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ABSTRACT

A heat exchanger device is widely used in process industries because it is capable of
sustaining a wide range of temperatures. The main purpose of a heat exchanger is to
transfer heat from a hot fluid to a cooler fluid so that the temperature of the process fluid
is controlled. Among the different heat exchanger types, shell and tube heat exchanger is
the most commonly used type in the process industry. The heat exchanger temperature
control system is a highly nonlinear, uncertain, time-delayed, and complex system. In
addition to that, it is accompanied by the presence of two predominant disturbances,
namely flow variation and temperature variation of input fluid. In this thesis, the
performance of Ziegler—Nichols based proportional integral and derivative controller,
genetic algorithm based proportional integral and derivative controller, and adaptive
neuro fuzzy inference system has been analyzed and compared under four scenarios,
namely no disturbance, flow variation disturbance, temperature variation disturbance, and
both disturbance conditions. Among the proposed controllers adaptive neuro fuzzy
inference system has provided the best transient response performance with and without
the presence of disturbance effects. The settling time of the adaptive neuro fuzzy inference
system for the proposed system under no disturbance, flow disturbance, temperature
disturbance, and both disturbance conditions is 25.045sec, 25.439sec, 26.948sec, and
27.932sec. It has been improved by 54.9%, 55.2%, 52.8%, and 52.1% when compared to
the Ziegler—Nichols tuned proportional integral and derivative controller. And the
percentage overshoot of the adaptive neuro fuzzy inference system for the proposed system
under no disturbance, flow disturbance, temperature disturbance, and both disturbance
conditions is 0.901%, 0.462%, 0.1226%, and 0.00012% %. On the other hand, among the
three objective functions used the overall performance of genetic algorithm based
proportional integral and derivative controller tuned based on minimizing time integral of
absolute error objective function is better than the one tuned based on minimizing integral
of absolute error and integral of squared error objective functions.

Key words: ZN tuned PID controller, GA tuned PID controller, ANFIS PD controller, and
shell and tube heat exchanger
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CHAPTER ONE

1. INTRODUCTION

1.1. Background of the Thesis

A heat exchanger (HE) is a thermal device used in process industries as a medium to
transfer heat energy (enthalpy) from hot fluid to cooler fluid so that the targeted
temperature of the process fluid is attained (Vasickaninova et al., 2020). The mechanism
through which the transfer of energy takes place is indirect; there is no direct physical
contact between the two fluids (ThayaaSree et al., 2021). The HE device plays an
important role in many industries, such as nuclear power plants, petrochemicals, sewage
treatment, food processing, beverage, chemical, petroleum refineries, pharmaceutical
sectors, natural gas processing, etc. These devices are crucial in the process industry, which
has attracted the attention of many researchers in studying HE system control (Tridianto et
al., 2017).

Despite the availability of different heat exchangers, shell and tube heat exchangers are the
most commonly used in most industries (ThayaaSree et al., 2021). This is due to their
availability, mechanical robustness, flexibility, compact structure, and ability to provide
various ranges of temperature and pressure (Valarmathi, 2018) (Somasundar Reddy &
Balaji, 2020). In the STHE system, the manipulated (controlling) fluid flows through the
tube side and the controlled fluid flows through the shell side of the STHE (Dodd, 1983).
A typical picture of industrial STHE is represented in figure 1.1.

Figure 1. 1 Physical appearance of industrial shell and tube heat exchanger plant

Regulatory issues are very common in the chemical industry (Seborg, 2017). The
regulatory issue concerned with disturbance rejection. That means, in regulatory issues, the
1



control objective is to maintain the controlled variable at a fixed desired value despite the
presence of disturbance. The STHE temperature control system is expected to address the
regulatory issue by maintaining the temperature of the process fluid at the desired set point
despite the change in temperature variation and flow variation of the input fluid.

The heat exchanger system is a highly nonlinear, uncertain, time-delayed, and complex
system. In addition to that, it is accompanied by the presence of two predominant
disturbances, namely: flow variation of the input fluid and temperature variation of the
input fluid (Abdullah, 2019). Achieving desired system performance despite these
challenges, forced control engineers to design an advanced control strategy (Khames et al.,
2020).

Numerous control strategies were proposed to solve the difficulties in the STHE control
system. Some of them include internal model controllers, sliding mode controllers (SMC),
feed-forward plus feedback controllers, intelligent controllers, and other controllers. The
contributions that have been made by other researchers will be discussed in the literature
review section of this thesis. Among the proposed controllers, the intelligent controller
provides better performance. And many researchers have shown the effectiveness of an

intelligent controller in the chemical and production industries (Dutta & Upreti, 2021).

For the last two decades, the intelligence-based approach has been acting as an effective
solution for a variety of applications. One of the best characteristics of an intelligent
controller is its capability to achieve controllability and robustness by dealing with non-
linearity and uncertainty, which is very common in the process industry (Jamal &
Syahputra, 2016) (Dutta & Upreti, 2021). The idea of an intelligent controller is based on
the fact that assimilating the three intelligent features of human beings, namely learning,
adaptation, and reasoning, into a control structure so that the intelligent behavior of a

human being is emulated by the control decision mechanism.

In this thesis, comparative studies of classical PID, GA based PID and ANFIS PD have
been conducted for a STHE temperature control system. In GA-based PID, the parameters
of proportional, integral, and derivative gains are tuned using three different objective
functions so that industries can choose based on the performance they need to achieve. An
ANFIS PD controller is designed in such a way that first the GA tuned PID controller is

used so that training data sets are obtained. The data sets that are taken for ANFIS training



are error, rate of change of error, and control signal. Once the training has been completed,
the obtained FIS file from the ANFIS structure is implemented to control the proposed
system. The complete simulation of the system and controller was developed using
MATLAB/2019a.

1.2. Statement of the problem

HE is a critical device in the process industry; it is used to preheat and pasteurize the
process variable. Such activities are achieved within certain ranges of temperature and
affect the flavor, shelf life, nutritional content, and quality of the product. Even though the
device is related to safety, industries are still using a classical PID controller to control the
temperature of the exchanger device. Since the PID controller is a linear system control
method, it may not achieve good performance for highly nonlinear systems like the HE
temperature control system. The demerits of the traditional PID controller to the proposed

system are discussed in the following paragraph.

A heat exchanger temperature control system is a highly nonlinear and uncertain system; it
is difficult to achieve the desired performance using a classical PID controller. In addition
to nonlinearity problems, the system also exhibits significant time-delayed behavior. The
time delays make the temperature loop hard to tune using a classical PID controller, and
therefore the system needs an advanced control strategy. While PID control is a crisp
control, tuning of the P, I, and D parameters is quite difficult, and the resultant response
has a high percentage of overshoot, oscillation, and longer settling time, which is

undesirable.
1.3. The objective of the study

1.3.1. General objective

The general objective of this thesis is to perform a comparative study between ZN PID,
GA-based PID, and the ANFIS PD controller for a STHE temperature control system.

1.3.2. Specific objective

v Studding the dynamic model of the exchanger plant, sensor and the control valve
v" To design ZN-tuned PID, GA-tuned PID, and ANFIS PD controllers for a STHE

temperature control system.



v' To simulate the response of the system with the proposed controllers in
MATLAB/Simulink.
v To evaluate the performance of the ZN-tuned PID, GA-tuned PID, and ANFIS PD

controllers with and without disturbance.

v" To compare the performance of the proposed controllers in terms of transient and
error based criteria.

v To recommend the best controller among the proposed controllers.

1.4. Scope of the study

This thesis focuses on studying modeling and simulation design of the STHE temperature
control system. The modeled system is then controlled by three different controllers: ZN
tuned PID, GA tuned PID, and ANFIS PD. Finally, the performance of the proposed
controllers is evaluated and compared in terms of error-based and transient response

criteria.

1.5. Limitation of the study

The parameters for the proposed system are not directly taken from the industries. Instead,
they are taken from the literature survey conducted on the related work. This is due to the

fact that all the demanded data are not obtained from the industry.

1.6. Motivation of the study

Process control is one of the most active research areas in the field of control engineering.
Among the variables that are controlled in the process industry, temperature control is the
most crucial because it is related to human health, nutritional content, and the quality of the
product. Moreover, most activities in the process industry are performed within a certain
range of temperature. HE temperature control is an example of process control in which
different control methods can be implemented. Practically, the HE device is indispensable
in the food processing industry, sewage treatment, natural gas processing, petrochemical,
sewage treatment, beverage, chemical, and pharmaceutical sectors. An appropriate
controller has to be designed for optimal operation of the system in the mentioned sector.

Different controllers can be implemented based on the needs of the industry.



1.7. Significance of the study

The HE device is indispensable in the food processing industry, petrochemical, beverage,
chemical, and pharmaceutical sectors. All the mentioned sectors demand better quality of
their products. In order to get such advantages, they need a better control strategy. This
thesis is significant in dealing with the difficulties of temperature control in the STHE
temperature control system. Moreover, this thesis is significant in helping industries choose

the best controller based on the performance they need to achieve.

1.8. Thesis organization

This thesis work has been structured into five chapters. The backgrounds of the study, the
statement of the problem, the objective, scope, significance, motivation, and limitations of
the study have been presented in the first chapter. Literature surveys in terms of
understanding the basic theory and working principles as well as gap findings have been
conducted in the second chapter. The methodologies that have been followed are presented
in the third chapter. In the fourth chapter, the designed controllers and tuning algorithms
are presented. In the fifth chapter, the simulation results and performance comparisons
among the proposed controllers have been presented. Finally, the conclusion that has been

drawn and a possible recommendation for future work have been presented.



CHAPTER TWO

2. LITERATURE REVIEW

In this chapter, the background study in terms of understanding the basic concept and gap
findings has been completed so that the thesis work is accomplished. The heat transfer
mechanism utilized by the heat exchanger device is reviewed. The classification of HE
devices and the advantages of STHE over the other types are discussed. The working
principles of the temperature sensor, control valve, heat exchanger devices, and other
components of HE temperature control are also discussed. Finally, related journals and
articles have been reviewed with respect to their strong and weak sides. And the

contribution made by this thesis is also discussed.

2.1. Heat transfer mechanisms

The heat transfer mechanisms are categorized as conduction, convection, and radiation. In
conduction, heat energy is transferred due to molecular contact. In convection, heat energy
is transferred as a result of density differences. In radiation, heat energy is transferred by

electromagnetic waves (Lavine, 2017).

2.1.1. Conduction

Conduction is one of the heat transfer mechanisms that transfers thermal energy as a result
of molecular contact between adjacent molecules. In the conduction mechanism, a
molecule that has higher molecular (thermal) energy transfers thermal energy to an

adjacent molecule that has lower thermal energy (Lavine, 2017).

2.1.2. Convection

Convection is a heat-transferring mechanism that transfers heat energy as a result of fluid
movement. The fluid can be either liquid or gas. The faster the fluid moves, the greater the
heat transfer rate by convection. This mechanism of heat transfer occurs due to a density
difference, which results from a temperature difference. In such a heat transfer mechanism,

the hotter fluid near the heater rises, whereas the cold fluid sinks (Lavine, 2017).



2.1.3. Radiation

Radiation transmits heat energy in the form of electromagnetic waves through empty
space. This mechanism of heat transfer occurs as a result of wave motion, doesn’t require
any material for heat to travel, and can occur in an open and empty space. An example of
such a transfer mechanism is the heat energy transferred from sun to the earth (Lavine,
2017).

2.1.4. Heat transfer mechanism of heat exchanger system

The heat exchanger uses conduction and convection so that heat energy is transferred
between two fluids. This is achieved based on the principle that heat energy is transferred
by convection from the hotter fluid to the separating medium, which separates the two
fluids. Then the separating medium conducts energy to the other side of it by conduction.
Finally, the cooler fluid takes away heat energy from the separating wall by convection
(Lavine, 2017). The driving force for heat energy transfer in an HE device is temperature
deviation. This temperature deviation is expressed in terms of a log mean temperature
difference (LMTD). The greater the LMTD, the more heat will be transferred. For a better
understanding of LMTD, let us take a look at figure 2.1(Khan, 2017).

Cold side in ﬁ F Hot side in

Side A Side B

Hot side out Cold side out

Figure 2. 1 Log mean temperature difference

The LMTD is represented by the equation below.

AT, - AT,

AT
lo A

Where ,AT, is a difference in temperature for side A, and AT, is a difference in

LMTD = (2.1)

temperature for side B.



2.2 Heat exchanger classification

Heat exchangers are classified according to construction, flow arrangement, transfer
process, phase of the fluid, etc. The basic heat exchanger classifications are shown in
figure 2.2 (Padhee, 2014).

Heat exchanger classification

| )

Construction Flow arrangement Phase of the fluid
Diouble pipe —» Parallel flow —> Gas-liquid
_' T
Shell and tube Counter flow ) Liquid-tiquid
Plate type L, perpendicular (cross)
flow
Spiral

Figure 2. 2 Heat exchanger classifications

The temperature range, pressure range, thermal performance, safety issues, pressure drop,
corrosion tendency, inspection possibility, operating cost and capital, cleanability, cross-
sectional area they provide for heat transfer, mechanical robustness, availability, exposure

to failure, and fouling issues all play a role in HE device selection .

2.2.1. Classification according to flow arrangement

Classification is based on the direction in which the fluids flow. In this aspect, the heat
exchanger device is classified as a parallel flow, counter flow, and perpendicular (cross)
flow (Bastida et al., 2019) (Khames et al., 2020).



> Parallel flow: In such a flow arrangement of the heat exchanger, the two fluids (hot
and cold) have the same direction of flow, enter at the same end, and leave at the
same end.

» Counter flow: In such a flow arrangement of the HE devices, the two fluids flow in
the opposite direction, enter at different ends, and leave at different ends. Such a
flow arrangement minimizes thermal stress and provides a uniformly distributed
heat transfer rate.

» Perpendicular flow: In such a flow arrangement of the HE device, the two fluids

flow perpendicularly to each other.

Among the three flow arrangements, the counter flow arrangement is the best for heat
transfer applications. This is due to the fact that in this flow arrangement, the created
temperature difference is large along any unit length and the impact of the thermal stress is

minimized (Vasickaninova & Bakosova, 2015).

2.2.2. Classification according to construction

Double pipe heat exchanger: Double pipe HE is a device that exchanges heat through a
concentric wall. Such HEs are simple and require less maintenance and design costs.
However, they have less efficiency and a smaller diameter. Additionally, the amount of
space they occupy is large when compared to the other types of HE devices. This adverse
effect has made them unusable in modern industries. Such devices are mostly used in cases
where the required heat transfer surface area is small (Lavine, 2017)(Khan, 2017).

Cold outlet

T

Hot | Hot
mlet —* outlet

!

Cold inlet

Figure 2. 3 Double pipe heat exchanger



Plate heat exchanger: A plate heat exchanger is made up of numerous thin metal plates
that separate the two fluids. In such an HE device, the direction in which the two fluids
flow is mostly the opposite, so that the heat transfer efficiency of the device is improved. A
plate heat exchanger works by the principle that the heat of the hot fluid is connected to the
wall of the plate, and then the plate wall conducts the heat energy to the other side. Finally,
the heat energy will be taken away from the plate wall and transferred to the other fluid by
convection (Lavine, 2017)(Khan, 2017).

//

/"/

Figure 2. 4 Plate heat exchanger

Spiral heat exchanger: Spiral HE is made up of two concentric spiral channels. The
concentric channels are made from a tube that is wrapped by two long, flat plates. In a
spiral HE device, hot fluids enter and leave the first channel spirally, while cold fluids also
flow spirally to the other side of the spiral channel. Spiral HE is most commonly used to

transfer heat energy between viscous fluids (Lavine, 2017)(Khan, 2017).

N —
— —

Figure 2. 5 Spiral heat exchanger

Shell and tube heat exchanger: A STHE is a thermal device that contains a collection
(bundle) of tubes inside the shell. In such a HE device, the controlling fluid passes through
the collection tube and the other fluid passes through the shell side. In such devices, the
wall of the tube serves as a medium for the heat to be transferred between the two fluids.
STHE is one of the most commonly used HE devices in process industries, chemical
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industries, and other industries. This is due to their mechanical robustness and flexibility,
and their ability to operate at various ranges of temperature and pressure. A typical
structure of the STHE is shown in figure 2.6 (Dodd, 1983).

Tube outlet Shell inlet

A I|I ™
£ | f:jj
t || || k\:

m N
1,4l

Figure 2. 6 Shell and tube heat exchanger

As can be observed in fig. 2.6, a STHE is made up of three main components, namely the
baffle, the bundle of tubes, and the shell. The baffle assists the tube in such a way that the
flow through it follows an approximately natural manner. From the above figure, we can
observe that one fluid flows inside the tube, and the other flows within a shell (outside the
tube).

2.2.3. Advantages of shell and tube heat exchanger over other type

STHEs are, without a doubt, the most common and widely used thermal devices in a
variety of industries. The reasons that make them the choice in many industries are (Dodd,
1983) (Khames et al., 2020):

They are fabricated widely
They are designed with good thermal and mechanical design.
They provide large surface areas for the heat to be transferred.

They are designed in a variable range of sizes, from the smallest to the largest.

YV V. V V V

They can be cleaned and maintained easily and are suitable for both mechanical and

chemical cleaning purposes.
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» Since they are mechanically robust, they are capable of resisting sensitivity to
transportation and production, abnormal operating conditions, and fabrication
stress.

» Since they have good mechanical and thermal design, the probability of their
components being exposed to failure is less; even if failure has happened, they can

be easily replaced.

All the above-mentioned advantages have made STHE the most powerful and reliable
thermal device for most applications such as nuclear power plants, petrochemical, sewage
treatment, food processing, beverage, chemical, pharmaceutical sectors, natural gas
processing, etc.

2.3. Components of heat exchanger temperature control system

The components required to control the outlet temperature of STHE are the sensor,
transmitter, controller, transducer, and control valve. The sensor detects the outlet
temperature of the process variable and produces a proportional electrical signal. The
detected signal is then converted to a standard electrical signal via the transmitter, which is
in the range of 4-20 mA. Then the output of the transmitter unit is compared with the set
point so that the error signal is sent to the controller unit. The controller generates an
electrical signal that enters the transducer. Then the transducer converts the generated
electrical signal to the pressure signal. Finally, the control valve adjusts the flow rate in

proportion to the control signal (Coughanowr, Donald R, 2009).

2.3.1. Control valve

A control valve is the final control element that controls the flow of fluid by varying its
opening and closing based on the signal it receives from the controller. This enables the
control valve to control processes including temperature, level, pressure, and concentration,
which are commonly controlled parameters in process industries. The actuator that
positions the valve can be a pneumatic (air) actuator, electrical or hydraulic based on the
needs of the industry. However, air (pneumatically) actuated control valves are the most
commonly used types of actuators in process industries, and this is due to their reliability,
fairly low price, simple design, and intrinsic safety (Seborg, 2017). Since an air-actuated
control valve is considered in this thesis, its type and working principles will be discussed.
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An air-actuated control valve uses the pressure of the air as a source of power to position
the valve according to the command it is given from the controller. An air-actuated
(pneumatic) control valve can either be air-to-open or air-to-close based on the response of
the control valve to the pressurized air. In the air-to-close control valve type, the flow rate
is inversely proportional to the pressure signal, which means the flow is restricted with the
increase in pressure signal, whereas in the air-to-open control valve type, the flow rate of
the fluid is directly proportional to the pressure signal. An air actuated control valve is
shown in figure 2.7 (Coughanowr, Donald R, 2009).

Air-to-close Air-to-open
(@) (b)

Figure 2. 7 Air actuated control valve (a) air to close; (b) air to open

As can be observed in figure 2.7, an air-actuated control valve is composed of an actuator,
stem, valve body, plug, diaphragm, valve packing, and seat. The air-actuated control valve
works based on the principle that the generated electrical signal from the controller is
converted into a pressure signal by current to a pressure transducer. Once the pressure
signal is generated, the actuator transfers mechanical power to the plug using the stem.
Finally, the plug controls the flow by adjusting its opening and closing.

2.3.2. Temperature sensor

Sensors are considered as the eyes of process control that enable it to see the state of the
process variable. “Indeed, one statement made about control is, if you can measure it, you
can control it (Goodwin et al., 2000)”. Temperature sensor is a device that infers
temperature deviation using a physical property that depends on temperature. The most

frequently used temperature sensors are thermocouple, RTD, and thermistor.

Thermocouple temperature sensor: A thermocouple is a robust, simple, and cost-
effective temperature sensing device, and it works based on the principle that two different
metals with different electromotive forces (emf) are connected to each other at one end.
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And since the connected two metals conduct heat differently, a temperature gradient will
be created between them, which will allow them to measure the voltage difference between
them (Morphet, 2017). Generally, a thermocouple measures a change in temperature of the
process by measuring a voltage difference between the two connected metals. That means a
thermocouple produces a voltage that depends on the temperature gradient (Seborg, 2017).
Depending on the temperature ranges the thermocouple experiences, different types of wire
are utilized. These wires are represented by different letters. The list of the letters and the
ranges of the temperatures they cover are listed in (Morphet, 2017).

2.4 Related work

Authors in literature (Olana, 2021) have taken the STHE temperature control system as a
case study to compare the performance of three tuning methods of PID, namely ZN
Tuning, Chein et al., and the Cohen-Coon tuning method. From the obtained simulation
result, it can be understood that when compared to the ZN tuning algorithm, Cohen-Coon
has got better performance. The performance of the STHE control system is further
improved when the PID is tuned using Chein et al. However, authors in this literature have
only implemented the classical tuning method to compare the performances; no advanced
control strategies have been compared. This thesis will compare the performance of the

classical tuning method, advanced tuning method and an intelligent controller.

Authors in literature (Srivastava et al., 2016) have compared the performance of the fuzzy
logic controller with that of the classical PID controller in terms of maximum overshoot
and settling time. Consequently, the fuzzy logic controller provides much better
performance. However, the fuzzy logic controller has a limitation in that it is not an expert
by itself. It needs an expert to make it an expert and provide the best performance.
Therefore, if the expert assigns the wrong rules, then the fuzzy logic controller may
provide poor performance. This thesis integrates an artificial neural network with the fuzzy
logic controller to make it an expert by itself. Then the performance of the ANFIS PD

controller will be compared with that of the classical and GA-based PID controllers.

Authors in literature (Dizaji et al., 2015) have implemented a PID feed-forward controller
to control the outlet temperature of the STHE system. The authors have demonstrated the
system's response using MATHLAB and Simulink. But while developing the Simulink

model, the author doesn’t consider the disturbance due to temperature variation of the input
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fluid, which has an impact on the system’s performance. Among the proposed controllers
in this thesis, the ANFIS PD has provided the best performance despite the presence of
disturbance effects.

Authors in literature (Tuntas, 2019) compared the performance of the ANN method to that
of a traditional PID controller. The performance measures that the authors used to compare
the two controllers are maximum overshoot and settling time. Thus, the simulation result
has shown that the ANN has improved performance in both settling time and maximum
overshoot. However, the result has taken a long time to settle, which is undesirable.
Among the proposed controllers in this thesis, the ANFIS has got much better performance

than the mentioned controllers in the literature.

Authors in literature (Somasundar Reddy & Balaji, 2020) have designed a G_A optimized
PID controller to evaluate the performance of a shell and tube heat exchanger in terms of
transient response. The result has shown that the GA optimized PID controller has
improved the performance of the exchanger in terms of settling time, but the result has
certain overshoot. Moreover, while simulating the system, the authors don’t consider the
time delay, even though the process exhibits a certain amount of delay. This delay has an
impact on system performance. In this thesis the performance is evaluated with the

presence of time delay effect.

Authors in literature (G. M. Sarabeevi and M. L. Beebi, 2016) have designed and
compared the performance of internal model-based PID, internal model controller, and
feed-forward plus internal model-based PID controller. The performance of the three
controllers was investigated with and without the presence of disturbance. Their
performance has been compared based on transient response and error-based criteria. The
simulation results have shown that the performance of the feed-forward plus internal
model-based PID controller provides better performance when compared to the other two
controllers. However, the designed feed forward plus internal model-based PID controller
follows a model-based strategy to calculate optimal control action, and most models of a
process are accompanied by model uncertainty. Moreover, the designed controller has
taken a longer time to settle. Among the proposed controllers through this thesis, the
ANFIS provided better performance in terms of settling time and maximum overshoot than

the controllers mentioned in the literature.
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Authors in literature (Reddy & Balaji, 2021) have designed a fuzzy PID controller for
STHE. While designing a controller, the author has also added a feed forward controller so
that the performance of the system will not be reduced as a result of the flow variation of
the input fluid, which significantly affects system performance. And then they compared
the performance of the two controllers in terms of dynamic response characteristics such as
settling time and maximum overshoot. The simulation result indicates that the proposed
fuzzy-PID in conjunction with feed forward provides the best performance. However, from
the simulation result, it can be observed that the performance of the system still needs an
improvement so that the settling time will be as short as possible and the maximum
overshoot is minimized. Among the proposed controllers in this thesis, ANFIS PD has

provided better maximum overshoot and settling time than the mentioned literature.

The reviewed literature reveals that the design of an effective controller for STHE is a
difficult task. This is because of the non-linearity, complexity, uncertainty, time delay
effect and presence disturbance. The other thing that can be understood from the reviewed
literature is the existence of a trade-off between transient response and steady state
response to a STHE temperature control system. A controller that has a good transient

response may result in poor steady state performance.
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CHAPTER THREE

3. METHODOLOGY AND SYSTEM MODELING

This chapter comprises the methodologies that have been adopted throughout this thesis.
The characteristics and properties of the material and software used are explained.
Moreover, the dynamic model of the proposed system has been modeled so as to give the
physical incite of the proposed system. Finally, the system specifications have been

assigned from a closely related paper.

3.1. Materials

The materials that have been used in this thesis include software such as Microsoft Office
2016, MATLAB/2019a, Wonder Share edrawMax, MathType6.0, and Mendeley reference
manager. Microsoft Office has been used for writing and editing the thesis document.
MathType has been used for developing mathematical formulas and equations in Microsoft
Office Word and PowerPoint as well. MATLAB is used to develop a Simulink model as
well as write MATLAB codes. Wondershare edrawMax has been used to draw pictures,
flowcharts, and block diagrams. For citation and reference purposes, Mendeley reference

manager has been used.

3.2. Methods

The methods that have been followed to meet the general and specific objectives
mentioned in chapter one are summarized in the flow chart shown in figure 3.1. First,
related works from journals and articles are reviewed. Then each and every component of
the proposed systems is modeled dynamically from the conservation law of energy (first
law of thermodynamics) and other laws. Then the parameters have been assigned to the
modeled system from the experiment performed in closely related work, and the proposed
controllers have been implemented into the STHE control system. Finally, the simulation

results of the proposed controllers have been compared and analyzed.
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Figure 3. 1 Flow chart of the research methodology

3.3. Schematic and block diagram of the proposed system

3.3.1. Schematic diagram of the proposed system

The schematic diagram of the proposed STHE temperature control is shown in figure 3.2.
As can be observed on the schematic diagram, two fluids are being supplied to the system.
Superheated steam is supplied from the boiler to the tube side, and process fluid is supplied

from the storage tank to the shell side of the STHE.
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Figure 3. 2 Schematic diagram of the proposed system (Padhee et al., 2011)

Here, the main objective is to regulate and sustain the temperature of the process fluid at
the desired set point (reference temperature) by varying the flow rate of the steam, and this
is achieved based on the following principle: the outlet temperature of the process fluid
that is measured by the thermocouple temperature sensor is compared with the desired
temperature. The deviation between the two is calculated, which is going to be fed as an
input to the proposed controller. Since the signal generated by the controller is a current
signal, it is converted to a pressure signal via a current to pressure converter. Finally, this

pressure signal positions the valve in proportion to the control signal.
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3.3.2. Block diagram of the proposed system

Flow variation
disturbance

Temprature vatiation
disturbancw

mA mA| 1P |Psi| Poumati 4
—» Set point Controller » I_P > I{ﬁa ‘b Plant —
R(S) + Convertor e Y(5)

Sensor and

transmitter

Figure 3. 3 Block diagram of the proposed system (Padhee et al., 2011)

From the block diagram shown in figure 3.3, it can be clearly observed that the proposed
system is subjected to the flow variation of the input fluid and the temperature variation of

the input fluid disturbance effect.
3.4. Dynamics of a shell and tube heat exchanger control system.

3.4.1 Plant dynamics

The dynamic model of the HE plant is modeled from the energy balance equation of
thermodynamics. The first law of thermodynamics can be represented as (Coughanowr,
Donald R, 2009):

Rate of energy |  [Rate of energy in
accumulation | | by convection

Rate of energy out
{ by convection }

Net rate of heat energy added
{ from steam heater }

(3.1)
_|_
N Total work done on the system
by the surrounding

For the heat exchanger system, accumulated energy is taken as internal energy, and energy
due to the total work done by the environment is negligible when it is compared to energy
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by convection and the heat transferred from the steam heater. Consequently, the balanced

energy on the heat exchanger can be represented as (Seborg, 2017):
du;, =U, -U, +q (3.2)

Where u,, is internal energy (J), U, inflow energy rate by convection (J), U, is outflow

energy rate by convection (J), q is net energy added from the steam heater (J).

The dynamic model of the plant is developed based on the following assumptions:
(Coughanowr, Donald R, 2009)(Seborg, 2017)

v" The inlet flow and outlet flow rates of the exchanger plant are equal so that the
level (volume) of the fluid in the plant is maintained constant.

v' The density and the heat capacity of the liquid are assumed to be constant so that
their temperature dependence is negligible.

v The heat storage capacity of the insulating wall is negligible, and the heat loss is
also assumed to be negligible.

The inlet and outlet energy by convection for equation (3.2) is expressed in terms of mass

or volumetric flow rate as follows (Seborg, 2017):

U, =M, Hi =V,DH; 3.3)

U,=M_ H=V.DH (3.4)

(o] r r

By substituting the equations (3.3) and (3.4) into the equation (3.2), the internal energy

equation becomes:

du., =M. Hi—M, H+q (3.5)

int

Where U, is internal energy (J), M, is mass flow rate (Kg/s) Hiis inlet enthalpy per unit

mass (J /Kgs™) His outlet enthalpy per unit mass (J / Kgs ™). For liquids, the internal

energy is approximately equal to the enthalpy. Therefore, we can represent the internal

energy and internal energy per unit mass as follows (Seborg, 2017):

~H (3.6)

Um~H (3.7)
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H is a pressure and temperature dependent parameter, it is expressed as a function of
pressure and temperature as shown below (Seborg, 2017).

H=H(P,T) (3.8)

For differential change in temperature (T) and pressure (P) H is expressed as:

A= gr | e (3.9)
ar oP
P T
Heat capacity is defined as the rate of change of enthalpies per unit mass at constant
pressure (Seborg, 2017).
oH
Co 2| — 3.10
] ( aT \]P ( )

Substituting (3.10) in (3.9) we will obtain

= oH
dH=C.dT+| — | dP :
i [8P1 -

oH
For liquids [Ej ~0 (Seborg, 2017). Then the differential change of equation (3.11) can
T

be represented as:
dH =C,dT (3.12)

Consequently, the differential change in enthalpy per unit mass is expressed as:

dUint Zd—HZCPdT (313)
dt dt

Systems' accumulated (total) enthalpy can be represent in terms of enthalpy per unit mass
or volume (Sarabeevi, G. M., 2016).

U, =DVUin (3.14)
Where V is a volume ( m*) and D is the density (Kg/m?®) of the liquid respectively.

Then the differential change of the total internal energy will be represented as:
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dUint _ d(DVU int) — DV dU int (‘315)
dt dt dt

By Substituting (3.13) in (3.15) the differential of total internal energy is given as:

AdUiy _ DV dUim) _ DVC, ar (3.16)

dt dt dt

Where c, is heat capacity the fluid at constant volume (J/Kg°C™), T,(t)is inlet

temperature, ( °C) and T (t) is outlet temperature °C

Now we have derived an equation for the left side of equation (3.2), let us drive the
expression for the right side enthalpy term of equation (3.2). Suppose the controlled liquid
in the plant (shell) is at temperature T, integrating the per unit mass enthalpy term from the

reference temperature to T we will have:

‘L_': _C,dT (3.17)

H=C.[ dT=C.(T-T)) (3.18)
Similarly for inlet fluid

H =c,,jTTR dT =C,(T,-T.) (3.19)

Substituting (3.16), (3.18) and (3.19) in (3.2) we will have:

DVC, S0 = M,Co (T, =) ~M,C. (T -To) +q (3.20)
For steady-state conditions, the equation (3.20) will become (Coughanowr, Donald R,
2009):

dT,

DVC,
dt

= MrCP (Tis _TRs) - MrCP (Ts _TRs)+qs (321)

The subscript “s” is used to indicate a steady-state condition of the system. Subtracting

(3.21) from (3.20), and then canceling like terms and rearranging it, we will obtain:

M.Co(T—T)-M,C.(T-T)+q-q, =Dve, =t (322)
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In this thesis, temperature variation of the input fluid is taken as a disturbance, so while
modeling the dynamics of the system; the input temperature is assumed to be constant.
Then, by introducing the deviation variables of (3.23) and (3.24), we will obtain the first-
order differential equation shown by equation (3.25).

T =T-T, (3.23)

Q=9g-q, (3.24)
T’ .

DVC, - =-MC,T +Q (3.25)

In s domain (3.25) can be written as
DVC,T (s)s=-M,C.T (s) +Q(s) (3.26)
Rearranging equation (3.26) we will obtain the equation shown below:

DV 1

—=sT(s)=-T (s)+ Q(s)
I\/ll’ r~p
Let K, = and 7, _bv

P r

After collecting like terms and rearranging (3.26), the transfer function will be obtained as:

IO
Q(S)  (rps+1)

G, () = (3:27)

Transportation lags (time delay)

A temperature change was supposed to be measured directly from the outlet side of the
plant, but practically, this device is not directly connected to the outlet stream of the plant
(Sarabeevi, G. M., 2016). This is done to protect the sensor from damage; therefore, it is
located in the downstream pipeline of the plant. In this situation, the measured temperature
encounters some amount of delay. This delay is the time required for the fluid to travel
from point A to point B in figure 3.4. Time delay is sometimes called dead time or
transportation lag.
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B

Figure 3. 4 Sensor position

From figure 3.4, we can observe that there is a delay while sensing a temperature. Let the

actual temperature at point A be T and the measured temperature at point B be T,. Then

T, becomes the delayed version of T .

TO=T(-7,) (3.28)
o= Volumfe of tube (3.29)
¢ volumetric flow rate
Taking the Laplace transformation of equation (3.28) we will obtain
T, (s) =e “TeT'(s) (3.30)
LE) g (331)
T(s)

Then the transfer function of the process with the presence of time delay is represented as:

KPe—STd

Ge(5)= 7.,5+1
P

(3.32)

3.4.2. Control valve dynamics

The size of the opening and closing of the control valve is determined by the position of
the plug. The plug is positioned in proportion to the force received from the pneumatically
actuated actuator on the diaphragm of the control valve. The balanced force acting on the

plug is determined as (Sharma et al., 2011):

P A= Kx+C% (3.33)
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Where P,A is a force exerted at the top of the diaphragm by compressed air, KX is a

spring force that occurs due to the attached spring between the diaphragm and stem, and
Cdx/dt is an upward frictional force that results from the close contact of the valve
packing with the stem. Taking the Laplace transformation for both sides of the equation
(3.33), we obtain:

AP, (s) = Kx(s) +Csx(s) (3.34)

Where A is area of the diaphragm (m?), K is hooks constant (N/m), P, is exerted pressure

on the diaphragm (Psi), x is the displacement (m). After rearranging (3.34) the equation
shown below will be obtained

x(s)  AIK
P(s) (c/k)s+1

G, = (3.35)

Let A/K beK, andc/kbe 7, then the transfer function of the control valve is

represented by the first order TF.

x(s) K,
P,(s) r7,5+1

G, = (3.36)

Current-pressure convertor gain: As explained in the review part of this thesis, the
electrical signal generated from the controller has to be converted to the pressure signal so
that the pneumatically actuated control valve understands the signal generated from the
controller. This is done with the help of current-pressure converter gain. This gain is the

ratio of valve capacity to the pressure range as shown in the equation below.

pressure range
Temperature range

| — P converter =

(3.37)

3.4.3. Sensor and transmitter dynamics

As explained in the review section of this thesis, the thermocouple temperature sensor
produces a mV signal that increases or decreases as temperature increases or decreases,
respectively. The produced output signal of a temperature sensor is not compatible with the
input range of the controller (Seborg, 2017). To achieve compatibility of the sensor with
the controller, the transmitter is integrated with the sensors. The first-order differential
equation of the sensor and transmitter is represented as (Sarabeevi, G. M., 2016):
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z, $+ 1(t) =K T(t) (3.38)

Taking Laplace transformation

zsI(S)+1(s) =K, T(S)= 1(s)(z,s+1) =K, T(S) (3.39)
Rearranging (3.39)
1(s) K
G (S)=—=-=—" ,
(%) T(S) rz5+1 (3.40)

Transmitter gain: is represented by the slope between the transmitter’s output range and
the adjusted input range of the sensor. The industrial standard transmitter range is 4mA-
20mA or 0-5v in terms of current and voltage, respectively. But the most commonly

integrated transmitter is in the current range.

_ transmitter’s output range
sensors input range

K

m

(3.41)

Table 3. 1 STHE control system parameter specification (Hanke, 2007)(Padhee et al.,

2011)
Parameter Value[unit]
Exchanger response to steam flow gain 50 [°c/(Kg/sec)]
Exchanger time constant 30 [sec]
Exchanger response to flow variation gain 1[°c/(Kg/sec)]
Exchangers response to Temperature variation gain 3°%/°
Control valve capacity 1.6 [ Kg/sec]
Time constant of the control valve 3 [sec]
Temperature sensor range (50 to 150) [°c]
Temperature sensors time constant 10 [sec]

By substituting the above specifications, the transfer function of the process, control valve

sensor, current to pressure transducer gain, and transmitter gain are obtained as:
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G _ 50e

= 3.42
P 30s+1 (3.42)
15Kg/s :
=————=0.13Kg /s(psi :
= 15-3)ps g/s(psi) (3.43)
0.13
= 3.44
G 3s+1 ( )
| — P converter = (15-3) Psi =0.75 Psi/mA (3.45)
(20-4) mA

Where G transfer function of the plant is, K, is control valve gain, G, is control valve

transfer function. The overall transfer function of the plant with the control valve is

represented by SOPDT as shown in equation 3.46:

4.875¢ "¢

G(s)=—rof® 3.46
()= G057+ 33541 (3.46)
K —20=HMA 4 emasec (3.47)
(150—50)°c
0.16
_ 3.48
G () 10s +1 (3.48)
Gy (s) =t (3.49)
305 +1 '
G, (s) = —> (3.50)
T 305 +1 '

Where K, is transmitter gainG,, is transfer function of the sensorG,., flow disturbance

m?

transfer function G, is temperature disturbance transfer function.
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CHAPTER FOUR

4. CONTROLLER DESIGN

4.1. PID controller

Around 90% of the control loops in the process industry are PID control loops (Abdullah,
2019). This is due to its simplicity, cost-effectiveness, and ease of implementation
(Valarmathi, 2018). The PID controller may have either a parallel or serious arrangement.
The parallel arrangement is shown in figure 4.1. In a PID controller, the proportional term
generates a control signal which is proportional to the error signal boost the response,
whereas the derivative term improves the transient response (stability) and the integral

term eliminates steady-state error (Meena, 2017).

| Controller |
I I e
I I
I | I
: KPE (t) : | Controlled |
| | I object :
I I : |
e o L |
() —»+ | WA )r'—'—r'l Plant : > v(t)
- - I
A | | | |
I r
I I
I I
I I

Figure 4. 1 Structure of PID controller (Manipatruni, 2018)
Where K is the proportional gain, K; is integral gain, K, is derivative gain r (t) is set point,

e (t) is the error signal, and y (t) is the output of the controlled system. The error signal e (t)
is the deviation between the actual output and the desired output by the process (set point).
The time domain representation for the parallel PID controller structure are shown in
equation (4.1) (Eldin & Awouda, 2017)(Gani et al., 2019).
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de(t
U@ = Ke) + KiJ-e(t)dt T Ry 0 4D
et LR dt
Proportional Integral  pgrivative
action action action

Table 4. 1 Table Effect of PID gains on steady and transient state performance

Gain Overshoot Settling time  Steady state error
Proportional Increase Small change Decrease
Integral Increase Increase Decrease
Derivative Decrease Decrease No change

4.1.1 Ziegler-Nichols tuning method

The ZN tuning method is the most commonly used classical tuning method. In such a
tuning method, the gains of PID are tuned by either by finding the dead time and time
constant or finding the critical gain and critical time period. In this thesis, the latter has
been chosen. The critical gain and time period are calculated by applying Routh stability
criteria to the proposed system's characteristic equation (Reddy & Balaji, 2021). The
classical PID controller is a linear system control method; therefore, the linear plant model

is taken. Then the linear feed-back loop of the proposed system is presented in figure 4.2.

~ L G- 4875
c AL T >
R(S) A O0s +335+1 Y(S)

016
G8)= Tos+1

Figure 4. 2 Feed-back loop of the proposed system

The closed loop transfer function of the proposed system is then obtained as:

Y(s) Kc*G(s)
R(S) 1+Kc*G(s)*G,(5)

(4.2)

From equation (4.2) the characteristic equation of the proposed system is:
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0.78Kc

4.3
900s® +420s” +43s +1 (43)

1+ Kc*G(s)*G,(s) =1+

900s°® + 420s® + 43s +0.78Kc +1
900s°® + 420s? + 43s +1

1+ Kc*G(s)*G,(s) = (4.4)

Based on the ZN tuning algorithm, the critical gain is found by equating the characteristic
equation to zero(Hanke, 2007).

900s® +420s® +43s+0.78Kc+1 0
900s°® +420s” +43s +1

(3.5)

900s® +420s? + 435 +0.78Kc +1=0 (4.6)

The necessary and sufficient condition for Routh stability criteria is that each turn of the
first column of the Routh array must be positive. If this condition is not satisfied, the
system is unstable and the number of signs changed in the first column corresponds to the
number of roots of the characteristic equation in the right half of the ’S’ plane (Hanke,
2007). The Routh array is represented as follows:

s® | 900 43

2 | 420 0.78Kc+1

st | 420*43-900*(0.78Kc+1) |0
420

S0

By applying Routh stability criteria to the above array, the equation below is found:

420*43-900*(0.78Kc +1) 50

220 4.7

420*43-900* (0.78Kc +1) > 0 (4.8)

Rearranging equation (4.8), the critical gain is found to be Kc <23.8. Using the equality,
Kc =23.8.

Once the critical gain is calculated, the critical frequency is calculated by representing
equation (4.6) in jw form. Substituting the value of Kc, the equation shown below is

obtained.

31



900( jw)® +420( jw)? +43(jw) +0.78*%23.8+1=0 (4.9)

—900 jw® — 420W? + 43 jw+19.6 =0 (4.10)

Equating the real part to zero, the critical frequency is obtained to be 0.218. Then the
critical time period is then calculated by using the formula shown below.

*
T_2r_2*314

= = 28.79 (4.11)
w0218

Once the critical gain and time period are obtained, the parameters of the PID gains are

adjusted as per the table shown below.

Table 4. 2 Ziegler-Nichols frequency response tuning criteria (Hanke, 2007)

Controller Kp Ti Td

P 05K,

PI 045K, T, /1.2

PID 0.6K,, 0.5T, T./8

Once the proportional gain, the integral time constant and the derivative time constant have

been found the PID controller is represented by the equation below.

PID(t) = Kp (e(t)+_|_i1(t) +Td dz(tt)j (4.12)
The initial parameters obtained based on the above parameter setting may not provide
satisfactory performance; therefore, it has to be repeatedly retuned based on minimizing
the predefined objective function through trial and error in MATLAB. In this thesis, the
parameters have been tuned based on minimizing the IAE objective function.

4.1.2. Genetic algorithm

GA is a search and optimization method that generates the best solution to a particular
problem. This algorithm is inspired by evolutionary biology principles such as selection,
crossover, mutation, and inheritance. Evolution in GA passes through four main stages,
namely, initialization, selection, genetic operation, and termination (Ahmmed et al., 2020).
In the initialization stage, evolution starts with randomly generated individuals from a

given population. Then, from the initialized population, certain individuals are chosen
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based on their fitness (defined by the assigned objective function). In the genetic operation
stage, the chosen solutions are evolved so that the best solution is generated; the genetic
operations performed are mutation and crossover. Finally, the algorithm terminates either
when the maximum generation has been reached or a satisfactory solution has been
obtained. If the result termination is due to exceeding the maximum generation, the
obtained result may not be satisfactory. Through this thesis, the fitness evaluation functions
that have been used as objective functions are ISE, IAE, and ITAE. These functions are
also known as performance indices. The overall flow chart of GA optimization is shown in

figure 4.3.

Randomly initialize population

v

Evaluate fitness based on objective
I function

v

Select the fittest and create parents

v

Crossover and mutate the parents

v

Evaluate offspring

No 7 (Check whether the H"“xh
T condition is satisfied
Yes

\ Stop J:l
Figure 4. 3 Flow chart of GA algorithm (Tidke, 2018)

4.1.3. Performance indices

The overall performance of a control system is evaluated using different performance

indices. The most common performance indices are integral square error (ISE), integral
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absolute error (IAE), and integral time absolute error (ITAE). The equations for these

performance indices are represented below (Suthar, 2017).

IAE = [ "[e(t)] dt

ITAE = j:t le(t) | dt (4.13)

ISE = j:ez (t)dt

The GA parameters that have been set to obtain the optimal values of the PID gains are
presented in table 4.3.

Table 4. 3 GA optimization parameter setting for PID controller

Parameter Value
Population size 60
Maximum generation 90
Encoding Binary
Selection Uniform
Cross over Single point
Mutation Uniform
Number of parameter 3

Lower bound [000]
Upper bound [10 1 52]

Based on the above parameter setting, the unit step fitness curve of ISE, IAE, and ITAE

objective functions is shown in figures 4.4, 4.5, and 4.6, respectively.
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Figure 4. 5 Fitness value vs generation of IAE
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Figure 4. 6 Figure Fitness value vs generation of ITAE

4.2. Intelligent controller

The design of an intelligent system is inspired by the intelligence of human beings. The
main objective of an intelligent control strategy is to integrate the intelligence of a human
being into a control strategy. Such features include learning, adaptation, and reasoning.
Intelligent controllers have been increasingly used in process industries such as
biochemical, chemical, and biomedical engineering over the last three decades (Dutta &
Upreti, 2021).

4.2.1. Fuzzy logic overview

The basic concept behind fuzzy logic is to extend the traditional crisp logic membership of
an element to a given set. In crisp logic, an element either belongs or does not belong to a
set, and consequently, its membership value is either 1 or 0, whereas in fuzzy logic, the
membership function can have a value within the range of [0, 1] (Garcia-Martinez et al.,
2020) (Chen & Chang, 2018).

FLC converts the knowledge of an expert into an automatic control algorithm.
Additionally, it has the capability to handle approximated information systematically. This

makes it suitable for controlling nonlinear systems. If the assigned rule bases are effective,
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the skilled human operator can be replaced by an FLC. In FLC design, both the input and
output variables are crisp. And based on the way in which crisp output is generated, fuzzy
inference mechanisms can be classified as mandani and sugeno. The former generates the
crisp output through the defuzzification process, whereas the latter generates the crisp
output by weighted average (Farah et al., 2018). The structure of FL is shown in figure 4.7.

The main difference between the Sugeno and Mandani inference mechanisms lies in the
way crisp output is generated. In Mandani FIS, a defuzzification process is required, where
as in Sugeno, the crisp output is obtained by weighted average. Another distinction
between Mandani and Sugeno is that the consequent rules in Mandani are fuzzy, and thus
the outputs in Mandani are expressed in terms of membership function, whereas the
outputs in Sugeno are not expressed in terms of membership function. The inference
mechanism used by the ANFIS algorithm is the Sugeno FIS (Liu et al., 2017).

Knowledge base
Crisp ‘
—» Fuzzification Defuzification’ |Crisp
[nput | I
l Weighted average | Qutput

Decision-making

logic

Figure 4. 7 Structure of FL (Eldin & Awouda, 2017)

As can be observed in figure 4.7, the inputs to the FLC and the output of fuzzy controllers
are crisp. Hence, the first stage in the design of FLC is converting the crisp values to fuzzy
values by a process of fuzzification. Then the knowledge-based decision making logic is
constructed. Finally, the crisp output is generated by either defuzzification or weighted
average (Liu et al., 2017). The different mechanisms of defuzzification used in the

Mandani inference system are explained in (Mathworks, 2020).
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Advantage of sugeno inference mechanism over mandani:

v Sugeno is computationally efficient.

<

It works well with adaptation and optimization algorithms.

v Sugeno takes less processing time because the time taken to generate crisp output is
weighted average.

v' It doesn’t possess a high computational burden because no custom defuzzification

process is required.

Even though a FLC has the capability of achieving controllability and robustness by
dealing with non-linearity and uncertainty, it has a limitation in that if an expert assigns a
wrong rule, the performance is greatly distorted and might even be lower than a classical
controller. To control any system using FLC, the designer needs rules. The rules are
defined by an expert with the help of the knowledge they have about the system. And it is a
time-consuming task to determine the correct rule and the range of fuzzy variables (Al-
Fetyani et al., 2021). The main limitation of FLC is its dependence on an expert’s
knowledge. ANFIS makes the FLC less dependent on expert and more systematic. The

ANFIS generates the linguistic variable ranges of FLC automatically.

4.2.2. ANFIS controller

ANFIS possesses the fundamentals of both the FLC and ANN. Consequently, by merging
the benefits of both approaches, it has provided a powerful capability to capture the
reasoning capability of FLC and the learning capability of ANN in a single
architecture (Subha & Nagalakshmi, 2021). Implementing ANFIS, in essence, provides
automatic adjustment of the membership functions of the Sugeno FIS based on
training (Oubehar et al., 2018). To get a better understanding of the ANFIS structure, a
simplified architecture of ANFIS is shown in figure 4.8, with two inputs (e and de) ,two

MFs (A and B), and four rules, as well as four MFs of the output.
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= | |
oullis |
S

Figure 4. 8 ANFIS structure (Housny et al., 2020)

Layer 1: This layer is also referred to as the antecedent or fuzzification layer. It is the layer
by which the membership function is assigned to each node of error and rate of change of

error. The two inputs of layer one are represented as:

{O‘ =4 forizo (4.14)

Oil = pg; (de)
Where e and de are inputs, A and B, are linguistic variables assigned to each node of error

and rate of change of error, and . is the membership function. The different membership

functions used in the fuzzy inference mechanism are explained in the literature
(Mathworks, 2020). The type of membership function chosen in this thesis is the gaussian

membership function, and it is represented by:

e) -~
20" (4.15)
o (08) ==
o

Layer 2: This layer is also referred to as the rule layer. It is a layer in which the firing

strength (weight) is assigned to each node, and it is represented by the following equation:

O? = wi = 4, (€) 4 (de) (4.16)
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Layer 3: The third layer is the layer by which the firing strength is normalized, and it is

represented by the equation below:

— W,
O’ =wi=—- (4.17)
W, + W,

Layer 4: This layer is also known as the consequent layer. It is the layer by which the

output is generated and it is defined by:
O =wif, =wi(qe+qde+r) (4.18)
a, g, and r. are the parameters of consequent.

Layer 5: This layer is a fixed output layer. In this layer, an overall output is obtained by
summing all the incoming inputs, and it is represented by:

o' => wif =ZZ—WWf (4.19)
Every node in layer one and four is an adaptive node whose parameters are updated in such
a way that the demanded mapping between input and output is achieved (Oubehar et al.,
2018). In the ANFIS learning algorithm, the optimal relationship between the two inputs
(error and rate of change of error) and the output is obtained by optimally tuning the
parameters of the antecedent (layer one) and consequent (layer four). In this thesis, the
learning algorithm that has been used is a hybrid, which is a combination of the least
squared mean error and a back propagation learning algorithm. The least square is a
forward pass which is used to identify the parameters of the consequent, whereas in the
back propagation method, the error propagates backward so that the parameters of the
premises are updated (Subha & Nagalakshmi, 2021)(Oubehar et al., 2018).

4.3.3.1. ANFIS system design on MATHLAB

The steps that are followed to design the ANFIS system on MATHLAB are presented in
Figure 4.9. In order for the FIS to be trained, the desired input-output data of the modeled
system is loaded. The loaded data set has to be in the form of an array which is arranged in
columns as a column vector, and the data in the last column is output data. Then, based on
the loaded data, the FIS file is generated. Then an optimization (learning) algorithm is

chosen. Finally, the training is started.
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Figure 4. 9 Flow chart of ANFIS algorithm (Oubehar et al., 2018)

4.3.3.2. ANFIS design for STHE temperature control system

In order to design ANFIS for the proposed system, first GA algorithm has been

implemented to obtain optimal parameters for PID, which is used to generate the training

data. Then, from the GA optimized PID, the error, rate of change of error, and control

signal have been taken so that they will serve as input data for the ANFIS training. The

training data that has been used for the proposed ANFIS algorithm is represented in figure

4.10.

Output

Training Data (ooo)

100 150 200 250 300 350
data set index

— ANFIS Info.

#ofinput: 2

# of outputs: 1
# of input mfs:
3 &

Structure
Clear Plot

Figure 4. 10 Training data sets for the proposed ANFIS PD algorithm
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Table 4. 4 Parameter settings for the developed ANFIS structure

Parameters Value or type
Number of inputs 2
Number of outputs 1
Number of rules 25
Number of epochs 100
Number of training data pair 340
Number of checking data pair 30
Number of testing data pair 30
Number of output MF 25

Type of output MF Constant
Type of input MF Gaussian
Number of input MF 5
Aggregation method Max
Implication method Min
And method Prod
Inference system Sugeno
Optimization method Hybrid

Once the training has been completed based on the above specification, the formed rules,

the membership function, as well as the output coefficients are generated in sugeno style
and saved in the form of FIS file. The obtained ANFIS structure and the Mf of the

antecedent parameter for the proposed system are represented in figures 4.11 and 4.12,

respectively.
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Figure 4. 11 Model structure of the proposed ANFIS controller on MATHLAB
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Figure 4. 12 Membership functions of error and rates of change of error
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CHAPTER FIVE

RESULT AND DISCUSSION

This chapter consists of six sections. In the first section, a Simulink model of the proposed

system is presented. In the second section, the open-loop response of the proposed system
is discussed. In the other four sections, the closed-loop response of the proposed system

under four scenarios is discussed. The scenarios that are considered are no disturbance,

flow variation disturbance, temperature variation disturbance, and both disturbance

conditions of the proposed system. Under all the mentioned scenarios, the system is

simulated for the set point of 50°c: This point is chosen because it is within the range of

measurement of the sensor.

5.1 Simulink models for the simulation

»
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Figure 5. 1 Figure Simulink model of the proposed system using PI1D controller
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Figure 5. 2 Figure Simulink model of the proposed system using ANFIS PD controller

5.2 Open-loop response of the proposed system

This section clearly illustrates why the closed-loop control system is implemented in all

industries to control the temperature of the STHE system. The open-loop response of the

proposed system is shown in figure 5.3.
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Figure 5. 3 Open-loop response of the proposed system
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As can be observed in figure 5.3, the system doesn’t settle around the set point, which is

the main problem with the heat exchanger temperature control system. The above figure

shows that the HE control system is highly subjected to the set point deviation issue and
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the amount of steady-state error is very large. Moreover, the system has taken a long time
to settle, 120.0541sec. It is obvious that there is a need to implement a closed-loop control
strategy. The next sections present the different closed-loop control strategies along with

their performance comparison.

5.3. Closed-loop response under no disturbance condition

In this section, the closed-loop response of the proposed system under no disturbance
conditions is analyzed using classical ZN_PID, GA_PID, and ANFIS PD controllers. A
comparison among the proposed controllers is also done.

5.3.1. Response of ZN tuned PID controller under no disturbance condition

Table 5. 1 Parameter setting of classical PID controller

Parameter Kp Ki Kd

Value 7.1337 0.10563 32.8237

Based on the above parameter setting, the response of the proposed system is obtained as:
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Figure 5. 4 ZN tuned PID response under no disturbance condition

From figure 5.4, we can observe that the proposed system exhibits better performance in
terms of steady-state error when a classical PID controller is implemented. However, the
system has taken a long time to settle (55.6008sec), which indicates that more time has

been taken to track the set point. Additionally, it exhibits the presence of a large amount of
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percentage overshoot (38.2921%), which is undesirable. The performance measure of the

classical PID controller is summarized in table 5.2.

Table 5. 2 Performance measure of ZN_PID controller under no disturbance condition

Performance measure

Controller
Settling Time Percentage overshoot IAE

ZN_PID 55.6008sec 38.2921% 117.7

From Table 5.2, it can be concluded that even though the classical PID controller has
eliminated steady-state error, it results in a longer settling time and high overshoot. These

parameters are critical in process control.

5.3.2. Response of GA tuned PID under no disturbance condition

In table 5.3, GA tuned PID gains based on minimizing IAE, ITAE, and ISE objective

functions are represented.

Table 5. 3 GA optimized PID gains for the three objective functions

Gains
J Kp Ki Kd

J1=IAE 5.9982 0.1061 37.0577
J2=ISE 5.9981 0.1239 49.9871

J3=ITAE  4.2458 0.0813 28.1850

Based on the above parameter settings, the simulation result is shown in the figure below.
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Figure 5. 5 GA tuned PID response under no disturbance condition

From the simulation result shown in figure 5.5, it can be understood that the PID controller
tuned using a GA has eliminated the steady-state error. The performance of the PID
controller tuned based on minimizing the ITAE objective function results in better
performance than the one tuned based on minimizing ISE and the IAE objective function.
However, it results in the presence of a certain amount of peak overshoot during the initial

response time. The performance measures are summarized in table 5.4.

Table 5. 4 Performance measure of GA_PID controller under no disturbance condition

Performance measure

Controllers
Settling time Percentage overshoot IAE
PID-ISE 40.3091sec 33.6136% 94.3
PID-1AE 36.8457sec 21.6960% 108.7
PID-ITAE 32.9412sec 10.7433% 111.2

From table 5.4, it can be clearly observed that GA PID tuned based on minimizing ISE
objective function exhibits an overshoot of 33.61%. This overshoot has been reduced to
21.69%, an improvement of 35.5% by tuning the gains of PID based on minimizing the
IAE objective function. Even though the overshoot has decreased to some extent, it can be
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further minimized to 10.7% by tuning the gains of the PID based on minimizing the ITAE
objective function. In GA_PID tuned based on minimizing the ISE objective function, the
settling time was 40.3091sec, whereas in GA-based PID tuned using the IAE objective
function, the settling time has been minimized to 36.8457sec, an improvement of 8.6%.

This overshoot is further minimized to 32.94sec using the ITAE objective function.

Table 5.4 also depicts the existence of a trade-off between transient response criteria and
error-based criteria in the STHE temperature control system. The ISE objective function
has the least IAE value compared to the one tuned using other objective functions, but

results in a high amount of overshoot and longer settling time.

5.3.3 Response of ANFIS PD controller under no disturbance condition
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Figure 5. 6 ANFIS PD response under no disturbance condition

From Figure 5.6, it can be clearly observed that the ANFIS PD controller has the best
performance in tracking the set point within the shortest period. Additionally, the
percentage overshoot is very small. The performance measures of the ANFIS PD controller

are summarized in table 5.5.
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Table 5. 5 ANFIS PD performance measures under no disturbance condition

Performance measure

Controllers
Settling Time Percentage overshoot IAE

ANFIS_PD 25.0448sec 0.9007% 139.9

From table 5.5, it can be clearly observed that the ANFIS PD controller provides the best
performance despite the nonlinearity of the proposed system. The settling time and
percentage overshoot are 25.0448 s and 0.9007%, respectively.

5.3.4. Performance comparison of the proposed controllers under no disturbance

condition
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Figure 5.7 performance comparison of the proposed controllers under no disturbance

condition

From the above figure 5.7 we it can be clearly observed that the overall performance of
ANFIS PD is better when compared to other controllers. The performance comparisons of
the proposed controllers are summarized in table 5.6 and bar chart shown in figure 5.8

below.
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Table 5. 6 Performance measures of the proposed controllers under no disturbance scenario

Performance measure

Controller Settling time Maximum overshoot IAE
ZN-PID 55.6008sec 38.2921% 117.7
PID-ISE 40.3091sec 33.6136% 94.3
PID-IAE 36.8457sec 21.6960% 108.7
PID-ITAE 32.9412sec 10.7433% 111.2
ANFIS PD 25.0448sec 0.9007% 139.9
Performance comparison of the proposed controllers under no
disturbance scenario
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Figure 5. 8 Bar chart representation under no disturbance condition

From the above figure and table, it can be clearly observed that ANFIS PD has got the best
performance in terms of transient response criteria. However, it has more IAE value
compared to the other controllers. In contrast, GA based PID tuned based on minimizing
ISE objective function has the least IAE value compared to the others, but results in poor
performance in terms of maximum overshoot and settling time. Therefore, if the target of
the control loop is only to reduce IAE and doesn’t take into consideration transient

response criteria, it is recommended to use GA_PID tuned based on minimizing ISE. But
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practically, most control loops focus on improving the maximum overshoot and settling

time.

Another conclusion to be drawn from the above table is that even the best controller does
not meet all of the criteria at the same time. The performance of ANFIS PD, for example,

is far superior to that of other controllers, but it has a higher IAE value than the others
5.4. closed-loop responses subjected to flow variation disturbance

5.4.1. Response of ZN tuned PID controller subjected to flow variation disturbance

In this thesis the considered flow variation disturbance is 13% of the set point.
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Figure 5. 9 ZN tuned PID response under flow disturbance condition

Table 5. 7 Performance measure of ZN_PID controller under flow disturbance condition

Performance measure

Controller
Settling Time Percentage overshoot IAE

ZN PID 56.7950ses 38.5499 118.1
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5.4.2 Response of GA based PID subjected to flow variation disturbance
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Figure 5. 10 GA tuned PID response under flow disturbance condition

From figure 5.10, it can be clearly observed that even with the existence of a flow
disturbance effect, the performance of GA_PID tuned based on minimizing ITAE objective
function is superior to the others. Another conclusion drawn from the graph is that when
the proposed system is subjected to flow variation disturbance, the ISE objective function

produces very little steady state error.

Table 5. 8 Performance measure of GA_PID controller under flow disturbance condition

Performance measure

Controllers
Settling time Percentage overshoot IAE
PID-ISE 41.5811sec 32.3967% 94.3
PID-IAE 37.0463sec 21.9630% 109.3
PID-ITAE 33.3557sec 11.0030% 111.9

From table 5.8, it can be observed that when the system is subjected to flow disturbance,
the least settling time and overshoot are observed when the system is tuned based on
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minimizing the ITAE objective function, having numerical values of 33.3557sec and
11.003%, respectively. In contrast, the highest settling time and maximum overshoot are
observed under the ISE objective function. The transient state performance of the I1AE
objective function is between ITAE and ISE. The other conclusion to be drawn from the

above table is that the minimal IAE is observed when the ISE objective function is used.

5.4.3. Response of ANFIS PD controller subjected to flow variation disturbance
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Figure 5. 11 ANFIS PD response under flow disturbance condition

From figure 5.11, it can be clearly observed that the overall performance of the ANFIS PD
controller is best even in the presence of a flow variation disturbance effect. The other
thing that can be observed from the above figure is that under flow disturbance conditions,

the ANFIS PD controller results in a very small amount of steady state error.

Table 5. 9 ANFIS PD performance measures under flow disturbance condition

Performance measure

Controllers
Settling Time Percentage overshoot IAE

ANFIS_PD 25.4396sec 0.4621% 145.3

From table 5.9, it can be understood that the overall performance of ANFIS PD is good
even in the presence of flow variation disturbance. The decrease in percentage overshoot
results due to the fact that when the system is subjected to flow disturbance conditions, the

ANFIS PD controllers result in a certain amount of steady state error.
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5.4.4 Performance comparison of the proposed controller under flow variation

disturbance
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Figure 5. 12 Performance comparison of the proposed controllers under flow disturbance

From figure 5.12, it can be clearly observed that ANFIS PD has got better transient
response even in the presence of flow variation disturbance. The performance comparisons
of the proposed controllers are summarized in table 5.10 and bar chart shown in figure
5.13.

Table 5. 10 Performance measures of the proposed controllers under flow disturbance

Performance measure

Controllers

Settling time  Percentage overshoot  IAE
ZN PID 56.7950ses 38.5499% 118.1
PID-ISE 41.5811sec 32.3967% 94.3
PID-1AE 37.0463sec 21.9630% 109.3
PID-ITAE 33.3557sec 11.0030% 111.9
ANFIS-PD 25.4396sec 0.4621% 145.3
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Performance comparison of the proposed controllers under flow disturbance

scenario
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Figure 5. 13 Bar chart representation under flow disturbance scenario

5.5. Closed loop response subjected to temperature variation disturbance

In this thesis the considered temperature variation disturbance is 13% of the set point

5.5.1. Response of ZN_PID controller subjected to temperature variation disturbance
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Figure 5. 14 ZN tuned PID response under temperature disturbance condition
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Table 5. 11 Performance measure of ZN_PID under temperature disturbance

Performance measure

Controllers
Settling time  Percentage overshoot 1AE

ZN_PID 57.1933sec 39.0657% 119.3

From table 5.11, it can be clearly observed that when the system is subjected to a
temperature variation disturbance effect, the settling time, overshoot, and IAE value are
57.1933sec, 39.0657%, and 119.3, respectively.

5.5.2. Response of GA tuned PID subjected to temperature variation disturbance
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Figure 5. 15 GA tuned PID response under temperature disturbance condition

Figure 5.15 depicts that even with the presence of temperature variation disturbance effect,
the performance of GA_PID tuned based on minimizing ITAE objective function is better
when compared to the others. When the system is subjected to a temperature variation
disturbance effect, the resultant steady state error is greater than the one that has occurred
in the flow disturbance condition. The performance measures of the three objective

functions are summarized in the table 5.12.
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Table 5. 12 Performance measure of GA_PID under temperature disturbance condition

Performance measure

Controllers

Settling Time  Percentage overshoot IAE
PID-ISE 43.6267sec 30.0560% 94.3
PID-1AE 37.4588sec 22.4973% 110.6
PID-ITAE 34.2404sec 11.5226% 112.1

From the above table, it can be observed that when the system is subjected to temperature
variation disturbance, the least settling time and overshoot are observed under the ITAE
objective function, having numerical values of 34.2404sec and 11.523%, respectively. In
contrast, the highest settling time and maximum overshoot are observed under the ISE
objective function, with numerical values of 43.6267sec and 30.0560%. The transient state
performance of the IAE objective function is between ITAE and ISE. A minimal IAE is

observed when ISE is used as an objective function.

5.5.3. Response of ANFIS PD subjected to temperature variation disturbance
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Figure 5. 16 ANFIS PD response under temperature disturbance condition
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Table 5. 13 ANFIS PD performance measures under temperature disturbance condition

Performance measure

Controllers
Settling time  Percentage overshoot IAE

ANFIS_PD 26.9480sec 0.1226% 150.8

From the above figure and table, it can be understood that the overall performance of
ANFIS PD is good even in the presence of temperature variation disturbance. The
overshoot has been eliminated because the temperature variation disturbance has resulted

in a certain amount of steady state error.

5.5.4. Performance comparison of the proposed controller under temperature

variation disturbance
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Figure 5. 17 Performance comparison of the proposed controllers under temperature

disturbance condition

From figure 5.17, it can be clearly observed that ANFIS PD has got better performance in
terms of transient response criteria even in the presence of temperature variation
disturbance. However, it has more IAE value compared to the other controllers. In contrast,
the GA_PID based on minimizing the ISE objective function has the lowest IAE value
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compared to the others, but results in poor performance in terms of maximum overshoot

and settling time. The performance comparisons of the proposed controllers are

summarized in table 5.14 and bar chart shown in figure 5.18.

Table 5. 14 Performance measures of the proposed controllers under temperature

disturbance

Performance measure

Controllers
Settling Time Percentage overshoot IAE
ZN_PID 57.1933sec 39.0657% 119.3
PID-ISE 43.6267sec 30.0560% 94.3
PID-1AE 37.4588sec 22.4973% 110.6
PID-ITAE 34.2404sec 11.5226% 112.1
ANFIS PD 26.9480sec 0.12265% 150.8
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Figure 5. 18 Bar chart representation under temperature disturbance scenario
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5.6. Responses of the proposed controllers subjected to both disturbances

5.6.1. Response of ZN tuned PID controller subjected to both disturbances
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Figure 5. 19 ZN tuned PID response under both disturbance conditions

Table 5. 15 Performance measure of ZN_PID under both disturbance conditions

Performance measure

Controllers
Settling time Percentage overshoot IAE

ZN PID 58.3978sec 39.3236% 119.9

From table 5.15, it can be clearly observed that when the system is subjected to both
temperature and flow variation disturbance, the proposed system's settling time, overshoot,
and IAE value are 58.3978sec, 39.3245%, and 119.9, respectively.
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5.6.2. Response of GA tuned PID controller subjected to both disturbances
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Figure 5. 20 GA tuned PID response under both disturbance condition

Figure 5.20 shows that, even when both temperature and flow variation disturbance effects
are present, the performance of the GA_PID controller tuned based on minimizing the
ITAE objective function outperforms the one tuned based on minimizing the ISE and the

IAE objective functions.

Table 5. 16 Performance measure of GA_PID controller under both disturbance condition

Performance measure

Controllers
Settling Time  Percentage overshoot IAE

PID-ISE 44.5518sec 28.9300% 943
PID-IAE 37.6711sec 22.7646% 111.2
PID-ITAE  34.7165sec 11.7824% 112.7

From table 5.16, it can be clearly observed that GA PID tuned based on minimizing ISE
objective function exhibits an overshoot of 28.93%. This overshoot has been reduced to
22.7646% by tuning the gains of PID based on minimizing the IAE objective function.
Even though the overshoot has decreased to some extent, it can be further minimized to
11.7824% by tuning the gains of the PID based on minimizing the ITAE objective
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function. In GA_PID tuned based on minimizing the ISE objective function, the settling
time was 44.5518sec, whereas in GA_PID tuned using the IAE objective function, the
settling time has been minimized to 37.671sec. The settling time is further minimized to
34.7165sec using the ITAE objective function.

5.6.3. Response of ANFIS PD controller subjected to both disturbances
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Figure 5. 21 ANFIS PD response under both disturbance condition

From Figure 5.21, it can be clearly observed that the performance of the ANFIS PD
controller is still good with the presence of both temperature and flow variation
disturbances. As shown in the figure above, when the system is subjected to both
disturbance conditions, it results in some steady-state error, but the error is within the
acceptable range of operation. The performance measures of ANFIS PD are summarized in
table 5.17.

Table 5. 17 ANFIS PD performance measures under both disturbance condition

Performance measure

Controllers
Settling time Percentage overshoot IAE

ANFISPD 27.9320sec 0.00012% 159.6
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5.6.4. Performance comparison of the proposed controllers under both disturbance

conditions
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Figure 5. 22 Performance comparison of the proposed controllers under both disturbance
condition

Table 5. 18 Performance measures of the proposed controllers under both disturbance

Performance measure

Controllers

Settling Time Percentage overshoot  IAE
ZN-PID 58.3978sec 39.3236% 119.9
PID-ISE 44.5518sec 28.9300% 94.3
PID-1AE 37.6711sec 22.7646% 111.2
PID-ITAE  34.7165sec 11.7824% 112.7
ANFISPD 27.9320sec 0.00012% 159.6
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Performance comparison of the proposed controllers under both
disturbance scenario
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Figure 5. 23 Bar chart representation under both disturbance scenario

From table 5.18, it can be clearly observed that the best transient performance has been
found when ANFIS PD is implemented. The settling time and percentage overshoot of the
ANFIS PD controller have been found to be 27.9sec and 0.00012% respectively. Whereas
the least transient performance has been found when a ZN PID controller is implemented.
The least IAE value has been found when GA PID based on minimizing ISE objective

function is implemented.
Simulation result summary

From the obtained result and the analysis made the following points have been concluded

v' The overall performance of the ANFIS PD controller is much better with and
without the presence of disturbance effect when compared to ZN tuned PID and
GA tuned PID controllers within an acceptable range of the IAE value.

v' The presence of a trade-off between transient response criteria and error-based
criteria in STHE temperature control system.

v' Among the three objective functions used in the GA based PID controller, the
overall performance of the GA_PID tuned based on minimizing ITAE objective
function has been found to be the best with and without the presence of disturbance
effect.
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Temperature variation disturbance has a more significant effect than flow variation

disturbance on a STHE temperature control system.

The percentage overshoot of the ANFIS PD and GA_PID tuned based on
minimizing ISE objective functions was supposed to increase when the system is
subjected to the disturbance effect but has decreased. This is due to the fact that the
disturbance causes a certain amount of steady state error. The occurred steady state
error has increased the final value and made the overshoot decrease.

From the observed simulation result under all the scenarios, namely no disturbance,
flow disturbance, temperature disturbance, and both disturbance scenarios, the least
IAE value is found when GA_PID based on minimizing ISE objective function is
implemented. This is due to the fact that the main goal of this objective function is

to penalize large errors.

The other thing that can be concluded from the analysis is that even the best
controller does not achieve all the mentioned criteria at the same time in STHE
temperature control system. For instance, the performance of ANFIS PD is much
better than other controllers, but it has more I1AE value compared to the other
controllers. Therefore, control engineers need to trade-off transient response criteria
with error-based criteria of the controlled system so that their requirements are met

in a better manner.
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6. CONCLUSION AND RECOMMENDATION

6.1 Conclusion

This thesis work has taken a STHE system to compare the performance of different
controllers. The controllers that have been taken for comparison purposes are the ZN tuned
PID, the GA tuned PID, and the ANFIS PD controller. STHE is chosen because it is an
indispensible plant in nuclear power plants, petrochemical, sewage treatment, food
processing, beverage, chemical, pharmaceutical, and natural gas processing industries. And
the system is highly nonlinear, uncertain, time-delayed, and complex. Moreover, it
is accompanied by flow and temperature variation disturbance, which makes it a suitable

plant to make an analysis of the proposed controllers.

The PID controller has been tuned using classical ZN tuning method and GA optimization
techniques. Three objective functions have been used under genetic algorithms, namely
IAE, ITAE, and ISE. Among the three objective functions, ITAE has provided the best
performance with and without the presence of the disturbance effect in terms of transient
response criteria, whereas the ISE objective function has provided the best performance in
terms of error-based criteria when compared to the other two objective functions. The
overall performance of GA_PID tuned based on minimizing ITAE objective function is
good; however, it results in the presence of overshoot. The settling time and maximum
overshoot of the GA_PID tuned based on minimizing ITAE objective function is further

minimized using the ANFIS PD controller.

The ANFIS PD is designed in such a way that first the GA optimized PID controller is
used so as to obtain the training data set for the ANFIS design. The data sets that are taken
for ANFIS training are error, rate of change of error, and control signal. Once the ANFIS

structure is obtained, it is implemented into the proposed system.

The performance of the proposed controllers has been compared under four scenarios,
namely no disturbance, flow variation disturbance, temperature variation disturbance, and
both disturbance conditions. Among the proposed controllers, ANFIS PD has provided the
best transient response performance with and without the presence of disturbance effects.
Whereas the best error-based performance is obtained when the GA_PID is tuned based on
minimizing the ISE objective function. However, it results in a longer settling time and a

higher amount of overshoot.
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6.2 Recommendation

The parameters of the system specification have been taken from closely related work to
compare the performance of the proposed controllers. Testing the controller’s performance
using real-time data taken from the industry is recommended. Also, the same work can be
extended to other non-linear plants in process industries such as distillation columns,

continuous stirred tank reactors, boilers, and electric furnaces.

The optimization method that has been used in this thesis is GA optimization techniques,
and the work can be extended by implementing other optimization techniques such as
Particle Swarm Optimization, the Grey Wolf optimization method, the Local Search

Optimization Ant-Colony Optimization (ACO).
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APPENDIXES

Appendix A: MATLAB Simulink Models
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Figure A. 1 Simulink model PID controller under no disturbance condition.
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Figure A. 2 Simulink models of PID when the proposed system is subjected to flow

disturbance.
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Figure A. 3 Simulink models of PID when the proposed system is subjected to temperature

disturbance
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Figure A. 4 Simulink model of the ANFIS PD controller under no disturbance conditions.
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Figure A. 5 Simulink models the ANFIS PD when the proposed system is subjected to

flow disturbance.
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Figure A. 6 Simulink models the ANFIS PD when the proposed system is subjected to

temperature disturbance
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Appendix B: rule view and surface view of ANFIS
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Appendix C: MATLAB code for the genetic algorithm

function GA_PID_gain

options = optimoptions(‘ga’, PlotFcn’, @gaplotbestf);

options.PopulationSize = 60;

options.MaxGenerations = 90;

nvar = 3; % Number of parameters
LB=[000]; % Lower bound of tuning parameters
UB =[10152]; % Upper bound of tuning parameters

[X,~] = ga(@EvalObj,nvar,[],[1.[1.[].LB,UB,[],options);

function obj= EvalObj(x)

simulink_model="GA";

load_system(simulink_model);

gains= get_param(simulink_model,'modelworkspace’);
gains.assignin('Kp', x(1));

gains.assignin('Ki', x(2));

gains.assignin('"Kd’, x(3));

simOut= sim(simulink_model,'SaveOutput','on");

t = simOut.find(‘time");

el = simQut.find(‘error’);

n = length(el);

%ea = abs(el); % IAE
ea=t.*abs(el); % ITAE

Ovea = el1.72; % ISE
obj=0;

fori=2:n

stepsize = t(i)-t(i-1);
obj = obj+0.5*(ea(i-1)+ea(i))*stepsize;

end
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