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Yiksek Lisans Tezi

OZET

INSANSIZ HAVA ARACININ TASARIMI VE UYGULAMASI
Mehedi Imran HASAN

Karadeniz Teknik Universitesi
Fen Bilimleri Enstitlsu
Elektrik-Elektronik Anabilim Dali
Danisman: Dog. Dr. Halil Ibrahim OKUMUS
2017, 123 Sayfa

Son yillarda Insansiz Hava Araglar1 askeri alanda kullanima biiyiik bir katki
saglamanin yaninda, sivil kullanimda da ¢ok popiiler olmustur. Insansiz Hava Arag
uygulamalarindan bu yana, UAV tasarim ve gelistirme c¢alismasi geometrik olarak
artmaktadir. Insansiz Hava Aracinin asir1 basit goriiniisiindeki sebep, icerisindeki miirettebat
cikarilarak onun yerine bir bilgisayar sistemi ve bir telsiz baglantis1 kullaniliyor olmasidir.
Aslinda bu durum daha da karmasiktir ve Insansiz Hava Araci, miirettebat ve konaklama
yerleri olmaksizin bastan itibaren dogru bir sekilde tasarlanmalidir. Geligmis iilkeler, teknik
yeterliliklerinin olmasi ve uygun materyallere sahip bulunmasi nedeniyle uzun zaman 6nce
bu tiir projelere bagvurmus olabilirler. Bununla birlikte, gelismekte olan iilkelerin 6grencileri
icin bu projelerde, teknik becerinin, mali destegin ve ucak malzemelerinin satin alinmasi
oldukca zordur. Dolayisiyla bu ¢alisma, 6zellikle gelismekte olan iilkelerin dgrencilere,
diisiitk maliyetli insansiz hava araglar1 tasarimi ve gelistirilmesi konusunda ilham vermek

amaciyla yapildi.

Anahtar Kelimeleri: Insansiz Hava Araci, Otopilot Sistemi, Insansiz Hava Arac1 Tasarimi.



Master Thesis

ABSTRACT

DESIGN AND IMPLEMENTATION OF AN UNMANNED AIRCRAFT
Mehedi Imran HASAN

Karadeniz Technical University
The Graduate School of Natural and Applied Sciences
Department of Electrical & Electronics Engineering
Supervisor: Assoc. Prof. Halil ibrahim OKUMUS
2017, 123 Pages

In recent years Unmanned Aircrafts have come into account not only their tremendous
contribution in military use but they are now very popular in civilian use also. Since their
implementation, the study of design and development of UAV has been increasing in
geometrical way. An over-simplistic view of an unmanned aircraft is that it is an aircraft
with its aircrew removed and replaced by a computer system and a radio-link. In reality it is
more complex than that, and the aircraft must be properly designed, from the beginning,
without aircrew and their accommodation, etc. Developed countries may have gone for such
projects longtime ago because of their technical proficiency and availability of appropriate
materials. However, it is very difficult for the students of developing countries to have the
support of technical skills, financial support and aircraft materials which are quiet
unaffordable for these projects. Hence the study has been done to inspire the students
especially from developing countries to come forward to design and build low cost

unmanned aircraft.

Key Words: Unmanned Aircraft, Unmanned Aerial Vehicle, Autopilot system, Unmanned
Aircraft Design.
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1. INTRODUCTION

1.1. Overview

An Unmanned Aircraft can be defined as an aerial vehicle that uses aerodynamic and
propulsion forces to sustain its flight along a prescribed path without an on-board pilot. The
UAYV technology has the potential applications in many areas such as environmental
monitoring and protection, meteorological surveillance and weather research, agriculture,
mineral exploration exploitation, aerial target system, airborne surveillance for military land

operations, and reconnaissance missions.

A recent progress in the supporting technologies has enabled the development of semi to
fully autonomous UAV. This includes the availability of compact, lightweight, affordable
motion detecting sensors essential to the flight control system and compact lightweight low-
cost computing power for autonomous flight control. The common availability of Global
Positioning Satellite Navigation Systems has also a direct positive impact to the navigation

system development for UAVS.

Particularly, the integration of satellite navigation and inertial sensor data with flight
control systems enable wider application of the UAVs. In general, the availability of global
UAV knowledge-base has helped advance the frontier of this developing technology. To
successfully design an autonomous UAV, core and enabling technologies have to be
identified. It is well known that the core technologies for UAVs comprise airframes,
propulsion systems, payloads, safety or protection systems, launch and recovery, data
processor, ground control station, navigation and guidance, and autonomous flight
controllers. In the ongoing research project, most of the enabling technologies are given and
the effort will be centered at developing an autonomous navigation, guidance and control
system for the UAV. Unmanned aircraft must not be confused with ‘drones’, as is often done
by the media. A drone aircraft will be required to fly out of sight of the operator, but has zero
intelligence, merely being launched into a pre-programmed mission on a pre-programmed
course and a return to base. It does not communicate and the results of the mission, e.g.

photographs, are usually not obtained from it until it is recovered at base.



A UAYV, on the other hand, will have some greater or lesser degree of ‘automatic
intelligence’. It will be able to communicate with its controller and to return payload data
such as electro-optic or thermal TV images, together with its primary state information —
position, airspeed, heading and altitude. It will also transmit information as to its condition,
which is often referred to as ‘housekeeping data’, covering aspects such as the amount of

fuel it has, temperatures of components, e.g. engines or electronics.

If a fault occurs in any of the sub-systems or components, the UAV may be designed
automatically to take corrective action and/or alert its operator to the event. In the event, for
example, that the radio communication between the operator and the UAV is broken, then
the UAV may be programmed to search for the radio beam and re-establish contact or to
switch to a different radio frequency band if the radio-link is duplexed. A more ‘intelligent’
UAYV may have further programmed which enable it to respond in an ‘if that happens, do
this’ manner. For some systems, attempts are being made to implement on-board decision-
making capability using artificial intelligence in order to provide it with autonomy of

operation, as distinct from automatic decision making.

1.2. Thesis Contribution

The main purpose of the this thesis is to design and development such an aircraft which
will be cost effective, light in weight so that it can carry more payload, more stable against
difficult weather condition, can able to take off without any flaps and minimum take off
distance. The study also describes about the future research of the aircraft and the scope of
development. It describes detailed design of an aircraft and how an autopilot system works
in it. The main focus of the study is to inspire and share the technical details with the students
of developing countries so that they also come forward to contribute on these projects

according to their needs.

1.3. Categories of Unmanned Aircrafts

Although all UAV systems have many elements other than the air vehicle, they are

usually categorized by the capability or size of the air vehicle that is required to carry out the



mission. However, it is possible that one system may employ more than one type of air
vehicle to cover different types of mission, and that may pose a problem in its designation.
However, these definitions are constantly being changed as technology advances allow a
smaller system to take on the roles of the one above. The terms currently in use cover a range
of systems, from the HALE with an aircraft of 35 m or greater wing span, down to the NAV

which may be of only 40 mm span. They are as follows [1]:

1.3.1. High Altitude Long Endurance

High Altitude Long Endurance (HALE).Over 15000 m altitude and 24+ hr endurance.
They carry out extremely long-range (trans-global) reconnaissance and surveillance and

increasingly are being armed. They are usually operated by Air Forces from fixed bases.

1.3.2. Medium Altitude Long Endurance

MALE — Medium Altitude Long Endurance. 5000-15000 m altitude and 24 hr endurance.
Their roles are similar to the HALE systems but generally operate at somewhat shorter

ranges, but still in excess of 500 km. and from fixed bases.

1.3.3. Tractical

TUAV — Medium Range or Tactical UAV with range of order between 100 and 300 km.
These air vehicles are smaller and operated within simpler systems than are HALE or MALE
and are operated also by land and naval forces. Close-Range UAV used by mobile army battle
groups, for other military/naval operations and for diverse civilian purposes. They usually
operate at ranges of up to about 100 km and have probably the most prolific of uses in both
fields, including roles as diverse reconnaissance, target designation, NBC monitoring,
airfield security, ship-to-shore surveillance, power-line inspection, crop-spraying and traffic

monitoring, etc.



1.3.4. Mini

MUAV or Mini UAV — relates to UAV of below a certain mass (yet to be defined)
probably below 20 kg, but not as small as the MAV, capable of being hand-launched and
operating at ranges of up to about 30 km. These are, again, used by mobile battle groups and

particularly for diverse civilian purposes.

1.3.5. Micro

Micro UAV or MAV. The MAV was originally defined as a UAV having a wing-span no
greater than 150 mm. This has now been somewhat relaxed but the MAYV is principally
required for operations in urban environments, particularly within buildings. It is required to
fly slowly, and preferably to hover and to ‘perch’ —i.e. to be able to stop and to sit on a wall
or post. To meet this challenge, research is being conducted into some less conventional
configurations such as flapping wing aircraft. MAV are generally expected to be launched
by hand and therefore winged versions have very low wing loadings which must make them
very vulnerable to atmospheric turbulence. All types are likely to have problems in

precipitation.

1.3.6. Nano

NAV — Nano Air Vehicles. These are proposed to be of the size of sycamore seeds and
used in swarms for purposes such as radar confusion or conceivably, if camera, propulsion
and control sub-systems can be made small enough, for ultra-short range surveillance.
However, HALE and MALE UAV and TUAYV are increasingly being adapted to carry air-
to-ground weapons in order to reduce the reaction time for a strike onto a target discovered
by their reconnaissance. Therefore these might also be considered as combat UAV when so
equipped. Other terms which may sometimes be seen, but are less commonly used today,

were related to the radius of action in operation of the various classes.



1.4. Application of Unmanned Aircrafts

Before looking into UAV in more detail, it is appropriate to list some of the uses to which
they are, or may be, put. They are very many, the most obvious being the following [2]:

1.4.1. Civilian Use

e Aerial photography - Film, video, still, etc.

e Agriculture - Crop monitoring and spraying; herd monitoring and driving

e Coastguard- Search and rescue, coastline and sea-lane monitoring

e Conservation - Pollution and land monitoring

e Customs and Excise - Surveillance for illegal imports

e Electricity companies - Power line inspection

e Fire Services and Forestry - Fire detection, incident control

e Fisheries - Fisheries protection

e Gas and oil supply companies - Land survey and pipeline security

e Information services - News information and pictures, feature pictures, e.g. wildlife
e Lifeboat Institutions - Incident investigation, guidance and control

e Local Authorities - Survey, disaster control

e Meteorological services - Sampling and analysis of atmosphere for forecasting, etc.
e Traffic agencies - Monitoring and control of road traffic

e Oil companies - Pipeline security

e Ordnance survey - Aerial photography for mapping

e Police authorities - Search for missing persons, security and incident surveillance

e Rivers authorities - Water course and level monitoring, flood and pollution control
e Survey organizations - Geographical, geological and archaeological survey

e Water boards - Reservoir and pipeline monitoring



1.4.2. Military Roles

1.4.2.1. Navy

e Shadowing enemy fleets

e Decoying missiles by the emission of artificial signatures

e Electronic intelligence

e Relaying radio signals

e Protection of ports from offshore attack

e Placement and monitoring of sonar buoys and possibly other forms of anti-submarine

warfare

14.2.2. Army

e Reconnaissance

e Surveillance of enemy activity

e Monitoring of nuclear, biological or chemical (NBC) contamination
e Electronic intelligence

e Target designation and monitoring

e Location and destruction of land mines

1.4.2.3. Air Force

e Long-range, high-altitude surveillance
e Radar system jamming and destruction
e Electronic intelligence

e Airfield base security

e Airfield damage assessment

e Elimination of unexploded bombs



1.5. Necessities of UAV

Unmanned aircraft will only exist if they offer advantage compared with manned aircraft.
An aircraft system is designed from the outset to perform a particular role or roles. The
designer must decide the type of aircraft most suited to perform the roles and, in particular,
whether the roles may be better achieved with a manned or unmanned solution. In other
words it is impossible to conclude that UAVs always have an advantage or disadvantage
compared with manned aircraft systems. It depends vitally on what the task is. An old
military adage (which also applies to civilian use) links the use of UAVs to roles which are
dull, dirty or dangerous (DDD) [3]. There is much truth in that but it does not go far enough.
To DDD add covert, diplomatic, research and environmentally critical roles. In addition, the
economics of operation are often to the advantage of the UAV.

1.5.1. Dull Roles

Military and civilian applications such as extended surveillance can be a dulling
experience for aircrew, with many hours spent on watch without relief, and can lead to a loss
of concentration and therefore loss of mission effectiveness. The UAV, with high resolution
color video, low light level TV, thermal imaging cameras or radar scanning, can be more
effective as well as cheaper to operate in such roles. The ground-based operators can be
readily relieved in a shift-work pattern.

1.5.2. Dirty Roles

Again, applicable to both civilian and military applications, monitoring the environment
for nuclear or chemical contamination puts aircrew unnecessarily at risk. Subsequent
detoxification of the aircraft is easier in the case of the UAV. Crop-spraying with toxic

chemicals is another dirty role which now is conducted very successfully by UAV.



1.5.3. Dangerous Roles

For military roles, where the reconnaissance of heavily defended areas is necessary, the
attrition rate of a manned aircraft is likely to exceed that of a UAV. Due to its smaller size
and greater stealth, the UAV is more difficult for an enemy air defense system to detect and
more difficult to strike with anti-aircraft fire or missiles. Also, in such operations the
concentration of aircrew upon the task may be compromised by the threat of attack. Loss of
the asset is damaging, but equally damaging is the loss of trained aircrew and the political
ramifications of capture and subsequent propaganda, as seen in the past conflicts in the Gulf.
The UAV operators are under no personal threat and can concentrate specifically, and
therefore more effectively, on the task in hand. The UAV therefore offers a greater
probability of mission success without the risk of loss of aircrew resource. Power-line
inspection and forest fire control are examples of applications in the civilian field for which
experience sadly has shown that manned aircraft crew can be in significant danger. UAV
can carry out such tasks more readily and without risk to personnel. Operating in extreme
weather conditions is often necessary in both military and civilian fields. Operators will be
reluctant to risk personnel and the operation, though necessary, may not be carried out. Such

reluctance is less likely to apply with a UAV.

1.5.4. Covert Roles

In both military and civilian policing operations there are roles where it is imperative not
to alert the ‘enemy’ (other armed forces or criminals) to the fact that they have been detected.
Again, the lower detectable signatures of the UAV make this type of role more readily
achievable. Also in this category is the covert surveillance which arguably infringes the
airspace of foreign countries in an uneasy peacetime. It could be postulated that in examples
such as the Gary Powers/U2 aircraft affair of 1960, loss of an aircraft over alien territory

could generate less diplomatic embarrassment if no aircrew are involved.



1.5.5. Research Roles

UAVs are being used in research and development works in the aeronautical field. For
test purposes, the use of UAV as small-scale replicas of projected civil or military designs
of manned aircraft enables airborne testing to be carried out, under realistic conditions, more
cheaply and with fewer hazards. Testing subsequent modifications can also be effected more
cheaply and more quickly than for a larger manned aircraft, and without any need for changes
to aircrew accommodation or operation. Novel configurations may be used to advantage for

the UAV. These configurations may not be suitable for containing an aircrew.

1.5.6. Environmentally Critical Roles

This aspect relates predominantly to civilian roles. A UAV will usually cause less
environmental disturbance or pollution than a manned aircraft pursuing the same task. It will
usually be smaller, of lower mass and consume less power, so producing lower levels of
emission and noise. Typical of these are the regular inspection of power-lines where local
inhabitants may object to the noise produced and where farm animals may suffer disturbance

both from noise and from sighting the low-flying aircraft.

1.5.7. Economic Reasons

Typically, an UAV is smaller than a manned aircraft used in the same role, and is usually
considerably cheaper in first cost. Operating costs are less since maintenance costs, fuel costs
and hangar age costs are all less. The labor costs of operators are usually lower and insurance
may be cheaper, though this is dependent upon individual circumstances. An undoubted
economic case to be made for the UAV is in a local surveillance role where the tasks would
otherwise be carried out by a light aircraft with one or two aircrew. Here the removal of the
air crew has a great simplifying effect on the design and reduction in cost of the aircraft.
Typically, for two aircrew, say a pilot and observer, the space required to accommodate
them, their seats, controls and instruments, is of order 1.2 m® and frontal area of about 1.5
m2. An UAV to carry out the same task would require only 0.015 m?, as a generous estimate,

to house an automatic flight control system (AFCS) with sensors and computer, a stabilized
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high-resolution color TV camera and radio communication links. The frontal area would be
merely 0.04 m?. The masses required to be carried by the manned aircraft, together with the
structure, windscreen, doors, frames, and glazing, would total at least 230 kg. The equivalent
for the UAV would be about 10 kg. If the control system and surveillance sensor (pilot and
observer) and their support systems (seats, displays, controls and air conditioning) are
regarded as the ‘payload’ of the light aircraft, it would carry a penalty of about 220 kg of
‘payload’ mass compared with the small UAV and have about 35 times the frontal area with
proportionately larger body drag. On the assumption that the disposable load fraction of a
light aircraft is typically 40% and of this 10% is fuel, then its gross mass will be typically of
order 750 kg. For the UAV, on the same basis, its gross mass will be of order 35 kg. This is
borne out in practice. For missions requiring the carriage of heavier payloads such as freight
or armament, then the mass saving, achieved by removing the aircrew, obviously becomes

less and less significant.



2. AIRCRAFT BASICS
2.1. Aircraft Forces

Let’s start by looking at a passenger aircraft ignoring the take-off and landing for now
and look at the main segment of the flight, called “cruise.” During this time, the plane is not
getting faster or slower, it’s not getting higher or lower, and it’s not turning left or right. The
plane is flying in a straight line at a constant speed. During this time there are four main

forces acting on the plane, Weight, Lift, Drag and Thrust.

f

LIFT
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I
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Fig. 2.1 Forces acting on aircraft [4]

2.1.1. Weight

Weight is the force produced by gravity pulling the plane towards the ground. All objects
on Earth, including humans, are pulled towards the earth by gravity. The heavier the object
is, the bigger this force is. If weight was the only force acting on the plane, it would fall
straight down into the Earth. In order for the plane to fly, a second force must be acting on

the plane to pull it upwards. We call this force lift.
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2.1.2. Lift

Lift is produced by the plane as it travels through air, mostly by the plane’s wings. A
plane’s wings have a special shape, called an airfoil, which forces air to flow over the top
surface of the wing quicker than the bottom surface. The slow moving air beneath the wing
puts more pressure on the bottom of the wing than the fast moving air on top, resulting in a

force that pulls the plane up and balances the weight force.

2.1.3. Drag

Drag is also produced by the plane travelling through air. When objects move through
fluids, like air and water, the fluid produces a force that opposes their motion. For instance,
when you push a ball floating in water it will travel in the direction you push it, but it will
slow down and eventually stop. This is because the water creates a force that pushes against
the motion of the ball. Air acts the same way, so to keep a plane moving forwards at a

constant speed, another force is needed to overcome drag.

2.1.4. Thrust

Thrust is the force produced by the aircraft’s engines. This force pulls the plane forward
through the air and overcomes the drag force produced by the air. Aircrafts can have a variety
of engines to produce thrust, but the engines usually produce thrust by turning a propeller or
accelerating a stream of air. Propellers have a number of blades that rotate and create forces
to pull the aircraft through the air. Each blade has an airfoil cross-section, like a wing, and
generates a lift force. Jet engines often have fans that act like propellers, but they also
accelerate a narrow stream of air. The air moves much faster than the plane, but it has a lower
mass. The momentum added to the stream of air is balanced by momentum added to the
plane, which provides the thrust force. Together, these four forces determine where the
aircraft goes. For example, if the thrust force is greater than drag, the plane will accelerate.
If the lift force is greater than weight, the plane will climb higher. It should be noted that the
descriptions of the forces given here is very simplified.
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2.2. Aircraft Components

Aircrafts have a number of different components to help them fly. As we already
mentioned, the wing is responsible for generating lift. The main central body of the plane is
called the fuselage. This houses the cockpit, where the pilot sits. It may also contain a cabin
for passengers, or a cargo bay for carrying other items. At the rear of the fuselage are the
horizontal and vertical tails (or stabilizers). These help the aircraft to fly smoothly and stay
heading in one direction. One or more engines provide thrust. These engines may turn a
propeller. Engines are usually located at the front of the fuselage, or below the wings if there
are a number of them, but they can also be located at the rear of the fuselage, above the wing

or in the wing. The components of the UAV can be divided into two parts

i.  Electronic Components

ii.  Mechanical Components

Electronic components consist of electrical motor, servos, electronic speed controller
(ESC), battery, transmitter and receiver, camera and autopilot system. These components
and their selection will be discussed in chapter 5. Later we shall conclude discussing an

autopilot system. The other components are described below:

2.2.1. Fuselage

Fuselage is the main structural element of the aircraft or the body of the aircraft. The
Wing, Horizontal and Vertical Tail are connected to the fuselage. The Engine is also
mounted to the fuselage. The fuselage is made up of bulk-heads. The bulk-heads are
structural members which give strength and rigidity to the fuselage, support load and weight
of the aircraft. The engine bulk-head is made relatively stronger as compared to other bulk-
heads of aircraft fuselage because it carriers the load of the engine as well as encounters
vibrations during engine operation so it must be strong to resist all the loads. The nose gear
and main landing gear are also connected to the fuselage. The fuselage also houses all the
electronic components necessary for Aircraft flight including ESC (electronic speed
controller), Receiver, Servos and Batteries. External or internal payloads are also carried
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inside the fuselage. The fuselage can be used to connect an external camera for example or

to carry some payload inside the aircraft.

Vertical
Stabilizer

” Horizontal
Wing Stabilizer

Right Aileron

Empennage

Fuselage

Left Aileron

Landing Gear

Propeller

Wing

Fig. 2.2 Components of the aircraft [5]

2.2.2. Wings

Wings are the main lifting body of the aircraft providing the lift necessary for aircraft
flight. The wing provides lift because of its aerodynamic shape which creates a pressure
differential causing lift. If a cross-section of the wing is cut, a shape or profile is visible
which is called an airfoil. Airfoil shape is the key to the wings ability to provide lift and is
airfoil selection and design is an important criterion in the design of UAVs. The front most
edge of the wing is known as leading edge and the back most edge of the wing is known as
the trailing edge.

2.2.3. Horizontal Tail

The horizontal tail or the horizontal stabilizer provides pitch control to the aircraft.
Elevator is mounted on the horizontal stabilizer or horizontal tail of the aircraft. Normally,

the horizontal tail is set at a -1 degree angle of attack (AOA) relative to the wing.
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2.2.4. Vertical Tail

The Vertical tail or the vertical stabilizer provides the yaw control to the Aircraft. Rudder

is mounted to the vertical tail or vertical stabilizer of the Aircraft.

2.2.5. Nose Gear

Nose gear is a member of the landing gear set on a typical conventional airplane
configuration. The nose gear is used to steer the airplane nose to move airplane right or left
when on the ground. The servo which connects the nose gear is also connected to the rudder.
So, the direction in which the rudder moves the nose gear also follows that direction. During
takeoff the nose gear is used to steer the Airplane so that airplane is centered to the runway.
Without a steerable nose gear it is not possible to maneuver/ move on the ground without

manually moving it. With a steerable nose gear the Airplane can be moved on the ground.

2.2.6. Landing Gear

Main Gear or Landing Gear is the main landing wheels of the aircraft which takes the
entire Aircraft. Main gear have to be strong and yet flexible enough to provide safe takeoff
and landing to the plane. A rigid inflexible landing gear can damage the plane structure as
the entire weight / reaction force would be carried by the fuselage. So, in order to avoid this
landing gears are designed to be strong yet flexible enough so they bend slightly during
landing or takeoff to disperse the load and provides safe and smooth landing. Landing gear
or Main gears consist of a pair of wheels which are generally larger in diameter as compared

to the nose gear wheel. The landing gear wheels are not steerable.
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2.3. Control Parts

As we already know which forces are acting on a plane to make it fly, we need to know
how to control these forces in order to make a plane fly where we want it to. Pilots use a
number of controls to do this, and some planes have different controls to others, but the

aircraft has four main control systems:

| Elevators
| Ailerons
| Rudders
| Throttles

2.3.1. Elevators

Elevators are located on the back of the plane’s horizontal tail and are used to make the
plane climb or dive. The horizontal tail, usually at the back, has a similar shape to a wing
(an airfoil) and produces lift. The purpose of the tail will be explained further but for now
all we need to know is that when the tail produces more lift, the nose of the plane will go
down and the plane will dive. Likewise, if the tail produces less lift, the nose of the plane
will go up and the plane will climb. Elevators change the amount of lift produced by the
horizontal tail by changing the shape of the airfoil. Airfoils are usually curved like an arch,
and this is one of the reasons air moves slower beneath the wings than above them. The more
curved an airfoil is, the more lift it will produce. By moving the elevator at the end of a wing
down, the airfoil becomes more curved and produces more lift. Likewise, by moving the

elevator up, the wing is effectively less curved and produces less lift.

2.3.2. Ailerons

Ailerons are located on the tips of the wings and are used to control roll. Ailerons work
the same way that elevators do, by moving up and down to change the shape of the airfoil
and produce more or less lift. By moving one aileron up and the other down, one wing will
generate less lift than the other. The wing that generates less lift will drop, and the one that

generates more will rise, and this will cause the plane to roll. When a plane rolls, the lift
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produced by the wings is no longer acting straight upwards, but is now acting upwards and
towards the lower of the two wings. Because of this, the plane will now turn towards the low

wing. Because of this, ailerons can be used to steer planes left or right.

2.3.3. Rudder(s)

A rudder is located on the plane’s vertical tail and is used to steer the plane left or right.
Some aircrafts have more than one vertical tail, like the FA-18 fighter jet, and each tail has
its own rudder. The vertical tail on a plane is also an airfoil shape, but the airfoil is not curved.
As a result, the vertical tail does not normally generate lift. When the rudder is moved in one
direction, the vertical tail is effectively curved, and produces lift. However, this lift does not
act vertically, as the vertical tail is not horizontal like the wing. Lift always acts perpendicular
to the wing or tail that generates it, so the lift generated by the vertical tail will act
horizontally. This lift will cause the plane to rotate left or right. If the rudder is moved to the
left, it will generate lift to the right, which will move the nose of the plane to the left. Rudders
are often slower at turning an aircraft than the ailerons, but they can turn the aircraft without
rolling it and are useful for small adjustments during takeoff, landing and other flights.
Sometimes a pilot uses both the rudder and the ailerons together while turning in order to

produce a smoother flight.

2.3.4. Throttle(s)

A throttle controls the thrust produced by an engine and is used to make the plane go
faster or slower. Planes with more than one engine, like passenger jets, will have one throttle
for each engine. The way that the throttle works depends on the type of engine, but it will
generally increase the amount of fuel being consumed by the engine, which will in turn
generate more heat or spin a propeller faster. Depending on the position of the engines,
increasing the throttle may also cause the plane to climb, roll or turn. In fact, computer
programs have been written that allow planes with two or more engines to be flown and
landed using only the throttles! These programs are to help aircraft to land safely when the
other controls have failed, and are not used very often.
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2.4. Basic Aerodynamics

Let us first consider how an airplane stays up in the air. Although it seems to be the
general view that the airplane is held in the air by the action of the propeller, it is of course,
the wings that create the lift to suspend the aircraft [6]. Now if we look at the side elevation
of the model in figure 2.2, we can see that the wing is set at slight angle, with the leading
edge slightly higher than the trailing. When the aircraft is being propelled forward in straight
and level flight in the air, when it reaches the leading edge of the wing, has to divide, some
passing over the top of the wing and some underneath. The air passing beneath the wing is
forced downwards, owing to the angle of incidence and because it is now in an area of
relative pressure, tends to push the wing upwards [7]. Over the top of the wing there is,
because of the angle of incidence and the camber of the upper wing surface, an increase in
the speed of the airflow, causing an area of relatively low pressure, thus sucking the wing
upwards. The combination of the area of high pressure pushing upwards and the low pressure
over the wing sucking it upwards are together known as lift. About two-thirds of the wings
total lift is created by the top surface of the wing and one-third from the airflow over the

airflow over the lower surface [8].



3. DESIGN AND SELECTION OF THE SYSTEM

The design of most aircraft systems begin in three phases:

Conceptual phase
Preliminary design phase

Detail design phase

Fig. 3.1 Design phases of the aircraft [9]

Other phases follow after initial manufacture. These include the design of modifications
during the development and subsequent modifications or improvements whilst the system is

in service.

3.1. Conceptual Phase

Techniques of operational analysis, cost-benefit and economic studies should be used to
answer in this phase. Unless a positive conclusion is obtained, the proposed program should
be terminated unless changes could be made to achieve satisfactory answers or the program
is fully supported by external, for example government, funding. Opportunity may be taken
during this phase to carry out wind-tunnel testing of an aircraft model to confirm the
theoretical aerodynamic calculations or to determine if any modification to the aircraft shape,
etc. is needed. This would expedite the design in the next phase. It may be decided that the
project is only viable if certain new technology is proven. This may apply, of course, to any
of the elements of the system, whether it be, for example, in air vehicle control or navigation,
or in computation, communications or displays. Therefore a phase of research may be

conducted and the decision to proceed or not with the program will await the outcome.
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3.2. Preliminary Design

Given the decision to proceed, the original outline design of the total system will be
expanded in more detail. Optimization trade-offs within the system will be made to
maximize the overall performance of the system over its projected operational roles and
atmospheric conditions. A ‘mock-up’ of the aircraft and operator areas of the control station
may be constructed in wood or other easily worked material, to give a better appreciation in
three dimensions as to how components will be mounted relative to one another, ease of
accessibility for maintenance and operator ergonomics, etc. This facility is becoming less
necessary, however, with the availability of 3D computer design programs, though the
physical appreciation obtainable from ‘real’ hardware should not be discarded lightly. It will
be determined which elements of the system will be manufactured ‘in house’ and which will

be procured, at what approximate cost, from alternative external suppliers.

3.3. Detail Design

At this point the work involves a more detailed analysis of the aerodynamics, dynamics,
structures and ancillary systems of the aircraft and of the layout and the mechanical,
electronic and environmental systems of the control station and any other sub-systems such
as the launch and recovery systems. The detailed design and drawings of parts for production
of each element of the system, including ground support and test equipment unless they are

‘bought-out’ items, will be made and value analysis applied.

The design of the aircraft consists of the vehicle design and design of the manufacturing
plan. The vehicle design, including the electronic components, airframe structure, and
vehicle assembly were drafted using Auto Cad. The CAD models include accurate weight
and size of every component. The use of computer aided drafting allowed for partial design
validation, and eliminated the need to construct a prototype for each of the three vehicle

iterations to determine flight worthiness.
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Fig. 3.2 CAD design of the aircraft

The workflow process shown in Figure 3.3 was used while designing three iterations of
the airframe before moving the final design to prototype. Details of the manufacturing plan
are described following the vehicle design. The design of the aircraft takes into account the
necessary manufacturing and assembly processes in order to satisfy the low cost and home
assembly requirements stated in the project definition. Design for Manufacturing and
Assembly (DFMA) is an approach to product development that emphasizes manufacturing

and assembly as part of the product design.

3.4. Vehicle Design

A goal of this project is to design the aircraft to fly using fundamental equations and
widely known attributes of airplanes. The intention is not to optimize any of its features that
would require significant knowledge in aerospace engineering. The design process continues

the flow diagram in Figure 3.3 with the wing design.
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Design
Component >wing design
Selection > fuselage design

> control surface
design

Construction Design
Plan Evaluation

Fig. 3.3 Workflow diagram of the aircraft design [10]

3.4.1. Wing Design

The vehicle design of the aircraft begins with the wing design; the wing design begins
with the fundamental equation of lift, shown in Equation 3.1. Parameters in Equation 3.1 are

determined in the following paragraphs.
L=-pV2AC, (3.1)

In this equation, L is Lift, or the amount of upward force exerted on the wing. Air density p,
represented by, varies with temperature and altitude; the aircraft is designed using a density
of air at sea level and 59°F. V represents velocity. C; is the three dimensional coefficient of
lift [11]. Before the design layout can be started, values for a number of parameters must be
chosen. These include the airfoil(s), wing loading, thrust-to-weight or horsepower-to-weight
ratio, estimated takeoff gross weight and fuel weight, estimated wing, tail, and engine sizes,

and the required fuselage size. These are discussed in the next parts.
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3.4.1.1. Aspect Ratio

The first to investigate aspect ratio in detail were the Wright Brothers using a wind tunnel
they constructed. They found that a long, skinny wing (high aspect ratio) has less drag for a
given lift than a short, fat wing (low aspect ratio). As most early wings were rectangular in
shape, the aspect ratio was initially defined as simply the span divided by the chord. For a
tapered wing, the aspect ratio is defined as the span squared divided by the area (which
defaults to the earlier definition for a wing with no taper). When a wing is generating lift, it
has a reduced pressure on the upper surface and an increased pressure on the lower surface.
Aiir escaping around the wing tip lowers the pressure difference between the upper and the
lower surfaces. This reduces lift near the tip. Also, the air flowing around the tip flows in a
circular path when seen from the front, and in effect pushes down on the wing. Strongest

near the tip, this reduces the effective angle of attack of the wing airfoils.
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Fig. 3.4 Effect of aspect ratio on lift [12]

This circular, or "vortex" flow pattern continues downstream behind the wing. A wing
with a high aspect ratio has tips farther apart than an equal area wing with a low aspect ratio.
Therefore, the amount of the wing affected by the tip vortex is less for a high aspect ratio
wing than for a low-aspect-ratio wing, and the strength of the tip vortex is reduced. Thus,
the high aspect ratio wing does not experience as much of a loss of lift and increase of drag

due to tip effects as a low aspect ratio wing of equal area. It is actually the wing span which
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determines the drag due to lift. However, wing area is usually held constant unless widely
different aircraft concepts are being evaluated. When wing area is held constant, the wing
span varies as the square root of the aspect ratio. The maximum Lift to Drag ratio (L/D) of
an aircraft increases approximately by the square root of an increase in aspect ratio. On the
other hand, the wing weight also increases with increasing aspect ratio, by about the same
factor. Another effect of changing aspect ratio is a change in stalling angle. Due to the
reduced effective angle of attack at the tips, a lower-aspect-ratio wing will stall at a higher
angle of attack than a higher-aspect-ratio wing. This is one reason why tails tend to be of

lower aspect ratio. Delaying tail stall until well after the wing stalls assures adequate control.

Table 3.1 Aspect ratio [13]

Propeller aircraft Equivalent aspect ratio
Homebuilt 6.0
General aviation- single engine 7.6
General aviation- twin engine 7.8
Agricultural aircraft 7.5
Twin turboprop 9.2
Flying boat 8.0

*Equivalent aspect ratio = wing span squared/ (wing and canard areas)

In the design process, the aspect ratio can be determined by a trade study in which the
aerodynamic advantages of a higher aspect ratio are balanced against the increased weight.
For initial wing layout the values provided in Table 3.1 can be used. Sailplane aspect ratio
was found to be directly related to the desired glide ratio, which equals the L /D. Propeller
aircraft showed no clear statistical trend, so average values are presented. Note that, for
statistical purposes, Table 3.1 uses an equivalent wing area that includes the canard area in
defining the aspect ratio of an aircraft with a lifting canard. To determine the actual wing
geometric aspect ratio it is necessary to decide how to split the lifting area between the wing
and canard. Typically, the canard will have about 10-25% of the total lifting area, so the

wing aspect ratio becomes the statistically determined aspect ratio divided by 0.9-0.75.
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3.4.1.2. Taper Ratio

Wing taper ratio is the ratio between the tip chord and the centerline root chord. Most
wings of low sweep have a taper ratio of about 0.4-0.5. Most swept wings have a taper ratio
of about 0.2-0.3. Taper affects the distribution of lift along the span of the wing. As proven
by the Prandtl wing theory early in this century, minimum drag due to lift, or "induced" drag,
occurs when the lift is distributed in an elliptical fashion. For an untwisted and unswept wing,
this occurs when the wing plan form is shaped as an ellipse, an elliptical wing planform is

difficult and expensive to build.
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Fig. 3.5 Effect of taper on lift distribution [14]

The easiest wing to build is the untapered rectangular wing. However, the untapered
wing has constant chord length along the span, and so has excessive chord towards the tip
when compared to the ideal elliptical wing. This "loads up" the tip, causing the wing to
generate more of its lift toward the tip than is ideal. The end result is that an untwisted
rectangular wing has about 7% more drag due to lift than an elliptical wing of the same
aspect ratio. When a rectangular wing is tapered, the tip chords become shorter, alleviating
the undesired effects of the constant-chord rectangular wing. In fact, a taper ratio of 0.45
almost completely eliminates those effects for an unswept wing, and produces a lift
distribution very close to the elliptical ideal (Fig. 3.5). This results in a drag due to lift less
than 1 % higher than the ideal, elliptical wing. A wing swept aft tends to divert the air

outboard, towards the tips. This loads up the tips, creating more lift outboard than for an
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equivalent unswept wing. To return the lift distribution to the desired elliptical Ilift

distribution, it is necessary to increase the amount of taper (i.e., reduce the taper ratio)

3.4.2. Airfoil Selection

The airfoil, in many respects, is the heart of the aircraft. The airfoil affects the cruise
speed, takeoff and landing distances, stall speed, handling qualities (especially near the stall),

and overall aerodynamic efficiency during all phases of flight [15].

3.4.2.1. Airfoil Geometry

Figure 3.6 illustrates the key geometric parameters of an airfoil. The front of the airfoil
is defined by a leading-edge radius which is tangent to the upper and lower surfaces. An
airfoil designed to operate in supersonic flow will have a sharp or nearly-sharp leading edge
to prevent a drag-producing bow shock. The chord of the airfoil is the straight line from the
leading edge to the trailing edge. It is very difficult to build a perfectly sharp trailing edge,
so most airfoils have a blunt trailing edge with some small finite thickness. "Camber" refers
to the curvature characteristic of most airfoils. The "mean camber line" is the line equidistant

from the upper and lower surfaces.
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Fig. 3.6 Airfoil geometry [16]
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Total airfoil camber is defined as the maximum distance of the mean camber line from
the chord line, expressed as a percent of the chord. In earlier days, most airfoils had flat
bottoms, and it was common to refer to the upper surface shape as the "camber." Later, as
airfoils with curved bottoms came into usage, they were known as "double-cambered"
airfoils. Also, an airfoil with a concave lower surface was known as an "under-cambered"
airfoil. These terms are technically obsolete but are still in common usage. The thickness
distribution of the airfoil is the distance from the upper surface to the lower surface,
measured perpendicular to the mean camber line, and is a function of the distance from the
leading edge. The "airfoil thickness ratio™ (t/c) refers to the maximum thickness of the airfoil
divided by its chord. For many aerodynamic calculations, it has been traditional to separate
the airfoil into its thickness distribution and a zero-thickness camber line. The former
provides the major influence on the profile drag, while the latter provides the major influence
upon the lift and the drag due to lift. When an airfoil is scaled in thickness, the camber line
must remain unchanged, so the scaled thickness distribution is added to the original camber
line to produce the new, scaled airfoil. In a similar fashion an airfoil which is to have its
camber changed is broken into its camber line and thickness distribution. The camber line is
scaled to produce the desired maximum camber; then the original thickness distribution is
added to obtain the new airfoil. In this fashion, the airfoil can be reshaped to change either

the profile drag or lift characteristics, without greatly affecting the other.

3.4.2.2. Airfoil Lift and Drag

An airfoil generates lift by changing the velocity of the air passing over and under itself.
The airfoil angle of attack and/or camber causes the air over the top of the wing to travel
faster than the air beneath the wing. Bernoulli's equation shows that higher velocities produce
lower pressures so the upper surface of the airfoil tends to be pulled upward by lower than
ambient pressures while the lower surface of the airfoil tends to be pushed upward by higher

than ambient pressures.

The integrated differences in pressure between the top and bottom of the airfoil generate
the net lifting force. Figure 3.7 shows typical pressure distributions for the upper and lower
surfaces of a lifting airfoil. Note that the upper surface of the wing contributes about two-
thirds of the total lift.
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Fig. 3.7 Airfoil pressure distribution [17]

3.4.2.3. Airfoil Families

A variety of airfoils is shown in Figure 3.8. The early airfoils were developed mostly by
trial and error. In the 1930's, the NACA developed a widely-used family of mathematically
defined airfoils called the "four-digit™ airfoils. In these the first digit defined the percent

camber, the second defined the location of the maximum camber, and the last two digits
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defined the airfoil maximum thickness in percent of chord.

The uncambered four-digit airfoils are still commonly used for tall surfaces of most
aircraft. The NACA five-digit airfoils were developed to allow shifting the position of
maximum camber forward for greater maximum lift. The six-series airfoils were designed
for increased laminar flow, and hence reduced drag. Six-series airfoils such as the 64A series

are still widely used as a starting point for high-speed-wing design. NACA 6315 model

airfoil has been chosen for the project.



29

Maximum
; thickness Mean
Chord fine camber line
/
/

\
\

Angle of
attack .
N
* Free-stream
direction

(a) Wing cross section.

0006 2206 2306 2406 2506 2606 2706
——— e e — . e .
0009 2208 2309 2408 26509 2609 2709
T e e S S e
212 - 2312 2412 2612 2612 m?2
:“m 2215 2315 /_“E‘ 2515 2615 /\m.{
e s e e e,
0018 218 2318 2418 2518 2618 s
:oozl b773) 232 2421 2521 2621 22
> —— —— — —— —
4206 4306 4406 4506 4606 4706
025 e @ e—— | e
4209 4309 4409 4509 4609 4709
e Y s AR oy L Smm— I gt
4212 4312 4412 4512 4612 an2
e Y i < 2 Q T

= (& e d ¥ >ms
a218 a8 4418 4518 4618 ans
a2 ey wn - a521 621 —C>m
e — . e e  — e — e
6206 6306 6406 6506 6606 6706

L~ R — = —— Oy G
6209 6309 8409 6509 6609 6709
6212 6312 6412 8612 6612 sm

e —— {‘—x Q

QQQQQQ

Fig. 3.8 Airfoil families [18]

3.4.2.4. Design Lift Coefficient

For early conceptual design work, the designer must frequently rely upon existing
airfoils. From existing airfoils, the one should be selected that comes closest to having the
desired characteristics. The first consideration in initial airfoil selection is the "design lift
coefficient” This is the lift coefficient at which the airfoil has the best L/D. As a first
approximation, it can be assumed that the wing lift coefficient C., equals the airfoil lift
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coefficient, Ct. In level flight the lift must equal the weight, so the required design lift

coefficient can be found as follows [19],

W =L = gSCL= gSCr (3.2)
C‘lW 3.3
L (3.3)

Dynamic pressure (q) is a function of velocity and altitude. By assuming a wing loading
(W/S) as described later, the design lift coefficient can be calculated for the velocity and
altitude of the design mission. Note that the actual wing loading will decrease during the
mission as fuel decreases. Thus, to stay at the design lift coefficient, the dynamic pressure
must be steadily reduced during the mission by either slowing down, which is undesirable,
or climbing to a higher altitude. In actual practice, a design lift coefficient usually will be
based upon past experience, and for most types of aircraft typically will be around 0.5. In
fact, the initial selection of the airfoil is often simply based upon prior experience or copied

from some successful design.

3.4.2.5. Airfoil Thickness Ratio

Airfoil thickness ratio has a direct effect on drag, maximum lift, stall characteristics, and
structural weight. The drag increases with increasing thickness due to increased separation.
The thickness ratio affects the maximum lift and stall characteristics primarily by its effect
on the nose shape [20]. For a wing of fairly high aspect ratio and moderate sweep, a larger
nose radius provides a higher stall angle and a greater maximum lift coefficient. Thickness
also affects the structural weight of the wing. Statistical equations for wing weight show that
the wing structural weight varies approximately inversely with the square root of the
thickness ratio. Halving the thickness ratio will increase wing weight by about 41 %. The
wing is typically about 15% of the total empty weight, so halving the thickness ratio would
increase empty weight by about 6%. When applied to the sizing equation, this can have a
major impact. Frequently the thickness is varied from root to tip. Due to fuselage effects the
root airfoil of an aircraft can be as much as 20-60% thicker than the tip airfoil without greatly

affecting the drag. This is very beneficial, resulting in a structural weight reduction as well
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as more volume for fuel and landing gear. This thicker root airfoil should extend to no more
than about 30% of the span.

3.4.2.6. Boundary Layer Behavior

It is well known that the performance of airfoils designed for chord Reynolds numbers
greater than 500,000 deteriorates rapidly as the chord Reynolds number decreases below
500,000 because of laminar boundary-layer separation. Furthermore, the performance of
three-dimensional wings (i.e., finite wings), as measured by (CL=CD)mayx, is less than that
for airfoils. Because small UAVs operate in the chord Reynolds number regime ranging from
500,000 down to approximately 30,000, the design of efficient airfoils and wings is critical.
The survey of low Reynolds number airfoils by Carmichael (1981), although two decades
old, is a very useful starting point in the description of the character of the flow over airfoils

over the range of Reynolds numbers of interest here.

The Reynolds’ number is a ratio of the inertial force to the viscous force, or the ratio of
the normal force due to aerodynamic pressure over the resistance to aerodynamic flow over
the wing [21].

Re = 2YL (3.4)
n

In Equation 3.4, Re stands for Reynolds’ number. The variable p is air density, L is the
chord length, or the linear distance from the leading edge the trailing edge of the wing at a
common cross section. The variable u represents the dynamic viscosity of the fluid, which
is air in this case. The dynamic viscosity of air at 60° F is: 3.75 x 10-7. Finally, estimating
the velocity to be 17 mph, a reasonable stall speed and the Reynolds’ number is determined
to be 2.4 x 10°. The following discussion of flow regimes ranging from 30,000 - R - 500,000
is a modified version of Carmichael’s original work. In The range 30,000 - R-70,000 is of
great interest to MAYV designers as well as homemade aircraft builders [22]. The choice of
an airfoil section is very important in this regime because relatively thick airfoils (i.e., 6%
and above) can have significant hysteresis in the lift and drag forces caused by laminar
separation with transition to turbulent flow. Below chord Reynolds numbers of 50,000, the

free shear layer after laminar separation normally does not transition to turbulent flow in
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time to reattach to the airfoil surface. When this separation point reaches the leading edge,
the lift decreases abruptly, the drag increases abruptly, and the airfoil is stalled [23]. At
Reynolds numbers in the range of 70,000 to 200,000, extensive laminar flow can be obtained,
and therefore airfoil performance improves unless the laminar separation bubble still
presents a problem for a particular airfoil. Many MAVs and small UAVs fly in this range.
For R above 200,000, airfoil performance improves significantly because the parasite drag
due to the separation bubble decreases as the bubbles get shorter. There is a great deal of
experience available from large soaring birds, large radio-controlled model airplanes, and

human-powered airplanes to support this claim.

3.4.3. Wing Incidence

The wing incidence angle is the pitch angle of the wing with respect to the fuselage. If
the wing is untwisted, the incidence is simply the angle between the fuselage axis and the
wing's airfoil chord lines. If the wing is twisted, the incidence is defined with respect to some
arbitrarily chosen span wise location of the wing, usually the root of the exposed wing where
it intersects the fuselage. Frequently the incidence is given at the root and tip, which then
defines the twist as the difference between the two. Wing incidence angle is chosen to
minimize drag at some operating condition, usually cruise. The incidence angle is chosen
such that when the wing is at the correct angle of attack for the selected design condition,
the fuselage is at the angle of attack for minimum drag. For a typical, circular straight

fuselage, this is approximately zero degrees angle of attack.

Wing incidence angle is ultimately set using wind tunnel data. For most initial design
work, it can be assumed that general aviation and homebuilt aircraft will have an incidence
of about 2 degree, transport aircraft about 1 degree, and military aircraft approximately zero.
Later in the design process, aero-dynamic calculations can be used to check the actual wing

incidence angle required during the design condition. These values are for untwisted wings.
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Angle of Incidence Wing Chord Line Line Parallell to Longitudinal Axis
Fig. 3.9 Wing incidence [24]

For the author’s aircraft both 0 degree and 2 incident angle have been tested. For a small
light weight unmanned aircraft incidence angle can be neglected according to designer’s
choice. But applying a little angle increases the lift and reduces the take-off distance. On the
other hand without applying any angle the aircraft can be taken off and fly without creating

any problem.

3.4.4. Wing Dihedral

Wing dihedral is the angle of the wing with respect to the horizontal when seen from the
front. Dihedral tends to roll the aircraft level whenever it is banked. This is frequently, and
incorrectly, explained as the result of a greater projected area for the wing that is lowered.
Actually, the rolling moment is caused by a sideslip introduced by the bank angle. The
aircraft "slides" toward the lowered wing, which increases its angle of attack. The resulting
rolling moment is approximately proportional to the dihedral angle. Wing sweep also
produces a rolling moment due to sideslip, caused by the change in relative sweep of the left
and right wings. For an aft-swept wing, the rolling moment produced is negative and
proportional to the sine of twice the sweep angle. This creates an effective dihedral that adds
to any actual geometric dihedral. Roughly speaking, 10 degree of sweep provides about 1
degree of effective dihedral. For a forward swept wing, the sweep angle produces a negative
dihedral effect, requiring an increased geometric dihedral in order to retain natural
directional stability. In addition, the position of the wing on the fuselage has an influence on
the effective dihedral, with the greatest effect provided by a high wing. This is frequently,
and incorrectly, explained as a pendulum effect. Actually, the fuselage in sideslip pushes the
air 