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Abstract

Unmanned Aerial Vehicles (UAVs) are flying robots that are employed
both in civilian and military applications with a steeply increasing trend.
They are already used extensively in civilian applications such as law enforce-
ment, earth surface mapping and surveillance in disasters, and in military
missions such as surveillance, reconnaissance and target acquisition. As the
demand on their utilization increases, novel designs with far more advances
in autonomy, flight capabilities and payloads for carrying more complex and
intelligent sensors are emerging. With these technological advances, people
will find even newer operational fields for UAVs.

This thesis work focuses on the design, construction and flight control of a
novel UAV (SUAVI: Sabanci University Unmanned Aerial Vehlcle). SUAVI
is an electric powered compact size quad tilt-wing UAV, which is capable
of vertical takeoff and landing (VTOL) like a helicopter, and flying horizon-
tally like an airplane by tilting its wings. It carries onboard cameras for
capturing images and broadcasting them via RF communication with the
ground station. In the aerodynamic and mechanical design of SUAVI, flight
duration, flight speed, size, power source and missions to be carried out are
taken into account. The aerodynamic design is carried out by considering
the maximization of the aerodynamic efficiency and the safe flight charac-
teristics. The components in the propulsion system are selected to optimize
propulsion efficiency and fulfill the requirements of the control for a stable
flight in the entire speed range. Simulation results obtained by ANSYS and
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NASA FoilSimlII are evaluated and motor thrust tests are conducted dur-
ing this optimization process. The power source is determined by taking
the weight and flight duration into account. The wings and the fuselage
are shaped iteratively in fluid flow simulations. Additionally, the verification
of aerodynamic design and maneuverability are assessed in the wind tunnel
tests on the half-body prototype. The mechanical structure is designed to be
lightweight, strong and protective, and to allow easy assembly and disassem-
bly of SUAVI for practical use. The safety factors in the mechanical system
are determined using FEM analysis in ANSYS environment. Specimens of
candidate composite skin materials are prepared and tested for lightness,
strength and integrity in mechanical tests. The ready for flight prototype
SUAVT is produced from the selected composite material.

Dynamical model of SUAVTI is obtained using Newton-Euler formulation.
Aerodynamic disturbances such as wind gusts are modeled using the well-
known Dryden wind turbulence model. As the flight control system, a super-
visory control architecture is implemented where a Gumstix microcomputer
and several Atmegal6 microcontrollers are used as the high-level and low-
level controllers, respectively. Gumstix computer acts as a supervisor which
orchestrates switching of low-level controllers into the system and is respon-
sible for decision making, monitoring states of the vehicle and safety checks
during the entire flight. It also generates attitude references for the low-level
controllers using data from GPS or camera. Various analog and digital fil-
ters are implemented to smooth out noisy sensor measurements. Extended
Kalman filter is utilized to obtain reliable orientation information by fus-
ing data from low-cost MEMS inertial sensors such as gyros, accelerometers
and the compass. PID controllers are implemented for both the high-level
GPS based acceleration controller and the low-level altitude and attitude
controllers. External disturbances are estimated and compensated by a dis-
turbance observer. Real-time control software is developed for the whole
flight control system. SUAVI can operate in semi-autonomous mode by com-
municating with the ground station. A quadrotor test platform (SUQUAD:
Sabanci University QUADrotor) is also produced and used for the initial
performance tests of the flight control system. After successful flight tests
on this platform, the control system is transferred to SUAVI. Performance of
the flight control system is verified by numerous simulations and real flight
experiments. VT'OL and horizontal flights are successfully realized.
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ézet

Insansiz Hava Araclar1 (IHA) hem sivil hem de askeri uygulamalarda
her gecen giin daha cok kullanilan ucan robotlardir. Bu araclar halihazirda
kanun uygulama, gokyiiziinden haritalandirma ve felaketlerde gozlem gibi
sivil uygulamalarda, ve gozlem, kesif, hedef tespiti gibi askeri uygulamalarda
yaygin olarak kullanilmaktadir. Bu araclarin kullanimina talep arttikca oto-
nomi, ucusg yetenekleri ve daha kompleks ve akilli sensorler tagima kapa-
sitesi daha da geligtirilmisg yeni tasarimlar ortaya ¢ikmaktadir. Bu teknolojik
gelismelerle beraber, insansiz hava araclari i¢in daha da yeni kullanim alan-
lar1 ortaya cikacaktir.

Bu tez galigmasi yeni bir insansiz hava aracinin (SUAVI: Sabanci Uni-
versity Unmanned Aerial Vehlcle) tasarim, imalat ve ugug kontroliine odak-
lanmaktadir. SUAVI, helikopter gibi dikey kalkig-inig, kanatlarini yatirarak
ucak gibi yatay ucus yapabilen, elektrikle ¢aligan, kiiciik boyutlu bir dort-
rotorlu doner-kanat insansiz hava aracidir. Ustiinde, yer istasyonuyla kurulan
kablosuz haberlesme yoluyla gortintii yollamak i¢in kameralar tagimaktadir.
SUAVT’nin aerodinamik ve mekanik tasariminda ugus siiresi, ugus hizi, boyut,
enerji kaynagi ve yiirtitiilecek gorevler dikkate alinmistir. Aerodinamik tasarim,
aerodinamik verimin en st diizeye ¢ikarilmasi ve giivenli ugug niteliklerinin
elde edilmesi i¢in yapilmistir. Itki sistemindeki bilesenler itki tiretim verimini
eniyilemek ve biitiin hiz bandinda kararl bir ugug saglamak igin se¢ilmigtir.
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Bu siiregte ANSYS ve NASA FoilSimII'de elde edilen benzetim sonuglari
degerlendirilmis ve itki ol¢lim testleri yapilmistir. Enerji kaynagi, agirhk
ve ugus siiresi dikkate alinarak belirlenmistir. Kanatlar ve govde, dongiilii
hava akig testlerinde sekillendirilmistir. Ayrica, aerodinamik tasarim ve
manevra yeteneginin dogrulanmasi riizgar tiinelinde yari-gévde prototipin
iizerinde tamamlanmigtir. Aracin mekanik yapisi hafif, saglam, koruyucu
olacak ve pratik kullanim icin kolay montaj-demontaja izin verecek sekilde
tasarlanmigtir. Mekanik sistemin giivenlik katsayilar1t ANSYS’te sonlu ele-
manlar yontemi temelli analizlerle bulunmustur. Kullanilmaya aday kom-
pozit cidar numuneleri hazirlanmig; bu numunelere hafiflik, saglamhk ve
biitiinliigii koruma bakimindan mekanik testler uygulanmigtir. SUAVI'nin
ucusa hazir prototipi belirlenmis olan kompozit malzemeden iiretilmistir.

SUAVT’nin dinamik modeli Newton-Euler formiilasyonu ile elde edilmistir.
Riizgar ve riizgar akimlari gibi aerodinamik bozucular literatiirde iyi bilinen
Dryden riizgar modeliyle modellenmistir. Ugug kontrol sistemi olarak Gum-
stix mikrobilgisayarin iist-seviye, bir dizi Atmegal6 mikrodenetleyicinin ise
alt-seviye denetleyici olarak kullanildigi gozetimei bir kontrol mimarisi uygu-
lanmigtir. Gumstix bilgisayar alt-seviye denetleyicilerin sistemdeki anahtar-
lamasini diizenleyen bir gozetimci olarak caligmanin yanisira karar verme
isleminden, aracin verilerinin gozlenmesinden ve giivenlik kontrollerinin siirek-
li yiriitilmesinden sorumludur. Ayrica GPS ve goriintii tabanli kontrol
igin alt-seviye denetleyicilere ag1 referanslar1 iireten bir iist-seviye denet-
leyici gorevini yirtitmektedir. Gilriltili sensor Olgiimlerinin giirtiltiiden
arindirilmas igin cesitli analog ve dijital filtreler uygulanmigtir. Jirolar,
ivmeolcerler gibi diigiik maliyetli ataletsel MEMS sensorler ve pusuladan elde
edilen verinin tiimlestirilmesiyle giivenilir yonelim bilgisi elde edilmesi i¢in
Genigletilmig Kalman Filtresi (EKF) kullamlmigtir. GPS tabanli yiiksek
seviyeli kontrolor ile diiglik seviyeli irtifa ve yonelim kontrolorleri olarak
PID denetleyici kullanilmigtir. Digtan bozucu etkiler bir bozucu gozlemci
kullanilarak kestirilmis ve kompanse edilmigtir. Tiim ucug kontrol sistemi
i¢gin gercek zamanl kontrol yazilimi geligtirilmistir. SUAVI yer istasyonuyla
haberlegerek yari-otonom modda ¢aligabilir. Ugug kontrol sisteminin ilk test-
lerinin yiiriitiilmesi i¢in dort-rotorlu helikopter test platformu (SUQUAD:
Sabanci University QUADrotor) iiretilmig ve kullanilmigtir. Bu platform
tizerindeki bagarili ugus testlerinden sonra kontrol sistemi SUAVI’ye aktarilmig-
tir. Ucug kontrol sisteminin performansi bircok benzetim ve gercek ucus
testiyle dogrulanmigtir. Dikey kalkig-inig ve yatay ucuslar basariyla gercekles-
tirilmigtir.
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Chapter 1

1 Introduction

Technological advances have always played a great role in human life
throughout the history. Robots constitute a very important part of today’s
technology, changing our lives and the methods of production. With the
advances in the computer, sensor, electronics and power generation tech-
nologies, they have evolved from simple teleoperators controlled by humans
for manipulating dangerous materials from a distant place [1-3] to very com-
plex robots, such as humanoids with walking, running, stair climbing abilities
[4-7] and human mimics on the face [8-10], driver robots smart enough to
drive cars in city roads and highways [11-13] and micro air vehicles flying on
a given trajectory and transmitting images of the ground [14-16].

Autonomous mobile robots have been a very significant family of the
robots both in research and the real world applications. These robots can
be categorized in three main items, which are the unmanned ground vehi-
cles, unmanned sea and underwater vehicles, and unmanned aerial vehicles.
Unmanned ground vehicles, that are already in use, are mainly vehicles with
predefined tracks on the roads, where the traffic system and priorities are
well-defined. Some of these vehicles are automated forklifts [17, 18], auto-
mated people movers [19, 20|, automated container trucks in the ports [21],

Mars Rover robot [22, 23] and Foster-Miller TALON armed military robots



[24]. There are also competitions and research on fully autonomous ground
vehicles to avoid the requirement for predefined tracks and allow the cars to
go everywhere autonomously [11-13].

Unmanned sea and underwater vehicles are mainly automated boats and
submarines. These vehicles are used in tasks such as sea mine hunting, sea
bottom investigation, ship wreck searching even at impossible depths for
manned submarines, ship bottom failure detection, harbor patrolling, under-
water cable control and also serve as moving targets for military training
25, 26].

Unmanned aerial vehicles (UAV) are automated forms of already existing
aircraft types, however there are also a rapidly increasing number of UAV
types diverging from the ordinary air vehicle designs and having a variety
of additional capabilities. UAVs are free to move nearly everywhere where
air exists, so they are superior to the ground and sea vehicles in terms of
functionality both in civilian and military surveillance tasks. UAVs have been
attracting considerable interest due to their ability to perform air missions
that are monotonous, dangerous, impractical or unnecessarily expensive to
be performed by a human pilot [27, 28]. They even have the potential to
perform some tasks that are impossible to be performed by other means.

UAVs can be utilized in a variety of civilian applications. They can
constitute a forest patrolling team for early fire detection, alerting and extin-
guishing. They can constitute similar teams for continuous inspection of the
ships against illegal refugee transportation and bilgewater discharge for coast
guard, and the inspection of cars for law enforcement. They can be used as a
surveillance and emergency materials deployment platform in disasters such

as floods, landslides, earthquakes, avalanches, hill climber accidents, traffic



accidents and when a ship sinks.

UAVs can also perform tasks such as pipeline control, power line control
and repair, harbor patrolling, earth surface, atmosphere and environment
monitoring and mapping of earth surface and geomagnetic field variations
29, 30]. They can transmit photos and videos from car and sailing boat races
both for broadcasting and refereeing, from an elevation above a place to give
an idea about the sight of a building to be built there, from a film set for
some scene of a movie, from the periphery of a strategic building for security
and from the highway for traffic surveillance [28, 31-33]. They can chase a
car to keep track of a person that escapes from the police and the birds that
fly in the neighborhood of the airports causing bird strikes to the airplanes.
They can even be used for agricultural pesticide spraying, imaging and sensor
deployment in volcanos, explosive deployment into potential avalanche zones
for preventive explosions, heavy lifting as a crane onto the top of skyscrapers
and communication relaying [34].

Military applications are another field for the usage of UAVs. Such appli-
cations are intelligence, surveillance, target acquisition and reconnaissance
29, 35-39] as an information source. They can also be used for attacking a
target with the bombs or missiles carried on-board. Small size UAVs are very
low cost vehicles when compared with human controlled airplanes. When one
military airplane gets hit, it is disabled from the fighting task at all, whereas
a fleet of some ten UAVs with the same investment as that airplane is nearly
invulnerable, since the rest of them would continue to attack. A military
manned aircraft can carry several missiles that are designed to hit relatively
large targets with generous heat sources and small numbers. When con-

fronted by numerous small UAVs, such an aircraft cannot have great chance



to survive. This is also valid for military bases, ships and ground vehicles.

A fleet of UAVs for air support would also be a great problem for coastal
enemy defences when a coastal landing operation is to be performed, since
they can attack all these separate targets with that large number of units.
For these reasons, there are debates on the necessity of F-22 Raptor and
F-35 Lightning II airplanes, that are in fact very modern and technologically
superior air vehicles. There are even debates on whether these aircrafts are
the last manned fighters or not [40-46]. UAVs can also be used for mine
detection at low clearances from the ground and can transfer loads between
the ships in a navy fleet in a much more practical manner than the manned
helicopters do.

From the examples expressed for already ongoing tasks and potential
tasks for UAVs, it can be seen that these vehicles have tremendous potentials
for altering the methods of various tasks. Probably the most important
aspect of the usage of these vehicles is that they avoid the requirement for
a trained pilot, very expensive and heavy systems that are safe enough to
protect the pilot, a large place for the pilot in the air vehicle and a large
and expensive propulsion system including the fuel to lift all these things.
Hence, the need for spending big amount of money for carrying some camera,
sensors or other kinds of payload is avoided for various aerial missions.

With the help of the emerging advanced electronic systems that are
smaller, lighter, computationally powerful and able to communicate and nav-
igate, building small size autonomous aircrafts with intelligent features has
become possible. As a result, there have been studies to develop UAVs in
many countries around the world to be independent from the others in this

strategic technology. This led to the emergence of an extensive literature on



both the theory and applications of UAVs.

1.1 UAYV Studies in the Literature

Although research on UAVs has attracted interest of various research
groups and companies in the last couple of decades, building UAVs is an
old idea extending back to the early 20th century, to the very early days of
powered flight. The first aircraft designated as a UAV is the ”Aerial Tor-
pedo” built in 1916, which was essentially a manned airplane stabilized in
the air by a gyroscope produced by Lawrence and Elmer Sperry [34]. The
aim in this project was to load the airplane with a warhead, make it to fly
to a distant place and dive onto some enemy target, which is a similar idea
with today’s missiles. Due to the frequent technical problems encountered
at those times and disability to control remotely, usage of UAVs could not
become practical even during the World War II [28, 34].

After 1950s, especially during the Vietnam War and the Cold War, the
popularity of UAVs increased with the rise of advanced electronics for remote
control and onboard stabilization. Ryan Firebee was a well-known UAV,
which was essentially designed as a gun practice target for jet pilots and then
also used for reconnaissance. However, the rapid increase in the number of
UAVs is dated to 1990s, when modern long range communication systems,
advanced electronic sensors for flight and computers for image acquisition
and remote control became available. Since then, the level of autonomy and
number of UAVs and UAV designs grew continuously. It is reported that the
number of continuing UAV design projects reached 974 in 49 countries, 85 %
of them being for military utilization [28, 47].

It is apparent that the military use is still the main motivation behind



the UAV projects. The main reason is obviously that the benefit of UAVs in
battlefield is very promising both for reducing the number of casualties and
for increasing the impact on the enemy [47]. UAVs, especially the small ones,
are generally very cost effective when compared with the other weapons in the
armies. They are also generally much simpler than manned fighter aircraft
and advanced missiles, so the countries that cannot build their own military
aircraft can afford designing their own UAVs to become independent of others
in military technology. An important reason for the low civil usage ratio of
UAVs is that these systems are still costly and not autonomous enough to
be widely accepted in civil use. Also, there is still a lack of civil aviation
regulations for UAVs on the entire world, so a UAV aimed for civil usage can
hardly be commercialized. As a result, the civil usage of UAVs is still mainly
in academic research projects.

With the emergence of advanced computer systems in compact sizes,
there has been a broad research attempt both to automatize and miniaturize
UAVs in the last couple of decades. These research attempts have branched
out UAVs to the main categories, which are the fixed-wing, rotary-wing,
and other designs. Research on fixed-wing UAVs has been the oldest among
all these researches and these aircrafts have been commercialized the most
among all the UAVs. Ranging from a couple of ten centimeters to a couple
of ten meters in wing span, these machines have become important tools of
reconnaissance and even attack departments of the armies [48]. They are
mainly categorized in four size groups which are HALE (High altitude, long
endurance), MALE (Medium altitude, long endurance), SUAV (Small UAV)
and MAV (Micro UAV) [27, 28].

HALE group consists of UAVs that are capable of flying at altitudes more



than 30000 feet above sea level (MSL) with flight durations of more than 24
hours. This group includes very large UAVs like Northrop Grumman RQ-4
Global Hawk, NASA Helios, Pathfinder and Proteus and Lockheed Martin
RQ-3 Darkstar. MALE group incorporates UAVs that can fly up to 30000
feet MSL with long endurance, some of them being TAI Anka, NASA Altus,
Boeing X-45, General Atomics MQ-1 Predator and IAI Heron. HALE and
MALE UAVs are able to takeoff and land only on runways due to their size
and weights. SUAV group includes UAVs with altitude capabilities of up
to 10000 feet MSL and nearly 2 hours of endurance. This group contains
UAVs that utilize runways, launchers, parachutes or hand launching at the
same time. Some examples for these machines can be given as AAI RQ-
2 Pioneer, Boeing Scan Eagle, Integrated Dynamics Hornet and Luna X
2000. MAV group comprises the smallest UAVs such as Bayraktar Mini
UAV, AeroVironment Wasp, Lockheed Martin Desert Hawk, MiTex Buster
and EMT Aladin. Some examples of fixed-wing UAVs can be seen in Table
1.1.

The advantage of fixed-wing UAVs is that they are relatively simple to
control, are useful for wide-area surveillance and tracking, and have better
endurance [28]. Their disadvantages are their obligation for runway, launcher,
net recovery or parachutes for takeoff and landing [49] and the disability to
operate in urban areas and indoors due to flight speed requirements [50].

The literature of airplane design is filled by hundreds of books and papers,
and generally the autonomous controls for such aircrafts have tremendous
similarities with the already commercialized autopilot systems on commercial
airplanes. Today’s fixed wing UAVs are still generally controlled by a human

pilot at the ground station through wireless connection and use the very



Table 1.1: Examples of Fixed-Wing UAVs

Category | Model

Northrop Grumman RQ-4 Global Hawk

NASA Helios

HALE NASA Pathfinder

NASA Proteus

Lockheed Martin Darkstar

TAI Anka

NASA Altus

MALE Boeing X-45

General Atomics MQ-1 Predator

IAI Heron

AAI RQ-2 Pioneer

Boeing Scan Eagle

SUAV & MAV Bayraktar MINI UAV

AeroVironment Wasp

Lockheed Martin Desert Hawk




similar design and autopilot systems as manned airplanes. However, there
are new control efforts to improve the path tracking qualities of such aircraft
like the CLF-based and adaptive control based works [51-53], and to enable
automatic landing on runways using [49, 54, 55] and ship boards [56]. In
addition, there are new efforts to incorporate image processing based abilities
into the flight. This second group of research consists of topics like vision
assisted landing [57-59], vision based forced landing site detection [60, 61]
and vision based detection and following of structures and moving vehicles
(62-64].

Research on rotary-wing UAVs began with around 30 years of delay com-
pared to fixed-wing UAVs due to the late emergence of lightweight yaw rate
gyro, which is unconditionally required for autonomous flight of these vehi-
cles [65]. Though, there is a large variety of these drones and research on
them due to their ability to perform aerial tasks in urban areas and indoors.

Rotary-wing UAVs require only some space for takeoff and landing in-
stead of a runway, do not require any forward speed to fly and are highly
maneuverable at all flight speeds [28]. They are very advantageous in these
areas at the expense of not having long flight endurance and high flight speeds
due to the rotating rotor [66] and of generating severe vibration transmit-
ted to the cameras [28]. Additionally, there is a large variety of off-the-shelf
rotary-wing aircrafts available for conversion to UAVs.

Rotary-wing UAVs are mainly categorized based on the rotor number and
configuration instead of size, since their function and control problems are
affected mainly by the configuration, not the size. Some of these categories
are conventional mono-rotor helicopters with tail rotor, coaxial contra rotor

helicopters, and multiple rotor helicopters [66, 67].



Conventional mono-rotor UAVs are generally the large ones intended for
outdoor utilization due to the fact that the main rotor needs to have a large
diameter to carry reasonable payload consisting of the flight control electron-
ics, cameras and adequate amount of fuel or batteries [68]. Some examples
for this group of UAVs are Baykar Malazgirt, Yamaha R-Max, Zala 421-02,
Schiebel S-100, Helion of National University of Singapore [69, 70], Dragon
Warrior of US Naval Research Laboratories, Northrop Grumman MQ-8 Fire
Scout and Boeing Hummingbird [50, 65].

Coaxial contra rotor UAVs have the advantage of not wasting energy
for yaw-control and lifting useful payload at a more reasonable propeller
diameter when compared with mono-rotor UAVs. For this reason, they can
also be used in indoor applications. Some examples for this group of UAVs
are the p Flying Robot by Seiko-Epson and Chiba University weighing only
12.3 g with an onboard camera and radio link for image transmission to the
ground station [34], EMT Fancopter [71] and Skybotix CoaX Autonomous
UAV Micro Helicopter.

Multiple rotor helicopters constitute a large proportion of the UAV heli-
copters, especially in the academic research area. These UAVs have several,
generally fixed-pitch airplane propellers, avoiding the requirement of mechan-
ically complex swashplate and transmission structures [72] and the thrusts
generated by the motors are changed through motor rotation speed changes.
There are a variety of them having three tilting rotors [67], three rotors with
only one tilting for yaw compensation [30], coaxial trirotors [47, 73|, quad-
rotors [50, 74-78], hexa-rotors [79] and octo-rotors [80], the most popular
ones being quad-rotors that are also commercially available. Some examples

of fixed-wing UAVs can be seen in Table 1.2.
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Table 1.2: Examples of Rotary-Wing UAVs

Category | Model

Baykar Malazgirt

Yamaha R-Max

Conventional mono-rotor Zala 421 — 02

Schiebel S-100

Helion of National University of Singapore

EADS Sharc

Ezycopter EzyUAV

Seiko-Epson-Chiba University pFRII

Coaxial EMT Fancopter

Skybotix Coax

Trirotor of Université de Technologie de Compiegne

Draganflyer X4

Multi-rotor Microdrones MD4-1000

Quadrotor of Starmac Team

MikroKopter HexaKopter
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The research on these machines has been focused on their control and in-
telligent features rather than their mechanical and aerodynamic design, since
helicopter design has already a well-established theory. Due to the difficult
stability problem, the literature on rotary-wing UAVs is more focused on the
modeling of the flight dynamics [81-88], control [77, 89-93] and intelligent
autonomous flight tasks such as vision based tracking and fully autonomous
indoor flight.

There are numerous control algorithm studies both to improve stability
and maneuverability in all flight conditions and to improve autonomy through
obviating sensor errors using sensor fusion. There have been efforts to add
robustness against wind gusts using hierarchical back-stepping control and
high-gain unknown input observer for disturbance estimation [94], and to
improve stability using inertial measurement based Artificial Neural Network
(ANN) [95], model-independent PD controller, and quaternion based PD?
control with Coriolis force and gyroscopic torque compensation [76].

Full autonomous flight of rotary-wing UAVs is very vulnerable to sensor
measurement errors, especially to the position and orientation measurement
errors and small rotary wing UAVs generally use low cost sensors which can
produce relatively high measurement errors. For this reason, there is still sig-
nificant research on improving measurement qualities of the onboard sensors.
There are studies on fusion algorithms between the data of gyroscopes and
delayed orientation data from an off-board vision system [96], gyroscopes and
accelerometers [97], gyroscopes and inclinometers [98], INS and stereo vision
[95], GPS and INS [99-101], and optical flow sensor and GPS [80] to obli-
gate the drift and measurement nonlinearities of one sensor utilizing another

sensor’s data and studies to substitute some sensors with state observers [23].
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There are also studies on intelligent autonomous flight tasks such as vision
based tracking of a shape on the ground [102-107], vision based landing on
a predefined stationary or moving target [108-115], vision based scanning of
areas to identify injured people on the ground [116], vision based detection
of places in hazardous terrain available for landing [117-120], and even vision
based photogrammetry [121].

Various methods are applied for the path tracking ranging from linear
SISO and PD control [85-87] to non-linear ones like back-stepping, H, loop
shaping, state dependent Riccati equation, neural-network based controls [88,
122-129]. There is even a new model and control attempt for an eight-rotor
helicopter [130, 131}, which has additional motors to separate the controls of
each DOF. There are also efforts for mono-camera vision-based path tracking
[15, 16, 132, 133] and stereo vision-based path tracking for more precise
localization.

Research on UAVs other than the fixed-wing and rotary-wing vehicles has
a wide-spread spectrum of designs. These UAVs are relatively new designs
and are focused on combining vertical takeoff, landing and flight capabili-
ties of rotary-wing vehicles with long range, high speed flight capabilities of
fixed-wing vehicles [134]. The common strategy of this type of UAVs for
combining these two separate flight types is operating motors vertically to
use motor thrust as a lift source in vertical flight and operating motors as for-
ward propulsion sources and wings as lift sources in horizontal flight. This
strategy generally adds some mechanical complexity and control problems
especially in transition between two flight modes, but combining these two
flight modes is considerably useful, so these features are worth to the encoun-

tered problems. Some examples for this group of UAVs are given in Table
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1.3.

Table 1.3: Examples of other than Fixed-Wing and Rotary-Wing UAVs

Category | Model

Bell Eagle Eye

Tilt-rotor Smart UAV of KARI

AVT Hammerhead

AeroVironment SkyTote

Tail-sitter Aurora Flight Sciences Goldeneye 80

T-Wing of University of Sydney

HARVee of Arizona State University

Tilt-wing QTW of Chiba University and G.H. Craft

Tilt-wing UAV of Universita di Bologna

As seen in the table, some of these air vehicles are tilt rotors that only
tilt the rotors for flight mode conversion, such as Bell Eagle Eye [135], Smart
UAV of KARI [136], BIROTAN [137] and AVT Hammerhead, tail-sitters
that takeoff and land pointing upwards and fly pointing forwards such as
AeroVironment SkyTote, Aurora Flight Sciences Goldeneye 80 [30], T-Wing
and Vertigo of University of Sydney [138-140], canard rotor wings that stop

and fix the helicopter main rotor as a wing beyond sufficient horizontal flight
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speed such as Boeing X-50 Dragonfly [66], and tilt-wings that tilt the wing-
rotor groups for flight mode conversion, such as HARVee of Arizona State
University [141], and QTW of Chiba University and G.H. Craft [34, 142].
There are also some examples of morphing wing UAVs that are not intended
for vertical flight, instead are intended for optimizing the wings to a broad
range of flight speeds and altitudes such as Lockheed Martin Cormorant with
folding wings, NextGen Aeronautics MFX-1,MFX-2 with sweep changing
wings, ILC Dover Apteron with inflatable wings [27].

1.2 Motivation

The development of UAVs is an exciting topic for research. It is both a
very critical topic for national security and independence on this key technol-
ogy and an area that has the potential to grow to very far extends in terms
of market and technological jumps. Additionally, research on this topic leads
to research on the operation, problems and solutions to the problems of var-
ious sensors, digital circuits, advanced control systems, vision based control
approaches, codes in real-time systems, power sources, actuators, system
integration, high technology materials with high endurance and low weight,
aerodynamics and optimization. Even though it is difficult to handle all these
aspects, study on this topic is a research on the entire focus of mechatronics.

In this thesis, the aim is to design, produce and fly an electric powered
VTOL (Vertical Takeoff and Landing) UAV, that has high speed and long
endurance capabilities. There have been several designs that could be imple-
mented, some of them being fixed-wing with an additional vertical rotor for
vertical flight, dual or quad tilt-rotor, tail-sitter and dual or quad tilt-wing.

Fixed-wing UAV with an additional vertical rotor has the advantage of
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being a well-known airplane structure, however it requires a complex contra-
rotating vertical rotor mechanism with cyclic control on the rotors for stable
vertical flight. This design would not support a reasonable amount of batter-
ies to be carried for reasonable flight durations. Dual tilt-rotor and tilt-wing
would again require cyclic control on the rotors, which is a mechanically com-
plex system and requires very long diameter propellers to carry reasonable
amount of batteries. Tail-sitter has been a good choice due to its simplicity,
however its body rotates for the transition and the image captured by the
surveillance camera is affected from these motions.

The decision between quad tilt-rotor and quad tilt-wing is given in the
favor of quad tilt-wing since the air flow produced by the rotors is blocked
at a minimum level in tilt-wing structure. Quad tilt-wing also has the ad-
vantage of being a quad-rotor that does not require any cyclic control on the
propellers, which makes it mechanically simple and reliable. Additionally,
the body does not undergo rotations for the transition between the modes,
which makes it appropriate for surveillance through a camera on the body.

Even though, quad tilt-wing UAV with the performance goals determined
in this project is very challenging both in terms of design and control. De-
signing the body lightweight and stiff at the same time with the additional
rotating mechanisms for the wings is very challenging. Determination of the
type of the motors, propellers and batteries is another severe challenge. Since
fixed-pitch propellers are used in both hovering at zero flight speed and at
high speeds, and since the system needs to be somehow optimal in the entire
speed range, motor propeller couples need to be investigated thoroughly. To
meet the design weight specifications, Li-Po batteries are chosen among a

variety of them to find the lowest weight/capacity battery type that is also
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capable of flying this UAV.

Furthermore, designing the flight control electronics and its software, in-
tegrating it with the sensors, actuators and high level control computer in
the supervisory control system, and developing the control methodology for
achieving stable flight on a flight mode switching UAV is a challenge by itself.
The model of the system and consequently the response of the system to the
control efforts changes as the UAV changes its wing angles and horizontal
speed and these changes are quite difficult to predict without experimental
data acquired from the wind tunnel tests. As a result, the control variables
keep up with the air speed of the UAV for stable and smooth flight in the

entire speed range.

1.3 Thesis Organization and Contributions

In Chapter 2, the aerodynamic design and the result of wind tunnel tests
are presented. The aerodynamic design is carried out to maximize the aero-
dynamic efficiency and determine safe flight characteristic of this new type
of air vehicle. The propulsion system components and the power source are
selected for low current consumption in the entire horizontal speed range
and long flight duration. Also, the aerodynamic design of SUAVI is per-
formed utilizing Motocalc® and NASA Foil Sim® II, and running a series of
ANSY S® CFD simulations.

In the wind tunnel tests, first, tests on one wing of SUAVTI are conducted
to verify results obtained in the tests by comparing with the ones existing in
the literature. Additionally, the winglet design is optimized testing several
shapes and sizes. After obtaining the optimal design for the winglet, nominal

flight and pitching flight tests are conducted to obtain tabular data on the
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wing angle of attacks and motor driver PWMs for both nominal flight and
flight with nominal values except the pitching moment. These tests are
repeated for 0-17 m/s air speeds.

In Chapter 3, the mechanical system design and the prototyping of SUAVI
are detailed. In the mechanical system design, the material to be used in the
prototype is determined and tested by carrying out mechanical tests in Uni-
versal Testing Machine. Also, the design is conducted taking the weight
and strength requirements into account, and the placement of the parts are
decided based on their functions in the air vehicle and their weights affect-
ing the inertia and stability characteristics of SUAVI. The first prototype is
produced, and after several flight tests, the mechanical system design is re-
vised for better mechanical properties and increased utility. Also, the second
prototype is produced for the usage in flight tests.

In Chapter 4, a dynamical model of the system is obtained using Newton-
Euler formulation. A supervisory control system is designed with the high-
level and low-level controllers. GPS based hovering and GPS based waypoint
navigation are also considered along with low-level attitude and altitude con-
trollers.

In Chapter 5, the design and production of low-level control circuit, its
integration with the sensors and actuators, filters and sensor fusion algorithm
used to obtain reliable orientation estimates are detailed. The overall flight
control system is also discussed.

In Chapter 6, the flight tests of SUAVI with robust hover, vertical takeoff
and landing, and horizontal flight are demonstrated. The performance of the
SUAVT in these tests is evaluated.

Finally, in Chapter 7, the thesis is concluded with several remarks and
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the future directions are indicated.

The contributions of the thesis can be summarized as follows:

e The conceptual design of a novel quad tilt-wing unmanned aerial vehicle
(SUAVT: Sabanci University Unmanned Aerial Vehlcle) is carried out
taking the flight duration, flight speed, size, power source and missions

to be achieved into account.

e The actuation system (motor, motor speed controller and propeller
set) is determined to find the most optimal choice in the entire speed
range, from hovering at zero flight speed up to the highest planned
flight speed.

e The aerodynamic design is carried out to maximize the aerodynamic

efficiency and to determine safe flight characteristics.

e The mechanical design of SUAVTI is conducted to satisfy criteria such

as strength, lightness and conformity to the missions to be realized.
e SUAVI is prototyped using carbon composite material.

e A half-body prototype of SUAVI is designed and produced for wind

tunnel tests to determine SUAVTI’s aerodynamic characteristics.

e A full non-linear dynamical model which includes aerodynamic distur-

bances is obtained using Newton-Euler formulation.

e A supervisory control architecture is implemented on SUAVI, where
a Gumstix microcomputer behaves as a supervisor which orchestrates

switching of low-level controllers into the system. Supervisory control
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is responsible for decision making, monitoring states of the vehicle and

safety checks during the flight.

The high-level controller generates attitude references for the low-level

controllers using GPS data.

PID controllers are implemented for both high-level and low-level con-

trol systems.

A disturbance observer is utilized to estimate and compensate for the

external disturbances acting on SUAVI.

Various analog and digital filters are implemented to smooth out noisy

Sensor measurements.

Extended Kalman filter is utilized to obtain reliable orientation infor-
mation by fusing data from low-cost MEMS inertial sensors such as

gyros, accelerometers and the compass.

Real-time control software is developed for the whole flight control

system.

SUAVI can operate in a semi-autonomous flight mode by communicat-

ing with the ground station.

A quadrotor test platform (SUQUAD: Sabanci University QUADrotor)
is produced and used for the initial performance tests of the flight

control system.

Performance of the flight control system is verified by numerous sim-
ulations and real flight experiments. VTOL and horizontal flights are

successfully realized.
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1.4 Notes

This Ph.D. thesis work is carried out in the context of the TUBITAK (The
Scientific & Technological Research Council of Turkey) project “Mechanical
Design, Prototyping and Flight Control of an Unmanned Autonomous Aerial
Vehicle” under the grant number 107M179. Five progress reports have been
submitted to TUBITAK and all of them are evaluated as being successful.

The project is in its final stage.
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K. T. Oner, C. Hancer, M. Unel, M. F. Aksit, I. Kandemir, K. Gulez,
Turkish Journal of Electrical Engineering and Computer Sciences, (forth-

coming), 2011.

e Mathematical Modeling and Vertical Flight Control of a Tilt-Wing
UAV, K. T. Oner, E. Cetinsoy, E. Sirimoglu, C. Hancer, M. Unel,
M. F. Aksit, K. Gulez, I. Kandemir, Turkish Journal of Electrical En-

gineering and Computer Sciences, (forthcoming), 2011.

e Aerodynamic Characterization of a Quad Tilt-Wing UAV via Wind
Tunnel Tests (to be submitted)
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1.5 Nomenclature

Symbol  Description

a total acceleration of the aerial vehicle

a; amplitude of the sinusoids in wind model

Qg x component of the reference acceleration vector
Oy y component of the reference acceleration vector
a, acceleration of the aerial vehicle along z axis
Ay reference acceleration vector

A area of the wing

Ay state transition matrix

by bias in gyros

cp drag coefficient

cr, lift coefficient

C(Q) Coriolis-centripetal matrix

D((, &)  external disturbance vector

Cat along track error rate

€ct cross track error

Ect derivative of cross track error

€r position error of the aerial vehicle along x axis
éx derivative of position error along = axis

€y position error of the aerial vehicle along y axis
€y derivative of position error along y axis

E rotational velocity transformation matrix

E(¢)w?  system actuator vector

Fy forces due to external disturbances

Fp drag forces

F, gravity force

Fr, lift forces

F; total external force acting on the aerial vehicle
Fy, thrust force created by rotors

F, aerodynamic forces generated by the wings
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Description

@’\c
<

<

prop

Katp
Kati
Keip
Keta
Keti
K. p
Kya
K.
Kyvp
Kyq
Ky
I

gravity matrix

observation matrix

inertia matrix of the aerial vehicle in body fixed frame
moment of inertia around z; in body frame

moment of inertia around ¥, in body frame

moment of inertia around 2z, in body frame

Jacobian transformation between generalized vectors
inertia of the propellers about their rotation axis
Kalman gain

proportional gain for along track controller

integral gain for along track controller

proportional gain for cross track controller

derivative gain for cross track controller

integral gain for cross track controller

proportional gain for controller along x axis

derivative gain for controller along x axis

integral gain for controller along z axis

proportional gain for controller along y axis

derivative gain for controller along y axis

integral gain for controller along y axis

rotor distance to center of gravity along x; in body frame
rotor distance to center of gravity along y; in body frame
horizontal gust length scale

vertical gust length scale

mass of the aerial vehicle

inertia matrix

torques due to external disturbances

gyroscopic torques

nominal inertia matrix

total torque acting on the aerial vehicle

rotor torques
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Description

aerodynamic torques due to lift/drag forces

difference between actual and nominal inertia matrices

unit normal vector perpendicular to path P

origin of body fixed frame

origin of inertial (world) frame

gyroscopic matrix

angular velocity of the aerial vehicle along x;, in body frame
reference path generated by waypoints

position of the aerial vehicle in inertial (world) frame

linear velocity of the aerial vehicle in inertial (world) frame
a priori error covariance matrix

a posteriori error covariance matrix

angular velocity of the aerial vehicle along ¥, in body frame
process covariance matrix

angular velocity of the aerial vehicle along z; in body frame
measurement covariance matrix

elementary rotation around x axis

elementary rotation around y axis

elementary rotation around z axis

orientation of body frame wrt. the world frame

orientation of world frame wrt. the earth frame

exponentially weighted moving average filtered sonar measurement at time t

exponentially weighted moving average filtered sonar measurement at time t-1

unit tangent vector along path P
sampling time

virtual control inputs

high-level input signal

low-level input signal

time dependent estimate of wind vector
static wind vector

linear velocity along x; in body fixed frame
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Symbol

Description

linear velocity along 1 in body fixed frame

linear velocity along z, in body fixed frame

airstream velocity

linear velocity of the aerial vehicle in inertial (world) frame

linear velocity of the aerial vehicle in body fixed frame

propellers rotational speed

x axis of body fixed frame

desired reference position

waypoints of the path P

state of the system

a priori state estimate

a posteriori state estimate

unit vector along x,, in inertial (world) frame

instantaneous position of aerial vehicle provided by GPS

x axis of inertial (world) frame

position of the aerial vehicle along x,, in inertial (world) frame
linear velocity of the aerial vehicle along z,, in inertial (world) frame
y axis of body fixed frame

high-level output signal

low-level output signal

unit vector along y,, in inertial (world) frame

y axis of inertial (world) frame

position of the aerial vehicle along y,, in inertial (world) frame
linear velocity of the aerial vehicle along y,, in inertial (world) frame
raw sonar measurement at time (t-1)

z axis of body fixed frame

desired reference altitude

z axis of inertial (world) frame

position of the aerial vehicle along z,, in inertial (world) frame
linear velocity of the aerial vehicle along z,, in inertial (world) frame

weighting scale in exponentially weighted moving average filter
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Symbol

Description

Qay
Q;

oy

AS

> e T e

«/‘ﬁf\gzb

$

Tdist

Tdist

attitude of the aerial vehicle in inertial (world) frame
effective angle of attack

time derivative of attitude in inertial (world) frame
weighting parameter

difference between two consecutive sensor readings in exponentially
weighted moving average filter

angular velocity of the aerial vehicle in body fixed frame
randomly selected frequency in wind model

time derivative of attitude in inertial (world) frame

roll angle, angular position around x,,

reference roll angle

pitch angle, angular position around y,,

reference pitch angle

yaw angle, angular position around z,,

time derivative of angular position around x,,

time derivative of angular position around y,,

time derivative of angular position around z,,

angle of attack for each wing

air density

torque/force ratio

generalized velocity vector of the aerial vehicle

position and orientation of the aerial vehicle in inertial (world) frame
phase shift in wind model

power spectral density for horizontal winds

power spectral density for vertical winds

horizontal turbulence intensity

vertical turbulence intensity

process noise

measurement noise

total disturbance

estimated disturbance
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Chapter 2

2 Aerodynamic Design and Wind Tunnel Tests

The design of SUAVI is shaped based on the tasks that it will perform.
It is designed as a compact electric powered air vehicle for both outdoor and
indoor applications. It has four tilting wings with the motors mounted on the
mid-span leading edge of the wings. Thus, the wings occlude the rotor slip-
stream at the minimum level all the time. The wings are in vertical position
during hovering, and vertical takeoff and landing. In this configuration, the
rotors produce vertical thrust and steady flight is established using the con-
trol on thrusts generated by RPM control of constant pitch propellers. When
forward motion is required, the wing angle of attacks are reduced based on

the speed requirement and rotor thrusts are adjusted accordingly.

2.1 Aerodynamic Design

The aerodynamic design of SUAVI is made based on the operational re-
quirements. The aircraft is aimed to operate in surveillance missions such as
traffic control, security checks, and disasters including indoor-outdoor fires,
floods, earthquakes. To satisfy the needs of these tasks, it is planned to take-
off and land vertically, hover and fly in an airspeed range of 0-60 km/h both

for stationary and in-motion surveillance.



It is also aimed to be compact for indoor surveillance and mechanically
simple for operational reliability. To meet such flight capabilities with these
features, SUAVI is designed as a quad tilt-wing air vehicle on which all four
motors are mounted on the mid-span leading-edges of the wings and the
wings are tilted in horizontal-vertical position range (Fig. 2.1).

Motors rotate constant pitch propellers for mechanical simplicity, altering
thrust through RPM change. In this design, wings are tilted to vertical
position to form a quad-rotor helicopter using only motor thrusts for lift on
vertical takeoff, landing and hovering.

When horizontal flight is required, wings are tilted gradually to the appro-
priate angles of the desired speed and motor thrusts are adjusted accordingly.
At high speeds, wings are tilted to nearly-horizontal position to generate lift
and motors generate forward thrust, forming a four motor tandem wing air-
plane. The design length and wingspan of the aircraft are both 1 m and the
design weight is 4.5 kg.

The energy source for the propulsion is determined as electric since elec-
tric motors do not produce any poisonous gases enabling indoor flight, are
quieter, more reliable, easier to adapt to computerized control system and
more responsive to instant control requirements for constant pitch propeller
utilization. The vertical flight endurance of SUAVT is planned to reach half
hour whereas its horizontal flight endurance is to exceed one hour. To satisfy
such a demand using electric power, it is necessary both to have an energy-
efficient propulsion system with high capacity Li-Po batteries and a body
shape that is aerodynamically optimized for the task.
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Figure 2.1: CAD model of SUAVT in vertical (a), transition (b) and horizontal
(c) flight modes
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2.1.1 Propulsion System Design

To have an energy-efficient propulsion system for long time endurance of
SUAVI, motor-propeller couples are chosen to have high efficiencies in both
static and dynamic thrust generations in the desired flight speed range.

First, the performances of the electric motor, motor drivers and pro-
pellers are investigated both comparing the technical features of these sys-
tems through the catalogs and using the MotoCalc program. Motocalc is
both a database of electric propulsion equipment and an accurate suggestion
software for electric powered radio controlled (RC) airplanes. This program
has the additional feature of simulating the conditions with selected motor,
motor driver, battery, propeller, transmission, air pressure and air temper-
ature and delivering the air speed, current, voltage, output power, thrust,
motor RPM, the relative speed of the slipstream of the propeller wrt. the
airplane and efficiency of the system for various throttle settings.

In the selection of the motor type, the important criteria are decided
as producing the required thrusts in both vertical and horizontal flights of
the SUAVI drawing the least possible current, being durable in mechanical
aspects lightweight, and having large air passages for effective cooling in
every whether condition during the flight. The motors need to be capable
of rotating the propellers at high RPMs to produce sufficient thrust at the
highest target speed during the horizontal flight, so they need to have high
output power. They are also to produce maximum thrust with some excess

on (k9 _y /2 = 159 9 to be able to carry SUAVI even without

4 \'motor motor

contribution of the wing lifts at 45° angle of attack. In this formula, /2 is
the factor that converts the required vertical force component to the required

motor thrust force that is inclined at an angle of 45° wrt. the horizontal.
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The lift of the wings with commonly applied airfoil shapes begin to de-
crease beyond 15° angle of attack due to the separation, however it usually
decreases up to 40-50 % at 45° angle of attack, depending on the preferred
airfoil type [143]. When a motor with that amount of power is chosen, there
is still excess power safe enough for stabilizing the UAV, which is inevitably
required. Durability is a combined result of simplicity and high-quality man-
ufacturing. To satisfy the durability requirement in an RC hobby type motor,
direct drive motor with a quality brand is the most reasonable choice, which
also increases the transmission efficiency.

Lightness is also an important issue that can be solved by reduction of the
size and usage of lightweight materials. As a consequence of investigations
done both in Motocalc and catalogs, Great Planes Rimfire 42-40-800 is cho-
sen among a variety of RC aircraft electric motors, since it is a high efficiency
direct drive brushless motor with strong Neodymium magnets and large hub
diameter enabling high torque generation with relatively low current require-
ment. It has large cooling holes for effective cooling in long duration flights,
and considerably low weight due to its aluminum body.

As a result of the high torque, this motor can utilize large diameter pro-
pellers increasing the propeller efficiency in the desired flight speed range.
For controlling the motor speeds, Great Planes Electrifly Silver Series 35
motor driver is preferred, which is capable of delivering up to 35 A contin-
uously, which is already higher than the 32 A maximum allowed current of
the chosen motor.

To determine the propeller type to be used on SUAVI, first a thrust test
bench is designed and produced (Fig. 2.2). This thrust test bench is a system

with a pivoted arm that is connected to the motor on one end and to a load
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cell on the other end, both staying perpendicular to the arm. The motor
shaft axis is perpendicular to the ground to be able to test the motor thrust
both without any obstacle at back as in the horizontal flight and with an
obstacle like ground as in the vertical flight especially at low altitudes.

The motor on the test bench can be powered both by a switching power
supply with high current capability for motor thrust tests and by batteries
for collecting data on the battery performance on the propulsion system.
The motor power reference pulses are generated by an electric circuit with a

microcontroller, that is also designed and produced in the project.

Figure 2.2: The motor test bench

For the decision on the propeller type to be used on SUAVI, a variety
of APC electric motor propellers from size 11”7 x 8" to 16” x 5" (former
number: diameter in inch, latter number: pitch in inch) are tested on the
thrust test bench with the selected motor. This size range for the propellers
is determined based on the suggested propeller size range in the technical
specs of the motor and the simulations conducted in Motocalc.

For high static thrust efficiency at vertical flight large diameter low pitch
propeller is preferred, whereas high pitch propeller or very high motor speed

is required to generate sufficient thrust at high speeds. Since constant pitch
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propellers are utilized, the propellers are selected among moderate pitch val-
ues. The motor-propeller couples are tested for maximum thrust (Table 2.1)
and current for nominal thrust per motor during hover (Table 2.2). These
tests are conducted using both 11.1 V and 14.8 V input voltages, which are
the standard voltages of 3-cell and 4-cell in series Li-Po batteries, to de-

termine which battery voltage is more preferable for powering the system.

Table 2.1: Maximum thrust test results

111V 148V

Prop size | Current Thrust Thrust/current Power | Current Thrust Thrust/current Power

A (g (8/A) W) | A (e (8/A) (W)
11”7 x 8" 25.3 1260 49.8 280.8 | 32.0 1735 54.2 473.6
12" x 8" 31.5 1577 50.1 349.6 | 32.0 1860 58.1 473.6
13" x 6.5" | 320 1812 56.6 355.2 | 32.0 2130 66.6 473.6
13" x 8" 32.0 1690 52.8 355.2 | 32.0 1955 61.1 473.6
14" x 7" 32.0 1876 38.6 355.2 | 32.0 2157 67.4 473.6
14" x 85" 320 1728 54.0 355.2 | 32.0 1964 61.4 473.6

As a result of these tests, the appropriate propeller size is chosen as 14" x
7", which is a moderate pitch propeller size, due to its superior performance
compared with other sizes. The second best propeller with size of 13" x
6.5” has 4-5 % less performance in terms of maximum thrust and current
consumption. Likewise, when the maximum speed potentials of these two
propeller sizes are investigated in Motocalc, it is observed that 14" x 7”
propeller is sufficient to deliver 221 g thrust per motor even at 70 km/h

airspeed, while 13" x 6.5” propeller suffices to deliver nearly the same amount
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Table 2.2: Thrust test results for nominal hover flight thrust

111V 148V
Prop size | Current Thrust/current Power | Current Thrust/current Power | Saving
(A) (8/A) (W) | (4) (&/A) (W) | (%)
11" x 8" 21.4 52.6 2375 16.2 69.4 239.8 1
12" x 8" 18.4 61.1 204.2 13.9 80.9 205.7 1
13" x 6.5" | 14.6 77.0 162.0 | 114 98.7 168.7 4
13" x 8" 16.3 69.0 180.9 | 125 90.0 185.0 3
14" x 7" 13.9 80.9 154.3 10.8 104.2 160.0 4
14" x 85" | 15.6 72.1 173.2 | 11.8 95.3 174.6 1

of thrust at 60 km/h.

For yaw balance in flight with high angle of attacks, both clockwise and
counter-clockwise propellers with the selected size are coupled with motors.
This also enables the control of yaw in vertical flight mode through motor
RPM differentiation between clockwise and counter-clockwise rotating pro-
pellers. Additionally, the tests with these two input voltages revealed that
using 11.1 V input voltage results in 4 % less power consumption from the
batteries for the same thrust values.

Usage of 11.1 V is definitely more preferable also for the supply of the
control system. The control system exploits additional energy from the same
battery group and generally the components use either 3.3 V or 5 V. These
low voltages are obtained through the linear regulators on the control sys-
tem, which simply lower the voltages by converting the unneeded amount of
voltage to heat and exhausting it to air. Even if the control system used only
5 V, with a current draw of 1 A by the control system, the heat generated
on the voltage regulators would increase from 6.1 W to 9.8 W. This would

36



require larger and heavier heat sinks in the fuselage.

Consequently, 11.1 V is determined as the operating voltage for the mo-
tors, so 3-cell in series Li-Po batteries are used for energy storage. With this
voltage, motor and propeller size combination, the static thrust for nominal
vertical flight is generated through the consumption of 13.9 A current. This
means that hypothetically (13.9 A x 4) x 0.5 h = 27.8 Ah battery capacity
is enough to hover SUAVI for half hour.

However, due to the fact that battery voltage becomes less as its capacity
is exploited, the current requirement increases slightly as time passes. The
voltage drop profile is dependent on several factors like quality, age, inner
impedance of the battery and even the humidity and temperature of the air.
Due to the weight constraints for the batteries in SUAVI, a total of 30 Ah 11.1
V Li-Po battery could be integrated in the system, which constitutes nearly
2.4 kg (53 %) of the total flight weight. Though, 26 minute long vertical only
flight with excess battery charge after the landing is successfully achieved. 30
minutes could also be tested, but this has not been the focus on the project
at that level.

Utilizing the experimental data obtained from the motor performance
tests, the generally observed linear relationship between the thrust and square
of propeller angular velocity (w?) is verified (Fig. 2.3). This is especially im-
portant for the modeling of the system and implementation of model based

control for flight.

2.1.2 Aerodynamic Design

Aerodynamic optimization of SUAVI begins with the decision that it is

an unmanned aerial vehicle with four wings, two of them placed at front
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Figure 2.3: Relationship between the thrust and square of angular velocity
for 14x7 propeller

and two of them placed at rear side of the fuselage. The aim of the aerody-
namic optimization is to minimize air drag while generating sufficient lift for
flight and achieving this goal with the least complicated and most lightweight
structure.

The aerodynamic design of the fuselage is focused on reducing the drag
coefficient (Cp) of the fuselage, improving the aerodynamic interaction be-
tween the fuselage and the wings, and reducing the cross section.

The fuselage is designed as a rectangular prism with rounded nose section
and a back section with gradually decreasing thickness for high aerodynamic
efficiency. When looked from the top of the air vehicle, the fuselage resembles
a symmetrical wing with long straight sides (Fig. 2.4 a). This shape has two
main aerodynamic advantages. The first one is the low drag coefficient due
to this shapes resemblance to water drop, that reduces the turbulence at the

front and the back.
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The second one is the behavior of the straight sides as a flow boundary
to prevent additional loss. The fuselage sides behave as spanwise air flow
boundaries at wing roots for up to 20° angle of attack with the help of high
placement of the wings. The straight sides extend from the leading edge of
the front wing to the trailing edge of the rear wing at 0° angle of attack (Fig.
2.4 b).

C =
° ° !

Figure 2.4: Top (a) and side (b) views of the fuselage

This prevents the rise of additional induced drag due to spanwise vortices
on the wing roots. Additionally, the fuselage dimensions are chosen to be as
small as possible, which is 8 cm wide and 10 cm high, that is just enough
to make room for electronic control systems, onboard camera and the high
torque wing tilting servo motors. There is also a vertical stabilizer at the
back of the fuselage for yaw stabilization.

The shape of the wings is decided taking the speed range, wing span
limitation and efficiency into consideration. First, the wing angle of attacks
are planned to be 3°, which is the most efficient angle of attack for a wing in
terms of lift to drag ratio [144], at the maximum target speed to make that
speed easily reachable. Second, for deciding on the chord length, camber
ratio and the thickness requirements of the airfoil, various airfoil simulations

are run for a wide range of angle of attacks, flight speeds and atmospheric
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conditions utilizing NASA Foilsim IT and Motocalc’s lift and drag coefficient
estimator.

Consequently, an airfoil with 25 cm chord length, 12 % thickness and 4 %
camber value, which resembles to NACA 4412 wing profile, is determined as
a starting point of the wing design for the further simulations that are to be
conducted in ANSYS environment. It is obvious that these results may most
probably not reflect the final shape at all, since they are the considerations
without the effect of additional air flow generated by the motors and are based
on 2D wing model, that takes the advantage of the infinite wing assumption.
However, there is always the problem of initial values to manipulate during
the iterations, and this airfoil design has been a good starting point.

For the preliminary tests, a full scale wing with the determined airfoil
shape is produced using carbon composite tubes and depron. An impor-
tant experiment, in which the test wing is utilized, is the measurement of
additional lift and the loss of the thrust due to the wing occlusion on the

slipstream of the motor (Fig. 2.5).

Figure 2.5: The test system for the effect of wing occlusion on the slipstream

This experiment is performed by adding a precision balance to measure
the instant weight of the wing and measuring the motor current to produce

the hovering nominal thrust (Table 2.3). Wing weight during the running
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of the motor with several choices of both the propeller-leading edge distance
and the spanwise distance of wing occlusion behind the propeller is also

measured.

Table 2.3: Thrust test values for the effect of wing occlusion

Propeller-leading edge distance | Wing occlusion behind the propeller | Current for nominal vertical flight
(cm) (cm) (4)
4 17.5 13.9
4 22.5 14.3
4 27.5 14.1
4 32.5 14.1
4 37.5 14.3
8 17.5 14.3
8 22.5 14.2
8 27.5 14.2
8 32.5 14.2
8 37.5 14.2

In Table 2.3, it is observed that occluding the propeller slipstream by the
wing fully has a factor of at most 3 % on the motor current, which can be
neglected when the benefit of delaying the air separation on the wing to far
higher angle of attacks is taken into consideration.

It is also understood that setting the propeller-leading edge distance as
4 cm or 8 cm does not have a great effect on the performance. Hence, it is
decided to keep this value as 4 cm to simplify the mechanical design and save
some weight of the linkage parts between the motor and the wing. During
these tests, it is also noted that the measurement of the wing weight is
decreased for around 80 g when the motor runs, which means that the wings
have some tendency to pull SUAVI backwards during hovering with a total
of around 3.2 N.
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To have a more complete insight on the lift and drag forces, torsion and
bending moments generated by the wings, the performance of the vortex de-
creasing winglets at the wing tips and the effects of the consecutively running
motors with contra rotation directions, and to find the optimum wing shape
iteratively, ANSYS air flow simulations are also performed for various angle
of attacks, throttle settings and wind speed. In these tests, the slipstream
backward linear velocity and rotational velocity are taken from the the esti-
mations of the Motocalc program, that has proven to have reasonably accu-
rate estimations when compared with the thrust test bench measurements.

To conduct these simulations, the coordinate data of the airfoil shape are

obtained from the JavaFoil® program (Fig. 2.6).

Figure 2.6: NACA 2410 wing profile

The wings with the determined chord length, wing span and shape, and
the fuselage with a shape providing reasonable aerodynamic features, feasi-
bility of production and sufficient room for the designed electronic control
system and wing tilting mechanisms are drawn in SolidW orks® (Fig. 2.10).
The 3D CAD model of SUAVI is imported into the ANSYS air flow simula-
tion environment, an air flow closed volume is defined for the simulation and
meshing is applied.

The boundaries for the simulation are defined as symmetry at the plane,
which cuts the fuselage vertically into two equal parts, zero air speed on the

surfaces of the UAV due to the stiction, tested air speed at the incoming
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side of the closed volume and ambient air pressure at the outgoing side of
the closed volume. Finally, the solver is run to obtain the results of the
simulations.

As a consequence of all of these simulations, it is observed that using
relatively long chord length with large winglet instead of high wing thickness
is more preferable to increase efficiency. This is due to the facts that at high
angle of attacks large chord length supplies large inclined surface against the
air flow and at high speeds thicker wing causes more drag. In the literature,
it is known that thinner and less cambered wings suffer from leading edge
separation at lower angle of attacks, which causes stall [145]. However, wings
of SUAVTI are nearly fully submerged in the slipstream of the propellers and
the high speed slipstream prevents the air separation even at high angle of
attacks and supplies additional lift.

In the simulations, it is revealed that NACA 4412 airfoil generates more
than necessary lift at the expense of additional drag due to the additional
airspeed of 25-36 km/h on the wings caused by the propeller slipstreams.
Hence, the simulations are repeated with NACA 2410 airfoil and this airfoil
shape with 25 cm chord length is selected to be sufficient both for generating
the required lift and for constraining the air drag at a considerable level (Fig.
2.7). This airfoil has a maximum camber line to mean line distance of 4 %
of the chord length at a 40 % chord length distance behind the leading edge
and a maximum thickness of 10 % chord length.

Due to the low aspect ratio (AR=4) and rectangular planform that min-
imizes wing loading through maximizing the area for the limited wing span,
the wings of the air vehicle have tendency to have severe spanwise air flow,

especially at high angle of attacks (Fig. 2.8).
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Figure 2.7: NACA 2410 airfoil
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Figure 2.8: Spanwise air flow on wings with high angle of attack

This spanwise air flow reduces the efficiency of the wings by generating
wing tip vortex and reducing pressure difference between the upper and lower
surfaces. This is remarked in the ANSYS simulations, however using elliptical
planform to form lift distribution yielding minimum induced drag [143, 146]
would be impractical due to the very limited wing span and wide usage of
high angle of attacks in the entire speed range. Instead, large winglets are

joined to the wing tips (Fig. 2.9) that also reduce the necessary angle of
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attacks for stable flight for 1°-2° in the simulations.
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Figure 2.9: Reduction of the spanwise air flow by winglets

The final shape of the wings with the NACA 2410 airfoil, 25 cm chord

length, 1 m wing span, the selected motor and the winglet is as in Fig. 2.10.

Figure 2.10: Aerodynamic design of the wing

From the ANSYS air flow simulations of the air vehicle with consecutive
wings, it is noticed that the lift of rear wings is negatively affected by the
downwash produced by the front wings (Fig. 2.11). This downwash makes

the rear wings to behave like flying with less angle of attack in the air due to
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the downwash angle, that increases with the angles of the front wings [145—
147]. There are mainly three possible solutions to equalize the lifts of front
and rear wings, that are increasing the rear wing area or thickness, placing
rear wings at a higher place on the air vehicle and using rear wings with

higher angle of attack.
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Figure 2.11: Streamlines showing the downwash and its effect on the rear
wing

Increasing the wing area requires extension of the wing span which is
already limited by the compactness requirements or increasing the chord
length, which is not so desirable due to the excessive decrease in aspect
ratio.

Increasing the thickness of the wing can solve the problem with consid-
erable thickness increase, which also adds up to the drag, especially at high
speeds. Placing rear wings at a higher place on the fuselage is a solution
tested in ANSYS simulations, however the results showed that more than

one chord length vertical distance is necessary to equalize the lifts of front
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and rear wings as also stated in the literature [143, 145, 148]. To achieve
this, the fuselage is needed to be built larger in vertical direction leading to
a heavier structure, so this choice conflicts with the weight constraint for the
air vehicle.

To make both the design and production less complicated, the front and
rear wings are determined to be located at the same vertical level and the
rear wings are used with higher angle of attack. In fact, this solution is very
reasonable, since it directly attacks the source of the problem.

According to the simulations, SUAVI can fly most economically at around
40 km/h air speed with 10.5° front wing angle of attack and 12.5° rear wing
angle of attack, while it can speed up to 68 km/h with 2° front wing angle
of attack and 3.7° rear wing angle of attack. At 40 km/h, without any
propeller slipstream, the risk of separation exists. However, the slipstream
of the motors increases the airspeed on the wings with additional parallel to

chord air flow and suppresses the risk of any separation on the wings.

2.2 Wind Tunnel Tests

To verify the aerodynamic design of SUAVI and measure the aerodynamic
forces and moments generated in a variety of wing angle of attacks and power
settings, wind tunnel tests are conducted. These tests are performed on a
half-model of SUAVI in Istanbul Technical University’s Glimiigsuyu closed

circuit wind tunnel.

2.2.1 Wind Tunnel Test Facility

The low speed wind tunnel used in the experiments has a rectangular

cross section with 1.1 m width and 0.8 m height. In the case of testing full
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model of the aircraft having 1 m wingspan, there would be only 5 cm gap
between the wing tips and the wind tunnel walls. As a result, wall effect
would prevent realistic observation of the effects caused by the flows on the
wing tips, which are highly effective on the efficiency of the wings.

A half model of SUAVTI is designed and produced, which is just one half
of the air vehicle cut on the longitudinal axis of the body through the vertical
plane. Using half model is a common approach in wind tunnels, exploiting
the fact that air flows on two symmetric halves of a body are also symmetric.
Since the wings on the air vehicle are not affected by this division, the wings
that are the same with the wings on the prototype are used. The half body
is designed in CAD environment (Fig. 2.12) with all the connection parts
for the sensor and CNC machined from bulk aluminum with the same outer
shape, but with modifications in the inner shape for strength and connection

to the force sensor (Fig. 2.13).

Figure 2.12: CAD drawing of the wind tunnel and the half model

The carbon composite fuselage has enough strength against bending and
other loads due to its box structure and the wing tilt bearing parts, which

extend from one side wall to the other and apply only lift and forward acting
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forces on the fuselage. In the case of using half body, however, the U shaped
structure cannot effectively withstand torsion on the longitudinal axis and
the bearing parts only have one side to attach, which is not enough to prevent
transmission of the bending moment due to the lift force on the wall.

The aluminum half fuselage is designed to prevent any deflection on the
test model. There are angular scales for simple control of angle of attack on
the sides of the fuselage (Fig. 2.13 a) and the same servo motors with the
ones on the prototype to test the performance of the servos in real operating
conditions. The half fuselage has double roller bearing supports for the tilting
wings to prevent backlash and undesired friction on the wing roots (Fig. 2.13

b).

Figure 2.13: Outer (a) and inner (b) view of aluminum half body

An ATT Gamma series SI-130-10 6-DOF load cell is connected to the
ground of the wind tunnel test room and the half model (Fig. 2.14) is con-
nected to the sensor such that the half body is 3 mm above the ground. This
gap prevents any incorrect measurement due to contact of body and ground,
but may cause parasitic flows despite the boundary layer above the ground.

To avoid these parasitic flows, soft acrilic felt is stuck on the walls at the
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ground side of the half body, so there is a conformal material on this gap

(Fig. 2.13 b).

Figure 2.14: Half model in the wind tunnel

2.2.2 Aerodynamic Tests

The aerodynamic tests in the wind tunnel are conducted in two main
stages. First, lift and drag measurements on a single wing without any
motor revolution are obtained. These measurements are performed to acquire
the knowledge about the strength of the wing, about the sufficiency of the
wing tilting servo torques to hold the wings at the desired angle of attack
and to verify the wing profile features and measurement method through
comparisons with the literature.

Second, lift, drag and pitch moment measurements on the complete half
model are obtained to determine the optimum wing tip shape and to acquire
information on both the necessary motor inputs and wing angles wrt. the
body for the steady flight in the full range of flight speeds. These measure-
ments are repeated for several input voltages to understand by how much the
currents and the required motor power control pulses need to be changed for

obtaining the same flight performance when the battery voltage decreases.
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Lift and Drag Measurements on the Half Model with Single Wing

The initial aerodynamic tests are performed on the half model with only
the front wing and without the rotor action (Fig. 2.15). These tests are
conducted with straight cut wing tips. The emphasis on these tests is on
the validation of the measurement method through the comparison of results
with the literature, the strength of the wings in the high speed air flow and
the accuracy of wing tilting servo positioning. Hence, air speeds up to 20

m/s (72 km/h) overshooting the target maximum speed are applied.

Figure 2.15: Half model with single wing in the wind tunnel

When the obtained data on the wing lift (Fig. 2.16) and drag (Fig. 2.17)
coefficients vs. angle of attack are compared with the published data in the
literature, it is seen that the measured values are consistent [146, 148-150].
The measured lift coefficient values, that are corrected for the aspect ratio
of 4 without any vortex reducing device at the wing tip, become near to the
section lift coefficients [145].

In Fig. 2.18, it is observed that the drag coefficient has a nearly vertical
trend after the highest lift coefficient area and becomes very large with lower
lift coefficients. This happens due to the fact that the lift coefficient becomes

lower and drag coefficient increases rapidly as angle of attack is increased
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further beyond the rise of separation. In the wing characteristic charts, this
is generally not evident since these charts do not cover large angle of attacks,

that are not useful for most fixed wing aircrafts.
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Figure 2.18: Drag coefficient vs lift coefficient graph for one wing

In the literature the lift and drag forces are modeled as

1
FL = épVQSCL (21)
1 2

where p is the air density, V is the air speed, S is the plan area of the wing,
Fy, and Fp are the lift and the drag forces, and Cf, and Cp are the lift and the
drag coefficients, [145, 146, 148, 149]. For 10°, 13° and 16° angle of attacks

the lift and drag vs air speed graphs can be seen in Fig. 2.19-2.20. As speed
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increases with constant angle of attack, p, S, Cp and C'p do not change, so
lift and drag forces are proportional with the square of the speed. This is
apparent for lift force as in Fig. 2.19. In Fig. 2.20, the curvature of the curve
fitting is not easily seen due to the low signal-to-noise ratio of the obtained

measurement data on the measurement system.
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Figure 2.19: Lift vs speed graph for one wing

Besides validating the measurement method through comparison with
available data in the literature, control of strength is also an important issue
on the wind tunnel test. The wing is tested with 12° angle of attack in 20
m/s air speed generating 2.28 kg lift and 0.32 kg drag, where it is normally
loaded with 1.125 kg lift.

Additionally, the wing tilting servos do not have any evident angle change
while coping with the torque load on the wing axis as the speed is increased,
even at very high angle of attacks like 70° and 75° at 11 m/s air speed. The

wing is pivoted on the quarter-chord length behind its leading edge, so a
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Figure 2.20: Drag vs speed graph for one wing

large moment on the tilting axis due to the area near the trailing edge needs

to be balanced by the servos when abused.

Lift and Drag Measurements on the Complete Half Model

The first stage of the lift, drag and pitch moment measurements on the
complete half model is performed to determine the optimum wing tip shape
and size. To test the air vehicle power consumption for steady flight at the
desired speed range, the wing angle of attacks and motor PWMs are adjusted
such that the drag force on the half model is 0 N, pitch moment is 0 Nm and
the lift is 22 N for balancing the half weight of SUAVI. The wing tip design
is an important factor that can reduce the angle of attack and motor power
requirements on SUAVI, that is an air vehicle with low aspect ratio wings.
For this reason, a series of wing tip shapes and sizes are examined through

nominal flight tests for the wing angle of attack (Fig. 2.21), motor PWM
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(Fig. 2.22) and current consumption (Fig. 2.23). These wing tip shapes
include straight-cut wing tip, short swept-wing alike wing extension and two
different sizes of end-plates.

In the test results, it is observed that the utilization of moderate size
end-plate leads to generally the least values for wing angle of attack, motor
PWM requirements and current consumption.

A wing tip end-plate operates mainly by blocking the spanwise flow of
high pressure air at the lower surface of the wing towards the tip and by
blocking the spanwise flow from the outside into the low pressure area at
the upper surface of the wing. By doing this, it prevents the reduction of
favorable pressure difference that lifts the air vehicle and the increase of
induced drag, especially for an air vehicle that often uses high angles of
attack [144, 146]. Since this favorable pressure difference is generated by
consuming energy for propulsion, using winglets increases the flight range of
the air vehicle.

During the wind tunnel tests of the SUAVI, it is observed that severe
spanwise air flows occur on both upper and lower sides of the wing at up to
80 mm vertical distance from the chord line. For this reason, the effect of
short swept-wing alike wing extension, which does not extend vertically to
the spanwise flow area is not significant. Using a large end-plate with size 420
mm x 440 mm to prevent the effect of these spanwise flows results with the
current draw of 11.2 A for two motors with the expense of carrying giant wall
at the wing tips. On the other hand, using winglet with size 165 mm x 280
mm causes only 0.4 A more for two motors with much less weight and size.
Further reducing the size of the winglets increases the current requirement

with a higher tendency, so this size is determined as an optimum solution,
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Figure 2.21: Front (a) and rear (b) wing angle of attacks in the tests of some
of the wing tip choices
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Figure 2.23: Current drawn by two motors for various wing tip choices

regarding both the winglet performance and weight.

The determined winglet is placed such that its back side is coincident with
the trailing edge of the wing, since it is observed that the further horizontal
extension beyond the trailing edge of the wing does not have evident effect
on the performance. Additionally, the winglet’s horizontal midline is 10 mm
lower than the chord line of the wing, since the thickness of spanwise flow at
the bottom of the wing extends more especially at high angle of attacks.

Front side of the winglet is rounded to further decrease the weight and
increase the aerodynamic efficiency of the winglets. Through the utilization
of this winglet, it is calculated that the air vehicle will be able to consume up
to nearly 15 % less energy, increasing the flight duration up to 10-12 minutes.

With the final shape of the winglet, the wing angle of attacks, motor
PWDMs and current requirements of the half model are as listed numerically

in Table 2.4 and as depicted in Fig. 2.24-Fig. 2.26.
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Table 2.4: Motor throttle PWM percentages, wing angle of attacks and cur-

rent drawn by two motors for nominal flight

Air speed (m/s) | Front motor (%) Rear motor (%) | Front wing angle (°) Rear wing angle (°) | Current (A)
0 62.5 62.5 90.0 90.0 32.0
1 62.5 62.5 88.0 88.0 324
2 62.5 62.5 86.0 86.0 324
3 54.3 59.0 76.0 86.0 30.8
4 46.9 53.5 68.0 82.0 27.0
5 41.0 46.1 54.0 71.0 22.8
6 41.8 41.8 41.0 51.0 21.0
7 41.8 41.8 31.5 45.0 20.2
8 41.8 41.8 29.0 39.0 20.0
9 38.3 38.3 24.0 30.0 16.7
10 36.7 36.7 16.0 25.0 14.6
11 34.0 34.0 14.5 20.5 12.3
12 34.8 34.8 11.0 15.5 11.9
13 33.6 33.6 10.0 14.5 10.5
14 38.7 38.7 8.0 12.0 12.5
15 42.2 42.2 7.0 9.0 14.1
16 45.7 45.7 5.5 8.0 15.2
17 49.6 49.6 4.5 6.0 17.5

From the nominal flight tests, it is observed that the wing angles (Fig.
2.24) are similar in shape with motor PWM requirements (Fig. 2.25) up to
the airspeed of 6 m/s and beyond that speed the motor PWMs become nearly
the same. At 11-14 m/s air speeds, the PWM values are at the lowest level,
but as the speed further increases the required PWM values become larger

to cope with the increased parasite drag on the air vehicle at high speeds,
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Figure 2.26: Current drawn by the half model for steady flight at various
speeds

despite the continuous decrease in induced drag due to the decrease in wing
angles [147].

From the angle of attack vs. speed graph (Fig. 2.24) it is noted that up
to 2 m/s air speed, the front and rear wing angles are the same because of
the relatively insignificant effect of the air low. However beyond that speed,
there is a difference between the wing angles making the rear wing angle
higher up to 10° at low speeds. This result is expected due to the fact that
the rear wing operates in the downwash and wake of the front wing and the
lift difference becomes very crucial at low speeds due to the larger wake of
the front wing at high angle of attack.

The current graph (Fig. 2.26) is similar to the average of the front and
rear motor PWM results. The lowest power consumption air speed range is

12-13 m/s, where the wing angle of attacks are near to the stall angles for the
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wings, which are the limits for linear increase in both lift and drag. Further
reduction of the airspeed by increasing the wing angles reduces the lift and
exponentially increases the drag, therefore at lower speeds additional motor
thrust is required. Further increase of the airspeed leads to the reduction of
wing angles, but the overall drag on the air vehicle increases with the square
of the speed, therefore at higher speeds additional motor power is required.

During the flight of SUAVI, pitch control is definitely necessary at the
entire speed range. To have a model of pitch moment responses wrt. both
motor power changes and wing angle changes, aerodynamic tests are con-
ducted in the wind tunnel.

In the first step of these tests, the half model is adjusted to the steady
flight configurations at each air speed sample and the front motor PWM is
increased, while the rear motor PWM is decreased to generate positive pitch
moment and vice versa. By doing this, the propeller slipstream speed on
each wing is changed, so the pressure difference that provides the lift on each
wing is affected.

Additionally, the angle of attack of each wing causes the existence of a
vertical force component due to each motor thrust. In the results of this first
test step (Fig. 2.27), it is observed that 1 Nm pitch moment can be generated
through only motor PWM differentiation at up to 11 m/s air speed and the
maximum pitch moment generated through this method declines to around
0.4 Nm gradually.

In the second step of these tests, the half model is adjusted to the steady
flight configurations at each air speed sample, but this time, the front wing
angle is increased, while the rear wing angle is decreased to generate positive

pitch moment and vice versa. By doing this, the lift of each wing is altered
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through the change of angle of attack. In these tests (Fig. 2.28) it is observed
that even with 2° differentiation on both wings, it is possible to generate pitch
moments from 0.6 Nm up to 5.2 Nm depending on the air speed.

It is remarkable that pitch control by only motor PWM differentiation
diminishes as the air speed increases, while pitch control by only wing angle
change becomes very effective in the same circumstance. This is due to the
facts that at high air speeds the thrusts of the engines inevitably become
lower, the vertical thrust component on the lift decreases due to low angle of
attack and change on wing angle of attack influences the lifts dramatically.
It is expected that even 0.5 Nm pitch moment will be sufficient to stabilize
the air vehicle in most cases based on the estimated pitch inertia of 0.4 kgm?.
For the roll, yaw controls and additional pitch control at high speeds, the
elevons and rudder on the tail will serve as control surfaces.

SUAVT is an electric air vehicle that relies on the on-board battery power.
Since the voltage of the batteries decreases as time elapses during the flight,
it is necessary to measure the effect of battery voltage change on the controls
of the air vehicle and compensate for this effect. To develop a method for
compensating this, the stable flight conditions for the entire speed range are
set for a series of power supply voltages (Fig. 2.29).

Since, this is mainly a problem caused by motor power loss, motor PWM
values are updated, instead of making any wing angle change. The current
drawn by the motors on the half model is depicted in Fig. 2.29 b. In these
tests it is observed that the change in consumed power is negligibly small,
so there is an option to regulate the mean values of the motor PWMs in

accordance with the measured current of the motors.
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Chapter 3

3 Mechanical Design and Prototyping

The main goal of the mechanical design of SUAVT is to obtain the most
lightweight structure that is capable of withstanding the possible loadings in
vertical, horizontal and transition flight modes. To achieve this, carbon fiber
reinforced plastic, which is a material to be known as the best in terms of
strength /weight ratio, is determined to be the production material of SUAVI.
To improve the durability in compression loading, usage of sandwich struc-
ture on the entire body is preferred. In this sandwich structure, lightweight
core material is surrounded by carbon fiber cloth on both sides. This struc-
ture makes the skins of the UAV to perform like an I-beam, in which the
strong material is kept at outer sides to increase the second moment of iner-
tia and low-density material is kept inside just to keep the outer sides parallel
to and apart from each other. By this way, the skins of the UAV can be pro-
duced lightweight and still strong, even against bending and compression.

There are two mechanical designs and prototypes of SUAVI, that have
very similar aerodynamic designs. The first flight tests on SUAVI, especially
the VTOL flights, are mostly conducted on the first prototype, whereas the
second prototype is designed as a much stiffer, lighter and more useful struc-
ture with the tremendous help of experiences gained on both the production

and the flight tests of the first prototype.



3.1 Mechanical Design and Production of the First
Prototype

The mechanical design and production of the first prototype of SUAVI
can be seen as a trial stage for the prototyping of the aerial vehicle. There has
been shortage of experience on building a UAV with such small dimensions
and such strict weight limits. The available core material has been balsa wood
with 1 mm thickness and the shape of both the fuselage and wing skins have
been simplified to simplify the production and to observe the behavior of the
materials utilized in the design. However, the production and flight tests of
this first prototype have provided valuable experiences for the design of the

second prototype.

3.1.1 Mechanical Design of the First Prototype

The fuselage in the first prototype is designed to be produced in one mold
as two symmetrical sides and have relatively simple shapes at front and back
of the fuselage. This is due to the lack of knowledge on how the vacuum
bagging method and plain woven carbon fiber cloth complies to the shape of
the 3D fuselage at the time this design is made. The fuselage is designed to
be a symmetrical wing with vertical orientation, very long chord length and
comparably very small wing span. This form is relatively less complicated
for the production and it also offers low air drag coefficient. The fuselage
consists of two main parts, that are the flat cover on the top of the fuselage
for accessing the electronic system inside and the lower part that is the
backbone of the prototype with U-shaped crosssection. It is obvious that

this design can be weak against torsion on the fuselage, since the upper side
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of the fuselage is a separate part and the box structure cannot be satisfied.
To fight against this weakness, additional ribs are designed to be placed into
the fuselage (Fig. 3.1).

The wings in the first prototype are designed to have upper and lower
skins that encapsulate a pultrusion carbon composite tube wing spar and
small wood parts. These wood parts act as interfaces between the spar and
the wing skins. The inner thickness of the wings at quarter chord length,
where the spars are connected to the wings for the lifting at the lift center,
are 20 mm and the diameter of the wing spars are 10 mm, so these wood

parts fill the gap inbetween to provide homogenous contact (Fig. 3.1).

Figure 3.1: Mechanical design of SUAVI

The wing tilting mechanism is designed to be supported by a delrin block
that is machined to carry the high torque servos of the system and to act as
a bearing for the tube shaped wing spars (Fig. 3.2). The material is selected
to be delrin due to its low friction surfaces for smooth rotation of the wings,
even at high loads transmitted by the wings. These delrin parts are designed
to be produced as one part and fixed to the inner sides of both side skins.

The wings produce large bending moments at the roots and transmit these
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bending moments to the delrin blocks. These delrin blocks transfer only the
lifting and friction forces to the fuselage skins through shear forces on the
glued interfaces. If these bending moments are transmitted directly to the
fuselage’s thin skins, these skins cannot survive even in the presence of small

forces applied by the wings.

Figure 3.2: Mechanical design of the wing tilting mechanism

Additionally, the batteries on the first prototype are planned to be placed
just under the delrin blocks (Fig. 3.1). This place is chosen to improve
the static stability of SUAVI using the weight of the batteries, that is a
large proportion of the total flight weight. Another important reason is that
carrying the batteries as near to the wings as possible minimizes the bending
moments on the fuselage, which are caused again due to the weight of the
batteries.

In the aerodynamic analysis of SUAVI performed in ANSYS Fluid Flow
simulation environment, the aerodynamic pressure distributions on the wings
can also be obtained. When these distributions are fed into the ANSYS
Mechanical Analysis environment, the stresses generated on the wings are
estimated. For the worst case scenario on the wing loadings, 68 km/h air
speed with 10° angle of attack is chosen (Fig. 3.3). Normally, wing angle of
attacks at such high speeds is around 2-3° and at 10° angle of attack both

the lift and drag forces on the wings become 2.5-3 times the nominal values.
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As a consequence, the maximum stress on the wings is estimated as 36.4
MPa, that is observed on the carbon tube at wing root instead of the wing
skin. The mechanical safety factor becomes 8, even with the 292 MPa tensile
stress of the wet lay-up carbon fiber, that is the lowest among the values for
the carbon tube production. The stresses on the wing skins are found to be

very small to mention.
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Figure 3.3: Stress analysis of the wing for the worst case scenario

The mechanical analysis for the fuselage of SUAVI are also performed at
2.5 g vertical acceleration (Fig. 3.4). Consequently, the maximum stress on

the fuselage is found to be 4 MPa.
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Figure 3.4: Stress analysis of the fuselage under 2.5 g vertical acceleration
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In the tensile tests, that are conducted in the Universal Testing Machine,
the maximum stress that the sandwich structured carbon composite material
with balsa wood core, which was the candidate material for the production
of the first SUAVI prototype, can withstand is found to be approximately 95
MPa. Accordingly, the mechanical design of the fuselage is found to have a

safety factor of approximately 24.

3.1.2 Production of the First Prototype

The production of the first prototype begins with the production of the
molds for the composite manufacturing. The molds are milled from cast
aluminum in a CNC milling machine (Fig. 3.5 a, b) and become ready for

composite production with additional sanding (Fig. 3.5 c-e).

()

Figure 3.5: Production of the molds (a, b), finished mold of the wings (c)
and the molds of the fuselage (d, e)
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The SolidWorks part files are exported into CAM environment, where the
cutting method is defined and the G code is generated, and the G code is
fed into the milling machine or lathe. The CNC machines complete the rest
of the task automatically when the position of the material is introduced to
the machine properly.

In the production of the first prototype, sandwich structured carbon com-
posite material with balsa wood core is used. Balsa is a very lightweight wood
that is also widely used in RC model airplane production. This material is
preferred, due to its low-density, conformity onto the curved shapes of the
wings and availability in the market. The carbon fiber material that sur-
rounds the honeycomb is a 0-90 plain wave carbon cloth. The reason for
using woven carbon fiber is to provide sufficient strength against stresses in
every possible direction. The carbon fiber cloth that is used in the production
has a density of 90 g/m?, which is the lowest available in the market.

The composite parts are fabricated by hand lay-up process on the de-
scribed molds with vacuum bagging technique applied in the curing phase
for higher fiber to resin ratio and better fiber wet-out [151, 152]. This process
is performed by laying up and wetting the outer carbon layer on the mold
with epoxy resin, placing the balsa plates, laying the second carbon layer and
wetting it also with epoxy resin (Fig. 3.6 a, b).

The perforated film is then laid to prevent the resin absorber from sticking
to the carbon cloth and then the resin absorber is laid on the top both to soak
still existing excess resin (Fig. 3.6 ¢) and to provide the air flow even from
a distant place on the mold from the vacuum pump’s pipe. Thereafter, the
sealant tape is applied to the outer boundaries of the mold and the vacuum

film is covered on the top to provide a vacuum zone (Fig. 3.6 d).
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When air is evacuated from the mold surface, the vacuum film presses
on this multi layer structure and during the curing, the carbon cloths stick
to the core material in a rigid manner (Fig. 3.6 d, e). When curing is
completed after 8 hours, the vacuum film, resin absorber and perforated film
are removed, and the composite part is revealed (Fig. 3.6 f, g). After the
removal of the unwanted excess parts, the composite wing skins become ready
for assembly to constitute the wings (Fig. 3.6 g, h). The carbon fuselage

skins are produced similarly.

(e) (h)

Figure 3.6: Hand lay-up (a, b), vacuum bagging processes (c, d, e, f), cured
skin (g) and finished skin (h)

For the assembly of the wings, first, the wood parts, which act as interface
between the carbon composite spar and the wing skins, are glued on the wing
skin (Fig. 3.7 a). Then the near sides of the wings are glued at the near
ends of the wings (Fig. 3.7 b). The carbon composite spar is fixed on its
place (Fig. 3.7 ¢) and the other wing skin is joined to form the wing (Fig.
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3.7 d). With the assembly of motor (Fig. 3.7 e), the wing becomes ready to

be assembled on the prototype (Fig. 3.7 f).

= - ———
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Figure 3.7: Wood interface parts being attached to the lower wing skin (a),
near sides of the wings being glued (b), carbon composite spar being fixed to
the wing (c), upper skin joining the lower skin (d), motor joining the wing
(e) and the finished wing

The assembly of the fuselage begins with the assembly of the two side
halves. These parts are first matched with each other (Fig. 3.8 a) and
joined using impregnated carbon cloth to form the similar carbon composite
structure also at the joining line (Fig. 3.8 b). The wing tilting mechanism is
prepared through the milling of delrin block and the servo connection arms,
the assembly of the high torque servos and their connection arms (Fig. 3.8 ¢).
The wing tilting mechanisms are attached on the carbon composite fuselage
(Fig. 3.8 d). The prototype becomes ready for flight with the addition of
the electronic control system, wirings and batteries (Fig. 3.8 e).

The ready for flight weight of the prototype is measured to be 4619 g,
in which a battery group with only 19.2 Ah capacity can be placed. The
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produced SUAVT prototype can be seen in (Fig. 3.9).

Figure 3.8: Matching (a) and joining of the two halves of the fuselage (b),
the cover (c), assembly of the wing tilting mechanism (d), attachment of the

wing tilting mechanism on the fuselage (e) and the final assembly (f)

Figure 3.9: SUAVI prototype in horizontal (a) and vertical (b) flight modes
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3.2 Mechanical Design and Prototyping of the Second
Prototype

During the flight tests of the first prototype of SUAVI, several problems
both in terms of structure and placement of components are observed. For
instance, the weight of the delrin blocks (660 g), the landing gear set and the
carbon composite skin that is not light enough, caused a reduction in battery
capacity. Utilization of less number of batteries than planned to handle even
more energy consumption to lift the heavier than planned prototype resulted
in short flight durations.

Additionally, due to the productional limits, the ribs designed for the
installation into the fuselage could not be placed and to solve the torsion
problem, an aluminum profile was placed between the delrin blocks, which
added more weight on the prototype. The placement of the batteries into the
fuselage caused the rolling inertia of the UAV to be very low, which made
the aircraft less stable in rolling motion.

Most importantly, the separate wing tilting between right and left wings,
and the backlash in the bearings of the wing spars made the accurate wing
angle control of SUAVI impossible. This prevented the trials of horizontal
flight on the first prototype of SUAVI. To solve these problems, a new SUAVI
prototype with lighter and stronger structure, increased battery capacity and

accurate wing angle tilting system is designed.

3.2.1 Mechanical Design of the Second Prototype

For the reduction of weight of the prototype, the reduction of the composite

body weight is an important factor. Hence, the method of carbon composite
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skin production is revised and some commercially available core materials,
which are also used in composite aircraft production, are experimented for
the contribution in terms of strength and weight.

For the experimentation of skin strength, several trials in the breaking
tests with Universal Testing Machine (UTM) are conducted according to
the standards for three point bending tests [153]. In these tests, carbon
composite specimens of 20 mm x 100 mm size with Aramid honeycomb,
balsa and Aeromat cores are placed on the UTM with the distance between
supports set as 50 mm (Fig. 3.10).

The measurements are taken using 10 kN strain gauge and the bending
speed is set as 2 mm/min as the standards dictate (Fig. 3.11). In the three
point bending tests, it is observed that the specimen with Aramid honeycomb
core fails at 24.09 N, whereas the one with Aeromat fails at 18.52 N and
with balsa fails at 16.43 N. The specimen with Aramid honeycomb core
have performed better since it is not layered parallel to the skin material,

so it protects the integrity of the sandwich material even in the existence of

reasonable bending forces.

Figure 3.10: Balsa (a), Aero-mat (b) and Aramid honeycomb (c) in flexure
test

As another advantage, Aramid honeycomb is a lightweight material be-

cause it is only consists of thin strips bound together to form the honeycomb
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Figure 3.11: Specimens with balsa (a), Aero-mat (b) and Aramid honeycomb
(¢) core material

shape and the air inbetween, whereas balsa, which is the lightest wood known,
and Aeromat are materials without any air gap to become further lighter.
The weight per area for the produced specimens with Aramid honeycomb is
350 g/m?, whereas it is 450 g/m? for balsa and 550 g/m? for Aeromat.

The sandwich structure that carries the stresses on the wings, transmits
the generated forces to the carbon composite tube wing spars. Likewise, the
aluminum elbow connection parts connect the landing arms and the electric
motors to the spars to transmit the landing impact and motor thrusts to the
fuselage through a durable and stiff chassis. The spars are attached to the
inner walls of both the upper and lower wing surfaces, providing nearly all
stresses on the wing surfaces to be in tension and transmitted continuously
to the spars (Fig. 3.12 a).

The motors are mounted nearly at the mid-span of the wings and the
landing arms are placed directly behind the motors to minimize possible
bending moments observed at touchdown instants. There are tail-fin alike
extensions designed for the tips of the landing arms to prevent the failing
of wing tilting servos to keep the wings vertical during possible problematic
touchdowns with some forward motion. The winglets are only fixed to the
spanwise ends of the wing surfaces, since they are not to encounter massive

forces (Fig. 3.12 b).
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Additionally, the Li-Po batteries are located in the wings just behind the
wing spars near to the wing root, where the longer side of the batteries is
in spanwise direction (Fig. 3.12). The reason for such a placement is to
keep the rolling inertia near to pitching inertia and at a reasonable level
for better stability characteristics. The rotational inertia becomes larger as
the dominant weights are placed farther from the rotation center and as
the rotational inertia becomes larger, the effect of a moment on rotational
acceleration becomes lower. Batteries could also be placed at the center of
gravity of the UAV, however this would result in very low rotational inertia
causing the UAV to rotate due to even very small disturbances, which is very
undesirable. Placement of the batteries on the wings also helps reducing the
critical bending moments on the wing roots and the forces on the wing tilting

mechanism, which consequently adds to the reliability of the system.

(a) (b)

Figure 3.12: CAD model of the wing with regionally cut upper skin to reveal
the details (a) and with its final shape (b)

To support the stiffness and lightness of the mechanical structure, carbon
composite tubes, which are produced by wrapping woven carbon cloth with
epoxy resin, are utilized as the backbone. These tubes have 20 mm of di-
ameter and far more resistance against torsion, bending and crushing when

compared with the pultrusion carbon tubes.
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There are three main reasons for this. Increase of the diameter from 10
mm to 20 mm with 1 mm material thickness reduces the maximum stress at
the surface of the material for approximately 18 times.

Additionally, with the increase of the diameter to 20 mm, the carbon
tubes can be fixed in the wing without any interfacing part, directly to the
inner surface of the wing skins.

Finally, it is useful to pass the cabling between the wings and the fuselage
through the carbon composite spars and the rotating shafts in the wing tilting
mechanism (See Fig. 3.19 a in Section 3.2.2). Otherwise, these cables are
damaged by the carbon composite skin of the fuselage after several numbers
of vertical-horizontal transitions during the operation of SUAVI.

To keep the fuselage both lightweight and stiff against bending and tor-
sion, the front and rear wing tilting mechanisms are also connected through
the same type carbon composite tube (Fig. 3.13 a-c). This tube ends at
the front wing tilting mechanism, whereas it extends further beyond the rear
wing tilting mechanism to provide a stiff support for the vertical stabilizer of
the aerial vehicle. This tube is fixed to the outer static structure of the wing-
tilting mechanism (Fig. 3.13 b, ¢). This outer static structure is charged to
carry the high torque servo near to the rotating shaft and the needle bearings
on which the shaft is rotating, transmit forces from the wings to the body,
and carry the aerodynamic cover.

The servo rotates the shaft, on which the wing spars are fixed, through
a parallel mechanism with around 100° tilting range. The wing spars are in-
serted into the shaft and then screwed to it on matching holes with setscrews
to keep the wings at correct place and angle. An important detail on this sys-

tem is the thin rings stuck on the tips of the wing spars. The outer diameter
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of the carbon composite tubes vary in the order of some 0.1 mm’s.

To prevent the emergence of severe backlash in the wing-shaft joint and
to standardize the wing spar-shaft conformity, the tips of the carbon com-
posite tubes are covered with thin aluminum rings having well-known outer
diameters. These rings also help preventing crack formation and propagation
at the tips of the wing spars that are caused by two point contact loadings
between the inner surface of the shaft and outer surface of the wing spars.
There are also four aerodynamic cover parts produced from sandwich struc-
tured carbon composite material with aramid honeycomb core: the nose, the

stern, the lower mid part and the upper mid part.

Figure 3.13: CAD model of the body without covering (a), wing-tilting
mechanism-carbon pipe connection (b) and the wing-tilting mechanism detail
with transparent outer static structure (c)

The CAD model of the improved SUAVI prototype can be seen in (Fig.
3.14).
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Figure 3.14: CAD model of SUAVI in horizontal (a), transition (b) and
vertical (c) flight modes

3.2.2 Production of the Second Prototype

The prototyping first begins with the production of the molds and the
aluminum inner parts of SUAVI. The molds are milled from cast aluminum
in a CNC milling machine (Fig. 3.15 a, ¢, d), whereas the inner parts are
either milled in the milling machine or lathed in CNC lathe depending on
the shape of the parts (Fig. 3.15 b).

For the production of the prototype, sandwich structured carbon com-
posite material with Aramid honeycomb core is utilized. This material is
preferred to fulfill the required strength and weight criteria. The carbon
fiber material that surrounds the honeycomb is 0-90 plain wave carbon cloth
as in the first prototype. The application of the hand lay-up technique is
changed slightly to reduce the weight of the carbon composite skins. This

process begins with the lay up and wetting of the outer carbon layer on the
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Figure 3.15: Finished molds and inner parts of the wings (a, b) and the molds
of the fuselage (c, d)

mold, and then soaking the excess resin, which is a useless weight, using a
paper towel. Thereafter, the honeycomb is laid on the outer carbon layer and
the second wet carbon layer, that is also cleansed from excess resin is laid on
the honeycomb (Fig. 3.16 a). The rest of the vacuum bagging process is the
same with the vacuum bagging of the parts in the first prototype.

When curing is completed after 8 hours, the composite part is revealed
(Fig. 3.16 b). After the removal of the unwanted parts that are marked using
some epoxy resin that cures in the grooves on the molds (Fig. 3.16 ¢, d), the
composite wing skins become ready for assembly to constitute the wings and
the fuselage skins become ready for flight.

For the assembly of the wings, a preassembled wing spar, elbow connector
and landing arm group with the flight-ready cabling of motor throttle pulse
and battery power transmission is fixed on the lower wing skin on the mold

with epoxy (Fig. 3.17 a) and supported through epoxy-glass bubble mixture
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(a)

Figure 3.16: Hand lay-up (a), cured skin (c¢) and lower and the cutting marks
on the skins (d, e)

near the tangential connection of the wing skin inner surface (Fig. 3.17 b).
Glass bubble is a kind of very tiny glass sphere with around 400 kg/m3
density that is mixed with some epoxy resin to add some volume to the
resin for reducing the density. By applying the epoxy glass bubble mixture,
additional strength at the tangential connection is provided through surface
increase.

There are two inserts on the wing molds for the precise positioning of
these inner parts into the wings. For this reason, the assembly is performed
on the molds. Thereafter, the wing spar is drilled on the milling machine
again with the wing on the mold (Fig. 3.17 ¢). The positioning of this drilling
operation is crucial, since it determines whether the right and left wings are
parallel or not. They must be precisely parallel to prevent any unwanted
rotations during the flight due to the geometrical faults. The assembly of
the wing is concluded with the joining of the upper skin of the wing (Fig.
3.17 d), the aluminum ring on the wing spar root (Fig. 3.17 e) and the
winglet (Fig. 3.17 f).

The assembly of the fuselage begins with the assembly of the wing tilting
mechanisms. The shaft that tilts the wings is insert