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ABSTRACT

The air levitation system is a non-linear and unstable system. The goal of this

work is to develop a low-cost air levitation system. The PID controller is designed

and applied to the physically developed system to increase the stability of the system.

The platforms that are used to develop and simulate the system consist of the Arduino

IDE platform, MATLAB platform, and Simulink platform. The developed system is

connected to the Simulink platform for real-time simulation. The transfer functions

of the systems are estimated by using system identification technique in MATLAB

platform. The PID controller is then designed while the step response is analyzed. The

values of the percentage overshoot, rise time, steady-state error, and settling time are

investigated. The stability of the air levitation system is increased and it was found that

the percentage overshoot, settling time, and steady-state error can be greatly reduced

with the application of the PID controller to the system.
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ABSTRAK

Sistem pengangkatan udara adalah sistem yang tidak linear dan tidak stabil. Tu-

juan kerja ini adalah untuk membina sistem pengangkatan udara dengan kos yang

rendah. Pengawal PID direkabentuk dan digunakan pada sistem yang telah dibi-

nakan dengan tujuan untuk meningkatkan kestabilan sistem tersebut. Platform yang

digunakan untuk membangunkan dan mensimulasikan sistem adalah platform Arduino

IDE, platform MATLAB, dan platform Simulink. Sistem yang dibangunkan akan dis-

ambungkan ke platform Simulink untuk simulasi masa nyata. Rangkap pindah sistem

dianggarkan dengan menggunakan teknik pengenalan sistem dalam platform MAT-

LAB. Pengawal PID kemudian direkabentuk sementara sambutan sistem dianalisis.

Parameter peratus lajakan, masa naik, masa penetapan dan ralat keadaan mantap

disiasat. Kestabilan sistem pengangkatan udara dapat ditingkatkan dan peratus la-

jakan, masa penetapan dan ralat keadaan mantap berjaya dikurangkan.
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CHAPTER 1

INTRODUCTION

1.1 Project Background

Control system engineering plays an important role in human life and industry. A

Control system can be defined as a system that can perform in the desired manner.

The control system can reduce human interference in the daily work of households or

industries by reducing human error [1]. The control system can be classified into two

types which are open-loop system and closed-loop system. An open-loop system is a

system that does not has a feedback path to the controller, while the closed-loop system

does have the feedback path to the controller so that the final value is compared with

the reference value assigned by the user and the error is reduced.

The Proportional Integral Derivative (PID) controller is widely used in the in-

dustry for controlling the process due to its simplicity. It is because, in industry, all

of the machines must perform the exact output that is expected by the user else it will

cause some troubles to the company or user. The PID is referred to the three terms

which are the proportional term, integral term, and derivative term. The block diagram

of the PID controller is shown in Figure 1.1 [2]. PID controller is used as a pneumatic,

hydraulic or mechanical controller or had a simple interface for manual tuning of the

controller. PID is simply an equation that the controller uses to evaluate the controlled

variables [3].
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Figure 1.1: PID controller.

The Proportional term (KP) is the term that decreases the rise time of the system

but the number of orders of the system will remain. The output of the system will be

directly proportional to the input applied. The increase of the proportional gain will

cause the error of the system to decrease. The Integral term (KI) or integral gain is

used to get rid of the steady-state error of the system and the order of the system is

increased by 1. The Ki will decrease the rise time and the oscillation of the system

will be increased. While the Derivative term (KD) or the derivative gain is used to

reduce the oscillations that are caused by the increase of the Kp and Ki [4]. Several

tuning methods can be used for PID tuning which consists of manual tuning method,

Ziegler-Nicholas method, software tools method, and Cohen-coon method [3].

The Air Levitation System is a system that able to lift an object without any

mechanical support in a stable or desired position, by providing an upward force that

is equal to the gravitational force exerted on the object [5]. Figure 1.2 [6] shows the

prototype of the air levitation system.

Figure 1.2: Air Levitation System.
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1.2 Problem Statement

The stability of a system is a great concern in control engineering. An unstable system

will cause the system unable to return to the state of balance and unable to accomplish

the task [7]. Nowadays, the control engineers need to have both a wide experience im-

plementing solutions in real problems, plants, and processes and a deep understanding

of the mathematics and theory that lie behind these solutions. However, reaching a

balance between theoretical proofs and physical intuition is a major challenge in con-

trol education. Other than that, the commercial control experiment systems that can

be used to increase the understanding towards the control system engineering which

exists in the market are expensive, tend to be large and heavy, and it is not flexible for

many cases [5].

1.3 Aim and Objectives

This study aims to develop a low-cost air levitation system with PID control and to

investigate the effect of the application of PID control on the system.

The objectives for research study are:

• To develop a low-cost air levitation system.

• To design the PID controller and applied to the air levitation system.

• To analyse the response of the developed system with PID control.
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1.4 Scope of Project

In this study, the Arduino Uno is used as the microcontroller of this project with the

purpose to control all of the activities of the output and input devices. The ultrasonic

sensor HC-SR04 is used as the input device to detect the distance between the object

and the sensor. The transparent acrylic plexiglass lucite tube with a diameter of 50mm

is used as the medium where the object will be lifted. The ping pong ball is used as the

object that will be lifted due to the smaller size and weight. The weight and the size

of the ping pong ball are 2.7g and 40mm respectively. The valid distance that can be

detected by the ultrasonic sensor is from 10 cm to 27 cm due to the length of the acrylic

transparent tube being 30 cm. The 12V DC blower fan is used as the output device that

produces the airflow to lift the object upward and the IRF520 MOSFET module driver

is used as a switch to control the blower fan. The Simulink platform is used to design

the PID controller and the system without the PID. The designed PID controller is

then applied to the developed air levitation system. Through the Simulink, the value

of the proportional term, integral term, and derivative term can be adjusted using the

knob block and the desired height of the ping pong ball can be input by the user. The

system identification toolbox is used to estimate the transfer function for the system

with the PID controller and the system without the PID controller. The response of the

air levitation system with the PID controller is analyzed.
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1.5 Thesis Outline

The reminder of this document is structured as follows.

In Chapter 1, this chapter was introduced with the background of the control

system, air levitation system, and PID control technique. The aim and objectives,

problem statement, the scope of projects, and thesis outline will be covered in this

chapter.

In Chapter 2, this chapter provides the reader with more detailed insight into

the air levitation system with PID control and the knowledge related to the project.

The previous works related to the study are discussed.

In Chapter 3, this chapter discusses the PID tuning method and the processes

involved in completing this project. The flow chart of the operation of the air levitation

system is shown and explained. All of the components including the hardware, plat-

form, and controller that are used in this project also will be discussed in this chapter.

In Chapter 4, this chapter will explain the working principle for both of the de-

veloped systems. The result or the response of the system obtained from the MATLAB

platform will be analyzed and discussed. The parameters such as rise time, percentage

overshoot, steady-state value, steady-state error, and the settling time are determined

from the obtained response. The project sustainability is discussed in this chapter.

In Chapter 5, this chapter will make the conclusion based on the research study

that was made, and the future improvement that can be done on this study are sug-

gested.
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1.6 Summary

In this chapter, the background of this project is introduced and the problem statement

is briefed. The purpose and the objectives of the project are discussed. The hardware,

platform, and controller that going to be used in developing this project are explained.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In Chapter 2, the knowledge and previous study that related to the proposed project

from the articles and journals are reviewed. The Proportional, Integral and Derivative

control techniques will be discussed.

2.2 Types of System

There are two types of systems in the world which are linear systems and non-linear

systems. However, in the real world, most of the systems behave as non-linear systems.

2.2.1 Linear System

A system is known as a linear system where the output of the system is proportional to

the input that is applied. In other words, a system is known as linear when it is fulfill

the superposition principle and homogeneity.



8

2.2.2 Non Linear System

A system is known as the non-linear system where the output of the system is not

proportional to the input that is applied to the system [8]. There are some the examples

of non-linear systems in real life such as air levitation system and magnetic levitation

system. In this project, the unstable and non-linear air levitation system is chosen as

the system to study the effect of the PID controller on the stability of the system. An air

levitation system is a system that can lift an object at the desired position by providing

the levitating force that is equal to the gravitational force that occurred on the object as

shown in Figure 2.1 [9].

Figure 2.1: Concept of Air Levitation System.
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2.2.2.1 General Equation for Air Levitation System

According to [10–12], based on Newton’s second law, the equation of air levitation

system has been investigated and written as:

m∆z̈ = F =
1
2
·Cd ·ρ ·A · (Vw− ż)2−m ·g (2.1)

• m = mass of the levitated object;

• z = the position of object in vertical view;

• ρ = density of air;

• A = area of object exposed to air flow;

• Vw = velocity of air inside tube;

• g = gravity;

• Cd = drag coefficient.

According to research paper [5],the right hand side of the equation 2.1 repre-

sents the the levitating force and the gravitational force that are exerted to the object.

The value of Cd is assumed as constant when the velocity is low and the constant

variable, α = 1
2 ·Cd ·ρ ·A is inserted to equation 2.1 and express as:

z̈ =
α

m
· (Vw− ż)2−g (2.2)

When the object is at a stable position without moving, the value of z̈ and ż is

equal to 0 and the speed of air to make the object at the stable position is known as Veq

and the equation with the function of g and α

m can be expressed as:

g =
α

m
· (Veq)

2 (2.3)
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α

m
=

g
·(Veq)2 (2.4)

The equation 2.4 is then inserted into equation 2.2, and the final equation ob-

tained will be:

z̈ = g · ((Vw− ż
Veq

)2−1) (2.5)

The x = Vm−ż
Veq

is substituted into the equation 2.4. The Taylor’s approximation

approach ( f (x)≈ f (1)+ f ′(1) ·(x−1)) is used to linearized the system by setting x= 1

and the equation is expressed as:

z̈ = 2 ·g · (x−1) =
2 ·g
Veq
· (Vw− ż−Veq) (2.6)

The transfer function of the system can be defined as equation 2.7 , by assuming

the system is well defined by the linearized plant.

∆z(s)
∆v(s)

=
1
s

a
(s+a)

(2.7)

where

• α = 2g
Veq

• ∆z = Changing of the position of the object.

• ∆v = speed of wind near the stable position.

While the transfer function with input voltage speed of wind of the fan can be

represented as:

∆v(s)
∆u(s)

=
kv

τs+1
(2.8)
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where

• kv is the gain that relates the input voltage to the wind speed at steady state;

• τ is the fan time constant.

The equation 2.7 and equation 2.8 are multiplied to obtain the transfer function

of the air levitation process that can be written as:

z(s) =
1
s

akv

(s+a)(τs+1)
(2.9)

2.3 PID Controller

The Proportional Integral Derivative (PID) controllers have been widely used in indus-

trial process control in regulating the pressure, speed, temperature, and other process

variables [13,14]. It is because the PID controller has a simple design, provides a high

stability response, and is easier to be applied [15]. There are 97% of the controllers

in the industry or factory are applied PID control [16, 17]. The PID controller consists

of three controllers which are the proportional controller, integral controller, and the

derivative controller that produce a control signal to the controller to produce the de-

sired output. The analog electronic components are used to execute the PID control

before the invention of the microprocessors [13].

In 1911, the PID controller was invented by Elmer Sperry, then the Taylor

Instrumental Company developed a tuneable pneumatic controller in the year 1933.

The steady error produced by the proportional controller was removed by the con-

trol engineer by the feedback of the error to the controller was made the error ap-

proximate to zero. This feedback that consists of the error was known as the Propor-

tional Integral (PI) controller. The overshooting problem for the response was reduced

through a derivative action at which the first pneumatic PID controller was introduced

in 1940 [13].
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A closed-loop system is a system that has a feedback path to the controller, if

there is an error, a control signal will be produced to the controller to compensate for

the error and obtain the desired output. The PID controller provides better stability

than the ON/OFF type controller at which the controller will be on or off under some

assigned situation. As an example, if the output value is lower than the desired value,

the controller will be on, and when the output value is higher than the desired value,

the controller will be off. This situation will produce multiple overshoots for the out-

put response and unstable, therefore the PID controller is widely used instead of the

ON/OFF controller due to the ability for maintaining the output with zero error [13].

According to [18] and [19], the equation of PID controller can be represent as:

u(t) = Kp(e(t)+
1
Ti

∫
e(t)dt +Td

de(t)
dt

) (2.10)

Based on [4], the equation 2.10 also can be written as by substituting the Ki =

Kp
Ti

and Kd = KpTd into the equation:

u(t) = Kpe(t)+Ki

∫ t

0
e(t)dt +Kd

de
dt

(2.11)
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2.3.1 Proportional Controller

For the Proportional (P) controller as shown in Figure 2.2 [13], the error of the system

will be increased if the proportional gain increased. The setpoint will be compared

with the output value of the system, the value of the error will be multiplied with the

proportional gain to produce the output if the error is not zero. When the proportional

gain increases the speed of the response also increases [13].

Figure 2.2: P Controller.

2.3.2 Integral Controller

For the Integral (I) controller as shown in Figure 2.3 [13], this controller is developed

to overcome the limitation that has by the P controller at which there is always a dif-

ference in value for output and the setpoint. The integral controller can get rid of the

error by integrating the error over time until the error becomes zero. The speed of the

response and the stability of the system will be affected by the I controller. When the

integral gain is increased, the speed of the response will be decreased [13].
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Figure 2.3: PI controller.

2.3.3 Derivative Controller

For the Derivative (D) controller as shown in Figure 2.4 [13], since the integral con-

troller is unable to predict the future error, therefor the D controller is used to overcome

this problem at which the output depends on the rate of change of error concerning time

and the result is multiplied with the derivative gain. The stability of the system is in-

creased by eliminating the phase delay caused by the I controller. When the derivative

gain increases, the speed of the response also increases [13].

Figure 2.4: PID Controller.
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2.3.4 PID Tuning Methods

The PID controller needs to be tuned to make sure the output of the process can be

controlled [13]. There are several popular controller tuning methods that can be used

to tune the controller and it consists of the physical tuning method, Ziegler-Nichols,

and Cohen-Coon method. These methods are used in the mathematical model of the

system that is not available [20].

2.3.4.1 Physical Tuning Method

The physical tuning method is a simple and easy method that can be used to tune

the parameters of the controllers when the controller is operating to meet the desired

response [13]. It is one of the methods that used to obtain the optimal values of Kp,

Ki, and Kd of a PID controller.

2.3.4.2 Ziegler-Nichols Method

In 1942, a tuning method name Ziegler-Nichols method has been introduced by Ziegler

and Nichols [21]. The values of Ultimate Gain (KU) and the Ultimate Period Of Oscil-

lation (PU) are needed to be determined in order to get the value of Controller Constant

(KC). This method can be refined so that a better approximation of the controller can

be produced. The Ziegler-Nichols closed-loop tuning method cannot apply in an open-

loop system. The value of ultimate gain, Ku is referred to the value of proportional gain

of the controller, Kp that is applied when the amplitude of the oscillation produced are

constant. While the ultimate period of oscillation, Pu is the period for one complete

cycle of the constant amplitude oscillation that occurred [20]. Then, the values of Con-

troller Constant (KC), Integrator Time Constant (TI), Derivative Time Constant (TD)

are obtained through the tuning rule table as shown in Table 2.1 [13].
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Table 2.1: Tuning Rule Table for Ziegler-Nichols Method

Control Structure Kc Ti Td

P 0.5Ku - -

PI 0.45Ku 0.83Pu -

PID 0.59Ku 0.5Pu 0.125Pu

2.3.4.3 Cohen-Coon Method

The Cohen-Coon method that is based on a First Order Process With Time Delay

(FOPDT) process model is introduced by Cohen and Coon in 1953 [22, 23]. This

method overcomes the slow, steady-state response produced by the Ziegler-Nichols

method when there is a delay that occurs relative to the open-loop time constant and

causes the Cohen-Coon method to be efficient. The Cohen-Coon method is also known

as an offline method for turning at which the step change can be applied to the input if

the response is at the steady state. The output is measured based on the time constant

and the initial control parameter can be calculated through the response. There are a set

of pre-determined settings to obtain the minimum offset and standard decay ratio of ¼

Quater Decay Ratio (QDR). A ¼ decay ratio means that the oscillations of a response

will keep decrease such as the second oscillation will only have the 1/4 amplitude of

the first oscillation. The equations for calculating the value of Kc, Ti, and Td are shown

in Table 2.2 [20].

Table 2.2: Equation for optimization of Cohen-Coon Prediction

Control Structure Kc Ti Td

P (P/NL)*(1+(R/3)) - -

PI (P/NL)*(0.9+(R/12)) L*(30+3R)/(9+20R) -

PID (P/NL)*(1.33+(R/4)) L*(30+3R)/(9+20R) 4L/(11+2R)
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where

• P = Percent Change of Input;

• N = Percent Change of Output;

• L = τdead;

• R = τdead
τ

.

2.4 Parameters for Step Response

There are several parameters such peak time (Tp), delay time(Td , percentage overshoot(%OS),

rise time (Tr), settling time (Ts), steady-state value and steady-state error can be ob-

tained from a step response of a system. A step response of a system is defined as its

response to a unit step input [24].

The percentage overshoot is referred to as the difference between the maximum

value and the final value, and the value is divided by the final value. The equation 2.12

is used to calculate the percentage overshoot of the system.

%OS =
maximum value− f inal value

f inal value
(2.12)

The delay time is referred to the amount of time taken for the system to reach

half of the steady-state value. The peak time is the time taken for the response to reach

the maximum value for the first time. The rise time is the amount of time taken for the

response to rise from the 10% to 90% of steady-state value. While the settling time

is the time taken for the response to enter the steady-state phase where the value is

within 2% or 5% of the steady-state value. The steady-state value is referred to as the

final value of the response while the steady-state error is the difference between the

steady-state value with the input that is applied to the system [25].
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2.5 Related Research

There are a few previous types of research and journals that are related to the project

are reviewed to get the idea and the solution that can be proposed to achieve the goals

of this project.

2.5.1 Experimental and Implementation of Robust Control Via Float-

ing Air Levitation and Balancing Rotary Inverted Pendulum

According to the research that is conducted by S Howimanporn, S Chookaew, and S

Chaiyapora, there are two types of non-linear processes are chosen which are Floating

Air Levitation system (FAL) and Rotary Inverted Pendulum system (RIP). The pur-

pose of FAL system is to lift an object at the desired position while the RIP system

is to keep the pendulum at a stable upright position. Both of the systems are operated

based on the Programmable Logic Controller (PLC) The controllers such as PID con-

troller and Sliding Mode Controller (SMC) are designed and implemented to the PLC

system by using the SYSMAC Studio software. This study concentrates on the per-

formance of the designed controllers that are applied to the systems. The parameters

such as rise time, percentage overshoot, settling time, peak time, and dead time of the

response are compared between both of the systems for each of the controllers [26].

2.5.2 Design of a Low-Cost Air Levitation System for Teaching

Control Engineering

According to the research conducted by Jesus Chacon, Jacobo Saenz, Luis de la Torre,

Jose Manuel Díaz, and Francisco Esquembre, a low-cost virtual and remotely con-

trolled air levitation system based on open solutions are developed. A remote lab is

a physical system that can be accessed or controlled through a platform by connected

to the Internet. While the virtual lab is the replacement of the physical system with
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the mathematical model that can generate the response of the system. The presented

system has a simplified design which means the system will be affordable and easy to

be replicated. It is due to the commercial experimental platforms are expensive and

sometimes less flexible. The components such as the methacrylate tube, a small and

light object, 3D printed parts, a single-board computer (Beaglebone Black), a Passive

Infrared Sensor (PIR), a Personal Computer (PC) fan, some discrete electronic com-

ponents, a Printed Circuit Board (PCB) and a webcam are used to build the system.

There are a few lab activities that can be performed by the students which consist of

PID tuning, disturbance analysis, and system identification. For the PID tuning activ-

ity, the proportional, integral and derivative terms can be adjusted to achieve the stated

requirement of the system. For the disturbance analysis, the wind flux outside the fan is

varied to obtain the disturbance that occurs in the system. For the system identification

activity, the information and data needed to be collected from the remote and virtual

lab to obtain the information related to the order, poles, and zeros of the system. The

goal of this research is to develop a low-cost virtual and remote control air levitation

that can be used by the teachers in teaching control engineering subjects [5].

2.5.3 Experimental Study of Nonlinear PID Controllers in an Air

Levitation System

According to the research study conducted by J.Chacon, H. Vargas, S. Dormido, and

J.Sanchez, this paper study the performance of the different non-linear Proportional

Integral, PI controllers using an academic platform based on an Air Levitation system.

There are a few of the control strategies that are carried out, tested, and compared in

an academic plant. The comparison for the applied control strategies is done based

on the performance index such as the Integral Absolute Error (IAE), or Integral Time

Multiple Absolute Errors (ITAE). The purpose of this study is to understand the ad-

vantages and disadvantages of the application of different control strategies on the aca-

demic plant and to demonstrate the significance of the designed air levitation system

in control engineering education. The control strategies consist of a PI controller, a PI

controller with Clegg’s Integrator, an event-based PI controller with feedforward and
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robust adaptive hybrid PI are applied and tested. The classical PI controller is used as

the reference for the comparison purpose with other control strategies. This research

has proved that several non-linear modifications can be considered to cope with differ-

ent control needs which consist of optimization on the number of control actions or go

beyond the restrictions that linearity impose on the performance that can be achieved

by a PID by adding the component such as integrator to the PI controller [9].

2.5.4 The Air Levitation System

According to the research conducted by Jesus Chacon, Luis de la Torre, and Sebastian

Dormido the proposed air levitation system is a plan to be used as the experimenta-

tion framework in teaching and learning control engineering [27]. The major concern

towards Virtual and Remote Labs (VRL) has been solved and the importance and sig-

nificance of VRL in teaching have been raised due to its capability to produce the

learning outcomes as the hands-on labs [28] [29]. The air levitation system consists of

a tube with an object inside that can be lifted to the desired position and a fan is used to

produce the airflow to levitate the object. The Infrared, IR sensor is used to determine

the position of the object [5]. An Arduino board is used to control the operating activ-

ities of the input and output devices, while an extra feature is added to the system by

using the Raspberry PI that can use as data storage. The proposed air levitation system

is allowed to perform different experiments. The two kinds of proposed experiments

are to understand the behaviour of the system and to control the system to meet the

design specification. There are two types of control strategies that consist of PI control

and sliding mode control are used in this research. The Air Levitation System is a low-

cost experimental platform that is used in teaching control engineering courses. The

system is flexible which can be used as a hand on lab and implemented as the VRL

that can be accessed by different users at the same time [27].
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2.5.5 Low-Cost Air Levitation Laboratory Stand Using Simulink

And Arduino

According to the research conducted by Ewelina Cholodowicz and Przemyslaw Or-

lowski, a low-cost air levitation project is proposed that is used as a training toolkit in

teaching control subjects. The proposed system is providing an opportunity for the stu-

dents to control and learn the concept of control engineering. In this study, the portable

and the affordable designed system is used as a tool for learning control engineering.

The components involved in this system consist of Arduino Mega 2560, axial box

fan, ultrasonic sensor, plexiglass tube, ping pong ball, electronic circuits, and MAT-

LAB/Simulink platform. The air levitation is an unstable nonlinear system and it is

classified as a single input and single output in control systems. The airflow produced

by the fan is referred to as the input signal while the distance between the sensor and

the lifted object is the output signal. A PID controller is developed in the MATLAB

platform and implemented on the designed system. To control the non-linear system,

system identification and optimization techniques are used by the researchers. For the

proposed system, the students can tune the parameters of the PID controller in the

platform. The implementation of the control algorithms can be done on the proposed

system that can increase the understanding of students towards control engineering and

the total cost for the system is under 80 United States (US) dollars [30].

2.5.6 Comparison Study of PID Controller Tuning Using Classi-

cal/Analytical Methods

Based on the study conducted by B.Mabu Sarif, D. V. Ashok Kumar, and M. Venu

Gopala Rao, the Sundaresan and Keishnaswamy method is applied to obtain the model.

The open and closed-loop tuning techniques are applied to determine the performance

of the PID controller. The Internal Model Control (IMC) method is applied to tune the

parameters of the controller for input tracking. The open-loop response of a system

is obtained by disconnecting the connection of the feedback controller and the step
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change of input applied. The closed-loop tuning technique depends on the parameters

of ultimate gain, Ku and ultimate period, Pu. The value of Ku and Pu is obtained

by setting the value of integral and derivative terms to zero and the proportional term

is increased to produce constant amplitude of oscillations. The Pu is the time interval

between two peaks of oscillation that have identical values of frequency and amplitude.

While the Ku is the value of gain that is used to produce the frequency and amplitude

oscillation become constant. The robustness analysis is carried out by the researcher

to determine the capability of the system to withstand the changing of the process

variable without affecting the stability of the system. In this study, better setpoint

tracking but sluggish disturbance rejection can be provided by the IMC-PID. While

the Ziegler-Nichols and Cohen-Coon techniques provided better disturbance rejection

for both systems which are superheated steam temperature systems of 500MW boiler

and mean arterial blood pressure system. There is only one parameter that needs to be

tuned for the IMC-PID technique to achieve the desired performance and this technique

provide better performance and robustness if compared with other techniques [21].

2.5.7 Comparison of Ziegler-Nichols and Cohen-Coon Tuning Method

for Magnetic Levitation Control System

Based on the research conducted by F. Isdaryani, F. Ferrionika, and R. Ferdiansyah, the

magnetic levitation system is nonlinear, it can be used to determine the efficiency of

the control technique that applied. The nonlinearity of the magnetic levitation system

is reduced by placing two effect hall sensors on the top and bottom of the magnetic

coil. The sensors are used to measure the value of the magnetic field and the value will

be converted into a voltage signal through the signal conditioning circuit before it is

applied to the input of the controller. There are two tuning methods which include of

Ziegler-Nichols method and Cohen-Coon method are compared to obtain the appro-

priate structure either it is Proportional Integral (PI) controller, Proportional Integral

Derivative (PID) controller, Proportional Derivative (PD) controller, or Proportional

(P) controller and the initial parameter of the nonlinear system is reduced. Based on

the response of the system obtained from two different approaches, the control struc-
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ture PID controller for the Ziegler-Nichols method provided good response than the PI

controller for Cohen-Coon method at which the rise time, and settling time were lower

than that in the PI controller. Both of the responses for control structures of PID and PI

for different methods do not produce the overshoot, delay, and steady-state error [31].

2.6 Summary for Literature Review

In short, the concept of developing an air levitation system and the PID control tech-

niques that can increase the stability of a system are studied in this chapter. Based on

some of the research papers that have referred, the output devices of the air levitation

system that are used to lift the object at the desired position are the PC fan and axial

fan. There are some of the microcontrollers that are used by the researchers in devel-

oping the physical air levitation system such as Beaglebone Black, and Arduino Mega

2560. The microcontroller is chosen based on the requirement and function of their

project. While the sensors that are used by the researchers to measure the distance

between the sensor and the object consist of a PIR sensor, an ultrasonic sensor. Some

of the research papers have proposed the concept of virtual and remote lab VRL where

multiple users are allowed to access the system at the same time. Most of the systems

in the real world are naturally unstable and nonlinear. Therefore, the control technique

such as PI controller, PD controller, or PID controller is needed to be applied to make

sure the system behaved as desired. Various tuning technique methods can be used to

tune the parameter of PID which are the proportional term, integral term, and derivative

term. These methods consist of the physical tuning method, Ziegler-Nicholas method,

and Cohen-Coon method. Based on the research conducted by other researchers, the

Ziegler-Nicholas Method provides a better response than the Cohen-Coon method in

the magnetic levitation system.
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2.7 Proposed Project

The proposed project is the development of a low-cost air levitation system with a PID

controller. The step responses for a low-cost air levitation system with PID controller

and without PID controller are generated and analyzed. The Arduino Uno is used as

the microcontroller of this project to monitor and coordinate the activities of the input

and output devices. The ultrasonic sensor HC-SR04 is used as the sensor to measure

the distance between the ping pong ball. The valid distance that can be detected by the

ultrasonic sensor is from 4 cm to 400 cm as shown in appendix B [32]. In this project,

the ultrasonic sensor is chosen instead of the Sharp IR sensor GP2Y0A21YK due to

the ultrasonic sensor does not have the limitation caused by the non-linear response

that has by the Sharp IR sensor GP2Y0A21YK as shown in Appendix C [33]. The

output device that is used to produce the airflow to lift the ping pong ball is the 12V

Direct Current (DC) blower fan. The IRF520 MOSFET module driver is used as a

switch to control the blower fan that is connected to a 9V battery. It is because the

typical output voltage for Arduino Uno is at 5V and 40mA respectively as shown in

appendix A [34]. After the development of the air levitation system, the codes are

written in Arduino IDE platform to ensure the functionality of the system. After that,

the PID controller and the Simulink model of the system are designed in the Simulink

platform by using the block functions that have from the Arduino support package.

The designed system is then integrated with the Simulink platform and the user is

allowed to tune on the parameters Kp, Ki, and Kd from the knob block in the Simulink

platform. Then, the physical tuning method is applied to determine the optimal values

of the proportional gain, integral gain, and derivative gain. The optimal values are

then applied to the system and the input and output data sets of the system with PID

controller and without PID controller are saved in the workspace of the MATLAB

platform . The transfer functions for both of the systems are estimated by using the

System Identification Toolbox and the step responses of the systems are generated. To

investigate the effectiveness of the PID controller, the values of the rise time, settling

time, steady-state error, and percentage overshoot are measured.
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2.8 Summary

In this chapter, the types of systems that consist of linear and non-linear systems are

discussed. The general equation of the air levitation system is explained and the con-

cept of the air levitation system is introduced. The related researches that conducted

by other researchers are referred and the project is proposed.



CHAPTER 3

METHODOLOGY

3.1 Introduction

In this chapter, this chapter discusses the PID tuning method and the processes involved

in completing this project. The flow chart of the operation of the air levitation system

is shown and explained. All of the components including the hardware, platform, and

controller that are used in this project also will be discussed in this chapter.

3.2 Research Methodology Flow Chart

From the flow chart shown in Figure 3.1, all of the processes involved in developing

this project are included. The information related to the PID controller and the air

levitation system were collected through online search engines for academic publica-

tions resources such as Google Scholar, Semantic Scholar, ResearchGate, and IEEE

explorer so that the understanding of the concept of PID control and the operation of

the air levitation system could be improved. All of the components and the platform

that going to be used in developing this project were determined and planned. This

project could be classified into three stages which consist of the development of the air

levitation system, PID controller design, and result analysis.
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Figure 3.1: Research Methodology Flow Chart.

The development of the air levitation system was the first stage for this project,

the components such as the acrylic transparent tube, ping pong ball, ultrasonic sensor,

blower fan, IRF520 module driver, and Arduino Uno were used to develop the air

levitation system. The C++ programming skill is required to program the system to

function as desired by using the Arduino Integrated Development Environment, IDE.

The codes were uploaded to the microcontroller or Arduino Uno through the Universal

Serial Bus, USB cable type A/B to ensure the functionality of the system. The ping

pong ball is lifted by the airflow produced by the blower fan in the tube and the position

of the ball is determined by the sensor. The developed system was then programmed

using the block functions that have in Simulink based on the codes written in Arduino

IDE platform in order to obtain the data sets that consist of input and output values
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of the system. The data sets were used to estimate the transfer function of the air

levitation system without PID control through the system identification toolbox.

For the second stage, the PID controller of the air levitation system was de-

signed in Simulink platform. A closed-loop system that consists of a feedback path is

developed to compensate for the error between the setpoint and measured variable. PID

control could be achieved by constructing the Simulink model of the PID controller in

the Simulink platform and the Arduino support package must be downloaded in the

platform so that the real-time simulation of the air levitation system by using Simulink

and Arduino board could be realized. The physical tuning method was used in tuning

the parameters Kp, Ki, and Kd to get the ideal values of the gains. The gains are then

applied to the air levitation system with PID controller. The input and output data sets

obtained from the system will be stored at the workspace of MATLAB platform and

the transfer function is estimated by using the system identification toolbox.

While for the third stage, the graph with the actual position of the ping pong

ball as output and the desired height as input is obtained through the scope feature in

Simulink platform. Both of the graphs are compared and the step responses of the

systems are generated using MATLAB platform through the transfer functions that

are obtained for both of the systems. After the step responses of the systems will be

analyzed with the parameters such as rise time, settling time, percentage of overshoot,

and steady-state error that are determined from the responses. The collected results

and finding for this project will be discussed in Chapter 4 of this report.

3.3 Hardware

For the development of the air levitation system, the components required such as

breadboard, transparent acrylic plexiglass lucite tube, ultrasonic sensor, ping pong ball,

IRF520 driver module, and 12V blower fan were used. The draft prototype of the

air levitation system was sketched by using 3D paint software and shown in Figure

3.2. The blower fan, electronic circuit, and microcontroller were placed in the box to

produce a clean and tidy prototype.
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Figure 3.2: Draft Prototype.

3.3.1 Microcontroller

The Arduino Uno was used as the microcontroller for this project. It is because the Ar-

duino board can control all of the activities of the ultrasonic sensor and mosfet module.

The ATmega328 was used as the chip for the Arduino Uno board. The Arduino boards

consist of digital and analog pins and some of the digital pins have Pulse Width Mod-

ulation (PWM) feature. PWM is referred to one type of modulation at which the ON

time or the duty cycle of a digital unipolar square wave signal could be adjusted as

desired. The application of PWM could be seen in controlling the speed of motors,

and the brightness of LED.

The USB cable on the board is used to connect the board to the PC or laptop

that allowing a user to program or upload the codes to the microcontroller through

the installed platform. The operating voltage of Arduino Uno is 5V which the input

voltage that could supply was in the range from 7V to 12 V. The maximum DC rating

of the input or output pins of the Arduino Uno is only 40mA that shown in appendix

A [34]. Figure 3.3 [35] shows the pinouts of the Arduino Uno board.
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Figure 3.3: Pinout of Arduino Uno.

3.3.2 Ultrasonic Sensor

The ultrasonic sensor HC-SR04 as shown in Figure 3.4 [36] is used to determine the

actual position of the ping pong ball in the transparent tube.

Figure 3.4: Ultrasonic Sensor HC-SR 04.

On an ultrasonic sensor, there were three important components which con-

sist of a transmitter, a receiver, and a crystal oscillator as shown in Figure 3.5 [37].

Moreover, there are four pins on the ultrasonic sensor which are trigger pin, echo pin,

voltage pin, and ground pin. The ultrasonic sensor is needed to be connected to a

microcontroller so that the sensor can be worked properly.
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Figure 3.5: Pinouts and Components of Ultrasonic Sensor.

The oscillator is used to create the 4 Mhz signal pulses and the signal will be

transmitted by the transmitter of the sensor. While the receiver is used to detect the

reflected signal when the transmitted signal has hit on an object in a time of period.

The basic operation of the ultrasonic sensor has based on the concept of sonar detecting

as shown in Figure 3.6 [36]. The signal will be transmitted by the transmitter through

the programming codes written to the microcontroller. When an object is obstructing

the transmitted signal, the signal will be reflected and sensed by the receiver.

Figure 3.6: Operation of ultrasonic sensor.
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According to [36], the equation that is used to calculate the distance can be

written as:

d =
(v · t)

2
(3.1)

where

• d=distance between sensor and object

• v=speed of sound in the air (20 degree celcius) = 343m/s

• t=time taken for the signal to transmit and receive

Based on Appendix B [32], the ultrasonic sensor has a valid detected range

from 2 cm to 400 cm. In this study, the valid distance that could be detected by the

ultrasonic sensor was from 10 cm to 27cm. It was due to the acrylic tube that is used

in this project being 30 cm in length.

3.3.3 Ping Pong Ball

In this project, the ping pong ball was chosen as the object to be lifted by the blower

fan. It is because the ping pong ball has a lower weight and smaller diameter. A ping

pong ball weighs 2.7g with a diameter of 40mm. Moreover, the ping pong ball is easier

to be obtained. Figure 3.7 shows the ping pong ball that is used in this study.
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Figure 3.7: Ping Pong Ball.

3.3.4 Blower Fan

For the output device, the 12 V DC blower fan was used instead of the PC fan to

produce the airflow that could lift the object at a desired position in the tube. It is

because the PC fan is not able to produce sufficient airflow to lift the ping pong ball

that the blower fan could do. The operating voltage of blower fan ranges from 9V to

12V. The DC 12V brushless blower fan manufactured by Idea Electronic was used in

this study as shown in Figure 3.8.

Figure 3.8: 12V Blower Fan.
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3.3.5 IRF520 MOSFET Module Driver

In this project, the blower fan is connected to a 9V battery. To control on or off of

the blower fan, an IRF520 MOSFET module driver functions as a switch as shown

in Figure 3.9 [38] is required. The IRF520 module driver is chosen in this project.

According to the typical transfer characteristic graph in Appendix D [39] , the drain

current, ID that can be produced by IRF520 is sufficient to operate the blower fan when

the VGS applied is equal to 5V which is the maximum voltage rating of Arduino Uno

board.

There are 3 pins on the module which consist of a signal pin, a voltage pin, and

a ground pin. The signal pin is connected to the output pin that has the PWM feature

of the Arduino board so that the speed control of the blower fan can be achieved.

The voltage pin and ground pin are connected to the 5V and the ground pin of the

microcontroller respectively. The power supply of the blower fan and the blower fan

are connected to the module driver through the terminal blocks on that module.

Figure 3.9: IRF520 module driver.
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3.3.6 Transparent Acrylic Plexiglass Lucite Tube

The medium that is used where the ping pong ball is lifted is a transparent acrylic

plexiglass lucite tube as shown in Figure 3.10 . The tube has an outer diameter of

50mm and an inner diameter of 43.75 mm. While the height of the tube is equal to 30

cm.

Figure 3.10: Transparent Acrylic Plexiglass Lucite Tube.

3.4 Platform

Three platforms are used in this project which consist of the Arduino IDE platform,

MATLAB platform, and Simulink platform.

3.4.1 Arduino IDE Platform

The Arduino Integrated Development Environment (IDE) platform as shown in Figure

3.11 [40] was used to program the operation of the developed system in terms of code

and the code was uploaded through the USB type A/B cable to the Arduino Uno to

ensure the functionality of the developed system. The Arduino IDE was chosen due
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to the platform is easier to be used and the existence of the serial monitor tool that

could be used to display the character or the sensor value by writing the command

“Serial.print():”. Other than that, some various examples or libraries could be included

and used to program the microcontroller efficiently.

Figure 3.11: Arduino IDE Platform.

3.4.2 MATLAB Platform

The MATLAB platform as shown in Figure 3.12 [41] was used to generate the step

response from the obtained transfer function for both of the systems and to perform

the analysis for the obtained result. According to [42], MATLAB is a designed pro-

gramming platform that allows users to analyze and to design system.

Figure 3.12: MATLAB Platform.

While the Simulink platform as shown in Figure 3.13 [43] is used to design the

PID controller and to develop the operation of the developed system. A Simulink as

shown in is a platform for model-based design that allows system design, simulation

of designed system, and code generation based on designed model. [?] There are some

predefined functions and blocks such as the PID controller in the Simulink platform



37

which can increase the efficiency in designing a system. Other than that, the knob

block in the Simulink platform allows the tuning of the PID parameters such as Kp, Ki

and Kd could be done easily by the user in the platform.

Figure 3.13: Simulink Platform.

3.5 Development of Air Levitation System Using Arduino IDE

Platform

The development of the air levitation system could be separated into four parts as

shown in Figure 3.14 which consist of circuit design, speed control of the blower fan,

the configuration of the ultrasonic sensor, and the combination operation of the blower

fan and ultrasonic sensor. All of the dimensions of the components were taking con-

sidered in developing the prototype of the system.

Figure 3.14: Process For Development of Air Levitation System using Arduino IDE
Platform.
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3.5.1 Circuit Design

Before the system is programmed using Before the system is programmed using the

Arduino IDE platform, the physical air levitation system is needed to be developed.

Therefore, a circuit that specified the wire connections between the input device, the

output device, and the microcontroller is designed as shown in Figure 3.15.

Figure 3.15: Schematic Diagram of Air Levitation System.

From Figure 3.15, the trigger pin and echo pin of the ultrasonic sensor are

connected to pin 3 and pin 2 of the Arduino board. While pin 9 has the PWM feature

is connected to the gate terminal of the IRF520 or the signal pin of the module. The

negative terminal of the blower fan is connected drain terminal of the MOSFET and

the positive terminal is connected to the positive terminal of the 9V battery. Then, the

designed circuit is then transferred into the hardware circuit as shown in Figure 3.16
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Figure 3.16: Hardware Circuit.

3.5.2 The Speed Control Of The Blower Fan

The speed of the blower fan was controlled by using the PWM feature that has on the

input or output pins of the Arduino Uno through the programming. There are 6 pins

on the Arduino Uno that have the PWM feature are D3, D5, D6, D9, D10, and D11.

In this project, pin D9 was chosen as the output pin to control the speed of the blower.

The PWM could be achieved by calling the “analogWrite(pin, value);”, the D9 would

be the pin and the value was in the between numbers from 0 to 255. The PWM is

controlling the duty cycle of the signal. When the duty cycle is 100 % with the value

of 255 is written in the “analogWrite(D9,255);”, the output voltage provided by the

output pin is equal to 5V. When the value is equal to 0, the duty cycle of the signal is

equal to 0 % which turns off the output pin with the voltage value of 0V. Figure 3.17

shows the codes used to control the speed of the blower.

Figure 3.17: Code for Speed Control of Blower Fan.
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The maximum value of variable i is set to 255, and the value of i will decrease

each time the loop is executed. When the value of i decreases, the speed of the blower

will also decrease due to the percentage of the duty cycle of the signal from pin 9 is

reduced.

3.5.3 The Configuration of the Ultrasonic Sensor

For the configuration of the ultrasonic sensor, it is important to make sure the echo and

trigger pins of the sensor are connected correctly before the codes are applied. The

trigger pin initially was set to low for 2 microseconds and set to high for 10 microsec-

onds to transmit eight pulses of signal in 4MHz. The "pulseIn" command is used to

measure the time taken for the transmitted signal to be reflected and detected by the

receiver and set by setting the echo pin to high. The equation 3.1 is implemented in

terms of codes in the Arduino IDE platform. Figure 3.18 shows the codes implemented

for the configuration of the ultrasonic sensor.

Figure 3.18: Code for the configuration of Ultrasonic Sensor.

The Serial Monitor was used to display the detected distance of the sensor as

shown in Figure 3.19, so that the checking and validating process could be done.
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Figure 3.19: Detected Distance that Displayed on Serial Monitor.

3.5.4 Combination Operation of the Blower Fan and Ultrasonic

Sensor

After the speed control of the blower fan and the configuration of the ultrasonic sen-

sor are done, both of the operations were combined through the programming codes.

Some of the conditions were declared by using the if. . . .else statement, to ensure the

microcontroller could perform the desired activities when the condition was fulfilled.

The input of the desired position of the ping pong ball could be entered by the user

through the serial monitor and this process can be achieved by using the code “input

value = Serial.parseInt();”. After the input was entered by the user, the air levitation

system would be activated, and the ping pong will be lifted by the blower fan to the

desired position. Since the air levitation system is one of the non-linear and unstable

systems, the unstable of the system caused the ping pong ball to move upwards and

downwards instead of steady. Figure 3.20 shows the codes for reading input from the

user and Figure 3.21 shows the developed prototype of the system.

Figure 3.20: Codes For Reading Input from the user.
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Figure 3.21: Developed Prototype.

3.6 Development of Air Levitation System without PID Controller

Using MATLAB/Simulink platform

After the development of the air levitation system using the Arduino IDE platform

is done, the model of the air levitation system as shown in Figure 3.22 that have the

same operation at the Arduino IDE platform is developed in Simulink platform by

using the blocks that have. The reason that the system is transferred from the Arduino

IDE platform to the MATLAB platform is to export the input and output data to the

workspace of the MATLAB platform. To use the Arduino board with the Simulink

platform, the Simulink support package for Arduino Hardware must be installed and

a few step-up processes need to be done to configure the microcontroller that going to

be used in ths project.

Figure 3.22: Designed Model for Air Levitation System without PID controller.
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From Figure 3.22, the ultrasonic sensor block is found from the library browser

at the Simulink platform and connected to a gain of 100 to get the value in centimeter.

It is because the value of distance that from the block is in meters. The output from the

gain block is connected to the input of the subsystem while the output of the subsystem

is connected to the PWM block that is connected to pin D9 of Arduino Uno. The

subsystem as shown in Figure 3.23 consists of the control method that is designed

based on the codes written in the Arduino IDE platform.

Figure 3.23: Subsystem for system without PID controller.

The control method that is used to control the position of the ping pong ball

for the system without PID controller is the conditional statement (if....else) as shown

in Figure 3.23. A variable named F is created to store the latest value of the PWM

value so that the value can keep changing based on the action for each of the defined

conditions. Three conditions have been defined to control the speed of the blower

fan based on the position of the ping pong ball and the desired height. For the first

condition, when the desired height (input) is lower than the actual height of the ping

pong ball (output), the speed of the blower fan will increase (increase PWM value).

Besides, if the desired height is higher than the actual height of the object, the speed

of the blower fan will decrease (reduce PWM value). The speed of the blower fan is

remained if the desired height is equal to the actual position of the ping pong ball.
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A constant block named "desired height" allows the user to input the desired

height of the object in the tube. Since there are multiple outputs from the conditional

actions a merge block is required to pass the output value once at a time when the re-

spective condition is fulfilled. The scope block is used to observe the changes of input

and output at the same time. The input and the output data of the system are exported

to the workspace of the MATLAB platform by using two To Workspace blocks named

desired height and actual height. The input and the output data are used to estimate

the transfer function of the system. The mode of the simulation must be changed to

external mode and the time is set to infinity in order to run the real-time simulation for

the developed system without PID controller.

3.7 PID Controller Design and Implementation

After the development of system without PID controller is done, the PID controller is

designed in the Simulink platform as shown in Figure 3.24

Figure 3.24: PID controller.



45

From Figure 3.24, a sum block is selected from the library browser in the

Simulink platform. The sum block is assigned with the "+-" sign. A closed-loop

system is created by connecting the set point or desired height block to the positive

sign of the sum block, while the negative sign of the sum block is connected to the

output of the ultrasonic sensor. The output of the ultrasonic sensor acts as a feedback

path to monitor the actual value of the ping pong ball inside the tube. The output of

the sum block is then connected to the PID controller. The created sum block is to

compute the difference between the desired height and the actual height or output of

the ultrasonic sensor. The difference of the values is then stored in the workspace with

the variable name "error" by using the To Workspace block. The computed error will

be sent to the PID controller and based on the values of Kp, Ki, and Kd that are applied

to the PID controller, the output PWM value will be computed and sent to the pin D9

of the Arduino board.

After the development of PID controller is done, the PID controller is included

in a subsystem named PID controller. The output of the gain block is connected to the

input of the subsystem and the output of the PID controller subsystem is connected to

the PWM pin D9 of the Arduino board as shown in Figure 3.25. The input and the

output data of the system are exported to the workspace of the MATLAB platform by

using two To Workspace blocks named desired height PID and actual height PID. The

input and the output data are used to estimate the transfer function of the system. The

mode of the simulation must be changed to external mode and the time is set to infinity

in order to run the real-time simulation for the developed system with PID controller.

Figure 3.25: Designed Model for Air Levitation System with PID controller.
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3.8 Transfer Function of the Systems

There are two approaches to obtain the transfer function of a system which are the

system identification approach and the derivation of the general equation of the system.

In this project, the system identification approach is used. There are a few steps that

need to be taken to estimate the transfer function.

First, the system identification application is opened in the MATLAB platform

as shown in Figure 3.26.

Figure 3.26: System Identification Application.

The import time domain data is selected from the application and the Graphical

User Interface (GUI) for importing the data will exist as shown in Figure 3.27. The

name of the variable for the input and output data must be filled according to the name

of the variables stored in the workspace in the MATLAB platform.
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Figure 3.27: GUI for Importing Data.

After the data are successfully imported to the application, the estimate transfer

function model is selected from the application and the GUI will appear as shown in

Figure 3.28.

Figure 3.28: GUI for Estimating Transfer Function.

After all of the information is filled in, the estimate button is pressed and the

application will start to estimate the transfer function as shown in Figure 3.29
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Figure 3.29: Process for Estimating Transfer Function.

Then, the model or the transfer function will be displayed on the right-hand side

of the application after the estimating process is done. The obtained transfer function

for both of the systems will be shown in Chapter 4.

3.9 Application of Tuning Method

The physical tuning method is chosen as the tuning method instead of the Ziegler

Nicholas method due to the limitation of the length of the tube that is used in this

project where the constant oscillation of the system cannot be produced. There are a

few procedures for the physical tuning method. First of all, the integral and derivative

terms are set to zero, and the value of proportional gain, Kp is increased until the

output response of the system oscillates. When the Kp is increased, the rise time of the

system will decrease without affecting the stability of a system. Next, when the faster

response of the system is obtained through adjusting the value of Kp, the integral term,

Ki of the controller is set to reduce the steady-state error of the system. When the

integral term, Ki is increased the steady-state error of the system will be reduced but

the oscillations will be increased. After the Kp and Ki have been set to the desired

value with the minimum value of steady-state error. The derivative gain, Kd is used to

reduce the oscillations of the system. When the value of Kd is increased ,the overshoot

of the system is reduced [44].
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3.10 Summary

In this chapter, the processes involved in developing the air levitation system without

PID controller and with PID controller are discussed. Next, the hardware and the

platform that are used in developing the project are explained. The PID tuning method

that is selected for this project is discussed. Other than that, the schematic circuit with

the wire connections for each of the hardware components and the final developed

prototype are shown in this chapter to provide better visualization and understanding

towards this project.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter will explain the working principle for both of the developed systems.

The result or the response of the system obtained from the MATLAB platform will be

analyzed and discussed.The project sustainability is discussed in this chapter.

4.2 Developed Prototype

Figure 4.1 shows the final developed prototype of the air levitation system. The ul-

trasonic sensor is attached at the top end of the acrylic transparent tube, and the ping

pong ball is put inside the tube. The box that the tube is attached to has the Arduino

board, blower fan, 9V battery, and IRF520 MOSFET driver module inside.
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Figure 4.1: Final Developed Prototype.

4.3 Working Principle of the System without PID controller

The operation of the air levitation system without PID controller in the Arduino IDE

platform has the same operation as in the Simulink platform. It is because the con-

structed model in the Simulink platform is based on the codes that are written in the

Arduino IDE platform. The reason that the model of the air levitation system is trans-

ferred from the Arduino IDE platform to the MATLAB platform is the input and output

data are unable to be exported to MATLAB software. In this case, the operation of the

system will be explained based on the Arduino IDE platform.
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Figure 4.2: Operation of the System without PID controller.

From Figure 4.2, the operation of the system was started with measurement of

the distance between the ultrasonic sensor and the ping pong ball. The value of the

distance is calculated and displayed on the serial monitor. The input of the desired

position of the ping pong ball can be entered by the user through the serial monitor in

the Arduino IDE platform.

The value entered must be the integer and within the range of 0 between 27. It

is due to the valid distance of the ping pong ball that can be lifted is from 0 to 27cm

after the dimensions of the sensor and the ball are taking consideration. If the value

entered by the user was out of the range assigned, a message would be printed on the

window of the serial monitor, notifying the user to enter another valid input.

The entered input value would be compared with the measured distance and the

message that shows the system is activated would be displayed if the value was within
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the range given as shown in Figure 4.3. Three conditions had been defined either

the input is higher than, lower than, or equal to the detected distance, the appropriate

actions were written for each of the conditions that fulfilled.

Figure 4.3: System Activated Message Displayed On Serial Monitor.

For the first condition, if the input value (desired height) was higher than the

detected distance, the value of the PWM would be decreased which will decrease the

speed of the blower by producing smaller airflow to move the lifting object downwards

and the value of input and detected distance would be compared again. The decrease

of the PWM value of the pin D9 would decrease the duty cycle of the signal and the

output voltage was decreased. The loop was continued to check the input value and

detected distance.

If the first condition was not fulfilled, the second condition was checked, if

the input value was lower than the detected distance, the value of the PWM would be

increased that would increase the speed of the blower by producing larger airflow to

move the lifting object upwards and the value of input and detected distance would

be compared again. The increase of the PWM value of the pin D9 would increase the

duty cycle of the signal and the output voltage was increased. The loop was continued

to check the input value and detected distance.

The third condition would be executed if the first and second conditions were

not fulfilled, the current value of PWM would remain as long as the third condition is

fulfilled. It is to maintain the duty cycle of the signal which the same airflow would

be produced by the blower to lift the object at a fixed position. The checking process
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of the input value and the detected distance was continued. However, since the air

levitation system is one of the non-linear and unstable systems, therefore without the

application of control techniques such as PID control will cause the ping pong ball

keeps moving upwards and downloads nonstop. Figure 4.4 shows the increment and

decrement of the PWM value when the conditions were fulfilled and when the input

was equal to the detected height the PWM value was maintained and displayed on the

serial monitor.

Figure 4.4: Increment and Decrement of PWM Value Displayed on Serial Monitor.

Figure 4.5 and Figure 4.6 show the simulated model that applied to the physical

levitation system that has identical operation as the simulated system in the Arduino

IDE platform.

Figure 4.5: Simulated model in MATLAB platform.
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Figure 4.6: Application of the simulated model to the physical system.

4.4 Working Principle of the System with PID controller

For the operation of the air levitation system with PID controller, the output of the PID

controller is connected to the PWM pin D9 of the Arduino boards. The physical tuning

method that has been discussed in Chapter 3 is used to obtain the optimal value of the

Kp, Ki, and Kd. The PID parameters are tuned using the knob block. The optimal

values obtain for the Kp, Ki, and Kd after the tuning method is applied are equal to

-7.64, -2.71, and -2.3 as shown in Figure 4.7.

Figure 4.7: Optimal Values for Kp, Ki, and Kd.
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After the values are obtained, the values are applied to the PID controller di-

rectly. The model is then simulated in the external mode to allow the real-time simu-

lation of the physical system.

The operation of the PID controller is based on the equation 2.11, the e(t)

represents the error that is computed from the difference between desired height and

the actual height of the ball. When the value of the Kp is increased, it will increase

the rise time of the response where the error of the response is increased as well. To

reduce the steady-state error of the response, the Ki is required. The value of error

will be integrated over time and multiplied to the value of Ki that is applied to the

controller to reduce the steady-state error. The presence of the Kp and Ki will cause

a large overshoot for the response, and it required Kd to reduce the overshoot of the

system by differentiating the error in respect with time to predict the future behavior

of the error. The Figure 4.8 and Figure 4.9 show the simulated model that applied to

the physical levitation system.

Figure 4.8: Simulated model in Simulink platform.
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Figure 4.9: Application of the simulated model to the physical system.

4.5 Graph Obtained For Both Of the Systems

The graph that consists of the actual position of the ping pong ball and the desired

height that is entered by the user for the air levitation system without the PID controller

can be observed through the scope in the Simulink platform as shown in Figure 4.10.

The scope must be connected to the output of the desired height and the output from

the ultrasonic sensor.

Figure 4.10: Graph for the system without PID controller.
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From Figure 4.10, when time is at 0s the desired height is set to 17cm and the

position of the ping pong is keeps fluctuating in the range from 5cm to 20cm. Then, the

desired height is changed to 15cm when the time is equal to 20s, it is observed that the

position of the ping pong ball is kept oscillating. This indicates that the air levitation

system without PID controller is unstable and unable to stabilize the ball at the desired

height. In real life, this is the unwanted response from a system. While the graph for

the air levitation system with PID controller also can be observed from the scope that

is connected both of the variables as shown in Figure 4.11.

Figure 4.11: Graph for the system with PID controller.

From the graph for the system with PID controller, when the time is equal to

20s the desired height is set to 15cm by the user and the position of the ping pong is

oscillating with smaller amplitude if compared with that for the system without PID

controller. The desired height is then changed to 10cm when the time is equal to 95s,

the position of the ping pong ball is fluctuating from 8cm to 12cm. After that, the

desired height is changed to 17cm and it is observed that the position of the ping pong

increase to 17cm and have some oscillations. Unlike the system without PID controller,

the output of the system with PID controller can track the input that is entered by the

user as shown in Figure 4.11.
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4.6 Transfer Function Obtained For Both of the Systems

The transfer function for both of the systems is obtained by using the system identifi-

cation toolbox in the MATLAB platform. To estimate the function using the System

Identification Toolbox, the input and output data of the system are required.

For the transfer function of the air levitation system without PID controller that

is obtained using system identification approach is shown in Figure 4.13 or equation

4.1.

Figure 4.12: Transfer Function of the system without PID Controller.

t f 1 =
1.995s+0.7053

s2 +0.7396s+0.8909
(4.1)

For the transfer function of the air levitation system with PID controller that is

obtained using system identification approach is shown in Figure 4.13 or equation 4.2.

Figure 4.13: Transfer Function of the system with PID Controller.
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t f 2 =
2.051s+0.00875

s2 +2.046s+0.008774
(4.2)

There are two transfer functions are obtained in this project, the tf1 is the trans-

fer function or the model that represents the air levitation system. While the tf2 is the

transfer function that has been included with the model of the developed system and

the PID controller which means that the model of the system has been multiplied with

the equation of the PID controller which produces the tf2.

4.7 Step Response of the Systems

The step responses for both of the systems are generated by applying a step input to

the obtained transfer function. In this project, the "step" command is used to generate

the step response of the system in the MATLAB platform. The default value of the

step input that is applied to the system by using the "step" command is 1. Figure 4.14

shows the generated step response for the system without PID controller.

Figure 4.14: Step Response of the System without PID Controller.

From the step response of the system without PID controller, it is clear to ob-

serve that the response has a high percentage of overshoot at time = 1.74s and the
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system oscillates before it reaches the steady-state phase. During the estimation pro-

cess of the transfer function for the system without PID, the stability is enforced and

it results the step response of the system to enter steady-state phase instead of oscilla-

tion due to the limitation of the System Identification Toolbox. Figure 4.15 shows the

generated step response for the system with PID controller.

Figure 4.15: Step Response of the System with PID Controller.

While for the step response of the system with PID controller, it is observed

that there is no overshoot and oscillation occur for the system. The system reaches the

steady-state phase when time = 2 s.

Furthermore, the transfer function of the system with PID controller is applied

with multiple-step inputs as shown in Figure 4.16 which start with 15cm, 10cm, and

17cm as shown in Figure 4.17.

Figure 4.16: Application of Multiple Step Inputs to the Obtained Transfer Function.
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Figure 4.17: Multiple Step Inputs.

The scope in the Simulink platform is used to observe the step response of the

system when multiple step inputs are applied to it as shown in Figure 4.18. The yellow

line is the step response of the system and the blue line is the steps inputs that are

applied. Initially, the inputs are set to 15cm and change to 10cm when time is equal to

94.771s. At time = 150.196s, the input is changed to 17cm. It is obvious to see that the

inputs that are applied to the system can be tracked by the developed system with PID

controller. This indicates that the controller that is applied to the system is working.

Figure 4.18: Step Response for Multiple Step Inputs.
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4.8 Analysis of Step Response

The parameters such as the steady-state error, steady-state value, percentage overshoot,

rise time and settling time can be determined from the generated step response for both

of the systems as shown in Figure 4.19 and Figure 4.20 in the MATLAB platform.

Figure 4.19: Parameters Obtained for the step response of the system without PID
Controller.

Figure 4.20: Parameters Obtained for the step response of the system with PID Con-
troller.

Based on the Figure 4.19 and Figure 4.20, the step responses for both of the

systems are analyzed through the parameters that are obtained as shown in Table 4.1.
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Table 4.1: Parameters Obtained of the Step Response from both of the systems

Parameters System without PID System with PID

Percentage Overshoot,%OS 127% 0%

Rise Time,Tr 0.352s 1.05s

Settling time,Ts 10.7s 1.78s

Steady-State Value 0.792 0.998

Steady-State Error 1-0.792 = 0.208 1-0.998 = 0.02

From table 4.1, the percentage overshoot for the system without PID is 127%

and the percentage overshoot for the system with PID is 0% where there is no overshoot

occurs. The high percentage overshoot indicates that the system is unstable. The rise

time of the system without PID controller and system with PID controller is equal to

0.352s and 1.05s respectively. The settling time of the system without PID controller is

10.7s which is longer than that for the system with PID controller which is 1.78s. The

steady-state value of the system without PID controller is 0.792, while the steady-state

value of the system with PID controller is 0.998. The steady-state errors for both of the

systems are calculated, the steady-state error of the system without PID controller is

equal to 0.208 and the steady-state error of the system with PID controller is equal to

0.02. The percentage errors of the steady-state error parameters are tabulated as shown

in Table 4.2.

Table 4.2: Percentage Errors of Steady-State Errors

Types of System Percentage Error for steady-state error parameter(%)

System without PID 1−0.792
1.000 ×100% = 20.8%

System with PID 1−0.998
1.000 ×100% = 2.0%

After comparing both of the parameters of the step responses, it is clear to see

that the system with PID controller has a better response in terms of low percentage

of overshoot, low settling time, and low steady-state error if compare with the system

without the PID controller although the rise time of the system is higher than the system

without PID controller. The steady-state error of the system without PID has been
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improved from 20.8% to 2% if compared with the system with PID controller. The

percentage of overshoot also has been improved from 127% to 0%. The stability of the

air levitation system is increased with the application of PID controller to the system.

The concept of implementing the PID controller to increase the stability of a system

also can be applied to other non-linear and unstable systems such as the magnetic

levitation system.

4.9 Project Sustainability

The developed air levitation system is easier to be designed and replicated. All of the

components that are used to develop the system can be obtained easily. The MATLAB

and Simulink platforms that are used to develop this system are sustainable where

the platform can be accessed by anyone and the future improvement of the design of

the controller can be done in the platform. Next, the other type of controller such

as the Sliding Mode Controller can be applied to the air levitation system and the

comparison of the effectiveness between the controllers applied can be made. The

developed system also can be modified based on the requirement of the user such as

making it to become a training toolkit for control engineering education by adding

some hands-on lab activities.

4.10 Summary

In this chapter, the result that obtained for this project and the working principle for

both of the systems are discussed. The graphs that consist of the desired height and

the actual height of the ping pong ball are included with explanation. The step re-

sponses for both of the systems are analyzed and compared. The project sustainability

is discussed in this chapter.



CHAPTER 5

CONCLUSION AND FUTURE WORKS

5.1 Introduction

This chapter will make the conclusion based on the research study that was made, and

the future improvement that can be done on this study are suggested.

5.2 Conclusion

In conclusion, a low-cost air levitation system is developed by using the Arduino Uno

R3, ultrasonic sensor, blower fan, and IRF520 MOSFET driver module. The MATLAB

and Simulink platforms are used to design the model of the system and PID controller

that will be deployed on the physical hardware. The analysis of the step responses for

both of the systems is carried out based on the parameters such as percentage over-

shoot, rise time, settling time, and steady-state error.

This project demonstrates a control technique which is a PID controller that

is applied to a physically developed air levitation system. The comparison is made

between the system without the PID controller and the system with PID controller

with the purpose to study the effect of the PID controller on the stability of the system.

The air levitation system that is chosen for this project is one of the non-linear and
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unstable systems. The transfer functions for both of the systems are estimated by using

the system identification application. The step responses for both of the systems are

generated and analyzed. It is proved that the stability of the air levitation system can

be increased with the application of PID controller where the percentage overshoot,

settling time, and the steady-state error of the system are greatly reduced.

5.3 Future Works

The air levitation system is one of the popular non-linear systems used by other re-

searchers recently for studying the performance of applied controllers due to its sim-

plicity to set up and easier to duplicate. For the future improvement of this project, the

non-linear controller such as Sliding Mode Controller (SMC) or fuzzy logic controller

can be applied to the developed air levitation system. The performance of the SMC can

be used to compare with the PID controller to determine which controller has better

robust control to the system. Next, the developed system can be modified to make it

becomes a training toolkit in control engineering education by adding more lab activi-

ties such as the application of different control techniques (PI or PD) and disturbance

analysis. This can provide hands-on activities for the student or control engineer to

relate the theoretical knowledge that learned with the practical.
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l nput Voltage (limits) 
Dig ital 1/0 Pins 
Analog Inpu t Pins 

6-20V 

14 (of which 6 provide PWM output) 
6 

DC CurrMt pet' 1/0 Pin 
DC Curret1t for 3.3V Pin 
Aash Memory 

40 mA 
50 mA 
32 KB (ATmego328) of whidl 0.5 KB used by boo~ooder 
2 KB (ATmega328) SRAM 

EEPRDM 1 KB (ATmega328) 

Clock Speed 16 MHZ 

Schematic & Reference Design 

EAGLE tiles: arduino---uno-Rev3·reference-design.zio (NOTE: works with E21gle 6.0 and newer) 
Schematic: arduino·uno·Revl·schematic.pctf 
Note: The Arduino reference design can use an Atmega8, 168, or 328, Current models use an 
ATmega328, but 21n Atmega8 ls shown In the schematic for reference. The pin configuration is Identical 
on all ttlree processors. 

Power 

The Ardulno Uno can be powered via the USB connection or with an external power supply. The power 
source Is selected automatiailly. 
External (non·USB) power can come either from an AC· to·OC adapter (wall·wart) or battery. The 
adapter can be connected by plugging a 2. lmm CMter·positive plug Into the board's power jack . Leads 
from a battery can be Inserted in ttle Gnd and Vin pin headers of the POWER connector. 
The board can operate on an external supply or 6 to 20 volts. If supplied with less than 7V, however, 
ttle SV pin may supply less than five volts and the board may be unstable. If using more than 12V, the 
vottage regulator may overheat and dllmage the board. The recommended range Is 7 to 12 volts. 
The power pins are as follows: 

VIN. The Input voltage to the Arduino board when It's using an e:xtemal power SOtJrce (as 
opposed to 5 v°'ts from the USB connection or other regulated power source). You can supply 
voltage through this pin, or, if supplying voltage via the power Jack, access it through this pin. 
SV .This pin outputs a regulated SV from the re-gulator on the board. The board can be supplied 
with power either rrom ttle oc power jack (7 • 12V), the use connector (SV), or the VIN pin of 
Lhe board (7· 12V). Supplying voltage via ttie SV or 3.3V P'ns bypasses the regulator, and can 
damage yoor bOllrd. We don't advise It. 
3V3. A 3.3 volt supply generated by the on•board regulator. Ma lClmum current draw Is SO mA. 
GND. Ground pins. 

Memory 

The ATmega328 has 32 KB (wftli 0.5 KB used for the bootloader). It also has 2 KB ofSRAM and l KB 
or !EPROM (whleh can be read and written with tile ecPROM llbr>rvl. 

Input and Output 

Each ot the 14 digital pins Otl the Uno can be used as an Input or output, using plnMQdc(l, 
dlgltalWritcC>, and dlgltatRcod() f\lnctlons. They operate at S volts. Eac:fl pin can provide Ot receive a 
max1mum or 40 mA and has an Internal pull·up resistor (disconnected by default) ot 20·50 kOhms. Jn 
addition, some pins have specialized runcdOt1s: 

Serlol : o ( RX ) ond 1 ( TX). Used to receive (RX) and transmit (TX) TIL sertal data. These pins 
are connected to the corresPondlng pins or the ATmega8U2 USB·to·TIL Serial chip. 
ElCtern•I Interrupt• : 2 •nd 3. These pins can be configured to trigger an lntem.ipt on a low 
value, a rising 0t falling edge, or a change In value. See the attachi ntt:rruptO function ror 
details. 
PWM : 3, 5, 6, 9, 10, and 1 1. Provide 8·bit PWM output wtth the analogWntcll function. 
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Datasheet For Ultrasonic Sensor HC-SR04
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APPENDIX C

Output Response Characteristic Graph For Sharp GP2Y0A21YK
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Datasheet for IRF520 MOSFET
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