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ABSTRACT

Inverted pendulum system is unstable without control, that is, the pendulum wills
simply fall over if the cart isn’t moved to balance it and naturaly fals downward
because of gravity. Thus, the inverted pendulum system is inherently unstable. In
order to keep it upright, or stabilize this system, one needs to manipulate it, either
vertically or horizontally and it requires a continuous correction mechanism to stay
upright since the system is unstable, non-linear and non-minimum phase behavior.
To overcome this problem, the fuzzy logic controller will be designed. The Fuzzy
Logic Controller has been chosen to stabilize the pendulum rod and keeping the cart
in a desired position. Fuzzy logic has provided a simple way without going through
the mathematical approach as conventional controller in order to arrive at a definite
conclusion based upon nonlinear and an unstable of inverted pendulum system.
Besides that, Fuzzy logic control system (FLC) was chosen as the control technique
because of its ability to deal with nonlinear systems, as well as its intuitive nature.

One specia feature of fuzzy logic control isthat it utilizes the expertise of humans to
control the physical system, so that complex system can be controlled without

extensive modeling of the relationship between the input and output of the system.
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ABSTRAK

Inverted Pendulum System adalah tidak stabil tanpa dat kawalan, yang akan
menyebabkan bandul mudah untuk terjatuh jika kereta itu tidak bergerak untuk
mengimbanginya yang semulgadinya akan jatuh kebawah disebabkan oleh tarikan
graviti. Oleh itu, inverted pendulum system memang tidak stabil. Dalam usaha untuk
memastikan system ini dalam keadaan tegak atau stabil, suatu benda diperlukan
untuk dimanipulasikan sama ada dalam keadaan menegak atau melintang dan ia
memerlukan mekanisme pembetulan yang berterusan untuk mengekalkan kedudukan
tegaknya disebabkan sistem ini kurang stabil, tidak linear dan keadaan fasa yang
tidak minimum. Pengawal logic fuzzy akan direka untuk mengatasi masalah ini.
Pengawal logic fuzy dipilih untuk menstabilkan rod bandul dan untuk mengekalkan
kereta pada kedudukan yang dikehendaki. Pengawal logic fuzzy juga menyediakan
cara yang mudah tanpa perlu menggunakan pendekatan matematik seperti pengawal
konvensional untuk mencapai keputusan yang tetap berdasarkan pada Inverted
Pendulum System yang tidak stabil. Selain itu, pengawa logic fuzy juga dipilih
sebagal alat pengawal kerana keupayaannya mengawal sistem tidak linear serta sifat
semulgjadinya yang senang dikendalikan dan difahami. Salah satu keistimewaan
pengawal logic fuzy ini adalah menggunakan kepakaran manusia untuk mengawal
sistem fizikal, supaya sistem yang kompleks boleh dikawal tanpa perlu mengaitkan

hubungan kompleks model antara sistem masukan dan keluaran.
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CHAPTER 1

INTRODUCTION

1.1  Project Background

Modern day control engineering is a relatively new field of study that gained a
significant attention during 20" century with the advancement in technology. Control
theory is afield rich in opportunities and new directions [1] dealing with disciplines
and methods that leads to an automatic decision process in order to improve the
performance of a control system. The evolution of control theory is related to
research advanced on technology, theoretical controller design methods and their
real-time implementation [2, 3]. It is important to note that evolution of control
theory is also closdly related to education [4, 5] and the next generations of students
studying control system must recelve the scientific and pedagogical supports
required to verify conventional techniques, develop new tools and techniques and
verify their realization [6].

In the field of control engineering, Inverted Pendulums (IP) are one of the
most commonly studied and at the same time IP represents one of the most difficult
system to control. This explains the fact that although many investigations have been
carried out on the inverted problem, researchers are still constantly experimenting
and building it as the inverted pendulum is a stepping stone to greater balancing

control systems such as balancing robots.



The inverted pendulum is a system that has a cart which is programmed to
control a pendulum. This system is inherently unstable since even the slightest
disturbance would cause the pendulum to start falling. Thus some sort of control is
necessary to maintain a balanced pendulum. An ideal controller would keep the
pendulum balanced with very little change in the angle or cart displacement.
Obvioudly limitations would be imposed based on the actua parameters of the
system as well as the method for implementing a controller. Thus designing a
controller that is close to theideal situation is achallenging design problem.

Fuzzy logic control system (FLC) was chosen as the control technique
because of its ability to deal with nonlinear systems, as well as its intuitive nature.
Fuzzy logic is gaining increasing interest in the controls community. It is one of
several control schemes, that include neura network and genetic algorithm based
controllers, which are considered unconventional. One special feature of fuzzy logic
control is that it utilizes the expertise of humans to control the physical system, so
that complex system can be controlled without precise knowledge of the plant. The
designer can build up the controller based on general idea of what it must
accomplish. It is for this reason that fuzzy logic is particularly useful in instances
where a human operator is being replaced, or where a human has an implicit model
in mind of the input-output behavior of the system.

Another reason for the recent interest in fuzzy logic controllers is their
inherent robustness property because of the fuzzy nature of the controller, variation
in system parameters are handled with ease. However, all evidence of robustness is
either from simulations or experiments as no mathematical proofs of robustness can
be constructed. In awell-written paper, Abramovitch [7] points out that fuzzy logic is
not a magical control technique that can solve every problem and provides a
balanced view of the pros and cons of fuzzy logic control. For an example, there are
clearly some situations where fuzzy logic will not work well because fuzzy
controllers rely on sample rates that are high relative to the system dynamics as well
as a common sense control situation. For fast systems with a complex input-output
relationship, other control schemes may be more appropriate.

Thus, the modeling and analysis for this controller is donein MATLAB and
Simulink. Therefore, the best control approach needs to be discovered in order to

give the best performance for the inverted pendulum system.



1.2 Problem Statement

This project studies comprehensively about the methods of stabilizing an inverted
pendulum. An inverted pendulum system is unstable without control, that is, the
pendulum wills simply fall over if the cart isn’t moved to balance it and naturally
falls downward because of gravity. Thus, the inverted pendulum system is an
inherently unstable.

In order to keep it upright, or stabilize the system, one needs to manipulate it,
either vertically or horizontally and it requires a continuous correction mechanism to
stay upright since the system is unstable, non-linear and non-minimum phase

behavior. To overcome this problem, the fuzzy logic controller will be designed.

1.3  Aimof Project

The aim of this study is to stabilize the inverted pendulum such that the position of
the carriage (cart) on the track is controlled and accurately so that the pendulum is
always erected in itsinverted position during such movements. Thus need to design a

better controller for the inverted pendulum system by using Fuzzy Logic Controller.

1.4  Objective of Project

The main objectives of this project are:
1) To understand the concept and synthesis the mathematical model of the
inverted pendulum.
2) To design fuzzy logic controller for an inverted pendulum system using
MATLAB command and Simulink.
3) To develop a controlled program of the proposed technique on Arduino
board.



15  Project Scopes

The scopes ranges that had been covered during the development of this system are
listed as below:

i. Study the concept of an inverted pendulum system and synthesis the
mathematical model of this system which is created by K. Ogata (1978).

ii. Fuzzy Logic Controller system have to be studied and designed before
implementing and analyzing the output result for this project by using the
MATLAB command and Simulink.

lii.  Study and Interfacing the design controller with the hardware using Arduino
board.

1.6  Outline of the Report

This thesis contains five chapters. The first chapter is about the introduction of this
project. It will explain about the background of the project which include the aim and
objectives of project and as well as project scopes.

The second chapter is about literature review. It will explain about the theory
and concept of an inverted pendulum, theory and application of fuzzy logic controller
of this project. It also consist the previous case study and the application in red
world and many more.

The third chapter is discusses the system that has been developed. It will
explain and focus on the concept of inverted pendulum system without any controller
and how to derive the mathematical model of the inverted pendulum system. Besides
that, it also consist the method that be used to design the fuzzy logic controller. The
effectiveness of the proposed method is verified by develop ssmulation model in
MATLAB-simulink and experimental by using Arduino board.

The fourth chapter is about the analysis result and discussion. In this section
the performance of the controller has been verified in simulation results and the other
results also have been including during the experimental .

This last chapter presents the conclusion and suggestion for this project. A
few recommendations and suggestions have been includes to other researcher on how

to improve the efficiency and accuracy of this system for the future work.



CHAPTER 2

LITERATURE REVIEW

This chapter discusses relevant references related to the project. This will critically
provide as much information as needed on the technology available and
methodologies used by other research counterparts around the world on the topic.
There are groups of control method in fuzzy logic controller for inverted pendulum
which had been implemented will be discussed.

2.1 Introduction to Inverted Pendulum System

Since the 1950s, the inverted pendulum, especially the cart version, was used for
teaching linear feedback control theory [8] and it also one of an example studied that
had been used as references to design, implementation and devel opment of control to
stabilize open-loop unstable systems. The first solution to this problem was described
by Roberge in 1960 [9] and then by Schaefer, and Cannon in 1966 [10]. This system
also had been used in many books to solve the linear optimal control problem [11]
and the complex nonlinear control problem [12] for unstable systems.

The inverted pendulum system had the same principle as balancing a brush,
pen or other object on the palm of hand. For an example, when balancing a pen on
palm of a hand, a person balancing the pen moves the hand in the direction that the
pen is falling. This serves to constantly adjust the position of the hand to keep the
object upright [13]. An inverted pendulum does basically the same thing. Force must
be properly applied to keep the system intact.



An inverted pendulum system consists of a thin rod (pole) attached at its
bottom of a moving cart as shown by a basic block diagram in Figure 2.1. In a
normal condition, a pendulum is stable when hanging downwards, a vertical inverted
pendulum is naturally unstable, and must be actively balanced in order to remain

upright, usually by moving the cart horizontally as part of afeedback system.

= «

Figure 2.1: Free body diagram of the inverted pendulum system

The equation of the cart in this system

F =M% +bx+F, (2.2)
The equation of the pendulum in this system

18 = F, Isinf — F lcos® (2.2
The equation of the force in the vertical direction this system

F, = —ml(l_—f-‘z cosf8 + 951"?‘19) —m,g=~F (2.3
The equation of the force in the horizontal direction this system

F, = mi% +mlf cos@ —mlf%sinf = N (2.9
The overall mathematical modeling will be discussed on chapter 3.

To achieve this, proper control theory is required. The inverted pendulum is
an invaluable tool for the effective evaluation and comparison various control
theories. The inverted pendulum is used in simulations and experiments to show the
performance of different controllers (e.g. PID, State Space and Fuzzy controllers and
else).



The inverted pendulum is a classic problem in dynamics and control theory
and widely used as benchmark for testing control algorithms (PID controllers, neural
network, genetic algorithm and so on). Variations on this problem include multiple
links, alowing the motion of the cart to be commanded while maintaining the
pendulum, and balancing the cart-pendulum system. The inverted pendulum is
related to rocket or missile guidance, where thrust is actuated at the bottom of a tal
vehicle[14].

Another way that an inverted pendulum may be stabilizes, without any
feedback or control mechanism, is by oscillating the support rapidly up and down. If
the oscillation is sufficiently strong in terms of its acceleration and amplitude, then
the inverted pendulum can recover from perturbations in a strikingly counterintuitive
manner [13][14][15].

There are many types of models for inverted pendulum system. Some of them
are two-stage of inverted pendulum system, paralel inverted pendulum system,
rotational inverted pendulum system, bi-axia inverted pendulum system and many
more. In that case, the uniqueness and the wide application of the technologies that
come from this unstable factor have gained an interest among many robotic
researchers around the world. In recent years, researchers have applied the idea of an
inverted pendulum model to various problems like designing walking gaits for
humanoid robots, balancing two wheel robots, robotic wheelchairs, personal

transport systems and others [13][14][15].

2.1.1 Present Applicationsof Inverted Pendulum

Inverted pendulum is currently used as teaching aids and research experiments. For
an example the Quanser (2004), a supplier of educational and research based
equipment produce modular systems which can be configured as single or double
inverted pendulum [16] as shown in Figure 2.2. Their range offers both arotary and a
linear version. Many researchers have aso built their own inverted pendulum system

to suit thelr investigations.
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Figure 2.2: Quanser Inverted Pendulum System

One of an example a similar and commercially available system is a
balancing scooter ‘SEGWAY HT’. Dean Kamen who holds more than 150 U.S. and
foreign patents related to medical devices, climate control system and helicopter
design has inverted this scooter. The ‘SEGWAY HT’ is able to balance a human
standing on its platform while the user traverses the terrain with it [17] as shown in

Figure 2.3.

Figure 2.3: Scooter SEGWAY HT

In another paper ‘Cooperative Behavior of a Wheeled Inverted Pendulum for
Object Transportation’ presented by Shiroma et al. in 1996 shows the interaction of
forces between objects and the robot by taking into account the stability effects due
to these forces. This research highlights the possibility of cooperative transportation
between two similar robots and between a robot and a human [18] as shown in

Figure 2.4.



Figure 2.4: Wheeled Inverted Pendulum System

The rapid increase of the aged population in countries like Japan has
prompted researchers to develop robotic wheelchairs to assist the infirm to move
around, by Takashi et a.2001. The control system for an inverted pendulum is
applied when the wheelchair move with a small step or road curbs [19] as shown in
Figure 2.5.

Figure 2.5: Robotic Wheelchairs

Lastly, Sugiharaet. Al. (2002), modeled the walking motion of a human as an
inverted pendulum in designing areal time motion generation method of a humanoid
robot that control the center of gravity by indirect manipulation of the Zero Moment
Point (ZMP). The rea time response of the method provides humanoid robots with
high mobility [20] as shown in Figure 2.6.
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Figure 2.6: Humanoid Robot

2.2  Fuzzy Logic System

Over the last few years a new and artificial method of controlling processes has
found a growing number of applications. Although the basic concept of Fuzzy Logic
were developed in the 1960’s, only recent progress in computer techniques have
made its practical use possible.

The concept of Fuzzy Logic Controller (FLC) was conceived by Lotfi Zadeh
[21], a professor at the University of California at Berkley, and presented not as a
control methodology, but as a way of processing data by alowing partial set
membership rather than crisp set membership or non-membership. This approach to
set theory was not applied to control systems until the 70's due to insufficient small-
computer capability prior tothat time. Professor Zadeh reasoned that people do
not require precise, numerical information input, and yet they are capable of highly
adaptive control. If feedback controllers could be programmed to accept noisy,
imprecise input, they would be much more effective and perhaps easier to implement
[22].

Fuzzy logic (FL) is a form of multi-valued logic derived from fuzzy set
theory to deal with reasoning that is approximate rather than precise. Just as in fuzzy
set theory the set membership values can range (inclusively) between 0 and 1, in
fuzzy logic the degree of truth of a statement can range between 0 and 1 and is not
constrained to the two truth values {true (1), false (0)} asin classic predicate logic
[23]. FL provides a simple way to arrive at a definite conclusion based upon vague,

ambiguous, imprecise, noisy, or missing input information.
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Instead of the mathematical modeling and writing differential equations
describing the characteristics of the inverted pendulum system, FL is another
controller technique is introduced initially to mimic human behavior in robotics.
Since the human body is perfect in keeping its balance, the scientists came up with
the inverted pendulum system to represent the human-like balancing as closest as it
could be. To actualize this idea the fuzzy logic and fuzzy controllers are used to
stabilize the inverted pendulum with its rod kept upright.

2.2.1 Foundation of Fuzzy L ogic

Fuzzy logic starts with the concept of afuzzy set. A fuzzy set is a set without a crisp,
clearly defined boundary [24]. It can contain elements with only a partial degree of
membership. Unlike classical set theory that classifies the element of the set into
crisp set, fuzzy set has an ability to classify elements into a continuous set using the
concept of degree of membership. The characteristic function or membership
function not only gives 0 or 1 but can also give values between 0 and 1.

A fuzzy set is a set with fuzzy boundaries. In fuzzy logic, the truth of any
statement becomes a matter of degree. Any statement can be fuzzy. A value between
0 and 1 represents the degree of membership, also called membership value. In this
inverted pendulum system, the fuzzy boundaries can be considered according to the
rules that are going to be used. As the number of rules increased, the degree of
membership will become more accurate.

A membership function (MF) is a curve that defines how each point in the
input space is mapped to a membership value (degree of membership) between 0 and
1 [25]. The input space is sometimes referred to as the universe of discourse. The
only condition a membership function must really satisfy isthat it must vary between
0 and 1. The function itself can be an arbitrary curve whose shape can define as a
function that suits us from the point of view of simplicity, convenience, speed, and

efficiency. A classical set might be expressed as

A ={x|x>6} (2.1
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A fuzzy set is an extension of a classical set. If X isthe universe of discourse and its
elements are denoted by X, then afuzzy set A is defined as a set of ordered pairs.

A ={X, pa(x) | x € X} (2.2)

Ma(x) is caled the membership function (MF) of x in A. the membership function
maps each element of X to a membership value between 0 and 1.

The Fuzzy Logic Toolbox includes 11 built-in membership function types.
These 11 functions are built from severa basic functions which are piecewise linear
functions, the Gaussian distribution function, the sigmoid curve, quadratic and cubic
polynomial curves.

There is a very wide selection to choose from these membership functions.
Membership function can be created in Fuzzy Logic Toolbox, but for this project,
only one out of these 11 membership functions will be used which is triangular. This
membership function is chosen because of the smplicity and based on the parameter
used for this system. A membership function associated with a given fuzzy set maps
an input value to its appropriate membership value.

The most important thing to realize about fuzzy logical reasoning is the fact
that it is a superset of standard Boolean logic. In other words, if the fuzzy values are
kept at their extremes of 1 (completely true) and O (completely fase), standard
logical operations will hold. As an example, consider the standard truth tables are

shown in Figure 2.7.

A B Aand & A B AOrE A nolA
0 0 0 0 Q | 0 0 1
0 1 | ] 0 1 | 1 1 Q
i 0o | o i 0 | 1
1 1 1 1 1 1

AND OR NOT

Figure 2.7: Truth table for Boolean logic AND, OR and NOT

Moreover, since there is a function behind the truth table rather just the truth
table itself, the values other than 1 and O now can be considered. Figure 2.8 shows
the graph that is explaining the same information as before. The truth table have been



13

converted to a plot of two fuzzy sets applied together to create one fuzzy set. The
upper part of the figure displays plots corresponding the two-valued truth tables
above, while the lower part of the figure displays how the operations work over a
continuously varying range of truth values A and B according to the fuzzy operation
that have defined before.

L LA
] ]
Two-valued ; :
logic —
Amd B nath
| | | |

PN | Poa

(N )

. %
Mukialusd |
o ic | | |
&
=t R = | g 5
AND OR NOT
A manh, B |1-&)

Figure 2.8: The two-vaued and multivalued logic for AND, OR and NOT

Given these three function, any construction now can be resolved by using
fuzzy sets and the fuzzy logical operation AND, OR and NOT. That is how the fuzzy
operator will be used in this system. After making some studies on this part, only one
fuzzy logical operation is suitable for thisinverted pendulum system. AND operation
Is used to get the minimum value of multivalued logic. This part will be further
discussed in the next chapter.

Fuzzy sets and fuzzy operators are the subjects and verb of fuzzy logic. These
if-then rule statements are used to formulate the conditional statements that comprise

fuzzy logic. A single fuzzy if-then rule assume the form

If xisAtheyisB (2.3

Where A and B are linguistic values defined by fuzzy sets on the range X and
Y. the if-part of the rule “x is A” is called the antecedent or premise, while the then-
part of the rule *“y is B” is called the consequent or conclusion.

In general, one rule by itself can’t produce the good result. The system
actually needs two or more rules that can play off one another. The output of each
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rule is a fuzzy set. The output fuzzy sets for each rule are then aggregated into a
single output fuzzy set. Finally the resulting set is defuzzified, or resolved to asingle

number.

2.2.2 Fuzzy Inference System

Fuzzy inference is the process of formulating the mapping from a given input to an
output using fuzzy logic. The mapping then provides a basis from which decisions
can be made, or patterns discerned. The process of fuzzy inference involves all the
pieces which are membership functions, fuzzy logic operators and if-then rules.
There are two types of fuzzy inference systems that can be implemented in the Fuzzy
Logic Toolbox which are Mamdani-type and Sugeno-type. These two types of

inference systems vary somewhat in the way outputs are determined.

23 MATrix LABoratory (MATLAB)

MATrix LABoratory is a language for technical computing, developed by the
Mathworks, Inc. It provides a single platform for computation, visualization,
programming and software development. All problems and solutions in MATLAB
are expressed in notation used in linear algebra and essentially involve operations
using matrices and vectors. MATLAB can be used to solve problems in control

systems.

231 MATLAB Simulink

Simulink is a tool for modeling, simulating and analyzing multi domain dynamic
systems. Its primary interface is a graphical block diagramming tool and a
customizable set of block libraries. Simulink offers tight integration with the rest of
the MATLAB environment and both drive MATLAB or can be scripted from
it. Simulink is widely used in control theory and digital signal processing for multi

domain simulation and design.
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24  System Design with Hardware

To design any system, a set of requirements is necessary to have guidelines when
making decisions about implementation. This project is no different. Taking the
constraints into consideration, a set of requirements and goals was established for
this project as follows:

Working mechanical system.

Good interface between Atmel Mega2560 and the mechanical system.

Well-designed accurate sensors.

MATLAB interface (visual and data extraction)

Easily programmable through user interface to allow other solutions.

241 TheMotor and the Control Circuit

There are three main choices to use for motor for this project which are DC motor,
stepper motor and lastly a servomotor. The two main considerations in choosing a
motor are needs for high torque and high speed. The torque is necessary for the cart
to change direction quickly in order to keep the pendulum balanced. High speed is
needed such that the cart can move faster than the pendulum can fall.

The DC motor could have high torque and high speed, but it comes at a cost.
First of al, when the torque and speed of a DC motor increase, it requires more
power to run the motor. This will be limited by the circuitry used to control the
motor. The control circuitry for a DC motor is a motor driver which controls the
direction of current across the motor based on the directional signal. Another input to
the motor driver controls the speed of the motor.

The stepper motor could provide high torque, but it would lack sufficient
speed. A bi-polar stepper would be necessary to ensure that the motor turns both
directions. For this motor, there are four input lines that need to be toggled in the
correct order to have the motor turn in a certain direction and in the opposite order
for the motor to move in reverse direction. This control can be done externally
through the use of digital logic components that would require just a directional
signal and a speed control, but this would make the design more complex. Stepper

motors are also costly and consume a great deal of power.
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The servo motor could supply high speed, but would suffer with the torque. It
would also be harder to incorporate into this design. First off, servo motors typically
have the ability to turn only 360°. In order to have such a motor, the drive wheel
attached to the motor shaft would have sized such that one rotation could cause the
cart to travel the length of the track. This would require alarge wheel would decrease
the amount of torque provided by the motor and could possible damage the motor.
Also note that controlling a servo motor could be quite difficult in this application
since the voltage level applied to the motor tells the motor which angle to be at.
Thereislessintuition in designing controller that operatesin this way.

Regardless of which motor is chosen, a separate power supply will be
necessary just for the motor. The large power consumption by the motors and the
inductive spikes created each time the motor changes direction could be harmful to
any other circuit hooked up to the same power supply. The only way to control the
motor would be through opto-islolation which completely separates circuits with

different power supplies.

2.4.2 Feedback Network

Designing an accurate feedback network is essential to stabilizing the system. Thus
the sensors need to relatively noiseless and have a fast response such that the
information retrieved from the sensors accurately reflects the state of the system.
Determining the variables of the system to measure can be difficult. In this case there
are four parameters that govern the inverted pendulum system (which will be derived
in a next chapter). They are (1) the angle, (2) the angle’s velocity, (3) the
displacement of the cart, and (4) the velocity of the cart. Thus there are four
measurable parameters that could be used for feedback, which would determine the
control necessary to stabilize the system. Most conventional approaches to this
problem only measure the angle and displacement and derive the other two
parameters from these. This project follows in suit since those two parameters are the
easiest to measure and give the most information about the system.

When gathering information from the sensors it will be necessary to have
sensors that produce a variable voltage output that can be sampled by the Mega2560.
The Mega2650 will be programmed to use its internal Analog-to-Digital Converter
(ADC) to convert the voltage outputs of the sensors into a binary representation
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which then can be converted into a usable measurement. The internal ADC runs as
fast as 15 kHz, but can only perform one conversion at atime so the Mega2650 will
alternate between the two sensors. It may be possible to incorporate faster and more
accurate external ADCs, but it will require alarger 1/0 interface and accurate timing

to guarantee good readings.

2.4.3 Arduino Interface Board

Arduino is a small microcontroller board with a universal serial bus (USB) plug to
connect to the computer and a number of connection sockets that can be wired to
external electronics such as motors, relays, light sensor, laser diodes, loudspeakers,
microphone and more. They can either powered through the USB connection from
the computer, from 9V battery, or from a power supply. They can be controlled from
the computer or programmed by the computer and then disconnected and alowed to
work independently.

The board design is open source. These mean that Arduino is a compatible
board as shown in Figure 2.9. This competition has led to low costs for the boards.
The software for programming the Arduino is easy and aso freely available for
Windows, Mac, and LINUX computers.

25  Previous Case Study

There are a lot of researchers done similar with this project, mostly by foreign
manufacturers, university and colleges. Development of fuzzy logic control
techniques began in earnest in 1980°’s with a large number of papers published. The
growth of fuzzy logic techniques was partly due to fuzzy controllers solving
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previoudy intractable or very difficult control problems. In this report, the inverted
pendulum system is used as a case study therefore special consideration is given to
publications that solve the pole-cart problem, either as a research paper dedicated to
this particular problem or just using it for testing the proposed control method.

In M.J. Desylvia’s MSc thesis (Desylva 1994) a fuzzy logic controller was
developed for the task of balancing the inverted pendulum from an arbitrary set of
initial conditions. The rule base developed was based on intuition and logic rather
than any mathematical model. This approach made the control process much simpler
as there was no need to solve nonlinear differential equations. However, results
achieved are specific to the inverted pendulum system and have no much value as a
method that can be extended to other dynamical systems[24].

Besides that, in the paper by K.J. Astrom and K. Furuta (Astrom and Furuta
2000) the authors discuss simple strategies, based on Lyapunov analysis, for
swinging up an inverted pendulum and show that the cart-pendulum system critically
depends on the ratio of the maximum acceleration of the pivot to the gravity
acceleration. Comparison of energy based strategies with minimum time strategies
are provided. In the paper, a designed controller is capable of bringing the pendulum
to the upright position in one swing, providing that the control force satisfies u > 2g.
Instead of controlling position and velocity of the cart-pendulum system, the method
relies on the control task being achieved by controlling the energy of the system,
namely acceleration of the pivot [25].

W.S. Yu and C.J. Sun (Yu and Sun 2001) developed a fuzzy adaptive control
for a class of nonlinear systems and verified it on the example of the inverted
pendulum. The control algorithm guarantees global stability of the system with the
output of the system approaching the origin if there are no disturbances and
uncertainties, converging to the neighborhood of the origin for all realizations of
uncertainties and disturbances [ 26].

Similar approach was presented by T. J. Koo (Koo 2001) [27] using reference
model adaptive fuzzy control. N. Muskinjaand N. Tovornik (Muskinja and Tovornik
2006) designed an adaptive fuzzy controller for a rea inverted pendulum and
compared various control strategies. Their investigation showed advantages of using
fuzzy control theory in real-time applications, specifically for the inverted pendulum
system with the aim of fast stabilization of the pendulum and the pendulum cart [ 28].
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Other than that, Sliding mode technique is one of the most popular techniques
used to control the inverted pendulum problem. W. Chang (Chang et a. 2002) [29]
used the inverted pendulum system as a case study for the robust fuzzy-model-based
dliding mode controller and tested it on severa initia conditions but with limited
scope. The cart*s position was fixed and located at the origin, only pole angle varied:
0.08m, n/60, 89n/180, n/4. The focus of their research was on system uncertainties
not on the region of controllability. Sliding mode control provides arobust controller
but with inherent chattering problem that various techniques seek to overcome,
supervisory controller being one of the relatively simple solutions

Lastly, a new fuzzy control method, scalar fuzzy control (SFC) was discussed
in (Mlynski and Zimmermann 2008). In general, the method is concerned with the
problem of representing imprecise statements and knowledge, and processing it to
draw conclusions from them. The method goes back to the principles of the multi-
valued logic and introduces axiomatic framework to develop SFC. The method is
based on so called: Calculus of imprecise knowledge and deals with linguistic
variables. SFC is used to solve the inverted pendulum problem. Surprisingly, the
results achieved by SFC are quite similar to presented in this thesis, especially state
variables convergence. The initial conditions investigated being: pole angle=0and 1
rad (= 57°), and cart‘s position X = 0.0m and x = 10.0m. The rate of stabilization is
dlightly slower than achieved in this project. The restrictions imposed on the system
in this thesis do not allow for cart‘s position to be larger than 1 m from the origin
therefore it is difficult to compare SFC results. The results achieved in (Mlynski and
Zimmermann 2008) [30] make this method very robust and provide another proof of

fuzzy logic solving real-life problems.



CHAPTER 3

METHODOLOGY

This chapter discusses about the methodology of this project, which includes design,

analysis, modify and obtain the result for software and hardware.

3.1 Design Overview

This section briefly discusses the overall project design including the workflow of
activities, controller design and model inverted pendulum design. Figure 3.1 shows
the flow chart of this project activity. Basically, the process of developing a fuzzy
logic control for inverted pendulum can be divided into three (3) phases: first phase
is inverted pendulum design, second phase is fuzzy logic controller and last phase is
interfacing the system design with hardware. Figure 3.1, aso shows the steps for the
design fuzzy logic control for inverted pendulum system.

Before designing the inverted pendulum system, their mathematical model
needs to be obtained in the first place. From the mathematical model, the transfer
function of the system can be derived. Then MATLAB command or Simulink is used
to generate the output response.
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3.2  First Phase: Inverted Pendulum Design

The first phase of this project involves the inverted pendulum design. The previous
chapter has discussed about the theory and previous researches on inverted pendulum
system.

In this chapter, the first step that should be taken is to derive the mathematical
model for the inverted pendulum (IP) system. After that, the IP system can be
designed based on the mathematica model calculation by using the MATLAB/
simulink.

The inverted pendulum is a highly nonlinear and open-loop unstable system.
This means that standard linear techniques cannot model the nonlinear dynamics of
the system. When the system is simulated the pendulum falls over quickly. So, the
project requirement is to be fulfilled based on the objective and scopes.

3.21 Inverted Pendulum Mode

The inverted pendulum system consists of amoving cart and a pivoted bar that isfree
to oscillate in the x-y plane. However, the cart is constrained to move only in the x-
plane as shown in Figure 3.2.

For this system, the control input is the force (F) that moves the cart
horizontally and the outputs are the angular position of the pendulum 86 and the
horizontal position of the cart x. Figure 3.2 shows an inverted pendulum on cart
system.

The figure includes the external forces acting on the system where:

F isthe driving force that apply to the system

b isthe frictional force opposing the motion of the cart-pendulum system

Mg istheforce of gravity on the cart aone

myg is the force of gravity on the pendulum alone



Mg

=

23

Figure 3.2: Free body diagram for Inverted Pendulum system

Table 3.1 shows the parameters of the inverted pendulum that has been used
during the simulation on MATLAB.

Table 3.1: Parameters of inverted pendulum

Parameter Definition Value Unit
M Mass of cart 0.208 kg
m Mass of pendulum 0.08 kg
b Fiction 0.16 Nm's®

I Length of pendulum centre of mass 0.382 m

i Inertia of the pendulum 0.000012 kg.m?
g Gravity constant 9.8 N/kg
L Length of therail 89.4 cm
F Force applied to cart -

X Cart position co-ordinate -

0 Pendulum angle from the vertical -

The suitable mathematical model of the inverted pendulum system has been

derived by considering the free body diagram of the system as shown in Figure 3.3.

Forces and moments acting in the system were analysed using the figure based on the
parameter in the Table 3.1.
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bx
Friction

Figure 3.3: Free body diagram of the system

To moded the system using ssimulink is challenging because of the physical
constraint (the pin joint) between the cart and pendulum which reduces the degree of
freedom in the system. Both the cart and the pendulum have one degree of freedom
(x and 0 respectively). The differential equations can be generating for these degrees

of freedom from first principles employing Newton’s Second Law (F = rna) based

on the following principles:

Summing the forces of the cart in the horizontal direction
F=Mx+bx+N (3.2

Summing the forces of the pendulum in the horizontal direction

N =m2 (x +Lsin6) 32)

N = m% + mlf cosd — ml€?sin 8 (3.3

Substitute equation (3.3) into the equation (3.1) to get the first equation of motion for
this system:
F=(M+m)i+mlfcosf —mif?sinf +bx (3.4)

Force balance (Newton’s Second Law) applied to the vertical movement

P—mg = m%(fccsaj (3.5)
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