-order calculus. This is probably due to its high complexity and the lack of an
acceptable physical and geometrical interpretation. During the early stage of the history of
fractional calculus, the subject progressed slowly and focused mainly on the development
of its mathematical theory in an abstract sense. Thus, at that time, the subject had less
application and was consequently considered less useful in the applied field of science and
engineering.

However, in the last few decades, substantial number of works have been carried
out by scientists, engineers, and researchers on the application of fractional calculus to
various areas of science, engineering, biology, medicine, and interdisciplinary areas. As
the fractional-order derivatives and integrals operators are nonlocal, the fractional-order
models are able to describe the memory and hereditary properties of the state of the system.
This fact is the most significant advantage of the fractional-order models over the integer-
order models, in which such effects are neglected. This was adequtely demonstrated,
for instance, in [96, 44, 24]. A large number of applications can be found in topics like

visco-elasticity, seismology, electromagnetism, control theory, electrical circuits, biology,
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1.5 Some Important Definitions and Results 5

and so forth [8, 7, 118, 112, 31, 55, 14, 52, 50, 99]. In fact, one can find the important
explicit applications of fractional calculus on various fields [125, 92, 91, 112, 132, 60].
1.5 Some Important Definitions and Results

In this section, we present the definitions of singular and non-singular kernel fractional-

order derivatives and integrals, special functions, and some of their properties.
1.5.1 Some functional spaces

(1) LP(J,X) Space: Let J = [a, b] be a finite interval on R and (X, ||.||,, ) be a Banach
space. We denote by L”(J, X), 1 < p < oo, the space of all measurable functions
u : J — X with a norm

[ huts ||pd<), 1<p<oc,
|lu|l e = (1.1)

esssupllu(t)]ly, p=oo.
teJ

With this norm, L”(.J, X) is a Banach space.

(i1) C(J,X) Space: Let C(.J, X') denote the space of all continuous functions u : J —

X with the supremum norm ||.||¢

lulle = sup [lu(®)l]x- (1.2)
teJ

(1ii) AC(J,C) Space: Let AC(J, C) denote the space of all absolutely continuous func-
tions u : J — C. Here, the space AC(J, C) coincides with the space of primitives

of Lebesgue summable functions, i.e.,

u(t) € AC(J,C) < u(?) —c+/ o) ds, Vt € J, (1.3)

o

where c is some constant and v is a Lebesgue summable function, i.e., / v(s)ds <
a
oo. Thus, if a function u € AC(J, C), then it has a summable derivative v’'(¢) almost

everywhere.

Let us denote by AC™(J,C), where n = 1,2, ..., the space of those

functions « which have continuous derivatives up to order (n — 1) on J with
u™ Y € AC(J,C).

Lemma 1.5.1. (Gronwall’s Inequality) Suppose that u(t) and v(t) are continuous real-
valued functions defined on 0 < t < T with u(t) > 0. Assume that v and v satisfy

t
u(t) < ki + ks [ u(c)u(s) ds (1.4)
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on 0 <t < T, where ki and ky are constants with ky > 0. Then,

u(t) < kyexp <k2 /Ot v(s) dg) (1.5)
on<t<T.

Lemma 1.5.2. [109] Let A be an n x n scalar matrix. Then, the following statements

are equivalent:
(1) Forall xt; € R", Jim exp(At)x, = 0, and for 1 # 0, Jim || exp(At)xy|| = oc.
(11) All eigenvalues of A have negative real parts.
(i) There are positive constants a, c, m and m; such that, for all x; € R,
| exp(At)x:|| < mexp(—ct)||z1], V>0, (1.6)
and
| exp(At)a1|| > mq exp(—at)|lz1||, V<0,
where ||.|| denotes any vector norm or induced matrix norm.

1.5.2 Gamma function

One of the basic functions of fractional calculus is Euler’s Gamma function I'(z),
which allows z to take non-integer and even complex values. The Gamma function I'(z) is
defined by the integral

['(z) = /OOO exp(—¢)¢* " de (1.7)

which converges in the right half of the complex plane Re(z) > 0. The Gamma function

I['(z) satisfies the following relations:

[(z+1) =zI'(2), Re(z) > 0, (1.8)
T(z+1)=zl, z€N. (1.9)

1.5.3 Mittag-Leffler function

The Mittag-Leffler functions have important roles in the theory of fractional calculus,
which are also generalizations of exponential functions. The one-parameter («) Mittag-

Leffler function is given by

00 Zk
EQ(Z) = k;om, A (C, Re(Oé) > 0. (110)

TH-3276_186123104



1.5 Some Important Definitions and Results 7

The two-parameter («, ) Mittag-Leffler function is given by

00 zk
EQHB(Z) = kz:;)m, A (C, Re(Oz) > O7 Re(ﬁ) > 0. (111)

1.5.4 Riemann-Liouville fractional integrals

Now, we define the most popular fractional-order integral of order o > 0 defined by
Riemann and Liouville. This fractional-order integral is the generalization of the Cauchy

formula for an n-fold integral where n € N.

Definition 1.5.1. [35] The Riemann-Liouville fractional integral , I, of order o > 0 of
the function u € L'([a, ], R) is defined as
1

oLiu(t) = (@) /at(t — o) u(s)ds, t> a. (1.12)

1.5.5 Riemann-Liouville fractional-order derivatives

Here, we define the fractional-order derivative of order a > 0 defined by Riemann
and Liouville. This definition is motivated by the repeated integer-order differentiation

operations in classical calculus.

Definition 1.5.2. [35] The Riemann-Liouville fractional-order derivative ,D;* of order o
with a singular kernel of the function u € AC™([a, b], R), where n = |« + 1, is defined

as
1 ar ot
N t— n—a—1 d _1 <
['(n— a)dt" /a (t=<) u(s)ds, n < a<n,
PRl (1.13)
ddlz’gt)’ a=n

Modeling real-world problems arising in various areas of science and engineer-
ing with a differential equation involving Riemann-Liouville fractional-order derivative
requires an initial condition as limiting values of a certain Riemann-Liouville fractional-
order derivative at the lower limit £ = a, which makes the initial condition physically very
difficult to interpret, and finding such initial conditions is practically a difficult task. So,
from the application point of view, the Riemann-Liouville fractional-order derivative is not

found suitable for the formulation of real-world problems.
1.5.6 Caputo fractional-order derivatives

In order to overcome the issue of an initial condition for a fractional-order differential

equation, Caputo introduced a modified version of Riemann-Liouville fractional-order
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derivative such that a system containing Caputo fractional-order derivative conveys a clear

physical meaning of initial conditions such as u(a), u’(a) and so on.

Definition 1.5.3. [112] The Caputo fractional-order derivative SD? of order a with a
singular kernel of the function u € AC"([a,b],R), where n = |a] + 1, is defined as

1 't
F(n—a)/a t—o)" * u()ds, n—1<a<n,
CDfu(t) = (119
d™u(t
o), a=n
d"u(t)
here u\™ (t) =
where u\™ (t) o

1.5.7 Properties of singular kernel fractional-order derivatives and integrals

Here, we present some important properties of the singular kernel fractional-order

derivatives in Riemann-Liouville and Caputo sense.

Lemma 1.5.3. [35] The Riemann-Liouville fractional integral satisfies the commutative

property over the order of integral, i.e., for « > 0,8 > 0 and u € L*([a, b], R), we have
T TP ut) = TP oTu(t) = I Pu(t). (1.15)

Lemma 1.5.4. [112] Let o > 0 and n = | o] + 1. Assume that the function u : [a,b] — R
is such that u € AC™([a, b],R). Then

RLICY <RLDO[ t ) — t . — B RLDa—k—l t r 1.16

a *t\a tu< ) U( ) kZ::O F(TL _ k‘) a t U( ) |t—a+) ( )
n—1 _ k

mz (SDpult)) = ult) = ! k,a) u(a), (1.17)
k=0 '

d*u(t)
k) () —
where u®) (a) = ik li=a -

Lemma 1.5.5. [35] Suppose a > 0,n — 1 < a < n (n € N). Then Laplace transforms

of the Riemann-Liouville and Caputo fractional derivatives are, respectively, given by
n—1

z{ORLDgu(t)}(s) = U(s) — 3 s* {%g—k—lu(t)] , (1.18)

t=0

z{gpgu(t)}(s) = U (s) — 3 s 1B (0), (1.19)

where U(s) = f{u(t)}(s)
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Relation between the Riemann-Liouville and Caputo fractional derivative

There are some differences between Riemann-Liouville and Caputo fractional deriva-

tives, such as

(7) the Riemann-Liouville derivative of a constant function is non-zero, but the Caputo

derivative of a constant function is zero,

(77) one advantage of Caputo fractional derivative over Riemann-Liouville derivative
is the fact that a system containing the Caputo operator includes the clear physical

meaning of initial conditions such as u(a), u'(a), and so on, at the initial time ¢ = a.

Corollary 1.5.1. [112] Suppose o > 0 and u € C"([a, b], R) where, n = || + 1. Then,
the following relation between the Riemann-Liouville and Caputo fractional derivatives

holds:

Oy RLma S t-a)f

Cpou(t) = By (u(t) I (a)). (1.20)
From the above relation (1.20), we notice that, if the function u(t) be such that u™® (a) = 0,
fork =0,1,...,n — 1, then, the Riemann-Liouville and Caputo fractional derivatives

coincide, i.e., S Du(t) = FEDXu(t).
1.5.8 Non-singular kernel fractional-order derivatives and their properties

Caputo-Fabrizio derivative through a non-singular kernel is already discussed in Sec-
tion 1.2. In this thesis, we mainly focus on systems involving Caputo-Fabrizio derivatives

and integrals.

Definition 1.5.4. [25] The Caputo-Fabrizio fractional derivative of order ov, 0 < v < 1,
at — <)) :
— ) is

for a function u € H'(a,b), a < b, with a non-singular kernel exp ( -3
-«

denoted by YD and is defined by

t t — g)
Mla) [0/ (¢) ex <—Oé(>d§ 0<a<l
CFDru(t) = 17 Ja s l—a )7 ’ (1.21)
u'(t), a=1,
du(t)

where M («) is a normalization function with M (0) =1 = M(1) and v/(t) =

dt

Such type of non-singular kernel fractional-order operator treats certain phenomena
related to material heterogeneities that cannot be appropriately modeled by Caputo or
Riemann-Liouville fractional-order operator [25, 13]. Moreover, later in Chapter 4, it is
shown that translation of the lower terminal point to some intermediate point is possible for
the system involving Caputo-Fabrizio derivative which is not possible for other fractional-

order derivatives such as Caputo or Riemann-Liouville. Furthermore, we know that

TH-3276_186123104



10 Introduction

Caputo or Riemann-Liouville fractional-order systems do not possess non-constant periodic
solution; but if we change the fractional-order derivative of the systems by a Caputo-
Fabrizio one, the picture is entirely different. Later, in Chapter 5, it is shown that, under
suitable assumptions, a Caputo-Fabrizio fractional-order system possesses a non-constant

periodic solution.
Definition 1.5.5. [84] The Caputo-Fabrizio fractional integral of order o, 0 < o < 1, for
a function u € L'[a, ] is denoted by ¥ I and is defined by

COFTou(t) = (jlw_(aa))u(t) - M?a) / tu(g) ds, t>a. (1.22)

Lemma 1.5.6. [123] Let u € AC[a,b] and 0 < o < 1. Then,
Or o (SFDgu@)) — u(t) — u(a). (1.23)

The fundamental theorem of fractional calculus does not hold good in the case of the
Caputo-Fabrizio derivative, i.e., $¥D2 (SF If‘u(t)) # u(t). This will be true if u(a) = 0.
For example, let us consider a fractional initial value problem as follows:

“Fpey(t) =1, 0<a<l, (1.24)
u(a) = uq, vg €R. (1.25)

Now, invoking $¥Z¢ to both sides of this system (i.e., carrying out Caputo-Fabrizio

integration), we get

u(t) = uq + (]1\/[_(63) + Maa) /at 1.ds

(1—-a) «
+ M) M a)(t_&)'

(1.26)

But, if we compute the Caputo-Fabrizio derivative D¢ of the above function, we get

a(t —a)

gFDf‘u(t)zl—exp<— 1 >7£1, Vi>a. (1.27)
—

In fact, by using Laplace transform, it can be established that this problem does not have
a solution. From this simple example, we notice that even a simple system that includes
a Caputo-Fabrizio derivative may not have a solution, which is a major drawback of the

Caputo-Fabrizio derivative that comes to immediate notice.
Lemma 1.5.7. [36] Consider o, 0 < a < 1, and v € AC|a,b|. Then,

Crpo (QCFva(t)> = v(t) — v(a) exp ( — M), t>a. (1.28)

l—«
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1.6 Dynamical Systems 11

It is noticed that the fundamental theorem holds in the case of a Caputo-Fabrizio operator

ifv(a) =0.

Lemma 1.5.8. [25] Consider o, 0 < o < 1. Then the Laplace transform of the Caputo-

Fabrizio derivative can be written as

M(a)
(3 +a(l —s)

2| (b)) (9) = ] (s2lu®s) —u), 129

where £ [u(t)|(s) is the Laplace transform of the function u(t).

1.5.9 Fixed point theorems

Another important constituent in the area of fractional differential equations is the
fixed point theorems, without which it is very difficult (actually almost impossible) to study
the existence and uniqueness of nonlinear differential equations. Fixed point theorems are
nowadays the most widely used tool in the area of fractional differential equations. The
most frequently used fixed point theorems are Banach fixed point theorem, the nonlinear
alternative of Leray-Schauder type, Krasnoselskii’s fixed point theorem, Schaefer’s fixed
point theorem, Schauder’s fixed point theorem, Burton-Kirk fixed point theorem, etc.
Below, we state those fixed point theorems which are essential for obtaining the results in

our works.

Theorem 1.5.1. [21] (Banach Fixed Point Theorem) Let (M, dy;) be a complete metric
space. Let T : M — M be a contraction map with the Lipschitz constant L < 1. If there
exists a non-negative integer k such that dy (Y** 'y, T*y) < +o0 for some y € M, then
(1) the sequence {T"y} converges to a fixed point x* of T,

(11) x* is the unique fixed point of Y in M* = {z € M | dy(Thy, 2) < oo},

(i11) if z € M*, then dy(z,2%) < 27du (T2, 2).

Theorem 1.5.2. [2]1] (Krasnoselskii’s Fixed Point Theorem) Let N(# ()) be a closed,
convex subset of a Banach space M, and {1, Vo : M — M be two operators satisfying
(1)Tyu + Tov € N, whenever u,v € N,

(13) Yy is continuous and compact,

(141) Y5 is a contraction operator.

Then, there exists w* € N such that w* = Tiw* + Yow™*.

1.6 Dynamical Systems

A system consists of interrelated components through a particular set of variables called the
states of the system, and at any given time, these states completely determine the behavior
of the system. A dynamical system is a system whose state changes with time. To describe

the dynamics of the dynamical system as a function of time on the state space can generate
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a differential equation. The dynamical system theory is used to study various systems in
science and engineering, for instance, biological systems, ecological systems, economic
systems, control systems, etc. Given an initial state, obtaining the rule or dynamics
that defines the state of physical systems is the main problem of interest in science and
engineering. The study of differential equations in dynamical and control systems is mainly
divided into two parts: quantitative theory and qualitative theory. The quantitative theory
deals with finding the explicit analytic closed-form solutions of differential equations, and
once we obtain this solution, we will have complete information about the state of the
dynamical system. But, finding explicit analytic solutions is itself a challenging task, and
sometimes, it is not possible at all to find them. Thus, quantitative theory does not help
much to study the behavior of dynamical systems. On the other hand, the qualitative theory
deals with the study of dynamical systems and the behavior of its states without obtaining
its explicit analytical solution. Thus, to study dynamical systems and to design control
in numerous complex engineering problems, the qualitative theory is found much more
effective than the quantitative theory. The qualitative theory is mainly concerned with
the topological property and stability of the solution of the dynamical systems. In this
thesis, we mainly focus on the stability analysis of dynamical and control systems. In the
literature, depending upon the requirement to handle the mathematical difficulty and from
an application point of view to analyze the behavior of some of the physical quantities
connected to the dynamical systems, various stability concepts have been introduced. The
qualitative theory of dynamical systems deals with various topics along with their physical
existence, such as stability, unbounded orbit, asymptotic stability, periodic orbit, limit

cycle, and chaos.
1.6.1 Ulam-Hyers stability

In almost all areas of mathematical analysis, we can raise the following fundamental
question: When is it true that a mathematical object satisfying a certain property approxi-
mately must be close to an object satisfying the property exactly? If we turn our attention
to the case of functional equations, we can particularly ask the question: when must the
solution of an equation differing slightly from a given one be close to the solution of
the given equation? The stability problem of functional equations originates from such a
fundamental question. In 1940, Ulam [139] introduced a problem regarding the stability
of functional equations. He presented conditions so that a linear function exists near an
approximately linear function. In the following year, Hyers [56] provided a response to
Ulam’s problem for additive functions on Banach spaces as follows:

For real Banach spaces (X, || . ||x) and (Y,]|| . ||y), € > 0 and for every function
g : X — Y which satisfies

[l g9(u+v) = g(u) = g(v) |ly< e (1.30)
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1.6 Dynamical Systems 13

for all u,v € X, there exists a unique additive function B : X — Y satisfying
| g(u) — B(u) |ly<e, YueX. (1.31)

Such a type of stability concept is known as Ulam-Hyers stability. After the result of Hyers,
many mathematicians have extended Ulam-Hyers stability results to other functional
equations such as for integer-order differential equations [62, 63, 80, 103], fractional-order
differential equations [142] and linear difference equations [114, 113, 115, 15, 16]. For
instance, Alsina and Ger [10] considered Ulam-Hyers stability of the linear differential

equation on an open interval / given by
z'(t) —z(t) =0, Vt € L.

They proved that, given an arbitrary number € > 0 and a differentiable function ¢ : I — R
satisfying

there exists a solution x : I — R of 2/(t) — x(t) = 0 such that
|p(t) — x(t)] < 3e,Vt € I.

1.6.2 Lyapunov stability

In the late 1880s, researchers began studying the behavior of a dynamical system and
the dependency of its solutions on the initial state or initial condition. It is well known
that, except for a few special cases, obtaining the explicit analytical solutions of nonlinear
dynamical systems is not possible. French mathematician Henri-Poincaré (1854—1912)
handled the above problem through a qualitative approach with the help of a combination
of analysis and geometry. Even though Poincaré was the first one to analyze the qualitative
properties of the solution of the dynamical systems, [saac Newton (1642—-1727) was the
first to use mathematical dynamical system theory to model the motion of physical systems
with differential equations. So, in the earlier days, a dynamical system was considered
a part of mathematical physics. However, the qualitative theory approach introduced by
Poincaré was restricted to mathematicians only because the theory needed a rigorous
analysis and differential geometry concepts. One of the oldest and the most powerful
tools to analyze the theories of dynamical and control systems is the concept of stability
introduced by the Russian mathematician A.M. Lyapunov (1857-1918) in his seminal work
entitled “The General Problem of the Stability of Motion” in the late nineteenth century.
Lyapunov stability is concerned with the investigation of the motion or the behavior of the
states of dynamical systems under small deviations from the state of motion of a system.

As it stands now, Lyapunov theory is a very matured subject for integer-order dynamical
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systems and has a rich mathematical background [67, 129, 140]. Lyapunov stability theory
for integer-order dynamical systems has a huge number of applications in science, biology,
climatology, and engineering problems [67, 140, 108, 105, 65, 27]. For example, due to
the complex nature of the dynamical systems emerging from engineering systems and to
obtain a desired behavior of the system, we require a feedback control. To design and
analyze such a feedback controller that manipulates system inputs to obtain a desired effect
on the system outputs, the concept of Lyapunov stability plays an important role.
However, for fractional-order dynamical systems, depending upon the requirement to
handle the mathematical difficulty and from the application point of view, the scientific
community developed the subject; this may be due to fractional-order derivatives involving
higher degree of complexity and the lack of an acceptable physical and geometric interpre-
tation. But, in the last few decades, a huge quantity of research has been carried out on the
applications of Lyapunov stability for fractional-order dynamical systems to diverse areas

of science, engineering, control theory, and biology [14, 31, 55, 112, 138, 135, 73].

1.7 Fractional-order Intermediate Value Systems

An intermediate value problem in differential equations is a special class of problems
where the information of the initial condition is not known at the initial point; rather, the
information is known at an intermediate point. For integer-order differential equations, the
intermediate value problem can be converted to an initial value problem by shifting the

initial point to the intermediate point. Let us consider the first-order initial value problem
— = f(t,u), VYt > tg (1.32)

with an initial condition

Consider u(t; to, up) to be the solution of the above initial value problem (1.32) — (1.33).

Next, consider the first-order intermediate value problem

du
— = f(t,u), Yt >t (1.34)
dt

with an information given at the intermediate point t; > t,

Choose an initial data v such that the solution of the intermediate value problem (1.34) —

(1.35) satisfies u(t1; to, ug) = uy. Thus, the solution u(t) = wu(t;tg, ug) of the intermediate
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1.7 Fractional-order Intermediate Value Systems 15

value problem (1.34) — (1.35) is given by

t
u(t) = ug +/t f(s,u(s)) ds. (1.36)
0
Now, using the condition u(t;; o, ug) = w; and eliminating uo, we have, from the above
equation,
t1 t
ult) = wr — [ f(ulsito ) ds + [ (s u(sito uo)) ds
0 0
t
=i+ [ f(sulsito, o)) ds, vt = b1 (1.37)
1

For t > t1, the solution u(t) of the above integral equation (1.37) is the solution of the

following initial value problem:

Cg‘; = f(t,u), V¢ > t, (1.38)

Thus, from the above analysis, we observe that the intermediate value problem (1.34) —
(1.35) is converted to the initial value problem (1.38) — (1.39).

Remark 1.7.1. Assume that the differential equation (1.32) has a unique solution for any
given initial value, then from equation (1.37), we have one of the basic properties of an

integer-order dynamical system: u(t;ty, u(ty; to, ug)) = u(t; to, uo) for all t > t;.

Next, we consider the following fractional-order intermediate value problem involv-

ing the Caputo fractional derivative:

“Deu(t) = f(t,u), 0 < a <1, Yt >a, (1.40)
U(t1> =uy, 11 > a. (141)

Here the information u(¢;) is known at the intermediate point ¢ = ¢;, not at the initial point
t = a. This situation often appears in real-world applications where we only know the
current value rather than its past values.

Choose an initial condition uq such that the solution of the fractional-order inter-
mediate value problem (1.40) — (1.41) satisfies u(t;;a,ug) = wu;. Thus, the solution

u(t) = u(t; a,up) of the intermediate value problem (1.40) — (1.41) is given by

1

p(a)/t@ — )" (s ulsia, o)) ds, VE = a. (1.42)

u(t) = Uug +
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Eliminating v, from the above equation by using the condition u(t; a, ug) = u;, we have

u(t) =ug — 1“(104) /atl(tl —)* (s, uls; a,ug)) ds
+ 1“(1a) /:(t — ) (s, u(s; a,u)) ds, Yt > a. (1.43)

Now, we compute wu(t; t1, u;) as

1 /t(t =) ulss t, w)) de. (1.44)

t:t = —_—
u(t;ty, uy) u1+I‘(a) "

The above fractional integral equation (1.44) is equivalent to the following initial value

Caputo fractional-order differential equation:
CDYu(t) = f(tu), 0 <a <1, V>t (1.45)

with an initial condition u(t;) = ;.

Remark 1.7.2. Comparing with Remark 1.7.1 for an integer-order dynamical system, and
from equations (1.43) and (1.44), we observe that one of the basic properties of dynamical

system is lost: u(t; 1, u(ty, a,ug)) # u(t; a, ug) for all t > t;.

Thus, in a fractional-order system, a memory term gets involved, which makes the
intermediate value problem more complicated to analyze since the current dynamics of
the system depends upon all the values of the past states, and the basic properties of the
dynamical system do not hold. Therefore, a special treatment has to be given to analyze the
qualitative behavior of the fractional-order intermediate value system. In this direction, in
this thesis, we present a stability analysis of the fractional-order intermediate value system

involving a non-singular kernel fractional derivative.

1.8 Literature Review

In the literature, depending upon the requirement to handle the mathematical difficulty,
and from an application point of view, various stability concepts, such as Ulam-Hyers and
Ulam-Hyers-Rassias stability, Lyapunov stability, etc., have been introduced to analyze the
behavior of some of the physical state connected to the dynamical systems. For instance,
Jung [62, 63], and Onitsuka [103] established the Ulam-Hyers stability result for the first-
order linear differential equation with a real-valued coefficient. Baias et al. [17] obtained
the minimum Ulam-Hyers constant for the second-order linear differential operator in
terms of the roots of the characteristic polynomial of the differential operator. Li and Shen
[80] proved the Ulam-Hyers stability for a second-order linear differential equation. For
detailed Lyapunov stability analysis for an integer-order differential equation, one can refer
to [67, 140].
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Impulsive differential equations have found a very formidable place for modeling
physical problems in several areas of science and engineering. In most of the works, two
familiar impulses are found: instantaneous and non-instantaneous impulses (for details, one
can refer to [18]). In this context, Herndndez et al. [54] introduced a new concept on a class
of abstract differential equations with non-instantaneous impulses, and they investigated
the existence of mild and classical solutions. Wang et al. [144] initiated the new concept
of piecewise(PC) mild impulsive Cauchy problem for which they defined the notation of
a mild solution and presented some comparison between weak and classical solutions of
the problem under consideration. A substantial number of works have been carried out
on such problems, and the existence and qualitative properties of the solutions have been
examined from various angles. Recently, significant amount of work has been carried out
on the existence and stability in the sense of Ulam-Hyers for the solutions of the class
of non-instantaneous differential equations involving both integer- and fractional-order
derivatives. For a detailed survey on non-instantaneous impulses on Caputo fractional
differential equation, the reader is referred to the monograph by Agarwal et al. [1]. Rus
[122] derived a basic result for Ulam-Hyers stability for ordinary differential equations.
Ding [37] investigated the existence, uniqueness, and Ulam-Hyers stability results for
the Caputo fractional delay impulsive differential equation. For a detailed concept for
stability in the sense of Ulam-Hyers for functional equations, one can refer to the works by
Ulam [139], Rassias [120], Hyers [56] and Jung [64]. Carrying out the stability analysis
for various classes of fractional differential equations with a non-singular differential
operator, Khan et al. [68] established the existence of a solution for a nonlinear fractional
differential equation with a Mittag-Leffler kernel differential operator and the associated
Ulam-Hyers stability. Martinez et al. [45], by using Laplace transform and Lyapunov
functions, analyzed the dynamics and Lyapunov stability of a general class of fractional-
order differential system with a non-singular kernel. With the help of the comparison
theorem, they established some inequalities for the solution of the system.

Wang et al. [142] considered a nonlinear non-instantaneous impulsive problem
involving a Caputo fractional differential equation and studied the Ulam stability for the

following problem in a finite interval J = [0, T

EDu(t) = f(t,u(t)), teJ =J\{ti,ta, ... tm}, (1.46)
Au(ty) = u(ty) —u(ty) = L(u(ty)), k=1,2,...,m, (1.47)
u(0) = wy, (1.48)

where a € (0,1), f : J x R — R is jointly continuous, [, : R — R and t;, k =
1,2,...,m,satisfies 0 = tg < t; <ty < -+ <ty <ty =T, u(ty) = lirgiu(tk +€)
€E—r

and u(t; ) = lim wu(ty + €).
e—0~
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Zhou et al. [143] considered the Caputo fractional linear differential equation with a

periodic boundary condition, i.e., the periodic BVP in the following form:

SDex(t) = f(t,x(t), te (sitia], i =0,1,2,...,N, (1.49)
x(t) = gi(t,z(t)), te (tiysi], 1=1,2,...,N, (1.50)
z(0) = z(a). (1.51)

Lin et al. [82] proved the existence and generalized Ulam-Hyers-Rassias stability

result for a new class of non-instantaneous impulsive integro-differential equations as

follows:
t
2 (1) :f(t,m(t),/o K(s,a(s))ds), t€ (sitin), i=0,1,2...,m, (152
2(t) = gi(t, o(2), Otl(s,x(s))ds), te(tus], i=123. .m (153
z(0) = . (1.54)

They used the Banach fixed point theorem and assumed suitable conditions on the functions.

When a particular problem is solved numerically, then the problem is converted to an
algebraic difference equation. Therefore, studying the stability of a difference equation in
the sense that Ulam and Hyers introduced will be helpful to analyze numerical problems.
In this context, Popa [114] studied the Ulam-Hyers stability of a first-order difference
equation in a Banach space. He proved the Ulam-Hyers stability result for a p-order
linear difference equation with constant coefficients [113]. Onitsuka [102] studied the
influence of the step size i on the Ulam-Hyers stability of a first-order homogeneous linear
difference equation, where he showed that the Ulam-Hyers constant of a linear difference
equation was less than the minimum of all the Ulam-Hyers constant of the same analytical
equation, which can be considered as a significant result. In [101], Onitsuka established the
Ulam-Hyers stability result for a second-order nonhomogeneous linear difference equation
with a constant step size. In [11], Anderson et al. found the minimum Ulam-Hyers constant
for a second-order h-difference equation with constant coefficients.

With regard to the relatively new concept of Caputo-Fabrizio fractional differential
equations, some notable works have been accomplished. Losada and Nieto [84] studied the
local existence and uniqueness of the solution of the Caputo-Fabrizio differential equation
of order @ € (0, 1). Roscani et al. [121] derived some basic properties related to the
Caputo-Fabrizio derivative and proved the existence of a global solution of a nonlinear
Caputo-Fabrizio fractional differential equation. Zhang [151] analyzed the uniqueness of
the solution for some classes of fractional-order initial value problems involving the Caputo-
Fabrizio derivative. Fractional differential operators involving non-singular kernels provide

some relaxation in solving a fractional differential equation with a non-singular kernel
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numerically and analytically. However, using a non-singular kernel fractional derivative
in modeling a problem has several drawbacks. Diethelm [36] observed that the fractional
differential operator with a non-singular kernel failed to satisfy the fundamental theorem of
fractional calculus. Many have studied various fractional-order models involving Caputo-
Fabrizio fractional derivatives [133, 4, 38, 69, 41, 119, 3, 148]. These works mainly
focused on the application of Caputo-Fabrizio derivative in addressing real-life problems
such as Covid-19, cancerous cell growth, hepatitis B, etc. Igbal et al. [S9] analyzed
the fuzzy fractional acoustic waves model in terms of the Caputo-Fabrizio operator, and
considered the evaluation of regularized long-wave equation via Caputo and Caputo-
Fabrizio fractional derivatives [58] . Alesemi et al. [6] investigated the fractional-order
Cauchy reaction-diffusion equation involving the Caputo-Fabrizio operator.

Recently, studying the stability of fractional-order systems, where the fractional
derivatives contain singular and non-singular kernels, has evoked significant interest due to
immense applications in fractional dynamical systems and control theory [135, 88, 138, 73].
For a detailed discussion on various stability results related to fractional-order systems, one
can refer to the survey [81]. In the case of a fractional-order system with a singular kernel,
there is a reasonable amount of literature available concerning the stability results for linear
systems [5, 33, 98, 117, 136] and nonlinear systems [76, 77]. Lenka and Bora [74, 72]
derived the asymptotic stability condition for the linear time-varying Caputo fractional-
order system. Cheng et al. [78] investigated the stability analysis of a fractional-order
linear system involving a Caputo-Fabrizio derivative. Lenka and his co-researchers [71, 73]
stabilized the chaotic and unbounded solution to an asymptotically stable solution by using
the suitable linear feedback control. Salahshour et al. [123] analyzed the Lyapunov stability
of a fractional-order system with a non-singular kernel derivative. In fact, they established
the result for a Caputo-Fabrizio derivative. In the above stability investigations, the major
drawback of handling the non-singular kernel derivative, as pointed out by Diethelm [36],
has not been addressed.

In the qualitative theory for dynamical systems, the analysis of oscillatory behavior of
the solution is one of the main objectives. Since, in a dynamical system, a periodic motion
is a very important and special phenomenon [43], the existence of periodic solutions is
often considered a desirable property in dynamical systems. This constitutes one of the
widely regarded research areas in the theory of dynamical systems, with applications
ranging from celestial mechanics to biology, engineering, finance, etc. It is known that an
integer-order system may have a periodic solution [43], which is, however, not true in the
case of a fractional-order system with Caputo or Reimann-Liouville fractional derivative.
Tavazoei [137, 134] proved that the time-invariant fractional-order systems involving
Caputo fractional derivative do not possess any non-constant periodic solution. However,
Yazdani and Salarieh [149] proved that a periodic solution might exist if the lower terminal

point of the fractional derivative tends to —oo. Bourafa [22] proved the existence of a
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periodic solution for a fractional-order differential system involving fractional derivative
with a fixed length of sliding memory. However, these two results are not applicable in
practice, i.e., it is difficult to construct such systems. Alternatively, different periodic
solution concepts have been introduced for a fractional-order system, e.g., Hertique [53],
Wang [141] who introduced the concepts of an asymptotic periodic solution and proved
the existence result. Further, El-Borai [40] and Cabada [26] elaborated the concepts of
almost periodic and positive periodic solutions for some nonlinear fractional differential

equations.

1.9 Outline of the Thesis

The thesis is organised in eight chapters with Chapters 2 — 7 describing the problems with
every detail. Chapter 8 summarizes the contribution made by the thesis and opens the door

for research in the future.

e In Chapter 2 and Chapter 3, we investigate the existence and stability results of
the mild solution of the Caputo fractional non-instantaneous impulsive integro-
differential equation in the sense of Ulam-Hyers and generalized Ulam-Hyers-
Rassias stability, respectively, and present an application of our result through RLC

circuit.

e In Chapter 4, we revisit the Lyapunov stability of an equilibrium point of an au-
tonomous Caputo-Fabrizio fractional-order system and prove some important results,
such as only constant solutions exist for autonomous systems, all isolated equilibrium
points of an autonomous system are asymptotically stable. Further, we study the
Lyapunov stability for the intermediate value Caputo-Fabrizio linear and nonlinear

autonomous systems.

o In Chapter 5, we discuss the existence of a periodic solution of the Caputo-Fabrizio
fractional-order system. We use our result to derive a periodic solution of a fractional-
order Gunn diode oscillator under a periodic input voltage. In the end, by con-
structing a suitable linear feedback control, we stabilize the solution of the linear

non-homogeneous fractional-order system to a periodic solution.

e In Chapter 6, we discuss the asymptotic stability of the fractional-order linear and
semilinear evolution equations involving a Caputo-Fabrizio fractional derivative of
order @ € (0, 1) and derive the conditions for its asymptotic stability. We stabilize
the Caputo-Fabrizio fractional-order linear and semilinear evolution equations by
using a suitable linear feedback control. In the end, we stabilize some well-known

fractional-order chaotic systems to support the obtained results.
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e In Chapter 7, we establish the Ulam-Hyers stability of the second-order convergent
difference equations corresponding to the first- and second-order non-homogeneous
linear differential equations with constant coefficients, and as an application, we

apply our result to the perturbed second-order nonlinear difference equation.

e The conclusions of the thesis and possible future scopes are presented in Chapter 8.
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CHAPTER

Existence and Ulam-Hyers stability of the
solution for the Caputo fractional non-
instantaneous impulsive integro- differential

equation

In this chapter, we study the existence and stability of the mild solution of a Caputo
fractional non-instantaneous impulsive integro-differential equation in the sense of Ulam-
Hyers. Utilization of Banach fixed point theorem establishes the existence of a solution as

well as the Ulam-Hyers stability under appropriate assumptions.

2.1 Introduction

Motivated by the works by Wang et al. [142], Zhou et al. [143] and Lin et al. [82] on Ulam-
Hyers stability, we wish to examine the existence, uniqueness and Ulam-Hyers stability of
the mild solution of the following Caputo fractional non-instantaneous impulsive integro-

differential equation:

Cpu(t) = F(tu(0), [ fleule)ds), € (Gt 0<i<m @D
u(t) = Gi(t.u(t), | gleu(e)ds), te (el 1<i<m, (22)

where 0 < a < 1,0 =1t = ¢ < t1 < g <ta <+ <ty <G < tppr1 =T
are pre-fixed numbers, J = [0,7], G; € C([ti,g] x R x R,R), i=12---m, F:
JXRxR—Rand f,g:J xR — R are given functions.

The physical significance of studying the stability in the sense of Ulam-Hyers for

such model (2.1) — (2.3) not only gives a new direction to analyse the model qualitatively
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but also helps to estimate the bound for the solution of the considered systems. On the
other hand, finding the actual applications of the Ulam-Hyers stability in the dynamical
systems is still an open problem. However, we deem it suitable to present an example
concerning an RLC circuit in the direction of a potential application. This can be found
toward the end of this chapter.

2.2 Preliminary Results
Define PC(J,R) = {¢ cJ R € O((ti,t,»Jrl],R),i =0,1,2,...,m;
V(t]),¥(t;) exist with ¥(t;) = ¢(t;)}. Here PC(J,R) is a Banach space with the norm

|l¥llpc = S;é?W(ﬂ‘

Lemma 2.2.1. [2]] Let H € C(J,R). Then, a function v € C(J,R) is a solution of the

integral equation

v(t) = v, — ! /b(b — Q) H(¢) ds + ol /t(t — Q) TH(¢) dg (2.4)

I'(a) Jo '(a) Jo
if and only if v is a solution of the following fractional Cauchy problem:

CDeu(t) = H(t), teJ,
v(b) = v, b>0. (2.5)

2.3 Main Result

2.3.1 Required background

Here we introduce some definitions, lemmas and theorems connected to problem
(2.1) — (2.3) which will be required for establishing the Ulam-Hyers stability for the
problem undertaken.

Definition 2.3.1. A function u € PC(J,R) is called a mild solution of problem (2.1) —

(2.3) if
o+ ey fé(t — ) F (s, u(s), J5 f(p,u(p)) dp) ds,t € [0,11],
Gi(t,u(t). Jy ( u())ds), te(tisl, i=123,...,m
u(t) = { G (i, u(si), J3 (,u(c)) ) (2.6)
ﬁ (G —<9)* ' F(s,u u(p))dp) dg
i Jo(t = ) 1;(g, p.ulp)) dp) ds,t € (gi, tisa].
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Let us now consider the following inequalities:

{ 6 Dpo(t) — f(t,v(t), Jo f(s,0(<)) d§)| <e, te (s tis1),0<i<m, 27

() = Gi(t,0(t), [ 9(s,v()) ds)| <&, te (tig], 1 <i<m.

Theorem 2.3.1. [2] A function v € PC(J,R) is a solution of the inequalities (2.7) if and
only if there is a function H € PC(J,R) and a sequence {H;}, i = 1,2,... ,m (which
depends on v) such that

(i) |H(t)| <e, telJand|H]|<e, i=1,2,...,m,

(1) §Dgu(t) = F(t,v(t), fy £(s,v(0))ds) + H(E), € (si,tir1],

(iii) v(t) = Gi(t, v(t), J§ g(s,v(<)) ds) + Hi,  t € (tig), 1<i<m.

Lemma 2.3.1. Suppose F € C(JxRxR,R), G; € C([t;, ] xRxR,R)i=1,2,...,m,

and f, g : J x R — R are continuous. If v € PC(J,R) is a solution of the inequalities
(2.7), then it satisfies the following integral inequalities:

[o(t) = v(0) = w5 Jo (¢ = §)* F (s, 0(5), J5 f(pv(p)) dp) d]
< makgs e (0],
o(t) = Gi(t,0(), [y g(s v()) ds)| <&, te(tisl, 1<i<m,
(2.8)
() = Gi (s v(s)s J3 9(s, v(<)) ds)
+17 (i = )27 F (5, 0(s), fs £(p,v(p)) dp) ds
~ g St = O F (06D, S5 £ o)) dp) dol < (14 F ),

te(gi,tiﬂ], 1=1,2,3,....,m.

Proof. From Lemma 2.2.1 and by Theorem 2.3.1, we have, for t € [0, ¢1],

0(0) =0l0) + s [ 6= 9T (s 0k6), [ o006 dp)
+ F(l&) /Ot(t —<)* " H (<) ds
= [o(t) —v(0) — F(la) /Ot(t — )" F (s, v(s), /0g F(p,v(p)) dp) ds]
1 ’ a—1177 ety
< g €= THO)ds < g
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Fort € (t;,<], 1=1,2,...,m,

Fort € (s, tip1],1=1,2,...,m,
v(t) = p(la) /Ot(t - <)a1f(<av(€),/og f(p,v(p)) dp) ds + +H,
- 1“(104) = F (o), [ .v(o) do) dgr(la) =9 H(s)ds

+ Qi(@,v(%), /Ogi 9(s,v()) d<) WM /gi(ci —¢)* L H(s) ds

() Jo
= o) = G5 v(s). [ a6 v(6)) )
+ e o 6= F (0@ [ ool ap) ds

1 od < ot
gy o = T E () [ Hlovl)) dp) sl < (14 FE e

Si

Hence, the result is established. OJ

Definition 2.3.2. The problem described by equations (2.1) — (2.3) is said to be stable in
the sense of Ulam-Hyers if there exists some constant cs ., > 0 such that, for each e > 0
and for every solution v € PC(J,R) of (2.7), there exists a solution u € PC(J,R) (mild
solution) of (2.1) — (2.3) with

0(t) — u(t)| < crae, VteJ

2.3.2 Stability of the problem

To establish our result on the existence and stability of the solution, we take into
account some hypotheses as follows:
(A1) F € C(J x R x R,R) and 3 L# > 0 such that

|‘F(t7x1ay1) - F(ta$2792)| < L]:(|Il§'1 - $2| + |y1 - ?J2|)

foreacht € J and all 1, xo, y1, 92 € R.
(A2) G € C([ti, i) x R x R,R) and 3 Lg, > 0,7 = 1,2,...,m, such that

|Gi(t, z1,91) — Gi(t, 22, 92)| < Lg, (|1 — 22| + |y1 — y2|)
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foreach t € (¢;,¢] and 21, 9, y1,y2 € R.
(A3) f,g € C(J x R,R)and 3 Fy > 0, G, > 0 such that

|f(t,z1) — f(t,22)| < Fyloy — x|, [g(t 1) — 9(t,y2)| < Gylyr — y2

foreacht € Jand all z1, 29, y1,y2 € R.
Now, we discuss the existence and stability of problem (2.1) — (2.3) by using the concept
of Ulam-Hyers.

Theorem 2.3.2. Assume that assumptions (A1), (A2) and (A3) hold and

Lxt$ tFy Lr
e = (1 ),L.l Gy — (¢ F
1%2?7('1{F(1—|—04) i 1+« g’“( ™ gg)—i_r(l_i_oé)(gl + 1+1)
IyLr +1 +1
———(¢ e < 1.
+ ['2+ «) (gz y ’H)

Then, the problem (2.1) — (2.3) is Ulam-Hyers stable, i.e., there exists a unique mild
solution u* € PC(J,R) for it such that

o+ 3 Ji(t = ) F (5, w(6), J5 f(pyu(p)) dp) ds, ¢ € [0,11]
Qi(t,u*(t),f(f g(c,u*(g))dg), te (tigl, i=1,2,3,...,m,

Gi (s (<), J5* g(s, u*()) ds)

17 o (8 = ) F (6, un(<), J5 f (o u(p)) dp) ds

— sy S (i = )2 F (5, u(s), s £lpyw(p)) dp) ds,

t € (Sistiva],
2.9
and for each v € PC(J,R) satisfying (2.7), we have
o) =@ < =g,
0 o + 12
h — 1 1 7 i+1 }
wherer 1%%{r(1 ta) T +ta)
Proof. We consider
M = PC(J,R) (2.10)
with the metric
drlg.) = llg ~ hllrc = suplg(t) — A1) e
S
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Define an Operator Y : M — M by

up + ﬁfé(t =) F (s u(o), fi f(pulp))dp)ds, t € [0,1],
Gi(t,u(t), f; ( u())ds), te(tigl, i=123,....m
Tu(t) = § G5, ul<), i 9, <<>> )

ey 5 (6 =) F (6w u(p) dp) d

iy St — <) lf(c,u< ),fo f( pu(p))dp) ds, € (i tisa].

Now, we prove that the operator T is a contraction.
Let hl, ]’LQ S PO(J, R)
For t € [0, 4],
1 t a—1 c
Thi(t) = Tha(®)] < o [ (¢ = F(s,7a(s), [ Flo: o)) d)
a) Jo 0
S
= F (s, ha(s), (o, ha(p) dp)| ds

L#t$ ( Fftl)
1 day(hy, h
S Tat1 +a—|—1 (R, h2)

Lt% Fet
= ||Thy — Thallccpnr) < il (1+ r1

— . 2.12
ST (1 Y = halle 2.12)

Fort € (ti,gi], 1= 1,2,...,']77,,

t t
[Thy = Thal = |Gs(t: la(0), [ (<. mn(€)d) = Gi (£ Ra(®), [ (s, ha(<)) )|
< Lg, (14 Gysi)dar(ha, ha).
Therefore,
1Thy = Thallicglz) < Lo, (1+ Gysi)|lhr = hal|pe. (2.13)
Fort € (§i7ti+1]a 1= 1, 2, oo,

‘Thl - ThQ‘ < ’gi(gmhl(%),/ogg(% h1(§))d§> - gi(§i7h2(§i),/:g(§, h2(§>>d§)’
1

+ p(a)/ogi(g =) NF (s hl(c),/ogf(p, h(p)) dp)
_]:(g’h2(g)’/0§f(p’h2<p))dp)|dg+F(/Ot(t—g)a—

1 1
a)
F(em(Q). [ Flom(p) dp) = F (s, ha(<), [ Flp,ha(p)) dp)l s

Lr

= [Th = hal < | La,(146Gy) + [t o (504 1)
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FiLy

i I'2+a)

(%-QH + t?ﬁl)] dpr (P, ha)

Lr (o, o
= |[Thy = Thall(cg tim) < | La, (1 + Gggi) + M(% + ti+1)

FfL]: a+1 a+1
" r(2+a)(9' + 187 ) | X (7 = hollpe. (2.14)

Thus, we observe that
dM(Thl,ThQ) < @dM(hl,hQ), Vhl,hz e M. (2.15)

Therefore, by assumption © < 1, it implies that YT is a contraction map. Hence, by
Banach fixed point theorem, there exists a unique mild solution u* € M to the problem
(2.1) — (2.3) as defined in (2.9).

Stability:

We consider a function v € PC(J, R) satisfying (2.7). Then, by using Lemma 2.3.1, we
have

Fort € [0,t4],

To(t) = o(t)] < Jut) - ﬁ [ = F(s066), [ 6 v(p)dp) ds — uol
ety
~T(a+1)
Thus,
ety
| Tv = vl|cpnr) < Fla11)’ (2.16)
Similarly, for ¢t € (t;,¢], i=1,2,...,m,
To(t) = v(0)] < 0(t) = Gt 0(0), [ o(s,0(6)) d)) < 2
= HTU — U||(C(ti,§i]7R) S E. (217)
Fort € (§i,ti+1], 1= 1,2,3, .o,y
To(®) = o(®)] < o(t) = Gi(sisvlsi). [ gs.v(<)) de)
1 Si S
Fay Jy 6= 9T E (s wls), [ H (o) dp) s
L 7 . : S A1
ey (0, [0 v(e) dp) e < (1+ o +5)e.
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Therefore, we obtain

Gty
HTU — U||(C(§i,ti+1],R) < (]. + m>€ (218)

Hence, from above inequalities (2.16) — (2.18), we have
dy(Tv,v) < re < +00. (2.19)
Here, if the integer k£ = 0, we look at the space
M* = {z € M|dy(v,2) < oo}. (2.20)

Taking z(t) = v(t) itself, then dp;(v,v) = 0 < 0o = v € M*.

Hence, by Theorem 1.5.1 (7iz), if u* is a unique fixed point of the operator Y, we obtain

o(t) — u(t)] < dy (Yo, v) o e

<6 <1-g M€Y 2.21)

Therefore, the problem (2.1) — (2.3) is Ulam-Hyers stable. O

2.4 Examples

In this section, we present some examples to illustrate the results obtained in the preceding

sections.

Example 2.4.1. We consider the following Caputo fractional differential equation with a

non-instantaneous impulse:

1 u
CDju(t) = 5+13t2(|u(t)| + 15 T d<> te 0,1V @3, (2.22)
u(t) = ErsmaTR <|“( |+ 6 mitia dg) te .,

and the corresponding non-instantaneous impulsive fractional differential inequalities with

impulse interval (1,2], and for ¢ > 0, as

1
§DF0(t) — s (1000 + i 2 d<)| < te (01U

1 Jv()] 2.23)
vis
[o(t) - (5+3(¢=1)%) (1+v(?) <|U( )+ I 15+11¢2 dg)] <e te(L2.

Here, J = [0,3]and 0 =ty =g <t; =1<¢q =2<ty =3 f(t,u(t)) = 1‘(;3?7)!2 with
Ff——and

f(t,u(t%/otf( u(s)) ds) = 54 3t2( |+/10+72 )
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1
5

Also, g(t,u(t)) = 15|i(1)1t2 with Gg = 15’ and

: 1
G (0. 9150 95) =53 T aggyy ()

b Ju(q)]
B AN Y) B
+/0 15 + 11¢2 g)’

with Lg, = £ fort € (1,2].

Now,
t?L]-‘ tlFf) L]: @ «
= e W ¥ N Fq ) 1 —
© maX{F(l—i—a)( G La.( +§1G9)+r(1+a)(<1”2)
Ffo o+1 o+1
JF—F(Q+ )(cl + 18 )
= O = max % (1—1—3) 1(1+3>+ % (\‘75—1—\3/5)
I'(3) 40/75 157 T(3)
+ ol (272 4393)]
riy (2V2 303

= 0 = max {0.240767, 0.946876905} = 0.946876905 = 0.947 < 1.

Here, r = max {ﬁ 1+ fj;f} = max {0.89297951,4.02601637},
e, r =4.02601637 = 4.03.
By Theorem 2.3.2, there exists a unique solution u* : [0, 3] — R such that

o+ gy (¢ = ) S (10" )1+ f5: 8 dp ) .t [0.1),
EEC T o) <|u ()] + J3 155100 dg) te(1,2],

u™(t) = mou @)+ Jo 1|;+11g2 d§>

e 2 )7 s (0 (O + J5 52k o) s

‘ —§)§5+3§2(|u (O + f5 el d,o> ds, te(2,3],

(2.24)

with
[ot) = u*(t)] < T@ = 76.04e, Vte J=]0,3],

where v(t) is the solution of the fractional differential inequalities (2.23).
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Example 2.4.2. Consider the following problem:

SDEua> \H§$%k>%F<) te(0,1]U(2,3],
u(0) =

where G(t) and F (t) are functions of t chosen such that

(t+3) (5 - - +1), telo1],
u(t) =S (t+2)t°% +1), te (1,2, (2.26)
@+ 3)(H B )+ 2e=2, te (2,3

is the solution of the problem (2.25). Clearly, the function in equation (2.26) is a unique

12

101 /

u(t), v(t)
©

[

= £

Figure 2.1: Solution u(¢) of the problem (2.25) and solution v(¢) of the problem (2.28) fore = 0.5

12

10 m

fa
®
T
(¢
M

v@-u@l, c

Figure 2.2: The difference function |v(¢) — u(t)| and upper bound cy ne for e = 0.5

solution for the problem by Theorem 2.3.2, since © = 0.833 < 1, and all the conditions

TH-3276_186123104



2.5 An Application to Fractional-order RLC 33

are satisfied.
Further,

6.59, tel0,1],
Cra=145.98, te(1,2], (2.27)
22,49, te(2,3].
Thus, by Theorem 2.3.2, the problem (2.25) is Ulam-Hyers stable which means that
the inequality holds for all t € J = [0, 3],

satisfying inequalities (2.7), and according to Theorem 2.3.1, it is the solution of

v(t) — u(t)| < cpae for any solution v(t)

§Div(t) =48 4+ 1 e doy F(t) + H(t), te(0,1]U(2,3], 228)

(t) =2 L 1 el ge 4 G) + Hy te (1,2,

<

where H € PC(J,R) and H, € R with |H(t)| < e, t € J,
e = 0.5, take H(t) = ¢, H, = . We plot the graphs of the solution u(t) of the problem
(2.25) and the solution v(t) of the problem (2.28) in Figure 2.1. We also present the

H,| < e. In particular, for

difference function |v(t) — u(t)| for ¢ = 0.5 and the upper bound cy e graphically in

Figure 2.2. It points towards a difference which is almost uniform.

2.5 An Application to Fractional-order RLC

RLC circuit is one of the most basic and fundamental circuits in various electronic devices
and there is a huge literature describing the RLC' circuit concerning integer-order differen-
tial equations. Fractional-order RLC' circuit model is the generalization of the classical
integer-order RLC' circuit. This fractional model has a number of advantages over its
integer-order counterpart because of the fractional order. This provides substantial flexibil-
ity in design and control of circuit which enhances the performance and the novel behavior.
Radwan et al. [118] presented a broad view of the fractional-order RLC' circuit model
and illustrated that it was not possible to observe some novel phenomena in the absence
of the fractional-order model. They also established that the fractional-order impedance
was purely imaginary, and it enabled the modeling of a huge capacitance/inductance by
considering a very small fractional order. For complete information on fractional-order
RLC circuit, the readers are referred to the works in [7, 126, 150].

Dhaneliya et al. [34] computed the analytical solution of the fractional-order RLC'
circuit in terms of an infinite series in which each term was a generalized Mittag-Leffler
function. Hence, it is a challenging task to estimate the bound for the solution; and
computation the solution may increase the roundoff error. Therefore, to overcome such

problems, we propose to find some bound estimate for the solution.
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The following non-instantaneous fractional impulsive RLC' circuit under a given

input voltage V' (t) is considered:

LagDﬁQ@y+RQ@)+S%AH;@Mgzﬁﬁﬂ, te(&i}u(éJ} (2.29)
RLM+ & [ Liods=v), te (] (2.30)
1,(0) =0, (2.31)

where L, R and C' are inductor, resistor and capacitor, respectively. Here 0 = ¢y < t; =

i < g = % < ty = 1 and we also assume that R?> = 4L, /C'. In the above circuit, for the

11

time interval (Z’ 5} , the effect of the inductor is negligible but its effect is clearly visible

when (%, 1] is considered.

Theorem 2.5.1. Consider the non-instantaneous impulsive fractional-order RLC' circuit
(2.29) — (2.31) and assume that the input voltage V' (t) is bounded, i.e., there exists B > 0

such that |V (t)| < B, V t € [0, 1]. Let the bandwidth a = 2? of the RLC circuit satisfy

«

14942 < @+ 1)+144
4 T(l+a)|l+ta 20+l 2

a

5 =0<1 (2.32)

Then, the circuit current 1, of the system (2.29) — (2.31) is bounded, i.e.,

|I,(t)| < LyB, VYte]|0,1], (2.33)
14+ —
1+—( %)
where, Ly = L(l +a)
YT 1o e
Proof. Here,

]—“(t,[a(t)7/0tg(g’[a(g)) dg) — 2 (V(t) — RI(t) — (1j Ot [a(g)dg)

«

R 1
ith Ly = — =
W1 F max{ a,C .

1
the given assumption R? = 4L, /C, we get CL, = — - Thus, we have
a

}. By using the given condition © < 1 = a < 1 and under

Ly = max{2a,a’} = 2a. (2.34)

61 (1. 1o(0). [ (s 1a(6)) ) = ;<v<t> -5/ fa<<>d<)
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1 1 1
e = %. We also take F; = = a? and G, ﬂ_

CL, RC 2
Here, we observe that

with Lgl =

Lrt¢ 0 Fy Lx
o- (1495 g (106 + =2 (v
max{r(1+a) T+a gl( + < g>+r(1+a)<§1+ 2)
FyLr +1 +1
« tOé
r(2+a)(<1 +157)

et ) 30D 5)
2a3 1
+r(2+a)(1+2a+1>}

W 2 (1+ 1>+1+1
32 4 T(l+a)|l+a 20+l ) © 2a '

By given condition (2.32), we have © < 1. Thus, by Theorem 2.3.2, the fractional-order
RLC system (2.29) — (2.31) is Ulam-Hyers stable with a Ulam-Hyers constant

(2.35)

1+ L
H §(1++2a))
(0%
Ly=——2 (2.36)

Now, take I,,(t) = I(t) = 0, V¢ > 0, in the system (2.29) — (2.31) to get

Lo SDEIL() + RIL(£) + é/@tla(g)dg—V(tﬂ — V@) <B, te (0,1} U (;1]
3.37)

and
11
|RI,(t C/ $)ds —V(t)| = |V(t)| < B, te<4 2} (2.38)

Thus, we take ¢ = B, and from equations (2.37), (2.38), we observe that the function
I(t) = 0 satisfies the inequality (2.7). Thus, by Theorem 2.3.2, we have the following

bound for the fractional-order RLC circuit current I, ():
La(8)] = () = (O] < LuB, Vte[0,1], (2.39)

where Ly is a Ulam-Hyers constant given in equation (2.36). ]

Remark 2.5.1. From the numerical computation, we observe that, for a < 0.3621315, the
condition (2.32) of the Theorem 2.5.1 holds for all « € [0,1]. So, we call ay = 0.3621315
the threshold value of the bandwidth a in the sense that, for a < ay, the condition (2.32)
of the Theorem 2.5.1 holds for all « € [0, 1].
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First, we plot the graph of the Ulam-Hyers constant L;; with « € [0, 1] and for a = ay.

From Fig. 2.3, we observe the graph of L attains its maximum point at v = 0.119612,

8
16 x10

14

—a = ap = 0.3621315
12 - b

10 - *

Ly

= 4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2.3: Graph of Ulam-Hyers constant L;; given by (2.36) for a = ap = 0.3621315
(Threshold value)

which means that, if the bandwidth a of the given RLC system (2.29) — (2.31) is equal to
the threshold value ay = 0.3621315, then from inequality (2.33) and under the given input
voltage, the absolute value of the circuit current is maximum for o = 0.119612, compared
to the fractional order o € [0, 1] \ {0.119612} of the system.

Next, we study the behaviour of the Ulam-Hyers constant for the bandwidth a closer

to the threshold value ay. From Fig. 2.4, we observe that the variation of the Ulam-Hyers

1200 ‘
—a = 0.35918
a=0.36 i
1000 —a = 0.361
—a = 0.36125
800 -
3
600 .
400 ]
200 .

0 0.1 02 03 04 05 06 07 08 09 1

Figure 2.4: Graph of Ulam-Hyers constant Ly given by (2.36) for the bandwidth close to the
threshold value ag
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constant is sensitive for the bandwidth a closer to the threshold value aq. For each value of
a, Ly attains its maximum value for the fractional order between 0.1 < o < 0.2.

Next, we plot the graph of the Ulam-Hyers constant L; for different values of a < a.
From Fig. 2.5, it is clear that the maximum value of L is not as high as compared to the

Figure 2.5: Graph of Ulam-Hyers constant L given by (2.36) for the bandwidth a < ag

case when the values of the bandwidth are near the threshold value a(. In comparison to the
larger values of the bandwidth, the values of L;; on 0 < a < 1, are smaller corresponding
to the smaller values of the bandwidth. In other words, if we denote L (a, «v) as the Ulam-
Hyers constant for a given bandwidth a,on 0 < a < 1, then Ly (a1, o) < Ly (az, «) for all
0 < a < 1witha; < as < ag. Here, we also observe that, for smaller values of a(<< ay),
L;; remains almost constant, which means that, for smaller values of the bandwidth, the
absolute values of the circuit current /, are bounded with a bound independent of the
fractional-order a.

Finally, from the above observations, we conclude that the absolute values of the
circuit current I, of the fractional-order RLC' (2.29) — (2.31) system are large for the
larger values of the bandwidth a(< ay), and for each value of a(< ay), the absolute value
of the circuit current [, is the maximum for the fractional order between 0.1 < o < 0.2.
In particular, for a = ap and o = 0.119612, under a given input voltage, we can generate
the circuit current with the largest absolute value for the fractional order o = 0.119612,
compared to the fractional order « € [0, 1] \ {0.119612}. This shows that the fractional-
order RLC circuit model has many advantages over its integer-order counterpart because
of the inclusion of the order « included in the model which affects the performance and
enhances the novel behavior lending more flexibility in the design and control of the
circuit. Further, this shows the practical applicability of the Ulam-Hyers constant in some

important problems. We firmly believe that this finding has the potential to occupy an
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important place in fractional-order RLC' circuit problems as well as in the application of
Ulam-Hyers stability.

2.6 Conclusions

In this chapter, we have established the existence and stability results of the mild solution
of the Caputo fractional non-instantaneous impulsive integro-differential equation in the
sense of Ulam-Hyers stability. The main result is established by using Banach fixed point
theorem under appropriate assumptions. Two examples have been presented in order to
ascertain the applicability of our results. The main result was used to estimate the bound
for the non-instantaneous impulsive fractional-order RLC' circuit current /,, and it is
found that the bound mainly depends on the bandwidth and fractional-order of the system.
Further, by understanding the behaviour of the Ulam-Hyers constant L;; numerically,
we determined that the absolute values of the circuit current I, of the fractional-order
RLC system are larger for larger values of the bandwidth a(< ay), and for each value of
a(< ag), the absolute value of the circuit current /,, is the maximum for the fractional order
between 0.1 < v < 0.2. In particular, for a = ay and o = 0.119612, under a given input
voltage, we can generate the circuit current with the largest absolute value for the fractional
order o = 0.119612, in comparison to the fractional-order @ € [0, 1] \ {0.119612}.
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CHAPTER

Generalized Ulam-Hyers-Rassias stability of
the solution for the Caputo fractional non-
instantaneous impulsive integro-differential
equation and its application to fractional RLC

circuit

In this chapter, we generalize our previous problem discussed in Chapter 2 by replacing
the arbitrary given number £ with a non-negative function ¢(t), and establish a similar
result as the previous one under some suitable assumptions on ¢. At the end, we use our
results to estimate the bound for the difference between fractional-order and integer-order
non-instantaneous impulsive RLC circuit currents. We basically wish to examine the
existence, uniqueness and generalized Ulam-Hyers-Rassias stability of the mild solution of

the following Caputo fractional non-instantaneous impulsive integro-differential equation:

ﬁxww—fﬁﬂmxéﬁgw@»«) te (bl i=0,1,m, G

t
szgﬁwmﬁg@mgmﬁte@&L@:Lz”wm (3.2)

where 0 < a < 1,0 =%t =¢g <t1 < g <t < ... <ty <¢n <ty =T
are pre-fixed numbers, J = [0,7], G; € C([ti,gi] x R x R, R) i=1,2,...,m, F :
JXRxR—Rand f,g:J xR — R are given functions.

From above, it may be noted that the fractional-order system is of pseudo-state nature
and that the states are infinite dimensional. The specification of initial conditions to the

considered problem remains a mystery in many situations of the current state-of-the-art
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theory of fractional- order systems. Inspired by the nature of the Caputo derivative operator,

we pose the initial condition to the considered system at the initial time 0. One may pose
the initial condition at any other initial time, say ¢, not equal to 0. But for the mentioned
case, the possible behavior of the considered system is not known by our theory.

Further, after establishing the theoretical results for the system (3.1) — (3.3), we are
motivated by a number of works such as [118, 34, 150, 7, 8, 131, 126] to estimate the bound
for the solution corresponding to the initial value problem (3.1) — (3.3) and its integer-
order counterpart. To the best of the authors’ knowledge, generalized Ulam-Hyers-Rassias
stability has not been established till date for such class of fractional integro-differential
equations. On another note, we also provide a RLC circuit problem in terms of a fractional
differential equation to estimate the bound for the difference in the solution, i.e., the current,
due to both fractional and conventional set-up. This may be considered a very significant
step in providing extra information, and it points towards the scope of applications of such

a study.

3.1 Main Result

3.1.1 Required background

Definition 3.1.1. A function w € PC(J,R) is called a mild solution of the problem
(3.1) = (3.3) if

o + i Jo(t = )* 7 F (s, ul€). J§ S (py u(p)) dp) ds, t € [0,11]
Gi(t ult), g(g u(s))ds), t€(tisl, i=1,23...m,
u(t) = gi(gi, () J3 9(s u<<>> ) (3.4)
r(1 ) (G = <) F (s u U(p)) dP) dg
fo (t—¢)* 1]:(§, p,u(p)) dp) ds, t € (s, tiy1]-

(This is the same as Definition 2.3.1 in Chapter 2).

Lete > 0 and ¢ € PC(J,R,) be nondecreasing. Consider the following fractional

non-instantaneous impulsive differential inequalities:

§Dpo(t) = F(t,0(0), fg f(s,0(5)) ds )| < @(b), € (Sistia, 0 < i < m,

(3.5)
[v(t) = Gi(t.v(). gl v ds)| < e, t€(tig], i=12....m.

Lemma 3.1.1. [114] A function v € PC(J,R) is a solution of the inequalities (3.5) if and
only if there is a function H € PC(J,R) and a sequence {H;}, i = 1,2,....m (which
depends on v) such that

() |H@)| < @t), teJand|H|<e, i=1,2,...,m,
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(ii) §Dgv(t) = F(,0(t), 3 £(5,v(6)) ds) + H(t), t € (si,tia), i =0,1,...,m,
(iii) v(t) = Gi(t, v(t), fy (s, v(<)) ds) + Hi,  t€ (tiys], i=1,2,...,m.

Definition 3.1.2. [114] (Ulam-Hyers-Rassias stability) The problem described by equa-
tions (3.1) — (3.3) is said to be generalized Ulam-Hyers-Rassias stable with respect to the
couple (p, €) if there exists a constant Cy ,, , > 0 such that, for each solution v € PC(J,R)
of the inequalities (3.5), there exists a solution u € PC(J,R) of (3.1) — (3.3) with

[0(t) = u(t)| < Crag(e(t) +e) VEe (3.6)

Lemma 3.1.2. (Technique to be followed) Let Z T, and Z Yn be convergent series with

=0 n=0
Yn > 0 and x, <y, for all n. Then, !
S <3 u 3.7
n=0 n=0

Proof. Let X,, = Z rrand Y, = Z yg. Clearly {X,,} and {Y,,} are convergent se-
k=0 k=0
quences since both the series are convergent.

Now, y, > 0 = {Y,} is an increasing sequence and it is given that the series Z Yn 18
n=0
convergent.
o
Let!, = Z Yn. Then, [, = sup {Yn}
n=0 n€Np

We also have

X, SEY%, Vn € Ny
:>Xn§Yn§ly, Vn € Ny
= lim X, </,

n—00
[e9) )
=D Tn <D Yn
n=0 n=0
O

Corollary 3.1.1. If Z Yn 1S a convergent series with 0 < z, < y,, for all n, then the

n=0

0 oo o0
series Z x,, converges and Z Ty < Z Yn.-
n=0 n=0 n=0

Proof. Since X,, <,, n € Ny and X,, is an increasing sequence which is bounded above

by [,, therefore

lim X, </,

n—o0
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(o] o0
= Z Ty < Z Un-
n=0 n=0

Theorem 3.1.1. Leta > 0 andt > 0. Then,
e <Ky 4(at),forall 0 < a <1,

N
(2) @
(17) Ey o(at) <

e and Ey o(—at) < e forall o > 1.

1 1
() ~ T
Proof. (i) Weknow that 'k + o) =(k+a—1)- (k+a—2)---(1+a) -a-T'(a).
Since it is given that 0 < o < 1, we have
k>k—(1-a),k—1>k—-1—-(1-a),...,2>1+a,1> a. Then,

k-(k—=1)---2-1>(k+a-1)-(k+a—-2)---(1+0a) «a
éF%+DZF$&ﬁ)
ggiiizréy b 5%
since for each t > 0, r(( kll) > 0. We have the following from (3.8):

(ak)* T(k+1) 1 (ak)®

> . 3.9
T(k+ D) T(k+a) = D(@) T(k+ 1) 3-9)
. 1 at
Using Corollary 3.1.1, we get ——e* < E; ,(at).
[(a) ’
(1) Since it is given that & > 1, we have
E<k+a—-1,k—-1<k+a-2,...,2<1+a,1 < «. Then,
T(k+1) _ 1
< Vk. 3.10
Mlh+a) = T(a) (3.10)

Similarly, as in case (i) above, we have E, ,(at) < o,

Since (@)
(—D¥@h® _ (et _ 1 (ab)!
I'k+a) " T(k+a) = T(a)T(k+1)’
we have

(DM@t _ 1 (a)
Tk+ta) ~T(a)T(k+1)

Now by using Lemma 3.1.2, we get
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3.1.2 Existence and stability

We introduce the following assumptions:
(H1) F € C(J x R x R,R) and 3 L > 0 such that

| F(t,x1,01) — F(t,22,92)] < LF(|5’71 — To| 4 |y — Z/2‘> (3.11)

foreacht € Jand all z1, 29, y1,y2 € R.
(H2) G; € C([ti,i] x R x R,R) and 3 Lg, > 0,i =1,2,...,m such that

Git o1, 10) = Gltan )| < Lo (jer =zl +ln—l)  G12

foreach t € (t;, ;] and 21, 9, y1,y2 € R.
(H3) f,g € C(J xR, R) and 3 Fy > 0, G, > 0 such that

|f(t,21) — f(t,22)| < Fyloy — x|, |g(t, 1) — 9(t,02)| < Gglyr — w2  (3.13)

foreacht € Jand all 1, z9, Y1,y € R.
(H4) The function ¢ € C(J,R) is a nondecreasing function. There exist C;, > 0 and
0 < p < a < 1 such that

p

(/Ot (90(§))%’ d<> < Cup(t), Vted (3.14)

Lemma 3.1.3. Suppose hypothesis (H4) holds, F € C(J x R x R,R), G; € C([t;, ] %
RxRR),i=1,2,...,m,and f,g: J x R — R are continuous. If v € PC(J,R) isa

solution of the inequalities (3.5), then it satisfies the following integral inequalities:

[o(t) = v(0) = &y Jo (8 = ) LF (S, v(s), fo p))d )d<|
( 2) ™y o), e (0,4],
() — Qi(t,v(t),f(fg(gv(d)d§)| <e te (t,,gl] i=1,2,...,m,
[o() = Gi (a, 0(<0), Ji* 9(<, v(<)) de)
17 J5' (5 = )27 F (<, 0(6), s £(p,v(p)) dp) ds
— sty ot = ) LF (s, 0(5), s £(p,v(p)) dp) ]

_p\ 1P .
<5+F(a)(1 p) ( p+tz+1)90<t)a t € (Sitip], 1<i<m.
(3.15)
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Proof. From Lemma 2.2.1 and by Lemma 3.1.1, we have, for ¢t € [0, ],

0lt) = 00) + s [ =" F (o), [ Flo.v(o)) dp) s
+ st/ot(t — 0 H(6) ds

Now, using Holder’s inequality, we obtain

() =v(0) = 7 [ €= (o) | Fo.0(0)) dp)

77" /1 —pyt-p
< wa(a)<a—p> o).  (3.16)

FOI'tG(t“QL i:1,2,...,m,

o(t) — gi(t,v(t),/otg(g,v(g))dg)\ <|Hj|<e, tetal, i=1,2,...,m. (3.17)

Fort € (§i7ti+1]a 1= ]_,2, .., M,

olt) = 57 ) 0= F (o). [ 1000 dp) ds

- FSO[) /0§i<<i — )" (s, v(s), /0 (o, 0(p)) dp) de

—~ Qi(gi,v(ci),/ogi g(s,v(<)) ds) + F(la) /Ot(t — )" H(<) ds
1

Ta) /Oq (G — <) H(¢) dg
1

= ol0) + iy (6= ) F (s uts). [ Fo.v(p)) dp) ds
1

- g b =9 F (00, [ Fvto) dp) ds

—Gi(s (<), [ g(s. () ds))

<+ iy [ =9 H ) s+ s [ (6= )]s

+ H; —
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(

) (ap+tz+1)¢<t)t€(§i7ti+l]7i:1727"'7m
Hence, the result is established. ]

Now, we discuss the existence and stability of problem (3.1) — (3.3) in the sense of

generalized Ulam-Hyers-Rassias stability.

Theorem 3.1.2 (Main Result). Assume that the hypotheses (HI1)-(H4) hold and

2LF [T TF
@—maX{Lg(CTlpG —I—TG—I—)+J{<1+ f>

1<i<m Na) | « o+ 1
1—p\l?  C,T*PHF, / 1—p \1-P
rerr ()T ST (s T
a—Dp Q a+1—0p

Then, there exists a unique mild solution u* € PC(J,R) for problem (3.1) — (3.3) such
that

uo + w5 Jo (8 = )7 F (5, u*(9), Ji £(p,u*(p) dp) ds, £ € [0,t4],
Qi(t,u(),fog(g,u())dg), te(thgl, i=12,...,m,
() = § Gi(si w*(s0), i 9(s, (<)) do)

— 7 Ji (5 = 9)° T F (6, ur(<), fs f(p,u*(p)) dp) ds

i Jo(t = ) F (5,0 (6), Js f(p, u(p)) dp) ds,  t € (siytisa].

(3.18)
For each v € PC(J,R) satisfying (3.5), and v(0) = u(0), we have
lo(f) = (£)] < ifg@(t) W, 5 (3.19)
where
-G (D) G (02 e ) o
Proof. Consider the following space of piecewise continuous functions:
M ={v:J—R|vePC(JR)} (3.21)

endowed with the generalized metric on M defined by
dri(g,h) = inf {K1 4K € [0, +00) -
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9(t) — h(O)| < (Ko + Ko)((t) +o) Ve e T} (322)

where
Kle{lCE[O,+oo) L lg(8) = h(8)] < Ko(t) ¥t € (si, tina), i:O,l,...,m}
and
KQE{ICG[O,+OO) L g(t) = h(D)| < Ke Vit € (£, @':1,2,...,m}.

It is easy to verify that (M, d) is a complete metric space.
We define an operator Y : M — M as

o + iy o (t = )7 F (s,u(e), Ji Fp ulp)) dp) ds, t € [0,t],
Gi(t,u(t), fy g(s,u(s)) ds), t€ (tins], i=1,2,...,m,
Qi(g,u(g), Ogig(gu(g))dg)

— g Jo" (5 = )" F (< ul€), J5 £y ulp)) dp) ds
ey Jo (= )27 F (s, uls), J5 flpyulp)) dp) ds, ¢ € (si, i),

First, we prove that the operator T is a contraction.
Take hq, hy € M. From the definition of metric space (M, dyy), it is possible to find the
constants K, Ky > 0 such that

Kip(t), te(s,tivi], 1=0,1,2,....m,
(0 - (o) < { A (ot (3.23)
Kgéf tE(ti,gi], i:1,2,...,m.

Fort € [0, 1],

Tha(e) = Tha()] < s [ 6= NF (), [ Flo (o) do)

ING)
= F(shalo). [ Flo.halp)) dp) ds
Lx

< T(a) lfﬁ /Ot(t —¢)*p(q)ds + K\ Fy /Ot(t - <)“‘1(/0§ ©(p) dp)ck]

[lfl(ii [/Ot(t — )" l(s)ds + Fy /Ot @(P)(/ﬂt(t - G)a_1d§> dﬂ]

<[ ( fe-oa)”
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1 g(/ot olp)7 dp>p~(/0t(t — )T dp)lp]

KiLr C'gOTO‘_pHFf < 1—p )1—1’ B (1 — p)l—p
TP . (3.24
_F(a)[ a+1—p +C a—7p (1) (3:24)

«

Fort € (t;,],i=1,2,...,m,
()= Thal0)] < 1G:(tmn (1), [ 6, mn(6))ds) = Gilt.hate). [ gls. hafs)) do)]
< e |Im(0) = (0] + Gy | In(5) = s
< Lg :Kgs + Gy (K1 + ) /0 (e + 4,0(§))d§}
< L, :Kgs + Gy (K + 1) (Ts + /0 t w(€)d<>]

< Lg, -K25+G9(K1 +K2>{T5_|_ (/Oth(g);Ck)p'(/ot dg)l—p}]

= |Thi(t)=Tha(t)| < Lg, lKg& + GyT(Ky + K»)e + GyT' 7 (K + KQ)ngo(t)] .
(3.25)

Fort € (¢, tiv1],i=1,2,...,m, we have
|Thi(t) — Tho(t)| < I + > + I, (3.26)

where

I = (G (sis I (1), /0 " (e, hn(e)) ds) — Gi(si, ha(si). /0 " 9(c, hals)) do) .

b= | - 9 E ), [ F (o) o)

= Fls:ha(o). [ F(p,ha(p) dp)] .
b= [ 6= 9 E ), [ o) dp)
I'(a) Jo 0

— F (s, ha(s), /Og f(p, ha(p)) dp)| ds.

Now,

o < L | n(s) — hals)] + Gy [ Iha(s) - h2<<>|d<]
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< Lg, {Kﬁ + Gy Ky + K) /Ogi (e + s0(<))d<|

< L, [KQS + TGy (Ky + Ks)e + GyT' P (K + K2)C@¢(t)] Lt (i tira].

(3.27)
Similarly, for t € (;,ti1],0=1,2,...,m,
b< 25 [ = ) = hato)l + By [ a(o) = halp)l do]ds
2_F(a)o 1 2 fo 1P 2(p)ap
L]: ! a—1
< F(Oz)/o (t—g) {(Kl‘i‘KZ) (E—i-gO(C))
S
+Ff(K1+K2)/O (e + ¢p)) dp}ck
L_F(K1+K2) t t
< | a—1 _ a—1
ST [/O(t S) s0(§)d§+e/o(t §)*Ndg
¢ _ \a—1 ¢ _ \a—1 N
+Ff€/0(t S) 8d<+Ff/0(t <) (/0 #(p) dp)
L]:(K1+K2> Tee  FiTotle 1—p\l-p
i
I'(a) [ a +Oz(0£+1) G <a—p) #(t)
Te—p+l1 1_p 1-p
X 2
+ FiCo—— (57 eo(t)] (3.28)
For (gi,ti+1],i:1,2,...,m,
Lf(K1+K2) T Tt Fse 1—py\i-p
I3 < TP
= INEY! [ a ala+1) G <a—p> ()
Tort . 1—p (1
+ FyCp— (a—p+1> gp(t)]. (3.29)

Thereafter, by using (3.27) — (3.29), we get from (3.26), fort € (;, t;41], 7 =1,2,...,m,

|Th1(t) — Thg(t)| < [{LgiKg + GngiT(Kl + KQ)

9L T TF
Wil ( /

ol (o) a+ ) (o £) }6 " {LgiGQTl_pq"

| 2LrC T << 1 —p)l_p L TH ( 1-p )1_p> }(Kl + K2)p(t)

I'(«) a—p a \a—p+1

which implies

2L T TF
IThy(t) — Tha(t)| < Lgi(GgC@Tlp—i—TGg—kl)—l—f{(l—k f>+

INa)| « a+1
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1—p\'™? C,rorHE 11— 1-p
+C@Ta—p<a_7;> T f(a—l-l]ip) H(K1+K2)(gp(t)+e). (3.30)

Therefore, from above, we have
[Tha(t) — Tha(t)| < O(K1 + Ka)(p(t) +2), te€J.

Thus, we get
dM(Thl, Thg) < @dM(hl, hg), Vhl, hy € M. (3.31)

By assumption © < 1 and hence, (3.31) implies that T is a contraction map. Subsequently,
by Banach fixed point theorem (Theorem 1.5.1), there exists a unique solution to the
problem (3.1) — (3.3) given by equation (3.18).

Stability:

Take a function v € PC(J,R) satisfying (3.5) and v(0) = u(0), and by using Lemma
3.1.3, we have

For t € [0,14],

Tu(t) — v(t)] < [o(t) — 20— ﬁ /0 (¢ — "1 F (s, 0(s), / " F(p,v(p)) dp) ds|

= |To(t) — v(d)] < cvlfi;;: (;:91%@ y Cﬁfi;;: (i:];)lp(‘p(t) N 5).

(3.32)

Similarly, for ¢t € (¢;,¢],i=1,2,...,m,

To(t) = o) < o) = G100, [ gle,o(Dds)l <2 < () +¢).  @3.33)

Fort € (§i,ti+1],i: 1,2,...,m,

Si

[To(t) —o(t)] < fo(t) - Qz-(ci,v(%),/o 9(s,v(<)) ds)

T F(la) /Oq(g - C)a_lf(g,u(c), /OC f(p,v(p)) dp> de

- F(la) /Ot(t - G)a_lf(G,v(C), /(: f(p,v(p)) dp) dg]

= To(t) — (b)) < & + ¢ (1 p) (C P+ 17)pl), L€ (stin) (334
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Therefore, from (3.32) — (3.34), we have

To(t) —v(t)] < (1+C)(p(t) +¢), Vte, (3.35)
_ C@ttll_p 1— p o C’cp 1— p o a—p a—p
where C = 11%1%};{ (o) (a—p Tl \a—p (Q‘ +ti+1> .
Thus, we get
dy(Tv,v) <1+C < +o0. (3.36)

Here, for the integer £ = 0, we look at the space, M* = {z € M|dy(v,2) < oo}.
Taking z(t) = v(t) itself, we have dy;(v,v) =0 < 0o = v € M*.
Hence, by Banach fixed point theorem, if «* is a fixed point for an operator T, we get

* dy(Yy,y) 1+C
i - < <
[v(®) = (@] < 1-6 T 1-0

(o) +2), Viel. (3.37)

Hence, the problem (3.1)—(3.3) is generalized Ulam-Hyers-Rassias stable. This completes
the proof. [

3.2 Example: An Application to Fractional RLC
Circuit

Fractional-order RLC' circuit model has many advantages over the integer-order one
because of an extra parameter included in the model. This extra parameter affects the
performance and enhances the novel behavior which gives more flexibility in circuit design
and control. Some novel phenomena can be observed only in the case of fractional-order
model, as illustrated by Radwan and Salama [118]. They presented a broad view of
the RLC circuit in terms of the fractional-order sense. They showed that the fractional-
order impedance was purely imaginary and it enabled one to model a huge capacitance/
inductance based on a very small fractional-order. Numerical study of the fractional-
order RLC circuits under the variant and non-variant voltage source was carried out in
[66], and the solution of the fractional-order circuit was compared graphically with the
corresponding integer-order circuit. Sene [125] and Ali et al. [34] derived the analytical
solutions of RL, RC and RLC circuits with the generalized fractional derivatives and
compared the obtained results with the corresponding integer-order circuit for RL and RC
circuits. In the case of RLC circuit, they did not compare the result with the integer-order
RLC circuit since the analytical solution was in the form of an infinite series where each
term was a generalized Mittag-Leffler function which might increase the roundoff error.
Thus, in general computing the fractional-order solution numerically may increase the
roundoff error. In this context, we wish to propose some bound estimate for the solution

with the help of the corresponding solution of the integer-order circuit. Analysis of various
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fractional-order electric circuit models with a non-singular kernel differential operator can
be found in [97, 92, 91]. For more literature on fractional RL(C circuit, one can refer to
the works in [150, 7, 8, 131, 126].

In the governing equation of the conventional RLC circuit, we cannot directly replace
the integer-order derivatives by the fractional-order derivatives because we have to take
care of the dimension of the physical quantity like resistor, inductor and capacitor. Gémez-
Aguilar et al. [70, 2] overcame this difficulty by introducing an auxiliary parameter having
the dimension of time and they experimentally analysed the fractional-order RLC circuit.
They compared the Nyquist diagram among the integer-order equation, the spectroscopy
result and fractional-order equation, and found that the fractional-order system fitted the
experimental data as the best fit which established the existence of the fractional RLC in
the physical world.

We wish to overcome the difficulty faced by Ali et al. [34] for comparing the solutions
of fractional-order and integer-order RLC circuits. Thus, we make an attempt to establish
the bound for |/, (t) — I(t)| in a certain interval where I, () is a solution of the fractional-
order non-instantaneous impulsive RLC' circuit whereas /() is a solution of the same

non-instantaneous impulsive RLC' circuit but with an integer-order.

Example 3.2.1. We consider the following non-instantaneous impulsive RLC' circuit with

fractional-order under the unit step input voltage H (t) (Heaviside function) as

Lo §DPL0)+ REM) + 5 [ L)ds = HE), t€01]U23,  (339)
RIL(t) + é /Ot L(c)ds = H(t), te(1,2], (3.39)
1,(0) = 0, (3.40)

and the corresponding integer order non-instantaneous impulsive RLC' circuit as

di(t 1 gt
Ladi) + RI(t) + 5/0 I(s)ds = H(t), te€(0,1U(2,3], (3.41)
RI(t) + é /Otl(g)dg =H(t), te(1,2], (3.42)
1(0) =0, (3.43)

where L,,, R and C' are the inductor, resistor and capacitor, respectively. Here 0 = ¢y =
to<ti=1<¢ =2 <ty =3, and we also assume that R*> = AL, /C. In the above
circuit, for the time interval (1, 2], the effect of the inductor is neglected but its effect is
noticeable when (2, 3] is considered.

In this example, we first find the solution I(t) of the integer-order system (3.41) —
(3.43) and then we put this solution 1(t) in the original problem, i.e., in the fractional-
order system (3.38) — (3.40). After doing so, we get some function bound to the system
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R La
(Fractional inductance)

VWA~

Cc

Figure 3.1: Fractional-order RLC circuit under unit step input voltage H (t) with fractional order
influence on the inductance

(3.38) — (3.40) in the interval (0,1] U (2, 3] via the function o(t) (as defined in (3.5)).
Therefore, before applying our main theorem, i.e., Theorem 3.1.2, we have to identify the
function p(t).

The solution I (t) of the integer order non-instantaneous impulsive RLC' circuit (3.41) —
(3.43) is given by

1
I t € (0,1],
—at/2
=" +eq@,2, (3.44)
R
—a(t—1)
a(3+ 20 — 2¢?)(t - 2) + 1 = te€(23]

R
where a = T is a bandwidth of the RLC circuit. Putting this solution in the fractional

o7

RLC system (3.38)-(3.40) and using the result of Theorem 3.1.1, we get the bound as
given below.
Fort € (0,1],

oo 1t 1 e
|LC¥ODt I<t)+RI(t>+6/0 I(§)d§—H(t)| S (1—1—&)(1—}—{,(2_(1)) . (345)
Similarly, fort € (1,2],
1
|mm+541@¢—mm:0 (3.46)

Fort € (2,3],

La §DR(0) + RIW + & [ 1)ds ~ H)
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-« aea(t-ﬁ-l)

3 a/2
§<1+F(2_Q)>l(1+a)(3+2a—26/)+11 7 (347

By observing the above inequalities, we can take our function (t) as

-«

o(t) = (1 + 1“(2—04)) l(1 +a)(3 + 2a — 2¢%/?) + 1]

aea(t—i—l)

R

(3.48)

Thus, we get the function ¢(t) as required in (3.5). Therefore, we now proceed to substan-

tiate our main result by using Theorem 3.1.2.

Here,
t 1 1 st
Ft 10 | Fotule)a) = - (0= R0 = & [ L)
with Ly = amax{a, 2},
and . . Lo
G010, s 1)) = (710 ~ & [ ()
with Lg, = <.

2
We also take G, = % and Fy = a? and then we observe that

( / t (gp(g))’l’dg>p < Cop(t) (3.49)

is true for any p > 0 (hence it will be true for 0 < p < o < 1), where C, = (%)p.

Here,
P a 4a |3~ 3a?
o= 31P<p) 2]y = (1 —)
( a o T 4+F(a) a +1—|—0z

Pr1 —p\1-p p 1— 1-p
(B (A2) e (e 5) ) e
a a—Dp a a—p+1

and

(g)p 1—p\'? a—p a—p
C:r(a)<a—p) (2077 4 3277). (3.51)

Now, we choose different a, o, p such that the conditions of Theorem 3.1.2 are satisfied,
e, ©<1,and0 < a < p < 1. Then, by Theorem 3.1.2, we have that, for the solution
I(t) of integer-order RLC' (3.41) — (3.43) defined by (3.44), there exists a unique solution
I1,(t) of fractional-order RLC' system given by (3.38) — (3.40) such that

eat

L)~ 10| < G5, vee(0.3) (3.52)
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where C, = (%) (1 + Ff;:(;)) {(1 +a)(3+4 2a — 26“/2) + 1J %
We then go ahead to compute the values of bound coefficient C, for different values of a
and « such that conditions of Theorem 3.1.2 hold.

Table 3.1: Values of C, for a = 0.05, p = 0.000005 and for different order «.

o) 0.125 0.25 0.5 0.75 0.99
) 0.4878 0.5429 0.6484 0.7454 0.8285
C, 40.8699 | 47.4719 | 63.3356 | 84.7377 | 116.3921

Table 3.2: Values of C, for a = 0.03, p = 0.000005 and for different order c.

« 0.125 0.25 0.5 0.75 0.99
) 0.2906 0.3236 0.3869 0.4452 0.4950
C, 28.3640 | 30.8401 34.9166 | 37.3695 | 37.9956

Table 3.3: Values of C, for a = 0.01, p = 0.000005 and for different order c.

o 0.125 0.25 0.5 0.75 0.99
) 0.0964 0.1073 0.1284 0.1479 0.1645
G 21.3985 22.4568 23.6035 | 23.3822 | 22.0682

Hence, from Tables 3.1 — 3.3, for different values of order o and using the concepts of
generalized Ulam-Hyers stability, it is observed that we establish a bound for |I1,(t) — 1(t)|
as given by (3.52). For a given inductor L, and a bandwidth a = 0.05, we observe
from Table 3.1 that the bound coefficient C, strictly increases as the value of « increases,
whereas, for smaller value of bandwidth a = 0.01 in Table 3.3, we observe that the C, does
not change much as compared to the case for higher values of the bandwidth. Therefore,
the bound for |1,(t) — I(t)| is larger in the case for the larger bandwidth compared to the
smaller bandwidth even for an order o = 0.99(~ 1) - very close to an integer order. In
other words, the bound mainly depends on the bandwidth of the RLC system. This finding

is expected to find an important place in fractional RLC circuit problems.

3.3 Conclusions

In this chapter, we have established the existence and the generalized Ulam-Hyers-Rassias
stability results of the mild solution of the Caputo fractional non instantaneous impulsive
integro-differential equation. For establishing the unique solution, we considered some
appropriate assumptions and a specific space of continuous functions. By showing a
map from it into it to be a contraction map, uniqueness has been established. The same
map along with a piecewise continuous function was utilized for proving the generalized
Ulam-Hyers-Rassias stability with the help of Banach fixed point theorem. With the help of

our result, we estimated the bound for the difference |/,,(t) — I(t)| for different fractional
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order . Three tables have been presented in which the bound coefficient and the bound
have been computed for different fractional orders. The bound for |/,,(¢) — I(t)| is found
to be larger in the case for the larger bandwidth as compared to the smaller bandwidth even
for an order v = 0.99(~ 1) which is very close to the integer order 1. In other words, the
bound mainly depends on the bandwidth of the RLC system. Sometimes it is very difficult
to compute the solution for the fractional-order RLC' circuit compared to integer-order
system. Therefore, our last result will give some estimate for the bound of the solution of
the fractional-order RLC' system.
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CHAPTER

Lyapunov stability analysis of the Caputo-
Fabrizio fractional-order intermediate value

systems

4.1 Introduction

The study of stability of fractional-order systems contaning singular and non-singular
kernel fractional-order derivatives has evoked significant interest due to huge number of
applications [135, 88, 138, 73]. In this context, several researchers have studied Lyapunov
stability with respect to Caputo-Fabrizio derivative [78, 78].

Subsequently, in this work, we revisit the concept of Lyapunov stability of an au-
tonomous fractional-order system with Caputo-Fabrizio deivative by taking care of the
point suggested by Diethelm [36] and Zhang [151]. We first show that (i) only a constant
solution exists for an initial value autonomous Caputo-Fabrizio fractional-order system,
(i1) a non-constant solution exists only in case of a non-autonomous system, and (iii) all the
isolated equilibrium points of an autonomous system are asymptotically stable. Secondly,
we show that the existence of a non-constant solution is possible for an autonomous system
only in the case of an intermediate value problem. In this context, we analyse the Lyapunov
stability of an intermediate value autonomous Caputo-Fabrizio fractional-order system

given by

SEDru(t) = F(u(t)), 0<a<l,t>0, (4.1)
U(to) = U, t(] > 0, (42)

where u € R", F' : Q (C R") — R". Here, the information u(%,) is known at the
intermediate point ¢ = t; > 0, not at the initial point ¢ = 0. This type of situation

often appears in real-world applications in which we only know the current value rather
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than its past values. In a fractional-order system, a memory term is involved which
makes it more complicated since the current dynamics of the system depends upon all
the values of the past states. In this work, we investigate the stability of an equilibrium
point of the above intermediate value problem for linear and nonlinear systems in a
neighborhood of the point u(ty), i.e., we are interested in the stability for future time
progress t > to. For t € [0,t], the above system is called a terminal value problem.
For more detailed information regarding intermediate and terminal value problem for

fractional-order differential equations, one can refer to [147] and [35], respectively.

4.2 Preliminaries

Definition 4.2.1. [140] A function y : [0, 00) — [0, 00) is called a class-K function if it is

continuous and strictly increasing with v(0) = 0.

Lemma 4.2.1. [36] Let us consider the following Caputo-Fabrizio initial value fractional

differential equation:

“EDru(t) = h(t,u(t)), O0<a<l,t>a, (4.3)
u(a) = ug, 4.4)

where h : [a,00) x R™ — R". Then, the system (4.3) — (4.4) can have a solution only if
h(a,u(a)) = h(a,u,) = 0.

Thus, in the system (4.3) — (4.4), in order to have a solution to exist, one is forced to
choose the initial condition u(a) such that h(a, u(a)) = 0, which is a major drawback of

using a non-singular kernel fractional-order operator.

Lemma 4.2.2. [123] (Comparison Theorem) Let us consider o, 0 < o < 1 and
SED2u(t) > §EDo(t) with u(0) = v(0). Then u(t) > v(t).

4.3 Main Results

Before establishing and analyzing the main results, we present some definitions for the

following non-autonomous Caputo-Fabrizio initial value system:

SEDSu(t) = F(t,u), (4.5)
u(0) = uo, (4.6)

where {TDu(t) = (SFDf‘ul(t), . ,gFDfun(t)>, with0 < a < 1,and F : [0,00) X

2 (C R™) — R" is Lipschitz continuous in « on a domain 2.
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Definition 4.3.1. A point u € Q (C R") is said to be an equilibrium point for the system
(4.5) — (4.6) if F(t,u) = 0, ¥ t > 0. Define an equilibrium point set as Sgp = { u € Q|
F(t,u) =0, Yt >0}.

Definition 4.3.2. A point ug € ) (C R™) is said to be a solution existence point if, for
the system (4.5) — (4.6), the solution u(t,ug) exists for all t > 0 with initial condition
ug. Define a solution existence point set as Ss = { ug € Q | solution u(t,uy) exists
Vit >0}

Definition 4.3.3. A point ug € Q (C R") is said to be a possible solution existence point
for the system (4.5) — (4.6) if F(0,ug) = 0. Define a possible solution existence point set
as Sps ={ up € Q | F(0,up) = 0}. Here, if ug € Sys, then the solution u(t, ug) may or

may not exist.

Corollary 4.3.1. For the non-autonomous Caputo-Fabrizio initial value system (4.5) —
(4.6), we have Sg C Ss C Sps.

Proof. Let u € Sg which gives F'(t,u) =0, ¥V t > 0 implyingF(0,u) = 0, and starting
with initial condition u(0) = @, u(t) = w is a solution for the system (4.5) — (4.6) which
means u € Sy = Sg C S,.

Next, take uy € S; which means that the solution w(t, ug) exists for all ¢ > 0. Then, by
Lemma 4.2.1, we have F'(0,u9) = 0 which means u, € S,; = S; C S,s. Hence, the
result Sp C Sy C S, follows. [l

The above subset relation is strict and we will later show that the equality holds for

the autonomous systems.
4.3.1 Caputo-Fabrizio autonomous initial value systems (Revisited):
We consider the following initial value Caputo-Fabrizio fractional autonomous sys-

tem:

SIDeu(t) = F(u(t)), 0<a<1,t>0, 4.7)
u(0) = uyg, (4.8)

where F': Q (C R™) — R" is continuous and Lipschitz in « on a domain Q(C R").

Definition 4.3.4. The equilibrium point u € Sg of the system (4.7) — (4.8) is
(1) Lyapunov stable if, for each € > 0, there exists § = 0(¢) > 0 such that

|u(0) —u|| < = [ju(t) —ul| <e, Vt>0. 4.9)
(11) Asymptotically stable if it is stable and there exists §; > 0 such that

Ju(0) — ] < 6 = Jim u(t) = @ (4.10)
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Corollary 4.3.2. For the autonomous system (4.7) — (4.8), we have Sg = Ss = Sps.

Proof. Letu; € Sps. Then, for the system (4.7) — (4.8), we have F'(u1) =0 = u; € S,
and u(t) = uy is a solution for the system which means u; € Sy = 5,5 C S;. Similarly,
one can show that S; C Sg and consequently, we have S,; C Sy C Sg. Subsequently, by
using Corollary 4.3.1, it is obvious that Sg = Sy = 5. O

Theorem 4.3.1. A Caputo-Fabrizio autonomous system possesses only a constant solution,

and the non-constant solution exists only in the case of a non-autonomous system.

Proof. The proof directly follows from Corollary 4.3.2. Moreover, Sg = S, i.e., the set of
all solutions is equal to the set of all equilibrium points which means that only a constant

solution exists for a Caputo-Fabrizio autonomous system. U

Theorem 4.3.2. All the isolated equilibrium points of the autonomous system (4.7) — (4.8)

are asymptotically stable.

Proof. Let u € S be an isolated equilibrium point. Then, there exists a neighborhood
N;s(u) such that Ns(u) NSg = {u}, and by using Corollary 4.3.2 in the neighbourhood
Njs(u), the solution exists only for an initial condition u(0) = u € Ns(u). The solution is
given by u(t) = u, for all t > 0. Consequently, for every € > 0, there exists a ¢ > 0 such
that, for ||u(0) — u|| < ¢, we have ||u(t) — u(0)|| < e. Moreover, tlggo u(t) = u. O

4.3.2 Caputo-Fabrizio autonomous intermediate value systems:

From the previous subsection, it may be realized that there does not lie much interest
in studying the stability of the equilibrium point for the initial value autonomous system
(4.7)—(4.8). Subsequently, now we want to study the stability of the following intermediate

value autonomous system:

SEDru(t) = Fu(t), 0<a<l,t>0, (4.11)
u(to) =ug, tog>0, 4.12)

where u € R", F': 2 (CR") — R™.

Theorem 4.3.3. Let F' : R" — R be a continuously differentiable function. A function
u € C(J,R™) is a solution of the above intermediate value system (4.11) — (4.12) if and
only if u is a solution of the following integral equation:

B (1—a) a t
u(t) = o+ 3703 [Fult)) - Flu(te))] + i / Flu(s)) ds, 4.13)

to

where J is the maximal interval of existence of the solution containing t.
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Proof. Let u(t) = u(t;0, c) be a solution of the system (4.11) with an initial condition
u(0) = ¢ such that u(tp; 0, ¢) = ug. Then u(t; 0, c) satisfies the integral equation

B (1—a) « ¢
u(t) = e+ S Ful) + g7 /0 F(u(s)) ds. (4.14)

Since u(to; 0, ¢) = ug, we have

(1—a) a to
uy = c+ M(a) F(u(ty)) + ]\4(04)/0 F(u(s))ds
= c=up— (]1\4_(;;) Flu(to)) — M(E‘a) /0 " F(u(s)) ds. 4.15)

Using the above value of ¢ in equation (4.14), we get (following [36])

(1—a) « t
) = —= 1 F(u(t)) — F(u(t — | F ds. 4.16
1) =+ S [Pu(®) = Fut)] + g7 [ Fut)ds. @10
Conversely, let u € C(J,R") satisfy the integral equation (4.16). Then, u is clearly

differentiable and thus, we get

(1 —a)dF(u(t)) LG
M(a) dt M(a)

() = F(u(t)). 4.17)

t
Now, multiplying both sides by exp <1a> , We obtain
— o

exp (1(ita)u’(t) :exp< ata> ( (1~ o) dF(u t( ) + M?Q)F(u(t)>)

O ()

Integrating both sides from 0 to ¢ where ¢ > 0, we have

/texp< or )u’(T)dT: (Lzai)[exp( ot )F(u(t))—F(u(O))]. 4.19)

1—- -«
By Lemma 4.2.1, we have F'(u(0)) = 0, and from the above equation, we get
SEDru(t) = F(u(t)). (4.20)

Hence, u € C'(J, R") satisfying the integral equation (4.16) is a solution of the intermediate
value system (4.11) — (4.12). O
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Definition 4.3.5. A point u € () is said to be an equilibrium point for the intermediate
value system (4.11) — (4.12) if F(u) = 0. Define an equilibrium point setas E = { u €
Q| F(u) =0}

Remark 4.3.1. Let u € E. If we take the intermediate value u(ty) = u, then from the

equivalent integral equation relation (4.13), we get

. (1-a) a t
u(t) = 1 SR () + s / Fu(s)) ds. 4.21)

to

Clearly, the solution u(t) of the above integral equation (4.21) is the solution of the

following system:

CEDRu(t) = F(u(t), 0<a<l, (4.22)
u(ty) = a. (4.23)

Since F'(u) = 0 and the above system (4.22) — (4.23) has a unique solution, it means
that the solution of the integral equation (4.21) is given by u(t) = u. Hence, the given

intermediate value system (4.11) — (4.12) has a constant solution u(t) = u.

Theorem 4.3.4. The above intermediate value autonomous system (4.11) — (4.12) can be

transformed to the following initial value non-autonomous system:

at

SEDy(t) = F(u(t)) — exp ( | )F(U(O)), O<a<l,t>0, (4.24)

v(0) = u(to), (4.25)

where v(t) = u(t + to), for all t > 0.

Proof. Let us translate the origin by the transformation 7 = ¢ — ¢3. Then,

M - _|
SEDy(T +ty) = 1_(02/0 uw' (T + to) exp < — Oég%;)) ds. (4.26)

Thereafter, upon evaluating the derivatives at t = 7 + t;, we have

M(a) [rto a(t+ty—s
6 D ut) limrite = (a) /0 u'(s) exp ( — <0)) ds

11—« 11—«

B M(a)e ia fto alty — s)

=1 a /0 u(s)exp(— 1o )ds
M T+to to —

+ () / u'(s) exp ( — OMOS)) ds. (4.27)
1 — o Jy 11—«

Now, by using the system (4.7), we get

aT
l—«

F(u(t + 1)) = exp ( —
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aT

= SFDu(r +to) = F(u(r + 1)) — exp ( 1 )F(u(tg)), 7> 0. (4.28)

Denoting v(t) = u(t + to), t > 0, the above equation can be rewritten as

at

§rDru(t) = F(o(®) = exp (- 1

)F(U(O)), £>0, (4.29)

with an initial condition v(0) = u(ty). O

Corollary 4.3.3. If v(t) ¥V t > 0 is a solution of the system (4.24) — (4.25), then u(t) =
v(t — to) is a solution of the intermediate value system (4.11) — (4.12) for t > to, and
conversely, if u(t) is a solution of the system (4.11) — (4.12) for t > to, then v(t) =
u(t +to), YVt >0,isasolution for the system (4.24) — (4.25).

Corollary 4.3.4. By Theorem 4.3.1, the above transformed non-autonomous system
(4.24) — (4.25) has a non-constant solution which means that an autonomous intermediate
value system (4.11) — (4.12) can have a non-constant solution.

This is an interesting property of the intermediate value system since, by Theorem
4.3.1, it is known that an autonomous initial value system possesses only a constant

solution.

Theorem 4.3.5. A point u € ) is an equilibrium point of the system (4.11) — (4.12) if and
only if it is an equilibrium point of the system (4.24) — (4.25).

Proof. Let us consider u € E to be an equilibrium point for the system (4.11) — (4.12).

Then, F'(u) = 0, and we observe that, for v = u,

at

0 =) — e ( —- )F(ﬂ) _0,t>0 (4.30)

which implies that % is an equilibrium point for the system (4.24) — (4.25). Conversely,

let u be an equilibrium point for the system (4.24) — (4.25). Then, we have g(¢,u) = 0.

Therefore,
_ at _
F(u)—exp(—l )F(u):()
t
- (1—exp<— “ >>F(u)=0, Vi >0,
11—«

which is true only if F(u) = 0. Thus, « is also an equilibrium point of the system
(4.11) — (4.12). [

By considering Remark 4.3.1, we are interested in studying the Lyapunov stability of
the equilibrium point of the intermediate value problem in a neighborhood of the point

u(tp), i.e., we wish to study the stability in time progress for ¢ > t,. Therefore, we analyse
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the stability of the equilibrium points of the above intermediate value autonomous problem
for both linear and nonlinear cases. Before that, we quickly define the Lyapunov stability

of the equilibrium point of the intermediate value system (4.11) — (4.12).

Definition 4.3.6. An equilibrium point u € E of the intermediate value problem (4.11) —
(4.12) is
(1) Lyapunov stable if, for each € > 0, there exists some 6 > 0 such that

llu(to) —ul| < = JJu(t) —ul|| <e, Vt=>to. (4.31)
(11) Asymptotically stable if it is stable and there exists some 61 > 0 satisfying
|u(to) — ul| < 61 = 1tli}m u(t) = u. (4.32)

4.3.3 Part I: Intermediate value Caputo-Fabrizio linear autonomous systems
Here, we discuss the stability of the following linear system:

SEDu(t) = Au(t), t >0, (4.33)
U(to) = ug, tg > 0, (4.34)

where A is an n X n non-singular scalar matrix.

Remark 4.3.2. Ifty = 0, then by Theorem 4.3.2, the equilibrium point u = 0 of the above
linear system (4.33) — (4.34) is globally asymptotically stable.

Theorem 4.3.6. The equilibrium point u = 0, of the system (4.33) — (4.34) is asymp-

totically stable if and only if the eigenvalues of the matrix A do not lie inside the disc
2

Sia) = {(z.9) € R | (v=55) + 9 < ke |

Proof. By using the translation 7 = t — ¢, the system (4.33) — (4.34) is transformed to

the following initial value non-autonomous system:

ot

OFDay(f) = Av(t) — exp < = >Av(0), £>0, (4.35)

v(0) = u(to). (4.36)

Now, taking Laplace transform on both sides of equation (4.35) and M («) = 1, we have

1
(p+a(i—p)

1
P+

[0}

) (P2L®)F) - () = AZ[(B)(p) - Av(0),  (437)
[pN _ aA].i”[v(t)](p) — Nw(0), (4.38)
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where N = I — (1 — «v) A. Since the eigenvalues A(A) of the matrix A do not lie inside
the disc S1(a), i.e., A(A) ¢ Si(w), it implies that -~ € p(A) (the resolvent set of A).

Therefore, the matrix NV < =—(1-a) (A — ﬁ] )) is invertible. Subsequently, we get

[sI — aN "' A Z[u(®)](p) = v(0), (4.39)

Thus, the solution of the system (4.35) — (4.36) is given by
v(t) = exp(aN " At)v(0), (4.40)
and the solution of the intermediate value system (4.33) — (4.34), for ¢ > t, is given by
u(t) = exp(aN"TA(t — to))u(to), (4.41)

which means that u(¢) — 0 as ¢ — oo if and only if all the eigenvalues of the matrix
N~!A have negative real parts. So, we only need to show that the eigenvalue A\(N ' A)
of the matrix N ! A has a negative real part. From the well-known result of the invertible

matrices that

we get
_ = « -1
aN'A=a(l-(1-ad)) A= — a(([ —(1-a)d4) -1I). (4.42)
Suppose A(A) = A; + iXy. Then, we have
1, O 1 _
AN A)_l—a(l—(l—a))\(A) 1), (4.43)

_ oz(>\1 — (1 —oc)()\%—i-)\g)) '
from which we get Re(A(aN~1A4)) = i-a N DY Therefore, if
— (1 —a)\ — a)?\3

(A1, A2) € Si(«), then clearly Re(A\(aN"1A)) < 0. O
4.3.4 Part II: Intermediate value Caputo-Fabrizio nonlinear autonomous systems

Now, we discuss the Lyapunov stability for the nonlinear autonomous intermediate
value system (4.11)—(4.12). Since for t > t,, the intermediate value system (4.11)—(4.12)
is equivalent to the initial value system (4.24) — (4.25), thus we will establish the stability
result for the initial value system (4.24) — (4.25).
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Theorem 4.3.7. The equilibrium point v = 0 of the system (4.24) — (4.25) is stable if
there exists a continuously differentiable function V' : [0, 00) x R™ — R with respect to

all of its arguments such that
(i) V(t,0)=0, VYt >0,

(ii) there exist a function vy of class K and a positive real number s > 0 such that

Y(lvll) € V(tv), Yve B, V=0,

(iii) there exists a positive constant v > (0 such that

SEDAV (t,u(t) <0, v € B, Yt >0.

Proof. Let ¢ > 0, and define a function 5(6;) = sup V(0,v). Then §; — 0 implies

[vll<éy
Let ¢y = min{e, 7, s}. Since y(g;) > 0, by definition of limit, there exists a § > 0 such
that
B(0) <(er)- (4.44)

Claim: ||[v(0)|| <0 = |lv(t)|| <&, Yt >0.

Suppose the above statement is not true so that there exists some 7’ such that
@) [|v(t)]| <&, YVt €]0,T), and

(i) (D) = 1.

Since €; < r, then by the given condition (7iz), we have

SEDV (t,u(t) <0, Yt e[0,T)
= V(T,v(T)) < V(0,v(0)).

Thus, if ||v(0)|| < ¢ and using inequality (4.44), we have
Also, from the condition (i7), as £; < s, we obtain

Y(lo(D)]]) < V(T,v(T))
= V(T,v(T) > y(e1). (4.46)

The inequalities (4.45) and (4.46) invite a contradiction which implies that there does not
exist any such 7. Hence, |[v(0)]| < = ||v(t)|| <e1 <e, VE>0. O
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Lemma 4.3.1. [123] Let V : [0,00) x ©Q — R be continuously differentiable with respect

to all of its arguments and convex over the domain ) C R"™. Then, for 0 < o < 1, we have

T
§ DRVt o(t) < (W;i’“)) 6 Diu(t), Vt>0. (4.47)

Corollary 4.3.5. Let the assumption and conditions (i) and (ii) of Theorem 4.3.7 be true
on V which is supposed to be convex. Then, the equilibrium point v = 0 of the system
(4.24) — (4.25) is stable if

(ava(f;v)) . (F(U(t)) — exp(— 1= a)F(U(O))> <0, Vt>O0. (4.48)

4.4 Example

In this section, we present a suitable example which obeys the conditions of our obtained

result Theorem 4.3.6 and authenticates it.

Example 4.4.1. Consider the intermediate value Caputo-Fabrizio linear autonomous

system as follows:

SEDeu(t) = Au(t), t >0, (4.49)
u(2) = uo, (4.50)

where

3v2 -1
A=
10-5vV2 4

] . ug € R 4.51)

The eigenvalues of the matrix A are A\ = (2+J5)+i(1+ J5) and Ay = (2+J5) —i(1+ ).
Now, for o = %, clearly the eigenvalues A\ and )\ do not lie inside the disc Sl(%).
Hence, by Theorem 4.3.6, the equilibrium point u = 0 of the above intermediate value
system is asymptotically stable. Figure 4.1 depicts this fact. Moreover, the solution of the
above system for t > 2 is given by

V2

where N =1 — (1 — %)A On the other hand, for o = %, the eigenvalues \y and \, lie

u(t) = exp <N_1A(t_2>>u0, t>2, (4.52)

inside the disc S, (%) and hence, the equilibrium point u = 0 of the above linear system is

unstable. This can be ascertained from Figure 4.2.
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—u
w0t il
- =uy

Uy, U2

S

Figure 4.1: Solution of the system (4.49) for fractional order o = %, with A1, A2 ¢ S ( 1 )

T
—u
- —uy

Uy, U

Figure 4.2: Solution of the system (4.49) for fractional order o = %, with A1, Ay € 51 (%)

4.5 Conclusions

In this chapter, by using the properties of Caputo-Fabrizio derivative and the concept of the
equilibrium point of the Caputo-Fabrizio fractional-order systems, we have found that only
a constant solution exists for an autonomous Caputo-Fabrizio system, and a non-constant
solution exists only in the case of a non-autonomous system. Based on this finding, we
revisited the Lyapunov stability of an equilibrium point of an autonomous Caputo-Fabrizio
fractional-order system and established that all isolated equilibrium points of a Caputo-
Fabrizio autonomous system are asymptotically stable. We have discussed Caputo-Fabrizio
fractional-order intermediate value problems for both linear and nonlinear autonomous
systems as introduced by Yang [147] and Diethelm [35]. Further, we have shown that a
non-constant solution exists in the case of an autonomous intermediate value fractional-
order system and studied the Lyapunov stability for the intermediate value Caputo-Fabrizio
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problems for both linear and nonlinear autonomous systems in time progress for t > ;. At
the end, an example is presented in order to ascertain the applicability of one of our results
(Theorem 4.3.6). The obtained results are expected to show a new direction with respect to
Lyapunov stability of intermediate value Caputo-Fabrizio fractional-order systems and to

find applications in some areas.
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CHAPTER

Caputo-Fabrizio fractional-order systems: Pe-
riodic solution and stabilization of non-
periodic solution with application to Gunn

diode oscillator

5.1 Introduction

In the last few decades, the dynamical behavior of fractional-order systems has captured
a growing attention of mathematicians, scientists and engineers due to its immense ap-
plications. A large number of applications can be found in topics like visco-elasticity
[14, 107, 112] <control of viscoelastically damped structures [14], connecting the grain-

shearing mechanism of wave propagation in marine sediments to fractional-order wave

equations [107], viscoelasticity [112] ), electromagnetism [52, 55] <electromagnetic the-

ory [52], wave theory [55]), control theory [50, 71, 73, 88] <dynamics and control of
initialized fractional-order systems [50], asymptotic stability and stabilization of fractional-
order systems [71], global asymptotic stability conditions for nonlinear fractional-order

systems [73], stability results for fractional differential equations with application to con-
trol processing [88]), electrical circuits [9] (application of generalized Caputo-Fabrizio
fractional derivative to electrical circuits ), biology [31, 86, 127] (neurodynamics of the

vestibulo-ocular reflex-VOR fractional-order model [31], fractional calculus in bioengi-

neering [86], abundant bursting patterns of a fractional-order Morris-Lecar neuron model

[127]> and so forth. For a collection of real-world applications of fractional calculus in
science and engineering, one can refer to the review paper [132] and the reference therein.

In this context, analysis of oscillatory behavior of the solutions of dynamical systems is one
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of the main issues. Since periodic motion is a very important and special phenomenon in a
dynamical system [43], the existence of periodic solutions is often considered a desirable
property in dynamical systems. This constitutes one of the widely regarded research areas
in the theory of dynamical systems with the applications ranging from celestial mechanics
to biology, engineering, finance etc. It is known that an integer-order system may have a
periodic solution [43] which is, however, not true in the case of a fractional-order system
with Caputo or Reimann-Liouville fractional derivative. This is due to the fact that the
fractional-order derivative are non-local operators which results in the fractional-order
derivative of a periodic function not be a function with the same period. As a consequence,
no time-invariant fractional-order system has a non-constant periodic solution. In this
direction, several rsearchers have carried out studies. Tavazoei [137, 134] proved that
the time invariant fractional-order systems involving Caputo fractional derivative do not
possess any non-constant periodic solution. However, Yazdani and Salarieh [149] proved
that a periodic solution may exist if the lower terminal point of the fractional derivative
tends to —oo. Bourafa [22] proved the existence of the periodic solution of a fractional-
order differential system with a fixed length of sliding memory. But these two results
are not applicable in practice, i.e., it is difficult to construct such systems. Alternatively,
different periodic solution concepts have been introduced for a fractional-order system, e.g.,
Henrique [53], Wang [141] introduced the concepts of asymptotic periodic solution and
proved the existence result. El-Borai [40] and Cabada [26] also elaborated the concepts
of an almost periodic solution and a positive periodic solution, respectively, for some
nonlinear fractional differential equations.

Thus, from the above notable works, we observe that the fractional-order autonomous
systems do not possess any non-constant periodic solutions, and to the best of our knowl-
edge, there are no existing results regarding the existence of a periodic solution for
fractional-order non-autonomous systems. Subsequently, in this work, an attempt is made
to fill the above gap by trying to establish the existence of a periodic solution of the
Caputo-Fabrizio fractional-order system, by making similar assumptions as the ones for
an integer-order system, and by taking care of the shortcomings mentioned by Diethelm
[36], Guadalupe [49] and Zhang [151] that the Caputo-Fabrizio fractional derivative with
a non-singular kernel fails to satisfy the fundamental theorem of fractional calculus due to
which the value of the derivative at the initial time is always zero. This puts a restriction
in choosing the initial data for a Caputo-Fabrizio fractional differential equation. With
respect to the novelty of the present work, the following may be stated: (i) establishing
the periodic solution of a non-autonomous Caputo-Fabrizio fractional differential equa-
tion; (i1) the subsequent construction of a periodic solution to a linear non-homogeneous
Caputo-Fabrizio fractional-order system; (iii) using the obtained results, the derivation of a

periodic solution of a fractional-order Gunn diode oscillator under a periodic input voltage;
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and (iv) the construction of a suitable linear feedback control to stabilize the solution to a

linear non-homogeneous fractional-order system to a periodic solution.

5.2 Main Results

In this section, we first prove that an autonomous Caputo-Fabrizio system cannot admit a
non-constant periodic solution, and under a suitable assumption, we discuss the existence
of a periodic solution for a non-autonomous Caputo-Fabrizio system.

Autonomous Caputo-Fabrizio initial value systems:

First, let us begin with a discussion on the existence of a periodic solution for an au-

tonomous Caputo-Fabrizio system

§ Dfu(t) = F(u), (5.1)
w(0) = uo, (5.2)
where F: Q(C R") — R™

Theorem 5.2.1. An autonomous Caputo-Fabrizio system cannot have a non-constant

periodic solution.
Proof. By Theorem 4.3.1, we know that only a constant solution exists for the autonomous

Caputo-Fabrizio system (5.1) — (5.2). Therefore, the proof follows directly. O

Non-autonomous Caputo-Fabrizio initial value

systems:

Here, we make an effort to establish the existence of a periodic solution of a non-

autonomous Caputo-Fabrizio fractional-order system under some suitable assumptions.

Theorem 5.2.2. Consider the following Caputo-Fabrizio fractional-order initial value

problem:

§TDu(t) = F(t,u), t>0, (5.3)
u(0) = uo, (5.4)

where §¥DY = (OCFDf‘lul(t), o ,OCFDf”un(t)>, 0 <o <1, i=12,....,nand
F :]0,00) x Q (C R™) — R". Let us assume the existence of a positive constant T' > 0
satisfying

(1) Fit+T,u) = F(t,u), Vt >0, (i) u(T) = up. (5.5)

Consequently, the solution u is also periodic with period T, i.e., u(t +7T) = u(t), ¥Vt > 0.
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Proof. Letv(t) = u(t+ T). Then

SEDE(t) = M(a) /Ot u' (¢ +T)exp ( — dft _f)) ds, (5.6)

l1—-a

and evaluating the derivative above at ¢t = ¢ + T, we have

OCFD?U(t) =1 = M(&) /t+T u'() exp ( - att _;)) ds

1—ao 1 —
et ~
B M(oz)eicp_(&l_&) /OTU/(§>€XP(— a(lT__;)) B
+ ]1\4_(62 /T’H'T u'(s) exp ( i} W) de. 5.7)

Now, using the system (5.3), we have

P(t+T,u(t +T)) = exp(—= O )BT, w(T)) + SPDRult +T),

at

OF(Tu(T), t>0,  (58)

thatis, S"Dv(t) = F(t,v) — exp(—1

with an initial condition v(0) = u(7") = u,. Since, for the existence of solution by Lemma
4.2.1, we have F'(0,u(0)) = 0, then assumption (7) gives F(T,u(7T)) = F(0,u(0)) = 0.

)
Thus, the above system (5.8) becomes

§TDu(t) = F(t,v), t >0, (5.9)

Since the system (5.3) — (5.4) possesses a unique solution, we have v(t) = u(t), i.e.,
u(t+7T) = u(t) forall t > 0. O

Next, we prove the above result in a more general form by considering the lower
terminal point of the fractional derivative as an arbitrary time but before that, we establish

the transformed system under the translation of the initial point.

Theorem 5.2.3. Consider the following system:

CEDRu(t) = F(tul(t), t=>to, (5.11)
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Then, under the translationt =t — T, where T' > 0, the system gets transformed to the

following system:

- a(t —t
tCOFDf‘u(t +T)=Ft+T,ult+T)) — exp(—(l_fJ))F(to + T u(to+T)), t=>to.
(5.13)
Proof. Let us apply the translation ¢t — 7" on time. Then, we have
- M(a) ft at —c)
CFya
t Diu(t+1T) = 1_d/t0u’(g+T)exp(— 12 ) ds. (5.14)
Evaluating the derivatives in (5.11) att = t 4+ T', we have
_ a(t — to)
M (&) exp <——N> r
5 1-a& to+T a(to+ T —<)
CPDEU(E) |t = = [ e (- TR ds
M(a) [t (T —
+ L{)/ u'(s+T)exp ( _ o f)) ds. (5.15)
1—a Ji 1—a

Now, using the system (5.11), the following can be obtained:

a(t — to)

F@+szt+T»:ump<— )F@m+ﬂu@0+T»+ﬁfDﬁmr+T%

) alt—t
%ﬁfu@+7§:}%r+ﬂu@+4m)—@@(—g_gﬁ>Fum+ﬂu@0+T»,tzm.

(5.16)

Taking v(t) = u(t + T'), we find that v satisfies the following system:

IDRu(t) = F(t + T,v) — exp (—M) F(to+T,v(ty)), t > to, (5.17)
O

Theorem 5.2.4. Consider the following Caputo-Fabrizio fractional-order initial value

problem:

CEDRu(t) = F(tult)), t>to, (5.19)

Let us assume that there exists a positive constant T’ > 0 such that

(1) F(t+T,u) = f(t,u), Vt>to, (i) u(T +to) = uo. (5.21)
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Then, the solution x is also periodic with period T i.e., u(t +T) = u(t), ¥V t > t.
Proof. Letv(t) = u(t + T'). Then, by Theorem 5.2.3, v satisfies the following system:

a(t —to)
1—a
o(to) = ulto + T). (5.23)

CEDM(t) = F(t+T,v) — exp(— VE(to + T, v(ty)), t > to, (5.22)

By using assumptions (¢) and (i), we have

a(t — to)

g (o, u(to)), (5.24)

' Diu(t) = F(t,v) — exp(~

and due to the existence of solution by Lemma 4.2.1, F(to,uo) = 0. Thus, we have, on
the right hand side of above equation, F'(to + T, v(t9)) = F(t9, ug) = 0. Then, the above

system becomes

SEDEy(t) = F(t,v), t > to, (5.25)
v(to) = uo. (5.26)

By the uniqueness of solution of the system (5.19) — (5.20), we get v(t) = u(t), i.e.,
u(t+T) = u(t), forall t > t,. O

Example 5.2.1. Consider the following fractional-order Caputo-Fabrizio system:

SEDg(t) = z +exp(—sin®(t)), 0<a<l, (5.27)

11—«
z(0) = —(1 — ). (5.28)

Since, all the conditions of Theorem 5.2.2 hold, therefore, the above system has a periodic
solution which is given by
(1—a)

z(t) = o (1 — a)sin(2t) — a| exp(—sin®(t)). (5.29)

From Figure 5.1, we observe that the amplitude of the periodic solution decreases with
respect to the order of the Caputo-Fabrizio derivative, i.e., compared to large values of the

order «, the amplitude of the periodic solution is larger for smaller value of a.
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—a =038

Figure 5.1: Solution of the system (5.27) — (5.28) for various values of order «

5.3 Periodic Solution of a Linear Non-homogeneous

System

Now we try to find the periodic solution of a linear non-homogeneous differential system

involving Caputo-Fabrizio derivative by using our main result obtained earlier:

SEDEX (t) = AX + G(t), (5.30)
X(0) = —A"'G(0), (5.31)

where, & = (a1,09,...,0,), 0 < a; < 1, G : [0,00) - R*", X € R"and A is a
n x n scalar matrix. Here, by Lemma 4.2.1, there arises a compulsion to choose an initial
condition X (0) = —A~'F(0), which means that, if we choose the initial condition other
than this value, then the solution does not exist. Li et al. [78] studied the stability of a linear
Caputo-Fabrizio fractional-order system (0 < o < 1) and showed that the linear system
is asymptotically stable if and only if the eigenvalues A\(A) of the matrix A lie inside the

2(1—a) 1—a)?
if the eigenvalues A(A) lie outside the circle C'(«). Thus, we observe that the circle C'(«)

2
circle C'(a) = {(x, y) € R? | (x - %) +y? = 4(1}7 and the system is unstable

acts as a splitting curve that divides the entire R2-plane into an asymptotically stable region
and an unstable region, but no conclusion can be made if the eigenvalues A(A) € C(«).
Therefore, we may expect a periodic solution if the eigenvalues A\(A) lie on the circle
C(w), as in the case of the integer-order linear systems where if the eigenvalues a(A) lie
on the splitting curve y = 0 on the R2-plane, then a periodic solution exists for the linear

system. Thus, for the linear non-homogeneous Caputo-Fabrizio system (5.30) — (5.31),
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we take the eigenvalues A\(A) of the matrix to be € Cloy), i =1,2,...,n,1in
o

order to obtain the possible periodic solution.

Theorem 5.3.1. Let G be a continuously differentiable periodic function with G'(0) = 0,

and A be a diagonalizable matrix with eigenvalues, T o 1 =1,2,...,n. Then, the

above system has a periodic solution given by

X(t) = |A(I - A)} e — A, (5.32)

Proof. By hypothesis of the theorem, we observe that the condition of Theorem 5.2.2
holds and therefore, the given system (5.30) — (5.31) has a periodic solution. Now, we
proceed to find this periodic solution. Since the matrix A is diagonalizable, there exists an
invertible matrix P such that A = PBP~!, where

1—aq
B = : (5.33)
1
1—an
Let Y (t) = P~'X(t). Then, Y satisfies
SEDYY (1) = BY (t) + P7'G(¢) (5.34)
o D . .

The solution of the above system (5.34) satisfies the following integral equation:
t
Y(t) =Y(0)+ B! [BY () + P~'G(t)] + Bs /0 [BY(5) + P7'G(9)] ds,  (5.35)

aq
where By =

Qn
The above equation can be rewritten as

Y(0)+ BPGE) + B | [BY () + PTIG(s)] ds =0,

thatis, B~'P'G'(t) + B4BY (t) + BaP'G(t) = 0.
Using the fact that B~! = I — By, we get

Y(t) = =[(BaB)'B7'P7'G'(t) + (BsB) ' BaP'G(1)]
=[I-B]"'B'P'G'(t) - BT'PG(t)
=[I+B+B*+---|B'P7'C'(t) - B'PG(t)
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= |B'P 4 P 4 BPT - |G'(t) - BT PTIG(t). (5.36)
Finally, the solution of the given system can be obtained as
X(t) = PY(t)

= |PB'P 4+ 14+ PBP +.--|G(t) - PBT'PT'G(t)

= [AT T+ A+ A+ ]G() - ATG)

= [AT+ (= A)7TGE () - ATG()

i

= [A([ - A)] G'(t) — A7'G(¢). (5.37)
Here, the matrix A([ — A) is invertible since its eigenvalues are given by —(17“#)2, 1=
1,2,...,n. [

Now, to illustrate Theorem 5.3.1, we present the following example.

Example 5.3.1. We consider the linear non-homogeneous system (5.30) — (5.31) in three-

dimensional space with )
5d1 -+ dg — 2d3 2d3 — 2d2 5d1 — dg — 4d3

A=113dy —dy—2d3  2dy+2d3  3dy +dy — 4d3] ,
2ds — d; — ds 2ds — 2d3 doy — dy + 4d;
30 + 10es°(®)
where d; = l%ai, i = 1,2,3. Take G(t) = 17sin?(t) . Here, the matrix A is

11 + 13 cos?(t)
diagonalizable with diagonal entries d;, 1 = 1,2, 3. The periodic solutions are plotted in

Figure 5.2 and Figure 5.3 in the three-dimensional context.

5.4 Application to Fractional-order Gunn Diode

Oscillator

Now, we look for examples which depict some physical situation. In this context, we con-
sider a fractional-order Gunn diode oscillator which finds an important place in electronics.
Gunn diode is an n-type semi-conductor slab of one of the compounds, namely, Ga As, InP,
InAs, InSb and CdTd. This diode exhibits a negative resistance dynamics when it is biased
to a potential gradient more than a certain value known as the threshold field £, due to the
phenomenon known as Gunn Effect or Transferred Electron Effect (TEE). A Gunn diode
is mainly used in high-frequency electronics and can produce some of the highest output
power of any semiconductor device at these frequencies [116]. Gunn diode oscillators

are used in microwave amplifiers to amplify signals in various electronic devices such as
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Figure 5.2: Periodic solution of the three-dimensional system for oy = 0.9, g = 0.7, a3 = 0.8

w0 ;/\

-5
To~ -60 -80-150 1

Figure 5.3: Periodic solution of the three-dimensional system for oy = 0.1, ag = 0.2, a3 = 0.3

airborne collision avoidance radar, anti-lock brakes, sensors to avoid derailment of trains,
car radar detectors, traffic signal controllers, slow-speed sensors, submillimeter-wave radio
astronomy receivers and many more.

We know that, in the case of an integer-order Gunn diode oscillator, the oscillations
grow exponentially in energy and amplitude. Here, we want to analyse the fractional-order
Gunn diode oscillator. Under suitable assumptions on the parameter, we make an attempt

to oscillate the circuit current of the Gunn diode oscillator periodically.

Example 5.4.1. Let us consider the fractional-order Gunn diode oscillator for 0 < a; <
1, 0<ag < 1s

r—R
L

6 Dyrtei(t) — ( >OCFD§‘1i(t) + ii(t) = uy(t), (5.38)

LC
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where R, L, C are the equivalent resistance, inductance, capacitance, respectively, and r
is the diode’s negative resistance, vy, : [0,00) — R is an input voltage of the Gunn diode
circuit as shown in Figure 5.4. Such type of systems is used to model a negative resistance
circuit [20], where the Ohm’s law does not hold. Here, under the condition that the diode’s
negative resistance obeys r > R with

2 — (a1 + a9) C

L= 539
o A=) —ay)’ >-39)

and under the assumption that the function input voltage vy(t) is a periodic function with

O = X3

Figure 5.4: Fractional-order Gunn diode oscillator circuit diagram

v, (0) = 0, we show that the fractional-order Gunn diode oscillator circuit current i(t) (as
given in (5.38)) oscillates periodically. By denoting x,(t) = i(t), xo(t) = §¥Dyi(t), the

above system gets converted to the following linear system of equations:

§ D (1) = a2, (5.40)
CF a9 7“ w R 1
§Daa(t) = (— = Jwe = g (0) +uld), (5.41)
which has the matrix form
6 DX () = AX(t) + Vi(1), (5.42)
0 1
t
where & = (a1, ), X(t) = 21(l) , A= and
Ig(t) _ 1 r—R
LC L
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-0.5 1

Figure 5.5: Periodic solution of the system (5.40) — (5.41) for a;; = 0.99, a3 = 0.98

Figure 5.6: Periodic solution of the system (5.40) — (5.41) for iy = 0.5, @y = 0.5

Under the assumption (5.39), the eigenvalues of the matrix A are ﬁ, ﬁ, and
if we take vy(t) = 3e* M), then by Theorem 5.3.1, we have the periodic solution for
the system (5.40) — (5.41) given by the expression (5.37). The solution X = (x1, ) is
discussed by plotting x5 versus x1 by considering higher values of the fractional-order
in Figure 5.5 and middle values in Figure 5.6. From these figures, it can be clearly
observed that, as the orders o, s decrease, a shrinking elliptic periodic solution arises.
Compared to the larger values of o, s, the diameter of the periodic solution is much
larger corresponding to smaller values of v, «w. If the values of o, as are reduced
further, the elliptic solution will shrink further and may look like an inclined line.

It is interesting to observe that, if the diode’s negative resistance obeys r > R, then

in the case of an integer-order Gunn diode oscillator, the oscillations grow exponentially
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in energy and amplitude whereas the solution oscillates periodically and is bounded for

fractional-order Gunn diode oscillator.

5.5 Stabilization of a Solution of Linear
Non-homogeneous Fractional-order Systems to a

Periodic Solution

Controlling the behavior of the solution of a given dynamical system by using a controller
is an interesting problem. Lenka and Banerjee [71] and Lenka and Bora [73] stabilized the
chaotic and unbounded solution to an asymptotically stable solution by using a suitable
linear feedback control. Here, we attempt to stabilize the solution of a given linear non-
homogeneous fractional-order system to a periodic solution. We are going to construct a
suitable linear state feedback gain matrix to control the linear non-homogeneous Caputo-
Fabrizio fractional-order system, i.e., we seek to stabilize the solution of the linear non-

homogeneous fractional-order system

SEDAX(t) = AX + C(t), (5.43)
X(0) = X, (5.44)

to a periodic solution by using the linear state feedback control. For doing this, it is required
to determine the feedback gain matrix B of the state feedback controller u(t) = BX(t)
such that the closed-loop system

SEDEX (1) = AX + C(t) + u(t)
=(A+ B)X(t)+ C(t), (5.45)

with an initial condition X (0) = X, will have a periodic solution for fractional-order
a=(ay,...,0n), 0<a; <1, i=1,2,...,n.

Theorem 5.5.1. Let C' : [0, 00) — R™ be a continuously differentiable periodic function
with period T' > 0 and C'(0) = 0. Suppose the feedback gain matrix B be chosen such

that following conditions are satisfied:
1

(1) A+ B is a diagonalizable matrix with eigenvalues ,i=1,2,...,n.

(17) Initial data X belongs to the null space of B, i.e., BXy = 0.

Then, the controlled system (5.45) with initial condition X (0) = X, will have a periodic
solution with period T' > 0.

Proof. The proof follows from Theorem 5.3.1 provided the initial data X satisfies

(A+ B)Xy + C(0) = 0. (5.46)
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Since the given linear non-homogeneous fractional order system (5.43) — (5.44) has a
solution with an initial data X, so we must have AX, + C'(0) = 0. Thus, using this fact
and the given condition (i7), i.e., BX, = 0, equation (5.46) holds. O

Example 5.5.1. Let us consider the following linear non-homogeneous fractional-order

system:

SEDxy(t) = —a9 + aexp(log(1 4 10sin?(t))),

k2 2k
CF o o
o Diwi(t) = m%(t) 1 g

Ty (t) + beos?(t), (5.47)

0
with an initial condition Xy = [ml( )] —
a

_aBk—1)(1-a)

2ig ] , where k(# 1) € R, and the

100

T2

I I
150
-4000 -3000 2000 -1000 0 1000 2000 3000 4000

A

Figure 5.7: Non-periodic solution of the system (5.47) for & = 0.7, a = 10, k = %

3000

Figure 5.8: Periodic solution of the controlled system (5.48) for « = 0.7, a = 10, k = %

k+1

l—a) 5. For the fractional-order a = 0.7, a =

real numbers a and b are related by b = (
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10, k = 51—0, the above system (5.47) possesses a non-periodic solution as shown in Figure
5.7. In order to stabilize this non-periodic solution of the above system (5.47) to a periodic
solution, we introduce a linear state feedback controller u(t) = BX (t) to system (5.47)

such that the controlled fractional-order system is

SEDEX(t) = AX + C(t) + u(t)

=(A+B)X(t)+ C(1), (5.48)
where
[ 0 1 2(1—k) (1—k:)(§k—1)
A=\ p w |0 B= [ e y ,
G-a 1-a 0 0
o) = aexp(log(1 + 10sin?(¢))) |
bcos?(t)

Here, the feedback gain matrix B and the external force term C' satisfy all the conditions
of Theorem 5.5.1. Thus, for a given initial data X, the above controlled fractional-order
system (5.48) should have a periodic solution. This periodic solution can be visualized in
Figure 5.8.

5.6 Conclusions

In this work, by using the properties of Caputo-Fabrizio derivative and the concept of the
equilibrium point of the Caputo-Fabrizio fractional-order systems, it has been established
that only a constant solution exists for an autonomous Caputo-Fabrizio system, and a non-
constant solution exists only in the case of a non-autonomous system. Based on this finding,
we have proved that an autonomous Caputo-Fabrizio fractional-order system cannot have
a non-constant periodic solution. By making a similar assumption as the one for an
integer-order differential system, and using the properties of the Caputo-Fabrizio derivative
given by Diethelm [36], we have established the existence of a periodic solution of the
non-autonomous Caputo-Fabrizio fractional-order differential system. By applying our
main results, the periodic solution of the Caputo-Fabrizio linear fractional-order system has
been found. Further, we have applied the result in establishing the existence of a periodic
solution of the fractional-order Gunn diode oscillator model and observed that the diameter
of the periodic orbit reduces very rapidly as the orders o, a5 continuously increase. By
using the result on a linear system, a non-periodic solution of a Caputo-Fabrizio linear
non-homogeneous system has been shown to stabilize to a periodic solution by constructing
a suitable linear feedback control.

The present result acts as an alternative in using the Caputo-Fabrizio fractional-order

derivative to model a system with an oscillatory behavior. A limit cycle is defined as an
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isolated periodic orbit, and it is a very special phenomenon in dynamical systems because
the existence of a stable limit cycle in a system assures the self-sustainable systems which
means that there exists a domain such that if the initial state starts from this domain, then
the state always moves along a periodic orbit in all future time. Thus, once we know the
existence of a periodic solution, there is a possibility of having a limit cycle for a given
dynamical system. Thus, the present work may help in proving the existence of a limit
cycle for a given dynamical system. Further, we can get an idea to convert the chaotic
oscillations to regular oscillations in a Caputo-Fabrizio fractional-order system. Thus,
one can work on more complex chaotic systems and stabilize the chaotic oscillations to a
regular oscillation. Therefore, finding answers to such questions or some more intriguing
queries concerned with the Caputo-Fabrizio dynamical systems opens the door for further

relevant research in the future.
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CHAPTER

Stabilization and asymptotic stability of the
Caputo-Fabrizio fractional-order linear and

semilinear evolution equations

6.1 Introduction

Studying the long term behavior of the state of dynamical systems is an important problem.
For example, in the modelling of a biological species, one may have an interest in knowing
the sustainability of species in future. In case of a control problem, by using a control, one
may want to know under what condition a system will settle down to its stable position
in future time when it goes through a certain disturbance. Therefore, mathematically
speaking, one can have an interest in studying the asymptotic stability of a system or
deriving its asymptotic stability conditions. Subsequently, in this work, we mainly focus
in analysing the asymptotic stability of fractional-order linear and semilinear evolution
equations involving a Caputo-Fabrizio fractional operator with a non-singular kernel and

try to find the conditions for the asymptotic stability of the system under consideration.

6.2 Main Results

Before we establish and analyze our main result, we present a definition and a Lemma for

the following non-autonomous Caputo-Fabrizio initial value system:

§TDju(t) = G(t,v), 6.1)
v(0) = vy, (6.2)

where {FDu(t) = <OCFD§“1U1(7§), o ,gFD?wn(t)>, with0 < o; < 1,i=1,2,....n

and G : [0,00) x 2 (C R™) — R™ is Lipschitz continuous in v on a domain 2.
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Definition 6.2.1. [28] The equilibrium point v = 0 of the system (6.1) is said to be

(1) stable if, for any initial value vy, there exists ¢ > 0 such that the solution v(t) with
an initial condition v(0) = vy satisfies ||v(t)|| < e, forall t > 0,

(13) asymptotically stable if, in addition to being stable, ||v(t)|| — 0 as t — oo.

Now we are in a position to study the asymptotic stability of the solution of a

Caputo-Fabrizio fractional-order evolution equation

SEDy(t) = Av(t) + F(t,v), 0<a<]l, (6.3)
v(0) = vy, (6.4)

where A is an n x n scalar matrix and F : [0,00) X R" — R™.

Lemma 6.2.1. Suppose 0 < o < 1 and the eigenvalues of matrix A do not lie inside
2

the disc D(a) = {(x,y) € R? | (x — ﬁ) + y? < M} Then, the matrix

N =1 — (1 — a)A is invertible and the eigenvalues of the matrix N~' A have negative

real parts.

Proof. Since the eigenvalues A\(A) of matrix A do not lie inside the disc D(«), i.e.,
A(A) ¢ D(w), it implies that ;= € p(A) (the resolvent set of A). Therefore, the matrix

N ( =—-(1-a (A - =1 )) is invertible. Next, from the well-known result of the

invertible matrices that

(I--w4) =I+@-a)(I-(1-a)A) 4

we get
_ -1 1 )
NT'A=(I-(1-aA)) A:l_a((f—u—a)A)) ~1). (6.5
Suppose A(A) = A1 + iXo. Then, we have
RN 1 -
MV =1 (1 — (= a)MA) 1)’ €0

| y (A= (1= )2+ 23) |
from which we get Re(A(N'A)) = T N N Dk Therefore, if

(A1, X2) € D(«), then clearly Re(A(N~1A)) < 0. O
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6.2.1 Linear case

Here, we discuss the asymptotic stability of the zero solution of the linear Caputo-

Fabrizio fractional-order evolution equation

SEDy(t) = Av(t) + B(t)v(t), 0<a <1, (6.7)
v(0) = v, (6.8)

where v € R™, A is an n X n scalar matrix, and B : [0,00) — R"*" is a continuously

differentiable function.

Theorem 6.2.1. The equilibrium point v = 0 of the system (6.7) — (6.8) is asymptotically

stable if the following conditions are satisfied:
(1) the eigenvalues of the matrix A do no lie inside the disc D(«) = {(93, y) € R? |
140 2 1
(r ) +9* < e

(17) there exists a constant M > 0 such that |B(t)|| < M, forallt > 0, and M <

1
W’ where N = [ — (1 — OZ)A,

m|N"H]PM
1—(1—a)|[N-H|M°

(i17) ¢ = —max{Re(A\(N"1A))} >
where ¢ and m satisfy || exp(N 1 At)|| < mexp(—ct).

Proof. By using Laplace transform and using the fact that if the solution exists, we must
have Avy + B(0)vy = 0, and the solution of the above system (6.7) — (6.8) is given by
v(t) = exp(NAt)N vg+(1 — o) N ' B(t)v(t)
t
+aN-? / exp(N"LA(t — 7))N"LB(r)u(r) dr, (6.9)
0
where N = I — (1 — a)A, and by Lemma 6.2.1, the matrix NV is invertible. Therefore,
from (6.9), we have
@ < lexp(@N AN voll + (1 = a) [INTHHBO o @)
t
+al|[ N7 /0 lexp(aN= At — D) [IIN B [o(7)] dr.

(6.10)

Under the given condition (i), by Lemma 6.2.1, each of the eigenvalues A\(N~1A)
of the matrix N~'A has a negative real part. Thus, by Lemma 1.5.2, there exists
a constant m > 0 such that ||exp(N"'At)|| < mexp(—ct) for all ¢ > 0, where
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¢ = —max{Re(A(N~1A))}, and by condition (ii), we have
lo(@)] < m|IN" vl exp(—act) + (1 — a) MN " [lo(®)]
t
+ ozmMHN*IHZ/ exp(—ac(t — 7))||v(1)]| dr. (6.11)
0
Now, multiplying both sides of the above inequality by exp(act), we get

Jo(t)explact) < mlIN el + (1= ) MIN o (0] explact)
+amMIN T [ explar))lo(r)]| dr

that is,

(1= (= )M N ) [o®ll expact)

t
< amMHN‘lHQ/O eXp(OéT))HU(T)HdT—FmHN_l’UOH (6.12)

By using Lemma 1.5.1, one can obtain the following from the above inequality:

m|[ N~ vl (l mM|N*
1 —

o< Loy (= e - )@

Under the conditions (i) and (¢i7), using (6.13), we have ||v(¢)|| — 0 as t — oo which

means that the zero solution of the system (6.7) is asymptotically stable. [

6.2.2 Semilinear Case
Now, we discuss the asymptotic stability of the zero solution of the semilinear

Caputo-Fabrizio fractional-order evolution equation

SEDr(t) = Av(t) + F(t,v), 0<a<l, (6.14)
v(0) = vy, (6.15)

where v € R, A is an n x n scalar matrix and F : [0,00) x R™ — R" is a continuously

differentiable function.

Theorem 6.2.2. The equilibrium point v = 0 of the fractional-order system (6.14) — (6.15)
is locally asymptotically stable if, in addition to the condition (i) of Theorem 6.2.1, the

following conditions are also satisfied:

) i 0

= 0 uniformly in t € [0, 00),
=0 o]

() ¢ = —max{Re(A(N"'4))} > Z|IN7!,
where ¢ and m satisfy || exp(N1At)|| < mexp(—ct).
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Proof. First, we find the solution of the system (6.14) — (6.15) by using Laplace transform.
So, applying Laplace transform to (6.14) and denoting V'(s) = Z{v(t)}, we get

sV (s) —v(0)
s+a(l—ys)
= [s{] —(1—-a)A} — aA]V(s) = v + (oz +s(1 — a))F(s, V(s)). (6.16)

= AV (s) + F(s,V(s))

Denote N = I — (1 — a)A. Then, by the above assumption of the theorem and by Lemma

6.2.1, matrix N is invertible. Thus from the above equation, we get

I—aNTA[V(s) = N7+ (a+ s(1—a) )N F(s, V(s))
= N"'vg + aN"'F(s,V(s)) + (1 = )N (sF(s,V(s)))

= N1lvy+aNF(s,V(s))+ (1 —a)N* [z{%} + F (0, U(O))] :

(6.17)

Since the initial condition vy satisfies Avy + F'(0,v9) = 0, then from the above, we get

I— aN—lA]V(s) =Nluyy+aN"1F(s,V(s))+ (1 —a)N* lz{%} - AUO]

= N1 = (1~ @)AJvo + aN " F(s,V(s)) + (1 = )N [X{WH

— v+ aN"'F(5,V(s)) + (1 — @) N [z{wn . 6.18)

Using the Laplace convolution theorem and applying inverse Laplace transform, we get

ot) = explaN = Atjuy + o "exp(aN-VA(t — 7)) N-'F(r, v(r)) dr

dF(7,v(T))

d
dr T

+(1—-a) /Ot exp(aN At —7))N*

= exp(aN " At)v + a /Ot exp(aN'A(t — 7))N'F(r,v(7)) dr

t

+(1—a) [exp(oleA(t —7)NYE(r,0(7))

=0
¢

+ ogN’lA/ exp(aN At — 7)) N 'F(1,v(7)) dr
0

= exp(aN "' At) [T + (1 — a)N "' A]vg + (1 — a) N F(t, 0(t))
+all+(1—-a)N"'4] /Ot exp(aN At — 7)) N~ F (7, v(7)) dr.
(6.19)
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From the well-known result of invertible matrices, we have N~! = I + (1 — a)N ' A.
Then, from (6.19), one can obtain the solution of the system (6.14) — (6.15) as

v(t) = exp(aN T At)vg + (1 — )N ' F (¢, 0(t))
+aN! /Ot exp(aN"'A(t — 7)) N F(7,0(7)) dr.
(6.20)

Under the given condition (i7), we have

(@)l < mlIN~ ol exp(—act) + (1 — a) [N F(t, v (b))

+ am||[N7? /Ot exp(—ac(t — 7)) |[|[F(r,v(7))|| dr.  (6.21)

Since v = 0 is an equilibrium point of the system (6.14), it implies that F'(¢,0) = 0, for
all ¢ > 0. Using this fact and condition (7), there exists a > 0 such that

IF (L o)) < !

< spmaymey i@l as el <a (622)

Using inequality (6.22) in (6.20) and after simplifying, we get

N 1
o) explact) < 2m||N~ v + O‘m“ ”/ exp(acr)||o(r)| dr.  (6.23)
Now, by Lemma 1.5.1, we obtain

[o(6) | < 2m|N oo | exp (llmHN*II - } at). (624
—a

By condition (i7), we have |[v(t)|| — 0 as ¢ — oo which means that the system (6.14) is

locally asymptotically stable. 0

The notion of the global solution for the Caputo-Fabrizio fractional-order system
(6.1) — (6.2) has some complication. Every solution v(, vg) of the initial value problem
(6.1) — (6.2) with an initial condition v(0) = vy must satisfy F'(0, vy) = 0, i.e., the possible
solution set S,,; may be a discrete set or even R”. However, the set R™\ S5 is a non-existent
solution set, i.e., if vy € R™ \ S,,, the Caputo-Fabrizio system (6.1) — (6.2) will have
no solution with an initial condition v(0) = v,. So, here we observe that there is a clear
region R™ \ S, in R” in which the solution does not exist. Thus, to fill this gap, we present
an alternative concept of the global solution for a Caputo-Fabrizio system (6.1) — (6.2),

since by Corollary 4.3.1, we know that the solution existence point set S is a subset of
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Sps. Therefore, the maximum possible domain for S; is S;,; and subsequently, we have the

following definition.

Definition 6.2.2. The Caputo-Fabrizio fractional-order system (6.1) — (6.2) has a global

solution if the solution existence point set S is equal to the possible solution point set S,

ie, Sy = Sps.

Theorem 6.2.3. (Globally asymptotically stable) : The equilibrium point v = 0, of the
system (6.14) is globally asymptotically stable if, in addition to condition (i) of Theorem

6.2.1, the following conditions are also satisfied:

(1) F(t,v) is uniformly globally Lipschitz with a Lipschitz constant L > 0 such that
L < W’ e, ||F(t,v1) — F(t,v)|| < L|lvi — vol| for all v1, vy € R",
Vtel0,00),

B _ m —12
(i) ¢ = —max{Re(A(N"'4))} > =,
where c and m satisfy || exp(N "t At)|| < mexp(—ct).

Proof. From (6.20), the solution of the system (6.14) — (6.15) is given by

v(t) = exp(aN " At)vg + (1 — @) N F(t,v(t))
+aN™! /Ot exp(aNtA(t — 7)) N LF(7,0(7)) dr.
(6.25)

Under the given conditions (7), (i7) and using the fact that F'(¢,0) = 0, for all ¢ > 0, we
get

Jo(t)|| < m|| N v exp(—act) + (1 — ) LI|N~|[Jo(¢) ]|
+ amL|| N2 /Ot exp(—ac(t — 7)) |[o()] dr.
(6.26)

Multiplying both sides by exp(«ct) and after simplification, we obtain

(1= =) LIN ) o0l explact) < ml| N woll+amLI N [ explacr)) (o] dr

(6.27)
Now, by using Lemma 1.5.1, we get
m|[N " vl amL|[N~|?
1) < —clat |. 6.28
WOl 7= —ayz P\ [T a -z ) O

Therefore, under the condition (i¢), we have ||v(t)|| — 0 as ¢ — oo which means that the

system (6.14) is globally asymptotically stable. O
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6.3 Stabilization of a Caputo-Fabrizio
Fractional-order Evolution Equation

Controlling the behavior of the solution to a given dynamical system by using a controller
is an interesting problem. Lenka and his co-researchers [71, 73] stabilized the chaotic
and unbounded solution to an asymptotically stable solution by using a suitable linear
feedback control. By using control, Chen et al. [28, 29] stabilized the classes of nonlinear
fractional-order systems containing Caputo derivative. Li et al. [75] stabilized the chaotic
fractional-order Chen systems using a linear feedback control. We are going to construct an

appropriate linear state feedback gain matrix for controlling the Caputo-Fabrizio fractional-

order system, i.e., to find a mean to stabilize the Caputo-Fabrizio fractional-order system

SEDoy(t) = Av(t) + F(t,v), (6.29)
v(0) = v, (6.30)

by using the linear state feedback control. To achieve this, it is required to find the feedback
gain matrix B of the state feedback controller u(¢) = Bwv(t) in order that the closed-loop

system

SEDy(t) = Av(t) + F(t,v) + u(t),
= (A+ B)u(t) + F(t,v), (6.31)

with an initial condition v(0) = vy, for fractional-order 0 < « < 1, is asymptotically
stable.

Corollary 6.3.1. Suppose that the feedback gain matrix B be chosen such that following

conditions are satisfied:
(i) The eigenvalues of the matrix A + B do not lie inside the disc D(o) = {(x, y) €
1 )2 1
R | (o= yitey) +0° < 4(1—002}

i) tim IE -0

=0 ]

= 0 uniformly int € [0, 00).

(#4i) Initial condition vy belongs to the null space of B, i.e., Bvy = 0.

(iv) ¢ = —max{Re(A(N;l(A+ B)))} > ﬁHN;lH,
where N, = I — (1 — a)(A + B), ¢ and m satisfy | exp(N,'(A + B)t)| <

mexp(—ct).

Then, the controlled system (6.31) with the same initial condition v(0) = vy is locally

asymptotically stable.
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Proof. The proof follows from Theorem 6.2.2 provided the initial condition v satisfies
(A+ B)ug + F(0,v9) = 0. (6.32)

Since the given linear non-homogeneous fractional-order system (6.29) — (6.30) has a
solution with an initial data vy, so we must have Avy + F'(0,v9) = 0. Thus, using this fact

and the given condition (i7), i.e., Bvy = 0, equation (6.32) holds. O

Corollary 6.3.2. Suppose that the feedback gain matrix B be chosen such that the follow-

ing conditions are satisfied:
(i) The eigenvalues of the matrix A + B do no lie inside the disc D(a) = {(1’, y) €
R” | (z~ 2(11—a)>2 +y° < 4<1ia)2}
(i1) F(t,v) is uniformly globally Lipschitz with a Lipschitz constant L, > 0 such that

L, < m, e, |[F(t,v1) — F(t,v)|| < L,||vi — val|, for all vy, vy € R,
B

Vtel0,00).

(1i) Initial condition vy belongs to the null space of B, i.e., Buy = 0.

mL g [N52
(o)L [N,

(iv) ¢ = —max{Re(A\(N'(A+ B)))} > =

where N, = I — (1 — a)(A + B), c and m satisfy || exp(N'(A + B)t)|| <

mexp(—ct).

Then, the controlled system (6.31) with the same initial condition v(0) = v is globally
asymptotically stable.

Proof. By proceeding similarly as above and using Theorem 6.2.3, we can establish the
result. O]

6.4 Examples

In this section, we present some examples which obey our main results. For numeri-
cal simulation, we use the three-step Adams-Bashforth method for the Caputo-Fabrizio

fractional-order sytem proposed by Owolabi and Atangana [106].

Example 6.4.1. Let us consider the linear Caputo-Fabrizio fractional-order evolution

equation

SEDxy (1) = axi(t) + 1.2 exp(—3t)z1(t) + 1.2 cos?(3t) x4 (1),
SEDXwy(t) = 1.2 exp(—12)z1 () + bro(t) + 1.2 cos(2t)xa(t), (6.33)

for which we choose a = 1, b =1, and o = 0.8. In this case, the eigenvalues of matrix
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Figure 6.1: Unbounded solution of the system (6.33) for fractional-order &« = 0.8 anda = 1, b =
1

—x
—XTo

Figure 6.2: Solution of the system (6.33) for fractional-order « = 0.8 anda = —3, b= —2

A are \; = 1 = Xy which lies inside the disc D(«). Here, condition (i) of Theorem 6.2.1
does not hold for these values of a and b. The numerical solution of the above system (6.33)

is plotted in Figure 6.1 from which it is observed that the zero solution is unstable. Here,

= , (6.34)
1.2exp(—t?) 1.2cos(2t?)

1.2exp(—3t) 1.2cos?(3t)
a 0
oo

andm =1, ||B(t)[y < M =1.2.
Next, we choose a = —3, b = —2. Then the eigenvalues of matrix A do not

N =3 M=12< = 7 and

Lo . 1
lie inside the disc D(«). Moreover, TV
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¢ = —max{Re(A(N'A)} = min{r 3t mrgimy} = 2 > b =
0.7389. Thus, for the above values of a and b, all the conditions of Theorem 6.2.1 are
satisfied. Consequently, the equilibrium point v = 0 of the fractional-order system (6.33)
is asymptotically stable. The numerical solution of the system (6.33) for a = —3, b =
—2 is plotted in Figure 6.2 with an initial condition ©(0) = (x1(0),x2(0)) satisfying

Az(0) + B(0) = 0.

In integer-order dynamical systems, it is well known that chaos cannot occur in
autonomous systems of integer order less than three according to the Poincare-Bendixon
theorem [124]. The order of the system can be defined as the sum of the orders of all
involved derivatives. Proposed Examples 6.4.2 — 6.4.3 below deal with the fractional-order
chaotic systems. To the best of our knowledge, no general theory is available in the
literature to analyze fractional-order chaotic systems. The existence of chaos in fractional-
order systems has been investigated by considering the order of the fractional derivative
as one of the bifurcation parameters and analyzing the dynamics of the fractional-order
chaotic systems through numerical simulations. For instance, Hartley and Lorenzo [51]
showed that the fractional-order Chua’s circuit could produce a chaotic attractor with the
system order as low as 2.7. Li and Chen [75], through numerical results, established that
the chaos could exist in the fractional-order Chen systems with the system order as low
as 2.1. In another work [85], by varying the parameter value, it was shown that chaos
could exist in fractional-order Chen systems with the order as low as 0.3. In Examples
6.4.2 — 6.4.3, we try to stabilize a fractional-order chaotic system, but varying the order o
of the Caputo-Fabrizio fractional derivative as low as in 0 < a < (0.5 may not generate a
chaotic attractor. Therefore, by observing the existing literature [51, 75, 85] and taking a

safer side, we consider the value of the fractional-order « close to 1.

Example 6.4.2. Let us consider the Caputo-Fabrizio fractional-order Lorenz system [83]

S Dy (t) = awa(t) — 21(8)) + 0.5 exp(=TH)2} (1),
§Dpa(t) = w1 (1) (¢ = ws(t)) — @ (0),
6" Dias(t) = w(t)aa(t) — bas(t), (6.35)

where a is the Prandtl number and c is the Rayleigh number, all the parameters a,b

and c are strictly positive. However, for computational purpose, the values a = 10, b =
8
3 )
in the first equation in order to obtain a non-autonomous system. Otherwise, we have

c = 28 are taken here. We perturb the Lorentz system by the quantity 0.5 exp(—7t)x(t)
only a constant solution for the conventional autonomous Lorenz system. We take the

Jfractional-order o = 0.9997, and the numerical solution is plotted in Figure 6.3 from

which it is observed that the system (6.35) exhibits a chaotic behavior.
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Figure 6.3: Chaotic behavior of the fractional-order Lorentz system (6.35) for fractional-order

a=0.9997anda =10, b= §, c =28

Next, we try to stabilize this chaotic fractional-order Lorenz system (6.35) by intro-
ducing a linear state feedback controller u(t) = Bx(t) to it where B is a 3 x 3 scalar

matrix such that the controlled system

SEDex(t) = Ax(t) + F(t, x) + u(t)

= (A+ B)z(t) + F(t,x) (6.36)

becomes asymptotically stable. Here,

—a a O 0.5 exp(—T7t)z;

A=|c¢ -1 0], F(t,z) = —X1T3 )
0 0 —-b T1T9
F(t 0.5 -7t EF(t
i LEED 05 ep(T0m |+ ol + sl _ 0 PG
11 1| + [aa] 4[] =0 lz])y

uniformly int € [0,00). Thus, F(t,x) satisfies condition (ii) of Corollary 6.3.1. Next, the

following feedback gain matrix is considered:

5 =50
B=|-31 0 0 (6.37)
0 0 2

Then, the eigenvalues of the matrix A + B do not lie inside the disc D(«) and all other
conditions of Corollary 6.3.1 are satisfied. Subsequently, the controlled system (6.36) is
locally asymptotically stable. The numerical solution of the controlled system (6.36) for
the fractional-order o = 0.98 is shown in Figure 6.4. Here, the feedback gain matrix B
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Figure 6.4: Stabilized solution of the fractional-order Lorenz system (6.35) using state feedback
controller for fractional-order o = 0.9997

is not unique since, depending upon the conditions of Corollary 6.3.1, we may vary the

parameters in matrix B.

Example 6.4.3. Let us consider the Caputo-Fabrizio fractional-order Shimizu-Morioka
system [128]

SEDx () = azy(t) + 0.001 sin(2mt )2y (t)2s(t),
§ D a(t) <t>(1 — m(t)) — exa(t), (6.38)
6 Dfxs(t) = 3 (t) — bas(t),

where a = 1, b = 0.3758, ¢ = 0.81. Here, we perturb the Shimizu-Morioka system by the
quantity 0.001 sin(27t)xq (t)x3(t) in the first equation in order to obtain a non-autonomous
system. Otherwise, we have only a constant solution for the conventional autonomous
Shimizu-Morioka system. We consider the fractional-order o = 0.98, and the numerical
solution is plotted in Figure 6.5 with an initial condition x(0) = (21(0), x2(0), z3(0)) =
(—0.61237,0,1). We observe that the system (6.38) exhibits a chaotic behavior.

Next, we try to stabilize this chaotic fractional-order Shimizu-Morioka system (6.38)
by introducing a linear state feedback controller u(t) = Bx(t) to it where B is a 3 x 3

scalar matrix such that the controlled system

SEDx(t) = Ax(t) + F(t, ) + u(t)
= (A+ B)z(t) + F(t,x) (6.39)
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Figure 6.5: Chaotic behavior of the fractional-order Shimizu-Morioka system (6.38) for fractional-
ordera =0.98anda =1, b = 0.3758, ¢ = 0.81
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Figure 6.6: Stabilized solution of the fractional-order Shimizu-Morioka system (6.38) using state
feedback controller for fractional-order o = 0.98

becomes asymptotically stable. Here,

0 a 0 0.001 sin(27t)z (t)z3(t)
A=1|1 —c 0], F(t,z) = —x1(t)x3(t) , (6.40)
0 0 -b 23 (1)
with | F(t, )1 _ 10.001 sin(27t)z 23] + |21 (8)23(t)| + |22 <9\
]+ 71| + |2| + |s]
= glcli% % = 0 uniformly in t € [0, 00). Thus, F(t,x) satisfies condition (ii) of
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Corollary 6.3.1. Then, the following feedback gain matrix is considered:

0 =2 0
B=|0 -7.19 0
0 0 —1.6242

The eigenvalues of the matrix A + B do not lie inside the disc D(«) and all other
conditions of Corollary 6.3.1 are satisfied. Hence, the controlled system (6.39) is locally
asymptotically stable. The numerical solution of the controlled system (6.39) for the
fractional-order o = 0.98 is shown in Figure 6.6. Here, the feedback gain matrix B is not
unique and one can choose other forms of B in order that the conditions of Corollary 6.3.1

get satisfied.

Example 6.4.4. Let us consider the following Caputo-Fabrizio fractional-order system:

cos(t? sin(2z
6 DRay(t) = 21 + 5( )$2 - (4 1),
cos(2mt sin(x
CEDY 2o (t) = 209 — (4 >x1 é 2) (6.41)

Here, we take the fractional-order o = 0.98, and the numerical solution of the system

x10°

—I
—

o
N
©
IS

~
o
-
N
©
©

Figure 6.7: Unstable solution of the system (6.41) for fractional-order v = 0.98

(6.41) is plotted in Figure 6.7 from which it is observed that the equilibrium point v = 0 of
the system (6.41) is unstable.

Next, we try to stabilize the system (6.41) by introducing a linear state feedback
controller u(t) = Bx(t) to it where B is a 3 x 3 scalar matrix such that the controlled

system
SEDex(t) = Az(t) + F(t, ) + u(t)
= (A+ B)z(t) + F(t,x) (6.42)
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Figure 6.8: Stabilized solution of the fractional-order system (6.41) for fractional-order av = 0.98

becomes asymptotically stable. Here,

cos(t})zz  sin(2w)
20 5 4
A= [ , F(t,z) = ,
0 2 sin(zg)  cos(27t)zy

4

with F(t,x) uniformly globally Lipschitz with a Lipschitz constant L, = 1. Thus, F(t, x)
satisfies condition (ii) of Corollary 6.3.2. Next, the following feedback gain matrix is

-4 0

0 —4|

Then, the eigenvalues of the matrix A + B are —2, —2 which lies outside the disc D(«),
INZHl = 2 and ¢ = —max{Re(A(N; (A + B)))} = 2. Here, clearly m = 1 and
MmN 2

1-(1—a)Lg NG|
6.3.2 are satisfied. Subsequently, by Corollary 6.3.2, the controlled system (6.42) is

considered.:

we get c = 2 X g—g > = 0.98 x %. Thus, all the conditions of Corollary
globally asymptotically stable in the sense of Definition 6.2.2. The numerical solution of
the controlled system (6.42) is shown in Figure 6.8.

Remark 6.4.1. We look forward to finding an explicit application that will fit with our
proposed problem and examples in future. Under the current objectives, we deal with the
theory first and foremost which is considered immensely important before any applications
can be found. We are hopeful that the proposed theory may provide useful information
to tackle an application in real-time scenario in experiment labs. However, as per our
understanding, Examples 6.4.1 and 6.4.2 involving Lorenz system may be applicable in
meteorology while studying the small-scale thermal convection in the lithosphere of the

Earth. In a similar manner, we believe that the other examples, namely Examples 6.4.3
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and 6.4.4, may find application mainly in electrical engineering in connection with chaos

and bifurcation.

6.5 Conclusions

In this work, by using the properties of Caputo-Fabrizio derivative and the concept of the
equilibrium point of the Caputo-Fabrizio fractional-order systems, it has been established
that only a constant solution exists for an autonomous Caputo-Fabrizio system with
the introduction of a new concept of global solution. By using Laplace transform and
Gronwall inequality, we have derived the local and global asymptotic stability conditions
for the fractional-order linear and semilinear evolution equations involving Caputo-Fabrizio
fractional derivative of fractional-order o € (0, 1). We have stabilized such systems by
constructing a suitable linear feedback control and using our main results. At the end,
by using the obtained result, we have stabilized some nonlinear chaotic fractional-order
system.

From this work, we have observed that one has to be very careful in choosing an
initial condition for the system involving a non-singular kernel operator and the initial
data set S, where the solution exists, which may not be an open connected set. Since the
possible solution set S,,; may not equal the whole R™ and S, C S,, there is no concept
of the global solution of the system. From the above finding, although a fractional-order
differential operator with a non-singular kernel has several drawbacks, it may be inferred
that it is sometimes easier to analyse systems involving a non-singular kernel operator

compared to other operators with singular kernels.
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CHAPTER

Ulam-Hyers stability of second-order conver-
gent finite difference scheme for first- and
second-order nonhomogeneous linear differ-

ential equations with constant coefficients

7.1 Introduction

Motivated by the works in [11, 102, 101, 103], we want to study the Ulam-Hyers stability
of second-order convergent finite difference equations corresponding to first- and second-
order nonhomogeneous linear differential equations with constant coefficients by using
previous Ulam-Hyers stability results [114, 113, 115, 15] for the linear recurrence relation.
Instead of using some rigorous mathematical analysis to prove the Ulam-Hyers stability for
a difference equation, we can easily prove the stability by studying the behavior of the roots
of the characteristic polynomial of the equivalent recurrence relation of the corresponding
difference equations. Therefore, first we convert the difference equation to its equivalent
recurrence relation, and then by studying the location of the roots of the characteristic
polynomial associated with the equivalent recurrence relation, we establish the Ulam-Hyers
stability result for the difference equation. Hence, in this work, we proceed to examine the
Ulam-Hyers stability of the second-order convergent difference equations corresponding

to the following first- and second-order non-homogeneous linear differential equations:

2 (t) — bx(t)
2" (t) + ax'(t) + B (t)

f(t), tel=a,o00), (7.1)
gt), tel, (7.2)

where a,b, o, 3 € Rand f,g : I — R are given functions.
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7.2 Preliminaries

Before we proceed, we state some theorems and results concerning Ulam-Hyers stability
for the linear recurrence equation of p-order. Consider the p-order linear recurrence

equation with constant coefficients as
Tntp = CpTntp-1 + Cp—1Tn+p—2 +-+ CoTn+1 + a1z, + dna n 2 07 (73)

where (d,,),>0 is a sequence of real numbers g, 21, . .., Tp_1.

Definition 7.2.1. [113] The p-order linear recurrence equation (7.3) is said to be Ulam-

Hyers stable if, for a given arbitrary € > 0 and a sequence (x,),>o of real numbers

satisfying
|mn+p — CpTntp-1 — Cp—1Tpn4p—2 — " ° — C2Tpy1 — C1Tp — dn| S g n Z O>

there exist a constant L. > 0 and a sequence (y,)n>o of real numbers satisfying the

recurrence relation

Yntp = CplUntp—1 T Cp—1Ynip-2 + "+ + CUny1 + C1Yn + dy, n >0

such that
|Zn — yn| < Le, n2>0.

The constant L is called a Ulam-Hyers constant of equation (7.3). Let us denote by
Ly the infimum of all such Ulam-Hyers constants L, but in general the infimum of all the
Ulam-Hyers constants of an equation may not be an Ulam-Hyers constant of that equation.
So, if Ly exists and it is a Ulam-Hyers constant of an equation, then we call L the best
Ulam-Hyers constant. There 1s a reasonable amount of literature available for finding the
Ulam-Hyers constant for various types of problems but only few of them deal with finding
the best Ulam-Hyers constant Li;. Now we state an important theorem dealing with the

stability of the linear recurrence in the Ulam-Hyers sense.

Theorem 7.2.1. [23] The p-order linear recurrence equation (7.3) is Ulam-Hyers stable

if and only if the roots of the characteristic polynomial
X=Xt = —ax—a =0

do not lie on the unit circle S = {z eC | |z = 1}.

Theorem 7.2.2. [113] Let x1, Xz, - - -, Xp be the roots of the characteristic polynomial

Xp—Cpo_l_"'_CQX_Clzo
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with |x;| # 1,1 < i < p. Then the p-order linear recurrence equation (7.3) is Ulam-Hyers

1
[(Ixal=1)-(xpl=D)I "
Moreover, if |x;| > 1, Vi=1,2,...,p, then the sequence (Y )n>0 of Definition 7.2.1 is

stable, and in this case, the Ulam-Hyers constant is given by L =

unique and if |x;| < 1, then one can find an infinite number of sequences (yy)n>o. Indeed,

one can choose y,, = xy, for all 0 < k < p — 1, that satisfies Definition 7.2.1.

Theorem 7.2.3. [16] If the roots of the characteristic polynomial associated with the
recurrence relation (7.3) satisfy x; € R, x; > 1 for 1 <1 < p, then the best Ulam-Hyers

constant of the recurrence relation (7.3) is given by

Remark 7.2.1. [16] For p = 2, if the roots of the second-order linear recurrence relation
Tpto = CoTpy1 + 1T, + dy,n > 0, are distinct and satisfy |x1| > 1, |x2| > 1, then the

best Ulam-Hyers constant in this particular case is given by

Ly =

>l

| X2|n 1

X1 X2

7.3 Main Results

7.3.1 Ulam-Hyers stability for difference equation: first-order ODE

We want to study the Ulam-Hyers stability of the difference equation corresponding
to the homogeneous first-order linear differential equation (7.1). Here, we want to establish
the Ulam-Hyers stability of the following second-order convergent difference equation

corresponding to the first-order differential equation (7.1):

A

Apx(t) —bx(t) = f(t), teT, (7.4)
—x(t+2h) +4x(t + h) — 3z(¢)

2h
2(t), T = { a + nh ’ n € Ny }, a € R is an initial point, h > 0 is a step size of

discretization and at the n-th node ¢,, = a + nh € T, we denote z(t,,) = z,,, f(t,) = fa

where A,z (t) =

is the second-order approximation to

for all n > 0. The above finite difference equation (7.4) can be written in its equivalent

linear recurrence relation as
Tpio = 4,1 — (34 2hb)z,, — 2hf,, n > 0. (7.5)

Ifo=—; h, then the order of the recurrence relation reduces to 1 and hence, it does not

satisfy the finite difference relation (7.4), and we must have b # —=-
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Definition 7.3.1. [102] The finite difference equation (7.4) is said to be Ulam-Hyers stable
if, for a given arbitrary € > 0 and a function x : T — R satisfying

Anz(t) —ba(t) — f()| <e, VEeT,
there exist a constant L > 0 and a solution y : T — R of (7.4) such that
lx(t) —y(t)| < Le, VteT.

Theorem 7.3.1. Let € > 0 be a given arbitrary number. Suppose a function x : T — R
satisfies the finite difference inequality

|Apa(t) — ba(t) — f(t)| <e, t€T, (7.6)

where b #+ —%. Then, one of the following holds:

(i) If0 < b < ﬁ, then there exists a unique solution y : T — R of the finite difference

equation (7.4) such that

z(t) —y(t)| < S, VteT. (7.7)

€
b I
In this case, Ly = % is the best Ulam-Hyers constant for equation (7.4).

(ii) If b > ﬁ, then there exists a unique solution y : T — R of the finite difference

equation (7.4) such that

jz(t) = y(t)| < Lve, VteT, (7.8)
& 1
where Ly = 2h) ‘Un(cos 6) ‘ —— Un(x) are Chebyshev polynomials of the sec-
n=0 i

ond kind, r = \/3 + 2bh and 0 = tan™! (7”1’2}“1) In this case, this Ly is the best

Ulam-Hyers constant for equation (7.4).

(iii) If — 5 <€b < 0, then any solution y : T — R of (7.4) with initial value |z(a) —
y(a)| < — satisfies

10|
o (t) — y(t)] < fb, ViteT. (7.9)

(iv) If—% <b< —%, then any solution y : T — R with the initial value |x(a) —y(a)| <

he

1 +ah++1—2bh

satisfies

he
t) —y(t)] < :
[ (t) y()’_1+ah+ 1 — 2bh

vVteT. (7.10)

TH-3276_186123104



7.3 Main Results 109

(v) Ifb <

% then there exists a unique solution y : T — R of the finite difference
equation (7.4) such that

lz(t) — y(t)] < Lye, VteT. (7.11)

is the best Ulam-

Here, L = il > |2+ VT=20) " = (2= vI=00) "
n=1

Hyers constant for equation (7.4).

Proof. Let e > ( be arbitrarily given and suppose the function x : T — R satisfies
|Apa(t) —be(t) — ft)| <&, teT. (7.12)
At the n-th node t,, = a + nh € T, by denoting z(t,) = x,, f(t,) = fn, we get
|Tpio — 4201 + (3 + 2bh)x,, + 2k f,| < 2he, Vn > 0. (7.13)

Now we wish to study the Ulam-Hyers stability of the equivalent linear recurrence equation
(7.5) in connection with inequality (7.13). Let r; and 75 be the roots of the characteristic

polynomial of the recurrence equation (7.5). Then,
ri1=2++vV1—2bh, ry=2-—+1-—2bh. (7.14)

(1)) IfO0O< b < ﬁ, both roots are positive with r; > 1, ro > 1. Then, by Theorem 7.2.2,

there exists a unique solution (¥, ),>o of the recurrence equation (7.5) such that

2he €
w— Unl < = -, > 0. 7.15
ke = il =1 —1) _ b n >0 (7.15)

Now, define a function y : T — R such that at the n-th node ¢, = a + nh € T, we denote

y(tn) = yn, n > 0. Then, clearly y is a unique solution of the finite difference equation
(7.4) such that

() — y(t)] < % VteT. (7.16)
1
By Theorem 7.2.3, it follows that Ly = 7 is the best Ulam-Hyers constant for equation
(7.4).
(i1) If b > 5, then the roots are complex with magnitude [r1| = [r2| = r = v/3 4 2bh > 1.

By using Theorem 7.2.2, Theorem 7.2.3 and following a similar argument, there exists a

unique solution ¥ : T — R of the ﬁnite difference equation (7.4) with the best Ulam-Hyers

o0

constant Ly = such that

|7"1 7"2

lz(t) —y(t)| < Lye, VteT. (7.17)
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Since r; = re'?, ry = re”, where § = tan~! (Ll’;‘_l), Ly can be written as

—nl lTL 1
LU \/W Z | 0 9‘7
2h o) eine o e—in9 1
— (nd)|
%Wh — 2% | \/Qbh = Z |sin(n
2h sin 0 i sin(nf) hz sin n+1)9 1
\/ 2bh — sinf |rm sin @ pnt2’
1 2bh — 1
=2h ;) ‘Un(cos 9)‘m, <since sinf = > (7.18)

(#11) If —5- < b < 0, then both roots are positive with r, > 1, 0 < r5 < 1. By Theorem

7.2.2, any solution y : T — R with initial value |z(a) — y(a)| < % = ] satisfies

lz(t) — y(t)] < |b| vt ¢ T. (7.19)
By following a similar argument, and using Theorem 7.2.2 and Remark 7.2.1, we can
establish (iv) and (v). O

Corollary 7.3.1. If b =0, —%, then one of the roots lies on the unit circle and hence, by
Theorem 7.2.1, the finite difference equation (7.4) is not Ulam-Hyers stable for b =0, —7.

Lemma 7.3.1. Let b > 5. Then the finite difference equation (7.4) is Ulam-Hyers stable

1
and the best Ulam-Hyers constant for (7.4) on T is at least b

Proof. From Theorem 7. 3 1 (i7), the best Ulam-Hyers constant in this case is given by
Ly =2h Z ‘U cos 9). , and we know that the generating function relation for the

Chebyshev polynomlals of second kind U, (x) is given by

20 1
U, ()t = —————. 7.20
ZO (z) 1. — 2zt Ht? ( )

Using this relation, we get

Ly > ‘th Un(cos0)

n+2
2h 2h 1 2
> = = - 0=— =3+ 2bh ).
~r2—2rcosf+1 r2-3 b’ (smce o8 r’ i )
. ) 1
This shows that the best Ulam-Hyers constant is at least = [
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7.3.2 Ulam-Hyers stability for difference equation: second-order ODE

We want to study the Ulam-Hyers stability of the finite difference equation corre-
sponding to the nonhomogeneous second-order linear differential equation (7.2). Here,
based on the idea adopted in [101], we want to establish the Ulam-Hyers stability of the
following second-order convergent central finite deference equation corresponding to the

second-order differential equation (7.2):
Spw(t) + a5z (t) + Ba(t) = g(t), VteT, (7.21)

where

625 (t) = x(t+h) — 29;L(2t) + z(t — h)7 Ac(t) = z(t + h)Q—hx(t - h)7 (7.22)

witha, f € R, and T = {a + nh | n € Ny } a discretized domain for a given step size of
discretization h > O and g : T — R is a given function.

At the n-th node ¢,, = a + nh € T, let us denote z(¢,,) = z,, and g(¢,) = g,. Then, the
above finite difference equation (7.21) can be written in its equivalent second-order linear

recurrence relation as

h h
(14 5 Yo = @ = B0z + (1= 5 )ans = W 21 (7.23)

If o € A, where A = {—%, %}, then we cannot execute the recurrence relation uniquely
because the order of the recurrence relation reduces to 1 but the differential equation is
of second-order and we are given two initial inputs. Therefore, in order to execute the
recurrence relation (7.23), we must have o ¢ A and the initial data x¢, x;.

The finite difference scheme (7.21) is equivalent to the linear recurrence relation
(7.23) of second-order in the sense that, if the sequence (z,,),>¢ satisfies the recurrence
relation (7.23), then z(t,,) = x,, satisfies the finite difference equation (7.21) for all ¢ € T.
Hence, we want to study the Ulam-Hyers stability of the linear recurrence relation (7.23)
from which we can conclude the stability of the finite difference equation (7.21) in the

Ulam-Hyers sense.

Definition 7.3.2. The finite difference equation (7.21) is said to be Ulam-Hyers stable if,
for a given arbitrary € > 0 and a function x : T — R satisfying

672(t) + aASx(t) + Bo(t) —g(t)| <e, VEeT, (7.24)
there exist a constant L > 0 and a solution y : T — R of equation (7.21) such that
lz(t) —y@)| < Le, VteT. (7.25)
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Since the finite difference scheme (7.21) is equivalent to the linear recurrence relation
(7.23), hence in order to prove the stability result for the finite difference scheme (7.21),
we study the Ulam-Hyers stability for the linear recurrence (7.23). Define the region in the
(cv, B)—plane as

RI:{(a,ﬁ)ERQ a¢A,5>:2},

R[I:{(oz,ﬁ)eRQ a¢Au{0},0<ﬁ<§2},

R[[[Z{(Q,B)ER2 04¢A,6<0}.

Clearly R[ N R]] = @, R[] N R][[ = @ and R] N R[]] = @

Theorem 7.3.2. If (o, ) € R; U Ry, then the finite difference equation (7.21) is Ulam-
Hyers stable on T. Further, one of the following holds:

(i) If (o, ) € Ry U Ryyp with |a| > 2, then the Ulam-Hyers constant for (7.21) on T
14 %]

/a2h—24,8 + 62 N ‘%L'

(ii) If (o, B) € Ry with |a| < 2,
14+ %
A

(iii) If (o, B) € Rypp with || < %, then the Ulam-Hyers constant for (7.21) on T is
14+

5]

Proof. Let ¢ > 0 be arbitrarily given and suppose the function x : T — R satisfies

is

then the Ulam-Hyers constant for (7.21) on T is

672(t) + aASz(t) + Bo(t) — g(t)| < e, t€T. (7.26)
At the n-th node ¢, = a + nh € T, we denote z(t,,) = ,,, g(t,) = gn. Then, we get

h h
‘(1 5 )aws = @ = B+ (1= 5 Jans — Hga| < e, Vo1 (727)

Now we wish to study the Ulam-Hyers stability of the equivalent linear recurrence equation
(7.23) in connection with inequality (7.27). Let 71 and ro be the roots of the characteristic
polynomial of the recurrence equation (7.23). Then,

C2-pR? V(2= Bh2)? + a2h? —4

2— Bh? — \/(2 — Bh?)2 + a?h% — 4
2+ ah N '

24+ ah

(& y T2

(7.28)
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We know from the theory of polynomials that

N 2 — Bh? 2 —ah
T g = 7, ™Mro = — .
1 2 (1+o¢7h) 172 2—|—Oéh

(7.29)

If (o, B) € R; U Ryyy, then the roots are real with r; # 1, ro # 1. Hence, by Theorem
7.2.2, the linear recurrence relation (7.23) is Ulam-Hyers stable with Ulam-Hyers constant
L= Wl(lml—l)l’ i.e., there exists a sequence (¥, ),>0 Which is a solution of the linear

recurrence (7.23) such that

h2e
‘xn 8 yn’ <

AUl = D(Iraf = 1)1

where (2,),>0 is a solution of the inequality (7.27).

(7.30)

If we denote y(t,) = y,, then from the inequality (7.30), the finite difference scheme

(7.21) is also Ulam-Hyers stable with Ulam-Hyers constant L = Wm

Now we find out the exact form of L.

(1) If (o, B) € Ry U Ry with f < 0 and o < —%, then; < —1and 0 < r; < 1 which

|1+

implies L = . On the other hand, if o > %, thenr; > 1and —1 < ry < 0.

o2—48 | po_ |al
7_’_5 =l
h2 h
Hence in this case also, we get the same constant. Combining these two cases, we conclude
that, for (a, ) € Ry U Ry, with 5 < 0 and || > %, the Ulam-Hyers constant is given
1+

by L = ﬁ. Thus, there exists a solution yy : T — R, where y(t,,) = y,,. From
ah%+527%

inequality (7.30), we have

lz(t) —y(t)| < a2|_4ﬁ 2| o
Vo -

Similarly, the other case (v, 3) € R; U Ryyr, with 8 > 5 and |a| > 2, can be studied

vteT. (7.31)

depending upon the location of the characteristic roots.

(i) If (o, 8) € R; with o] < 2 and 3 > %, we have —1 < 7, < 0 and

h h2>
ry < —1. Hence, in this case, the Ulam-Hyers constant for the finite difference equation
ah
(7.21) is given by L = -3

h2

(i11) Lastly, if (v, 8) € Ryyy, with |a| < 2 and 8 < 0, thenry > 1, 0 < 5 < 1. Hence, in
this case, the Ulam-Hyers constant for the finite difference equation (7.21) is given by

_ s
L= 18l -
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B

R; 4
: A B=1s
0, -

: Complex Roots C Complex Roots

2
(07 m)

Rir

(0,0)

Figure 7.1: If (o, ) € Ry U Ry U Ryyy, then (7.21) has Ulam-Hyers stability on T, and if («, 3)
lies along the thick (red) lines, then the finite difference equation (7.21) is not Ulam-Hyers stable.

2
a#0, “22+(5_h%2 <1}
(2 5

lying inside the region Ry, i.e., E C Ry;. Note that, if («, 3) lies inside the elliptic disk

Now we define an elliptic disk F = {(a, B) € R?

I, then the roots of the characteristic polynomial are complex. The entire two-dimensional
(o, B)—plane is divided into three infinite strip regions Ry, R;; and R;;; except the thick
(red) lines and the dotted lines. In Figure 7.1, we show the different regions R;, R, Rrjr

and FE in the af—plane.

Theorem 7.3.3. If (o, ) € Ry, then the finite difference equation (7.21) is Ulam-Hyers
stable on T. Further, one of the following holds:

ah
(i) If (o, B) € E, then the Ulam-Hyers constant for (7.21) on T is 2—%
r2 TV nE T R2

(ii) If (o, B) € Ry \ E with |a| < 2 and 0 < 8 < %, then the Ulam-Hyers constant
ah

1+
for (7.21) on T is TQ

(iii) If (o, B) € Ryr \ E with |a| < 2 and 5 < 8 < 75, then the Ulam-Hyers constant

14 ah
for (7.21) on T is 4+ 2
P

(iv) If (o, B) € Ryy \ E with || > % and 0 < B < 75, then the Ulam-Hyers constant
. |1+ 2|
for (7.21)on T is ———2——.
%_ /a2h34ﬁ+52
Proof. If (o, 8) € Ryyyr,then |ry| # 1, |re| # 1. Hence, by Theorem 7.2.2, the linear recur-

1

rence relation (7.23) is Ulam-Hyers stable with Ulam-Hyers constant L = (EENCEDE
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i.e., there exists a sequence (y,),>0 Which is a solution of the linear recurrence relation
(7.23) such that

h%e
ri| = D) (|r2| = DI

where (z,),,>0 is a solution of the inequality (7.27).

|Tn — yn| < T (7.32)

If we denote y(t,,) = y», then from the inequality (7.30), the finite difference equation
(7.21) is also Ulam-Hyers stable with Ulam-Hyers constant L. = m Hence,
the first part of the theorem is proved. Now, we find out the exact form of L.

(7) If (o, B) € E, then the roots r; and ry of the characteristic polynomial of linear

recurrence relation (7.23) are complex with equal magnitude |ry| = |r2| = gjrzz # 1 on
E. Moreover, |r1| = |r2| > 1 on the left half of the elliptic disk F, i.e., for (o, ) € E with
—2 < o < 0, and on the right half ((a,ﬁ) € Ewith0 < a < %), we have |r;| = |ry| < 1.

Hence, in this case, the Ulam-Hyers constant for the finite difference equation (7.21) on T

. o 14 2b
is given by L = £y j —
B2\ TR
(i1) If (o, ) € Ry \ Ewith —2 < a <0and 0 < 3 < 7, thenry; > 1, r5 > 1. On the

other side, if 0 < o < %, then 0 < r; <1, 0 < r; < 1. Hence, combining these two cases,
we have, for (a, 8) € Ry \ E with || < 2 and 0 < 8 < 75, the Ulam-Hyers constant as

ﬁ’
1
L= 52 4
(i1i) If (v, B) € Ry \ E with —2 < aw < 0and % < 3 < 75, thenr; < —1, r, < —1. On

the other side, if 0 < « < %, then —1 < r; <0, —1 < ry < 0. Hence, combining these

two cases, we have, for (a, 8) € Ry, \ E with || < 2 and % < 3 < 73, the Ulam-Hyers
ah

constant as L = 14+ 2

K

In a similar manner, (iv) can be proved by examining the behavior of the roots. []

Remark 7.3.1. In the aS—plane, if (o, ) € R? except along the thick (red) lines and the
dotted lines in Figure 7.2, i.e., (a, ) € Ry U R U Ryyy, then (7.21) is Ulam-Hyers stable
on'T. Let L(h) denote the Ulam-Hyers constant. Then,

h2

P = =l - 01 739

Remark 7.3.2. If («, B) belongs to the left half of the region Ry, i.e., (a, 3) € Ry with
a<0and0 < < % (this region is shaded in Figure 7.2), then in this case, we have
|r1] > 1, |re| > 1. Thus, by Theorem 7.2.3, there exists exactly one solutiony : T — R of
finite difference equation (7.21) such that

h%e

=0 =yl < T =D = D1

VteT, (7.34)
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Ry

: Complex Roots

Ry

Rrrr

Figure 7.2: If (o, ) lies in the shaded region on the left half of region R except the thick (red)
and the dotted lines, then there exists a unique solution of linear finite difference equation (7.21)
that satisfies (7.34). Along thick (red) lines, (7.21) is not Ulam-Hyers stable.

where x(t) satisfies the inequality (7.26). In fact, if the roots are distinct and belong to this
yellow-shaded region, then by Remark 7.2.1, the best Ulam-Hyers constant Ly for finite

: : . &1 1
difference equation (7.21) is given by Ly = o ,;1 |

Corollary 7.3.2. If («, B) lies inside the left half of the ellipse, E = {(a, B) € R? | a #

i

2
0, @+ ( 2 -l } with —% < a < 0, then the best Ulam-Hyers constant Hy; for
2

(1) (3)

the finite difference equation (7.21) is given by

Ly = k%) \Un(cose)\i (7.35)
n=0

rnt2 )

2 —ah
where U, (x) are Chebyshev polynomials of the second kind, r = \/E and
«

1 (W45 — a? — [32h?
6 = tan 1( 5 GIe

1 h
difference equation (7.21) on T is at least 3 <1 + C;)

) . Further, the best Ulam-Hyers constant for the finite

7.4 Applications: Perturbed Finite Difference

Equations

In this section, we apply our main result in connection with deriving a discrete continuous

dependence with the initial data for the second-order perturbed linear difference equation
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with constant coefficients:
Str(t) + aASx(t) + fa(t) = f(t,x(t), Ax(t)), VteT, (7.36)

where [ : T x R x R — R, Ax(¢) is some finite difference scheme for /() on T and we
consider the corresponding unperturbed linear difference equation (7.21) with g(¢t) = 0.
So, basically after assuming that the function f is bounded on T x R x R and the roots of
the characteristic polynomial are distinct and satisfy |ry| < 1, |ry| < 1, we estimate some
bound for the solution of the perturbed system (7.36) and show that the bound depends on

the 1nitial data.

Remark 7.4.1. If (o, 5) € Ry with « > 0 and («, ) not lying on the boundary of the
elliptic disk E, i.e., on the right half of the region Ry except the points on the boundary of
E and on the dotted lines, then only 11 # ro, with |r1| < 1, |ra| < 1, is feasible.

Theorem 7.4.1. Suppose the roots of the characteristic polynomial of the linear recurrence
relation (7.23) are distinct (11 # 12) and satisfy |ri| < 1, |ra| < 1. If there exists a
constant Hg > 0 such that |f(t,x,y)| < Hp for all (t,z,y) € T x R x R, then the
solution x : T — R of the perturbed linear difference equation (7.36) is bounded on T.
Moreover,

2<|950| + |ff1|)

|11 — 72

z(t)| < HpL(h) + , VteT. (7.37)

Proof. Let x(t) be a solution of the perturbed linear difference equation (7.36). Then, we
have
|672(t) + aASz(t) + Bx(t)| < Hg, VteT. (7.38)

Since the roots 71 and 75 of the characteristic polynomial of the linear recurrence relation
(7.23) are distinct and satisfy || < 1, |re] < 1, then by Remark 7.3.1 and Theorem
7.2.2, there exists a solution y : T — R of the unperturbed finite difference equation,
G2y(t) + aASy(t) + By(t) = 0 with y(ty) = x(ty), y(t1) = z(t;) and a constant L(h)
given by equation (7.33) such that

|z(t) — y(t)] < HgL(h), VteT. (7.39)
At the n-thnode t, = a + nh € T, for all n > 0, y is of the form

tn—a tn—a

y(t,) =cry "™ +cory™ , Vn >0, (7.40)

! are constants. Here xo = x(to), 1 = x(t1).
. — T2 r—T2
Thus, by using (7.39), we have from (7.40), for all t € T,

xXr
where ¢; =

in—a tn—a
()] < ferllra] ™7 + leallral 7 < lea| + eaf
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1 2(|o| + |1
‘1'1 — .I()T’Ql + ‘33'07”1 - 1'1’ < ( ) (741)
r1 = 72 |1 — 72
Hence, from (7.39) and using the inequality (7.41), we have, for all ¢ € T,
2(|I0| + |I1|)
[z(t)] < HpL(h) + [y(t)] < HpL(h) + e (7.42)
1= T2
O
Example 7.4.1. Consider the following initial value problem:
1
z"(t) + 2x'(t)+§x(t) =sin(t + z(t) + 2'(¢)), t € I = [0, 0), (7.43)
z(0) =1, 2/(0) = 10. (7.44)

The corresponding finite difference equation for (7.43) on T = {nh | n € Ny} is given by
1
S2x(t) + 2A%5x(t) + g9[;(15) = sin(t + x(t) + Ax(t)), t € T, (7.45)

where h # — 3 3, and Az(t) = w is a backward difference operator on T. Note
that |sin(t + z(t) + Ax(t))| < 1forall (t,z, Ax) € T x R x R. Here, we take Hp = 1.
If we take h = 2, then |r1| < 1, |ra| < 1 withr) —ry = %ﬁ and L(h) = (3+\[) . Now,
using Theorem 7.4.1, we observe that any solution x : T — R of the diﬁ%rence equation
(7.45) satisfies

o(0)] < 534 V) + \/—(|$0|+|$1|)—‘\/—<|xo|+|$1|+3\/_+7) vteT.
(7.46)

In Figure 7.3(a) we plot the solution x(t) for h = 2 of the finite difference equation (7.45)
with an initial condition (7.44) and observe that it satisfies (7.46), i.e

9(23 + 3v/7)
27

Next, for h = 4, we observe that |r1| < 1, |rq| > 1. Here, the condition of Theorem 7.4.1

|z(1)] < =52.62, Vt €T. (7.47)

does not hold and hence we may expect that the solution x(t) will not be bounded on T. In
Figure 7.3(b), we plot the solution x(t) of the difference equation (7.45) for h = 4 with

the same initial condition (7.44). We observe that this solution oscillates and diverges.
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(a) Solution of the difference equation (7.45) for (b) Solution of the difference equation (7.45) for
h=2 h=4

Figure 7.3: Graph of the solution z(t) of the finite difference equation (7.45), for h = 2 and
h = 4. Solution oscillates and diverges for h = 4

7.5 Conclusions

In this chapter, we have established the Ulam-Hyers stability result for second-order con-
vergent difference equations corresponding to first- and second-order nonhomogeneous
linear differential equations. Subsequently, converting the finite difference equation to its
equivalent recurrence relation, the main result is established by using previous Ulam-Hyers
stability results for the linear recurrence relation. For the first-order differential equation,
we have computed the best Ulam-Hyers constant. For the second-order differential equa-
tion, depending on the location of («, 3) in the two-dimensional region in the a-plane,
we have determined the Ulam-Hyers constant. It has been observed that the Ulam-Hyers
constant gets changed by the influence of the step size. In the end, we use the obtained
results to estimate the bound for the solution of the perturbed finite difference equation on
an unbounded domain of discretization. Further, an example is presented in order to ascer-
tain the applicability of our result. From the above two results, we finally conclude that,
instead of using some rigorous mathematical analysis to prove the Ulam-Hyers stability
for a finite difference equation, we can easily prove the stability by studying the behavior
of the roots of the characteristic polynomial of the equivalent recurrence relation of the

corresponding difference equation.
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CHAPTER

Conclusions and future scope

8.1 Conclusions

In this thesis, we have presented a qualitative treatment to various classes of differential
equations involving integer- and fractional-order derivatives. We basically considered two
types of stability treatment: (4) first, we discussed the Ulam-Hyers stability of solution of
the impulsive fractional-order integro-differential equation involving Caputo fractional-
order derivative, and we also discussed the Ulam-Hyers stability of difference equations
corresponding to first and second-order differential equations, (i7) secondly, we studied the
Lyapunov stability analysis for a class of fractional-order differential equations involving a
non-singular kernel fractional-order Caputo-Fabrizio derivative and discussed the various
concepts such as the existence of periodic solution, stabilization, and asymptotic stability
of the Caputo-Fabrizio fractional-order linear and semilinear evolution equations.

Here, we highlight chapter-wise main conclusions.

e In Chapter 2 and Chapter 3, we established the existence and stability results of the
mild solution of a Caputo fractional non-instantaneous impulsive integro-differential
equation in the sense of Ulam-Hyers and generalized Ulam-Hyers-Rassias stability,
respectively. The main result was established by using Banach fixed point theorem
under appropriate assumptions. We used our results to estimate the bound for the
difference between the fractional-order and the integer-order non-instantaneous
impulsive RLC circuit current, and showed that the bound mainly depends on the
bandwidth of the RLC circuit. This finding is expected to find an important place in

fractional-order RLC circuit problems.

e In Chapter 4, we revisited the Lyapunov stability of an equilibrium point of an
autonomous Caputo-Fabrizio fractional-order system and showed that all isolated

equilibrium points of an autonomous system are asymptotically stable and found
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that only constant solutions exist for autonomous systems. Further, we showed that a
non-constant solution exists for the case of autonomous intermediate value fractional-
order systems and further studied the Lyapunov stability for the intermediate value
Caputo-Fabrizio linear and nonlinear autonomous systems. The condition required
for the equilibrium point for such systems to be asymptotically stable was derived.
A suitable example was presented at the end to illustrate the result of the existence

of such a stability.

e In Chapter 5, we discussed the existence of a periodic solution of the Caputo-
Fabrizio fractional-order system. First, by using the concepts of an equilibrium
point, it was proved that an autonomous Caputo-Fabrizio system cannot admit
a non-constant periodic solution. Under a similar assumption as the one for an
integer-order differential equation, the existence of a periodic solution of a non-
autonomous Caputo-Fabrizio fractional-order differential system was established.
The main result was utilized in constructing and finding the periodic solution of
the linear non-homogeneous Caputo-Fabrizio system. By using the result on linear
systems, we derived a periodic solution of a fractional-order Gunn diode oscillator
under a periodic input voltage and observed that the diameter of the periodic orbit
kept reducing as the fractional-order continuously increased. In the end, by using
the result on a linear non-homogeneous system and by constructing a suitable
linear feedback control, the solution of the linear non-homogeneous fractional-order
system was stabilized to a periodic solution. An example was presented to support

the obtained result.

e In Chapter 6, we discussed the asymptotic stability of fractional-order linear and
semilinear evolution equations involving a Caputo-Fabrizio derivative for fractional-
order a € (0, 1) with a non-singular kernel, and a new concept of a global solution
for the Caputo-Fabrizio system was introduced. We stabilized the Caputo-Fabrizio
fractional-order linear and semilinear evolution equations. In the end, by using the
stabilization result, we stabilized a fractional-order chaotic system to support the
obtained results. From this work, we have observed that one has to be very careful in
choosing an initial condition for the system involving a non-singular kernel operator,
and the initial data set S, where the solution exists, might not be an open, connected
set. Thus, although a fractional-order differential operator with a non-singular
kernel has several drawbacks, analyzing the systems involving a non-singular kernel

operator is sometimes easier than other singular kernel operators.

e In Chapter 7, we studied Ulam-Hyers stability of the second-order convergent differ-
ence equations corresponding to first- and second-order non-homogeneous linear

differential equations with constant coefficients. First, we converted the difference
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equation to its equivalent linear recurrence relation, and then by using existing
Ulam- Hyers stability results for the linear recurrence relation, we established the
Ulam-Hyers stability for the finite difference equation, and depending upon the
location of the roots of the characteristic polynomial of the equivalent recurrence
relation, the minimum Ulam-Hyers constant was determined. We applied our result
to the perturbed second-order nonlinear difference equation and presented a suitable

example to support the result.

8.2 Future scope

e Most physical and engineering systems are inherently nonlinear; however, nonlinear
systems can exhibit a very rich dynamical behavior. The simplest way to analyze any
nonlinear system is to linearize the systems locally near the steady state. But, in the
case of the Caputo-Fabrizio systems, only a constant solution exists for a linearized
system. Thus, the linearized method is ineffective in studying the nonlinear Caputo-
Fabrizio systems. Hence, instead of linearizing the given nonlinear system with
a time-invariant matrix, we can linearize it with a time-variant matrix and use the

outcome of Chapter 6.

e A limit cycle is defined as an isolated periodic orbit, and it is a very special phe-
nomenon in dynamical systems because the existence of a stable limit cycle in a
system assures the self-sustainable systems which means there exists a domain such
that, if the initial state starts from this domain, then the state always moves along
a periodic orbit in all future time. Thus, once we know the existence of a periodic
solution, there is a possibility of having a limit cycle for a given dynamical system.
With the help of the problems in Chapter 4 and Chapter 5, we will work in this

direction.

e How to reduce the chaotic oscillations to regular oscillations in chaotic fractional-
order systems? We know that fractional-order systems do not have periodic orbit.
The problems in Chapter 5 and Chapter 6 may help to answer such a question by
replacing the derivative with a Caputo-Fabrizio fractional derivative, and we will
work on more complex chaotic systems and try to stabilize the chaotic oscillations

to a regular oscillation.

e Controlling the behavior of the solution of a given dynamical system by using a
controller is an interesting problem. In this direction, we plan to initiate work
in the area of control theory to design the controller to control the states of the

fractional-order electrical circuit systems.

e Previously, a periodic solution did not come into picture in the fractional-order sys-

tems with Caputo or Riemann-Liouville fractional derivatives, but from the outcome
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of Chapter 5, we know that, under some suitable assumptions, the existence of a
periodic solution for a non-autonomous fractional-order systems involving Caputo-
Fabrizio fractional derivatives is viable. Thus, we want to revisit the bifurcation
theory for fractional-order systems involving Caputo-Fabrizio fractional derivative
by including the condition to the parameter of the systems for the existence of a

periodic solution.
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