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ABSTRACT

Fractional Modeling of Oscillating Dynamic Systems

Agila, Adel
PhD in Modeling and Design of Engineering Systems (MODES)
Supervisor : Assist. Prof. Dr. Biilent Irfanoglu

Co-Supervisor : Assoc. Prof. Dr. Rajeh Eid

June 2015, 141 pages

In recent years, a special attention is given to model fractional dynamical systems.
These systems include fractional oscillating dynamical systems. Many methods are
used to model the fractional oscillating dynamical systems. The responses of some
systems are obtained by means of fractional calculus and calculus of variations. In this
thesis, fractional representations based on fractional calculus, calculus of variations

are classified into two types:

The first type is the fractional Euler-Lagrange equations representations of free oscil-
lating fractional systems. The fractional representation appears in the coefficients of
damping terms of variable coefficient second order homogeneous differential equa-

tions.

In the second type, the differential operators are subjected to fractional orders. The
considered case studies are models given by second order homogeneous and non-
homogeneous three-term fractional order differential equations with fractional damp-

ing terms.

The two types are combined to produce extended fractional Euler-Lagrange equations

models. In these models the differential operators are subjected to fractional orders

v



in the damping term of the system. Additionally, the time varying coefficients of the

damping terms contain a fractional integral order.

A hybrid method is introduced to obtain the responses of fractional oscillating sys-
tems. These systems are modeled by means of second order homogeneous three-term
fractional order differential equations with fractional damping terms. The responses

are compared with Wright function based solutions.

Keywords: Fractional calculus, fractional oscillating systems, extended fractional

Euler-Lagrange equations, Wright function.
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Osilasyon Yapan Dinamik Sistemlerin Kesirli Dereceli Modellenmesi

Agila, Adel
Doktora, Miihendislik Sistemlerinin Modellenmesi ve Tasarimi
Tez Yoneticisi : Yrd. Dog. Dr. Biilent Irfanoglu
Ortak Tez Yoneticisi : Dog¢. Dr. Rajeh Eid

Haziran 2015, 141 sayfa

Son yillarda, dinamik sistemlerin kesirli dereceli modellenmeleri ile ilgili ¢caligmalara
0zel onem verilmektedir. Kesirli dereceli modellenen osilasyon yapan dinamik sis-
temler bu sistemlerdendir ve modelleme i¢in ¢esitli yontemler kullanilmaktadir. Bu
tezde, kesirli gosterimler kesirli dereceli matematik ve degisimlere dayanarak iki

gruba ayrilmistir:

Birinci grup, kesirli Euler-Lagrange denklemleriyle gosterilen serbest olarak osilasyon
yapan sistemlerdir. Kesirli gosterim degisken katsayili, homojen ikinci dereceden

diferansiyel denklemlerin soniimleme katsayinda bulunmaktadir.

ikinci grupta, diferansiyel operatorler kesirli iisliidiirler. Ele alinan 6rnek caligmalar,
kesirli sonlimleme terimlerine sahip, ikinci dereceden homojen veya homojen ol-

mayan, li¢ terimli kesirli dereceli diferansiyel denklemlerdir.

Belirtilen iki grup genisletilmis kesirli Euler-Lagrange denklemleriyle ifade edilen
modelleri olusturmak ic¢in birlestirilmistir. Bu modellerde, kesirli diferansiyel op-
eratorler yanliz sistemin soniimleme teriminde bulunmaktadir. Ek olarak, soniimleme

terimlerinin zamana bagl degisebilen katsayilar1 kesirli derecelidir.

vi



Kesirli modellenmis ve osilasyon yapan sistemlerin davraniglarini elde etmek i¢in hi-
brid bir yontem aktarilacaktir. Bu sistemler, ikincinci dereceden, homojen, ti¢-terimli
ve kesirli soniimleme terimi olan diferansiyel denklemler ile modellenmistir. Bu sis-

temlerin davraniglari, Wright fonksiyonlar1 tabanli sonuglarla karsilastirilmistir.

Anahtar Kelimeler: Kesirli matematik, kesirli modelli osilasyonlu sistemler, genisletilmis

Euler-Lagrange denklemleri, Wright fonksiyonu.
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CHAPTER 1

INTRODUCTION

Mechanical vibrations and oscillatory motions are associated with most of the various
artificial and natural activities. For instance, living creatures’ activities such as walk-
ing, breathing, and heart beat in our bodies or movements of brunches of trees due
to breeze or wind blowing are particular examples which involve natural oscillatory
motions. Artificially, oscillatory motions of machines parts in order to accomplish
certain jobs are considered as one of the useful forms of vibration [1]. On the con-
trary, there may be many dreadful or unfavorable vibrations in both of these activities.
Earthquakes and undesirable vibrations occurring in some parts of industrial machines

are examples to natural and artificial destructive vibration forms, respectively.

Many researches exist in the modeling of these above mentioned different vibration
forms, such as models obtained by using finite element methods [7, 13] or by means of
Euler-Lagrange equations (ELEs) [19]. Another active research area is in the models
used in vibration control studies. Moreover, recently many studies have focused on the
identification of the model parameters [25]. Additionally, there are many recent stud-
ies that are interested in applications of fractional calculus in modeling and controlling
vibrating systems. Examples to these studies can be given as, the mathematical model
of a fractionally-damped single degree-of-freedom spring-mass-damper system [31],
the model of the two electric pendulum consisting of two planar pendula [37] and
a fractional order PID controller that is designed for fractional order system models

[43].

Based on the fractional calculus and the variational calculus fundamentals this thesis

research involves two main types of representations. These types are the fractional



Euler-Lagrange equations (FELEs) modeling, and the fractional mathematical mod-

eling by means of three-term fractional order differential equations (FODEs).

First the FELEs representations are introduced. In these models the fractional order
which represents the order of the Riemann-Liouville fractional integral [49] appears
in the coeflicient of damping term. The mathematical models of these representations
are expressed as variable coeflicients second order homogeneous linear differential
equations, or variable coeflicients second order homogeneous non-linear differential
equations. Additionally, hypothetical case studies are introduced for free oscillating

systems.

In the second type of representation the differential operators are subjected to frac-
tional orders. In this category, the integer orders of the integer derivatives which
are interpreted as natural numbers are reinterpreted to be real numbers. The consid-
ered case studies are homogeneous and non-homogeneous three-term fractional order
differential equations with fractional damping terms. These differential equations rep-

resent free and forced oscillating fractional vibrating systems, respectively.

The combination of the modeling approaches of these two representation types is

considered to be the major contribution of this thesis.

Some fundamentals of fractional calculus are introduced in the second chapter. The
fundamentals include some special functions that are used in the rest of thesis work.
These functions involve the Gamma function, the Mittag-Leffler functions, the Wright
function, and the Bessel functions. The Gamma function is considered as a main
function that is used to define most of the fractional derivatives and integrals formulas
[57, 61, 67], such as the Grunwald-Letnikov fractional integrals and derivatives, the
Riemann-Liouville fractional integrals and derivatives, and the Caputo fractional in-
tegrals and derivatives. The Mittag-Leffler function is exploited through the Laplace
transformation to obtain the solutions of the FODEs [73, 78, 83]. The Wright function
[87] is explicitly used to obtain the solutions of some kinds of the FODEs [66, 93].
The Bessel function [66, 100] is exploited to obtain the solutions of linearized sec-
ond order differential equations with time variant coefficients. Other important frac-
tional calculus fundamentals are the fractional derivatives and integrals methods. The

Riemann-Liouville, the Caputo, and the direct method [77, 82] are fractional deriva-



tive and integral techniques used in this work. These methods are used to obtain
the fractional derivative of functions. Moreover, they are used to derive some meth-
ods and techniques in fractional representations. The derivation includes the FELEs
derivation and the derivation of a hybrid method to obtain the responses of free os-
cillating fractional order systems. The later is introduced in chapter 6. A part of this

method is introduced as a contribution to this work.

Some properties of fractional derivatives such as the distributive property, Leibniz rule
obeying, and the property of the composition fractional derivatives are introduced in
chapter 2. The properties are applied to the rest of the thesis chapters. Additionally,
some applications of fractional integrodifferential forms are applied, in chapter 2, to
some functions. The aim of these applications is to compare the well known fractional

derivative forms with the direct method of fractional derivatives of certain functions.

Homogeneous and non-homogeneous three-term FODEs are studied in chapter 3.
Some techniques are exploited to solve them such as the Laplace transform of R-L
fractional derivative. This type of derivative is used to obtain the solution of the com-
mensurate three-term non-homogeneous FODEs. The Bagley-Trovik equation is used
to represent the solution of non-homogeneous three-term FODEs with range of frac-
tional derivative order. Additionally, in chapter 3, the Laplace transforms of Mittag-
Leffler function is used to obtain the solution of homogeneous three-term FODEs.
Moreover, a comparison is done between the fractional order representations solu-
tions and the integer order representations solutions of the FODEs that are solved via

Mittag-Lefller functions.

The calculus of variations, the Riemann-Liouville fractional integral, Caputo frac-
tional derivative, and the derivations of the traditional Euler-Lagrange equations are
used, in chapter 4, to derive the FELEs. In the FELEs model the coefficient of the
dissipation term appears as a function of time. This coefficient depends also on the
Riemann-Liouville fractional integral order . The FELE:s, as illustrated in chapter 5,
can be used to identify the parameters of damping term coefficients of some systems.
The dissipation force behaviors of these systems are different from the behaviors of

the systems that have constant damping force coefficients.

The FELEs are applied to some hypothetical systems in chapter 5. The applications



are used to investigate the responses of systems that are modeled by the FELEs, and
compare them with integer order representations. Some techniques are considered to
obtain non-linear and linearized responses of the integer order representations. These
techniques include obtaining the responses by means of Jacobian Elliptic function
and the Runge-Kutta numerical method. The two techniques are introduced in section
5.2. The responses of the non-linear systems that are obtained by both techniques and
the linearized responses that are obtained by using only the Runge-Kutta numerical

technique are studied in chapter 5.

FELEs models of hypothetical free oscillating systems are investigated and their re-
sponses are obtained by using the Runge-Kutta numerical technique and obtained by
means of the Bessel functions. These methods are used to obtain the solutions of
the second order homogeneous variant coefficients linear differential equations. A
comparison is done between the two methods for a particular case study. The lin-
earization of the FELEs modeling of the case study is considered for different values
of initial conditions. This is done to illustrate the effect of the oscillation range on the

non-linear and the linearized oscillating systems.

The effect of the Riemann-Liouville fractional integrals order @ on the responses of
the systems that are modeled by FELEs are explained in section 5.4.2, and section
5.4.3. The phase space trajectories of the system responses are depicted to show the
effect of the Riemann-Liouville fractional integrals order @. Additionally, the phase
space trajectories are considered to investigate the effect of the initial angular velocity

on the system behaviors.

The physical interpretation of the Riemann-Liouville fractional integrals order « is
discussed in chapter 5. The order @ appears in the damping term coefficient of the
systems that are modeled by means of FELEs. Some previous experimental studies

are considered to explain the physical meaning of .

Free oscillating fractional damped systems are considered in chapter 6. Homogeneous
three-term FODEs with fractional damping term represent the mathematical models
of these systems. Some systems can be considered as real cases to represent this type
of model [48]. The Kelvin-Voigt model [24] depicts the schematic diagram of such

systems. By means of the Wright function [45] an analytical method is introduced to



obtain the responses of the free oscillating fractional damped systems. The order of

fractional derivatives of the damping terms is given as (0 < @ < 2).

Based on the graphical comparisons between Riemann-Liouville and the fractional
derivatives Direct method and an analytical evaluating proof of the Direct method a
hybrid method is introduced in chapter 6. The method is used to obtain the responses
of free oscillating fractional damped systems. A comparison is done between the
solutions that are obtained by means of the Wright function and those obtained by the
introduced method. A case study is considered to illustrate the feasibility of the two

methods.

The two main fractional representations approaches that are aforementioned above
are combined to produce extended fractional Euler-Lagrange equations models. The
models are introduced as the essential contribution to this work. The reality of these
models comes from some real models [48, 71]. In these models the differential opera-
tors are subjected to fractional orders in the damping terms of the systems. Moreover,
the coefficients of the damping terms are given as functions of time. That matches
the behaviors of the introduced models. Some types of fractional derivatives, dis-
cretization, and numerical techniques are considered to obtain the responses of these

systems.



CHAPTER 2

SOME FUNDAMENTALS of FRACTIONAL CALCULUS

2.1 Introduction

The fractional calculus is defined as the extension of a derivative from being an inte-
ger order to a fractional order [2]. Even though all of them give the same meaning,
the fractional calculus is defined in many different ways. These include the grow-
ing of the traditional definitions of calculus operators of integral and derivative in the
way of the fractional exponents growing from being integer exponents [8]. Another
definition states that the fractional calculus gives an efficient representation of the na-
ture behaviors [14]. The fractional calculus is considered as an emerging field in the
area of applied mathematics and mathematical physics and it has many applications in
many areas of science and engineering [53]. The FODE:s are considered as one of the
fractional calculus branches, in spite of some references define the fractional calculus
as a generalization of integral and derivative operators. In this section some special
functions such as Euler’s Gamma function, Mittag-Leffler function, Wright function,
and Bessel functions are introduced. The aforementioned functions are not the only
functions that are used in fractional calculus, but they are defined in this section, in
order to be used in later sections of the thesis. Moreover, the fractional derivatives and
integral formulas such as, the Riemann-Liouville, and the Caputo are defined. Some

applications of these formulas are illustrated, and investigated.



2.2 Special Functions

In order to solve the fractional integrals, fractional derivatives, and FODEs, or to
obtain the responses of fractional order systems, certain special functions must be
used. These special functions are exploited in some computations and verifications
in this thesis. The functions include the Gamma function [20], the Bessel functions,
the Mittag-Leffler, and the Wright function. The Gamma function is used to find
the factorial value of real numbers [26]. The follwoing are some examples of these

functions’ usage:

The Gamma function is used to obtain the factorial of real numbers in Riemann-

Liouville fractional derivatives and integrals.

The Bessel functions are used to obtain the responses of continuous fractional

systems models [32].

The Mittag-Leffler functions are used to solve the FODEs or systems after taking
the Laplace transform, thus any fractional explicit transfer function can be represented
in terms of Mittag-Leffler functions [38]. The Wright function is used to obtain the
responses of fractional order systems as well [44]. The following subsections give

some details about these special functions.

2.2.1 The Euler’s Gamma Function

The Euler’s gamma function is one of the important functions that is used in the
fractional calculus. This function generalizes the factorial n! by allowing n to take

non-integer values [14]. The Gamma function is defined as [50],

[(n) :f ! leldt, n>0. 2.1)
0

For integer values, it can be given as follows :

I'ny=n-1!,n>0. (2.2)



2.2.2 The Mittag-Leffler Functions

The Mittag-Lefller functions (M-L functions) play a significant role in the fractional
calculus. The generalized M-L function that is used right here is the two-parameter

M-L function which is defined as [6, 57, 62],

(5

7/
Eop() =) ———— 20,520, a feR, (2.3)
o T(aj+p)
where z can be represented as a variable or a function. For instance, z = at®; a is a
constant, @; and 8 are constants and represent the first and the second parameters of

the M-L function, respectively, and 7 is a variable [6].

The M-L function which is represented by Eq.(2.3) can be written in terms of the
first parameter a as E, (z) = E, (z), if the second parameter S equals one [68, 74].

Some particular cases of M-L functions can be defined as follows [14]:

The two-parameter M-L function, where both parameters equal one, is expressed

as,

[« Zj
E = . 2.4
) ;FUH) (2.4)

Equation (2.4) represents a M-L function with @ = 1, and 8 = 1. This function

can be expanded as,

Zj
Ei () = ; TG+ D)

= _ 2.5
Z (! (&3)

On other hand, the Taylor series expansion of the exponential function ¢° around
zo = 0 is expressed as the right hand side of Eq.(2.5). So, by equality, the right hand

side of Eq.(2.4) can be expressed in terms of exponential function as following [84]:
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E (2 =¢. (2.6)

Similarly, the two-parameter M-L function with @ = 1, and 8 = 2 can be repre-

sented by [14]

-1
Ei»,(Z) = P # 0, 2.7)

and for @ = 2, and 8 = 1 the M-L function is given by [14]

2 N (_Zz)j
£ (-2) = ; r2j+1)

0 (_l)j (ZZ)j

2, @

J=0

cos (z) . (2.8)

The M-L functions represented in Eq.(2.7) and Eq.(2.8), and their corresponding

z
known functions

and cos (), respectively, are illustrated in Fig. 2.1. It’s no-

ticeable from the figure that the Mittag-Leffler of z = f(r) = ¢, witha = 1, and 8 = 2
-1
for a certain truncation j = 50 matches exactly the exponential function f (¢) = ¢ T

where ¢ # 0. Additionally, the Mittag-Lefller of f (¢) = —(31)%, with @ = 2, and

B =1 for a truncation of the index j = 50 matches exactly the trigonometric function

f(#) = cos (31).



30 , | ! !

A F 3| I ........ ......... ........ ........ ........ ........

T s ........ ........ ........ ........ ......... o i

M-L Functions and their associated functions

; : El,tl:t} :
A e sy ey . O Fit)= @i, >0 [

: : : > E,,(Gt)
PO S e s Tl

Figure 2.1: M-L functions vs. the corresponding known functions.

The general formula of the k™ derivative of M-L functions is defined as [90],

- (j+ k)
EX = k=1,2,...
h@ =, T (aj + ak + B)

J=

where the M-L function derivative order k € N.

2.2.3 The Wright Function

(2.9)

The Wright function is considered as one of the important functions that are used in

fractional calculus. This function gives a numerical solution of three-term FODEs

[66, 93]. The general formula of the Wright function is expressed as follows [66]:
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(ai’a’i)l,p 2
(bj’ﬁj)l,q

B > Hlel"(ai + aik) i
- kz(; T (b; + k) k!

Y@ = ¥

(2.10)

where z,a;,b; € C,a;,8; € R, keN,i=1,2,..,p, and j=1,2,...,q.

2.2.4 The Bessel Functions

The type J, (z), and the type Y, (z) are two kinds of Bessel functions defined in this
section; both of them are utilized in this research. The definition of the first kind is

given by [66, 100]

2k+v
s ()
 kIT(v+k+1) ’

J,(2) = k,veC . 2.11)

The formula of the second kind [100] Y, (z) is expressed via the Bessel function

of the first kind J,, (z), as follows:

Y, (@) = [cos (vm) J, (D) = T, ()] - (2.12)

1
sin (vrr)
2.3 Fractional Derivatives and Integrals

The generalization of integration and differentiation to non-integer-order with the fun-
damental operator ,D; [79, 103] is the main definition of the fractional integrodiffer-
entiation, where « is the order of the integral or derivative operation, and the variables
a and t are the bounds of the operation. The extension of the integer derivative oper-
ator, D to include positive or negative real values of « gives fractional derivatives or

fractional integrals operators, respectively [26].

The order of fractional derivative and integral @ defines the type of fractional in-

tegrodifferential whether it’s integer or non integer, and whether it’s fractional integral

11



or fractional derivative. The following definition illustrates the fractional derivative

of order « of a function f (¢) [103]:

e RGN ifa=neN,
t"f(t) = fra-l . ‘ (2.13)
F( >x<f ), ifn-1l<a<n nelN,
n-—

where the asterisk * denotes the time convolution between two functions. The con-
tinuous fractional integrodifferential operator is defined, according to the fractional

order, as follows [79]:

dt"f() if v e R*

DIf() =11, ifa=0, . (2.14)

f[f(r)dr]("), ifaeR™

2.3.1 The Fractional Derivative and Integral Formulas

There are many definitions of the fractional derivative and integral formulations. The
most famous definitions are the Grunwald-Letnikov (G-L) fractional integrals and
derivatives, the Riemann-Liouville (R-L), the Caputo, the Hadamard, and the Mar-
chaud definitions [110]. Aditionally, to these definitions the Coimbra fractional deriva-
tive [143] is considered to be one of the widely applied fractional derivative formulas.
These definitions are equivalent under some conditions [79]. The basic definition of

the G-L fractional integrals is described as [45]

(-a)

e I\ Ta+h
DIf () = Jl“r(a)hwkz(; AR (2.15)

The approximation of G-L fractional integrals definition is given by [14]

12



[(t a)
DI (1) = lim ﬁ Z (- 1)’<[ ]f(t—kh) : (2.16)

where [.] means the integer part, 4 is the sampling period, and the binomial coefficient

-1 -2)...(ax— 1
(a] [14, 117] is represented as ¢ = al@-Dia k') (@—k+ ).
k k :

The definition of the second formula of the fractional derivatives and integrals is
the R-L. Because of its simplicity, this definition is widely used in many applications
and is given in left and right forms. If f (¢) is an absolutely continuous function in the
closed time interval [a,b] and n — 1 < @ < n,n € N, then the left and the right R-L

fractional derivatives are, respectively, given by [66, 115]

o _ f @)
D) = s dt"f . T ndT left a > 0, 2.17)
and
D;ff(t)— oz)( dt”)f . f(q)ﬂ ndT right a > 0. (2.18)

If the order of fractional derivative @ < 0 [6], then the fractional derivative rep-
resents fractional integral with @ > 0. The left and right R-L fractional integrals are

given, respectively, by [66]

(o)
) J, -1

DO =, 'f()= dr left, (2.19)

and

Dy 0= L0 = = )f = f( ) ad‘[’ right . (2.20)

Another important type of the fractional derivatives and integrals is the Caputo
fractional derivative. Like the R-L fractional integrodifferential, it is given into two

forms (left and right), which are illustrated in the following [123]:

13



D7D = ﬁ f -7y dn;r ff)dr, left , (2.21)

and

1 b a
Dy f (@)= To_a ft (t—1) (=1 C{Tff)dr , right , (2.22)

where f () is a continuous function of ¢ in the closed interval [a, b], and « is the order

of the derivative suchthatn — 1 <a <n, ne N, and «a € R.

The advantage of using the Caputo fractional derivative over the R-L fractional
derivative is that the Caputo derivative of a constant is zero, which matches the in-
teger order derivative of the cons(;[ant, while the R-L derivative of a constant C, as a
function of ¢, D} [C] is %. It follows that, in mathematical modeling of some
applications of various areas, there is a difficulty to interpret the initial conditions that
are required for the initial value problems of FODEs [126]. However, there is a rela-
tionship between the R-L and Caputo fractional derivatives. This relationship can be

given by

WDif @ = DI[f® - ft)] . (2.23)

So that the Caputo fractional derivative at any time can be expressed as [14]

S (o)

ri-a (t—19)" . (2.24)

WD f () = oD f @) -

As a particular case, for f(t)) = 0, the equality of the R-L and the Caputo

fractional derivatives be held as follows:
WDif (= Dif(0) . (2.25)

14



2.3.2 Some Properties of Fractional Derivatives

The considered properties in this section are not applied only to the integer order

derivatives, but also they are valid in fractional order derivatives [6, 128, 141].

The first property is the association property, which can be given by

DY [Cf(n] =CD;[f ()] , (2.26)

where C is a constant.

The second property we would like to incorporate into the fractional calculus is

the distribution, which can be given as follows:

Di[f+xg®]=D;[f(O]£D[g®)] . (2.27)

The third property is the operator obeys Leibniz rule for taking the derivative of

the product of two functions, which can be expressed as

TR ML AOEAHOIE (2.28)

k=0

where the binomial coeflicient is given by

al I'a-1)
k| Tk+DT(@+1-k) "

The fourth property is the composition fractional derivative, which states that; if

the function f (¢) can be represented by the power series and the following fractional
derivatives: DY [f (1)), DY [f (¢)], and D} [f ()], where @ = u + v, and v and v € R,
can be taken for the function f (¢), then, under some constraints [6], the following

composition property is valid [128, 131]:

Dy [f 0] = DI [f 0] = DD [F 0l = DD [F 0]} . (229)
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2.4 Applications of Fractional Integrodifferential Forms

The fractional order modeling is applied to many fields of sciences and engineering
including fluid flow, diffusive transport, electrical networks, electromagnetic theory
and probability [133]. Moreover, the fractional order representation is applied to other
sciences such as, biology, ecology, etc. For example the Caputo fractional derivatives
are used to establish a fractional equation model to represent the allometric scaling
laws that exist in biology [135]. In this section, some of fractional order forms that
are introduced in the previous section are applied to obtain the derivatives and the

integrals of some functions.

2.4.1 R-L Fractional Derivatives of Some Functions

The R-L fractional integrodifferentiation is classified into two types, which are R-L.
fractional derivatives and R-L fractional integrals. There are many applications of
the later type. For instance, the derivation of the fractional Euler Lagrange Equa-
tions which is explained in chapter (4) is done by using the R-L fractional integral,
Furthermore, the R-L fractional derivative is exploited to proof the Direct method of
fractional derivative. Since both types of R-L integrodifferentiations have the same
steps when the fractional derivatives or fractional integrals are taken for any function,

so let’s consider one of them in the following:

As illustrating examples let’s consider the left R-L fractional derivative, and for

simplicity let the lower limit a of the fractional derivative equals zero.

1) The R-L Fractional Derivative of f(f) = 1, withn = l,andn -1 < a < n.
Applying the left R-L fractional derivative formula using Eq.( 2.17), for a = 0,

as following:
1 a (M f@
DIf(t)y= ——— | ————drt. 2.30
Dif 0= ot | 2.30)

Substituting the function f (t) = 1, withn = 1, and n — 1 < @ < n into Eq.(2.30)
yields

16



oDy (1) =

F(l—a)a 0 (t—T)“dT 23D

Solving the last integrodifferentiation in Eq.(2.31) to obtain the R-L fractional
derivative of f () = 1 with given n and as a function of the fractional order « as

following:

1
DI(l)=—r“*, 0< 1. 2.32
oD (D) = s @< (2.32)

The R-L fractional derivative of f () = ", withn -1 < @ < n, m € N.
Applying the left R-L fractional derivative that is given by Eq.(2.17) to the
function f (r) = " yields

oD;t(f")—r(n Sar f = T)wn . (2.33)

As a particular case, let the lower bound a = 0 to obtain

1 a (! ™
D!(t")= ————— | ——————dr. 2.34
D) = o | e 234
Solving integrodifferential in Eq.(2.34) to obtain the general solution formula
of the R-L fractional derivative of the function f () = ", withn— 1 < @ <n as

follows:

oD (") = , m>n, peN. (2.35)

15

I'h-a) e

Considering the particular case, when f () = ¢", withn = 1, wheren— 1 < a <

n, then the solution becomes

, m>1, peN. (2.36)

D7 (") = F(n - @)

1G5

1
For more specific illustrating example let m = 4, and @ = > so the solution of

1
the R-L fractional derivative of f (¢) = *, fora = 5 is given by

17



oD} (*) = 20632 1% . (2.37)

Figure 2.2 illustrates extended R-L fractional derivative of f (r) = ¢*, which is
given by Eq.(2.35) through Eq.(2.37), form = 4, and @ = 0 : 0.2 : 0.8, where «

represents the order of the fractional derivative and 0.2 is the increment of a.

Figure 2.3 illustrates the R-L fractional derivative of f (1) = *, withn = 1, and
a =1 :0.05:1.95, in three dimensions, where « represents the order of the

fractional derivative, and 0.05 is the increment of «.

T00

600

500

400

300

200

E-L Fractional Derivatives

100

Figure 2.2: R-L fractional derivative of f (¢) = o withn=1,a=0:02:0.8.
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Figure 2.3: R-L derivative of f (¢) = ,withn=2,a=1:0.05:1.95.

iii) The R-L fractional derivative of the exponential function f(r) = €', for the

derivative ordern — 1 < o < n.

Since the exponential function ¢’ can be expressed as follows:

fo = ¢
o
= l+t+—=+—=+..+—+..
2! 3! k!
i 4
Jj=0 J'

(2.38)
Taking the R-L fractional derivative of the given function, with n = 1 yields

of)e_ 1 d [T
oD <e)_r(1—a)drfo TR (2.39)

Substituting the series of the exponential function, that is represented in Eq.(2.38)
into Eq.(2.30), assigning a certain truncation k, and solving the integrodifferen-

tiations, according to the solution of the previous example, obtain the follow-
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ing general solution of R-L fractional derivative of the exponential function

f()=¢€,withn = 1:

1 2 p 2-a
+ [5 [Tp=1 (,T)f

17k P ) k-«
k!IIpzl(p—a)t

—a 1 )4 l-a
Dy (¢') 1 o [H”zl (E)t
)= ——
it I'(l-a 1 (L)lﬁ—a
31 Llp=1\ p-a

The R-L fractional derivative of the above exponential function, in the first stage

+ + ...+ + ..

of the R-L fractional derivative n — 1 < @ < n, is depicted in Fig. 2.4. It is clear

from the figure that the curves depict the behaviors of exponential functions.

t

R-L fractional derivative of e

Figure 2.4: R-L fractional derivative of f () = ¢, withn =1, =0:0.1:0.9 .

A comparison between the R-L fractional derivatives and the integer order
derivatives of the same exponential function that is given in the above appli-
cation f(f) = €' is shown in Fig. 2.5. It’s perceptible that the 1%, and 2",
integer derivatives of the exponential function f () = ¢’ match the R-L frac-

tional derivatives at the order of fractional derivatives @ = 0, and @ = 1. There

20
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are small deviations at the end of the matching lines. That lines represented by
circles for 1* integer derivative, asterisks for o integer derivative, and dashed
lines and solid lines for R-L fractional derivative with n = 1, and n = 2,, re-
spectively. The deviations are due to the values of truncation, which is given
by 5 in Fig. 2.5. So if the truncation increases, for a certain interval of ¢, these

deviations will decrease.

R-L fractional derivatives of ef Comparing with Integer Derivatives

[
th

[ ]

-]
L

)

R-L fractional derivative and integer derivative of e !
=
L

0 el , : ©  1*int. der. of ¢!
Fo ; : : =
0.5 e .l_,-' ............................................... a=1
J : ; 4 : ur=1|2
& Ll sans — — T a=1.4
o ' : ' a=1.6
_1_5 T I ﬂ.-=1.8
4 ] ; : : * 2™ int. der. of e
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2.5: A comparison between R-L fractional derivatives and integer order deriva-
tives of the exponential function f (1) = €.

vi) The R-L fractional derivative of the trigonometric function f (f) = sin (¢), with

n—1 < a < n,is given by the following formula:
1 d" (" sin(r)
Dif(t)y= ——— | —————drt. 241
D)= o | @41

Since the trigonometric function f (#) = sin (¢) can be expressed in terms of the

following series [137]:
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I2j+1

i = -1y — . 2.42
sin (1) ,Z(;( )(2j+1)! (2.42)

Substitute Eq.(2.42) into Eq.(2.41) to obtain the R-L fractional derivative of the

function f (¢) = sin () as following:

D 1L &gy 2 L. 43
@ L3 l. — _ - E . .
b sin () F(n—a/)dt”j;;)( Y iyt B

Open the series of the integrand in Eq.(2.43), with a certain truncation (k) for j,
and exploit the following formula that is used in the previous applications (ap-
plication /, and application /1), which is illustrated by Eq.(2.44). As a particular

case set n = 1 to obtain

& Ldrzn( P )rm-”, m=n. (2.44)

dtn 0 (l _ T)(Hl—n i p—a

The R-L fractional derivative of the trigonometric function f (¢) = sin (¢), with

fractional order n — 1 < @ < n, can be given as

1 )2 -« 1 3 D 3—a
[HPZI (p—(l)t ] N HP:1 (p—a)t ]
L 5 p tS—ll’
51 Lp=1\ p-

. 1
OD,“ [sm (t)] = — + -
(-1)k 2%+1 [ p \ 2k-a+1
+ [(2k+1)!] [szl (ﬁ)t

ri—a + ... . (2.45)

+ ...

Figure 2.6 shows the R-L fractional derivatives of f (f) = sin (¢) , with fractional
order 0 < a < 1. The figure also illustrates the comparison between the R-L

fractional derivative at @ = 1 and the first order integer derivative of sin (7).
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Figure 2.6: R-L fractional derivatives of f (f) = sin (¢), witha = 0: 0.1 : 1, comparing
with the first integer order of sin (7) .

It’s concluded from Fig. 2.6 that the R-L fractional derivative of f () = sin (¢) at
fractional order @ = 1, and the first integer order of the same function % sin (¢)

match each other. However, the initial value of the R-L fractional derivatives of
f () = sin (¢) att = 0 equals zero, whereas the first integer order of f () = sin (¢)

d
att =01is o7 sin (¢) = 0 = cos (0) = 1. This error is discussed in the next section.

2.4.2 Direct Method to Obtain the Fractional Derivatives

The Direct method is a logical way by which the fractional derivative of some func-
tions can be directly obtained [77, 82]. This is done by comparing the fractional order
derivative with the logic of integer order derivatives of the same functions. In this
section, the fractional derivatives, by using the Direct Method, of the trigonometric
function f(¢#) = sin(¢) is discussed, and compared with the R-L fractional deriva-
tives of the same function. Moreover, this method is exploited to obtain the fractional

derivatives of FODEs, and this is investigated in chapter (6).

To explain the logic of the Direct method let’s start with the derivatives of the

sine function which given in following well known sequence:
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d°

Zosin(f) = sin(7),

% sin(t) = cos(?),

Lsin(r) = —sin(), (2.46)
% sin(¢) = —cos(?),

Lsin(r) = sin(@), ..

From graphs of the functions in the above sequence, as shown in Fig. 2.7, there
is a shift between each consecutive integer order derivatives of the trigonometric func-

tion f (#) = sin (¢). This shift is given by 7_2r .

The derivatives of sinct) up to 4™ derivative
The shifting between each successive derivatives 15 1/2

b e !
L T e o T

0ge e LR 2 M e o E T 2 o
R S e " .............................. o
Odfgfo ; ‘-. e s ol i A =

024 o oo/ R SRR R RN il

02 o : g f S e i

Derivatives of sindt)
=
I

0.4
— = -1%! Der. of sinft)

i ) | : ol e e e ® I_' .......... 30 Dy of sinft)
' —+— 3" Der. of sinft)

: ik —&— 4" Der. of singt)
100 200 T 300 3 400 ; 500 B00

-0.8

Figure 2.7: The shift between each two successive derivatives of sin (¢) .

So the following expressions of the derivatives of the trigonometric function

f (¢) = sin (¢) can be considered:

D°sin (¢) = sin (¢),

D'sin (¢) = sin (t + g) ,

D?sin (¢) = sin (t + 27”) , (2.47)
D" sin (f) = sin (t + %) ,

d* o . .
where D* = s By similarity for an arbitrary non-integer order, @ > 0, a € R, the
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following fractional order derivative of trigonometric function f (¢) = sin(¢) is valid

as well:

D7 sin (¢) = sin (z + %) . (2.48)

The last formula gives the Direct fractional derivatives method of sin (#) of or-
der . Figure 2.8 shows the fractional order derivatives of sin(¢) by using the R-L
fractional derivatives and the Direct fractional derivatives method, where fractional

derivative order is givenas @ = 0: 0.1 : 1.

Fractional Derivative D*(sin(t))= sin(t+(c(1)*/2) R-L.Fractional Derivatives of sin(t)

Fractional Derivatives of sin(t)
Fractional Derivatives of sin(t)

(a) R-L fractional derivatives of sin(t) (b) E. D. of sin(t) given by Direct method

Figure 2.8: Fractional derivatives of sin(t) using (a) the R-L, and (b) the Direct method

A comparison between the R-L fractional derivatives of sin () and the fractional
derivatives of sin (7) given by the Direct method can be inferred from Fig. 2.8. The fig-
ure shows, for specific value of «, the similarity between the two methods’ solutions.
However, there is a noticeable error appears at t = 0. This error is clearly illustrated
in Fig. 2.9 where fractional derivative order @ = 0.4. This error is perceptible at r = 0

and gradually decreases as ¢ increases.
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Fractional Derivatives of sinit)

R-L a=04
—& —Direct Method a=0.4
0 1 2 3 4 5 ] 7 8 9 10

Figure 2.9: Comparison between the R-L fractional derivative, and the Direct frac-
tional derivatives method of sin (), where the fractional derivative order a = 0.4

Comparison between R-L and Direct method
fractional derivative of sin{t)
: ! ; T

0.5 i -'.__ ........ r

Fractional Derivatives of sin(t)

) IS B e e

The dashed lines represent the direct method fractional derivatives
for order derivative a=0:1 with 0.1 step.

0 1 2 3 4 5 6 7 8 9 10
t

-1.5

Figure 2.10: Fractional derivative of sin (¢) using the R-L and the Direct method.

More focus, on the errors between the R-L fractional derivatives and the Direct
method of fractional derivatives, is illustrated in Fig. 2.11 in which certain values are

selected among the fractional order derivatives (a’s), in order to show the effect of
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the order derivatives, and the variable ¢ on the errors between the two methods. It’s
concluded from the Fig. 2.10, and Fig. 2.11 that the errors get the maximum values

at the middle and vanish at the extremities @ = 0, and @ = 1.

Comparison between R-L & Direct Method fractional derivative Comparison between R-L fractional derivative & Direct Method
of sin(®), with a=0.1 fractional derivative of sin(t), with a=0.4
1 . & T Y
& 0
0s 05
k] E
5 B
g0 £°
: i
E_Uls, R R S S
: ;
E a1 B o
—RLal1
iE ; : ; i : —# ~ Direct Method a=0.1 e i ] ; ; - —& —Direct Method a=0.4
“o 1 2 3 4 5 6 7 s 9 1 “o 1 P! 3 4 5 3 7 ] o1
t t
(a) a =0.1 (b) @ =04
Comparison between R-L & Direct Method fractional derivative Comparison between R-L & Direct Method fractional derivative
of sin(t), with a=0.8 of sin(t), with a=1
1 T T T T T 1 T
08
; 06
= = :
g - (T R RN B, 8 O (T B PN A
T 5 : :
g g PN e e S e RRRTONS ¥ RO SRS
é E 0
E 0. E 02
2 : £ gul
2 : ' 2 ' i
- : : : ! 06 : i :
RLa=08 11 SO T A 11 RL el &
15 . : ; 1 . —+ —Direct Method a=0.8 N : 3 .| —*— Direct Method a1
o 1 2 3 4 5 & 1 % 9 10 o 1 2 3 4 5 6 71 8§ 0 10
t t
(c) a=0.38 da=1

Figure 2.11: A comparison between the R-L, and the Direct fractional derivatives
methods of sin (¢) for certain a’s .

Three-dimensional representation is depicted in Fig. 2.12, where the fractional
derivative order « is chosen to be in the range from zero to one with 0.1 step. Both
methods’ solutions are plotted in the figure in which the error between them is gradu-

ally vanishes as ¢ increases.
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Figure 2.12: Three-dimensional representation of the comparison between the R-L,
and the Direct fractional derivatives methods of sin (7) .

The errors between the two methods are examined at certain points in the interval
from ¢t = 0 to # = 20. This examination is illustrated in Fig. 2.13. It is concluded from
this figure that the error reaches its maximum values in the middle value and vanishes
at extremes (according to a’s values); however, the error between the two methods
decreases as t increases. For instance, the maximum value of error is about 0.15 at
a = 0.4 and r = 0.9, while the maximum value of error is about 0.0105 at @ = 0.4 and

t = 9.9 as depicted in the sub-figures: Fig. 2.13-b and Fig. 2.13-e, respectively.
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Figure 2.13: The errors between the R-L and the Direct fractional derivatives methods
of sin (¢) at different points of 7 .

It’s well known that the zero derivative of sin (¢) is sin (¢), and the first derivative
of sin (¢) is cos (7). It’s logical to say that the fractional derivative of sin(z) at t = 0
between @ = 0, and @ = 1 is gradually increased from O fo 1 as « increases from
a = 0toa = 1. This is verified by using the fractional derivative direct method. How-
ever, when the R-L fractional derivative method is applied at # = 0 all the fractional

derivatives of sin (¢),-, are zeros regardless the fractional derivative order « values.
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CHAPTER 3

FRACTIONAL ORDER DIFFERENTIAL EQUATIONS and
M-L FUNCTIONS

3.1 Introduction

Any differential equation that contains at least one fractional order term is a FODE.
The FODE:s can be linear, non-linear, homogenous, non-homogenous, and can be also
partial fractional differential equations [3]. The difference in the classification be-
tween the integer order and fractional order differential equations is given by means
of order. While the integer order differential equations are classified as first, second,
third, and so on order differential equation, the FODEs are classified by one, two,
three, and so on term FODE [6, 9], in which the fractional derivatives order can be
real number. The solutions of FODEs can be obtained analytically [6, 15] by using
the M-L functions [21, 27], and the Green function [33], or numerically [39] such
as Oustaloup’s approximation method [45], and Bagley-Torvik Equation solution [6].
The later is considered in this chapter as an example of numerical technique to solve
FODE:s. The analytical solution that is represented in this chapter is the direct Laplace
transform of FODE and then taking the inverse Laplace transform of the resulted frac-
tional transfer function using the M-L function and its pairs. That is why the Laplace
transform and the inverse Laplace transform of M-L functions are studied, and in-
vestigated in this chapter. Moreover, an analytical solution by using M-L function is

illustrated, in the next section, in order to obtain a direct solution of ordinary FODE:s.
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3.2 Laplace Transform of Fractional Order Differential Equations

The general formula of the fractional-order system can be described by a FODE of

the form [18, 39, 79]

WDy () 44 DIy (1) + o0 DXy (1) =, DP"u () +y, D" u(t) + ... 44, DPu ()

3.1
where @, > @, > ... > o, and B,, > B-1 > ... > By, which are real or rational
numbers, are the fractional orders of the derivatives of the functions y (7), and u (¢),
respectively, and a, : ¢ = 0,1,...,n,and b, : p = 0,1, ...,m, are constant coeflicients.
The transfer function of the general FODE that represented in Eq.(3.1) is obtained by
taking the Laplace transform of each term, which can be accomplished by using he

Laplace transform of the R-L fractional derivative as explained in the next subsection.

3.2.1 The Laplace Transform of R-L Fractional Derivative

The general expression for the Laplace transform of R-L fractional derivative is given

by [6, 54, 58, 63, 69]

[

L[Dif 0] =sF )= ) S [DIHF 0], - (32)

k=0
where the fractional order derivativen — 1 < a <n; @ € R, n € N; and «a is the lower

limit of the ¢ interval.

Considering a particular case where n = 1 and the lower limit of 7 interval is

a = 0, the Laplace transform of R-L fractional derivative of the function f (¢) is given

by

L [DIf (0] =s"F(s) . (3.3)

31



It’s concluded from the above particular case, according to R-L fractional deriva-
tive, that the second term of the right hand side of Eq.(3.2) represents the initial con-
ditions of f ().

3.2.2 The Transfer Functions of FODEs

Considering the Laplace of R-L fractional derivatives of each term, of Eq.(3.1), with
zero initial conditions yields the corresponding transfer function of incommensurate-

real orders FODE that given in Eq.(3.1) as the following form:

bysP" + by Pt + L+ by 5P
Ap ST + @y y SU-1 + ..+ aps®

(3.4)

where @, > @, > ... > @y, and B,, > B—1 > ... > Sy , are real or rational numbers,

anda,:q=0,1,..,n,and b, : p =0, 1,...,m, are constants.

The solutions of the incommensurate-real orders FODEs can be obtained by tak-
ing the inverse Laplace transform of the transfer function that is given in Eq.(3.4). In
the next section, for simplicity, a particular form of commensurate FODE is consid-

ered to obtain its solution.

3.2.3 Solution of Commensurate FODEs

In the particular case of incommensurate order systems it holds that [79] a; = ak, and
Bi = ak, where 0 < @ < 1, Vk € 7Z, which represents a commensurate FODE [75].

So the transfer function of the system can be written as follows:

% Sy by (s
0N k
Zk:() ai (s%)

bos® + by + by s** + ... + by sM®

G(s)

= . 3.5
0 aps® + a;s? + a s + ... + aysN® (3:5)

The last equation can be expressed by means of two functions, Q(s*), and
P (s%). These functions represent the numerator and denominator of the fraction in

the right hand side of Eq.(3.5), respectively.
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% ko bi (s
RSy k
Zk=0 ai (s%)
0(s”)
KO—P G0

G(s)

(3.6)

For N > M, the transfer function G (s) that is expressed in Eq.(3.6) can be rep-
resented by means of a rational function. This function can be represented by M-L

Functions, and can be also expanded in the following partial fractions:

N

A,
G(s) = K, Z (3.7)

a 7
— s + A;

where 4; : i = 1,2,...,N are the roots of the polynomial or the system poles, A;
represent the residue coeflicients [80]. The M-L functions can be used to obtain the

analytical solution of the system that is given by Eq.(3.7), as following [79]:

|

N
= Ko )| Ait"Eqn(-Ait") . (3.8)

i=1

N
A
n = LK ’
g (@) L [0‘:1 )

1

Since the two-parameter M-L function in the last equation can be expressed as:

o (=)
Eqpo(—A;1%) = —_—. 3.9
al ) kzz(; I'(ak + @) (3-9)
The analytical solution in Eq.(3.8) can be rewritten as following:
C o (=)
1=K Ait” — . 3.10
g(0) OZO 2\ Fak 0 (3.10)

3.3 Solutions of Non-Homogenous Three-Term FODEs

Bagley-Trovik equation is considered as one of the applications of FODE models.

This equation is used to represent the motion of a thin plate in fluid, [6] in which the
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shear stress due to the velocity profile of the thin plate in the fluid gives a fractional or-
der damping force which represents the damping force in the Bagley-Trovik equation

as following [6, 66, 75, 142]:

my@)+coDiy()+ky®) =u(t), (3.11)

where the fractional order of the derivative in the second term (damping force) is
determined to be @ = % to represent the mathematical model of the thin plate motion
in the fluid, u (¢) represents an applied force on the thin plate, k is a stiffness of a
massless spring connected to the thin plate with mass m, ¢ is the damping coeflicient
depends on the viscosity of the fluid and the shear stress, and y (¢) is the position of
the thin plate, as a function of time ¢, in the fluid. The initial conditions of this model

are given at equilibrium as following:

y(0) =y, (3.12a)
y(©0)=yo. (3.12b)

The above case study is considered as a particular case of the general form of the
three-term FODEs, in which the second term depends on the value of the fractional

order « and the damping coefficient c.

Fdamping =c OD;ly () . (3.13)

So, in general the numerical solution of Bagley-Trovik equation can be written

as follows [6]:

h2 (um - kym—l) +m (zym—l - ym—Z) —-C \/E ZT:] W?ym—j
Y (1) = ,m=273, .. (3.14)
m+cVh

where £ 18 the time increment and the initial conditions
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y(0) =y, (3.15a)

y()=yo, (3.15b)
y(©0) =y, (3.15¢)
and
Ja
wi=(D| | j=0,1,2,.... (3.16)
J

where the binomial coefficients is given by

al al@-D@-2)..(a—-j+1)

J J!

(3.17)
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Figure 3.1: Comparison between fractional order model and integer order model of
thin-plate spring viscous damping system for different applied force u (¢), where « is
the fractional order.

Figure 3.1 shows a comparison between extended fractional order representa-

tions that given by Bagley-Trovik equation, and the integer order representation @ = 1
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of the thin plate spring viscous-damping model for different applied force u (7). It’s
inferred from Fig. 3.1 that the fractional order representation and integer order repre-
sentation of the system at @ = 1 are same, while the integer order model @ = 1 reaches
the steady state faster than the fractional order for @ > 1, or @ < 1. Additionally, the

fractional order « values depend on the properties of damping system.

3.4 Laplace Transform of Mittag-Lefller Function

The M-L functions that are given in section (2.2.2) represent some forms of M-L
functions. The M-L functions play a significant role in solving the FODEs [94]. The
solutions of FODESs can be obtained by using M-L Functions and their Laplace trans-
formations. In this section, the Laplace transforms of M-L Functions are discussed

and investigated in order to be used in this purpose.

From Eq.(2.5) the exponential function is considered to be a particular case of
M-L functions. So the Laplace transform of M-L function can be obtained with the
help of the analogy between this function and the exponential function that is given in
Eq.(2.6). This analogy states that the Laplace transform of the exponential function

e” which can be expressed in M-L function form as E (e‘”), is given by

fe_”e“’dt = f e "Ey; (ar)dt
0 0

= , For convergence s > a (3.18)
s—a

The M-L functions can be used as a pair with other functions. The Laplace
transform of these pairs might match the Laplace transform of a certain FODE or a
certain fractional order system transfer function. The following technique is used to

obtain the Laplace transform of M-L function as a pair with other functions.

Take the first derivative with respect to a [6], for both sides of Eq.(3.18) as fol-

lows:

* 1
4 e Vedr = 4 ( ) . (3.19)

da J, da\s—a
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S

Since the function e™* is considered to be constant with respect to a, the last

equation can be rewritten as

« d d 1
™ —edt = — . 3.20
L ¢ dae ! da (s —a) ( )

Take the derivative of the exponential functions %, and

with respect to a
s—a

to obtain

<o 1
f e te”dt = 5 - (3.21)
0 (s—a)

Considering the analogy between M-L function E;; (at) and the exponential
function ¢” yields the resulting formula of the above derivation, in Eq.(3.19). This

represents the Laplace transform of the pair ¢E ; (at), and can be rewritten as

« 1
f e "tEy (ar)dt = 5 (3.22)
0

(s —a)

Let’s take another derivative with respect to a for Eq.(3.18). The second deriva-

tive of both side of this equation is given by

d? 0 d? 1
e Ve’dt = — ( ) ) (3.23)

da®> J, da* \s —a

The last formula can be rearranged as

v ad (1
—e"dt = — . 3.24
ﬁ ¢ a2’ da? (s - a) (3:24)

Solving the derivatives of both side of the above equation yields the following:

® 2
f e redt = —— . (3.25)
0 (s—a)

The resulting formula of the above derivation represents the Laplace transform

of the pair E 1.1 (at), and can be rewritten as

37



® 2
f ¢ "Ey; (at)dt = 7. (3.26)
0 (s—a)

Taking the derivatives of Eq.(3.18) up to the k" derivative to obtain the following

general formula of the Laplace transform of the pair *E 1.1 (ar) [6]

o k!
f e PEn (@ dt = —— ey for convergence s >a. - (3.27)
0 s—a

The Laplace transform of some pairs of M-L functions E, s (at”) and ¢, where
x is a function of M-L function parameters «; and 3, plays an important role in solv-
ing the FODEs [91]. Another important pair is #~'E, 4 (a"), where whose Laplace

transform can be obtained as follows:

L[ Eyp(ar”)| = fo ) ¢ P Eqp(ar)dt . (3.28)

The two-parameter M-L function in the right hand side of Eq.(3.28) can be ex-
pressed in the summation form, as illustrated in section (2.2.2), so the last formula

can be rewritten as following:

2l E @) = [ e (ar)’ 3.29
|7 Eap (at )]— Z Fak s (3.29)

Exchange the position order of the integral operator and the summation symbol

(sigma notation), and take the constants out of the integral to obtain

(o] k 00
L[rﬁ—lE(,ﬁ (at“)] = ; m fo kB g=st gy (3.30)

The solution of the integral in the right hand side of the above equation is give

by

sak+ﬁ— 1+1

- ~1)!
f gokistgongy = @EHB D! (3.31)
0
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Substitute Eq.(3.31) into Eq.(3.30) and consider the gamma function integral
formula that given in Eq.(2.1) to obtain

_ N - a* (ak +B—1)!
L[ By (ar)] = kZ; [(ak+ﬁ_ O | (3.32)

So the Laplace transform of the pair #~' E, 5 (at*) can be given as

0 k
L[ Eug(ar)] = ﬁ . (3.33)
k=0

The Infinite Geometric Series in the right hand side of the last equation is given

by

s k a—B
a _ S a>a
; gak+p=1+1 7 ca _ g S : (3.34)

Substituting Eq.(3.34) into Eq.(3.33) to obtain the last form of the Laplace trans-

form of the given pair #~'E, 4 (at) as follows:

aB

R(s) > |al7 . (3.35)

L[ Eop(ar”)] =

s9—a’

Similarly, using the same derivation of the Laplace transform of tﬂ’lEaﬂ (at®)
that derived above, the Laplace transform of the pair 1*'E, , (—at®) can be given as

following [94]:

1
L[z"‘le (—at“)] = =<1 (3.36)
s+a |s?
In general the Laplace transforms of the M-L Functions pair t"“ﬂ‘lEg% (at”) is
given by [6]
s [tak+,8—lE(k) (iata)] _ K R (s) > |al® (3.37)
ap (s* F a)k” ’

where the k™ derivative of M-L Function Eg‘; (xat®) is expressed as follows:
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EY () = Lay
B Z) = de a.fB (Z) .

Example 3.1

The pair of M-L Functions and their Laplace transforms can be used to
obtain the solutions or the responses of FDEs or the fractional modeled
systems such as fractional oscillator [97]. As an example, let’s consider
the three-term FDEs represented as

ay DY [Dey O] + a1 oDy +aryO =u() . (3.39)

Assume that the fractional derivatives property that is given in section
(2.3.3) is applicable to the function y (¢), and the input signal is given as
unit impulse u () = 6 (), with zero initial conditions. Furthermore, as a
particular case assume the coefficients ay, a;, and a, to be ones. Apply
the Laplace transform of R-L fractional derivative to the function y (7),
such that the fractional order derivative « is in the range 0 < @ < 1. The
corresponding fractional transfer function of the given FDE in Eq.(3.39)
can be obtained as following:

Y () +s°Y () + Y ()= U(s) . (3.40)
The fractional transfer function of the system in Eq.(3.40) is

Y(s) 1

Gls)= U(s) s2+s2+1°

(3.41)

Since the input signal is a unit impulse where its Laplace transform equals
one [80], then the fractional transfer function above can be rewritten as:

G(s) = Y(s)
1

N — 3.42
§2¢ 4 g0 4] ( )

The solution of the given FDE, as a function of ¢ , can be obtained by
taking the inverse Laplace transform of the transfer function in Eq.(3.42)
as following:

1
n=L"5———|. 3.43
O (3.43)
The transfer function that is given in Eq.(3.42) can be rewritten as
1
G(s) = (3.44)

2a 1] 1 3°
S+S+4+4
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3
Multiply and divide the right hand side of Eq.(2.44) by g to obtain

[%

2
G(s)= ———5—
‘/g(s“+

— - (3.45)
) +3

DS 1S

Leth?

given in Eq.(3.45) can be expressed as

1 ) . .
,and a = 3 then the last fractional transfer function that is

G(s)=———F+—. (3.46)

The integer order representation or the non-homogenous differential equa-
tion that is corresponded to the given FODE in Eq.(3.39) is given, at
a =1, as following:

JO+yO+y@®) =u@), (3.47)

where u(t) = 6(t), the corresponding transfer function of the integer
order representation is given by

G(s) = (3.48)

) . 1 )
Consider the assumptions w = , and a = —. The transfer function of

the integer order system that is given by Eq.(3.48) can be rewritten as

Gls)= LW

Since the Laplace transform of is given as e”* sin (wt) [80],

(s + a)* + w?
then the solution of the integer order differential equation that given in
Eq.(3.47) in time domain, is obtained as follows:

y(t) = ! e sin (wr)| . (3.50)
w

where the trigonometric function sin (wf) can be represented in terms of
exponential function as following [104]:

) eiwt _ ,—iwt
sin (wt) = - (3.51)
l

Moreover, from Eq(2.3) through Eq.(2.6) the exponential function e™
can be rewritten in terms of M-L Function as
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= Epy(—at)

> (—an)f
4 (3.52)
; Tk+1)

Q
|

From Eq.(3.18), the Laplace transform of M-L Function E; ; (—at) which
is represented by e”“ is given by

L|E1i(-an)| = (3.53)

s+a

The M-L Function E;; (—at) is a particular case of the two parameter
M-L Function, that can be written as following:

(59

_ (—at)*
Eqo(-ar) = ; Faksa (3.54)

Similarly, from equation (3.51), the trigonometric function, with frac-
tional power angle, sin (wt®) can be given as following:

iwt® e—iwt”

sin (wt®) = %
i

(3.55)

So, the multiplication of the functions e~

sented as follows:

, and sin (wr*) can be repre-

iwt® _—iwt®
e sin (wt®) = e (% ) , (3.56)

The desired transfer function of the given system in Eq.(3.39), G ireq (5),
can be obtained by taking the Laplace transform of the last expression as
follows:

iwt® _—iwt?
L [e—at" sin (Wta)] =L [e—at" (%)] . (357)

Using the distributive property of multiplication in the last equation, and

taking o out of the square brackets yields
i

Lo sin ()] = T L] — o] (3 5g)

From Eq.(3.36) the following Laplace transform of 1*'E, , (—1;t%) can
be expressed:
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1
Sa—/li ’

L[t‘HEw (/ht")] = <L i=12 (3.59)

where the roots of the system 4;, in integer representation, are given by
Ay = (—a+iw), and A, = (—a — iw). So, the desired Laplace transform
of the system can be close to the following Laplace transform:

Gdesired (S) = -L {ta_lEa,a [(_a + lW) ta] - ta_lEa,a [(_a - lW) ta]}
(3.60)

Take the Laplace transform of the last equation that given by Eq.(3.60) to
obtain

1 1
Gesirea (8) = [S“ —(<a+iw) - 5" — (—a— lW)] . (361)

1
Multiply the last transfer function by o and manipulate it in order to
iw

match the transfer function of the given FDE

1 1 1
G desired (8) = m [Sa —(—a+iw) - 5 — (—a — lW)] . (3.62)

Manipulating the last formula to obtain

sY+a+iw—s*—a+iw
2 4+ a5 4+ fws? + as® — iws® + a2 + w?

(3.63)

Gdesired (S) = m

Some terms in the Eq.(3.63) may cancel each other to obtain the following
transfer function:

2iw
20 4+ 2a5% + a2 + w?

Gesired () = =— (3.64)

2iw

The last formula that obtained in Eq.(3.64) of the desired transfer func-
tion, can be expressed as

Gesirea (8) = l [ v (3.65)

w | (s* + a)’ + w?

The last transfer function exactly matches the transfer function of the
given system in Eq.(3.39). From Eq.(3.60), and Eq.(3.61). The inverse
Laplace transform of the of the last transfer function Eq.(3.65), which
equals the time domain response of the given fractional order system, in
Eq.(3.39), due to impulse input, is given by
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yfmctional (t) = ﬁlﬂ_l {Ea,a [(—Cl + ZW) ta] - Ea,a [(—Cl - ZW) ta]} .
(3.66)

Figure 3.2 illustrates the solutions that is obtained in Eq.(3.66) of the non-
homogeneous three-term FDE that is given by Eq.(3.39), for different
values of the fractional order a. The figure also shows the solution which
is obtained by Eq.(3.50), of the 2nd order non-homogeneous differential
equation that is represented by Eq.(3.47).

It’s concluded from Fig. 3.2 that the fractional order representation ex-
actly identical to the integer representation when the fractional order « of
the FDE equal one. That is verified analytically, later on as well. Addi-
tionally, the response of the fractional model is getting the steady state
faster as the fractional order @ goes to zero. Also the overshoot of the
response decreases as the fractional order decreases.

Figure 3.2: The solution of a non-homogeneous three-term FDE for different values
of @ compared with the solution of 2nd order non-homogeneous differential equation.

Verification of the Fractional Order Solution

In order to verify the fractional response, that is given by Eq.(3.66), consider the
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FODE that given in Eq.(3.39) and its solution that is given by Eq.(3.66).

Let’s investigate the FDE and its solution at fractional order @ = 1. Due to this
the FDE is converted to the second order differential equation that given in Eq.(3.47)
whose solution is given by Eq.(3.50)

Examine the following fractional order solution that is given in Eq.(3.66) at frac-

tional order @ equals one

1
Yyraciona (1) = 5=t {Evi [(=a+ i) 1] = By [(a—iw)el} . (3.67)

a=1

From Eq.(3.52), the two-parameter M-L function with parameters ¢ = 1, and

B = 1 can be written as following:

I
1
7L
+ =
—_ =

E;; (=A;t)
k
= e i=1,2. (3.68)

where A;, and A, represent the roots (—a + iw), and (—a — iw), respectively, so the

fractional order solution in(3.67) can be rewritten as

1 —a+iw —-a—iw
Y fractional () = m [e( L e( )t] . (3.69)

a=1

Manipulating Eq.(3.69) yields

_ 1 —at iwt —at —iwt
Ypractiona (1) = 5 (e — e1e ™) (3.70)

a=1

Take e™“ out of the parentheses and use the distributive property of multiplication

1
by distributing o to the parentheses to obtain
i

1 etwt _ e—iwt
Y fractional (t) = ;e—at (T) . (371)

a=1

According to the above, the fractional order solution of the given FODE, at the

order @ = 1, is given by
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1
Y fractional () = —e ' sin (wr) . (3.72)
’ w

a=1

The last solution that is given by Eq.(3.72) exactly equals the solution of integer
order differential equation, that given in Eq.(3.50). It’s concluded from the above

verification that the solution of the given FODE in Eq.(3.39) is given by Eq.(3.66).

3.5 Non-Homogenous Three-Term FDE with Time Delay

The time delay is transportation lags or apparent time delays may be present in a pro-
cess due to actuator limitations or process measurements [107], or in the identification
exercise when a higher-order process is approximated by a lower order model. From
Eq.(3.6) a commensurate transfer function of order « for fractional order time-delay

system is given as [111, 114, 118]

M k
=0 b (s7) exp-T

G = K
(s) OZ;{V:O o )

; (3.73)

where T represents the time delay of the system.

The 2" Order Non-Homogenous three-term FDE with time delay is represented

as following [111]:

my ) +coDiy®)+ky® =u(t—1) . (3.74)

The solution of Eq.(3.74) using the M-L function and Laplace transform with
zero initial conditions can be obtained as following: The Laplace transform of the
fractional system that is given in Eq.(3.74) is [6, 111, 114]

1

Y(§) = ————¢"° 3.75
() ms? + st + k- (3-75)

Manipulating the system transfer function that given in Eq.(3.75) yields [6]

1 ks® 1
kms* +c1 4+ K2

ms2=¥+c

Y(s) =

e . (3.76)
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Equation (3.76) can be rewritten as following [6]:

Y(s)=

| =

i (-1)" (%)1 (SLe . (3.77)

c n+1
n=1 §27 + —)
m

The time domain response of the system can be written as follows:

1 N (_l)n k " n+1)— n —a
y(t) = %Z (%) (t — 7)2+D) 1E§_>m2=an (_%(t—r)z ) . (3.78)

Using Eq.(2.9) to open the derivative of M-L. function to obtain the last form of

the time domain response as following [6]:

= PRV k n+l (j+n)!(t_T)2(j+n)+2—l—aj
== - i LY . 3.79
y ) k;( m)zz;‘( )(m) n! jIT|2(j+n+1) - aj] G7)

The response of 2™ order Non-Homogenous three-term FDE with different val-
ues of time delay 7 according to the solution that is given in Eq.(3.79) is illustrated
in Fig. 3.3 in which the damping fractional derivative order @ = 1.2. It’s concluded
from the figure that as the time delay increases, the overshot and the steady state time
of the response increase. This observation support the reasons of the lag that occurred

due to the capability of the system and the process measurements effects.
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Figure 3.3: Responses of 2"? order Non-Homogenous three-term FDE with different
values of time delay 7.
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CHAPTER 4

FRACTIONAL EULER-LAGRANGE EQUATIONS

4.1 Introduction

The calculus of variations plays an important role in some disciplines like engineer-
ing, and applied and pure mathematics. Moreover, recent researches have investigated
that some physical systems can be modeled more accurately using fractional represen-
tations [4]. In this chapter, the derivation of FELEs is investigated, and applied in the
following chapter, in order to interpret its parameters. This includes the interpretation
of the mathematical and physical meaning of the R-L integral order «, and the intrin-
sic time 7, which appear in the damping part of the EELEs. Moreover, an alternative
formula of FELEs is introduced in this chapter, and compared with the approved for-

mula.

4.2 The Euler-Lagrange Equations

Most of the mechanical systems motions are governed by the Principle of Least Ac-
tion, or Hamilton’s Principle. By means of this principle, any mechanical system can
be characterized by a variational function f (x, Vs y’) [10]. The principle of Least Ac-
tion states that the appropriate track of motion of any dynamic system with holonomic

constraints is a stationary solution of the action [16]

F (631520 Vs V1 Vs o ¥) = f (23,7) (4.1)
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where the system dynamic motion satisfies certain conditions [10]. Additionally, the
Hamilton’s Principle governs many physical and mathematical problems, in which
some quantities need to be minimized (or maximized) and expressed as an integral.
These quantities obey the Hamilton’s Principle [16]. The classical problem in calculus
of variations is exploited to find the function y (x) that minimizes or maximizes the

integral

I= f b F(x.y.)dx, 4.2)

X1

The Calculus of Variations methods transform the problem of minimizing the
integral that is given by Eq.(4.2), into a solution of differential equation. That solution
is expressed as y (x) in terms of derivatives of the integrand F (x, v, yl). That solution

is treated as a function of y (x) and y’ (x) [22].

The Euler-Lagrange formula is used to terminate the integral /. To do so, the
functions y (x), and y/ (x) must be defined such that [ is exterimaized [28]. The func-

tion y (x) obeys a few necessary constraints:

1) y' (x1,€) = y(x1), and yl (x2, €) = y(x,), where € is a varying parameter.
i) ¥y (x,0) = y(x) .

ii) y (x,€) and all of its second order derivatives are continuous derivatives of x,

and e.

According to Fermat’s principle [34] which states that ”The path of a light ray trav-
eling between two points is the shortest path”, and for small variations in the taken

path, the optical path length stays the same”. This shortest path can be determined.

In order to find that path let us consider two paths y (x), and y; (x) = y (x) + en (x)
, Where 77 (x) is arbitrary smooth function of x. Since we are looking for specific value
of the variable x, by which the system reaches the end point via the two paths, the end
points of the two paths must be same as illustrated in Fig. 4.1. The two paths can be

expressed as
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y(x1) =y1 (x1) = Ya » (4.3a)
y(x2) = y2 (x2) = yp- (4.3b)

Figure 4.1: The paths of the functions y (x), and y; (x).

Therefore, the arbitrary smooth function 7 (x) must vanish at the end points as

illustrated in the following formula

n(x) =1(x)=0. (4.4)

The second path y; (x) = y(x) + en(x) is considered to be small variation of the
path y(x), where ¢ < 1, so one can say that the functions y(x), and y; (x) satisfy
the boundary conditions in Eq.(4.4). The corresponding Taylor expansion can be
applied [40, 46] to the integrand as a function of y (x), which can be expressed by the

following:
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F(x,yl,y’l) F(x+y+en, y’+en')

F (x, v, y') + 617?9—1; + en’g—j, + 0 (62) . 4.5)

Since it is assumed that the integral / in Eq.(4.2) has a minimum or maximum
value contingent upon y (x), and consider Eq.(4.5), the following formula can be writ-

ten

fsz(x,)’by’l)dx = fxz (x,y,y’)dX+fsz(eng—§ +en'g—5)dx+0(52) . (4.6)

The new integral that is illustrated in Eq.(4.6) is considered to be minimized or
maximized and can be expressed as a summation of the old integral in Eq.(4.2) and
the integral 6. The later is resulted from the variation of the function y (x). So it can

be obtained from the subtraction of the two integrals as follows:

X2 , *2 or ,OF " ’
(‘Slzf);1 F()c,y,y)a,’)c+fx1 (6n5+6n6_)/)dx+0(€2)_f F(x,y,Y)dx.

" 4.7)

The first and the third terms of the right hand side of Eq.(4.7) cancel each other,
so the result from the above equation is just the integral that is resulted from applying

the variations followed by Taylor series. This can be expressed as following:

ol = f en— +en —|dx. 4.8)
x Ay dy

Consider Eq.(4.8), integrate the second term by parts, and apply the boundary
conditions to 77 (x), that is given in Eq.(4.4) [46].

Firstly, the integration by parts of the second term yields

" or or X2 2 d OF
ol = —dx+ — - ——dx| . 4.9
eU 1) Gdet 5@ )| fxln(x)dx(?y’ xl 4.9)
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Secondly, applying the boundary conditions, 1 (x;) = 1(x,) = 0 yields the van-
ishing of the second term of Eq.(4.9) to become

2 oF 2 d OF
ol =€ f n(x) —dx — f n(x) ——dx| . (4.10)
X Oy X dx 0y
Rearrange Eq.(4.10) to obtain the following:
2 oF d OF
ol = —dx - ——|dx. 4.11
efx] n(x)[ay x dxay,] x @.11)

Due to the boundary conditions and for every €, the integral 6/ becomes zero

[28], so Eq.(4.11) can be rewritten as follows:
2 oF d OF
ol = —dx— ——|dx=0. 4.12
ele n(X)[ay x dxay,] x (4.12)

X2

Considering the lemma states that: If 6/ = € f M(x)h(x)dx = 0, and h(x)
is continuous function with second partial derivatives and is not identically zero, then
M (x) = 0 on [x, x,] interval [28]. As aresult the second part of the integrand in

Eq.(4.12) equals zero and that can be expressed as following:

——-——=0. (4.13)

Equation (4.13) is known as The ELE.

4.2.1 Generalized Euler-Lagrange Equations

Equations of motion of a dynamic system such as the double pendulum system can be

derived using ELE which is described in the following formula [51]:

oL d oL
dq, (1)  dtdq, (1)

= £ (4.14)
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where L represents the Lagrangian function and defines as the difference between

the kinetic energy 7 and potential energy V of the system as following:

L=T-V. (4.15)

The variable ¢ in Eq.(2.14) represents the generalized coordinate, f is the ex-
ternal applied force, r is the system element number, and ¢ represents the observer

time.

Another term can be added to Eq.(2.14), in case the dynamic system contains a
dissipation energy. The addition of the dissipative term to ELE is not a part of the
the ELE [55], however, it is considered as a resistance force to the external force. By

adding this force to ELE the generalized form of the ELE can be depicted as follows:

oL d 4L 4D
dq,(t) dtog,(t)  9q, (1)

where D is the dissipation energy of the system [55].

+ (), (4.16)

4.2.2 Expanded Form of Euler-Lagrange Equations

Note that the variables x, y, and y in the integrand of Eq.(4.2) have been treated
as independent variables. Consequently, the derivatives of the second term of the

d

ELE in Eq.(4.13) are reevaluated. The Chain rule is used to express T in terms of
X

0o 0

(9_)/’ B_y’ and % as follows [59]:

For the original ELE in Eq.(4.13), the following derivative operators of the func-

tion F, and its independent variables can be defined as

doF |d .o d 0 0|0F

s oy — | —. 4.17
dx oy dxy oy " dxyay " ox| oy ( )

Substitute Eq.(4.17) into the original ELE that is given by Eq.(3.14) to obtain the

following new formula:
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GF_[ddya BF d 0 0 0 0

G_y _ —y—— F]:O. (4.18)

—_— + —_—
dx dx oy 9y dxyay oy 0x 0y

Manipulate Eq.(4.18) to obtain the following Equation [59]

P &2 &y (& \dy &
—F —|—F|-— - Fl—- F=0. 4.19
dy (6)/2 ) dx? (6}6@)}' ) dx  0xdy (+19)

Multiply Eq.(4.19) by -1 to obtain the last formula of the expanded ELE as fol-

lowing:

0? d*y 0? dy 0? 0
—F|— F|— F-—F=0. 4.20
[ay'z ] dx? " (0}/6}7' ] dx " 0xdy’ dy (4.20)

The ELEs can be expressed in terms of integer representation as investigated in
the previous section and fractional representations. By exploiting same technique that

is used to derive the ELE, the fractional representations of the ELE can be obtained.

4.3 The General Formula of Fractional Euler Lagrange Equations

The ELE and the expanded ELE are derived by using the calculus of variation as
explained in the previous sections. Additionally, the FELE can be derived by mean
of fractional calculus and calculus of variation [51, 64, 70, 76, 81]. In some dynamic
applications such as the fractional modeling of a free oscillating double pendulum sys-
tem, the governing equations of system motion are obtained through fractional vari-
ational principles [51]. Fundamental concepts of a variational calculus and transver-
sality conditions is introduced to derive the FELE [85]. In order to derive the FELE,
let’s define the Lagrangian in a sub interval [a, b] as follows [88, 92, 95]:

b
Jg] = f L(t, ¢(1), JDiq (). Djq(®)dt, 4.21)

where J is a function to be minimized (or maximized), g is an absolutely con-

tinuous function in the interval [a, b] and satisfies the boundary conditions ¢ (a) = g,
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and g (b) = g, [98]. Since the function ¢ (¢) is subjected to traditional boundary con-
ditions, the Caputo derivative seems to be more natural for the Fractional Variation
Problems (FVPs) [101]. Consequently, the fractional derivatives of the function g (¢),
which are defined in Eq.(4.21) rerepresented by the left and the right Caputo fractional

derivatives [105] as

Dig = {Diq@) , (4.222)
Dlgt)= Dlq ). (4.22b)

Substituting Eq.(4.22) into Eq.(4.21) yields

b
a0l = [ Lt q@). $Dlg@. CDjqw]ar. (4.23)

The Caputo fractional derivatives are considered right here, because they have
advantages compared with other methods of fractional derivatives. These advantages
include its derivative of a constant is zero, whereas the R-L fractional derivative of
a constant is not zero, and Laplace transform of the Caputo fractional derivative is
written in terms of the integer derivatives evaluated at the origin [108, 112]. But the
R-L fractional integral can be exploited in order to derive the FELE. Before starting

the derivation let’s define the R-L fractional integral of the Lagrangian L.

If the function L (t) € C [a,b] : a <t < b, then the left and right R-L fractional

integral of L (¢), of order «, are defined, respectively, as follows [108, 115]:

1 " L(1)
I'L(t) = lef 4.24
oy L(1) F@) J. (t—T)“”dT ,t>a left, (4.24)

1 b L(r)
I°L(f) = dr ,t <b right, 4.25
Ay L (1) F(Q)I o g (4.25)

wherea >0, aeR.

Take the R-L fractional integral of the Lagrangian L to define the following ac-

tion function [119]:
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9%)
I

oy L (1)

1 b
mf Llg@, {Diq(@, (D@ |- dr.  (4.26)

Since the fractional derivatives SDf q (1), fDZq () are considered to be Caputo

fractional derivatives, the fractional orders § and y must be taken as real numbers in
the following range n — 1 < 8 < n,and n — 1 < y < n, where n is a natural number

represents the upper integer order limit of the derivatives.

Because of the advantage of using of R-L fractional derivatives within the varia-
tional principles, the integral in Eq.(4.26) is chosen to be R-L fractional integral. This
advantage is that the integration by parts can be defined [121] in this type of fractional
integral. That is exploited in the FELE derivation.

In order to define an admissible varied functions [124] satisfy the boundary con-
ditions g (a) = q,, and g (b) = g, and the Lagrangian in Eq.(4.21) as well. Let’s
express the variation of the function g (¢) in terms of finite number € [127] which is
represented as a finite variations of the function S [119]. Therefore, a small variation

of the function ¢ (¢) can be written as follows:

Q@)=q®) +eoq(t) . (4.27)

Since € < 1, and the variation of the function ¢, (6¢ € C), satisfies the boundary
conditions dq (a) = 6¢q (b) = 0, then the functions Q, and q satisfy the same boundary
conditions [4, 105]. Consequently, the Lagrangian L can be expressed in terms of the

new variation function Q (t) = g (t) + €d¢ (t) as following:

L(t,0) = L(q+edq, {Djq+e{Djog, {Djq+e Djsq) . (428

By means of the new continuous function Q (#), and the R-L fractional integral

of the Lagrangian L, the action function § that is given by Eq.(4.26) can be defined as
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follows:

1 b + €dq, aCDB +
S+AS = —f p| 9Tt (-1 dr (4.29)
L@ Ja \eCD/sq, CDlg+eCDloq

where A.S represents the variation of the action function S. The variation can be
extracted from Eq.(4.29) by manipulating the variation of the Lagrangian in Eq.(4.28),
and comparing the result with Eq.(4.26). To achieve this and for simplicity let’s start

with the following derivation:

To derive the traditional ELE the following integral is considered, as mentioned

in section (4.2), to find the function g that minimizes or maximizes the integral

j= fL(t, q, q)dt . (4.30)

For small constant variation ¢, and considering the Eqgs.(4.5 through 4.8), the

variation of the integral in Eq.(4.30) is given by

oL oL d
j = — —— . 4.31
0] f(aq6q+ % dtéq)dt ( )

Integrate the second term of the integrand in Eq.(4.31) by parts. To do so consider

the rule

fudv =uy— fvdu . (4.32)

let

oL
=, 4.33
“= 5 (4.33)
Take the derivatives of both sides of Eq.(4.33) to obtain
d (0L
du=—[=\dr, 4.34
T (6q) @3

and let
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0
dv = —68qdt . 4.35
54 (4.35)

Take the integrals of both sides of of Eq.(4.35) to obtain

v=20q. (4.36)

Substitute Eqgs.(4.33 through 4.36) into Eq.(4.32) to obtain the following:

OL d oL
—— = Sqdt —=d(s
fa ;0941 f (69)

oL d (0L
;qéq—f&q[dt(aq)dtl . 4.37)

Similarly, the same steps can be done for the Lagrangian in Eq.(4.28) to obtain

two main terms, as follows:

(')L _ oL

€0q5;

DB 2
L(t,Q) = L(q, {D/q. Djg)+L +0(&).  (438)
(¢ cDla- 7Dja) ng5q+e IL_CpYsg (<)

a¢D)q 1
where the second main term represents the variation of the Lagrangian, so the
variation of the action function A.S can be expressed in terms of the variation of the

Lagrangian as following [119]:

(x—l a-1 C
AES:fh 661 (t T) BCDB (r—1) Dﬁéq

e +edt + 0(62) . (439)
(t—=1)*" ¢D,éq

aCD7

Integrate, by parts, the second and the third terms of the integrand of Eq.(4.39)

as following:

oL
d<Dq

a t

(t -1 CDPsqldr . (4.40)

b
IZ”"term = f
a
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Apply the integration by parts on Eq.(4.40), by considering the formula that
given by Eq.(4.32), and assigning the variable u, and v as follows:

oL

u= (t-1)", (4.41a)
dSDq
oL oL
du = A (o S (I S L 0 4 dr . (4.41b)
acDig 8D
CDlv =S Djsq, (4.41¢)

Substitute Eq.(4.41) into Eq.(4.32) to obtain

b a1 b
f [a fgﬁq (r =" ngcSq] - dLu Dﬁz] Sq (D)1} — f 6q (1)

6L a— a—
05D€quf(t—T) Yy @t-o !t pf Df

dr. (4.42)

Since the variation of the function ¢ () obeys the boundary conditions dq (a) =
0q (b) = 0, then the first term in the right hand side of Eq.(4.42) vanishes, and the

integral of the second term Iy, of Eq.(4.39) can be expressed as follows:

oL
Y (t—7)! ijfaq]dr:
4

b oL . o
—fa M(T)[agpfqgl)f“”) '+ (-1) 15%%

r

In order to integrate, by parts, the third term of Eq.(4.39), let’s follow the same

steps that used to integrate the second term by parts, by considering the following:
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oL
= — (=), (4.44a)

d:Dyq

oL oL

du = ‘D (- + - (D] dr . 4.44b
aiogg T T P )
Dy = {Dyoq, (4.440)
v=10q. (4.44d)

So in order to obtain the new form of the third term integral /514,,,,, of Eq.(4.39)

substitute Eq.(4.44) into Eq. (4.32) to obtain

b a-1 b
oL el C oy _OL(t-1) b
L [0 ,CDZCI (t—-71) : Dbéq] dr = —6 ,CDZ(] 0q (1) L—L 0q (1)

oL

oL
cry a-1 a-1 Cpyy
D (t—71 +(—-7 D
8[CDth b ) ( ) !

"0 Djq

] dr. (4.45)

Similarly, since the variation of the function g (¢) obeys the boundary conditions
6q (a) = 0q (b) = 0, the formula of the third term integral /51, of Eq.(4.39) can be

expressed as follows:

b aL a—
a !

b
oL oL
- | 6q(x Dy t-7) "+ (- D)

dr. (4.46)

The second and the third parts of the integrands in the right hand sides of the
Eq.(4.43),and Eq.(4.46), respectively, are just derivatives of multiplication of two
functions. This is illustrated in the following two equations for the second and the

third terms, respectively.

oL
0 <Dlq

oL CDﬂ -1 -1 C oL C
Dl t-o) " + (-0 D] = ¢
95Djq " o5Dfg

(t — r)“—ll (4.47)
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oL
d:D}q

— a— 8L
‘Dya-0) "+ -0 D) = ,CDZ[

-1 (4.48

d:D}q

Substitute Eq.(4.47) into Eq.(4.43) to obtain the second term integral /5u,,,,, final

formula as follows:

b
[l -

a

—fha (1) CDB[ oL (t—T)‘H]dT (4.49)
. q a t aCqu * :

a

Substitute Eq.(4.48) into Eq.(4.46) to obtain the third term integral I34,,,, final
formula as follows:

r

oL
d¢D}q

(t-1)"" ¢D)oq (r)] dr =

~ f s 0 )| =2 (o |ar.  @50)
N O S

The formula of the action function variation that is expressed in Eq.(4.39) can be

written [119] by substituting Eq.(4.49) and Eq.(4.50) into Eq.(4.39):

AES _ fb 5q (T) g_f[ (t — T)a_l - §q (T) c(t:D,B [#&3,} (t _ T)a—l]
‘ —6q (1) (D}, [ L (f— T)a—l]

97 Dyg

edt+0(€’) . (4.51)

Take 6g out of the parentheses, and according to the following rule [4, 129, 130,
132]

8 a

DIf(@) = (8—{) , (4.52a)
8 a

Dy f (1) = (—B—J;) i (4.52b)
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Follows that, the following relations between the left and the right fractional

derivative operators

oDf = =Dy, (4.53a)

Dy = =D} . (4.53b)

Substitute Eq.(4.53) into the finite variation equation in Eq.(4.51), and take dq

out of the parenthesis to obtain the following equation:

L DB a-1
AS = f *|a -0 ”[6%“ - ]+ 5q(1)edr+O(€) . (4.54)
a CDV[ (t =)

Dy

By considering the boundary conditions at the action function S extremities the
finite variation equation AS becomes zero [119], or the corresponding variations van-
ishes [134]. As a result the integrand of the last equation must equal zero [119], as

illustrated in the following formula:

8_L (t - T)a 1 DB [ ng T)a—l

; [a Dlg (t—1)"" 1] 0. (455
For simplicity let the orders of the fractional derivatives 8 = 1, and y = 1 [119],

open the fractional derivatives in the last formula, and consider Eq.(4.55) depends

only on D} or ,D} [119, 136] to obtain
oL 1 0| oL 1
—t— == -1 0. 4.56
dq (t—T)“{ ot [3 =0 ]} 20
Take the partial derivative with respect to time of the two functions multiplication

L
32 (t-1)*'in Eq.(4.56) to get the following:
q

LTS Sy U KT P S R
8q+(t—7-)“‘1{ [aq(a D@E-1"2+(-1) maq]}_o. (4.57)
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Open the square brackets of the Eq.(4.57), and rearrange it to obtain the FELE

as following:

oL 0 JL (a-1)0L
8q 91dq (-1 04 ’ (4.58)
where 7 represents the intrinsic time and ¢ the observer time [81]. The FELE
model can be applied to a system in which harmonic oscillator with time-dependent

mass and frequency w obeys merely the standard harmonic oscillator dynamical equa-

tion i + w?x = 0 [81].

4.3.1 An Alternative Form of FELEs.

The extended fractional integral of a continues function L (¢) in the interval [a, b] of

an derivative order a > 0 are defined by [138]

%]
I

ol L (1)

b
1 f L[t, ¢(), (1) (cosh () — cosh(1)]" ' dr,  (4.59)
I'(a) J,

where g = —dq; 7 is the intrinsic time, and ¢ is the observer time.
T

Under the boundary conditions g (a) = ¢q,, and g(b) = g, of the continuous
function ¢ (.) € C in the interval [a, b] € R, if the functions ¢ (.) are considered to be

solutions to the above problem, then ¢ (.) satisfy the following FELEs [81]:

OL 0 0L (@ —1)sinh(r) 0L

=27 — = 4.60
dg 0tdq [cosh(r)—cosh(r)]d g (4.60)
— 1) sinh
The extended weak dissipative parameter D (1) = [C(E:h o )—Slcr;)slg‘r()z-)] limita-
tions can be written as follows:
D()=(a-1) s L (4.61)

exp’ +exp~ — (exp” +exp~7)
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SO,

ift— oo, then D(t) — 1 —aq,
ift— 0, then D(t) — 0.

Harmonic oscillators that have time-depended mass and frequency may be an excel-

lent picture of non-conservative or weak dissipative dynamical systems [81].

4.4 Conclusion

The dissipative terms of FELEs in Eq.(4.58), and Eq.(4.60) contain some parameters
such as the order of the R-L fractional integrals «, and the intrinsic time 7 which
can be a plant delay time due to physical transportation delay intrinsic to the system
under control [139] in some dynamic systems. Additionally, the fractional order «,
represents one of the system damping force parameters [48], in the damping term,
with time-decreasing coefficient [140]. Moreover, there is a contrast between damping
force that given in the FELE which is illustrated in Eq.(4.58), and the damping force
given by the alternative form of FELE that is given by Eq.(4.60). Since in the later
one, as the intrinsic time 7 goes to zero, the damping force goes to zero as well,
and this is illustrated in Eq(4.61), while in the first form of FELE that is illustrated
in Eq.(4.58), as the intrinsic time 7 goes to zero, the damping force becomes time-
decreasing damping force. But the intrinsic time 7 is a delay time and generally in
most applications very close to zero, so the damping force of the dynamic system that
represented by the FELE that illustrated in Eq.(4.58), vanishes as the observer time ¢
increases. Case studies of the FELEs applications are discussed and investigated in

the next chapter.
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CHAPTER 5

APPLICATIONS of the FRACTIONAL EULER-LAGRANGE
EQUATIONS

5.1 Introduction

The FELE that is introduced in chapter 4 is applied in this chapter to obtain the weak
dissipative force that is generated from two case studies modeled by FELE. The re-
sponses of the system are compared with the traditional ELE model in terms of the
effects of linearity, the fractional integral order «, and the initial conditions. A nu-
merical technique and an analytical technique are used to obtain the responses and
they are investigated and compared. Additionally, the phase space trajectories of the
systems are discussed in order to given more interpretation to the behaviors of the
system responses. Moreover, the physical meaning of the R-L fractional integral or-
der « is discussed. This discussion is done by comparing with previous experimental
studies whose damping forces affects gave the same behaviors of the damping force

generated by FELE modeling.

5.2 A Single Pendulum Integer Order Modeling

Consider a free oscillating conservative single pendulum (uniform rod) system with
initial conditions 6 (0) = 6, and §(0) = @, as illustrated in Fig. 5.1. The ELE [5] of

the system can be given as follows:
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Figure 5.1: A free oscillating conservative single pendulum (uniform rod).

To obtain the system equation of motion, where L which is given as a function of

general coordinate 6 () is the Lagrangian of the system as demonstrated in Eq.(4.15).

The kinetic energy of the oscillating single pendulum system that is illustrated in

Fig. 5.1 can be given by

T_1
-8

where the center of gravity of the pendulum is at the center, / represents the length of

ml () , (5.2)

the rod, and m is the mass of the pendulum.

The potential energy of the pendulum can be expressed as,
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1
V= —Emglcosé(t) , (5.3)

where g is the gravitational acceleration. Substitute Eq.(5.2) and Eq.(5.3) into Eq.(4.15)
to obtain the Lagrangian of the conservative single pendulum system, that is shown in

Fig. 5.1, as follows:

1 . 1
L= gmﬁe(t) + Emgl cosé (1) , (5.4)

then, the ELE model of the system is obtained by substituting the Lagrangian L that
is given by Eq.(5.4) into Eq.(5.1) as following:

o (1 . 1 d o |1 . 1

— | =mP(t) + =mglcos (1) | — ——— |=ml*0(¢) + =mglcos ()| =0. (5.5

00 8" (t) + Smgl cos ()] dtae(t)[8m (t) + Smglcos 6 (1) (5.5)
Solve the derivatives in the Eq.(5.5) to obtain the following free oscillating un-

damped single pendulum equation of motion:

bt + 2% sinf(f) =0 . (5.6)

Equation (5.6) is a second order non-linear homogeneous differential equation,

This equation can be solved by means of Jacobian Elliptic Function [11].

5.2.1 Jacobian Elliptic Function

The exact solution of the non-linear ELE model of single pendulum that is represented

by Eq.(5.6) can be given by [11],

0(t) = 2sin™! [k Nz ( \/g(t —1y); k]] , 5.7

Where the function sn (x; k) is the Jacobian Elliptic function, k represents an as-
sociated modulus with the Jacobian Elliptic function; and can be expressed as k =
2

6
sin (50), and the time ¢, is the initial time [17]. The function sn (x; k) is defined as a

kind of inversion of an integral given by the following function [23],
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y 1
x(y, k)_fO \/(l—tZ)(l—kth)dt’ (5.8)

so, the Jacobian elliptic function is defined as the inverse of the x function
y=sn(x; k) . (5.9)

5.2.2 Runge-Kutta Numerical Method

The non-linear equation of motion that is given by Eq.(5.6) can be solved by using
Runge-Kutta numerical method which is a weight average slope method to obtain
numerical solutions of differential equations. The Runge-Kutta numerical method
computational cost is comparable to that of the trapezoidal method [29]. That makes
it a more accurate method, but it requires more equations to be solved and computed

[35].

The solution of the single pendulum system can be obtained using the 4™ order

time step Runge-Kutta numerical method as following:

Consider the system equation of motion that is given by Eq.(5.6), with the fol-

lowing initial conditions:

6 (to) = 6o , (5.10a)
w (fy) = wo , (5.10b)

where ¢ represents the observed time, and w (7) is the angular velocity of the pendulum

that can be given by

d
w(t) = Ee(t) . (5.11)

Let’s define the function F (¢, 68) as follows:
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w (1)

F(x, 6(0)
= —w’sinf () , (5.12)

where w, = |, /2% is the natural frequency of the system. A according to the method
definition, the function F (¢, 6) represents the first slope. By means of the first slope
the successive slopes can be obtained, and the position of the pendulum at any time

can be expressed as:

0(+h)=60(1)+ A0, (5.13)

where A is the average of the four slopes generated by Runge-Kutta numerical

method.
Case Study 5.1

The case study is considered to invastigate the behaviours of a free oscillating
single pendulum (rod) system responses. The system is modeled by means of ELE
and FELE. The Effects of the linearty, the R-L fractional integral «, and the initial
conditions on the system responses are studied in this case study. Additionaly, some
methods are used to obtain the system responses such as Jacoban Elliptic function,

Runge-Kutta numerical technique, and the bassel function based solution.

Consider the following parameters of the single pendulum (rod) that is depicted
in Fig. 5.1 with pendulum mass m = 0.230 kg, and pendulum full length [ = 0.6413 m
[41].

The responses of the non-linear system, for different initial conditions w (0)
and 6(0) can be obtained. The non-linear and linear representations of the system
are compared by means of the above two methods for small angle of oscillation as

sind () ~ 6(t) .

The responses of the system oscillations according to the given parameters and

different conditions are illustrated in Fig. 5.2.

The response of the non-linear representation and the response the linearized
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representation of the system for certain system parameters must match each other for

small oscillations 6 (¢) < g . In order to investigate that let’s consider the following:

The subfigures Fig. 5.2-a through Fig. 5.2-e illustrate a comparison among
three representations of the system solutions. These representations are a nonlinear
response obtained the Jacobian Elliptic function, a nonlinear response obtained by

using the Runge-Kutta numerical technique, and the linearized response of the system.

The initial angular velocity can be introduced when the Runge-Kutta numerical
technique is applied. The effect of initial angular velocity on the system response is
noticeable, even-though the initial angular displacement is small. That is illustrated
by Fig. 5.2-f. The Runge-Kutta numerical technique solutions of the non-linear repre-
sentations matches the solutions of the linearized representations, as the initial values

of the oscillating 8 (0) gets smaller.
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Figure 5.2: The responses of non-linear and linearized free oscillating undamped sin-
gle pendulum system using Jacobian function solution and Runge-Kutta technique.
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5.3 FELEs Modeling of a Free Oscillating Single Pendulum

The FELE can be applied hypothetically (the assumption states that there is a dissi-
pation force, decreases with time, applied to the system) to obtain the response of the
single pendulum system. Considered system is introduced in the previous section.
The dissipation of the system is assumed to be gradually decreased as a function of

time. This dissipation force may be due to dry friction or magnetic force [47].

Consider the system illustrated in Fig. 5.1, where the Lagrangian L of the system

is represented in Eq.(5.4).

Introducing a gradually decreased damping force to the system yields a function
of time dissipating force coefficient. That coefficient depends also in the properties
of the damper. One of them is the order fractional derivative @ as mentioned in the
application of the fractional order modeling of the forced oscillating double pendulum
system [51]. Consequently, the system can be modeled by means of the FELE. This

equation is given as follows:

oL d OL a-1 OL
_a oL "~ _0. 5.14
0 drad() t—1 A0t 49

Substituting the Lagrangian in Eq.(5.4) into Eq.(5.14) yields

J0 |1 . 1 d o |[1 . 1
m gml 9([) + Emglcos@(t)] - E% |:§ml 9(1) + EmglCOSH(I)]
a—-1 0 |1 . 1

- —— | =mPPO () + =mglcos 6 (1)| = 0.

t—T@Q(z)[8m ()+2mg cos ()]
(5.15)

Solving the derivatives in Eq.(5.15) yields
[ . | la-1 . =

—mgi sm@(t) - Zml 9(1’) - Z:ml G(Z) =0. (516)

Manipulate and rearrange Eq.(5.16) to obtain
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a

b(r) + _Tlé(t)+wisine(t):o, (5.17)

t—

where w, = \/g is the system natural frequency. For the same parameters and with
the same initial conditions, the mathematical modeling of the system in the case study
(5.1) can be obtained by introducing the FELE. The solutions of the system model
can be obtained using the Runge-Kutta method, the Bessel function solution (using
Matlab software), or the power series methods to solve variable coefficients second

order linear differential equations [52].

The system derived by FELE model is represented by non-linear equations of
motion with variable coefficients, where the responses of this system can be obtained

by using Runge-Kutta numerical method that introduced in section 5.2.2.

5.3.1 The Solutions of the FELEs Modeling of Single Pendulum System

Before getting the responses of the nonlinear system, let’s linearized the system then
obtain the response using different techniques. Those techniques include the Runge-

Kutta numerical techniques, and the solutions by using Bessel Functions.

The linear formula of the system can be represented, for small oscillation, as

follows:

a

b(r) + _:é(t)+2§9(t):0, (5.18)

t—

with given initial conditions 6 (¢)) = 6y, w () = wy .

The responses of the system that is given by Eq.(5.18), with different initial con-
ditions 6 (ty) = 6y, w (fy) = wy can be obtained by using the Bessel function solution

(using Matlab software) , or the Runge-Kutta numerical method as following:

I) Solutions based on the Bassel Functions

The Matlab program gives the solution of Eq.(5.18),using the function dsolve,
which is a numerical technique exploits the Bessel functions to obtain the solu-

tions of second-order linear homogeneous differential equations with variable
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coeflicients. The responses of the single pendulum FELEs model that is given
by Eq.(5.18) are obtained by mean of Bessel function. The responses are com-
pared, as illustrated in Fig. 5.3, with Runge-Kutta numerical technique solu-

tions which are explained in the following subsection.

The Runge-Kutta Numerical Technique Solution

The responses of the linearized single pendulum system that is represented by
Eq.(5.18) can be obtained using the Runge-Kutta numerical technique with
same initial conditions 0 (¢y)) = 6y, w(ty) = wy. These conditions are used
to obtain the responses of the system by usage of Bessel function. Moreover,
the angular velocity w (7) = 6 () of the system can be derived and evaluated. In
order to apply the Runge-Kutta, let’s assign the function F (x, 6(¢), w(¢)) that

corresponds to the linear system as following:

F(x, 00, w(®) = w()

- w00 . (5.19)
-7

According to the Runge-Kutta numerical method the position of the pendulum

at any time can expressed as

O(+h)=0(@)+ A6, (5.20)

where A@ is the average of the angle of oscillation 6(f) slopes generated by

Runge-Kutta numerical method, and # is the time step.

Figure 5.3 illustrates the responses of the linearized FELE model of free oscil-
lating single pendulum for fractional order integral @ = 2, with different val-
ues of initial angular displacement 6 (7o) = 6, and zero initial angular velocity
w (tp) = 0. These responses are obtained by using the Runge-Kutta numerical
technique and the Bessel function solution. It’s concluded from the Fig. 5.3
that the responses of the linearized system, which are obtained by using the two
methods, are identical to each other for same initial conditions. Moreover, the
dissipation force is gradually decreases, as the time increases. That is because

of the variant dissipative coeflicient that appears in Eq.(5.18).
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Figure 5.3: Responses of linearized free oscillating single pendulum modeled by
FELE solved by using Runge-Kutta and Bessel function, with different initial con-
ditions and, constant a = 2.
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5.4 Non-Linear and Linearized System Representations

The linearization of the free oscillating un-damped single pendulum system modeled
by FELE, for different values of initial angular displacement 6 (¢;) = 8, and zero initial
angular velocity w (fy) = 0, is accomplished by considering sin 8 (¢) ~ 6 (¢) for small
oscillations approximately 6y < g The responses of the nonlinear system compared
with the linearized responses are illustrated in Fig. 5.4. In this figure the subfigures
Fig. 5.4-a, and Fig. 5.4-b, illustrate that the linear and nonlinear system give the same
responses due to small oscillations. The linearized representations of the system due
to large oscillations for initial oscillating angle approximately 6, > g is depicted in
Fig. 5.4-c through Fig. 5.4-f, where the solutions of the system are unlike the exact

solutions for the nonlinear system.

5.4.1 The Angular Velocity Representations

According to Runge-Kutta numerical method, the angular velocity of the free oscil-

lating single pendulum system that is modeled by FELE, at any time, is given by

wit+h) =w(i)+Av, (5.21)

where Aw is the average of the four slopes of the oscillation angular velocity w (¢),

and 4 is the time step.

The angular velocity representations that are obtained by usage of Runge-Kutta
numerical method can be plotted as illustrated in Fig. 5.5. The figure shows the
oscillations angular velocities for various initial conditions and for non-linear and lin-
earized system representations as well. In the subfigure Fig. 5.5-a, since the initial
angular displacement is very small, the angular velocity representations of the non-
linear and linearized system representations are exactly same. On the contrary, the
representations of the system (linearized and non-Linear) that are illustrated in sub-
figures Fig. 5.5-c and Fig. 5.5-d are different from each other. That is because the
linearization is valid only for small oscillation. Figure 5.5-b. illustrates the angular

velocities representations for linearized system with different initial angular veloci-
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sec

for all of them. It’s concluded from this subfigure that as the initial angular velocity

decreases, the dissipation of the system increases for same initial displacements.

10 T T T T T T
: —+— Linearized | —— Linearized
5 —*—NonLinear - :| 7*— Non-Linear
30
- “of b
P g
= b2
= & u}
& L
ol
0}
4 i i i i ; i i i i i i i i i i i i i i
L1} 2 4 6 8 10 12 14 16 18 20 0.5 1 15 2 25 3 35 4 4.5 5
time (sec) time (sec)
3 3
(a) 00=1—, and wy =0 (b) 00=Z, and wy =0
T T T T T T 100 T T T T T T
60 - —+—Linearized p ——Linearized
% 3 E E —=—NonLinear —=—NonLinear
sof) o : : 4 = 4 S0 b e e -
a0t i
sof-
e =
# o a0l J
= 00 =2
= =
S wf s ar
or ok
o)
20
20t : : I
i i i i i i i i anl i i i H i i i |
05 1 15 2 25 3 3.5 4 1] 2 4 6 8 10 12 14 16 18 20
time (sec) time (sec)
s s
(C) 00 = 5, and wy = 0 (d) 00 = 5, and Wy = 0
140 T T T T T T 150 T T T T T
H —+—Linearized @ —+— Linearized
120 §---- -+ | ——NonLinear H —e— NonLinear
g0 e e Buan s ST R T e 100 sl
g0l 2
& o0 4 G SORpgo i b
o &
B 40 =
= =
& 20T = |
ol
20 S0 f-
0l
60 2 i i L L L i i 100 i i i I i L i
0 2 4 [ H 10 12 14 16 18 20 1] 2 4 6 8 10 12 14 16 18 20
time (sec) time (sec)
3n Sn
(e) 0027, undw0:0 (f) 0():?, andw0:0

Figure 5.4: Non-Linear vs. linearized FELE model of a single pendulum for different
oscillating ranges.
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Figure 5.5: The non-linear and linearized angular velocity representations of a single
pendulum modeled by FELE for different initial conditions.

5.4.2 The Effect of Fractional Order Integral @ on the System Response

The fractional integral order a appears in the numerator of the time variant coefficient
of the damping force of the system FELE model. Thus, as the fractional integral
order « increases, the damping force increases at relatively small observed time t.
Additionally, the damping force gradually decreases as the observed time increases.
Fig. 5.6 and Fig. 5.7 illustrate the effect of ¢ on the free oscillating FELE modeled
single pendulum system. Effects of three values of the order « are compared in Fig.
5.6, which are @ = 1.1, @ = 1.5, and @ = 2. Since the first value of @ is comparatively

small, the response of the system, under this dissipation is gradually decreases slower
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than the responses in the other cases @ = 1.5, and @ = 2 where the responses get
faster closes to equilibrium. The observed time ¢ is considered as one of the factors
that affect the dissipation force. This effect depends on « values, as shown in Fig. 5.6,
the effect of the observed time decreases, as « increases. More general the system
depicted in Fig. 5.7 is tested for successive values of @ in the range from 1.1 to 2,
where the response amplitude decreases, as « increases. Moreover, since the system

is stable, for each certain value of @ the response amplitude decreases, as t increases.

6(f) (deg)

time ( sec )

Figure 5.6: The free oscillating single pendulum system responses for different values
of fractional integral order a.
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(1) (deg)
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Figure 5.7: Responses of free oscillating single pendulum modeled by FELE for multi
values of a.

5.4.3 Phase Space Trajectories

The phase space trajectories give more interpretation for the system behavior, which
can be accomplished by studying the relationship between the angular displacement
and the angular velocity. The damped-driven pendulum can exhibit both periodic and
chaotic motions [56]. The attraction of these motion is generally at the origin (down
equilibrium point at § = 0. The damping parameter strength indicates how long the
solutions in phase space take to reach the steady state. In the free oscillating single
pendulum system modeled by FELE, the dissipation force is gradually decreased with
observed time. That is because the coeflicient of the damping force is a function of
time. The trajectories in the phase space of angular velocity vs. angular displacement
are strongly depending on the degree of the non-linearity, the damping factor, and

the initial conditions [60]. A set of examples are depicted in the following figures

81



Fig. 5.8 through Fig. 5.11 in order to represent the effects of these parameters on the
system behavior. The effect of the initial angular velocity is illustrated in Fig. 5.8 as

following:

The phase space trajectories of a free oscillating single pendulum system mod-
eled by using ELE, and FELE are illustrated in Fig. 5.8. In order to investigate the ef-
fect of the initial angular velocity on the non-linear system behavior, the responses of
the system must be analyzed for different values of initial angular velocity wy. Three-
dimension phase space trajectories of a non-linear free oscillating single pendulum
ELE model is plotted in Fig. 5.8-a. In this subfigure the initial angular displacement
6y = 5m/6 rad is constant while the angular velocity wy is varied. The trajectories are
attracted to zero and 2 for initial angular velocities wy = 1 rad/s, and 1.3 rad/s,
respectively. This is depicted in Fig. 5.8-b which represents phase space trajecto-
ries of a non-linear free oscillating single pendulum ELE model in two-dimension.
According to the phase space trajectories of the system in the subfigures, there is a
certain initial angular velocity (critical angular velocity cw,) in which the attractive
point is changed from being zero to be 2x. The critical angular velocity (cwy) can be
computed by using a computer program. The cw of the system modeled by ELE in

the subfigures Fig. 5.8-a and Fig. 5.8-b is cwy = 1.1 rad/s.

The FELE modeled free oscillating non-linear single pendulum system whose
phase space trajectories are represented in the subfigures Fig. 5.8-c and Fig. 5.8-d has
a low cwy = 0.12 rad/s due to a very weak dissipative force. Therefore, the cw, of
the system modeled by FELE is smaller than the cw, of the same system modeled by

ELE with introduced damping term.

Due to higher value of the initial angular velocity wy the attractive point can be
nn instead of zero where n € 2N. This is illustrated in Fig. 5.8-e, where the attractive
point increases, as the initial angular velocity increases. For instant, the phase space
trajectory of a non-linear free oscillating single pendulum system modeled by ELE
with initial angular velocity wy = 5.5 rad/s is attracted at 4z, whereas the attractive
point 27 is associated with wy = 1.2 rad/s and wy = 3 rad/s for the same system

parameters.
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Figure 5.8: The effect of the initial angular velocity on the system trajectory.

Figure 5.8-f shows the effect of the initial angular velocity on the attraction speed

of the phase space trajectory of a non-linear free oscillating single pendulum modeled
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by FELE. In this model, the initial displacement 6, = 57/6 rad is constant, whereas
the initial angular velocity is changed. It’s concluded that as the initial angular veloc-

ity wy decreases, the attraction to the origin increases.

The phase space trajectories of the linearized FELE model of a free oscillating
single pendulum system are affected by the R-L fractional integral order « as well.
Fig. 5.9 shows the effect of the integral order . It’s illustrated, in the figure, that as &

increases, the time of attraction to the origin decreases.

w(t) ( rad/s )

o(t) ( rad)

Figure 5.9: The effect of the R-L fractional integral order @ on the phase space
trajectories of of linearized free osillating single pendulum FELE model for 6, =
/6 rad, and wy = 0 rad/s.

More general the effects of successive values of R-L fractional integral order
a on the phase space trajectories of the linearized FELE model of a free oscillating
single pendulum system are shown in Fig. 5.10. It’s clear from the figure that the
time of the attraction to the origin decreases, as « increases. This can be interpreted

from the coefficient of the dissipation force which is given as a function of time. That
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functions proportional to @ and inversely proportional to the time # — 7. Thus, the

effect of the dissipation force increases, as « increases at certain interval of observed

time t.

Phase space trajectories of Linearized FE-LE model of single pendulum
with & =pi/6 rad and e = 0 rad’s

o(t) rad/s

Figure 5.10: Three-dimensional representation of the effect of the R-L fractional in-
tegral order a on the phase space trajectories.

5.5 FELEs Modeling of Free Oscillating Double Pendulum System

In this section a free oscillating double pendulum system is considered with massless
rods /; and /, connecting at the ends to masses m; and m,, respectively. The angles
of oscillating are given by a; and a; as illustrated in Fig. 5.11. Additionally, a case

study of particular parameters of this system is studied and investigated as well.
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Figure 5.11: A free oscillating double pendulum system.

The fractional mathematical modeling of the given system can be obtained by
using the FELEs that is given in Eq.(4.58). The Lagrangian L, in this model, is repre-

sented in terms of the kinetic and potential energies of the system.

The total kinetic energy and the total potential energy of the system can be given,

respectively, as following:

1 1
T = 5m |3 @)+ 31 0] + S EOESHOIR (5.22)
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P =mgy; (t) + magy, (1) , (5.23)

where g is the gravitation, and x; (t), x> (t), y; (f), and y, (t) are the positions of the
masses m; and m, according to the Cartesian coordinates X, and Y, respectively. These

positions can be given as a function of @, (¢) and a; (¢), at any time, as following:

x(t)= Lsine (1) , (5.24a)
X ()= ILisina, () +bLsinay(7) , (5.24b)
v1 () ==l cosa, (1) , (5.24¢)
y2 () = =ljcosa; (t) = cosa, (1) . (5.24d)

Substitute Eq.(5.24a) through Eq.(5.24d) into Eq.(5.22) and Eq.(3.23). The re-
sultant equations of the total kinetic energy and the total potential energy, as a func-
tions of rotation angles a; (¢) and «; (¢), are substituted into Eq.(4.15) to obtain the

system Lagrangian L as follows:

L) . mp . .o
L= (— + —)Z%CY% + 71%0’% + mylilra @, cos (aq - 02)

+ (m; +my) gll cos (ap) + nglz cos (ap) , (5.25)

where @ (¢) and a, (t) are general coordinates of the system, Substitute the system
Lagrangian L that is represented in the last equation into the FELE that is given in

Eq.(4.58) to obtain the fractional mathematical model of the system as following:
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-1
—mylihaas sin (@ — @) — (my + my) gly sin (@) — C:— (m; + my) l%dl
-7

-1
¢ mslil,a, cos (CZ] - Clz) - (m1 + mz) l%(l] —mylil,

[cos (@) — @) @y — @y sin (@) — an) (&) — )] =0,
(5.26a)

-1

L. ) a ) a—
myli L@ sin () — an) — mygly sin (@) — " mzlgaz -
-7

myli

COS ((1’1 - (1’2) - mglgd’z - m21112

[COS (a1 - (1’2)(.1’1 - (1’1 SiIl(CU] - (},’2) (d’l - CYQ)] =0.

(5.26b)

The system that is expressed by Eq.(5.26a) and Eq.(5.26b) represents the nonlin-

ear mathematical modeling of free oscillating double pendulum system.

5.5.1 The Linearization of Double Pendulum FELEs Model

Consider small oscillations of the pendulums by choosing the oscillating of the gen-
eral coordinates a; (t) and a; () about the zero equilibrium points, where both an-
gels are measured with respect to the negative direction of y-axis. The nonlinear
Lagrangian L that is given by Eq.(5.25) can be linearized by using Maclaurin series
expansion [145], so the trigonometric functions can be replaced by the following ap-

proximated expansions:

2

cos (@;) ~ 1 —% =12/, (5.27a)
cos(a; —ap) ~ 1. (5.27b)

Substitute Eq.(5.27a) and Eq.(5.27b) into Eq.(5.25) to obtain the linearized La-

grangian of the system as following:
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mp My o, Lo
L = (— + —)Z%CZ% + myl haa,

2 2

a’? a’?
+ (my +m) gl [1 - ?1) + mogl [1 - 31) . (5.28)

Equation (5.28) represents the linearized Lagrangian L of the free oscillating
double pendulum system. Substitute the system Lagrangian L that is obtained in the
Eq.(5.28) into the FELE that is given by Eq.(4.58) to obtain the fractional mathemat-

ical modeling of the Linearized system as following:

a—1

l—(ml‘i‘mz)l% —mzlllzﬂdw N L (my +my) I} _(;_Tlmﬂlledw

—mzlllz — mzlé d’z 7—%1’1’12[112 e mzlg d’z
_ my +m) gl 0)|a 0
+ (my 2) 8l H_ . (5.29)
0 WleZ (0%) 0

CaseStudy 5.2

Consider the given double pendulum that is shown in Fig. 5.11, with the follow-
ing particular parameters: [; = 0.335 m, I, = 0.225 m, m; = 0.125 kg, and m, =
0.085 kg, and with initial conditions,

ay, = s a'lo =0 ’ (5.303)

ERESE

s, =

= @, =0. (5.30b)

o0

The modal Matrix of the system can be obtained as,

4.467i  —7.1645i
= [ } : (5.31)

6.2846i  18.7328i

Consider the initial conditions, according the principle coordinates, the equations

of motion of the system can be given by the following equations:
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i () + 2 (1) + 211673 () = 0, (5.32a)

iy (6) + 2 ipy (1) + 101.15897, (1) = 0 . (5.32b)

The responses of the system according to the general coordinates a; (f), and

a; (t) can be obtained as follows:

la] = [¢][n] . (5.33)

where [«a] represents the vector of the general coordinates a; (¢) and a; (7) of the given
system, [¢] is the modal matrix of the system, and [r] represents the vector of the
system principle coordinates n; () and 1, (f). The responses @, (¢) and a, () of the
linearized free oscillating double pendulum system that modeled by FELE are illus-

trated in Fig. 5.12, and Fig. 5.13.

Figure 5.12 shows the responses of the system with R-L fractional order integral
a = 1, that means, according to Eqgs.(5.32), no dissipation force applied to the system.
This also concluded from the figure where there is no gradual fade out of the system
oscillations. In Fig. 5.13 the R-L fractional order integral @ = 2, so the dissipative
force is exist as a function of time. It’s inferred from the figure that the dissipative
force is gradually decreased, as the observed time increases. That is because the

dissipative force coefficients in Eq.(5.32) is inversely proportional to the time ¢ — 7.
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Figure 5.12: A free oscillating linearized double pendulum system modeled by FELE
for R-L fractional order integral @ = 1.

a, (t) & o,(t) (rad)

Figure 5.13: A free oscillating linearized double pendulum system modeled by FELE
with R-L fractional order integral a = 2.

A comparison between the non-dissipative traditional ELE model and FELE
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model of the given free oscillating double pendulum system is depicted in Fig. 5.14.
The two models are considered for different values of the R-L fractional integral or-
der . It’s concluded from Fig. 5.14-a that the responses of the corresponding general
coordinates of the system are identical to each other for @ = 1. That means there are
no dissipation forces in both models. The other subfigures Fig. 5.14-b through Fig.
5.14-d show that as the R-L fractional order integral « is far from one, the deviations

between the two models increases. That is due to the effect of the damping coefficient

" on the FELE model of the system.
-7

—e—a, ELE —+—0a,ELE ——- o ,FELE —— a,, FELE ‘
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Figure 5.14: A comparison between the non-dissipative traditional ELE model and
FELE model of a free oscillating double pendulum system for different values of a.

5.6 The physical Interpretation of the Fractional Integral Order «

The coeflicient of the damping force generated by applying the FELEs is a function
of the R-L fractional integral order @, and the time which consists of intrinsic time 7

and observing time ¢. In a particular case, when « and 7 are constants, the damping
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force coeflicient can be given as a function of time ¢ as following:

~1
co=2"" 11, (5.34)

Figure 5.15 shows the damping force coeflicient as a function of time for small
value of intrinsic time 7 and a certain value of the order @ (@ = 2). It’s noticeable that
the damping force gradually decreases, as the time increases. This is obviously no-
ticeable in responses of the FELE models of the single and double pendulum system:s,

which are studied section 5.4, and section 5.5, respectively.

el
[ 2]

st
=
1

-]
T

= =
I i

The dissipation force coefficient (1/g)

time ( 8 )

Figure 5.15: The damping force coefficient of a system modeled by FELE as a func-
tion of time for @ = 2.

In the brush disk sliding friction [47], the friction damping force is inversely
proportional to the distance between the brush and the disk. Consider the results of
this experimental study and the FELE modeling of the system. The R-L fractional

integral order a can be identified as a friction force coeflicient between the brush and
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the disk. Another experimental study was done [65]. A variable stiffness Magneto-
Rheological MR fluid-based damper for vibration suppression was considered. In this
experiment the damping force coefficient is given as a function of the magnetic field
that is supplied to the MR Valve. The magnetic field produced by a controllable DC
power. The viscosity of the liquid can be changed depending on the magnetic field
intensity. Thus the viscosity of the MR fluid is proportional to the amount of current
applied to the damper [71]. therefore if the DC power supply is given as a function of
time then the damping force be a function of time as well. Since the viscosity of the
MR fluid is affected by the magnetic field, then the R-L fractional order « in Eq.(5.34),
can be identified as a variable. This variable is contingent upon the viscosity of the

MR fluid.
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CHAPTER 6

THE RESPONSES of a FREELY OSCILLATING FRACTIONAL
DYNAMIC SYSTEM

6.1 Homogeneous Fractional Order Differential Equations

The two-term FODEs are considered as starting of the fractional order ordinary dif-
ferential equations study, since the fractional calculus definitions have been founded.
These equations include the relaxation and oscillation, then continuum to more term
equations. The fractional calculus definitions are considered as beginning of the

fractional-order linear time invariant systems study [18].

The non-homogeneous FODEs are discussed in chapter three. The solutions
of these equations were obtained and evaluated by two methods. These techniques
are the Bagley-Trovik Equation, and the Laplace Transform of M-L function. In this
chapter the three-term homogenous FODEs are considered. The general form of these
equations which is given by Eq.(6.1) includes the fractional order in all their terms

operators [18, 12]. In this chapter two main cases are considered.

In the first case the fractional order is introduced only in the damping term, where
the fractional order of the first term 8 = 2, the fractional order of the third term y = 0,

and all coefficients are constants.

ay (1) oDy () + a; (1) oDy (1) + ag (t) oD)y () =0, (6.1)

where, ¢ is the observer time, a; (1), i = 0, 1, 2 are coefficients, and «; ; and 7y are the

orders of fractional derivative operator D.
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The second case is the extended FELEs model in which the the first and the

second terms of a three-term FODE are subject to fractional order.

For 8 = 2 and the fractional order of the third term y = 0 the system defined by
Eq.(6.1) represents a freely oscillating fractional order dissipating system. In this sys-
tem the damping force is proportional to the fractional derivative of the displacement.
The element that represents the damping force is a springpot (rheological element for
viscoelasticity) [24]. This element is illustrated in Fig. 6.1-a. The schematic dia-
gram of the whole fractional oscillating system is given in the Kelvin-Voigt model,
[24, 30, 36, 42] as depicted in Fig. 6.1-b. The system generates a spring mass spring-
pot model. This system is considered as a good representation for real models, such

as an earthquake model [48].

sl
C.a
k
.l.n
. |,
(a) Springpot element (b) Kelvin — Voigt model

Figure 6.1: The schematic diagram of springpot element and the Kelvin-Voigt
model [36, 42, 48].

The free oscillating spring mass springpot system can be represented by a three-
term homogenous fractional damping differential equation as declared in the follow-

ing equation:
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m oD}y (1) +c oDly(®) +ky(®) =0, (6.2)

where t > 0, 0 < a < 2, mis the mass, c is the springpot coeflicient, and k is the
stiffness coefficient of the spring. Because a vibrating system is considered, the first

term derivative order must be 2, so the fractional order of the first term of Eq.(6.2)

B=2.

An analytical method is introduced to obtain the solution of Eq.(6.1). The ob-
tained solution is compared with the solution of one of previous methods that ob-
tain the solution of such equation. Those methods give explicit solutions to Eq.(6.1)
based on the R-L fractional derivatives, the M-L functions, and the Wright functions
[21, 44, 66, 72]. An investigation of the analytical solution that is obtained by us-
ing the Wright function is done, and its solution is compared with the solution of the

introduced method.

6.2 An Analytical Method to Obtain the Response of a Free Oscillating Frac-
tional Damping Vibrating System

The Wright function or the nth derivative of the M-L function [44, 93], which is given
in Eq.(6.4) is used to obtain the solution of the system given by Eq.(6.2). The solution
of the system, based on these functions, is represented in Eq.(6.3). This solution is
valid for t > 0, 0 < @ < 2. By means of these functions, the time domain response of

the above system can be obtained as follows [66]:

o (_kY
y(@® = Z ( n:) " (n+ 1D (—El‘z_“) + £
n=0

n! Qn+1,2-a)|\ ™ m

(=)

n:

+1,1
l,(2n+2—a) 1\{;1 (fl ) (_£t2—(z) (63)
2n+3-a,2—-a)|' M

M

The general formula of the Wright function ,'¥, is given by Eq.(2.10). As a
particular case for p = ¢ = 1 the Wright function ¥, can be declared as follows [44]:
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(n+1,1) N Te+j+D) o
: (an+pB, @) @ = ]Z:(; [(an + 6+ aj) j!

a7

where @, and S (in our study 8 = 2) are the derivative operator orders, and the function

Eop(2) . (6.4)

C o
_l_2 @
m

z can be a function of time. In our system, this function is define as z = —
14

The Wright function can be given as 8—Ea/ g (2). This expression is the n'™ partial
rA

derivative of the two-term M-L function of the function z. The Wright function that is

introduced in Eq.(6.3) can be written as following:

c —aj
n+1,1) ( Ctz‘“) _i F(n+j+1) (—;tz )
11 Qn+1,2-a)\ m p rn+1+Q2-aj) Jj!

(6.5a3)
wl| e e g T (-ci)
P Qn+3-a,2—-a)|\ m _j: rn+3-a+Q2-a)j Jj!

(6.5b)

Example 6.1 Consider a free fractional oscillating system with a mass

m = 2 kg, a dissipative coefficient ¢ = 0.3 —.a stiffness k = 2 —, and

m m
a derivative order of the dissipative force @ = 1.1. This system can be
represented by the following equation:

20Dy (1) +0.3 oDy +2y() =0. (6.6)

The response of the system, according to the solution that is given by
Eq.(6.3), 1s

—1)"
y(@ = Z ulzn 1‘{’1[

(n+1,1) ‘(_@,0.9)} L 03

~  n! 2n+1,0.9) 2 2
N (_l)n (2n+0.9) (l’l + 1, 1) 0.3 0.9
ST ! Fillon+ 19,0973 || ©7

The responses of the system, with the given system parameters values,
are depicted in Fig. 6.2.a, whereas the other subfigures represent the re-
sponses of the same system for different system parameters.
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Figure 6.2: Responses of a mass spring springpot system by using Wright function
for different system parameters values.

Figure 6.2 illustrates the responses of the system that is given by Eq.(6.6).
The responses which are expressed in time domain are obtained by Eq.(6.3).
The indexes of the solution 7, and j are truncated at high values; however,
both indexes n, and j go to infinity. The values of indexes truncations are
just about eighty. That is because of the capabilities of the computation
facilities that are used to obtain the responses. Therefore, the truncations
cannot be increased more. If the truncations increase more than eighty,
the responses go to infinity before reach the steady state.

The subfigure Fig. 6.2-a is plotted for a fractional damping force coef-

; N
ficient ¢ = 0.3 — T, amass m = 2 kg, a stiffness k = 2 —, and a
ml-

fractional derivative order of damping force @ = 1.1. For the olgler sub-
figures, the parameters values are changed and the responses changed as
well according to the given system parameters. In comparison between
the subfigures Fig. 6.2-b and Fig. 6.2-c, the effect of the damping force
coeflicient is clear. It’s obviously from the comparison of the subfigures

: . : N.s"%
that the system response with damping force coefficient ¢ = 0.3 ——
mo-

represents under damped system response, whereas the system response

0.8

with damping force coefficient ¢ = 1.2 is close to the critical

m0-8
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damped response. Moreover the subfigures Fig. 6.2-a and Fig. 6.2-d
illustrate the effect of the fractional order of the damping force derivative
operator « in the second term of the system. It’s concluded from the sub-
figures that as the fractional order « is taken far from one, the overshoot
of the system response and the settling time increase.

6.3 Analytical and Graphical Comparisons between R-L and Direct Method

Fractional Derivative of the Exponential Function e*

There are many methods to express the fractional derivative of the exponential func-
tions such as Caputo fractional derivative, R-L fractional derivative, etc. This section
discuses the comparison between the R-L fractional derivatives and the Direct method

solution, oDfe” = a“e™, of the fractional derivative of exponential functions.

The fractional derivative of the exponential functions can be done, just by, iden-

tical to the integer order derivative such as the following:

dl’l

%eat = q"e™ , (68)

where 7 is the derivative integer order, n € N. Comparing with fractional order

derivative for the same function, one can write the following [77, 82, 86]:

dn
% eat — OD;I eat

= qa%e“, (6.9)

where « is the fractional order of the derivative, @ € R.
Proof.

Additional to the investigations that were introduced in chapter 2 more empha-
size is done in this chapter in order to evaluate the two methods of fractional deriva-
tives. Since all the range of the R-L fractional derivatives have the same logic, let’s
start with the R-L fractional derivative, for n = 2, of the exponential function as

follows:
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R S ft i a>0 (6.10)
T T rTQ-war Jy (1—oe ' '
Consider I' (n) = (n — 1)!, and derive the R-L fractional derivative of the expo-

nential function that given in the last equation to obtain

De ur @ . atl—a . a2t2—a . a3t3—(t .. aktk—oz . aPr—a (6 11)
e = et .
0T (—)! (1I-ao) QC-a! G-ao)! (k—a)! (p-a)!

The above equation can be rewritten as a series with respect to p. It is noticeable
from Eq.(6.11) that as p — oo, « can be neglected. Equation (6.11) represents the
end result of the R-L fractional derivative of the exponential function, where p — oo.
A variable k can be introduced as a certain truncation of the index p. On other hand,

from the right hand side of Eq.(6.9) the following series can be expressed:

(9]

" (ay’™ 1 at'=
@ - (ol (- C-a! G-a

a2t2—a a3 t3—a

(6.12)

p=0

It is concluded from Eq.(6.11) and Eq.(6.12) that when a truncation k is taken for

p in Eq.(6.12), both equations are equal to each other, so the following can be written:

a N (a[)p—w _ a at
a ; m = ODte (613)

In Eq.(6.13) as p — oo, «@ can be neglected in the summation, and the last equation

can be rewritten as follows:

o (a)”
a” = oDfe” (6.14)
; (p)!

Because the summation is just a Taylor series expansion of the exponential func-

tion [89], so the above equation can be rewritten again as follows:
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= a%e”, (6.15)

In conclusion, from the above proof, the R-L fractional Derivative of exponential
function and the fractional derivative that is obtained by the Direct method (D¢ =
a”e™ are equal to each other, when the truncation of p is high with respect to a. A
graphical investigation for certain values of the coefficient a, and the order @ can
verify the equality between the R-L fractional derivative, and the Direct fractional

a jat
e

derivative (D{e” = a®e" as illustrated in Fig. 6.3.

3600 _ ; , :
R-L. solution : ; :
" ;
3000 Direct I_nethod. solut:mp ..................................... i
2500
e
iy
=
n 2000
S
ad_ 1500
]

1000

a00

Figure 6.3: comparison between R-L and Direct method fractional derivatives of an
exponential function for @ = 0.5.
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6.4 A Hybrid Method to Obtain the Response of a Freely Oscillating Fractional

Dynamical System

Second order homogenous differential equations with fractional order dissipation term
can be easily and fast solved by using the fractional derivative direct method of the
exponential function. By exploiting the relationship between the trigonometric func-

tions and the exponential functions the following can be satisfactory:

oD sin (7) = sin (r ; %) 6.16)

By exploiting Eq.(6.15), and Eq.(6.16) the solutions of second order homoge-
nous differential equations with fractional order dissipation term can be obtained. This
is done by determining the characteristic equation of the fractional order system, eval-
uating the stability of the system, and then obtaining the corresponding responses of

the system.

6.4.1 Characteristic Equation of the Fractional Order System

Starting with the free oscillating fractional damping vibrating system that is repre-

sented by Eq.(6.2), with initial conditions

y(0) = yo (6.17a)
ooy < (2
oDfy(0) = ( T )O (6.17b)

The fractional characteristic equation of the system can be written as follows

[79, 96]:

ms>+ces“+k=0, (6.18)

where « is a rational number, and can be expressed as (X) [96, 99]. In order
u

to obtain the roots of the characteristic equation of the system, we have to determine
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the Least Common Multiple (€) of the characteristic equation exponents [96, 102].

Therefore, the above characteristic equation is rewritten in terms of £ [102] as follows:

mst +cst +k=0, (6.19)

where v; and v, € N.

Map the s-domain into w-domain, which is also a complex domain, [18, 106,

109] by means of the following relationship:

w=st. (6.20)

Substitute Eq.(6.20) into Eq.(6.19) to obtain the w-domain characteristic equa-
tion [96, 113] as following:

mw' +cew”? +k=0, (6.21)

The order of the above equation is max [v;] : i =1,2,3,..., [113] which usually
is high. Thus the number of the roots of w-domain characteristic equation is high as

well. A computer program can be used to obtain them.

6.4.2 Stability of the Fractional Order System

Stability is one of the important properties of a dynamic system, which can be ana-
lyzed by means of different methods [116]. The external stability, in time domain,
can be measured by using the concept bounded input-bounded output (BIBO) [120].
The system is BIBO-stable if any bounded input results with bounded output [122].
A linear time invariant (L7']) system with impulse response is stable, if the following

necessary and sufficient condition is satisfied [122]:
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foo lh (D] dt < oo, (6.22)
0

where /(1) is impulse response, and the output of the system is defined as follows

[96]:

h(t) * u(t)
f h(u(t—-71)dr. (6.23)
0

y (@)

The stability can be also analyzed via s-domain by taking the transfer function of
the open loop system. This can be done by obtaining the characteristic equation of the
system by means of s-domain, and transforming the s-plane into w-plane [116]. This
technique of stability analysis is used when dealing with fractional order system [96],
such as the system that is given by Eq.(6.2). This analysis can be accomplished by
mapping the s-domain into w-domain system characteristic equation. Once the roots
of Eq.(6.21) are obtained, the system stability can be analyzed by considering the w-
plane, and the Riemann surface of the system. The Riemann surface of the system can
be plotted and whose sheets’ number is defined to be equal to ¢ [125]. For instance,
The Riemann surface of a system characteristic equation with ¢ = 10 is illustrated in

Fig. 6.4. As the figure shows there are ten sheets in this Riemann surface.

Only the first sheet is a significance sheet, in which the stability of the system is
analyzed according to the w-plane. The other sheets are located in the Non-physical
region. The location of the first sheet is defined as —% <¢ < % [106]. The unstable
region is defined inside the first sheet of the Riemann surface [106], and located in the
region LI ¢ < 7 4s illustrated in Fig. 6.5. This figure represents the w-plane of

2t 2¢
the characteristic equation of the fractional order system.
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Figure 6.4: Ten-sheet Riemann surface of characteristic equation with £ = 10.
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Figure 6.5: w-plane of fractional order system characteristic equation.
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6.4.3 General Solution of the Fractional Order System

To check the stability, map the roots again into the s-domain by using the relationship
s = w'. The obtained roots are s-domain roots of the system open loop characteristic
equation. This s-domain roots will be considered in the system solution. If the system
is stable, then only one root, in w-plane, locates in the physical stable region. The
corresponding s-domain root to that root is selected to be the root ((@; + B;i) that is
substituted in the solution of second order homogeneous differential equation with

given conditions. This solution can be given as follows:

y () = e (cl cos (B1t) + ¢ sin (,Blt)) , (6.24)

where the roots (a; * i), represents the roots of the characteristic equation of the
open loop system in s-domain. The following example explains the introduced method
with stability analysis to obtain the response of free oscillating fractional damping

system.

Example 6.2

Consider the free oscillating fractional system that is modeled by Eq.(6.2),

N.s"8
with the following system parameters: mass m = 2 kg, ¢ = 0.4 %,
mo-

N
k =2 —, and @ = 0.8. The system is subjected to initial conditions
m

y(0) =yo (6.25a)
N B day
olby«D-—(dﬂ)o. (6.25b)

The characteristic equation of the system is expressed as follows:

25> +0.4s°% +2 =0. (6.26)

. . . . . 1%
The fractional derivative order « can be written as rational number — =
u
8 ) .
10 Therefore, ¢ of the denominators of exponents 2, and 0 is € =

5. Consider ¢ to rewrite the above characteristic equation that given by
Eq.(6.26) as following:
10 4
255 +04s5 +2=0. (6.27)
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The s-plane is mapped into w-plane, where w = s%, to obtain

2w + 04wt +2 = 0. (6.28)

Now, let’s obtain the roots of w-domain characteristic equation. The roots
in w-plane and the absolute values of corresponding arguments (angles in
rad) are illustrated in the following table:

Table 6.1: The w-domain roots and the corresponding absolute
values of arguments of w-domain characteristic equation.

Wi Ia"g(wi)l
—-0.9513 + 0.3290; | 2.8086
—-0.9513 - 0.3290; | 2.8086
—-0.5879 + 0.7889i | 2.2112
—-0.5879 - 0.7889i | 2.2112

0.0000 + 1.0198; | 1.5708
0.0000 - 1.0198; | 1.5708
0.9513 + 0.3290i | 0.3330
0.9513 - 0.3290i | 0.3330
0.5879 + 0.7889i | 0.9304
0.5879 — 0.7889i | 0.9304

S| 0| S| N| O\ L K| Wl tof ~| =

The stability of the system can be analyzed by using the Riemann surface
and the w-plane, as explained in the following:

Consider the w-plane roots of the system, among them, the physical sig-
nificance roots lie in the primary sheet of the Riemann surface, which is
illustrated in Fig. 6.6. Since the Least Common Multiple of the s-domain
characteristic equation that is given in Eq.(6.27) is 5, then the Riemann
surface has five sheets. The condition of the system stability states that
none of the w-domain roots lies on the unstable region of the w-Plane.
This plane is illustrated in Fig. 6.7. The unstable region locates in the
first sheet of the Riemann surface. The first sheet is demonstrated, in

the w-plane, by —g <arg(w; < T The conjugate seventh and eighth w-
roots locate in the physical region (the first sheet of the Riemann surface),
so they must be checked, whether they are located in the unstable region
or not. The unstable region is demonstrated by —1ﬂ—0 <arg(w;) < %, as
illustrated in Fig. 6.7.

Now, our aim is to check whether the seventh and eighth w-roots locate in
the stable or unstable region of the physical domain. Since their argument

is 0.3330 = 94—7;4, then the they locate in the stable part of the first sheet

region of the Riemann surface. That means the system is stable, because
all the absolute values of the other w-roots arguments are greater than the
absolute value of the arguments of the seventh and eighth w-roots.
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Figure 6.6: Five-sheet Riemann surface of characteristic equation with £ = 5.
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Figure 6.7: w-plane of fractional order system characteristic equation that given by
Eq.(6.28).

Map w-domain roots again to s-domain. This can be done by the expres-
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sion s = w'. The s-domain roots of the system characteristic equation are
illustrated in the following table:

Table 6.2: The s-domain roots of the fractional order system
characteristic equation that is given by Eq.(6.27).

Si
0.0970 + 1.0286i
0.0970 — 1.0286i
0.0558 + 0.9200:
0.0558 — 0.9200i
0.0000 + 1.1029:
0.0000 — 1.1029:
-0.0970 + 1.0286i
-0.0970 - 1.0286i
—0.0558 + 0.9200i
—0.0558 — 0.9200i

[ \0| S| N[ O L A Wl Mo ~| ~.

The system is stable, then there is only one conjugate root lies on the
physical stable region of the w-plane. So in order to obtain the response
of the fractional order system choose the root, in s-domain, that corre-
sponds to the w-domain root that locates in the physical stable region.
This conjugate s-domain root is s = —0.0970 + 1.0286i. Substitute this
root into the solution of the second order homogenous ordinary differen-
tial equation of under-damped system. The solution is given by Eq(6.24).

The aim, now, is to obtain the arbitrary constants c¢;, and ¢,. The first
arbitrary constant can be determined by substituting the value of the initial
time, 1y = 0, into Eq.(6.24), and using the first initial condition as follows:

y(0) = €° (c; cos (0) + ¢, sin (0)) . (6.29)

From the last equation, the arbitrary constant ¢; = y,. The second arbi-
trary constant c,, with the assumption (D{y (0) = 0, can be obtained for
t = 1y as follows:

()D;Iy (0) OD;Y [e””o (Cl CcoS (ﬁl to) + c sin (ﬂl to))]

= 0. (6.30)

For t, = 0, the arbitrary constants c;, and ¢, are given by

Cc = Yo, (6313.)

C1 (03] “ am
- = [(E) +cos(7)l . (6.31b)
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Substituting the values of the arbitrary constants that obtained in Eq.(6.31a)
and Eq.(6.31b) into Eq.(6.24) to obtain the response of the fractional or-
der system as follows:

y (t) = em’yo {COS (ﬁ]t) - @ l(%) + COS (%T)] sin (ﬂlt)} .
(6.32)

The last equation represents the general formula of the solutions of Eq.(6.2)
with the given parameters and initial conditions regardless the value of
derivative fractional order @. Substituting the given fractional order value
a = 0.8 of the fractional order system into Eq.(6.31) to obtain the arbi-
trary constants values followed by the system time domain response.

The first arbitrary constant ¢; = yy, and the second arbitrary constant for
given system parameters is given by

Yo ~0.0970\"* 0.87
. =21 6.33
© sin (237) [( 10286 ) T\ 72 (6.33)

The system time domain response for the given fractional order @ = 0.8,
of the system with its given parameters, is expressed as following:

0.8
( —0.0970) coS 87

y(0) = ey L cos (1.02867) — |20 L 4 2/ 1sin (1.0286¢)
sin (%) sin (%)
(6.34)
The following figure depicts the above response of the system, that is

obtained in Eq.(6.34).

y(t) (m)

-0.02

-0.04 -

-0.06 |

-0.08 ! i i i L i i
0 10 20 30 40 50 60 70
t(s)
Figure 6.8: The response of the fractional order system that is given by Eq.(6.26)
using the introduced method for & = 0.8.
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The responses of the system can be obtained using the same method for differ-
ent system parameters. A comparison between the integer order and fractional order
representations for order @ = 1 is depicted in Fig. 6.9. The behaviors of the system

responses for different fractional order a values are illustrated in Fig. 6.10.

¥(©) (m)

Figure 6.9: Integer versus fractional representation for @ = 1 of the system that is
given by Eq.(6.26).

0.1

0.03

0.06

0.04

0.02

¥y (m)

0020} ¢

004}

-0.06

-0.08

Figure 6.10: Responses of the system obtained by using the introduced method for
different a values.
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It’s concluded from Fig. 6.9 that the integer order representation and the frac-
tional representation for @ = 1 exactly match each other. Moreover Fig. 6.9 and Fig.
6.10 show that the integer representation and the fractional representation for @ = 1
give the minimum settling time. On contrary, there are some systems represented in

fractional order models due to their behaviors [48].

If the initial fractional derivative of y () is considered as (D,y (0) = v, then ¢, is

given by

/s

Vo — Yo B} 08 (%) = Yoar{

QX o1 an
B sm(;)

(6.35)

Cyr =

Figure 6.11 illustrates the responses of the fractional representation of the system
for @ = 1 and the integer representation when the initial fractional derivative of y (¢)

is considered.

0.25 T T T
: : : | = Fractional Rep. a~=1

0.2 .: .......... ............ ............ o = Integer Rep.

0.15 44
01bd

0.05 -4

y(t)

10 20 30 40 S0 60 70

Figure 6.11: Responses of the system for fractional representation with « = 1 and
the integer representation when the initial fractional derivative of y (¢) is considered
where yo = 0.1 and vy =0.2.

Let’s consider a certain free oscillating fractional system. For this system, table

6.3 shows the w-domain roots that are located in the Physical stable region. These sys-
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tem roots is obtained for different o values. The table shows also the corresponding
absolute arguments. Moreover it shows the limits of the Physical region and the un-
stable region of each case. Furthermore the table illustrates corresponding s-domain

roots. These roots are used to the obtain the responses of the system for each case.

Table 6.3: The w-domain roots and the corresponding absolute values; physical, and
unstable regions limits, and s-domain roots for a free oscillating fractional order
system.

(7 w |arg(w)| /2 n/t s

0.2 | 0.9665 + 0.3198; | 0.3195 | 0.3142 | 0.6283 | —0.0293 + 1.0928i
0.5 | 0.7080 = 0.7562i | 0.8183 | 0.7854 | 1.5708 | —0.0706 + 1.0708i
0.8 | 0.9513 £ 0.3290; | 0.3330 | 0.3142 | 0.6238 | —0.0970 + 1.0286i
1.1 | 0.9845 £ 0.1659: | 0.1669 | 0.1571 | 0.3142 | —0.0968 + 0.9787i
1.5 | 0.6598 + 0.7047i | 0.8183 | 0.7854 | 1.5708 | —0.0613 + 0.9298i
1.8 | 0.9326 £ 0.3086i | 0.3195 | 0.3142 | 0.6283 | —0.0245 + 0.9144i

The whole w-domain roots of the system are shown in table 6.4 through table
6.9 for different o values. The w-domain roots that are located in the physical stable
region are shown in highlight font. The corresponding absolute arguments, and the

s-domain roots are demonstrated in the tables as well.

Table 6.4: The roots of a free oscillating fractional order system,
and their absolute arguments for @ = 0.2.

Wi |ar g(Wi)l Si
0.9665 + 0.3198; | 0.3195 | —0.0293 + 1.0928i
0.9665 — 0.3198; | 0.3195 | —0.0293 — 1.0928i
0.5828 +0.8275i | 0.9572 0.0781 — 1.0596i
0.5828 — 0.8275i | 0.9572 0.0781 + 1.0596i
—-0.0199 + 1.0014i | 1.5906 | —-0.0998 + 1.0030:
—-0.0199 - 1.0014i | 1.5906 | —-0.0998 — 1.0030:
—-0.5954 + 0.7897i | 2.2169 0.0838 — 0.9423i
—-0.5954 - 0.7897i | 2.2169 0.0838 + 0.9423i
—-0.9340 + 0.2960i | 2.8347 | —0.0328 + 0.9024i
—-0.9340 - 0.2960i | 2.8347 | —0.0328 —0.9024i

S\DOO\IO\LALUJNHnA.
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Table 6.5: The roots of a free oscillating fractional order system,
and their absolute arguments for & = 0.5.

Wi |ar g(Wi)l Si
0.7080 + 0.7562i | 0.8183 | —0.0706 + 1.0708:
0.7080 — 0.7562i | 0.8183 | —0.0706 — 1.0708:
—-0.7080 + 0.6562i | 2.3941 0.0706 — 0.9292i
—-0.7080 — 0.6562i | 2.3941 0.0706 + 0.9292i

B WO N |~

Table 6.6: The roots of a free oscillating fractional order system,
and their absolute arguments for @ = 0.8.

Wi |ar g(Wi)l Si
—-0.9513 + 0.3290i | 2.8086 0.0970 + 1.0286i
-0.9513 - 0.3290: | 2.8086 0.0970 - 1.0286i
-0.5879 4+ 0.7889i | 2.2112 0.0558 — 0.9200i
—-0.5879 - 0.7889:i | 2.2112 0.0558 + 0.9200i

0.0000 + 1.0198i 1.5708 0.0000 + 1.1029i
0.0000 - 1.0198i 1.5708 0.0000 - 1.1029i
0.9513 + 0.3290; | 0.3330 | —0.0970 + 1.0286:
0.9513 - 0.3290; | 0.3330 | —0.0970 — 1.0286i
0.5879 + 0.7889i | 0.9304 | —0.0558 —0.9200i
0.5879 - 0.7889i | 0.9304 | —0.0558 + 0.9200i

o]0 %0 Q| | B W | = =
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Table 6.7: The roots of a free oscillating fractional order system,
and their absolute arguments for & = 1.1.

Wi Iar g(Wi)l Si
—-0.9907 + 0.1468i | 2.9944 0.1005 — 1.0099i
-0.9907 - 0.1468i | 2.9944 0.1005 + 1.0099i
—0.8829 + 0.4597i | 2.6615 0.0842 + 0.9512i
—-0.8829 - 0.4597i | 2.6615 0.0842 - 0.9512i
-0.7172 + 0.7070i | 2.3634 0.0768 — 1.0706i
-0.7172 - 0.7070i | 2.3634 0.0768 + 1.0706i
—-0.4461 + 0.8851i | 2.0376 0.0407 + 0.9144i
—-0.4461 - 0.8851i | 2.0376 0.0407 — 0.9144i
—-0.1596 + 0.9973i | 1.7295 0.0175 — 1.1046i
10 | =0.1596 — 0.9973i | 1.7295 0.0175 + 1.1046i
11 | 0.9845 + 0.1659: | 0.1669 | —0.0968 + 0.9787i
12 | 0.9845 — 0.1659: | 0.1669 | —0.0968 — 0.9787i
13 | 0.8991 +0.4480; | 0.4622 | —0.0939 —1.0418i
14 | 0.8991 —0.4480i | 0.4622 | —0.0939 + 1.0418i
15 | 0.6972+0.7070i | 0.7924 | —0.0648 + 0.9294i
16 | 0.6972-0.7070i | 0.7924 | —0.0648 —0.9294i
17 | 0.1534 + 0.9783i 1.4152 | -0.0138 + 0.9068i
18 | 0.1534 - 0.9783i 1.4152 | —-0.0138 —0.9068i
19 | 0.4622 + 0.8969i 1.0950 | —0.0504 — 1.0926i
20 | 0.4622 - 0.8969i 1.0950 | —0.0504 + 1.0926i

O 0| | O\ | | W NI —| =~.

Table 6.8: The roots of a free oscillating fractional order system,
and their absolute arguments for @ = 1.5.

Wi |ar g(Wi)l Si
—0.7598 + 0.7042i | 2.3941 0.0813 - 1.0700i
—-0.7598 — 0.7042i | 2.3941 0.0813 + 1.0700i
0.6598 + 0.7047i | 0.8183 | —0.0613 + 0.9298i
0.6598 — 0.7047i | 0.8183 | —0.0613 — 0.9298i

AW =~
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Table 6.9: The roots of a free oscillating fractional order system,
and their absolute arguments for & = 1.8.

Wi Iar g(Wi)l Si
-0.9729 + 0.3083:i | 2.8347 | —-0.0402 + 1.1067i
-0.9729 - 0.3083i | 2.8347 | —-0.0402 - 1.1067i
—-0.6088 + 0.8074i | 2.2169 0.0936 — 1.0529i
-0.6088 — 0.8074i | 2.2169 0.0936 + 1.0529i
—-0.0198 + 0.9982i | 1.5906 | —0.0983 + 0.9872i
—-0.0198 - 0.9982i | 1.5906 | —0.0983 — 0.9872i

0.5689 +0.8077i | 0.9572 0.0692 - 0.9387i
0.5689 — 0.8077i | 0.9572 0.0692 + 0.9387i
0.9326 + 0.3086i | 0.3195 | —0.0245 + 0.9144i
0.9326 — 0.3086i | 0.3195 | —0.0245 — 0.9144:

2| el 00| 2| o\ v B W 1o —| ~.

6.5 Comparison between the Wright Function and the Hybrid Method Solu-

tions

There are many methods to obtain the response of the fractional order system. Using
the Wright function is one of analytical methods that are used to obtain the response
of free oscillating fractional order system [66]. Comparisons between the analytical
method based on the Wright function and the introduced method are illustrated in Fig.

6.12.

117



0.25

m=2, c=0.4, k=2. —— Wright Function, «=0.8 m=2, c=0.4, k=2.

0zl 3 ——Hybrid Method, c=0.8 UL,

¥ () (m)
y(t)(m)

015F -

—=— Wright Function, a=1.1

: : H : —+— Hybrid Method, «=1.1
01 i i i H i H H i
0 10 20 30 40 50 60 70 5 10 15 20 25 30 35

02k

t(s) t(s)
(@ =08 b)) a=1.1

ozboib b T =2 e=0.a k=2,

¥ (t)(m)
¥(t)(m)

—— Wright Function a=0.5 ¥ —=— Wright Function, a~1.5

g S Hybrid Method a=0.5 - . . ; —+— Hybrid Method, a=1.5
5 10 15 pl} pt 30 35 40 45 50 55 ’ 10 20 30 40 50 60
t(s) tis)
) a=0.5 d) a=15

Figure 6.12: A comparison between the Wright function and the introduced method
solutions.

In comparison between the two methods, as Fig. 6.12 illustrates, the introduced
method has some advantages over the using of the Wright function, such as whatever
the parameters are, by using the introduced method the response of the system can
reach the steady state, if there is. In the solution that is obtained by using the Wright
function the steady state, in some system, can’t be reached. Moreover, the computa-
tional cost is very high of the solution obtained by using Wright function comparing
with the usage of the introduced method. Furthermore, due to the indexes truncation
the accuracy of the hybrid method is higher than the accuracy when the Wright func-

tion is used.
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6.6 Modeling of a Freely Oscillating Dynamical Systems by Using Extended
FELEs

The freely oscillating dynamical system can be modeled by using the FELEs as intro-
duced in chapter 5. The FELEs model of free oscillating single pendulum system is
given by Eq.(5.17). In this model, the damping force is proportional to the velocity
with time varying coefficient. For different damping behaviour the free oscillating
system can be modeled by three-term FODEs. This model is given by Eq.(6.2), in
which the damping force is proportional to the fractional derivative of the displace-
ment with time invariant coefficient. Both models can be combined, depending on the
damping behaviour of a freely oscillating dynamical system, to represent the system

model as following:

Consider a free oscillating single pendulum with length / and uniform mass dis-
tribution. The equation of motion of the system represented by the combined model

is given by

, -1
o(r) + (; oD (1) + w2sinf (1) = 0, (6.36)
-7

where (3 (¢) represents the variable order of fractional derivative of the angular dispace-
ment 0, w, = +/2g/! is the natural frequaency of the system, « is the R-L fractional

integral order, 7 is an intrinsic time, and ¢ represents the observing time .

Now our aim is to obtain the solution of the linearized system that is given by

Eq.(6.36).

6.6.1 Methods and Methodologies

Numerical techniques are used to approximate the derivatives solutions of Eq.(6.36).
The finite difference method is used to approximate the first term and the second term
is approximated by the Coimbra fractional derivative [143] and the finite difference

technique. The third term is linearized such that the oscillation angle is small.
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Applying the finite difference method to € (¢) to obtain

2 3
0(t,r1) = 0(t, + h) =0(t,) + ho (t,) + %é(rn) + %9 ) + ..., (6.37a)
2 3
0(t,.1) = 0(t, —h) = 0(t,) — hO () + %é(zn) - 5'@' t) + ..., (6.37b)
0(,)=60(@,+0)=0(,), (6.37¢)

where £ is the time increment. Subtraction of Eq.(6.37b) from Eq.(6.37a) yields

0(t) = % ¥ O(hz) . (6.38)

Add Eq.(6.37a) to Eq.(6.37b) and subtrate twice Eq.(6.37c) to obtain

6n+1 - 26}1 + en—l
h2

(1) = + O(hz) . (6.39)

The fractional derivative ODf “9 (1) can be approximated by using Coimbra frac-

tional derivative as following [143]:

@ 4, 00 =0(0)

. 6.40
c “rTh-gay - 40

0 _ 1 Lf% - 99
oDt = mrr—ges | =07 =

The discretization of the integral that is given by Eq.(6.40) can be done as fol-
lowing for 0(07) = 6(0") [144]:

n—-1 ;
0) _ 1 s 90
oD}"0 (1) = =B 0)] ;L (t. — ) A a¢ . (6.41)
96 ({)

Applying forward difference approximation to yields

4
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-l ’J+1 0 —-0(t;
Ofo(t)Q (t,) = 1 —ﬁ(tn) ]Z:(;f g)—ﬁ(u) [w + h.El]dg“

(6.42)
1 = 6(J+1) 6( )ft’“ Bltn)
= t,— )" dl + Eq, .
F[l —ﬁ(tn)] o h ; ( é/) { 1
where the error Ey, can be given as
I R

== t, — “h.E\dl . 6.43
"= T g JZ; 60 1d¢ (6:43)

Solving the integral of the first term of the right hand side of Eq.(6.42) yields

n—1
DO = ﬁ(tn) Z{ = ()[‘(t"‘tf”)lm")+(fn—ff)lW]}

J
(6.44)

For j =0,1,2,...,n — 1 the following can be considered:
[0 1) = (o= )| = 0 [~ 0 - 1) wherea e B

Then Eq.(6.44) can be written as

—0(t, n—1 1) = .
n =0
-1

h o) s ‘ .
RS AITS] 2. {[(n—])l ) _ (= j—1)! >] [9(%) _e(tj)]} .
(6.45)

3 \.

Substitute Eq.(6.39) and Eq.(6.45) into Eq.(6.36) and consider the linearization

to obtain
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0 (tpe1) — 20(t,) + 0 (t,_1) L2 1 Bl
w2 =7 T[2-B(1)]

n— {[(n R (o 1)1—ﬁ<rn)] [9 (th) - e(tj)]} +w0(t)=0.

(6.46)

1
=0
Open the summation for j = n — 1 and rewrite Eq.(6.46)as follows:

0 (tn) =26 (1) + 6 () @~ 1 Jy=0)
a t—7 T[2-B ()]

n—

\ A\ =B - Bty a—-1  pf®
j=0 {[(” =D~ (= - 1) [9 (t1) - 9(%‘)]} -t T2-B)]

[0 = (=)' — (= (= 1) = 1)! PP [05,) = 0(t-)] + W0 (1) = 0 .
(6.47)

Multiply both sides of Eq.(6.47) by #?, consider the initial conditions, and take

into account [(n —=-1)"P"Y —(n—(n-1)- 1)1_ﬁ(t”)] = 1 to obtain

J2B) (@-1)
(ta = DT 2= B )]}

2 {[(” )P == = 1)) [6 (1) -6 (fj)]} (6.48)

2B (@-1)
+
(tn =D {C[2- B @)]]

g(tn+l) - 20 (tn) + Q(tn—l) +

n—

J=

[0(,) — 0(t,_1)] + Pw?6(t,) = 0.

6.6.2 Verification and Numerical Results

The second order homogenous variable coeflicients differential equation is consid-
ered as a particular case of Eq.(6.36). This can be accomplished by taking S () = 1.
Consider the linearity of sinf (¢) for small oscillation, the solutions of the integer rep-
resentation and the fractional representation must be identical for 8(f) = 1. This is

shown in Fig. 6.13 in which the integer and fractional representations solutions are
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obtained by using Runge-Kutta numerical technique and the introduced approxima-

tion, respectively. The figure illustrates that both solutions are identical to each other

for g = 1.

< Introduced Method a=1 p=1
—#— Runge-Kutta a=1 p=1

©  Introduced Method a=0.8 p=1
—+— Runge-Kutta a=0.8 p=1

60
S0

6 (deg)

0 (deg)

y I .
0o 05 1 15 2 25 3
t(s)

b a=1&p8=1

(@ a=08, &B=1

C  Introduced Method c=1.2 p=0.5
.{ ——Runge-Kutta a=1.2 p=1

< Introduced Method a=1.2 p=1
—+— Runge-Kutta a=1.2 p=1

30%
i

20 4
]

W Fee .I‘ ......
b

0 (deg)

0 (deg)

-10

20k AR
1 .

d a=12, &B=05versus.f =1

©ae=12,&B=1

Figure 6.13: A comparison between the integer and fractional representation solutions
obtained by using Runge-Kutta numerical technique and the introduced approxima-
tion, respectively, for free oscillating system modeled by extended FELEs.

For 0 < 8 < 1, selected values of § are tested for @ > 1 and @ < 1 as shown
in Fig. 6.14-a and Fig. 6.14-b, respectively. It’s concluded from Fig. 6.14 that the
response of the system reaches the steady state earlier, as S be close to one for @ > 1.

For a < 1 the divergence of the system increases, as 8 increases.
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Figure 6.14: The effect of 5 value on the system responses,a:a > 1, b:a < 1.

The effect of « is investigated in Fig. 6.15 in which the following can be con-

cluded: For a < 1, as a decreases, the divergence of the system increases, while for

a > 1, as @ increases, the convergence of the system increases for the same values of

B. For @ = 1 there is no dissipation force acting on the system.

0GP0 (e

0 (t, P, o)

0.t p(t) ) (deg)

(a) a=05:1.5

6 (i, p(), o

IS
d
2

2

40 0]

) a=0:4. d a=0:4.

Figure 6.15: Illustration of the effect of @ value on the system responses.
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It’s inferred from Fig. 6.15 that the system response is convergent for @ > 1.
That is because of the positive damping force effect. The convergence of the system
responses due to varying S values is demonstrated in Fig. 6.16. It’s noticeable from

the figure that for different values of @ > 1 the system is convergent, if 0 < 8 < 2.

| a=1.5

6 (1) (deg)

0 (1) (deg)

0 (1) (deg)
0 (t, p(t), @)

0s lI l.‘Z 1.‘4 liﬁ 1.‘8 2" 2.‘2 Z.‘I 2.‘ﬂ 2.‘8
B
d a=11:24.

(c) a=2.

Figure 6.16: Illustration of the upper limit of S value.

In conclusion the introduced model represents an extended version of FELEs.
This version is given as a combination of two types of damped system model. In
the first model, the damping force is proportional to the fractional derivative of the
displacement [24, 30, 36, 42], and in the second one the coefficient of the damping

force is time varying [47]. In addition, the fractional order of the damping term is

given as a variable 8 (7).

The Coimbra fractional derivative and the finite difference technique are used to
approximate the solution of the model. The verification of the approximation shows
the accuracy of the approximation as illustrated in Fig. 6.13, where the approximated
solutions are compared with the solution of the Runge-Kutta numerical technique for

B (t) = 1. The convergence of the model is affected by the values of the R-L fractional

125



integral order o and the variable order of the damping term 8. That is shown in Fig.

6.14 through Fig. 6.16.

6.7 Comparison between the Hybrid Method and the Approximation Tech-
nique to Obtain the Solution of a Freely Oscillating Fractional Dynamical

System.

The approximation technique that is used to solve the model introduced in Eq.(6.36)
can be compared with the introduced analytical method. The later is discussed in
section 6.4. The comparison between the two techniques can be done for time in-
variant damping coefficient. The responses of the system obtained by both methods
must be identical for the same system parameters. Fig. 6.17 illustrates the comparison

between the two techniques.

Approximation p =08 g —— Approximation p =0.5
0.08 —' = Introduced Method a=0.8 0.08 ¥ == "Introduced Method o=0.5

y®
¥y

i L f i L i i L i i i i
o 10 20 30 40 50 60 70 0 10 il 30 40 30 60 0

t t
(a) a=8=038. (b) a=p8=05.
01 01
— Approximation p=1.1 : —— Approximation p=1.5

0.08 —' = Introduced Method a=1.1 0.08 —' = '*Introduced Method a=1.5

) E) N
- =, " N /

-0.02

POTI O R St e

PR SO O SR TONID: U . |

8L A

0.1 |

10 20 30 40 50 60 0
t
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Figure 6.17: Illustration of a comparison between the introduced method and the
approximation to solve a freely oscillating fractional dynamical system.
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CHAPTER 7

DISCUSSION and CONCLUSION

oscillating dynamical systems that are studied in the research are modeled by means
of the fractional calculus and calculus of variations. The responses of the systems are
investigated according to some considerations such as system parameters and initial
conditions. The considered fractional models of the oscillating systems are classi-
fied into two main types. The first formula is represented by homogeneous or non-
homogeneous three-term FODEs. The second formula is contingent upon the FELEs
modeling of oscillating systems. These models are represented by non-linear and lin-

earized second order homogeneous differential equations with variable coeflicients.

The FELEs derivation is based on the calculus of variations and the fractional
calculus. Specifically, it is based on the Fermat’s principle, the R-L fractional inte-
grals, and the Caputo fractional derivatives. The systems that are modeled by FELEs
in our research are hypothetically assumed to involve dissipation forces, however the
parameters of these dissipation forces can be experimentally identified. One of these
parameters is the R-L fractional integral order @. The second parameter is the intrinsic

time which is a time delay due to system performance.

The dissipation force, in this type of fractional modeling, is increased, as the R-L
fractional integral « increases, whereas this dissipation force is gradually decreased
due to the observed time effect. Additionally, the FELEs model gives a free oscil-
lating undamped model, if the R-L fractional integral @ equals one. Moreover, even
though the mathematical representations of these models are given by second order
homogeneous nonlinear differential equations with variables damping coefficients, the

FELEs are introduced as fractional models. This is because of the existence of the R-
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L fractional integral « in the damping term coefficients, and also it’s because of the
derivation of the FELEs is based on the fractional calculus. The non-linear systems
that are modeled by means of FELEs can be linearized by the same approaches that

are used in the linearization of integer order modeled systems.

The other formula of the fractional models, that is considered in the thesis con-
tains derivative operators subject to fractional order in the dissipation terms of homo-

geneous or non-homogeneous three-term FODE:s.

A comparison between extended fractional order representations that are given
by Bagley-Trovik equations of non-homogeneous three-term FODEs is done. The
comparison shows the effects of the fractional order operator @, and the external ap-
plied forces. It’s concluded from the comparison that for @ equals one the fractional
order representation and the integer order representation approximately match each

other.

The M-L functions, the M-L functions pairs, with some other functions, and their
Laplace transformations are studied and investigated. They are also exploited to ob-
tain the solutions of non-homogeneous three-term FODEs with two-fractional terms
for different values of @. Analytical and graphical comparisons between the fractional
representations solutions and the solution of second order order non-homogeneous
differential equation for same system parameters are done. It’s deduced from the
comparisons that when the fractional order @ equals one the fractional representation

and the integer representation solutions exactly identical.

Some real systems are modeled, as mentioned in section 6.1, by means of homo-
geneous three-term FODEs. The analytical method that is based on the Wright func-
tion and a hybrid analytical method based on integer and fractional calculus funda-
mentals are introduced. These methods are used to obtain the responses of fractional
order free oscillating systems. The systems are modeled by second order homoge-
neous three-term FODEs for different system parameters as particular cases. The
method that is based on the Wright function gives a general solution of the homo-
geneous three-term FODEs, whereas the introduced method gives the solution of a
particular case. This particular case can represent a real system. Even-though the

Wright function-based method gives a general solution, it’s inferred from the com-
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parison between the two methods that there are some advantages of using the hybrid
method over the usage of the Wright function-based method. These advantages in-
clude the following: Whatever the parameters are, the responses of the system, which
are obtained by using the hybrid method reach the steady state, if there is. On the
contrary, in the solution using the Wright function-based method the steady state, in
some system, can’t be reached. The program running time of the solution using the
Wright function-based method is too long. This long running time increases the com-
putational cost, whereas the running time to obtain the response of the same system
is couple of seconds, when the hybrid method is used. The stability of the system can
be analyzed before obtaining the response, when the hybrid method is used. The ac-
curacy of the hybrid method is better than the accuracy of the Wright function-based
method. That is because of the effect of the truncations that the Wright function-based
method has.

The aforementioned two main sections that are considered to represent the frac-
tional models of the oscillating dynamical systems are combined together in sections
6.6 and section 6.7. The result of this combination is an extended version of FELEs
model. This model is represented by homogeneous varying coefficients three-term

FDE.

A comparison is done between this model for 8 = 1 and the second order homo-
geneous variable coefficients differential equation. It’s concluded from the compari-
son that the responses of both representations are identical to each other for different

a (t) values. This is illustrated in Fig. 6.13.

For 0 < B < 1, selected values of § are tested for « > 1 and @ < 1 as shown
in Fig. 6.14-a and Fig. 6.14-b, respectively. It’s concluded from Fig. 6.14 that the
response of the system reaches the steady state earlier, as  be close to one for @ > 1.
For @ < 1 the divergence of the system increases, as 8 increases. The effects of the
R-L fractional integral order of the model are investigated in Fig. 6.15. It’s deduced
from the investigation that the system response is convergent for @ > 1. Additionally,
it’s inferred from Fig. 6.16 that the approximation is valid for 0 < g < 2. Moreover,
the convergence of the model is affected by the values of the R-L fractional integral

order « and the variable order of the damping term .
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A comparison is done between the Hybrid method and the approximation tech-
nique to obtain the solution of a freely oscillating fractional dynamical systems . It’s
concluded from the comparison, for constant coefficients, that the system responses
that are obtained by both techniques match each other for same values of fractional

orders, @, and S, of the dissipation terms.

As future work, it’s recommended to concentrate on the experimental studies.
These studies may include the FELEs models, and the extended FELEs models of
oscillating dynamical systems. The main objectives of these experimental studies
are to identify the models parameters such as the R-L fractional integral @, and the
fractional derivative order B. Additionally, integer and fractional controllers can be
applied to these models. Furthermore, the application of the external force and the

time delay to these models can be a feasible future work in the research area.
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