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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 φ ,
θ , ψ , and Z parameters of the systems outputs. Feedback Linearization controller
designed to eliminate nonlinear terms to stabilize the quadrotor vehicle attitude motion
with different λ coefficients. The last part of the simulations is designing feedback
linearization controller for HIL testbed with optimum λ coefficients of φ , θ , and ψ . λ

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 ψ 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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MULTİ ROTORLU HAVA ARAÇLARININ
MODELLENMESİ VE KONTROLÜ İÇİN DONANIM ÇEVRİMLİ

BENZETİM SİSTEMİ TASARIMI

ÖZET

İnsansız hava araçları, insan sağlığı için tehlikeli görevleri yerine getirmek için
tasarlanmış araçlardır. Günümüzde büyük bütçeli şirketler çalışanlarına ayırdıkları
bütçeyi en küçük düzeye çekmek için robotik uygulamalara karşı eğilim içindedirler.
Sadece büyük kargo şirketleri değil retoranlar veya fast food şirketleri müşterilerine
kargo teslimatını quadrotorlar vasıtası ile ulaştırmayı planlamaktadırlar. Bu değişimin
en büyük sebebleri ise elektronik cihazlardaki hızlı gelişim özelliklede sensörlerdeki,
fiyatların ucuzlaması ve insansız hava araçlarının yedek parçalarına erişmedeki
kolaylığın artması söylenilebilir. Kısaca insansız hava araçları yakın zamanda hayal
edebileceğiniz her alanda uçan robotlar olarak karşınıza çıkabilir.

Tez başlığı, multirotorlu hava araçlarının modellenmesi ve kontrolü için donanım
çevrimli benzetim sistemi tasarımı olarak seçilmiştir. Başka bir ifade ile bir hava
aracının test düzeneği üzerinde modellenmesi ve kontrolünün yapılması olarak ifade
edilebilir. Neden test düzeneğine ihtiyacımız var? Test düzenekleri birçok avantaj
sunmaktadır. Zaman israfını azaltmak örneğin, uçuş testi için uçuş alanına gitme
gereksinimini azaltması gibi, ucuz, güvenirliği yüksek çalışma şartları sunması ve
malzeme ve yedek parça hasarlarını en aza indirerek maliyeti düşürmek olarak
sıralayabiliriz.

Bu çalışmayı Model Tabanlı Tasarım (MTT) Sürecine örnek olarak sunabiliriz. Model
tabanlı tasarım, en etkili, verimli, kısa sürede hızlı prototip geliştirme sürecine
denir. MTT sürecinin fazlarının ve gereksinimlerin tanımlanması, matematiksel
olarak sistemin modellenmesi, hızlı prototipleme, kod jenerasyonu, yazılımsal ve
işlemcisel döngü ve validasyon olarak sıralayabiliriz. İlk evre, istenilen sistem yada
ürünün gereksinimlerinin tanımlanması olarak ifade edilebilinir. Belirlenen sınır
şartları altında sistemin dolaylı yada direk benzetim ortamında matemetiksel modelinin
üretilmesi kısmını oluşturmaktadır.

Sonraki aşama ise, matematiksel modele göre, hızlı prototipleme ve kod jen-
erasyonudur. Bu aşamada üretilen kodlar, bilgisayar ortamında sistem modeli
üzerinde test edilerek zaman ve maliyet israfı en düşük düzeye çekilmektedir.
Yazılımsal döngüde, benzetim ortamında üretilen kodlar host bilgisayar üzerinde test
edilmektedir. İşlemcisel döngüde ise gömülü sistemler kulanılarak hedef işlemci
üzerinde test edilerek işlemci kaynaklı hatalar düzeltilmektedir.

Donanımsal çevrimli benzetim (DÇB) ise gömülü sistemler aracılığı ile gerçek sistem
üzerinde sistem giriş ve çıkışları kullanılarak gerçek zamanalı benzetim çalışmalarını
ifade etmektedir. Donanım çevrimli benzetim kontrolcünün nasıl tepki verdiğini,
gereçek zamanlı olarak test etme fırsatını sunar.

DÇB test düzeneği, bir quadrotor aracının yönelme kontrolünü daha kolay test
etmek için tasarlandı. Ön tasarım yapılmadan önce, motor-pervane test düzeneğinde
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olduğu gibi literatürdeki test düzenekleri araştırıldı. Daha sonra ise jiroskop çalışma
prensibinden ilham alınarak şuanki test düzeneği tasarlandı. Bütün tasarım süreçleri
bilgisayar destekli çizim ortamlarında gerçekleştirildi. Akabinde üretim ve montaj
süreçleri gerçekleştirildi. Bir sonraki problem ise quadrotorun test düzeneğine
bağlanması oldu. Bu probleme çözüm olarak bir ara plaka tasarlandı ve üç boyutlu
yazıcıda üretilip, quadrotor, test düzeneğine bağlandı. Motor-pervane test düzeneği de
DÇB test düzeğindeki tasarım, üretim ve montaj süreçlerine benzer olarak üretildi.

Matematiksel modelinin çıkarılması, ikinci bölümün ana başlığını oluşturmaktadır.
Kontrolcünün implementasyonun yapılmsından önce, benzetim ortamında sistem
davranışı incelendi. Sistemin nonlinear matematik modeli elde edilmesinde
Newton-Euler ve Euler-Lagrange metodları kullanıldı. Matematik modelde, motor ve
pervanelerin açısal hızlarından elde edilen itki ve sürükleme katsayıları kullanıldı. Tez
içinde detaylı olarak anlatılan kabuller doğrultusunda matematik model tamamlandı.

Üçüncü kısımda, test düzeneklerinin üretilmesinin yanında quadrotor ve test
düzeneklerinin parametrelerin incelenmesi ve tahmini gerçekleştirildi. IRIS+
quadrotor dört motor ve pervaneye sahip bir araç olmakla birlikte, birer çift motor
ve pervane saat yönünde dönmekte, diğer çiftler ise saat yönünün tersi istikamette
dömektedirler. Ayrıca pervaneler kendinden kilitlenen bir yapıya sahiptir. IRIS+
quadrotor aracı ana gövde olarak cross tip olup ön motorlar arasındaki açı yüzyirmi
derece,arka motorlar arasındaki açı ise yüz kırk derecedir.

Cross tip ana gövde, Plus tip gövdeye göre bazı avantajları bulunmaktadır. İlk olarak
motorlar, yunuslama ve yalpalama hareketi için daha az enerji gereksinimi olurken
öteleme hareketi için daha fazla kuvvet üretebilmektedirler. Diğer önemli avantajı ise
motorlar arasındaki açının büyük olması nedeni ile kamera için daha temiz ve geniş
çekim alanı kalmaktadır, zira pervaneler genelde kameranın bakış alanına girmektedir.
Referans kordinat sistemleri cross tip gövdeye göre tanımlandı. Quadrotorun atalet
momentleri deneysel metodlarla elde edildi. Pervane itki ve sürükleme katsayıları
Blade Element Teorisine göre hesaplandı.

DÇB test düzeneğinin matematik modeli Euler-Lagrange enerji metodu kullanılarak
elde edildi. Dış ve iç çemberlerin atalet momentleri quadrotorun hareketini ciddi olarak
etkilmekte ve yönelme hareketlerinde sistemin toplam atalet momenti, açılara bağlı
olarak değişkenlik göstermekte olup, bu etki model içinde ifade edildi.

Bu tezin son kısmında uçuş kontrolcülerin tasarlanması, benzetim ortamlarında
(Matlab SIMULINK) test edilip, DÇB test düzeneği üzerinde implementasyonu
yapıldı. Bu kısmın ana amacı ise PID ve Geribeslemeli Linearizasyon Metodlarının
çıktılarının hem benzetim hemde gerçek zamanlı olarak uçuş kartı üzerinde
karşılaştırılmasıdır. Benzetim ortamında, PID ve Geribeslemeli Linearizasyon
kontrolcü, quadrotorun nonlinear modeli üzerinde test edilmiştir. DÇB test düeneğinin
nonlinear modeli kullanarak Geribeslemeli Linearizasyon kontrolcü test edildi. PID
kontrolcü, çıktı olarak φ , θ , ψ ve Z parametreleri verecek şekilde benzetim yapıldı.
Fakat, test düzeneği öteleme hareketi yapma yeteneği bulunmadığı için Geribeslemeli
Linearizasyon kontrolcü φ , θ ve ψ çıktı olarak oluşturuldu ve λ katsayıları optimize
edildi. Benzetim bölümün son kısmını, Geribeslemeli Linearizasyon kontrolcünün
DÇB test düzeneğinin nonlinear modeli üzerinde, φ , θ ve ψ parametreleri için yedi
farklı λ katsayıları optimize edildi.
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Açık kaynak yazılıma sahip Pixhawk Otopilot kartı üzerinde, tasarlanan PID
ve Geribeslemeli Linearizasyon kontrolcülerinin implementasyonu ve validasyonu
yapıldı. Pixhawk içerisinde çalışan kodlar gerçek zamanlı uçuş için gerekli
kısımları tekrar düzenlendi ve tasarlandı. Hem PID hemde Geribeslemeli
Linearizasyon kontrolcülerinden kaydedilen açı değişimlerini gösteren uçuş verileri
Matlab programında grafik olarak oluşturuldu.

PID ve Geribeslemeli Linearizasyon kontrolcülerinin arasındaki en belirgin farklar ise
sistem çıktılarında görüldü ve yorumlandı. PID kontrolcü yüksek aşım oranlarına ve
salınımlara sahipken, Geribeslemeli Linearizasyon kontrolcü daha az aşım ve salınım
oluşturduğu görüldü. Fakat PID kontrolcü çok daha hızlı yanıt verirken, Geribeslemeli
Linearizasyon kontrolcü daha yumuşak ama yavaş yani uzun sürede istenilen konuma
geldiği görüldü. Her iki kontrolcüde çemberlerin oluşturduğu yüksek atalet momentine
karşı istenilen kontrol sinyalini takip etmede zorlandıkları görüldü. Özelliklede ψ

açısın takibinde bu açık olarak gözlendi.

Gelecek çalışmalarda, test düzeneği üzerinde Pixhawk otopilot kullanılarak, farklı
nonlinear kontrol methdları test edilmesi planlanmaktadır. Ayrıca, Pixhawk kontrol
kartı üzerinde kod jenerasjonu yapılması konusunda da hedefler bulunmaktadır.
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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 1st World War at first quarter of 19th 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 UAVs 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
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(+), 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 µ-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 Özgüner
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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]. Altuğ, 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
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Figure 1.1 : Quadrotor Test Beds; a [1], b [2], c [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.
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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.
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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

are inertial, vehicle, and body frames as illustrated in Figure 2.2.

Figure 2.1 : Plus and cross type of quadrotor vehicle frame configurations.
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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 ξi =(Xi, Yi, Zi). Vehicle frame is centered at center of gravity

of the quadrotor ξv =(Xv, Yv, Zv). This frame is used for translational motion of the

vehicle with respect to inertial frame. The origin of the body coordinate frame, ξb

=(Xb, Yb, Zb) 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 (φ) angle, Y axis always points out from right of the quadrotor

with pitch motion theta (θ) angle and Z axis always points down from center of the

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

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

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

~ξb =
[
Xb Yb Zb

]T
~ξi =

[
Xi Yi Zi

]T
~ηb =

[
φ θ ψ

]T (2.1)

Linear and angular velocities are as follows:
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~Vb =
[
u v w

]T
~̇ηb =

[
p q r

]T (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;

Rφ =

1 0 0
0 cosφ sinφ

0 −sinφ cosφ

 (2.3)

Transformation matrix for Yaw motion can be described by;

Rψ =

 cosψ sinψ 0
−sinψ cosψ 0

0 0 1

 (2.4)

Transformation matrix for Pitch motion can be described by;

Rθ =

cosθ 1 −sinθ

0 0 1
sinθ 0 cosθ

 (2.5)

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, c refers to cosine, t

refers to tan);

Rb
i =

sθcψ cψsθsφ − sψcφ cψsθcφ + sψsφ

sθsψ sψsθsφ + cψcφ sψsθcφ − cψsφ

−sθ cθsφ cθcφ

 (2.6)

Rb = Rb
i ·Ri (2.7)

Xb

Y b

Zb

=

sθcψ cψsθsφ − sψcφ cψsθcφ + sψsφ

sθsψ sψsθsφ + cψcφ sψsθcφ − cψsφ

−sθ cθsφ cθcφ

X i

Y i

Zi

 (2.8)

Rotational motion matrix for angular velocities in body frame;

ωb = Rφ

0
0
φ̇

+Rφ Rθ

0
θ̇

0

+Rφ Rθ Rψ

ψ̇

0
0

 (2.9)
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Figure 2.3 : Motions of quadrotor.

ωb =

ωbx
ωby
ωbz

=

1 0 −sθ

0 cφ cθsφ

1 −sφ cθcφ

φ̇

θ̇

ψ̇

 (2.10)

Therefore, transformation of angular velocities from body frame to inertial frame is as

follows;

φ̇

θ̇

ψ̇

=

1 sφ tθ cφ tθ
0 cφ −sφ

1 sφ
1

cθ
cφ

1
cθ

ωbx
ωby
ωbz

 (2.11)

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 =−Kt(ω
2
1 +ω

2
2 +ω

2
3 +ω

2
4 )

T =−KtU1

(2.12)

Kt is thrust coefficient of the propellers. U1 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 ψ .

τψ =−Kd(ω
2
1 +ω

2
2 −ω

2
3 −ω

2
4 )

τψ =−KdU4

(2.13)

Kd 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 θ . 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.

τθ =−Kt(Lx f (ω
2
1 +ω

2
3 )−Lxb(ω

2
2 +ω

2
4 ))

τθ =−KtU3

(2.14)

U3 is pitch control input for cross type quadrotors.
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Fourth mission is roll motion which quadrotor rotate to right side or left side via roll

angle of φ 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.

τφ =−Kt(Ly f (ω
2
3 −ω

2
1 )+Lyb(ω

2
2 −ω

3
4 ))

τφ =−KtU2

(2.15)

U2 is 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
τφ

τθ

τψ

=


−Kt −Kt −Kt −Kt

KtLy f −KtLyb −KtLy f KtLyb
−KtLx f KtLxb −KtLx f KtLxb
−Kd −Kd Kd Kd




ω2
1

ω2
2

ω2
3

ω2
4

 (2.16)

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:

~FG =


0
0
0

mg

 (2.17)

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;

~Fb
G = ~Pb

i
~F i

G

~Fb
G =

−mgsθ

mgcθsφ

mgcθcφ

 (2.18)

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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~G = Irotor

ωb×

0
0
1

Ω = Irotor

ωbx
ωby
ωbz

×
0

0
1

Ω

Ω = ω1 +ω2 +ω3 +ω4

Irotor =
1

12
mpropL2

prop +
1
4

mmotorr2
motor

(2.19)

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.

q =
[
ξ η

]T
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;

L(q, q̇) =
1
2

ξ̇
T mξ̇ +

1
2

η̇
T mη̇

L(q, q̇) =
1
2

m(ẋ2 + ẏ2 + ż2)+
1
2

m(Ixxφ̇
2 + Iyyθ̇

2 + Izzψ̇
2)−mgz

(2.21)
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Moments of inertia of the System is represented with I.

I =

Ixx 0 0
0 Iyy 0
0 0 Izz

 (2.22)

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

d
dt

∂L
∂ q̇
− ∂L

∂q
= F (2.23)

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

Fξ and rotational τ parts.

Fξ =
[
Fx Fy Fz

]T
τξ =

[
τx τy τz

]T
F =

[
Fξ τ

]T (2.24)

d
dt

∂L
∂ q̇
− ∂L

∂q
=


mẍ
mÿ
mz̈

Ixxφ̈ + ˙Ixxφ̇

Iyyθ̈ + ˙Iyyθ̇

Izψ̈ + ˙Iyyψ̇

−


0
0

mg
0
0
0

 (2.25)

The translational force is;

Fξ =

 −mg · sθ

mg · cθ · sφ

mg · cθ · cφ

+
 0

0
−Kt ·U1

=

 −mg · sθ

mg · cθ · sφ

mg · cθ · cφ −Kt ·U1

 (2.26)

T is total thrust force as expressed before in Eq. 2.12. F = m~a 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,q,r for designing attitude controller. The gravitational force and motors

thrust are used for total force.

Total body moments are;
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∑
~MB =

[
τφ τθ τψ

]T
∑

~MB =

−Kt ·U2
−Kt ·U3
−Kd ·U4

 (2.27)

Thus, the Euler-Lagrange equation,


mẍ
mÿ
mz̈

Ixxφ̈ + ˙Ixxφ̇

Iyyθ̈ + ˙Iyyθ̇

Izψ̈ + ˙Iyyψ̇

+


0
0

mg
0
0
0

=


−mg · sθ

mg · cθ · sφ

mg · cθ · cφ −Kt ·U1
−Kt ·U2
−Kt ·U3
−Kd ·U4

= F (2.28)

At hover postion, angular rates can be neglected. Therefore;ẍ
ÿ
z̈

=

 −g · sθ

g · cθ · sφ
1
m [mg(cθ · cφ −1)−Kt ·U1]


φ̈

θ̈

ψ̈

=


1

Ixx
Kt ·U2

1
Iyy

Kt ·U3
1
Izz

Kt ·U4


(2.29)

2.1.2 Newton-Euler method

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

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

[
Fb

τb

]
=

[
mI3×3 03×3
03×3 I

][
V̇ b

η̈b

]
+

[
η̇b× (mV b)
η̇b× (Iη̇b)

]
(2.30)

Rotational Equations with Newton-Euler Method is in Eq. 2.31.Ixx 0 0
0 Iy 0
0 0 Izz

φ̈

θ̈

ψ̈

+
φ̇

θ̇

ψ̇

×
Ixx 0 0

0 Iyy 0
0 0 Izz

φ̇

θ̇

ψ̇

+
φ̇

θ̇

ψ̇

×
 0

0
IrotorΩ

=

Kt ·U2
Kt ·U3
Kd ·U4


(2.31)

Expanding that, leads to,

Ixxφ̈

Iyyφ̈

Izzφ̈

+
 qIzzr− rIzzq

rIxx p− pIxxr
pIyyr− rIyy p

+
 qIrotorΩ

−pIrotorΩ

0

=

Kt ·U2
Kt ·U3
Kd ·U4

 (2.32)
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Translational equations with Newton-Euler Method is in Eq. 2.33.

m

ẍ
ÿ
z̈

=

 0
0

mg

+
sθcψ cψsθsφ − sψcφ cψsθcφ + sψsφ

sθsψ sψsθsφ + cψcφ sψsθcφ − cψsφ

−sθ cθsφ cθcφ

 0
0

−Kt ·U1

 (2.33)

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

ẍ = (sφsψ + cψsθcφ)
KtU1

m

ÿ = (−cψsφ + sψsθcφ)
KtU1

m

z̈ =−g+(cθcφ)
KtU1

m

φ̈ =
Iyy− Izz

Ixx
qr+

KtU2

Ixx

θ̈ =
Izz− Ixx

Iyy
pr+

KtU3

Iyy

ψ̈ =
Ixx− Iyy

Izz
qp+

KdU4

Izz

(2.34)
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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 Eqs. 2.12, 2.13, 2.14 and 2.15. So, for the propeller state estimation

Kt and Kd 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× 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 Kt and drag coefficient Kd

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.

Kt =
T

ρn2d4

Kd =
D

ρn2d5

(3.1)

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

is converted to RPS values to calculate Kt and Kd .

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
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Figure 3.3 : IRIS+ ready to fly kit [7].

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

20



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 PX4IO. PX4IO is the Input/Output module and PX4FMU

is a high-performance autopilot-on-module [29], [30], [8].

Specifications [30]:

• Processor

– 32bit STM32F427 Cortex M4 core with FPU

– 168 MHz, 256 KB RAM, 2 MB Flash

– 32 bit STM32F103 failsafe co-processor

• 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

• Interfaces

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

– 14 PWM / Servo outputs.

– I2C & 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 3.5 : Pixhawk autopilot [8].

Figure 3.6 : IRIS+, T-motor MN 2213 motors and 9.5×4.5 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 (Ixx, Iyy and Izz) are the other parameters for calculations.

3.2.2.1 Motor and propeller state estimation.

IRIS+ has four 9.5×4.5 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 ×235mm = S×130mm

D×235mm = S×130mm
(3.2)

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 2.978 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

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.

Kt and Kd 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.

Ixx, Iyy and Izz are calculated analytically and obtained experimentally. With assumption

of symmetric geometry of the quadrotor, Ixy, Ixz, Iyx, Iyz, Izx and Izy 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× 25.4 = 228.6mm). The

angle of the front and back arms are 120◦ and 140◦. Analytically calculations are used

from [11];

• Ixx = 0.0238kg.m2

• Iyy = 0.00882kg.m2

• Izz = 0.0303kg.m2

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 Ixx and Iyy two rope is enough but for Izz 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(t) 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.

I =
m×g×D2×T 2

16×π2×L
(3.3)
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Figure 3.10 : Moment of arms.

Table 3.2 : Measurement of Quadrotor Physical Specifications.

Quadrotor Physical Properties
Back Moment Arm Length along x axis Lbx 145 mm
Back Moment Arm Length along y axis Lby 205 mm
Front Moment Arm Length along x axis L f x 120 mm
Front Moment Arm Length along x axis L f y 220 mm

Mass of Ready to Fly m 1.384 kg

Ixx is in Figure 3.11 and Eq. 3.4 with N = 50, t = 64.52sec, and T = 1.2904sec;

Ixx =
1.384×9.8065×0.372×1.49292

16×π2×1.2
Ixx = 0.021838 kgm2

(3.4)

Iyy is in Figure 3.12 and Eq. 3.5 with N = 50, t = 64.52 sec, and T = 1.2904 sec;

Iyy =
1.384×9.8065×0.32×1.29042

16×π2×1.17
Iyy = 0.01100 kgm2

(3.5)

Izzws =
1.384×9.8065×0.422×1.562

16×π2×1.2
Izzws = 0.03074 kgm2

Izzsupport = mcb× (D2
out−D2

in) = 0.04× (0.462−0.392) = 5.9510−4 kgm2

Izz = Izzws− Izzsupport = 0.030145 kgm2

(3.6)
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Figure 3.11 : Experimental setup to Ixx of IRIS(+).

Figure 3.12 : Experimental setup to Iyy of IRIS(+).
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Figure 3.13 : Experimental setup to Izz of IRIS(+).

Table 3.3 : IRIS+ Momments of Inertia

Experimental Analytical Unit
Ixx 0.0218 0.0238 kg×m2

Iyy 0.0110 0.0088 kg×m2

Izz 0.0301 0.0303 kg×m2

Izz 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. Dout and Din are refer to

outer and inner circle of the support part.When the Experimental and analytical results

are compared, Ixx, Iyy and Izz 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 inertia is I1 = I2 =
1
2mr2 and other axis is I3 = mr2. τ1
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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, τ2 is pitch torque, τ3 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.

LA =

IAxx 0 0
0 IAyy 0
0 0 IAzz

 ,LB =

IBxx 0 0
0 IByy 0
0 0 IBzz

 ,LC =

ICxx 0 0
0 ICyy 0
0 0 ICzz

 (3.7)

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

IAxx = IAyy =
1
2

mAr2
A

IAzz = mAr2
A

IBxx =
1
2

mBr2
B

IByy =
1
2

mBr2
B +

1
2

mbeam(2rB)
2

IBzz = mBr2
B +

1
2

mbeam(2rB)
2

(3.8)

C part moments of inertia was measured with experimentally as shown in table 3.3.

ωAN , ωAN , and ωAN 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. ω1, ω2, and ω3 are

angular velocities of each parts.

ωAN = ω3a3, ωBA = ω2a2, ωCB = ω1a1 (3.9)

N = RANa3, a = RBAb2 b = RCBc1 (3.10)
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Figure 3.17 : Testbed is composed of A outer circle, B inner circle and beam, C
quadrotor vehicle.

Transformation matrices to other frames are RAN , RBA, and RCB.

RAN =

cψ −sψ 0
sψ cψ 0
0 0 1

 RBA =

 cθ 0 sθ

0 1 0
−sθ 0 cθ

 RCB =

1 0 0
0 cφ −sφ

0 sφ cφ

 (3.11)

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

ωAN = ω3a3 (3.12)

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

ωBN = ωBA +ωAN = ω2b2 +ω3a3 (3.13)

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

ωCN = ωxc1 +ωyc2 +ωzc3 = ψ̇a3 + θ̇b2 + φ̇c1 (3.14)

b1
b2
b3

=

1 0 0
0 cφ −sφ

0 sφ cφ

c1
c2
c3

⇒ b2 = c2cφ + c3(−sφ)

a1
a2
a3

=

 cθ 0 sθ

0 1 0
−sθ 0 cθ

b1
b2
b3

⇒ a3 =−b1sθ +b3cθ

a3 =−c1sθ +(c2sφ + c3cφ)cθ

(3.15)
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The angular velocities of A and B parts with respect to A, and C part with respect to C

as matrix form; ωAx
ωAy
ωAz

=

0
0
ψ̇


ωBx

ωBy
ωBz

=

0
θ̇

ψ̇


ωCx

ωCy
ωCz

=

1 0 −sθ

0 cφ sφcθ

0 −sφ cφcθ

φ̇

θ̇

ψ̇


(3.16)

Lagrange Kinetic Energy;

T =
1
2
(ωA

AN)
T IAω

A
AN +

1
2
(ωA

BN)
T IB/Aω

A
BN +

1
2
(ωC

CN)
T ICω

C
CN (3.17)

ω
A
AN =

0
0
ψ̇

 ω
A
BN =

0
θ̇

ψ̇

 ω
C
CN =

 φ̇ − ψ̇sθ

θ̇cφ + ψ̇sφcθ

−θ̇sφ + ψ̇cφcθ

 (3.18)

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

IB/A = RBAIBRT
BA

=

 cθ 0 sθ

0 1 0
−sθ 0 cθ

IBxxcθ 0 −IByysθ

0 IByy 0
IBzzsθ 0 IBzzcθ


=

IBxxc2θ + IBzzs2θ 0 (IBzz− IByy)sθcθ

0 IByy 0
(IBzz− IBxx)sθcθ 0 IBxxs2θ + IBzzc2θ


(3.19)

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

Energy of B Body + Kinetic Energy of C Body.

(3.20)

L =
1
2

IAzzψ̇
2 +

1
2
[
IByyθ̇ 2 + (IBxxs2θ + IBzzc2θ)ψ̇2]

+
1
2
[
φ̇ − ψ̇sθ θ̇cφ + ψ̇sφcθ −θ̇sφ + ψ̇cφcθ

]ICxx 0 0
0 ICyy 0
0 0 ICzz

 φ̇ − ψ̇sθ

θ̇cφ + ψ̇sφcθ

−θ̇sφ + ψ̇cφcθ


Lagrangian L(θi, θ̇i);
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d
dt

∂L
∂ θ̇i
− ∂L

∂θi
= Ti i = 1,2,3, ... (3.21)

i = 1 is Lagrangian of Roll action T1;

T1 =
d
dt

∂L
∂ φ̇
− ∂L

∂φ
(3.22)

(3.23)T1 = φ̈ ICxx − ψ̈sθ ICxx − θ̇ ψ̇cθ ICxx − (ICzz − ICyy)(sφcφ)(ψ̇2c2
θ − θ̇

2)

+ (ICzzcθ − ICxxsθ)(θ̇ ψ̇(c2
φ − s2

φ))

i = 2 is Lagrangian of pitch action T2;

T2 =
d
dt

∂L
∂ θ̇
− ∂L

∂θ
(3.24)

T2 = φ̈cφsφcθ(ICyy − ICzz) + θ̈(ICyyc2
φ + ICzzs2

φ + IByy)

+ (ICyy − ICzz)
[
ψ̇(cθφ̇(c2

φ − s2
φ)− θ̇cφsφsθ)− 2θ̇ φ̇sφcφ + θ̇ ψ̇cφsφsθ

]
+ ICxxφ̇ ψ̇cθ + ψ̇

2sθcθ(IBzz − IBxx − ICxx) + (ICyys2
φ + ICzzc2

φ)(ψ̇2cθsθ)
(3.25)

i = 3 is Lagrangian of yaw action T3;

T3 =
d
dt

∂L
∂ψ̇
− ∂L

∂ψ
(3.26)

T3 = −φ̈ ICxxsθ + θ̈cφsφcθ(ICyy + ICzz)

+ ψ̈(ICxxsθ IAzz + IBxxs2
θ + IBzzc2

θ + ICyys2
φc2

θ + ICzzc2
φc2

θ)

+ (ICyy + ICzz)(θ̇(φ̇c2
φcθ − φ̇s2

φcθ − θ̇cφsφsθ)) + (ICyy− ICzz)(ψ̇φ̇s2θc2
θ)

− (θ̇s2θ)(ICyys2
φ + ICzzc2

φ) + φ̇ θ̇s2θ(ICxx + IBxx + IBzz)− ICxxφ̇ θ̇cθ

(3.27)
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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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Figure 4.1 : Closed-Loop control schema.

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 Kp is mostly relevant with the dominant response of the system.

Increasing the Kp coefficient generally cause to decrease rise times and setling time,

but also larger overshoots and increase osciallatory or unstable behavior. Derivative

component Kd 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 Kd

coefficient, generally cause to decrease overshoot and a better damped behavior, but

also to increase steady-state errors. Integral component Ki is typically optimize the

steady-state response of the system and shape its dynamic behavior. Increasing the
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Ki, 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].

u(t) = Kpe(t)+Ki
∫ 0

t
e(τ)dτ +Kd

d
dt

e(t) (4.1)

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;

ẋ = f (x,u)

y = h(x)
(4.2)

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

for which Φ−1(z) exist with dΦ(x)
dx have to be continuous and a transformation Ψ with

V = Ψ(x,u), also invertible for control signal u = Φ−1(x,v), such that [35]

ż =
dΦ(x)

dx
f (x,u)|x→Φ−1(z), u→Ψ−1(Φ−1(z),v)

= Az+Bv
(4.3)

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 = Ψ−1(x,v). v is refer to virtual input to generate control signal u.

In this work to control the system ;

x1 = θ

ẋ1 = x2 = θ̇

ẋ2 = θ̈ = v

(4.4)
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by designing of virtual imput v,

v = θ̈ = k1θ + k2θ̇

=−2λ1θ̇ −λ
2
1 θ

(4.5)

where the constant λ1 is chosen as same root at left side of the pole-zero map to pole

placement of the system. In Chapter 3, The Lagrangian Eqs. 3.23, 3.25, and 3.27 are

generated to feedback linearized controller (FLC).

For roll, pitch and yaw action virtual inputs are;

vφ = φ̈ =−2λφ φ̇ −λ
2
φ φ

vθ = θ̈ =−2λθ θ̇ −λ
2
θ θ

vψ = ψ̈ =−2λψ ψ̇−λ
2
ψψ

(4.6)

Then the control signals are transformed into;

For Roll Motion;

(4.7)
uφ = T1

= vφ ICxx − vψsθ ICxx − θ̇ ψ̇cθ ICxx − (ICzz − ICyy)(sφcφ)(ψ̇2c2
θ − θ̇

2)

+ (ICzzcθ − ICxxsθ)(θ̇ ψ̇(c2
φ − s2

φ))

For Pitch Motion;

uθ = T2

= vφ cφsφcθ(ICyy − ICzz) + vθ (ICyyc2
φ + ICzzs2

φ + IByy)

+ (ICyy − ICzz)
[
ψ̇(cθφ̇(c2

φ − s2
φ)− θ̇cφsφsθ)− 2θ̇ φ̇sφcφ + θ̇ ψ̇cφsφsθ

]
+ ICxxφ̇ ψ̇cθ + ψ̇

2sθcθ(IBzz − IBxx − ICxx) + (ICyys2
φ + ICzzc2

φ)(ψ̇2cθsθ)
(4.8)

For Yaw Motion;

uψ = T3

= −vφ ICxxsθ + vθ cφsφcθ(ICyy + ICzz)

+ vψ(ICxxsθ IAzz + IBxxs2
θ + IBzzc2

θ + ICyys2
φc2

θ + ICzzc2
φc2

θ)

+ (ICyy + ICzz)(θ̇(φ̇c2
φcθ − φ̇s2

φcθ − θ̇cφsφsθ)) + (ICyy− ICzz)(ψ̇φ̇s2θc2
θ)

− (θ̇s2θ)(ICyys2
φ + ICzzc2

φ) + φ̇ θ̇s2θ(ICxx + IBxx + IBzz)− ICxxφ̇ θ̇cθ

(4.9)

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

Pixhawk autopilot as seen in Figure4.3.

38



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

φ , θ , ψ angles and Z position and outputs of feedback which are measured angles φ ,

θ , ψ , 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 Kp, Ki, and Kd 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.

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 U2 Pitch Input U3 Yaw Input U4 Z Input U1
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 φ and θ angles but ψ 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 φ and θ angles but ψ is set 10◦ degree as seen in Figure 4.5. Input of Z

position is 5m. λφ = 8.3, λθU8.4, λψ = 8.3, and λZ = 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 λφ , λθ , and λψ are tried as seen in table 4.2.

Inputs of the simulation are set 20◦ for φ and θ angles but ψ 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 λφ , λθ , and λψ in HIL simulation.

1 2 3 4 5 6 7
λφ 5 8 11 13 15 17 20
λθ 1.5 2.5 3 3.5 4 5 7
λψ 6 7.5 9 10 11 12.5 14

In Figures 4.6 and 4.7, time responses of the pitch and roll angles θ = 20◦, φ = 20◦

are set with λψ = 0◦ via seven different λθ and λφ values. Small values of λθ and

λφ behave as slowly response with no overshoot and ignorable steady state error in

contrast to bigger values of λθ and λφ . Finally, λθ and λφ 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 ψ = 10◦ is shown with zero values of

φ and θ via seven different λψ values. Small values of λψ behaves as slowly response

with no overshoot and ignorable steady state error in contrast to bigger values of λψ .

Finally, λψ 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 1st Experiment

Roll Rate Pitch Rate Yaw Rate
K_p 0.3 3 2
K_i 0.09 0.09 0.018
K_d 0.0036 0.0036 0

Table 4.4 : PID Coefficients of Controller at 2nd Experiment

Roll Rate Pitch Rate Yaw Rate
K_p 0.4 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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