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ABSTRACT 

Process control is essential in the industrial process because it guarantees the safety and 

optimization in a process. Additionally, process control is a useful tool to satisfy the 

environmental procedure and product quality necessities. In industries, one of the controlling 

process variables are liquid level, the liquid level controllers are a significant concern popular 

process and collective illustrative also real-world in engineering methods. Liquid level coupled 

tank system can be arranged into two fashionable forms of interacting and non- interacting form. 

In this thesis work only focus on interacting coupled tank control systems, there are many 

problems which affected the liquid level like nonlinearity of the system, modeling uncertainties 

and complex analysis, so to overcome those problems, and obtain constant stable output and fast 

response various controllers are required.   

Industrial control engineering requires fluid moved and reserved in a container. This thesis work 

presents the performance analysis of fractional order-PID controller for governing a liquid level 

of the tank system. Also for more validation of this work test other method of controllers. 

Various types of fractional-order (FOPID, TID, CRONE, and FOLL) controller and from those 

fractional order controller techniques FOPID and TID control will be tested to get compare the 

performance of interacting coupled tank system.  

The output response is conducted within MATLAB®/Simulink® situation to verify the 

performances of the system in terms of rising Time (Tr), settling time (Ts), delay time (Td), peak 

time (Tp), undershoot and Overshoot (Os). The simulation result shows that controlling 

interacting CTS without disturbance the response is good, but including external disturbance on 

the second tank the controllers tested on this work is show week response except FOPID 

controller. The reason is FOPID controller has two more adjust parameter those increase the 

robustness of the system. From the controllers tested in this thesis work the fractional order 

proportional integral derivative controller (FOPID) has good performance compare to PID, TID, 

and digital-PID controllers that tested on this thesis. The performance specification of FOPID 

controller Os is 14.368%, Tp is 1.014sec, Td is 0.338sec, Ts is 3.581sec and Tr is 336.485ms𝑒𝑐.   

 Keywords: - Process control, Level process, coupled tank, PID, FOPID, and Digital-PID
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CHAPTER ONE 

INTRODUCTION 

1.1. Background  

Many industrial and scientific processing needs an understanding of the amount of the contents 

in the tank and other containers.  In many cases, it is not conceivable or not real-world to directly 

view the inner. The more understandable industrial application includes tank level gauging of 

milk, beer, wine in the industry, and level gauging of acid, oil, water treatment, and solvent 

vessels in chemical plants; level checking of liquid in reservoirs. All of these industries use 

coupled tank system. The arrangement of coupled tank system is two fashionable forms those are 

interacting and non-interacting. This research focus only on interacting coupled tank 

arrangement.  

Process control is essential in the industrial process because it guarantees the safety and 

optimization in a process. Additionally, process control is a useful tool to satisfy the 

environmental procedure and product quality necessities. For chemical engineers, process control 

is widely appropriate in the industrial process. In many processes, such as petrochemical, paper, 

and water treatment engineering is using the container to govern the level of the fluid. An 

equitable of the controller in the level control is to maintain at a given level of the set-point and 

to receive a recent set-point. The proceeding industry necessitates liquid prospect inflated, 

deposited containers, then inflate to an alternative reservoir, the fluids handled via fraternization 

behavior fashionable a container, nevertheless continually the level of fluid a reservoir essential 

organized, besides the movement a fluid commitment remain controlled. Height and outflow 

governor chamber is by the side of core industries‟ environments. Interacting coupled tank 

regulation of system manufacturing is an inspiring assignment for frequent sources outstanding 

to non-linearity. Controls the fluid level in the coupled container are the most important concern 

in the system. The level of the fluid is too high for various disappointed response stability, cause 

destruction. When the liquid height is low, it might require unstable significances for the system. 

The industrial process presents many challenging control problems due to their non-linear 

dynamics behavior. Nonlinear models are used where accuracy over a wider range of operations 

is required where they can be directly incorporated into the controller algorithm. Because of the 
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characteristic nonlinearity, most of the chemical process industries require control techniques, 

those to control such systems used fractional order controls. The nonlinear system taken up for 

the study is the coupled tanks. The engineering application of liquid level control is tremendous, 

specifically in chemical process industries.  

1.2. Type of industrial tank systems  

To analysis the mathematical model of the coupled tank systems first you have to know what 

types of tank systems are used. Related to tank type the mathematical model also differs. There 

are many variation of level process which contains: - spherical tank, cylindrical tank, canonical 

tank, and rectangular tank which show in Figure 1.1. Usually controlled based on the error signal 

and have a least upstream or downstream the control valve. When the inlet flow 𝑞i and the 

outflow 𝑞o of the system has controlling the level of the tank. From those tank in this work focus 

on rectangular coupled tank system; 

 

Figure 1.1:- Type of tank systems [1] 

In earlier industry, people controlled the liquid level done a fixed liquid height switch. When the 

liquid is up to a convinced level, the switch is mechanically closed or open to control the level. 

With the continuous progress of mechanization, continuous control of the liquid level, that is, 

perceiving the fluid level at all a time is required in the industry.  

Liquid level is one of the vital variables used in industries like power plants, chemical reaction 

control, petrochemical process, food processing plant, paint manufacturing plant, and waste 

water treatment tanks. Most of these world industries widely use PID controller for regulating 

the level process of the tank and managing industrial processes, in over 90% cases, industrial 
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PID controllers are used. PID controller has been used successfully for regulating processes in 

industry for more than 70 years and they are often referred to as standard controllers [2]. It is a 

simple and effective control method and it can be easily implemented for industrial control 

applications in linear systems control. But it is challengeable to use for nonlinear systems and do 

not get the desired response, on the other hand the simplicity of these controllers can also 

represent their weakness, because there are controlled objects (objects with significant 

nonlinearity), which require the application of complex control laws in order to achieve 

satisfactory performance [`2].  

The modern digital control systems require more and more strong and fastest calculation 

components. Today, digital controllers are being used in many large and small-scale control 

systems, replacing the analog controllers. It is now a common practice to implement PID 

controllers in its digital version, i.e. they operate in discrete time domain and deal with analog 

signals quantized in a limited number of levels. Moreover, in such controller we do not need 

much space and they are not expensive. A lower bound for the sample period is the computing 

time of a whole cycle of the digital-PID. However, the digital-PID control algorithm is not 

advisable for the complex and nonlinear system, one of the ways to improve the product and also 

for the effectiveness of traditional PID controllers is to use fractional order controllers with non-

integer derivation and integration parts [3]. 

Controlling of level process regulator is the main problem in a process variable along with a 

mutual demonstrative and concrete in engineering practices. The preceding manufacturing, 

human-contained the fluid level terminated a permanent fluid level adjustment while a liquefied 

corresponding with a convinced level; now this thesis work paper, the success of fractional-order 

PID controller to control the process level concerning the interacting coupled tank is analyzed. 

The multitude of industries processes such as petrochemical, water treatment, and beer is with a 

container to governor the height. Level of the fluid is necessarily governed within appropriate 

controllers. A key purpose of a controller in the systems keeps a height at the chosen set point 

and adaptable to the new set-point [4]. 

The IOPID controls are normally recycled in controlling the height of the container in industries 

since governing the liquid in many tanks and undertaking between the tanks is a straightforward 

complication in the industries. Proportional controllers are appropriate to lead industrial 
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controllers and for that reason are issues of steady exertion for the progress of their performance 

and robustness. One of the prospects to increase proportional integral derivative controls are to 

practice PI
λ
D

µ
 among fractional-order integer portions. The FO controllers are derived from the 

integer order by adding the fractional powers in integral and derivative terms. It permits us to 

adjust the derivative Miu (µ ) and integral lambda (λ) order in addition to the kp, ki and kd 

constants where the values of µ and λ invention between zero and one [4]. The fractional 

calculus is getting much more attention for such kind of situation in the field of control system 

engineering due to its potential and significant importance. The controllers, making use of 

fractional-order derivatives and integrals, give improved results compared to the classical 

controller IOPID in terms of robustness. Fractional-order (FO) controllers are usually expressed 

by fractional-order differential equations [5]. 

The process industries needed liquid to stand pumped and stored fashionable the tanks and 

formerly pump it to another tank. Repeatedly the level of the tank must be controlled. In 

furthermost industries, chemical processes present many stimulating outstanding to their non-

linear dynamics behavior. Various industrial processes are non-linear in nature and designing the 

controller for such type of process is very tedious [6]. From the time when the non-linearity, the 

controller develops a challenging task to attain reasonable performance using different shapes of 

tanks.  

The primary task of the controls is to retain a scheme at a set point alternatively, from a FOC, 

FOPID controller which is widely applied in feedback control of the industrial system. These 

controllers are defined with their simple construction and method. FOPID controllers are also 

enabled to provide expected performance for systems [7]. This thesis work is intended to analyze 

the achievement of the FOPID controller on process level control. This study proposes a FOPID 

controller for level process control in the coupled tank system. 

1.3. Statement of problem 

The statement of problem is to investigate the execution analysis of fractional order PID 

controller for process-level control in a coupled tank in an instance of the interacting 

arrangement. The liquid position control system has the characteristics of higher nonlinearity, 

complexity, and also integral-order PID or conventional controller may not track the required 
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output under all circumstances of the system property. Those entire problems obtain in a coupled 

tank system, so to overcome the problem or a particular explanation to succeed in the 

achievement of the system is by apply the fractional order-PID controller.  

1.4. Objective  

1.4.1. General objective  

The main objective of the study is to analysis the performance of fractional order-PID controller 

for process-level controls in the face of interacting coupled tank systems.  

1.4.2. Specific objectives 

The specific objectives in order to address the general objective of the study are: 

 To develop a mathematical model of the interacting coupled tank system and numerical 

analysis of the system. 

 To develop the model of FOPID for level process control systems in case of the 

interacting coupled tank system.  

 To check the stability of coupled tank system by using Lyapunov quadratic stability 

method.  

 To simulate the overall system using MATLAB®/SIMULINK®. 

 To evaluate the performance and comparative analysis of all the proposed controllers.  

 1.5. Relevance of the study  

In the modern industrial process controlling system is the concentration on its 

performance. Due to the problematic of numerous factories that interrupt the system, so to 

reduce the disruption, increase the quality of the product, and reduce operating cost it 

is beneficial to analyze the attainment of a system by using fractional order controller for level 

process control in case of interacting coupled tank system. In this study, fractional order PID 

controllers are proposed. A technique using a FOPID controller and also the evaluation the 

controller performance is investigated with MATLAB®/SIMULINK® simulation. 
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1.6. Scope of the study  

The thesis is deal about controlling of interacting CTS using fractional order PID controller. 

Modeling of CTS with external disturbance on tank 2 only; all of the models are verify through 

simulation using MATLAB®/SIMULINK® and also need to add the FOMCON toolbox into 

MATLAB®/SIMULINK® for fractional order controller. The effectiveness of controllers is 

studied popular detail of the transit response within a chosen value of input value. 

1.7. Motivation 

The improvement of the control process for coupled tank systems is complex and more 

stimulating because of dynamics or non-linear by nature which shows maximum point 

behavior. The interacting containers are a challenge as a result of the following issues. 

 Non-linear & maximum stage system. 

 Multi-variable description effects collaboration within a coupled tank extremely 

liquid could move either two directions. 

 A level characterized by the coupled tanks has to be conserved at the chosen set 

point. 

Performance analysis of the process has a substantial problem in control as well as increasingly 

accepted as an area of importance in many processes industry. This problem has individual 

importance among the engineering community, because it offers a solution to control the 

processes that cannot be designated by a SISO model. This study aims to assessment of the 

FOPID controllers in order to get the process level to regulate when the system is interacting. 

1.8. Methodology  

The methodology of this thesis is engaged to carry out the analysis start with reviewing of 

literature, which includes reading of books, publication papers and thesis works to get essential 

information and ideas that will assist me to focus my work. The central part of the paper 

undertaking is mathematical modeling of the coupled tank, and finding transfer function based 

on physical parameters of coupled tank system. Then a difficulty problem arising from here is 

higher nonlinearity, complexity and conventional controller may not track the required output 
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under all circumstances so to overcome the system FOPID controllers are used. Therefore, PI
λ
D

µ
 

controller is designed for controlling coupled tank system and performance analysis and 

interpretations is done with simulation results; a good performance is observed in fractional 

order PID controller.  

A controller design is based on using MATLAB/SIMULINK. At the end also add another 

controller to improve system performance significantly. Hence, in this paper the conventional 

PID, digital-PID, FOPID, and TID controller simulation results will be compared using time 

domain specifications for instance overshoot, rise time, peak time, delay time, and settling time. 

1.9. Organization of the thesis  

The thesis is organized in to six parts:  

 Chapter one- Introduction  

 Chapter two- Literature review  

 Chapter three- System modeling  

 Chapter four- Controlling system and design 

 Chapter five- Simulation result and discussions 

 Chapter six- Conclusion and future works   
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CHAPTER TWO 

LITERATURE REVIEW 

2.1. Introduction  

This chapter will discuss about the article that referred for these IOPID, digital and fractional 

order-PID and TID controllers and the plant that has proposed. Controlling the level process is 

the main issue that rises in the process industry. Advanced systems cover a wide range of 

technologies related to hard sciences, such as modeling, control theory and soft sciences. It is 

very important to keep the process working probably and safely in the industry, for 

environmental issues and for the quality of the product being processed. There are so many 

papers done around those control systems. 

2.2. Related work   

Some important concepts and previously accomplished works related to this thesis are reviewed 

as follows. 

Varikuntla Rama koteswara rao et al (2021) studied; Coupled Tank System is one of the 

applications in industrial production. The process control especially controlling liquid level is 

important and widely applied in various fields such as liquid storage tank, a feeding tank, a 

product tank, the intermediate buffer containers and water tanks. In CTS, the overall process 

need liquids to be pumped, stored in the tank and pumped again to another tank for certain 

desired level. The liquid is required to be maintained in a specific height or certain range. 

Efficient and effective controls of these processes have immense economical advantage and its 

success depends on the type of control strategy. CTS are a typical representative of the process 

control. It has nonlinear and complex characteristics [8]. 

Dung Vuong Quoc et al (2021) studied PID controllers have been used in industrial control 

applications for a long time. This is due to its simplicity, low-cost design and robust performance 

in a wide range of operating conditions. 90% of the controllers used in industries are PID 

controllers. By adding a derivative term into PI controller, it improves the stability of control 

loop. The combined effect of Proportional and Derivative (D) controllers introduces a predictive 

capability in the controller since D term is able to react to foreseeable future control errors. The 
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proportional term works as a fast-acting correction which will produce a change in the output as 

quickly as the error arises. The integral action takes a period of finite time to act but has the 

capability to make the steady zero state error. Unfortunately, tuning the PID controllers is tedious 

and it might be difficult to tune the PID gains properly due to the nonlinearity and the high 

complexity of the system [9]. 

O.T. Makki and L S Mohammad, (2021), studied PID controllers are widely used in multiple 

industries because of their simple mechanisms and structures. Usually, such controllers are tuned 

manually to obtain suitable values for the relevant parameters, which are Kp, Ki, and Kd. 

Choosing values for these parameters depends on maximizing the transfer function within the 

plant to develop a stable, controlled system that can handle uncertainties and perturbations. 

Sometimes, the derivative gain may be omitted because it is challenging to choose the 

appropriate value for this; however, incorrect values for PID coefficients may lead to unstable 

behavior [10]. 

Alok Prakash et al (2016) studied Design of IMC based PID Controller for Coupled Tank 

System. The performance of the PID controllers commonly used in process control industries 

depends upon the controller tuning parameters. An IMC based controller is designed and 

presented here for a coupled tank level control system which is of non-interacting type. The 

obtained transfer function is approximated into FOPDT model for the estimation of the IMC-PID 

controller tuning parameters in terms closed-loop time constant [11]. 

Daniel Y. Abramovitch (2016) studied a unified framework for considering analog and digital 

PID controllers by tying them to second order linear models. The uniform treatment allows a 

designer to read different PID specifications in the literature and easily relate them in a common 

way. These relationships also allow: better design of continuous time PID controllers by 

extracting the gains from standard controller forms, better implementation of discrete PID 

controllers through a better understanding of their relationships to the continuous forms, and 

simplified linear analysis of PID controllers [12].  

Kartik Sharma1 et al (2017) described digital-PID controller design for DC/DC converters using 

re-design approach. To obtain desired characteristics in terms of loop gain, crossover-frequency 

and phase-margin, digital filter direct form based PID controller is designed. Conventionally 
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analog methods were popular for control of these converters. The developed controller is mapped 

from continuous domain to discrete domain by using backward Euler methods, the digital-PID 

have greater performance compare to conventional one [13].  

Dariusz Horla et al (2020) studied currently; fractional-order control is increasingly used to 

achieve better performance in control systems in comparison with classic integer-order control. It 

also becomes more and more popular in industrial applications. Tuning of FO controllers is 

challenging, since, in a general framework of a FOPID controller there are five parameters to 

tune while with a PID integer-order controller there are only three parameters [14].  

Rohit Sharma, Sumit Mohanty et al (2016) performed designing of digital-PID controller which 

controls the blood glucose level of diabetic patient. Therefore PID designed with Cohencoon is 

implemented here and converted into digital domain using various transformation techniques. It 

can further be implemented on FPGA or any other programmable logic device [15]. 

Adrian-Josue Guel-Cortez et al (2021) studied, These fractional-order PID or PI𝜆D𝜇 controllers 

include a derivative D𝜇 and an integral I𝜆 of non-integer orders 𝜇, 𝜆 > 0 ∈ ℝ. The values 𝜇 and 𝜆 

add more degrees of freedom to the controller, which creates a more flexible controller in 

comparison with the classical PID controller. Additionally it has been shown that PI𝜆D𝜇 

controllers provide better results when being applied to fractional-order systems [16]. 

Aiswarya Lakshmi Sasidharan Nair et al (2017) performed the control of the fluid level in the 

tank and movement in between the tanks is a fundamental issue in industries. The liquid process 

requires be pumping, reserving in the tank. The liquids will be handled many times in the 

industries but continuously the level of fluids in the container must be adjusted. It is essential to 

understand how the tank is controlled and how the level control problems are solved [17]. 

Sruthi V. J and Dr. Binu L. S (2016) studied FOPID Controller for level control in a spherical 

tank. Fractional order mathematical phenomena can be used to describe and model a real object 

more accurately than the classical integer methods. It is a generalization of classical integer order 

control theory with differentiation and integration of non-integer orders. Due to different rates of 

inlet and outlet streams the spherical tank height of stored liquid changes with time. The level of 

liquid varies nonlinearly as the area of cross section varies with height [18].  
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Marwan Nafea et al (2018) studied liquid flow and level control are essential requirements in 

various industries, controlling the liquids flow and levels in industries is challenging due to the 

existence of nonlinearity and modeling uncertainties of the plants. A time-varying nonlinear 

dynamic model is developed and the corresponding linearized perturbation models are derived 

from the nonlinear model. Controlling the level of liquids in coupled tanks and the flow between 

them is a challenging issue for the industries. Designing a controller for such systems usually 

requires deriving complicated mathematical models of these systems, which are obtained from 

advanced physics and chemistry laws. In addition, the presence of nonlinearities and modeling 

uncertainties add more challenges to this type of process control [19]. 

Muhammad Awais et al (2018) studied the control of liquid level in tanks and flow between 

tanks is a problem in the process technologies. PID controllers are easy to implement and robust 

in nature. But the main disadvantage is that PID cannot handle the constraints and tuning PID 

controllers is rather very difficult. In this paper, model predictive control is designed for a simple 

two coupled tanks comprising many tool of control, it is clear that the MPC control is very 

suitable for nonlinear processes (by using linearizing processes). Therefore allows for basic a 

good disturbance rejection and good robustness to model errors. Thus, we can design other 

models of process control level as the method of generalized predictive control GPC which may 

include disturbances and noise on the inputs and outputs [20]. 

Jitendra Kumar Goyal et al (2019) those researcher studies, the earlier approaches to designing a 

linear controller for a nonlinear system are two-fold. The first considers linearizing the plant 

around some operating point, there by ignoring the dynamics posed by higher-order terms while 

the second approach is to represent the system nonlinearities in the form of model uncertainties, 

without any approximation of the higher order terms. Since the system is governed by a highly 

nonlinear dynamics, it requires linearization of the system for analysis using a linear control 

technique. Design a PI controller and an intelligent fuzzy controller for good tracking 

performance of the liquid levels [21]. 

Trinh Luong Mien (2019) presented a case study where the basic PID controller is combined 

with the fuzzy logic calculator for the nonlinear model of the liquid level of CTS. The simulation 

results suggest that the fuzzy-PID proposed controller can be applied to the liquid level control 

process in the chemical industry, where noise is always presented. The fuzzy-PID controller can 
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improve quality of the liquid level coupled-tank control system, increase the process efficiency 

and bring economic benefit to end-user [22].   

P. Gabriel Grace Keerthana et al (2016) studied; the level control in tanks is an ultimate issue in 

process control. It is important to pump up fluid and after that hold them inside tanks and after 

that exchange it to some other tank. Commonly the liquid should be prepared by chemical 

reactions or blending treatment within the tanks, in somewhat situation, dependably the level of 

liquid should be controlled. A very high might disturb response equilibria, result in some harm, 

or generate leakage of important or hazardous material. A very low level might produce terrible 

outcomes for the consecutive processes. Accordingly, liquid level control is a vital task in 

process industries. Conical tanks have applications in many industrial processes, to be specific 

processing of food, blending and treatment of waste water. Its shape allows better flow of solids, 

slurries and viscous fluids. So, level control in this tank is a very difficult issue because it is 

nonlinear and it always shows change in cross sectional area for that case to design linear 

quadratic regulator and also compare the performance with PID controller [23]. 

2.4. Summary of the literature  

This chapter is about the explanation for some article that will refer to gets the information or 

some knowledge that will apply to make the thesis run successfully. In the above literatures 

observe that, the proposed controller was got a better performance for different plant than 

conventional controller. Some paper has lack of controller design and also the coupled tank 

system is a very sensitive area in industry.  

Generally, when analysis the gap between the reviewed paper and performance of FOPID 

considering the fluid of control in the coupled tank system is; modeling of control the level  

process of an interacting CTS having high nonlinearity occurs on effect of external disturbance 

on the 2
nd

 tank. Also to require a good gain of controller proposed pole placement method of 

tuning. Stability checked by advanced Lyapunov stability method. And for comparative and 

validation purpose use three controllers (IOPID, DPID and TID). 
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CHAPTER THREE 

SYSTEM MODELING 

3.1. Introduction  

This section will discuss about the model that has been used to complete this thesis. The coupled 

tank liquid level system will be used in this thesis as a plant. Before to control the plant by 

proposed controllers must get to be know the modeling of the plant. For controlling any process, 

we need to do its mathematical modeling. Mathematical modeling of level processes is 

characterized by large time constants and/or time delays (dead time). In the instance of constant 

flow, in the stationary regime, the input and output quantities are equals. Mathematical models 

are needed for these processes to determine the mechanism of the process, simulate the behavior, 

establish the control structures, and establish the control strategies. They are simulated to get the 

expected process behavior with a proposed control system with particular set of tuning 

Parameters. Level process is one of the most common processes faced in industries. Owing to 

safety or process requirement, the level of the process liquid must be maintained at a certain 

level in spite of the disturbances.  

3.2. Modeling of interacting coupled tank system  

In this case, two tanks connected to the form of interacting form; here the level of the first tank 

depends on the level of the second tank. The straightforward principle of control interacting two 

containers is continued the height of the tank steady after the flow of fluid into the tank and flow 

out of the tank. Level of fluid of the tank is the main parameter used to govern the linked tank 

system in process industries [24]. The flow input rate is adjusted to maintain and govern the 

liquid level at an indicated value. The interacting coupled tank in figure 3.1 shows the schematic 

representation of a coupled tank system.Tank1 and Tank 2 were connected using a small pipe 

with the help of a valve. And there is an outlet connected to tank 2. The liquid used in the plant is 

accumulating to be non-viscous, incompressible and steady [25]. 
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Figure 3.1:- Schematic diagram of interacting coupled tank system 

The main parameters of the above system is, 

 Inlet flow  𝑞    

 Out late flow   (𝑞 ) 

 Cross-sectional areas   (A) 

 Heights of liquid in the tank    (h) 

 Valve/ pipe/resistance      (R) 

Where,  

𝑞  =Volumetric flow rate input (cm
3
/sec)  

𝑞 =Volumetric flow rate from tank 1 to tank 2 (cm
3
/sec)  

𝑞 = Volumetric flow rate from tank output (cm
3
/sec)  

   =Height of the liquid level input (cm)  

   =Height of the liquid level in tank 2 (cm) 

  = Cross sectional area of tank 1 (cm
2
)  

  = Cross sectional area of tank 2 (cm
2
) 

  =Linear resistance of flow from tank 1 through valve 1 (cm
-2

sec)  

  =Linear resistance of flow from tank 2 through valve 2 (cm
-2

sec)  
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Consider the flow of the liquid through a pipe from the pump to the process tank and another 

pipe from the process tank to another process tank. The resistance R for liquid-flow in such a 

container is defined as the change in the level difference to unit change in flow rate, that is 

R = 
                                

                        
 

   ⁄  
                                                                                                  (3.1) 

Changes in the 2
nd

 system will effect on the first system. The liquid level in 2
nd

 tank will affect 

the level on the 1
st
 system (interacting system). The differential equations of tank 1 and tank 2 

are obtained using the flow balance equation and given in (3.2) and (3.8). 

For tank 1:- 

 Mass balance equation can be written as 

1
1

1 qq
dt

dh
A in                                                                                                                            (3.2) 

From the definition of resistance, the relationship between h1, h2 and q1 is given by 

1

21
1

R

hh
q


                                                                                                                                 (3.3) 

Substitute (3.3) in to (3.2) we get,  

1

211
1

R

hh
q

dt

dh
A in


                                                                                                                  (3.4) 

211
1

11 hhqR
dt

dh
AR in                                                                                                              (3.5) 

By taking Laplace transform 

Note that R1A1 is the time constant of the system, Taking the LT of both sides of (3.5), we get 

)2()()()( 211111 hshsqRsshAR in                                                                                            (3.6) 

sAR

shsqR
sh in
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1

1
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                                                                                                               (3.7) 
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When   =       

s

shsqR
sh in
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                                                                                                               (3.8) 

For tank2:- 

The mass balance equation is  

21
2

1 qq
dt

dh
A                                                                                                                            (3.9) 
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q                                                                                                                                      (3.10) 
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                                                                                                            (3.11) 

From (3.11) we get, 

121212
2

212 RhhRhR
dt

dh
ARR                                                                                                (3.12) 

On dividing by R1 and taking Laplace transform  
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Where   =     

Substitute (3.8) in to (3.14) and we get, 
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Therefore the transfer function of the two tank interacting system is expressed as   

1122111
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                                                                         (3.17) 
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                                                                                  (3.18) 

3.3. Modeling of coupled tank systems with disturbance  

Disturbance analysis for an interacting container of fluid level control systems can be as 

follows:- 

Where, Din – disturbance of the system 

 

Figure 3.2:- Schematic diagram of the interacting coupled tank with a disturbance 

The disturbance transfer function analysis as below 

2
2

2 qD
dt

dh
A in                                                                                                                       (3.19)  

Since from (3.39)  𝑞  
  

  
 substitute into (3.19) and we get, 



Modeling and Performance Analysis of FOPID controller for Coupled Tank 

System 
 

Jimma University, JIT                    Control and Instrumentation Engineering Page 18 
 

2

22
2

R

h
D

dt

dh
A in                                                                                                                      (3.20) 

The LT of (3.20) we get,  
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The expression of external disturbance is similar to the above analysis. 

1)(

)(

11

11




sRA

R

sD

sh

ex

                                                                                                                    (3.22) 

 

 

 

 

 

 

 

 

 

 

 

 



Modeling and Performance Analysis of FOPID controller for Coupled Tank 

System 
 

Jimma University, JIT                    Control and Instrumentation Engineering Page 19 
 

CHAPTER FOUR 

CONTROL METHODS AND DESIGN 

4.1. Introduction   

A control structure is a system or set of devices, that manages the signal or regulates they 

presence of additional processes or systems to accomplish the chosen set-point. In other words, 

the definition of the control method can be simplified as a system, which controls other systems.  

4.2. Type of controllers framework  

There are two categories of control framework in control building such as open loop control 

framework and closed loop control framework. If the actuating signal (input of the plant/system) 

depends only on the reference signal and independent of the plant output which is called open 

loop control system while if the actuating signal depends both the reference signal and output of 

plant a control system is called feedback control (closed loop) system. The open loop control 

system is not used in practical since a plant/system is easily affected by parameter variations, 

noise and disturbance, but the feedback control system is most widely used in practical because, 

it can reduce the effect of parameter variations, disturbance and suppress noise. Open loop 

control methods are where in a control accomplishment is self-regulating the response the 

processes but a CLS in which the response affects the input insure that the input will regulate 

itself based on the response generated [26].   

If the process does not happened the desired performance specification, Controllers are used and 

also connected either in series with or parallel to the plant depending upon the specification. 

Show in figure 4.1 feedback control system with a controller. 

 

Figure 4.1:- Block diagram of closed loop control system 



Modeling and Performance Analysis of FOPID controller for Coupled Tank 

System 
 

Jimma University, JIT                    Control and Instrumentation Engineering Page 20 
 

As shown figure 4.1, control signals generated which are the change among the set-point signal 

and the feedback signal. The control signal resolves the scale through whatever an output 

response turns against the desired point. The controller is staying to keeping the controlled 

variable such as liquid level, motor speed; robot joint angle at a set-point in addition to the input 

signal is applied to plant which will give good results. Feedback control is an action in which a 

measured variable is compared to its desired value to produce an error signal which is acted upon 

in such as to decrease the amplitude of the error. For a plant with MIMO, the situation desires 

numerous regulators. For a SISO, need a single controller for managing.   

4.3. Introduction to PID controller 

PID controller used as a linear controller for the control process with a good response. A PID 

controller is commonly used in the process and applying accurately the grouping of three types 

of corrective actions to the error signal, which characterizes how far or near is the desired set 

point from the actual output. As widely known, these three control actions are proportional, 

integral and derivative The key feature when tuning PID controllers is in determining how to 

best syndicate those three terms to accomplish the most well-organized instruction of the process 

variable for the well-thought-out problem. As well known, the most understandable way is to use 

a simple weighted sum where each term is multiplied by a tuning constant or gain [27] PID's 

working principle is that it calculates an error value from the processed measured value and the 

desired reference point. The work of the PID-controller is to reduce the error by changing the 

inputs of the system. Proportional-integral derivative control is the basic control scheme of the 

classical control system [19]. The assessment of a process could be improved using the proper 

value of gain kp, ki and kd.  

 

Figure 4.2:- Block diagram of proportional-integral-derivative controller   
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Proportional gain kp- improve the structure to create it protected a capacity disorder. ki- Supports 

to decrease errors of steady-state. Kd- Supports to improve the establishment of a closed loop 

[28]. By calculating the value of three constants in the PID controller, it can offer a control 

achievement designed for specific activities.  

Now to design the proportional-integral-derivative controller a certain dominant pole placement 

method is used. The transfer function of PID controller need to Control 2
nd

 order plant (Gp(s)) 

(with slows designed or oscillatory open-loop changing aspects). 

4.4.1. Tuning of the controller parameters  

Before going to model the controller we need to design the tuning parameter, tuning method is 

pole placement design. The pole placement design method simply attempts to find a controller 

that gives desired closed loop poles [29]. 

First to find the value of the controller parameter so start from IOPID or conventional PID 

controller, suppose that the process is characterized by the second- order model. 

22 2
)(

nn

p
ss

k
sG

 
                                                                                                            (4.1) 

Where,  

        𝜉 -   Damping ratio of a second order plant 

       𝜔  – The natural frequency of a second order plant 

         k – Constant of a second order plant  

This model has four variables. We accept that the method is controlled by a PID controller 

parameterized as, 
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Where, 

                      

                 
                   

}    of the PID gain  

Then, the closed loop system transfer function becomes,  
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Substitute for       and        from above (4.1) and (4.2) respectively into equation (4.3) and 

has the characteristic equation give as,  
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as considered [30] currently, if the chosen CL calculation of the second order scheme can be 

specified as the qualifications on the 𝜉cl
 (damping ratio of the CL scheme) and 𝜔n

cl
 (natural 

frequency of the CL system) as in one can simply substitute the location of the real zero (α) by (-

α𝜉cl𝜔n
cl
), providing that s = -α𝜉cl𝜔n

cl
 is chosen to be huge sufficient regarding (-α𝜉cl𝜔n

cl
). 

Consequently, selecting an appropriate of comparative governance (α), the third order CL system 

(3
rd

) [31] determination accomplish like second order classification consuming the user –

specified CL damping ratio 𝜉cl
 (percentage of maximum overshoot) and closed loop natural 

frequency 𝜔n
cl
(rise time). In this situation, the distinguishing polynomial is inscribed as:  
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After multiplication of the above (4.5) we get, 
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Relating the coefficients of (4.6) with the denominator of (4.4), mathematical modeling of PID 

controller gain can be calculated as follow. 

𝜔n
2
 + kkp = 1 + 2α (𝜉cl

)
2 
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kki = α cl
(  
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3
                                                                                                                           (4.9) 
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ki = 
       

    

 
                                                                                                                             (4.10) 

2𝜉𝜔n + kkd = (2+α)     
                                                                                                           (4.11) 

kkd = (2+α)     
   - 2𝜉𝜔n                                                                                                          (4.12) 

kd = 
          

         

 
                                                                                                                (4.13) 

The overall parameters of PID controller (4.8), (4.10), and (4.13) from the above get in this way, 
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4.5. Introduction to Digital controller 

In most modern engineering systems, it is necessary to control the evolution with time of one or 

more of the system variables. Controllers are required to ensure satisfactory transient and steady-

state behavior for these engineering systems. To guarantee satisfactory performance in the 

presence of disturbances and model uncertainty, most controllers in use today employ some form 

of negative feedback [32]. 

The controller that manipulates the error signal to determine the desired control action has 

classically been an analog system, which includes electrical, fluid, pneumatic, or mechanical 

components. These systems all have analog inputs and outputs (i.e., their input and output signals 

are defined over a continuous time interval and have values that are defined over a continuous 

range of amplitudes). In the past few decades, analog controllers have often been replaced by 

digital controllers whose inputs and outputs are defined at discrete time instances. The digital 

controllers are in the form of digital circuits, digital computers, or microprocessors [33]. 

The reason to use the digital controller; 
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 We can handle delays and loss of information  

 They don‟t cost much  

 Flexibility to change later 

 More robust to environment disturbance  

4.5.1. Digital-PID controller  

The discrete time PID controller is developed from analog counterpart using different methods 

[34]. Digital control systems employ a computer as a fundamental component in the controller. 

The computer typically receives a measurement of the controlled variable, also often receives the 

reference input, and produces its output using an algorithm. This output is usually converted to 

an analog signal using a D/A converter, then amplified by a power amplifier to drive the plant. A 

block diagram of a typical digital control system is shown in Figure 4.3.  

Previous work on continuous time PID controller design in parameter space, corresponding 

results are missing for digital-PID controllers. While it is always possible to design a continuous 

time PID controller and then discretize it for a digital implementation, it is preferable to directly 

design the digital-PID in the z-domain especially in the presence of a sampling time that is not 

too small which is typical for automotive control systems that rely on measurements from the 

CAN bus [35]. The modern digital control systems require more and more strong and fastest 

calculation components. field, digital-PID controller can not only use the software to realize the 

PID control algorithm, but also can use the logic function of the computer to make the PID 

control more flexible. At present, digital-PID controller has been widely used in mechanical, 

electromechanical, metallurgy, chemical industry and so on [36]. 

 

Figure 4.3:- Block diagram of Digital-PID controller [36] 
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4.5.2. Method of conversion of conventional controller  

There are different method to convert continues transfer function into discrete function. Those 

are, 

 „zoh‟- Zero order hold on the inputs  

 „foh‟- linear interpolation inputs 

 „impulse‟- impulse invariant discretization 

 Back ward Euler approximation to the derivative  

 For ward Euler approximation  

 „tustin‟- bilinear (Tustin) approximation or trapezoidal method   

 „Matched‟- matched pole zero method (for SISO system only).  

Some of the most popular techniques are briefly listed in table 4.1 

           Table 4.1:- Different way of conversion process [37] 

Method Approximation 

Forward difference method S 
   

 
 

Backward difference method S  
   

  
 

Trapezoidal/Tustin transformation method S   
 

 
(
   

   
) = 

 

 
 (

     

      ) 

 

The trapezoid-rule substitution is additionally known, particularly in digital and sampled-data 

control circles, as Tustin's method. The transformation is also called the bilinear transformation 

from consideration of its mathematical form. The design strategy can be summarized by 

expressing the rule as show: Given a continuous transfer function (channel), H(s), a discrete 

equivalent can be found by the substitution. 

                          HT (z) = H(s)|s = 
 

 
 *

     

     
+                                                                   (4.15) 

Controllers are required to ensure satisfactory transient and steady state behavior for the 

engineering systems. To guarantee satisfactory performance in the presence of disturbance and 
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model uncertainty, most controllers in use today employ some form of negative feedback. Today 

the analog controllers have been replaced by digital controllers to achieve better control [39]. 

The digital-PID controller design based on analog PID is converted via bilinear transformation. 

This transformation is given by: 

             s = 
 

 
 *

     

     
+                                                                                                                 (4.16) 

Where T is the sample time interval, 

In this particular power system T is small enough to results in a higher sample rate, the digital 

PID controller gives the same result as the analog counterpart as expected. Moreover the digital 

computer in the loop yields many advantages such as reduction of cost, flexibility of the design 

change, and importantly it immunes to noise. Any future change in the system is replaced by a 

simple software update over an expansive hardware replacement. Using a digital-PID controller 

achieves a balance in both rising time and overshoot. In the particular case, the lesser over shoot 

and smaller rising time was obtained simultaneously, which implies that the finer the tuner [38]. 

Consider (4.2), and take conversion process by using trapezoidal integration (Tustin or Bilinear 

transform method and substitute (4.16) we get, 

         Gc(z) = kp + 
  

 

 
 *
     

     
+
 +kd 

 

  
 *

     

     
+                                                                                    (4.17) 
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Let assume k1, k2 and k3 for assigning the complex expression of (4.20) and we get, 
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Selection of the sampling rate:  

 The proper choice of the sampling interval is very important.  Too low sampling 

frequency may lose so much information that the control performance deteriorates and 

the system dynamics is lost. 

 Too high sampling rate increases the burden of the processor; also, it may lead to discrete 

representation with bad numerical properties. 

 For oscillating systems the sampling interval is often tied to the frequency of the 

dominating oscillation.  For damped systems the sampling interval is usually chosen to be 

in relation to the time constant. 

4.6. Basic concepts of Fractional order calculus  

Fractional calculus is an old accurate topic since the 17
th

 century. The sectional-order calculus is 

a zone of mathematics that expresses through derivatives and integrals since non-integer 

guidelines. In additional verses, it is an oversimplification of the old fashioned calculus that 

indicates equivalent conceptions and apparatuses but through considerably larger appropriates. 

Happening the last two periods, fractional calculus has remained recollected by scientists and 

engineers and applied in an accumulative number of grounds, specifically in the area of regulator 

concept. Fractional calculus benefits to estimate
  

   
, α - fold integrals where α is fractional, 

irrational, or complex. Fractional order systems, α is measured to be fractional. These 

mathematical occurrences permit telling an actual purpose additional correctly than conventional 

integer order approaches. The foremost purpose of expending the integers order simulations 

remained the interval of an explanation aimed at sectional differential equivalences. The success 

of fractional order controllers is absolute with a lot of success due to the development of 

effective methods in differentiation and integration of non-integer order equations. There are 

dissimilar explanations of Fractional-order-differentiations and integrations. Some of the 

definitions range directly from integer-order calculus. The well-established definitions include 

the Grunwald-Letnikov definition, the Cauchy integral formula, the Caputo definition, and the 
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Riemann-Liouville. Classification determination stands brief as follows and formerly their 

belongings determination remains particular. 

The FOC is based on generalization of differentiation and integration to an arbitrary order, which 

can be rational, irrational or even complex. This generalization has led to the introduction of 

basic continuous differ integral operator [39]. 

Cauchy‟s describe sectional Order integration. Characterization is an all-purpose the per request 

of the integer-order Cauchy formulation 

                     = 
      

   
∫

    

         
d                                                                                                   (4.22) 

Wherever C is the smooth curve neighboring the single-valued purpose g (t),  

Grunwald-Letnikov's explanation is perhaps the best known due to its most suitability for the 

realization of discrete control algorithms. The Grunwald-Letnikov definition is expresses as [35]. 

   
 
 f(t) =       

 

   ∑      ( 
 
)

   

 

   
 f(t - ϳh)                                                                            (4.23) 

Where   
  =      ( 

 
) denotes the factors of the polynomial (1-z)

α
 the factors can likewise 

remain developed recursively beginning 

  
  = 1,   

  = (1- 
   

 
     

 , when j = 1, 2, 3 … … … … .. 

Riemann–Liouville defines Fractional Order differentiation the Fractional Order integration is 

defined as [40] 

   
  

f(t) = 
 

    
∫          

 
f( )d                                                                                            (4.24) 

Where 0<β<1and b - the leading interval design, repeatedly supposed towards remain nothing, 

i.e., b = 0. The separation is formally designated as    
  

f(t), The explanation exceeding formula 

is the nethermost repeatedly recycled classification in fractional- order calculus. The indexes on 

collected edges of D characterize the lower and upper restrictions in the combination. 

Caputo’s describe sectional Order separation). Caputo‟s classification is specified by 
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y(t) = 
 

      
∫

         

      

 

 
 d                                                                                                  (4.25)                                                                

Where α=m+ γ, m is an integer, and 0 < γ ≤ 1. Similarly, Caputo‟s sectional Order addition is 

well-defined as 

   
 

y(t) = 
 

      
∫

    

        

 

 
 d , γ<0                                                                                           (4.26) 

4.7. Types of fractional order controller  

A FOPID regulator is the extension of the classical PID-controller based on fractional-calculus. 

For several years, engineering PID controllers have been presenting very commonly used in 

process industries. The significance of PID controls, incessant efforts is existence ended to 

develop robustness. An automatic regulator method, FOC is oversimplification integer-order 

controllers would regulate the robust control achievement and also more accurate.  The FOC 

which stands the overview of conventional IOC would main to additional detailed and robust 

governor performance. However, it is practical; the fractional-order simulations involve the FOC 

toward accomplishing the better assessments. The FOC is functional to rectilinear or non-

rectilinear dynamic forces to improved performances of a scheme. Generally, there are four main 

categories of FOC [41].  

 Fractional order PID-controller (FOPID) 

 Tilted proportional and integer controller (TID)  

 Commande Robuste d‟ordere Non Entire controller (CRONE) 

 Fractional lead-lag compensator (FLL) 

4.7.1. PI
λ
D

µ
 controller        

The FOPID controller has two more adaptable parameters than the PID controller, and the order 

of the controller can be chosen randomly, the FOPID controller owns more flexibility. In 

addition to that, the FOPID controller has great adaptability to the parameter variation of the 

control system. When the constraint of the control system change contained by a certain range, 

the system characteristics remain unchanged. So the FOPID controller has the characteristic of 

strong robustness. Control techniques including feedback control, optimal control, predictive 
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control, neural network control, fuzzy logic control, and so on, have been established 

meaningfully. 

Proportional integral derivative controllers are linear and symmetric and they have complications 

in the occurrence of non-linearity. This problem can be solved by using a FOPID controller. A 

regulator through integrator of actual order λ and differentiator actual order µ is a more common 

cause of the classical PID-controller which delivers more flexibility and robustness in tuning and 

control by an additional two degree of freedom in the system. 

       Table 4.2:- Special property of FOPID controller [41]. 

Controller Special identification of the controller 

 

 

FOPID 

 

 

Has two more adaptable parameters 

Controller has the characteristic of strong robustness 

More flexibility 

Great adaptability to the parameter variation of the control system 

 

These degrees of freedom are related to the orders of the integral and derivative parts which are 

extended to non-integer (fractional) values. The FOPID control suggested by Podlubny is a 

simplification of a traditional proportional-integral-derivative regulator expending the fractional 

multiplication. The TF is well-defined by (4.28). 

A FOPID control is characterized by five constraints, i.e. the proportional gain (Kp) the integral 

gain (Ki), the derivative gain (Kd), integral order (λ), and derivative order (µ) [42]. The FOPID 

controller is the increase of the conventional PID controller based on fractional mathematics. 

Due to the dominant importance of PID controllers develop their features and robustness [41]. 
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Figure 4.4:- Block diagram of coupled tank system with FOPID controller  

Fractional-order controllers have received significant responsiveness in the last years both from 

the academic and industrial point of view. Podlubny suggested an overall form of the IOPID 

control, is called PI
λ
D

µ
 control, where the values of λ and µ lie between 0 and 1. Related with the 

PID controller, the FOPID controller has more two adjustable parameters, which makes the 

parameter tuning more flexible, it is very essential significative for successful the control 

accuracy, therefore, the FOPID a controller applied for managing a level process in interacting 

two-tank [47]. The differential equation of PI
λ
D

µ
   the controller is shown as  

U(t) = kpe(t) + ki Dt
-λ

 e(t) + kdDt
µ
 e(t)                                                                                      (4.27) 

Relating Laplace transforms to this equation with zero initial conditions, the TF of the controller 

can be expressed by:       

Gfc(s) = 
    

    
 = kp + ki s

-λ
 + kds

µ
,        (λ>0, µ>0)                                                                      (4.28)                                                                              

Taking λ= 1 and µ = 1 it is the conventional PID controller, if λ = 1 and µ = 0 it is the 

conventional PI controller, if λ= 0 and µ = 1 it is the unadventurous PD controller and if both µ 

and λ = 0 it is P controller, it PI
λ
D

µ
 can be seen that the adjustable range of the fractional PI

λ
D

µ
 

the controller is wider than the conventional-PID controller, therefore, the guideline performance 

of the FOC is greater than the IOPID controls. 

 

Figure 4.5:- Graphs of PID controller [4] 
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4.7.2. Tilted proportional and integer (TID) controller 

Tilted-Proportional and Integral (TID) Controller is to provide an enhanced feed-back loop 

controller gains of the classical Proportional integral controller. In TID structure the proportional 

compensating unit is exchanged with a compensator having a transfer function characterized by 

 

    
 or

 

 
 
 
 

 . This compensator is herein referred to by way of a “Tilt” compensator, as it delivers a 

feedback gain as a function of frequency which is tilted or formed for the gain/frequency of a 

conservative or positional recompense unit. The perfect controller is herein referred to as a Tilt-

Integral Derivative (TID) controller. It contains three components tunable feedback loop control 

system which contains a proportional integral derivative controller. The individual change from 

the conventional controller is that the corresponding recompensing part of the framework is 

replaced with a more reasonable compensator which is having a transfer function. The term 

“Tilt” suggests that it can provide a feedback improvement as a frequency purpose that is shaped 

or tilted to improvement frequency of predictable reparation entity. A transfer function of TID 

can be written:-   

G(s) = kt(1/s)
1/n

 + 
  

 
 + skd                                                                                                         (4.29) 

Where n is a non-zero real number, the above transfer function is shown in the figure 4.6 as: 

 

Figure 4.6:- Tilt-integral derivative controller [43] 

The effects of TID controller can be summarized as:  

 Simple Tuning  
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 Feedback control is improved  

 Disturbance rejection ratio is improved  

 System parameter variation has less influence on closed-loop response  

The main parameter for tuning in the TID controller is the tunable coefficient “n” and the other 

parameters (ki and kd) are the same as we used in the conventional PID controller. Thus, the most 

optimum value of “n” is obtained by this technique for the lower percent of under/overshoot, 

settling time, and steady-state error [43].  

4.8. MATLAB toolboxes for analyzing fractional order systems 

In recent years, as fractional calculus develops more and more broadly used across different 

academic disciplines, there are growing difficulties for the numerical tools for the calculation of 

fractional integration/differentiation or the simulation of fractional-order systems. 

A) @fotf  

@fotf (fractional-order transfer- function) is a control tool-box for fractional-order systems 

developed by Xue. Most of the FOTF exclusive are extended from the MATLAB built in-

functions. @fotf tool-box uses the overload programming method to enable the related methods 

of the Matlab built-in functions to covenant through fractional-order models. The FOTF objects 

created from it can be collaborating utilizing generated from the MATLAB transfer-function 

course. Conversely, the over-loading of related functions such as impulse (), step (), etc. @fotf 

toolbox supports the time delay in the transfer function. It doesn't straight support the TF matrix; 

hence, MIMO systems can‟t be simulated. Nevertheless, meanwhile, it delivers Simulink-block -

encapsulation of the complicated function @fotf (), MIMO correlation recognized via physically 

adding round interfaces. A draw-back of the fraction order transfer function is that the sample 

time has a moderately big influence on accurateness [44]. 

B) Ninteger  

Ninteger, a non-integer MATLAB control toolbox, is a toolbox proposed to help with emerging 

FOC and evaluating their performance. Fractional order Simulink block diagram are involving 

the following function, such as nid, nipid, fotf, etc. [45]. 
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C) CRONE  

The crone-tool-box, established meanwhile 19
th

 by a crone group, is a Matlab and Simulink 

toolbox devoted to presentations of non-integer derivatives in industrial skill [45]. It developed 

beginning the inventive script version of the remaining programming. A respectable article of the 

toolbox is certain of the approaches are appreciated for MIMO fractional transfer functions. 

Numerous extra toolboxes are encouraged by CRONE, e.g Ninteger and FOMCON. The 

drawbacks of the crone toolbox are interval suspension can‟t be combined interested in the 

engendered FOTF. Crone a MATLAB toolbox consider more dominant than just simulating 

FOS. 

D) FOMCON 

The FOMCON (Fractional- Order-Modeling, and Control) Toolbox is established by Aleksei 

[46]. Its kernel works systems in @fotf, ninteger, and Crone. Summarizes the particular main 

function of individuals three–fractional-order (FOMCON) toolboxes, the relative FOMCON 

within three-toolboxes is obtainable in figure 4.7 particular distinguished deviations of the 

unique @fotf are  

 New fotf() practices string parser to allow operators to input-transfer- function as a string  

 tf2ss() are loaded and foss() are additional, which varieties the adaptation between fotf() 

entity and foss() article. The crone MATLAB-toolbox is consistently intelligent to               

do a task; contrariwise, an index is encoded in Matlab P-code format.  

In this thesis, the FOMCON Matlab toolbox is used because it contains the main functionalities 

of fotf, Ninteger, and Crone toolboxes [44]. 

 

Figure 4.7:- FOMCON relation to other fractional-order MATLAB toolboxes [44] 
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Figure 4.8:- FOMCON Simulink library 

4.9. Dynamic behavior of the plant  

To understand and control complex systems, we must obtain their quantitative mathematical 

models by analyzing the relationships between the variables of the system and employing 

Laplace transform or other mathematical tools [47]. A set of linear –differential-equation 

remained formulated to obtain a model transfer function that described the physical system of the 

plant.   

4.10. Performance measures criteria  

To test our model, we choose to use performance measures. These measures will be used in 

analyzing the performances of Fractional order proportional- integral-derivative controllers. 

Transient-response: - one of the furthermost essential characteristics of control is the reply of a 

system as a function of time.    

The speed of the response as represented by the rise-time (Tr) and The closeness of the response 

to the desired response as represented by the overshoot (Os) and its receipts for the system to 

touch to its steady-state is settling-time (Ts) [48]. 

4.11. Parameters of level control system  

The achievement of a process-level control system in interacting coupled tank for and compare 

the reply of the system with IOPID, digital-PID, TID and fractional-order PID controller, the 

selected parameter of the level tank is specified in table 4.3.  
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However, in order to achieve a good control performance the physical parameter values of the 

plant should be estimated. The difficulty with the parameter estimation for this system is due to 

the nonlinear dependence on the parameters, we consider the physical parameter‟s value from the 

following table 4.3 the effects of the environmental changes on the plant and the measurement 

noise [32].  

                Table 4.3:- Physical parameters of coupled tank system [32] 

No Description Parameter Value Units 

1 Area of tank1 A1 250 cm
2 

2 Area of tank2 A2 250 cm
2 

3 Resistance of tank1 R1 0.01 sec/cm
2
 

4 Resistance of tank2 R2 0.01 sec/cm
2
 

5 Height of tank1 h1 30 cm 

6 Height of tank2 h2 15 cm 

 

Since the open-loop transfer function of the system is given above by (3.18) and with (4.1) and 

the unknown open-loop system parameters, 𝜉, and 𝜔n are obtained. Using the parameters given 

in table 4.3 
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 = 

    

      
 = 5037.5  (4.34) 

ki   
       

    

 
 = 

   

      
  = 4750 (4.35) 

kd   
          

         

 
 = 

   

      
  = 2812.5  (4.36)           

The closed loop analysis of proportional-integral-derivative controller with a plant of interacting 

coupled tank system as follows,  

Gp(s) = 
      

            
                                             (4.37) 

The disturbance that consider      
     

      
 = 

  

       
  = 

    

      
                                       (4.38)                                                                                                                                                                         

For modeling of coupled tank system with disturbance, use the plant of CTS cascade with 

disturbance that considered on (4.38) then control the nonlinear system using FOPID controller. 

The selecting the desired parameters of a closed system and using the relation in (3.18), the gain 

of the classical-PID controller gain is considered which produce particular pole placement at 

specific- damping and frequency, providing relative dominance (α) in selected iteratively by 

examining the accurateness of system response. Here specific considerations of closed loop 

scheme preferred are      = 0.95 and   
   = 2

   

   
 selecting the appropriate value of the relative 

dominance by trial and error by checking the accuracy of system response. 
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4.12. Stability of the coupled tank system 

The stability of the system can be determined by using Quadratic form of Lyapunov stability 

criterion. This type of stability is the more general type of stability that a means of checking the 

system whether stable or not. There are different method of checking stability in side Lyapunov 

the most common are Direct, Indirect, Quadratic form, and Popov stability. From these methods 

we use Quadratic form of Lyapunov stability,  

Consider the function f(x) = x
T
Qx, where x =*

  

  
+ and x

T 
= [    ] and Q = I (Identity matrix). 

This is a case of a general form. We perform multiplication to get  

 x
T
Qx = [    ] *

  
  

+ *
  

  
+ 

          = [    ] *
  

  
+  =   

    
   

   V(x1, x2) =   
    

 , according to the property the system is positive definite of quadratic form. 

By apply Sylvester‟s theorem v(x) = x
T
Px, in a Quadratic form P is a symmetric matrix because 

of Pnm= Pmn, that mean P12=P21. The Lyapunov equation is A
T
P + PA= -Q. 

In case of nonlinear systems, the behavior for small derivations about the equilibrium point is 

different from that for large deviations. Hence local stability for such systems does not indicate 

the overall stability in the state space. Also the nonlinear systems having multiple equilibrium 

states, the trajectories move from one equilibrium point and tend to other with time. Thus 

stability in case of nonlinear system is always referred to equilibrium state instead of global term 

stability which is the total stability of the system. 

To check the stability of the system described by equation Gp(s) we will solve the equation of 

A
T
P + PA= -Q where for any symmetric, positive, definite real symmetric matrix Q. Let us select 

Q=I, where I is identity matrix. 

Accordingly, effecting state-space equation of a coupled tank system can be imitated from the 

(4.42)  
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We can find out matrix P for any arbitrary choice of positive, 

QPAPAT                                                                                                                          (4.44) 

Let us; 
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But P is symmetric matrix ⸫ p12 = p21 
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132.0 12  p   And 14.22 2212  pp  

02.116.0 121122  ppp  And 016.02.1 222111  ppp  
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125.312 p , substitute into 14.22 2212  pp and we get 02.322 p  next substitute p12 and p22 

on 016.02.1 222111  ppp  and we get 2332.411 p  











02.3126.3

125.32332.4
p                                                                                                                (4.46) 

Using Sylvester‟s criterion it can be seen that P is positive definiteness 











02.3126.3

125.32332.4
p 002.376.978.12    

p is positive definite. Hence the equilibrium state at origin is asymptotically stable in the large.  
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CHAPTER FIVE 

SIMULATION RESULTS AND DISCUSSION 

5.1. Introduction  

This chapter presents the simulation result using fractional order-PID controller for the coupled 

tank system. And also consider other three controllers like IOPID, digital-PID and TID controller 

for comparative and verification purpose of the thesis. The response performances of each 

controller are evaluated based on transient response criteria.  

5.2. Closed loop performance of interacting coupled tank system  

The closed loop performance of the interacting coupled tank system without any disturbance 

consideration is investigated using its MATLAB/Simulink model, the parameters used to carry 

out the simulation studies are provided in Table 4.3. 

 

Figure 5.1:- Simulink model of closed loop CTS    

The Simulink model of closed loop coupled tank system simulation result shown in figure 5.2. 
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Figure 5.2:- Simulation result of interacting CTS    

The closed loop performance of the interacting coupled tank system is investigated using its 

MATLAB/Simulink model with considering external disturbance, the parameters used to carry 

out the simulation studies are provided in Table 4.3. 

 

Figure 5.3:- Simulink model of closed loop CTS with disturbance 
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The simulation result of the Simulink model of closed loop performance of interacting coupled 

tank system is as shown in figure 5.3. The disturbance it may be moisture or any external noise 

that affect the system or in other word system to be high nonlinear in case of those disturbance.  

 

Figure 5.4:- Simulation result of interacting CTS with disturbance 

The result shows that, a very week response. This shows that necessity of controller for 

regulating of the system.   

5.3. Performance of interacting coupled tank with conventional-PID controller 

To demonstrate the performance of the interacting coupled tank with a PID controller using in 

MATLAB/Simulink, in this Simulink the interacting coupled tank system without external 

disturbance done.  The parameter of the level control is given in table 4.3 a Simulink model of 

the interacting coupled-tank with the PID controller is given in figure 5.5.  

And then compare the performance of interacting coupled tank system based PID controller with 

and without disturbance. 
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Figure 5.5:- Simulink model of CTS based PID controller   

 

Figure 5.6:- Simulation result of interacting CTS with PID controller 

The simulation result of interacting coupled tank system using PID controller is obtain week 

response compare to the desired output. The system is considering some disturbance (that means 

the system to be nonlinear) the output response is seeing in figure 5.8. 

To demonstrate the performance of the interacting coupled tank with a PID controller using in 

MATLAB/Simulink, the parameter of the level control is given in table 4.3 a Simulink model of 
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the interacting coupled tank based PID controller with internal and external disturbance and is 

given in figure 5.7. The external disturbance connected by adder with plant.   

 

Figure 5.7:- Simulink model of CTS based PID controller with disturbance 

In the figure 5.7 shows that the Simulink block of PID controller based CTS with external 

disturbance contain plant block and disturbance block, the response obtained from the Simulink 

model is shown in figure 5.8.  

 

Figure 5.8:- Simulation result of interacting CTS based PID controller with disturbance 
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As a result, obtained in figure 5.8 using the PID controls for the coupled interacting tank with 

external disturbance, the overshoot is 30.925% and rise time 790.510msec. 

5.4. Performance of interacting coupled tank with Digital-PID controller 

 

Figure 5.9:- Simulink model of CTS based Digital-PID controller 

Steps to digitalize process are seeing the step one by one using Simulink diagram. First click the 

block diagram of PID control block on MATLAB Library and double click block then select the 

discrete time. Next goes to discrete time setting and adjust the sampling time (Ts) for better 

performance use 0.1sec then select the parallel form and also select types of method that convert 

analog to digitalize and filtered method, select the trapezoidal integration method. The reason to 

use this method is trapezoidal or bilinear transformation by its own convert continues to discrete 

and also convert the response into continues one. Then goes to controller parameters to tune the 

parameters and insert the parameter values internally proportional gain (k), integral gain (I), and 

derivative gain (D). Finally check the overall settings to click apply and then OK. 
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Figure 5.10:- Step to conversion process using Simulink block diagram  

 

Figure 5.11:- Simulation result of CTS based Digital-PID controller 
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The simulation result of interacting coupled tank system using digital-PID controller without 

disturbance get good response compare to PID controller but this result is obtain  only in linear 

system otherwise the system is consider external disturbance (that mean the system to be high 

nonlinear) the output response is seeing in figure 5.13. 

 

Figure 5.12:- Simulink model of CTS based Digital-PID controller with disturbance 

In figure 5.12 the CTS based digital-PID block contains the plant, external disturbance. The 

digital-PID controller based CTS with disturbance the simulation result shows oscillated signal. 

But the response doesn‟t show the desired output. 

 

Figure 5.13:- Simulation result of CTS based Digital-PID controller with disturbance  
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When the sampling time change the simulation result of Digital-PID controller various output 

shows. This mean you have to select the appropriate value to get better response. So the 

appropriate value of the sampling time for digital-PID controller is 0.1sec this get by checking 

the accuracy of the response. As a result obtained the overshoot is 17.059% and rise time 

223.066msec. 

5.5. Performance of interacting coupled tank with TID controller 

Tilt-integral-derivative (TID) compensator is one of the factional order controllers, this control 

structure most like conventional PID controller with three tunable parameters.  But in TID the 

proportional behavior replaced by s
(1/n)

 or s
(-1/n)

, n is nonzero real number and for this plant prefer 

5. To demonstrate the performance of coupled interacting tanks with the TID controller in 

MATLAB/Simulink, the parameters of the level control are the same as given in table 4.3. The 

MATLAB/Simulink model of interacting tanks with TID control is shown in figure 5.14,   

 

Figure 5.14:- Simulink model of CTS based TID controller 

 

Figure 5.15:- Internal of tilted integral derivative (TID) controller 
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Figure 5.16:- Simulation result of CTS based TID controller with disturbance  

The simulation result shows that, TID controller also not obtain the desired response for linear 

system. For nonlinear system (considering external disturbance) the TID controller based CTS 

shows in figure 5.17. 

 

Figure 5.17:- Simulink model of CTS based TID controller with disturbance 
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Figure 5.18:- Simulation result of CTS based TID controller with disturbance  

From the result obtained in Figure 5.18, the output response of a system below the set point 

when the value of n is an increase, but if the value of n equals to five the overshoot is 115.965% 

the desired output of the interacting level tank is obtained at the rise time 488.654msec. This 

shows that TID controller is not suitable controller for nonlinear interacting coupled tank system.    

5.6. Performance of interacting coupled tank with fractional-order PID controller 

To demonstrate the performance of coupled interacting tank with fractional order PID controller 

in MATLAB/Simulink, the parameters of the level control are the same as given in table 4.3. 

FOPID controller combines PID controllers gain and in addition to two parameters those are 

lambda (λ) with integral gain and Miu (µ) with derivative gain. A simulated model for the 

fractional-order PID control system is as shown in figure 5.19.  
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Figure 5.19:- Simulink model of CTS based FOPID controller   

 

Figure 5.20:- Simulation result of CTS based FOPID controller   

The overall comparative analysis of the simulation result of the entire controller based CTS 

without any disturbance the fractional order-PID controller shows the better response for linear 

system. In high nonlinear system of CTS shown in figure 5.21 
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Figure 5.21:- Simulink model of CTS based FOPID controller with disturbance 

 

Figure 5.22:- Simulation result of CTS based FOPID controller with disturbance 

As we observed from figure 5.21, the result obtained in Figure 5.22 using fractional order PID 

controller for the coupled interacting tank. The range of integral and derivative order is [0, 1]. By 

checking the accuracy of the response the parameter value selected is λ and µ, is 0.75 and 0.95 

respectively. We don‟t have to need to add dead zone for FOPID because the controller by its 

own reduce the time delay and noise. The overshoot is 14.368%, the desired output of the 

interacting level tank is obtained rise time 335.485msec. This result shows the good response compare 

to tested controllers. 
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The overall performance comparison of interacting coupled tank system with conventional-PID, 

Digital-PID, TID, and FOPID is show in figure 5.23 and figure 5.24. 

 

Figure 5.23:- Simulink model of Comparative performance analysis of CTS with PID, digital-

PID, TID, and FOPID controller 

 

Figure 5.24:- Simulation result of comparative performance analysis of CTS with PID, digital-

PID, TID, and FOPID controller 
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The overall comparison of all the method of controllers use in this work and the specific values 

of each result shown in table 5.1, 

Table 5.1:- Comparative results of all method of controllers with considering disturbance  

 

 

Method of      

controllers 

 

Performance Criteria’s 

Integral and 

derivative 

order 

Overshoot 

Os (%) 

Undershoot 

(%) 

Rise time 

Tr (sec) 

Delay time 

Td (sec) 

Peak time 

Tp (sec) 

Settling 

time Ts (sec) 

 

λ 

 

µ 

IOPID 30.925 1.789 0.790 1.013 2.302 8.195 1 1 

Digital-PID 17.059 -0.824 0.223 1.359 1.540 6.612 - - 

TID 115.965 2.562 0.488 1.034 2.162 15.508 - - 

FOPID 14.368 1.969 0.336 0.338 1.014 3.581 0.75 0.95 
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CHAPTER SIX 

CONCLUSION AND FUTURE WORKS 

6.1. Conclusion 

Process control is essential in the industrial process because it guarantees the safety and 

optimization is a process. Additionally, process control is a useful tool to satisfy the 

environmental procedure and product quality necessities. For chemical engineers, process control 

is widely appropriate in the manufacturing system. Governing the height of the container in an 

industrial process is the main issue, for that case needed to design the appropriate controller. In 

this thesis work performance analysis FOPID control for process-level in case of the coupled 

tank system. 

The FOPID controller is the enlargement of the conventional-PID controller based on fractional 

calculus. For numerous years, in industries, an IOPID control has been common in the function 

of industrial control. The greatness involves the clarity of design and its best achievement, such 

as a low percentage of overshoot and small rise time in slow industrial processes which are 

essential. FOPID Controller is to deliver a better feedback loop controller having the asset of the 

other tested controllers, but if and only if a response which is nearer to the academically optimal 

response.  

FOPID controller with integral order and derivative order has a better robustness compared to the 

other types of controller like TID, Digital-PID and integer-order-proportional-integral-derivative 

controllers that tested on this work. The simulation result shows that controllers used in linear 

case of CTS the performance is good, but including external disturbance on the second tank the 

controllers tested on this work is don‟t show better response except FOPID controller. The 

reason is FOPID controller has two more adjust degree of freedom those increase the robustness 

of the system. 

Generally the overall this thesis work shows that the FOPID controller is the suitable controller 

to monitor the nonlinear system, model uncertainty, reduction of disturbance, and handling of 

time delay compares to different tested controllers. Therefore, the robustness of FOPID 

controller is better achievement compare to the tested controller on this work. 
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6.2. Future works 

In this work the considered disturbance of the system is external disturbance on the second tank, 

this came the system to nonlinear property, but also there may be a probability of external 

disturbance occur on the first tank, disturbance occur in measurement error, the researcher 

suggests those occurrences as a future research ideas.  

Moreover, I suggest testing another optimal control techniques and algorithm than the used 

prescribed convergence algorithm. Analyze and evaluate the performance of optimal control 

techniques designed using different algorithms could lead to new insight.  
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APPENDICES 

Appendix A: Analytical equations 

The controller parameters on (4.30), (4.38) and (4.39) the numerical analysis is below; 
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  = 2812.5          

The closed loop analysis of proportional-integral-derivative controller with a plant of interacting 

coupled tank system as follows,  

Gp(s) = 
      

            
 

Gc(s) = kp + 
  

 
+ kds   
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Gcl pid(s) =
           

             
 

               = 
                 

                               
 

The closed loop analysis of digital-proportional-integral-derivative controller with a plant of 

interacting coupled tank system as follows,  

Gp(s) = 
      

            
 

Gdpid (z) = 
          

 

 
   

             
 

 
   

 

 
        

 

  
   

    
                                                                

Gcl pid(s) =
           

             
 

The closed loop analysis of fractional order-proportional-integral-derivative controller with a 

plant of interacting coupled tank system when the value of µ=λ= 0.5 as follows,  

G(s)fcl  = 
                    

                                  
                  

For more robustness and better performance use the lambda and Miu values 0.125 and 1.125 

respectively.   
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Appendix B: Programing with MATLAB Code 

>> clear 

>> clear all;  

% to create the transfer function of coupled tank can be used  

% A1=250cm^2;A2=250cm^2;R1=0.01sec/cm^2;R2=0.01sec/cm^2; 

>> num=[0.0016]; % numrator of the transfer function of coupled 

tank system 

>> den=[1 1.2 0.16]; % denumerator of the transfer function of 

coupled tank system 

% from the above physical parameter values I get the transfer 

function of the plant 

>> plant=tf(num,den); % gives continues-time open loop transfer 

function of coupled tank system 

>> kp=5037.5; 

>> ki=4750; 

>> kd=2812.5; 

% the parameter of the controller values get using pole 

placement method 

% manually calculated 

>> sys=pid(kp,ki,kd)% the conventional PID controller 

>> sys1=plant*sys 

>> PID=feedback(sys1,1) % gives continues-time closed loop 

transfer function of coupled tank system 

                     %with PID controller 

>> step(PID) % Step Response of coupled tank system with PID  

>> hold on 

>> Ts=0.3; % sampling time  

For better performance use 0.1sec of sampling time. 

>> DPID=c2d(PID,Ts,'tustin')% conversion of conventional to 

digital controller using trapezoidal integration method 
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 % and gives discrete-time closed loop transfer function of 

coupled tank system 

                         %with digital-PID controller 

>> step(DPID)  % Step Response of coupled tank system with 

digital-PID  

>> hold on 

>> s=fotf('s') % to call the fractional order transfer function  

>> foc=kp+ki/s^0.35+kd*s^0.75 % transfer function of FOPID 

controller 

>> sysfoc=foc*plant 

>> FOPID=feedback(sysfoc,1) % and gives fractional order closed 

loop transfer function of coupled tank system 

                         %with FOPID controller 

>> step(FOPID) % Step Response of coupled tank system with FOPID  

>> hold on 

>> n=5; 

>> TID=kp*(1/s)^1/n+ki/s+kd*s; 

>> sysTID=TID*plant; 

>> TIDCL=feedback(sysTID,1); 

>> step(TIDCL) 

For reduced the overshoot, settling time, rise time response 

take value of λ=0.75 and µ=0.95 for TID controller the value of 

n=5;and for digital-PID controller to get better performance use 

the sampling time Ts=0.1; 

 

 

 

 

 

 

 


