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ABSTRACT

AUTOPILOT DESIGN FOR A QUADROTOR

Blyuksarikulak, Mehmet Sami
M.S., Department of Electrical and Electronics Enginegrin

Supervisor : Prof. Dr. Kemal Leblebidjtu

December 2014, 96 pages

Nowadays, UAVs (Unmanned Aerial Systems) are importartyséwieas for military
and academic world. These systems can play crucial rolesnme @ipplications, es-
pecially in hazardous environments due to the fact that modmupilot will undergo

danger.

Quadrotor is an underactuated UAV system which has four figémts and four de-
grees of freedom. Roll, pitch and yaw rotations and elewadiclination can be
changed by dierences of propeller velocity of rotors with respect to eattier. Hor-

izontal motion is depended on roll and pitch angle behagi@nd can not be con-

trolled independently.

In this thesis, first aim is modelling of a quadrotor which &sbd on Newton-Euler
equations. [DOferent control strategies will be developed which are pripoal-

integral (PI), linear quadratic regulator (LQR) and slglimode controller. After
that a line of sight (LOS) guidance algorithms is designedrtvide the quadrotor

to move autonomously using the way points along the desia#idl All these proce-
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dures are first implemented on a Maji&@lnulink platform. Later on they have been

applied on an autopilot board to realize the real system.

Keywords: Quadrotor, System Modelling, PID, LQR, Slidingpt# Control, Guid-
ance, Autopilot
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KUADROTORICIN OTOPILOT TASARIMI

Buyuksarikulak, Mehmet Sami
Yuksek Lisans, Elektrik ve Elektronik Mihend§iiBolumu
Tez Yoneticisi : Prof. Dr. Kemal Leblebicipu

Aralik 2014 , 96 sayfa

Gunuimiizde insansiz hava aracldHAlar) hem akademik hem de askeri diinyada
onemli bir arastirma konusudur. Bu sistemler insan pifermedgi icin, 6zellikle
tehlikeli ortamlarda, kritik roller Gstlenmektedirler.

Kuadrotor dort sabit rotora sahip bir insansiz hava aracvdipa, yunuslama ve yo-
nelme acilari dgisimi ile yikselme-alcalma hareketleri sabit rotonanizlarini bir-
birine gbre dgisimiyle diizenlenebilmekte yatay eksendeki harekieeryalpa ve

yunuslama acilarinin désime bgl olarak meydana gelmektedir.

Bu tezde ilk amag kuadrotorun Newton-Euler denklemlerd@eayli bir modelinin ¢i-
kartiimasidir. Ardindan ugusg i¢in gerekli oransal inedPl), d@yrusal ikinci derece-
den regulator (LQR) ve kayma modlu tipinde kontrolcileatéanacaktir. Daha son-
rasinda gorus hatti (LOS) yapisinda bir gidiim algoritm@sistem otonom hale ge-
tirilecektir. Yapilan bu iglemler dncelikle Matlgimulink ortaminda gerceklenecek,

sonrasinda otopilot kartinda gercek sistem Uzerine uyguatktir.
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Anahtar Kelimeler: Quadrotor, Sistem Modelleme gbasal Kontrolérler, PID, LQR,
Kayan Mod Kontrolct, Gudum, Otopilot
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CHAPTER 1

INTRODUCTION

1.1 Unmanned Vehicles (UVSs)

An unmanned vehicle (UV) is a vehicle which does not carryméw pilot on board.
It may be remote controlled, semi-autonomous or autonomies autonomous sys-
tem has a guidance-navigation-control system (GNC) soitls#nses the environ-
ment and steers on its own. A pre-defined mission can be cosalpby the vehicle

without human intervention.

Unmanned vehicles are categorized in several group depgodithe types of appli-
cation such as unmanned surface vehicles (USVs), unmaeniethzhicles (UAVS),

unmanned ground vehicles (UGVs) and unmanned underwdtaies (UUVS).

The application areas of UVs have been increasing for theféms decades. Al-
though, military applications have led to UV developmentslay they are used for
many purposes. The primary purpose of UVs are investigatidrazardous places
like battleship, forest fires, nucl¢aehemical leakage areas etc. Governments use
UAVs for power and pipeline security, custdmrder patrol, rescue operation and
social event observations. Moreover, the scientific resgeanspection of space and
oceari sea floor, logistics and transportation are other usage afddVs. Recently
UAVs have become popular among civilians to be used for leghatography and

recreational activities.

UAVs are the one of the most significant type of UV system. Ttieyot need a hu-

man pilot. Therefore, a cockpit and various life supportsi(pressure, temperature

1



controllers, launch seats) are not found on board. All teegeépments and systems
mean extra weight and expense for the system. So that, UAvhare dficient and
inexpensive than pilot controlled system. Furthermoreffgcés on the pilot limit
the system’s maneuverability, however UAVs perform acticBavithout considering

human physiology.

The small size UAV systems have the electric motors that \gdehtly, when com-
pared to the internal combustion engines. This feature aidleen suitable for surveil-
lance systems because they are barely noticed by the foe.

The UAV systems are a growing family, there exists many typbigh are mainly

classified with respect to flight ranges and altitudes [1].

1.2 Autopilot Systems

An autopilot that can be considered as the brain of the veldatries out all au-
tonomous mission requirements. During the flight, the aldgbgecides on all actions
on his own in order to achieve system objectives. The audb@iisures that the UAVs
can autonomously takefaand land. Furthermore, the autopilot can find optimal path

and avoid from the obstacles.

The components of an autopilot system are given in Figure The flight manage-
ment is usually managed by people before or during the dparathich contains
mission objectives, routes etc. The navigation systenrimmgoabout the system’s
attitude and orientation with the use of sensors such as GRS, pitot, altimeter,
compass and navigatipfiltering algorithm. The guidance gets information from the
navigation system and determines the vehicle trajectatyshould be followed. The
control system performs according to the guidance systearmm@nds. It drives the
system actuator for a proper motion to follow the desiregtttary.



Guidance || Control = ACTUATORS

SENSORS

A

Navigation
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Figure 1.1: A Scheme of NGC System

1.3 Quadrotors

UAVs can be categorized into two groups; fixed wings and rotaft systems. A
fixed wing vehicle has long range and can fly a very long timka{rely). Moreover,
they have high payload capacity. On the other hand, the coadtrsystems have good
manoeuvre capabilities; they can hover, land and t@keestically.

Quadrotor is a fixed rotor craft system which has four idettpropellers. It does
not have swash plate mechanism to change the angle of ataudk\e into three
dimensional spaces. The quadrotor can change only rothpeed of propellers to

control thrust and torque.

Quadrotors have some advantages over helicopters; Theytdoontain complex
mechanical linkages (swash plate) to change the pitch arigletor. Their individ-
ual propellers are smaller than equivalent helicopter @lleps. This decreases the
damage if the rotor hit something. They can fly with lower ralchallenging envi-

ronments.

Main components of a quadrotor are frame, motors and pegellhe frame carries
controller, sensor, power source and communication gadlyeitor and propeller are
located on the tip of the frame arm.



In the quadrotor, the fixed rotors generate thrust vectockvid upward through the
ground. When the quadrotor increases the same amount obtidwgonal speed of
propellers, the vehicle elevates. If the thrust vector isadtp the vehicle weight, it

preserves its own altitude.

The attitude behaviour of the system is controlled by thie pagch and yaw moments.
A positive roll angle is obtained when the left side propsllspeeds are increased
and right side propellers’ speeds are decreased. It cahee®it moment which
makes the system turn arouKdaxis. A pitch angle is generated by speefilatences
between front and backside propellers and the pitch monsesbtained with same
manner as well. In a quadrotor, each successive propet&esin opposite direction
to remove their drag moment. The two sets of counter rotdilages balance the
system along axis. The quadrotor can generate an imbalance to obtain aygie

with change of propellers’ rotational speed.

The system is an underactuated system, which refers to théhia the number of
the degrees of freedom is more than the inputs of the systé@ qliadrotor has six
degrees of freedom but have only four rotors. Therefore, degrees of freedom
depends on the others. When the tilt angles (the roll andh gitgle) are changed,
a horizontal component of the thrust vector is obtainedctvimakes it possible to
move the system through thé- Y plane. As a result, the motion aloixgdirection

depends on the pitch angle and the motion algraxis depends on the roll angle.

Figure 1.2: Quadrotor



For a quadrotor with four rotors, two design configuratiores available, which are
the plus ¢) and X configuration. The thrust and yaw dynamics are sinidaboth
whereas the roll and pitch dynamics aréelient. In other words, in plus configu-
ration, only the two associated motors are responsible daegating roll and pitch
moment but all four motors are responsible for generatitigntoments in X con-
figuration,. The X frame is more convenient for mounting a eearthan+ frame.
Because, the camera is usually placed to see the front ofdahiele and camera’s
field of view may be curtained by front propeller. Thus, X freafnecomes more

convenient for aerial photography and observation.

'F

Figure 1.3:+ and X Quadrotor Configurations

1.4 History of Quadrotor

The history of quadrotor starts with the beginning of th& 2@ntury. French scien-
tist, Charles Richet, built an unmanned helicopter whickensucceeded in flying.
Loius Breguet, Richet’s student, carried on his study antstracted first quadrotor
"Gyroplane n:01" in 1907. It has Bmeters propellers and 578 kilograms. He used
one 50 Hp internal combustion motor to drive four propelléFae system elevated
1.5 meters and it is controlled by people on the ground to srathi [2].

5



Figure 1.4: Richet’s Gyroplane n:01

Etienne Oemichen is another engineer who targeted thecakftight. He designed
several machines in 1920s. In theMdf May 1924, his machine flew for fourteen
minutes and it took more than a mile [3]. At the same time, Deofge de Bothezat
and lvan Jerome studied on a VTOL vehicle in the USA. Theirkweas finalized
with the result of a quadrotor with 1678 kilograms, 9 metenssaand four 8L meters
six-blade rotors . They managed over one hundred flightsheut¢hicle only lifted
5 meters in height [6].

Prototype of "Convertawings Model A" was completed in 19B@spite successful
testing and development, the military support for the prgie ceased after cutbacks
in defense [7].

Figure 1.5: Convertawings Model A



Bell Boeing V-22 Osprey has tilt rotors which are combinethwioth functionality
of helicopter and plane. It can vertically tak& and land, carry heavy payloads and
fly with high velocity [8].

Recently, the small size quadrotors have become a subjettiddJAVs. With their
small size and agile maneuverability, these vehicles candlgors and outdoors.

Nowadays, the researches have focused on multi vehicle concation and envi-
ronmental exploration. Due to small payload ability of queadr, cooperating multi

guadrotors will be expected to achieve many tasks with thiglmer maneuverability.

AeroQuad and Arducopter are open source systems and givehémge to people
develop their own autopilots. Even amateurs can constneatéwn quadrotor owing
to cheap electronic and light design materials.

1.5 Motivation

The UAVs have been the center of attraction for the last fevades. Great progresses
have been achieved in this period and today they haterdnt capabilities and sizes
depending on various applications which are describedri¢eparts of this section.
However, their potential has not been fully reached yet, mueeds to be done to
advance the UAV technology. Low cost MEMS sensors have teripeaved which
are less accurate when they are compared to conventiorgirserit is obvious that
in the future, MEMS technology will provide more reliabledacheap sensors. The

sensors with low level bias and noise will increase systetnracy and capability.

The quadrotor is a hand-held size UAV system. The cost arel sizaliness and
mechanical simplicity of it give a chance to operate theeysin a laboratory. In
addition, the power requirement of them is relatively lowd &ime test equipments can
be designed with anfiordable budget. All of them makes the quadrotor a useful
platform to develop new ideas for flight control, indoor- @abr navigation etc. The

designed algorithms can be experimented easily and quickly

APM 2.6 which is open-source autopilot board which contains atleseary sensor

equipments. Around the world, numerous users verify thewmare’s reliability. Fur-
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thermore, owing to the ready-to-fly kits, construction af ystem does not take too
much time. The system can compounded easily and all meaianenufacturing
procedures are eliminated. Therefore, the researcheesrhagh more time to focus

on autopilot implementations.

1.6 Aim and Scope

The objective of this thesis is an autopilot design for a qoemt. First of all, the
mathematical model of the system is derived in detail. Atiberlinearization proce-
dure, several control methods are designed and simulated MATLAB/ Simulink
platform. Then, a guidance algorithm is constructed whitduees that the quadrotor
flies automatously. Later on, the designed controllersrapgamented on the quadro-
tor hardware. A ready-to-fly kit is used to built the setup &RM 2.6 is selected as
an autopilot. The autopilot codes are written with help ofiéino IDE. The attitude
and altitude controllers are designed initially. So, thetesn can be remote controlled
by a human operator. Then, GPS and inertial navigation systéputs are fused to-
gether and the linear speed controllers are designed.l¥itte guidance algorithm
is implemented on the real system. Hence, the vehicle bexam®nomous and is
able to fly between way points.

1.7 Literature Review

In the last decade, the quadrotor surveys have always bgaecabkattraction point
for many researchers. In the literature, the modelling efgyistem and aerodynamic
effects are usually represented with simple dynamical equstlecause the quadro-
tor is relatively a small aircraft and its linear velocite® not so many. The control
strategies are divided into many methods such as classimt@al, PD or PID) [42],
[34], [26], [33]; linear quadratic regulator [43], [49],T2 [19]; feedback linearization
[17]; backstepping [40], [16] and sliding mode control [5[#3], [25], [24].

Some papers mainly focus on the rotor performance and thstthotation speed re-

lations. These studies investigate the thrust behavidh@forward and vertical flight
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[38], [46], [44]. Furthermore, Mahony and Bangura exprdsée drag like &ects
on the quadrotor. They presented a dynamic and aerodynaauelrfor a quadrotor
which makes agile and complex manoeuvres [20]. Fay revesdesbynamic fects

in a mathematical way at Mesicopter project [36].

Wierama proposed to combine three gyroscopes, three amcedters and three mag-
netometers of an IMU with infrared sensors to achieve atelstate estimation for
indoor application. The nonlinear measurement and statatems were obtained
and an Extented Kalman filter were used to estimate the §&itgs

Cutler studied on a variable pitch control quadrotor. Higlgtis rare in the quadrotor
researches, because most studies focus on fixed pitchustudtle revealed their
agilities and explained that how the variable pitch quamirolvercame the system

limitation of the fixed pitch quadrotor [32].

1.8 Outline of the Thesis

The contents of the next chapters are summarized here

e Chapter 2. First of all, a brief information about coordinate framedlie
given. Secondly, an extended quadrotor model will be intoed and the work-
ing principles of the system will be mentioned. The modelatgun will be lin-
earized around the hover condition in order to design thé&rober. Finally, the
other trimmed states will be acquired and compared with theshcondition
states.

e Chapter 3. This chapter will explain the design steps of the contrslléiiwo
linear (PI, LQR) and one nonlinear (sliding mode ) contnohlél be proposed.
Later on, all the simulation results will be given and thetcolter performance

will be compared with each others.

e Chapter 4. The main concept of line of sight guidance will be introduead
an algorithm will be formed for the autopilot. The guidanégoaithm will be

adjusted to achieve more smooth motion by defining someiaddltfeatures.
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e Chapter 5. The technical specifications about the hardware and sadte@n-

ponents will be given.

e Chapter 6. Design procedures of the hardware implementation will be ex
plained and the test results will be given and commented on

e Chapter 7. In the conclusion part, the contribution of the thesis wdldiven.
There will be comments about simulation and test resultsso Athe future

works will be listed.
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CHAPTER 2

MODELLING OF A QUADROTOR

2.1 Introduction

This chapter presents all the modelling steps of the syskerst of all, a brief sum-
mary will be given about coordinate frames. Secondly thekiatic and dynamic
equations will be derived with the use of Newton-Euler mdthafter that, the state
equations of the system will be written and linearizatioagadure will be applied
to design linear controllers. The behaviour of the systefthhei investigated under

different trim conditions.

2.2 Reference Frames

The quadrotor has many sensors and mission requirements. riasion and sen-
sor output is based onfiierent coordinate frames. Therefore, one coordinate frame
is not suficient to represent the quadrotor's motion. For example, celarator
and gyroscope give outputs according to the body frame, Ibudgnetometer gives
output with respect to the Earth frame. Furthermore, GP&puds are based on the
geodetic frame. The reference speeds are commanded witttds the body frame.

However, the way points are defined with respect to the Eeaithé.

All equations must be expressed in the same frame in the matiel model, so
transformations must be performed between the coordinatess [21].
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2.2.1 Body Frame

This body frame is linked to the quadrotor and the origin isated at the center
of gravity of the vehicle. It is previously mentioned thaethuadrotor is designed
according toX configuration. Therefore, thé axis of body frame extends to forward
direction of quadrotor between the first and third arms,4tsis points downward,
which is oriented to gravityY axis is formed within a right handed orthogonal set,
right side of the system.

2.2.2 Earth Frame (NED)

North-East-Down coordinate system is used to represertidhé frame that is com-
monly preferred in aviation. The origin of the frame can bes#n arbitrary accord-
ing to any constant point on the earth, however vehicle'dilag point is generally
selected as the origin. Thgaxis is oriented through direction of the gravitational
force. TheX axis is directed northy axis stretches out to east. Due to the system’s
low speed, the Earth is assumed as fixed (non-rotating) an@®p

Body Frame

Yz

Y (East)

Z (Down)

Earth Frame

Figure 2.1: Earth and Body Frame of Quadrotor
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2.2.3 Geodetic and ECEF Coordinate System

The geodetic coordinate system is used in GPS based nawvigatstem. It is not
a usual Cartesian system, which has not orthogonal compgyriastead longitude,

latitude and height (altitude) are used to express a coatelin

In the Earth Centered Earth Fixed (ECEF) coordinate sydtesrgrigin of the system
is located at the center of earth, thexis points to north pole , th€ axis intersects
the earth surface at the equator afddhgitude. The frame rotates together with the

earth.

ECEF coordinates are used as the intermediate step to t@ypesition from the
geodetic coordinates to the Earth frame coordinates. Thmutsiof GPS are in the
geodetic coordinate system, so they are transformed inteFEGame according to
the world shape model which is based on WGS 84 (world geosgsiem 84). There-
after, the ECEF coordinates are converted to earth framelowades. It is necessary
for the navigation algorithm of the autopilot system. Fartimformation can be found
in [28].

2.3 Quadrotor Kinematics

Kinematics is a fundamental subject which studies the maifambjects without con-
sidering the forces and moments acting on them. The tramstion of coordinate
systems is the interest of kinematics. There are two coatdiftfames for the model
of quadrotor and these are the earth frame and the body frame.

Before the dynamic equations are written, the states aredated. There are twelve
states to express the quadrotor motion. The componente stdte vector are linear
position and velocity, angular rates and each Euler andleatbat diferent frames.
They are listed according to the associated frames.

e Quadrotor position with respect to earth frame is expreasdgd y 27

e Linear velocities are given with respect to body frametasy w'.

e Angular rates of the body frameare [ g 17
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e Euler angles which are called roll, pitch and yaw angle aosvstwith[¢p 6 ]"

Assume that/b is a vector which is expressed in the body frame. Wiers mul-
tiplied with a rotation matrix ) which is also known as direction cosine matrix
(DCM), the result ofV¢ is the same vector with'® but it is expressed in the earth
frame.

Ve = REVe (2.1)

The inverse of the transformation matrix is equal to itsspose. So, a vector in the
earth frame can be expressed in the body frame with the UR¢saranspose.

R =FR)" = (R) (2.2)

To express the relationship between the earth and the badyefrthree elemental
rotation matrices are used in a sequence. The orientatitreajuadrotor is defined
by Tait-Bryan angles. They are mostly confused with Euleglesy however, when
Euler angles are used, the first and third rotations are madg ¢he same axes, but
in Tait-Bryan angle, each axis rotates once [22]. Tait-Byaagles notation is used

but the angles are called as Euler angles in this paper.

In order to transform the body frame to the Earth frame, fifstlothe body frame is
rotated abouk axis by an amount ap (roll) angle and the resultant frame is called
v, which has the samX axis, but itsY andZ axes are rotated by an amount of roll
angle. Theny; frame is rotated about its ownaxis by an amount of (pitch) angle
and the resultant frame \s. At the last stepy, frame is rotated about its own Z axis

by an amount of (yaw) angle and the resultant frame is the Earth frame.

The rotation matrices;

1 0 0
RI(x¢)=| 0 cos@) -sin()
0 sin@) cosg)
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cosf) 0O sin@)
RAy,)=| 0 1 0 (2.3)
—sin@) 0 cosp)

cosfy) -—sin@) O
R(zy) =| sin@) cosg) O
0 0 1

After three sequential rotations, the transformation leetwthe body frame to the

Earth frame is given by;

R(#. 6, %) = R, (Z y)RE(Y, R (X, )

c(O)cly) si@)sO)cy) —c(¢)s(y) clp)sE)cy) + s($)s(¥) (2.4)
R(4.6.9) = | c()s(y) s()s(O)sy) +c(p)cy) cle)S(O)sy) — S(p)c(w)
—S(6) s(¢)c(6) c(#)c(6)

wheres(¢) = sin(p) andc(¢) = cosg)

The relationship between the linear velocity of the bodynieaand the linear positions
with respect to the Earth frame is expressed by rotationixiatthe following:

; X u
Gl Y= Ry ¢.6.¥) | v (2.5)
Z w

Euler angles ¢ 6 y]") are defined in dferent frames which are, v, and earth

frame respectively. Therefore, the procedure that tramsfoangular rate vector
[P g 1]" to Euler angles are little bit complicated. Thép, 6, ) matrix is used to

explain this relationship. Consider the angular rate ddfinébody frame, which is
expressed in the Earth frame by multiplying with the invea&& (¢, 6, ).
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r v
oolo
Body Frame V1 Frame V2 Frame Earth Frame

Figure 2.2: Euler Angles

Each angle should be transformed frame by frame to the badydr In order to de-
fine the roll angle rateg) into the body frame, only one rotation isfBaient. For the
pitch angle rate, two successive rotations, and for yawearage three successive ro-
tations should be made (Figure 2.2). The transformatiorpsassed mathematically

as follows;
p ¢ 0 0
q|=R.(x¢)| 0 [+R(Xx)RLY.0)| 6 |+ R (x$RLY.OR2(z )| 0
r 0 0 W
(2.7)
and assume that, 6, ¢ are so small then;
R (x,¢) = RA(Y.0) = R2(z¢) = | (3x 3 identity matrix)
T-1(¢, 6, y) will be;
1 0 —sin@)
TYs,6,0)=| 0 cosp) sin@)cosp) (2.8)

0 -sin(p) cosg)cosp)

T(¢, 6, ¢) is the inverse o ~%(¢, 6, ) matrix,
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1 sin@)tan@) cosg)tan@)
To(@.0.4)=| 0 cosp) — sin() (2.9)
0 sin()secf) cosg)sech)

After obtaining theR¥(¢, 6, y) and T (¢, 6, ), all kinematic equations are combined

with a matrix form.

_ R§(¢’ 0, l/’) O3><3

(2.10)
O3><3 T (¢’ 9’ W)

o T = < <

o
~—
S © & N < X

2.4 Quadrotor Dynamics

2.4.1 Newton-Euler Equations

A dynamic equation expresses the vehicle physical moti@fasction of time while
taking force, torque and energy into consideration. In thadgotor, the generated
forces and torques cause the linear and angular motion. €hedd-Euler method is
chosen to obtain dynamic equations. All dynamic equatioesaitten with respect

to the body frame.

Some assumptions are made in order to make the calculagsng23];

The structure is supposed as rigid,

The structure is supposed as symmetrical,

The center of mass and the body fixed frame origin are assumeairicide

with each other,

The propellers are supposed as rigid,
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e Thrust and drag are proportional to the square of propsl&eed

e The inertia matrix is time-invariant.

According to Newton-Euler method [37];

dp , dh

LEF et (2.11)

. 0. . I
wherep is momentum vectoh is angular momentum vectdt, is force vectorz is

torque vector.

Before the equations are derived, itis necessary to meaktiont the coriolisect. If
the frameB is rotated with respect to fran#e the orientation and the rotation between
the frames are changed. Consider the cagg, which is the angular velocity vector
of frame B with respect to frame A. Suppose that the veBiismmoving in the fram®
while the frameB is also rotating and translating with respect to frafnderivation

of a vector is meaningful if the projection frame is defined, e derivation of in
frameA with respect to the timeis equal to the derivation & in the frameB with
respect to the timée plus the cross product of the angular velocity s vector with
the vectorS [22]. This cross product is called as the coriolEeet.

dS dS L8

—la=—=lg + ws

dt dt /A (2.12)

From Equation 2.11 and Equation 2.12, one can derive that;

dp, _dV
a|e - m(a|e) - lf
(2.13)

dv av
F m(a|e)—m(a|b+w><v)

where they aré £ [F, Fy F,]™, @ £ [pqr]" andV 2 [uvwT. In detalil, they can
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be written as follows;

[ U ] p u

_ F
ViEs-(apx( v
| W | r w
(2.14)
u Fy/m rv—qw
vi=( Fy/mp-( pw=ru |)
| W | F,/m qu- pv
A rotation motion for a rigid body is given as [55];
dh dh o
T= a|e—(a|b)+wxh) (2.15)
Jx 0 O
Here? £ [r, 7, 7,]"andhi=J@wheredJ=| 0 J, O
When the angular rate isftierentiated, Equation 2.15 becomes;
e 0 0]l ]| [ pl [ J« O O|p
0 0 X || P ]| | r 0 0 Jg ||
(2.16)

» p | Tx/ Ixx (‘Jyy -3/ Qr
=| ty/dy [ +] (Gzz— Id/dyy Pr
| r ] | T2/ 22 (Jxx - Jyy)/\]zz pqg

In conclusion, the dynamic equations of the system are mexiby Newton- Euler
equations. The next step is the determination of the fordet@mue components of

the system.

2.4.2 The Forces and Torques

This section introduces the main forces and torques whifelstethe system dynamics.

Then main forces are the gravity, the propeller thrust aedaihfrictions. The roll,
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pitch, yaw moment, propeller gyrdfect are the main torques which influence the

vehicle.

2.4.2.1 Gravity Hfect

Quadrotor body is directly exposed to the gravitation fatmng the positiveZ axis
with respect to the Earth frame. If the vertical componerthefpropeller’s thrust is
equal to the gravitation force, the body stays at a hoverarglition and secures its
own altitude. The force with respect to body fran@)is found by multiplying with
matrix RE.

Ge is the gravitation force on the quadrotor which is expressetle Earth frame as
[0 0 mg". Itis transformed into the body frame as follows;

Gh = RGe
—mgsin() (2.17)
Gb = | mgcosg) sin()
mgcos@) cose)

2.4.2.2 Thrust Force

The motion of the quadrotor depends on the thrust force wdiielgenerated by four
propellers. The vertical component of the thrust vectohwespect to the Earth frame
causes the elevation or declination. The direction of thasths always upward and

it does not depend on propeller rotation direction due taispairfoil design profile.

Thrust value of a propeller is derived with the help of thedel@lement theory. The
blade element theory is used to model the aerodynaffects on the blade element.
All forces and torques are integrated along the blade elefnam the rotor shaft to
the rotor tip. The thrust value is computed by Equation 2.18.

T = Crpnw’R} (2.18)

wherep is the air densityw is the rotor speed an® is the rotor radius. They can

be considered as time invariant. However, thrustfitcent Ct) is a time variant
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parameter and it is obtained from the blade element thedily [4

Cr = Joalzfors(l + 34 ~ 51 (2.19)
whereo is rotor solidity, which is the ratio between the area of rdtiade over rotor
sweeping areaa is lift scope and equals tor2 The inflow ratio @) defines the
relationship of induced velocity with the rotor tip spead = wR). The advance
ratio () is the division of the horizontal velocity/(= Vu2 + ?) over the rotor tip
speed. The inflow and advance ratios are the key parametafrsefthrust cofficient

value.

Vinduced— W

1=
wR

(2.20)
_ Vforward

 wR
At the hover condition, the quadrotor has no forward andearvelocity. Therefore,

u will be zero andl can be assumed as constant [36]. In this case, the thrudi@gua
is simplified fairly and only the rotational speed of propelifects the thrust value.

If T; is the thrust value of thi rotor, then the thrust is given as;
T, = bw? (2.21)

The quadrotor has four rotors, so the total thridstwill be the summation of all

individual propeller thrusts.
4
Up= ) Ti=b(w} +w}+ 0} + 0l (2.22)
i=1
U, is coincident to the& axis of body frame and it is shown in the vector fortflb][
as[00-U4]"

WhenU; is equal to quadrotor weightng), the system preserves its own altitude,
which is called the hover condition. The nominal rotatiospéed of the system is

found at the hover condition.

U; =mg
Abwom = MY (2.23)
mg
Wnom = %



Figure 2.3: Hected Forces and Torques on the Quadrotor

2.4.2.3 Roll and Pitch Moment

The quadrotor is an underactuaded system; therefore twmeee@f freedom are
coupled with the others. The thrust vector always pointsargwhile hovering. Due
to fixed rotors, the vehicle should change the tilt angle to@rtworizontally.

The roll and pitch moments are generated by the speed chdrnipe propellers.
When quadrotor rotates along oityaxis (changing roll angle), the propellpy and

p,; decrease their own speeds whileand ps do the opposite. The left hand side of
the quadrotor has more thrust than the right hand side haveseguently, this thrust
inequity is multiplied by the moment arm and generates tammoment & U,). If
the speed of the propelleps andps increase, while the propelleps andp, decrease

their own speeds, the pitch mome#t(s) is generated along the quadrotoy'sxis.

The quadrotor’'s arms are perpendicular to each other amd the&l5 between the
body frame axes and the arms. Therefore, the moment arm s teqly V2 times of

the quadrotor’s arm.
Roll and pitch moments are computed as follows;

|
U, = b72(—w§ + W5 + w5 — W)
(2.24)

I
Us = b—z(wi - a)g + a)g - a)i)

\/_
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Figure 2.4: Pitch Moment Generation

2.4.2.4 Yaw Moment

The yaw momentis produced by the drag moment of the progelldére drag moment
is the horizontal moment acting about the spinning rotoftsirad the direction of

moment is the opposite of the rotation. Each propeller hasgshoment depending
on the rotation speed and direction.

Drag moment is given as [36];
D = CopA(wR)’R (2.25)
Due toA = nR?, the equation can be written;
D = Copnw’R® (2.26)

The expression is simplified &, andp are constant. Therefore, the equation 2.25 is
given as;

D = dw? (2.27)
whered is defined as drag factor and: CqopnR°.

The neighboring rotors should revolve at the same speediftateht directions. In
that way, the drag moment of a propeller is balanced by thghbeiring propellers

and the system stabilizes itself along thaxis. With change among the rotor speeds,
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an imbalance occurs at the yaw moment which makes it possildeange the yaw

(heading) angle.

The total yaw moment{,) is calculated as;
4
Us = Z Di = d(w? + w2 — w2 — wd) (2.28)

whereD; is the yaw moment of thé" propeller.

@”’ o)

Figure 2.5: Yaw Moment

The relationship between the propeller speeds and theaedeorce and torques of
the system can be given in a matrix form with the combinatioBquation 2.22, 2.24
and 2.28.

b b b b

U]_ wi
- O [ B

U, V2 22 V2 || ws

= (2.29)
Us | b |2 _ b w3
V2 V2 N2 V2 2
[ Us | | Wy |

d d -d -d

[Us Uy Us U,4]" will be the controller outputs which will be shown at the next
chapter. If the matrix is inverted, the rotational speedthefpropellers can be com-
puted from the controller outputs. The matrix distributies tontrols inputs to the

motors.
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b b b b
W1 U]_
N -y - E N < I
W V2 2 2 Tz U,
= (2.30)
W3 2 2 2 Lk Us
V2 V2 2 V2
Wy | Us
\| ¢ d -d -d

2.4.2.5 Propeller Gyro Hfect

Consider that a coordinate frame is fixed on the rotor shafl, theZ axis of this
frame shows the spinning direction of the propeller. While propeller rotates with
the speed, if the frame turns along th¥ or Y axis, a torque emerges along the other

axes. This phenomena is called as gyffed [26], [20].

| @ .., Quadrotor Arm

.
Qj’
P2
7
RO
ra C

Generated
Torque

Y axis rotation

Figure 2.6: Propeller GyrofEect

It is seen in Figure 2.6, that a propeller has its own locahfaThe arm of quadrotor
and theX axis of propeller is coincident and th€axis direction lays outside of the
guadrotor. The& axis is directed as downward and thexis is formed by the right

hand rule. The generated torqu%)( due to gyro fect, is calculated with respect to

the propeller local frame as;

Pi
=3 q |x|| 0 (2.31)
0 Wi



wherez” is thei™ propeller’s torque due to the gyrdfect.

The resultant torque is expressed in the local frame, swoiildhbe transformed to the

guadrotor body frame. This action is to be repeated for alpplers.

The rotation matrix IRE;) from the propeller local frame to the quadrotor body frame
contains only yaw rotation. The yaw angle value-#5° for the first propeller, 135

for the second propeller, 4%or the third propeller and 135 for the fourth propeller.

cos{i) sin@i) O
T_iB:RgTi, whereR} = | —sin@) cos¢) O (2.32)
0 0 1

After the rotation, to obtain the total propeller gyrffeet (rgy), the individual

torques are summed.

o= ) 7b (2.33)

2.4.2.6 Other Aerodynamical Hfects

e Ground Effect: When a rotor is close to the ground, its performance changes
due to altering air inflow through the rotor. The rotor slipsim tends to expand
rapidly as it approaches the surface. This phenomena isdcall the ground
effect.

Cheesman & Bennett examined théeet analytically, and they expressed the

ground dfect on the rotor thrust at the constant power with Equati@d 31].

Tiee _ 1
Toce 1-(2)

(2.34)

where T g is the rotor thrust in groundfiect, Toge is the rotor thrust out

ground éfect,zis the rotor height an® s rotor radius.

This dfect should be taken into consideration while designingrodiets for

landing and take f6. Due to the small size of the quadrotor, one can consider
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that the quadrotor is always out of grounfieet (R/4z < 0.25). Therefore,
ground dfect is neglected for modelling.

e Parasite Drag

The parasite drag is the air friction of non rotating partthefquadrotor, which
limits the forward and performance of the vehicle. The dioetis always

opposite to the quadrotor motion and it is proportional ® dlir density, drag
codficient (depends on the vehicle’s geometry), wetted (pre@carea and
square of quadrotor linear speed. The air friction fofeg"j can be expressed

for X, Y andZ axes of the body as follows;

FB, = 3o Cox Aux Ul
F2, = 3 » Coy Auy VIV (2.35)
F5, = 3 » Coz Auz W

e Hub Force and Rolling Moment

The hub force and rolling moment are the other aerodynarsftedts, which
are generated by the rotors. Theleat the system when a horizontal motion
exists. They are ignored for modelling, because th&eats are relatively so

small when they are compared with the othieets [18].

2.5 State Variables and Equations

There are twelve state variables of the quadrotor system sidof them come from
the kinematic equations, the other six are obtained frondymamic equations. The

states) are listed as follows;
F'=[x y zuvwe¢ 6y pagqr]

The equation 2.14 is rewritten to obtain linear and angutaekerations.

u Fy/m rv—qw
v =( Fy/mp-( pw=ru ) (2.36)
w F,/m qu— pv

27



Total amount of the thrustfb), gravity ((fb) and air friction ng) are equal to the

total force on the systenij. So Equation 2.36 will be;

u —gsin@) + v —qw— 5-pA.xCoxulu|
V= gcosp) sin@) + pw—  ru — s=pAuCpyVIVi (2.37)
W —U;/m+ gcosfp) cosgp) + qu— pv— %npANZCDzwlwl

The rotational dynamics are written with use of Equatior62.The total torquesr)
of the system are combined with roll momebitf, pitch moment(3), yaw moment
(U4) and the torque which is generated by propeller gyfeat gy:o).

As aresult, Equation 2.5 is expressed as below;

P Uz + ('Jyy — J0r + TgyroX)/Jxx
q [=| (Us+ (Jz— Jrp + TgyroY)/Jyy (2-39)
r (U4 + (JXX - Jyy) pq/Jzz

The kinematic relations are obtained previously at Equa#i® and 2.9. They are

rewritten to show all state equations as a whole.

X [ u

y [=R#.6.¥)| v (2.40)
Z | w

¢

0 |=T(.6.9)| q (2.41)
v r

The three of the states (2.40) are related to the guidamasgation solution. The aim

of the control action is to keep the Euler angles and vertietdcity at the desired

values. So, while designing controllers, y and z states become redundant. It will
be seen that in the next chapter, all the controllers willésghed by Equations 2.37,
2.39, 2.41.
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2.6 Linearization of the System

The model of the quadrotor is nonlinear like almost all pbgsystems. However,
linear controllers can be designed for the linear systentseré&fore, the nonlinear
system must be linearized around the determined operaingspvhich are called as

equilibrium or steady state points.

2.6.1 Equilibrium Points (Trim States)

Consider thak = f(x, u) is a nonlinear system, In a dynamic equation, equilibrium
pointg trim states X) and equilibrium inputst) satisfy f(X,0) = O for all t [27]. It
means that in the trimmed condition, net applied force angut® become zero. The
dynamic equations of the quadrotor which are given in Eguei37 and 2.39 should

be solved within this manner.

Previously, it is mentioned that Equation 2.40 is relateth®navigation; therefore,
they are redundant for the trim states formation [41]. Femtiore, the yaw angle/{
represents the orientation of the system and hadfieateon the dynamic equations.
Indeed, it is only related to the initial orientation of theseem. Therefore, the yaw
angle is also redundant to calculate the trim states. Altagthare are eight unknown
states and four unknown inputs, but only nine equations wadable. Therefore,
some constraints or initial conditions must be added toesthle equations. The con-
straints are not selected at random, they should be seledtiedespect to expected
guadrotor’'s motions and scenarios. In this paper, trimn&es are computed as the
guadrotor moves with low speed and does not make acrobdtiestrim conditions
will be computed iteratively for dierentu, w, ¢ values.u andw value varies between
—2 m/secand 2m/secwith increase of & m/secandy is changed from-90 °/sec
to 90°/secwith increase of 10/sec v is taken as zero because it will be seen in
Chapter 4 that in autonomous mission the quadrotor alwalgs hioe lateral velocity
atzero ¢ = 0m/seq.
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u=-2:05:2m/sec
w=-2:05:2m/sec
v=0m/s

¥ =-90:10:90/sec

Solving the equations analytically are not easy, so NewRaphson method is used.
I is the state vector and is the trimmed state.f(I') and J(I'\) represent the state
equations and Jacobian 6f[) respectively. At the trim conditionf(T) = 0), first,
proper initial statesI{y) are given for the solution. After flicient number of iter-
ations k:iteration number) are performed, the states converge afsetlues. The

iteration runs untik = I'y,1 — Ik is fairly small.

ka1 = D= I(C) ™ () (2.42)

From Figure 2.7 to Figure 2.11, trimmed pita,(roll (¢), thrust (U;), roll moment
(U,) and pitch moments) are shown with respect toftierent forward velocityd),

vertical velocity (v) and rotatiofyaw rate {).

The pitch angle varies betweetb® and 5 which mainly depends on the forward
velocity. The roll angle varies from20° to 20° and it is proportional to the yaw rate
and forward velocity. Because, the roll angle is generaidzhtance driftingcoriolis

effect while the system is rotating with a constant c. The horizontal component

of the thrust holds the coriolidiect, consequently net force is equal to zero.

The trimmed thrust is the resistant force against the lim&afriction and coriolis
effect. The coriolis ffect may be negligible because it is fairly smaller than the ai
friction. Uy increases to oppose the air friction when the vertical spised. So, net
force becomes zero. It is seen in Figure 2J{,is varied maximum 10% from the
guadrotor’s weight. Therefore, it can be said that it willdhays around the system

nominal thrustJ1,om).
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The roll and pitch moments are very small values about zem.o8e can assume
that they are equal to zero. Furthermore, yaw moment is &wayo, because at
the equation 2.39), — J,y = 0 which makes the equatian= U4/J,.. At the trim

conditionr' = 0 soU, = O for all t (It is not plotted here).

In conclusion, these results reveal that a single trim stag be sficient to con-
troller design. So, the hover condition is selected as tine $tate. The system is
linearized around the hover condition and then contrafl@oinstructed based on this
point. It is expected that designed controller will progentork for all operating

regions.

Trim states and inputs for hover conditian£ v = w = ¢ = 0) are given as;

Yaw rate & Forward Velocity vs Pitch Angle for Different Climb Ve

o (4]

Pitch Angle(deg)

|

(=N

N o
Y

100

Yaw Rate(deg/s)

Figure 2.7: Pitch Angle for Dierent Trimmed States
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Yaw rate & Forward Velocity vs Roll for Different Climb Velocit

Roll Angle(deg)

100

Yaw Rate(deg/s)

Figure 2.8: Roll Angle for Diferent Trimmed States

Yaw rate & Forward Velocity vs Thrust for Different Climb Veloc
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100
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Figure 2.9: Thrust for Oferent Trimmed States
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Yaw rate & Forward Velocity vs Roll Moment for Different Climb V
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Figure 2.10: Roll Moment for Dferent Trimmed States
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Figure 2.11: Pitch Moment for Eerent Trimmed States
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2.6.2 Obtaining the State Matrices

Taylor expansion is used to linearize a nonlinear equatronral an equilibrium
point. The states obtained by using a linear model are quitarately model the
exact states when they are not far from the equilibrium goikissume thaéx and
ou are the deviations from the trim condition& (2 x - X, déu = u—T). Taylor

expansion gives ;

. _ . of Sf 162, 18
x=f(x,u) = f(X,U) + 5|76x+ Eh&u + Emlydx + +§W|U5u ..... (2.43)

At the trim conditionsX = 0 f(X,u) = 0. In order to simplify the Taylor expan-
sion, higher order terms are truncated, so the equationsterd only the first order
derivation terms (Jacobian Linearization)[13]. Tayloparsion can be rewritten in a

simple form;
5X ~ ASX + Bsu (2.44)

whereA = &|;; andB = & The linear controllers are designed for only the dy-
namics of the hover condition. It is certain that contralgive supreme performance
at the hover condition when they are compared to the other ¢onditions. The
designed controllers are tested under several conditiodgheeir responses are ex-
amined whether they are ffigient or not. Unless the system behavior is good, new

linear controllers should be designed for several trim @wots (Gain scheduling).

Procedure of the linearization about hover condition isat#d by using MATLAB,
forthe statevecto{f v w ¢ 6 ¢ p q r ] andtheinputvector

[Ui U, Uz U4]T, The state matrices are found as;
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(0 -g 00000 0 O]
g 0 000000O0O
0 0000O0O0ODO
0 00000100
A={0 0 000O0O0T10 (2.45)
0 000O0O0O0GO?11
0 0000O0O0ODO
0 0000O0O0ODO
|0 0 0000 O0 O O
0 0 0o 0
0 0 0O 0
~1/m 0 0o 0
0 0 0o 0
B=| 0 0 0 0 (2.46)
0 0 0o 0
0 1/Jyx O O
0 0 13, O
0 0 0 13|

The output matri>xC is selected according to desired output of the system arse the

are u, v, w, ¥. Furthermore, there is no input-output coupliiy£ 0).

(2.47)

o r O O
o o o o
P O O o
o o o o
o o o o
o O O O,

© O O
© O +» O
o O O O
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CHAPTER 3

CONTROLLER DESIGN

3.1 Introduction

The design steps of the controllers of the autopilot systenméroduced in this chap-
ter. Three dfferent control strategies are proposed and they are Pl dientimear

guadratic regulator (LQR) and sliding mode controller. sEiwvo methods are ap-
plied to the linearized system whereas the third one is implged on the nonlinear

system.

3.2 Pl Controller

PI1 controllers generate outputs based on the error betwestoimmanded input and
the actual output. The proportional (P) term of a Pl controfjenerates a control
signal proportional to the error and increasing it improthesrise time of a system.
The integral term (I) generates a control signal propogitmthe integral of the error.
It is slow but increasing the | term decreases the steady stedr. For the quadrotor

systems, the controller produces the thrist) (or torques (J,, Uz, Uy).

If r(t) is a reference inpuy(t) is a system output, areft) is the error, the outputJ)

of a Pl controller is given as;

(t) =r(t) - y(t) (3.1)
Ue(t) =Kpe(t) + K, f &(r)dr
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In Laplace domain, it is represented as;

U9 = (Kp + " D)E(S) (3.2)

3.2.1 PI Controller of the Quadrotor

The guidance system sets the the desirad w, ¢ references for the control system.
The controllers are designed to track these reference cownfsnd he structure of the
control system is shown in Figure 3.1. For the quadrotor mdelecontroller will
be shown to ensure stability and meet the desired speadisatHowever, it results
in a large overshoot. Therefore, a pre-filter is designedetrehse overshoot. The
pre-filter is a first order low pass filter with unity gain (Edioa: 3.3). In Laplace

domain, pre-filter transfer functiorfr(9)) is;

K

F(s) = s+ K

(3.3)

In principle, the pole of the pre-filter is used to cancel cwg zero of the closed
loop system. As a result, high frequency components of theti(reference) signal
is filtered out. As a drawback, the pre-filter makes the systsponse slow down.
Moreover, in real applications, the place of the zero of ty&esn is not precisely
known, so the pole of the pre-filter does not completely chtieezero. In such a

case, the overshoot may still be large or the system mayregtyeslow down.

The error is computed from filtered reference and sensorune@&nt, then controller
generates the control signal. The control signals arefemed into rotational speed

of propellers with the motor inversion block, which consist Equation 2.30.

Reference Thrust Propellers System Output
" Torques Motor Speed g
—»  Pre-Filter — PI Controller »  Plant >

>

> B
Inversion

Sensor Measurement

Figure 3.1: P+PreFilter Control Structure

38



In order to control the quadrotor, cascade controller lom@sused. The cascade
control has superior disturbance rejection propertiethérquadrotor, three cascaded
loops are formed for the control of horizontal speedsvj. The yaw (/) angle is
controlled by two cascaded loops. The vertical speddcontroller is not cascaded
and has only one PI loop.

When the controllers are designed, some system requirsrakatild be determined;
the damping ratio/) is selected as.®, which is the value for second order system to
make its response underdamped. The controller bandwidthshasen according to

the system dynamics.

Due to diagonality of the inertia matrix, the roll and pitcynamics are identical. In
this thesis, only the design steps of the roll rate and tHecooitroller are mentioned.

The same procedures are followed for the pitch rate and thle angle controls.

3.2.1.1 Roll& Pitch Rate Control

The roll and pitch rates( 6) are equal to the andq values. This assumption is valid

only when the roll and pitch angles are small.

The roll rate dynamic and its Laplace transform are giverodews;

U, N Ux(9)

= oY= (3.4)

p
The transfer functionG,(s)) betweerlJ,(s) and p(s);

_pls 1
ol = Tye = Tos

(3.5)

The PI controller is formed in Laplace domaintag(s) = Kp + % In that case, the

closed loop transfer function will ba (s) = —or);

1+K,Gp
To(8) = Jxxs};isgpi K, (3.6)
A second order closed loop system in general form is writien a
T(s) = Wi (3.7)

S+ 2 wS+ w?

39



The system natural frequency is equal to the bandwidth ofyls¢em {, = B,).
When the characteristic polynomial ©f(s) andT (s) are equalized{p andK, values
can be computed for the damping ratie- 0.7 and the bandwidtB,, = 15Hz

wh,=—=K, = Jxxwﬁ (3.8)

2 wn = — = Kp = 235l wn (3.9)

The closed loop system has a zere-Hi /Kp which causes an overshoot. To decrease
the overshoot, a pre-filter is added to cancel the zero ofytbies).

Ki/Kp

o9 = 57 K, /Kp

(3.10)

The dfect of the pre-filter on the step response of the system amsimad-igure 3.2.

Furthermore, the closed loop Bode plot shows that desiredve@th is achieved
(Figure 3.3).

Roll Rate Step Response
1.4

without Pre-Filte
with Pre—Filter
1.2F 1
1 ——
g
n 08}
=)
o)
2
2 0.6f
0.4r
0.2
0 i i i i
0 0.02 0.04 0.06 0.08 0.1

Time (seconds)

Figure 3.2: Roll Rate Step Response
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Closed Loop Roll Rate Bode Plot
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Figure 3.3: Closed Loop Roll Rate Bode Plot

3.2.1.2 Roll& Pitch Control

The roll and pitch controllers generate the reference $sgioa the previously de-
signedp andq control loops respectively. For a cascaded loop controtiee can

assume that if the inner loop is almost ten times faster tharouter loop, the inner
loop transfer function can be thought &g(s) = 1. Thus, the roll and pitch an-
gle dynamics are taken into consideration in a very simptenfoFor example, the

relationship betweep and¢ is just an integrator.

= 99 _ 1 (3.11)

?=P=09 s

Commanded
Roll 1 Roll Output

Pre-Filt @-» Pl [ PreFilt Pl g)‘/’r']';nﬁtci ~‘-— >

S

Roll Dynamics

Figure 3.4: Roll Dynamics of the System

The PI controller is designed as the damping rétie 0.7 and the bandwidtB,, =
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1.5Hz. Then, Pl parameters of the roll angle will be;

_ 2
K|—O)n

(3.12)
Kp = Z{wn

The pre-filter model is chosen as it is in the previous sectibherefore, it is not

mentioned again. The step response of the closed loop sys&awn in Figure 3.5.

Roll Angle Step Response
— without Pre-Filte
—— with Pre-Filter

1t e

1.4

1.2r

0.8F

®(deg)

0.6

0.4F

0.2F

0 | | | | | | | |
0 01 02 03 04 05 06 07 08
Time (seconds)

Figure 3.5: Roll Angle Step Response

3.2.1.3 Horizontal Velocities Control

The quadrotor changes its roflitch angle to move horizontally. After the lineariza-
tion in Chapter 1, the andv dynamics are found as below;

o —gp = Y _ 9

u=-gf= s S 313

V:g¢$@:9 .
$(s) s

The damping ratio is chosen &s= 0.7 and the bandwidth decreases seven times than
roll/ pitch controllers and it is set to beHz. Foru controller, the parameters are
given as;

K = wﬁ/ -9

Kp = 2lwn/ -9

(3.14)
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v controller has the same parameters with opposite sign anstéip response of the
closedv loop is shown in Figure 3.6. In conclusion, by designing ¢hcascaded

loops, the quadrotor can track the horizontal speed comsahithe guidance algo-
rithm.

v Step Response

2.5r

v (m/sec)

L L L I
3 4 5 6 7
Time(second)

Figure 3.6: v Step Response

3.2.1.4 \Vertical Velocity Control

Thew dynamic of the quadrotor is given as follows;

W= - +9 (3.15)

The vertical velocity is controlled by the thrust. At the leovcondition,U; value

is equal to the whole system’s weighh@) and in that case, the thrust is called as
the nominal thrust. The gravity can be considered as a candisturbance and to
suppress this disturbance, a feed forward controller id usthe system (Figure 3.7).
Total output of the feed forward and PI control are equaJtoEquation 3.15 can be

written as follows;

W= T 4 g (3.16)

whereU; non is the output of the feed forward controller and it is equah®weight
of the system. So, the controller §U,) can be considered as a perturbation onto the

nominal thrust. Equation 3.16 will be;
oU,

=22 (3.17)
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Quadrotor

Weight
Unom
Commanded w SUL W w output
Pl |—» E—’ Dynamics >
Gravity(g) |

Figure 3.7: Vertical Speed Closed Loop Structure

The damping ratio and the bandwidth are chosefi-a€.7 and 05 Hz respectively.
After the PI controller is formed, the step responsaa$ shown in Figure 3.8.

w Step Response
251

w (m/sec)
=
g

i
T

o
al
T

(=]

0.5 1 1.5 2 25 3 35 4 45 5
Time(second)

o

Figure 3.8: w Step Response

3.2.1.5 Yaw Rate and Yaw Angle Control

The yaw rate dynamic is similar to the roll rate dynamics. ldeer, the yaw moment
(Uy) and inertia §,,) values are substituted with the roll momebb) and Jy,. A Pl
controller and pre-filter are designed with the same marifiee. damping ratio and
bandwidth are selectet= 0.7, B, = 8 Hzrespectively.

The yaw rate response of the system is given in Figure 3.9
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Yaw Rate Step Response

— without Pre-Filte
—— with Pre—Filter
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Figure 3.9: Yaw Rate(r) Step Response

The yaw angle model is similar to the roflitch angle models. Once again the damp-
ing ratio is chosen as= 0.7 and the bandwidth is arranged to b2 Bz as well. The

step response of the yaw angle is shown below in Figure 3.10.

Yaw Angle Step Response
15p

Y (rad)

0.5

0 I I I I I I ]
0 1 2 3 4 5 6 7

Time(second)

Figure 3.10: Yaw Angle Step Response

The Pk Pre-filter controllers are tested on the nonlinear modehefduadrotor in
Simulink. For low speed profile, the linear and nonlinearteysresponse are so
similar. Therefore, only one set of controller design gisd&cient responses. Con-

structed Simulink blocks are given in Figure 3.11.
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3.3 Linear Quadratic Regulator (LQR)

In this section, first of all, a brief summary is presentedultbe LQR. Then, LOQR
design steps for the quadrotor are explained and desigmebter is tested in MAT-
LAB.

A time invariant linear system is given as:

X =Ax+ Bu, X(tp) = Xo
° (3.18)
y =Cx

It is aimed to design a state feedback controller to stabiliz systemu = Kx). De-
termination of the state feedback veckors a tradeff between the transient response
and the control action. According to performance index t{(émsction), the optimal

control method handles this trad&by findingu which minimizes the cost function.

J= %f [X"Qx+u'RU dt (3.19)
0

The controller design is a constrained optimization whasestraints are managed
by the system dynamics. The cost function is formed as cbimjpats and states in
which timet is unbounded and final value &ft;) have no constraints. In Equation
3.19,Q s a positive semi definite ariflis a symmetric positive definite matrix! Qx
limits transient state deviation! Rulimits control gfort [9].

Hamiltonian can be written after a Lagrange multiplier isled to the cost function;
1
H= ExTQx+ u"Ru+ p' (Ax+ Bu) (3.20)

wherep is the adjoint variable or co-stateis known initially, p is known at the final
time, since it isp(t;) = PX(t;). The necessary condition for optimality is computed

by differentiatingH with respect to the states and co-states.

1. x= % = Ax+ Buwith x(tg) = X (State Equations)

2. p=-2% = _(Qx+AT p) with boundary conditiom(t;) = P, X(t) (Co-state

ox

Equation)
3. 84 =0->Ru+B"p=0,sou=-R*B"p (Optimal Control Equation)
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(For being minimumz%';' < 0 so it should bé& > 0)

u is substituted with-R1B" p and the above state and co-state expressions are com-
bined. As a result, The Hamiltonian matrix is constructed.

A -BR1!BT
-Q —AT

X

p

X

P

(3.21)

The matrix shows closed loop dynamicsfnd p. By introducingp = Px (P
is positive semi definite symmetric), the optimization pgesb with two boundary
values can be solved by Riccati Equation [5]. The derivatibRiccati Equation for
a time invariant system is given below;

p =Px
p =Px+ Px
= Px+ P(Ax+ BU)
= Px+ P(Ax- BR'Bp) (3.22)
= Px+ P(Ax— BR!B"PX)
—(Qx+ ATPX) = (P + PA- PBRB"P)x
—P=PA+A"P-PBR!B'"P+Q

For infinite time horizon case (- «), P = 0, the solution is obtained from the
algebraic Riccati Equation (ARE) [9]. The solution of the BfRcan give dtferentP

matrices but only one of them should be the positive semi idefime.

LQR design procedures can be summarized as;
1. Determine propef), R matrices such as positive semi definite and positive
definite respectively
2. Solve Riccati equation and calculdte= -R1B"P
3. Simulate the system

4. If system response does not meet the system requiremaatssiraints, change
theQ andR, follow the same design procedure.
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3.3.1 LQR Design for Quadrotor

The LQR design is a regulator problem which means that dedigontrollef regu-
lator makes the system stable and all the states of the sysilego to zero. In this
thesis, it is aimed that the quadrotor will track desirecbeiies and heading angle

commands. So, the LQR should solve a tracks®gvo problem.

r u X y
— —» k1 —»| dx=AX+Bu C >

Figure 3.12: LQR Design for Tracking(Type 1)

In order to design a state feedback controller, the lineatehof the system is firstly
examined; if the linear model contains an integrator, winedans that the system is
type ¥ servo system, an extra integral term does not needed to leel addchieve
tracking action. The structure of full state feedback ofetyipsystem is shown in

Figure 3.12. So, control input for tracking will be;

X1

X2
u=-[0 k .. k| . |+ku(r—x)
(3.23)
[ Xn ]
=— KX+ kyr
whereK = [k; k» ... ky]is the full state feedback vector and it is computed by

solving the algebraic Riccati equation. After the statelbesek K) is found, the state
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equation can be written as follows;

X = AX+ Bu= (A- BK)X + Bksr (3.24)

At the steady statd (> );

%(c0) = (A — BK)X(c0) + Bkyr(co) (3.25)

r(eo) is equal to any(t) for t — oo, subtracting Equation 3.25 from Equation 3.24;

X(t) = X(c0) = (A = BK)(X(t) = X(c0)) (3.26)

e = X(t) — X(e0), so the equation becomes;

&(t) = (A - BK)e(t) (3.27)

Consequently, tracking problem is transformed into a r&gulproblem, if eigenval-

ues of A — BK) have negative real part, the system is asymptoticallyletatde(t)

goes to zero for any initial value.

After the linearization, the quadrotor dynamics are wnitdgain as follows:

q—ﬁ, =0, Uu=-09¢
‘]yy
U,
p :J_’ ¢ = p’ V= g¢
XX
(3.28)
Us .
f=—, =T
5
W=--—>+9

The quadrotor’s inputs are not coupled with each others.refbee, the states and

associated inputs are divided into four groups (Equatio29)3
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q [ q |
[ |+ 5 s
v v
p p
¢ :[Az] ¢ +[Bz][U2]
u u
»;=[A3]:;+[Bs][u4]
o = [ A || w ][ B o

In Equation 3.29, state matrices are written as follows;

0 0 O 000
Al=[1 0 O0|,A=|1 00|, A= 0 g],AA,:[
O -go 0go
1/J 1/
B = 0yy , Bo= 0 |,Bs= 1z ,B4—[1/m]
0 0 0

Ci=C,=[0 0 1] Cs=[0 1] C4=[1]

(3.29)

Designed state feedback controllers are simulated in th& M8/ Simulink envi-

ronment and resultant system responses are given in FigLir8s3.14
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3.4 Sliding Mode Control

A control action should be designed considering the coutiob of uncontrolled in-
puts, which are noises, disturbances or modifications adystem. The sliding mode
control is a robust control method against bounded dishaband system uncer-
tainty.

In the sliding mode control, feedback path switch betweenm values according to
the rule that depends on the value of state at each time. Thefawitching control
law is to drive trajectories of state onto a surface for atlsequent times. The surface
is determined by the control engineer and it is called trairgdi surface (the sliding
manifold, switching functiorisurface) and the resultant trajectory motion is a sliding
mode. Furthermore, the sliding surface does not dependeplémt dynamics or
control law. If the state is above the surface, a feedbadk lpa$ one gain, if the state
is below the surface, the feedback has féedent gain. Therefore, the sliding mode

control is a variable structure control (VSC) method [29].
The sliding mode control (SMC) contains two design steps:
1. Selection of a stable sliding surface, in which systertestar errors are re-
stricted, has desired dynamics.
2. Determination of a control law which makes the stagéeors move towards the

sliding surface.

In the sliding mode control, the trajectory of the statesegalty follow two phases
(modes). First, they reach the sliding surface called thehimg phase. Then, the
states stay in the sliding surface which is called as théngjidhase. If the states are

defined as error states, they reach the origin after a while.
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\ State Trajectories

Sliding Surface

2 31 0 i 2 W8y
Figure 3.16: State Trajectories and Sliding Surface

Suppos& represent the state vectdmepresents the uncontrolled input. Assume that

a system which is given as;
x = f(x 1) + B(x, t)u(x,t) + d(X) (3.30)
wherexe R",ue R", Be R™™

The first design step is the determination of the slidingastef Nonlinear switching
surfaces are not appropriate to design and the order of thehsmg function should
be less than order of the plant. The sliding surface can bgerhas [48];

S(x) = (dgt + )" x=0 (3.31)
whereS(x) = [S1(X) Sa(X) S3(X)... Sm(X)]" =0

In Equation 3.31, the upper limit af depends on the physical property of the system

and the lower limit depends on the allowable tracking i [3

After a sliding surface is selected, the next step is theraetation of a control law.
The control law makes the states converge to the slidingaserf When the states
reach the surface, they remain on the surface for all timas 3iep is satisfied by

defining a Lyapunov functiol'(x).
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V(X) is the energy like positive definite function and a systemlabally asymptoti-
cally stable for Lyapunov stability (Secohidirect method), if

V(x)>0 for x#0 & V(X)=0 for x=0
(3.32)

V(X) <0 for x#0 & V() =0 for x=0

For S(x), which is written asS in short, the positive definite quadratic Lyapunov

function is given as;
V(x) = STWS W : asymmetric positive definite matrix (3.33)

u(x) must be selected that mak¥$x) negative. The derivation of control input is

given as follows;

V(X) = STWS+ STWSTV(X) = 28TWS (3.34)

Suppose tha has nat but only x dependency and it will be;

. 0S. 0S
S= &x = &[f(x, t) + B(x, t)u(x, t)] (3.35)
V() = ZSTW(gf(x, t) + %B(x, tu(x,t)) <0 (3.36)

Here the control input is decomposed by equivaleg) @nd correctivel).
U(X, t) = Uc(X, 1) + Ueg(X, 1) (3.37)

The equivalent controlugy(x, t)) is the control action which operates the system on

the sliding surface, on which the state trajectories caye/éw zero.
S =0= Ug(X t) = —[& B(x,1)] &f(x, u) (3.38)

The corrective controlu.) makesV(x) negative for anyx # 0. It becomes active
when the trajectories are outside of sliding surfaces.

Uc(x, t) should be given as follows;

V(X) = ZSTW[(;—i B(x, t)]uc(x, t) < 0 (3.39)
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Assume thath B(x, t)] is invertible anduc(x, t) is written as;

Ue(x, 1) = [‘;—i B(x, )] 0c(x, 1) (3.40)

To make the calculation easy, assume that |. Hence V(X) is simplified to find

Oc(X, t);

V() = 2sTW[‘;—i B(x, t)][(;—iB(x, O] 7L0:(x, 1) = 2ST0(x, 1) < 0 (3.41)

0c(x, 1) is found with Equation 3.41. There are som#&atent structures for the cor-
rective control. But generally relay with constant gainhesen in the literature [29].

Oc(%,t) = Usgn(S) (3.42)

where 'sgr' is the signum function

1, S>0
sgnS) =4 0, S=0 (3.43)
-1, S<0

Consequently, to ensure stability of the systanixj < 0), U should be negative.
Furthermore, magnitude &f may be increased to make system more robust against
the modelling errors and disturbances.

Chattering

After a trajectory reaches a sliding surface, it slides gltre surface. This may re-
quire infinitely fast switching. However, switching commns have imperfection
such as delay, hysteresis etc. in reality. Therefore, latoihs may occur on the
neighborhood of the sliding surface. This may cause higlrober efforts and stim-

ulate frequency response. This phenomena is called agghgtt
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Figure 3.17: Chattering

To avoid the chattering, some functions are used insteadfisn which smooth the
discontinuity between positive and negative numbers. i tiesis, the saturation

(saf) function is used [45].

S/e, IS/el <1
sat(S/e) = (3.44)
sgn(S/e), otherwise

wheree is a very small number and system robustness increases argdhosen as
small as possible.

14— 14—

—£ £,

Boundary Layer

A
\ 4
A

—_—1 — 1a

Figure 3.18: Sighum & Saturation Function
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3.4.1 Sliding Mode Control of Quadrotor

Assume thap, g, r are very small perturbations and in that cases p, 6 = q.
The rotation dynamic equations are constructed again ditgpto this assumption.

Consequently, six state equations are obtained to deségslitng mode controller.

‘./; = U2+ (Jyy - Jzz)é';” + JpéwR)/Jxx
0= (Uz + (Jzz— Jxx)l‘ﬁ‘lf’ - Jpﬁwa)/Jyy
‘L = (U4 + (‘Jxx - Jyy)‘.pé)/\]zz

(3.45)
U= —gsin@) + rv - qw— s-pAuxCpxUlU|

V = gsin(@)cogp) + pw - ru — 5-pAu,Co,VIV]

W = —U1/m+ gcosg)cog6) + qu— pvV— 50:0AwCoWW

The attitude dynamics are second order, the orientatioardycs are first order tfer-

ential equations. The proper sliding surface will be chos#h respect to Equation
3.31.

If the states are converted to error states, sliding modeater guarantees that the

states converge to zero that means the system follows theenefe signals.

By defining the error states &g, = ¢ — ¢q, & = 0 — 64, €, = ¥ — g and fora; > 0,
the sliding surfaces are selected for the attitude coet®Hs;

S¢ = e¢ + /1¢e¢
Sy =& + A&y (3.46)
Sy =6+,

Lyapunov function is selected &§x) = %STS and the time derivative of (x) satisfy

the inequalityV/(S) = SS < 0. Thenu(x,t) should be configured to ensuge =
—ksgr(S) wherek > 0. It carries out Lyapunov stability condition. Theteérentiation
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of the sliding surfaces;
Sy = € + 1,6,
Sy = & + A& (3.47)
Sy =€ + 4,6
Whene is substituted with its definition, the equations are given a
Sy = ¢ — da + Ag(¢ — o)
Sy = 60— 04+ 25(0 - 64) (3.48)
Sy = — g + A, (Y — ¥
Instead of the second order derivative of the Euler angie®,( /), associated state

equations are written (Equation 3.45). As a result, therobiriputs will be as fol-

lows;

U, = Jxx[ﬁzd - /1¢(§.1’ - ¢d) - (Jyy - Jzz)éﬁlb - JréWR - k¢sgr(S¢)]
Us = 'Jyy[éd - /10(‘.9 - Hd) - (Jzz_ ‘Jxx)‘;b‘b + Jr(bWR - kHSgr(SO)] (3-49)

Us = I g — (¥ — via) — kySON(Sy)]

To design the sliding mode controller for the orientatiorstfof all, the air friction is
considered as a disturbance and neglected for the lineacityetontrols. The error
states are defined as= u—uy, € =V-Vy, €, = W—Wy and the sliding surfaces are
obtained according to Equation 3.31. The surfaces are vyl in form, because

the state equation contains first order terms only.

Su =&
S, = e, (3.50)
Sw =6y

In case the sliding surfaces are not two dimensional, theypeas phase lines instead

of sliding surfaces [4]. Figure 3.19 illustrates a phase.lin

P
_._._._;C_“‘ X1

Figure 3.19: One Dimension Phase Portrait (Phase Line)
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The state equations, which are associated wiindv, do not include the controller
efforts, butU, directly dfects the horizontal motiowf. The quadrotor is underac-
tuated andX andY axes motions depend on the pitch and the roll angles. Sailthe t
angle can be considered as virtual control inputs to debigsltding mode controller.
The virtual control inputs produce the reference signattiier roll and pitch angles
[50], [15].

The virtual inputs and the modified state equations are gigen

Uy £ sin@y) = U= -gU,
(3.51)
U, = cosf) sin(pg) = v =gU,

Lyapunov function is chosen as in the previous case, theatame of the sliding

surfaces are computed as follows;

S, = V- Vg (3.52)
Sy =W—Wy

ForS = —ksgr(S), control inputs will be;
1.
Uy = —a[ud — IV +qw— k;sgn(Sy)]
Uy = é[vd — pW+ ru — k,sgnS,)] (3.53)
Ui = —[wg — gcosg) cosg) — qu+ pv— sgr(Sy)]

The desired tilt angle can be revealed from trigonometricutation.

64 = arcsin{,)

¢g = arcsin%)

Due to the chattering, Thesgri’ function is replaced with thesat’ function. The

(3.54)

resultant system responses are presented in Figures 32203 3.22.
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3.5 Comparison of the Designed Controllers

This section compares the designedPie filter, LQR and sliding mode controllers.
All three controllers enable to secure system stability Hredr time responses are
suficiently good.

The settling time fow is nearly 4secfor the PI, 25 secfor the LQR, and 5 sec
for the sliding mode controllerU2 (the roll moment) which is the control signal
is far from the saturation limits of the system for all desidrcontrollers (Figure
3.23). Although the PI has the slowest response, it hasdamtrol signal. The
performance of the LQR is better than the PI, because it lasesisettling time with
smaller controller gort. The sliding mode controller has the fastest respongehb
controller éfort makes periodical peaks that wastes energy during tadysstates.

The control signalsy,, the total thrust) are shown in Figure 3.24. The controller
affords does not exceed the saturation limits. wWoe 2m/se¢ the sliding mode
controller has the fastest response. The system respomesendd oscillate and its
shape is like a ramp input before it reaches the reference.cohtroller generates
a constant output during half a second, then it suddenlyedsess to the system’s
weight. The LQR’s response is faster than the PI's and ascexqgehe controller
signal is larger than it. Furthermore, it is seen in Figued thl is equal to weight of

the system at the steady state.

The settling times of yaw are de¢ 5.5 secand 4secfor the PI, LQR and sliding
mode controller respectively. The sliding mode controfjenerates an impulsive
output and the signal is saturated. The PI controller hdasrfassponse than the LQR

and the its controlf@ord is approximately two times larger than that of LQR'’s.

There are some performance indices to compare the designaolters. In this the-
sis, the integral of squared error (ISE) and the integrahoé imultiply absolute error
(ITAE) methods are used to compare the performances of thieatiers. The IAE

and ITAE performance indices are given in Equation 3.55.
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IAE:fw |€7(t)|dt

’ (3.55)
ITAE:f t|e?(t)|dt

0

The performance indices of the controllers are shown ine€f&hl. With respect to
the IAE, v andw loop controllers are nearly the same. The PI controller esor
wheny response are compared with others. According to the ITAEskiding mode
shows the best performance fotracking. w performance of the controllers can be
said to be identical. However, if performances are compared, the PI controller is
extremely good. Its results are three times better thanahBQR’s and five times

better than that of the sliding mode controller’s results.

Table3.1: Comparison of the Controllers withfierent Performance Indices

Designed Methods Referencel |IAE ITAE
v 1287 | 1092.5
Pl+Pre Filter w 523.7 | 202.1
W 516.4 | 393.3
v 1327.7| 774.1
LOR w 601.8 | 216.83
W 1424.2| 1403.3
v 1318.6| 571.2
Sliding Mode w 493.3 | 170
W 1755.4| 2214.1
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CHAPTER 4

GUIDANCE

4.1 Introduction

Guidance is the action of determining the desired coursiyude and speed of the
vehicle with respect to some reference frames [51]. A guidaystem determines
the vehicle’s trajectories and enables the system to wadnamously.

Guidance is a part of navigation, guidance and control (N&Gjem. For a UAV
system, navigation computes current location and oriemtatf the system by using
sensors such as IMU, compass, altimeter, GPS, etc. Outithis wavigation become
inputs for the guidance. Then, reference signals whichrgmats to the control system
are calculated by the guidance. The control system driviesturs in consideration
of system saturation and aerodynantieets, so the system follows reference signals

and preserve own stability.

In the literature, several guidance techniques are avajlabch as waypoint guidance
by line of sight (LOS), proportional navigation, vision leasguidance, Lyapunov
based guidance, etc [30].

The LOS is a widely used guidance method due to the implertientaimplicity
[51]. Firstly, the LOS guidance algorithm finds the line gfisiangle that is the angle
between the vehicle speed vector and the target. Then, tieaill be set to the zero
by vehicle steering (changingangle). Consequently, the velocity vector points the
target and the vehicle approaches the target. The LOS geedamised for stationary

targets although it is not suitable for manoeuvring or mguargets.
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4.2 Line of Sight (LOS) Guidance

A way point is set as a coordinate in the state space. If pdbwimg is desired,
the path should be split into a certain number of way pointshigyflight manage-
ment. The flight management stores all way point coordinatesreference speed

magnitudes in a sequence.

The way point that is in front of the vehicle is called the degipresent way point.
The desired way point is a sphere in three dimensional sphosewrigin is exactly
at desired way point coordinates. Sphere’s radius is calidgtie region of acceptance
(Raco) @and usually it is determined by the velocity of the vehiddhen the quadrotor
enters inside of the spherical region, the flight managermemsiders that the vehi-
cle has reached the desired way point. Afterwards, neweltesiny point and speed
magnitude are given to the guidance algorithm accordingdeed way point sets.
Later on, the guidance computes necessary reference bedywitocities e, Vres,
Wet) and heading angle/fes). This action repeats itself until no desired way point
is left to reach. When the final desired way point is reachegedding on the flight
management, all velocity commands can be set to the zerbessystem preserves

its own location, or it can land on a secured region or retafdatnctitake df point.

Figure 4.1: Way Point Guidance
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4.3 LOS Guidance of a Quadrotor

In this thesis, the aim is to move the quadrotor between eohstay points with the
LOS guidance. Assume that initial point or current locatidrthe quadrotor\(VP,)
is given agxy Yo zo]T and desired way poin¥{P,) is given agx; yi zl]T. It
is planned that the quadrotor will fly frokV R, to WP, on a straight line with a given

constant speedy.

N
(Xl;:yl, 71)

7/

Ry

H

Wemd

(o, Yo, zo) \‘1

Figure 4.2: LOS Guidance of a Quadrotor

The path of the quadrotor is a straight line between the \elaicd the desired way
point. LOS angle  os) is the angle between north and this line. The first step of
the guidance is the calculation af os by using Equation 4.1. Thedn os iS set to

be the desired yaw anglé.t:). When the actual yaw angle is equaldgss, the
speed vector of the vehicle is coincident with the line ohs@nd its direction points
towards the desired yaw point. Thefdrence of these two angles is called as the delta
yaw (Ay) and it should be zero during the flight. So, the desired wanpt@bways lies

in front of the vehicle. The guidance algorithm calculates desired heading angle

of the quadrotor and keeps delta yaw at the zero to avoid lmeihgf desired line.
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Y1 —Yo
=atar2(=——=— 4.1
aLos (Xl — ) ( )

Yemd =QLos (4.2)

The desired way point in three dimensional space is praject® two diferent
spaces which represent vertical positiamédimensionaland horizontal position
(twodimensionagl In order to reach the desired vertical position and heoviabposi-
tion, the guidance algorithm adjustg s, Ut andye¢. Ures IS always kept positive,
and the sighdirection of horizontal speed vector with respect to eastarranged by
changingy angle. This means that the quadrotor always moves forwawhrt to
own its X axis with the speede;. If it is necessary to fly back, it changes thgs
angle and rotates itself. Meanwhilg; is always zero, which means that there is no

lateral velocity of the vehicle.

Wt andues Speeds are calculated with respect to the distance betweesucces-
sive way points and the total speed magnitude. At the beggnaf the guidance
procedure, the total distance between two way poibfsaqid horizontal dference

(H) are calculated.

L= \/(Xl = X0)? + (Y1 — Yo)? + (z1 — 20)? (4.3)

H=z-2 (4.4)
It is aimed that the vehicle reaches both desired horizamdlvertical positions at
the same time. Therefore, the forward spegg;)] and the vertical speeavf;) are

adjusted to achieve this aim by taking into consideratioraltdwable total speed

(v = /Ui, +W2,). So the reference speeds are computed as follows;

Wret :|U|ﬁ

Uref = /12 — W2 (4.5)

cmd

Viet =0
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Figure 4.3: Velocity Vector and Reference Headipy Angle

Wes Can be either positive or negative according to the sigil ofu,e is always
positive and it is previously mentioned that the sign of theesl vector is arranged
by the actualy angle.

It is shown at Figure 4.4, the yaw angle becomes zero at nanith,it is defined in
the region of the first or fourth quadrant positive, the selcand third quadrant neg-
ative. There exists a discontinuity in the yaw angle betweemandzr. If the actual
and desired yaw angle signs aréelient, the system always passes over zero radians.
However, the vehicle can reach the desired yaw angle thrthegbpposite direction
(clockwise and counterclockwise rotation). So it is desitieat the system always
prefers the shorter rotation. Therefore, an additionabraigm, which is called as
yaw angle correction is inserted to the guidance algorittmizigure 4.4, the orange
arrow shows the rotation without yaw angle correction. kt ttase, quadrotor would
rotate more than radians. Nevertheless, with the yaw angle correction (gaeows
in the figure), the quadrotor always chooses a rotation astei$s tham (Figure 4.4).
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Figure 4.4: Yaw Angle Correction

Changing the yaw angle with a large amount can cause a $ggiitiblem, when the
guadrotor has relatively high speed [39]. So, previousliingdd delta yaw can be
used in an algorithm, which limits the forward velocity oetBystem while rotating
(Figure 4.5). For example, if there is a sharp rotation betw&uccessive way points
of the quadrotor velocity vector, the system firstly decesass velocity and starts to
change the heading angle. While reducing the delta yawpbedsis increased again.
Relationship between the forward speed and the delta yawpiegsed in Equation

4.6 (k is a user defined constant).

Speed Profile Versus Delta Yaw Angle
T T T

w
@
T
I

Upper Bound

Forward Speed (m/sec)
- & ~ o ©

o
o

0 L L I I I L L
-150 -100 -50 0 50 100 150

Delta Yawno

Figure 4.5: Delta Yaw vs. Forward Speed<0.5,u = 3m/s)
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Wief =Wiet e(Al/’/Kz)
(4.6)

2
Uret =Uref e(A"b/K )

The model is designed in Simulink to simulate the guidangerghm. Flight man-
agement and guidance blocks are inserted into the modelr@:ig.7).R,.c depends
on the quadrotor velocity and it is chosen as two times latigan the vehicle ve-
locity (v). In simulation, five way points and speed profiles are stametie flight
management. When the vehicle enters inR@, trigger signal will be high, and the
flight management sends new way point and speed informatitretguidance block.
Figure 4.6 shows the result of the simulated system.

Guidance Of The Quadrotor

WP3

Z (m)

40
R 0 20

Tm)
X (m)

Figure 4.6: Guidance of Quadrotor
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Figure 4.7: Simulink Model of Autonomous System
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CHAPTER 5

SYSTEM HARDWARE & SOFTWARE

5.1 Introduction

RTF Quad Kit, which is designed by 3DRobotics Inc., is usedigement hardware
applications. It is a ready-to-fly kit and the user needs te@able the system com-
ponents properly. The kit includes quadrotor frame, albbpioard, motors, ESCs,
propellers, power boards and all necessary wirings. RGuegdransmitter, wire-

less telemetry, and battery are bought individually. Irstthapter, all the system

components are introduced.

5.2 Hardware Components

5.2.1 Auto Pilot Board

Ardu Pilot Mega (APM) is a complete open source autopiloteys which is based
on Arduino. This compact system gives the users chance tela®wown autopilot
software. One can design an autopilot for any fixed wing amaulti rotor vehicles,
cars even boats with APM.

APM was introduced at 2011 and since then APM board has bessh insmany

different areas; agriculture, mining, entertainment and stieresearch [12].

APM has mainly three pin groups which are labeled as outpytsits, analogs. The

outputs give PWM signals to drive motors via ESCs. The inpoesconnected with
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RC receiver. The analogs can be used as input or output. Aticadd sensor such

as pitot, sonar, infrared range finder can be integrated iogwsese channels. They
are also configured as digital outputs depending on thecadjun like camera shutter
[10]. Except these pin groups, there exists connector 8B0tSPS, wireless teleme-

try, power and micro USB connections.

Figure 5.1: APM 2.6

APM can be programmable with Arduino IDE. Main processor iséal’'s ATMEGA
2560 which has 16 channel, 10 bittAconverter. [11]. The system has a 4 megabyte
data flash chip for data logging.

The APM includes an Invensense’s six degree of freedom MBEMIS (MPU-6000)
which contains a 3 axis gyroscope, a 3 axis accelerometea &&mperature sensor.
Moreover, APM 26 also has a MEMS pressure seridmrometer (MS5611-01BA)
that is used to measure altitude. [13]. The barometric sesstovered by foam
because it is sensitive to light. Furthermore, turbulerma @opeller air stream can

affect the sensor outputs.

5.2.2 Quadrotor Frame

Quadrotor frame contains four aluminum arms with carborr figgs and hub mount-
ing plates. The frame is constructed according to the X cardigpn. The system
components are placed carefully to make fixed center of tyrawio quadrotor body
frame. (Figure 5.6).
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5.2.3 Magnetometer (Compass)

A magnetometer (Digital compass) gives heading infornmattiche autopilot accord-
ing to earth magnetic field. It is a highly sensitive sensomegnetic interference,
so it is mounted on the top of the quadrotor, away from thetetet circuit. Honey-
well’'s HMC5883L 3 axis digital compass is used in the setupcivhas from 1 to 2°
heading accuracy [14].

Figure 5.2: Three Axis Magnetometer

5.24 GPS

One can find hiker own position at any point on Earth by using the Global Posi
tioning System (GPS). GPS was developed by U.S. Departniéefence at 1970s
and since 1996 it has been used at both civil and militaryieaipbns. Its accuracy
depends on many parameters and an exact location can beoetemwithin a range
of 20 m. Speed and direction of travel (course) can be defrad GPS time and
position data about.@m/s precision. Depending on the communication protocol and
message type, GPS gives position and speed informatioroutegie, or ECEF coor-

dinate frame.

For fully autonomous mission, GPS must be utilized. Thermisensor that can give
information directly about vehicle’s speed and positiothwespect to ground. How-
ever, GPS update rate is about 1 Hz and it is slow for the cbsystem. Therefore,

the orientation should be estimated by combining GPS, beremand accelerome-
ter. GPS and barometer signals corrects and calibrates¢beometer outputs with
the use of a mathematical algorithm such as the Kalman Filtex accelerometer has

an unknown bias that causes a drift in velocity and positgimetion for long term.
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Thus, it provides an accurate estimation only for a shoibper

3D robotics Ublox LEA-6 GPS module is easily connected to ARBIthrough SPI
bus. The GPS module should be mounted away from noise sdikegbe magne-

tometer.

FORWARD &

: 7% <) RESET

Figure 5.3: Connection of GPS to APM 2.6

5.2.5 Motors& Propellers

RTF Quad Kit includes outrunner brushless DC motors (BLDE€)aatuators. A
BLDC motor does not have brushes for commutation; insteiaelectronically com-
mutated. This brings some advantages to BLDC motor ovehledi®C motor. The
BLDC is highly dficient and has a longer lifetime, lower noise, better top d[pe4).
In the quadrotor, 2 pole-pair 850 Kv AC2830358 motor is placed on the tip of
the each arm. The abbreviations Kv describe the motor RPNevalr per volt. For
example, if this system BLDC motor is 850 Kv and is supplied/byolts, it rotates
5950 RPM (7x 850) without loading. But in the real case, this number wallbess

due to friction.

The outrunner term refers to outer permanent magnet shiell spound stationary
coil on the motor shaft. They are suitable for small airaaftecause of their high

power to weight ratios.

APC 10x 47 is used in the system. A propeller is named by two numbleesfitst
number represents the diameter of the propeller in inchessécond one is the pitch

value. Theoretically the propeller diameter is proporioto the thrust value and
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the pitch value is the forward movement of the propeller miyione rotation which
shows how much rotor blade is tilt from the rotor shaft. If ghieh rate increases, the
guadrotor will be more aggressive but have poor stability.

In the quadrotor, there exists two types of propeller. Neaying propellers should
rotate to opposite directions to balance yaw torque whiethnust vectors always
point upwards. Therefore, propellers are designed withegiagpgeometry and they
are called as pusher and normal.

5.2.6 RC Transmitter & Receiver

Radio Control (RC) system uses the radio signal to contreMéce at a distant place.
Thus, they are used for the manual flight of the quadrotor. réference signal is
converted to radio signals by the transmitter. Then, theivec at the vehicle collects
these signals and generates appropriate PWM values to ttheveehicle. Before

the first flight, the transmitter and the receiver should benoltogether, so that the

receiver recognizes own transmitter signals.

2.4 GHz Spectrum DX7s 7 channel transmitter and AR8000 recanesused in this
thesis.

Figure 5.4: RC Transmitter & Receiver

5.2.7 Electronic Speed Controller

Electronic speed control (ESCs) is a device which contra@gttational speed of the

BLDC motor. It is frequently used in RC models. 20 A contins@urrrent SimonK
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ESC is used in this thesis. Control pins of the ESC are corddct APM’s output.
The autopilot sends the desired PWM values for each motaisla ESC drives
the motors according to these values. Furthermore, SimdB& Ecludes battery
eliminator circuit (BEC). The BEC can supply the power fdnext components such
as APM 26, GPS, RC receiver etc.

5.2.8 Wireless Telemetry

A wireless telemetry provides communication between tredgoetor and the ground
station. It is used for the system’s data logging. The IMUSG&ompass, and con-
troller outputs can be transmitted to the computer for anaty of the system. Fur-
thermore; during the autonomous flight, new missions canpbeaded via wireless
telemetry (i.e., new way points, speed profile, landing camdetc.).

Figure 5.5: Connection of Wireless Telemetry Kit to APM 2.6

5.2.9 Battery

The battery gives energy to the system. For the UAV systeewtight and capacity
of the battery bound the flight time and agility. The lithiumlymer (LiPo) batteries
are the most common power supply for the UAV because theyVveyegood power
to weight ratio and they are lighter than NiCad or NiMH batsr

The LiPo battery is mainly classified according to cell numsbeell connection, and

discharge rate. Each LiPo cell provides nominally ¥ and the cells can be con-
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nected with both parallel or serial which determine theagdt and current specifi-
cations of battery. Capacity of the battery is expressed itjampere rate (mAh)
which show how much current is supplied to the circuit for boer after the battery
is fully charged. Discharge rate simply indicates how fast battery is discharged
safely.

In quadrotor setup, the motors are the main load and the otimeponents consume
very low power. In the motor's datasheet maximum power i®igi2000 W and
nominal voltage of the LiPo battery is I1V. Then, the maximum current can be
estimated around 17 A for the motor. This equals to 68 A for footors. A battery
with the capacity 3000 mAh and discharge rate 25 C can safgylg 75 A and the
value is stficient for the system.

5.2.10 Other Components

The power distribution board, which is also designed by 3Ddigs, transfers the
power to the ESCs. The power module contains a regulatasiceod supplies un-
ripped power for APM B, GPS, magnetometer, wireless telemetry and RC transmit-
ter [12].

Figure 5.6: Fully Assembled Quadrotor System
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5.3 Software

Arduino IDE is the development platform for the autopilohelG++ code is written
and uploaded to the APM @ with the use of Arduino IDE. APM has an open source
autopilot code and more than 15000 developers donated tbpikd. Therefore, its
libraries are pretty reliable. While developing the custatopilot, some libraries are
used in autopilot such as AHRS.h and InertialNav.h whichassociated with state

estimation

Arduino IDE does not provide powerful debugging tools. Sattla C# program is
prepared to read serial port for debugging and data logdhging the tests, data is
stored within PC with the use of this program.

&@ ArduCopter | Arduino ${version} o [ 4

File Edit Sketch Tools ArduPilat  Help

ArduCopter §

44 -*- tab-width: 4; Mode: C++; c-basic-offset: 4; indent-tabs-mod &

#define THISFIFMWARE "aArduCopter V3.zZ-SAMI-CODE™

J,-’?f
This program is free software: wou can redistribute it andfor mo
it under the terms of the GNU General Public License as publishe
the Free Software Foundation, either wersion 3 of the License, o
[at your option) any later wersion.

Thisz program iz distributed in the hope that it will be uszeful,
but WITHOUT ANY WARRANTY: without ewen the inplied warranty of
MERCHANTABTILITY or FITNEZ:Z FOR 4 PARTICULAR PURFOSE. Hee the
G General Public License for more details.

Fou should hawe received a copy of the GNU General Public Licens
along with this program. If not, see <http:/ www.gnu. org/licens

L

J,rx

*  ArduCopter Version 3.0

* [Creator: Jazon Fhort -
) — _>I_I

Arduino Meg

Figure 5.7: Arduino IDE
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CHAPTER 6

HARDWARE IMPLEMENTATIONS

This chapter includes the hardware implementation of thepalot which provides
the operator the means to control the system with a remotieadien. Not all of the
autopilot algorithms and simulated scenarios were impigateon real hardware due

to both the lack of time and some sensor problems encountered

As a first step, a code is written with C# to log the vehicle'sadaJsing wireless
telemetry, desired data can be transmitted to the compttd5200bit/sec A buffer
stores the data packets and the program reads fiéirbzontents each 100 millisec-
onds. System messages should be sent from the vehicle irparptructure. Each
message carries special marker, so that the data can bel p&sghermore, con-
troller parameters, saturation limits, filter ¢heients and reference signals can be
sent to the vehicle with telemetry. It is very useful that toatroller parameters can

be adjusted while the system is being tested without reimgjithe autopilot code.

Before the controller design, a test setup was built to geboth the environment
and the vehicle (Figure 6.1). The test setup has a rotary yath three degrees of
freedom. The quadrotor is mounted on a plate at the top ofataeyr joint, on which

guadrotor moves freely. Attitude controllers are testeithwhe use of this setup.
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Figure 6.1: Test Setup for Attitude Control

Autopilot code is written with @+ in Arduino IDE. Before the controller design, sys-
tem infrastructures should be build. Initially, RC signate gathered as the inputs.
Five channels of RC are necessary to control the vehiclesibhof the channels are
listed as follows;

¢ First Channel controls the roll angle of the vehicle. PWM output of the chan
nelis converted to desired roll angle, then cascaded rotrobprovides desired
angle and system stability. The roll angle output is bourtutdieen-30° and
30.

e Second Channekontrols the pitch angle of the vehicle. Operating prirespl
are completely the same as the first channel.

e Third Channel controls the thrust value and it is responsible far Due to
the barometer problem, altitude and clihgdescent rate data are not collected.
Therefore, the controller loops for the horizontal motioa aot constructed.
However, the autopilot code arranges the PWM values, whethird channel
stick of RC is in the middle position, the system holds its @atvhover.
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e Fourth Channel controls the yaw rate of the vehicle. During manual use con-
trolling the yaw angle directly is not desirable. The RC lstposition deter-
mines the rotational speed of the yaw anghe (The channel output is mapped
between-15°/secand 15/sec Desired yaw rate is a reference value for yaw

rate controller.

¢ Fifth Channel is not obligatory for the system. These three positionedcbh

allows users to change the flight modes.

After the RC signals are collected and mapped into apprigovialues, sensor data
should be obtained properly. It is the most significant stefhe autopilot; outputs
of the gyroscope are used as feedback signals for the rapeclmatrollers p, q,
r). Furthermore, gyroscope outputs are combined with thelacmmeter outputs
to obtain the Euler angles. The roll and pitch angles areimédaby using a pre-
built library called AHRS.lib. It consists of an attitudetiesation algorithm based on

Kalman filter approach.

The next step is the implementation of the motor inversiackl This block takes the
control signals and distributes the necessary PWM valueat¢h motor with respect
to X configuration. PWM values become the outputs of the dlaibpand they are
sent to ESCs to drive the motors. Associated code is givemguré& 6.2 J1 is the
the value of channel 3 of R€J2, U3 andU4 is the control signals, PWM is theit"
motor PWM value and K_CT2PWM is the constant gain and it fianss the control
signals to the PWM values).

I
/11111111]/]/Controller to Motor Conversion//////////]/]1//][1]!!]]]
I T

PWM_1= U1 -K_CT2PWM*U2 +K_CT2PWM*U3 +K_CT2PWM*U4;
PWM_2= U1 +K_CT2PWM*U2 -K_CT2PWM*U3 +K_CT2PWM*U4;
PWM_3= Ul +K_CT2PWM*U2 +K_CT2PWM*U3 -K_CT2PWM*U4;
PWM_4= Ul -K_CT2PWM*U2 -K_CT2PWM*U3 -K_CT2PWM*U4;

Figure 6.2: Motor Inversion Block of the Autopilot
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The final step is the design of the controllers. In Chaptet 3, @xplained in detail
that cascade Pl loops are built on the system. For manual, ftigdrol) pitch angle
controllers include two cascaded loops and the yaw rate@iettincludes only one
loop. Sampling rates of the inner and outer loops are adj.et@00 Hz and 50 Hz,
respectively. The controller parameters are adjusted hyg haing and they are not
coherent with MATLAB simulations. This situation is expedtdue to several rea-
sons; the main reason is that relationships between maiat PWMs and propeller
rotational speeds are uncertain. Moreover, the motorgik@pmodel is not avail-
able and their dynamics are neglected in MATL/ABmulink simulations. Despite
all these uncertainties, cascaded PI loop structure istalsiabilize the quadrotor on
the test setup and track the reference signals. During thiegyrocedure, tilt angles
were observed to oscillate. Therefore a D term is added. épestly the oscillation
is substantially eliminated. When D term is used, instagwais change of error can
cause an infinite (in practice, a very large) output. Hendewapass filter with a cut-
off frequency of 10 Hz is added in order to limit high frequencyngand noise. In
the last case, the structure of designed controllers ardd?ibe inner loops (the roll
and pitch rate control) and Pls for the outer loops (the nadl pitch control) and the

yaw rate loop. In Figure 6.3, discrete implementation ofRe controller is given.

After the autopilot implementation is completed, refeeesgnals are commanded
to observe the system performance. The following graphgjiassn when all refer-
ence inputs are zero as if the system is at the hover condiomthermore, input
disturbance fect is shown under these conditions. RC is not approprigbedduce
exactly zero degree for angle reference. Therefore, th& signals are commanded
from a computer via wireless telemetry.
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M T
LTI 17 7PD CONTROLLER ///1111111T1TTTTTETTTTTTTTTT LT
AT T T

pid_compute ( Kp, Ki, Kd, Sat, ...
Ts, error, & Intg_Sum, ...
error_previous, & D_term_previous)
{

P_term,|_term,D_term, alpha_d;
RC_d=0.016; // Filter Bandwidth for D term (cut-off: 10 Hz)
alpha_d=Ts/(RC_d+Ts);

P_term = Kp*error; // P term is calculated
Intg_Sum = Intg_Sum + error*Ts; // Error is accumulated
(Intg_Sum > Sat) // integral max. saturation

Intg_Sum = Sat;

(Intg_Sum < -Sat) // integral min. saturation
Intg_Sum = -Sat;

I_term=Ki*Intg_Sum; // | term is calculated
D_term=Kd*((error-error_previous)/Ts); // D term is calculated

D_term=alpha_d*D_term+(1-alpha_d)*D_term_previous
// D Term is filtered

D_term_previous=D_term; // Previous D term is
//kept for the next filtering

P_term+l_term+D_term; // PID output is calculated

Figure 6.3: PID Implementation of the Autopilot

Figure 6.4 shows that the roll angle is kept at zero degree tvé error and it is less
than . The pitch angle controller is more successful than theawdle; the error
is nearly 05° (Figure 6.5). the Yaw rate error is perturbed inth.50/secwhich is

shown in Figure 6.6.
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Figure 6.4:¢ = 0 Response of the Real System
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Figure 6.5:0 = 0 Response of the Real System

Yaw Rate Response of Real System
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Figure 6.6 = 0 Response of the Real System
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Disturbances are given to the system by hand. The expersnsbotv that the system
is quite robust with respect to disturbances. The roll abgleaviour of the system is
shown in Figure 6.7. Peaks in figure indicates instants afichance. As a result, it

can be said that the system secures its own stability aghmslisturbance.

Disturbance Rejection of Real System
5
°M"‘W“*ﬁdﬁ h‘
sl v

-15}F

Roll Angle )

Roll Angle Output
Reference Roll Angle

i i i i
50 60 90 100

70 80
Time (Second)

Figure 6.7: Disturbance Rejection of the Real System

In the next steps, various reference signals are commangatoiee the system’s
reference tracking. The desired ygtlitch angle and the yaw rate commands are

given individually via the RC.

It is seen that the rolpitch angle controller has good reference tracking abfkig-
ure 6.8 and Figure 6.9). The same result is observed for theate response of the

system (Figure 6.10).

Roll Response of Real System

Roll Angle )

— Reference
Sensor Output | |

20 40 60 80 100 120
Time (Second)

Figure 6.8: Roll Angle Tracking of the Real System
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Pitch Response of Real System
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Figure 6.9: Pitch Angle Tracking of the Real System

Yaw Rate Response of Real System
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Figure 6.10: Yaw Rate Tracking of the Real System

As a result, the quadrotor is stable and follows the RC refsgesignals. They are
suficient for the manual flight. Autonomous mission tasks wiltbaducted after the
barometer and compass work properly. There is an incomiligtibetween sensor
outputs and expected real values. Furthermore, the weréédsmetry connection
may be lost, when the distance becomes more than3&ween ground station (PC)
and the quadrotor. After these problems are solved, thariwneocity controller and
the guidance algorithm will be designed, so that the velialemanage to carry out
autonomous missions.

88



CHAPTER 7

CONCLUSION

This chapter is reserved for main results and contributbdtisis thesis. Furthermore,
the challenges, which were confronted during the study,theduture work will be
mentioned.

The area of UAV research has been gaining more importaneatigc This project

was created within this context. Itis aimed to understaratigotor dynamics through
modelling, simulation and analysis. An essential view dlblol autopilot, vehicle dy-
namics, aerodynamics, control designs, embedded sofapatecation and hardware

knowledge has been acquired.

The system kinematics and dynamics were obtained. Varmneg$ and torque ef-
fects were investigated. Especially, the propeller gyfeat for an X configuration
guadrotor was explained in detail. After the modelling, livgestate equations of the
system were obtained. Three of them were associated withuideance and naviga-
tion and they were redundant when the controllers were dedigThe others were

used during linearization and controller design proceslure

General information about trim conditions and their cadtioins were analysed. In
this thesis, despite the fact that linear controller wagbtas only one trimmed state,
the states and inputs of the system were investigated fi@reint operation points. It
was observed that a single trim state iffisient to design linear controllers for the
guadrotor when the speed profile was not so harsh.

An autopilot system which includes a guidance-navigatontrol algorithm was
built in MATLAB / Simulink environment. Relationships between the blocksewe
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explained. The guidance basics were studied and a simplealgo8@thm was imple-

mented on MATLAB Simulink environments.

Different control structure were were implemented on the systmn cascaded
form, LQR control for system type 1 and sliding mode contrel. was the simple
one to be implemented on hardware, however its performaigtdytdepends on the
model accuracy. LQR mainly intends to minimize the systemrgy and sliding

mode is a robust technique against disturbance and the modettainty.

At the end of this study, a powerful basis about controllesigie was obtained. In
hardware implementation of PI controller; pre filter and Bridilter effects were seen
very clearly. Furthermore, the importance of integral ssttan was observed. During
the hardware study, controller déeients were mostly found by tuning operations.
After the constructed PI-PID cascaded loops, several tisnivere made for a while

and later the parameters, which hadfigient responses, were obtained.

3DRobotics’ ready-to-fly kit made it possible to study on astworthy hardware.
So, the designer was able to focus on investigation of thiesysdynamics and the
control implementation. Thereby, no time was consumedHerconstruction of the
vehicle. All the components of the system were easily coedbiwith each other.
APM 2.6 is a very versatile autopilot board which has manyuiess. However, some
other autopilot boards are also available today. They hatethmicro controllers
and various sensors and features. Also they have more engagspfor coding and
data logging. It is expected that for a complicated automitale, APM 2.6 will be

inadequate.

One of the main benefits of this thesis was that a wide abilig wcquired about
the embedded systems. During the study, the basics abdtitmeaapplications and
programming micro controllers were found out. Furtherm@e+ and C# program-
ming languages are studied to design autopilot softwaree dttopilot code was
written with C++ and data logging program was prepared with C#. This was dtoug
process and the educational attainments were quite highni@s, IMU and GPS’s
outputs were collected properly, loop configuration waaraged and motors were
driven by the autopilot code. Another important step waslaoify the relationship
between the controller outputs and the motors.
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During the experiments, it was seen that test setup inalghgesystem inertia. The
parameters, which were configured at the test setup, wepgopér for flight testing.
After getting stficiently good results and making sure that the controllarcstire
worked properly, real flight tests were carried out. At thd efthe thesis; attitude
control was completed with cascaded loops on the real syatehverified control
algorithm on both test setup and real flight.

Motor thrust drag behaviours were not derived experimentally due to dlok bf
thrust measurement setup. If the behaviours had been eeye&ainsistency between
MATLAB simulations and hardware implementations mightéheen observed. Ob-
taining the altitude output of the barometer, heading mfation of the magnetic
compass and GPS position outputs should be completed. Rothmare is an incom-
patibility between sensors outputs and real values. Furtbe, there is a problem,
which should be solved in wireless telemetry. When the dcsavas more than 38
between the vehicle and PC, the wireless telemetry cororeetas lost (expected

distance: 700n — 1300m). This is another problem which should be overcome.

For future works, first of all, the attitude control of the wym will be completed
by using LQR and sliding mode control. The compdssarometer outputs will be
secured, and also it may be possible to add a SONAR to medsuaétitude correctly.
After sensor improvement, controller for linear motionaié constructed. Finally,
a simple guidance algorithm will be implemented. So, thaaletwill be able to fly

between way points in a straight line. During autonomoussioisstudy, it will be

also necessary to analyse vehicle takeaad landing.
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