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ABSTRACT

Unmanned aerial vehicles (UAVSs) are crafts capable of flight without an onboard pilot. They -
can be controlled remotely by an operator, or can be controlled autonomously via pre-
programmed flight paths. UAV’s have been already implementec by the military for
reconnaissance missions. In current scenario UAVs are also used for search and rescue
operations. A quad-rotor is an aircraft whose lift is generated by four rotors. Control of such
a craft is accomplished by varying the speeds of the four motors relative to each other. These -
crafts naturally demand a sophisticated control system in order to allow for balanced flight.
The goal of our project is to design and construct a quad-rotor vehicle capable of indoor and
outdoor flight and further hover autonomously. This vehicle would be capable of
autonomous operation, including take-off, hover, and landing capabilities by the use of an

integrated control system and pre-programmed flight paths.
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CHAPTER 1
INTRODUCTION

The helicopter is one of the most complex flying ‘machines due to its versatility and
maneuverability to perform many types of tasks. Our specific project is concerned with the

design and control of a miniature rotorcraft, known as a quad-rotor helicopter.
L.1 Definition and purpose of quad-rotor

A quad rotor, or quad rotor helicopter, is an aircraft that becomes airborne due to the lift
force provided by four rotors usually mounted in cross configuration. It is. an entirely
different vehicle when compared with a helicopter, mainly due to the way they are
controlled. The vehicle consists of four rotors in total, with two pairs of counter-rotating,
fixed-pitch blades located at the four corners of the aircraft.

The research community of the quad rotor design has found out two main advantages over
comparable vertical landing and take-off (VTOL) UAV’s such as helicopters. First, is that
quad rotors do not require complex mechanical and control linkages for rotor movement,
which instead relies on the fixed pitch rotors and uses motor speed variation for vehicle
control. The design and maintenance of the quad rotor is simplified in this manner. Secondly
as four rotors are used so it ensures that individual rotors are smaller in diameter as compared
to the equivalent main rotor over a helicopter relative to the airframe size. Therefore each
rotor stores lesser kinetic energy which eventually reduces the risk posed by the rotors if they
obstruct any objects. Furthermore, by enclosing the rotors within a frame, the rotors can be
protected from breaking during collisions, permitting flights indoors and in obstacle-dense
environments, with low risk of damaging the vehicle, its operators, or its surroundings.

At present, there are three main areas of quad rotor development: military, transportation (of
goods and people) and Unmanned Aerial Vehicles (UAVs) [5]. UAVs can be classified into
tWo major groups: heavier-than-air and lighter-than-air. These two groups self divide in
many other that classify aircrafts according to motorization, type of liftoff and many other
Parameters. Vertical Take-Off and Landing (VTOL) UAVs like quad rotors have sever al

advantages over fixed-wing airplanes. They can move in any direction and are capable of
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hovering and fly at low speeds. In addition, the VTOL capability allows deployment in
almost any terrain while fixed-wing aircraft requaire a prepared airstrip for takeoff and
landing. Given these characteristics, quad rotors can be used in search and rescue missions,
meteorology, penetration of hazardous environments (e.g. exploration of other planets) and
other applications suited for such an aircraft. Also; they are playing an important role in
research areas like control engineering, where they serve as prototypes for real life
applications

It is widely used in military purposes either for surveillance purpose or even for aticcking
any unknown or unfriendly obstacle. It can be made stable at a particular altitude and made
to hover at a particular altitude for a particular time interval depending upon its battery
strength. With the help of camera through telemetry kit all the live video streaming can be
viewed anywhere and anytime. Also if it is going through any maze or dark room with the
help of smoke sensors, chemical sensors it can detect the presence of any foreign material in
the location. Also bomb detectors can be easily installed on the quad rotor and it can detect -
the presence of any explosives accordingly. So overall this structure can be attractive in
several applications in particular for surveillance, imaging, dangerous environments, irdoor

navigation and mapping.

1.2 Background Information:

The initial development on quad rotors began in the early twentieth century. The first
engineer to attempt to design a quad rotor was Etienne Oemichen. He began his research in
1920 and soon completed his first design; Oemichen No. 1, however the model was unable to
obtain flight. Two years later Oemichen completed his second design; Oemichen No.2. His
Second design consisted of four rotors and eight propellers along with a motor of 125
horsepower. Five of the propellers were used to achieve stable flight while two were used for
propulsion and the final propeller being used to steer the aircraft. In April of 1924, the
Oemichen No. 2 achieved an FAI distance record for helicopters of 360m and later broke the

Same record with a distance of 525m.
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Fig. 1.1: Quad-rotor Oemichen No. 2

While Oemichen had begun working on his early designs in France, Dr. George de Botheza'tt
and Ivan Jerome began their own research in January 1921 for the United States Army Air
Corps. They completed their design in mid 1922, and the first flight took place in Octo.ber of
1922 in Dayton, Ohio. Bohezat’s and Jerome’s design weighed around 1700 kg at the time of
take off and consisted of four six-bladed rotors along with a 220- HP motor. After many

: i i i inute 42 seconds
tests, the quad rotor was only able to achieve a maximum flight time of 1 minu

and maximum height of 1.8 meters.

Fig. 1.2: Quad-rotor Behzet’s & Jerome’s
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The only manned quad rotor helicopter to leave ground effect was tie Curtiss-Wright X-19A
in 1963, though it lacked a stability augmentation system to reducc pilot work load, rendering
stationary hover near impossible, and development stopped at the prototype stage. Recently
with advancement in micro-processor capabilities and in micro-electro-mechanical-system
inertial sensors have revolutionized a series of radio-controlled (RC) quad. rotor models such
as the Roswell Flyer (HMX-4) of Dragonflyer, which include stability augmentation system

to make flight more accessible for remote control (RC) pilots.

Fig. 1.3: VZ-7 and Roswell flyer (HMX-4)

Currently Bell helicopters Textron and Boeing Integrated Defense Systems are doing joint
fesearched on the development of the Bell Boeing Quad Tilt Rotor. The initial design -
consists of four 50-foot rotors powered by V-22 engines. The main role of this aircraft will
be that of a cargo helicopter with the ability to deliver pallets of supplies or also deploy
paratroopers. The first wind tunnel tests were completed in the year 2000 and the first

prototype is expected to be built in 2013.



Design & Fabrication of Quad rotor

@

Fig 1.5: Concept of Bell Boeing quad rotor
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CHAPTER 2

PROJECT OBJECTIVES

This project here deals with the miniature rotorcraft: qﬁéld;rotor. The main objective of this
project is to design and fabricate a quad-rotor aircraft. Designs goals are very straight: to
design basic quad-rotor components on CATIA plgtform, to design controller urit and
manifest those designs in structure and stress analysis. Controller design is to be cone
considering PWM encoder, sensor fusion, micrccontroller, throttle mixer, IMU(inertial
measurement unit) and PWM decoder.

Fabrication of quad-rotor though a simple process but still unmethodical, hence a fabrication
methodology is needed for the process, project brings out the standard fabrication
methodology for the very process.

Stress analysis is to be done on ANSYS workbench. The same CATIA design of quad rotor
arm will be imported to the program and total deformation pattern of the structure would be
obtained.

Motors used in the model are BLDC motor which works on PWM input only, thus to obtain
the PWM‘input to the motor MATLAB Simulink is utilized.
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CHAPTER 3

LITERATURE SURVEY

~ Aerial vehicles can be broadly classified into rotary wing and fixed wing aircrafts. A rotary

wing aircraft is a flying machine that is heavier than air and it uses lift generated by wings,
also known as rotor blades which revolve around a vertical spar. Helicopters, gyro dynes and
auto gyros are examples of rotorcrafts or rotary wing aircrafts. A fixed-wing aircraft known
as an aero plane or an airplane is a kind of aircraft that generates lift as the wing moves
through the air which eventually generates a pressure difference on the upper and lower
surface of the wing resulting in lift. Fighter jets and gliders are examples of fixed wing
aircrafts. The project is to make a quad rotor UAV. A UAV is defined as an aerial vehicle
which does not carry a human operator. It uses acrodynamic forces to define vehicle lift, can
fly autonomously or be piloted remotely, can be expandable or recoverable, and can also
carry a lethal payload if required.

UAV’s have various applications in different fields. A few of them are :-

* Target and decoy- providing a target that simulates an enemy aircraft or missile.

* Reconnaissance- providing battlefield intelligence.

* Combat- providing the capability to attack for high-risk missions.

® Logistics- UAV’s which are specially designed for cargo and logistics operation.

* Research and development- used to further develop UAV technologies to be
integrated into field deployed UAV aircraft. |

* Civil and commercial UAV’s- UAV’s specially designed for civil and commercial

applications.

The quaq rotor is an aerial vehicle whose motion is controlled by the speed of four motors.
Due to its ease of maintenance, high maneuverability, vertical landing and takeoff
Capabilities (VTOL), etc. it is being widely used. The only problem faced with the quad rotor

is the high degree of control required for maintaining the stability of the system.

In the initial stages it acts as an unstable system. There are six degrees of freedom —

Translational and rotational parameters. These are controlled by 4 actuating signals. The X

———— e ape Sy PRI
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and Y axis translational motion are constituted by tite roll and pitch motion. The variation in '

the speed of the motors will eventually help in stahilizing the system.

The thrust produced by each motor lifts the quad rotor structure, the motors along with the
electronic components related to the quad rotor control. To keep the weight of the quad rotor
under check is quite an importént problem that one faces while designing a quad rotor and
hence an optimum quad rotor uses light and strong materials which help to reduce its. weight.
The hardware assembly should be as accurate as possible to avoid any vibrations which
might disturb the overall stability of the quad rotor. This will make the control system

perform more effectively. .

As far as the mechanical complexity of the system can be reduced, the overall complexity of
the control system of the quad rotor is thus minimal. Less maintenance is also required. As
four individual rotors are uséd instead of one single bulging rotor, there is an overall lesser

kinetic energy and hence lesser damage in case of accidents. Rotor shaft tilting is also not

needed.

A Quad rotor is an aerial vehicle that generates lift with four rotors. The craft is controlled by
varying the rpm and not by using any mechanical actuators like in a helicopter. This makes it
particularly suitable for UAVs, The craft requires active control of six degrees of freedom to

fly and is inherently unstable, The layout of a quad rotor is shown in the figure.

Fig. 3.1: Quad-rotor layout
The Quad Rotor layout is shown figure. There are two arms, each having motors at its ends.

The motors | and 3, which are mounted on the same arm, rotate in the clockwise direction
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while the motors 2 and 4, mounted on the second arm, rotate in the anti-clockwise
arrangement. Both motors at opposite ends of the same arm should rotate in same di.ection to
prevent torque imbalance during linear flight.

The quad rotor is a very sensitive and complicated aerial vehicle therefore the structuse needs
to be symmetrical. All the four arms should be made of equal length and the centre of gravity
should be maintained at centre of quad rotor. Through many research papers it was observed
that the center of gravity of quad rotor besides being at the center should lie below the rotors

reference frame line to withstand more and more interference during the flight.

Now for the fabrication of frame, a light and high strength material is to be selected.
Materials available in the market are plastic, glass fiber, carbon fiber, aluminum etc. It is
recommended for beginners t6 use Aluminum since these plastic and fiber material are brittle
and less durable. Though fiber and plastics absorb vibration; still metal is always preferred
because it is econorhic. The disadvantage with aluminum is that it transfers vibration

throughout the frame and these vibrations only cause the major problem during flight.

If the frame is not vibration free then these vibrations will be sensed by accelerometer and

+ 8Yyroscope which will create oscillation, hence it will make the quad-rotor modei oscillating

and no hovering and stable flight would be achieved. So it is necessary to make the model

vibration free.

When motors were mounted on a aluminum frame, it was observed that vibration were

transferred to microcontroller board thereby creating oscillations in flight. So in order to

make it vibration less separate motor mount made of glass fiber were fabricated and balsa. -

Wood were inserted inside the square tube arms of quad rotor frame. Balsa wood not only

absorbg vibration but also resists buckling in the frame.

10
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CHAPTER 4

QUAD ROTOR DESIGN

The most important target of this particular dééign process is to arrive at the correct set of-
requirements for the aircraft, which are often summarized in a set of specifications. In this
section we will define our mission to build a quad rotor prototype suitable for indoor flight,
as well justify the decisions and equipment chosen for achieving this purpose. The

specifications for our quad rotor prototype are: -

* Overall mass not superior to 1.5 kg. When it comes to quad rotors, the heavier they get, the
more expensive they are. Many quad rotors used for research do not exceed this mass. So,

aiming for a maximum mass of 1 kg seems to be a suitable target;

* Flight autonomy between 10 and 20 minutes. There is no point in using the quad rotor for 2

i i ) . ime;
minutes and then wait a couple of hours to recharge the batteries, wasting precious ti

Consequently, the main componeﬁts are:

* 4 electric motors and 4 respective Electronic Speed Controllers (ESC)
* 4 propellers

* 1 on-board processing unit

* 1 tri-axis accelerometer

4.1 Quad rotor configurations.

411X & + configuration

i ile still havin
In the X configuration, the quad has two motors on each of the four sides, while s N g
: of the front
4 motors total. This simply means that the front of the quad is between two '
uration, the
motors, the rear between two of the rear motors, and so on. In the plus config

: o on. The plus
location of the front is simply the front motor, the rear is the rear motor, and s

11
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configuration is generally the more common for beginners. The X configuration is more
useful for aerial photography where the camera needs to be positioned as close to the center

of the frame as possible while still having an open view.

Fig 4.1: Plus configuration

Fig 4.2: X configuration

12
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The first image above shows the plus (+) configuration in which the motos ESCs are
connected

normally: the right motor ESC is connected to the “Right” motor pins on the shield, left
motor ESC to the “Left” motor pins, and so on. The second image (on the right) shows the X
configuration in which each of the four sides (front, rear, right, and left) have two motors and

must be connected as depicted.

4.2 Requirements

4.2.1 Aluminum square tubes

‘The fuselage of quad rotor is having four arms on which four motors with propeller are
mounted. The fuselage of quad rotor cannot be made heavy so only light materials with good
strength are chosen. Also material chosen for making fuselage should have durability,
machinability and price. The materials in consideration for our design include aluminum,
plastic and carbon fiber. Aluminum is the most common material used in making aerial
vehicles. Aluminum is light and strong dissipates heat well and is inexpensive in comparison
to some other material. The negative for aluminum is that it transfer vibrations at much
higher rate than plastic and carbon fiber also it can develop cracks due to these vibration. For

absorbing vibrations we have used fiber motor mounts.

We have used is 6063-T6 Aluminum square pipes having dimension % *%* 1/16 (inches). -

Fig. 4.3: Aluminum square tube

13
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4.2.2 Motors

The motors are cobait, brushless, DC motors rated for 12 V., 25 amps. The DC, brushless
motor configuration was desired for ease of control (ability to control via PWM). The cobalt
rotors use strong rare .e'arth magnets and provide the best power to weight ratio of the hobby
motors available for model aircraft. We wéi‘e limited to these hobby motors by our design
budget. As a result, the rest of our structural design revolves around the selection of these
motors and the allowable weight of the craft based on the lift provided by these motors

(approximately 950g of lift from each motor).

Fig.4.4: BLDC motor

4.2.3 Electronic speed controller

2 has

Electronic speed controller is a device used to control the rotations of BLDC motor. It
L. . -
Power input wires (red & black) and another set of wires for PWM signals. The esc we are

using is a 30amp esc which is suggested by motor manufacturer.

Fig. 4.5: Electronic speed controller

14
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4.2.4 Propellers

Propellers are the propulsive plant of quad rotor. In quad rotor pair of counter clock wise and
a pair of clock wise propeller is used to fly. We have chosen 10*4.5 inch propeilers where 10

is the diameter of propeller and 4.5 is the pitch.

Fig. 4.6: Propeller set
4.2.5 Battery & Charger

The battery was sclected on the basis of power requirements for the selected Motor and esc
combination. We opted for a battery of the lithium-polymer variety, despite the fact that 11
was considerably more expensive than other batteries providing the same power, because this
battery provided the best power-to-weight ratio. Our battery choice was a 2200mah 12.0V
25-30C Li—polymer battery. A balancer charger is recommended for li-po batteries for longer
life of battery.

Fig. 4.7: Batiery & Balancer charger

15
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4.2.6 Control Unit

Control unit is the brain of the quad rotor which takes the input from the user and according
to the input values it gives instructions to the motors and hence stabilize the quad rotor. The

control board Arduino 2560 is a 32 bit based microcontroller unit.

Fig. 4.8: Arduino 2560
4.2.7 Tools used for the job

SOIdeﬁng iron, screw driver set, allen keys etc.

Fig. 4.9: Tools

16
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4.3 Dimensions & Specifications
4.3.1 Quad rotor Frame
Dimensions: 22inch x 22 inch(LxB)

Material used: Aluminum 6063—'[‘6 square tubes

0 e gadoach .
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Fig. 4.10: Frame design

4.3.2 BLDC Motor
Dimension
41
. 26 .10
e
a
8| ™ ||
k]
- o
;i
i

Fig. 4.11: Motor dimensions
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Model: 2212-15

Motor size: ®28*26mm
Shaft size: ®3.175%37mm
Weight: 50g

KV(rpm/v): 930

Max Power: 130W
Battery: 2-3Li-Po

Prop: 12x6/10x7

Ri(M Q): 0.044

ESC: 30A

4.3.3 Propeller
Dimension: 10*4.5
Materia] : Nyloﬁ
4.3.4 Tx-Rx
Manﬁfacturer: ‘Flysky
Channels: 9
Frequency : 2.4Ghz

4.3.5 Control Unit (Atmega 2560)

Parameters Values
Flash(kilobytes) 256

Pin count 100

Max. operating frequency 16 MHz
CPU 8 bit AVR

18
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Max /0 pins 86

4.4 CAD Design
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Fig. 4.13 Upper cover plate
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Fig. 4.15: Motor stator
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Fig. 4.17: Rotor with propeller
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EJ CATIA VS - (quad CATProduct]

LTRSS,

4.5 Controller Design

Fig. 4.18: Quad Rotor complete design

The following schematic depicts our controls system. The diagram represents how the

control system interacts with the physical system for controlled quad-rotor flight.

-

Sensors

{Gyro, X-tilt, Y-tilt)

Operator Inputs

Controller (Microchip)

{thrust, pitch, roll. yaw)

.

et

otor Driver

PWM outputs

Fig.4.19: Control system schematic

22
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Detailed circuit diagram
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4.5.1. PWM decoder driver: In order to interpret flight commands from a standard RC

Transmitter/Receiver any multi-ro‘or design must have some sort of PWM deco fer. Decoder

~will be expectlng a smgle signal containing all PWM channels. The decoder driver will

translate the several channels of pulse widths into values to be interpreted by th¢ command

translator.

*.4.5.2, Command Translator: Dependmg on the flight mode, the PWM values ngen by the

transmitter are interpreted differently.- The command translator determines which mode the

user is flying in and translates the commands accordingly.

45.3. mI2C Master: The inertial sensors we have chosen to use all run on the 12C

Protocol. This high-speed protocol will be a great interface to use because of its addressing

scheme and its interrupt time efficiency.

4.5.4. Sensor Fusion: Several sensor fusion algorithms are implemented to find out which
has the best performance. The first one will implement is the Extended Kalman Filter
(EKF). The EKF algorithm is widely known to be one of the best methods for state
estimation. This filter will take the sensor reédings from the various sensors ‘and output an

estimation of the current aircraft attitude. For initial design it will be important to measure:

* Roll - Side to side angle relative to the horizon

* Pitch - Front to back angle relative to the horizon

* Roll Rate - Side to side rotational rate relative to the horizon

* Pitch Rate — Front to back rotational rate relative to the horizon

* Yaw Rate — Horizontal rotational‘rate relative to magnetic heading

* Magnetic Heading — Direction relative to magnetic north

45.5. Proportional-Integral-Derivative (PID) Stabilization: Once the desired aircraft
attitude is determined from the transmitter commands and the actual aircraft altitude is
determined from the sensor fusion algorithm, PID controllers are used to determine the
fastest way to make the desired altitude become the actual altitude. PID controllers are very

. . . : si
efficient for control of a system in which an accurate physical model is unknown. ¥sing
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calculus to determine error slopes and areas, PID controllers compensate for environmentat

noise and distu_bances while overcoming steady state error a- d oscillations.

4.5.6. Multi-Rotor Throttle Mixing (MRTM): Standard helicopters use Cyclic Collective:
Pitch Mixing (CCPM) to adjust the aircraft attitude. It worl_cs by adjusting the pitch of the
blades depending on their current angular position. MRTM works by adjusting the speed of
several propellers in such a way that results in the same faircraﬁ control and a typical

helicopter MRTM can be used to control the attitude of .many styles of muiti-rotor .-

helicopters.

4.5.7. PWM Encoder Driver: Once everything has been computed, the PWM Encoder takes
the control values and generates a pulse width modulated (PWM) output for each |

motor. This is the exact opposite process of the PWM Decoder.

4.5.8 PWM (Pulse Width Modulation) Simulation

Pulse Width Modulation is the technique which conforms the width of pulses or duration of
pulses. The PWM signals are used to control the RPM of the motors which are generated by
the microcontroller. The PWM values for our BLDC motors are varied from 900 to 1700.
Here is a technique to genefate the PWM signals in MATLAB Simulink. ,

9

]

Scope

Constart E

Fig. 4.21: PWM waveform circuit
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PWM signals are basic comparison of triangular waveform with DC waveform. In order to
simulate default blocks were used such as INTEGRATOR, MUX. SCOPE. and
CONSTANT. For a triangular waveform another function is need to define a mathematical
function which will convert output of MUX into triangular wave form known as FCN. which
will take remainder of MUX. The operation used to take the remainder is rem(u(1).u(2)).
Now to get PWM waves against a constant voltage another CONSTANT block (3) has been
used and a SUM block has been used for comparing them. The output obtained is not the
desired PWM waveform it is only the comparison between the triangular waveform and DC
Voltage. In order to get the PWM wave form another function is SIGN block is used. This

SIGN block will give us the digital values which are shown in the figure.

Time

Fig. 4.22: PWM wave form
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CHAPTER S

QUAD ROTOR DYNAMICS

The quad rotor rotorcraft is actuated and controlled by the angular speeds. of four electric
motors. Each motor produces a thrust and a torque whose combination actually produces the
main thrust, the yaw torque, the pitch torque and the roll movement on the quad rotor. The
lift force can be modified by varying the coilective pitch as in the case of convectional
helicopters. These aerial vehicles use a mechanical component known as swash plate. In
order to obtain the pitch and roll control torques the system interconnects servoinechanisms
and blade pitch links in order to change the rotor blade pitch angles in the desired manner.
While on the other hand the quad rotor does not possess a swash plate and has constant pitch

blades. Therefore to obtain pitch and roll movements in a quad rotor we have to vary the

angular speeds of each one of the four motors.

Fig 5.1: Thrust and Torque patterns
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From figure it can be observed that the motor M; (for i= 1,....,4 ) produces the force f; which:

is proportional to the square of th= angular speed, f; = kw;’

The produced force f; is always positive given that the quad rotor motors can turn only in a
fixed direction. The front (M) and the rear (M;) motors rotafe counterclockwise, while the
left (M) and right (Mz) motors rotate clockwise. The aerodynamic torques and gyroscopic
effects tend to cancel the effects in this particular arrangement. The main thrust u is the sum

of the individual thrusts produced by each motor.

The pitch movement torque produced is a function of the difference fi—f;, the roll torque is a

function of f4~f;, and the yaw torque is the sum Ty + Tyz + Tms + Tma , Where Ty, is the

reaction torque of motor i due to shaft acceleration and blades drag. The motor torque 1s

Opposed by an aerodynamic drag Tdrag» Such that

Lot = TMi — Tdrag -1

Where I,.,; is the moment of inertia of a rotor around its axis. The aerodynamic drag is

defined ag:
2 : (5.2)

Where is the air density, the frontal area of the quad rotor is defined by A , and V is its

Velocity relative to the air. The angular velocity o is equal to the linear velocity v divided by

" the radius of rotation .

(5.3)

e
1l
Nl

The aerodynamic drag can be rewritten as

. (5.4)
Tarag = kdrag w? (
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where kdmg > 0 is a constant depending on the air density, tie radius, the shape of the blade

and other factors. For stationary maneuvers, w is constant then

Tmi = Tdrag (5.5)
toll lef Pich ¢
Om,ar d
Fig 5.2: Pitch, roll and yaw function
while-

Forward pitch motion is obtained by increasing the speed of the rear motor M
reducing the speed of the front motor M. Similarly, roll motion is obtained using the left and
right motors. Yaw motion is obtained by increasing the torque of the front and rear motors
(Tp and Tm3, respectively) while decreasing the torque of the Jateral motors (tmz and Tpais

respectively).All these motions can be obtained by keeping the total thrust constant.

3.1 Euler-Lagrange Approach

Let the generalized coordinates of the model be expressed by -

q = (x,v.2,,0,9) ER® (5.6)
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where & = (x,y,z) € R? denotes the position vector of the center of mass of the quad-

rotor relative to a fixed inertial frame . % The orientation of the rotorcraft i.e. Euler angles -

are expressed by n = (1,8 ,¢) € R3where y is the yaw angle around the z-axis, g is the
pitch angle around the y -axis and ¢ is the roll angle around the x -axis. An illustration of the

generalized coordinates of the rotorcraft is shown in fig.

L(q: q) = [Tt‘rans 5 Trotl - i (57)

g e L - . . . 1 . .
Where Ty ons = ;fo is the translational kinetic energy, Tror = EQT/ Q is the rotational

kinetic energy, U = mgz is the potential energy of the rotorcfaft, z is the rotorcraft
altitude, m denotes the mass of the quad-rotor, is the vector of the angular velocity, / is the
inertia matrix and g is the acceleration due to gravity. The angular velocity vector @
resolved in the body-fixed frame is related to the generalized velocities # (in the region

where the Euler angles are valid) by means of the standard kinematic relationship.

Fig 5.3: Quad rotor in inertial frame
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QO=w (5.8)
Where .
—sin 0 1
W = |cossin cos 0 (5.9)
coscos —sin 0 '
Then
‘— l{’s'm
Q= |cos + ¥cossin (5.10)
o Wcoscos — sin '
Define
l] = DO - WTIW (511)
Where
Ly O 0
[=]0 Ly O (5.12)
0 0 lzz
So that
Troe =7 (5.13)
a ary _ (4 _ [Fe 5.14
dt (dq) (dq) [r] ( )
where, Fy = RF O R translational force due to thrust, t 0 R’ is the yaw, pitch & roll
moments and R represents the orientation of quad relative to fixed inertial frame:
CoCy CwSeSy— CoSw SypSw + CyCuwSe
R=|CoSy CyoCy+ SgSpSw CoSoSw — CySy (5.15)-
"59 Cgs(p Cg C(P
Where C iscos [1 & S. issin L.
From figure 5.1
0
£-lo (5.16)
u

W : .
here u is the main thrust and expressed as:
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n=34.f, 5.17)

and the generalized torque is given by:

w0 |2 [(f— | o ©-18)
T (s — fl

»

4
Ty Yi=1Tmi .
T =

. . . tor
where 1 is the distance of motors from center of gravity, Tm; is the moment produced by moto

M; for i = 1,2,3,4 around the center of gravity of quad rotor. Now the Euler-Lagrang®

e€quation for the translational motion is

a ames.] _ OL¢rans = F, (519)
datl a¢ 23 d
Then
. 5.20)
mé + mgEz = Fg (
Forn coordinates, it can be written as
_d_ aLrot] _ OLyror =1 (521)
dtl an an
Or
. . : 22)
dl.r 9_71 — .1._6_ T =T (5
2[4y 5] =55 @"0)
Thus one obtains
10 T (5.23)
Jij + Ji = 55, @17 I
Deﬁning the Coriolis-centripetal vector
o 18 s (5.24)
7, 1) = i — 55, @79
One writes
(5.25)

Jii+Vmm =1
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but 7(n,7) can be expressed as
1) ) N (5.26)
V(nm) = (ll —%f;l(nfll))n = C(n.mn

ins g3 i entrifugal terms
Where C (1, 1)) represents the Coriolis term and contains g yroscopic.and ¢

associated with n dependence of J.

This yields
” (5.27)
mé + mgEz = Fg
i (5.28)
Jij =7 — COLM7
To simplify let us take
: D1 (5.29)
= f: =]z — C.1M)
Ty
Finally .
mi = u(singsin¥ + cospcos¥sinb 0.
1 (5.31)
my = u(cosgsinfsin¥ — cos¥sing
(5.32)
mZ = ucosfcosg —mg
(5.33)
"p = flp
(5.34)
é = fg
35)
¢ =1y

i is in vertical plane.
Where x & y coordinates are in horizontal plane and z is in ve p
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CHAPTER 6
QUAD ROTOR ANALYSIS
6.1 Propeller thrust |
Experimental Propeller thrust
Propeller Volts "~ RPM Thrust(grams)

9x4.5 7 5220 ' 260
9%4.5 109 7440 541
10x45 > 4890 309
10x4.5 10.9 6780 624
10x6 7 4830 321
106 10.9 6750 635

Table 1. Experimental propeller thrust
11 volts.

I this experiment we used two batteries one of 7 volts and the .other one of
10X6

Accordingly we have also used three different propellers of dimensions 9X4.5, 10X4.5,

for Calculating thrust generated by each rotor.

The respective RPM for each combination of propeller configuration and battery Is

Calculateq by using a device known as a TACHOMETER. Then weé fixed one motor to the
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the value on .
weighing machine and made the motor to rotate at full RPM and noted down e
oduced by the
the digital weighing machine which eventually amounts to the thrust pr

motor.

Calculated propeller thrust

Propeller Volts RPM Thrust(grams)
9%4.5 7 5859 310
9x4.5 10.9 - 9123 : 760
10x4.5 7 5859 480
10x4.5 10.9 9123 1170
10x6 7 5859 480
[ 10%6 109 9123 1170

Table 2. Calculated propeller thrust

bination of battery
Above table shows the calculated value of RPM and thrust for each com

and propeller. The formula used for calculating the RPM of rotor:
Approximate Propeller RPM=supply voltage X motor KV X 0.9
RPM calculation for 1° case:

Motor Kv= 930

Supply voltage= 7 volts

Approximate propeller RPM= 7X 930X 0.9
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T v
herefore using above formula we calculated the RPM 5859 for 1% case.

6.2 Structural Analysis:

0.000 0.060 (m)
[ S
0.030

Fig. 6.1: Total deformation on quad rotor arm
m is done in ANSYS

Stru g
ctural analysis of the quad rotor arm which is a cantilever bea
d which is

Wor . 5
kbench. The fi gure shows that maximum deformation takes place at the frec en
re . . b

presented by red color and minimum deformation takes place at the root which s
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blue

represented

0.060 (m)

0.000
0.030

Fig. 6.2: Von Misses
The figure above shows that maximum stress act on the holes present on the root W
represented by greenish color and minimum stress is represented by blue color.
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CHAPTER 7
QUADROTOR FABRICATION

[t involves the ;
construction of a frame and putting everything together, which is completely

up t
p to the user. A good frame should have the foilowing;:

D Land' _ .
ing gear — for medium to larger sized quads (1 kg and over) the T-Rex 600

helicopter landing gear set can be used.

¢ Housing fi
0 . . . : ™
g for the electronics — the electronics housing can be anything from an

aluminu - ) .
m cage consisting of two strips of aluminum covering the electronics to a full

led
pledged box of some sort. A good place to start is to use a Styrofoam faucet cover,

which’ . . .
provides a smooth, lightweight, and strong protective cover. The housing 1S

the .
re to protect the electronics from crash damage, such as flips and falls, as well as

th
¢ elements when it is stored

Batte :
Iy compartment — this part is a little trickier, but with some work, can be made

ve :
ry effectively. A recommended design is to use Velcre underneath the belly of the

uad, i ing it i
quad, incorporating it into the structure of the quad. This will provide a strong battery

Co . .
mpartment while still allowing for an easy battery removal and replacement in the

field.
® Arm extensi | i
. ensions — these can be used to ensure safer operation of the quad, especially
urin ; . :
g first test flights or experiments. The arm extensions could simply extend

b g
eyond the propeller length or they can also protrude upwards, thereby providing

protection for the motors and propellers during flips.

BeSide : )
s .
- this, motor to motor distance is another important parameter in quad rotor
rcatj . . .
on, well there is no one best distance, unless talking about one particular quad rotor

With all its dimens;
its dimensions and specification known. Generally, the larger the distance between

the m
ot . i
ors, the more stable is the quad. The shorter is the distance, the quic
imes to movements

Ker is the quad to

reSp()nd
and - In other words, a larger armed quad will have slower response
fdas .
M maller armed one will be able to make frequent movements and acrobatic maneuvers. .
VI0St aeri . . <
aerial video and photography quads will tend to have larger distances than those for
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o i vever. depends
acrobatics. A good motor distance to start with is around 60cm. This howeve p

. : ical as accurately as
totally on what the user wants. The motor distances should be made identical a Y

possible.
7.1 Fabrication Methodology
A. Selection of raw material such as:
A.l Frame booms and material.
A.2 Type of motor (in-runner/out-runner) and its power.
A.3 Controller board.
A4 Landing gear material.
A.5 Transmitter-receiver.

B. Fabrication of frame as per the dimensions.

. s ions.
C. Mountmg of motor and controller board with necessary connection
D. Landing gear attachment.

E. Fetching data from sensors and IMU.

F. Quad-rotor flying check and trimming process

Fig. 7.1: Fabricated quad rotor
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CHAPTER 8
CONCLUSION

The project design goals and manual flight demonstration were successfully achieved.

The earlier microcontroller used for the model was hobby king Atmega 168PA in which
sensors Were very sensitive and it was a difficult task to calibrate gyros, hence opted for 2
better IMU board and microcontroller: Arduino 2560.

I . ie
t Was observed that the center of gravity of quad rotor beside being at the center, should lie

b
elow the rotors reference frame line to withstand more and more interference during the

flight,

Itisb
etter to use Aluminum with balsa wood inserted inside the tubing, becatse Balsa wood

not on}
Y @bsorbs vibration but also resists buckling in the frame, whereas plastic and fiber

Mmaterj
al are brittle, expensive and less durable.

© project will further progress in generating algorithm for different flight regimes and

henc i 1
¢ having the ability to fly autonomously to a specific destination.’
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