cruise, shown in Figure 45. Equating these to the dynamic lift and drag equa-

tions yielded Equations 4 and 5.

Figure 45: Forces acting on the UAV at cruise
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Calculating the required cruise lift coefficient involved the following as-

sumptions and parameters:

e Civil Aviation Authority (CAA) regulations state that the maximum alti-
tude for a non-commercial UAV is 400ft [15]. At this altitude it is safe

to assume that air density if the same as at sea level, hence air density

p=1225kgm™

e Wing area (5), is 0.2 m2, Aspect Ratio (AR) = 35, efficiency factor (e) =

0.9 and the mass = 1.5kg

e Stall speed is 6.8 ms™! and stalls at 13 degrees with a lift coefficient of 1.3

e Cruise speed is 20 ms™!

e From historical data, a suitable value for Cpg is 0.032 [16]

Substituting in the above parameters into Equation 4 yielded a lift coefficient
of 0.3003. Substituting this lift coeflicient into Equation 5 along with the other
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parameters yielded a cruise drag value ()D.) and thus required cruise thrust (7)
of 1.881 N (91.81 grams of thrust).

The minimum thrust the propulsion system must produce, is set by the de-
sign decision that the UAV must be able to climb at the stall speed at an angle

of attack of 13 degrees. Therefore, the minimum thrust is given by:

Tin = D +mgsina (6)

Solving this equation using data generated from XFOIL yields the minimum
thrust as 4.26 N. After applying a safety factor of 20 %, the minimum thrust rises
to 5.11 N. This equates to 521 grams of thrust. The CFD analysis validated these
assumptions and results meaning the thrust calculations will be accurate for the

physical model and hence were used to design the propulsion system.

4.2 Motor Comparisons

The two main propulsion systems for remote controlled aircraft are electric mo-
tors and nitro or gas engines. Nitro or gas-powered engines are inherently heavy
due to being combustion engines and require a fuel tank, however, for larger
models this is offset by the huge thrust they output in comparison with an electric
motor. For small models however, nitro/gas engines are difficult to implement
due to their weight, their need for a large take off area and their low efficiency in
comparison with electric motors. Therefore, electric motors have been chosen

for this project.

Electric motors themselves can then be split into two sections, brushless or

brushed motors. The key differences between the two are:

e For brushless motors, the rotor spins around the inner stator coils whereas
for brushed motors, the rotor spins within the outer stator magnets in-

creased speed over brushless motors.

e Brushless motor efficiency is between 85-90 %.
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e Brushed motor efficiency is between 75-85 %.

e Reduced brushed efficiency due to the friction between the brushes and

the commutator, causing the brushes to eventually wear out.

e The switching of contact between commutator and the brushes causes
increased electromagnetic (EM) noise — bad for EM sensitive components
such as the GPS.

e Brushless motors can produce more torque and thus spin larger propellers

due to the increased motor diameter.

e Brushless motors require Electronic Speed Controllers (ESCs) and are

therefore more expensive than brushed motors.

Combining these analyses with market research shows that most brushed
motors are for ground vehicle operations and so none were suitable for this
project. Therefore, this UAV will be powered using two brushless electric mo-
tors, each producing half the required thrust and will act as pull motors. There
were only two motors that fulfil the UAV thrust requirements and that come with
valid thrust tests. Therefore, a comparison has been made between the EMAX
MT2213 and MT2216 motors shown in Figure 46.

Thrust vs Amp draw for MT2213 935Kv and
MT2216 810Kv motors with 1045 propellers
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Figure 46: Thrust vs current of 935Kv and 810Kv motors when using 1045 propellers

The provided thrust data showed that whilst spinning a 1045 propeller (10-

inch diameter propeller with a 4.5-inch pitch) both motors performed almost
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identically with the 810 Kv motor having an increase in thrust of only 10 g at
currents between 4 and 8 A. The efficiency of each motor was then calculated
from the thrust data and plotted in Figure 47 to show how the efficiency changed

when the current drawn by the motor varies.

Efficiency vs current for EMAX MT2213 935Kv and

MT2216 810Kv motors
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Figure 47: Efficiency of 935Kv and 810Kv motors vs current drawn when using 1045 propellers

Figure 47 shows that the 935 Kv motor is 6.4 % more efficient at 1 A and
slightly more efficient up to a current of 2 A. The 810 Kv motor on the other
hand, is slightly more efficient at all other current values. However, since the
UAV will spend most of the mission at cruise, each motor will only be required
to draw 1 A to yield the cruise thrust of 191.81 g of thrust, so low current draw

efficient values are more important than the efficiencies at higher currents.

The 935Kv motor is 11.3 % lighter (7 g) than the 810 Kv motors, meaning
the total weight saving is 14 grams. Whilst this is a small decrease, it will help to
make the UAV more stable in the roll axis due to the reduced moment required

to roll.

Another advantage of the 935 Kv motors over the 810 Kv motors is that
they come in clockwise or counter-clockwise variants. This means that each
individual motor can rotate oppositely to each other, thus eliminating the rolling
effect caused by engine torque that occurs when using a single motor setup. The
reason they can do this is because the motor thread and mounting-nut thread can
be in the same direction, so the rotation of the motor effectively causes the nut

to tighten, thus eliminating the possibility of a propeller coming loose during
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flight.

Due to these reasons, two 935 Kv motors will be chosen for the propulsion

system.

4.3 Propellers

Every brushless electric motor comes with a Kv value. This value corresponds
to the number of revolutions per minute (rpm) the un-loaded motor turns when a
voltage of 1V is applied across it. The 935 Kv motors chosen for the propulsion
system have a relatively low Kv value and so they would not be able to spin
small propellers at a high enough rotational velocity to provide the required lift.
To understand what type of propeller would provide better performance for this
propulsion system, the thrust data when using an 8045 and 1045 propeller was
analysed and shown in Figure 48 [17], [18].

The first two digits give the diameter of the propeller in inches and the fi-
nal two digits give the pitch of the propeller, where the pitch corresponds to
the distance in inches traversed in air, after the propeller has performed one full
rotation. To reduce the current drawn by the motors whilst retaining the same
propeller diameter, the pitch must be reduced, however, reducing the pitch re-
duces the maximum thrust of the motor. Reducing the diameter of the propeller
whilst maintaining the pitch has the same effect, this can be seen in 48 and Fig-
ure 49. They show the thrust and efficiency of the 935 Kv motors when using
1045 and 8045 propellers. It is clear to see that these motors perform best when

using a larger diameter of propeller due to their relatively slow rotational speed.

48 also shows that the maximum thrust using an 8045 propeller is signif-
icantly lower at 490 g as the maximum rotational velocity has been achieved.
This does yield a lower current for maximum thrust, however this is irrelevant

as it is 180 g less thrust than when using the 1045 propeller.
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Thrust vs Amp draw for EMAX MT2213 935Kv
motor with different propellers
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Figure 48: Thrust vs current for 935Kv motors when using 8045 and 1045 propellers
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Figure 49: Efficiency of 935Kv and 810Kv motors vs current when using 8045 and 1045
propellers

4.4 Electronic Speed Controllers (ESCs)

The ESCs are required to translate a signal from the flight controller to a switch-
ing frequency that will cause the desired speed of the motor to be achieved.
The 935 Kv motors chosen are brushless meaning they each require a brushless
speed controller. The ESCs need to each be able to sustain the maximum current
that the motors can each draw from the battery. At maximum throttle using a
1045 propeller, the maximum current draw is 9.6 A so each ESC must be rated
to at least this number. The chosen ESCs for this UAV are KISS 25-amp ESCs
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due to being incredibly light at only 3 g each and being able to provide over
twice the current each motor could possibly draw. The KISS brand is well es-
tablished and KISS products come with ample documentation so should ease

troubleshooting any issues during the manufacturing of the UAV.

4.5 Battery Selection

For remote controlled aircraft of this type, by far the most commonly used bat-
tery technology is Lithium Polymer (Li-Po). These provide good energy densi-
ties and different power outputs at many different voltages. Li-Po batteries are
specified in terms of their nominal voltage which is dictated by their cell count.
Each cell has a minimum voltage of 3.9 V and once fully charged, the voltage of
each cell is 4.2 volts. Therefore, a 3 cell Li-Po battery will have a nominal volt-
age of 11.1V and a maximum voltage of 12.6 V. The thrust data for the EMAX
MT2213 935 Kv motors is provided for when the supplied voltage is nominal
for a 3 cell Li-Po battery — 11.1 V. This means that the maximum output of the
motors will be increased due to the increased voltage of a fully charged battery,
however, this increase will not be large enough to increase the current drawn to

levels exceeding the ESCs maximum current capability.

Each Li-Po battery is defined by the following Li-Po features:

Cell count

Nominal voltage

Milli-Ampere hour capacity (mAh)

C rating (C)

The mAh rating defines the amount of current that the battery can provide
for one hour and is a measure of the energy held within the battery. The C rating
is used in conjunction with the mAh capacity to define the maximum continuous

current the battery can output. This is done by multiplying the C rating by the
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Ah rating. For example, a battery with a capacity of 5000 mAh (5 Ah) and a C

rating of 10 results in a maximum continuous output current of 50 A.

For this UAYV, the propulsion system requires the greatest power and current
of all the electronics, so the battery must be able to provide at least this current,

which is approximately 20 A.

From the approved manufacturers list, the available batteries were tabulated
in terms of the most important factors and rejected from contention if they were
heavier than 200 g or if the battery dimensions were too large for the internals

of the fuselage. This is shown below in Figure 50.

Mass greater than |Dimensions too large
Brand Nominal volatage (V) |mAh Crating |Max continuous current (A) [Flight time (mins) |Mass (g) |Flight time > 10 mins? |200g? for fuselage?

Gens-Ace 11.1 300 40 32 6.11
11.1

Gens-Ace

Gens-Ace
Gens-Ace 11.1) 5200 10 52 3971
Tattu

Figure 50: Battery decision table

The flight time was calculated using the mAh rating and a series of assump-

tions about the dynamics of the mission. The assumptions being:

e Current is purely drawn from the motors as other components will draw a

relatively small amount of current

e Battery is fully charged at the beginning of the mission and is discharged
to 70 % of its maximum capacity — this will allow for landing with reserve

power as well as protect the battery from over discharging

e The UAV will operate at maximum thrust (20 A) 10 % of the time, 50 %
thrust (10 A) 10 % of the time, 25 % thrust for 30 % of the time and at
cruise thrust for 50 % of the time. This yielded a mean current draw of
55A

From the Battery decision table, it is clear to see that two batteries fulfilled
all the criteria for this UAV project. The Gens-Ace 2200 mAh 25C and Tattu
1550 mAh 45C batteries. The Tattu battery has maximum current value 14.75 A
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larger than the Gens-Ace battery and is 48.7 g lighter. However, the Gens-Ace
battery can provide a flight time 42 % greater than that of the Tattu battery. This
is more important than the Tattu advantages, as both can still provide the max-
imum required current of 20 A and the 5-minute increase of flight time far out-

weighs the 48.7 g mass deficit.

Therefore, one 3-cell Gens-Ace 2200 mAh battery pack will be used for this
UAV.

4.6 Power Distribution

The ESCs and the motors will be supplied straight from the Li-Po battery mean-
ing they will operate at the battery voltage of 12 V. They will be connected
to the battery via a power module, that will measure the voltage and current
drawn during operation and send the data back to the Navio2 flight controller
for telemetry purposes. The power module has a built in UBEC (Universal Bat-
tery Eliminator Circuit) to step the battery voltage of 12V down to 5V which
will be used to power the 5V electronics. The UBEC will be directly connected
to the Navio2 board so it can distribute the 5V to all the servos, the 2.4 GHz
radio receiver, the 433 MHz telemetry transmitter, the airspeed sensor and the
GPS antenna. The 5.8 GHz video transmitter can be powered using a 5-18 V
voltage range and will also provide a clean 5V output to the MinimOSD and

the FPV camera, therefore it will be directly connected to the battery.

For clarity, the power distribution layout has been summarised by Figure
51. Note that this is how power is distributed alone and not how the electronic

devices interact with each other.
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Figure 51: Power distribution layout of the UAV

5 Electronics, Control and Communication

5.1 Communication between the UAV and groundstation

The UAV will be controlled by the user via a 2.4 GHz Futaba T6K radio transmit-
ter and will be received by a 7-channel R617FS receiver onboard the UAV. The
first four channels will be used to manually control the throttle, roll, pitch and
yaw positions. The other 3 channels will be used as auxiliary inputs to switch
between autonomous modes within in the flight controller. The inputs from the
user will then be sent to the flight controller to perform the users request by

sending PWM signals to the servos and speed controllers.

During either autonomous or manual flight, the live status of the UAV will be
measured by onboard sensors and streamed to the groundstation where it will be
viewed by the user on a computer and a live video feed. The computer receives
telemetry data from the drone via a 433 MHz telemetry link and the telemetry
will be viewed using Mission Planner software. The live video feed will be
transmitted at a frequency of 5.8 GHz from the UAV but will have telemetry

data superimposed on the image from the camera.

Figure 52 illustrates how each communication mechanism will interact be-

tween the UAV and the groundstation.
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[19]. The restrictions on each frequency are shown below:

The 2.4 GHz Futaba radio transmitter operates at 100 mW as standard which
can provide a range of up to 4 km. Like with all radio communication however,
this is heavily dependent upon external conditions such as EM noise and objects
intercepting the radio signals. The 100 mW limit on the 433 MHz telemetry sys-
tem limits the option choices from the approved manufacturers list to a system

that will only provide a maximum range of 1km. The 5.8 GHz link is lim-
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Maximum Maximum
Frequency Frequency band ;
frequency radiated output
(MHz) (MHz) ;
bandwidth (KHz) power (mW)
4331433.050-434.79 25 100
2400|2400 - 2483.5 N/A 100
5800|5725 - 5875 N/A 25

Figure 53: Summary of restrictions upon frequencies used for communications with the UAV

ited to a small 25 mW resulting in a range of around 1km. The quality of the
video feed is quite low when using linearly-polarised omni-directional anten-
nas since the receiver and transmitter antennas must be aligned to maximise the
radiation overlap, however this is not often achieved during flight. Therefore, us-
ing circularly-polarised omni-directional antennas rather than linearly-polarised
antennas means that overlap is always achieved regardless of the UAV orienta-
tion, resulting in a higher quality of video feed. The circularly-polarised signal
transmitted can either be Left Hand Circularly Polarised (LHCP) or Right Hand
Circularly Polarised (RHCP). The left or right corresponds to the rotation of
the corkscrew signal and must be matched between the transmitter and receiver

antennas.

The range of the video feed can be increased by using a directional patch
antenna. The downside of using one of these is that to receive the signal, the
antenna must be pointing at the transmitter. This alone would not be suitable
for the receiver at the groundstation as it is not feasible to constantly adjust
the antenna to point at the aircraft. Therefore, a combination of both an omni-
directional and directional antenna would give the best overall coverage. To
achieve this, a diversity receiver must be used to switch between the antennas
and display the signal on screen from the antenna that is receiving the best qual-

ity signal from the transmitter.

Figure 54 shows the groundstation setup used to obtain a high-quality video
feed.

The gain of the circularly polarised antenna is a measure of its power and
this must be considered when choosing antennas for the video groundstation.

By increasing the gain of an antenna (measured in decibels), this effectively
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Figure 54: Groundstation setup

stretches out the radiation pattern into a form that increases range but reduces

coverage. This is best shown using the Figure 55 and Figure 56 below [20]:

The vertical graph in Figure 55 shows what the coverage looks like when
looking at the omni-directional antenna pointing up. It shows good coverage for
everywhere aside from when the antenna is roughly pointing at the incoming
signal. The horizontal graph shows the coverage when looking directly down

the antenna and shows the horizontal coverage is ideal.

The range of the antenna is increased when the gain is increased. This is
because a large gain narrows the radiation pattern of the antenna. As the radia-
tion pattern narrows, the antenna becomes directional and hence the vertical and

horizontal coverage of the antenna looks like Figure 56 below:

This UAV is not required to have extreme video range and therefore, the gain
of the patch antenna can be low to still retain a wide radiation pattern. Therefore,
the patch antenna chosen is a 5 dB TBS antenna as the supplied data-sheet states
a real-world range of 1.5km, whilst retaining a wide radiation pattern of 110 de-

grees. This is feasible for the UAV to remain in during flight. The transmitter
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Figure 56: Directional antenna vertical and horizontal radiation pattern coverage

and receiver omni-directional antennas chosen are TBS 1.26 dB antennas mean-
ing these will provide great coverage when the UAV is within approximately
lkm of range. All the video antennas stated are RHCP antennas meaning they

will all be compatible with one-another.

The video receiver must be connected to a monitor that can remain on, even
when the signal degrades to a very low level. Most monitors have a function
where the display will switch to a blue screen if the input source becomes weak.
This is dangerous for the UAV as the video feed will inevitably have periods
of poor signal quality, meaning a normal screen would not continue to display
the video feed which could cause loss of control. Therefore, a non-bluescreen

monitor must be used. Monitors that have this feature are either incorporated
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into First Person View (FPV) goggles which are very expensive. Therefore,
the choice of monitor is a 7-inch monitor with a built-in battery and diversity
receiver. This will simplify the groundstation and make transporting the equip-

ment to and from the testing areas much easier.

5.2 Actuators

Due to the small mass of the aircraft, the forces upon the control surfaces are
relatively small, meaning light servos can be used for actuation. The number
of servos that are suitable for this UAV are very large and hence a decision was
made to have high-quality digital servos from a reputable brand. EMAX 12 ¢g
metal gear instead of plastically geared servos were therefore chosen as they are
more resistant to wear over time, meaning that the actuation is more reliable and

a loss of control due to gear wear is less likely.

Each aileron and rudder will be actuated by a single servo as each servo pro-
vides enough torque to move the entire control surface. The elevator is signifi-
cantly larger than the aileron and rudder control surfaces and so will be actuated
by two servos. This only adds approximately 12 g to the weight of the UAV and

so is justified to help prevent elevator servo wear.

5.3 Autopilot and Autonomy Sensors

The level of autonomy was decided to be high and so a powerful flight controller
with the ability to add external sensors was required. The Ardupilot APM2.8
flight controller has very good documentation, however is made using only an
8-bit processor and is no longer supported by Ardupilot. The other option was
to choose a Raspberry Pi based board and so the Navio2 by Emlid was chosen.
The Navio?2 is a shield that is mounted directly onto the Raspberry Pi and uses
the well-supported and stable Ardupilot software. The Navio2 is much more
powerful than the APM board since a Raspberry Pi uses a quad-core processor
in a Linux based environment, meaning a much greater level of control and au-

tonomy can be achieved. The Navio2 comes with all the required sensors for
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stabilised manual flight but also inbuilt sensors for autonomy, these include a
barometer and a GPS module. To achieve the desired level of autonomy, an
airspeed sensor is required to obtain an accurate measurement of the UAV true
air-speed, otherwise the speed would be the equivalent air-speed (ground speed)
which is calculated using GPS data and this could cause inaccuracies when fly-

ing in autonomous mode.

The Navio2 will be controlled using the latest firmware from the Ardupilot
Mission Planner software. This will allow the user to see real time the UAV
heading, altitude, attitude, GPS location, GPS signal quality and ground speed.
Mission Planner allows live control of the UAV by changing or adding way-
points whilst in the air and enables the user to take manual control for when the

pilot wants to bring the UAV into land.

5.4 Avionics layout

The decision upon the location of each electrical component is governed by
their most impactful characteristics. For example, an ESC produces a lot of
electromagnetic (EM) noise however weighs only a few grams, therefore its
position is not based on centre of gravity but on minimising interference with

other components.

The motors and the ESCs are the greatest producer of EM noise due to the
large current flowing through them, so each motor and ESC pair has been placed
as far away as possible from the central fuselage, to minimise the interference
they may cause with the three communication systems and the flight controller.
Each communication system operates within a different frequency band however
interference will still occur between each signal, therefore each transmitter or

receiver has been placed away from one-another to minimise this interference.

Due to the lightweight nature of the camera and OSD, they can be placed
near the front of the fuselage meaning the camera is in the correct position to
capture the best point-of-view (POV) for the user to fly from. The camera itself

comes on a small bracket that allows the pitch angle of the camera to be adjusted
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meaning the user can tailor the angle to suit their preference. The lightweight
air-speed sensor will also be placed towards the front of the fuselage, so that
the incoming air pressure is more accurately measured since there will be less
interference from the rest of the UAV structure. This will give a more accurate

true-airspeed of the UAV and will result in more accurate autonomy.

The Navio2 and Raspberry Pi will be placed at the centre of mass to make
sure that the accelerometers correctly read what is happening to the attitude of
the UAV as this will give more accurate autonomy. They will also be placed
within the fuselage to make sure the sensitive components are well protected
against external weather conditions. Most of the electrical components are very
light, however the Li-Po battery is an exception. At over 10 % of the total UAV
mass, the battery will be placed as close to the aerodynamic centre as possible
minimising the distance between the aerodynamic centre and centre of mass.
The servos are not waterproof therefore each will be placed within the airframe
to be as well protected against external conditions as possible. To achieve this,

extra-long control horns will be used whilst retaining the same torque.

m = Easidr

Busohor oo e
Sarvo |

PRI A S Canatinr @

Figure 57: Layout of the UAV electrical components
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6 Conclusion

Following completion of the design, a bill of materials was produced (below).
This contains all the parts needed to produce the aircraft and where they will be
purchased from. This gives an estimated cost of the entire aircraft of 755 and a

total estimated mass of 1026 g. This falls comfortably between both criteria.
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Addittionally, a Gantt chart was produced for the planned construction pro-
cess 58. This will help ensure that the project will be completed in time and

help the manufacturing process go smoothly.
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Throughout the design of this UAYV, all aspects of a modern autonomous

aerial vehicle were considered and detailed within this report.

A CAD prototype was decided upon and analysed for its structure and
aerodynamics, where improvements would be made to achieve greater

efficiency and structural strength.

A Finite Element Analysis (FEA) was performed on the main structures

of the CAD model to prevent structural failure during flight.

Based upon the FEA analysis, materials were chosen for the aircraft that
support the strength of the structure, whilst maintaining a low mass for

the aircraft.

The main wing, tail, fuselage and full CAD model were then analysed
in CFD, to find any areas where the design caused high drag and suggest

were improvements could be made to the aerodynamic design of the UAV.

Any improvements made were a compromise between structural strength

and aerodynamic efficiency.

The required propulsion and power distribution system were then designed
to propel the UAV, based upon assumptions of how the aircraft would be

flown.

The level of autonomy decided upon was high and so a powerful flight-

controller with a GPS and airspeed-sensor are included.

Communication with the UAV was designed to increase range and redun-
dancy for important telemetry data, as the telemetry is vital for correct

operation during autonomous missions.

The electrical components were chosen based upon the most important
factors for the UAV; weight, communication interference, range and effi-

ciency.

All the electrical components chosen are CAA legal, meaning the UAV

can be certified and legally flown as per CAA regulations.
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This final design for the UAV will be taken to the manufacturing stage next
semester, however alterations may occur due to issues that may arise during

manufacturing.
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