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Tez Danışmanı: Prof. Dr. Mehmet Turan SÖYLEMEZ

MART 2016





Tolga BODRUMLU, a M.Sc. student of ITU Graduate School of Science Engineering
and Technology 504131128 successfully defended the thesis entitled “MODELLING
AND CONTROL OF THE QBALL X4 QUADROTOR SYSTEM BASED ON
PID AND FUZZY LOGIC STRUCTURE”, which he/she prepared after fulfilling
the requirements specified in the associated legislations, before the jury whose signa-
tures are below.

Thesis Advisor : Prof. Dr. Mehmet Turan SÖYLEMEZ ..............................
Istanbul Technical University

Jury Members : Prof. Dr. Mehmet Turan SÖYLEMEZ ..............................
Istanbul Technical University
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MODELLING AND CONTROL OF THE QBALL X4 QUADROTOR
SYSTEM BASED ON PID AND FUZZY LOGIC STRUCTURE

SUMMARY

Multirotors have gained a high level of popularity during the last decade both in
civilian, military and engineering applications because of the recent advances in
sensing, communication, computing and control technologies. Quadcopters, one of
the multirotors, are small aerial vehicles propelled by four rotors. This thesis focuses
on a quadrocopter model, which is Qball X4. This quadrocopter model was developed
by Quanser. In this work both linear and nonlinear models are described for use in to
develop a controller. Axes of the Qball-X4 are denoted by x,y,z and these are defined
with respect to the vehicle which is shown in Figure 1. Roll, pitch and yaw are defined
as the angles of rotation about the x, y and z axes. First, the actuator dynamics, then
respectively roll/pitch model, height model, x-y position model and yaw model are
described. After the description of the models, a controller design method has been
proposed.

First, conventional PID control technique is presented. This technique has already
been applied by the Quanser. The control gains for the PID are found using the LQR
method. PID controller has been applied to both nonlinear and linear models of the
Qball X4. Simulation results are shown for the position controls along x,y,z axis and
roll, pitch yaw angles.

Second, as an extension of the conventional PID control theory, a different fuzzy
controller structure is applied. The proposed fuzzy controller structure is based on
fuzzy logic. Fuzzy logic is a logic, in which the truth variables can take any real
number between 0 and 1. It is different than the boolean logic, because in boolean
structure, the truth variables can be in the only 0 or 1. Fuzzy logic has been extended
to handle the concept of partial truth, so that the truth value can take range between
completely true and comletely false. The name of the control structure is PID type
fuzzy controller. Classical fuzzy PID controller requires three inputs and its rule base
has three dimensions. On the other hand, the fuzzy type PID controller has just two
inputs and its rule base has two dimensions. A PID type fuzzy controller structure
includes both PD and PI type fuzzy controllers. Again PID type fuzzy controller has
been applied to both nonlinear and linear model of the Qball X4. Simulation results
are shown for the position controls along x,y,z axis and roll, pitch, yaw angles.

Last, a different method which tunes the scaling factors of the PID type fuzzy controller
is proposed. In this method, we cannot change the fuzzy rules and scaling factors, we
can only set the membership function to improve the steady state response of the PID
type fuzzy controller. Again, PID type fuzzy controller with self-scaling factors has
been applied to both nonlinear and linear model of the Qball X4. Simulation results
are shown for the position controls along x,y,z axis and roll, pitch, yaw angles, so that
we can easily see the difference between the steady state response of the systems. As a

xxv



result, in the simulation we can analyze six different cases.(3 cases belong to nonlinear,
3 cases belong to linear) These are both linear and nonlinear PID controller, both linear
and nonlinear PID type fuzzy controllers and both linear and nonlinear PID type fuzzy
controllers with self-scaling factors. The results are discussed in the last section.
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QBALL X4 QUADROTOR SİSTEMİNİN MODELLENMESİ VE
PID VE BULANIK MANTIK YAPISINA DAYALI KONTROLÜ

ÖZET

Son yıllarda gelişen teknolojiyle beraber gerek sivil hayatta olsun, gerekse askeri
alanda olsun multirotorların popülerliği git gide artmaktadır. Bu popülerliğin
artmasındaki en büyük etken ise gerek gelişen iletişim araçları, gerekse bilgisayar
ve kontrol sistemlerinin gelişmesidir. Quadrotorda multirotor sınıfından bir araç
olup bu çalışmada üzerinde durulmuştur. Bu tezde quanser firmasının geliştirmiş
olduğu Qball X4 modeli üzerinde yapılan çalışmalar detaylı bir biçimde sizlere
aktarılacaktır. İlk olarak Qball X4’ün matematiksel dinamik modeli anlatılacaktır.
Bu bölümde sırasıyla aktüator dinamiği, roll/pitch modeli, yükseklik modeli, x-y
pozisyon modeli ve yaw modeli anlatılacaktır. Aktüator dinamiği her bir pervaneden
elde edilen itme kuvvetinin birinci dereceden denklemle modellenmesi sayesinde
elde edilmiştir. Roll/pitch modeli ise aktüatör dinamiğinden elde edilen veriler ve de
pervanelerin her dönüşünde ortaya çıkan birbirinden farklı itme kuvvetinin beraber
kullanılmasıyla elde edilmiştir. Yükseklik modeli ise, yine dört pervaneden elde
edilen kuvvetlerin yardımıyla oluşturulan matematiksel bir denklem yardımıyla elde
edilmiştir. X-Y pozisyon modellemesi de x ve y eksenlerinde oluşan hareketlerin
denkleme dönüştürülmesiyle elde edilmiştir. Bu hareketler toplam itme gücünden ve
roll/pitch açısının değişiminden etkilenmektedir. Yaw modellenmesi ise, saat yönünde
ve saat yönünün tersinde dönen pervaneler sonucunda ortaya çıkan tork farkıyla yaw
ekseninde oluşan hareket denklemi sayesinde gerçekleştirilmiştir. Bu modellerin
oluşturulmasından sonra ise sistemde kullanılan bazı parametre değerleri açıklanmıştır.

Tüm bu önbilgilerin verilmesinden sonra, ilk olarak PID kontrol bölümüne geçiş
yapılmıştır. Bu bölümde, klasik PID kontrol teorisinin Qball-X4 quadrotor sisteminin
linear ve nonlinear modeli üzerine uygulanması anlatılmıştır. PID kontrolör tasarımı
Quanser firması tarafından yapılmıştır. Bu tasarım yapılırken Matlab içerisinde gerekli
kodlamalar yapılıp, gerekli olan kazanç katsayıları LQR metoduyla bulunmuştur.
PID kontrolör yapısı tasarlanırken kullanılan bazı parametreler Quanser tarafından
verilmiş olup, bu parametreler sistemdeki optimum parametrelerdir. Yani gerçek
sistemdeki parametreler üzerinden kontrolör tasarlanması yapılmıştır. Bu bölümde,
PID control yapısında kullanılan parametrelerin farklı değerler alması durumunda
Qball X4 quadrotor sisteminin buna verdiği cevapların incelenmesi anlatılmıştır. Roll,
pitch, yaw açıları ve x,y,z pozisyon bilgileri için elde edilen tüm grafikler detaylı
olarak incelenmiş ve yorumlanmıştır. Roll,pitch açıları ve x,y,z pozisyonları için
K,M, Jroll = Jpitch parametrelerinin değişiminde, yaw açısı için ise Kyaw ve Jyaw
parametrelerinin değişiminde sistemin verdiği cevap işareti incelenmiştir.
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Klasik PID kontrol bölümünden sonra anlatılacak bölüm PID tipli bulanık
kontrolörünün anlatıldığı bölümdür. Bu bölümde PID tipli bulanık kontrolörünün
temel yapısı anlatılmış olup, klasik bulanık PID yapısıyla olan farklara değinilmiştir.
PID tipli bulanık kontrolör yapısı temel olarak bulanık mantığı ele almıştır.Bulanık
mantığın temeli de bulanık küme ve alt kümelere dayanır. Klasik yaklaşıma baktığımız
zaman bir varlık kümenin ya elemanıdır, ya da değildir. Bunu matematiksel olarak
ifade ettiğimizde bir varlık, küme ile üyelik ilişkisi bakımından o kümenin elemanı
olduğunda 1, o kümenin elemanı olmadığında 0 değerini alır. Bulnık mantıkta ise
bu klasik küme gösterimi genişletilerek her bir varlığın üyelik derecesi alınması
sağlanmıştır. Bu varlıkların üyelik derecesi [0, 1] aralığında herhangi bir değer
alabilmektedir.Kısacası klasik kümelerin aksine bulanık kümelerde elemanların
üyelik dereceleri [0, 1] aralığında sonsuz sayıda değişebilir. Bulanık kümelerde,
klasik kümelerdeki keskin ifadelerin yerine daha esnek olan ifadeler kullanılmaya
başlanmıştır. Hem klasik bulanık PID kontrolör yapısı hem de PID tipli bulanık
kontrolör yapısı bu yukarıda anlatılan özellikleri kullanarak oluşturulmuştur.

Geleneksel bulanık PID kontrolör yapısı, üç adet giriş ve kural tabanı oluşturulması
zor olan üç boyutlu kural tabanına gereksinim duyar. Fakat, PID tipli bulanık
kontrolör sadece iki girişe ve iki boyutlu kural tabanına sahiptir. Ve bu PID yapısı
performans olarak hem bulanık PI’ den hem de bulanık PD’ den daha iyidir. Bulanık
kontrol yapısı üç önemli bileşenden oluşur.Birinci olarak uzman bilgisine dayalı
tasarım, ikinci olarak kontrol parametrelerinin ayarlanması ve üçüncü olarak ise
üyelik fonksiyonlarıdır. Bulanık denetleyicinin istenilen hedefe ulaşması için, bulanık
kontrolörün bu üç aşamasının ayarlanması gerekir. Bulanık PI kontrol yapısının
bulanık PD yapısından daha pratik olduğu bilinmektedir. Bunun sebebi ise bulanık
PD kontrolöründen kalıcı hal hatasının kaldırılmasının zorluğudur. Bunun yanında
bulanık PI kontrolör yapısı yüksek mertebeli sistemlere geçici cevabında kötü bir
performans sergilemektedir.

Bulanık PI ve PD yapısının performansını aynı anda iyileştirebilmek için hata
ve hatanın türevi kullanılarak hazırlanan iki girişli bir bulanık kontrolör yapısı
tasarlanmıştır. Bu kontrolörün karakteristik yapısı aynen bir PID kontrolörü gibidir.
Bulanık PID yapısı basitçe bulanık PI ve bulanık PD yapısının paralel olarak
bağlanması ile elde edilmiştir. Tüm bunlar anlatıldıktan sonra bulanık PID yapısının
kural tablosu ile üyelik fonksiyonları anlatılmıştır. Kural tablosu yediye yedilik bir
tablodur. Bulanık PID kuralları eğer , o halde şeklinde
ifade edilmiştir. Ve bu kurallar tabloda gösterilmiştir. Bulanık PID denetleyicisinin
çıkışı ise tezin ilerleyen kısımlarında anlatılmıştır. Bu oluşturulan kural tablosuna
göre bulanık tipli bir kontrolör oluşturulmuştur. Daha sonra ise, PID tipli bulanık
kontrolör yapısında kullanılan parametrelerin farklı değerler alması durumunda Qball
X4 quadrotor sisteminin buna verdiği cevapların incelenmesi anlatılmıştır. Roll,
pitch, yaw açıları ve x,y,z pozisyon bilgileri için elde edilen tüm grafikler detaylı
olarak incelenmiş ve yorumlanmıştır. Roll,pitch açıları ve x,y,z pozisyonları için
K,M, Jroll = Jpitch parametrelerinin değişiminde, yaw açısı için ise Kyaw ve Jyaw
parametrelerinin değişiminde sistemin verdiği cevap işareti incelenmiştir.
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Üçüncü bölümde ise PID tipli bulanık kontrolörün daha da iyileştirilmesi için yine
aynı yapıda fakat daha farklı bir şekilde tasarlanmış olan bir kontrolör tasarımı
anlatılacaktır. Bu bölümdeki kontrolörün temel yapısı PID tipli bulanık kontrolörün
temel yapısıyla birebir aynıdır. Yalnız bu yapıya ek olarak üyelik fonksiyonlarının
değiştirilmesiyle beraber tanımlanan yeni fonksiyonlarla ölçekleme faktörleri otomatik
olarak ayarlanacaktır. Sisteme baktığımız zaman kalıcı durum cevabını iyileştirmek
adına üyelik fonksiyonlarını değiştirip, ayarlayabileceğimizi görüyoruz. Bu
işlemler yapılırken bulanık kuralları değiştirmeyeceğimizi varsayıyoruz. Ölçekleme
katsayılarının ayarlanması yapılırken ise , parameter ayarlama metodunda kullanılan
yöntemler kullanılarak, iki adet fonksiyon tanımlanıp bu fonksiyonları sistem
modelinin içine yerleştiriyoruz. Daha sonra ise ölçekleme faktörünün zamanla
değişimini gösteren eşitlikleri kullanarak uygun katsayıları bulmayı hedefliyoruz.
Bu elde ettiğimiz katsayılarla beraber değiştirdiğimiz üyelik fonksiyonlarını sistem
modeline yerleştiriyoruz. Kalan kısımda ise, PID tipli bulanık kontrolör yapısında
kullanılan parametrelerin farklı değerler alması durumunda Qball X4 quadrotor
sisteminin buna verdiği cevapların incelenmesi anlatılmıştır.bBu sayede Roll,
pitch, yaw açıları ve x,y,z pozisyon bilgileri için elde edilen tüm grafikler detaylı
olarak incelenmiş ve yorumlanmıştır. Roll,pitch açıları ve x,y,z pozisyonları için
K,M, Jroll = Jpitch parametrelerinin değişiminde, yaw açısı için ise Kyaw ve Jyaw
parametrelerinin değişiminde sistemin verdiği cevap işareti incelenmiştir.

Dördüncü ve son bölümde ise, incelenen üç adet kontrolörün roll,pitch,yaw açıları
ile x,y,z pozisyonları için elde edilen grafiklerinin karşılaştırılması anlatılmıştır. Bu
karşılaştırmanın sonucunda hangi şartlar altında hangi kontrolörün daha iyi olduğuna
karar verilmiştir.
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1. INTRODUCTION

Unmanned Aerial Vehicles(UAV) have gained a high level of popularity during the

last decade in civilian, military and engineering applications because of the recent

advances in sensing, communicating, computing and controlling technologies. UAVs

are autonomous or remotely piloted aircraft. UAVs have several basic advantages over

manned systems including increased maneuverability, reduced cost, reduced radar

signatures, longer endurance, and less risk to human life. Their range are in size from

full scale craft to miniature aircraft in centimeter size. These UAVs are driven by

electric motors, petrol engines or gas turbines. There are lots of benefits to use UAV

in different circumstances. For example, carry over to civilian aircraft that operate in

hazardous conditions. Another using condition is, unmanned aircraft could carry out

power line inspection in electrical cables. They are also used in, mining, detection

agriculture and photographing.

As an example of UAV systems, the quadrocopter is a relatively simple, affordable

and easy to fly system thus it has been widely used to develop, implement and test-fly

methods in control. A quadrotor is an aircraft that becomes airborne due to the

lift force provided by four rotors usually mounted in cross configuration, hence its

name. In this study Qball-X4 which is constructed and developed by the Quanser

is used. This system is a test platform for several unmanned aerial vehicle research

applications. In this study, first of all dynamic model of the Qball-X4 system has been

revealed. Then the PID control technique with LQR method has been discussed for the

Qball-X4 system. Later, PID type fuzzy controller and PID type fuzzy controller with

the self-tuning scaling factors has been proposed. Finally, results of the simulations of

classical PID controller, PID type fuzzy controller and PID type fuzzy controller with

the self-tuning scaling factors are shown and compared to each other.
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1.1 Purpose of Thesis

The purpose of this thesis is to obtain a different controller structure for the Qball X4

quadrotor system. First, PID controller then respectively, PID type fuzzy controller

and PID type fuzzy controller with the self-tuning scaling factors have been discussed.

The main goal of this thesis is, to compare each controller and find the best controller

structure for this system.

1.2 Literature Review

In the literature, there are numerous studies discussing Qball X4 system or

fuzzy controller structure. Some of them are given as following: Sadeghzadeh,

Mehta, Chamseddine, and Zhang [1] proposed a Gain-Scheduled PID controller

for fault-tolerant control of the Qball-X4 system in the presence of actuator faults.

Chamseddine, Zhang, Rabbath, Fulford and Apkarian [2] worked on actuator

fault-tolerant control (FTC) for Qball-X4. Their strategy is based on Model Reference

Adaptive Control (MRAC). Three different MRAC techniques which are the MIT rule

MRAC, the Conventional MRAC (C-MRAC) and the Modified MRAC (M-MRAC)

have been implemented and compared with a Linear Quadratic Regulator (LQR)

controller. Jose F. Gomez and Mo Jamshidi [3] worked on Fuzzy Adaptive Control

for a UAV. In this paper a combination of Fuzzy Logic Control (FLC) and Model

Reference Adaptive Control (MRAC) will be developed to stabilize and control a

fixed-wing unmanned aerial vehicle (UAV). Emad Abbasi Seidabad, Saeed Vandaki,

Ali Vahidian Kamyad proposed Designing Fuzzy PID Controller for Quadrotor. In this

study a quadrotor is controlled by using two types of controller:in one method by using

4 PID controllers and in the other by using the combined fuzzy PID controller.Younes

AI-Younes and MA Jarrah presents attitude stabilization of quadrotor uav using

backstepping fuzzy logic and backstepping least-mean-square controllers paper. In

this paper, backstepping control theory combined with rule-based control technique

and with least-mean-square algorithm, this paper introduces the Backstepping Fuzzy

Logic controller (BFL) and Backstepping Least Mean Square controller (BLMS) as

new approaches to control the attitude stabilization of quadrotor uav. In this work
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a recursive Lyapunov function is introduced to ensure the stability around a fixed

set point using backstepping control algorithm. [4] Nia Maharani Raharja , Iswanto,

Muhammad Faris and Adha Imam Cahyadi [5] worked on hover position quadrotor

control with fuzzy logic. This paper proposes fuzzy logic controller algorithm for

quadrotor hovering mode. The input of this fuzzy logic controller is height and

height changes. Farahnaz Javidi Niroumand, Ahmad Fakharian and Mahjabin Sadat

Seyedsajadi [6] works Fuzzy Integral Backstepping Control Approach in Attitude

Stabilization of a Quadrotor UAV.This paper presents a hybrid control method for a

vertical flight four-rotor helicopter, named quadrotor. Fuzzy as an intelligent control

method is a powerful technique and has been presented to realize robust attitude

control for a quadrotor.However this study showed that, both the classical IBS and

the Fuzzy IBS controllers can control the system properly. Rıdvan Özdemir, Mustafa

Kaya, Monier Elfarra, Mehmet Önder Efe [7] work on a Qball X4 with analyzing

the object following. Regional surveillance for object tracking is done using a light

mounted on the vehicle which is a micro cameras. Communication between camera

and computer are done by using the RF system.Indoor autonomous flight of the aerial

vehicle is provided by software which is written in MATLAB Simulink environment.

Moghadam [8] addressed the problem of Fault-Tolerant Control (FTC) of the Qball-X4

quadrotor in his thesis. Both actuator loss of effectiveness and sensor bias faults

and their impacts on system response were considered. After Fault Detection and

Diagnosis (FDD) of actuators, a leader-follower controller with dynamic reference

input was given to counteract the actuator faults’ effects. Sensor FDD was followed by

a new approach of Active Fault-Tolerant Control (AFTC) to correct faulty measured

values and feed them back to the controller. Also Two-Stage Kalman Filter (TSKF)

is utilized to estimate noisy and unmeasured states and realize the actuator FDD and

sensor AFTC.

1.3 Why the Qball X4?

The Quanser Qball-X4 (Figure 1.1) is an innovative rotary wing vehicle platform

suitable for a wide variety of UAV research applications. [9] The Qball-X4 is a

quadrotor helicopter design propelled by four motors fitted with 10-inch propellers.

The entire quadrotor is enclosed within a protective carbon fiber cage. The Qball-X4’s
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Figure 1.1: Quanser Qball-X4.

design ensures safe operation. The protective cage is an important feature as this

unmanned vehicle was designed for use in an indoor laboratory. The cage gives the

Qball-X4 a huge advantage over other vehicles that would suffer significant damage if

a contact occurs between the vehicle and an obstacle.

QUARC, Quanser’s real-time control software, allows researchers and developers to

rapidly develop and test controllers on actual hardware through a MATLAB Simulink

interface. QUARC’s open-architecture hardware and extensive Simulink blockset

provides users with powerful controls development tools. [9] The interface to the

Qball-X4 is MATLAB Simulink with QUARC. The controllers are developed in

Simulink with QUARC on the host computer, and these models are downloaded and

compiled into executables on the target.

1.4 Road Map

In this thesis, first, dynamical model of the Qball-X4 system has been described. Both

linear and nonlinear models of the system have been given. After the dynamical model

part, PID Control part has been described. In this section there are two parts. First part

is nonlinear and the second part is linear part. After the PID control part, fuzzy control
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part is presented. In this part, as an extension of the conventional PID control theory,

a different fuzzy controller structure is described. The name of the control structure

is PID type fuzzy controller. Again, PID type fuzzy controller has been applied to

both nonlinear and linear model of the Qball X4. After the fuzzy part, developing a

new method which tunes the scaling factors of the PID type fuzzy controller has been

proposed. Again PID type fuzzy controller with self-scaling factors has been applied

both nonlinear and linear model of the Qball X4. All of the controllers’ simulation

results are shown for the position controls along x,y,z axis and roll, pitch yaw angles.

These simulation results are plotted and analyzed in detail in each section. In the last

part of the dissertation, there is a detailed comparison of the linear and non linear

model.

This dissertation, is organized into seven chapters. Chapter 1 is the introduction. In

Chapter 2, the dynamical model of Qball-X4 has been proposed. [9] In Chapter 3, PID

control part has been presented in detail. [9] Fuzzy control part is described in Chapter

4 and the self-tuning fuzzy control part is presented in Chapter 5. [10] In Chapter 6,

there is a graphical comparison of each controller structure in each other. And the last

chapter is the conclusion.
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2. DYNAMICAL MODEL OF QBALL X4

In this part of the thesis,the dynamic model of the Qball-X4 is described. Both

nonlinear and linear models are discussed so that we can use it to develop a control

algorithm. Roll, pitch and yaw angles defined as the rotation about the x,y and z

axis.(Figure 2.1) [9]

Figure 2.1: Qball-X4 axes and sign convention. [9]

2.1 Actuator Dynamics

Thrust force generated by each of the propeller is modeled using the following

first-order system: [9]

F = K
ω

S+ω
u (2.1)

u: PWM input to the actuator

ω : actuatorbandwidth

K : positivegain
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v is the state variable and will be used for the representation of the actuator dynamics.

And it is defined as follows:

v =
ω

s+ω
u (2.2)

2.2 Roll/Pitch Model

When we assume the rotation about x and y axes are decoupled, we can model

roll/pitch motion as follows:

Figure 2.2: A model of the roll/pitch axis. [9]

When we look at this Figure 2.2, we can see that two propellers contribute to the motion

in each axis. Rotation around the center of gravity is produced by the difference in the

generated thrust forces. From the equation 2.2, let u = ũ and the ũ is the control input

for pitch or roll dynamics. And it causes an increase or decrease in thrust force in

the two pitch/roll motors shown in figure and such that the changes in force of each

motor are opposite in direction so that the net result is a torque. The change in thrust

generated by each motor can be calculated from equation 2.1 [9]

Also, roll/pitch angle(θ), can be found from the following equations:

Jθ̈ = ∆FL (2.3)

Where J equals to Jroll = Jpitch. These are the rotational inertia of the device for both

roll and pitch axes.

L: distance between the propeller and the center of gravity

∆F = ∆F1 −∆F2 (2.4)
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This equation shows the difference between the forces, which are generated by the

motors. In addition to that, the difference in the forces is generated by the difference

between inputs to motors.

∆u = u1 −u2 (2.5)

By combining all of these dynamics of motion for roll/pitch axis and actuator

dynamics fort he each propeller, we can obtain the following state space equation. [9]

θ̇

θ̈

v̇

=


0
0
0

1
0
0

0
KL
J

−ω


θ

θ̇

v

+
0

0
ω

∆u (2.6)

For a simplified using the integrator in the feedback structure, a new state can be added.

This new state vector defined as follows:

ṡ = θ (2.7)

then the new system dynamics can be written as follows [9]


θ̇

θ̈

v̇
ṡ

=


0 1 0 0
0 0 KL

J 0
0
1

0
0

−ω 0
0 0




θ

θ̇

v
s

+


0
0
ω

0

∆u (2.8)

[9]

2.3 Height Model

The motion of the Qball-X4 in the vertical direction (along the Z axis) is affected by all

the four propellers. Then , the dynamic model of the Qball-X4 height can be written

as following:

MZ̈ = 4F cosr cos p−Mg (2.9)

where F is the thrust generated by each propeller, M is the total mass of the device, Z

is the height and r and p represent the roll and pitch angles. According to this equation,
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if the roll and pitch angles are nonzero, overall thrust vector will not be perpendicular

to the ground. Assume that these roll and pitch angles are close enough to zero, the

dynamic equation can be linearized. [9] And this equation will be given state space

form as follows:


Ż
Z̈
v̇
ṡ

=


0 1 0 0
0 0 4K

M 0
0
1

0
0

−ω 0
0 0




Z
Ż
v
s

+


0
0
ω

0

u+


0
−g
0
0

 (2.10)

2.4 X-Y Position Model

The motion of the Qball-X4 along the X and Y axes is caused by the total thrust and

by changing roll/pitch angles. Assuming that the yaw angle is zero then the dynamics

of the motion in X and Y axes can be derived as [9]:

MẌ = 4F sin p (2.11)

MŸ =−4F sinr (2.12)

Assuming that, these roll and pitch angles are close enough to zero, the following linear

state space equations can be written for X and Y positions [9]


Ẋ
Ẍ
v̇
ṡ

=


0 1 0 0
0 0 4K

M P 0
0
1

0
0

−ω 0
0 0




X
Ẋ
v
s

+


0
0
ω

0

u (2.13)


Ẋ
Ẍ
v̇
ṡ

=


0 1 0 0
0 0 4K

M P 0
0
1

0
0

−ω 0
0 0




X
Ẋ
v
s

+


0
0
ω

0

u (2.14)

2.5 Yaw Model

The torque generated by each motor, τ , is assumed to have the following relationship

with respect to the PWM input, u

τ = Kyu (2.15)
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where Ky is a positive gain. The motion in the yaw axis is caused by the difference

between the torques exerted by the two clockwise and the two counter-clockwise

rotating propellers. [9]

The motion in the yaw axis can be modeled using the following equation:

Jy θ̈y = ∆τ (2.16)

In this equation, θy is the yaw angle and Jy is the rotational inertia about the z axis.

The resultant torque of the motors, ∆τ can be calculated from:

∆τ = τ1 + τ2 − τ3 − τ4 (2.17)

The yaw axis dynamics can be rewritten in the state-space form as:[
θ̇y
θ̈y

]
=

[
0 1
0 0

][
θy
θ̇y

]
+

[
0
Ky
Jy

]
∆τ (2.18)

Figure 2.3: A model of the yaw axis with propeller direction of rotation shown. [9]
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Table 2.1: System Parameters.

K 120 N
ω 15 rad/sec

Jroll 0.03 kg.m2

Jpitch 0.03 kg.m2

M 1.4 kg
Ky 4 N.m
Jy 0.032 kg.m2

L 0.2 m

12



3. PID CONTROL

This part of the document discussed classical PID control, and how to apply the

dynamical model of the Qball-X4 system. This PID has been applied to both linearized

and non-linearized dynamical models. All of the parameters are adopted from the

Qball-X4 user manual. However, I analyzed the system for different values of

parameters such as K, J, M and Ky, Jy and their responses, to be able to understand

the system behavior if the parameters are uncertain.

3.1 Nonlinear Model

3.1.1 Height model and control for nonlinear dynamics

In this part of the document, height model and the control part were explained by

schematically.(Figure 3.1)

Figure 3.1: Height PID Controller for Nonlinear Dynamics.

Then response of the system for different values of K gain is shown in Figure 3.2.

13



Figure 3.2: Response of height for different K gains.

We can see from that figure, Qball X4 system gives different responses for every single

K gain parameters. According to user manual, the suggested K gain parameter is

120 for this system. However, we see that if K equals to 100, system’s overshoot is

decreased. Also, it makes the system less oscillating. As a result, if we choose K as

100,the system would be more stable and the settling time would be shortened.

Response of the system for different values of Jroll = Jpitch is shown in Figure 3.3.

Figure 3.3: Response of height for different Jroll = Jpitch values.
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When we look at the graph, except the Jroll = Jpitch value of 0.01, changing the Jroll =

Jpitch value does not have a huge impact on the system. Response of the system is

almost similar to each other. However, the 0.01 value of Jroll = Jpitch is affected on the

system by increased the overshoot and does not settle on the step value.

Response of the system for different values of M is shown in Figure 3.4.

Figure 3.4: Response of height for different M values.

From the figure, we could see that the, system gives different responses for every

single M parameter. According to user manual, the suggested M parameter is 1.4 kg

for this system. However, we see that if M equals to 1.6, 1.8 or 2, system’s overshoot

is decreased. Furthermore, it makes the system less oscillating.

3.1.2 X model and control for nonlinear dynamics

In this part of the document, X model and the control part were explained

schematically.(Figure 3.5)

Figure 3.5: X PID Controller for Nonlinear Dynamics.
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Then response of the system for different values of K gain is shown in Figure 3.6.

Figure 3.6: Response of X for different K gains.

When we look at the graph, changing the K gain values does have not a not huge

impact on the system. Response of the system is almost always constant.

Response of the system for different values of Jroll = Jpitch is shown in Figure 3.7.

Figure 3.7: Response of X for different Jroll = Jpitch values.
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When we look at the graph, changing the Jroll = Jpitch values does not have a huge

impact of the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 3.8.

Figure 3.8: Response of X for different M values.

When we look at the graph, changing the M values does not have a huge impact of the

system. Response of the system remains similar.

3.1.3 Y model and control for nonlinear dynamics

In this part of the document, Y model and the control part were explained

schematically. (Figure 3.9)

Figure 3.9: Y PID Controller for Nonlinear Dynamics.
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Then response of the system for different values of K gain is shown in Figure 3.10.

Figure 3.10: Response of Y for different K gains.

When we look at the graph, changing the K gain values does not have a huge impact

of the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 3.11.

Figure 3.11: Response of Y for different Jroll = Jpitch values.
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When we look at the graph, changing the Jroll = Jpitch values does not have a

huge impact of the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 3.12.

Figure 3.12: Response of Y for different M values.

When we look at the graph, changing the M values does not have a huge impact of the

system. Response of the system is almost constant.

3.1.4 Pitch model and control for nonlinear dynamics

In this part of the document, Pitch model and the control part were explained by

schematically.(Figure 3.13)

Figure 3.13: Pitch PID Controller for Nonlinear Dynamics.
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Then response of the system for different values of K gain is shown in Figure 3.14.

Figure 3.14: Response of Pitch for different K gains.

When we look at the graph, changing the K gain values does not have a huge impact on

the system. There will always be an overshoot in each of the different K gain values.

However, the response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 3.15.

Figure 3.15: Response of Pitch for different Jroll = Jpitch values.
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When we look at the graph, except the Jroll = Jpitch value of 0.01, changing the Jroll =

Jpitch values does not have a huge impact on the system. Response of the system

remains similar. However, the 0.01 value of Jroll = Jpitch is affected on the system by

increasing the overshoot. Also it does not settle on the step value.

Response of the system for different values of M is shown in Figure 3.16.

Figure 3.16: Response of Pitch for different M values.

From the figure, we could see that the system gives different responses for every single

M parameter. According to user manual, the suggested M parameter is 1.4 kg for

this system. However, we see that if M equals to 1.6, 1.8 or 2, system’s overshoot is

decreased. Furthermore, it makes the system less oscillating.

3.1.5 Roll model and control for nonlinear dynamics

In this part of the document, Roll model and the control part have been provided by

schematically.(Figure 3.17)
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Figure 3.17: Roll PID Controller for Nonlinear Dynamics.

Then, response of the system for different values of K gain is shown in Figure 3.18.

Figure 3.18: Response of Roll for different K gains.

When we look at the graph, changing the K gain values does not have a huge impact on

the system. There will always be an overshoot in each of the different K gain values.

However, the response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 3.19.
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Figure 3.19: Response of Roll for different Jroll = Jpitch values.

When we look at the figure, we can see that the response of first three values of the

Jroll = Jpitch (0.01, 0.03 and 0.1) are similar to each other. There will be a small

overshoot for these values. However, when we look at the remaining values, if the

Jroll = Jpitch parameter increases, then system overshoot also increases.

Response of the system for different values of M is shown in Figure 3.20.

Figure 3.20: Response of Roll for different M values.
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When we look at the graph, changing the M values does not have a huge impact on the

system. There will be always a overshoot each of the different M values. Although,

response of the system is almost similar to each other.

3.1.6 Yaw model and control for nonlinear dynamics

In this part of the document, Yaw model and the control part have been provided by

schematically.(Figure 3.21)

Figure 3.21: Yaw PID Controller for Nonlinear Dynamics.

Then response of the system for different values of Ky gain is shown in Figure 3.22.

Figure 3.22: Response of Yaw for different Ky values.

When we look at the graph except Ky value of 2, the remaining values results are

similar to each other. However, at the Ky=2, there is an overshoot and the settling time

of the system is much longer than the others.
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Response of the system for different values of Jy is shown in Figure 3.23.

Figure 3.23: Response of Yaw for different Jy values.

When we look at the graph, except Jy value of 1, the remaining values results are

similar to each other. However, at the Jy=1, there is an overshoot and the settling time

of the system is much longer than the others.
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3.2 Linear Model

In this part, the quadrotor system is analyzed theoretically since a linear system does

not exist in real world.

3.2.1 Height model and control for linear dynamics

In this part of the document, Height model and the control part have been provided by

schematically.(Figure 3.24)

Figure 3.24: Height PID Controller for Linear Dynamics.

Then the response of the system for different values of K gain is shown in Figure 3.25.

Figure 3.25: Response of height for different K gains.
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We can see from that figure, Qball X4 system gives different responses for every single

K gain parameters. According to user manual, the suggested K gain parameter is

120 for this system. However, we see that if K equals to 100, system’s overshoot is

decreased. Also,it makes the system less oscillating. As a result, if we choose K as

100, the system would be more stable and the settling time would be shortened.

Response of the system for the different values of Jroll = Jpitch is shown in Figure 3.26.

Figure 3.26: Response of height for different Jroll = Jpitch values.

When we look at the graph, except the Jroll = Jpitch value of 0.01, changing the Jroll =

Jpitch value does not have a huge impact on the system. Response of the system remains

similar. However, the 0.01 value of Jroll = Jpitch is affected on the system by the

increased overshoot. Also it does not settle on the step value.
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Response of the system for different values of M is shown in Figure 3.27.

Figure 3.27: Response of height for different M values.

From the figure, we could see that the, system gives different responses for every

single M parameter. According to user manual, the suggested M parameter is 1.4 kg

for this system. However, we see that if M equals to 1.6, 1.8 or 2, system’s overshoot

is decreased. Furthermore,it makes the system less oscillating.

3.2.2 X model and control for linear dynamics

In this part of the document, X model and the control part have been provided by

schematically.(Figure 3.28)

Figure 3.28: X PID Controller for Linear Dynamics.
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Then response of the system for different values of K gain is shown in Figure 3.29.

Figure 3.29: Response of X for different K gains.

When we look at the graph, changing the K gain values does not have a huge impact

on the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 3.30.

Figure 3.30: Response of X for different Jroll = Jpitch values.

29



When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar. However, the 0.01

value of J is affected a little bit different than the others.

Response of the system for different values of M is shown in Figure 3.31.

Figure 3.31: Response of X for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

3.2.3 Y model and control for linear dynamics

In this part of the document, Y model and the control part have been provided by

schematically.(Figure 3.32)

Figure 3.32: Y PID Controller for Linear Dynamics.
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Then, response of the system for different values of K gain is shown in Figure 3.33.

Figure 3.33: Response of Y for different K gains.

When we look at the graph, changing the K gain values does not have a huge impact

of the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 3.34.

Figure 3.34: Response of Y for different Jroll = Jpitch values.
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When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. The response of the system remains similar. However, the 3

value of Jroll = Jpitch is affected a little bit different than the others.

Response of the system for different values of M is shown in Figure 3.35.

Figure 3.35: Response of Y for different Jroll = Jpitch values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

3.2.4 Pitch model and control for linear dynamics

In this part of the document, Pitch model and the control part have been provided by

schematically.(Figure 3.36)

Figure 3.36: Pitch PID Controller for Linear Dynamics.

Then response of the system for different values of K gain is shown in Figure 3.37.
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Figure 3.37: Response of pitch for different K gains.

When we look at the graph, changing the K gain does not have a huge impact on the

system. There will always be an overshoot in each of the different K gains. However,

the response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 3.38.

Figure 3.38: Response of pitch for different Jroll = Jpitch values.
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When we look at the figure, we can see that the response of first three values of the

Jroll = Jpitch (0.01, 0.03 and 0.1) are similar to each other. There will be a small

overshoot for these values. However, when we look at the remaining values, if the

Jroll = Jpitch parameter increases, then system overshoot also increases.

Response of the system for different values of M is shown in Figure 3.39.

Figure 3.39: Response of height for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. There will always be an overshoot in each of the different M values. However,

the response of the system remains similar.
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3.2.5 Roll model and control for linear dynamics

In this part of the document, Roll model and the control part have been provided by

schematically.(Figure 3.40)

Figure 3.40: Roll PID Controller for Linear Dynamics.

Then response of the system for different values of K gain is shown in Figure 3.41.

Figure 3.41: Response of roll for different K gains.

When we look at the graph, changing the K gain does not have a huge impact on the

system. There will always be an overshoot in each of the different K gains. However,

the response of the system remains simaller.
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Response of the system for different values of Jroll = Jpitch is shown in Figure 3.42.

Figure 3.42: Response of roll for different Jroll = Jpitch values.

When we look at the figure, we can see that the response of first three values of the

Jroll = Jpitch (0.01, 0.03 and 0.1) are similar to each other. There will be a small

overshoot for these values. However, when we look at the remaining values, if the

Jroll = Jpitch parameter increases, then system overshoot also increases.

Response of the system for different value of M shows in figure 3.43.

Figure 3.43: Response of roll for different M values.
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When we look at the graph, changing the M value does not have a huge impact on the

system. There will always be an overshoot in each of the different M values. However,

the response of the system remains similar.

3.2.6 Yaw model and control for linear dynamics

In this part of the document, Yaw model and the control part have been provided by

schematically.(Figure 3.44)

Figure 3.44: Yaw PID Controller for Linear Dynamics.

Then response of the system for different values of Ky gain is shown in Figure 3.45.

Figure 3.45: Response of yaw for different Ky gains.

When we look at the graph, the optimum value of Ky is 50. However, the recommended

value of the Ky is 4 according to the user manual of Quanser. Also if we decrease

the value of Ky, the overshoot will be increased. This circumstance is easy to obtain

through the graph.
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Then response of the system for different values of Jy is shown in Figure 3.46.

Figure 3.46: Response of yaw for different Jy gains.

As we can see from the figure, the optimum value of Jy is 0.032. This value is also

recommended in the user manual of Quanser. In addition, we can easily see the

difference when we change the value of Jy.For example, if we increase the values

of Jy from 0.032, there will be an overshoot and it will be increased if the value of Jy

increases. Also, if we increment even more, the response will start oscillating.



4. FUZZY CONTROL

In this part, a different method has been applied to for our Qball-X4 system. As an

extension of the conventional PID control theory, a new fuzzy controller structure

is applied. The name of the control structure is PID type fuzzy controller. Fuzzy

controller structure is based on a fuzzy logic. Fuzzy logic is a logic, in which the truth

variables can take any real number between 0 and 1. It is different than the boolean

logic, because in boolean structure truth variables can take only 0 or 1. Fuzzy logic

has been extended to handle the concept of partial truth, so that the truth value can

range between completely true and completely false. This control structure has just

two inputs, and the rules base ,is two dimensions. Also, its performance is better than

the fuzzy PI and fuzzy PD controller. Fuzzy control design includes three important

aspects. First one is, knowledge base design, second is control tuning parameters and

the last one is membership functions. [10]

4.1 PID Type Fuzzy Controller Structure

A PID type fuzzy controller structure includes both PD type and PI type fuzzy

controllers. And it is known that fuzzy PI type control is more practical than the fuzzy

PD type. [10] Removing the steady state error is difficult for the fuzzy PD, and it is

the main reason why PI type is more practical. Although, fuzzy PI type control does

not provide adequate performance in transient response for high order process because

of the internal integration operation. PID type fuzzy controller structure is using the

error and the rate of change of error as it inputs. [10] PI and PD type fuzzy controllers

connect in parallel and it shows in the Figure 4.1

Figure 4.1: The PID Type fuzzy control structure.
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And the rules are expressed like that, if e is and e dot is

then u is [10] Also, the output of the PID type fuzzy controller as follows:

uc = αu+β

∫
udt (4.1)

uc = α

(
A+PKee+DKd ė)+β

∫
(A+PKee+DKd ė

)
dt (4.2)

uc = αA+βAt +(αKeP+βKdD)e+βKeP
∫

edt +αDKd ė (4.3)

And the control components are like [10]:

Proportional: αKeP+βKdD

Integral:βKe

Derivative:αDKd

Parameter of α , β , Ke and Kd are obtained as follows .First, using the genetic algorithm

to find the parameter of α , β , Ke and Kd , provides a starting point for these parameters.

Then using the trial and error method, the optimum values of the parameters have been

found.

Membership functions of error, change rate of the error and u are shown in figures 4.2

and 4.3

Figure 4.2: Membership functions of e, ė and u.
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Figure 4.3: Membership functions of e, ė and u.

Figure 4.4: General fuzzy PID type rule base.

The fuzzy PID type control rule is shown in Figure 4.4: [10]

The surface of the error, change rate of the error and u are shown in Figure 4.5

And the rules table is shown in Figure 4.6
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Figure 4.5: Surface of the e, ė and u.

Figure 4.6: Rules Table.

The output u is determined by using the method of the center of gravity.
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Figure 4.7: Output u.

4.2 Nonlinear Model

4.2.1 Height model and control for nonlinear dynamics

In this part of the document, height model and the fuzzy control part have been

provided schematically.(Figure 4.8)

Figure 4.8: Height Model and the Fuzzy Controller for Nonlinear Dynamics.

Then response of the system for different values of K gain is shown in Figure 4.9.
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Figure 4.9: Response of height for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for the different values of Jroll = Jpitch is shown in Figure 4.10.

Figure 4.10: Response of height for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.
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Response of the system for different values of M is shows in Figure 4.11.

Figure 4.11: Response of height for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system.

4.2.2 Y model and control for nonlinear dynamics

In this part of the document, Y model and the fuzzy control part have been provided

schematically.(Figure 4.12)

Figure 4.12: Y Model and the Fuzzy Controller for Nonlinear Dynamics.

Then, response of the system for different values of K gain shows in Figure 4.13.
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Figure 4.13: Response of height for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 4.14.

Figure 4.14: Response of Y for different Jroll = Jpitch gains.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.
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Response of the system for different values of M is shown in Figure 4.15.

Figure 4.15: Response of Y for different Jroll = Jpitch gains.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

4.2.3 X model and control for nonlinear dynamics

In this part of the document, X model and the fuzzy control part have been provided

schematically.(Figure 4.16)

Figure 4.16: X Model and the Fuzzy Controller for Nonlinear Dynamics.

Then, response of the system for different values of K gain is shown in Figure 4.17.
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Figure 4.17: Response of X for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 4.18.

Figure 4.18: Response of height for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.
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Response of the system for different values of M is shown in Figure 4.19.

Figure 4.19: Response of height for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

4.2.4 Pitch model and control for nonlinear dynamics

In this part of the document, pitch model and the fuzzy control part have been provided

schematically.(Figure 4.20)

Figure 4.20: Pitch Model and the Fuzzy Controller for Nonlinear Dynamics.

Then, response of the system for different values of K gain is shown in Figure 4.21.
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Figure 4.21: Response of Pitch for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 4.22.

Figure 4.22: Response of Pitch for different Jroll = Jpitch values.
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When we look at the graph, except for the values of 1 and 3, the remaining results

are similar to each other. However, if the Jroll = Jpitch equals to 1, there will be a

deterioration in the result. And if we increase the Jroll = Jpitch value, there will be an

oscillation in the graph and in the system.

Response of the system for different values of M is shown in Figure 4.23.

Figure 4.23: Response of Pitch for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.
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4.2.5 Roll model and control for nonlinear dynamics

In this part of the document, Roll model and the control part has been given by

schematically.(Figure 4.24)

Figure 4.24: Roll Model and the Fuzzy Controller for Nonlinear Dynamics.

Then, response of the system for different values of K gain is shown in Figure 4.25.

Figure 4.25: Response of Roll for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 4.26.
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Figure 4.26: Response of Roll for different Jroll = Jpitch values.

When we look at the graph, except for the values of 1 and 3, the remaining results

are similar to each other. However, if the Jroll = Jpitch equals to 1, there will be a

deterioration in the result. And if we increase the Jroll = Jpitch value, there will be an

oscillation in the graph and in the system.

Response of the system for different values of M is shown in Figure 4.27.

Figure 4.27: Response of Roll for different M values.
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When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

4.2.6 Yaw model and control for nonlinear dynamics

In this part of the document, yaw model and the control part has been given by

schematically.(Figure 4.28)

Figure 4.28: Yaw Model and the Fuzzy Controller for Nonlinear Dynamics.

Then response of the system for different values of Ky gain is shown in Figure 4.29.

Figure 4.29: Response of Yaw for different Ky values.

When we look at the graph, except Ky value of 20, the remaining values result are

similar to each other. However, at the Ky=20, settling time of the system is increased.

Response of the system for different values of Jy gain is shown in Figure 4.30.
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Figure 4.30: Response of Yaw for different Jy values.

When we look at the graph, except Jy value of 20, the remaining values result are

similar to each other. However, at the Jy=1, there will be an overshoot in the system.

4.3 Linear Model

In this part, the quadrotor system is analyzed theoretically since a linear system does

not exist in real world.

4.3.1 Height model and control for linear dynamics

In this part of the document, Height model and the fuzzy control part have been

provided schematically.(Figure 4.31)

Figure 4.31: Height Model and the Fuzzy Controller for Linear Dynamics.

Then response of the system for different values of K gain is shown in Figure 4.32.
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Figure 4.32: Response of height for different K gains.

When we look at the graph, changing the K gain values have a little impact on the

system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown Figure 4.33.

Figure 4.33: Response of height for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.
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Response of the system for different values of M is shown Figure 4.34.

Figure 4.34: Response of height for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

4.3.2 Y model and control for linear dynamics

In this part of the document, Y model and the fuzzy control part have been provided

schematically.(Figure 4.35)

Figure 4.35: Y Model and the Fuzzy Controller for Linear Dynamics.

Then, response of the system for different values of K gain is shown in Figure 4.36.
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Figure 4.36: Response of height for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for the different values of Jroll = Jpitch is shown Figure 4.37.

Figure 4.37: Response of Y for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.

Response of the system for different values of M is shown Figure 4.38.

58



Figure 4.38: Response of Y for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of system remains similar.

4.3.3 X model and control for linear dynamics

In this part of the document, X model and the fuzzy control part have been provided

schematically.(Figure 4.39)

Figure 4.39: X Model and the Fuzzy Controller for Linear Dynamics.

Then response of the system for different values of K gain is shown in Figure 4.40.
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Figure 4.40: Response of X for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 4.41.

Figure 4.41: Response of X for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 4.42.
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Figure 4.42: Response of X for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

4.3.4 Pitch model and control for linear dynamics

In this part of the document, pitch model and the fuzzy control part have been provided

schematically.(Figure 4.43)

Figure 4.43: Pitch Model and the Fuzzy Controller for Linear Dynamics.

Then, response of the system for different values of K gain is shown in Figure 4.44.
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Figure 4.44: Response of Pitch for different K gains.

When we look at the graph, changing the K value does not have a huge impact on the

system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 4.45.

Figure 4.45: Response of Pitch for different Jroll = Jpitch values.

When we look at the graph, except for the values of 1 and 3, the remaining results

are similar to each other. However, if the Jroll = Jpitch equals to 1, there will be a

deterioration in the result. And if we increase the Jroll = Jpitch value, there will be an
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oscillation in the graph and in the system.

Response of the system for different values of M is shown in Figure 4.46.

Figure 4.46: Response of Pitch for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

4.3.5 Roll model and control for linear dynamics

In this part of the document, roll model and the fuzzy control part have been provided

schematically.(Figure 4.47)

Figure 4.47: Roll Model and the Fuzzy Controller for Linear Dynamics.

Then, response of the system for different values of K gain is shown in Figure 4.48.
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Figure 4.48: Response of Pitch for different K gain values.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 4.49.

Figure 4.49: Response of Roll for different Jroll = Jpitch values.

When we look at the graph, except for the values of 1 and 3, the remaining results

are similar to each other. However, if the Jroll = Jpitch equals to 1, there will be a

deterioration in the result. And if we increase the Jroll = Jpitch value, there will be an

64



oscillation in the graph and in the system.

Response of the system for different values of M is shown in Figure 4.50. When we

Figure 4.50: Response of Roll for different M values.

look at the graph, changing the M value does not have a huge impact on the system.

Response of the system remains similar.

4.3.6 Yaw model and control for linear dynamics

In this part of the document, Yaw model and the fuzzy control part have been provided

schematically.(Figure 4.51)

Figure 4.51: Yaw Model and the Fuzzy Controller for Nonlinear Dynamics.

Then response of the system for different values of Ky gain is shown in Figure 4.52.
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Figure 4.52: Response of Yaw for different Ky values.

When we look at the graph, except Ky value of 1, the remaining values result are similar

to each other. However, at the Ky=1, there is a little bit deterioration in the system.

Response of the system for different values of Jy is shown in Figure 4.53.

Figure 4.53: Response of Yaw for different Jy values.

When we look at the graph, except Jy value of 1, the remaining values result are similar

to each other. However, at the Jy=1, there is a oscillation in the system.

66



5. SELF TUNING FUZZY CONTROL

Previous section discussed what PID type fuzzy controller is and demonstrated the

application of the Qball-X4 system. In this section, self-tuning the scaling factors and

adjusting the membership function will be explained. Steady state response of the

performance could be improved if we can adjust the membership function. When we

set these, we do not change the fuzzy rules. [10] Changing of the membership function

is shown below.(Figure 5.1)

Figure 5.1: The change of the output MF u.

ZR, PS and NS membership functions become thinner. However, just changing the

membership function is not enough to improve the transient state. Hence, we can

define the new functions in the system. These functions are f (e(t)) and g(e(t)). [10]

f (e(t)) = a1 × abs(e(t))+a2 (5.1)

g(e(t)) = b1 × (1−abs(e(t)))+b2 (5.2)

a1, a2, b1 and b2 are all positive constants. Then the self-tuning scaling factors

changing with time define as follows:

βs (e(t)) = β × f (e(t)) (5.3)

kds (e(t)) = kd ×g(e(t)) (5.4)
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where β and kd are the initial values of the scaling factors. The main aim of the

function f (e(t)) is to decrease the βs (e(t)) with the change of error. It means, the

error will be zero and f (e(t)) will equal to a2. On the other hand, g(e(t)) function

has the inverse objective. In steady state, g(e(t)) will be equal to (b1+b2). So that,

we can set the βs (e(t)) and kds (e(t)) roughly with the error of the time. [10] The

structure of the PID type fuzzy controller with the self-tuning scaling factors are

shown as follows [10]:

Figure 5.2: Block diagram of the parameter adaptive fuzzy controller.

To find how important a1, a2, b1, and b2 are, we can progress in the following

way [10]:

In the beginning,

e=1 : f(1)=a1+a2; (5.5)

g(1)=b2. (5.6)

In the steady state,

e=0: f(0)=a2; (5.7)

g(0)=b1+b2: (5.8)

So that, in the beginning it will be βs (e(t)) = (a1 + a2)β and in the steady state it

will become βs (e(t)) = (a2)β . We can set a1 and a2 to tune the (a1 + a2)β and

(a2)β to decide the initial value and the final value of βs (e(t)) [10].

We think, equation of the f(1)× g(1) = f(0)× g(0) proportional component not so

much change and the system can reacts the error as quick as. [10]
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5.1 Nonlinear Model

5.1.1 Height model and control for nonlinear dynamics

In this part of the document, Height model and the control part have been provided

schematically.(Figure 5.3)

Figure 5.3: Height Model and the Self Tuning Fuzzy Controller for Nonlinear
Dynamics.

Then response of the system for different values of K gain is shown in Figure 5.4.

Figure 5.4: Response of height for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.
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Response of the system for different values of Jroll = Jpitch is shown in Figure 5.5.

Figure 5.5: Response of height for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 5.6.

Figure 5.6: Response of height for different M values.
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When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

5.1.2 X model and control for nonlinear dynamics

In this part of the document, X model and the control part have been provided

schematically.(Figure 5.7)

Figure 5.7: X Model and the Self Tuning Fuzzy Controller for Nonlinear Dynamics.

Then, response of the system for different values of K gain is shown in Figure

5.8.

Figure 5.8: Response of X for different K gains.
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When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 5.9.

Figure 5.9: Response of X for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 5.10.

72



Figure 5.10: Response of X for different M values.

When we look at the graph, changing the M values have not huge impact of the system.

Further, response of the system remains similar.

5.1.3 Y model and control for nonlinear dynamics

In this part of the document, Y model and the fuzzy control part have been provided

schematically.(Figure 5.11)

Figure 5.11: Y Model and the Self Tuning Fuzzy Controller for Nonlinear Dynamics.

Then, response of the system for different values of K gain is shown in Figure

5.12.
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Figure 5.12: Response of Y for different K gains.

When we look at the graph, changing the K gain does not have a huge impact on the

system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 5.13.

Figure 5.13: Response of Y for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 5.14.
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Figure 5.14: Response of Y for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.
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5.1.4 Pitch model and control for nonlinear dynamics

In this part of the document, Pitch model and the fuzzy control part have been provided

schematically.(Figure 5.15)

Figure 5.15: Pitch Model and the Self Tuning Fuzzy Controller for Nonlinear
Dynamics.

Then, response of the system for different values of K gain is shown in Figure 5.16.

Figure 5.16: Response of pitch for different K gains.

When we look at the graph, except the K gain value of 180, changing the K gain value

does not have a huge impact on the system. Response of the system remains similar.

However, at K=180, system becomes chattering and does not stable.
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Response of the system for the different values of Jroll = Jpitch is shown in Figures 5.17

and 5.18.

Figure 5.17: Response of pitch for different Jroll = Jpitch values.

Figure 5.18: Response of pitch for different Jroll = Jpitch values.

In figure 5.17, there is an overshoot in the value of 3 and a deterioration in the value

of 1. Also, if Jroll = Jpitch equals to 0.01, there is an oscillation and chattering in the

response as we can see in the figure 5.17. The remaning values’ responses are similar

to each other. In addition to that, in figure 5.18, there will be an unstable response if

the Jroll = Jpitch equals to 0.03, which is clearly seen in the figure.
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Response of the system for different values of M is shown in Figure 5.19.

Figure 5.19: Response of pitch for different M values.

When we look at the graph, changing the M value does not have a impact on the

system. Response of the system remains similar.

5.1.5 Roll model and control for nonlinear dynamics

In this part of the document, Roll model and the fuzzy control part have been provided

schematically.(Figure 5.20)

Figure 5.20: Roll Model and the Self Tuning Fuzzy Controller for Nonlinear
Dynamics.

Then response of the system for different values of K gain shows in Figure 5.21.
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Figure 5.21: Response of roll for different K gains.

When we look at the graph, changing the K gain value does not have a impact on the

system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figures 5.22

and 5.23.

Figure 5.22: Response of roll for different Jroll = Jpitch values.
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Figure 5.23: Response of roll for different Jroll = Jpitch values.

In figure 5.23, there will be chattering in the value of 0.01 and a small deterioration

in the values of 1 and 3. The remaning values’ responses are similar to each other. In

addition to that, in figure 5.23, there will be an unstable response if the Jroll = Jpitch

equals to 0.03, which is clearly seen in the figure.

Response of the system for different values of M is shown in Figure 5.24.

Figure 5.24: Response of roll for different M values.
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When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

5.1.6 Yaw model and control for nonlinear dynamics

In this part of the document, Yaw model and the fuzzy control part have been provided

schematically.(Figure 5.25)

Figure 5.25: Yaw Model and the Self Tuning Fuzzy Controller for Nonlinear
Dynamics.

Then response of the system for different values of Ky gain value is shown in Figure

5.26.

Figure 5.26: Response of Yaw for different Ky gains.

81



When we look at the graph, except Ky values of 2 and 50, the remaining values results

are similar to each other. However, at the Ky=2,there is an overshoot in the system and

at the Ky=50, settling time of the system is increased.

Response of the system for the different values of Jy is shown in Figure 5.27.

Figure 5.27: Response of Yaw for different Jy values.

When we look at the graph, except Jy values of 0.5 and 1, the remaining values results

are similar to each other. However, at the Jy=0.5,there is a little overshoot in the system

and at the Jy=1,there is an overshoot and oscillation.Moreover, at the Jy=1,settling time

of the system is increased.

5.2 Linear Model

In this part, the quadrotor system is analyzed theoretically since a linear system does

not exist in real world.

5.2.1 Height model and control for linear dynamics

In this part of the document, height model and the control part have been provided

schematically.(Figure 5.28)
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Figure 5.28: Height Model and the Self Tuning Fuzzy Controller for Linear
Dynamics.

Then, response of the system for different values of K gain is shown in Figure 5.29.

Figure 5.29: Response of Height for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 5.30.
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Figure 5.30: Response of Height for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact on the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 5.31.

Figure 5.31: Response of Height for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.
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5.2.2 X model and control for linear dynamics

In this part of the document, X model and the control part have been provided

schematically.(Figure 5.32)

Figure 5.32: X Model and the Self Tuning Fuzzy Controller for Linear Dynamics.

Then response of the system for different values of K gain is shown in Figure 5.33.

Figure 5.33: Response of X for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figure 5.34.
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Figure 5.34: Response of X for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact of the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 5.35.

Figure 5.35: Response of X for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.
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5.2.3 Y model and control for linear dynamics

In this part of the document, Y model and the fuzzy control part have been provided

schematically.(Figure 5.36)

Figure 5.36: Y Model and the Self Tuning Fuzzy Controller for Linear Dynamics.

Then response of the system for different values of K gain is shown in Figure 5.37.

Figure 5.37: Response of Y for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for the different values of Jroll = Jpitch is shown in Figure 5.38.
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Figure 5.38: Response of Y for different Jroll = Jpitch values.

When we look at the graph, changing the Jroll = Jpitch value does not have a huge

impact of the system. Response of the system remains similar.

Response of the system for different values of M is shown in Figure 5.39.

Figure 5.39: Response of Y for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

88



5.2.4 Pitch model and control for linear dynamics

In this part of the document, Pitch model and the fuzzy control part have been provided

schematically.(Figure 5.40)

Figure 5.40: Pitch Model and the Self Tuning Fuzzy Controller for Linear Dynamics.

Then, response of the system for different values of K gain is shown in Figure 5.41.

Figure 5.41: Response of pitch for different K gains.
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When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in Figures 5.42

and 5.43.

Figure 5.42: Response of pitch for different Jroll = Jpitch values.

Figure 5.43: Response of pitch for different Jroll = Jpitch values.

In Figure 5.43, there will be an overshoot in the value of 3 and a deterioration in the

value of 1. The remaining values’ responses are similar to each other. In addition to

90



that, in Figure 5.42, there will be an unstable response if the Jroll = Jpitch equals to

0.03, which is clearly seen in the figure.

Response of the system for different values of M is shown in Figure 5.44.

Figure 5.44: Response of pitch for different M values.

When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

5.2.5 Roll model and control for linear dynamics

In this part of the document, Roll model and the fuzzy control part have been provided

schematically.(Figure 5.45)

Figure 5.45: Roll Model and the Self Tuning Fuzzy Controller for Linear Dynamics.
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Then, the response of the system for different values of K gain İS shown in Figure

5.46.

Figure 5.46: Response of roll for different K gains.

When we look at the graph, changing the K gain value does not have a huge impact on

the system. Response of the system remains similar.

Response of the system for different values of Jroll = Jpitch is shown in figures 5.47

and 5.48.

Figure 5.47: Response of roll for different Jroll = Jpitch values.
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Figure 5.48: Response of roll for different Jroll = Jpitch values.

In Figure 5.48, there will be an overshoot in the value of 3 and a deterioration in the

value of 1. The remaining values’ responses are similar to each other. In addition to

that, in Figure 5.42, there will be an unstable response if the Jroll = Jpitch equals to

0.03, which is clearly seen in the figure.

Response of the system for the different values of M is shown in Figure 5.49.

Figure 5.49: Response of roll for different M values.
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When we look at the graph, changing the M value does not have a huge impact on the

system. Response of the system remains similar.

5.2.6 Yaw model and control for linear dynamics

In this part of the document, Yaw model and the fuzzy control part have been provided

schematically.(Figure 5.50)

Figure 5.50: Yaw Model and the Self Tuning Fuzzy Controller for Linear Dynamics.

Then the response of the system for different values of Ky gain is shown in Figure 5.51.

When we look at the graph, except Ky values of 2 and 4, the remaining values results

Figure 5.51: Response of Yaw for different Ky gains.

are similar to each other. However, at the Ky=2,there is an overshoot in the system and

at the Ky=4, there is a deterioration in the system.
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Response of the system for different values of Jy is shown in Figure 5.52.

Figure 5.52: Response of Yaw for different Jy values.

When we look at the figure, we can see that the response of first three values of

the Jy (0.02, 0.032 and 0.5) are similar to each other.However, at Jy=0.5, there is a

deterioration in the system. At Jy=1, there is an overshoot and oscillation. As a result,

the settling time of the system will be larger than the others.
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6. COMPARISON

In this part of thesis, there is a detailed comparison of all the controller structures. First

half belongs to nonlinear and second half belongs to linear part.

6.1 Nonlinear Model

6.1.1 Height comparison

Figure 6.1: Response of Height for different Controllers using K=80 gain.

All of the control structures are using the same K gain value. According to Figure(6.1),

self-tuning fuzzy controller is the best controller for height position of the Qball-X4

system. Because, in self-tuning controller there is not any overshoot like it is in PID

control. Also, the settling time is better than the fuzzy controller and the PID controller.

Height position of the quadrocopter is really important, since it may crash in case of

an overshoot. With the self-tuning fuzzy and PID type fuzzy controller, overshoot of

the system is restrained and settling time is shortened. In addition, if we compare

self-tuning fuzzy with PID type fuzzy, we can say that the first controller structure

settling time is better than the second one.
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Figure 6.2: Response of Height for different Controllers using Jroll = Jpitch=0.03
value.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure(6.2), self-tuning fuzzy controller is the best controller for height position of

the Qball-X4 system. Because, in self tuning controller there is not any overshoot

like it is in PID control. Also, settling time is better than both fuzzy controller and

PID controller. Height position of the quadrotor is really important, since it may crash

in case of an overshoot. With the self-tuning fuzzy and PID type fuzzy controller,

overshoot of the system is restrained and settling time is shortened. In addition, if

we compare self-tuning fuzzy with PID type fuzzy, we can say that the first controller

structure settling time is better than the second one.
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Figure 6.3: Response of Height for different Controllers using M=1.4 value.

All of the control structures are using the same M value. According to Figure(6.3),

self-tuning fuzzy controller is the best controller for height position of the Qball-X4

system. Because, in self tuning controller there is not any overshoot like in PID control.

Also, settling time is better than both fuzzy controller and PID controller. Height

position of the quadrotor is really important, since it may crash in case of an overshoot.

With the self-tuning fuzzy and PID type fuzzy controller, the overshoot of the system

is restrained, furthermore the settling time is shortened. In addition, if we compare

self-tuning fuzzy with PID type fuzzy, we can say first controller structure settling

time is better than the second one.
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6.1.2 X comparison

Figure 6.4: Response of X for different Controllers using K=120 gain.

All of the control structures are using the same K gain value. According to Figure(6.4),

self-tuning fuzzy controller is the best controller for X position of the Qball-X4

system.Because, in self-tuning controller there is not any overshoot like it is in PID

control. Also, settling time is better than both fuzzy controller and PID controller. X

position of the quadrotor is really important, since it may crash in case of an overshoot.

With the self-tuning fuzzy and PID type fuzzy controller, overshoot of the system is

restrained and settling time is shortened. In addition, if we compare self-tuning fuzzy

with PID type fuzzy, we can say that the first controller structure settling time is better

than the second one.
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Figure 6.5: Response of X for different Controllers using Jroll = Jpitch=0.03 values.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure(6.5), self-tuning fuzzy controller is the best controller for X position of the

Qball-X4 system.Because, in self-tuning controller there is not any overshoot like it

is in PID control. Also, the settling time is better than both fuzzy controller and PID

controller. X position of the quadrotor is really important, since it may crash in case of

an overshoot. With the self-tuning fuzzy and PID type fuzzy controller, the overshoot

of the system is restrained and also the settling time is shortened. In addition, if we

compare self-tuning fuzzy with PID type fuzzy, we can say that the first controller

structure settling time is better than the second one.
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Figure 6.6: Response of X for different Controllers using M=1.4 value.

All of the control structures are using the same M value. According to Figure(6.6),

self-tuning fuzzy controller is the best controller for X position of the Qball-X4

system.Because, in self-tuning controller there is not any overshoot like it is in PID

control. Also, settling time is better than both fuzzy controller and PID controller. X

position of the quadrotor is really important, since it may crash in case of an overshoot.

With the self-tuning fuzzy and PID type fuzzy controller, overshoot of the system is

restrained and the settling time is shortened. In addition, if we compare self-tuning

fuzzy with PID type fuzzy, we can say that the first controller structure settling time is

better than the second one.
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6.1.3 Y comparison

Figure 6.7: Response of Y for different Controllers using K=120 gain.

All of the control structures are using the same K gain value. According to Figure(6.7),

self-tuning fuzzy controller is the best controller for Y position of the Qball-X4

system.Because, in self-tuning controller there is not any overshoot like it is in PID

control. Also, settling time is better than both fuzzy controller and PID controller. Y

position of the quadrotor is really important, since it may crash in case of an overshoot.

With the self-tuning fuzzy and PID type fuzzy controller, overshoot of the system is

restrained and settling time is shortened. In addition, if we compare self-tuning fuzzy

with PID type fuzzy, we can say that the first controller structure settling time is better

than the second one.
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Figure 6.8: Response of Y for different Controllers using Jroll = Jpitch=0.03 value.

All of the control structures are using the same Jroll = Jpitch value. According to Figure

(6.8), self-tuning fuzzy controller is the best controller for Y position of the Qball-X4

system. Because, in self-tuning controller there is not any overshoot like it is in PID

control. Also, settling time is better than both fuzzy controller and PID controller. Y

position of the quadrotor is really important, since it may crash in case of an overshoot.

With the self-tuning fuzzy and PID type fuzzy controller, overshoot of the system is

restrained and settling time is shortened. In addition, if we compare self-tuning fuzzy

with PID type fuzzy, we can say that the first controller structure settling time is better

than the second one.
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Figure 6.9: Response of Y for different Controllers using M=1.4 value.

All of the control structures are using the same M value. According to Figure (6.9),

self-tuning fuzzy controller is the best controller for Y position of the Qball-X4 system

. Because, in self-tuning controller there is not any overshoot like it is in PID control.

Also, settling time is better than both fuzzy controller and PID controller. Y position of

the quadrotor is really important, since it may crash in case of an overshoot. With the

self-tuning fuzzy and PID type fuzzy controller, overshoot of the system is restrained

and settling time is shortened. In addition, if we compare self tuning fuzzy with PID

type fuzzy, we can say that the first controller structure settling time is better than the

second one.
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6.1.4 Pitch comparison

Figure 6.10: Response of Pitch for different Controllers using K=120 gain.

All of the control structures are using the same K gain value. According to Figure

(6.10), self-tuning fuzzy controller is the best controller for pitch position of the

Qball-X4 system. Because, in self-tuning controller there is not any overshoot like

it is in PID control. Also, settling time is better than both fuzzy controller and

PID controller. Pitch position of the quadrotor is really important, since pitch is

the movement of a quadrocopter either forward and backward. If there will be an

overshoot, there will be a crash. With the self-tuning fuzzy and PID type fuzzy

controller, overshoot of the system is restrained and settling time is shortened. In

addition, if we compare self tuning fuzzy with PID type fuzzy, we can say that the first

controller structure settling time is better than the second one.
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Figure 6.11: Response of Pitch for different Controllers using Jroll = Jpitch=0.3 value.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure 6.11 self-tuning fuzzy controller is the best controller for pitch of the Qball-X4

system. Because, in self-tuning controller there is not an overshoot like it does in PID

control. Also, settling time is better than both fuzzy controller and PID controller.

Pitch position of the quadrotor is really important, since pitch is the movement of a

quadrocopter either forward and backward. If there will be an overshoot, there will be

a crash. With the self-tuning fuzzy controller, overshoot of the system is restrained and

settling time is shortened. On the other hand, when we look at the figures 5.17,5.18

and 4.22, at the small values of Jroll = Jpitch, such as 0.01 and 0.03, PID type fuzzy

controller structure is better than the self tuning PID type fuzzy controller structure.

However, if we increase the Jroll = Jpitch values, such as 3 and higher, we can say that,

again, self tuning PID type fuzzy controller structure is the best. In this situation, the

classical PID control structure is also better than the PID type fuzzy control structure

because there will be an oscillation in the PID type fuzzy control structure. Generally,

if we compare self-tuning fuzzy control structure and the others, we can say that self

tuning fuzzy control structure is the best in performance.
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Figure 6.12: Response of Pitch for different Controllers using M=1.4 value.

All of the control structures are using the same M value. According to Figure (6.12),

self-tuning fuzzy controller is the best controller for pitch position of the Qball-X4

system. Because, in self-tuning controller there is not any overshoot like it does in PID

control. Also, the settling time is better than both fuzzy controller and PID controller.

Pitch position of the quadrotor is really important, since pitch is the movement of a

quadrocopter either forward and backward. If there will be an overshoot, there will

be a crash. With the self-tuning fuzzy and PID type fuzzy controller, overshoot of the

system is restrained and settling time is shortened. In addition, if we compare self

tuning fuzzy with PID type fuzzy, we can say that the first controller structure settling

time is better than the second one.
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6.1.5 Roll comparison

Figure 6.13: Response of Roll for different Controllers using K=120 gain.

All of the control structures are using the same K gain value. According to Figure

(6.13), self-tuning fuzzy controller is the best controller for roll position of the

Qball-X4 system. Because, in self-tuning controller there is not any overshoot like

it does in PID control. Also, settling time is better than both fuzzy controller and PID

controller. Roll position of the quadrotor is really important, since roll is making the

quadrocopter fly sidewards, either to left or right. If there will be an overshoot, there

will be a crash. With the self-tuning fuzzy and PID type fuzzy controller, overshoot of

the system is restrained and settling time is shortened. In addition, if we compare self

tuning fuzzy with PID type fuzzy, we can say that the first controller structure settling

time is better than the second one.
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Figure 6.14: Response of Roll for different Controllers using Jroll = Jpitch=0.3 value.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure 6.14 self-tuning fuzzy controller is the best controller for roll of the Qball-X4

system. Because, in self-tuning controller there is not an overshoot like it does in PID

control. Also, settling time is better than both fuzzy controller and PID controller. Roll

position of the quadrotor is really important, since roll is making the quadrocopter fly

sidewards, either to left or right. If there will be an overshoot, there will be a crash.

With the self-tuning fuzzy controller, overshoot of the system is restrained and settling

time is shortened. On the other hand, when we look at the figures 5.22,5.23 and 4.26,

at the small values of Jroll = Jpitch, such as 0.01 and 0.03, PID type fuzzy controller

structure is better than the self tuning PID type fuzzy controller structure. However, if

we increase the Jroll = Jpitch values, such as 3 and higher, we can say that, again, self

tuning PID type fuzzy controller structure is the best. In this situation, the classical

PID control structure is also better than the PID type fuzzy control structure because

there will be an oscillation in the PID type fuzzy control structure. Generally, if we

compare self-tuning fuzzy control structure and the others, we can say that self tuning

fuzzy control structure is the best in performance.
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Figure 6.15: Response of Roll for different Controllers using M=1.4 value.

All of the control structures are using the same M value. According to Figure (6.15),

self-tuning fuzzy controller is the best controller for roll position of the Qball-X4

system.Because, in self tuning controller there is not any overshoot like it does in

PID control. Also, settling time is better than both fuzzy controller and PID controller.

Roll position of the quadrotor is really important, since roll is making the quadrocopter

fly sidewards, either to left or right. If there will be an overshoot, there will be a crash.

With the self-tuning fuzzy and PID type fuzzy controller, overshoot of the system is

restrained and settling time is shortened. In addition, if we compare self tuning fuzzy

with PID type fuzzy, we can say that the first controller structure settling time is better

than the second one.
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6.1.6 Yaw comparison

Figure 6.16: Response of yaw for different Controllers using Ky=4 value.

All of the control structures are using the same Ky value. According to Figure (6.33),

self-tuning fuzzy controller is the best controller for the control of the yaw position of

the Qball-X4 system because the settling time with the self-tuning controller is faster

than both a fuzzy controller and a PID controller. Also there is no overshoot unlike

the PID controller. Yaw position of the quadrocopter is really critical, since it rotates

the head of the quadrocopter either right or left. In PID controller there is a small

overshoot and its settling time is equal to the PID type fuzzy controller structure. We

can say that self tuning fuzzy controller structure is best. And the remainings are equal

to each other regarding to performance of the system.
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Figure 6.17: Response of yaw for different Controllers using Jy=0.1 value.

All of the control structures are using the same Jy value. According to Figure (6.17),

self-tuning fuzzy controller is the best controller for yaw position of the Qball-X4

system. Because, in self-tuning controller there is not any overshoot. Although, PID

control structure has a little overshoot in the system. Both control structures are better

than the PID type fuzzy controller regarding to performance.
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6.2 Linear Model

6.2.1 Height comparison

Figure 6.18: Response of Height for different Controllers using K=120 gain.

All of the control structures are using the same K gain value. According to

Figure(6.18), self-tuning fuzzy controller is the best controller for height position of

the Qball-X4 system. Because, in self tuning controller there is not any overshoot like

it does in PID control. Also, settling time is better than both fuzzy controller and PID

controller. Height position of the quadrocopter is really important, since it may crash

in case of an overshoot. With the self-tuning fuzzy and PID type fuzzy controller,

overshoot of the system is restrained and settling time is shortened. In addition, if we

compare self tuning fuzzy with PID type fuzzy, we can say that the first controller

structure settling time is better than the second one.
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Figure 6.19: Response of Height for different Controllers using Jroll = Jpitch=0.3
value.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure(6.19), self-tuning fuzzy controller is the best controller for height position of

the Qball-X4 system. Because, in self-tuning controller there is not any overshoot like

it does in PID control. Also, settling time is better than both fuzzy controller and PID

controller. Height position of the quadrocopter is really important, since it may crash

in case of an overshoot. With the self-tuning fuzzy and PID type fuzzy controller,

overshoot of the system is restrained and settling time is shortened. In addition, if

we compare self-tuning fuzzy with PID type fuzzy, we can say that the first controller

structure settling time is better than the second one.
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Figure 6.20: Response of Height for different Controllers using M=1.8 value.

All of the control structures are using the same M value. According to Figure(6.20),

self-tuning fuzzy controller is the best controller for height position of the Qball-X4

system. Because, in self-tuning controller there is not any overshoot like it does in

PID control. Also, settling time is better than both fuzzy controller and PID controller.

Height position of the quadrocopter is really important, since it may crash in case of

an overshoot. With the self-tuning fuzzy and PID type fuzzy controller, overshoot of

the system is restrained and settling time is shortened. In addition, if we compare self

tuning fuzzy with PID type fuzzy, we can say that the first controller structure settling

time is better than the second one.
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6.2.2 X comparison

Figure 6.21: Response of X for different Controllers using K=80 gain.

All of the control structures are using the same K gain value. According to

Figure(6.21), self-tuning fuzzy controller is the best controller for X position of the

Qball-X4 system. Because, in self-tuning controller settling time is better than both

fuzzy controller and PID controller. In addition, if we compare PID controller with

fuzzy controller structure, fuzzy controller proves to be better since there will be a

deterioration in PID control structure for the first seconds of the response.
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Figure 6.22: Response of X for different Controllers using Jroll = Jpitch=0.03 value.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure(6.22), self-tuning fuzzy controller is the best controller for X position of the

Qball-X4 system. Because, in self-tuning controller the settling time is better than

both fuzzy controller and PID controller. In addition, if we compare PID controller

with fuzzy controller structure, fuzzy controller proves to be better since there will be

a deterioration in PID control structure for the first seconds of the response.

Figure 6.23: Response of X for different Controllers using M=1.4 value.
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All of the control structures are using the same M value. According to Figure(6.23),

self-tuning fuzzy controller is the best controller for X position of the Qball-X4 system.

Because, in self-tuning controller the settling time is better than both fuzzy controller

and PID controller. In addition, if we compare PID controller with fuzzy controller

structure, fuzzy controller proves to be better since there will be a deterioration in PID

control structure for the first seconds of the response.

6.2.3 Y comparison

Figure 6.24: Response of Y for different Controllers using K=140 gain.

All of the control structures are using the same K gain value. According to

Figure(6.24), self-tuning fuzzy controller is the best controller for Y position of the

Qball-X4 system. Because, in self tuning controller settling time is better than both

fuzzy controller and PID controller. In addition, if we compare PID controller with

fuzzy controller structure, fuzzy controller proves to be better since there will be a

deterioration in PID control structure for the first seconds of the response.
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Figure 6.25: Response of Y for different Controllers using Jroll = Jpitch=0.03 value.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure(6.25), self-tuning fuzzy controller is the best controller for Y position of the

Qball-X4 system. Because, in self-tuning controller the settling time is better than

both fuzzy controller and PID controller. In addition, if we compare PID controller

with fuzzy controller structure, fuzzy controller proves to be better since there will be

a deterioration in PID control structure for the first seconds of the response.

Figure 6.26: Response of Y for different Controllers using M=1.6 value.
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All of the control structures are using the same M value. According to Figure(6.26),

self-tuning fuzzy controller is the best controller for Y position of the Qball-X4 system.

Because, in self-tuning controller the settling time is better than both fuzzy controller

and PID controller. In addition, if we compare PID controller with fuzzy controller

structure, fuzzy controller proves to be better since there will be a deterioration in PID

control structure for the first seconds of the response.

6.2.4 Pitch comparison

Figure 6.27: Response of Pitch for different Controllers using K=80 gain.

All of the control structures are using the same K gain value. According to

Figure(6.27), self-tuning fuzzy controller is the best controller for pitch position of

the Qball-X4 system. Because, in self-tuning controller there is not any overshoot

like it does in PID control. Also, settling time is better than both fuzzy controller

and PID controller. The pitch position of the quadrocopter is really important, since

pitch is the movement of a quadrocopter either forward and backward. If there is

an overshoot, there will be a crash. With the self-tuning fuzzy and PID type fuzzy

controller, overshoot of the system is restrained and settling time is shortened. In

addition, if we compare self tuning fuzzy with PID type fuzzy, we can say that the first

controller structure settling time is better than the second one.
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Figure 6.28: Response of Pitch for different Controllers using Jroll = Jpitch=0.3 value.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure 6.28 self-tuning fuzzy controller is the best controller for pitch of the Qball-X4

system. Because, in self-tuning controller there is not an overshoot like it does in PID

control. Also, settling time is better than both fuzzy controller and PID controller.

Pitch position of the quadrotor is really important, since pitch is the movement of a

quadrocopter either forward and backward. If there is an overshoot, there will be a

crash. With the self-tuning fuzzy controller, overshoot of the system is restrained and

settling time is shortened. On the other hand, when we look at the Figures 5.42, 5.43

and 4.45, at the small values of Jroll = Jpitch, such as 0.01 and 0.03, PID type fuzzy

controller structure is better than the self tuning PID type fuzzy controller structure.

However, if we increase the Jroll = Jpitch values, such as 3 and higher, we can say that,

again, self tuning PID type fuzzy controller structure is the best. In this situation, the

classical PID control structure is also better than the PID type fuzzy control structure

because an oscillation occurs in the PID type fuzzy control structure. Generally, if we

compare self-tuning fuzzy control structure and the others, we can say that self tuning

fuzzy control structure is the best in performance.
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Figure 6.29: Response of Pitch for different Controllers using M=1.6 value.

All of the control structures are using the same M value. According to this figure(6.29),

self-tuning fuzzy controller is the best controller for pitch position of the Qball-X4

system. Because, in self-tuning controller there is not any overshoot like it does in

PID control. Also, settling time is better than both fuzzy controller and PID controller.

Pitch position of the quadrocopter is really important, since pitch is the movement of

a quadrocopter either forward and backward. If there is an overshoot, there will be

a crash. With the self-tuning fuzzy and PID type fuzzy controller, overshoot of the

system is restrained and settling time is shortened.

123



6.2.5 Roll comparison

Figure 6.30: Response of Roll for different Controllers using K=80 value.

All of the control structures are using the same K gain value. According to

Figure(6.30), self-tuning fuzzy controller is the best controller for roll position of the

Qball-X4 system. Because, in self-tuning controller there is not any overshoot like it

does in PID control. Also, the settling time is better than both fuzzy controller and PID

controller. Roll position of the quadrocopter is really important, since roll is making

the quadrocopter fly sidewards, either to left or right. If there is an overshoot, there

will be a crash. With the self-tuning fuzzy and PID type fuzzy controller, overshoot of

the system is restrained and settling time is shortened. In addition, if we compare self

tuning fuzzy wth PID type fuzzy, we can say that the first controller structure settling

time is better than the second one.
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Figure 6.31: Response of Roll for different Controllers using Jroll = Jpitch=0.3 value.

All of the control structures are using the same Jroll = Jpitch value. According to

Figure(6.31), self-tuning fuzzy controller is the best controller for roll position of the

Qball-X4 system. Because, in self-tuning controller there is not any overshoot like it

does in PID control. Also, the settling time is better than both fuzzy controller and PID

controller. Roll position of the quadrocopter is really important, since roll is making

the quadrocopter fly sidewards, either to left or right. If there is an overshoot, there

will be a crash. With the self-tuning fuzzy and PID type fuzzy controller, overshoot

of the system is restrained and settling time is shortened. On the other hand, when we

look at he figures 5.47, 5.48 and 4.49, at the small values of Jroll = Jpitch, like 0.01

and 0.03, PID type fuzzy controller structure works better than the self tuning PID

type fuzzy controller structure. However, if we increase the Jroll = Jpitch values, like 3

and more, we can say that, again, self tuning PID type fuzzy controller structure is the

best. Also in this situation, the classical PID control structure is better than the PID

type fuzzy control structure because there will be an oscillation in the PID type fuzzy

control structure. Generally, if we compare self tuning fuzzy control structure and the

others, we can say that self tuning fuzzy control structure is the best.

125



Figure 6.32: Response of Roll for different Controllers using M=1.6 value.

All of the control structures are using the same M value. According to Figure(6.31),

self-tuning fuzzy controller is the best controller for roll position of the Qball-X4

system. Because, in self-tuning controller there is not any overshoot like it does

in PID control. Also, the settling time is better than both fuzzy controller and PID

controller. Roll position of the quadrocopter is really important, since roll is making

the quadrocopter fly sidewards, either to left or right. If there is an overshoot, there

will be a crash. With the self-tuning fuzzy and PID type fuzzy controller, overshoot of

the system is restrained and settling time is shortened. In addition, if we compare self

tuning fuzzy with PID type fuzzy, we can say that the first controller structure settling

time is better than the second one.
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6.2.6 Yaw comparison

Figure 6.33: Response of Yaw for different Controllers using Ky=4 value.

All of the control structures are using the same Ky value. According to Figure (6.33),

self-tuning fuzzy controller is the best controller for the control of the yaw position

of the Qball-X4 system because the settling time with a self-tuning controller is faster

than both with a fuzzy controller and a PID controller. Also there is no overshoot

unlike with the PID controller. Yaw position of the quadrocopter is really critical,

since it rotates the head of the quadrocopter either right or left. The overshoot present

with the PID controller may cause the system to crash flies. With the self-tuning fuzzy

controller, the settling time is shortened.
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Figure 6.34: Response of Yaw for different Controllers using Jy=0.1 value.

All of the control structures are using the same Jy value. According to Figure (6.34),

self-tuning fuzzy controller is the best controller for the control of the yaw position

of the Qball-X4 system because the settling time with a self-tuning controller is faster

than both with a fuzzy controller and a PID controller. Also there is no overshoot

unlike with the PID controller. Yaw position of the quadrocopter is really critical,

since it rotates the head of the quadrocopter either right or left. The overshoot present

with the PID controller may cause the system to crash flies. With the self-tuning fuzzy

controller, the settling time is shortened.
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7. CONCLUSION

In this dissertation, firstly the dynamical model of the Qball-X4 system has been

described. Both linear and nonlinear models of the system have been given. After the

examination of the dynamical model, PID control has been described in the second

part, which has 2 sections. These 2 sections explain nonlinear and linear models.

After the PID control part, fuzzy control part is presented. In this part, as an extension

of the conventional PID control theory, a new fuzzy controller structure is described.

The name of control structure is PID type fuzzy controller. Again, PID type fuzzy

controller has been applied to both nonlinear and linear model of the Qball X4. After

the fuzzy control part, a new method tuning the scaling factors of the PID type fuzzy

controller is developed and proposed. This new control structure has been applied to

both nonlinear and linear model of the Qball X4. All of the controllers simulation

results’ are shown for the position controls along x,y,z axis and roll, pitch yaw angles.

These simulation results are plotted and analyzed in detail in each section.

The last part of the dissertation includes a comparison. In this part, the linear

and nonlinear model of the systems responses are compared to each other in detail.

In the linear part, generally we can say that, if we analyze all of the (x,y,z axis

and roll,pitch,yaw angles) simulation parameters graphs, we found PID type fuzzy

controller with self-scaling factors are the best controller structure.However,if we look

at response of the roll and pitch angles in small Jroll = Jpitch values (like 0.01 and

0.03), PID type fuzzy controller structure better than the self tuning PID type fuzzy

controller structure.On the other hand, if we increase the Jroll = Jpitch values, like 3

and more, we can say that, again, self tuning PID type fuzzy controller structure is

the best.Generally, simulation results say that, the performance of system is improved

when this control structure is applied. With the self-tuning fuzzy controller, the

oscillation of the system is strongly restrained and the settling time is shortened

greatly. Also, generally speaking, the PID type fuzzy controller structure has given

better response than the classical type PID structure. We can easily see that from the
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simulation results.

Furthermore, in nonlinear part, generally we can say that, if we analyze all of

the (x,y,z axis and roll,pitch,yaw angles) simulation parameters graphs, it is found

that PID type fuzzy controller with self-scaling factors are the best controller

structure.However,if we look at response of the roll and pitch angles in small

Jroll = Jpitch values (like 0.01 and 0.03), PID type fuzzy controller structure better than

the self tuning PID type fuzzy controller structure. On the other hand, if we increase

the Jroll = Jpitch values, like 3 and more, we can say that, again, self tuning PID type

fuzzy controller structure is the best. Generally, simulation results prove that, the

performance of system is improved when this control structure is applied. With the

self-tuning fuzzy controller, the oscillation of the system is strongly restrained and

the settling time is shortened greatly. Also, generally speaking, the PID type fuzzy

controller structure has given better response than the classical type PID structure. We

can easily see that from the simulation results.

As a conclusion, in this dissertation two different methods have been described. First

one is PID type fuzzy controller structure and the second one is PID type fuzzy

controller structure with self-scaling factors. These methods, their simulations and

analyses were given in this work in detail.The general result with the self-tuning

fuzzy controller and the fuzzy controller structure is that the oscillation of the system

becomes smaller and the settling time is shortened.
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