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1. Introduction

In the last years, the development of unmanned aerial vehicles (UAV) has had a very significant
progress, moreover for the use in civilian applications. The most usual applications of this kind
of vehicle are focused in tasks where the access is difficult or dangerous, like, for example,
surveillance and following tasks, geographical recognition, etc.

Within the field of UAV, there is a lot of investigation focused in small UAV, called Mini-
UAYV, which are the topic of this project. The development of these systems has been possible
thanks to the great progress of microcontrollers, which offer the possibility of making really
complex calculations in a very small place, the miniaturization of the sensors (MEMS: Micro
ElectroMechanical Systems) as well as the improvements in the energy storage systems.

This project is about manufacturing a UAV driven from land. The idea of the project is to create
from zero a design that can be used and improved in the future.

To decide the final shape of the UAV, it has been taken in account different designs that
actually exist and are used for totally different purposes.

As an example of these models, it is the case of the UAV Zephyr (Figure 1), a HAPS (High
Altitude Pseudo-Satellite) UAV designed by Airbus. The wings of this aircraft are not totally
straight, giving it higher stability while flying.

Figure 1: UAV Zephyr 8. [1]

Another example is the General Atomics MQ-1 Predator, a MALE (Medium Altitude Long
Endurance) used by the US army forces for military purposes. The shape of this model is similar
to a missile with wings. The position of its stabilizers gives it more stability than if they were in
the opposite way.



Figure 1.2: UAVMQ-1 Predator. [2]

The last example is a RC model for personal use, the AeroSky RC RoboSurfer UAV Glider
Plane, with an electric engine to make it fly. The shapes are simpler in this case.

Figure 1.3: Toy UAV. [3]

The final shape of this UAV mixes different elements of these cases, trying to be attractive for
the consumers while is still fulfilling the rest of its objectives (endurance of flight, mechanical
properties, etc.).

2. Theoretical concepts of aerodynamics
Aerodynamics studies the solids behaviour when there is a relative movement between them
and a fluid in contact with them, being the air in this particular case.

Is necessary to know the aerodynamic concepts that rule the behaviour of the vehicle that is
going to be tested, because in other case it should be necessary make real tests.

Wing geometry and configuration




There are a lot of different configurations and sizes for the wings, where their design depends
on the application of the UAV. In case of a low speed aircraft, the rectangular wings are better.
If it is wanted higher speed, the triangular shape is more adequate. But independently of this, the
most important factor in the wing’s design to consider is the wing area, because it will define
the sustentation.

In aeronautic is called wing to an aerodynamic body that is composed by aerodynamic sections
and is capable of generate a pressure gradient when it moves within the air. As a consequence of
this gradient, it takes place the stall that allows the UAV to fly.

Aerodynamic profile

An aerodynamic profile (Figure 2.1) is a planar surface that, when it moves along its way
through the air creates a pressure gradient that generates a reference stall. The parameters that
have influence in an aerodynamic profile are:

1. Chord line: Is the straight line that goes from the leading edge to the trailing edge. The
chord length, or simply chord, is the length of the chord line. That is the reference
dimension of the airfoil section.

2. Camber line: Is the locus of point’s midway between the upper and lower surfaces. Its
shape depends on the thickness distribution along the chord.

3. Thickness: It varies along the chord. It may be measured in either of two ways:

e Thickness measured perpendicular to the camber line. This is sometimes
described as the "American convention”,

e Thickness measured perpendicular to the chord line. This is sometimes
described as the "British convention™.

4. The suction surface (upper surface): It is generally associated with higher velocity
and lower static pressure.

5. The pressure surface (lower surface): It has a comparatively higher static pressure
than the suction surface. The pressure gradient between these two surfaces contributes
to the lift force generated for a given airfoil.

angle of attack

F
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Figure 2.1: Aerodynamic profile.[4]



The leading edge is the point at the front of the airfoil that has maximum curvature (minimum
radius).

The trailing edge is defined similarly as the point of maximum curvature at the rear of the
airfoil.

Finally, important concepts used to describe the airfoil's behaviour when moving through a fluid
are:

1. The aerodynamic centre: Is the chord-wise length about which the pitching moment is
independent of the lift coefficient and the angle of attack.

2. The centre of pressure: Is the chord-wise location about which the pitching moment is
zero.

The profiles can be symmetric or not:

e Symmetric profile: The advantages are that this kind of profile is easier to build.
¢ Non-symmetric profile: This profile gives higher level of sustentation to the aircraft.

3. NACA 4 digit series for wing cross sections
The NACA (National Advisory Committee for Aeronautics) was a federal agency from USA
founded in 1915 with the mission of promoting and undertaking the aeronautics investigations.

The NACA developed the 4 digits series, which is the first family of sustentation surfaces.

First digit means the maximum inclination of the chord (expressed in percentage). The second
digit is the position of the maximum curvature expressed in chord decimals. And the last two
numbers are the thickness of the surface in percentage.

4. Main forces acting on aircraft
The four main forces acting on aircraft are showed in Figure 4.1.

4.1 Lift force

Is an aerodynamic force generated by an object that moves along the fluid. Is the foce that
keep the aircraft in the air. Is generated by all the body of the aircraft, but most of it is
generated by the wings. It is perpendicular to the movement direction. Its magnitude depends
on some factors as the shape, the size and the speed.

4.2 Weight



Is the force caused by the gravity acting on the mass of the aircraft. Its application point is the
centre of mass.

4.3 Drag

Is the force that is created by the air resistance to the displacement of the aircraft. This force
opposes the movement of the drone.

4.4 Thrust

Is the mechanic force that generates the engine and the propeller to move the plane through
the air. Its direction depends on the position of the engines and its magnitude depends on the
power of them.

The direction of the plane when it is flying depends on these forces. If these four forces are
balanced, the UAV will fly with constant speed. To accomplish this is necessary:

Lift = Weight

Drag = Thrust

LT

=5
b 4—'-/%27,(5—»' Q

DRAG
TH+HRUST
o (o)

wWEIGHT
Figure 4.1: Forces acting on an aircraft. [5]

5. Basic calculations

Before starting to design, some calculations have to be done. There two important parameters:
the wing area and the weight of the drone. Knowing one of them, the other can be calculated




easily. This is the first calculation that has to be done to know if the UAV will take off from
land.

First of all, is necessary to use the equations of the lift and drag coefficients:

2F,

CL = pVZA (5.1)
2F

Cp = pVZITA (5.2)

where C_ and Cp, are the lift and drag coefficients, respectively, F_ and Fp the lift and drag
forces, p is the air density, v the velocity of the UAV and A is the wing area.

To calculate lift coefficient it has to be known the Reynolds number in the conditions of the
flight. The Reynolds number can be calculated with the following equation:

| |
= p—V = V— (5.3)

il \Y,

Re

where p is the air density, v the UAV speed, | the chord length, p and V are the dynamic and
kinematic viscosities of the air.

For the design, it has been decided that the chord of the wing will be 500 mm in its maximum,
350 mm in the medium section and 200 mm in the wing extreme. The drone has been designed
to have 4.2 m of wing spare, which means that the wing area is 1.47 m2 These measurements
are usual in drones of this kind, to be used in open areas with medium speed.

The attack angle of the wing (o) it has been set in 0° and the maximum speed 17 m/s.

With all this data, is possible to start the calculations to estimate the maximum weight of the
drone.

For the wing section it has been chosen the MH 32-il section, which will provide the UAV more
sustentation than a symmetric cross section. This section is usual in aircrafts with the same
purpose.

According to the selected characteristics, the Reynolds number can be calculated by using
equation 5.3:

17-0.35

Re

So, the Re is between these two curves that are represented in the following graphic.
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Figure 5.1: Graphic of the C/a curve for MH 32-il profile. [6]

As what is wanted is the attack angle to be 0°, it has to be checked where the vertical line on 0°
cuts the two lines. As it is seen in the graphic, both lines match when they cut the 0° line for
attack angle, so no interpolation between them is needed.

The value for C, looking at this graphic is 0.3. Taking the 5.1 equation is obtained how much
weight the UAV can weigh.

_121-172-147

= = 77.175N (5.5)
L 0.3

To get the maximum mass that the wing area selected can carry it is only needed to divide the
weight force calculated in 5.5 by the gravity acceleration:

77.175
mass = —5=— = 7.875 kg (5.6)

So the maximum weight that the wings can make flight for the UAV is 7.875kg.



6. Description of the UAV
The UAV has a shape similar to the one showed in the first point called Zephyr (Figure 6.1).
The idea is make it in one entire piece to simplify the process of manufacturing and the costs.

Figure 6.1: General view of the UAV.

The wings have a special shape, which will be described deeply in the following points. They
change their section length from 500mm of chord in the beginning, where the wings connect
with the fuselage, to the final 200mm of chord length in the end. At one point, the wings have
an angle different from zero with the horizon, gaining, the aircraft, in stability.

This drone does not have wheels for land or take off, so the way of taking off can be by just
grabbing with the hand and turning on the engine, or it can be with the help of a platform that
throws the drone to the air (Figure 6.2). In this case, is good to know that, for this cross section,
the maximum CL/CD coefficient possible to obtain is obtained with a 4.75° of angle of attack.
So this would be the best inclination of the launcher platform.

Figure 6.2: Example of a drone launcher platform. [7]



It only has one propeller connected to two engines working as one. These engines are fed by 4
batteries, which provide the drone of enough power to keep flying during 16 min until is
necessary to charge them.

Inside the UAV there is an Aluminium square tube which encloses the electronic components
that are necessary to have control of the drone: autopilot, GPS, altimeter, Pitot tube, batteries
and the radio control receiver.

In the head of the UAV are founded the servomotor and the motor. That is the reason why the
head is a little bit wider than the neck.

7. Internal components
In this section are shown the internal components that will be inside the UAV.

The fuselage is prepared in the front to ensure the engines by putting them on the frontal
structure.

For the rest of components it has been placed a metallic profile inside the body of the UAV that
will be secured fuselage, which has the shape in its body to embrace the profile. The batteries
and all the rest of the electronic components (GPS, radio controller, etc.) will be attached to the
profile, which can be taken when the UAV is dismounted to change them or charge the
batteries.

The specifications showed in this part are just the ones that are necessary to design them in
CATIA as realistic as is possible. The rest of the specifications can be seen in the References
part, where all the items are listed with the website where they can be found.

7.1 Engine
It has been used a brushless motor, because this kind of motors have a higher efficiency than the

brushed ones, as the lack of brushes means less engine wear.

The engine selected is a powerful motor that will allow to fly a heavy drone. The reason of
choosing this engine is because in the design is wanted just one motor, so the thrust have to be
as much as possible.

The product chosen is the brushless outrunner motor called ‘Emax BL2832/05°
The specifications of it are the following:

e Dimension: 39 mm or diameter x 53.5 mm of length
e Weight: 210g

e Diameter of axis: 5 mm

e RPM: 960 rpm/V

e Voltage: 6-17 V

e Maximum current: 69 A

e Maximum efficiency current: 86%



e Recommended aircraft weight: 2000-4600 g

This engine has enough thrust to carry on with a UAV that weighs 4600g as maximum. This
means that the past restriction of weight, given by the wing surface, it is not enough.

The drone has to weigh 4600g as maximum.

Front Cover Bottom Cover

Figure 7.1: Emax BL2832/05 brushless motor drawing. [8]

7.2 Propeller blade
The motor selected recommends specifics propeller blade measurements. It is recommended a
14inch blade.

To confirm the thrust that the selected motor can give with a propeller with this characteristics,
it has been used a program called ‘Drive Calculator’

In this application it is possible to calculate the thrust that the engine will give with an specific
propeller by introducing the RPM, the voltage and the current.

The motor has a 960rpm/v rate, and it will be fed by batteries with 11.1v. The current
introduced is the maximum efficiency current for the motor. The propeller chosen is the one that
is recommended by the motor manufacturer, a propeller with 14inch length and 7inch of pitch.

RPM =960rpm/v - 11.1v = 10656rpm

Max eff. current = 0.86 - 69A = 59A

10
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Figure 7.2: Thrust calculation with Drive
Calculator. [9]

The thrust calculated for this configuration engine-propeller is 5935g, a 30% more than the
maximum weight allowed.

The usual recommendation is that the weight of the plane must not be more than the 90% of the
thrust. So, in this case, the UAV is in the safety side of this rule.

Between the blades that meet the requirements, it has been chosen the propeller ‘derostar
Composite Propeller’, which has different hub inserts to suit with different motor shafts, so it
will fit with the engine selected.

Specifications:

e Length: 14 inch
e Pitch: 7 inch

Figure 7.3: ‘derostar Composite Propeller’ 14x7 with
shaft adaptor rings. [10]
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7.3 Batteries
When choosing a battery, there are three characteristics to consider:

e Constant current
e Capacity
e Voltage

It has been selected a LiPo battery, because this kind of batteries are capable of give a high
quantity of energy in a short time, and they are very light.

The product selected for this mission is ‘Turnigy Graphene 6000mAh 3S 65C Lipo Pack’, a
Graphene Li-Poly battery with three cells.

Specifications:

e Capacity: 6000 mAh

e Number of cells: 3

e Voltage: 11.1V

e Discharge: 65C constant /130C burst
e Maximum charge rate: 10C

e Weight: 587¢g

e Dimensions: 168x69x26 mm

roieg & LS9 quidelings en revarse

Please read safely wa

Figure 7.4: Battery Turnigy nano-tech A-SPEC G2. [11]

7.4 Servomotor

The servomotor is a device that has a motor, its gear train, a position feedback mechanism and a
electronic of control. The angular position of the servomotor is determined by the duration of
the pulse applied to the servomotor control circuit. This action is called pulse codified
modulation. The servomotor expect to receive a pulse every 20ms. The duration of the pulse
determines how much the servo will have to rotate. For example, at 1,5ms, the motor will turn
90 degrees. If the pulse is shorter than 1.5ms, it will turn O degrees. If the pulse is larger, then
the axis of the servo will rotate 180 degrees.

12



It has been selected the analogic servo ‘RCTECNIC S3006°, which provides a 6kg torque at 4.8
volts.

Specifications:

e Weight: 40 g
e Dimensions: 40.8x20.1x38 mm

Figure 7.5: RCtecnic S3006 servomotor. [12]

7.5 Speed controller
The speed controller is a circuit that has the mission of generate a triphasic signal that feeds the
motor.

The speed controller selected is ‘Brushless e-max Simon Series 80A — UBEC’. The GPS selected
iS ‘Quanum GPS Logger V2 with Backlit LCD Display NEO-6 U-Blox’

Specifications:

e Constant current (max): 80A (100A)
e Dimensions: 86x38x12 mm

e Cells: 2-6S LiPo

e Weight: 81g

The ESC selected works at a higher current than the engine. It has been selected that way,
oversizing respect the engine, with the purpose of protecting it.

This ESC has, in addition, three kinds of protections:

e Low tension protection: In case of turning off the engine immediately or reducing the
power when the tension is lower than the protection threshold programmed, the
engine stops working.

e Self-check protection: The system will check by itself when the battery is connected.
Every kind of failure of the hardware will result in twenty ‘beep’ sounds.
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e Overheating protection: When the temperature is higher than 110 Celsius degrees,
the power is reduced at 35%.

7.6 Autopilot
The main part to control the drone while it is flying is the autopilot. Its function is to maintain

the parameters of the flight under control to permit the drone fly without problems.

The autopilot selected is ‘Px4Pilot 32Bit AutoPilot Flight Controller’. It has included the
gyroscope and accelerometer sensors.

Specifications:

e Weight: 38g *
e Dimensions: 81.5x50x15.5 mm*

*In this case, in the website shop is impossible to find these parameters, so it has been taken
parameters from another model (the next generation) from another website.

7.7 Telemetry
Necessary to be informed about everything that happens in the UAV in real time. The telemetry

permits the ground control to know the status of every sensor in the drone.
The product selected is ‘Quanum 2.4GHz Telemetry System (Volt/Amp/Temp/mAh) V3.1’.
Specifications:

e Weight: 16g *
e Dimensions: 50x17.5x2 mm*

*These parameters are only for the part that is going to be inside the aircraft.

7.8 GPS
The GPS provides information about the position of the drone with high accuracy in real time.

The GPS selected is ‘Quanum GPS Logger V2 with Backlit LCD Display NEO-6 U-Blox’
Specifications:

e \Weight: 43
e Dimensions: 77x24x18 mm
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7.9 Altimeter and Bluetooth adaptor

The altimeter permits the owner to know the altitude of the aircraft. The altimeter that it has
been selected does not give information in real time, so it has been bought too an adaptor to
send the information to the mobile phone of the owner with and specific app.

These two products are. ‘HobbyKing® ™ Altimeter’ and ‘HobbyKing® ™ Altimeter Bluetooth
Adapter for Wireless Android App’.

Specifications:

e Weight: 1.3g
e Dimensions: 21x13x5 mm
e Weight: 3.3g

e Dimensions: 28x16x5 mm

7.10 Pitot tube and sensor
To know the speed of the UAV is necessary the Pitot tube.

For this it has been chosen ‘HK Pilot Analog Air Speed Sensor And Pitot Tube .
Specifications:

e Weight: 4g (sensor)

8. Construction

This UAV has been designed from zero to the final result. It has been taken into account the
materials that can be selected and the different ways of manufacturing, that may affect the final
cost of the UAV.

In this section it is going to be explained how it has been designed step by step. For this purpose
it has been used the 3D computer-aided three dimensional interactive application named
CATIA, which is used in a lot of different factories for design and engineering.

To make it easy to see, the UAV has different colours. The fuselage, wings and stabilizers are
coloured in light green, and they are transparent to see the parts inside. The stiffener of the
wings and stabilizers are light brown, the electronic components are orange above a black plate
and the batteries and the components of the motor are purple.

8.1 Fuselage
The fuselage it has been designed to be as narrow as possible, but width enough to keep inside

all the components of the UAV. The head is bigger that the neck because the motor, servomotor
and gearbox are there. Right between the wing holes (where the wings are going to be placed)
are the rest of the internal components, the electronic systems (autopilot, GPS, etc) and the

15



batteries. It has been chosen this distribution because the centre of mass has to be in ¥ of the
chord of the wing from when it begins.

The shape is as smooth as possible to avoid turbulences, and it continues until the stabilizer in
the end.

The fuselage is, from the head to the end, one piece of the same material. This means that it will
be easier to build the drone because the fuselage will be only two pieces to join. And another
advantage is that it will be cheaper, because it will be necessary only the two moulds for the two
parts of the fuselage, and the resin to join them.

Figure 8.1: Sketch of the fuselage.

In the upper image it is shown the sketch of the fuselage. Once it is defined, it has been made a
revolution of it and it has been obtained the primary surface that it is shown in the following
picture.

Figure 13: Revolution body. Primary fuselage.
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Then the surface of the wings has been created and it has been cropped from the primary
surface. The same process has been followed for the stabilizer. It is important to remark that the
fuselage, in its end its curve, to make the moulds possible to manufacture.

Figure 14: Detail of the surfaces that were removed from the fuselage.

To end with this piece, it has been necessary make different holes in it. In the front face it has
five holes. Four of them are in a circle of 25mm of radius. These holes are for the bolts that will
ensure the motor inside. The central hole, with 5Smm of diameter is where its axis will be placed.
In the upper part it has one more hole where the Pitot tube will be placed.

Figures 15 and 16: Details of the holes in the frontal and in the upper surface.
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Figure 17: Final result for the fuselage.

8.2 Wings

For the wings, it has been decided to use the MH 32-il profile (Figure 18) with a null angle of
attack. This cross section will give a high level of lifting force because it is and asymmetric
profile.

MH32 8.7%
Figure 18: MH 32-il wing profile. [13]

The wings vary their chord length along they reach their limits. So, from an aerial point of view,
the wings are narrower in their extremes than in their beginning at the fuselage. Moreover, at the
half of the way from the fuselage, the wings change their angle with the horizontal and it
becomes a 7° angle. This will give more stability to the UAV. This shape of the wings is typical
in this kind of aerial vehicles.

To make possible to work with the most accurate shape of the cross sections, it has been used an
Microsoft Excel macro that is given with the rest of the files in the CD.

This macro allows the user to introduce an unlimited quantity of points, by using its 3
dimensions coordinates, and introduce them in CATIA. It is possible to draw in CATIA the
points, the spline that they define and a surface, in case that the spline can define it. For this
work it has been selected the points and the splines, so the wings and stabilizers has been drawn
with high accuracy.

To obtain the coordinates of the points that are part of the profile it has been used the data base
found in the website ‘airfoiltools.com’. In this website it is possible to choose between lots of
different wing sections and plot them using the lengths that are wanted. In our case it has been
selected the MH32 profile and it has been plotted with three different chord lengths.

It has been used three different lengths because in the fuselage, where the wing has to be
inserted in the fuselage, the chord is 500mm. When the wing changes its angle from zero to

18



seven degrees, the chord length is 300, and in the extreme of the wing the chord length is
200mm. In the website it is possible to download one file with the X and Y coordinates of the
sections, and after that the Z coordinate choose from the design.

In CATIA, once the three profiles are drawn in the programme, it has been created the surface
of the wing by limiting it with the straight lines that can be seen in the image.

After creating this surface, the wing is fulfilled with material, and the flap is cut from the wing.

Finally, it is only necessary to shell the final shape, and make two holes that will allow the flap
to rotate.

Figures19 and 20 : Initial curves and the surfaces made with ‘Multisection’ command.

Figures 21 and 22: Wing surface with the straight extrusion highlighted in orange and the
final surface after ‘Trim’ operation.
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Figures 24 and 25: Final results for right and left wing.

8.3 Vertical stabilizer
To make the vertical stabilizer it has been followed the same path that it has been used to get the
wing profile, but in this case selecting NACA 63012A profile (Figure 26).

NACA 63012A AIRFOIL
Figure 26: NACA 63012A stabilizer profile. [14]

Doing the same as it has been done with the wings, once the splines and points are in CATIA,
the surface of the stabilizer has been made extending one section to the limit section following
the two straight lines that are the limits. After that the surface is fulfilled with material.

When the filled is done, the vertical flap is cut from the stabilizer, and a hole is made to make
possible for the flap to be placed.

In this piece the splines of the horizontal stabilizers has been drawn too to make the surface of

the horizontal stabilizers and cross it with the vertical one. With this process it can be done the
hole in the vertical stabilizer where the horizontal ones will be placed.

20



Figures 27 and 28: Initial curves and surfaces made by
‘Multisection’ and the final surface with the cone below.

Figure 29: Detail of the body to Figure 30: Final result for the vertical
remove from stabilizer. stabilizer.
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8.4 Horizontal stabilizers

For the horizontal stabilizers it has been used the same cross section as the one used for the
vertical stabilizer. Here is not necessary to use an asymmetric profile because these stabilizers
will not generate lifting force. Their mission is to keep the UAV flying stable.

For these parts it has been only made and Extrude operation of the wing profile and then used
Thickness to give them the necessary thick.

Figure 31: Initial curve and final result for the horizontal
stabilizers.

8.5 Horizontal flap

This piece it has been made from the wing. Following the same process that has been made to
create the wing, once it is filled, the flap is cut, and the part that is wanted to remain is the
opposite that remained before. After that, the flap is limited and cut by two planes.

Finally, a hole during the whole flap is made to place it in the wing.

Figure 31: Initial curve and final result for the horizontal stabilizers.
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8.6 Vertical flap
The same process is followed to make this flap. With the stabilizer filled, the flap is cut.

After that, a cylinder is created to place the flap in the stabilizer.

Figure 31: Initial curve and
final result for the horizontal
stabilizers.

8.7 Support

This piece has been thought to have two missions. It has to ensure the batteries and the
electronic components and protect them from and accidental crash. It will be made of some
aluminium plates welded between them and glued to the fuselage to make it not to move. It has
been designed to put inside the plastic plate where the electronic components will be and the
batteries with no need of using bolts or another subjection system.
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Figure 37: Metallic profile for protecting electronic components.

8.8 Batteries
The electronic components have been designed in CATIA with the information obtained in the

websites where these components are going to be bought.

All of them have been simplified by the three lengths that are showed in the websites, and then
their weights have been assigned too to make possible to calculate the total weight.

Figure 38: Simplification of the batteries.

Flight endurance
The UAV has 3 batteries of 6000mAnh, so the total available is 18000mAh with a nominal

voltage of 11.1V.
To make the calculations is only taken into account the engine consumption, because the rest of

the consumption, caused by the electronic components is very small.

Consumption of the engine at its maximum power:

11.1V-69A=7659W (8.1)
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Time of flight at max power:

E_18Ah-11.1V_026h 62
P~ 7659W '

So the flight endurance is 15 min 39 s until the batteries discharge completely.
This is the time flying at max power, but the UAV will not be working always at max
conditions, so the autonomy is a little bit higher.

8.9 Plate support of the electronics

The batteries will be placed directly in the support, but all the electronic components will be
glued and placed over a plastic plate that will be their support. This plate will be placed in the
support.

Figure 39: Simplification of the electronic sistems
(GPS, RC, etc.).

8.10 Motor

The part of the engine is just a simplification of the real shape of the engine that it has been
selected. It has been drawn the shape in one sketch and just extruded until the length that
appears in the specifications in the website.

Once it is obtained, the axis that leads to the propeller is extruded.

The motor has four holes where the bolts will be placed after ensure the motor to the frontal part
of the drone.
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Figure 40: Simplification of the engines.

The servomotor is drawn by the same process; it will be placed between the motor and the
frontal face of the UAV.

8.11 Propeller
The propeller is divided in two separated parts.

The first one is the ‘peak’ of the UAV. It is just a revolution of half of the cross section, and
after that is made a pocket operation to recreate the real shape where the propeller has to be
located. This shape has been taken from the real one that is going to be used in the UAV. It is
just an approximation.

The second part is the propeller, properly said. It has two blades and, as the other part, is just
and approximation, as realistic as possible, of the real propeller that will be used.

To make it, it has been drawn first an approximate curve similar to the shape of the blade. After
that has been drawn another curve with the approximate curvature of the helix. With these two
curves have served to create de surface, and after that it has been given thickness to the surface.
Finally, a cylinder has been added and a hole inside it has been creato to ensure the propeller in
the motor shaft.
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Figure 41 : View of the propeller from behind.

Figure 42: Right view of the propeller blade.

Figure 43: View of the propeller blade.
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9. Drawings
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10. Materials

Here are described all the materials used for the different parts of the UAV.

10.1 Glass fibre

The fuselage, the wings and the stabilizers are made of glass fibre (Figure 10.1). The thickness
of these parts is 0.32 mm. All of them are supposed to be made by moulding, typical in this kind
of situations

The glass fibre selected is a kind of glass fibre specific for aeroplane modelling, with 80g/m? of
surface density and 0.08 mm of thickness. So the drone will have four layers of this material to
reach the 0.32 mm of thickness in its parts.

Moreover its low weigh, it has high resistance. It can reach a 1080 MPa in the longitudinal way,
but 50 MPa in the transversal one. Other advantage is that it is cheaper than the carbon fibre.

Figure 10.1: Example of a glass fibre wing. [15]

10.2 Airex ®

This material is the filler of the UAV (Figure 10.2). It will be applied over the glass fibre layers,
following the same process. This material acts as insulation and it has very good behaviour in
fire. 1t will protect the components inside the aircraft from the extreme temperatures and the
external elements that may be able to filter through the chassis.

The kind of this product chosen is Airex C70.75, with 1.2 mm of thickness. It will be applied in
two layers, as the glass fibre was, making the total thickness 2.4 mm.
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Figure 10.2: Example of the appearance of the filler [16]

10.3 Aluminium
The plane rods that embrace all the electronic components are made of aluminium. They can be
bought with the specified width in the website.

It has been chosen aluminium because of its really good resistance/weight relation.

It has a very low density (2.7 g/cm®) and a very high resistance; depending on the alloy selected
it can reach 690 MPa.

Moreover, is a very cheap material and easy to mechanize.

10.4 Carbon fibre
The first option for the stiffeners is the carbon fibre. It is a very efficient material, with high
mechanical properties but being very light.

Its resistance is similar to the glass fibre, being 1100 MPa in the longitudinal direction and 50
MPa in the transversal one. The disadvantage against the glass fibre is its elevated cost.

Another advantage is that it is resistant to the heat and the ambient conditions.

Figure 10.3: Example of a carbon fibre tube similar to the one is used for this
UAV.[17]
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10.5 Composite

The second option for the stiffeners is this composite. This composite is formed by transversal
small layers of balsa wood with two layers of carbon fibre over it, creating a sandwich. The first
idea was to do use this composite in bars surrounded by Kevlar thread, which gives it more
strength, but is enough and cheaper to use just the composite formed by carbon fibre, balsa
wood, and the epoxy resin necessary to join them.

Carbon pipe for joiner

Kevlar thread to
improve reliability

. Glue with
. epoxi L-285

--lﬂ.--__\_\_
T Balsa of vertical
\ direction,

AN

————_“_HI-TECH carbon
plate

Figure 10.4: Explanation of how the composite is fabric. [18]

10.5 Balsa Wood

For the stiffeners of the wings it is going to be used balsa wood, a material with a very low
density (100 kg/m® — 150 kg/m®) and resistance. But with the way it is going to be used,
mounting a structure inside the wing to make it more rigid, is only necessary its low weight.
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Figure 10.5: Example of a stiffener made of balsa wood. [19]
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11. Manufacturing process
The process of fabrication consists in the moulding of advanced composites in moulds, which
will be later joined with epoxy resin.

As it is shown in the drawings, the external parts of the UAV are divided in two parts. This is
because the process of moulding. For this UAV it is necessary to make 10 moulds, two for each
piece, but with the two horizontal stabilizers using the same two.

The fact that the UAV is made of glass fibre makes this part more expensive than if the drone
was made of aluminium, but the restriction of weight forces to use this material and its moulds.

Figure 11.1: Two moulds for the same part of one aircraft, the fuselage. [20]

Once the moulds are created, they are filled with glass fibre composite. This material is placed
layer by layer manually in the moulds, giving one layer of epoxy resin between them, to join all
the layers and make the wing resistant. The epoxy resin acts as glue between the layers and as
reinforcement.

In this particularly case, it will be given the first layer of glass fibre, then the resin, another layer
of glass fibre and resin, and finally the filler layer, and another one of epoxy resin.
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Figure 11.3: Putting epoxy resin to join the layers of glass fibre.[22]

In case of building a big dimensions aircraft, is very important the way of placing the
composites because the direction of the fibres affects to the mechanical behaviour of the final
product.

When filling the moulds, the two moulds of one piece of the drone (one wing, the fuselage, etc.)
must be filled with the composites at the same time, to join them instantly after the resins are
cured. Before the wings are joined, the balsa wood stiffeners must be placed inside them.

Once this happens, the two halves are again covered with the same epoxy resin to join them by
making pressure and heating them into an oven at 60°.
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Figure 11.4: Moments before the union of the moulds with pressure and heating. [23]

The covers for of the UAV are built now. The next step is placing the engines and the electronic
components inside before the two parts are joined.

The electronic parts that are going to control the drone have to be glued to the plastic plate. This
plate and the group of batteries are going to be placed inside the support. Then, the batteries
with their boxes have to be placed on the other side of the big tube. The Pitot tube has to be
inserted in the hole of the tube, and glued to it.

Once all the electronics are ensured in the aluminium profile, it has to be placed inside the space
made for it in the fuselage. It is not necessary to join the tube to the chassis.

The servomotor, the motor and the propeller have to be placed in the frontal part of the UAV,
and after that they have to be connected to the control system.

After putting the electronics inside the fuselage, the two moulds of this part have to be joined.

When all the parts are built, the stiffener bar has to be placed in the rectangular hole of the balsa
wood stiffener, and then, the wings can be settled and glued to the fuselage. The vertical
stabilizer can be placed too in the back hole of the fuselage and glued too.

Finally, the horizontal stabilizers have to be settled with the short stiffener bar in the vertical
stabilizer. And after that they have to be glued together.
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12. Control scheme
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13. Analysis

The drone is designed and it is proved that it can fly without any problems.

In this point is going to be shown what would happen in case of losing control of the UAV and
crashing against the floor while flying.

First of all it will be calculated the cruise speed of the drone. It will be shown the theoretical
way and the calculation with a computer.

After that, it is going to be shown the static analysis of the drone, to show that it meets the
parameter named before, the weight and the measurements.

Finally, it is going to be supposed a crash at this cruise speed with a determined angle and it will
be shown the forces in some key parts to see if they can support these forces.

13.1 Calculation of the speed and the lift coefficient in an horizontal, straight and
uniform flight
First of all, it is started from the equations of motion:

W dh? . .

garz Wt Leosy+ Tsin(y + « — ap) — Dsiny ~ (13.1)
W dx?
g dt2 = —Tcos(y + « — at) — Lseny — Dcosy (13.2)

These equations can be simplified for a cruising flight, which is a known situation of and
horizontal, straight, symmetric and stationary flight, where the horizontal and vertical
accelerations are zero. So, the equations 7.1 and 7.2 become:

0 = Lcosy + Tsiny + a — ar — Dsiny (13.3)
0 = Tcosy + a — ar — Lseny — Dcosy (13.4)

The angle of attack, a, and the angle between the motor shaft and the wing chord line, o, are
usually very small. If the drone is in a cruising flight, which means flying at a constant height,
which means that y=0, so the equations are reduced to:

L=W (13.5)
D=T (13.6)

So, as in the preliminary explanation point was said, in a cruise flight, the stall is the same as the
weight and the aerodynamic resistance is the same as the thrust of the UAV’s engine, where the
stall and aerodynamic resistance are defined by the equations 5.1 and 5.2. These equations,
written in another way and changing F| and Fp by L and D, become:

1
L = ZpV2SC, = W (13.7)
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Lo Love o2 2 13.8
D = —pV?SCp = 5pV?S(Cp, + Cp,) —5pV?S(Cp, +kCf) =T (38

From the first equation can be obtained a way to substitute C, in the second one:

c w
L =71 (13.9)
E,OVZS
1 2 2 1 2 ?
D= ZpV S(Cp, +kC?) = >PV?SCp, +7 (13.10)
ZpVZS

The equation 13.10 leads to a quartic equation to solve the speed that satisfies the condition of
vertical symmetric flight:

2T 2 kw?
~ pSCo, + =0 (13.11)

() o,

Because the complexity of this process (are needed different parameters to solve it), it has been
used a computer programme prepared to find flying characteristics of drones. This programme
is called ‘MotoCalc’. It has a huge data base with different components of a UAV, like motors,
propellers, batteries, etc. But, in this case, is possible to write the specifications of the
components of the UAV directly in the programme.

V4

It is needed too to introduce in the executable some characteristics of the UAV. These are its
wingspan, weight without payload and the cross section used with all its characteristics (max.
camber, angle of attack, etc.).

In the next picture is shown the data introduced in the programme:
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Project Edit Motor Battery Filter Drive System Speed Control Airframe Options Update Help
DEEHE A AEE®S ATVTARSTY B BQ@@ €9 &
- Motor Battery Fitter
Name: |Motor Emax Cel: |Battery Tumigy 65 ¢ | Name: |
Motor Constant: ISSD mm/V Cell Capacity: |SOOD mAh @ [ﬁ v Maximum Cument: A =
Nodoad Current: I‘M'9 A D&dgn‘ Impedance: |0'0012 Q Chemistry: Maximum Loss: w
Resistance: 0045 o Tests | | Cell Weight: |195'6 g IUP° j' Min Motor Efficiency: %
Weight: 210 g Catalog‘ Series Calls: r?._j] to 13_‘{_—] Max Motor RPM: mm
v Brushless v Out+unner Parallel Cells: I_ :_:I to l_ ‘%_I Minimum Thrust: g ;]
New | Open | Save New | Open | Save | [~ Usett New | Open I Save |
- Drive System Speed Control Aiframe
Description: IX Name: lESC Name: |IAV
Gear Ratio: [— HS l—— A by I A Resistance: 0003 o Wing Span: 420 cm
G.B. Efficiency: I 'I % Weight: I g Maximum Current: ISO A Wing Area: 147 dm?
Propeller Diam: |35'5 to I by I cm Weight: 803 g Empty Weight: 12640 a
Propeller Pitch: |17'75 to I by | cm v Brushless ¥ High-rate
P Const: 1 Num Blades: |2_ Coeff.
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—I T.Const: I :I' Num Props: l_ it | | | | | |
New | Open | Save New | Open | Save
Ducted F: |
Propeler = Series Motors: I
New | Open | Save I Parallel Motors: I Compute Report . | X Close | ? Help... |

Figure 13.1: Interface of the program MotoCalc with all the information of the UAV. [24]

With all this information, MotoCalc do some calculations and shows the result for different
velocities, and the one that generates enough lifting force is 9.5 m/s. The program gives too the

stall speed, which is 6.5 m/s.

— .
¢ In-flight Analysis

Motor: Motor Emax; 960mpm./V; 0,69A nodoad; 0,045 Ohms.
Battery: Battery Tumigy (65C); 4 cells; 6000mAh @ 3,7V: 00012 Ohms/cell.
Speed Control: ESC; 0,003 Ohms; High rate.
Drive System: X; 35,5x17,7 (Pconst=1,31; Tconst=0.95) direct drive.
Aiframe: UAV; 147dm? 3714g; 25,3g/dm? Cd=0,038; Cl=0,25; Clopt=0,7; Cimax=1,02.
Stats: 171 Wrkg in; 70 W/kg out; 6,5m/s stall; 7.9m/s opt @ 34% (94:39, 22°C); 13.2m/s level @ 56% (30:28, 38°C); 2.49m/s @ 184", -0.62m/s @ 4.5,
AirSpd| Drag| Lift| Batt|Motor(|Motor| Input| Prop|Thrust| PSpd
(m/s) (g) (g) | Amps| Amps|Volts (W) REM (g) | (m/s)
0,0 0 43,9| 43,9| 14,5| 635,2| 5795 1848 17,1
0,5 1 5 43,9 43,9 14,5 35,2 5795 1821 16,6
1,0 3 21 43,9 43,9 14,5 &35,2 5795 1794 16,1
1,5 G 48 43,9 43,9 14,5 635,2 5793 1767 15,6
2,0 13 85 43,9 43,9 14,5 6€35,2 5790 1739 15,1
2,5 20 133 43,9 43,9 14,5 635,1 5786 1712 14,6
3,0 29 191 43,9 43,9 14,5 35,0 5783 1685 14,1
3,5 40 260 43,9 43,9 14,5 634,9 5780 1657 13,6
4,0 52 340 43,9 43,9 14,5 634,8 5778 1630 13,0
4,5 &6 430 43,9 43,9 14,5 634,5 5779 1602 12,5
5,0 EH 531 43,9 43,9 14,5 634,6 5792 1576 12,1
5,5 EE) 643 43,8 43,8 14,5 633,6 5814 1547 11,7
6,0 118 765 43,8 43,8 14,5 633,5 5856 1523 11,3
6,5 138 898 43,8 43,8 14,5 633,7 5912 1500 10,9
7,0 160 1042 43,9 43,9 14,5 &34,1 5973 1478 10,6
7,5 184 1196 43,9 43,5 14,5 &34,8 6057 1459 10,4
8,0 209 1360 44,0 44,0 14,5 635,7 €145 1441 10,1
8,5 236 1536 44,0 44,0 14,5 636,6 6243 1425 9,9
9,0 265 1722 44,1 44,1 14,5 637,3 6352 1409 9,7
9,5 295 1918 44,2 44,2 14,5 638,5 6475 1396 9,6
10,0 327 2126 44,3 44,3 14,5 640,1 6609 1385 9,5
10,5 360 2344 44,4 44,4 14,5 642,0 6753 1376 9,4
11,0 395 2572 44,6 44,6 14,5 644,3 6906 1369 9,4
11,5 432 2811 44,8 44,8 14,5 646,7 7065 1363 9,3
12,0 470 3061 44,9 44,9 14,4 645,2 7230 1358 9,3
12,5 $10 3321 45,1 45,1 14,4 651,5 7401 1354 9,3
13,0 552 3592 45,3 45,3 14,4 53,7 7575 13s0 9,3
13,5 $95 3874 45,4 45,4 14,4 655,8 7752 1346 9,4
14 0 €40 4166 45 .5 45 .5 14 .4 657 .5 7932 1342 9. 4
14 .5 &87 4469 45 6 4S5 .6 14 .4 658 .9 811S 1338 ER
15,0 735 4783 46,0 46,0 14,4 663,6 8309 1342 9,5

Motor perfformance calculations take ambient temperature and heating effects into account.

Color Key: Propeller Stalled Stall Speed @ Clmax=1,02

Level Flight @ Clopt=0,7

Figure 13.2: Results given by the MotoCalc program. [25]
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So, the flying speeds for this drone are:

e Stall speed: 6.5 m/s
e Cruise speed: 9.4 m/s

The static pitch speed (17,1m/s) is within the range of approximately 2,5 to 3 times the model's
stall speed (6,5m/s), which is considered ideal for good performance.

With a wing loading of 25,3g/dm2, a model of this size will have very sedate flying
characteristics. It will be suitable for relaxed flying, in calm or very light wind conditions.

The static thrust (1843g) to weight (3713g) ratio is 0,5:1, which will result in medium length
take-off runs, and no difficulty taking off from grass surfaces (assuming sufficiently large
wheels).

At the best lift-to-drag ratio airspeed, the excess-thrust (1228g) to weight (3713g) ratio is
0.33:1, which will give strong climbs and rapid acceleration. This model will most likely readily
loop from level flight, and have sufficient in-flight thrust for many aerobatic manoeuvres.

13.2 Static analysis of the drone

The maximum mass that the drone can have was obtained from the motor specifications. In the
next tables are shown the masses of the different parts of the drone, separated in 4 groups: the
chassis of the UAV, the supports for the internal elements, the propulsion components and the
control components.

The stiffener bar that joins the two wings appears separated to see the difference between the
composite and carbon tube mass. This will be a start point in the decision of which one will be
in the final design.

Chassis
Part Weight (kg) | Qty.
Fuselage 0.161 1
Wing 0.555 2
Vertical stabilizer 0.045 1
Horizontal stabilizer 0.039 2
Wing stiffener 0.02 2
Vertical stab. stiffener 0.005 1
Horizontal stab. stiffener 0.002 2
Flap 0.043 2
Flap 0.01 1
TOTAL 1.539
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Control

Weight
Part (kgg) Qty.
Autopilot 0.038
GPS 0.033
Altimeter 0.003
issfiller 0.08 1
Servomotor 0.016 3
Battery 0.041 1
Pitot 0.01 1
Tx 0.016 1
Plastic support 0.007 1
TOTAL 0.276

Metalic supports
Part Weight (kg) | Qty.
Support 0.263
Support 2 0.003
Support 3 0.039
TOTAL 0.305
Propulsion
Part Weight (kg) | Qty.
Motor 0.21
Propeller 0.004
Battery 0.587
TOTAL 1.975
Stiffener between wings | Weight (kg)
Composite 0.278
Carbon tube 0.013

The total weights for the UAV with these two configurations are:

e With composite: 4.373 kg
e With carbon tube: 4.108 kg

So there is a difference between both weights of 6%, being both under the maximum weight
limit imposed by the motor.

This means that the drone will not have any problems to fly with any of these materials. The

weight is not a valid criterion of decision.

The drone’s weight has been calculated by CATIA too, which displays more information about
the mass of the UAV. In Figure 13.2 it can be seen all this information. In this picture it can be
seen the weight of the aircraft with the composite bar, with a difference of 2 mg from the weight

calculated theoretically, because of the rounding.

In the picture, below the weight and volume of the drone are the inertia moments calculated by
CATIA. All of these moments are really small, so the UAV are really good balanced.
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— Characteristics — Center Of Gravity (G) ——
Volume 0,004m3 Gx -0,285mm \
Area 8177m2 ! Gy -186,216mm |
Mass 4,375kg }| Gz 23644mm E
]

Densnty Not uniform

Inertia / G I Inertia/ O I Inertia / P I Inertia / Axis | Inertia / Axis System |
Gt s ———— — — — — ———— ———— — — 1
IoxG  0,277kgxm2 IoyG 1,562kgxm2 IozG  1,822kgxm2
byG 7, 844e- OOSkgme beG  -4,102e-005kgxm2 IyzG  0,023kgxm2 |
- Prmcnpal Moments / G
‘Ml 0,277kgxm2 M2  1,56kgxm2 M3 1,824kgxm2

Figure 13.1: Interface of the program MotoCalc with all the information of the UAV.

This information is referred to the centre of mass, which is shown in the following picture
(Figure 13.2).

Figure 13.2: Interface of the program MotoCalc with all the information of the UAV.

The centre of mass is the intersection point between the three inertia axis of the UAV, coloured
red, blue and yellow. It is in a good position, right in front of the sustentation centre, and
between the limits of the positioning of centre of mass in an empty aircraft. This means that the
UAV will be easy to pilot and its behaviour in the air will be good.

13.3 Stress analysis in an accident against the floor

In the previous point (13.1) it has been calculated the cruise speed for the UAV. In this point is
going to be shown the stress simulations for different parts of the drone in the case that the
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UAV crashed flying at this speed. Different parts of the UAV that an important for protecting
essential components will be tested to see if they can support the forces and accomplish the
mission of keep safe the internal components of the drone.

It has been supposed that the crash would not be at a perpendicular direction to the ground, for
obvious reasons. In a moment where the pilot can lose the control of the UAV it would crash
with and angle smaller than 45°. It has been chosen a 35° angle in the crash.

Once the speed is decided, is needed the acceleration that the drone suffers in the accident. It is
supposed that the time needed to decelerate the aircraft from the cruise speed to zero is 0.1s.
The acceleration in this case would be:

m m
v —vy 0% =943

At 001s

la| = _ 940ﬂ (13.21)
52

This acceleration is in the direction of the crash. Dividing it between the two components,
horizontal and vertical, the final acceleration is:

m
ay =940 - cos35 =770 2 (13.21)

m
ay = 940 -sin35 =539.2 —
S

These values have been introduced in CATIA, in its module of Analysis, and the pieces that
have been studied are:

e Fuselage
e Wings and stiffeners
e Electronic support

From the fuselage is wanted to maintain its shape. That would guarantee the safety of the
components inside and it would avoid repairing it. The most important part is the frontal,
because there is where the motor is, and is important that the motor does not suffer any damage.

The wings and their stiffeners have the same requirement.

In case that the other elements do not success, the support has to resist the forces because is
basic that the electronic components survive to an accident.

Fuselage
In the next pictures are showed the VVon Misses and displacements diagram for the fuselage. As

it is seen in the Figure 13.3, the forces of the impact are only present in the front surfaces of the
UAV. The vertical lines are the forces of the components’ weight that the fuselage supports. In
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the back the forces are caused by the stabilizers’ weight, in the middle are caused by the weight
if the wings and the internal parts, and the frontal corresponds to the weight of the motor.

Figure 13.3: Results of the static calculations for the carbon tube case

The Von Mises diagram (Figure 13.4) shows that the most critical stress that the fuselage
suffers is in the neck, where the section is smaller than in the frontal and the medium parts. The
maximum tension that the neck reaches is 2.61-10° N/m? which is ten times lower than the
glass fibre Yield Modulus, so the fuselage will not break, but it will suffer deformations.

Von Mises str dal values).1

e+ 007
,22e+007
2,61e+007

0

On Boundary

Figure 13.4: Results of the static calculations for the carbon tube case

As it is shown in Figure 13.5, where the displacements diagram is drown, the neck of the UAV
will deform itself, so the frontal part will suffer a displacement. The maximum value for this
displacement will be only 3.5 mm, which is acceptable for the glass fibre. The fuselage will
return to its start shape after the crash.
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Figure 13.5: Results of the static calculations for the carbon tube case

Wings

The Von Mises diagram for the wing shows that the wing does not suffer any stress in its entire
surface but in just a point. The reason of this distribution of tensions is that the wing has a much
sharped edge in the back. When the aircraft crashes, all the forces caused by the acceleration
that the fuselage resist are transmitted by its surface to the wings. The surface that transmits
these forces has 0.16 mm of thickness. This thickness and the edge of the wing together act as a
tension concentrator.

But, even though all the stress is concentrated in one point, it is not enough. As is shown in the
picture (Figure 13.6), the maximum value of the stress generated by the accident does not
exceed the Yield Modulus of the glass fibre. So the wing will resist the impact.
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Figure 13.6: Results of the static calculations for the carbon tube case

In the displacements diagram for the wing (Figure 13.7) it can be seen the deformation of the
wing. It is so exaggerated not because of the crash, but because of the own weight of the wing
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and the way it is placed in the fuselage. It works as a built-in beam bearing a uniformly
distributed load, where the free extreme does not suffer torsion but it can move.
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Figure 13.7: Results of the static calculations for the carbon tube case

Aluminium support

The next part that it has been studied is the structure made of aluminium rods welded that plays
as a support for the electronic components. All of the systems are embraced by this support, so
this is the reason why this is the most critical piece. It has to be able to confront the forces
generated by the crash to keep all the electronic devices safe.

In this case, the support is resisting the weight of the internal components. The electronics’
weight is not important, but the batteries weigh enough to make this situation dangerous. In the
Figure 13.8 it can be observed that in the back part of the support, where the batteries are
placed, the horizontal aluminium rods, and in special, the one in the centre, are suffering a lot of
stress. The welded areas are suffering much stress too.

The maximum value for the stress is higher than the yield strength, but lower than the tensile
strength, which means that these three rods where the batteries are placed will deform
permanently, but not break. The batteries will be safe, but probably the support will need to be
substituted by a new one. The support will accomplish its mission.
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Figure 13.8: Results of the static calculations for the carbon tube case

In the next picture (Figure 13.9) can be seen the deformation. The central rod will deform more
than the other two, but they will deform too. The medium section of the central rod will displace
3.55 mm, while the medium sections of the extreme rods will deform 1.77 mm.
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Figure 13.9: Results of the static calculations for the carbon tube case

Carbon fibre tube

For the rectangular stiffener that joins both wings it has been studied not only two materials, but
two ways of positioning these materials. First of all it is going to be shown the study for the
carbon fibre rectangular tube, with the narrow side facing down, and after with the wide side
facing down. The same will take place for the composite made of carbon fibre, balsa wood and
aramid.

The stiffeners will suffer distributed loads concentrated in very small surfaces, where the wing
stiffeners contact them. They are, in total, six surfaces where these wing stiffeners lie over the
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rectangular stiffener. For the force of the accident transmitted it has been chosen only the two
central surfaces of these six, because there will be the most important transmission of the force.

In Figure 13.10 it can be seen the stress distribution in the carbon tube, where the stress
decreases from the two central application surfaces to the extremes, and increases from de
middle to the upper and lower surface. This tension will not break the bar, but will make it
deform a little bit.

In the figure 13.11 it can be observed that the deformation of the bar does not reach the 3 mm in
the extremes, so it will be able to resist the impact. The rigidity of the carbon fibre tube will
make that the wings will not deform as much as it was shown in the displacement diagram of
the wing showed before (Figure 13.7).
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Figure 13.10: Results of the static calculations for the carbon tube case
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Figure 13.11: Results of the static calculations for the carbon tube case

The next pictures will be the Von Mises and displacement diagrams for the same carbon fibre
tube but now with its wide side facing down. As it can be seen in the Figure 13.12, the
distribution of the stress is the same as it was before. The tension decreases from the first
surface where the forces are applied to the extremes of the tube, and it is bigger in the lower and
upper surfaces than in the middle. The maximum value for the stress is the same as before, so
the tube will bend, but not break.
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Figure 13.12: Results of the static calculations for the carbon tube case

However, the displacement diagram (Figure 13.13) shows that the displacements are much
higher than the other configuration with the narrow side facing down. Now, the maximum value
of the displacement is 8.13 mm versus the previous 2.94mm, which means that the extremes of
the tube suffer a 276% more displacement than before. This can create problems because the
wings lie over this tube, so it is recommendable for it not to deform a lot to help the wings keep
as rigid as it is possible.
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Figure 13.13: Results of the static calculations for the carbon tube case

The conclusion of these graphics is that, in case of using the rectangular carbon fibre tube as the
stiffener between the wings, the way of placing it that is going to be chosen is with the narrow
side facing down, which is the most optimum way. The deformation is lower and the stress will
be better resisted by the tube.

Composite (balsa wood, carbon fibre, Kevlar)

The same study has been done with the composite stiffener. With the same forces applied in the
same six little surfaces where the balsa wood stiffeners of the wings contact it. In figure 13.14
can be seen the change in the stress distribution, where the first lying point is the most critic,
and the rest of the stiffener does not have important tensions. This is probably because now
there is not a tube, but a solid rectangle. Moreover, this rectangle is made of two layers of
carbon fibre and little plates wood between them, all of this surrounded by Kevlar thread.

50



The module of the stress is not enough to make it break, so the stiffener will resist the impact.

On Boundary:

Figure 13.14: Results of the static calculations for the carbon tube case

Due to the more rigidity of this composite, this stiffener will not have displacements as big as
the carbon tube had. In Figure 13.15 it can be checked that the maximum displacement is 1.09
mm. The not symmetrical displacement distribution in the picture is because CATIA has
problems when it is analysing assemblies of bodies where constraints have place. The
calculation is accurate, but a little bit different where these constraints are placed.
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Figure 13.15: Results of the static calculations for the carbon tube case

When analysing the configuration with the wide side facing down, it can be observed in the Von
Mises diagram (Figure 13.16) that the stress values vary from the previous case. Now they are a
little bit higher, but is still not enough to make the composite reach the tensile strength. Once
again the distribution of the stress shows that the two central points are the most critic, because
there confronts part of the distributed loads that the stiffener supports with the forces
transmitted by the fuselage.
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~ Von Mises stress (nodal values).1

Figure 13.16: Results of the static calculations for the carbon tube case

In the displacement diagram (Figure 13.17) it can be seen that the displacements are much
higher. The maximum is 4.38mm, four times higher than the displacement with the other
configuration. So, in case of that the composite is used as the central stiffener, the configuration
that has been used is with the narrow surface facing down, like with the carbon fibre tube.
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Figure 13.17: Results of the static calculations for the carbon tube case

In conclusion, all the parts of the UAV will resist and impact against the ground, protecting all
the components that are inside. Furthermore, they will not break, which would suppose a lot of
money to get them made again. The only part that could have to be repaired is the aluminium
support, a piece that is the cheapest and the easiest to make.

About the decision of what stiffener is better, both of them would resist the impact without
troubles, but the composite stiffener would not suffer very big displacements. In the most
optimum configuration chosen for both, the carbon tube would have its extremes 2.94 mm away
from the initial position, while the composite would have tis extreme only 1.09mm, almost a
63% less. So, if this would be the criteria to choose, the composite stiffener would be the chosen
one, but there is still the economic criteria, that will be the most decisive.
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14. Economic calculations
To be able to see specifically the cost of all the parts of the project, it is going to be divided in
three parts:

e Human resources
e Hardware
e Software

14.1 Human resources budget
This project has been developed by one person. This person has had played the roles of project
manager and mechanical engineering.

To complete the project will be needed an informatics engineer to set up the software that the
drone will need to fly.

It has been estimated that the project would last 380 hours between all these roles.

In the following chart are showed by role, the cost that it represents.

Salary (€/h)* E:it:nnza(ﬁd Total (€)
Project manager 16.67 30 500.1
Mechanical engineer |16.45 300 4935
Informatics engineer |17.11 50 855.5
TOTAL 6290.6 €

Chart 10.1: Salary costs.
*Minimum salaries per profession in Spain. Source http://www.tusalario.es

14.2 Hardware budget
The hardware budget is referred to all the physical components of the UAV. They have been
separated between electric and electronic components and structural components.

In the next table (Table 10.1) are showed all the prices of the components that will be mounted
in the aircraft.

Components
Price (€) Price per UAV (€)

Engine 48.3 48.3
Propeller blade 3.4 3.4
Battery 69.73 119.46
Telemetry Tx 47.32 47.32
GPS 35.59 35.59
Altimeter 25.8 25.8
Altimeter adaptor |7.57 7.57
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Pitot 21.43 21.43
Speed controller 46 46
Battery 6.6 v 2.75 2.75
Servo 7.5 22.5
Autopilot 53.4 53.4
TOTAL 413.52

Table 10.2: Prices of the components.

The quantity of material needed for the structural components of the UAV have been calculated
by CATIA with its tool of measurement volumes and surfaces.

Fibre glass: 6.836 m?

Airex: 6.836 m

Aluminium supports: 2900mm approximately

Carbon tube/ Composite: (20 x 10 mm) 1.5 m; (10 x 3.5 mm) 0.5 m
Epoxy resin: 1.394 kg*

In the next table (Table 10.2) are showed the prices of the different materials needed in the
construction of the UAV for both different cases, with composite stiffener or with carbon tube.

Materials

Price per unit (€)

Price per UAV (€)

Glass fibre (m?)

7.5

51.27

Aluminium 6.75 13.5
le‘gop:;tm) 11.6 6.37
Airex (m?) 23.09 157.84
Balsa wood (m?) | 265 5.29
Epoxy resin (kg) [20.11 28.03
TOTAL 262.3

Chart 10.3: Information of the prices of the materials used.

Price per unit (€)

Price per UAV (€)

Carbon fibre (m) | 34.74 69.48
Composite (m) [26.05 52.1
Chart 10.4:

The most expensive parts for this kind of products are always the moulds. There is no
possibility of knowing the costs of buying one mould for this purpose, because it always
depends on the materials and the geometries of the pieces that are going to be constructed. It has
been estimated that the value of moulds for this project is around 1,600 € each one, so the total
price for the two configurations are:
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e UAV with composite stiffener: 8.727.92 €
e UAV with carbon tube stiffener: 8.745.3 €

The economic criterion shows again that the best option between the two stiffeners is the
composite one.

14.3 Software budget
In the software budget is included the cost of the programmes that have been used to develop
this project.

In the next chart are showed all the prices.

Price (€)
Microsoft Office 2010 69.99

CATIA (student license) | 700
TOTAL 769.99

14.3 Total budget
Adding all the budgets is obtained the total cost that this project generates:

Price (€)
Human resources 6290.6
Hardware 8727.92
Software 769.99
TOTAL 15788.51

So the total cost of this project is: 15788.51 € which is a very low price for this kind of project.

15. Environmental requirements and safety use

The LiPo batteries that are used, if damaged or overheat, they can produce a fire. To avoid these
problems they are in a protected part of the UAV and they are charged in an external and special
charger for them.

The batteries may swell if they are not used as their instructions say. In example, if they are
charged with a higher current that they allow, or if they are subjected to high temperatures
during long time in use.

When the batteries can only reach the 70% of their capacity during the charge, they have been
recycled in the specific containers for this mission. They can be, previously, submerged in water
to discharge them.
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During the flight is convenient not to fly at the maximum power of the engine during a long
time, because it can causes the overheating of the batteries or the rest of components.

The UAV has a tension measurer that says during the flight if the battery is not useful anymore,
to have time to land and not put in any risk the UAV.

16. Conclusions

This project has a high technique difficulty. The principal objective was develop a
multidisciplinary project where the design and the mechanical calculations where together. It
has taken very long time to design every piece in CATIA, specially the wings, which cross
section was necessary to be introduced in the program, but took weeks before finding the
solution.

The value of what has been learnt in this project is incalculable, to have the experience to create
a design from zero and let it ready to be made, always thinking in the best way to construct it
from a quality/price point of view.

The drone crated here is apt to fly long distance with flight duration in the range of the drones
that can be found in the market. This model, furthermore, is bigger, with big wings, so it can
works as a glider with good results.

The next step is to test it in real flight, after configure its system to be able to fly, which is a task
for an informatics engineer.

The UAV will resist accidents that may occur during the normal use of it, which will allow
preserving the UAV during the time.
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The rest of the pictures that do not have reference are screen captures saved from the work made
with CATIA program in the process of design and in the stress and displacements calculations.
These pictures (the ones with no reference) are included with the rest of the work in the attached
CD.

58



