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HARDWARE IN THE LOOP SYSTEM DEVELOPMENT
FOR MODELING AND CONTROL OF MULTIROTOR VEHICLES

SUMMARY

Unmanned air vehicles were designed to accomplish specific missions thats are
dangerous to be fulfilled by man power. Nowadays the big companies want to reduce
worker payments in companies budgets, so they tended to robotic applications. Not
only big cargo but also restaurants or fast food companies are planning to carry out
courier services via quadrotors for delivering cargo to costumers. Main reason for
this changing is development of electronic devices, especially sensors, reduction of the
prizes, and easily arrival UAVs parts. So, UAVs are going to be modern flying robots
in the near future in all of the areas in mind.

The topic of the thesis is development of hardware in the loop system to model and
control of multirotor vehicles. Other words, we want to model and control multirotor
vehicles on a testbed. Why testbed? The testbed gives some advantages. Reducing
time consuming such as, eliminating the necessity of going to flight area, cheap
workable conditions, and reduction the material and part breakage are most of them.

This works is a sample of Model Based Design Process. Model Based Design
(MDB) is a process that accelerating prototyping with cost-effective in a short time.
MBD process phases are definition of requirement, mathematical modeling of the
system(simulation), rapid prototyping, code generation,software in the loop (SIL),
processor in the loop (PIL), hardware in the loop (HIL) and validation. First phase
is definition of the system or product properties and requirements. The generating
mathematical model of the system under boundary conditions effecting the system
directly or indirectly in the simulation environment.

Regarding to the mathematical model, rapid prototyping and code generation phase is
coming to test the system on the simulations carry out on the computer environment
that is the most important point to reduce cost and time consume. Software in the
lop simulations are carried out to analyzing generated codes on the host computer.
Processor in the loop is analyzing the system on target CPU on the embedded controller
to reduction of the processor errors.

Hardware-in-the-loop (HIL) simulation is a type of real-time simulation to test
designed controller with real plant or system input out put via embedded hardware.
HIL simulation shows how controller responds, in real time, to realistic virtual
simulations. HIL can be use to determine if real physical system (plant) model is valid
or not. The Gyroscopic testbed was designed for HIL tests of the quadrotor (IRIS+)
for validating and implementing the designed different controller coefficients in real
time environments.

The HIL testbed is designed in order to how a quadrotor attitude control test easily.
Before preliminary design, literature search is done and different test beds are found
for both quadrotor testbed and motor propeller testbed. Then working principle
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of gyroscope is gave inspiration to design testbed. All of the designing processes
are carried out on the computer aided drawing environment. Then production and
assembly phase are done. Next problem is fixing the quadrotor on the testbench.
A support part is designed and produced, then quadrotor vehicle is assembled on
the testbench. The motor-propeller testbed is designed with same procedure of HIL
testbench.

Mathematical modeling of a quadrotor is second chapter of the thesis. Before the
implementation of the controller, the simulation of the system give foreknowledge
about behavior of the system. The mathematical model of the quadrotor is needed to
simulate. Newton-Euler and Euler-Lagrange methods are used to derivate nonlinear
model of the system. In the mathematical model, thrust and drag coefficients are used
for refer propellers reaction to angular velocities. Some assumptions are taken into
account during the modeling.

The third chapter of the thesis is related with quadrotor and testbeds parameters
estimation. IRIS+ quadrotor vehicle has four motor, one pair rotate clockwise, other
rotate counterclockwise with propellers which are self locked type. IRIS+ quadrotor
has cross type frame architecture that angle between front arms is one hundred twenty
degree but back angle between back arms is one hundred forty degree.

Cross type quadrotor has basically two advantages over plus configuration. first,
motor need less power for pitch and roll motion and remaining power can be used for
increasing translational motion. Second advantage is providing clear vision for camera
with obtuse angle in between front propellers. The reference coordinate frames are
defined related to cross type frame quadrotors. The quadrotor moments of inertias
are founded by experimental studies.Blade element theory is used for calculating the
propellers thrust and drag coefficients.

Mathematical model of the HIL testbed is derived via Euler Lagrange energy method.
The inner and outer circles affect the motion of the quadrotor seriously so differences
of angels of the circles and quadrotor are taken into account to effect on moment of
inertias.

Designing flight controller for simulation and implementation is the last section of
the thesis. Main aim of the section is comparison PID and feedback linearization
methods outputs both in simulation and real time environments. In simulation, PID and
Feedback Linearization Controller is applied on the both nonlinear model of quadrotor
and HIL testbench nonlinear model in SIMULINK. PID responses are figured as ¢,
0, vy, and Z parameters of the systems outputs. Feedback Linearization controller
designed to eliminate nonlinear terms to stabilize the quadrotor vehicle attitude motion
with different A coefficients. The last part of the simulations is designing feedback
linearization controller for HIL testbed with optimum A coefficients of ¢, 6, and y. A
of Z is’t needed because there isn’t any motion in Z direction.

Implementation of the PID and Feedback Linearization controllers are verified on the
Pixhawk open-source autopilot hardware. Pixhawk code is redesigned to implement
controllers in real time. The flight data is graphed in MATLAB to visualize motion
with changes of angles for both PID and Feedback Linearization controller. Main
difference between the results of the PID and Feedback Linearization controller is seen
on the response of outputs. PID controller is tracking the signal with higher overshoots
and bigger oscillations then Feedback Linearization controller response. But PID is
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faster than Feedback Linearization Controller. Both of the controller are stayed in
effect of moments of inertias of HIL testbed circles. It is easily seen in long time delay
on the time response especially in ¥ angle.

Future works are planned to continue in this works line. Especially different nonlinear
controller methods are to implement on airvehicles. Moreover, code generation on the
autopilot hardware are planned on the UAVs.
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MULTI ROTORLU HAVA ARACLARININ
MODELLENMESI VE KONTROLU ICIN DONANIM CEVRIMLI
BENZETIM SISTEMI TASARIMI

OZET

Insansiz hava araclari, insan saghg icin tehlikeli gorevleri yerine getirmek icin
tasarlanmis araglardir. Giiniimiizde biiyiik biitceli sirketler calisanlarina ayirdiklari
biit¢eyi en kiiciik diizeye ¢cekmek i¢in robotik uygulamalara kars1 egilim icindedirler.
Sadece biiyiik kargo sirketleri degil retoranlar veya fast food sirketleri miisterilerine
kargo teslimatin1 quadrotorlar vasitasi ile ulastirmay1 planlamaktadirlar. Bu degisimin
en biiyiik sebebleri ise elektronik cihazlardaki hizli gelisim 6zelliklede sensorlerdeki,
fiyatlarin ucuzlamas: ve insansiz hava araglarinin yedek parcalarina erismedeki
kolayligin artmast sOylenilebilir. Kisaca insansiz hava araglari yakin zamanda hayal
edebileceginiz her alanda ucan robotlar olarak karsiniza ¢ikabilir.

Tez bagligi, multirotorlu hava araglarinin modellenmesi ve kontrolii icin donanim
cevrimli benzetim sistemi tasarimi olarak secilmigstir. Bagka bir ifade ile bir hava
aracinin test diizenegi iizerinde modellenmesi ve kontroliiniin yapilmasi olarak ifade
edilebilir. Neden test diizenegine ihtiyactmiz var? Test diizenekleri bircok avantaj
sunmaktadir. Zaman israfin1 azaltmak ornegin, ugus testi icin ucus alanina gitme
gereksinimini azaltmasi gibi, ucuz, giivenirligi yiiksek calisma sartlar1 sunmasi ve
malzeme ve yedek parca hasarlarin1 en aza indirerek maliyeti diisiirmek olarak
siralayabiliriz.

Bu calismay1 Model Tabanli Tasarim (MTT) Siirecine 6rnek olarak sunabiliriz. Model
tabanli tasarim, en etkili, verimli, kisa siirede hizli prototip gelistirme siirecine
denir. MTT siirecinin fazlarinin ve gereksinimlerin tanimlanmasi, matematiksel
olarak sistemin modellenmesi, hizli prototipleme, kod jenerasyonu, yazilimsal ve
islemcisel dongii ve validasyon olarak siralayabiliriz. 1lk evre, istenilen sistem yada
iiriintin gereksinimlerinin tanimlanmasi olarak ifade edilebilinir. Belirlenen sinir
sartlar altinda sistemin dolayli yada direk benzetim ortaminda matemetiksel modelinin
tiretilmesi kismin1 olusturmaktadir.

Sonraki asama ise, matematiksel modele gore, hizli prototipleme ve kod jen-
erasyonudur. Bu asamada iiretilen kodlar, bilgisayar ortaminda sistem modeli
tizerinde test edilerek zaman ve maliyet israfi en diisiik diizeye cekilmektedir.
Yazilimsal dongiide, benzetim ortaminda iiretilen kodlar host bilgisayar {izerinde test
edilmektedir. Islemcisel dongiide ise gomiilii sistemler kulanilarak hedef islemci
tizerinde test edilerek islemci kaynakli hatalar diizeltilmektedir.

Donanimsal ¢evrimli benzetim (DCB) ise gomiilii sistemler araciligi ile gergek sistem
tizerinde sistem giris ve ¢ikislar kullanilarak gercek zamanali benzetim caligmalarini
ifade etmektedir. Donanim cevrimli benzetim kontrolciiniin nasil tepki verdigini,
gerecek zamanli olarak test etme firsatini sunar.

DCB test diizenegi, bir quadrotor aracinin yonelme kontroliinii daha kolay test
etmek icin tasarlandi. On tasarim yapilmadan 6nce, motor-pervane test diizeneginde
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oldugu gibi literatiirdeki test diizenekleri arastirildi. Daha sonra ise jiroskop ¢alisma
prensibinden ilham alinarak suanki test diizenegi tasarlandi. Biitiin tasarim stirecleri
bilgisayar destekli ¢izim ortamlarinda gerceklestirildi. Akabinde liretim ve montaj
siirecleri gerceklestirildi. Bir sonraki problem ise quadrotorun test diizenegine
baglanmasi oldu. Bu probleme ¢oziim olarak bir ara plaka tasarland1 ve ii¢ boyutlu
yazicida iiretilip, quadrotor, test diizenegine baglandi. Motor-pervane test diizenegi de
DCB test diizegindeki tasarim, iiretim ve montaj siireglerine benzer olarak iiretildi.

Matematiksel modelinin ¢ikarilmasi, ikinci boliimiin ana baghigimi olusturmaktadir.
Kontrolciiniin implementasyonun yapilmsindan 6nce, benzetim ortaminda sistem
davranis1 incelendi. Sistemin nonlinear matematik modeli elde edilmesinde
Newton-Euler ve Euler-Lagrange metodlar1 kullanildi. Matematik modelde, motor ve
pervanelerin acisal hizlarindan elde edilen itki ve siiritkkleme katsayilar1 kullanildi. Tez
icinde detayl olarak anlatilan kabuller dogrultusunda matematik model tamamlandi.

Uciincii  kistmda, test diizeneklerinin iiretilmesinin yaninda quadrotor ve test
diizeneklerinin parametrelerin incelenmesi ve tahmini gerceklestirildi.  IRIS+
quadrotor dort motor ve pervaneye sahip bir ara¢c olmakla birlikte, birer ¢ift motor
ve pervane saat yoniinde donmekte, diger ciftler ise saat yOniiniin tersi istikamette
domektedirler. Ayrica pervaneler kendinden kilitlenen bir yapiya sahiptir. IRIS+
quadrotor araci ana gévde olarak cross tip olup 6n motorlar arasindaki a¢1 yiizyirmi
derece,arka motorlar arasindaki a¢1 ise yiiz kirk derecedir.

Cross tip ana govde, Plus tip govdeye gore baz1 avantajlar1 bulunmaktadir. 1k olarak
motorlar, yunuslama ve yalpalama hareketi i¢cin daha az enerji gereksinimi olurken
oteleme hareketi i¢cin daha fazla kuvvet iiretebilmektedirler. Diger 6nemli avantaji ise
motorlar arasindaki acinin biiyiik olmas1 nedeni ile kamera i¢in daha temiz ve genis
cekim alan1 kalmaktadir, zira pervaneler genelde kameranin bakis alanina girmektedir.
Referans kordinat sistemleri cross tip govdeye gore tanimlandi. Quadrotorun atalet
momentleri deneysel metodlarla elde edildi. Pervane itki ve siiriikleme katsayilari
Blade Element Teorisine gore hesaplandi.

DCB test diizeneginin matematik modeli Euler-Lagrange enerji metodu kullanilarak
elde edildi. D1s ve i¢ cemberlerin atalet momentleri quadrotorun hareketini ciddi olarak
etkilmekte ve yonelme hareketlerinde sistemin toplam atalet momenti, agilara bagh
olarak degiskenlik gostermekte olup, bu etki model icinde ifade edildi.

Bu tezin son kisminda ucgus kontrolciilerin tasarlanmasi, benzetim ortamlarinda
(Matlab SIMULINK) test edilip, DCB test diizenegi iizerinde implementasyonu
yapildi. Bu kismin ana amaci ise PID ve Geribeslemeli Linearizasyon Metodlarinin
ciktilarinin hem benzetim hemde gercek zamanli olarak ugus karti iizerinde
karsilagtirilmasidir.  Benzetim ortaminda, PID ve Geribeslemeli Linearizasyon
kontrolcii, quadrotorun nonlinear modeli tizerinde test edilmistir. DCB test diieneginin
nonlinear modeli kullanarak Geribeslemeli Linearizasyon kontrolcii test edildi. PID
kontrolcti, ¢ikti olarak ¢, 6, y ve Z parametreleri verecek sekilde benzetim yapildi.
Fakat, test diizenegi 6teleme hareketi yapma yetenegi bulunmadigi i¢cin Geribeslemeli
Linearizasyon kontrolcii ¢, 6 ve v ¢ikt1 olarak olusturuldu ve A katsayilari optimize
edildi. Benzetim boliimiin son kismini, Geribeslemeli Linearizasyon kontrolciiniin
DCB test diizeneginin nonlinear modeli iizerinde, ¢, 6 ve W parametreleri icin yedi
farkli A katsayilar1 optimize edildi.
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Acik kaynak yazilima sahip Pixhawk Otopilot karti iizerinde, tasarlanan PID
ve Geribeslemeli Linearizasyon kontrolciilerinin implementasyonu ve validasyonu
yapildi.  Pixhawk icerisinde c¢alisan kodlar gercek zamanli ucus icin gerekli
kisimlar1 tekrar diizenlendi ve tasarlandi. Hem PID hemde Geribeslemeli
Linearizasyon kontrolciilerinden kaydedilen a¢1 degisimlerini gosteren ugus verileri
Matlab programinda grafik olarak olusturuldu.

PID ve Geribeslemeli Linearizasyon kontrolciilerinin arasindaki en belirgin farklar ise
sistem ¢iktilarinda goriildii ve yorumlandi. PID kontrolcii yiiksek asim oranlarina ve
salinimlara sahipken, Geribeslemeli Linearizasyon kontrolcii daha az asim ve salinim
olusturdugu goriildii. Fakat PID kontrolcii ¢ok daha hizli yanit verirken, Geribeslemeli
Linearizasyon kontrolcii daha yumusak ama yavas yani uzun siirede istenilen konuma
geldigi goriildii. Her iki kontrolciide cemberlerin olusturdugu yiiksek atalet momentine
kars1 istenilen kontrol sinyalini takip etmede zorlandiklar1 goriildii. Ozelliklede y
acisin takibinde bu acik olarak gozlendi.

Gelecek calismalarda, test diizenegi iizerinde Pixhawk otopilot kullanilarak, farkl
nonlinear kontrol methdlar test edilmesi planlanmaktadir. Ayrica, Pixhawk kontrol
kart1 iizerinde kod jenerasjonu yapilmasi konusunda da hedefler bulunmaktadir.
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1. INTRODUCTION

Unmanned Air Vehicles(UAV) are designed to operate via remote controllers or
autonomous algorithms to fulfill specific flight missions. UAVs accomplish their
missions with autonomous mode, image taking and processing, communication etc.
Recent development on the sensor and electronics technology, easily reaching and
cheap mechanical and electronic parts triggered increasing attention on the UAVs. Lots
of applications was developed and usage of the UAVs are increasing day by day subject
to this conditions nowadays. Especially specific missions, thats are dangerous to be
fulfilled by man, such as security, surveillance, detection and follow-up of enemies
and targets, border patrolling, traffic control, damage detection after natural disasters,

investigation of crime scene and agricultural applications.

First use of UAVs were during 1 World War at first quarter of 19" century with radio
controlled. At first years main aim is reduction of loss well-trained manpower at high
fatality military operations. During the last thirty years, utility of UAVs increased
relative to the technological development depending on high reliability. Small budget
requirement and minimizing the loss of manpower are main advantages for increased
attentions of UAVs. In military area many countries have UAV's for reconnaissance and
spotting. But, just little countries have capability of shooting and destruction targets

with UAVS equipped with missiles.

1.1 Quadrotor Vehicles

The categorization of the UAVs is complex because of lots of diversity but generally
UAVs are divided into two group with regard to fixed or rotary wings according to
aerodynamic features. First is fixed wing UAVs, generally called aeroplane or simply
plane, generates lift via fixed mounted wing on the body of the plane. Second part is
rotary wing UAVs, generally called helicopters or multi-rotors, generates lift via rotary
propeller. Quadrotor vehicles, coming from multirotor family, have four motors and

propellers to maneuver three axes. Also, quadrotors are generally classified into plus



(+), cross (X), (V), and (H) types according to the frame shape. In this work, IRIS+
quadrotor vehicle, has a cross (X) type frame architecture, is used to experimental

works and simulations.

1.1.1 Literature review

In the literature, lots of works are done about quadrotor modeling and control. Because
of the aims of this work which are nonlinear or linear control and mathematical
modeling of cross type quadrotors, searching on the literature is focused on controlling

quadrotors and testing on a testbench.

1.1.1.1 Modeling and controlling quadrotor vehicles

Patric and his friends established a dynamic flight model and designed feedback,
backstepping and, sliding mode nonlinear controllers on the quadrotor vehicle to
simulate and validate the theoretical analysis [9]. Marcelo generated mathematical
model, identified experimentally and controlled both linear controller such as PID,
LQ besides modern robust mixed-sensitivity H. and p-synthesis with D-K iteration
under parametric model uncertainty [10]. Wei derived six degree of freedom dynamic
model of quadrotor to use for designing and implementation of the linear PID
attitude controller implemented both in simulation and real time on the hardware
controller. He used embedded code generation via developed open-source software
setup to enable control software prototyping [11]. Bouabdallah modeled, designed
and controlled microquadrotor with based on Lyapunov theory, PID, LQ, sliding
mode, and backstepping methods for attitude and altitude control with simulations and
validations [12]. Seung and his friends designed new type quadrotor and identified
physical properties. Thy showed high maneuvering capabilities of the vehicle via

embedded flight controller using PID coefficients [13].

Bouabdallah and Siegwart derived quadrotor model with the different aerodynamic
coefficients. They described integral backstepping control approach for control of
attitude, altitude and position of autonomous quadrotor to takeoff, landing and collision
avoidance [14]. Pounds, Mahony and Corke developed a larger quadrotor vehicle than
other vehicles in reseach at same time. They focused on pitch and roll motion control

with high sensitivity and disturbance rejection capabilities [15]. Xu and Ozgiiner



designed new fligth controller of an autonomous quadrotor based on sliding mode
control to eliminate model errors and parametric uncertainties and disturbances [16].
An and friends designed a second order geometric sliding mode attitude observer
for angular velocity estimation of quadrotor vehicle [5]. They presented that results
of second order geometric sliding mode attitude observer is better than taraditional
quaternion based sliding mode observer on the real time testbed. Lebedev derived
six degree of freedom mathematical model, designed, and produced prototype of the
quadrotor. He simulated the pole placement method firstly then validated on the
testbench to compare simulation and validation results [17]. Altug, Ostrowski and
Mahony estimated the position of the quadrotor with a ground camera. They designed
mode-based feedback linearization and sliding mode controller to simulate and validate
with experimental works [18]. Bresciani carried out Newton-Euler modeling and
control of dynamics of quadrotor on simulation and real test platform with PID

controller [19].

Reyhanoglu, Damen, and MacKunis presented a sliding mode controller on the
quadrotor vehicle. They used sliding mode observer to estimate angular velocities
and proved asymptotic regulation of the quadrotor to control attitude based Lyapunov

analysis [20].

1.1.1.2 Quadrotor testbeds at literature

Many researchers designed different kind of testbeds for experimental works on the

controlling of quadrotor vehicle. Some of them are presented in this subsection.

Bernstein, Kayacan, and Prach studied an experimental evaluation of the
forward-propagating Riccati equation control. They used nonlinear dynamics of
Quanser 3 DOF Hover experimental testbench, as seen in Figure 1.1-a, to update
feedback gains in real time and compared with conventional linear quadratic regulator
[1].Nicol, Macnab, and Ramirez-Serrano worked on a direct approximate adaptive
controller for an experimental prototype quadrotor, as seen in Figure 1.1-b, via
Cerebellar Model Arithmetic Computer nonlinear approximators. They tested
quadrotor performance with changing total weights of the vehicle via updating
adaptive parameters [2]. Alexis, Nikolakopoulos, and Tzes designed and verificated

a Contrained Finete Time Optimal controller for attitude control of quadrotor on the



6 axes
force/torque

Figure 1.1 : Quadrotor Test Beds; a [1], b [2], ¢ [3], d [4], e [5], f [6].

testbech. Experimental set up, as seen in Figure 1.1-f, consisted of a fan for wind-gust
disturbances and Draganfly Vti quadrotor on board Xsen IMU [6]. Yu and Ding tested
and validated 6DOF flight controller on a quadrotor testbed as seen in Figure 1.1-c.
Quadrotor vehicle mounted both 6 axes force/torque sensor (3 axes force and 3 axes
torque) and a sphere joint to let vehicle rotate in 3 axes. On board they used Xsens
MTI IMU sensor for sensor-fusion to experimentally control the vehicle via nonlinear
trajectory linearization control technique [3]. An, Li, Wang, and Ma controlled a
quadrotor using second order geometric sliding mode Attitude observer on a testbench
as seen in Figure 1.1-e with comparing traditional quaternion based sliding mode
observer. They used a experimental testbed which composed of wireless reviver, on
board controller and Xsens IMU to control of attitude [5]. Bouabdallah, Murrieri and
Siegwart used testbench, as seen in Figure 1.1-d, composing of universal joint to enable

to rotate 3 axes and Xsens IMU to validate controlling methods [4].

1.2 Thesis Outline

Chapter I provides literature reviews on the UAVs history, studies about quadrotor
controlling, designed experimental testbench for multirotor vehicles, and outline of

the thesis.

Chapter II presents mathematical modeling of cross frame type quadrotor vehicle

with Newton-Euler and Euler-Lagrange methods.



Chapter III elaborates on the identification of the quadrotor (IRIS+) properties which
are IRIS+ electronic equipment, frame type configuration with dimensions, motor
and propeller thrust and drag coefficients, experimental calculation of moments of
inertias of quadrotor vehicle, and reference frames. Designing and production of
motor-propeller performance testbench and designing, production and mathematical

modeling of Hardware In The Loop Aerospace testbed processes are expressed.

Chapter IV shows about designing quadrotor flight control principles and evaluation
of simulations and implementations results. Design PID and feedback linearization
controller both simulation environment and implementation on the Pixhawk autopilot
of quadrotor vehicle on the HIL testbed with the methodology of tuning coefficients.
In addition, chapter IV presents the analysis of simulation results and the flight data
recorded from the Iris+ flight tests about the attitude controller’s performance. Finally,

conclusion and future research work are elaborated.






2. MATHEMATICAL MODELING OF CROSS TYPE QUADROTOR

2.1 Mathematical Modeling Of Quadrotor Vehicle

Mathematical modeling of quadrotor is important in order to design and tune controller
gains. Modeling approaches [12], [11], [21], [22] and [23] are used for generating the
equations of quadrotor motions in this chapter. Generally quadrotors are categorized
related to the frame type and defined with the reference coordinate frame. Quadrotors
are generally used as a frame of cross or plus configuration as seen in Figure 2.1.
In this work, cross frame type quadrotor (IRIS+) vehicle is used for simulation
and experimental studies. Cross type quadrotor has basically two advantages over
plus configuration: First, motors need less power for pitch and roll action and
remaining power can be used for increasing translational motion. Second advantage is
providing clear vision for camera with obtuse angle in between front propellers. Frame
configurations of cross and plus type quadrotor vehicles and coordinates frames of
IRIS+ quadrotor can be illustrated as in Figure 2.1 and 2.2. In order to obtain equations

of motion, well adjustment of coordinate frame is needed. The aforementioned frames

e

--------- »Y

are inertial, vehicle, and body frames as illustrated in Figure 2.2.
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Figure 2.1 : Plus and cross type of quadrotor vehicle frame configurations.



Vehicle Frame

Inertial Frame
X;i (North)

Y; (East)

Body Frame

Z;(Into Earth)

Figure 2.2 : Coordinate frames of IRIS+ quadrotor.

The inertial frame is earth centered at the vehicle motion starting point and has
orthogonal three axes & =(X;, Y;, Z;). Vehicle frame is centered at center of gravity
of the quadrotor &, =(X,, Y¥,, Z,). This frame is used for translational motion of the
vehicle with respect to inertial frame. The origin of the body coordinate frame, &,
=(Xp, Yp, Zp) is related with rotational motion with respect to vehicle frame at the
center of the gravity of the quadrotor. X axis points out to the front of the quadrotor
with roll motion phi (¢) angle, Y axis always points out from right of the quadrotor
with pitch motion theta (0) angle and Z axis always points down from center of the

gravity of the quadrotor with yaw motion psi (y) angle.

Quadrotor has two types of motion; linear translational and rotational motion.

Quadrotor can be represented as a point mass during translational motion;

& = X, Y, Zb]T
E=[x; v z] 2.1)

m=1[p 6 v’

Linear and angular velocities are as follows:



(2.2)

These vectors are used for deriving the main components of mathematical modeling of

the quadrotor vehicle needed to transform from one coordinate frame to another one.

Transformation matrix for Roll motion can be described by;

1 0 0
Ry = |0 cos¢ sing (2.3)
0 —sing cos¢

Transformation matrix for Yaw motion can be described by;

cosy siny 0
Ry = | =siny cosy 0 2.4)
0 0 1

Transformation matrix for Pitch motion can be described by;

cos@ 1 —sinf
Ro = 0O O 1 (2.5
sin@ 0 cosO

Combination of three matrix to Direction Cosine Matrix to transform angular motion
from body frame to inertial frame is obtained as (s refers to sine, ¢ refers to cosine, t

refers to tan);

sOcy cysOsd —sycd cysOcd +sysd

RY = |s0sy sysOsd +cycd sysOcd —cysd (2.6)
—s0 cOs¢ cOco
R\ =R'.R 2.7)

xPb sOcy  cysOs) —sych cysOcd +sysop| [XF
Yo | = |sOsy sysOsd +cycd sysOco —cysd | |V (2.8)
zb —s50 cOs¢ cOco Z!

Rotational motion matrix for angular velocities in body frame;

0 0 v
Wy = Rq) 0 —f—Rq)Rg 0 +R¢R9RW 0 (2.9)
é 0 0
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Figure 2.3 : Motions of quadrotor.

Oy 1 0 —s0] /¢
Wp= |0y | =10 co cOsp| |6 (2.10)
Wy, 1 —s¢ cOco| |y
Therefore, transformation of angular velocities from body frame to inertial frame is as

follows;

¢ 1 5010 cotO] [op,
0| =10 cop —s¢| | (2.11)
v L spzg o] Lo

After kinematic and dynamic equations of the quadrotor have to be driven, the dynamic
equations give translational linear motion information. Linear acceleration to position
data is obtained with aerodynamic, gravity and gyroscopic forces. Blade element
theory is used to calculation of the aerodynamic forces and moments [24]. Blades are
mounting to motor and turning with same angular velocity around motor shaft axes.

For aerodynamic force and moment calculation propeller drag and thrust coefficient

10



are used. As seen in the Figure 2.3, there are four flight actions which are thrust, yaw,

pitch and roll motions.

Firstly, thrust maneuver is vertical motion with four motor are balanced respect to the
center of gravity along the z axis. Total moments of the forces are zero. There are three
different missions guided as for thrust maneuver. If total forces are equal to weight,
this is hovering maneuver. Other is taking off maneuver occurring while total forces
are bigger than total thrust. Last maneuver is landing occurring with total forces are

smaller than total weight. The thrust force can be defined as;

T = —K:(0} + 03 + 07 + ©?)
(2.12)
T - —KtUl

K; is thrust coefficient of the propellers. U is thrust control input for cross type

quadrotors.

Second mission is yaw motion. This motion occours by differences of rational speed
between the counter rotating pair of propellers. In the Figure 2.3, first and second
motors are turning same direction, third and fourth motors are rotating opposite

direction around z axis with yaw angle of y.

Ty = —Ki(0} + 0F — 05 — 0f)

(2.13)
K, is drag coefficient of the propellers. U4 is yaw control input for cross type

quadrotors.

Third mission is pitch motion turning around y axis with angle of 0. If first and third
motors thrusts bigger than second and fourth motors, the quadrotor goes to backward
otherwise first and third motors thrusts are smaller than others, quadrotor goes to

forward motion.

To = —Ki(Lip(0F + 0F) — Ly (07 + @)
(2.14)
T = — K U3

Us is pitch control input for cross type quadrotors.

11



Fourth mission is roll motion which quadrotor rotate to right side or left side via roll
angle of ¢ rotating around x axis. If the desired motion direction is right side, the thrust
of left motors third and second thrusts are higher than first and fourth motor thrusts or

for left side motion first and fourth motors thrusts are bigger that others.

2 2 2 3
Tp = —Ki(Lys (03 — o) + Ly (0F — @)

Tp = —K:Uj

(2.15)

U, 1s roll control input for cross type quadrotors. The following matrix shows
relationship between control input and angular velocities of each motors with propeller

coefficients.

T _Kt _Kt —Kl _Kt 0)12
T | _ | Kily —KiLy —KLy KLy| |0 (2.16)
To —K: Ly f KLy —K; fo KiLyp (1)32

The Gravity effect on the quadrotor direction is along to z axis into earth center. The

vector notations of Gravity ca be given as follows:

o O O

Fi— (2.17)

mg

The gravitational force acting on the quadrotor’s center of gravity in the body frame,
it needs to be converted by multiplying the rotation matrix with the gravitational force

vector in the inertia coordinate frame;

b _ phpi
Fg = PF

.| —mgst (2.18)
Fé’ = |mgcOsd
mgcOco

The rotation of propeller and motor rotor generate gyroscopic effect on the quadrotor

in body coordinate frame. Gyroscopic force is in Eq. 2.19 ;
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0 Wy 0
G = Lotor (a)b x 0 ] Q = Lotor ( Wpy [ X 0 ] Q
1 @y, 1

(2.19)
Q= +m+w3+oy

2 2
Imt()r = EumPLprop + me()t()rrmomr

2.1.1 Euler-Lagrange method

The Euler-Lagrange method is used to model the flight dynamics of the quadrotor [25].

The assumptions for modelling are;

The structure is rigid and symetric along the X axis

The origin of body fixed frame coincides with the center of gravity of the quadrotor.

The propellers has rigid structure and no blade flapping

The relationship between blade’s speed and thrust and drag forces are linear.

External forces are not considered.

The hub force, ground effect and gyro effects are not taken into account.

As mentioned in Equation 2.1 translational and rotational motion vectors are structured

in Eq. 2.20 for Lagrangian Energy Equation.

g=1[€ n"
L=K—P

(2.20)

A Lagrangian is obtained by modeling the energy of system, where the difference
between kinetic and potential energy is calculated. While potential energy is related
only altitude but kinetic energy is related both translational and rotational velocities
of the quadrotor. K is refer to kinetic energy and P is refer to potential energy of the

system during the flight of quadrotor. The Lagrangian equation is as follows;

. 1. . 1. )
L(gq,q) = Eng‘S + ETIT"’ITI
2.21)

1 1 . . '
L(q,q) = Em(xz +y2 —I—ZZ) + Em(lxx(P2 +Iyy92 —|—Izzl//2) —mgz
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Moments of inertia of the System is represented with I.

I=0 I, 0 (2.22)
0 I,

The Euler-Lagrange equation eith external generalised force is used [26] in Eq. 2.23.

doL oL

All the external forces acting on he quadrotor is represented with F. F has translational

F and rotational T parts.

w=[n 1 o (2.24)
F=[F 1’
[ m& ] [O0]
my 0
d JdL OJL mZ mg
e o= 2.25
dt 8q 8q Ixx? +Ixx¢ 0 ( )
1,0 + I;,0 0
LY+ Ly | L 0
The translational force is;
—mg-s6 0 —mg-s0
Fe=|mg-cO-s5¢ | + 0 = mg-cO -s¢ (2.26)
mg-cO-co —K;-Uj mg-cO-cd — K, -U;

T is total thrust force as expressed before in Eq. 2.12. F = md is used for getting
acceleration information to velocity and position data. Torque is equal to product
of moment of inertia and angular acceleration of the body. Torque gives attitude
informations p, g, r for designing attitude controller. The gravitational force and motors

thrust are used for total force.

Total body moments are;
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YME=[1, 75 1]

.| 7K (2.27)
ZMB - —Kt . U3
—Ky;-Us
Thus, the Euler-Lagrange equation,
[ omx ] [o] [ —mg-s6
my 0 mg-cO-s¢
mZ mg mg-cO-cop —K;-U;
Ixx(P. +I_).Cx¢.) 0 _K[ . U2 ( )
1,,0 + 1,0 0 —K;-Us
Ly+Lyy] [0] | —Ki-Us

At hover postion, angular rates can be neglected. Therefore;

i i —g-s0

¥| = g-c0-50

4 _% mg(cO-cp —1)—K;-U]

- LK, .U, (2.29)
4 Iy

IV_ _Iz%Kt : U4

2.1.2 Newton-Euler method

Forces and moments dynamics equations acting on the quadrotor are expressed in Egs.

2.12,2.13,2.14, 2.13 and 2.18. The basic principle of the Newton-Euler Method is;

FP1  [ml3s; 03x3] [V”] [n'bx(mv”)]
Lb} N {03x3 1 i) T i < (1) (230

Rotational Equations with Newton-Euler Method is in Eq. 2.31.

Ly 0 0] [¢ ¢ Ly 0 0] [¢ ¢ 0 K U,
0 L 0| |6|+|6|x|0 L, O||6|+|6|x]| 0 |=|K Us
0 0

I;| |y 4 0 0 I | |y 4 Liotor€2 K;-Uy
(2.3

Expanding that, leads to,

Ixx@): qlzzr - rlzzq qlrotorQ Kt : U2
IW‘P. + | rhxp — plar | + | —PlotorQ| = | Ki-Us (2.32)
1.0 plyyr —rlyyp 0 Ki-Us
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Translational equations with Newton-Euler Method is in Eq. 2.33.

X 0 sOcy cysOsg —sycd cysOcd +syso 0
m|y| =10 [+ |sOsy sysOs¢+cycd sysOcd —cyso 0 (2.33)
Z mg —s0 cOs¢ cOco —-K;-U

Rotational and translational equations with Newton-Euler Method is in Eq. 2.34.

KU
i=(s@sy+cysOcd) in !
KU
¥ = (—cysé +sysfeg) = -
KU
t=—g+(cOcp)= =
b= Ly —I; art KU, (2.34)
Ixx Ixx
6 = I, _Ixxpr+ K:Us3
Lyy Lyy
-~ L —Iyy KUy
IZZ IZZ
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3. HARDWARE IN THE LOOP TEST PLATFORM

Model Based Design (MDB) is a process accelerating with cost-effective prototyping
at a short time. MBD process phases are definition of requirement, mathematical
modeling of the system (simulation), rapid prototyping, code generation, software in
the loop (SIL), processor in the loop (PIL), hardware in the loop (HIL) and validation.
First phase is definition of the system or product properties and requirements. The
generating mathematical model of the system under boundary conditions effecting the
system directly or indirectly in the simulation environment. Then regarding to the
mathematical model, rapid prototyping and code generation phase is coming to test
the system on the simulations carry out on the computer environment that is the most
important point to reduce cost and time consume. Software in the loop simulations
are carried out to analyzing generated codes on the host computer. Processor in the
loop is analyzing the system on target CPU on the embedded controller to reduction of
the processor errors. Hardware-in-the-loop (HIL) simulation is a type of real-time
simulation to test designed controller with real plant or system input out put via
embedded hardware. HIL simulation shows how controller responds, in real time,
to realistic virtual stimuli. HIL can be use to determine if real physical system (plant)

model is valid or not.

The Gyroscopic testbed was designed for HIL tests of the quadrotor (IRIS+) for
validating and implementing the designed different controller coefficients in real time
environments. In this chapter, designing, production and experimental setup processes

of the HIL quadrotor vehicle and motor-propeller testbeds were presented.

3.1 Motor And Propeller Performance Testbed

Determining the physical parameters of the quadrotor vehicle sometimes needs special
testbeds. This parameters are moments of inertia matrix and propeller drag and thrust

coefficients. Propeller coefficients are needed to calculate thrust, yaw, pitch and roll
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Figure 3.1 : Model based design with Hadware-In-The-Loop Phase [27].

motion as seen in Egs. 2.12, 2.13, 2.14 and 2.15. So, for the propeller state estimation

K; and K; are important parameters.

The motor-propeller performance testbed was designed on the CAD, produced with 3D
printer assembled with T-motor MN 2213 950 Kv and 9.5 x 4.5 propellers as seen in
Figure 3.2. The motor were connected to Lipo Battery via a 20 Amp Electronic Speed
Controller (ESC) unit and controlled by Arduino UNO with Pulse-width modulation
(PWM) signals.

For experimental setup, the requirements are a scale to measure thrust or drag and
a computer to verify the PWM signal generated by potentiometer on the breadboard
connected to Arduino UNO board. Th PWM signals were read via program of the
Arduino UNO reading the analog outputs of the potentiometer signal and writing to
the serial port. The motor generates rotation per minute (RPM) with respect to PWM
signal as throttle pedal. RPM values are measured with digital tachometer as seen
in Figure 3.2 part e with manually. The trust coefficient K; and drag coefficient Ky

formula are [28] as followings;
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Figure 3.2 : Motor-propeller performance testbed, a. CAD drawings, b. 3D printer, c.
Produced parts, d. Assembly, e Micro digital tachometer.

T
Kt r— pn2d4 (3 1)
K= 2 '
47 on2ds

n is refer to revolution per-second (RPS), d is diameter of the propeller. So RPM values

is converted to RPS values to calculate K; and K.

3.2 IRIS+ quadrotor vehicle

IRIS+ is a unmanned aerial vehicle that has a capability of Vertical Take-Off and
Landing (VTOL) as seen in Figure 3.3. The Iris+ is designed and built by 3D Robotics
Company. It can be fitted with a camera to perform aerial photography and mapping
with way point navigation ability. The IRIS+ can fly nearly 16 minutes with on board
5100 mAh lipo battery and payload up to 400 g by means of four MN2213 950 kV
DC motors. It has Pixhawk Autopilot thats gives opportunity to developer access and
develop open source codes. This is the main factor to use for control implementation

in this work. Remote controller

The IRIS+ has remote controller with on-screen telemetry for instant or logged data

and self-tightening propellers for easy assembly. The Tarot T-2D brushless gimbal
19
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Figure 3.4 : IRIS+ hardware [7].

uses cutting-edge two-axis stabilization technology to ensure stable video in any flight

condition.

3.2.1 Pixhawk autopilot

IRIS+ has a Pixhawk Autopilot as a hardware as seen in Figure 3.5. It originated
from the Pixhawk Project of the Computer Vision and Geometry Lab of ETH Zurich
(Swiss Federal Institute of Technology) and Autonomous Systems Lab. Pixhawk is
designed by the open hardware development team in collaboration with 3D Robotics
and ArduPilot Group. Pixhawk, targeting at providing autopilot hardware to the

academic, hobby and industrial communities with low costs and high availability, is
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open-hardware project. Pixhawk is suitable for fixed wing, multi rotors, helicopters,
cars, boats and any other robotic platform that can move. It is targeted towards
high-end research, amateur and industry needs and combines the functionality of the
combination PX4FMU with PX4I0. PX4IO is the Input/Output module and PX4FMU
is a high-performance autopilot-on-module [29], [30], [8].

Specifications [30]:

e Processor

— 32bit STM32F427 Cortex M4 core with FPU
— 168 MHz, 256 KB RAM, 2 MB Flash

— 32 bit STM32F103 failsafe co-processor

e Sensors

MPU 6000 3-axis accelerometer / 3-axis gyroscope

MEAS MS5611 barometric pressure sensor

ST Micro L3GD20H 16 bit 3-axis gyroscope

ST Micro LSM303D 14 bit 3-axis accelerometer / 3-axis magnetometer

e Interfaces

PPM sum signal input and RSSI (PWM or voltage) input.

14 PWM / Servo outputs.

12C & SPI & 3.3 and 6.6V ADC inputs.

MicroSD card for high-rate logging over extended periods of time.

Internal micro USB port and external micro USB port extension.

The main reason of the choosing IRIS+ as a experimental test vehicle is having
open-source autopilot Pixhawk. Therefore designed control methodologies can be
implement on the real system as desired. The Pixhawk has MicroSD card for high-rate
data logging to analyzing the flight performance. It has a small dimensions to use on

the micro UAV’s.
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Figure 3.6 : IRIS+, T-motor MN 2213 motors and 9.5 x 4.5 propellers (clockwise
and counterclockwise).

In the Pixhawk, there is 3DR Robotics firmware but Arducopter firmware is used for
experiments. Compiled codes can be uploaded with Mission Planner Software into
the processor with Micro USB cable easily. The Mission Planner gives some other
facilities which are sensor & ESC calibrations, planning the route as a autonomously
way-point navigation, taking the logged flight data from onboard Micro-SD card and

flight data related to attitude or altitude on real time.

3.2.2 System state estimation

State estimation of the IRIS+ is divided by into two section. First, motor and propeller
thrust and drag coefficients are needed for calculation of thrusts and drag of motors.

Moments of inertias (Iyy, Iy, and ;) are the other parameters for calculations.

3.2.2.1 Motor and propeller state estimation.

IRIS+ has four 9.5 x 4.5 propellers that diameter is 9.5 inc and four MN 2213 950 kV
series motors of T-motor Company as illustrated in Figure 3.6. Two motors and two

propellers rotate clockwise(CW) others rotate counterclockwise (CCW).
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Figure 3.7 : Thrust and drag measurements.

Measurement of the trust and drag are generated by the propeller. Thrust force is
perpendicular to the rotation direction of the motor. The drag force generates moments

around the rotation axis as seen in Figure 3.7. Basic formulation is in Eq. 3.2 from [31].

T x 235mm = S x 130mm
(3.2)
D x235mm = S x 130mm

S is refer to scale reaction force.

There was some bottleneck when experimental works was going. Upstream flow is
in front of the propeller that air flow encounters it. Downstream flow is back of the
propeller that air flow passes it. First experiment, there was a blockage for downstream
flow that acting as a ground effect that reducing the thrust nearly fifty percent and
generated irritating sounds. Second experiment, the blockage was removed but when
the gathering data in front of the propeller, thrust value was changing so upstream
flow affects the thrust relatively. This aerodynamic experienced was gained during the

motor and propeller coefficients were experimented.
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Table 3.1 : RPM-Thrust, Drag, K_t, K_d

PWM RPM Thrust Drag K_{t} K_{d}
1000 1354 0.000 0.000 0.000 0.000
1100 2009 0.315 0.025 0.068 0.023
1200 2665 1.153 0.091 0.141 0.046
1300 3320 2.088 0.168 0.164 0.055
1400 3975 2978 0.229 0.163 0.052
1500 4631 3.830 0.284 0.155 0.048
1600 5286 4.850 0.376 0.150 0.048
1700 5941 6.157 0.503 0.151 0.051
1800 6596 7.440 0.589 0.148 0.049
1900 7252 7.895 0.635 0.130 0.043
2000 7907 7.866 0.614 0.109 0.035

MN 2213 950 KV AND 9.5X4.5 PROPELLER

THRUST (N}

RPM

Figure 3.8 : RPM-Thrust Graphic.

Experiment data consists of PWM, RPM, RPS and thrust (N) or drag (N) values. Trust

and drag experiments were done and the results can be seen in Table 3.1.

K; and K, are calculated with the Eq. 3.1 as in Table 3.1.

3.2.2.2 Moments of inertia

The moment of inertia of the IRIS+ quadrotor is important for designing the controller.
I, Iy and I; are calculated analytically and obtained experimentally. With assumption

of symmetric geometry of the quadrotor, Iy, Iy, Iyx, Iy, I, and I, are zero.

The analytical method needs weights and lengths of the quadrotor parts as seen in

Figure 3.10 and Table 3.2. This properties are measured with steel rule and scale
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Figure 3.9 : RPM-Drag Graphic.

having accuracy of 1 gram. Length of the arms is 9 inc (9 x 25.4 = 228.6mm). The
angle of the front and back arms are 120° and 140°. Analytically calculations are used

from [11];

o I, =0.0238kg.m?
o I, = 0.00882kg.m>

o I, =0.0303kg.m?

The obtaining the moments of inertias with experimental is a methodology that
chronometer, ruler, scale and some rope are the basic needs. To preparing for the
experimental set up, the quadrotor lash down along the desired moment of inertia axis.
The ropes have to be lashed down perpendicular to the flat and parallel each others. To
find Iy, and I, two rope is enough but for I, three rope is adequate. Firstly, quadrotor
is turned small angle enough to initiate oscillation on the center of mass along the
desired axis. After oscillation and chronometer are started same time, one coming
and one going is counted one turn. Whenever it is felt enough then the period of the
oscillation calculate with time(r) and turn counter(N), T =t/N. The Eq. 3.3 is used to
calculate moment of inertia. D is refer to distance between ropes. L is refer to lenght

of ropes. g refer to gravity. m is mass of the quadrotor.

_ mxgxD*xT?
 16xm2xL
25
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lrx=120 mm

1,,=145m

ll,y=205mm BALK

Figure 3.10 : Moment of arms.

Table 3.2 : Measurement of Quadrotor Physical Specifications.

Quadrotor Physical Properties
Back Moment Arm Length along x axis | Ly, | 145 mm
Back Moment Arm Length along y axis | L, | 205 mm
Front Moment Arm Length along x axis | Ly, | 120 mm
Front Moment Arm Length along x axis | Ly, | 220 mm
Mass of Ready to Fly m | 1.384 kg

L 1s in Figure 3.11 and Eq. 3.4 with N = 50, t = 64.52sec, and T = 1.2904sec;

~1.384x9.8065 x 0.37% x 1.49292
o 16 x 2 x 1.2 (3.4)

L =0.021838 kgm?®

Iy is in Figure 3.12 and Eq. 3.5 with N = 50, t = 64.52 sec, and T' = 1.2904 sec;
~1.384 x9.8065 x 0.3% x 1.2904?
e 16 x m2 x 1.17 (3.5)
Ly =0.01100 kgm*

1.384 x 9.8065 x 0.42% x 1.56%

L =
s 16 x 2 x 1.2
L. =0.03074 kgm?
Zns & (3.6)
Lzoppon = Meb % (D — D7) = 0.04 x (0.46° —0.39%) =5.9510™*  kgm®

—=0.030145 kgm?
26
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L=120cm

Figure 3.11 : Experimental setup to Iy, of IRIS(+).

Figure 3.12 : Experimental setup to Iy, of IRIS(+).
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Figure 3.13 : Experimental setup to I, of IRIS(+).

Table 3.3 : IRIS+ Momments of Inertia

Experimental | Analytical | Unit

Ly 0.0218 0.0238 kg x m*
Ly 0.0110 0.0088 kg x m*
I 0.0301 0.0303 kg x m*

I, is in Figure 3.13 and Eq. 3.6 with N =50, t = 78sec, and T = 1.56sec. In Figure
3.13, the support part is used for connection of the third rope. After the experiment, th
moment of support is extracted from total moment of inertia. D,,; and D;, are refer to
outer and inner circle of the support part. When the Experimental and analytical results
are compared, Iy, Iy, and I, values are enough to close. So experimental results were

decided to use on the simulation models.

3.3 3DOF Multirotor Test Platform

Validation of the simulation outputs is important before ready to flight. So
experimental works are needed to verify how the control signal is reliability and
stability. Nonlinear PID and model depended nonlinear feedback linearized controller
performance have to be tested on the testbench. Therefore, a new testbench is designed
to implement control methods on the quadrotor vehicle with three degree of freedom

(3DOF). 3DOF is refer to attitude motions thats are pitch, roll and yaw.

3.3.1 Development of test platform

Designing of the testbed is a process consist of predesign, detailed design, production

and assembly of the all the parts to be ready for experimental applications.
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Figure 3.14 : Preliminary (A) and detailed (B) design of the Gyroscopic HIL testbed.

3.3.1.1 Design

Designing the testbench process consist of predesign and detailed design. During the
predesign, literature researching took long time to be informed about existing testbench
for quadrotors and satellite attitude determination and control (ADC) testbeds to design
best and appropriate one for this work. ADC capability with 3DOF, quick production
and usage of cheap materials are most important parameters of the predesign process.
Furthermore, the testbed makes changing the different quadrotor or else prototypes
possible whenever wanted. There are many kind of testbench but 3DOF testbed having
gyroscope working principle as main idea as in literature [32] and [33] were draw my
attention. Then predesign drawing was generated in computer aided drafting (CAD)

software as illustrated in Figure 3.14.

The next step is detailed design process. In first step, Rotating encoders were wanted
to put on each of the degree of freedom but this idea was brought about production
difficulties. Then as much as simple and effective testbed was drawn as CAD files as

seen in Figured 3.14

3.3.1.2 Production

Main frame, outer circle, inner circle and beams materials were chosen as iron because
of cheap, reachable and easily shaping and welding factors. Computer numerical
control and iron bending machines were used at production process. Last step of

producing was printing all the part with white color. After the assembly hole parts,
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Figure 3.15 : The Gyroscopic testbed

testbench took place of experimental studies in Model Based Design Laboratory

(MBDL) as seen in Figure 3.15.

3.3.1.3 Assembly of quadrotor on the test Platform

Mounting the quadrotor model on the test platform is needed one part design and
production. This parts should be at the center of mass of the quadrotor and the
testbench and made from light material because of little affects on the quadrotor
motion. The support part connecting the quadrotor on testbed was designed as CAD

part then produced on the 3D (three dimensional) printer as seen in Figure 3.16.

3.3.2 Mathematical modeling of the test platform

The test platform affects the quadrotor motion respectively. So moment of inertia is
important factor on the total system. There are two circle and beam on the platform.
First circle is outer one that is related with yaw motion. Inner circle is related with
pitch motion. The beam was mounted for connection the quadrotor to platform for roll

motion. The circle moment of inertiais I} = I, = %mr2 and other axis is 5 = mr?. 1
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Figure 3.16 : The support part production, a CAD design, b mounting on testbed, c
quadrotor assembly with support on the testbed.

is roll torque, 7, is pitch torque, 73 is yaw torque. A is refer to outer circle, B is refer

to inner circle and beam, and C is refer to quadrotor as seen in Figure 3.17.

I 0 0 I 0 O Ik O O
La=|0 Iy, 0|, Lg=|0 Igy O |,Lc=|0 Iy 0| (37
0 0 Iy 0 0 Ig, 0 0 Iy

Calculation of the A and B moments of inertia matrix element;

2
Tpxx = IAyy = EmArA

Ipz = mA’”Zl
1
Ipxx = 5””3"12; (3.8)

1 1
Ipyy = EmB"Iza + Embeam(er)z

1
I, = mBr129 + Embeam (27'8)2

C part moments of inertia was measured with experimentally as shown in table 3.3.
waN, WaN, and wyy refer to be expressed respectively, angular velocity of A to earth
fixed Newtonian frame (N), angular velocity of B to A, and angular velocity of C to B
in equation 3.9. a, b, and c are each parts body reference frames. ®@;, @,, and w3 are

angular velocities of each parts.

AN = (a3, WA = Whay, Wcp = WAy (3.9)

N = RANa3, a = RBAb2 b= chcl (3.10)
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IL.NZ

N (Earth Fix

Figure 3.17 : Testbed is composed of A outer circle, B inner circle and beam, C

quadrotor vehicle.

Transformation matrices to other frames are R4y, Rpa, and Rcp.

cy —sy 0 c6 0 s06 1 0
Rany = sy cy 0 Rps = 0 1 0 Rcep = 0 C¢
0 0 1 —s60 0 cO 0 s¢

The angular velocity (w4y) of A part relative to the Newtonian frame;

AN = W3a3

The angular velocity (wpy) of B part relative to the Newtonian frame;

WBN = WpA + WaN = by + a3

The angular velocity (wcy) of C part relative to the Newtonian frame;

Wy = Wc1 + Oycr + .03 = Yaz + 0by + dcy

b (1 0 017 [q

| D3 0 s¢ c¢ | |c3]

al [ c0 0 sO0] [b
a| = 0 1 0 by| = az = —b150 + b3cO
as |—s6 0 ¢6] |bs3]

az = —c150 + (c25¢ +c3c)cO
32

byl =0 c¢ —s¢| [ca| = by =crcd +c3(—5¢)

0
—s¢
c9

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)



The angular velocities of A and B parts with respect to A, and C part with respect to C

as matrix form;

WA 0

Wy | = 0

_(DAZ_ _l]/_

(wp, | [0]

wpy | = 2] (3.16)
(@5:] V]

(e, ] [1 0 —s87] [¢

ocy| = |0 cop spcO 0

| O | 0 —s¢ copcO| |y

Lagrange Kinetic Energy;

1 1 1
T = E(wﬁN)TIA Wy + 3 ()" 154 Oy + 5 (o¢y) Tcofy (3.17)
0 0 ¢ — s
ofy=|0| opy=|6| @fy=| Oco+yspco (3.18)
v v — 050 + yepch

The B part moment of inertia transformation /p /4 to A frame is;

Ig/s = RpalgRjy

[ c60 0 5O [IgncO® O —Ipyys0
=10 1 0 0 Ipyy 0
| —s6 0 cO] |Ips0 0 IpycH (3.19)
[T c?0 +1p;s*°0 0 (I, — IByy)sOcH
= 0 Ipyy 0
_(IBZZ — IBxx>S9C9 0 IBxxsze -+ IBZZCZQ

The total kinectic energy of the system is L = Kinetic Energy of A Body + Kinetic

Energy of B Body + Kinetic Energy of C Body.

1, 1 . :
L= EIAZZI)UZ + 5 [IBny2 + (IBxxsze + IBzzcze)Wz}
1., : .
+3 [0 — rs® 0o + yspcO —Osp + yrcpcb] (3.20)
lexx 0 0 ¢ - WSG

0 Ioy O Ocd + spco
0 0 Icy| |—6s0 + wepco

Lagrangian L(6;, ;);
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— =T =1,2,3,...
d1 96, 96, :
i =1 1s Lagrangian of Roll action T1;
_dJL JdL
YT drog 99

(3.21)

(3.22)

Ti = Glowy — WsOlcy — OWcOlcy, — (Ics — Ioyy) (sdcd) (¥c?0 — 6%) (3.23)

+ (Iczc0 — chxsﬂ)(él[/(cz(]) — S2¢))

i = 2 is Lagrangian of pitch action T2;

5 — A

T dio6 06

I, = ¢C¢S¢C9(1ny - Isz) + é(InyC2¢ + ICZZs2¢ + IByy)

(3.24)

+ ey — Icz) [W(cB9 (9 — 5°9) — Bcps9s0) —26¢s9ch + Oyrchsgs6]
+ ICxx¢ ycb + l,'Uzsece(IBzz — Ipxx — ICxx) + (Icny2¢ + ICZZC2¢)<I/72C9S9)

i = 3 is Lagrangian of yaw action T3;

I; = _d)'ICxxse + éC¢S¢C6(Iny + ICZZ)
+ W(ICxxSGIAZZ + IBxxsze + IBZZC29 + Inysz‘Pcze + ICZZC2¢c29)

(3.25)

(3.26)

+ (Icyy + Ie2)(0(dc?pcO — s pcO — OcdsdsO)) + (Ieyy — Iezz) (W ds20¢20)

- (9529)(1ny52¢ + Iszcz(p) + ¢9S26<1Cxx + Igxx + IBZZ) - ICxx(lSéce
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4. DESIGNING FLIGHT CONTROLLER FOR SIMULATION AND
IMPLEMENTATION

Both quadrotor vehicle (IRIS+) and HIL testbed are dynamically modeled up to this
section. The experimental identification of the quadrotor is done to run simulations
and implement on the HIL testbench via apply different type of control methodologies.
Main aim of this chapter is comparison PID and Feedback Linearization methods in
both simulation and real time response of the quadrotor motions in the HIL testbed.
This chapter compose of two main part. First is related with Matlab Simulink
environment to run the nonlinear system models on two control methods. Second is
about to implementation of the designed PID and Feedback Linearized controller real
time C++ codes on the Pixhawk autopilot on the testbed and gathering the logged real

flight data with manual tunning gains of the controllers.

There are two types of control which are Open Loop and Closed-loop control. Main
idea of the open loop control is controlling the system or plant disregarding the system
outputs in contrast to closed-loop. Closed-loop control recycles the output of system
to optimize the control signal to reach desired conditions as illustrated in Figure 4.1.
The important part of the closed-loop system is sensor, a electronic device to logging

data related to aim, to be informed about the system outputs.

The main control arhitecture of this work is based on angel control via measured or
simulated feedback signals. For attitude control of the quadrotor, HIL testbed was

designed and simulations are run due to this perspective.

In this work, Pixhawk, controller of the system as hardware on board different types
of sensors, controls the quadrotor system via designed control algorithm and sensors
data to simulate HIL and validation. The Pixhawk runs the NuttX Shell (NSH) real
time operating system with Arupilot open-source algorithms as software. At second
part of this chapter, open source of the autopilot is changed as desired to implement
designed controller methods. On the HIL testbed, controller parameters are manually

set to reach optimal outputs.
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Desired Input (r) Error (e) Control Signal (u) Output (y)

—"‘—— —)

Sensor

Figure 4.1 : Closed-Loop control schema.

Integrator

Derivative

Figure 4.2 : General architecture of PID controller schema.

4.1 PID Controller

PID (Proportional-Integral-Derivative) controller is currently most used closed-loop
(feedback) controller in industry applications. Besides, simple structure and
easily tunning the parameters and enabling efficiently and relatively robust control
capabilities with regard to Modern Control Methods are attracting ways to be most in
usage. It is currently been used to design autopilot for UAVs as a starting point for

private companies and researchers.

Main structure of PID controller is shown as illustrated in Figure 4.2 and formulated in
Eq. 4.1. P component K, is mostly relevant with the dominant response of the system.
Increasing the K, coefficient generally cause to decrease rise times and setling time,
but also larger overshoots and increase osciallatory or unstable behavior. Derivative
component K, responds to the rate of change of the error signal and is mostly relevant
with shaping the damping behavior of the closed-loop system. Increasing the K
coefficient, generally cause to decrease overshoot and a better damped behavior, but
also to increase steady-state errors. Integral component K; is typically optimize the

steady-state response of the system and shape its dynamic behavior. Increasing the
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K;, cause to reduction of the steady-state error (often elimination) but also increase
oscillations. PID components have couple relationship in each-other. Therefore PID

tuning is a highly coupled and iterative procedure [34].

0 d
u(t) = Kpelt) + Ki / e(x)dT+ Ky elr) @.1)
1t

4.2 Feedback Linearization

Control of nonlinear system has different type of methods. Feedback Linearization
is one of the solution which main principle based on using system real outputs to
design a controller to eliminate nonlinear terms in the system. In other words,
designing controller via feedbacks to force the system to act as desired with nonlinear

pole-placement.

A nonlinear system described by in Eq. 4.2;

x = f(x,u)
y=h(x)

(4.2)

There are two variations of the transformation to linearization. In the first, z = ®(x),

for which ®~!(z) exist with %)(Cx) have to be continuous and a transformation ¥ with

V = ¥(x,u), also invertible for control signal u = ®~!(x,v), such that [35]

dd(x)

t=— 2o, i@ 4.3)

—Az+Bv

Then the system is called feedback linearizable, or specially input-state feedback
linearizable. When such a transformation can be found, we can design v(k) and then

generate u = W~ ! (x,v). v is refer to virtual input to generate control signal u.

In this work to control the system ;

x1:6
X|=x,=20 4.4)
X2=é=v
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by designing of virtual imput v,
v="0=k0+k0

_ (4.5)
= 21,6176

where the constant A; is chosen as same root at left side of the pole-zero map to pole
placement of the system. In Chapter 3, The Lagrangian Eqgs. 3.23, 3.25, and 3.27 are

generated to feedback linearized controller (FLC).

For roll, pitch and yaw action virtual inputs are;
Vo =0 =240 —lq%(])
vg=0=—21960— 250 (4.6)
vy = =24y — A ¥

Then the control signals are transformed into;

For Roll Motion;

uy =T
= Volce — vysOlew — OYcBlce — (Ioz — loyy) (s9c9) (W0 — 67)
+ (Icz¢0 — Icys0) (0 (P9 — 520))

“.7)

For Pitch Motion;

ug =1
=vycPsPcO(Icyy — Iczz) + veo (Icyycz(]) + Ie.s* 0 + Ipyy)
+ (Ieyy — Iezz) [W(cO (9 — 5°9) — OcpspsB) — 209spcd + Oyrchss6)]

+ ICquS II/CO + l/./ZSQCGUBZZ - IBxx - ICxx) + (Inysz(P + ICZZ02¢)(W206S6>
4.8)

For Yaw Motion;
= _Vq)ICxxSG + VQC‘PS‘pCG(Iny + ICZZ)
+ Vq/(ICxxselAzz + IBxxSZO -+ IBZZCZQ + Icyyszthzé) + ICZZCZ(])CZQ)
+ (Ioyy + Iez2) (0(9c* 9O — §s*9cB — 0cPs9s0)) + (Icyy — Iezz) (Y $s26¢°6)

- (9S29)(1nys2¢ + IszC2¢) =+ ¢9529(1Cxx + Igxx + IBZZ) - chx¢969
4.9)

The Eqgs. 4.7, 4.8, and 4.9 are both simulated in Matlab and implemented on the

Pixhawk autopilot as seen in Figure4.3.
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4.3 Simulation Results

Control architecture of quadrotor vehicle in simulation environment is illustrated in
Figure 4.3. There is a input to attitude controller Block which includes both desired
¢, 0, v angles and Z position and outputs of feedback which are measured angles ¢,
0, v, and measured X, Y and Z positions. In Figure 4.3, A is refer to simulations of
full nonlinear model of quadrotor (IRIS+) with PID and FLC methods. B is refer to

simulation of full nonlinear of HIL testbed model with FLC method.

4.3.1 PID controller simulation result

In this work, Matlab Control System Toolbox is used for K, K;, and K; parameter
of PID tuning for simulation of nonlinear model of quadrotor. During tuning each
coefficient, others parameters values are get zero values to eliminate their effect on the
tunned parameter. PID coefficients of quadrotor in simulation environment is shown

on the Table 4.1.

z1 zm

| MATIAB
“WGMULING |

(1)
XY

Phi, Theta, Psi
Desired

[PhiThetaPsi]

Attitude Controller Quadrotor Vehicle Model

121 »zm

MATILAB

[PhiThetaPsi] »| Phi Psi_M u

SIMULINK

Phi, Theta, Psi

Desired

Attitude Controller

[PhiThetaPsi] .

C Attitude Controller Quadrotor Vehicle Model

Figure 4.3 : 3 Kind of control architecture: A. Simulation of nonlinear quadrotor
model, B. Simulation of quadrotor with nonlinear testbed model, C. Real
time control of quadrotor on the testbed.
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Table 4.1 : PID coefficient of quadrotor in simulation environment.

Roll Input U, Pitch Input Us Yaw Input Uy Z Input U,

K p 0.27 0.169 1.106 239
K_i 0.039 0.026 0.107 20.14
K_d 0.43 0.245 2.286 100.25
Filter coefficient (N) 5.19 3.76 3.76 10

Inputs of the simulation are set 20° for ¢ and 6 angles but v is set 10° degree as seen
in Figure 4.4. Input of Z position is 5m. Blue line of the graphics refer to desired or
inputs values and red lines refer to measured or outputs of the simulation. Both of the
graphics have smaller than one second of rise time and 30% percent overshoot and 4
second settling time and have ignorable steady state errors. As seen in table 4.1, PID
coefficients of Z position is bigger than other parameters coefficients relatively and is
affected the system with saturation understood by solid line. The nonlinearities of the
system causes termination of simulation in short time. In shortly, the results shows that

controlling of the quadrotor via PID controller is possible.

4.3.2 Feedback linearized nonlinear controller simulation results

As mentioned above, there are two simulation via FLC. First simulation is about
controlling the nonlinear quadrotor model via FLC. Inputs of the simulation are set
20° for ¢ and 6 angles but v is set 10° degree as seen in Figure 4.5. Input of Z
position is Sm. Ay = 8.3, AgU8.4, Ay, = 8.3, and Az = 9 are tuned as same method
in PID tuning. Blue line of the graphics refer to desired or inputs values and red lines
refer to measured or outputs of the simulation. Both of the graphics have smaller than
one second of rise time and 30% percent overshoot and 3.5 second settling time and
have ignorable steady state errors. But Z position have negative steady-state error.
In shortly, the results shows that controlling of the quadrotor via FLC controller is

possible.

Secondly, nonlinear HIL testbed with quadrotor vehicle model is controlled via FLC.
During the simulation seven different Ay, Ag, and Ay, are tried as seen in table 4.2.
Inputs of the simulation are set 20° for ¢ and 6 angles but y is set 10° degree as seen

in Figures 4.6, 4.7, and 4.8.
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Table 4.2 : Seven type of Ay, Ag, and Ay, in HIL simulation.

1 2 3 4 5 6 7
Ao 5 8 11 13 15 17 20
A 15 25 3 35 4 5 7
Ay 6 75 O 10 11 125 14

In Figures 4.6 and 4.7, time responses of the pitch and roll angles 8 = 20°, ¢ = 20°
are set with Ay, = 0° via seven different A9 and Ay values. Small values of Ay and
Ay behave as slowly response with no overshoot and ignorable steady state error in
contrast to bigger values of Ag and 2. Finally, A9 and A4 are set to 3.5 and 13 value

to minimum overshoot, steady-state error and and settling time.

In Figure 4.8, time response of the pitch angle y = 10° is shown with zero values of
¢ and O via seven different Ay, values. Small values of 4y, behaves as slowly response
with no overshoot and ignorable steady state error in contrast to bigger values of Ay,.
Finally, Ay is set to 10 value to minimum overshoot, steady-state error and and settling

time.
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Table 4.3 : PID Coefficients of Controller at 1% Experiment

Roll Rate Pitch Rate Yaw Rate
Kp 03 3 2
Ki 0.09 0.09 0.018
K_d 0.0036 0.0036 0

Table 4.4 : PID Coefficients of Controller at 2"¢ Experiment

Roll Rate Pitch Rate Yaw Rate

Kp 04 4 0.35
K.i 0.09 0.09 0.018
K.d 0.036 0.0036 0

4.4 HIL Implementation Results On The Testbench

HIL test platform is designed to research the response of 3DOF actions of quadrotor
vehicle. The testbed advantage and disadvantages are seen easily during the real
time experiments. The main advantages of the system as seen are easily tuning the
coefficients at 3DOF especially pitch and roll axes without time consuming under
safety working condition. The negative side is huge amount of the moment fo inertia
affects pitch and yaw motion seriously observed easily during the experiments. This
section presents real time validation and implementation data of quadrotor vehicle on

the HIL testbench via PID and FLC controller results.

4.4.1 PID controller real time results

Two experiments are done on the HIL testbed with PID controller via different
coefficients as seen in Tables 4.3 and 4.3. First experiment duration is 65 seconds and
other is 35 seconds . The response of the roll angle is generally has some overshoots
but rise and settling time is so small. About roll motions, there are ignorable overshoots
and no time delay, so its so fast and robust. The pitch motions have no overshoots but
some time delays and oscillations related with moments of inertia. The yaw motions
has high time delays and overshoots generated from high total moment of inertia from

outer and inner circle of the testbench.
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4.4.2 Feedback linearized nonlinear controller real time results

Experimental result of quadrotor vehicle on HIL test bench via FLC is shown as
graphics in Figure 4.11. The experiment duration is 33 seconds. The response of the
roll angle is generally has ignorable overshoots but rise and settling time is so small
with no time delay, so it is fast and robust. The pitch motions have little overshoots
but no time delays and oscillations. The yaw motions has high time delays and some
overshoots generated from high total moment of inertia from outer and inner circle of

the testbench.
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