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ABSTARCT

This work explores the possibility of modeling of delay time/dead time in physical systems using the well-known Mittag-
Leffler Function (MLF). The MLF is a key function used in the analysis of fractional order systems. Delay or dead time is
inherently present in all natural and manmade processes/ systems. This delay is very detrimental the stability and
performance of a system. The present work proposes to mathematically model this delay using MLF and presents a detailed
analysis of such systems. It is shown that the parameter o R+ plays a crucial role on both time and frequency domain analysis
of the systems.
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1. INTRODUCTION

1.1 Fractional Calculus

Study of fractional differential equations has been considerably progressed in recent years that imply importance and place of
the fractional calculus in the sciences and engineering. On the other side, according to extensive applications of fractional
calculus in natural phenomena like chemical physics, electrical networks, viscoelasticity, porous media, electrical networks, it
got many scholar’s attention, see articles like [1,2,3,4]. Fractional order system model represents the plant more adequately
than integer order model. Fractional order controller is naturally the suitable choice for these fractional order models as well
as it is widely used for integer order model also. The significance of fractional order control is that it is a generalization of
classical control theory. Most of the works in fractional order control systems are in theoretical nature and controller design
and implementation in practice is very small. Many research and studies on real systems in the field of system identification
during last few decades have revealed the systems inherent fractional order dynamic behavior. Hence, using the notion of
fractional-order, it may be a step closer to the real world life as the real processes are generally or most likely fractional. This
is the reason that the real dynamic systems can be better represented by the non-integer dynamic models. However, for many
of them, the fractionality may be very small.

The significance of fractional order control system is that it is a generalization of classical control theory which could lead to
more adequate modeling and more robust control performance. Despite of this fact, the integer-order controls are still more
welcome due to absence of accurate solution methods for fractional order differential equations (FODES). But recently, many
progresses in the analysis of dynamic system modeled by FODEs have been made and approximation of fractional
derivatives and integrals can be used in the wide area of fractional order control systems. It is also observed that PID
controllers which have been modified using the notion of fractional order integrator and differentiator applied to the integer
order or fractional order plant enhance the system control performance. As discussed earlier, fractional order systems had
been applied to model many real-world phenomena in various fields of physics, engineering and economics, such as
dielectric polarization [5], electromagnetic waves [6], viscoelastic system [7], heat conduction [8], biology [9], finance [10],
and control theory [11,12]. The complex derivative D>, with a, b as real numbers, is a generalization of the concept of
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integer derivative, where a = 1, b = 0. Recently, several studies focused on the application of complex-order
derivatives,[13,14,15] which modeled and analyzed control theory,[16] chaos,[17] and elements[18] with it.

Fractional calculus study is almost as old as Integral Calculus. Many mathematical theories that are applied to the fractional
calculus study were developed prior to the turn of the 20th century. Most fascinating bounds in the field of engineering and
scientific application have been found in the past 100 years. To meet the requirements of physical reality, some cases of
mathematics had changed. Reformulation of standard definition of the Riemann-Liouville fractional derivative was done by
Caputo which lead to the use of integer order initial conditions to solve his fractional order differential equations [2].
Kolowankar again reformulated the Riemann-Liouville fractional derivative in order to differentiate no-where differentiable
fractal functions in 1996 [2]. Leibniz’s response, based on studies over the intervening 300 years, has proven at least half
right. It is clear that within the 20th century especially numerous applications and physical manifestations of fractional
calculus have been found. However, these applications and the mathematical background surrounding fractional calculus are
far from paradoxical.

Differintegral operator’s wide domain of applications is one of its advantages. Within mathematics, the subject is in contact
with a very large segment of classical analysis and provides a unifying theme for a great number of well known, and some
new results [6]. Except mathematics other application areas includes transmission line theory, chemical analysis of aqueous
solutions, design of heat-flux meters, rheology of soils, growth of inter- granular grooves on metal surfaces, quantum
mechanical calculations, and dissemination. A recent extension of fractional order system is the complex order (CO) systems.
The basic underlying mathematical tool for this is the definitions of complex order derivatives and integrals, where the
order is a complex number z € ¢, that is, z= a+jb with a, b E R. Thus, the order of the differentiation and integrals are
already generalized to incorporate complex order powers. This is true because I' (.) is also defined for complex arguments.
Furthermore, these derivatives and integrals, being linear operators are Laplace transformable. So it is possible to analyze the
solution of linear complex order differential equations. Thus, the necessary mathematical framework for the analysis of
complex order systems is already available. Already, it has been shown in the literature that fractional order description of the
real-world and engineering system provide a more faithful representation. This is due to the infinite-dimensional nature of
fractional order system. So it can be very well guaranteed that differential equation with complex order integro-differential
operators will surely provide an even better representation of these systems. Following are the possible ways of
research/analysis in this new field:

1. Analysis of complex order linear and nonlinear systems.

2. Design of Complex order controllers for the system.

This work focuses on the frequency domain analysis of linear complex order system.

1.1.1 Riemann-Liouville fractional derivative and integral
A commonly used definition of the fractional differintegral is called the Riemann-Liouville definition given as follows [20]:

DO = oy " [, T (1.1)
L —a) Jo (B TNEERE .

The classical form of fractional calculus is given by the Riemann—Liouville integral, which is essentially what has been
described above. The theory for periodic functions (therefore including the ’boundary condition’ of repeating after a period)
is the Weyl integral. It is defined on Fourier series, and requires the constant Fourier coefficient to vanish (thus, it applies to
functions on the unit circle whose integrals evaluate to 0).
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for (m 1 <a<m) where I'(A) is the well-known Euler’s gamma function.

It was touched upon in the introduction that the formulation of the concept for fractional integrals and derivatives was a
natural outgrowth of integer order integrals and derivatives in much the same way that the fractional exponent follows from
the more traditional integer order exponent. For the latter, it is the notation that makes the jump seems obvious. While one
cannot imagine the multiplication of a quantity a fractional number of times, there seems no practical restriction to placing a
non-integer into the exponential position. Similarly, the common formulation for the fractional integral can be derived
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directly from a traditional expression of the repeated integration of a function. This approach is commonly referred to as the
Riemann-Liouville approach.

1.1.2  Grunwald-Letnikov fractional derivative
An alternative approach, based on the concept of fractional-order differentiation, is the Grunwald- Letnikov definition given

by

w1 Mla+K), ..
Dy 1 (t) }._'11,', XTI ;Z. rke1) " R (1.4)

In mathematics, the Gru'nwald—Letnikov derivative is a basic extension of the derivative in fractional calculus that allows
one to take the derivative a non-integer number of times. It was introduced by Anton Karl Grunwald (1838-1920) from
Prague, in 1867, and by Aleksey Vasilievich Letnikov (1837-1888) in Moscow in 1868.
Before Newton and Leibniz, only algebra, geometry and statistics can be studied. We cannot study dynamics and dynamic
systems without (integer-order) calculus. Just like the simple fact that in between integers there are non-integers, today, it is
being accepted that fractional order calculus will be more and more useful in various sciences and engineering branches.
Due to the summation form of the Grunwald-Letnikov definition of the fractional derivative and integral, this formula lends
itself to adaptation for use in a computer numerical solver. In One question that arises in the programming of such a function
is, because the Grunwald- Letnikov definition specifies what is essentially an infinite sum, what number of these terms must
be computed and summed for an accurate result to be achieved. Because of the speed of modern computing equipment and
the relative simplicity of the step by step calculation (except perhaps the calculation of the factorial), one might suppose that
anywhere from 10000 to 1000000 steps would provide excellent accuracy without a significant penalty in computation time.
In theory, this would be a correct assumption, as even the calculation of Gamma is done approximately in most mathematical
software packages including MATLAB.

1.1.3  Caputo fractional derivative
There is another option for computing fractional derivatives; the Caputo fractional derivative. It was introduced by M.
Caputo in his 1967 paper [6]. In contrast to the Riemann Liouville fractional derivative, when solving differential equations
using Caputo’s definition, it is not necessary to define the fractional order initial conditions. Caputo’s definition is illustrated
as follows.

fr)dr

1
DS fit) = [
T ) o e (1.5)

1.2 Mittag-Leffler Function
In 1903, Swedish mathematician Gosta Mittag-Leffler introduced the function Eo(Z). It may be defined by the following
series when the real part of a is strictly positive:

o0

. zZ"
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Where Z is complex variable and I'(.) is Gamma function [7]. The Mittag-Leffler function is a direct generalization of the
exponential function to which it reduces for a = 1. For 0 < o < 1, it interpolates between the pure exponential function and
hyper geometric function 1 . Its importance is realized during the last two decades due to involvement in the problems of
physics, chemistry, biology, engineering and applied sciences. Mittag- Leffler function naturally occurs as the solution of
fractional-order differential equation or fractional-order integral equations [4]. Mittag-leffler function (MLF) of two
parameters was proposed by Wiman using sgﬂes expansion and is defined as

Zk
Eap(Z)=> —=———=, fora>0,3>0,
G (1.7)

where, o and B are two complex parameters and Re(a) > 0 , Re(B) > 0 [16], which is known as Wiman’s function or
generalized Mittag-Leffler function [6]. Later, this function was rediscovered and intensively studied by Agarwal and
Humbert. In the case, a and B are real and positive, the series converges for all values of the argument Z, so the Mittag-
Leffler function is an entire function. For o > 0, the Mittag-Leffler function Eq,1 is an entire function of order 1/a, and is in
some sense the simplest entire function of its order [7]. A generalized Mittag-Leffler function of four parameters was given
by Shukla and Prajapati [6]:
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1.3 Time delay systems

The subject of time-delay systems is a rather old research topic dating back to the works of Euler-Bernoulli in the XVI1I
century. Effective results in this area were initiated in the late fifties of the twentieth century since the works of Krasovskii
and Razumikhin on the Lyapunov functions. However the significant progression in this area has been made during the last
decade where numerous books, research, and survey papers and special issues have been devoted. Delay is not just a
mathematical exercise but more importantly is rooted in many natural and man-made systems such as biology, processes
industries, and mechatronic motions. In engineering applications, time-delays generally describe propagation phenomena,
material or energy transfer in intercommoned systems and data transmission in communication systems. They have been the
main sources inducing oscillations, instability, and poor control performances. Stability analysis and robust control of such
systems are then of theoretical and practical importance. Much effort in the analysis and synthesis of these systems has been
dedicated to delay-dependent and delay-independent issues based both/either on Lyapunov methods and/or frequency domain
techniques. However, it should be noted that there are still numerous challenging issues pending in many classes of time-
delay systems.

Time delays are quite frequently encountered in industrial applications, such as heat exchanges, distillation units, mining
processes, steel manufacturing and so on. But they are not limited to industrial applications. Time delay processes span from
biological to mechanical systems, including also economical or electrical fields. The physical phenomenon that generates
time delays is the need to transport information, energy or different masses. Time lags accumulate also between
interconnected systems or arise when sensors need measure and acquire signals and when microcontrollers (or other devices)
compute the control signal and actuate upon the process.

From the frequency domain point of view, the presence of delay introduces an additional lag in the process phase. This
results in lower phase and gain margins and ultimately complicates the closed loop control of these processes. The ideal
situation is to design a controller that completely eliminates the effect of time delays. Many control strategies have been
developed throughout the years to cope with time delay characteristics [1,4], but none of them proved to be an ideal solution.
As the domain of fractional order controller gained more popularity, the control focus also reached the field of time delays
processes. The desire is to combine the better performance of fractional calculus to the time delay control problem by
extending fractional order design methods to the time delay field. Research output from the delay free processes suggest that
using fractional order controllers can help improve robustness and closed loop response of time delay processes as well [4,7].

The paper is organized as follows. Section 1 presents the introduction to fraction calculus, dead-time systems and the ML
function definition and application. Section 2 discusses systems with Delay/Dead Time in detail. Section 3 explains ML
function and its applications. Section 4 presents the analysis of linear systems with dead-time supported by simulation studies
and section 5 concludes the work.

2. SYSTEMS WITH DELAY/DEAD TIME

It's the foremost preliminary step for proceeding with any research work writing. While doing this go through a complete
thought Many processes in industry, as well as in other areas, exhibit dead times in their dynamic behavior. In fact, most of
the tuning methods for PID controllers used in industry consider dead times as an integral part of process dynamics models.
Dead times are mainly caused by information, energy or mass transportation phenomena, but they can also be caused by
processing time or by the accumulation of time lags in a number of simple dynamic systems connected in series. For
processes exhibiting dead time, every action executed in the manipulated variable of the process will only affect the
controlled variable after the process dead time. Because of this, analyzing and designing controllers for dead-time systems are
more difficult.

For Example: Dead times are present almost everywhere. Consider, for example, the central heating system of a building.
The boiler is usually located in the basement and linked to all rooms by pipes that transport hot water. When the gas valve
position is increased, the temperature of the water inside the boiler starts to rise; however, it is necessary to wait a certain
amount of time for this heated water to reach the rooms. This dead time is due to the time taken for the hot water to be
transported from the central heater to the rooms and depends on the distance and the flow values.

Dead times are also inevitable in communication systems. An example of this is the remote control of vehicles, such as a
Lunokhod 1 lunar robot. Lunokhod 1 was designed to operate for 90 days while being guided in real time by a five person
team at the Deep Space Center near Moscow, Russia, [43]. It was the first remote-controlled roving robot on the Moon,
brought down on the moon by the Soviet Luna 17 spacecraft on 17 November 1970. Lunokhod 1 toured the lunar Mare
Imbrium (Sea of Rains) for 11 months and was one of the greatest successes of the Soviet lunar exploration program [73].
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When it was necessary to transmit instructions from the earth platform to the mobile robot a dead time composed of the time
taken by the signal to travel from the earth to the moon and vice versa had to be taken into account in the communications
system. Here, the dead time depends on the velocity of the signal and the distance between the earth and the moon.

2.1 Difficulties in Controlling Dead-time Systems

Processes with significant dead times are difficult to control using standard feedback controllers mainly because of the
following: (a) the effect of the disturbances is not felt until a considerable time has elapsed, (b) the effect of the control action
takes some time to be felt in the controlled variable and (c) the control action that is applied based on the actual error tries to
correct a situation that originated some time before. These difficulties can also be explained in the frequency domain: The
dead time introduces an extra decrease in the systems phase, which may cause instability.

A simple example illustrates these difficulties. Consider the central heater with a long dead time previously described.
fig(2.2) shows typical behavior of a system of this type, where T is the temperature measured by a sensor located in the room
and V represents the gas valve position in the central heater.

—

e

Figure 1: Step response of a dead-time system. Increments in the temperature and the valve position of the simulated process
[66].

A proportional + integral (P1) controller can be used to obtain an off-set free closed- loop system. Figure 1 shows the closed-
loop behavior of the system when a change of 1% is introduced at the set-point.
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Figure 2: Closed-loop temperature response and control action for the PI controller, reference and open-loop response [66].

A small integral action and controller gain are necessary to obtain no oscillatory behavior in this control system. Note that the
settling time in this case is much greater than in the open-loop one. This is the price to be paid for a zero steady-state error
and a no oscillatory closed-loop response. If the gain of the controller is increased to obtain a faster closed-loop response, the
obtained behavior is very oscillatory. Dead time has two important effects on the closed-loop system. The first one is the
physical constraint that does not allow the temperature to react until L periods of time after the change in the valve position.
Nothing can be done about this. The second effect is the deterioration of the closed-loop transient after the dead time. Some
improvements can be made here. In fact, there has been a significant quantity of research over the last 50 years oriented at
controlling dead-time systems.

2.2 Dead-Time Processes

Dead times appear in many processes in industry and in other fields, including economical and biological systems. They are
caused by some of the following phenomena: (a) The time needed to transport mass, energy or information; (b) the
accumulation of time lags in a great number of low-order systems connected in series; and (c) the required processing time
for sensors, such as analyzers; controllers that need some time to implement a complicated control algorithm or process.
Dead times introduce an additional lag in the system phase, thereby decreasing the phase and gain margin of the transfer
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function making the control of these systems more difficult. This chapter gives an introduction to the modeling, analysis and
control of dead-time systems. Several ideas will be introduced and will be discussed in the following chapters.

2.2.1 Example: A Heated Tank with a Long Pipe.

Ll -
——

W = (rr)
\re)

Figure 3: A heated tank and a long pipe [66].

Consider a water heater system such as the one shown in Fig. 3, the water is heated in the tank using an electric resistor and
driven by a pump along a thermally insulated pipe to the output of the system. The control input is the power W at the
resistor and the plant output is the temperature T at the end of the pipe. A linear model of the process can be obtained using a
simple step-test identification procedure close to an operation point W0, TO. When a positive step is applied at W, the
temperature inside the tank starts to increase. As the pipe is full of water at the initial temperature TO, this change is not
immediately perceived at the output and it is necessary to wait until the hot water reaches the end of the pipe before it is
noticed. Thus, after a dead time, defined by the flow and the length of the pipe, the output temperature T starts to rise with the
same dynamics as the temperature inside the tank. When a constant flow of water F is used, the dead time L can be estimated
using F and the volume of the pipe V as, L= V/F.

Figure (4) shows the behavior of T when a step is applied at W. In this simulated situation, the power W (dashed line)
changes from 40% to 50% at t = 1 and the temperature (solid line) increases from 55% to 65%. Note that the temperature
inside the tank Ti (dotted-dashed line) starts rising at t = 1 s, while the temperature at the end of the pipe only reactsatt=6s,
thus, there is a dead time of 5 s due to the time needed for mass transportation. Therefore, it is possible to relate the two
temperatures Ti (t) = T (t+ 5).

A [ ) 1 P " " u

Figure 4: Step response of the system: Ti (dotted—déghed line), T (solid line) and W (dashed line)[66].

Suppose now that a linear model is used to represent the dynamic relationship be- tween the variations on Ti (ATi) and the
variations on W (AW). The transfer function between ATi and AW is given by,

G(s) = Zppg = ATi(s) = G(s)AW (s).

If a generic dead time L is considered, and the Laplace transform is used Lx(t + L) = eLsLx(t), it follows that.
AT;(s) = el5AT(s) = AT(s) = AT;(s)e(—Ls)

Thus,

AT) u —Ls £
AH-’[[::) =G(s)e L for L >0

Which is the linear model most used to represent the behavior of dead-time processes.
3 Mittag-Leffler function

3.1. Introduction
The special function
k
E,(2) = Y7, m 0 €CR(@) >0,z€C......... 3.1
And its general form
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with C being the set of complex numbers are called Mittag-Leffler functions. The former was introduced by Mittag-
Leffler[2,3], in connection with his method of summation of some divergent series. In his papers [2-4], he investigated
certain properties of this function. Function defined by (3.1) first appeared in the work of Wiman [5,6]. The function (3.1) is
studied, among others, by Wiman[5,6], Agarwal [7], Humbert [8], and Humbert and Agarwal [9] and others. The main
properties of these functions are given in the book by Erdelyi et al. [1, Section 18.1], and a more comprehensive and a
detailed account of Mittag-Leffler functions is presented in Dzherbashyan [10, Chapter 2]. In particular, functions (3.1) and
(3.2) are entire functions of order p = 1/a and typec = 1; see, for example, [1, page 118].

The Mittag-Leffler function arises naturally in the solution of fractional order integral equations or fractional order
differential equations, and especially in the investigations of the fractional generalization of the kinetic equation, random
walks, Lévy flights, superdiffusive transport and in the study of complex systems. The Mittag-Leffler function is not given in
the tables of Laplace transforms, where it naturally occurs in the derivation of the inverse Laplace transform of the functions
of the type p“(a + pr), where p is the Laplace transform parameter and a and b are constants. This function also occurs in
the solution of certain boundary value problems involving fractional integro-differential equations of Volterra type [16].
During the various developments of fractional calculus in the last four decades this function has gained importance and
popularity on account of its vast applications in the fields of science and engineering. During the last 15 years the interest in
MittagLeffler function and Mittag-Leffler type functions is considerably increased among engineers and scientists due to
their vast potential of applications in several applied problems, such as fluid flow, rheology, and diffusive transport akin to
diffusion, electric networks, probability, and statistical distribution theory.

3.2 Functional Relations for the Mittag-Leffler Functions
In this section, we discuss the Mittag-Leffler functions of rational order o« = m/ n, with m,n € N relatively prime. The
differential and other properties of these functions are described in Erdélyi et al. [1] and Dzherbashyan [10].
Theorem 3.1 The following results hold:
dm
mEm(Zm) = En(z™),

-rm/n

dm n-1
Z
g Ern(e") = a7 £ ) s n = 2
r=

1 e (i2a
Em/n(Z) = B Z E1/n Z7exp (T) ’

r=1

- r(1—r/n,z)
E Un) = e%|1 27 =23, ..,
1/n(z ) e + 1 F(l—r/n)l n

r=

Where y(a, z) denotes the incomplete gamma function, defined by v(a,2) = foz e 't dt.
i2nkr] _ {m ifk = 0(modm)
m 0 ifk # 0(modm)
we find that Yol Ey(ze?/™) = mE,, (z™), m € N
This can be writtenas,  E,(z) = iz;“:‘ol Eq/m(z'/™e!?™/™), m € N and above result now follows by taking o = m/n.

We also recall the identity Y™t exp [

z~T/m

; — 1 Ol o dra- 1 — - -1
To prove above relation we set m = 1 in and multiply it by exp(—z) to obtain E[e “Eyn(zt/™)] = e72 XMy e

On integrating both sides of the above equation with respect to z and using the definition of incomplete gamma function
(2.15), we obtain the desired result (2.14). An interesting case of (2.18) is given by

1
EZU,(ZZ) = E [Ea(z) + Ea(_z)]'
The Mittag-Leffler function has been introduced to give an answer to a classical question of complex analysis, hamely to
describe the procedure of the analytic continuation of power series outside the disc of their convergence. The Mittag-Leffler
function is an important function that finds widespread use in the world of fractional calculus. Just as the exponential
naturally arises out of the solution to integer order differential equations, the Mittag-Leffler function plays an analogous role
in the solution of non-integer order differential equations. In fact, the exponential function itself is a very specific form, one
of an infinite set, of this seemingly ubiquitous function. The importance of the Mittag-Leffler function was re-discovered
when its connection to fractional calculus was fully understood [10]. During the last two decades this function has come into
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prominence after about nine decades of its discovery by a Swedish Mathematician Mittag-Leffler, due to the vast potential of
its applications in solving the problems of physical, biological, engineering, and earth sciences [18].

The Mittag-Leffler function arises naturally in the solution of fractional-order integral equations or fractional-order
differential equations, and especially in the investigations of the fractional generalization of the kinetic equation, random
walks, Levy flights, superdiffusive transport and in the study of complex systems[13,20]. The ordinary and generalized
Mittag- Leffler functions interpolate between a purely exponential law and power-law-like behavior of phenomena governed
by ordinary kinetic equations and their fractional counterparts [10].

3.3. Applications of Mittag-Leffler Functions in Fractional Order Modeling

The branch of fractional modeling can be formally divided into two sub directions, namely the creation and study of
deterministic models and stochastic models [1]. The first sub direction is more developed. Anyway, it should be noted that
there is a large amount of articles where the models are introduced formally. Among the models dealing with more practical
applications, we can point out those related to fractional viscoelasticity [15]. Linear viscoelasticity is certainly the field of the
most extensive applications of fractional calculus, in view of its ability to model hereditary phenomena with long
memory[49]. During the twentieth century, a number of authors have (implicitly or explicitly) used the fractional calculus as
an empirical method for describing the properties of viscoelastic materials. Such investigations are based on the classical
works by Scott-Blair, Gemant, Gerasimov and Rabotnov [15,17,50]. The beginning of the modern applications of fractional
calculus in linear viscoelasticity is generally attributed to the 1979 Ph.D. thesis by Bagley (under supervision of Prof.
Torvik), followed by a number of relevant papers. However, for the sake of completeness, one would recall also the
1970PhD thesis of Rossikhin under the supervision of Prof. Meshkov and the 1971 PhD thesis of Mainardi under the
supervision of Prof. Caputo.

As applications in physics and chemistry, we would like to quote the contributions by Kenneth S. Cole (1933), quoted in
connection with nerve conduction, and by de Oliveira Castro (1939), Kenneth S. Cole and Robert H. Cole (1941-1942) and
Gross (1947) in connection with dielectric and mechanical relaxation, respectively [18,51]. Subsequently, in 1971, Caputo
and Mainardi [15] proved that the Mittag-Leffler function is present whenever derivatives of fractional order are introduced
into the constitutive equations of a linear viscoelastic body. Since then, several other authors have pointed out the relevance
of the Mittag-Leffler function to fractional viscoelastic models [15,52 — 54] and the references therein). We also mention
here a growing number of applications of the Mittag-Leffler function in control theory[11,13,16].

Stochastic modeling, which uses the fractional calculus approach, as well as the machinery of the Mittag-Leffler functions, is
connected mainly with the concept of the continuous time random walk (CTRW) (see [1,12] ). A fractional generalization of
the Poisson probability distribution was presented by Pillai in 1990 in his pioneering work. He introduced the probability
distribution (which he called the Mittag-Leffler distribution) using the complete monotonicity of the Mittag-Leffler function.
The concept of a geometrically infinitely-divisible distribution was introduced in 1984 by Klebanov, Maniya and Melamed.
Later, in 1995, Pillai introduced a discrete analogue of such a distribution (i.e., the discrete Mittag-Leffler distribution).
Another possible variant of the generalizations of the Poisson distribution is that introduced by Lamperti in 1958, whose
density has the expression:

sin mol yo 1

b0 = n y2*+ 2y%cosma + 1

The concept of renewal process has been developed as a stochastic model for describing the class of counting processes for
which the times between successive events are independent identically distributed (i.i.d.) non-negative random variables,
obeying a given probability law. These times are referred to as waiting times or inter-arrival times. The process of the
accumulation of waiting times is inverse to the counting number process, called the Erlang process.

The Mittag-Leffler function appears also in the solution of the fractional master equation. Such an equation characterizes the
renewal processes with reward modeling by the random walk model known as continuous time random walk. In that, the
waiting time is assumed to be a continuous random variable. The name CTRW became popular in physics after publication in
the 1960s by Montroll, Weiss and Scher, the celebrated series of papers on random walks to model diffusion processes on
lattices. The basic role of the Mittag-Leffler waiting time probability density in time fractional continuous time random walk
became well known since the fundamental paper by Hilfer and Anton (1995). Earlier, this conception was used in the theory
of thinning (rarefaction) of a renewal process under power law assumptions. CTRWSs are rather good and general
phenomenological models for diffusion, including anomalous diffusion, provided that the resting time of the walker is much
greater than the time it takes to make a jump. In fact, in the formalism, jumps are instantaneous. In more recent times,
CTRWs were applied back to economics and finance.

It should be noted, however, that the idea of combining a stochastic process for waiting times between two consecutive
events and another stochastic process, which associates a reward or a claim to each event, dates back at least to the first half
of the twentieth century with the so-called Cramér-Lundberg model for insurance risk. In a probabilistic framework, we now
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find it more appropriate to refer to all of these processes as compound renewal processes. An alternative renewal process
called the Wright process (close to the Mittag-Leffler process) was investigated by Mainardi et al.[55] as a process arising by
discretization of the stable subordinator. This approach is based on the concept of the extremal Lévy stable density (Lévy
stable processes are widely discussed in several books on probability theory). For the study of the Wright processes, an
essential role is played by the so-called M-Wright function, a variant of the Mittag-Leffler function [15]. A scaled version of
this process has been used by Barkai (2002) for approximating the timefractional diffusion process directly by a random walk
subordinate to it (executing this scaled version in natural time), and he has found rather poor convergence in refinement.

4. ANALYSIS OF MITTAG-LEFFLER FUNCTION TYPE DELAY
4.1 Linear system with MLF Delay

Using the laplace transform property of second shifting as given in [67], we define the linear system with MLF delays as
% =G(s) = G{s) Bu(—s°T®) e (4.1)
Where G(s) is any transfer function and m,ay 10,FO, or CO. The delay E,(—s*T®) is an MLF defined as,
koo k
Bu(—s'T) = Sh, G2ETL e (42)

Where, ocR*and T is the delay or dead-time in seconds. It should be noted that for o = 1, (4.2) reduces to the conventional
delay system as,

E;(—sT) = e 5T
The Physical interpretation of MLF type delay can be given as follows.
MLF type delay represents a memory type delay owing to the infinite dimensional property of FO systems. Thus, the amount
and nature of delay depends on the value ofa.
In conventional delay systems, the distributed delay in the physical system is lumped at the input side. This makes the model
to lose important dynamics of the system. The MLF type delay preserves the distributed nature of the delay thereby providing
a model which is more realistic.
Thus, the use of MLF type delay is justified and this area is worth exploring for possible new outcomes and results.
4.2 Analysis of systems with MLF delay.
We start with a simple first order stable with MLF delay. Thus,

=2
_ GE) = (4.3)
So, Equation (4.1) becomes,
GE) = ;2 B(=s"T e (44)
For the sake of simplicity and to study the effect of Fractional Order a, we assume a =b = T = 1. Thus,
GO =B e (4.5)
The MLF delay is expressed as,
E (_ a) _ ZN (_1)k5uk ___________ 4.6
ol 7S) = Zk=0 T(qrn) (4.6)
The upper limit of the Summation is replaced by N € Z*(Positive Integer)
Now let us analyze system 4.6, For N = 1& N = 2.
4.3 Analysis for N = 1
1 (_1)ksak
e — ~ 7"
Eu(=s") T(ok + 1)
k=0
Sa
- [1 -5
I'a+1)
Substituting in equation (4.5) gives,
[ __s
G(s) = s+1 1 F(a+1)]
G(s) = re+n-s* 4.7)

- I'(a+1)[s+1]

Thus, Y(s) = G(s)U(s),
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Considering unit step input withU(s) = % the output is given by,
o+1)—s*1
Y§)=—————
I'(ao+1)[s+1]s
Simplifying
_ 1 1
YO = 6D Tt Ds s+ 1)

Thus,
1 1

0= ] e

The inverse Laplace T, of second term is obtained using the following identity give in [68].
1
—_ g1 — ta
y(t) - £ [S(S + 1) t E1,1+u(at)

Thus,
1 1 1

1
Y(s) =—— -
©) s s+1 T(o+1)st%(s+1)
The Time-domain expression for step response is given as:

— -t 1
y=1-e _[y(a+1)

A closer look at (4.8) reveals that the output y(t) is bounded implying that the system (4.7) is stable.
We now use the MATLAB toolbox FOMCON [69] to evaluate the step impulse and bode plots for (4.7). This procedure is

also repeated for N = 2.

] t1E; 5o (—1)

4.4 Results & Analysis for N = 2

Bode Diagram

(4B

Magritude

Amplitude

Phase (deg)

Frequercy (md/s)
Time jsec)

(a) Bode plot for N =1 a = 0.1. (b) Step response for N =1 o = 0.1.

Bode Diagram

Magritude

Fhase (deg)

Frequercy (s}
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- n

Armpitude

(a) Bode plot for N =1 a = 0.2. (b) Step response for N =1 a = 0.2.

Bode Diagram 07
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Frequency (rad's) Time jsec)
(@) Bode plot for N =1 o =0.3. (b) Step response for N =1 a = 0.3.
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(@) Bode plot for N =1 o =0.4. (b) Step response for N =1 a = 0.4.
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Bode Diagram 12 T & & T T T

de (08)

Magnitiy

Amplitude

|
T T
& d i . .
- ) l | I y 0 15 20 5 30
Frequency (rad's) Time [soc]
(a) Bode plot for N =1 o = 0.5. (b) Step response for N =1 a =
0.5.
Figure 5: Time-and frequency domain plots for N=1.
N=1
Alpha 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Rise Time 323.32 167.95 1336.83 | 2462.28 0.80 4167.08 3581.58 3033.71 2568.77
Settling Time 4551.65  [3820.52 5506.68 | 6546.18 1.98 7901.17 7097.35 6029.64 4888.51
Settling Minimum 0.72 0.73 0.80 0.79 1.00 0.78 10.83 0.86 0.89
Settling Maximum 0.80 0.82 0.89 0.88 1.00 0.86 10.92 0.96 0.98
Overshoot 0.00 0.00 0.00 0.00 0.00 0.00 [0.00 0.00 0.00
Undershoot 0.00 0.00 18.98 28.24 0.00 45.65 [52.15 60.86 73.60
Peak 0.80 0.82 0.89 0.88 1.00 0.86 [0.92 0.96 0.98
Peak time 10000 10000 10000 10000 8833 10000 10000 10000 10000
Gain Margin 10.13 7.66 3.58 2.78 Infinite 192 [1.68 1.47 1.27
Phase Margin Infinite Infinite Infinite Infinite | Infinite Infinite Infinite Infinite Infinite

Table 4.1: Result Analysis for N=1 and different values of alpha.

4.5 Results & Analysis for N = 2

P o (Gl D
D_D(D)E (004 0)
HHHH 0 H’—H

H= H(H)[H EIGEES) + SO0+ )

So, from (4.3) G(s) = S:;a, withb =a =1 & let T = 1. We obtained the transfer function for N = 2 case as follows,

a0y = O [H(H+H)H(H+HH)—T(HT+T)H + 00+ 0)0 ]

040 NGEENGEEES)
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(b) Step response for N =2 a = 0.1.

(a) Bode plotfor N =2 a =0.1.
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(a) Bode plot for N =2 o = 0.4. (b) Step response for N =2 a = 0.4.

Bode Diagram

18
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........ vy (radis Yar

(a) Bode plot for N=2 a=0.5 (b) Step response for N=2 a=0.5.

Figure 6: Time-and frequency domain plots for N=2.

N=2
Alpha 0.1 0.2 0.3 0.4 0.5
Rise Time 102.08 23.69 2102.55 2214.79 0.77
Settling Time 4138.09 5639.04 7098.07 6865.49 2733.01
Settling Minimum 0.68 0.71 0.73 0.81 0.96
Settling Maximum 0.86 0.81 0.82 0.90 1.00
Overshoot 14.43 0.00 0.00 0.00 4.16
Undershoot 0.00 0.00 0.00 0.00 0.00
Peak 0.86 0.81 0.82 0.90 1.00
Peak time 351 10000 10000 10000 2

4.6 Analysis

It is seen from the above plots and tables that, the fractional-order parameter o greatly affects the transient response of the
system even if the dead-time T and the parameter N remain unchanged.

The salient observations are enumerated below:

1. Change in a results in drastic changes in transient response of the system.

2. The time for which output goes negative is also affected by the value of a.

3. The frequency response is also affected by a.

5 Conclusion
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The novel concept of modeling dead time or delay in a system using MLF has been discussed in this work. The analysis
reveals interesting features of such type of systems. It is seen that the FO parameter a plays an role in the time domain and
frequency domain indices of the systems.
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