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ABSTRACT

This thesis focuses on developing novel intelligent Fractional-Order (FO) Proportional-

Integral-Derivative (PID) controller designs for industrial systems and the integration of the

Internet of Things (IoT) applications in the control system. To make further credences in this

and its profound existence in the recent state-of-the-art design of optimal FOPID/PID controller,

develop a novel optimization algorithm and experimental validation of IoT application integra-

tion.

Most of the standard systems are the Single Input Single Output (SISO) systems. The

AVR system is chosen for the study of the SISO system. The controller in the AVR system acts

as a significant power controller to maintain terminal voltage characteristics. Hence, the AVR

system utilizes the PID/FOPID controller to improve performance. The FOPID/PID controllers

are model-based controller design method of a physical system to get better performance. The

recently developed sine-cosine-algorithm (SCA) is used for PID/FOPID controller parameter

tuning. The FOPID/PID controller is designed by an SCA optimization technique using the

AVR system’s time-domain objective function. A novel Improved Jaya Algorithm (IJA) for

optimization is proposed to develop a PID/FOPID controller in the AVR system. The AVR

system has good regulation of terminal voltage characteristics at the output to meet the desired

performance.

The industrial systems are generally the Multi-Input-Multi-Output (MIMO) systems. The

design of a controller for the MIMO system is also equally important. Hence, the PID/- FOPID

controller design is a challenging task because of MIMO systems’ loop interactions. A stan-

dard example of the MIMO system is the Two-Input-Two-Output (TITO) system to study the

multivariable control system’s dynamical behavior. The simplified decoupling method is used

to have less/minimum interactions of the loop. A new Modified Differential Evolution (MDE)

algorithm is proposed to design a PID controller for a TITO system. The same algorithm is

then used to design an optimal PID controller for the TITO system with the desired closed-loop

response. The MDE based PID controller design obtains good time-domain specifications se-

lected response, and the TITO system’s stability. Here, Wood-Berry (WB) and Industrial Scale

Polymerize (ISP), these two benchmark cases have demonstrated the proposed technique’s ef-

fectiveness for the PID controller design in the TITO system. These PID controllers in each

loop have a better improvement of the setpoint tracking and disturbance rejection.

A FOPID controller plays an essential role in the stability of industrial systems. The

multivariable control systems are difficult to control because of the interactions. A decoupler
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system is used to eliminates interactions. However, these MIMO system loop interactions can

be eliminated using the FOPID controller using optimization algorithms in each loop. Hence,

the proposed FOPID control method is designed using bio-inspired algorithms like Teaching

Learning-based optimization (TLBO) & SCA to get the desired objectives in the industrial sys-

tems. This proposed method aims to (i) eliminate interaction between the control loops and (ii)

Reference tracking along the disturbance in each loop. Moreover, a novel FOPID controller de-

sign without decoupler for the MIMO/TITO system using an optimization algorithm is proposed

in the MIMO/TITO system. The proposed method eliminates the interaction of loops with the

optimal tuning of FOPID controller parameters. The result demonstrates the superiority over

other controller designs for the MIMO/TITO system.

Further, Nature-inspired optimization algorithms have an advantage in optimization

problem-solving. Hence, a novel optimization algorithm called the hybrid MFO-WOA algo-

rithm is proposed to solve global optimization problems and design an optimal FOPID/PID

controller. The proposed algorithm has a fast convergence capability than the MFO and WOA

algorithms by considering the advantage of both. The algorithm’s performance is evaluated

using the essential 23 benchmark functions. Then, the results proved that the proposed algo-

rithm is competitive enough with state-of-the-art algorithms. The proposed algorithm is used

for the FOPID/PID controller design in case studies of different industrial systems. A hybrid

MFO-WOA algorithm does the controller parameters tuning for efficiency with other controller

design is presented.

The IoT plays a critical role in industrial automation, and industrial automation is an al-

ways evolving research area that involves multi-disciplinary applications. IoT helps streamline

and build effective, inexpensive, and responsive device architectures. Hence, the IoT-based

controller designs are made to overcome the hazardous industrial systems. Here, an IoT based

real-time monitoring and control of liquid level in a single tank system is proposed. A PID con-

troller design using a novel modified Grey Wolf Optimization (mGWO) algorithm to control

the liquid level. Later, the PID controller is implemented on the ESP32 module, and an android

based application is developed using the Blynk platform to monitor and control plants using

IoT. The results show that the mGWO based single tank liquid level control system performs

better than the classical tuning and SIMC tuning methods.

This thesis shows that the proposed intelligent controller methods are more efficient. How-

ever, the proposed controller designs can be integrated into the IoT application to control better

and monitor remote access to industrial systems.
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Chapter 1

Introduction

This chapter describes about the brief introduction to the topics covered in this thesis,

highlighting its contribution.

The engineering division of Control System Engineering [1] is deals with the principles

of control theory to design a system that provides the desired behavior in a controlled mode.

Control system engineers often worry about performance and controlling aspects of their en-

vironment. The objectives of comprehension and maintenance are complementary, since it is

important to understand and model effective structures. Furthermore, control engineers are

often considered inadequate control systems like chemical process systems [2]. The current

difficulty is for engineers to model and control modern, sophisticated, interconnected systems,

like motor speed control, chemical processes and robotic systems. The engineer can simultane-

ously manage multiple beneficial and exciting industrial automation, the all characteristics of

control engineering for regulating system function and industrial-economic methods for social

benefit.

In the last few decades, optimization has been spreading at an unusual change in all di-

rections. New algorithmic and theoretical techniques have been established, diffusion has taken

place at a rapid change in other disciplines, and our understanding of all aspects of the field

has grown much more in-depth. At the same time, the increasingly growing focus on the inter-

disciplinary. The nature of the discipline is one of the most striking trends in optimization. In

applied mathematics, engineering, medicine, economics and other sciences, optimization has

become a fundamental method [3].
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The focused research work in this thesis is aimed at providing the application of control

engineering. Advanced engineering design synthesis techniques in improving novel approaches

are essential for the execution of intelligent systems, aiming to improve the methods’ efficiency

and stability by the efficient optimal smart control system in the Internet of Things (IoT) [4]

application practice.

In recent, several embedded or cyber-physical systems [5] are included many control ap-

plications as multidisciplinary. The majority of control system applications are applied as a

software task on microcontroller/microprocessor. Hence, these control applications are respon-

sible for controlling the physical plants/systems are associated. The physical plants’ intercon-

nection to the cyber system roots presents physical time in today’s IoT systems. Special care

is needed to implement such applications to ensure high performance and guaranteed safety by

integrating IoT applications [6].

1.1 Overview

Incredible progress has been made in case of multi-disciplinary structures over the last

few decades. Particularly in industrial control and automation, significant technological ad-

vances in computing, sensing and wireless communication technologies [7]. Combining these

inventions made it possible to embedded electronic devices of pocket size, designed to sense,

compute, and communicate fascinating information. Sensors and microprocessors are now uni-

versally installed in physical plants, remote systems, buildings, and the environment. In order

to perform effective control acts, they will process measurement data in real-time and transmit

this data. In IoT applications [8], a control device has sensors, microcontrollers, and actuators

linked through a communication network. The automatic control is an integral and unavoid-

able scheme for space vehicle systems, robotic systems, modern manufacturing systems, and

industrial processes involving temperature, pressure, humidity, flow, etc.

Many variables can be sensed simultaneously in industrial control, like temperature, flow,

and pressure and distance. In a single-phase, all of these may be interdependent variables

that require a microcontroller for complete control. Tools used today may be obsolete tomor-

row because of the rapid developments in technology, as new and more effective measurement

methods are continuously implemented. There can be greater precision, efficiency, accuracy,

and performance driving these changes.

The idea of feedback is deceptively simple. Feedback can reduce the effects of distur-

bances. It can make a system insensitive to process variations and create a plan that follows
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commands faithfully. Feedback has also had a profound influence on technology. The Pro-

portional Integral Derivative (PID) control is a simple implementation of feedback [9] control.

In PID control, by integral action, it can kill steady-state offsets, and by a derivative action,

it can predict the future error. The PID controller alternatives are PI, PD, and P controllers,

which are sufficient for many control problems, mainly when process dynamics are known and

reasonable performance requirements. PID controllers are discovered in considerable measures

in most of the industries. The controllers appear in numerous variant forms, and the PID con-

troller is regularly connected with logic, sequential functions, and simple functional blocks to

control complex automation systems applied for power generation, transport, and manufacture.

Recent advanced control methods are usually arranged hierarchically, such as model predictive

control. PID control is practiced at an inferior level. Many technological changes, changing

from pneumatics to microprocessors via electronic tubes, transistors, and integrated circuits,

have continued with the PID controllers. The PID controller was affected significantly by the

microprocessor. Virtually every PID controller created today is based on microprocessors. PID

control has designed other features like automatic tuning, gain scheduling, continuous adapta-

tion, and diagnostics.

By incorporating a non-integer (fractional-order) derivative/integration concept,

fractional-order mathematics presents a new way towards the system with exceptional dynamic

properties. Fractional-order calculus has been a reasonably successful discussion over the last

300 years [10, 11]. In [12, 13], a well-established mathematical theory and offers additional

modeling possibilities [14].

Fractional mathematics exists in terms of applications, made its plan towards complicated

mathematical and physical problems. Particular examples of fractional calculus formations are

radiation conduction by a semi-infinite material [15], and infinite communication lines [16].

In precise, it can be beneficial to model any system with memory, and hereditary properties

[17], taking into a description of fractional calculus dynamics. Also, fractional calculus is a

generalization of traditional calculus, and fractional models are usually assumed to present a

higher accuracy description of the system’s dynamics are based on standard differential equa-

tions [18]. In many industrial and scientific areas, fractional calculus is also easily used, for

example, in the study of electrical circuits [19], signal processing [20], chemical processes [21]

and bioengineering [22]. Hence, in system theory and automatic control, fractional calculus

has been especially useful. Fractional differential equations are employed to get a highly accu-

rate dynamic systems model, build the latest control methods, and improve the control loop’s

stability.
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Electrical engineering’s general field is continually dependent on its growth on a suitable

combination of operational experience in engineering and the responsible endorsement of math-

ematical advances and discoveries. By inspecting published literature work over the past few

decades, the optimization field can partially evaluate the presence of newly developed optimiza-

tion computational methods in the area.

In the 1950s [23], Bellman’s introduced the theory of optimality, and dynamic program-

ming gave quite an impetus to problems involving discrete and discontinuous variables. The

invention of the Kuhn-Tucker theorem in 1951 and its introduction to optimization literature

led to advances in problem formulation, including inequality constraints. Indeed, progress in

electric power systems’ design continues to be affected by specific robust nonlinear program-

ming procedures. The maximum theory in the late 1950s and early 1960s concluded in many

electrical power systems issues in this approach. Comparatively, the case with dynamic, linear,

and nonlinear programming, one of the essential optimization instruments used in our types of

problems, is the minimum concept.

1.2 Advanced Control system

A control system is a synthesis of elements that functions together so that a complete sys-

tem works automatically in a pre-specified desired mode. The characteristic feature of control

implies that it decreases personal assistance in denoting technical activities as much as it is fea-

sible. Furthermore, the control system overcomes hazardous workplaces during working hours,

consequently allowing people to a better quality of life.

1.2.1 Control System Basis

A system is an aggregate of elements (properly connected) that accomplish an appropriate

job. An approach to perform a particular task, a usual input signal u(t) must excite it. Concur-

rently with scientific terms and symbols are shown in figure 1.1, which provides a clear view of

this concept. Note that the y(t) response is often called action or output of systems.

System
u(t) y(t)
Excitation 

input 
(cause)

Response 
output 
(effect)

Figure 1.1: Block diagram of a system with its input and output.
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Symbolically, the output y(t) is related to the input u(t) by the following Eq.(1.1) [24]

y(t) = Tu(t) (1.1)

where T is a dynamic system operation. There exist three factors associated in Eq.(1.1): the in-

put u(t), the system operator T , and the output y(t). In engineering problems, two of these three

elements to attain the third. As a consequence, the ensuing these three fundamental engineering

problems to appear:

1. To study the issue, by the given input u(t), and the system T , then measure the output y(t).

2. To synthesis issue, by the given input u(t), and the output y(t), then required to design the

system T .

3. To estimation issue, by the given system T , and the output y(t), then expected to measure

the input u(t).

PID Controller

The controller Gc(s) measures an output signal to the control component based on tun-

ing parameters and the controller error e(t). The ideal, continuous and position form of the

controller is expressed in Eq.(1.2) [25, 26]

u(t) = ubias(t) +Gc(t) (1.2)

As before, u(t) is the controller output, ubias(t) is the controller bias. The additional tuning

parameters of controller, the Laplace transfer function form for completeness of controller is

the ratio of controller output and the error function as the input of controller. The Laplace form

of the controller is given in Eq.(1.3)

Gc(s) =
U(s)
E(s)

(1.3)

A PID controller is generally given to the control of three words. The first letters of the

individual terms that present the regular three-term controller apply to the prompt PID. ’P’ is

the proportional gain term, ’I’ is the integral gain term, and ’D’ is the derivative gain term. This

PID controller has three gain terms [25]: the proportional term designated as KP, the integral
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term specified as KI
s , and the derivative term defined as KDs. Thus, the transfer function of a

PID controller has the general form given in Eq.(1.4) [26]

Gc(s) = KP +
KI

s
+ KDs =

KPs + KI + KDs2

s
=

KD(s2 + KP
KD

s + KI
KD

)

s
(1.4)

where KP, KI , and KD are the proportional, integral, and derivative gains, respectively. This PID

controller is also expressed in other form as follows in Eq.(1.5)

Gc(s) = KP(1 +
1

Tis
+ Td s); where Ti =

KP

KI
, Td =

KD

KP
(1.5)

where KP is the proportional gain, Ti is the integration gain time constant, and Td is the deriva-

tive gain time constant.

Unique models of PID controllers are the P, PI, and PD control forms. To promote PID

controllers’ study, first consider the PD and PI controllers [26].

A typical closed-loop system involving a PID controller is given in Figure 1.2. The PID

controller transfer function Gc(s) defined in Eq.(1.5) may further be written as in Eq.(1.6)

Gc(s) = KP(1 +
1

Tis
+ Td s) = KP

(as + 1)(bs + 1)
s

(1.6)

where a + b = Ti and ab = TiTd

Gp(s)

-
R(s) E(s) U(s) Y(s)

I
K

s

D
K s

P
K

+
++

PID Controller

( ) I

C P D

K
G s K K s

s
  

Figure 1.2: Closed-loop system with PID controller.

Hence, the PID controller increases the number of zeros by two and the number of poles

by one, where the two zeros are located at s = −1
a and s = −1

b and the pole is located at s = 0
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FOPID Controller

The general conventional arrangement of a fractional-order PID (FOPID) controller is the

PIλDµ controller [27], proposing integration of order λ and differentiation of order µ, where λ

and µ can be any real number. Different alternatives to fractional-order controllers exist, and

all have been practiced depends on the application-specific criteria in many applications. The

most popular is the family of the FOPID controllers. This FOPID controller is an extension of

a conventional PID controller, with the advantage of fractional calculus [28].

The description of Integer Order PID (IO-PID) controller transfer function in the parallel

structure is given Eq.(1.4) as shown in Figure 1.2 and the identical generalized fractional order

PID controller as presented in Figure 1.3 and the Laplace domain is given [27] in Eq.(1.7) is

Gc(s) =
U(s)
E(s)

= KP +
KI

sλ
+ KDsµ (1.7)

where KP-proportional gain, KI-integral gain, λ-fractional order of integration, KD-derivative

gain, µ-fractional order of derivation.

Gp(s)

-
R(s) E(s) U(s) Y(s)1

s

s

P
K

+
++

FOPID Controller

( ) I

C P D

K
G s K K s

s




  

D
K

I
K

Figure 1.3: Block diagram of FOPID controller in closed-loop.

The FOPID controller system can defeat the parallel structure of the traditional PID con-

troller. With the use of fractional derivative or integral expressions, additional alternatives,

including FO-PI and FO-PD controller forms, are possible. The transfer function in Eq.(1.8)

writes to the time domain fractional differential equation [29].

u(t) = KPe(t) + KI0D−λt e(t) + KD0Dµt e(t) (1.8)

The identical transfer function in the discrete-time domain is given in Eq.(1.9)

Gc(z) =
U(z)
E(z)

= KP +
KI

(w(z−1))λ
+ KD(w(z−1))µ (1.9)
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The FOPID can exist as a PID controller of point to a plane from the Figure 1.4 to present

the PID illustration, and the FOPID controllers in the λ-µ axis plane [30]. The point to plan

gives P, PI, PD, and PID controllers at the four points on the λ-µ axis plane, and the FOPID

controller can hold any point in the plane to derive a controller. Hence, the control designer

typically has a more considerable degrees of freedom and can practice specific extra controls to

fine-tune the controller design for particular objectives.

Plane

DPI 





)1,0(

PI

)1,1(

PID

)0,0(

P

)0,1(

PD

Figure 1.4: The PID Point to plane representation of FOPID controller.

During the work, typically think that the control system is designed by the negative feed-

back of the pattern in Eq.(1.10)

Gcl(s) =
Gc(s)Gp(s)

1 +Gc(s)Gp(s)
(1.10)

where Gc(s) is the controller and Gp(s) is the plant under control.

Performance metrics

The development of control system execution in the time-domain is proportional to de-

preciating error (e(t)) value. The various performance measure [31] objectives are estimated to

design a controller:

• Integral absolute error (IAE)

IAE =
∫ t

0
|e(t)| dt (1.11)

• Integral square error (ISE)

IS E =
∫ t

0
e2(t)dt (1.12)

• Integral time-square error (ITSE)

ITS E =
∫ t

0
te2(t)dt (1.13)
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• Integral time-absolute error (ITAE)

IT AE =
∫ t

0
t |e(t)| dt (1.14)

• The time domain performance objective function [32]

JMin(K) = (1 − e−β)(MP + ES S ) + e−β(TS − TR) (1.15)

1.2.2 Industrial Controller

The typical industrial control loop configuration is shown in Figure 1.5, which is simple

to accommodate higher than four elements. The key features can be group according to the

subsequent loop works [33].

Process: This is the actual mechanism for which it is appropriate to control those particular

physical variables. Boilers, kilns, furnaces, and distillation columns are standard processes of

industry examples.

Actuation: An actuator is a processing unit that provides the process with raw materials or a

power supply. It is necessary to view the actuator is working by amplification. For example, a

tiny action on a valve stem regulating a great flow of usable gas into an industrial boiler may be

the control signal.

Setpoint 

generator 

block

Control 

block
Actuator Process

(SYSTEM)

Transducer
Signal 

conditioning

-+
Output

Figure 1.5: Block diagram of an industrial control loop.

Measurement: The familiar motto is that there is no control without a measurement. Usually, a

transducer and correlated signal processing elements are used in the measurement process. The

transducer will include a sensor to detect a particular physical property (such as temperature)

and generate a property description in another physical form (like voltage). A noisy signal will
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likely be the measured output, and some of the noise may pass into the control loop via the

signal-conditioning of the measuring system.

Control: The controller is designed to build a stable closed-loop system and fulfill specific

pre-specified dynamic and static process output requirements. An error signal based on the

difference between the target set-point or reference signal and the actual calculated output is

typically the input to the controller device.

Communications: The earlier parts and components are all connected in the control loop. The

control mechanism is usually hardwired in small local loops, but control loops work with con-

trol rooms in spatially dispersed processes. Computer communication components (networks,

transmitters, and receivers) may be required. Not often is this aspect of control engineering

addressed. Communication delays in the loop can be an important barrier to the excellent per-

formance of the control system.

In the construction of the first control design, it is likely to use explicit process modeling.

Practically all physical processes are nonlinear in operations, but providentially, various indus-

trial processes are runs to maximize productivity [33]. This industrial system allows linearizing

the nonlinear process dynamics of steady-state system operation a feasible research path for

several systems. Subsequently, nonlinearity can be resolved by benefit planning or change in

management under various operating conditions. While linearity is the route to a simple clas-

sification procedure, even a straight-forward loop can commence to a problematic design if all

the segments are estimated. A block diagram model as shown in Figure 1.6.

GC(s) GA(s) G(s)

H(s)

-
R(s) E(s) Uc(s) U(s)

Ds(s) DL(s)

Y(s)

N(s)

Figure 1.6: Components in a typical industrial control loop.
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Table 1.1: Key terms of components model in control loop.

Components Loop signals

G(s) Process Model
Y(s) Process output
DL(s) Load disturbance signal

H(s) Process measurement model N(s) Measurement noise

Gc(s) Controller unit
R(s) Reference input
E(s) Error input to controller
Uc(s) Controller output

GA(s) Actuator unit model
U(s) Actuator output to process
Ds(s) Supply disturbance signal

1.2.3 Optimal Control

An important object of control engineering is the design of optimal control systems. The

purpose of the plan is to execute a strategy that provides the desired performance with functional

components. The predicted performance can be readily specified in terms of time-domain per-

formance indices, such as the integral performance indices. A system’s architecture may be

based on performance minimization.

As in Eq.(1.16) [34], the output of a control system, written in terms of a system’s state

variables, can be expressed.

J =
∫ ∞

t0
g(x,u, t)dt (1.16)

where x(t) is the state vector, and u(t) is the control vector. This section considers the idea of

optimal control systems utilizing states of system and error performance indices.

1.3 Fractional Calculus

1.3.1 Background

The theory of the differentiation operator D = d
dx is near to everything that has analyzed

fundamental calculus. As proper uses, the nth derivative of f (x), specifically dn

dxn f (x), is com-

pletely determined when n is a real integer. In 1695 LHospital queried Leibniz what sense

could be known to dn

dxn f (x) if n is a fractional number [21]. After that, fractional calculus has

attracted many great mathematicians attention, such as Euler, Laplace, Fourier, Abel, Liouville,

Riemann, and Laurent. The approach was then extended to carry the Dm operator, where m
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could be rational or irrational, positive or negative, real or complex. Differentiation and inte-

gration to an arbitrary order may be a better definition. However, stick to tradition and refer to

this principle as fractional calculus [35].

Fractional integrals and derivatives also appear in the theory of control of dynamical sys-

tems [35], when a fractional differential equation describes the controlled system or/and the

controller. By defining their characteristics in terms of fractional derivatives, the analytical

modeling and simulation of structures and methods inevitably lead to differential equations of

fractional order and the need to resolve such equations.

Most of the physical systems can be modeled more precisely by fractional differential

integrals. The best example is the charging and discharging lossy capacitors, for instance,

confirming experimentally to have essential fractional-order dynamics. The fractional-order

description, as seen in Figure 1.7 [29], differs from the number line’s integration. In integer

order calculus, an integer number can be separated or successfully integrated by a function f.

This notion of separation reflects the number line’s solid dotted points, and integration can be

extended to hold any point on the number line between the integer cases. Thus a generalization

of the calculus of the integer-order is called the calculus of the fractional order.

0 1 2 3-1-2-3

f
d f

d x

2

2

d f

dx

3

3

d f

dx

1

1

d f

dx





2

2

d f

dx





3

3

d f

dx





Integration Differentiation

Figure 1.7: Number line and its interpolation for differ-integrals of fractional calculus.

Fractional calculus is a deriving of integration and differentiation to fractional or non-

integer order as key operator aDn
t , where a and t are the limits of the operation and n ∈ R. The

continuous differ-integral operator is defined [35] as in Eq.(1.17)

aDn
t =


dn

dxn n > 0

1 n = 0∫ t

a
dxn n < 0

(1.17)
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Fractional differ-integral definitions

1. Grünwald-Letnikov (G-L) Definition [35]: This formula is a continuation of the backward

finite difference formula. This formula is used commonly for the numerical solution of

a function’s fractional differentiation or integration. The alpha order differ-integration of

the function f (t) is defined by the Grunwald-Letnikov method as:

dn

dxn f (x) =a Dn
t f (x) = lim

h→0

1
hα

α∑
j=0

(−1) j

(
α

j

)
f (t − jh) (1.18)

where
(
α
j

)
= α!

j!(α− j)!

Now the Grünwald-Letnikov definition of Eq. (4.21) extends for non-integer orders and

the corresponding nth order differ-integration (for any real number n) of a function f (x)

defined as in Eq. (1.19)

aDn
t f (x) = lim

h→0

1
hα

α∑
j=0

(−1) j

(
α

j

)
f (t − jh) (1.19)

Instead of an integer value n, for a non-integer value n, the factorial expression
(
α
j

)
can be

replace by the Euler’s Gamma function, i.e.(
α

j

)
=

Γ(α + 1)
Γ( j + 1)Γ(α − j + 1)

(1.20)

Considering, α = t−a
h where a is a real constant, which expresses a real value, the differ-

integral can be expressed as

aDn
t f (x) = lim

h→0

1
hα

t−a
h∑

j=0

(−1) j

(
α

j

)
f (t − jh) (1.21)

2. Riemann-Liouville (R-L) Definition [35]: This definition is an extension of n-fold suc-

cessive integration and is widely used for analytically finding fractional differ-integrals.

By the Riemann-Liouville formula the nth order integration of a function f (x) is defined

as in Eq. (1.22)

aIn
t f (x) =a D−n

t f (x) =
1

(n − 1)!

∫ t

a
f (τ)(x − τ)n−1dτ (1.22)

when 0 < n < 1
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Assume that n1 < β ≤ n, and denote n = β. The RiemannLiouville fractional-order

derivative can be expressed as in Eq. (1.23)

aDβt f (x) =
1

Γ(α − β)
dα

dxα

∫ t

a

f (τ)
(t − τ)1+β−αdτ (1.23)

In such a definition, the power of the term tτ in the integrand is ensured to be not less

than 1.

3. Caputo Definition [35]: In the fractional order systems and control related literatures

mostly the Caputos fractional differentiation formula is referred. This typical definition

of fractional derivative is generally used to derive fractional order transfer function mod-

els from fractional order ordinary differential equations with zero initial conditions. Ac-

cording to Caputos definition the nth order derivative of a function f (x) with respect to

time is given in Eq. (1.24)

aDn
t f (x) =

1
Γ(α − n)

∫ t

a

f n(τ)
(x − τ)n−α+1 dτ (1.24)

for α − 1 ≤ n ≤ α

Properties of Fractional Differ-Integrals

Some of the major properties of fractional differentiation and integration are given as follows

[36]:

• If f (x) is an analytical function of ‘x’ then its fractional derivatives 0Dn
t f (x) is an analyt-

ical function of x and n.

• When n = α, where ‘α’ is an integer, the operation 0Dn
t f (x) gives the same result as the

classical differentiation or integration.

• When n = 0, the operation 0Dn
t f (x) is Identity operator. i.e. 0Dn

t f (x) = f (x).

• Fractional differentiation and integration are linear operators as follows

0Dn
t [a f (x) + b f (x)] = a 0Dn

t f (x) + b 0Dn
t f (x)

• Fractional order differentiation and integration operates satisfy the additive index law, and

also satisfy

0Dαt [0Dβt f (x)] =0 Dβt [0Dαt f (x)] =0 Dα+βt f (x)
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Fractional Differ-Integrals Laplace Transform

Laplace transformation holds an efficient and effective method for solving fractional dif-

ferential equations that often occur in practical science and engineering challenging issues. The

following sections describe the traditional Laplace transform for the integer-order instances and

their extensions to the fractional-order case.

The Laplace transform of the R-L fractional integration of order n > 0 as define in

Eq.(1.22) [35] can be stated as a convolution of two functions g(x) = tq1 and f (t).

0D−n
t f (x) =

1
Γn

∫ t

0
(x − τ)n−1 f (τ)dτ = tn−1 ∗ f (x) (1.25)

Now, the Laplace transform of the function g(t) is given in Eq.(1.26)

G(s) = L{tn−1} = Γ(n)s−n (1.26)

Using the convolution property, the Laplace transform of the R-L fractional integral can be

obtain as in Eq.(1.27)

L{0D−n
t } = s−nF(s) (1.27)

1.3.2 Fractional order system model

The conventional transfer function scheme for integer order systems is expanded in

fractional-order systems. The Laplace transform can attain a fractional-order transfer func-

tion demonstration of the system described by a fractional order ordinary differential equation.

The fractional-order systems can be classified [35], as shown in figure 1.8.

LTI Systems

Non-Integer Integer

Commensurate Non-Commensurate

Rational Irrational

Figure 1.8: Classification of LTI fractional order systems
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The system is assumed to be of commensurate order if all the derivation orders are integer

multiples of a base order n such that q ∈ R+. The system can then be expressed [35] as in

Eq.(1.28)
q∑

k=0

akDkqy(t) =
p∑

k=0

bkDkqu(t) (1.28)

If in Eq.(1.28), the order is q = 1
r , r ∈ Z+, the system will be of rational order.

Applying the Laplace transform to Eq.(1.28) with zero initial conditions, a fractional-order

system can be obtained in the form of a transfer function by its input-output representation.

G(s) =
Y(s)
U(s)

=
bmsβm + bm−1sβm−1 + ..... + b0sβ0

ansαn + an−1sαn−1 + ..... + a0sα0
(1.29)

Deal with the issues of process management in the sense of this work. A process model’s

fractional-order transfer function representation consists of Eq.(1.29) and an input delay term

given as u(t) = ud(t − L) in the time domain. Thus the general form in Eq.(1.30)

G(s) =
Y(s)
U(s)

=
bmsβm + bm−1sβm−1 + ..... + b0sβ0

ansαn + an−1sαn−1 + ..... + a0sα0
e−Ls (1.30)

The following state-space model can also represent the fractional-order linear time-

invariant (LTI) system [35, 37].

0D−n
t x(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t)
(1.31)

A state-space representation is the first equation called the fractional-order state equation

in the above fractional-order system, and another one is the output equation. The fractional

state-space form may practice the resulting relationship to translate to the fractional transfer

function form.

G(s) = C(sqI − A)−1B + D (1.32)

If q1 = q2 = ... = qn, the system in Eq.(1.31) called a commensurate order , otherwise it is an

incommensurate-order system.

Here, I represents the dimension identity matrix n × n and G(s) represents the dimension

fractional order transfer function matrix p × l.
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Time Domain Analysis

The other solution includes the mathematical calculation of fractional-order derivatives,

which is considered to utilizing an improved Grünwald-Letnikov definition in Eq.(4.23) rewrit-

ten [38] as

aDn
t f (x) = lim

h→0

1
hα

t−a
h∑

j=0

w(α)
j f (t − jh) (1.33)

where h is the computation step-size and w(α)
j = (−1) j

(
α
j

)
can be evaluated recursively from

given Eq.(1.34)

w(α)
0 = 1, w(α)

j =

(
1 − α + 1

j

)
w(α)

j−1, j = 1, 2, 3..... (1.34)

To obtain a numerical solution for the Eq.(1.30) or Eq.(1.31) the signal ˆu(t) should be

obtained first, using the Eq.(1.33) as in Eq.(1.35)

ˆu(t) = bmDβmu(x) + bm−1Dβm−1u(x) + ..... + b0Dβ0u(x) (1.35)

The system’s time-domain responses can be achieved by applying the following Eq.(1.36).

y(t) =
1∑n

i=0
ai

hαi

 ˆu(t) −
n∑

i=0

ai

hαi

t−a
h∑

j=1

w(α)
j y(t − jh)

 (1.36)

If the system in Eq.(1.30) has a input-output delay L, the resulting delay responses yd(t)

with yd(0) = 0 is obtained such that

yd(t) =

y(t − L), t > L

0 Otherwise
(1.37)

Approximation of Fractional Operators

Oustaloup introduced in [39] and presented in [40, 41], the recursive filter gives the perfect

approximation of the fractional operators in the defined frequency range. It is a well-established

approach and is mostly used to implement fractional-order systems and controllers realistically.

The approximation of fractional order differentiation or fractional order integration of (−α)

by a general transfer function to estimate the zeros and poles of the transfer function using the
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following Eq.(1.38)

sα = K
N∏

k=1

s + w
′

k

s + wk
(1.38)

where

w
′

k = wb · w
(2k−1−α)

N
u (1.39a)

wk = wb · w
(2k−1+α)

N
u (1.39b)

K = wαh (1.39c)

wu =

√
wh

wb
(1.39d)

and N is the order of approximation in the valid frequency range (wb, wh).

Due to the property of The fractional-order derivative reduces with integer-order deriva-

tions for fractional order α ≥ 1 it holds

sα = snsγ (1.40)

where n = α − γ signifies the integer division of α and sγ is achieved by the Oustaloup approx-

imate approach by using Eq.(1.38). Thus, every operator in Eq.(1.30) may be approximated

using Eq.(1.40) and exchanged by the approximation, by allowing a traditional integer-order

transfer function. The obtained approximation may be converted to its discrete-time equivalent

in the digital implementations using a suitable method.

1.3.3 Stability Analysis

The conventional algebraic approaches, such as the Routh-Hurwitz criterion, cannot be

used for stability analysis directly in the fractional-order case [21, 35, 37], except under some

special conditions. This is because the fractional-order case does not have a characteristic poly-

nomial. A pseudo-polynomial with rational power is what exists (a multivalued function). Be-

low are such stability requirements for FO systems. The proof, for brevity, is omitted.

Consider the following theorems to evaluate the stability of a fractional system given in

Eq.(1.30) or Eq.(1.31).

Theorem 1: (Matignon 1996) A commensurate order system expressed as a rational transfer

function in G(s) = K
∑m

k=0 bk(sα)k∑n
k=0 ak(sα)k = K Q(sα)

P(sα) is stable if and only if the following condition is
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satisfied in σ-plane:

|arg(λi)| > α
π

2
, ∀σ ∈ C. (1.41)

where 0 < n ≤ 1 and σ := sn. When σ = 0 is a single root of P(s), the system cannot be stable.

For n = 1, this is the classical theorem of pole location in the complex plane: no pole is in the

closed right plane of the first Riemann sheet.

A fractional-order system’s stability regions are shown in Figure 1.9. Notice that there are

currently no polynomial techniques to evaluate the stability of fractional-order structures [29],

either Routh or Jury type.

Figure 1.9: fractional-order system’s stability region for 0 < n ≤ 1.

Theorem 2: (Matignon 1998) For the commensurate case of the state space representation of

FO LTI systems, the system is stable if the following conditions are satisfied

|arg(eig(A))| > απ
2
, ∀σ ∈ C. (1.42)

where n ∈ (0, 2) and eig(A) represents the eigenvalue of matrix A.

In the FO systems, the stability region is shown as shaded in Figure 1.9. The fractional-

order systems can be stable even if some of the poles are on the right half-plane inside the

shaded region as shown in Figure 1.10, compared to the integer-order case where every pole on

the right half-plane indicates an unstable structure.

Theorem 4: The discrete time fractional order state space model is asymptotically stable if the∣∣∣Ã∣∣∣ < 1 is satisfied. Here, || denotes the matrix norm defined as max|λi| and |λi| being the ith

eigenvalue of extended matrix Ã.

The stability criteria of the nonlinear fractional order systems for the commensurate and

the incommensurate order systems are stated next.
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Figure 1.10: fractional-order system stability region for 0 < n < 1 and 1 < n < 2.

Theorem 5: The equilibrium points are asymptotically stable for n1 = n2 = ..... = nq ≡ n if all

the eigenvalues |λi| ,∀i = 1, 2, 3....., q of the Jacobian matrix J = ∂ f
∂x , where f = [ f1, f2, ....., fn]T

, evaluated at the equilibrium point, to satisfy the condition as follows

|arg(eig(J))| = |(λi)| > q
π

2
, i = 1, 2, ...q (1.43)

Theorem 6: For the incommensurate fractional order system where n1 , n2 , ..... , nq. Let

ni =
vi
ui

where vi, ui ∈ Z+ ∀i = 1, 2, 3, ...., q let m be the lowest common multiple of the

denominators ui. Let γ = 1
m then the fractional order nonlinear system is asymptotically stable

if

|(λ)| > γπ
2

(1.44)

for all roots λ of Eq.(1.45)

det (diag ([λn1λn2 .....λnq])) (1.45)

1.4 Evolutionary optimization

In specific ways, an evolutionary optimization algorithm is distinct from classical op-

timization methods [42]. It depends on random sampling; that is, the technique is non-

deterministic. So the strategy of finding an optimal solution has no theoretical guarantee.

Second, with a population of candidate solutions, an evolutionary algorithm works. In the

meantime, traditional methods of optimization generally retain a single best solution found so

far. Using population sets helps avoid being stuck in a local solution [43] by the evolutionary

algorithm.

Also, since we already know the global minimum value of the issue beforehand, we will

never know whether we have found an actual global minimizer. In general, the upper limit for
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the number of function evaluations, [43, 44], is typically used to terminate the evolutionary

algorithm. The algorithm stops once the number of function evaluations exceeds this upper

limit, and the best solution found so far is regarded as a global minimum. In Figure 1.11, the

basic scheme of an evolutionary algorithm is given.

PARENTS

OFFSPRING

POPULATION

Initialization

Termination

Parent Selection

Survivor Selection

Crossover

Mutation

Figure 1.11: Basic scheme of an evolutionary algorithm.

An evolutionary optimization loop used as shown in Figure 1.12, an evolutionary algo-

rithm directly to check for several global solutions, it is possible that the iteration process wan-

ders around the solutions already found without further advancement. We need to stop this

hindrance and go further for other solutions because we are looking for all possible solutions.

To suggest the fitness function modification procedure here, which helps to go after the other

solutions. The modification utilizes the technique of the tunneling function. Once a local or

global solution is found during the computation, a new position is built in the second search

[45] to escape from this solution region.

It is usually not possible to predict the efficacy of EC implementations in advance. The

need for realistic execution and machine experimentation is to justify. Besides, no single op-

timization algorithm is the best for solving all possible (optimization) problems according to

the No Free Lunch (NFL) theorem [46]. From the NFL theorem, two points can be derived.

Firstly, EC should not be applied to any situation blindly. Second, for a particular problem,

each specific EC algorithm design and execution should be careful.
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Generate initial population randomly

Evaluate the initial population

Select parents according to a given 

stochastic selection scheme

Apply crossover to pairs of selected 

parents and generate offspring

Apply mutation genewise to each 

individual in the population and 

generate more offspring

Evaluate the offspring

Re-evaluate the original population when 

appropriate for noisy fitness

Select the best individuals from the 

offspring and original population to 

generate the new population

Last generation?

Final noise test for noisy fitness

End 

Figure 1.12: The evolutionary optimization used in the engineering design synthesis process.

1.5 Internet of Things

The Internet of Things (IoT) is a knowledge network in the combination of devices and

sensors to allow for new and autonomous capabilities [47]. From the watches we wear to our

cars, IoT devices are integrated within our daily lives. Many networks, containing Industrial

Control Systems, Control Systems, Building Management Systems, Business, and Staff Net-

works, will locate them.

Progressively, IoT offers the information technology world with digital skin, allowing it to

feel and monitor its operating environment. For this purpose, attempting to protect these devices

from those with destructive intent is essential. Increasing the knowledge of the liabilities an IoT

device may familiarize into a system is also necessary.
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1.5.1 IoT in Control Systems

Nowadays, the Internet is used to communicate with more than 2-billion people per day.

The IoT is understood as the expected growth of the Internet containing not only the communi-

cation among human but also with any object [48]. An analysis of the convergence of this field

and the control system is offered.

The entire Internet was built with human-processed data: websites, blogs , social networks.

The problem is that people have little time , energy and precision, which suggests that they are

not very good at gathering knowledge about problems in the real world. The primary reason for

the control system ’s existence is to ensure that all the essential data from a thousand devices

required for the functioning of a large scientific facility is collected.

The "Sensor" or "Actuator" is also used to explain things related to the physical world.

Sensors play a significant role in extracting knowledge from the real environment that is pro-

cessed. Traditionally, many realms also use sensors, but to access their information from a

computer network, normally located on a local network, a processing unit (computer) is re-

quired. The sensors identified by the IoTs are directly linked, similar to computers, to a global

Internet network. This concept came with the emergence of new RFID-based technologies that

provide passive objects with communication skills. Privacy is a big challenge to overcome, as

the system does not have the same sensitivity to monitor the circulation of data as humans. An

actuator is a system capable of operating on the real environment. One instance of this group is

the IP bulb. Often they are only linked to an intra-net because security is a crucial constraint.

1.5.2 IoT Architecture

The widespread IoT pattern has provided recent technological development for several ap-

plications, like smart cities, smart grids, smart buildings, smart homes, industry, transportation,

health care, and surveillance. This has allowed the presence of an increasing number of devices

connected to interoperable communication protocols and software in the network infrastructure

[49]. The new IoT paradigm brings technological fields into a context in which almost every-

thing in the virtual world can be linked and managed, allowing a different aspect of information

and communication technology, considering connectivity for anyone, anytime and anywhere

[50].
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A layer-based architecture was developed to meet the CS needs in an acceptable manner,

in view of the technical advancement forced by the IoT. As shown in Figure 1.13 an example

to reflect the IoT-CS architecture , two control cores are used. The proposed solution specifies

that five hierarchically ordered layers communicate with each of the control cores for problem

formulation, called the Application Layer, Network Control Layer, Network Layer, System

Management Layer, and Device Layer.

Wide

Connectivity

CONTROL CORE 1

Application Layer

Network Control Layer

Network Layer

Device Mangement Layer

Device Layer

CONTROL CORE 2

Application Layer

Network Control Layer

Network Layer

Device Mangement Layer

Device Layer

Figure 1.13: IoT-based Control Systems architecture.

The basis for each IoT architecture and its overall process flow of data is similar. Ini-

tially, it contains Internet-connected devices that can sense the surroundings around and capture

information that is passed on to IoT accesses through their embedded sensors and actuators.

Figure 1.14, the subsequent stage involves IoT; these are data acquisition systems and gateways

that accumulate and transform the defeating form of unrefined data into digital streams, and

pre-process is arranged for examination. In the third layer, edge devices are accountable for ad-

ditional processing, and enhanced data analysis are quantified in this layer, where visualization

and machine learning technology can also move in. Later, the data is transferred to data centers

that can be either cloud-based or installed locally. Here the information is stored, treated, and

evaluated in detail with actionable insights.

SENSORS/ACTUATORS

(Wired, Wireless)

SENSORS/ACTUATORS

DATA ACQUISITION SYSTEMS

(Data aggregation, A/D, 

Measurement, Control)

EDGE IT

(Analytics, Pre-processing)

DATA CENTER / CLOUD

(Analytics, Management, archive)

.….. .….. .…..

Figure 1.14: Four layers of IoT architecture.
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1.6 Literature Survey

The design of control systems is a primary instance of engineering development. The

control engineering method aims to achieve the structure, specifications, and identification of a

proposed control system’s key parameters. In reality, the control system’s design requires cycli-

cal effort in which one iterate among [51] modeling, design, simulation, testing, and execution.

The control system’s design frequently numerous forms and involves a slightly different method

to each one.

1.6.1 Control Systems

In control system applications, an effective and economical controller design is a signifi-

cant challenge for control engineers. Thus, researchers are still concerned with controller archi-

tectures, and design methodologies [52]. The proportional integral derivative (PID) controller

is still the most important controller used in the industry because of its low cost and specific

tuning parameters, Astrom and Hagglund (1994) [53, 54], considering the ability of modern

control techniques. Many tuning rules for PID controllers have been suggested in the literature.

The most common design technique is that of Ziegler-Nichols, which relies exclusively on pa-

rameters obtained from the Ziegler and Nichols (1993) [55] plant phase response. Third-order

systems model the processes of many applications in feedback control systems. Unfortunately,

for these kinds of scenarios, PID controllers are not acceptable. Thus, for third-order systems,

a controller structure different from the PID controller structure is required.

In [56] some different methods for optimizing the dynamic response are discussed in a

review of recent work on the AVR system. The previous literature shows better performance

in optimal determination of control system parameters compared to other modern control ap-

proaches. In the 1990s [57], the AVR system was introduced with self-tuning control. After-

ward, at the same time, Finch used a global predictive control technique such as a self-tuning

control algorithm [58]. Since the early twentieth century, control engineers have proposed an

algorithm for optimization based on adaptive controllers. It is therefore, an excellent option

to use artificial intelligence algorithms to evaluate the PID controller parameters in the AVR

method [58]. The parameters of a PID controller in the AVR framework are calculated using

artificial intelligence algorithms consisting of PSO [59] and GA have compared the results.

The controller design for the multivariable system of multiloop is a challenging task be-

cause of the interaction effect. The understanding or measuring of the loop interaction dynam-
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ics is complicated. Still, to control MIMO systems, the maximum number of industries are

accepted proportional-integral-derivative (PID) controllers because of its simple structure and

robustness, the convenience of implementation [60]. Many industrial process systems are us-

ing a decentralized controller as an alternative to a multivariable centralized controller because

of more complexity than decentralized controllers. These decentralized controller designs are

simple to set up, easy to tune, and implementation.

Due to interactions in control loops, the controller parameters’ design and tuning are fur-

ther complexes compared with such single loop controllers. As the controller interacts with each

other in the loops, the controller tuning of an independent loop is challenging. The PID con-

troller design using many single-input-single-output (SISO) controllers in each loop is regularly

used to control MIMO schemes [61]. The intention of applying SISO PID controllers in multi-

loop control is to have minimum interaction and a capability to achieve the maximum of control

goals. In addition to extending the controller design schemes for SISO systems to MIMO sys-

tems, the systems’ performance and stability are regularly affected. Several approaches have

been suggested like the detuning method [62], relay auto-tuning method [63], sequential loop

closing method [64] and independent loop method [65] to exercise loops synergies into account

in the multiloop controller design.

1.6.2 Soft Computing in Control

Optimization refers to minimizing or maximizing its performance to discover optimal val-

ues for a specified problem. In all fields of study, optimization problems can be found, making

optimization techniques essential and a fascinating research path for researchers. In the last two

decades, due to the disadvantages of traditional optimization paradigms, local optima stagna-

tion, and the need to derive the search space [66], increasing attention has been seen in stochastic

optimization methodologies [67]. Stochastic optimization procedures reflect its issues as black

boxes [68]. The mathematical model derivation is unnecessary because these paradigms of op-

timization adjust the inputs and track the system outputs to optimize or minimize their results.

The high versatility means stochastic algorithms are an additional advantage of allowing for

problems as black boxes.

Nature-based algorithms begin as a population with an initial collection of variables and

then reach the objective function’s global minimum or maximum [56]. One of the most com-

mon methods in this outline is a genetic algorithm (GA) [69]. Genetic algorithms, as defined

by Charles Darwin, are driven by the evolution of living beings. They hire natural genetic vari-
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ation and natural selection-imitated operators [70]. Particle swarm optimization (PSO) [71] is

another instance of nature-based algorithms. The teamwork of groups, such as birds and fish,

encourages PSOs. Several particles are put in the problem parameter space in PSOs, and each

particle assesses the fitness at its current position. Particles then set their movement through the

parameter space by combining some aspect of the past between their cost values with those of

the swarm members and then moving between the parameter. In addition to these algorithms

inspired by nature, some other algorithms have recently been built based on social humanity. In

more applications of nature-based algorithms, these algorithms demonstrate better performance.

One of these algorithms is the cultural evolutionary algorithm developed by Jin and Reynolds

in 1999 [72]. In cultural algorithms, the primary concept is to nominate values from the derived

population and enforce the information to direct the search in return. Another social-based

evolutionary algorithm, recently proposed by Atashpaz et al. is the Imperialist competitive al-

gorithm (ICA) [73]. Recently, this algorithm was proposed for the use of various optimization

problems.

1.6.3 Optimal Control Systems

Optimal control is a control technique that seeks to find a control policy for a given com-

plex system that optimizes a given output index. The theory of classical optimal control is

based on the optimum principle of Pontryagin’s [74] or the focus of dynamic programming.

The full direction of the Pontryagin’s provides a necessary condition for optimality. Also, it

gives an open-loop control law, while the principle of dynamic programming offers an essential

requirement, which is a partial differential equation. For active systems, its analytical solution

is difficult to derive. The optimal control theory for linear dynamical systems is well developed

with a strong focus on the linear quadratic regulator and linear-quadratic monitoring.

Over the last few years, many advanced methods have been investigated in the field of

control methods for industrial systems or process control [75, 76]. A well-known Proportional

Integral Derivative (PID) controller has been broadly utilized in the industries due to its sim-

ple structure and significant performance in the comprehensive scope of operational situations.

However, successful tuning of PID controller gain parameters is challenging to cope with dif-

ficulties in high order, such as time delays and non-linearities. In FOPID controller [77], the

tuning parameters are increased to five, but the gain parameters of FOPID controller are still

challenging to tune accurately or optimally. For many years, different meta-heuristic algorithms

have been applied for tuning FOPID [78] controller gain parameters.
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In current years, many evolutionary-based optimization procedures have been projected

for PID controller design, rather than using the traditional tuning methods that fail to oper-

ate efficiently under different operating conditions and perform poorly. Recently, controller

design methods such as bio-geography-based optimization (BBO) [79], gravitational search

algorithm (GSA) [80], grasshopper optimization algorithm (GOA) [81], continuous firefly al-

gorithm (CFA) [82], teaching learning-based optimization (TLBO) [83] have been based on

heuristic optimization. The various stochastic techniques, such as genetic algorithm (GA) [69],

particle swarm optimization (PSO) [84, 85], simulated annealing (SA), and teaching learning-

based optimization [86] have been recently gained significant attention for performing high

efficient and exploring universal optimum solution of the problem. Due to the increased po-

tential for global optimization of GA, Differential Evolution (DE) and PSO [87] have received

considerable attention in control engineering by the exploration for optimum parameters of PID

controller.

Many scientists are currently using fractional-order controllers [78] extensively to achieve

the most robust efficiency of the [88, 89] method. I. In 1994, Podlubny introduced the fractional

PID controller for a fractional-order scheme, [88]. Several additional engineers developed frac-

tional PID controllers using many tuning approaches after this work. This review paper [78]

discusses various proposal techniques and software resources existing and modification meth-

ods. A fractional PID controller’s tuning is difficult since here five parameters to tune, and

two more parameters are additional than a traditional PID controller. In this work, various de-

sign methods for the fractional-order controller are also established. Besides, the researchers

’[90]’ have made several contributions. To build design approaches for the FOPID controller

constructed on meta-heuristics algorithms in the literature, such as PSO [91], ant colony bee

colony and [89] genetic algorithm. In these methods, by minimalizing a given objective func-

tion to achieve FOPID controller design, the authors use the principle of optimization. In [92],

which is based on PSO, the design method of the FOPID controller for a functional AVR sys-

tem is proposed, and the effects attained by this method are compared with the traditional PID

controller.

1.6.4 IoT Applications

After the Internet, the IoT is considered [93] to be a technological then financial compe-

tition in the global information industry. The IoT is a smart network that connects all entities

to the Internet in compliance with approved protocols to share information and communicate

via data detecting devices. It attains the objective of finding, locating, tracking, controlling, and

handling items in an intelligent way [94]. It is an extension and progress of the Internet-based
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network, which extends the connectivity of objects or things and things from person and human

to human. In the IoT model, several artifacts around will be linked into networks in one way or

another. Many applications can embed RF Identification (RFID), sensor technology, and other

smart technologies.

The evolution towards IoT in home-based networks is previously obvious among the de-

veloping approach of Internet-based systems for smart appliances, smart sensors, fitness, or

health monitors. These systems use home network WiFi to implement isolated health surveil-

lance and energy-efficient smart home management services and maintain safety and security

at home [95]. In general, intermittent (low-rate) or event-driven traffic [96] is manifested by

IoT-based home WiFi systems. Body area sensors regularly send symptom measurements and

signs to a remote eHealth platform may be an example of intermittent traffic. In particular, the

largest IoT situations require sensors and devices transmitting information from home, so these

IoT applications flow battle for WiFi’s limited uplink capability and frequently struggle with

the bulk downloads for massive file transfer of conventional Internet applications [97].

1.6.5 Findings of literature

The control literature articles offering the classical and modern methodology established

design and implementation of the PI/PID controllers for a systems class. In this thesis, the

PID/FOPID controller scheme for the TITO system is discussed. The present controller design

technique for the TITO system can be classified as 1. A centralized method, and 2. A Decen-

tralized method. In a centralized control system, the controller design is reasonably challenging

compared to the decentralized control system due to the loops’ interaction. In this thesis, the

heuristic algorithm assisted the centralized FOPID controller in designing discussed for this

thesis’s TITO systems.

The Internet revolution is the latest-generation creation of software structures for control

systems used by scientific facilities. These frameworks interconnect all devices with the client

applications on the primary network. In reality, scientific facilities’ direct control systems are

primarily tailored for communication from machine to human (monitoring sensors), represent-

ing the data for action from human to machine (steering actuators). But it is more and more

popular to build virtual controllers with primary Machine-to-Machine communication. In re-

ality, any application that only requires “real-time" can be created in the direct control system.

The controllers are completely abstracted in some control system implementations to only rep-

resent the functional entity.
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1.7 Motivation and Problem

1.7.1 State of the art

An interest in applying fractional calculus in control theory and feedback control occurs

throughout the latest decade of the 20th century. In precise, the French CRONE (Commande

Robuste d’Ordre Non-Entier) investigation group led by Oustaloup [98], has established tools to

recognize and monitor fractional-order systems. In specific, fractional structures, the CRONE

community is noteworthy for evolving time-domain system identification techniques. A scheme

was proposed in [99] to suggest a fractional differential equation founded upon Grünwald frac-

tional derivation adopting a least-squares error function. The identification of a method for the

fractional dynamics of a system in [100] was suggested based on a rational model’s approxima-

tion of a fractional integrator. For fractional structures, optimal instrumental variable methods

have recently expanded. The CRONE research community also established some CRONE con-

trollers, typically based on the frequency domain study of the control systems [98]. These

CRONE controls are the well-established technique of Oustaloup approximation that emerged

for fractional order operations.

In [30, 101], Podlubny implemented a fractional-order PID (FOPID) controller. Com-

pared with traditional PID controllers in [102, 103], it is reported that FOPID controllers pro-

vide superior performance. [78] offers an analysis of tuning methods for the FOPID controllers.

Depending on the tuning problem’s approach, these approaches can be classified into analytic,

rule-based, and numerical. General methods of analytics are scarce. Several rule-based meth-

ods were suggested in [104], partly based on traditional tuning rules.Otherwise, the numerical

approach has been successfully practiced on common problems with FOPID parameters tuning

[98]. In [91], the global optimization based meta-heuristic algorithms are used in controller

design methods.

1.7.2 Motivation

Most of the process sector feedback loops are operating on common observation in control

loops with self-induced oscillations. Most certainly, all of these loops were tuned by someone

with little to no controller tuning expertise. It’s not easy, however, even with a background in

process control tuning. Typically, there is no time to define a comprehensive model or conduct

simulations to find the most suitable tuning when conducting tuning in practice. Typically,
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such as the open-loop phase test, one uses a simple engineering identification process. An

engineering decision is intended behavior, but it generally depends on the scale of disturbances,

the variance limits, and the interaction with other controller loops.

The fractional calculus helps the drawbacks of standard differential equations be improved

wherever only the integer operator is used. The fractional calculus affords to improve a system’s

dynamics, studying characteristics such as self-similarity and its state history. In [103], the ex-

isting industrial control systems are of great difficulty. Also, fractional dynamics remained

found in the time-domain [14] of an almost simple. Therefore, in terms of revised execu-

tion, efficiency, and cost reduction, the application of fractional-order identification and control

methods to real industrial control problems is expected to affect the specific industrial process

positively.

Previously a valid model of a process is developed, a model-based control design can be

maintained. With fractional controllers [18, 19], fractional dynamics are better compensated.

However, relative to traditional controls, the tuning thereof is more involved. To solve this

problem, the numerical methods of optimization are commonly used. The optimization problem

must be set up correctly due to the complexities of fractional models.

1.7.3 Problem statement

As mentioned above, the use of fractional models and controllers in industrial applica-

tions is of particular significance. The studies show that about 90% of industrial control loops

are PI/PID type; also, about 80% of these current control loops are inadequately designed

[78, 101, 102]. Therefore, the FOPID controllers provide more tuning freedom and stabiliz-

ing capabilities. Industrial integration of these controllers is expected to benefit significantly.

Accordingly, to review fractional process models and provide the implementation of an elec-

tronic controller, a design method of meta-heuristic algorithms to obtain a collection of FOPID

controllers over several operating conditions. The stability of fractional-order systems is to

explore the possibilities of incorporating newly developed fractional controllers.

Statement: “Developing a framework for the optimal tuning parameters of FOPID/PID
controller design for industrial (SISO/MIMO) systems using meta-heuristic algorithms
and implementation of real-time integration of IoT applications."
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1.7.4 Objectives

The PID controller is mostly used in industries because of the ease of design and im-

plementation. The PID controller design has a limited degree of freedom specifications; to

improve the degree of freedom Fractional-order controller is introduced. The fractional con-

troller is called Fractional Order PID (FOPID) controller. Moreover, the FOPID controller has

five design parameters to get more specifications. These FOPID controller parameters are in

the trade-off between the optimization of five parameters. Then, this FOPID controller is con-

sidered an optimization problem to design an optimal control system. In real-time industrial

plants can be operated continuously. It is essential to monitor and control the industrial process

systems. Therefore, to control and monitor continuously, there is a need for Internet of Things

(IoT) based applications.

• Design the optimal FOPID/PID controller for the SISO system using optimization algo-

rithms.

• Design the optimal FOPID/PID controller for the multivariable control system using op-

timization algorithms.

• To develop a novel Hybrid MFO-WOA algorithm for global optimization and optimal

FOPID/PID controller designs.

• To implement the PID controller for a single tank liquid level system using optimization

algorithms and experimental validation in the integration of IoT applications.

1.8 Thesis organization

This thesis is done in six chapters and brief outline of the idea is summarized as follows:

Chapter 1 presents the introduction to the research topic. It includes a background of the study,

motivation towards the problem statement, and scopes of the research by illustrating the latest

literature review related to the research of controller design and IoT applications are disclosed.

Chapter 2 discusses the development of a controller for the SISO system to assess the proposed

control scheme’s performance effectiveness. The FOPID/PID controller designs are based on

the advanced meta-heuristic algorithms for AVR system is elaborated. Also, the improved
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Jaya algorithm is proposed to design the FOPID controller in the AVR system. This chapter

also reveals the impact of the SISO system to have optimization-based FOPID/PID controller

designs.

Chapter 3 focuses on developing a controller for the MIMO system to assess the proposed con-

trol scheme’s performance effectiveness. The FOPID/PID controller designs are based on the

advanced meta-heuristic algorithms for TITO system is elaborated. Here, three optimization

algorithms are selected, such as MDE, TLBO, and SCA for obtaining the controller designs.

Hence, the aspects of the recommended algorithm are also explained in this chapter. A compar-

ative study between the established algorithms in finding the best controller model is illustrated.

Chapter 4 gives a novel MFO-WOA algorithm for global optimization and FOPID/PID con-

troller designs in SISO and MIMO systems. The proposed algorithm is verified with the existing

algorithms and proven that the proposed algorithm gives the best results. The intelligent control

schemes have been presented in this chapter to define the optimal FOPID/PID controller of var-

ious systems. The objective of the advanced controller is to attain high performance and robust

controller in the system. Furthermore, the account of the controllers via three types of systems

are validated. Thus, the relative performance between the other controllers is also offered.

Chapter 5 validates the real-time implementation of an industrial process control prototype

liquid level system with integration of IoT applications. The development of a controller in the

real-time liquid level system using mGWO to give efficient control performance. The controller

performance is observed and evaluated based on the IoT application of ESP32 to achieve in sup-

pressing the unwanted disturbances in real-time plants. The IoT application is developed using

a gateway module of ESP32 with the plant and a controller by developing a microcontroller in

the Arduino environment.

Chapter 6 Finally, this chapter summarizes the thesis conclusions from the contributions and

provides a brief discussion of future work direction.

References are given at the end of the chapters.
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Optimal FOPID/PID Controller Design for
SISO System

This Chapter attempted to design a controller for SISO systems using optimization algo-

rithms. The AVR system is considered a SISO system; two different methods based FOPID

controller has been composed for the AVR system. First, the optimal FOPID controller de-

sign applying SCA for the AVR system to maintain the terminal output voltage. Secondly, the

optimal FOPID controller design using IJA for AVR system.

2.1 Introduction

A system is classified based on the inputs and outputs of the system. A system has one or

many input signals and one or many output signals usually. Hence, from how many inputs and

outputs of the system, one usual characterization of systems is a single-input and single-output

(SISO) system. The other classification is the multi-input and multi-output (MIMO) system. In

control engineering, it is a basic single-variable control system with one input and one output.

Based on the number of inputs and outputs present, the control system designs can be described

as SISO control systems and MIMO control systems [105, 106].

The SISO is a primary control mechanism that has a single input and produces a single

output. Their simplicity of input/output is simple to design/implement and is used for most

basic applications. As the name implies, the MIMO system is a complex type of control system

with multiple inputs triggering the system controller and producing multiple system outputs

34
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in response. These are larger and more complex devices often used in industrial applications,

involving a set of outputs. These are very flexible in our everyday lives and at the same time

very much seen around us.

Analysis of linear SISO configuration feedback systems, as shown in Figure 2.1. The so-

called nominal loop, i.e., the controller’s effect interacting with the simple feedback model, is

initially analyzed. The result of modeling errors occurs when the controller is applied to the

existing system rather than the model.

Figure 2.1: Simple feedback control system.

The control loop exposed in Figure 2.1 practices transfer function models of Laplace trans-

forms to describe the relationships between signals. In this case, C(s) and Go(s) indicate the

models of the transfer function of the controller and the actual system, which can be described

as follows:

C(s) =
U(s)
E(s)

(2.1)

Go(s) =
Bo(s)
Ao(s)

(2.2)

where Bo(s) and Ao(s) are polynomial equations in s, R(s), U(s), and Y(s), these are presents

in the Laplace transforms of setpoint, control signal and plant output, Di(s), Do(s) and Dm(s)

represents the Laplace transforms of input disturbance, output disturbance and measurement

noise. Here, x0 is also use to give the initial condition of the model.

The following relations hold between the variables in the Figure 2.1.

Y(s) = Go(s)U(s) + Do(s) +Go(s)Di(s) +
f (s, xo)
Ao(s)

(2.3)



36 Chapter 2, Section 1

U(s) =C(s)R(s) −C(s)Y(s) −C(s)Dm(s)

=C(s)
(
R(s) − Dm(s) −Go(s)U(s) − Do(s) −Go(s)Di(s) − f (s, xo)

Ao(s)

) (2.4)

where f (s, xo) is a linear function of the initial state. The above equations can be solved to

yield:

U(s) =
C(s)

1 +Go(s)C(s)

(
R(s) − Dm(s) −Go(s)U(s) − Do(s) − f (s, xo)

Ao(s)

)
(2.5)

and

Y(s) =
C(s)

1 +Go(s)C(s)

(
Go(s)C(s)R(s) − Dm(s) −Go(s)U(s) − Do(s) − f (s, xo)

Ao(s)

)
(2.6)

The closed loop control system formation shown in Figure 2.1, is called a one degree of

freedom (one d.o.f.) structural design. The term redirects the fact that is only one degree of

freedom existing to form the two transfer functions from R(s) and Dm(s) to Y(s) and from Do(s)

and Di(s) to Y(s). Therefore, if the controller transfer function C(s) is designed to provide a

exact reference signal response i.e., as follows

Y(s)
R(s)

=
Go(s)C(s)

1 +Go(s)C(s)
(2.7)

then this induces a unique output disturbance response

Y(s)
Do(s)

=
1

1 +Go(s)C(s)
(2.8)

without any further design freedom.

In advanced control systems, the AVR system can be regarded as a benchmark model of

the SISO system [107] with voltage regulation at the output terminal. Moreover, these features

are well suited for power systems to give assured control and stability to the mentioned desired

output levels in the electrical power system network. Additionally, the purpose of this control

is subjected to actual and volatile power. In this case, the difference in the terminal output

voltage varies across power with a significant boundary. However, the AVR system controls

the output voltage of a synchronized generator at the reference level is a specific controlling

problem. Therefore, this work’s main objective is to maintain the reference terminal voltage of

the AVR system and design an optimal FOPID controller using IJA. The proposed FOPID/PID

controller design based on the optimization technique [56] for the AVR system will give better

reference tracking and robust performance. The FOPID controller has been tuned optimally
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using the proposed IJA optimization technique. Moreover, this IJA based FOPID controller in

the AVR system transient response is optimal and much better than the current state of the art.

2.2 AVR System Description

The terminal voltage of the AVR system generated by a generator output at the desired

level has to improve the quality of electrical power. When the generator output terminal voltage

has voltage fluctuations or when a deviation occurs, a sensor detects the terminal voltage and

compares the actual measured voltage with a reference voltage for the difference. Then, the

difference is used to control the terminal voltage of AVR system. An amplifier magnifies the

control signal and it is used to control the generator with excitation from the exciter.

A linear model of the AVR system consists of 4-blocks, the design of a practical and stable

automatic voltage regulation is of common concern in electrical power systems and each block

of the AVR system [32, 108] with controller block diagram is shown in Figure 2.2.

Controller Amplifier Exciter Generator

Sensor

1

A

A

K

s 1

E

E

K

s 1

G

G

K

s

1

s

s

K

s

Vref(s)

+
-

Vt(s)
E(s)

FOPID/PID

Figure 2.2: Block diagram of the AVR system.

The linear model of each block transfer function [32] representations are as follows.

Amplifier. The amplifier section model considering amplifier gain (KA), with the amplifier time

constant (τA), for the model is given as in Eq.(2.9)

VR(s)
Ve(s)

=
KA

1 + τAs
(2.9)

The physical parameter values of amplifier gain (KA) in the range of 10 to 400, while the time

constant (τA) in the range of 0.02 to 0.1s.

Exciter. The exciter section is modelled with an exciter gain of KE and exciter time constant of

τE, as given in Eq.(2.10)
VF(s)
VR(s)

=
KE

1+τE s
(2.10)
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The values of exciter gain (KE) in the range of 10 to 400 and the time constant (τE) in the range

of 0.5 to 1.0s.

Generator. The generator section modeling of the terminal voltage is consider as generator

gain (KG) and time constant (τG) is given in Eq.(2.11)

Vt(s)
VF(s)

=
KG

1+τG s
(2.11)

The coefficients of KG is in the range of 0.7 to 1.0, while the generator time constant τG is either

1 or 2s.

Sensor. The sensor section is modeled by sensor gain of KR and time constant (τR) as given in

Eq.(2.12)
Vs(s)
Vt(s)

=
KR

1+τRs
(2.12)

The values of τR remain very small, in the range of 0.01 to 0.06s.

2.3 Methodology

2.3.1 Sine Cosine Algorithm

S Mirjalili proposed an advanced population prescribed optimization method is Sine Co-

sine Algorithm (SCA) [68] for global optimization in solving engineering problems. This SCA

forms many arbitrary candidates as a solution then allows to reach near to the best (global) opti-

mal result by accurate idea made on trigonometric functions are sine and cosine. The following

location apprising equations are given for all phases [109]

Xg+1
i = Xgi + r1 ∗ sin(r2) ∗ |r3(Pgi − Xgi )| (2.13)

Xg+1
i = Xgi + r1 ∗ cos(r2) ∗ |r3(Pgi − Xgi )| (2.14)

In generally above two equations Eq.(2.13) and Eq.(2.14) can be combined as one equation as

follows in Eq.(2.15)
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Xg+1
i =


Xgi + r1 ∗ sin(r2) ∗ |r3(Pgi − Xgi )| if r4 < 0.5

Xgi + r1 ∗ cos(r2) ∗ |r3(Pgi − Xgi )| if r4 > 0.5
(2.15)

where Xgi is current solution location in the ith dimension at the tth iteration, and r1, r2 and r3 are

random numbers, Pgi is target point location in the ith dimension, and | | describes the absolute

value. The r4 is a random value between [0, 1].

The unique properties of the sine function and cosine functions of Eq.(2.13), Eq.(2.14) are

as given in Figure 2.3. It demonstrates that exactly how the equations are designated within

dual results in a search space. In demand, to balance utilization and consideration, the range

of a sine function and cosine functions in Eq.(2.13) and Eq.(2.14) are an adaptive improvement

[68] by next Eq.(2.16)

r1 = a − a
t
T

(2.16)

where t is current iteration, T is maximum number of iterations and a is a constant value. An

abstract idea of sine functions and cosine functions by the dimension of in the limits of [-2, 2]

is presented in Figure 2.4.

P (destination)

X (solution)

Next position region when r1<1

Next position region when r1>1

Figure 2.3: The effects of sine and co-
sine functions of Eq.(2.13), Eq.(2.14) in
the next position [100].

Figure 2.4: Sine and cosine with the range
in [-2, 2] allow a solution to go around or
beyond the destination [100].

2.3.2 Improved Jaya Algorithm

Jaya Algorithm

Venkata Rao [110] proposed an algorithm with no algorithm specific parameter named

Jaya algorithm. This algorithm can be employed for solving variously unconstrained as well as

constrained problems.

Let the objective function is to minimize, At any iteration j, there are h number of design

variables and i is the number of candidate solutions (i.e. population). If Xh,i, j is the value of the

hth variable for the ith candidate during the jth iteration, then this value is modified as per the
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following Eq.(2.17)

X
′

h,i, j = Xh,i, j + r1,h, j(Xh,best, j − |Xh,i, j|) − r2, j,G(Xh,worst, j − |Xh,i, j|) (2.17)

where Xh,best, j is the value of variable h for the best value of objective function and Xh,worst, j is

the value of variable h for the worst value of objective. X
′

h,i, j is a new value of Xh,i, j. r1,h, j and

r2,h, j are two random numbers in the space of [0,1] of the hth variable during the jth iteration.

Only general control parameters such as the population size and the number of genera-

tions are required in the Jaya algorithm, thus it is fairly convenient for use in practical and the

complete flow chart of the algorithm is given in Figure 2.5.

Start

Initialize population size, number of design 

variables, termination criterion

Evaluate the fitness of each population

Identify the best and worst solutions in the 

population

The new solution is better 

than previous solution

Accept and replace the 

previous solution
Reject and keep the previous 

solution 

Return the best solution as global optimum

The termination 

criterion satisfied

Update the population based on best & worst 

solutions

Stop

NOYES

YES

NO

 

Figure 2.5: Flow-Chart of Jaya algorithm

Improvement in Jaya Algorithm

The Jaya algorithm [111, 112] is attempts to enhance successes by achieving the best

solution, the population is at the beging ranked to ascending order as from the best to the worst

based on the fitness function evoluation of each solution, then this can be divided in two groups
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of population. Note, the first as best group Gb comprise nb elements and the second is worst

group Gw comprise nw elements. nb and nw convince the following Eq.(2.18)

nb + nw = n (2.18)

where nb is the best group population, nw is the worst group population and n is total number of

population.

Moreover, the better group mean is Xh,mbest, j and the worst group mean is Xh,mworst, j, and

these are calculated using the following equations:

Xh,mbest, j =

∑nb
i=1 Xh,i, j

nb
(2.19)

Xh,mworst, j =

∑nw
i=1 Xh,i, j

nw
(2.20)

where Xh,i, j is the population matrix.

Ultimately, the improved Jaya algorithm (IJA) with these two groups population of solu-

tion is updated as in Eq.(2.21), the pseudo code for the improved jaya algorithm is given in

Algorithm 1.

X
′

h,i, j = Xh,i, j + r1,h, j(Xh,mbest, j − |Xh,i, j|) − r2, j,G(Xh,mworst, j − |Xh,i, j|) (2.21)

Algorithm 1 : Pseudo code for Improved Jaya algorithm
Initialize a set of population ’i’ of ’h’ individuals
Xi,h = Xi,1, Xi,2, Xi,3, .., Xi,h

while Current iteration < Maximum iterations do
Evaluate fitness of each population
Sort the fitness in ascending order
Obtain the best and worst solutions
choose nb and nw based on Equation (2.18)
calculate X j,mbest,G and X j,mworst,G based on Equations (2.19) and (2.20)
Update the population as X

′

h,i, j = Xh,i, j + r1,h, j(Xh,mbest, j − |Xh,i, j|) − r2, j,G(Xh,mworst, j − |Xh,i, j|)
if New solution is better then

accept and replace the previous solution
else

reject and keep the previous solution

Result: Return the best/global solution as optimal
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2.4 Results and Discussions

2.4.1 PID/FOPID Controller Design

The performance indices are integration of absolute errors (IAE), integration of square

errors (ISE) and integration of time multiplication of square errors (ITSE) [113] in control

systems. These performance indices, IAE, ISE and ITSE are given in Eq.(2.22), Eq.(2.23) and

Eq.(2.24) respectively [90].

IAE =
∫ ∞

0
|r(t) − y(t)| dt =

∫ ∞

0
e(t)dt (2.22)

IS E =
∫ ∞

0
e2(t)dt (2.23)

ITS E =
∫ ∞

0
t ∗ e2(t)dt (2.24)

where r(t), y(t) are the desired and measured voltages respectively, of synchronous generator

and e(t) is the error function.

JMin(K) = (1 − e−β)(MP + ES S ) + e−β(TS − TR) (2.25)

where K is [KP, Ki, Kd] for PID control, K is [KP, Ki, λ, Kd, µ] for FOPID control and β is the

weighting factor in the range of 0.7 to 1.4. TR is the rise time of the system, MP is the peak

overshoot of the response, TS is the settling time to take the response and ES S is steady state

error of the response. Further, in this controller design, a transient response objective is applied,

i.e. in Eq.(2.25) [32] and this objective function based controller parameters will gives best

control performance.

Usually, in the control systems engineering, the choice of FOPID/PID [114] controller

parameters are more difficult in controller design phase. The solution of controller design prob-

lems are switch between swarm and evolutionary metaheuristic algorithms. The optimization

methods start by looking at the working of optimizing an objective function within multiple

minima. The algorithm is then appropriately altered to discover the controller parameters of a

FOPID/PID for adequately controlling an AVR system as shown in Figure 2.6.
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Figure 2.6: Problem formulation of Optimization based control system.

2.4.2 SCA based results

Here, the optimal tuning parameters of FOPID controller are found using a proposed SCA-

FOPID method, the effectiveness of a proposed method is exposed on AVR system. The FOPID

controller in a control loop of AVR system is given in Figure 2.2. The search space for FOPID

parameters are in range as the lower limits [0 0 0.01 0 0.01] and upper limits [2.5 1.5 1.5 0.5

1.5]. The fractional parameter values of λ and µ can be changing with in the range, then the

time domain specifications of the system can further better which is advantage of the fractional

PID controller. The influence is almost same as beyond the upper limit, almost no influence on

the system performance. The AVR system parameters are adopted from [32, 91] and presented

in Table 2.1 for simulation verification.

Table 2.1: Parameters of AVR system.

Section Parameters
Amplifier KA = 10 τA = 0.1
Exciter KE = 1 τE = 0.4
Generator KG = 1 τG = 1
Sensor KR = 1 τR = 0.01

0 5 10 15 20
0

0.5

1

1.5

Plant Response

Step Response

Time (seconds)

Am
plit

ude

System: Plant Response
Settling time (seconds): 6.98

System: Plant Response
Rise time (seconds): 0.273

System: Plant Response
Peak amplitude: 1.49
Overshoot (%): 64.2
At time (seconds): 0.8

Figure 2.7: Step response of AVR system (No
controller).

The unique terminal voltage at AVR system with no control (step response) as shown in

Figure 2.7. It is observed that the AVR system has large overshoot, more settling time with

many oscillations. Hence, the AVR system needs a controller to control the terminal voltage at

a desired level.
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The algorithm parameters of SCA method are dimensions of 5, solution cadidates are set

to 50, a = 2, r2 = 2π × rand, r3 = 2rand, r4 = rand and maximum number of iterations

set to 100. The value of r1 is decreasing linearly according to Eq.(2.16). Then SCA is takes

the objective function of Eq.(2.25) with weightage of β = 1 to minimize the time domain

performance indices, which includes the Rise Time (TR), Maximum Overshoot (Mp), Settling

Time (Ts) and Steady State Error (Ess) of the system with an exponential weightage of (e−β) for

performance matrices. Then this optimization algorithm come up with the optimal solution for

tuning of FOPID controller parameters.

The SCA based FOPID controller design in Figure 2.6 is simulated, and the results gives

the best transient response of AVR system as shown in Figure 2.8. The closed-loop FOPID

controller provides the fast response with the desired terminal voltage level at the generator.

The controller design objective convergence of SCA based FOPID controller is very fast as

shown in Figure 2.9. The convergence characteristics made the controller to fast action to get

better performance of the AVR system.
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Figure 2.9: AVR system SCA-FOPID con-
troller tuning convergence characteristics

Initially, the AVR system is employed PID controller to control the terminal voltage of

the AVR system. This PID controller is tuned using classical methods such as ZN tuning, IMC

tuning and optimal tuning methods as Gaing et. al. [32] PSO tuning, Zafer et. al. [115] CSA

tuning are as shown in Figure 2.10 along with proposed SCA-PID tuning method.
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Figure 2.10: Comparision of the AVR system
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Now, this AVR system is adopted FOPID controller for controlling the terminal voltage

of the same system. Then, this FOPID controller is tuned using such as Xiao Li et. al. [87]

PSO tuning, Zamani et. al. [92] PSO tuning, Hafsi et. al. [107] SA tuning and Ekinci et. al

[116] Improved KIA tuning these methods are as shown in Figure 2.11 along with proposed

SCA-FOPID tuning method.

Robust Analysis

Robust analysis is performed to inspect the control system characteristics under parametric

variations [117] of AVR system. The SCA optimization algorithm is associated in the FOPID

controller to attain the best (optimal) results for the evaluation of objective function.

Tuning parameters of FOPID controller are continual over a time, but the parameters ac-

quired by the SCA optimization based on the reference tracking error performance indices. This

is the main feature that stands out for the controllers presented in this paper.

The AVR system dynamics can be change due to load instability, i.e. in τA, τE, τG and τR

values. Hence, the robustness analysis is essential for the controller in AVR system, to simulate

these changes, the parameter values of τA, τE, τG and τR are changing randomly. These random

uncertainty of AVR system can be responsible by the FOPID controller, that can provide a

desired response. Therefore, the FOPID controller is robust in the AVR system for variations in

dynamics, the same performances are shown in Figure 2.12 to Figure 2.14.
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Figure 2.12: Parameter uncertainty in amplifier block
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Figure 2.13: Parameter uncertainty in exciter block
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Figure 2.14: Parameter uncertainty in generator block

Discussion

Consider the AVR system is engage with FOPID controller as given in Figure 2.2, to

control the nominal terminal voltage of the AVR system at a desired level. Therefore, this

FOPID controller parameters are tuned using Gaing [32] PSO tuning, Xiao Li et. al. [87] PSO

tuning, Zamani et. al. [92] PSO tuning, Hafsi et. al. [107] SA tuning, Zafer et. al. [115]

CSA tuning, and Ekinci et. al [116] Improved KIA tuning these methods are compared with

proposed SCA based PID/FOPID controller as shown in Figure 2.15.
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Figure 2.16: Frequency response of AVR sys-
tem with different controller designs

The proposed FOPID/PID controller is designed for AVR system gives the optimal re-

sponse. This optimal response is also compared with the all other controller designed for the
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AVR system as shown in Figure 2.15. Therefore, it is observed that SCA based FOPID con-

troller gives best performance for AVR system as compared to the other tuning methods of

controller. The proposed controller tuning method presents good performance of reference

tracking and disturbance rejection. The frequency response of the proposed SCA-FOPID con-

troller along with the other FOPID/PID controllers are shown in Figure 2.16. The Bode plot

provides the frequency response of relative stability in terms of GM & PM. The calculation

of time domain & frequency domain performances are listed in Table 2.2. Then, the proposed

SCA based FOPID controller has better control action and robust performance.

In order to compare the SCA based FOPID/PID controller design for AVR system to reg-

ulate the terminal voltage at the output as specified level as shown in Figure 2.17, the proposed

SCA based fractional PID controller is better. The proposed SCA based FOPID/PID controllers

better in performance by comparing other methods and also the controlling efforts of the con-

troller. The controlling efforts are required for the controller to control AVR system is as shown

in Figure 2.18. Also, the transient response numerical performance indices are listed in Table

2.2.
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Table 2.2: Controller parameters and Performance indices of the AVR system

Methods KP KI KD λ µ Tr Mp(%) Ts Ess GM PM Objective(Eq.2.25)
No control - - - - - 0.2633 61.96 6.238 0.0908 1.92 18.59 -

ZN-PID 0.5988 1.145 0.07828 - - 0.3367 47.65 4.17 3.41E-06 ∞ 27.31 -
IMC-PID 0.2745 0.1913 0.03262 - - 0.7282 6.42 3.157 5.24E-06 ∞ 61.51 -

PSO-PID 2004 [32] 0.657 0.5389 0.2458 - - 0.2884 1.14 0.451 5.71E-09 ∞ 71.21 1.2303
PSO-FOPID 2009 [92] 0.17 0.03 0.014 0.97 1.38 6.2865 0 11.91 0.0792 51.84 97.46 750
PSO-FOPID 2013 [87] 1.2623 0.5526 0.2381 1.2559 1.1832 0.1603 0.01 0.2651 0 9.55 65.15 0.6248
SA-FOPID 2017 [107] 0.7837 0.5027 0.2307 1.0103 1.0727 0.2653 0.52 0.4057 5.99E-10 16.37 68.59 1.6520
CSA-PID 2018 [115] 0.6198 0.4165 0.2126 - - 0.308 0.001 0.4261 0 ∞ 71.26 –

KIA-FOPID 2019 [116] 1.0426 1.0093 0.5999 - - 0.128 15 0.753 0 ∞ 54.16 0.00161
Proposed SCA-PID 0.5084 0.3288 0.1479 - - 0.3935 0.019 0.665 9.92E-09 ∞ 72.97 0.03441

Proposed SCA-FOPID 1.5447 0.5691 0.2389 1.3522 1.3195 0.1549 0.01 0.2183 1.49E-05 4.65 71.01 0.04131
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2.4.3 IJA based results

To evaluate the ability of IJA-FOPID/PID controllers, a practical AVR system model [32]

is considered. The physical parameters of AVR system are amplifier (KA = 10 & τA = 0.1),

exciter (KE = 1 & τE = 0.4), generator (KG = 1 & τG = 1) and sensor (KR = 10 & τR = 0.01)

[32, 90] as shown in the block diagram of Figure 2.19. The range of all parameters in PID

controller is [0, 1]. The minimum and maximum limits of the FOPID controller parameters in

the range are Kp = [0, 25],Ki = [0, 15], λ = [0, 2],Kd = [0, 20], µ = [0, 2]. The actual

terminal voltage step response of the AVR system without a controller and the classical tuning

methods step responses are shown in Figure 2.20. In this case, the AVR system performance

metrics without a controller are given by Tr = 0.2633, Mp = 61.95, Ts = 6.2382, and Ess =

0.092 and GM = 5.69dB at 6.12 rad/s, PM = 18.6deg at 4.4 rad/s.
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Figure 2.19: AVR system with FOPID.
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Figure 2.20: Classical PID tunings.

The proposed FOPID controller using IJA controls terminal voltage regulation of AVR sys-

tem. The parameters of algorithm verifies the performance using Eq.(2.22), Eq.(2.23), Eq.(2.24)

and Eq.(2.25) of the IJA-FOPID/PID controllers for the AVR system.

1. The number of tuning parameters [Kp,Ki,Kd,λ,µ] for FOPID and [Kp,Ki,Kd] for PID.

2. Min and Max limit of tuning parameters are mentioned as above section.

3. The number of solution population = 50.

4. Weighting factor (β) = 0.7 < β < 1.4.

5. The maximum number of iterations 30/50/100.

All the controller design objectives shows great convergence as shown in Figure 2.21(a),

(b) and (c). The controller design of the AVR system is determined using several objective

functions while the performance of FOPID/PID controller design by transient response objec-

tive having a weight factor of β=1 is found to be more efficient. The proposed method has better

transient and frequency responses at the same time, where these responses are compared with

existing FOPID/PID controller methods. The results show that IJA-FOPID controller has the

best exploration of optimal parameters.
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Figure 2.21: FOPID/PID controller design convergence of AVR system using IJA.

Experimental Analysis Controller Design

Here, there are many alternate arrangements of simulation or experimental setups to es-

timate the performance indices of each controller. In every simulation of controller tuning, a

weight has been considered in the performance criterion (objective function) and different max-

imum number of iterations (generations) are given in Table 2.3 for IJA-FOPID and IJA-PID

controllers. The simulation or experimental effects of PID controllers are obtained from the

best solutions as shown in Figure 2.22(a) to Figure 2.22(d) and the simulation results of FOPID

controllers are also obtained from the best solution as shown in Figure 2.23(a) to Figure 2.23(d).

As observed, the FOPID controller drive to better transient response of each combination of ex-

perimental simulation results, to control the regulation voltage of AVR system. In Table 2.3,

several performance criteria in the time domain response of each experimental simulation of

the proposed controllers for the AVR system are demonstrated. With The controller action be-

ing estimated by four performance criteria, IJA-FOPID controller is shown to have the best

controlling efforts in comparison with other controllers.
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Figure 2.22: AVR system terminal voltage responses with FOPID controller tuning using IJA

The PID controller can also be built using the same procedure to illustrate the benefits of

the proposed FOPID controller. The same estimation method is used and Table 2.3 summarizes

the best solution. The terminal voltage regulation of the AVR system with the FOPID/PID

controller is also shown in Figure 2.22 & Figure 2.23, respectively. The FOPID controller

provides better performance when it comes to the inconsistent reaction time characteristics in
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Figure 2.23: AVR system terminal voltage responses with PID controller tuning using IJA

Table 2.3: Performance of FOPID/PID controller with different simulation combinations.

Controller it β Kp Ki λ Kd µ Tr Mp Ts Ess GM PM fmin

PID

30
0.7 0.6658 0.4926 1 0.2305 1 0.2964 0.4235 0.4557 0.0017 ∞ 69.5543 0.2923
1 0.6364 0.4271 1 0.2059 1 0.325 0 0.5066 0.0037 ∞ 70.1511 0.0668

1.4 0.7323 0.4725 1 0.2925 1 0.249 0 1.291 0.0016 ∞ 67.746 0.2569

50
0.7 0.6205 0.4276 1 0.2016 1 0.3309 0 0.5171 0.0024 ∞ 70.369 0.0923
1 0.6439 0.4416 1 0.2157 1 0.314 0 0.4888 0.0047 ∞ 69.97 0.0643

1.4 0.6453 0.4416 1 0.2169 1 0.3179 0.0066 0.4945 0.0055 ∞ 69.9043 0.0430

100
0.7 0.6409 0.4292 1 0.2109 1 0.5607 0 0.4945 0.0055 ∞ 69.9043 0.0877
1 0.5845 0.4151 1 0.1852 1 0.3568 0 0.5607 0.0018 ∞ 71.0856 0.0749

1.4 0.6385 0.4357 1 0.2131 1 0.3185 0 0.4959 0.0031 ∞ 70.0284 0.0437

FOPID

30
0.7 24.98 12.51 1.52 12.91 1.59 0.0104 4.1314 0.032 7.70E-04 ∞ 55.6037 0.0386
1 24.99 14.17 1.55 6.94 1.6 0.0141 3.5047 0.0371 1.27E-04 ∞ 58.4195 0.0385

1.4 24.78 11.36 0.94 9.45 1.45 0.0155 3.9369 0.0498 9.58E-05 ∞ 45.5797 0.0385

50
0.7 22.81 13.24 1.25 18.17 1.72 0.0081 1.3276 0.0099 6.37E-05 ∞ 55.6037 0.011
1 21.81 11.31 1.21 16.11 1.76 0.008 1.3481 0.0098 1.72E-05 ∞ 58.4195 0.011

1.4 22.78 14.35 1.13 19.17 1.69 0.0081 2.016 0.0201 5.98E-05 ∞ 45.5797 0.011

100
0.7 23.72 11.26 1.49 7.42 1.49 0.016 3.4431 0.0497 8.93E-07 ∞ 55.6037 1.60E-04
1 22.79 12.67 1.53 6.94 1.62 0.0137 2.971 0.0348 1.59E-07 ∞ 58.4195 1.60E-04

1.4 24.78 12.97 1.16 9.42 1.66 0.0108 2.0546 0.0292 7.84E-07 ∞ 45.5797 3.60E-05

the AVR system. However, as observed and confirmed by subsequent simulations, the FOPID

controller in AVR system has a much stronger stability than the PID controller in AVR system.

IJA-FOPID controller is found to give good reference tracking, better performance and is

observed to be robust. The proposed method of IJA-FOPID/PID controller design for the AVR

system has been employed and this controller indicates ability of reference tracking as shown

in Figure 2.24(a). To estimate the performance and controller efforts of the IJA-FOPID/PID

controller, different methods are used to compare is shown in Figure 2.24(b).
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Figure 2.24: Step change responses of AVR system with FOPID/PID controllers
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The performance of prposed IJA-FOPID controller in AVR system has much improvement

in rise time, phase margin and objective value. The basic difference between the two methods

result gives a quick steady state response within a less rise time by the proposed IJA-FOPID

controller in AVR system. Moreover, if the reference or steady state value is changed to other

level immediatly it will get back to the steady sate value with a reported rise time of the system.

Comparison of Proposed method

The proposed JA-FOPID/PID controller is compared with other controller designs from

recent state of the art of the AVR system to emphasize the superiority of the proposed method.

The proposed method is compared with other controller designs for PID controller such as Zwe-

Lee Gaing [32], Hui Z et.al. [75], Chibing G [117], and for FOPID controller A. Sikander et.al

[90] and Majid Zamani et. al [92] as shown in Figure 2.25a. The comparison is made using the

same evaluation function and algorithm parameters as mentioned above. The simulation results

shows that the proposed IJA-FOPID controller is better at regulating the terminal voltage of

AVR system as shown in Figure 2.25b. The proposed controller technique has reasonable con-

troller efforts needed to maintain the desired terminal voltage of the AVR system. The transient

response performance of proposed controller with comparison is also tabulated in Table 2.4.
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Figure 2.25: AVR system performances comparison

Table 2.4: Proposed controller tuning parameters value (time in Sec)

Methods Kp Ki λ Kd µ Tr Ts Mp Ess PM GM fmin

IJA-FOPID 21.81 11.31 1.21 16.11 1.76 0.008 1.348 0.009 1.70E-05 74.37 ∞ 0.3371
IJA-PID 0.732 0.472 1 0.292 1 0.249 0.925 0 0 67.74 ∞ 0.1304

Chibing G [117] 0.60051 0.41386 1 0.20138 1 0.32259 0.5013 0.0016 0 62.16 ∞ 0.1786
Zhu et al.[75] 0.608 0.27 1 0.278 1 0.293 3.222 0 0 72.43 ∞ 0.4117

Gaing [32] 0.625 0.457 1 0.218 1 0.317 0.508 0.383 0 71.14 ∞ 1.4581
Sikander [90] 2.515 0.612 0.97 0.388 1.38 0.104 0.451 0 0 74.18 ∞ 1.1915
Zamani [92] 0.17 0.03 0.97 0.014 1.38 27 52 0 0 97.63 ∞ 1.5801
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Computational Complexity of Algorithm

The computational complexity of controller tuning by the proposed method while eval-

uating the objective function to get optimal tuning parameters of FOPID/PID controller is in-

vestigated. The improved Jaya algorithm evaluates different objective functions in Eq.(2.22) to

Eq.(2.25), over 10000 times evaluations, with 50 number of solution candidates and 100 number

of iterations of two independent runs. The time taken for each objective function computations

are listed in Table 2.5. The improved Jaya algorithm is faster to computation of optimal value of

objective function as compared with GA, DE and PSO techniques. The Jaya algorithm is sim-

ple and does not have selection, crossover, mutation and other complex operations as in other

evolutionary algorithms. Therefore, IJA based FOPID/PID controllers are found to be more

effective and efficient than other controllers like PSO-FOPID, PSO-PID and GA-PID etc.

Table 2.5: Computational time in Sec’s.

Method IAE ISE ITSE Eq.(2.25)
Fitness evolution 10000 10000 10000 10000
IJA-FOPID 117 121 119 128
IJA-PID 92 96 87 93
JA-FOPID 86 89 85 87
JA-PID 83 86 82 85

Robust Analysis

Robust analysis is performed to inspect the control system characteristics under parametric

variations [117] of the AVR system. The IJA optimization algorithm is associated in the FOPID

controller to attain the best (optimal) results for the evaluation of objective function.

Tuning parameters of FOPID controller are continual over a time, but the parameters ac-

quired by the IJA optimization based on the reference tracking using error performance indices.

The AVR system dynamics can be change due to load instability, i.e. in KA, KE, KG,

and τA, τE, τG values. Hence, the robustness analysis is essential for the controller in AVR

system, to simulate these changes, the parameter values of KA, KE, KG, and τA, τE, τG are

changing randomly from the -20% to +20%. These random uncertainty of AVR system can be

responsible by the FOPID controller, that can provide a desired response. Therfore, the FOPID

controller is robust in the AVR system for variations in dynamics, the same performances are

shown in Figure 2.26.
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Figure 2.26: FOPID controller Robust/Uncertainty performance for AVR system

2.5 Summary

In this chapter, the FOPID/PID controller design for the SISO system is proposed based

on the meta-heuristic algorithms called SCA and IJA. The proposed FOPID/PID controller al-

gorithm is used to control the terminal voltage of the AVR system. The performance of the AVR

system has been improved.

Initially, the SCA based FOPID/PID controller method is derived to improve the AVR sys-

tem’s performance. The FOPID/PID controller parameters are optimized using the controller

design objective. Then, the proposed method’s performance is validated and concluded as bet-

ter in the performance of the AVR system. Further, the IJA based FOPID/PID controller is

recommended for the AVR system to control the constant output terminal voltage. Here, the

basic Jaya algorithm has been modified to improve the optimization performance to optimize

the FOPID/PID controller parameters in the AVR system. Finally, the proposed meta-heuristic

algorithm-based controller design for the AVR system of SISO system performance has been

improved.



Chapter 3

Optimal FOPID/PID Controller Design for
Multivariable System

In this chapter of the thesis, the systems are having many inputs and/or many outputs.

Most of the systems are satisfied in the general practice of this type. It is usually the fact that

the input and output can be arranged into sets and handled as if all are separated in single-input

single-output (SISO) problems. Still, the unavoidable interactions can be present among the

multiple inputs and outputs. Here, no option to avoid interactions but to design a controller to

the specific multiple-input multi-output (MIMO) problem. This control system is called multi-

variable control systems, and these multivariable controls are described with standard two-input

two-output (TITO) systems. This TITO system is controlled by the design of the FOPID/PID

controller using different optimization algorithms.

3.1 Introduction

The processes encountered in the real world are usually multivariable (Mult-input-Multi-

output (MIMO)) systems that often exhibit undesirable couplings (interactions) between the

variables controlled and manipulated. A multivariable system that has strong interactions can be

much harder to control. In this case, the control of decoupling using a decoupler is an effective

control strategy to address the interactions between processes. However, the ideal decouplers

are not always physically realizable, and the main problem with this decoupling approach is

that the complexity of decoupler elements and apparent decoupling processes increases for

multivariable high-dimensional systems.

54
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The linear MIMO system can be presented using the state-space model [118]. In the

MIMO state-space model, the modification adds the dimensions of inputs and outputs as a

vector. In precise, the system has input vector u(t) ∈ Rm and output vector y(t) ∈ Rm, then its

state-space model is as following Eq.(3.1).

ẋ(t) = Ax(t) + Bu(t) (3.1a)

y(t) = Cx(t) + Du(t) (3.1b)

where x ∈ Rn is the state vector, xo ∈ Rn is the state vector at time t and where A ∈ Rn×n,

B ∈ Rn×m, C ∈ Rm×n and D ∈ Rm×m.

As it is straightforward to convert a state-space model to a transfer function model. The

Laplace transforming of Eq.(3.1) leads to as follows equations.

sX(s) − x(o) = AX(s) + BU(s) (3.2a)

Y(s) = CX(s) + DU(s) (3.2b)

Here, on taking x(0) = 0, we have that

Y(s) =
(
C(sI − A)−1B + D

)
U(s) (3.3)

The matrix transfer function G(s) is then defined by

G(s) � C(sI − A)−1B + D (3.4)

Mention that if the unobservable and/or uncontrollable dimension is non-zero, then the

G(s) matrix would be an incomplete system description, the degree describes input-output fea-

tures with zero initial conditions.

3.2 Multivariable System Descriptions

The general arrangement of multivariable feedback control system including decoupling

is as given in Figure 3.1.
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Figure 3.1: Block diagram of Multivariable closed loop system.

Description of multivariable or multiloop system plants having inputs and outputs struc-

ture is given in Figure 3.1. Here, r = [r1, r2, ..., rn] is the vector of setpoint inputs, y =

[y1, y2, ..., ym] is the vector of process actual outputs, e = [e1, e2, ..., en] = [r1− y1, r2− y2, ..., rn−
ym] is the vector of error signals input to FOPPID controller u = [u1, u2, ..., un] is vector of ma-

nipulated input signals through the FOPID controllers. Alternatively, the MIMO process Gp(s)

is a multivariable transfer function matrix is expressed as [60, 119] in Eq.(3.5). The multiloop

control system designing is based on model of typical MIMO system. The decoupler system

is use to attain SISO subsystems [120, 121]. In addition, the configuration of MIMO control

system [122] with PID controllers with n × n diagonal matrix and the structure of multivari-

able feedback control system with decoupler as given in Figure 3.1 is defined in [123, 124] as

following Eq.(3.5).

Gp(s) =



g11(s) g12(s) .... g1n(s)

g21(s) g22(s) .... g2n(s)

. . .... .

. . .... .

gm1(s) gm2(s) .... gmn(s)


(3.5)

where gi j(s) is the transfer function of a sub controlled system involving to the ith process

outputs and the jth control inputs and also for i = 1, 2, ...,m and j = 1, 2, ..., n.

D(s) =



D11(s) D12(s) ..... D1n(s)

D21(s) D22(s) ..... D2n(s)

..... ..... ..... .....

..... ..... ..... .....

Dm1(s) Dm2(s) ..... Dmn(s)


(3.6)

To reduce such interaction properties of multivariable control in the situation of TITO

system, the decoupler is used to minimize the interaction in control loops is in practice. Al-

ternatively, in multivariable control system optimization technique is employed to reduce the
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interaction. Here, TITO system is considered to evaluate as said no decoupling in the feed for-

ward direction of the control loop uses it in respective loops. In this r1, r2 are setpoint (reference

inputs), v1, v2 are controller outputs or manipulated inputs to the process and y1, y2 are actual

process outputs of the TITO process.

3.2.1 TITO System

Consider a TITO system is as given in Figure 3.2, Gp(s) is the process transfer function

model [119]. These multivariable systems are having interaction in between the loops (input to

output also), interaction is main challenging task in the MIMO systems.

Process

G(s)

Controller

C1(s)

Controller

C2(s)

r1

r2

v1

v2

y1

y2

Figure 3.2: TITO system without decoupler control design.

The generalized TITO [60, 119] system model is given in Eq.(3.7)

Gp(s) =

g11(s) g12(s)

g21(s) g22(s)

 (3.7)

where g11(s) = y1(s)
r1(s) e

−τ11 s, g12(s) = y1(s)
r2(s) e

−τ12 s, g21(s) = y2(s)
r1(s) e

−τ21 s, g22(s) = y2(s)
r2(s) e

−τ22 s

The choice of control loop pairing is crucial in the multiloop controller design. The Rela-

tive Gain Array (RGA) is a standardized form of the gain matrix, which estimates interactions

within the inputs and outputs at steady state control loop pairing. Niderlinksi Index is also

employed to decide the control loop pairing stability [125].

3.2.2 Decoupler Design

A multivariable system is demonstrated in Figure 3.1, where Gp(s) is the process model

transfer function matrix. The MIMO system loop pairing is based on RGA matrix is obtain and
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the recommended pairing was considered as 1 − 1/2 − 2 pairing as shown in Figure 3.3. The

selection of active decoupler as simplified decoupler method such that the resultant system of

the combined process becomes a diagonal system as in Eq.(3.8).

P(s) = Gp(s) × D(s) (3.8)

where P(s) is the desired interaction less model transfer function matrix (diagonal matrix) of

the decoupled MIMO system.
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Figure 3.3: Decoupler for TITO process with 1-1/2-2 pairing.

Here, the simplified decoupling method is to minimize/eliminate the interaction between

the pairing of each loop. This simplified decoupling methode is described as follows in Eq.(3.9)

D(s) =

d11(s) d12(s)

d21(s) d22(s)

 =
 1 d12(s)

d21(s) 1

 (3.9)

where d12(s) = −g12(s)
g22(s) , d21(s) = −g21(s)

g11(s)

On solving the above Eq.3.8, the resultant diagonal process system is obtained as in Eq.(3.10)

P(s) =

p11(s) p12(s)

p21(s) p22(s)

 =
g11(s) − g12(s)g21(s)

g22(s) 0

0 g22(s) − g12(s)g21(s)
g11(s)

 (3.10)

For this resultant process system, the controller is designed as diagonal control matrix is given

as in Eq.(3.11)

Gc(s) =

gc11(s) 0

0 gc22(s)

 (3.11)

where gc11(s) = PID1, gc22(s) = PID2.
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3.3 Methodology

Optimization problems exist everywhere in the academic and real-world applications such

as in science, finance, and scientific areas. Optimization is to minimize a systems essential

properties by simultaneously maximizing its desired characteristics. In general, optimization

problems start whenever the resource (materials, time and cost) are limited. Specialists and

experts can deal with an efficient and robust optimization is came closer to solve the problems

that are essential to daily work.

3.3.1 MDE Algorithm

R. Storn and K. V. Price introduced differential Evolution (DE) in 1995 [126]. DE is a sim-

ple population-based, derivative-free function optimizer, which is enough powerful to minimize

most of the stochastic functions. The major clue behind DE is a technique for creating of trial

vector. The initial parental population Xi,0 = X1,i,0, X2,i,0, ....., XD,i,0, i = 1, 2, ...,NP is arbitrarily

created using standard or uniform distribution for xlow
j ≤ x j,i,0 ≤ xup

j . Here, NP is the size of an

initial population, D is the number of dimensions of the objective function to the problem, xlow
j

and xup
j are lower boundary & upper boundaries (search space) of the jth element of the vector.

After the initialization of population & parameters, DE enters the loop of mutation, crossover

and selection [127] to evaluate objective function as shown in the flowchart of DE in Figure 3.4.
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Figure 3.4: Flow chart of DE algorithm.

Mutation: In MDE, the mutant vector vi,g is constructed based on the present parental popu-

lation for ith population in generation (g). The alternative mutation schemes often used in the

literature are as follows
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Mutation Strategies Donor Vector

‘DE/rand/1’ vi = xr1 + F1(xr2 − xr3)

‘DE/best/1’ vi = xbest + F1(xr2 − xr3)

‘DE/rand-to-best/1’ vi = xr1 + F1(xr2 − xr3) + F2(xbest − xr1)

‘DE/current-to-best/1’ vi = xr1 + F1(xr2 − xr3) + F2(xbest − xi)

‘DE/rand/2’ vi = xr1 + F1(xr2 − xr3 + xr4 − xr5)

‘DE/best/2’ vi = xbest + F1(xr2 − xr3 + xr4 − xr5)

The mutation procedure generates the trial vector whose mechanism is without violation

of the predefined limits and constrictions. The prospective responses to attempt this problem

contain rearranging systems, penalty techniques, etc. A modest technique to establish the ir-

reverent element to stand at the center of the disrupted limit and the resultant elements of the

parental separation, i.e.

v j,i,g =
xlow

j + x j,i,g

2
i f v j,i,g < xlow

j (3.12a)

v j,i,g =
xup

j + x j,i,g

2
i f v j,i,g > xup

j (3.12b)

where v j,i,g & x j,i,g are the jth element of the mutation vector vi,g and the parental vector xi,g at

generation g. However, this arrangement does well exactly once the best solution is found closer

or on the boundary. Here, the new mutation strategy or scheme is used to create the mutation

vector as specified by Eq.(3.13) as follows.

vi = xi + F1(xr1 − xr2 + xr3 − xr4) + F2(xbest − xi) (3.13)

Crossover: After creation of mutation (alteration), a ‘binomial’ crossover action gives the ulti-

mate trial vector as in Eq.(3.14).

ui,g = u1,i,g, u2,i,g, ....., uD,i,g (3.14)

where u j,i,g =

v j,i,g i f rand j(0, 1) ≤ CRi or j = jrand

x j,i,g Otherwise

Here, rand j(a, b) is an identical random generated on the limits of [a, b]. The newly generated

for every j, jrand = randinti(1,D) is an integer arbitrarily chosen from 1 to D and the newly

generated for each i. The crossover probability (CRi) is on the interval of (0, 1), approximately

agree to the mean of vector elements are genetic process from the mutation vector. In classical

Differential Evolution algorithm, CRi = CR is an only one parameter that is used to the creation
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of all the trial vectors, though in several robust DE algorithms, every specific i is related through

its individual crossover probability CRi.

Selection: The choice of selection action, chooses the improved one after the parental vector

xi,g and the trial vector ui,g permitting near to their best values. For example, if it is a mini-

mization problem, the nominated vector given in Eq.(3.15) and use as a parental vector in the

following generation.

xi,g+1 =

ui,g i f f (ui,g) < f (xi,g)

xi,g Otherwise
(3.15)

The mentioned one to one selection technique is commonly reserved in alternate DE algorithms,

although the crossover may take further alternates from binomial operation in Eq.(3.13). Thus, a

DE algorithm named, for example, DE/rand/1/bin implying its DE/rand/1 mutation strategy

and binomial crossover operation.

3.3.2 TLBO Algorithm

RV Rao et al proposed the Teaching Learning Based Optimization algorithm [83] in 2011.

Which is analogy of the consequence of teacher impact on the outcome of the learners in a

class. This algorithm terms in two phases of the learning over teacher and over interact with in

a class of other learners (learner phase). A set of learners in a class along with a teacher are

redirected as population, number of subjects obtained by the learners in a class are imitated as

design variables and learner outcome is similar to the fitness value of the optimization problem.

Initially teacher is the best solution in the population for the optimization of actual parameters

or design variables. The corresponding best objective value is the best solution.

Teacher phase

In the teacher phase, teacher is the most educated or best solution for the objective. Then

teacher make learners to build the mean of class to his/her level. This is depends on the learners

learning efficiency of class can be expressed in Eq.(3.16)

X
′

i = Xi + ri(Xi,best − T F ∗ M) (3.16)

where T F is the teaching factor and T F can be either 1 or 2, this is a heuristic step to decide

by arbitrarily having an equal probability as T F = ceil[0.5 + rand] [128]. Then, the updated

solution X
′

i is established if and only if the solution is better than the previous solution by
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following Eq.(3.17)

Xi =

X
′

i i f f (X
′

i ) > f (Xi)

Xi i f Otherwise
(3.17)

Learner phase

In learning phase, the learners gain knowledge not only from the teacher, but also gain

knowledge by interaction with each other learners. In each generation, any two learners Xm and

Xn of the class interact with each other, the smarter one enhance the others knowledge. It can

be formulated in Eq.(3.18)

X
′

i =

Xi + rand ∗ (Xm − Xn) i f f (Xm) > f (Xn)

Xi + rand ∗ (Xn − Xm) i f f (Xm) < f (Xn)
(3.18)

In Eq.(3.18), (Xm − Xn) is taken as a step [128]. The provisionally updated result is ac-

knowledge if and only if it is better solution than the previous solution as in following Eq.(3.19)

Xm =

X
′
m i f f (X

′
m) > f (Xm)

Xm i f Otherwise
(3.19)

This advanced optimization algorithm involves only the basic parameters such as the num-

ber of population, number of variables and the number of generations. The algorithm does not

necessity of algorithm specific controlling parameter other than TF. Moreover, this algorithmic

controlling parameter is also does not have much effect in optimization of the problem.

3.4 Simulation Results and Discussion

3.4.1 Design of Proposed Controllers

Define a fitness function to optimize the multi-loop FOPID controller parameter gains as

in Eq.(3.20)

Jmin(Kp,Ki, λ,Kd, µ) =
∫

t(e2
1(t) + e2

2(t))dt (3.20)
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where min is minimum of cost function J, and e1(t) is the first loop error function, e2(t) is the

second loop error function. The SCA-FOPID controller design block diagram is as shown in

Figure 3.5.

Figure 3.5: FOPID control design for TITO system.

The system originally holds a population of arbitrary selective solutions. Each possible

solution designated a candidate solution. The optimization algorithm consists a group of popu-

lation in an N-dimensional search space where a particular quality measure and fitness are being

optimized.

In this work, a optimization approach was adopted for tuning of FOPID controller for

TITO system to get optimal or close to optimal controller parameters Kp, Ki, Kd, λ and µ. In

this TITO system two FOPID controllers are employed in each loop of multivariable control

system. Hence, each individual solution contains ten decision members as said five parameters

of each FOPID controllers respectively. To apply the algorithm initially random ‘P’ solutions

are generated as the matrix of the initial population has N = 10 number of tuning parameters.

The matrix dimensions are ‘P×10’ for FOPID controller. The tuning processes of the proposed

FOPID controller steps are given as follows.

1. Initialize the number of controller tuning parameters (D) with lower & upper bounds,

number of random solutions (P), and stopping criterion (MaxIt).

2. Obtain the functional evaluation of each individual position updates equation and con-

troller design performance of Eq.(3.20) controller design.

3. Update the position based on the best solution.

4. Update the algorithmic parameters (If applicable).

5. Obtain the functional evaluation of the new solution and update the solutions.
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6. Update the position of each population.

7. If the stopping criterion is satisfied as the number of iterations reaches the maximum,

then go to next step 8, otherwise go to step 2.

8. Record the latest best solution positions as the global optimum/best solution of tuning

parameters.

3.4.2 MDE based results

The WB distillation column gives the transfer function model of a MIMO system, in which

the two-inputtwo-output system has been considered extensively by most of the researchers in

the literature [122, 123]. The transfer function model of the WB system is given as in Eq.(3.21)

Gp =


12.8e−s

16.7s+1
−18.9e−3s

21s+1
6.6e−7s

10.9s+1
−19.4e−3s

14.4s+1

 (3.21)

 

(a) Open loop response.
 

(b) Decentralized response.

Figure 3.6: Step response of Wood-Berry TITO system.

The open-loop TITO WB system response is given in Figure 3.6a, the pairing of input and

output of WB multi-loop control system, the controller design in each loop with the elements

of RGA gives as λ11 = λ22 = 2.0094 and λ12 = λ21 = 1.0094, therefore the WB TITO system

has 11/22 pairing to design multi-loop control system.

For this work first design the decoupler before designing a controller, so that the simplified

decoupling method is used to design decoupler as follows in Eq.(3.22) using Eq.(3.9)

d12(s) =
(24.6s + 1.47)e−2s

21s + 1
(3.22a)
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d21(s) =
(4.89s + 0.34)e−4s

10.9s + 1
(3.22b)

The delayed terms in the system are approximated using Eq.(3.23), and the resultant mul-

tivariable process is given in Eq.(3.24) as follows

e−τs =
1
τs + 1

(3.23)

P11(s) =
1.104 × 106s4 + 6.031 × 105s3 + 9.538 × 104s2 + 6026s + 123.6

1.557 × 106s6 + 2.609 × 106s5 + 1.294 × 106s4 + 2.663 × 105s3 + 2.575 × 104s2 + 1156s + 19.4
(3.24a)

P22(s) =
−1.104 × 106s4 − 6.031 × 105s3 − 9.538 × 104s2 − 6026s − 123.6

2.658 × 106s6 + 2.707 × 106s5 + 1.035 × 106s4 + 1.877 × 105s3 + 1.717 × 104s2 + 759s + 12.8
(3.24b)

The decentralized multivariable system with minimum/elimination of interaction as shown

in Figure 3.6b. Now the PID controller for each loop or as mentioned above the diagonal PID

controller parameter tuning using MDE algorithm as follows in Eq.(3.25)

Gc(s) =

gc11(s) 0

0 gc22(s)

 =
Kp1 +

Ki1
s + Kd1s 0

0 Kp2 +
Ki2
s + Kd2s

 (3.25)

These proposed controller designs are compared with different classical, conventional

methods and heuristic optimization techniques are presented in Figure 3.7 to reference tracking

performance.

(a) Y1 loop response. (b) Y2 loop response.

Figure 3.7: Transient response of WB TITO system with PID controller design.

The change in step input is given to the initial reference input at time t > 0 keeping another

reference input as zero for 0 < t < 180 and the changes made for another reference input at time

t >180. The output responses with the disturbance in each loop at t=300 and t=450 in loop1
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and loop2 respectively, as shown in the Figure 3.8 with the various design methods of PID

controller.

(a) Y1 loop response. (b) Y2 loop response.

Figure 3.8: Disturbance rejection of WB: y1 response to step in t=600s, y2 response to a step
in t >180.

The performance measure values, such as Rise time (Tr), Maximum peak overshoot (Mp)

and Settling time (Ts) are separately analyzed for both the top loop (subscript as 1) and bottom

loop (subscript as 2) respectively as given in Table 3.1.

Table 3.1: PID controller parameters and performance of WB TITO system.

Tuning Methods PID1 PID1 Rise Time(Tr)Overshoot(Mp)Settling Time(Ts)
[Kp1 Ki1 Kd1] [Kp2 Ki2 Kd2] [Tr1 Tr2] [Mp1 Mp2] [Ts1 Ts2]

MDE [2.657 0.427 4.301] [-0.831 -0.0913 -1.575] [1.41 2.89] [1.66 0.06] [3.43 7.59]
GA [3.295 2.757 3.381] [-0.396 -0.0978 -0.858] [0.84 4.07] [20.4 5.27] [7.24 24.87]

Maghadea [0.973 0.088 2.688] [0.313 0.0304 0.807] [2.72 8.75] [1.27 1.51] [15.59 11.98]
Hajare [0.657 0.027 4.301] [0.312 0.013 2.175] [2.7 13.53] [2.08 1.01] [11.16 22.42]
Shen [0.0618 0.0025 0.34][0.02062 0.00085 0.1141] [2.71 13.5] [2.08 1.01] [11.16 22.42]
NDT [0.41 0.074 –] [0.120 0.024 –] [6.56 8.39] [1.96 0.59] [9.18 43.57]

3.4.3 TLBO based results

To confirm the validity of proposed TLBO-FOPID controller design for Wood-Berry (WB)

binary distillation system. The WB distillation system [123] denotes an ideal TITO process

including great interaction and significant time delays. The process holds the resulting system

model in Eq.(3.26), the simulink model of the proposed system is as shown in Figure 3.9 and

the step response of WB process without decoupler and without controller in Figure 3.10 as

follows

Gp =


12.8e−s

16.7s+1
−18.9e−3s

21s+1
6.6e−7s

10.9s+1
−19.4e−3s

14.4s+1

 (3.26)
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Figure 3.9: Simulink model of Wood-Berry
TITO system

-20

-10

0

10

To
: O

ut
(1

)

From: In(1)

0 50 100
-20

-10

0

To
: O

ut
(2

)

From: In(2)

0 50 100

Step Response

Time (seconds)

Am
pl

itu
de

Figure 3.10: Open loop step response of
Wood-Berry TITO system.

To select the pairing of the loops in multi-loop control, the 1-1/2-2 pair matching is em-

ployed using RGA matrix. As the multivariable system has a practice of decoupler to minimize

the interaction in the loops. The steady-state decoupling matrix of the above multivariable plant

model is given as follows in Eq.(3.27)

Dc = G−1
m (0) =

 0.157 −0.1529

0.0534 −0.1036

 (3.27)

The performance comparison of the proposed FOPID based TLBO algorithm with other

reported controller designs, we design the following three experiments under different condi-

tions:

• Design of multivariable FOPID controller for Wood-Berry plant with decoupler design.

• Design of multivariable FOPID controller for Wood-Berry plant without decoupler.

Multivariable FOPID controller with decoupler.

To illustrate the effect of decoupler in multi-loop of the wood-berry TITO system based

on the TLBO algorithm tuning of multivariable FOPID controller. The following 2-input and

2-output is chosen as a benchmark example to the experiments for multivariable plant, the

objective fitness function is weight coefficients are used for multi-loop controller design in the

evaluation of fitness are predefined as follows: w1 = 0.5 in first loop and w2 = 0.5 in the second

loop respectively. The four objectives are used in the design of controllers in each loop are

IAE, ITAE, ISE and ITSE. The reference tracking and the disturbance rejection with decoupler

design of all objectives are compared and shown in Figure 3.11 and Figure 3.12 respectively.
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(a) Y1 response
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Figure 3.11: Set-Point tracking of WB-TITO system with decoupler of different objective.
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(a) Y1 response
0 100 200 300 400 500 600

Time (s)

-1

-0.5

0

0.5

1

1.5

Re
sp

on
se

 A
m

pli
tu

de

Output #Y2 Transient Responsev with Decoupler

TLBO-FOPID (IAE)
TLBO-FOPID (ISE)
TLBO-FOPID (ITAE)
TLBO-FOPID (ITSE)

(b) Y2 response

Figure 3.12: Disturbence rejection of WB-TITO system with decoupler of different objective.

Multivariable FOPID controller without decoupler.

The proposed method is excluding the requirement of decoupler in multivariable (TITO)

system, the interaction of control loops is minimum by the proposed FOPID controller tuning

using standard TLBO algorithm. In this, each loop has an individual FOPID controller is used

to control the corresponding output and minimization of interactions. According to this method,

there are three different objectives of controller design is adopted to have minimum interaction

and system reference tacking response as shown in the Figure 3.13.
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(a) FOPID-ITAE based Y1 response
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(b) FOPID-ITAE based Y2 response

Figure 3.13: Set-point (reference) tracking of individual loop without decoupler.

As the four different objective, such as IAE, ISE, ITSE and ITAE for FOPID controller is

used, the ITAE objective will give better controller performance of Y1 loop from Figure 3.13

and the performance of Y2 loop is also shown in Figure 3.14.
To show the efficacy of to the effective optimization of FOPID controller tuning parameters

by the TLBO algorithm for multivariable system. The statistical overall performance of this
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(a) Y1 response
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(b) FOPID-ITAE based Y2 response

Figure 3.14: Set-Point tracking of WB-TITO system without decoupler with different objectives
of FOPID design.

TLBO algorithms on FOPID controller with different objective fitness functions are evaluated,

the convergence of the controller design is from the worst fitness to the best fitness for both

the controller at the same time with weighted objective. To illustrate the good convergence

characteristic of the proposed FOPID-TLBO algorithm for WB-TITO system. Moreover, the

result of convergence presents traditional optimization method of the exceptional fitness for

optimal parameters in FOPID controller based on TLBO algorithm as shown in Figure 3.15.
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Figure 3.15: Convergence of FOPID controller with different objectives.

To determine some practical applications, the multivariable (TITO) process system has

disturbances in the loops. The input step change is at t = 0s and loop disturbance at time

t = 250s in the 1-1 loop. The step change is at t = 200s and loop disturbance at t = 400s in the

2-2 loop. The total simulation time is t = 600s. The proposed method has minimum integration

effects and quick disturbance rejection ability shown in Figure 3.16.

Proposed FOPID controller performance

The resulting effect of the proposed method is compared with some classical, conventional

methods like Maghadea et al. [60], Hajare et al. [119], BLT method [122] and [123]. The pro-

posed optimization based TLBO-FOPID controller parameter tuning method is more superior
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(a) Y1 response
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(b) FOPID-ITAE based Y2 response

Figure 3.16: Set-Point tracking of WB-TITO system without decoupler with different objectives
of FOPID design.

to the other techniques of set point tracing in Figure 3.17 and the disturbance elimination as

follows in Figure 3.18.
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(a) Y1 response
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(b) FOPID-ITAE based Y2 response

Figure 3.17: Proposed FOPID controller transient response comparisons of WB-TITO system
witout decoupler.
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(b) FOPID-ITAE based Y2 response

Figure 3.18: Disturbance rejection comparisons of WB-TITO system without decoupler.

The parameters of proposed FOPID controller are given in a Table 3.2. These optimal

tuning parameters are chosen to give robust closed loop performance in each loop of multi-loop

control system. The comparison study of the proposed scheme with some existing methods like

Maghadea et al. [60], BLT method [122] and Hajare et al. [123]. are attained from the existing
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literature. These are tabulated for the values by simulating it for the FOPID/PID controller

for a TITO process in time domain performances is listed in Table 3.3. As the performance of

proposed ITAE objective method control system is better than the other objectives and literature

reported multivariable control system design methods.

Table 3.2: FOPID/PID controller tuning parameters for Wood-Berry system.

Methods FOPID/PID in Loop1 FOPID/PID in Loop2

Kp Ki Kd λ µ Kp Ki Kd λ µ

TLBO-FOPID (ITAE) 0.3987 0.476 0.102 0.009 0.582 -0.009 -0.0098 -0.0078 0.957 0.495
TLBO-FOPID (ITSE) 0.925 0.1546 0.203 0.139 0.235 -0.089 -0.0128 -0.0038 0.0519 0.0245
TLBO-FOPID (IAE) 0.328 0.091 0.147 0.01 0.042 -0.0084 -0.0096 -0.0084 0.149 0.153
TLBO-FOPID (ISE) 0.135 0.335 0.091 0.299 0.177 -0.0097 -0.00857 -0.0079 0.0086 0.0503

Maghadea [60] 0.973 0.088 2.688 1 1 -0.313 -0.034 -0.807 1 1
Hajare [123] 0.657 0.027 4.301 1 1 -0.312 -0.013 -2.175 1 1
BLT [122] 0.375 0.045 0 1 0 -0.075 -0.003 0 1 0

Table 3.3: Performance measure of Wood-Berry system in each control loop.

Methods Performance parameters Fitness[Tr1 Tr2] [Mp1 Mp2] [Ts1 Ts2] [GM1 GM2] [PM1 PM2]
WB system (No controller) [36.69 31.64] [0 0] [66.33 59.34] [∞ -19.7] [71.5 -138] –

TLBO-FOPID (ITAE) [1.51 2.85] [1.28 2.38] [3.74 6.986] [∞ 102] [66.5 156] 13.48
TLBO-FOPID (ITSE) [2.15 4.36] [1.83 3.53] [5.27 15.26] [∞∞] [77.5 -138] 94.6
TLBO-FOPID (IAE) [3.63 8.95] [1.85 2.97] [7.74 22.98] [∞∞] [91.6 -142] 61.72
TLBO-FOPID (ISE) [3.86 8.86] [2.15 6.42] [6.85 21.53] [16 102] [∞ 156] 17.38

Maghadea [60] [2.72 8.75] [1.27 1.51] [15.59 11.98] [∞∞] [113 94.3] –
Hajare [123] [2.7 13.53] [2.08 1.01] [11.16 22.42] [∞∞] [109 111] –
BLT [122] [3.74 9.57] [16.42 NA] [23.91 NA] [∞∞] [76.7 109] –

Robust analysis

It has been stated that the parametric robustness of FOPID controllers is better for the mul-

tivariable control system [129]. Here, the robust analysis of the ITAE based FOPID controller

is obtained by frequency response in each loop of TITO system. Literature based controller de-

signs are compared with the proposed FOPID controller, then said that the proposed controller

for WB-TITO system is robust. Figure 3.19 presents the comparison of frequency response of

each loop controller. Clearly, the frequency deviations with the FOPID controller optimized

by TLBO were still smaller than those by other controller design in all the cases. In other

hand, ITAE based FOPID controller in multi-loop system is superior in terms of parametric

robustness.
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Figure 3.19: Frequency response comparisons of WB-TITO system without decoupler.

Computational complexity analysis

The computational analysis of TLBO algorithm depends on the complexity of three main

steps including search population size, maximum iterations and fitness function for multivari-

able FOPID controller. In general, the fitness function evolution (FFE) is the overall computa-

tional complexity of controller design for all optimal FOPID parameters tuning. The different

objective based controller design would be differently, these computational complexity should

be as possible to be minimum. The following Table 3.4 gives the different computational com-

plexity of each objective of controller design. To investigate the computational complexity of

controller tuning by the proposed TLBO-FOPID controller method while evaluating the objec-

tive function to get optimal tuning parameters, the algorithm in general over 20 iterations with

50 number of solution candidates population.

Table 3.4: Computational time in Sec.

Method IAE ITAE ISE ITSE
FOPID-TLBO 152 136 161 157
Fitness evolution 1000 1000 1000 1000

3.4.4 SCA based results

To confirm the validity of SCA based controller design in WB binary distillation column

process system. The simulation example is included to estimate performance and effectiveness

of the proposed SCA based FOPID controller design method.

The Wood-Berry binary distillation column process [119] denotes in Figure 3.20 is an

ideal TITO process including great interaction and significant time delays. The process holds

the resulting system model as in Eq.(3.28) and the step response of WB binary distillation
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process without decoupling and no control action step response is shown in Figure 3.21 as

follows.

Gp(s) =

 12.8
16.7s+1e−s −18.9

21s+1e−3s

6.6
10.9s+1e−7s −19.4

14.4s+1e−3s

 (3.28)

Figure 3.20: Simulink model of Wood-Berry TITO
system.
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Figure 3.21: Open loop step response
of Wood-Berry TITO system.

The relative gain array (Λ) matrix is obtained as follows in Eq.(3.29)

Λ =

 2.0094 −1.0094

−1.0094 2.0094

 (3.29)

According to this method, the pairing of loops is 1-1/2-2 loop pair is employed. Thus, the

interaction is minimum and system set-point tacking response is much better as shown in the

Figure 3.22a for Y1 response and Figure 3.22b for Y2 response respectively. To determine some

practical applicability of proposed method, the TITO process system (Wood-Berry system) has

disturbances in the loops. The loop disturbances are present at time t=250s in the 1-1 loop and

t=400s in the 2-2 loop, for a total 600s of simulation time. The proposed method has quick

disturbance rejection ability as shown in the Figure 3.23a for Y1 output disturbance rejection

and Figure 3.23b for Y2 output disturbance rejection.

The resulting effect of the proposed method is compared with some classical, conventional

methods from literature like Maghadea et al. [60], Hajare et al. [119], BLT method [122], NDT

tuning method [130] and Shen et al. [131]. The proposed optimization based SCA-FOPID

controller parameter tuning method of TITO system is more superior to the other techniques of

set-point tracing and the disturbance elimination.
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Figure 3.22: TITO system Set-Point tracking.
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Figure 3.23: Disturbance rejection of TITO system.

The results of proposed controller design is compared from literature controller design.

As compared to this method, the interaction is minimum and system reference tacking response

is optimal as shown in the Figure 3.24a for Y1 response and Figure 3.24b for Y2 response re-

spectively. To estimate the practical applicability of proposed method, the TITO process system

(Wood-Berry system) has disturbances in the loops. In 1-1 loop, the input step changes at time

t=0s and the loop disturbance is present at time t=250s as shown in Figure 3.25a for Y1 output.

In loop 2-2, the input step changes at time t=200s and the loop disturbance is at time t=400s as

shown in Fig. 3.25b for Y2 output, for a total 600s of simulation time. The proposed method

has quick reference tracking of step changes and best disturbance rejection ability as shown in

the Figure 3.24 to Figure 3.25 respectively.

The control action performance in each loop given by the proposed controllers are energy

efficient and possibility of actuator saturation problem. The analysis of that FOPID controller

is compared with literature controllers to conclude the proposed method has best transient re-

sponse performance. In the controller design, the integral square error value of each loop is

used in proposed FOPID controllers to have optimal controller tuning parameters. Therefore,

the saturation chances of actuators are less in case of FOPID controllers in multi-loop control

systems. From reference tracking performance, disturbance rejection performance and control
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Figure 3.24: Comparison of TITO system set-point tracking.
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Figure 3.25: Comparison of TITO system disturbance rejection.

action performance, in all aspects SCA based FOPID controller is giving better performance

than that of other controller. The proposed SCA based FOPID controllers has advantage of no

decoupler to minimize the interaction, less overshoot and quick step change response in each

loop of MIMO system.

Table 3.5: FOPID controller parameters and performance of W-B TITO system (time in Sec)

Tuning Methods
PID/FOPID_1

[Kp1 Ki1 λ1 Kd1 µ1]
PID/FOPID_2

[Kp2 Ki2 λ2 Kd2 µ2]
Rise Time
[Tr1 Tr2]

Overshoot
[MP1 MP2]

Settling Time
[Ts1 Ts2]

SCA-FOPID [ 0.37 2.58 0.14 4.63 1.34] [-2.98 -0.01 1.74 -4.16 1.27] [0.705 1.21][1.62 1.57][4.284 6.186]
BLT [122] [0.375 0.045 1 0 1] [-0.075 -0.003 1 0 1] [3.74 9.57][16.42 00] [23.91 NA]

Hajare [119] [0.657 0.027 NA 4.301 NA] [0.312 0.013 NA 2.175 NA] [2.7 13.53][2.08 1.01][11.16 22.42]
Maghadea [60][0.973 0.088 NA 2.688 NA] [0.313 0.0304 NA 0.807 NA] [2.72 8.75][1.27 1.51][15.59 11.98]

Shen [131] [0.0618 0.0025 NA 0.34 NA][0.02062 0.00085 NA 0.1141 NA][2.71 13.5][2.08 1.01][11.16 22.42]
NDT [130] [0.41 0.074 NA – NA] [0.120 0.024 NA – NA] [6.56 8.39][1.96 0.59][9.18 43.57]

The tabulation in Table 3.5 shows the performance comparison study of the proposed

scheme with some existing methods like Maghadea et al. [60], Hajare et al. [119], BLT method

[122], NDT tuning method [130] and Shen et al. [131] are attained from the existing literature.

These are tabulated for the values by simulating it for the FOPID/PID controller for a MIMO

process in time domain performances.
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The Wood-Berry TITO process system based on SCA-FOPID controller in multiloop time

domain performances is shown on bar chat in Figure 3.26 as follows and it shows the proposed

method time domain performances indices has optimal.
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Figure 3.26: Bar chat of FOPID controller performance in each loop for TITO system.

3.5 Summary

This chapter describes the multivariable systems, the FOPID/PID controller design for

the MIMO system is proposed based on the meta-heuristic algorithms called MDE, SCA, and

TLBO. The proposed FOPID/PID controller algorithm is used to control the multi-loop of the

MIMO control system. The performance of the multivariable system has been improved by

eliminating the interaction between the loops.

Firstly, the MDE based decentralized PID controller design method is derived to improve

the MIMO systems performance. Then, the proposed method’s performance is validated and

concluded as better in the performance of the benchmark TITO system. Further, the SCA and

TLBO based centralized FOPID controller is proposed for the TITO (Wood-Berry) system to

control the individual output using the multi-loop control system. Here, the MIMO system’s

centralized FOPID controller algorithm has been eliminating the interactions of multi-loop and

the optimal controller parameters in each loop using the design objective of the FOPID/PID

controller design simultaneously. However, it improved the TITO wood-berry system’s perfor-

mance by eliminating decoupler in the TITO control system using advanced optimization al-

gorithms. Finally, the proposed meta-heuristic algorithm-based controller design for the TITO

system performance has been improved.
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Hybrid MFO-WOA algorithm for global
optimization and FOPID/PID Design

This chapter focuses on the proposed novel Hybrid MFO-WOA algorithm for global op-

timization. The Evolutionary algorithms, genetic algorithms, and tabu search are the most effi-

cient heuristics algorithms. In certain applications, keeping a more global perspective, that is,

considering the entire solution space in each iteration, might be beneficial. However, a hybrid

technique combining a meta-heuristic algorithm with another optimization algorithm that can

show more robust behavior and exhibit greater versatility for complex and difficult problems

would improve global optimization accuracy. The proposed hybrid algorithm has been used to

design FOPID/PID controller for SISO/MIMO industrial systems.

4.1 Introduction

Evolutionary computation-based methods [75] have gained more attention over the last

decade from engineers struggling with issues that traditional debugging strategies cant solve.

The standard genetic algorithm (GA) [69] is to attain the best states in this context, a predefined

set of available random parameters associated with a process model. A current survey of evolu-

tionary algorithms for measuring and learning algorithms [84] and control system technologies

[123] is improved. In the argument, the global question of the evolutionary algorithm-based

studies of the engineering problems is exercising in different design methods. In evolutionary

algorithm approaches, A significant amount of work is focused between them on designing a

Fuzzy Controller [132]. GA may be the fuzzy membership feature that can be used in linear

77
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rules and fine-tuning to establish information about the controlled process[133]. Subsequently,

nature-propelled heuristic algorithms are built with improvement issues to succeed. GA be the

first and well-known algorithm motivated by regular genetic variation and reasonable determi-

nation.

In the latest state-of-art, bio/nature-inspired optimization algorithms have received much

attention in the multidisciplinary fields for the global optimum. The optimization problems

are inevitable in technology & Science [134]. These optimization problems can be presented

mathematically as following in Eq.(4.1)

minimization o f f (x)

sub jected to p j(x) 6 0, j = 1, 2, ......,m

q j(x) = 0, j = 1, 2, .........., n

(4.1)

where f (x) - objective function, pi(x) - inequality constrained function and qi(x) - equality

constrained function.

The evolutionary algorithms, genetic algorithms, and tabu search are the most efficient

heuristics algorithms. In certain applications, keeping a more global perspective, that is, con-

sidering the entire optimal solution in each iteration, might be beneficial. Furthermore, in global

optimization, a hybrid optimization strategy is an effective combination of a meta-heuristic al-

gorithm and another optimization algorithm that can exhibit more robust behavior and greater

versatility when dealing with complex and difficult problems.

As of now, the hybridization of algorithms is known as a fundamental part of its ground-

breaking algorithm. A unique algorithm can not succeed in an ideal arrangement for a reason-

able time [135]. Moreover, the improper assembly in unique algorithms is inexorable. Along

with these sets, the first algorithm quite often significant than the other hybridization algorithm.

As far as hybridization is concerned, this is the first instance when the hybridization among

moth-Flame optimization (MFO) [136] and whale optimization algorithm (WOA) [137] has

proposed for taking care of advancement issues and search boundaries. This hybridization is

expected to improve the first MFO and to manage with the interferences of WOA execution.
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4.2 Current Algorithms

The proposed algorithm is to build up a combination of two algorithms, based on the

advantage of the individual algorithm. These algorithms are depicted in detail in the accompa-

nying subsections.

4.2.1 Moth-Flame optimization

In the MFO algorithm [136] is expected that the up-and-comer arrangements are moths

and the factors of the issue are the situation of moths in the room. The moths in 1-D can

commute along those same lines to modify 2-D, 3-D, or hyper-dimensional terms among their

position vectors.

After the calculation of the MFO is a population-based algorithm, the moth’s agreement

in a grid as demonstrated as:

M =



m1,1 m1,2 ... ... m1,d

m2,1 m2,2 ... ... m2,d

. . . . .

. . . . .

. . . . .

mn,1 mn,2 ... ... mn,d


(4.2)

where n is moth number and d is the variable number. Assume that, for all moths, there is an

array to store the respective fitness values as follows:

OM =



OM1

OM2

.

.

.

OMn


(4.3)

where n is the moths number. Consider that for each moth, and the fitness value is the returned

value of the (objective) fitness function. The beast position vector (for example, first row in

matrix M) is passed on to the fitness function. The fitness function’s performance is assigned to

the corresponding moth as its fitness value (for example, OM1 in the matrix of OM). The other
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critical components in the proposed algorithm are flames that also a matrix similar to the moth

matrix is considered as follows:

F =



f1,1 f1,2 ... ... f1,d

f2,1 f2,2 ... ... f2,d

. . . . .

. . . . .

. . . . .

fn,1 fn,2 ... ... fn,d


(4.4)

where n is the moth’s number and d is the variables number. It could be seen that the M and F

arrays are identical in size. For the flames, a collection for storing the related fitness values is

often assumed to be as follows:

OF =



OF1

OF2

.

.

.

OFn


(4.5)

where n is the moths number. Here, the flames and moths are both alternatives for the difference

with them is the way we treat and change at every iteration. The moths are standard search

agents traveling around the search space, while flames are the best location of moths that have

been obtained so far. In all other words, the flames can be regarded as flags or pins dropped by

moths while exploring the quest room. Every moth also looks for a flag (flame) and if a better

solution is found, upgrades it. With this process, one moth never loses its very best solution.

The MFO algorithm is a three-tuple algorithm [136] that approximates the global optimum

of optimization problems and defines it as:

MFO = (I, P,T ) (4.6)

Here, I is a generic function of a random population of moths and the corresponding fitness

value. The systematic modeling of this function is as follows in Eq.(4.7):

I : ∅→ {M,OM} (4.7)
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The P is a principal function, which affects the moths throughout the search space. This

function can use the model of M and eventually return the updated one by the Eq.(4.8).

P : M → OM (4.8)

The T function replies true if the terminus rule is satisfied and false if the terminus rule is

not satisfied as in Eq.(4.9):

T : M → {true, f alse} (4.9)

with I, P and T are the overall frames of the MFO algorithm is described as follows:

The function I has to create primary solutions and estimate the objective function values.

A random pattern can be used in this function and the resulting method is utilized as follows:

As it noticed, there are two additional arrays termed min and max. The other forms specify

the minimum and maximum limits of the variables as:

min = [min1,min2,min3, .....,minn−1,minn] (4.10)

where mini indicates the maximum limit of the i − th variable

max = [max1,max2,max3, .....,maxn−1,maxn] (4.11)

where maxi denotes the minimum limit of the i − th variable.

The P function goes iterative process after initialization, till the T function delivers accu-

rate. The function P is the primary function that drives the moths across the exploration. As

stated earlier, the particular dimension is the basis for this algorithm. The mathematical model

of each moth’s position in respect of a flame is modified utilizing the corresponding Eq.(4.12):

Mi = S (Mi, F j) (4.12)

where Mi specify the i − th moth, F j describe the j − th flame, and S is the spiral function.

Moreover, a logarithmic spiral is applied because of the significant update process for

moths. However, anyone of the spiral pattern can be used, according to the following guidelines:

• The Spirals beginning point should begin from the moth.
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• The Spirals concluding point should signify the location of the flame.

• The inconstancy of the Spiral range should not exceed from the exploration.

By considering those limits, a logarithmic spiral is determined for the MFO algorithm is

as following Eq.(4.13):

S (Mi, F j) = Di × ebt × cos(2πt) + F j (4.13)

where Di designates the distance of i− th moth at j− th flame, b is a constant for the framework

of the logarithmic spiral, and t is a arbitrary number in the range [-1,1].

Here, D is computed by the Eq.(4.14):

Di =
∣∣∣F j − Mi

∣∣∣ (4.14)

where Mi indicates the i − th moth, F j is describe the j − th flame, and Di handle the gap of

i − th moth from the j − th flame.

The additional exploitation [139], t is described as an arbitrary number mostly in the range

[r, 1], wherever r is decreased by linearly from 1 to 2 throughout all the iterations. Under

Eq.(4.15), every moth is restricted to a flame, which may result in the most significant limited

stagnation. To overcome this, a list of the flame needs to be updated and organized at each

iteration by their fitness values. The moths change their views of their corresponding flames

eventually. Since, they spot where moths are modified in respect of n several positions in the

search space would demote the exploitation of the most assuring solution, an adaptive method

for the flame number has continued as given in the Eq.(4.15):

f lameno = round
(
(N − l) × N − 1

T

)
(4.15)

where l is the current iteration, N is the maximum flame number, and T indicates the maximum

iterations number.

4.2.2 Whale optimization algorithm

The Whale optimization algorithm (WOA) [137], this algorithm concept is acquired by

the nature of hunting mechanism for humpback whales, imitates the shrinking encircling, spiral
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update location and arbitrary hunting mechanisms for the humpback whale. The algorithm

consists of 3-phases [137]: prey encircling, bubbling-net attacking and prey checking.

Encircling Prey

The WOA algorithm [137] allows the target prey is the present optimal solution for encir-

cling prey. The individual whales then strive to adjust to the most desirable location. The next

Eqs.(4.16,4.17) illustrate the action of behavior:

−→
D =

∣∣∣∣−→C · −→X∗(t) − −→X (t)
∣∣∣∣ (4.16)

−→
X (t + 1) =

−→
X∗(t) − −→A · −→D (4.17)

where t represents the existing iteration,
−→
X (t) is the location vector,

−→
X∗(t) is the position vector

of the complete results reach so far, || is the absolute value, and · is an product of element-by-

element.
−→
A and

−→
C are coefficient computation vectors are defined by Eq.(4.18) and Eq.(4.19):

−→
A = 2−→a−→r − −→a (4.18)

−→
C = 2−→r (4.19)

where −→a is linearly decreased from 2 to 0 over the progression of iterations (in both exploration

and exploitation) and −→r is a arbitrary vector in [0, 1].

Bubble-Net Attacking Method

The function is accomplished primarily by lowering the control parameter value a.
−→
A in

the interval [a, a], a is random number. The new location of the specific whales can be specified

wherever among the first place and the contemporary best position when arbitrary values for
−→
A

are in the range [−1, 1].

A spiral equation is then created among the whale and prey position to imitate the helix-

shaped inclination of humpback whales as follows in Eq.(4.20), Eq.(4.21):

−→
X
′
(t + 1) =

−→
D
′ · ebl · cos(2πl) +

−→
X∗(t) (4.20)

−→
D
′
=

∣∣∣∣−→X∗(t) − −→X (t)
∣∣∣∣ (4.21)
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where b for determining the appearance of the logarithmic spiral, l is an arbitrary number in the

range [1, 1], and · is a multiplication of element-by-element.

When humpback whales strike their prey, they travel along a spiral-shaped path concur-

rently within a diminishing surrounding circle. The concept of mathematics is as follows in

Eq.(4.22):

−→
X∗(t + 1) =


−→
X∗(t) − −→A · −→D i f p < 0.5
−→
D
′ · ebl · cos(2πl) +

−→
X∗(t) i f p ≥ 0.5

(4.22)

Search for Prey (Exploration Phase)

Humpback whales hunt randomly by each other’s location. During the hunt toward the

food or investigation process, the other individual whale locations will be changed according to

a particular whale selection at arbitrary. To discover better food, by establishing
−→
A > 1, unique

whales are driven to run away from the reference whales. This way, the WOA algorithm can do

global searching. The model of maths can be expressed as in Eqs.(4.23), Eq.(4.24):

−→
D =

∣∣∣∣−→C−−−→Xrand(t) − −→X (t)
∣∣∣∣ (4.23)

−→
X∗(t + 1) =

−−−→
Xrand(t) − −→A · −→D (4.24)

where
−−−→
Xrand is a position vector randomly selected from the current whale population.

4.3 Proposed hybrid MFO-WOA algorithm

To enhance the application and exploration capabilities of existing algorithms, some re-

searchers are currently proposing multiple approaches to integrated optimization. According to

Talbi et al. [140], two types of hybridization i.e., at a high level or low level with evolutionary

or relay methods as symmetric or asymmetric.

4.3.1 Hybrid MFO-WOA algorithm

Hybridization of the MFO algorithm with a WOA using a high-level evolutionary hy-

bridization [140] in this paper. To show in hybridization strategies is to develop the exploration



Hybrid MFO-WOA algorithm for global optimization and FOPID/PID Design 85

skills at the MFO and the health of extraction at WOA. In this paper to cover a wide variety

of unknown search spaces due to issues with the logarithmic spiral. The stage of exploration

signifies the intensity of variability to move through a large number of possible outcomes. The

search agent’s position is responsible for the problem being decided globally optimally.

The mainframe of the hybrid MFO-WOA algorithm, the MFO focuses diversity at the

starting of the search for a significant step in expanding the search space effectively and pre-

venting trapping into a local minimum. In contrast, the WOA focuses on reinforcement and

allows individuals to force towards the best solution of the optimization. This procedure can

also cope with topical as well as local searches. It assesses each vector’s fitness and obtains

the best solution to be applied by MFO as the destination point position in Eq.(4.12), Eq.(4.13).

Whereas, WOA is to improve the worst results over the iterations obtained using MFO. Using

Eq.(4.12), Eq.(4.13), positions of each individual in the MFO is modified over a series of it-

erations and then update to new positions by the Eq.(4.20), Eq.(4.21), Eq.(4.22), respectively.

Start

Initialization

(nPop, nVar, MaxIt etc)

Calculate the fitness

Round off flames

Sort the population of moths

Update the flames

Update the position best flame

Update the moth with respect to its 

corresponding flame

i≤ flame no

Update the position of the moth 

with respect to one flame

Yes No

Boundaries of the search space

Update the leader

Update the A, C & l

Update the position by Eq. ()Update the position by Eq. ()Update the position by Eq. ()

Calculate the fitness of each individuals and update the corresponding 

positions of all individuals

P<0.5

|A|≥1

It<MaxIt It=It+1

Stop

Return the best solution

Yes

Yes

Yes

No

No

No

Figure 4.1: Flow-Chart of proposed MFO-WOA algorithm

The steps of the suggested MFO-WOA hybrid algorithm is described as follows. The

detailed pseudo-code in Algorithm 29 and the proposed hybrid MFO-WOA algorithm flow

chart is given in Figure 4.1.
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Algoritmo 1: Proposed MFO-WOA algorithm
1 Initialize a set of population with random positions for dimensions (D) in the search

space using Xi, j = min j + rand(max j − min j)
2 Initialize algorithmic parameters
3 while Current iteration < Maximum iterations do
4 read current
5 for each population i do
6 Evaluate the fitness value for all
7 Update the position of each population by using

Xi = S (Mi, F j) = Diebtcos(2πt) + F j

8 end
9 Identify the leader in the population

10 Update the parameteres (A,C, I&p)
11 for each population i do
12 Update the position of each population
13 if p > 0.5 then
14

−→
X∗(t + 1) =

−→
X∗(t) +

−→
D · ebl · cos(2πl)

15 else
16 if |A| 6 1 then
17

−→
X∗(t + 1) =

−→
X∗(t) − −→A · −→D

18 else
19

−−−→
X∗rand(t + 1) =

−−−→
X∗rand(t) − −→A · −→D

20 end
21 end
22 end
23 Verify the search space boundary conditions

24 if f (
−→
X∗(t + 1)) < f (

−→
X∗(t)) then

25 Update the new positions of all populations
26 end
27 Update the best position of better population
28 end
29 Return the best/global optimal solution

• Step 1: Initialize the algorithm parameters, such as maximum iteration or generation (it),

number of search agents (N), A, C, p. The initial population is defined as follows:

Xi, j = min j + rand(max j − min j)

where min j and max j are the lower and upper bounds of the variables of a search space,

rand is a random number uniformly between [0 1].

• Step 2: Evaluate the fitness of all candidates of X, i.e., to estimate the fitness value of X

for all N.
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• Step 3: An adaptive mechanism for the number of flames are uses by the following equa-

tion.

f lame no = round(N − tt · N−1
T ).

• Step 4: For every moths, the associated fitness values are included in an array.

• Step 5: Update r and t values are obtain by the the following equation. r = −1 + tt ∗ (−1
T )

, t = (r − 1) · rand + 1

where tt is current iteration, T is maximum number of iterations and rand random number

from [0 1].

• Step 6: Calculate D using the equation for the corresponding moth. Di =
∣∣∣F j − Mi

∣∣∣
• Step 7: Update the position of all solution candidates using the corresponding moth.

M(i, j) = S (Mi, F j) = Di × ebt × cos(2πt) + F j

• Step 8: Update (Find) the leader in search agents.

• Step 9: Update the values of algorithmic parameters are a, A, C, r and p.

• Step 10: Update the position of the current search agent by the following equation.

−→
X∗(t + 1) =


−→
X∗(t) − −→A · −→D i f p < 0.5
−→
X∗(t) +

−→
D
′ · ebl · cos(2πl) i f p ≥ 0.5

• Step 11: if |A| > 1 then, select a random search agent (Xrand), and update the current

search agent’s position by the following equation.
−→
X∗(t + 1) =

−−−→
Xrand(t) − −→A · −→D

where
−→
D =

∣∣∣∣−→C−−−→Xrand(t) − −→X (t)
∣∣∣∣

• Step 12:Verify the search space boundaries as all the positions of individual within the

defined space.

• Step 13: Evaluate the fitness of new search agents.

• Step 14: If f (Xnew) < f (X) then, update the positions of all the search agents population.

• Step 15: Update the best position of a better agent.
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• Step 16: If the termination condition is satisfied, record the global solution. Otherwise,

go to step 2.

4.3.2 Convergence analysis

The proposed hybrid MFOWOA algorithm is assessed in 23 ideal benchmark test func-

tions [141], all of which are features of minimization by many researchers in their recent studies.

The substantial analysis, hybrid MFO-WOA algorithm is evaluated over NP = 50 & 100 for

1000 iterations in independent runs of 30.

The benchmark functions of F1-F23, the investigation study is recommended by taking

the population size of NP = 50 & 100 for each algorithm. The range of the multi-modal and

unimodal benchmark functions is set at 30. For all algorithms, the criterion for stop condition is

the maximum number of function evaluations. The algorithm parameters for all the algorithms

compared are described in Table 4.1. These algorithm parameters are predefined in the orig-

inal algorithmic parameters to define the exploration and exploitation in a convergence of the

algorithm and improve the precision of the solution.

Table 4.1: The parameter setting of the algorithms.

DE
Parameters Mutation Factor (F) Crossover rate (CR)

Value 0.4 - 0.8 0.5

PSO
Parameters w C1,C2 VMax

Value 0.3 - 0.95 2, 2 4

SCA
Parameters r2 r3 r4 a

Value 2π · rand 2π · rand rand 2

MFO
Parameters t a b

Value [-1, 1] −1 − t−1
T 1

WOA
Parameters a a2 p

Value 2 − t 2
T −1 + t−1

T rand

MFO-WOA

Parameters t a b
Value [-1, 1] −1 − t−1

T 1
Parameters a a2 p

Value 2 − t 2
T −1 + t−1

T rand

The feasibility of the new MFO-WOA basic hybrid scheme is evaluated with other state-

of-the-art algorithms, such as SCA[68], PSO[122], DE[126], MFO[136] and WOA[137]. These

algorithms have many parameters to initialize before they run. Table 4.1 displays the initial

values of parameters required for all algorithms. Typically, the optimal control parameters

depend on conditions, and they are unknown without prior knowledge.
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The convergence speed for benchmark functions (F1-F23) is tested using proposed hybrid

MFO-WOA algorithm in addition to compare with SCA[68], PSO[122], MFO[136], WOA[137]

and DE[126] algorithms, as shown in Figure 4.2, respectively. Throughout the iteration process,

the downward trend shows the potential of the hybrid WOA-mGWO algorithm to achieve im-

proved convergence to the optimal global solution. The same is compared to other algorithms

like SCA[68], PSO[122], MFO[136], WOA[137] and DE[126] for 23 benchmark functions.
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Figure 4.2: Continued...
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Figure 4.2: Convergence comparisons of proposed algorithms and others.
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4.3.3 Statistical analysis

The statistical test of the hybrid MFO-WOA algorithm is correlated with other algorithms

based on 23 traditional benchmark functions [134] are given in Table 4.2, to evaluate the

effectiveness of the introduced algorithm. The simulation tests evaluated of the benchmark

mentioned above functions by 30 individual runs employing introduced hybrid MFO-WOA

algorithm are related with additional algorithms such as SCA[68], PSO[122], MFO[136],

WOA[137] and DE[126]. In Table 4.2 & Table 4.3, Mean (M), Best (B), Worst (W), and

Standard Deviation (SD) are listed for 23 benchmark functions obtained after the final iteration

for the population size of NP = 50 & NP = 100 over 30 independent runs, respectively. The

validation of the proposed hybrid MFO-WOA algorithm for the benchmark functions reveals

that the outperforms 19 of 23 standard benchmark functions.

Table 4.2: Statistical results for F1 − F23 functions over 30 independent runs (NP = 50)

Fun MFO-

WOA

MFO WOA SCA PSO DE

F1

Best 2.94E-90 1.22E-34 1.86E-91 2.69E-36 1.26E-53 6.11E-43

Average 1.14E-85 1.47E-31 1.53E-78 4.76E-29 2.45E-48 6.70E-42

SD 3.58E-85 2.32E-31 0 1.51E-28 7.63E-48 9.39E-42

Med 2.87E-88 3.01E-32 1.16E-84 6.23E-33 4.30E-51 1.96E-42

Worst 1.13E-84 7.34E-31 1.48E-77 4.76E-28 2.42E-47 3.08E-41

F2

Best 2.05E-52 3.71E-20 1.74E-21 6.71E-25 2.25E-29 5.46E-25

Average 6.54E-51 6.80E-19 2.02E-82 7.02E-21 9.49E-27 1.44E-24

SD 1.20E-50 1.23E-18 6.30E-92 2.04E-20 2.66E-26 8.94E-25

Med 2.74E-51 3.10E-19 1.77E-95 6.93E-23 2.45E-28 1.08E-24

Worst 4.00E-50 4.14E-18 2.00E-81 6.50E-20 8.50E-26 2.97E-24

F3

Best 7.24E-25 2.18E-13 4.55E-08 5.49E-21 3.13E-17 6.45E-02

Average 1.78E-20 1.71E-09 5.21689 4.51E-11 3.77E-15 1.80E-01

SD 3.38E-20 4.97E-09 12.15415 1.31E-10 7.21E-15 1.84E-01

Med 1.54E-21 2.23E-11 0.706362 1.49E-14 3.75E-16 1.06E-01

Worst 9.97E-20 1.58E-08 39.20765 4.16E-10 2.30E-14 6.75E-01

F4

Best 4.06E-23 3.84E-10 9.76E-14 1.26E-12 9.03E-14 7.43E-08

Average 7.40E-20 0.009285 0.041382 2.31E-09 4.45E-13 1.45E-07
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SD 2.20E-19 0.029361 0.066278 4.96E-09 6.18E-13 4.14E-08

Med 2.28E-21 2.09E-08 0.001792 5.11E-11 1.53E-13 1.40E-07

Worst 6.99E-19 0.092848 0.156086 1.47E-08 1.88E-12 2.03E-07

F5

Best 0.535995 0.19356 5.200004 6.162045 0.13815 0.17133

Average 1.128302 63.05099 5.598858 6.822644 3.104964 2.52303

SD 1.014791 173.1727 0.337705 0.37006 1.338365 2.116125

Med 0.856349 4.961773 5.493336 6.794048 3.728973 2.171838

Worst 3.975478 555.1401 6.088107 7.319884 4.306164 6.129426

F6

Best 4.03E-11 0 3.54E-06 0.107641 0 0

Average 1.80E-10 7.40E-32 9.50E-06 0.261724 0 0.00E+00

SD 1.37E-10 9.28E-32 7.70E-06 0.099956 0 0.00E+00

Med 1.38E-10 3.24E-32 6.41E-06 0.265173 0 0.00E+00

Worst 4.78E-10 2.62E-31 2.76E-05 0.399885 0 0.00E+00

F7

Best 0.000783 0.000467 0.000129 0.000126 0.000384 4.95E-04

Average 0.002332 0.00274 0.000785 0.000893 0.001709 0.002189

SD 0.001049 0.002374 0.00136 0.000869 0.000821 0.000912

Med 0.002357 0.001971 0.000317 0.000615 0.001694 0.002333

Worst 0.003953 0.008028 0.004582 0.00306 0.002761 0.003362

F8

Best -4189.83 -4071.39 -4189.8 -2387.24 -3005.43 -4189.83

Average -3395.69 -3407.22 -3867 -2210.55 -2452.48 -4177.99

SD 357.8439 356.5105 593.989 104.4756 320.111 37.45349

Med -3242.32 -3476.16 -4130.06 -2205.06 -2393.37 -4189.83

Worst -3005.45 -2760.98 -2569.91 -2036.39 -1998.17 -4071.39

F9

Best 0 6.964708 0 0 0.994959 0

Average 0 18.01581 0 0 2.885381 0.00E+00

SD 0 9.39909 0 0 1.280198 0.00E+00

Med 0 14.42688 0 0 2.984877 0

Worst 0 33.89951 0 0 4.974795 0.00E+00

F10

Best 8.88E-16 4.44E-15 8.88E-16 8.88E-16 4.44E-15 4.44E-15

Average 3.02E-15 4.44E-15 4.44E-15 4.80E-15 4.44E-15 4.44E-15

SD 1.83E-15 0 2.37E-15 3.11E-15 0 0.00E+00

Med 4.44E-15 4.44E-15 4.44E-15 4.44E-15 4.44E-15 4.44E-15

Worst 4.44E-15 4.44E-15 7.99E-15 1.15E-14 4.44E-15 4.44E-15
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F11

Best 0 0.014772 0 0 0.039319 0

Average 0.062979 0.156263 0.019722 0.011984 0.11343 0

SD 0.055109 0.11707 0.034714 0.028414 0.048353 0

Med 0.059056 0.144008 0 0 0.102138 0.00E+00

Worst 0.16231 0.457417 0.09271 0.087518 0.19184 0

F12

Best 1.52E-11 4.71E-32 1.79E-06 0.028889 4.71E-32 4.71E-32

Average 4.37E-11 0.124403 1.78E-05 0.055445 4.71E-32 4.71E-32

SD 2.85E-11 0.160603 1.43E-05 0.01565 1.15E-47 1.15E-47

Med 4.02E-11 7.83E-32 1.40E-05 0.059949 4.71E-32 4.71E-32

Worst 1.05E-10 0.311007 4.71E-05 0.077508 4.71E-32 4.71E-32

F13

Best 8.75E-12 1.35E-32 2.55E-05 0.144472 1.35E-32 1.35E-32

Average 1.40E-10 0.001099 0.001174 0.261648 1.35E-32 1.35E-32

SD 1.27E-10 0.003475 0.003461 0.066753 2.88E-48 2.88E-48

Med 9.56E-11 1.72E-32 7.96E-05 0.275608 1.35E-32 1.35E-32

Worst 3.74E-10 0.010987 0.011024 0.350477 1.35E-32 1.35E-32

F14

Best 0.998004 0.998004 0.998004 0.998004 0.998004 0.998004

Average 0.998004 1.493439 2.951039 1.395012 2.479232 0.998004

SD 1.96E-16 1.070019 4.11736 0.836472 2.139526 0

Med 0.998004 0.998004 0.998004 0.998042 1.992031 0.998004

Worst 0.998004 3.96825 10.76318 2.982105 6.903336 0.998004

F15

Best 0.000307 0.000698 0.000312 0.000328 0.000308 0.000403

Average 0.000307 0.001347 0.000677 0.000849 0.000685 0.000652

SD 1.64E-09 0.001488 0.000392 0.000421 0.000304 1.11E-04

Med 0.000307 0.000783 0.000554 0.000729 0.000725 0.000699

Worst 0.000307 0.005515 0.001489 0.001372 0.001068 0.000753

F16

Best -1.03163 -1.03163 -1.03163 -1.03162 -1.03163 -1.03163

Average -1.03163 -1.03163 -1.03163 -1.03161 -1.03163 -1.03163

SD 2.87E-16 0 1.19E-11 1.27E-05 0 0.00E+00

Med -1.03163 -1.03163 -1.03163 -1.03162 -1.03163 -1.03163

Worst -1.03163 -1.03163 -1.03163 -1.03158 -1.03163 -1.03163

F17

Best 0.397887 0.397887 0.397887 0.3979 0.397887 0.397887

Average 0.397887 0.397887 0.397887 0.398151 0.397887 0.397887

SD 5.39E-14 0 7.05E-08 0.000231 0 0
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Med 0.397887 0.397887 0.397887 0.39811 0.397887 0.397887

Worst 0.397887 0.397887 0.397888 0.398536 0.397887 0.397887

F18

Best 3 3 3 3.000003 3 3

Average 3 3 3.000001 3.000013 3 3

SD 1.07E-14 9.71E-16 1.51E-06 1.45E-05 3.31E-16 4.19E-16

Med 3 3 3 3.000008 3 3

Worst 3 3 3.000005 3.00005 3 3

F19

Best -3.86278 -3.86278 -3.86278 -3.86277 -3.86278 -3.86278

Average -3.86278 -3.86278 -3.86243 -3.85641 -3.86278 -3.86278

SD 6.15E-14 9.36E-16 0.000539 0.003304 9.36E-16 9.36E-16

Med -3.86278 -3.86278 -3.86271 -3.85489 -3.86278 -3.86278

Worst -3.86278 -3.86278 -3.86123 -3.85248 -3.86278 -3.86278

F20

Best -3.322 -3.322 -3.32198 -3.1725 -3.322 -3.322

Average -3.25066 -3.23806 -3.21374 -2.70975 -3.28633 -3.322

SD 0.061396 0.057935 0.079892 0.623354 0.057431 5.34E-16

Med -3.2031 -3.2031 -3.19825 -3.01018 -3.322 -3.322

Worst -3.2031 -3.19957 -3.11136 -1.45523 -3.2031 -3.322

F21

Best -10.1532 -10.1532 -10.1532 -6.68568 -10.1532 -10.1532

Average -8.6238 -7.61787 -9.64326 -4.34527 -7.88064 -10.1532

SD 2.462569 2.672523 1.612085 1.536392 3.018276 9.33E-11

Med -10.1532 -7.62699 -10.1531 -4.8065 -10.1532 -10.1532

Worst -5.0552 -5.0552 -5.05518 -0.88163 -2.63047 -10.1532

F22

Best -10.4029 -10.4029 -10.4029 -5.73628 -10.4029 -10.4029

Average -9.33989 -9.344 -9.87095 -3.63368 -9.344 -10.4029

SD 2.241114 2.23246 1.680674 1.983269 2.23246 1.60E-14

Med -10.4029 -10.4029 -10.4024 -4.77576 -10.4029 -10.4029

Worst -5.08767 -5.08767 -5.08767 -0.90729 -5.08767 -10.4029

F23

Best -10.5364 -10.5364 -10.5363 -5.04159 -10.5364 -10.5364

Average -8.37324 -6.97982 -8.01145 -4.56556 -10.0003 -10.5364

SD 2.792643 3.821151 3.323159 0.534556 1.695222 1.87E-15

Med -10.5364 -7.85603 -10.5357 -4.82897 -10.5364 -10.5364

Worst -5.12848 -2.42734 -2.80663 -3.50791 -5.17565 -10.5364
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Table 4.3: Statistical results for F1 − F23 functions over 30 independent runs (NP = 100)

Fun MFOWOA MFO WOA SCA PSO DE

F1

Best 1.28E-99 3.15E-35 1.28E-98 4.79E-43 2.62E-61 5.90E-43

Average 3.33E-96 1.03E-32 3.26E-93 5.57E-36 2.73E-58 4.12E-42

SD 8.89E-93 1.61E-32 0 1.76E-35 7.31E-58 3.25E-42

Med 2.64E-94 2.40E-33 9.25E-89 7.62E-40 8.13E-60 3.46E-42

Worst 2.85E-99 4.77E-32 2.71E-99 5.56E-35 2.33E-57 9.37E-42

F2

Best 2.18E-99 7.44E-21 2.85E-96 5.17E-28 2.66E-33 7.80E-25

Average 4.56E-59 3.84E-19 8.31E-57 1.28E-24 4.04E-32 1.43E-24

SD 7.49E-89 4.64E-19 2.60E-96 2.75E-24 4.01E-32 6.08E-25

Med 1.00E-59 2.35E-19 1.08E-90 1.17E-25 1.86E-32 1.32E-24

Worst 2.37E-88 1.45E-18 8.22E-96 8.88E-24 1.04E-31 2.89E-24

F3

Best 5.28E-31 1.37E-14 1.37E-07 2.86E-25 9.39E-22 0.08166

Average 3.75E-24 2.49E-11 0.023035 9.17E-18 1.80E-19 0.21658

SD 1.19E-23 6.30E-11 0.05397 1.93E-17 4.70E-19 0.14126

Med 8.82E-29 9.03E-13 0.00214 3.67E-19 1.73E-20 0.16627

Worst 3.75E-23 2.02E-10 0.17163 6.11E-17 1.51E-18 0.48825

F4

Best 8.18E-29 2.47E-11 3.25E-13 1.84E-14 9.44E-19 1.07E-07

Average 4.86E-27 1.50E-10 4.23E-06 8.79E-13 1.07E-16 1.77E-07

SD 8.17E-27 1.22E-10 9.15E-06 1.92E-12 1.16E-16 6.02E-08

Med 8.23E-28 1.20E-10 1.45E-08 1.49E-13 8.19E-17 1.61E-07

Worst 2.13E-26 3.79E-10 2.56E-05 6.25E-12 3.55E-16 3.19E-07

F5

Best 0.08427 0.28553 4.15771 6.45554 0.00031 0.40297

Average 0.18934 21.3708 4.79959 6.88535 3.07874 1.22918

SD 0.08386 46.9083 0.28895 0.32674 1.75284 1.03471

Med 0.1663 4.36164 4.88663 6.95772 3.51002 0.80308

Worst 0.3671 153.166 5.10277 7.27263 5.63625 3.84601

F6

Best 4.94E-12 0 2.12E-07 0.12431 0 0

Average 9.65E-12 8.63E-33 7.33E-07 0.24028 0 0

SD 3.50E-12 1.80E-32 6.30E-07 0.14226 0 0

Med 9.10E-12 1.54E-33 4.59E-07 0.16471 0 0

Worst 1.48E-11 5.85E-32 2.19E-06 0.56784 0 0
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F7

Best 0.00025 0.00074 6.00E-06 3.08E-05 0.00067 0.00086

Average 0.00143 0.00185 0.00056 0.00042 0.00127 0.00204

SD 0.00116 0.00067 0.00056 0.00036 0.00065 0.00069

Med 0.00116 0.00185 0.00039 0.00035 0.0012 0.00209

Worst 0.00323 0.00292 0.0017 0.00135 0.00288 0.00319

F8

Best -4071.39 -3951.43 -4189.82 -2783.41 -3143.5 -4189.82

Average -3633.06 -3408.42 -3835.89 -2484.03 -2671.61 -4189.82

SD 321.05 371.86 591.72 175.02 211.75 9.59E-13

Med -3597.63 -3486.79 -4189.81 -2447.06 -2600.41 -4189.82

Worst -3123.88 -2759.46 -2549.04 -2261.86 -2452.61 -4189.82

F9

Best 0 6.9647134 0 0 0 0

Average 0 13.2329 0 0 1.89042 0

SD 0 6.06206 0 0 1.72012 0

Med 0 11.9394 0 0 0.99495 0

Worst 0 24.8739 0 0 5.96974 0

F10

Best 8.88E-16 4.44E-15 8.88E-16 8.88E-16 4.44E-15 4.44E-15

Average 3.02E-15 4.44E-15 3.38E-15 4.09E-15 4.44E-15 4.44E-15

SD 1.83E-15 0 2.40E-15 1.12E-15 0 0

Med 4.44E-15 4.44E-15 4.44E-15 4.44E-15 4.44E-15 4.44E-15

Worst 4.44E-15 4.44E-15 7.99E-15 4.44E-15 4.44E-15 4.44E-15

F11

Best 0 0.07386 0 0 0.04183 0

Average 0.03222 0.15426 0.020568 0.0776 0.1431 0

SD 0.04229 0.08881 0.06504 0.16383 0.08209 0

Med 0 0.14159 0 0 0.10948 0

Worst 0.09591 0.36404 0.20568 0.39838 0.29028 0

F12

Best 2.84E-13 4.71E-32 5.05E-07 0.02377 4.71E-32 4.71E-32

Average 3.57E-12 0.03116 1.56E-06 0.0474 4.71E-32 4.71E-32

SD 2.88E-12 0.09834 1.30E-06 0.01923 1.15E-47 1.15E-47

Med 2.65E-12 4.81E-32 1.28E-06 0.04487 4.71E-32 4.71E-32

Worst 8.52E-12 0.31101 4.85E-06 0.08402 4.71E-32 4.71E-32

F13

Best 2.43E-12 1.35E-32 1.08E-06 0.0847213811.35E-32 1.35E-32

Average 1.29E-11 0.00329 5.76E-06 0.20034 1.35E-32 1.35E-32

SD 5.85E-12 0.00532 6.23E-06 0.07881 2.88E-48 2.88E-48
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Med 1.33E-11 1.47E-32 3.02E-06 0.1666083571.35E-32 1.35E-32

Worst 2.07E-11 0.01098 2.11E-05 0.31359 1.35E-32 1.35E-32

F14

Best 0.998003 0.998003 0.998003 0.998003 0.998003 0.998003

Average 0.998003 0.998003 0.998003 0.998013 1.19685 0.998003

SD 1.66E-16 0 3.00E-12 2.66E-05 0.419118610

Med 0.998003 0.998003 0.998003 0.998004 0.998003 0.998003

Worst 0.998003 0.998003 0.998003 0.998088 1.9929 0.998003

F15

Best 0.000307 0.000459 0.000309 0.000328 0.000307 0.000465

Average 0.000399 0.000833 0.000722 0.000782 0.000529 0.000575

SD 0.000289 0.00034 0.000444 0.00043 0.000277 9.08E-05

Med 0.000307 0.000732 0.000498 0.000603 0.000351 0.000566

Worst 0.001223 0.001655 0.00123 0.001313 0.000986 0.000732

F16

Best -1.03162 -1.03162 -1.03162 -1.03162 -1.03162 -1.03162

Average -1.03162 -1.03162 -1.03162 -1.03162 -1.03162 -1.03162

SD 7.40E-17 0 5.23E-14 5.83E-06 0 0

Med -1.03162 -1.03162 -1.03162 -1.03162 -1.03162 -1.03162

Worst -1.03162 -1.03162 -1.03162 -1.03167 -1.03162 -1.03162

F17

Best 0.39788 0.39788 0.39788 0.39792 0.39788 0.39788

Average 0.39788 0.39788 0.39788 0.39823 0.39788 0.39788

SD 2.80E-15 0 4.72E-09 0.00036 0 0

Med 0.39788 0.39788 0.39786 0.3980 0.39788 0.39788

Worst 0.39788 0.39788 0.3978 0.39885 0.39788 0.39788

F18

Best 3 3 3 3.000064 3 3

Average 3 3 3.00005 3.00009 3 3

SD 9.18E-15 8.63E-16 4.46E-07 9.55E-07 6.28E-16 5.92E-16

Med 3 3 3.00003 3.00077 3 3

Worst 3 3 3.00051 3.00003 3 3

F19

Best -3.8627 -3.8627 -3.8627 -3.8623 -3.8627 -3.8627

Average -3.8627 -3.8627 -3.862 -3.8577 -3.8627 -3.8627

SD 3.21E-15 9.36E-16 0.00011 0.00371 9.36E-16 9.36E-16

Med -3.8627 -3.8627 -3.86261 -3.8548 -3.8627 -3.8627

Worst -3.8627 -3.8627 -3.8624 -3.8547 -3.8627 -3.8627

F20

Best -3.3219 -3.3219 -3.3219 -3.18817 -3.3219 -3.3219
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Average -3.23876 -3.2268 -3.2331 -3.0698 -3.2863 -3.3219

SD 0.05743 0.05012 0.0844 0.0668 0.05743 4.68E-16

Med -3.2031 -3.2031 -3.20232 -3.04376 -3.32192 -3.3219

Worst -3.2031 -3.2031 -3.08165 -3.0046 -3.2031 -3.32199

F21

Best -10.1531 -10.1531 -10.1531 -5.22711 -10.1531 -10.1531

Average -8.62379 -7.63953 -10.1531 -3.70951 -6.09758 -10.1531

SD 2.46256 3.34057 1.97E-05 2.04567 2.13759 0

Med -10.1531 -10.1531 -10.153 -4.93351 -5.1007 -10.1531

Worst -5.05519 -2.68286 -10.1531 -0.49652 -5.05519 -10.1531

F22

Best -10.4029 -10.4029 -10.4029 -7.63639 -10.4029 -10.4029

Average -8.80835 -9.20766 -10.4027 -5.56358 -8.82076 -10.4029

SD 2.56751 2.54151 0.00048 1.05902 2.5476 1.57E-15

Med -10.4029 -10.4029 -10.402 -5.15943 -10.4029 -10.4029

Worst -5.08767 -3.72437 -10.4016 -4.23197 -5.12887 -10.4029

F23

Best -10.5364 -10.5364 -10.5364 -8.03951 -10.5364 -10.5364

Average -9.99561 -10.5364 -9.99325 -6.2502 -10.5364 -10.5364

SD 1.71013 1.87E-15 1.7175 1.34447 1.87E-15 1.87E-15

Med -10.5364 -10.5364 -10.5363 -5.90402 -10.5364 -10.5364

Worst -5.12848 -10.5364 -5.1065 -4.98221 -10.5364 -10.5364

4.3.4 Non-Parametric test analysis
In each of the individual runs, a comparison of algorithms based on the best, mean, worst,

and standard deviation values for 30 separate runs. Therefore, there is always the possibility

that the predominance may have happened accidentally in 30 runs, even with low probability.

Further analysis is then carried out using the Wilcoxon rank-sum statistical test [142] at a level

of 5 percent. The advantage is stated by analyzing the p-values of each run, as listed in Table

4.4. Here, the same algorithm can not be compared with itself, and it has resulted in 1 for

each function. However, most of the benchmark functions showing the algorithm’s statistical

importance, the hybrid MFO-WOA algorithm results in p-values much less than 0.05, except for

function F21. Thus, the MFO-WOA hybrid algorithm’s overall success shows its predominance

over other research competition algorithms.

4.3.5 Discussions
The hybrid MFO-WOA and other algorithms like SCA, PSO, DE, MFO, and WOA are

considered with the parameters of initial population size NP = 50 and 100 on each twenty-three
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Table 4.4: P-Values of Wilcoxon rank-sum test results

P-Values
Functions MFO-WOA MFO WOA SCA PSO DE
F1 1 6.8E-08 6.8E-08 6.8E-08 6.8E-08 6.8E-08
F2 1 6.8E-08 6.8E-08 6.8E-08 6.8E-08 6.8E-08
F3 1 6.8E-08 6.8E-08 7.9E-08 6.8E-08 6.8E-08
F4 1 6.8E-08 6.8E-08 6.8E-08 6.8E-08 6.8E-08
F5 1 1.2E-06 1.2E-06 6.8E-08 3.9E-07 1.6E-06
F6 1 4.9E-08 6.8E-08 6.8E-08 8.0E-09 8.0E-09
F7 1 1.7E-03 4.7E-03 1.8E-03 3.9E-01 2.3E-03
F8 1 6.9E-03 1.5E-01 6.8E-08 9.2E-08 8.0E-09
F9 1 7.9E-09 NaN 3.4E-01 2.2E-08 NaN
F10 1 1.0E+00 7.9E-01 5.8E-01 1.0E+00 1.0E+00
F11 1 1.4E-07 8.3E-01 1.3E-01 4.6E-06 4.5E-03
F12 1 9.8E-07 6.8E-08 6.8E-08 8.0E-09 8.0E-09
F13 1 1.4E-05 6.8E-08 6.8E-08 8.0E-09 8.0E-09
F14 1 8.6E-08 1.1E-07 5.2E-07 2.8E-07 8.6E-08
F15 1 7.8E-04 1.6E-04 1.6E-05 2.3E-03 1.2E-03
F16 1 3.2E-09 3.2E-09 3.4E-08 3.2E-09 3.2E-09
F17 1 7.4E-10 9.7E-09 1.1E-08 7.4E-10 7.4E-10
F18 1 7.9E-09 6.7E-08 6.7E-08 7.9E-09 7.9E-09
F19 1 6.6E-09 5.9E-08 5.9E-08 6.6E-09 6.6E-09
F20 1 6.6E-04 2.0E-01 2.6E-07 4.3E-01 8.0E-09
F21 1 7.7E-02 7.1E-03 3.0E-07 9.3E-03 8.0E-09
F22 1 8.6E-05 1.6E-04 1.4E-06 4.0E-06 8.0E-09
F23 1 6.0E-05 8.3E-05 1.4E-06 2.7E-06 8.0E-09

benchmark functions for comparison of 30 independent runs. The empirical results contain

several statistical test parameters, like standard deviation, median, average, and worst. The

best-so-far solution in the last generation is reported, and the statistical test results are tabulated

in Table 4.2, Table 4.3. To verify the algorithm efficiency, the previously mentioned algorithm

parameters are fixed for all algorithms.

The statistical analysis is essential to verify that a proposed novel algorithm offers a sig-

nificant advancement over other existing algorithms overall benchmark problems. The best

solution in each generation is saved and drawn as the convergence curves in Figure 4.2. The

descending trend is evident in the convergence curves of hybrid MFO-WOA on many of the test

functions investigated. This strongly proves the hybrid MFO-WOA algorithm’s ability to reach

the global optimum throughout generations better.

If an algorithm improves its candidate solutions, the average fitness should be enhanced

throughout generations. As the average fitness curves in Figure 4.2 suggest, the hybrid MFO-
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WOA algorithm shows degrading fitness on all test functions. Another fact worth mentioning

here is the accelerated decrease in the average fitness curves, which leads to improved candidate

solutions’ improvement over generations.

4.4 Case studies

Numerous cases of simulation of the multiple systems and additional conventional control

systems are described in this section. The closed-loop responses to reference setpoints tracking

and outside disturbances are assessed and compared with different past studies in state-of-art.

4.4.1 Proposed FOPID/PID Controller Design

The typical structure of PID controller [9], [26] is as stated in Eq.(4.25)

C(s) = Kp +
Ki

s
+ Kd s (4.25)

where Kp is the proportional gain, Ki is the integral gain and Kd is the derivative gain.

The FOPID (PIλDµ) controller [31] is generalization from the standard PID controller

[143] as in Eq.(4.26) with a fractional order integral and derivatives.

C(s) = Kp +
Ki

sλ
+ Kd sµ (4.26)

where λ and µ are the non-integer orders of the integral and derivative terms respectively. This

can be quickly noted that, by choosing λ=µ=1, a standard PID controller is achieved.

In the following controller design, the objective of a PID/FOPID controller is given in

Eq.(4.27)

Jmin(K) = e−β(MP + Ess) + e(1−β)(Ts − Tr)

+ (1 − e−β)(
1

GM
+

1
PM

)
(4.27)

In this study, a Hybrid MFO-WOA algorithm for tuning the PID/FOPID controller is as

shown in Figure 4.3 to get optimal or near to optimal controller parameters are K p, Ki, Kd,
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λ and µ [144] using the objective of Eq.(4.27), the system initially contains an arbitrarily lim-

ited population of solutions. Each potential solution assigned as solution for the candidate.

Therefore, the steps of the design procedure for the controller are given as follows.

Figure 4.3: Block diagram of optimization control problem formulation.

Steps for optimization based optimal control system design:

1. Initialize the number of controller tuning parameters with minimum & maximum limits,

the number of solutions (50), and stopping criterion (500).

2. Obtain the fitness evaluation of each population and controller design performance using

Eq.(4.31) in controller design.

3. Update the position based on the best solution.

4. Update the algorithmic parameters.

5. Update the position of each population.

6. Record the latest best solution positions as the global optimum/best solution of tuning

parameters.

7. If the stopping criterion is satisfied, go to step 6.

8. If the stopping criterion is not meet, then go to 2.

The proposed optimization strategy’s effectiveness depends on the design metrics in

terms of closed-loop performance. This study aims to explain how to successfully designs of
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FOPID/PID controller tuning method for situations where the mathematical models are avail-

able. Therefore, in numerical instances, a collection of arbitrary but practicable time-domain

performance specifications is obtained, rather than an optimum set of performance specifica-

tions to achieve excellent closed-loop results.

4.4.2 FOPTD system

The case study of the liquid level system model as FOPTD [103] shall be considered for

verification of the controller design by the suggested process. The transfer function model for

the liquid level system as FOPTD framework is as follows in Eq.(4.28):

Gp(s) =
3.13

433.33s + 1
e−50s (4.28)

To verify the advised tuning exercises, the simulation studies on the liquid level system

of FOPTD in open-loop and unity feedback closed-loop responses are in the Figure 4.4a. It is

clear that from open-loop, the output response has more delay (50s) and longer rise time (902s)

at the undesired response of peak amplitude of 3.3, a steady-state of 3.3 at a settling time of

1695s. In the unity feedback closed-loop, the output response has the same delay time and the

rise time is 78.13s at the undesired response of peak amplitude of 0.758, a steady-state of 0.758

at a settling time of 202s. Hence, the liquid level system of FOPTD is the need for a controller

to give the desired response.

The better closed-loop response can be achieved when the controller is utilized in the loop,

with traditional tuning methods [145]. The application PID controller with standard tuning

may results in an overshoot in the responses are shown in the Figure 4.4b. These conventional

controller design methods lead to the need for proposed design techniques to preferred response

and performance matrices.
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Figure 4.4: Step change responses of FOPTD system.
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The search space constraints will help to solve problems with the hybrid MFO-WOA

algorithm to extend for more promising areas. Hence, exploration and optimization capabilities

from the hybrid MFO-WOA algorithm expanded throughout the search space, by avoiding local

optima, and combining the best approach was found to achieve the global optimum.
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Figure 4.6: Frequency response of a FOPTD system with FOPID/PID.

Figure 4.5 and Figure 4.6 show time responses and frequency response of the proposed

FOPID/PID controller designs using a hybrid MFO-WOA algorithm, respectively. Figure 4.5a

showed that the current FOPID based algorithm has a better response to the step change con-

figured. It means that the system is more flexible to phase changes, and no over-shoot response

during this interval is nearly constant.

In the results, the fractional-order controller’s potential in practice compared with other

controller designs, regarding performance and robustness aspects. However, the proposed de-

sign method involves a hybrid optimization algorithm relating to the model-based controller

design specifications. Thus, the purpose now is to simplify the design method so that the con-

troller can be tuned smoothly, with elementary relations among its parameters, and to pre-

serve the robustness characteristics regarding performance. Besides, this new method allowed



104 Chapter 4, Section 4

us to compare with the C. A. Monje [103] FOPID tuning method, Genetic Algorithm (GA)

based FOPID controller design and other controller designs are as shown in Figure 4.5b. The

FOPID/PID controller design parameters for the liquid level (FOPTD) system and performance

for the same controllers are listed in Table 4.5.

Table 4.5: FOPID/PID controller parameters and performance

Methods Kp Ki Kd λ µ Tr Mp Ts Ess
ZN PID Tuning 3.392 0.03416 84.21 - - 82.026 99.57 403.79 0.138
SIMC PID Tuning 1.502 0.003557 35.09 - - 72.55 0.74 221.46 0.0916
GA PID Tuning 1.8239 0.005103 30.7007 - - 63.42 3.05 401.5 0.0653
GA FOPID Tuning 9.9255 10.3503 10.8017 0.01119 0.00691 9.7485 0.02 17.28 0.0614
Hybrid MFO-WOA PID 2.1028 0.0051 37.2677 - - 43.52 3.43 150.74 0.0725
Hybrid MFO-WOA FOPID 28.24 29.45 30.74 0.0181 0.0112 3.514 0.01 6.21 0.00359
C. A. Monje et al 0.6152 0.01 4.3867 0.89 0.4773 266.94 0 384.79 -0.0653

4.4.3 AVR system

The AVR system terminal voltage produced by a generator output at the desired level

needs to improve the electrical power quality. Suppose the generator output terminal voltage

has voltage fluctuations or a deviation occurs. A sensor identifies the terminal voltage and the

actual measured voltage is compared with a reference voltage for the difference. Afterward, the

difference is used to power the AVR system terminal voltage. An amplifier magnifies the power

signal, and it is used to power the generator with the exciter.
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Figure 4.7: Block diagram of AVR system with FOPID/PID controller.

A linear model of the AVR system consists of 4-blocks, the design of a realistic and reliable

automatic voltage regulation is of common concern in electrical power systems. It shows each

block of the AVR system [32, 108] with controller block diagram in Figure 4.7.

The linear model of each block transfer function is taken from [32],the closed-loop transfer

function is as follows:

Vt(s)
Vre f (s)

=
0.1s + 10

0.0004s4 + 0.0454s3 + 0.555s2 + 1.51s + 11
(4.29)
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Figure 4.8 presents the output response without any controller for the AVR device. It is

evident from the figure that the output response has many oscillations with a peak amplitude of

1.5V (65.4% overshoot), a rise time of 0.261s, at a steady-state of 0.909 and a settling time of

6.970. A PID controller is included to keep the terminal voltage to a fixed value and improve

the dynamic response of the AVR system.

Figure 4.8: AVR system without controller closed-loop step response.

In recent years, PID controllers have been adopted primarily in industries to find solutions

with process control applications, as they provide reliable performance, simple design and easy

implementation. Several improvements have been made to the PID controller configuration,

including a FOPID controller. The addition of a fractional derivative and fractional integration

increases the consistency of the system.

The search space range of all gains are in between [0, 2] to improve the optimization

process’s precision. These constraints will help Hybrid MFO-WOA algorithm explore more

promising areas in the search space. Hence, from the Hybrid MFO-WOA’s discovery and op-

timization capabilities, globally exploring the search space, avoiding local optima and instead

optimizing the best solutions found to achieve the optimum. However, the hybrid MFO-WOA

algorithm is used to evaluate the parameters of the FOPID/PID controller to achieve the opti-

mum response of the AVR system. Figure 4.9a and Figure 4.9b shows time responses of the

proposed FOPID/PID controller and comparison with other algorithm-based controllers such

as IKA [116], RM-PSO [87], CS [90], ALO [108], PSO [146], ACO [146], GA [146], SCA

[147], respectively. Compared to other optimized FOPID/PID controllers, From Figure 4.9b

and Figure 4.10, it is found that the current FOPID-based algorithm has a better in time re-

sponse and frequency response, respectively. Furthermore, the proposed controller parameters

for the FOPID/PID controller, along with the performance are listed in Table 4.6.
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(a) Proposed FOPID/PID controller. (b) Comparisons of FOPID/PID controller.

Figure 4.9: Step responses of AVR system.

Figure 4.10: Frequency response of AVR system.

Table 4.6: Best parameters and controller performance using various controllers.

Methods Kp Ki La Kd Mu Tr Ts Mp Ess
Proposed WOAMFO-FOPID 2.1184 0.947763 0.923733 0.576725 1.403384 0.0518 0.792 0.12 0

FOPID-CS (2018) 0.8912 0.2485 0.97 0.5105 1.38 0.0986 1.4591 0.1779 0
FOPID-ACO (2016) 0.5 0.33 0.9897 0.1667 1.015 0.377 1.102 5.08 0
FOPID-GA (2016) 0.295 0.2003 0.9989 0.0939 0.9712 0.693 1.08 0.558 0

FOPID-ALO (2019) 3.407 1.0468 1.2244 0.5568 1.3918 0.0626 0.353 10.9 0
FOPID-PSO (2013) 1.2623 0.5526 1.2559 0.2381 1.1832 0.1603 0.2655 0.01 0

FOPID-RM-PSO (2016) 1.9592 0.4919 1.5509 0.2359 1.4325 0.1592 0.2114 0.0108 0
Proposed WOAMFO-PID 0.59706 0.411746 1 0.2 1 0.0729 0.915 0.52 0

PID-CS (2018) 0.6198 0.4165 1 0.2126 1 0.308 0.426 0.0001 0
PID-IKA (2019) 1.0426 1.0093 1 0.599 1 0.128 0.753 15 0
PID-SCA (2019) 0.9826 0.8337 1 0.4982 1 0.148 0.724 1.11 0

The results analysis is tabulated in Table 4.6, it is clear that the proposed hybrid MFO-

WOA algorithm-based FOPID/PID controller gives the best dynamic results in terms of rise

times (tr), settling times ts and peak time (tp) compared to the meta-heuristic algorithms like

IKA [116], RM-PSO [87], CS [90], ALO [108], PSO [146], ACO [146], GA [146], SCA [147]

and the third peak overtime performance (Mp).
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4.4.4 Wood-Berry system

In industrial production, the Wood-Berry double distillation towel model [60] is a clas-

sic multivariable model. Due to the complex characteristics of multi-parameter, time-delay,

and strong coupling relationships, the Wood-Berry system control has drawn the attention of

academic and industrial researchers [60]. In this paper, some comparative simulations were

conducted between the presented FOPID/PID controller based on the Hybrid MFO-WOA and

the other methods for estimating the Wood-Berry model’s parameters.
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Figure 4.11: FOPID control design for TITO system.

The simulation example is included to estimate the efficiency and effectiveness of the

proposed hybrid MFO-WOA algorithm based FOPID controller design to confirm the validity of

the proposed FOPID/PID controller in Wood-Berry (WB) binary distillation process system as

shown in Figure 4.11. In Eq.(4.30), the Wood-Berry binary distillation process [60, 123] denotes

an ideal TITO process including great interaction and significant time delays. The proposed

FOPID controller design for WB-TITO system is implemented in the simulation model is as

shown in Figure 4.12a. The method keeps the resulting transfer function and the Wood-Berry

binary distillation process phase response without decoupling, and no control action response

is shown in Figure 4.12b.

Gp(s) =

 12.8
16.7s+1e−s −18.9

21s+1e−3s

6.6
10.9s+1e−7s −19.4

14.4s+1e−3s

 (4.30)

The definition or objective of controller design is a fitness function to optimize the multi-

loop FOPID controller parameter gains as given in Eq.(4.31)

Jmin(Kp,Ki, λ,Kd, µ) =
∫ ∞

0
(|t × e1(t)| + |t × e2(t)|)dt (4.31)



108 Chapter 4, Section 4

where ‘min’ is minimum of cost function J, and e1(t) is the first loop error function of ITAE,

e2(t) is the second loop error function of ITAE.

(a) Simulink model of Wood-Berry TITO system.
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(b) Step response of WB system.

Figure 4.12: TITO (Wood-Berry) system.

Consider the RGA matrix [123, 148], the pairing of loop is 1 − 1/2 − 2 pair is employed.

As the multivariable system has a practice of decoupler to minimize the interaction of the loops.

The proposed method is eliminating the requirement of decoupler in the MIMO system. In this,

each loop possesses an individual FOPID controller is used to control the corresponding output

and minimization of interactions.

The relative gain array (Λ) matrix is obtained as follows in Eq.(4.32)

Λ =

 2.0094 −1.0094

−1.0094 2.0094

 (4.32)

The proposed FOPID controller parameters gain in the each loop are obtained for Wood-

Berry TITO system using hybrid MFO-WOA algorithm within the boundary conditions. Ac-

cording to this method, the interaction is minimum and the system reference tracking response

is much better, as shown in Figure 4.13a for Y1 response and Figure 4.13b for Y2 response, re-

spectively. To determine some practical applicability of the proposed method, the TITO process

system (Wood-Berry system) has disturbances in the loops. The loop disturbances are present

at time t = 250s in the 1 − 1 loop and t = 400s in the 2 − 2 loop for 600s of simulation time.

The proposed method has quick disturbance rejection ability, as shown in Figure 4.14a for Y1

output disturbance rejection and Figure 4.14b for Y2 output disturbance rejection.
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Figure 4.13: Reference tracking of WB (TITO) system with FOPID controller design

0 100 200 300 400 500 600

Time (Sec)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Re
sp

on
se

 A
mp

litu
de

Output #Y2 Disturbence rejection

Hybrid MFO-WOA FOPID Tuning
Hybrid MFO-WOA PID Tuning

(a) Y1 (Loop1)

0 100 200 300 400 500 600

Time (Sec)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Re
sp

on
se

 A
mp

litu
de

Output #Y2 Disturbence rejection

Hybrid MFO-WOA FOPID Tuning
Hybrid MFO-WOA PID Tuning

(b) Y2 (Loop2)

Figure 4.14: Disturbance rejection of WB (TITO) system with FOPID controller design

The proposed method’s performance is compared with some classical, conventional meth-

ods from literature like Maghadea et al. [60], BLT method [122], Hajare et al. [123], NDT

tuning method [130] and Shen et al. [131]. The proposed optimization-based FOPID controller

parameter tuning method of the TITO system is more superior to the other set-point tracing

techniques and disturbance elimination techniques.

The results of the proposed controller design are compared to the literature controller

design. As compared to this method, the interaction is minimum and the system reference

tacking response is optimal, as shown in Figure 4.15a for Y1 response and Figure 4.15b for

Y2 response respectively. To estimate the proposed method’s practical applicability, the TITO

process system has disturbances in the loops. In a 1 − 1 loop, the input step changes at time

t = 0s and the loop disturbance is present at time t = 300s, as shown in Figure 4.16a for Y1

output. In a 2 − 2 loop, the input step changes at time t = 200s and the loop disturbance is at

time t = 400s, as shown in Figure 4.16b for Y2 output, for a total 600s of simulation time. The

proposed method has quick reference tracking of step changes and best disturbance rejection

ability, as shown in Figure 4.15a to Figure 4.16b respectively.
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Figure 4.15: Comparison of reference tracking in WB (TITO) system with FOPID controller
design
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Figure 4.16: Comparison of disturbance rejection in WB (TITO) system with FOPID controller
design

The control performance in each loop given by the proposed controllers is energy-efficient

and the possibility of an actuator saturation problem. The FOPID controller’s analysis is com-

pared with literature controllers to conclude the proposed method has the best transient response

performance. In the controller design, each loop’s integral square error value is used in proposed

FOPID controllers to have optimal controller tuning parameters. Therefore, actuators’ satura-

tion changes are less in the case of FOPID controllers in multi-loop control systems. From refer-

ence tracking performance, disturbance rejection performance and control action performance,

in all aspects MFO-WOA algorithm based FOPID controller is giving better performance than

that of other controllers. The proposed MFO-WOA based FOPID controllers have the advan-

tage of no decoupler to minimize the interaction, less overshoot and quick step change response

in each loop of the MIMO system.
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The tabulation in Table 4.7 shows the numerical results in comparison study of the pro-

posed scheme with some existing methods like Maghadea et al. [60], BLT method [122], Hajare

et al. [123], NDT tuning method [130] and Shen et al. [131] are attained from the existing lit-

erature.

Table 4.7: FOPID parameters and performance of W-B TITO system (Time in Sec)

Tuning Methods
PID/FOPID_1

[Kp1 Ki1 λ1 Kd1 µ1]
PID/FOPID_2

[Kp2 Ki2 λ2 Kd2 µ2]
Rise Time
[Tr1 Tr2]

Overshoot
[MP1 MP2]

Settling Time
[Ts1 Ts2]

Proposed FOPID [0.895 0.165 0.573 0.321 0.283 1.34] [-0.0102 -0.0434 0.6103 -0.1894 0.875] [1.705 3.21] [0.27 5.57] [8.095 15.41]
Proposed PID [0.1127 0.1033 NA 0.1006 NA] [-0.0153 -0.0249 NA -0.0105 NA] [2.05 5.13] [1.02 7.65] [9.284 16.186]

BLT [122] [0.375 0.045 NA 0 NA] [-0.075 -0.003 NA 0 NA] [3.74 9.57] [16.42 0.52] [23.91 NA]
Hajare [123] [0.657 0.027 NA 4.301 NA] [0.312 0.013 NA 2.175 NA] [2.7 13.53] [2.08 1.01] [11.16 22.42]

Maghadea [60] [0.973 0.088 NA 2.688 NA] [0.313 0.0304 NA 0.807 NA] [2.72 8.75] [1.27 1.51] [15.59 11.98]
Shen [131] [0.0618 0.0025 NA 0.34 NA] [0.02062 0.00085 NA 0.1141 NA] [2.71 13.5] [2.08 1.01] [11.16 22.42]
NDT [130] [0.41 0.074 NA – NA] [0.120 0.024 NA – NA] [6.56 8.39] [1.96 0.59] [9.18 43.57]

4.5 Summary

This chapter presents a novel hybrid MFO-WOA algorithm for solving global optimiza-

tion of complex problems and optimal FOPID/PID controller design method. The proposed

hybrid MFO-WOA algorithm has validated using a 23-benchmark test function to get an op-

timal global solution and has a better fast convergence capability than the other optimization

algorithms. Then, the proposed hybrid MFO-WOA algorithm has used in the control system

application of FOPID/PID controller tuning parameters for industrial systems. Further, the

proposed algorithm-based FOPID/PID controller design for the FOPTD system, AVR system,

and TITO Wood-Berry systems, the FOPID/PID controller parameters tuning ability by the

proposed algorithm was achieved in terms of a comparative study of controller design perfor-

mance, then proposed controller efficiency is better. However, all these case studies of controller

designs are proven to be better in SISO/MIMO systems performance.



Chapter 5

Implementation of PID controller and
experimental validation of IoT application

In this chapter, the real-time hardware implementation of single tank liquid level control

system with different algorithm based PID controller designs and IoT based applications.

5.1 Introduction

Liquid level control of chemical processes is a common problem in industrial process con-

trol. Many industries rely on liquid level controllers for the proper functioning of the plant. The

bottle filling systems, dairy industries, petrochemical plants, water purification plants, pharma-

ceutical industries and boilers require the liquid level controllers at various stages. Use of liquid

level controllers in industrial applications was given in [149]. Traditionally, these liquid con-

trollers are controlled and monitored using PLC/SCADA based platforms. Nowadays, these are

being replaced by IoT based systems. The use of IoT technology in the industrial systems has

advantages like remote monitoring and control, on-line fault diagnosis and provides security.

Because of these merits, IoT based industrial process control has become an active research

area.

Various controlling strategies have been used in the literature to solve this problem by

considering different operating conditions. Most of these controllers use the PID controller

with different types of tuning rules to identify Kp,Ki and Kd parameters. [150] presented the

nonlinear approach for the design of P, PI and PID controllers for the coupled tank system.

112
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Tuning of PID controller for Water level control of a single tank system using MATLAB was

described in [150]. A Model Predictive Control (MPC) strategy was proposed by[151] to control

the liquid level in the coupled tank system. In addition to traditional approaches, the PID

controllers can also be tuned using various optimization algorithms. An analytical method was

used in [152] to design a proportional-integral controller for the optimal control of the liquid

level loop. An approach to improve the PID controller parameters for liquid level control was

mentioned in [153]. Two different types of sliding mode controllers were developed by [154] to

control the liquid flow in the coupled tank system. A methodology to control nonlinear liquid

level system using a neural network based reinforcement learning approach was implemented

in [155]. A fuzzy logic-based liquid level controller for a single tank system using SCADA was

developed in [156]. Particle Swarm Optimization (PSO) based PID controller for controlling

liquid flow in a two-tank system was presented in [157]. A genetic algorithm was used by [158]

for PID controller parameter identification in on-line mode to control liquid level. Moreover,

the various meta-heuristic optimization algorithms were proposed in the literature in control

system designs.

Due to the rapid developments in the IoT, new approaches came into existence to solve

process control problems. A brief overview of the IoT and various events that are happened

recently in this field was described in [159]. Because of these advancements, remote monitoring

and control of multiple processes have become a reality.

5.2 Integration of IoT in Control System

The invention of the Internet of Things (IoT) is regarded as one of the key innovations in

the technological revolution of today. For most organizations that seek to achieve greater effi-

ciency and control of processes and properties, digital transformation has become unavoidable.

Innovation has reached a point in today’s tech-driven era, where computers have started to

replace humans. Constant research and progress have been made to restore relaxation and add

meaning to our lives. The IoT is one of those technological advances that plays an important

role in facilitating. Compared to the previous initiation of new ventures, the IoT has reached the

next stage, where the focus is mainly on integration and convergence across industrial verticals.

Industries are more focused on the importance and priorities of connected devices than on their

versatility. The key factor taken into account is developments taking place in IoT embedded

devices, platforms, applications, frameworks, apps, and networking, among others. Owning
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or creating instruments and equipment with versatility in design, movement, re-usability, and

interconnectivity is essential for manufacturers. Increasingly, manufacturers rely on the inte-

gration of subsystems and modular modules that can help increase performance and ultimately

reduce production costs.

A smart system of control based on IoT technologies has been implemented [160]. It is

possible to explain the control device scheme in two ways: first a wireless router, computers,

smartphones, etc. A machine or smartphone is used over the Internet as a remote controller.

Second, it consists of a smart central controller, switch modules, modules for RF, modules for

modification, modules for the environment, data collectors, etc. A linking connection between

the previous and the following is the smart central controller in that it integrates the first part and

the second part together. It is the duty of these flexible control modules to control appliances

and communicate with the central controller. When such a control device is mounted in a home,

the householder may use a smartphone to track home appliances and conduct certain operations

remotely, such as turning a light on or off. Thanks to the following four benefits, the smart

control system is very useful [161]. First of all, all the control modules have been built to be

easily mounted on walls in regular sizes. Secondly, a WSAN is made up of the smart central

controller and all these modules, which means that no additional wiring is needed. Thirdly,

by self-configuration and self-organization, the smart home control system retains a dynamic

balance. Fourthly, it is easy to setup and manages the smart home control system.

5.3 Industrial prototype plant description

5.3.1 Modeling of cylindrical single tank

A mathematical explanation of the dynamic behavior of the process systems [162] needs to

be explained. However, the mathematical model of most physical processes is not linear [121].

On the other hand, most methods for the analysis, simulation, and design of the controllers

presume that the process dynamics are linear. To connect this extent, a linearization of the

nonlinear model is often required. This linearization refers to a specific operating point of the

system. Throughout this section, we will explain the nonlinear mathematical behavior of the

method and the linearization of the model. Here, exercise a typical example of a liquid level

system to explain the behavior of the processing system. The cylindrical tank structure can

originate employing a differential equation of the first order equation to obtain the model. The

liquid level in the tank must be determined as a SISO [163] liquid level system.
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In Figure 5.1, let Fi and Fo be the inflow rate and outflow rate (m3/sec) of the tank, and h

is the height of the liquid level at any time. Suppose the cross-section area of the tank is A. In a

steady-state, both Fi and Fo are the same, and the height H of the tank should be constant. The

mathematical model [164] can be written as follows according to the mass balance equation,

Inlet (Fi)

Outlet (Fo)

H

h

Resistance 
(R)

A

Capcitance 
(C)

Figure 5.1: A schematic diagram of the liquid level system.

Rate of change of fluid volume in tank = flow in flow out

Fi − Fo =
dV
dt whare V = A × h

Fi − Fo = A
dh
dt

(5.1)

The cross sectional area of the tank can be replaced by capacitance

Fi − Fo = C
dh
dt

(5.2)

Where the resistance R may be written as

R = C dh
dt =

h
Fo

Then rearranging the above equation, to get

Fo =
h
R

(5.3)

Substitute Eq.(5.3) in Eq.(5.2), to get

C
dh
dt
= Fi −

h
R

(5.4)
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After simplifying the Eq.(5.4) becomes

RC
dh
dt
+ h = RFi (5.5)

Taking Laplace transform of Eq.(5.5) by considering the initial conditions to zero

RCsH(s) + H(s) = RFi(s) (5.6)

The transfer function can be obtained as

H(s)
Fi(s)

=
R

RCs + 1
whaer RC = τ (5.7)

where gain (R) depends on the resistance of outlet pipe and time constant (τ) relies on the

resistance of the outlet pipe and cross-sectional area (C). The transfer function of the system is

obtained as in Eq.5.8, by considering the liquid tank specifications are listed in Table 5.1.

H(s)
Fi(s)

=
0.2099e−7s

619.78s + 1
(5.8)

Table 5.1: Specifications of Liquid process plant

S.no Parameters Value
1 Max. flow rate 750LPH
2 Tank Height 60CM
3 Diameter 14CM
4 Surface area 153.86CM
5 Steady state 45CM
6 delay 7s

5.3.2 Optimization based controller design

The advancement of the control system design problems switches between evolutionary

optimization algorithms and adaptive mechanism, either of which can be applied directly to

replace traditional techniques. Otherwise, they can be used in conjunction with conventional

approaches and benefit from both perspectives. Advanced optimization algorithms can not have

sufficient convergence, distinct from traditional techniques, but provide a wide variety of prob-

lem areas. The optimization methods begin by looking at the work of optimizing the multi-
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minimal objective. The algorithm is then modified to determine the PID controller’s parameters

to control the given system, as shown in Figure 5.2 adequately.
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Figure 5.2: Problem formulation of Optimization based control system.

Several performance indices exist for controller design in the literature for analysis and

design [86]. In this controller design, a transient response performance principle is also applied,

as given by Gaing et.al. in Eq.(5.9). In the objective, time domain specifications are included by

a weighting factor β. The performance measures in the time domain response include overshoot

(MP), rise time (TR), settling time (TS ), and steady-state error (ES S ). Hence, a new performance

measure JMin(K) [32] is expressed in Eq.(5.9)

JMin(K) = (1 − e−β)(MP + ES S ) + e−β(TS − TR) (5.9)

where K is [KP, Ki, Kd] for PID control and β is the weighting factor in the range of 0.7 to 1.4.

5.4 Proposed method

5.4.1 mGWO algorithm

According to Mirjalili et al. [165], the gray wolf stay together and hunt in groups. The

search and hunting method can be summarized as follows [166]: (1) If the prey is recognized,

it is first tracked and hunted and approached. (2) When the prey runs, the gray wolf pursues,

encircle, and attack the prey until it stops moving. (3) In the end, the assault begins.
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As described in the above section, the GWO gray wolf encircles the prey during the hunt.

The hunting function is accomplished by the equations as follows:

−→
D =

∣∣∣∣−→C · −→Xp(t) − −→X (t)
∣∣∣∣ (5.10)

−→
X (t + 1) =

−→
Xp(t) − −→A · −→D (5.11)

where t indicates the current iteration,
−→
Xp is the positional vector of prey,

−→
X is the positional

vector of grey wolf and
−→
A ,
−→
C are coefficient vectors can be defined as in Eq.(5.12).

−→
A = 2−→a · −→r 1 − −→a (5.12)

−→
C = 2−→r 2 (5.13)

where −→a can be decreasing linearly from 2 to 0 over the iterations as given in Eq.(5.14) and the

other vector
−→
C is also modified as in Eq.(5.15)

a = 2(1 − tr

MaxItr ) (5.14)

C = 2(1 − tr2

MaxItr2‘
) (5.15)

where r = 1 to 6 and r2 are random vectors in [0, 1].

The variance of r is throughout maximum iterations, which helps calculate the value of r

for a small increase in the number of iterations allocated for exploration. On the other hand, as

the value of r increases, non-linearity increases, thus increasing the algorithm’s overall ability

to explore. To maintain the right relationship between discovery and exploration, the value of r

is chosen to be 2 in the Mittal et al. [167] for this algorithm.

Gray wolf can identify and encircle the position of the prey. The alpha usually directs

hunting. Beta and delta can also regularly engage in hunting. However, in an abstract search

space, we have no idea where the optimum (prey) is determined. To predict the hunting behavior

of gray wolfs mathematically, it is believed that the alpha (best solution) beta and delta have an

excellent knowledge of the prey’s possible location. Therefore, save the first three best solutions

to date and oblige the other search agents to update their positions according to the best search

agents’ place. The following formulas are suggested here.

−→
Dα =

∣∣∣∣−→C 1 ·
−→
Xα −

−→
X
∣∣∣∣ , −→Dβ = ∣∣∣∣−→C 2 ·

−→
X β −

−→
X
∣∣∣∣ , −→Dδ = ∣∣∣∣−→C 3 ·

−→
X δ −

−→
X
∣∣∣∣ (5.16)
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−→
X 1 =

−→
Xα −

−→
A1 ·
−→
Dα,
−→
X 2 =

−→
X β −

−→
A2 ·
−→
Dβ,
−→
X 3 =

−→
X δ −

−→
A3 ·
−→
Dδ (5.17)

−→
X (t + 1) =

−→
X 1 +

−→
X 2 +

−→
X 3

3
(5.18)

Exploration and exploitation are caused while scanning and attacking the prey using pa-

rameters −→a and
−→
C . Parameter −→a is of from 2 to 0 to balance discovery and production. The

gray wolfs deviate from each other in search of prey when
∣∣∣∣−→A ∣∣∣∣ > 1 and

∣∣∣∣−→A ∣∣∣∣ < 1 converge to

attack each other. Randomness helps to prevent being stuck in the local minima.

Adaptive values of −→a the parameter sustain discovery to avoid being stuck in the local

optima and to deal with accuracy. It is a crucial parameter in the fine-tuning of the solution

vectors and can theoretically be used to change the algorithm’s convergence rate. The mGWO

algorithm is proposed to improve efficiency to avoid being stuck in pre-mature convergence,

convergence rate and accuracy. The advances are made in the proposed mGWO algorithm

to address the issues of performance and convergence. The parameter −→a is known to be a

random vector in the range [0-1] whose values are essential to the balance between discovery

and exploitation.

mGWO Validation results

All unique optimization algorithms need to be validated on benchmark functions and an-

alyzed among different conventional optimization algorithms. The performance of mGWO is

related to additional algorithms for 12 standard and accessible benchmark functions out of 23

functions [109] to test the effectiveness of the suggested algorithm. The simulation effects of

12 benchmark functions are analyzed to evaluate the performance proposed mGWO algorithm

over Grey Wolf Optimizer (GWO) [165], Sine Cosine algorithm (SCA) [68], Multi-verse opti-

mizer (MVO) [168], Particle Swarm Optimization (PSO) [71] and Differential Evolution (DE)

[126]. The convergence rate of mGWO, GWO, SCA, MVO, PSO and DE algorithms has ex-

amined for 12 functions shown in Figure 5.3. The fast convergence proves that the ability of

mGWO to obtain a better global optimum throughout iterations. However, the results show that

the potential of mGWO in solving optimization problems as superior to the other algorithms.
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Figure 5.3: Benchmark functions convergence performance

The numerical results listed in Table 5.2, gives the algorithm’s best, mean, worst, standard

deviation and median values over 30 independent runs. Therefore, there is continual feasibility

that the control may have occurred unexpectedly, even including a weak probability within 30

runs.
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Table 5.2: Statistial results of 30 independent runs over NP = 50.

Best Average SD Median Worst
F1 1.10E-85 1.61E-81 5.04E-81 3.29E-84 1.60E-80
F3 1.75E-22 7.31E-21 1.50E-20 1.25E-21 4.91E-20
F5 26.21647 26.96052 0.539466 27.1446 27.93874
F7 0.000176 0.000542 0.000317 0.000455 0.000978
F9 0 0 0 0.00E+00 0

F10 4.44E-15 7.64E-15 1.12E-15 7.99E-15 7.99E-15
F13 0.202296 0.399805 0.223561 0.362373 0.954864
F15 0.000308 0.004422 0.008407 0.000332 0.020363
F17 0.397887 0.398041 3.22E-04 0.397889 0.398754
F18 3 3.000005 6.46E-06 3.000002 3.00002
F20 -3.32199 -3.28168 0.086827 -3.32196 -3.08211
F23 -10.5354 -10.5322 0.003118 -10.5323 -10.527

5.4.2 ESP32 Module

The ESP32 microcontroller module was developed as an integrated platform for Wi-Fi,

Bluetooth and Internet of Things (IoT) applications [169]. The module consists of Xtensa dual-

core 32-bit microprocessor, which supports up to 600 MIPS with a maximum clock rate of

80MHz. The module has 34 programmable GPIO ports and includes 18 channel 12-bit ADC,

Two 8-bit DAC, along with the support of SPI, I2C, UART and CAN communication protocols.

It supports famous wireless communication protocols like IEEE 802.11/b/g/n and Bluetooth

and standard versions.

The proposed method is implemented using the ESP32 embedded hardware platform. The

plant uses the HART communication protocol to send the sensor values to the computing de-

vices [170]. The plant Differential Pressure Meter generates a current proportional to the water

level, in the range of (5-20)mA. This current is converted to corresponding voltage (analog) us-

ing I/V converter to the range of (0-5)V. This signal is given to the internal ADC of the ESP32

module. The ADC was set to 10-bit resolution to generate the values between 0-1023 for the

voltage range of 0-5V. The signal was fed as input to the PID controller program based on

which the controller causes the controlling signal. This controlling signal was used to drive the

pneumatic activator of the plant using PWM (Pulse Width Modulation). The pneumatic valve

responds to the input current in the range of (5-20)mA. Therefore the controlling signal value

generated by the ESP32 module needs to be converted to current. For this purpose, the V/I

converter was used to interface the ESP32 module to the pneumatic valve. The PWM is set in

an 8-bit mode with an operating frequency of 5KHz. The V/I converter generates the equivalent
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current proportional to the PWM value. The PID controller was programmed into the ESP32

module using Arduino IDE. The block diagram of proposed method for a single tank liquid

level controller is shown in Figure 5.4.

Figure 5.4: Block diagram of proposed method of process control.

5.4.3 Implementation of IoT

The automatic control process in persistent production processes is a combination of

computer engineering and electrical engineering disciplines using industrial control systems

to achieve a manufacturing level of performance, efficiency and protection that could not be

accomplished only by manual control. This automation is widely applied in industries such as

oil refining, pulp and paper manufacturing, chemical processing, and power generation plants.

The extensive industrial plant process management has developed over several phases.

The logical concept was for all plant measurements to be sent to a permanently operated central

control room. This was mostly the centralization of all the regional tables, with the benefits of

lower manning rates and a more uncomplicated process overview. Both automatic and manual

control outputs were regularly transmitted back to the factory. Nevertheless, this system was

inflexible while providing a central control emphasis, as each control loop had its controller

and continuous operator movement within the control was needed to view various parts of the

operation.
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Figure 5.5: Schematic diagram of proposed IoT based process control.

The real-time implementation of liquid level control using a PID controller in the ESP32

microcontroller is proposed, as shown in Figure 5.5. The plan for real-time implementation is

as follows. The pump ON/OFF can be controlled using the ESP32 through a relay operation.

However, the reference liquid level in a tank and PID controller parameters are given from an

external user interface using the Internet. These values are read into the ESP32 microcontroller

with wi-fi and the control signal will be generated according to the reference defined by the

user. This control signal is conditioned to adjust the pneumatic valve of the plant to achieve the

desired liquid level in the tank. This valve will control the liquid inflow rate into the tank. Since,

the plant consists of a differential pressure meter, the liquid level in the tank can be continuously

read in the ESP32 microcontroller. It can be monitor in the user interface mobile app as an IoT

application.

Even though, the core logic of the controller (PID) algorithm runs on the ESP32 module,

to provide the limited access of the plant, the real-time development of an IoT based Android

application for the liquid level control using the Blynk platform [171]. The application consists

of a user interface to set the controller gains(K p,Ki,Kd), the setpoint, and the liquid level

indicator and ON/OFF button for the pump (motor). The parameter values in the Android app

can be transmitted to the ESP32 module over the internet using wi-fi with Blynk backend. The

interfacing code for the Android app and the ESP32 module was developed using Arduino IDE.

The working of IoT based plant controller is as follows, open the app from mobile and

Turn on the plant pump using the ON/OFF button. Then set Kp,Ki,Kd and setpoint of the PID

controller in the app using the slider bars. These values will be sent to the ESP32 module using

the Blynk IoT platform. The controller will control the water level in the tank according to the

setpoint in the app. During the operation, the tank liquid level’s value will be sent back to the

application using IoT platform from ESP32. For this purpose, the app liquid level indicator was
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added, which shows a real-time water level in the tank. The complete hardware implemented

system in real-time is shown in the Figure 5.6.

Figure 5.6: Real-time plant for the proposed method.

5.5 Results & Discussion

The steady-state response of the system for the maximum flow rate of 750LPH in the

cylindrical tank is given in Figure 5.6. The system has reached the steady-state at 13cm height

and took 470s at a flow rate of 450LPH.

(a) Interface of control and monitor. (b) Level monitor in the App.

Figure 5.7: User interface App

The proposed algorithm is implemented in MATLAB on a desktop with an Intel Core i5

processor with 8GB RAM. Once the PID controller parameters (Kp, Ki, Kd) are obtained from
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the user interface as shown in Figure 5.7a, these values are given to the ESP32 module using

IoT as presented in section 4. Initially, the setpoint is set at a 5cm level and the maximum

flow rate was fixed to 750LPH. When the plant is in use, the controller generated PWM with

a 92.4% duty cycle. This value was maintained up to 30cm water level. After this level, again

the controller started action and reduced the duty cycle to 70% and finally, when the setpoint

is reached, the controller maintained a duty cycle between 40%-50%. The finite value of the

duty cycle at the setpoint indicates a steady outflow in the tank as shown in Figure 5.7b. To

compensate for this outflow, the controller producing a 40%-50% duty cycle PWM signal to

the valve. The process was repeated for 10cm and 14cm, and similar controller action was

observed.
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Figure 5.8: Response of proposed controller for different set points

The response of implemented method time response is obtained as shown in Figure 5.8.

The proposed method is compared with ZieglerNichols and SIMC tuning algorithms. Figure

5.9 shows that the proposed method was performed better in terms of settling time, rise time,

overshoot, and steady-state error.
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Figure 5.9: Comparison of controllers.
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The response of the proposed controller for different set points is shown in Figure 5.10.

From the figure, it can be observed that the controller was able to track all the set points pre-

cisely.

Figure 5.10: Response of proposed controller for different set points

The corresponding inflow rate and Pneumatic valve positions during setpoint tracking

were observed. The valve position changes between 0-92.5 and the inflow rate vary between

90-750 LPH. Figure 5.11 shows that during the dips in the valve position, the inflow rates were

reduced. It indicates that the valve position controls the water flow into the tank.

Figure 5.11: Inflow rate and Valve position of plant

Later to test the robustness of the controller, during the controlling action external dis-

turbance was added. The controller quickly responded for the external disturbance as shown

in Figure 5.12 by decreasing the inflow rate into the tank. The numerical performance of the

controller is obtained and listed in the Table 5.3.
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Figure 5.12: Inflow rate and Valve position of plant

Table 5.3: Proposed method numerical results.

Methods
PID Controller Parameters PID Controller Performance

Kp Ki Kd Tr Ts Mp

ZN Tuning 31.26 0.112 52.38 51.03 227.79 14.77
SIMC Tuning 38.97 1.159 72.52 34.65 129.43 9.84

Proposed mGWO-PID 56.312 0.175 0.2175 27.31 104.15 3.71

5.6 Summary

This chapter reports an efficient method to implement a PID controller for the liquid level

system and experimental validation of integrating IoT application. Here, the industrial prototype

plant of the liquid level system is considered for experimental validation in real-time. However,

the cylindrical liquid level is controlled and monitored continuously using the proposed method.

The PID controller is designed using mGWO algorithm for liquid level control and integration

of the ESP32 module for monitoring using IoT application. The proposed IoT application in

control system is successfully demonstrated in real-time for industrial systems.
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Conclusions and Future Scope

6.1 Conclusions

In this Thesis, the proposed methods are straightforward to explore the optimal parameters

of a FOPID/PID controller to give the desired response at the system’s output. Specific objective

functions are used to construct a FOPID / PID controller and a time-domain objective function.

However, the time domain objective function obtains the best optimal parameters of FOPID/PID

controller design.

The FOPID/PID controller is designed for SISO/MIMO systems using several conven-

tional and proposed optimization algorithms. Here, the proposed optimization algorithms are

verified using 23 benchmark functions with their analysis. Finally, the same algorithm is used to

design the FOPID/PID controllers. Though, the proposed FOPID/PID controller is much better

than other methods of controllers.

A fractional-order PID controller parameter tuning technique for TITO (MIMO) system

is proposed based on the optimization algorithm. In this multivariable system, interactions are

minimized without decoupler by the proposed controller design. The FOPID controller design

was studied by applying to Wood-Berry distillation (TITO) processes to achieve the desired

performance with a controller design objective function of different functions. The simulation

results of the proposed method and various methods are compared to the controller’s verification

of performance norms. This method gives better set-point tracking and quickly rejects the

disturbances by minimum interactions in the TITO system’s loops.

128
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A novel optimization algorithm for solving global optimization problems and optimal

FOPID/PID controller designs for some case study of benchmark systems are designated to

validate experimentally, including integrating of IoT application. The proposed hybrid MFO-

WOA algorithm is validated and has a better fast convergence capability than the other optimiza-

tion algorithms. The proposed hybrid MFO-WOA algorithm is used in the control problem of

FOPID/PID controller designs in case studies are discussed. The FOPID/PID controller param-

eters tuning ability by this hybrid MFO-WOA algorithm is achieved in terms of a comparative

study of controller design performance, the proposed controller’s efficiency is presented.

In the process control, experimental validation is performed with the proposed controller

in integrating IoT applications. The PID controller design using mGWO is implemented on

the ESP32 microcontroller module and an Android-based application is developed using the

Blynk platform for monitoring and control of plants using IoT applications. However, the IoT

application-based process control is more predominant of multidisciplinary technology in moni-

toring and control. A single tank liquid level system is considered to utilize the IoT connectivity

and control systems have presented as real-time implementation. The overall system has control

and monitoring using integration of IoT based applications.

6.2 Future Scope

During the thesis work, some issues were understood. Maybe these issues are carried out

for future scope. A specific description of the identified problems is provided in the following.

The proposed methods of optimal FOPID/PID controller design have limits to off-line

tunings, and as in the future, these controllers can be tuned on-line. The optimal tuning of

the FOPID/PID controller can be included in the IoT application to avoid the off-line tuning

of controllers. Therefore, there is a scope of on-line automatic controller designs to full fill

the complete IoT-based applications. Additionally, the automated controller parameter tuning

scheme for multivariable control systems will be adequately useful.

Also, a usual design for the embedded implementation of fractional system identification

can be studied. However, the reference model is not produced on the prototype, but IIR filters

can hard-coded. These filter designs can begin up for further possibilities in the success of

influential and precise automatic tuning algorithms.



Appendix A

A.0.1 Special functions

1. Gamma Function

The gamma function is the extension of the factorial for non-integer numbers and defined

by the following equation.

Γ(z) =
∫ ∞

0
e−uuz−1du ∀z ∈ R (A.1)

2. Beta Function

The beta function defined as

β(p, q) =
∫ 1

0
(1 − u)p−1uq−1du ∀p, q ∈ R+ (A.2)

The relation between beta and gamma function given in Eq. (A.3)

β(p, q) =
Γ(p)Γ(q)
Γ(p + q)

∀p, q ∈ R+ (A.3)

3. Mittag-Leffler Function

The Mittag-Leffler (ML) function most frequently used in the solution of fractional or-

der differential equations similar to the exponential functions as the solution of integer

order ordinary differential equations. It is actually a generalized higher transcendental

which reduces to the commonly used transcendentals for special cases. The one parame-

ter Mittag-Leffler function defined as in Eq. (A.4)

Eα(z) =
∞∑

K=0

zK

Γ(αK + 1)
α > 0 (A.4)
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The Mittag-Leffler function reduces to exponential function for α = 1. The two-

parameter Mittag-Leffler function defined as in Eq. (A.5)

Eα,β(z) =
∞∑

K=0

zK

Γ(αK + β)
α, β > 0 (A.5)

The following relation holds between the one and two parameter Mittag-Leffler function

in Eq. (A.6)

Eα,1(z) =
∞∑

K=0

zK

Γ(αK + 1)
= Eα(z) (A.6)

Some commonly used transcendental that can be obtain from the two-parameter ML

function are shown below. The variation in the second parameter of the Mittag-Leffler

function yields

E1,1(z) =
∞∑

K=0

zK

Γ(K + 1)
=

∞∑
K=0

zK

K!
= ez (A.7)

E1,2(z) =
∞∑

K=0

zK

Γ(K + 2)
=

∞∑
K=0

zK

(K + 1)!
=

1
z

∞∑
K=0

zK+1

(K + 1)!
=

ez − 1
z

(A.8)

E1,3(z) =
∞∑

K=0

zK

Γ(K + 3)
=

∞∑
K=0

zK

(K + 2)!
=

1
z2

∞∑
K=0

zK+1

(K + 2)!
=

ez − 1 − z
z2 (A.9)

E2,1(z) =
∞∑

K=0

z2K

Γ(2K + 1)
=

∞∑
K=0

z2K

(2K)!
= cosh (z) (A.10)

E2,2(z) =
∞∑

K=0

z2K

Γ(2K + 2)
=

∞∑
K=0

z2K

(2K + 1)!
=

sinh (z)
z

(A.11)
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A.0.2 Fractional order approximations

In Table A.1, approximations of 1
sα have been given for α ∈ {0.1, 0.2, ...., 0.9} with maxi-

mum discrepancy of 2dB within (0.01, 100) rad/sec frequency range (Ahmad & Sprott, 2003).

Table A.1: Approximation of 1
sα for different α values.

Fractional order Approximated transfer function

s0.1 1584.89(s+0.1668)(s+27.83)
(s+0.1)(s+16.68)(s+s+2783)

s0.2 79.4328(s+0.05623)(s+1)(s+17.78)
(s+0.03162)(s+0.5623)(s+10)(s+177.8)

s0.3 39.8107(s+0.0416)(s+0.3728)(s+3.34)(s+29.94)
(s+0.02154)(s+0.1931)(s+1.73)(s+15.51)(s+138.9)

s0.4 35.4813(s+0.03831)(s+0.261)(s+1.778)(s+12.12)(s+82.54)
(s+0.01778)(s+0.1212)(s+0.8254)(s+5.623)(s+38.31)(s+261)

s0.5 15.8489(s+0.03981)(s+0.2512)(s+1.585)(s+10)(s+63.1)
(s+0.01585)(s+0.1)(s+0.631)(s+3.981)(s+3.981)(s+25.12)(s+158.5)

s0.6 10.7978(s+0.04642)(s+0.3162)(s+2.154)(s+14.68)(s+100)
(s+0.01468)(s+0.1)(s+0.631)(s+4.642)(s+31.62)(s+215.4)

s0.7 9.3633(s+0.06449)(s+0.578)(s+5.179)(s+46.42)(s+416)
(s+0.01389)(s+0.1245)(s+1.116)(s+10)(s+89.62)(s+803.1)

s0.8 5.3088(s+0.1334)(s+2.371)(s+42.17)(s+749.9)
(s+0.01334)(s+0.2371)(s+4.217)(s+74.99)(s+1334)

s0.9 2.2675(s+1.292)(s+215.4)
(s+0.01292)(s+2.154)(s+359.4)

A.0.3 Benchmark functions

Twenty-three bench mark test functions for optimization algorithms:

Function Formulation D Range fmin

Unimodal Functions

Sphere (F1) f1(x) =
∑D

i=1 x2
i 30 [-100,

100]

0

Schwefel 2.22

(F2)

f2(x) =
∑D

i=1 |xi| +
∏D

i=1 |xi| 30 [-10, 10] 0
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Schwefel 1.2

(F3)

f3(x) =
∑D

i=1

(∑i
j=1 x2

j

)
30 [-100,

100]

0

Schwefel 2.21

(F4)

f4(x) =
max
i {|xi| , 1 6 i 6 D} 30 [-100,

100]

0

Rosenbrock

(F5)

f5(x) =
∑D−1

i=1

[
100

(
xi+1 − x2

i

)2
+ (xi − 1)2

]
30 [-30, 30] 0

Step (F6) f6(x) =
∑D

i=1(xi + 0.5)2 30 [-100,

100]

0

Quartic (F7) f7(x) =
∑D

i=1 ix4
i + rand[0, 1] 30 [-1.28,

1.28]

0

Multimodal high-dimensional Functions

Schwefel (F8) f8(x) = 418.9829D +
∑

i=1(xisin
√
|xi|) 30 [-500,

500]

-

418.98

Rastrigin (F9) f9(x) =
∑D

i=1(x2
i − 10cos(2πxi)) + 10D 30 [-5.12,

5.12]

0

Ackley (F10)

f10(x) = −20exp

−0.2

√√√
1
D

D∑
i=1

x2
i

−
exp

 1
D

D∑
i=1

cos(2πxi)

 + 20 + e

30 [-32, 32] 0

Griewank

(F11)

f11(x) = 1
400

∑D
i=1 x2

i −
∏D

i=1 cos
(

xi√
i

)
+ 1 30 [-600,

600]

0

Penalize (F12)
f12(x) =

π

D

10sin(πyi) +
D−1∑
i=1

(yi − 1)2
[
1 + 10sin2(πyi+1)

]
+
π

D
(yD − 1)2 +

D∑
i=1

u(xi, 10, 100, 4)

where yi = 1+
xi + 1

4
and u(xi, a, k,m) =


k(xi − a)mi f xi > a

0i f − a < xi < a

k(−xi − a)mi f xi < −a

30 [-50, 50] 0
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Penalize2

(F13)
f13(x) = 0.1

sin2(3πxi) +
D∑

i=1

(xi − 1)2
[
1 + sin2(3πxi) + 1

]
+0.1

{
(xn − 1)2[1 + sin2(2πxn)]

}
+

D∑
i=1

u(xi, 5, 100, 4)

30 [-50, 50] 0

Multimodal low-dimensional Functions

Foxholes (F14) f14(x) = 1
50 +

∑25
j=1

1
j+

∑D
i=1(xi−ai j)6 2 [-65.5,

65.5]

0.9984

Kowalik (F15) f15(x) =
∑11

i=1

[
ai −

x1(b2
i +bi x2)

b2
i +bi x3+x4

]2
4 [-5, 5] 0.000375

Six-hump

Camel-Back

(F16)

f16(x) = 4x2
1 − 2.1x4

1 +
1
3 x6

1 + x1x2 − 4x2
2 + 4x4

2 2 [-5, 5] -1.031

Branin (F17) f17(x) =
(
x2 − 5.1

4π2 x2
1 +

5
π
x1 − 6

)2
+

10
(
1 − 1

8π

)
cosx1 + 10

2 [-5, 5] 0.398

Goldstein-

Price (F18) f18(x) =
[
1 + (x1 + x2 + 1)2(10 − 14x1 + 3x2

1 − 14x2 + 6x1x2 + 3x2
2)
]

[
30 + (2x1 − 3x2

2)(18 − 32x1 + 12x162 + 48X2 − 36X1X2 + 27X2
2 + 27X2

2)
]

2 [-5, 5] 3

Hartman3

(F19)

f19(x) = −∑4
i=1 ci exp

[
−∑D

j=1 ai j(x j − ai j)2
]

3 [-5, 5] -3.862

Hartman6

(F20)

f20(x) = −∑4
i=1 ci exp

[
−∑D

j=1 ai j(x j − ai j)2
]

6 [-5, 5] -3.322

Shekel5 (F21) f21(x) = −∑D
i=1

[
(xi − ai)(x − ai)T ) + ci

]−1
5 [-5, 5] -10.15

Shekel7 (F22) f22(x) = −∑D
i=1

[
(xi − ai)(x − ai)T ) + ci

]−1
7 [-5, 5] -10.42

Shekel10 (F23) f22(x) = −∑D
i=1

[
(xi − ai)(x − ai)T ) + ci

]−1
10 [-5, 5] -10.53
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