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Abstract

In response to request for proposal (RFP) document by Buzz Drone Inc., the
design team at Falcon drone Inc. was contracted to design and develop a hybrid
drone as a proof-of-concept. The objective of the project was to build a fully
functional prototype of a drone that had the ability to both fly and drive on land.
By adding the driving feature, the goal was to save energy and reduce power
consumption due to the limited power supply that a drone would typically have
from just its battery. This project was divided into two phases: Phase 1 which
focused on the drone portion of the project, and Phase 2 which incorporate the
addition of the driving aspect to the drone. The design was targeted towards the
hobbyist drone market, including consumers, enthusiast, educators and new
users. They require the drone to be unique, enjoyable to use, lightweight,
portable, compact, robust, easy to user, safe and reliable. Moreover, some
technical requirements include a maximum weight of 3.5 kg and maximum size

of 2.5 ft%.

The deliverables of this project include a 3D model, fabrication drawings and
stress analysis of the final concept using SolidWorks, a wiring diagram, a

LabVIEW code for the drone and drive controls and a physical prototype.



In terms of documentation, a proposal presentation, a design review package

and presentation, and a final report and presentations were required as well.

The scope of the project consists of current status research, concept generation,
concept selection, design refinement, theoretical background research, and

prototyping and testing.

The current status research included research on drones that were currently in
the market and patented. Through this, concepts were generated through
sketches, then selected and further refined to ensure requirements were met.
Significant changes to the design were made throughout this process. The
chosen concept was modelled in SolidWorks, where a brief stress analysis was

conducted for verification.

Further research was conducted regarding the design and operation of drones,
which included aspects about the sizing of their propellers, motors, electronic
speed controllers (ESC) and battery. Research was also conducted regarding the
drive mode motors. Control of the motors for both the drone and driving aspects
were investigated as well. This included rolling, pitching and yawing in drones

and various speed differentials that would allow the drone to maneuver on land.

The design incorporated both off-the-shelf components and customized parts.

The entire manufacturing and assembly process was documented. This involved



various process such as hand lay-up for the composite baseplates, drilling, band
sawing, milling, punching and sanding. As well, a wiring diagram was provided
to illustrate the connection between the electrical components. Lastly, details
regarding the LabVIEW program was explained in detail to demonstrate how

the drone was controlled.

Multiple tests were conducted in order to refine the controls, which incorporated
a complementary filter, low-pass filter, average calculator and PID control.
Despite facing various mechanical, electrical and programming challenges,
Falcon Drone Inc. was able to successfully build a physical prototype for Buzz
Drone Inc. by May 3%, 2019 which met the technical requirements and needs

of the customer.
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1. Introduction

In this chapter, background information about the project is outlined. The information was
generated in response to the Request for Proposal (RFP) presented by Buzz Drone Inc. in
October 2018. The RFP can be seen in Appendix A. It was reformatted to the style of this
report.

1.1. Problem Statement

Originally, drones or unmanned aerial vehicles were invented for use in military applications
because they could be controlled remotely—removing pilots from the dangers of war [1].
Now, drones are also used in many other diverse industries because they are customizable,

portable, lightweight, and cost much less than other aircrafts.

Drones are invaluable in many industries, ranging from mapping and photography to farming
and mining [2]. Hobbyists and enthusiasts are also always looking for new and interesting
drone designs and concepts. They use drones for racing, for taking photos, and for simply
enjoying the flying experience. With their large variety and customizability, drones are

extremely enticing to consumers.

The design, development and prototyping of a flying and driving drone was requested by
Buzz Drone Inc. in their October 2018 RFP document (Appendix A). The purpose of this
project is thus, to create a unique drone which has the ability to fly and drive so that it can be

commercialized by Buzz Drone Inc.

This concept has not yet been popularized and adds flexibility and uniqueness to the drone
experience. The addition of a drive mode for maneuvering will greatly reduce power
consumption, making the drone’s battery last longer (driving requires less power than flying).

It will also allow for easier navigation in places where flying is prohibited or challenging.

The novelty and power efficiency of this new hybrid drone concept will allow it to be

extremely successful when competing in the diverse drone market.

1



1.2. Objectives

The objective of this project was to design and prototype a unique hybrid drone that has the
ability to fly in the air and drive on land. The overall power consumption of the drone was
required to be reduced with the addition of the drive mode. Although the drone should be
able to fly and drive, it was not required to do so autonomously. It is also not required to
perform any complex movements; the ability to lift-off and drive on the ground was sufficient
for a proof of concept. The following was delivered in accordance with Buzz Drone Inc.’s

RFP document (Appendix A).

e the SolidWorks model of the drone assembly

e the fabrication drawings created with SolidWorks
e the wiring diagram of the drone

e the LabVIEW code used to control the drone

e a SolidWorks stress analysis

e aproposal presentation

e adesign review package and presentation

e the physical prototype of the drone

e the final report and presentation

Through discussions with Buzz Drone Inc. it was decided that LabVIEW and myRIO be used
to program the drone’s controls rather than MATLAB Simulink and BeagleBone or

Raspberry Pi (personal communications, C. Raoufi, January 10", 2019).

Some other key objectives included using mainly off-the-shelf components and lightweight

materials in the design and manufacturing of the drone.

The design was also required to be compact (desktop-sized) and portable. Originally, the
drone was also meant to be foldable with propellers that could function as wheels, however,
it was later decided that the wheels and propellers can also be separate (personal

communications, C. Raoufi, January 10%, 2019).



1.3. Scope

The design and development of a hybrid drone includes a fully functional physical prototype
which can fly and drive. The following was completed for this project, in accordance with

Buzz Drone Inc.’s RFP (Appendix A).

e drone market research

e theoretical background research about drones

e concept generation and sketching

e designing a drone that can fly and drive

e creating a SolidWorks model of the drone

e creating the fabrication drawings

e manufacturing and purchasing components

e programming the drone to drive with LabVIEW and myRIO

e programming the drone to lift-off the ground with LabVIEW and myRIO
e assembly of the electrical and mechanical components

e testing the drone controls

The following are some activities that were not considered to be a part of the scope for this

project.

e power efficiency calculations

e controlling the drone autonomously

e control optimization (limited to simple motion)
e destructive testing

e manufacturing of motors, propellers and other off-the-shelf components



1.4. Technical Requirements

The technical requirements for this project are summarized below in Table 1.1. They were
determined to be reasonable standards based on market research (see section 2.1 Market

Research).

Requirement Criterion Req\t;::i(le:;lent
Maximum Mass (kg) 3.5
Maximum Height (m) 90
Maximum Overall Size (ft°) 2.5
Maximum Air Speed (m/s) 15
Maximum Ground Speed (m/s) 3
Note: Max. height comes from Transport Canada
Drone Regulations [3].

Table 1.1. Hybrid Drone Technical Requirements

It is important to note that the hybrid drone’s maximum weight of 3.5 kg is well below the

Transport Canada Drone Regulation of 35 kg [3].



2. Current Status Research

Research into the current status of drones was completed before generating concepts for the
hybrid drone. The current status research outlined in this section includes market and patent
research as well as target market identification. This was completed to gain insight and ideas

from available designs on the market, and to ensure that customer requirements were met.
2.1. Market Research

Firstly, different types of drones with the ability to fly and drive were researched.

The “B-Unstoppable” tank drone can be seen below in Figure 2.1.. It features four propellers
and neoprene treads [4]. The treads are meant to allow the drone to emulate a tank while
driving on land and the propellers allow the drone to fly. This drone is small and portable
with a length, width and height of 23.5 cm, 12.5 cm, and 5.5 cm respectively [5]. It is also
lightweight at only 84 g [5]. This concept is quite unique as there does not appear to be many

other drones like this on the market.

Figure 2.1. B-Unstoppable Tank Drone [4]



The “Syma X9 Flying Car” drone can be seen below in Figure 2.2.. It includes four wheels
and four propellers so that it can fly and drive on land. This drone is also small and portable
with a length, width and height of 17.5 cm, 16.5 cm, and 6 cm respectively [6]. It is also quite
lightweight at 85 g [6]. This concept is unique as well since there are not many drones on the
market that can fly and drive. However, out of the drones that have this dual functionality,
this style—with four propellers and four wheels—is more popular. Its popularity is likely
due to the simplicity of adding four wheels to the drone without drastically changing its

shape.
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Figure 2.2. Syma X9 Flying Car [7]

To include both wheels and propellers into the design of the hybrid drone, a folding
mechanism was be considered. With a folding mechanism, the drone’s wheels could rotate

up to form propellers.



Below, in Figure 2.3., is the “PowerVision PowerEgg drone”. This drone has a folding
mechanism which allows its propellers to be stored when not in use. However, this product
does not have wheels for a drive mode. It is larger with a size of 27.2 cm in height and 47.6
cm in diameter, when unfolded, and it weighs 2.1 kg [8]. The egg shape of this drone is

extremely unique and so is its ability to fold-in its propellers.

Figure 2.3. PowerVision PowerEgg Drone [8]



The “DJI Inspire 2” drone is one of the most popular drones on the market. An image of this
drone can be seen below, in Figure 2.4.. Although it does not have the ability to drive or fold,
it does have some moving parts. When the drone is flying, it moves its propellers and landing
gear up so that they will not restrict the view of the camera (personal communications, E.
Saczuk, November, 6™, 2018). This is done with a leadscrew located at the centre of the
drone, where its arms attach to the body (personal communications, E. Saczuk, November,
6, 2018). The “DJI Inspire 2” is a much larger drone with a mass of 3.44 kg and an overall
length, width and height of 42.7 cm, 31.7 cm, and 42.5 cm respectively [9]. This drone also
has an attractive look with its carbon fibre arms and smooth plastic body (personal
communications, E. Saczuk, November, 6, 2018). The “DJI Inspire 2” can also fly

extremely fast at a maximum of 94 km/h [9].

Figure 2.4. DJI Inspire 2 Drone [10]



2.2. Patent Research

Two patents for drones with folding mechanism were investigated. Both of these patents

allow the drone to fly and drive.

The first patent was found through the Canadian Intellectual Property Office and can be seen
below in Figure 2.5.. The 25" item noted in the sketch appears to be a geared motor, which
is meshed to a larger gear, on a wheel (item 4). There appears to be another type of motor
(item 9) that may be used to spin propellers. These propellers are located directly above the
wheels of the vehicle. Item 33 appears to be a hinge or locking mechanism that would allow

the vehicle to be folded to transition between flying and driving.

Figure 2.5. Vehicle with Aerial and Ground Mobility (CA 2787279) [11]
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The second patent was found through the United States Patent and Trademark Office and can
be seen below in Figure 2.6.. The 1% item appears to be propellers that are combined with
wheels (item 4). These combined propeller-wheels appear to be powered by the same motor
(item 6). The device appears to have a folding mechanism which can retract its landing gear

as it transitions into a driving mode and vice versa.

Figure 2.6. Flying Device with Improved Movement on the Ground (US007959104) [12]

In the first patent, the driving and flying modes were powered using separate motors and in

the second patent, these modes were powered by the same motor.
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2.3. Target Market

The target market for this project was the hobbyist drone market. This included general
consumers, enthusiasts, educators, and new users. Because of this, the hybrid drone was
designed to be unique, with its separate driving and flying modes. Essentially, the hybrid
drone was designed to produce the same enjoyment as other drones but with the bonus

functionality of an RC car.

Some other, secondary markets which would benefit from the hybrid drone includes those
like the mining and military industries. With these two modes, the hybrid drone can maneuver
in tighter spaces. The drone’s battery power can also be conserved when it is driving (as this
requires less power). However, the hybrid drone was only designed to meet the needs of the

hobbyist drone market.

2.3.1. Customer Needs
As mentioned above, the target market for this project was the hobbyist drone market. The
main features required by these customers for the hybrid drone’s design were determined to

be the following (ranked in descending order of importance).

e unique

e enjoyable to use
e lightweight

e portable

e compact

e robust

e casy to use

e safe

e reliable

Throughout the design process, these characteristics were taken into account to ensure

customer satisfaction.






3. Preliminary Design

The concept generation and selection processes were outlined in this chapter. The ideas for
these concepts were generated after completing market and patent research (seen in chapter
2) to see what is already available commercially. The selected concept was chosen, in the

end, based on the needs of the target, hobbyist market and the technical requirements.

3.1. Concept Generation

All of the concepts to follow include a combination of wheels and propellers that would allow

the drone to achieve both the flying and driving mode requirements for this project.

The first concept can be seen below in Figure 3.1.. This concept utilized folding mechanisms
to change between the flying and driving modes. As shown in the sketch below, while in the
driving mode, the two back propellers would fold downward to create wheels. The front
propellers would rotate backwards to ensure that the drone was still balanced. In both flying
and driving modes, the front wheel would remain in the same position. The front wheel would
be used to allow the drone to turn while driving. This concept would require a separate

landing mechanism to help it transition between modes.

<7 0

Figure 3.1. Concept 1: Two Folding Wheel/Propellers
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The second concept can be seen below in Figure 3.2.. This concept also utilized a folding
mechanism to transition between the flying and driving modes. To transition between these
modes, a set of motors and four gears would be used to rotate a linkage. This linkage would
then enable the drone’s propeller/wheels to sit vertically on the ground like wheels. The
propellers would have a thin, curved component underneath them which would also help
them complete this transition between modes. The curved component would allow the
propellers rotate into wheels more easily while already on the ground. This concept would

not require a separate landing mechanism because of the curved component.

Figure 3.2. Concept 2: Landing Wheels/Propellers
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The third concept can be seen below in Figure 3.3.. This concept had independent wheels
and propellers. Only two of the wheels would be powered by motors to ensure that the drone
had turning capabilities while in the driving mode. The other two wheels would be used for
stability and to ensure that the drone was balanced. This concept would not require a separate

landing mechanism because the wheels would also be used for landing.

i

Figure 3.3. Concept 3: Independent Wheels/Propellers
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The final concept can be seen below in Figure 3.4.. This concept used a folding mechanism
to transition between the flying and driving modes. The dotted lines in the sketch below
indicate how the drone would look when folded, and in its driving mode. Thus, the four

propellers would also be used as wheels. This concept requires a separate, retractable landing

mechanism to help it transition between modes.

-

Figure 3.4. Concept 4: Folding Wheels/Propellers
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3.2. Concept Selection

Initially, the fourth concept was chosen because of its unique folding mechanism and lower
apparent motor requirement. A more detailed sketch of the flying and driving modes for this

concept can be seen below in Figure 3.5. and Figure 3.6. respectively.

Figure 3.6. Concept 4: Driving Mode Isometric View
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In this refined sketch, the folding mechanism can be seen more clearly. The mechanism
would include a leadscrew, attached to a motor that would allow linkages to move and
transition the drone between its flying and driving modes. While in either mode, small,
normally extended solenoids would be used to lock the leadscrew in place—acting as
mechanical stops. During a transition between modes, the solenoids would be powered

(electrically) to allow the linkages on the leadscrew to move freely.

Although not visible in the sketches on the previous page, this concept also would also

include a landing mechanism to ensure that the drone could transition between modes.

Below in Figure 3.7., a more detailed sketch of the top, front, and side views of the landing

mechanism and solenoids can be seen.

W)

NE
W

|_
4

W Q\;‘\\\\ﬂ]
O b

-
W

||

= &= =) =

Figure 3.7. Concept 4: Top, Front, and Side Views of the Landing Mechanism
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As seen in Figure 3.7., on the previous page, the solenoids needed for the drone’s folding
mechanism would sit inside the body of the drone. Only the extendible components of the

solenoids would be extended through the top plate of the body.

The landing mechanism for this concept (also seen in Figure 3.7.) would include three
leadscrews, powered by a motor. The motor would be connected to a large central gear, which
when turned, would mesh with three other gears to turn the leadscrews. The smaller gears
would have threaded centre holes to ensure that they would be able to move the leadscrews
up and down. The larger gear would need an upper and lower lip to ensure that the smaller
gears do not move up and down with the leadscrews. Finally, either the top or bottom body
plate would also require threading to ensure that the leadscrews moves up and down rather

than simply turning with the gears.

With all of these mechanisms taken into account, a preliminary SolidWorks model was

created and can be seen below in Figure 3.8..

Figure 3.8. Concept 4: SolidWorks Model



20

After creating the SolidWorks model of this concept, it was determined that with all of these
components, the drone would likely be extremely complicated, large, and heavy. It became
apparent that using only one style of motor for both the flying and driving aspects of this
project was not possible. The flying mode required high rotational speeds and low torque
whereas the driving mode required low rotational speeds and high torque. These were
competing constraints that were difficult to overcome. Thus, it was determined that a concept
with separate motors and propellers should be used instead (personal communications, C.

Raoufi, January 10", 2019).

3.2.1. Chosen Concept

After further research, it was found that the fourth concept would not be suitable for this
project because of its complexity and bulkiness. Instead, concept number three was chosen
moving forward. Since the third concept involved separate wheels and propellers, no folding

mechanism was required—reducing the number of moving parts and complexity.

The first iteration of this concept involved only three wheels: one controlled by a servo motor
that would allow the drone to turn, and two controlled by brushless DC motors that would
allow the drone to actually drive. The initial SolidWorks model for this concept can be seen

below in Figure 3.9..
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Figure 3.9. Concept 3: SolidWorks Model of Detailed Isometric View
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This model was presented during the technical design review in February 2019. During the
design review, feedback and changes were suggested, allowing for further design
refinements. A better view of the model and a detailed view of the driving mechanisms can

be seen starting on the sixth page of the design review package (Appendix C).

3.2.2. Design Refinements

Some of the suggestions received during the design review included:

e replacing the front, servo-controlled wheel with a caster,
e using the rear wheels for turning by slowing down one side to turn,
e moving the rear wheels to the centre of the drone to ensure balance, and

e adding another caster wheel at the back of the drone to balance with the front caster.

These changes were implemented into the drone’s design and the updated SolidWorks model
can be seen below in Figure 3.10.. It is important to note that the fasteners were omitted from
this image. In section 6.1 Final Concept and Results, a more detailed view of the model can

be seen.

Figure 3.10. Updated SolidWorks Model of Concept Three






4. Theoretical Background

In this section, the secondary research regarding the development of the hybrid drone concept
is described. This includes the propeller, motor and ESC selection of Phase 1 and the motor
and driver selection of Phase 2. As previously mentioned, Phase 1 incorporated flying aspect

of the project while Phase 2 featured the driving aspect.
4.1. Phase 1 Theory

The theoretical background for the flying portion of the project are presented in this section.
This included the secondary research, equation derivations, sample calculations and motor
control theory which was conducted to ensure the motors, propellers, electronic speed

controllers (ESC) and battery were properly selected and could interface with one another.

In Phase 1, the type of motors used were Brushless DC (BLDC) motors, which are different
from the conventional motors that utilize brushes to rub against a commutator which
energizes armature windings [13]. A typical BLDC motor utilizes three coils as shown below

in Figure 4.1.

Figure 4.1: Brushless DC Motor Circuit [13]

BLDC motors work with help from permanent magnets located on a rotor and the

windings/coils located in the stator. Essentially, when each of the three coils are powered and

23
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unpowered sequentially, they create a rotating magnetic field which attracts the magnets on
the rotor—allowing it to spin [13]. The components are broken down and shown in Figure

4.2.

Figure 4.2: Brushless DC Motor Components [14]
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4.1.1. Secondary Research

In this section, the secondary research conducted for this project is described. This was
necessary in taking the first step in the iterative selection process for the motors, propellers,

electronic speed controller (ESC), and battery.

4.1.1.1 Number of Propellers

There are many different drone propeller configurations. A company in Zurich, Switzerland
was able to create a drone with a single propeller which uses a motion similar to a
“descending maple seed” [15] [16]. This allowed for the drone to have three degrees of
freedom with only one mechanical actuator [16]. A drone with two propellers has also been
created which varies its propellers’ rotational speed within each revolution [17]. For instance,
to move the drone to the left, the right half of the propellers’ rotations will be faster than the
left [17]. This creates a higher thrust on one side of the drone, allowing it to move left in
response to the unbalanced forces [17]. Three propeller drones are also possible, but the
design still requires four motors as an extra servo motor is needed to rotate the rear motor
[18] [19]. This ensures that the drone is stable in the yaw direction of rotation [18] [19]. With
these three designs, the drone would require complex algorithms and feedback to ensure that
the propellers are able to compensate for uneven thrust forces with changing angular

accelerations [15] [17] [18].

Drones with four, six, or eight propellers are inherently balanced because of their even
number of propellers [18] [20]. They require half of their propellers to rotate in the clockwise
direction and the other half to rotate in the counter clockwise direction [18] [20]. This ensures
that the drone will only move up and down if all of the propellers rotate at the same speed
[18] [20]. To move in other directions and to perform yaw, pitch, and roll rotations, different
propellers need to rotate at different speeds [18] [20]. However, to get these variable speeds,
less complex feedback is required [18] [20]. Again, this is because of the inherent symmetry
of these types of drones which are naturally balanced when hovering [18] [20]. Figure 4.15

on the next page shows some of the different available drone configurations.
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Figure 4.3: Different Drone Propeller Configurations [21]

As four propeller drones (quadcopters) require the least amount of motors and have the
simplest motion controls, this was the type of drone chosen for this project. Thus, four motors

and propellers were later specified.
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4.1.1.2 Required Thrust Force

To estimate the mass of the project’s design, the DJI Inspire 2 drone (seen in Figure 4.4) was
used as a baseline for comparison. Because the DJI Inspire 2 is very robust, structurally

sound, and is aesthetically pleasing it was a good choice for design inspiration.

Figure 4.4: DJI Inspire 2 Drone [22]

Below, in Table 4.1, is a list of DJI Inspire 2 specifications.

Specification Spe:]iztl"lliaetion
Model T650A
Weight (g) 3440
Diagonal Distance (mm) 605
Battery Type LiPo 6S
Battery Capacity (mAh) 4280
Battery Voltage (V) 22.8

Table 4.1: DJI Inspire 2 Specifications [9]
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As seen in Table 4.1 (on the previous page), the DJI Inspire drone is 3.440 kg and has a 605
mm distance between diagonal propellers (not including the propeller sizes). This is a
relatively heavy and large drone. Because of this, and as the drone being designed in this
project will be approximately desktop sized, a 2 kg mass will be assumed instead. This

assumed mass will later be used to specify the motors and propellers.

By assuming that the project’s drone design will be approximately 2 kg, the thrust

requirement of the design can be determined.

From using Newton’s laws ( }.F = 0 ), it can be shown that for the drone to hover in the air,
the thrust required needs to be equal to the weight of the drone ( Fiprust = Feignt )-
Therefore, the required thrust produced by the propellers needs to be greater than that of the

drone’s mass to allow for it to overcome its own weight during liftoff.

Typically, the ratio of thrust to weight used for drone designs is two to one [23]. This allows

for moderate maneuverability and can account for some wind [23].

Thus, the desired thrust for this design was determined to be 4 kg (2 kg * 2 = 4 kg). Since
the design will use four motors and four propellers, the required thrust can be divided by

four. This led to a 1 kg thrust force requirement per motor (4 kg / 4 = 1 kg).
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4.1.1.3 Propeller Sizing

After determining that the drone design will incorporate four propellers (and four motors)
that will each provide 1 kg of thrust, research was done on the different types of propellers

available.

Propellers can have different amounts of blades. Propellers with more blades produce higher
torques but are less efficient [24] [25]. Thus, to maximize efficiency, a propeller with only

two blades will be specified.

Furthermore, when specifying the propeller blades, the diameter and pitch of the propellers
are important characteristics. For propellers with two blades, the diameter indicates the length
of both of the blades combined [24] [25]. In other words, the diameter is twice the length of
one blade. A propeller with a larger diameter will produce a higher thrust than a smaller
propeller rotating at the same speed [24] [25]. However, larger propellers also have larger

moments of inertia leading to higher power requirements [24] [25].

The pitch of a propeller represents how far the propellers will travel in a single revolution
[24] [25]. The pitch of the propellers is related to the angle at which the blades are rotated
about the center hub [24] [25]. A propeller with a higher pitch will be able to more easily
produce thrust at higher speeds [24] [25]. Conversely, propellers with lower pitches produce
higher thrusts at lower speeds [24] [25]. Figure 4.5 below shows the difference between a
high and low pitch.
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Figure 4.5: Difference Between Propeller Pitch Sizes [26]
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Other important factors needed to consider when sizing a propeller includes the Ct (thrust
coefficient) and Cp (power coefficient) factors [27]. These factors are determined
experimentally by the manufacturer and take into account the shape and pitch of the
propellers [27]. With these factors, the diameter of the propeller and the propeller rpm, the
desired thrust forces and the required motor torques can be determined. The equations used
to determine the thrust and torque can be seen in the sections 4.1.2.1 Thrust Force Equation

and 4.1.2.2 Propeller Torque Equation.
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Since the thrust of the propellers depend on many factors, this is typically an iterative process.
First an approximate propeller size is used based on market research. For instance, the DJI
Inspire 2 drone uses a 15-inch propeller blade (Table 4.1). But again, since the drone design

for this project will require less thrust, a smaller propeller can be used.

4.1.1.4 Motor and ESC Sizing

After determining the thrust produced by a propeller and the required motor torque, the
desired Kv value of a motor is typically calculated. The Kv value indicates the no-load
velocity of the motor at a specified voltage [28]. For instance, if the Kv value of a motor is
700 Kv and 1 V is supplied to the motor, then the no-load velocity will be 700 rpm [28]. This

constant is inherent for electric motors and is an important attribute for sizing [28].

To get the required Kv value, first an approximate Kv value must be determined from market
research. Again, the DJI Inspire 2 drone (Table 4.1) motors have a Kv value of 365 Kv [29].
Because the drone design for this project will be smaller than the DJI Inspire 2, a higher Kv
is needed. This is because higher Kv values are used to produce lower thrusts as there is an

inverse relationship between thrust and rpm [28].

After finding a motor with the desired Kv value, the winding resistance, and motor supply
voltage can be used to determine the motor’s torque at different speeds. This resistance is
provided by the supplier and the voltage can be chosen based on battery specifications. The
equation used to find the motor’s torque and subsequent propeller thrust based on the Kv

value was derived in the section 4.1.2.3 Motor Torque Equation.

This is also an iterative process. A motor with a specified Kv value can be iteratively checked
to see if it can produce the correct thrust with a given propeller running at a specific speed.
If the motor can never produce enough torque with the chosen propellers, either a motor with

a lower Kv should be chosen or larger propeller should be checked.

A sample calculation of this process can be seen in section 4.1.3 Calculations.
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An electronic speed controller, ESC, is similar to a motor driver (explained in section 4.2.1.1
Motor and Driver Sizing) and takes in a digital signal in the form of pulse width modulation
(PWM) from the microcontroller to control the brushless DC (BLDC) motor [30]. The ESC
is required to meet the voltage and current requirements of the motor to prevent overheating

and other issues.

Pulse width modulation is essentially a digital signal that is continuously turned on and off
at a rate set by the user [31]. A PWM signal requires a duty cycle and a frequency. The duty
cycle is the ratio of how long the signal is turned on to how long it is off, which can be varied
and controlled by the user. Essentially, in terms of controlling a BLDC motor, increasing the
duty cycle increases the average voltage provided to the motor and thus the motor’s speed.
The frequency is typically set a constant value that should be compatible to the motor being

controlled.



33

4.1.1.5 Battery Sizing

The typical battery type found for drones were LiPo batteries, which came in various nominal
voltages as shown below in Table 4.2. Each cell has a voltage of 3.7 VV and the number of
cells is denoted by the number in front of the “S” in its sizing. Larger battery sizes exist, but

the typical maximum voltage required for drones only goes up to 6S.

Size of Battery Supply Voltage (V)
1S 3.7
28 7.4
3S 11.1
4S 14.8
5S 18.5
6S 222

Table 4.2: LiPo Battery Sizes and Voltages

The capacity of the battery is determined by its milliamp-hour (mAh) rating. A 5000 mAh
battery would be able to output a current of 5 A for an hour. However, the maximum
continuous and burst discharge rate of a battery is determined by its discharge rate (C). The

output current can be calculated with the following equation.
Output Current = Discharge rate X Capacity

A battery with a 50C continuous discharge rate and a 5000 mAh capacity would allow for a
continuous current output of 250A for a 1/50" of an hour. While the output current is
directionally proportional to the discharge rate, the time until the battery drained is inversely

proportional.
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4.1.2. Equation Derivations

To specify the motors and propellers used to enable the drone to fly, three equations were
derived. The derivation of the thrust force and torque produced by the propeller and the

torque generated by the motor are described in detail in the following sections.

4.1.2.1 Thrust Force Equation
For the calculations and equations in this section, several sources were used as a reference

[32] [33] [34] [35] [36].

To begin determining the relationship between thrust, diameter and speed, the following
equation using to relate thrust force to pressure. An illustration of where this force comes

from can be seen below in Figure 4.6.

Finrust = A * AP Equation 4.1
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Figure 4.6: Propeller Thrust Force Diagram
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Through Bernoulli’s equation, an equation for the pressure difference AP can be found.

1 2 1 2 2
Pr+5pvi+ pghy = P, +5pv; + pgh

Assuming ideal conditions, such as stagnant air, the vertical component of the initial velocity
v; (velocity of the air entering the propeller) can be assumed to be zero. The velocity leaving
the propeller can be represented by the vertical component of the final velocity v,. Also,
assuming the height of the air entering and leaving the propeller, h, and h,, are equal or have
negligible differences, we can find the pressure difference to be the following.

P,—P,= AP = %pvz2 Equation 4.2

Plugging equation 4.1 into equation 4.2,

Finrust = % pAvZ Equation 4.3

The area in equation 4.3 would represent the projected area of the propeller, which is
proportional to the square of the diameter. The C is a constant that takes into consideration

the shape and pitch of the propeller.
A x D?

A = CD? Equation 4.4
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The relationship of the linear (vertical) velocity produced by the propeller and the angular
velocity of the propeller can also be seen below in Figure 4.7. The total velocity of the air is
represented by v,;,-, which takes into account both the horizontal and vertical component of
the air relative to the propeller. As well, angles that need to be taken into consideration for
these derivations include the pitch angle, 6, the attack angle, a, and the difference between
these two angles, ¢. Where ¢ and @ are not constants as they change relative to how much

the drone is pitching relative to the ground.

Figure 4.7: Propeller Wing Velocity Diagram [37]

Velocity v, can then be rewritten to the following in terms the angular velocity, n, in rev/s.

v, = vpropeller _ vpropeller _ rw
2" tan(f — a) tan ¢ tan ¢

(g) (2mn)
- =
it tan ¢
Dmn .
-V, = Equation 4.5

- tan ¢
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Plugging equation 4.4 and 4.5 back into equation 4.3:

2

1 ) 1 ) Dmn
Finrust = E.OAUZ = Finrust = EP(CD ) (tan ¢>

2
= Fiprust = C (tan ¢> pn2D4

Some of the terms in the equation can be combined to get the coefficient of thrust, C; =

2
C (ta: ¢) . The coefficient of thrust must be determined through experimentation like a drag

coefficient, as it depends on many changing factors which cannot be calculated. This is

typically provided by a supplier. The air density (p) is in slug/ft*, n is in rev/s, and D in ft.

Fenrust = Cepn®D* Equation 4.6
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4.1.2.2 Propeller Torque Equation

For this section, several sources were used for reference [32] [33] [34] [35].

To find the propeller torque, first the power requirement was found using the equation

derived for F;p,s¢ and v, (refer back to Figure 4.7).

Power = Fpryst V2

where F, = C,pn2D*, v, = ——
thrust = Ltp » V2 — tanqb
D
rw (7) (2mn) Drn
Power = (Cpn?D*) —— = (Copn?D*) ~22—— = (C,pn?D*) —
ower = (Cipn )tanqb (Ccpn“D*) tan ¢ (Cepn )tanq,')
(0% 1%
— Power = —— pn3D5
tan ¢

Some of the terms can be combined again to get the power coefficient. This is a value that is

typically provided by a supplier.

Power = C,pn3D? [Ib — ft] Equation 4.7
C,pn3D>
Power = p'gT [HP]

Now, the equation for torque can be found as follows (where n is in rev/s).

Power = Tw

_ Power 12 x Powery,_g, [lb —in
W 2nn S

6xPowery_rft .
2 Tpoin =—7—— L Equation 4.8
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4.1.2.3 Motor Torque Equation
For this section, the “Torque Equation and the Relationship with DC Motors” by Danielle

Collins was used as a refence [38].

A typical DC motor circuit can be seen below to help illustrate the operations of a DC motor.
A description of how a DC motor functions can be seen in section 4.1 Phase 1 Theory.
Essentially, by running a current through its coils, a magnetic force can be produced which
results in a torque. The torque created by the motor when spinning is dependent on the power

supplied to it.

Figure 4.8: Typical DC Motor Circuit [39]
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From Figure 4.8 on the previous page, the voltage is equal to the voltage drop across the
internal resistance (R) inductor (L) and back-EMF (E). This is summarized by the equation

below.

dl
V=IR+L—+E
dt

By assuming a constant current, this equation becomes

V=IR+E Equation 4.9

For a motor, the back-EMF voltage is generated by the rotation of the coil and can be found
by the following, k is the electrical constant from the motor and w is the angular velocity of

the motor.

E=k,w Equation 4.10

Similarly, the current through the motor is directly related to the motor’s torque, T = k.1,
where k; is a torque constant from the motor. Therefore, the current (I) can be found as the

following.

| =— Equation 4.11
ket

Plugging equation 6.0 and 6.1 into equation 5.0, it now becomes,

V="R+kw Equation 4.12
t

However, for DC motors, the electrical and motor constants are equal (k = ke = k¢), changing

the equation to be the following.

V=-R+kw Equation 4.13
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This equation can be rearranged to determine the torque produced by the motor, based on

input voltage.

Tmotor = V_Tfuk k Equation 4.14

In this equation, the constant k is equal to ki, where k,, is the motor constant typically given
v

rad

in%l and would need to be converted to IS/ .

The relationship between torque and rotational speed in a typical DC motor is illustrated

below in Figure 4.9.

Torque

No Load Spead
— —_—
Rotational Speed

Figure 4.9: Torque-Speed Curve [39]
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4.1.3. Calculations

In this section, a sample calculation is provided for one iteration of a motor and propeller
selection process. The last iteration conducted to size the motors and propellers chosen for

the project was provided to demonstrate the validity of the choices.

4.1.3.1 Sample Calculation

An overview of the actuator sizing procedure can be seen flow chart below seen in Figure
4.10. The details of the main steps (1 to 8) are also demonstrated through a sample
calculation in the next few pages. The final selection of the motor and propeller are shown

in 4.1.3.1 Sample Calculation.

—_—

1 Calculate thrust
force required

P —

2 Based on 3
research, selecta
~| reasonable motor
speed

3 Select a propeller
capable of producing
thrust force at chosen

rpm

If ne motor meets
both requirements,
change motor speed
or propeller size

4 Calculate motor

torque required
based on propeller

5 Seleci a motor :

based on speed and
torque required from
propeller

S

& Choose an ESC
based on amperage

h 4

If no ESC meets

amperage and and voltage
vollage requiremenis fequirements from
mator

7 Choose a battery

based on amperfage
and vcage
*| requirements from

motors

& Calculate the flight
time based on motor

and battery
amperage

If insufficient flight

tme

Figure 4.10: Actuator Sizing Flow Chart
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Step 1: Calculating thrust force required

The weight requirement of the drone was determined to be about 2 kg (from 4.1.1 Secondary

Research). Thus, the thrust force should be at least double the weight.
Fiotar = 2Mgrone = 2(2) = 4 kg force
Each propeller would have to be able to at least produce a thrust force of 1 kg (2.2 1b).

F Ftotal _ 4 _ kg fOT'CG

propeller = no.of propellers 4 propeller

Step 2: Based on research, select a reasonable motor speed

Based on research, Figure 4.11 was made to help establish a reasonable motor speed when
using propellers greater than six inches in size. The table represents the minimum speed

required for a certain propeller size to produce a thrust force of at least 1 kg (2.2 Ib).

Minimum Speed Required vs. Propeller Size

__ 14000
12000
10000
8000
6000
4000

2000

Approximate Minimum Speed Required (rpm

0 2 4 6 8 10 12 14
Propeller Size (inches) - 3.8 Pitch, Slow Fly

Figure 4.11: Minimum Speed Required vs. Propeller Size for a 1 kg Thrust Force

For this example, a motor speed of 8000 rpm was chosen for the first iteration.
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Step 3: Select a propeller capable of producing thrust force at chosen rpm

The minimum thrust force required of each propeller was determined to be 1 kg (2.2 Ib) to

lift a 2 kg drone with four propellers.
Taking APC propeller 10x3.8SF, the C is given to be 0.1280 by the manufacturer.

By running this propeller at 8000 rpm and by assuming air density of 1.225 kg/m? (0.0023769
slug/ft*), we get the following thrust force.

8000

2104
Finrust = 0&280(&0023769)(—86—) (TE)

Fthrust == 2. 6084 lbf
Therefore, this propeller was a suitable choice.
Step 4: Determine the torque require to be overcome by the motor due to the propeller.

For the same APC propeller 10x3.8SF from the previous sample calculations, the C, is given
to be 0.0533 by the manufacturer. The torque required to be overcome can then be calculated

as follows:

8000\ /10\°
Puo—re =(10533(Q0023769)<7ir> (IE)

Plb—ft = 12068 lb - ft

12(120.68)
Tpropeller = 27
VA
50 (8000)
Tpropeller =1.72861lb—in
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Step 5: Select a motor based on speed and torque required from propeller

To begin actuator sizing, research was conducted to estimate the Kv range desired for the
chosen motor, which included using the DJI Inspire 2 drone as a reference point. The DJI
Inspire 2 uses a 3512 Brushless DC motor that produced a thrust force of 2kg, ranging from
350 Kv to 750 Kv. Therefore, a higher Kv range was acceptable as the thrust force required
for this design is only 1 kg. Research confirmed that the motor constant required for this

drone should range from 700 Kv to 1000 Kv.

The UAV Brushless Motor MS2814 from T-Motor for example, has a motor constant of 770
Kv (rpm/V) and an internal resistance of 100 mQ2.

The speed of the motor can be calculated based on the Kv and input voltage. Assuming an
input voltage of 14.8 V (3S LiPo, see Step 7), the no load speed achievable can be calculated

as follows.
Nno toaa = Kv*V =770 % 14.8 = 11,396 rpm

This speed is much greater than the maximum speed required (8000 rpm) and is therefore
viable. This speed is however, the no load speed and the actual maximum speed under
loading will be slightly lower than 11,396 rpm. Increasing the amount of voltage cells from
the assumed battery (3S LiPo, see Step 7) will help meet the speed requirement if a voltage
of 14.8 V is not sufficient.

The motor torque is typically either supplied by the manufacturer or can be calculated from
the internal resistance and Kv of the motor. For this motor, torque was not supplied, but the

internal resistance was given instead.
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To determine how much torque the motor can output, equation 5.3 can be used by taking the
specifications provided from a chosen motor. The torque produced can be calculated as

follows, using a voltage input of 14.8 V again.

=— k
where k = l =
=)
21 1
- 14.8 — (8000 * 25 — (2—’5) 1
(@)

8.8507 b — in
T = 054696 N ( )

1Nm

Trmotor = 4.841 1b — in

Because  Tporor (4.8411b —in) was greater than Tpropeyer (1.730 b —in) and

Nno 1oaa (11,396 rpm) was found to be greater the minimum speed required (8000 rpm), the
combination of this motor and the propeller is deemed valid choice to produce sufficient

thrust force for the drone to fly.
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Step 6: Choose an ESC based on amperage and voltage requirements from motor

The chosen motor has a voltage requirement of 14.8 V and a current requirement of around
20 A when producing its maximum thrust. Thus, an ESC specified to work under these

conditions should be chosen.
Step 7: Choose a battery based on amperage and voltage requirement from motor

Similarly, for the voltage and current requirements of 14.8 V and 20 A (max) respectively,
need to be powered by a 4S LiPo battery. This is because a 4S LiPo battery produces a

nominal, continuous voltage of 14.8 V.
Step 8: Calculate the flight time based on motor and battery amperage

After choosing a 4S battery, the mAh capacity should be noted in order to estimate the flight
time of the drone. Since the drone will be experiencing a maximum of 20 A4, the minimum

flight time can be calculated as shown below.

Total Battery Amperage

Flight Ti in) =
ight Time (min) = —— f Motors * Motor Drawn Amperage

(5000 mah) * (T55ma) * 60

15204 = 3.75 minutes

Flight Time (min) =

The maximum flight time can be calculated based on the hovering thrust required (0.5 kg

per motor). This equates to 4.7 A.

" (60 mm)

A
(5000 mah) * (_1000ma) 7

Ard7 A = 15.96 minutes

Flight Time (max) =
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4.1.3.2 Final Iteration

Due to the small, desktop size requirement, the propeller size was revised and iterated

multiple times.

By going through step 1 to 8, the following results were obtained.

kg force

(] Step l: Fpropeller = propeller

e Step 2: Motor Speed = 25,000 rpm
o Step 3: Fippust = 2.283 Ibf
e Step 4:
o Tpropetter = 1.3551b — in
O Mpoioad = 42,180 rpm
o Step 5: Thotor = 4.02221b — in
e Step 6:
o Voltage Requirement: 22.2 V
o Current Requirement: ~30 A
e Step 7: 6S LiPo Battery
e Step 8:
o Flight time (min) = 1.875 minutes

o Flight time (max) = 3.75 minutes

The final propeller size was determined to be APC propeller 5x4.3E [40]. Moreover, the final
motor was chosen to be EMAX RSII 2306 1900kv Motor [41] [42].

In case the APC propeller 5x4.3E were not capable of producing enough thrust force, 6045

bull nose propellers were also considered.
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4.1.4. Motor Control

In this section, the theory behind motor controls for drones are described in detail. This
included theoretical background on accelerometers and gyroscopes, and how they would be
combined using a complementary filter. Additionally, drone maneuvering and PID control

feedback loops are discussed in the sections to follow.

4.1.4.1 Feedback Control: Accelerometer and Gyroscope

In order to control the movement of a quadcopter, microcontroller feedback was required to
maintain stability. When the drone is mid-air, it has six degrees of freedom (DOF) as seen
below in Figure 4.12. These included linear translation and angular rotation about the x, y

and z axes. The setpoint values for these axes can be chosen arbitrarily by the user.

Figure 4.12: Six Degrees of Freedom of a Quadcopter [43]

An accelerometer and a gyroscope are the sensors required to measure and monitor the
motion in each of these DOF. An accelerometer can measure the linear acceleration in the
X, y and z axes and a gyroscope can measure angular speed about these axes [43]. F or
advanced motion controls, a GPS and an optical sensor can be used to further increase the

accuracy and precision of the drone’s movement.
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A Micro-Electro-Mechanical-Systems (MEMS) gyroscope functions with the help of the
Coriolis effect as shown below in Figure 4.13 [44]. When a mass in moving and rotating in
a certain direction, as shown by the red and green arrow, a Coriolis force is produced as

shown by the blue arrow.

Figure 4.13: Coriolis Effect in a MEMS Gyroscope [44]
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Using the concept of the Coriolis Effect, the displacement of the mass can change the
capacitance within the capacitive sensing structure in the gyroscope. This change in
capacitance is also proportional to angular velocity and is converted to an output voltage in
analog gyroscopes or LSBs in digital gyroscopes [45]. For some MEMS gyroscopes, two of

these masses are used in the form of a tuning fork configuration as shown below in Figure
4.14.

Figure 4.14: Tuning Fork Configuration in a MEMS Gyroscope [45]
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4.1.4.2 Complementary Filter

An accelerometer and a gyroscope need to be used in combination with one another due to
the types of errors that they independently produce. Accelerometer measurements are fairly
accurate and remain at the setpoint but exhibits high frequency noise that is undesirable when
implementing control. On the other hand, gyroscopes experience less noise, but their
measurements, in terms of the angle, deviate over time from the setpoint [46]. Basically, the
measurements from the gyroscope are only reliable when there are short-term changes. The
accelerometer and gyroscope are both able to synergize with one another by summing a
percentage of each device’s measurements since the accelerometer and gyroscope are
respectively reliable for long-term measurements and short-term changes of those
measurements [46]. The accelerometer essentially allows the drone to remain stable while
the gyroscope allows it to maneuver. This is known as a Complimentary Filter and is
summarized by the block diagram below in Figure 4.15, where the typical split of the total
angle is 98 percent from the gyroscope measurement and 2 percent from the accelerometer’s

measurement.

—_ —_ }_ —|

Figure 4.15: Complimentary Filter Block Diagram [46]
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4.1.4.3 Drone Maneuvering: Roll, Pitch and Yaw

When each propeller from a quadcopter produce equal thrust forces, it would simply fly
straight up in the z-direction as previously shown in Figure 4.12. Movement in this axis is
known as throttle and can be done by increasing the power outputted by each brushless DC
motor. This would only be possible if two propellers rotated clockwise and the other two
rotated counter-clockwise at the same speed. Assuming the motors being used are brushless
DC motors, which are typically recommended due to the high-speed requirement, two of the
wires can be reversed in order to reverse the polarity of the motor [47]. This is illustrated

below in Figure 4.16.

Figure 4.16: Reversing BLDC Motor Polarity [47]
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However, a differential speed among the motors is required for the drone to maneuver
forward, backward, sideways, and about the z axis. These are known as roll, pitch and yaw
as illustrated below in Figure 4.17 and Figure 4.18. They allow the drone to both hover and
maneuver. The roll, pitch and yaw are each used to describe the tilting motion of the drone
towards the left or right, towards the front or back, and rotation about the z axis. These
concepts are implemented in the PID controls (which is later described in further detail) that

allow the drone to remain stable throughout its flight.

Figure 4.17: Roll, Pitch and Yaw of a Quadcopter [48]

Figure 4.18: Roll, Pitch and Yaw Summary [49]
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In order to properly describe how to manipulate the motor in accordance to the motion
desired, Figure 4.19 below will be used to refer to motor one, two, three and four. The front

of the drone is assumed to be on the side of motor one and two.

Figure 4.19: Basic Quadcopter Configuration [50]

For the drone to roll side to side, there must be a differential in motor power among the left
and right motors. In this case, motor two and three would have to move slower than motor
one and four to move to the right. Similarly, for the motor to pitch forward, the front motors,
in this case motors one and two, would have to move slower than the back motors, motors
three and four. The reverse of what was described for rolling and pitching would allow the
drone to move to the left and backwards respectively. Rolling and pitching are the essential

motions that allow the drone to move in a square pattern.
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While rolling and pitching seems simple, yawing on the other hand was slightly more
counter-intuitive and complicated to understand. The ability to yaw was due to the
conservation of angular momentum. If each propeller were turning at the exact same speed,
then the total angular momentum would equal to zero since there was an equal number of
propellers turning clockwise and counter-clockwise. However, by slowing down the motors
that are rotating in a specific direction, this would cause the drone to the same way to
compensate for the loss of angular momentum in order to achieve a total of zero angular
momentum. In other words, for the drone to rotate to the right, the green motors (one and
three) would have to spin slower than the blue motors (two and four). In addition to rolling

and pitching, yawing allows the drone to move in a circular pattern.

4.1.4.4 PID Controls and its Role

The ability for a drone to remain stable throughout its flight is provided by the PID control
feedback loop implemented by a microcontroller with a desired setpoint. The drone would
essentially be able to roll, pitch and/or yaw by adjusting this setpoint. PID allows the
measurements of the drone’s current status from the accelerometer and gyroscope to be fed
back and ensures that the drone is running properly and reaching its desired setpoint. The
PID controls consist of three constant terms to be set by the user: proportional (P), integral
() and derivative (D) [51]. Each drone would have its own set of calibration as the thrust
force produced by the propellers and motors varies from one another and drone to drone.
Depending on how well the drone user can maneuver the drone from a controller, the PID

control may not need to be accurately refined or tuned [51].

The proportional term, K;,, outputs a value that is proportional to error measurement, e(t),

from the sensors. Its output value, P, can be described by the following equation:

P = K,e(t) Equation 4.15
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The integral term, K;, outputs a value that is proportional the magnitude of the error
measurement over time fote(r) dt. Its output value, I, can be described the following

equation:

1=K [ e(r)dr Equation 4.16
Lastly, the derivative term, K, outputs a value that is proportional to the rate of change of

the error measurement. Its output value, D, can be described by the following equation:

de(t)

D:Kd qt

Equation 4.17

These three terms could be combined to obtain either of the following equations in a PID
control feedback loop. Equation 4.19 was obtained by factoring out K;, from K; and Ky, since
it was initially a part of those terms from the very beginning. This leaves the integral time,
T;, and derivative time, T, in seconds or other unit of time [52].

de(t)
dt

o)

u(t) = Kye(t) + K; fot e(1)dr + K,

Equation 4.18

u®) = K, (e(®) +1fye@dr + T, Equation 4.19

A feedback control loop can be either only P, PI, PD or PID and never only I or D.
Unfortunately, only having the proportional term results in having a steady state error. By
adding the integral term, the steady state error can be removed by accelerating the value to
move towards the setpoint [52]. However, this can also cause an overshoot if the value is set
too high [52]. Lastly, adding the derivative term allows for the drone to respond quicker, thus
improving settling time and stability [52]. However, it can also amplify noise in the system
that may come from the environment, controller, sensors and other devices. A low pass filter
may be then implemented to improve the signal but may not always work. As a result, the

derivative term is not used often as it may simply worsen the signal response.
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4.2. Phase 2 Theory

brushed DC motors are the most common types of motors and are mainly comprised of a
stator, rotor, commutator and brushes. The circuit of a brushed DC motor is illustrated below

in Figure 4.20.

Figure 4.20: Brushed DC Motor Circuit [13]

The stator typically uses a permanent magnet or electromagnetic windings in order to create
a stationary magnetic field and is depicted by the north and south magnetic poles shown in
Figure 4.21. Similarly, the rotor or armature is comprised of electromagnetic windings which
generate a rotating magnetic field when current runs through the wires shown in green. The
attraction and repulsion of the magnetic poles from the rotor and stator produces a torque and
create the rotating motion. The motor is able to continuously rotate through the help of a
copper sleeve that acts as a mechanical switch known as the commutator [53]. After
completing half a revolution, the current is reversed when the brushes make contact with the

other opposite surface of the commutator [53].
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A close-up of a commutator and brushes are illustrated in Figure 4.21 for better
understanding. This reverses the magnetic poles of the rotor’s electromagnetic windings after

every 180 degrees, which results in the continuous rotating motion of the motor [53].

Figure 4.21: Commutator and Brushes [53]
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4.2.1. Secondary Research

In this section, the secondary research conducted is described to clarify the selection process

of the brushed DC motor and the motor driver.

4.2.1.1 Motor and Driver Sizing

The process of sizing the motor for Phase 2 is illustrated in Appendix C Review Package,
which assumed a 3-inch wheel was being used. The analysis began by creating a trapezoidal
motion profile using a desired velocity and acceleration. These were then used to determine
the maximum and minimum torque required to respectively prevent slippage and allow the
motor to start rotating. A brushed DC motor was then selected using the speed and torque
requirements. Using the specifications of the selected motor, a motor driver was then also be

selected after wards.

A motor driver is a low-level circuit used to drive a motor, typically a breakout board, and
often consists an H-Bridge which allows the motor to change polarity. They can operate

through a digital (in PWM) or analog signal outputted by a microcontroller [30].
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4.2.2. Motor Control

Comparatively to the drone controls in Phase 1, the drive controls in Phase 2 were much less
complicated. A PID control feedback loop was not required as the drone was already stable
on the ground. While sensors may provide information about the position, speed and other

aspects of the drone, none are necessary for the drive portion to function properly.

The drone required a minimum of two motors in order to be able to drive forward, backward
and turn left and right. In order for it to remain stable on the ground, the drone required a
minimum of three wheels. For the drone to move forward or backwards, both driving motors
would simply have to rotate at the same speed in the same direction, either clockwise or
counter-clockwise. To turn left or right on the other hand required the wheel move at different
speeds. Turning left requires the left wheel to rotate at a slower speed than the right and the
reverse is needed to turn right. For the drone to spin about itself, the motors would have to
rotate at the same speed but opposite direction. These are all summarized below in Figure
4.22, where it is assumed that the driving motors are centered in the middle of the drone.
This would also require at least one more additional wheel for the drone to remain stable

while driving.

STRAIGHT TURN LEFT TURN RIGHT

Figure 4.22: Basic Drive Configurations [54]
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4.2.2.1 Reversing Motor Direction and Braking: H-Bridge

In order for the drone to reverse directions, an H-Bridge circuit is typically required to reverse
the polarity of the motors. Motor drivers typically already have this circuitry integrated and
it is also generally recommended to simplify the wiring and software controls. The circuit

diagram of an H-Bridge can be seen below in Figure 4.23.

Figure 4.23: H-Bridge Circuit [55]

An H-Bridge consists of a minimum of four transistors, which are labelled as Q1, Q2, Q3
and Q4 in the figure above. These transistors are basically electrical switches that are used to
control the flow of the current and allow the motor to reverse polarity, or in other words
reverse the direction of rotation. As seen on the left diagram in Figure 4.23, the current can
be controlled by opening transistor Q2 and Q3 and closing Q1 and Q4, or vice-versa. These
configurations may already be pre-programmed and set in a motor driver by actuating only
one switch, which would simplify the entire process by not having to independently control

each transistor.
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4.3. Stress Analysis

Due to time constraints, only a simple stress analysis was performed on the on the hybrid

drone design to emulate normal flying conditions. The results from the stress analysis can be

seen below in Figure 4.24..

Figure 4.24. SolidWorks Stress Analysis Results

According to the SolidWorks Stress Analysis, the maximum von Mises stress would on the
carbon fibre tubes. The exact location can be seen below in Figure 4.25.. The value of the
stress was only 13.94 MPa, much less than the tensile strength of carbon fibre (600 MPa)

[56]. Thus, the design was considered to be safe under normal flying conditions.

Figure 4.25. Highest Stress Location for Drone Design






5. Prototyping and Testing

After selecting the ideal concept for the hybrid drone project and theoretical research was
completed, prototyping and testing began. In the following sections, the manufacturing and
assembly process, along with the electrical wiring and programming processes are outlined.

Finally, the testing process for this project is outlined.

As mentioned previously, this project was divided into two parts after the concept was
selected. The first phase included the development of the drone’s flying phase, and the second

phase included the development of the drone’s driving phase.

The fabrication drawings for all the hybrid drone’s components can be seen in L.

5.1. Phase 1 Manufacturing

In the following section, the methods used to manufacture the components in the first phase
of the project are outlined. An image of the final SolidWorks model for the project can be
seen in Chapter 6.1 Final Concept and Results. An exploded, labelled view of the SolidWorks

model can be seen in Chapter 5.3 Drone Assembly.

5.1.1. Top and Bottom Plates
As the drone required lightweight materials to be used, it was decided that the body should
be composed of a composite material. This ensured that the drone would be lightweight as

well as strong.

Through research, it was determined that a sandwich composite material should be used
(personal communications, G. King, January 8%, 2019). The composite would be composed
of a balsa wood core with carbon fibre and Kevlar facesheets. The carbon fibre and Kevlar

would be bonded to the core with epoxy.

65
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The following steps were taken to manufacture the sandwich composite. It is important to
note that there are no images of the Kevlar in these steps as these images were taken during
the fabrication of an initial version of the top and bottom plates. Later one of the carbon fibre

facesheets were replaced by Kevlar (for aesthetic reasons).

1. Two sheet of a smooth plastic material were cleaned with wax to remove any

contaminants.

Figure 5.1. Smooth Plastic Sheet



2. Squares of carbon fibre and Kevlar were cut from their storage rolls.

Figure 5.2. Carbon Fibre Squares

3. Squares of the balsa wood were cut from a larger storage piece.

Figure 5.3. Balsa Wood Stock

67
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4. The epoxy matrix material was mixed in a container.

Figure 5.4. Mixing Epoxy Resin

5. The carbon fibre was placed onto the smooth plastic sheet and epoxy was added to it.

Figure 5.5. Adding Epoxy Resin to Carbon Fibre Sheet
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6. The balsa wood was placed on top of the carbon fibre sheet and a layer of Kevlar and
epoxy was added. In this image, there is another layer of carbon fibre instead of

Kevlar.

Figure 5.6. Sandwich Composite before the Epoxy Set

7. There was another plastic sheet and weights placed on top of the composite material

allowing the epoxy to set properly.

After the sandwich material was finished setting overnight, the part was cut to size (9°x9”)
with a bandsaw. Then the corners were also cut to remove excess material (as per the

fabrication drawings in ).
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An image of the sandwich material can be seen below in Figure 5.7.. The holes were added

to the part using a drill press.

Figure 5.7. Sandwich Composite during the Drilling Process

During any material removal processes where the carbon fibre or Kevlar was involved, extra

safety equipment was used to avoid inhaling any fibres.
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5.1.2. Carbon Fibre Tubes

To continue ensuring that the hybrid drone was composed of the lightest materials possible,
it was determined that carbon fibre tubes should be used to connect the propeller motors to

the body of the drone.

The following steps were taken to manufacture the carbon fibre tubes. A vacuum was used

to ensure that no fibres were inhaled during this process.

1. The tubes were cut to the correct sizes from the stock material using a bandsaw.

Figure 5.8. Cutting of the Carbon Fibre Tubes
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2. A milling machine was calibrated with an edgefinder to ensure good accuracy.

Figure 5.9. Milling Machine with Edgefinder

3. The holes were added to the carbon fibre tubes.

Figure 5.10. Adding Holes to Carbon Fibre Tubes

4. The excess fibres were removed from the holes and ends of the carbon fibre tubes.



Figure 5.11. Deburring the Carbon Fibre Tubes

An image of a finished tube can be seen below in Figure 5.12..

Figure 5.12. Completed Carbon Fibre Tube

73
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5.1.3. Expansion Clamps
The plastic expansion clamps were used to connect the propeller motor mount to the carbon
fibre tubes. They only required the addition of a hole that would be used to line up with the

holes in the carbon fibre tubes. This was done using the drill press.

5.1.4. Propeller Motor Mounts

The propeller motor mounts were made with thin aluminum sheet metal. Aluminum was used

because it is lighter than steel.
The following steps were taken to fabricate the part.

1. The parts’ feature locations were added to the sheet metal.

Figure 5.13. Scribed Sheet Metal for Propeller Motor Mounts



2. The holes were added to the part using a punch.

Figure 5.14. Punching Holes into the Propeller Motor Mount Parts

3. The individual pieces were separated using a sheet metal brake.

4. The sharp corners were removed from the parts using a sheet metal brake.

75
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5.1.5. Tube Clamps

These parts were used to clamp the carbon fibre tubes so that they would connect to the body
of the drone. They were manufactured from aluminum square tubing to ensure that they were

strong and lightweight.
The following steps were taken to fabricate these parts.

1. The parts’ features were located onto the square tubing.

2. A milling machine was calibrated with an edgefinder to ensure good accuracy (see

Figure 5.9. for reference).
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3. The holes were added to the square tubing using the milling machine.

Figure 5.15. Adding Holes to the Square Tubing with the Milling Machine

4. The parts were cut from the square tubing using a bandsaw.
5. A small amount of material was removed from the parts with the milling machine.

This was done to allow for enough space to clamp the tubes.

Figure 5.16. Removing Material from the Tube Clamps
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An image of the tube clamps can be seen below in Figure 5.17.. The numbering was added

to these parts to ensure proper alignment and the burs were removed from the parts before

they were assembled.

Figure 5.17. Finished Tube Clamps
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5.2. Phase 2 Manufacturing

This section involves less components because the first phase of the project included the body

of the drone. The second phase only involved adding four wheels to the body of the drone.

5.2.1. Rear Motor Mounts
The rear motor mounts were made from an aluminum angle. The aluminum was chosen due
to its light weight and strength. These parts were used to mount the motors used to power the

drone’s wheels.
The following are the steps used to fabricate the rear motor mounts.

1. The parts’ feature locations were added to the stock piece of angle.
The parts were cut from the stock piece using a bandsaw.

The holes in the parts were added using a drill press.

> » b

Excess material from the parts were removed using a sanding machine.

Figure 5.18. Removing Excess Material Using a Sanding Machine



80

5.3. Drone Assembly

In this section, the assembly process for the hybrid drone is briefly outlined. A detailed view

of the drone can be seen in Chapter 6.1 Final Concept and Results.

Below, in Figure 5.19. is an exploded view of the drone can be seen along with the labels for
all the parts. The drawing of this image can be seen in . There are no fasteners included in

this image or drawing.

Figure 5.19. Exploded View of the Final Drone SolidWorks Model

A brief overview of the steps in the drone assembly process can be seen on the next page.
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1. Fasten the rear wheel motor mounts to the bottom plate with two bolts, nyloc nut and
washers each.

2. Attach the rear wheel motors to the rear motor mounts with two screws per motor.

3. Connect the hex mounting hub to the stepped shaft of the rear wheel motor with a set
SCrew.

4. Connect the hex mounting hub to the rear wheels using a screw.

5. Place two washers into each of the caster wheel bolts to ensure alignment with the
rear wheels.

6. Fasted the caster wheels to the bottom plate with a nut.

7. Feed the wires from the rear wheel motors through the slots on one side of the bottom
plate.

8. Place the myRIO microcontroller into the myRIO holders and attach them to the base
plate with two screws, nyloc nuts and washers each.

9. Wire the myRIO microcontroller.

10. Add the bottom half of the tube clamp assembly to the top of the bottom plate with
two nylon bolts and washers each.

11. Place the propeller motors onto the propeller motor mounts using four screws and
washer each.

12. Add the propeller motor mount to the expansion clamp with two nyloc nuts, bolts and
four washers each. The washers are used for alignment.

13. Fasten the expansion clamps to a set of holes on the carbon fibre tubes with one nylon
nut and bolt each.

14. Place the carbon fibre tubes into the bottom tube clamps.

15. Place the top tube clamps onto the long bolts used to locate the bottom tube clamps.

16. Place the top plate onto the long bolts used to locate the tube clamp assembly.

17. Add a nylon washer and nut to protruding long bolts to clamp the assembly together.

18. Add the propellers to the propeller motors with a nyloc nut and Loctite for safety.

19. Secure the 6S LiPo battery onto the top plate with Velcro.

20. Finish any last wiring required.

The next section presents the drone’s wiring diagram.
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5.4. Phase 1 Electrical Wiring

In this section, the hardware and the wiring diagram of the flying mode of the drone are

included. The electrical components used included the following.

e Controller: NI myRIO (accelerometer imbedded)

e Battery: HRB 6S 5000mAh 22.2v 50C-100C RC Lipo Battery with XT90 Connector
e Electronic speed controller — Hobbywing XRotor G2 45A 4-in-1 ESC — BLHeli 32
e Brushless DC Motors: EMAX RSII Race Spec 2306 —1900kv Motors

e Gyroscope: NI myRIO Mechatronics Kit gyroscrope (L3G4200D 3-Axis Gyroscope)

The way in which these components were connected are shown in the wiring diagram below

in Figure 5.20.

Figure 5.20: Drone Hardware Wiring Diagram
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The ESC was directly powered by the battery, which in turn powers the four BLDC motors.
Through the 10 V output from the ESC, the myRIO was powered and communicated with
the ESC and gyroscope through PWM and I°C protocol. Details regarding the MXP
Connectors are displayed in Figure 5.21.

Figure 5.21: MyRIO MXP Connector Details
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5.5. Phase 2 Electrical Wiring

The electrical components used in driving mode of the project include the following

components.

e Controller: NI myRIO

e Battery: HRB 6S 5000mAh 22.2v 50C-100C RC Lipo Battery with XT90 Connector

e Step-Down Voltage Regulator: DROK DC-DC Buck Boost Converter (Input: 5-32V,
Output: 1-30V, 10A)

e Motor Driver: Sabertooth Dual 25a 6v-24v Regenerative Motor Driver

e Brushed DC Motor: Polulu 20.4:1 Metal Gearmotor 25Dx50L mm HP 12V with 48
CPR Encoder

How these components were connected are shown in the wiring diagram below in Figure

5.22, which also includes the details of the MSP Connectors.

Figure 5.22: Drive Hardware Wiring Diagram


https://www.amazon.ca/gp/product/B0173CLYCA/ref=ppx_yo_dt_b_asin_title_o01_s01?ie=UTF8&psc=1
https://www.amazon.ca/gp/product/B0173CLYCA/ref=ppx_yo_dt_b_asin_title_o01_s01?ie=UTF8&psc=1
https://www.amazon.ca/gp/product/B0173CLYCA/ref=ppx_yo_dt_b_asin_title_o01_s01?ie=UTF8&psc=1
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5.6. Phase 1 Programming

The programming for the hybrid drone was done using LabVIEW, which was the main
software compatible with the myRIO microcontroller. It is unique as it utilizes block-based
coding rather than text-based. Programming in LabVIEW involves a front panel and a virtual
instrument (VI). The front panel is the user interface which allows the user to manipulate
values and control the program as desired. On the other hand, the VI is where the main code
resides and connects the block coding through wirings. SubVIs may also be implemented
and are analogous to functions in text-based coding. They are essentially multiple blocks
compressed in a single function block that serves a specific purpose. In the following
subsections, the front panel and virtual instruments are shown and explained in detail

regarding their function and purpose in controlling the hybrid drone.

5.6.1. LabVIEW Front Panel

The main drone controls are shown below in Figure 5.23. In this part of the front panel, the
throttle is adjustable by increasing the duty cycle via the horizontal bar. Bar and numeric
indicators are set to allow the user to keep track of each motor’s PWM input. Controls for
the pitch, roll and yaw are also included to allow the drone to maneuver. Lastly, a stop button

is set to halt the program in case of emergencies.

Figure 5.23: Drone Controls Front Panel
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High level data about the drone is displayed in the part of the front panel shown below in
Figure 5.24. To ensure the drone is flying accordingly, some graphs were included to display
the feedback signal from the PID. This would be helpful as these graphs could show how the

signal changes over time and would be the first graphs to investigate when troubleshooting.

Figure 5.24: Drone Graphical Data Front Panel
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The PID controls are shown below in Figure 5.25 and required three terms as previously
mentioned in section 4.1.4.4 PID Controls and its Role: proportional, integral and derivative
term. A PID control about each axis was required to fully stabilize the drone. These

parameters were set to be adjustable in order to find the optimal value of each term.

Figure 5.25: PID Controls Front Panel
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The section of filter controls in the front panel is shown below in Figure 5.26. Three buttons
are included which engages the filter, filter parameters and averaging. The filter parameters
include the low cut-off frequency, sampling rate, filter order and number of points to average

over and are adjustable to allow the user to find the optimal value when testing.

Figure 5.26: Filter Controls Front Panel
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In addition to the graphical data from Figure 5.24, more graphs were provided in the front
panel to display the raw data of the gyroscope and accelerometer, the converted data of the
accelerometer from g-force to degrees and the unfiltered angles of the drone about each axis
as seen below in Figure 5.27. This offers the user more information regarding the inner

workings of the system when troubleshooting.

Figure 5.27: Drone Troubleshooting Graphical Data Front Panel



90

5.6.2. LabVIEW VI

The code created to control the flying mode of the drone utilized data gathered by the
accelerometer and gyroscope. A complementary filter was implemented to combine the data
in order to get a more accurate and precise measurement of the drone’s angular position. The
data was then averaged and filtered using a low pass filter to produce a smoother signal and
remove externals and internal noise from the environment and electronic system. Through
PID controls, a feedback loop was created to stabilize the drone mid-flight, to a desired
setpoint. The generated signal from the PID was then used to adjust the PWM input to the
drone motors, which regulated the thrust force and angular momentum of each motor. This
allowed the drone to hover, roll, pitch or yaw by changing the desired setpoint. Details of the

code are further explained in the following sections.

5.6.2.1 Accelerometer Code

The first step in implementing the controls was gathering the data from the accelerometer
and gyroscope. The accelerometer used for this project was the FGPA myRIO onboard
accelerometer and deals with three of the six degrees of freedom the drone would have during
flight: the linear motion about the x, y and z axes. The program used to extract data is based
on the default VI that appears when a new VI from a project file. It utilizes the accelerometer
function block, as seen below in Figure 5.28, to input linear acceleration about each axis,

which have a pre-programmed direction on the myRIO microcontroller.

Figure 5.28: FGPA MyRIO Onboard Accelerometer VI
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This extracted data, however, was in the units of g-force. The g-force unit in all three
direction was converted to degrees by using trigonometry [57]. Equations 5.1, 5.2 and 5.3
were used to obtain the degree of tilt from the x-axis, 8, y-axis, Y, and z-axis, ¢, from the
accelerations about the x-axis, Ay, y-axis, Ay, and z-axis, A,. These angles respectively
correspond to the variables “x,” “y” and “z” in the formula node (in Figure 5.28), which were

also converted from radians to degrees.

0 = tan~!| —= Equation 5.1
/A§,+A§
A .
Y =tan™! 24 Equation 5.2
’A,ZC+A§
. AZ+45 '
¢ = tan™ Equation 5.3
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5.6.2.2 Gyroscope Code

In addition to gathering data from the accelerometer, measurements from the gyroscope were
also essential as they dealt with the last three of the six degrees of freedom: the rotational
motion about the x, y and z axes. The gyroscope used was the L.3G4200D three-axis
gyroscope and communicated with the myRIO controller via I>C communication protocol. A
program was developed using the example program for this gyroscope that came from the

National Instrument (NI) myRIO mechatronic kit [58] as seen below in Figure 5.29.

Figure 5.29: L3G4200D Three-Axis Gyroscope VI

The data extracted from the gyroscope was in the form of clustered bytes, which were
indexed to separate each one and then joined together to form a word integer. The angular

speed about each axes was then initially being measured in units of LSB per second and was

mDPS mDPS

converted to degrees per second by using the gyroscope sensitivity 8.75 wo ° T35 [59]

as seen in the formula node in Figure 5.29. This data along with the one from the onboard
accelerometer were then combined using a complementary filter to obtain a more stable and

accurate data regarding the drone’s roll, pitch and yaw angle.
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5.6.2.3 Complementary Filter

The complementary filter served to remove the error that grows over time from the gyroscope
and the high frequency noise from the accelerometer. This was done by summing a small
percentage of the accelerometer data and a large percentage of the gyroscope data in order to
combine the short-term benefits of the gyroscope and long-term benefits of the
accelerometer. The gyroscope allowed the drone to detect short-term changes in the signal
and maneuver when needed while the accelerometer ensured that the drone maintained
stabile in the long run, whether it was simply hovering or moving at a constant speed. All of

this was done for each axis.

Figure 5.30: Complementary Filter VI

The equation used to implement the complementary filter is as follows, where a and (1 — a)

are the high and low pass constant [60].

angle; = a(anglei_1 + anglecymdt) + (1 — a)angley.. Equation 5.4
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For this project, 99 percent of the gyroscope data was used for the total angle while only 1
percent came from accelerometer as shown in the formula node above in Figure 5.30. The
typical percentages were respectively 98 and 2 percent, but due to the large amount of noise
from the accelerometer, these were changed accordingly. The total angle about each axis was
then filtered and averaged to reduce any leftover errors even further and obtain a smoother

response signal.

However, it was found that implementing the complementary filter on the z-axis was not
useful. Its equation was included but the result was not used in the PID controls because its
rotation about the z-axis (yaw angle) was not found to be the same as the degree of tilt about
the z-axis, ¢. For the accelerometer, gravity was used as a base reference to determine
whether the drone was either rolling or pitching. As a result, yawing can only be detected by
the gyroscope and not by the accelerometer since gravity only acts along the one axis. This
also meant that while the zero error for the yawing could be calibrated in the beginning, it

could never be completely removed because of the gyroscope’s inherent ramping error.
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5.6.2.4 Filtering and Averaging

Additional filtering and averaging are typically required to remove any unwanted
disturbances and to further smoothen jagged signal after the complementary filter. The code
for this step can be seen below in Figure 5.31 along with the details in Figure 5.32 and was

based from a code found online aimed to filter accelerometer noise [61].

Figure 5.31: Filtering and Averaging VI
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Figure 5.32: Filtering and Averaging SubVI

For this VI, the filter used was a low-pass Butterworth filter, which required three essential
parameters that were needed to be set and determined by the user, including the filter low-
cut off frequency, the sampling rate and the order of the filter. Additionally, the number of
points to average over was another parameter that required user input. However, through
experimentation, it was found that implementing the filter did not have much effect in
filtering the noise from the signal. This was most likely because the vibrational noise from
the motors were approximately the same or lower than the frequency signal from the
accelerometer. The low cut-off frequency was also only found to be effective at a frequency
near the sampling rate. As a result, implementing the filter seemed to remove both noise and
the desired signal. However, averaging was found to be very useful in smoothening out the

signal.
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5.6.2.5 PID Controls

The PID controls introduced a feedback loop based on the data gathered from the
accelerometer and gyroscope, which went through a complementary filter, low-pass filter
and an average calculator, mentioned in the previous sections. This allowed the drone to
maintain a specific position in the air by keeping the setpoint at zero degrees or changing it
for the drone to roll, pitch or yaw as desired. The code for this part is shown below in Figure

5.33 and was created with the help of a quadcopter simulator code found online [62].

Figure 5.33: PID Controls VI
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From the PID function block, limits on the output could be set, which was in terms of the
rotation angle of the drone from a specified axis. The output was converted to a PWM value
that was either added or subtracted from the motor control inputs to adjust the thrust force
and rotational momentum produced by each propeller. Moreover, the PID terms, in this case
K,, T; and T4, could be numerically controlled to finely tune their values through
experimentation in the testing phase of the project. Rolling, pitching and yawing would then

also be possible by changing the setpoint about the x-axis, y-axis and z-axis.

5.6.2.6 PWM Motor Controls
As the flying mode of the drone used brushless DC motors, PWM was used to control their
speeds. The location of the drone motors is shown below in Figure 5.34 to help explain how

they would be affected when rolling, pitching and yawing.

Sl
P

Figure 5.34: Drone Motor Configuration
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When rolling, the motors on either the left or right side would need to be weaker than the
other side for the drone to tilt and maneuver in that direction. This is similar for pitching,
except the motors would be paired in terms of the front side and back side. Yawing would
require slowing down the motors that are rotating in the direction the user wants the drone to
rotate towards. In other words, to rotate to the left, the user would have to make motors 1 and
4 slower than motor 2 and 3. These concepts, which were also discussed in section 4.1.4.3
Drone Maneuvering: Roll, Pitch and Yaw, were then used to create the following code in
Figure 5.35 to ensure the drone maintained the desired angle of tilt by adjusting the PWM

input to each motor. Other inputs also include the zero error and frequency of the motors.

Figure 5.35: PWM Motor Controls VI
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5.7. Phase 2 Programming

In addition to the flying controls implemented in Phase 1, drive controls were also applied in
order for the hybrid drone to maneuver on the ground. Similarly, a user interface and code
were created in the front panel and VI, which are explained in further detail in the following

sections.

5.7.1. LabVIEW Front Panel

The drive controls for the hybrid drone is shown below in Figure 5.36, where the forward or
backward driving and left or right turning speed are controllable via the vertical and
horizontal bar control. The driving speed in each direction can also be calibrated via the zero

error numeric controls in the bottom left of this panel.

Figure 5.36: Drive Controls Front Panel

5.7.2. LabVIEW VI

In this section, the main code for the driving aspect of the project is illustrated and explained.
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5.7.2.1 Drive Controls

The drive controls include for the drone utilized an analog input with a forward/back and

left/right control as shown below in Figure 5.37.

Figure 5.37: Drive Controls

The speed of the motor was implemented by adjusting the voltage input to the brushed DC
motors. Moving forward or backward was associated with inputting a voltage greater or less
than 2.5 V respectively. The drone was able to turn left, or right by applying a speed
differential between the two motors. Turning to the right involved making the left motor spin

faster than the right one.
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5.8. Phase 1 Testing

The beginning of the testing for Phase 1 started with varying the speed of one brushless DC
motor with its propeller. This ensured that they functioned properly. Afterwards, the
gyroscope and accelerometer were individually tested. The responsiveness of the motor to
these devices was then tested by creating a simple feedback loop once they were functioning

properly and generating data.

The testing phase then continued by assembling the drone and testing all four motors and
propellers at once. The first main goal was to get the drone to lift off the ground, which was
expected to be at approximately 50 percent duty cycle. Once this was achieved, numerous
tests were conducted in order to get the drone to fly off as evenly as possible. After each test,
the motors were calibrated by fixing their zero errors in the LabVIEW code. This was
followed by correcting the PID values, which aimed to stabilize the drone once it started
flying. The tests focused on minimizing the rotational and linear speed when the drone started
flying towards a certain direction as it simply hovered above the ground. Other variables that
were also adjusted included ones from the complementary filter, low-pass filter and average
calculator. Throughout these testing phases, personal protective equipment (PPE) were

constantly worn due to the dangerous high speed required from the motor and propeller.

5.9. Phase 2 Testing

Testing of the drive mode controls were much simpler than for the drone controls as stability
was less of an issue on the ground. One brushed DC motor with and without the wheel was
initially test by itself. Once the subassembly was functioning properly, both motors and
wheels were assembled onto the drone itself. Then, their forwards and backwards motions
were tested as well as the drone’s ability to turn left and right. The motors were also calibrated
for their zero errors as they used an analog signal that required an input of 2.5 V to stop the
motors from turning. Increasing the voltage above 2.5 V allows the motors to rotate one

direction, which was reversed by decreasing it below 2.5 V.



6. Discussion of Results and Conclusion

In the following section, the final concept and results are described, including the
manufacturing, electrical and programming challenges encountered throughout the
prototyping and testing phases of the project. The future work also includes various
refinements that could be implemented, such as improvements in weight reduction,

aesthetics, software controls and electrical wiring.
6.1. Final Concept and Results

The final concept of the hybrid drone that was successfully prototyped consists four
propellers and four wheels, where two of the wheels were the drive wheels and the other two
were assembled for stability. An image of the final concept is shown below in Figure 6.1.
The drone weighed approximately 2.5 kg. The final assembly fit within an envelope of 2 ft
by 2 ftby 1 ft.

Figure 6.1: Final Hybrid Drone Concept

A front view of final concept SolidWorks model can be seen below. Followed by a side view

and a top view in respectively. These images do not include fasteners.
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Figure 6.2. Front View of Final Drone SolidWorks Model

Figure 6.3. Side View of Final Drone SolidWorks Model
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Figure 6.4. Top View of Final Drone SolidWorks Model

As the drone was not designed to perform any tricks or flips, the maximum rotation assumed
for the drone was plus and minus 90 degrees about the x- and y-axis. This was linearly scaled

for the drone to produce an increase or decrease in PWM input of up to 15 percent.

From the testing phase of the project, the PID controls were applied and fine-tuned to
optimize the response signal. The optimal PID values, K, T; and T; were found to be
approximately 0.5, 25 and 0. Implementing the derivative term was not found to be beneficial
as it would simply amplify the noise in the system and produce worse results. Moreover,
implementing the PID controls about the z-axis or yaw angle was not found to have much

effects in simply trying to get the drone to hover. Especially, since the only feedback for this



106

direction came from the gyroscope and not the accelerometer, an error in the signal was
unavoidable. Only the zero error could be removed in the beginning, but not the ramp error.
Moreover, averaging up four samples was found to be the optimal value that provided a

smoother and less noisy signal while maintaining a reasonable real-time response.

Unfortunately, despite finding the optimal values, the drone was still found to have difficulty
in hovering on the spot as it would spin and eventually veer off towards a certain direction.
The drone had to be stopped at that point in order to prevent the possibility of crashing.
However, the drone was ultimately able to lift from the ground and drive on terrain, proving

its ability to fly and drive, which was the main objective of this project.

Furthermore, it was observed that since the driving mode of the drone required lower
amperages and voltages, it was able to use less battery power than the flying mode—

increasing efficiency.
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6.2. Conclusion

Overall, this project was completed on May 3™, 2019 as the objectives of the projects were
met as a fully functional drone prototype was built and controllable for Buzz Drone Inc.
Despite having a few issues with the controls, the drone was nonetheless capable of flying

and driving on the ground, which ultimately saved energy and reduces power consumption.

The hybrid drone was approximately 2.5 kg and fit within an overall size of 2.5 ft*. The
hybrid drone utilized four propellers and four wheels, where two of the wheels were driven
by motors. Most of the electronics were secured between the manufactured composite
baseplates except for the battery and gyroscope. The drone was controlled through the
myRIO microcontroller and LabVIEW software. The user interface and code were integrated
in the LabVIEW front panel and virtual instrument (VI). Through the front panel, variables
could be modified in order to adjust the software controls as required. Overall, the drone was
unique lightweight, portable, compact, robust, easy to use and reliable as required by the

customer needs.
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6.3. Project Challenges

In this section, the main manufacturing, electrical and programming challenges encountered

in this project are explained in the following sections.

6.3.1. Manufacturing Challenges

For this project, one of the biggest manufacturing challenges was ensuring proper alignment.
With the drone’s clamping mechanism used to hold its body together, it was important that
the holes of the clamps, and the baseplates lined up correctly. It was also important that the
propellers be as horizontal as possible to efficiently fly in the air. Thus, special care had to

be taken when drilling and milling most of the components in the project.

Another manufacturing challenge was working with composites and creating the sandwich
composite. This process took a few different iterations before a suitable top and bottom plate
were created. This was because large air bubbles had formed in previous versions of these
plates. It was found out that using less epoxy was actually better to ensure that no air bubbles

formed.

6.3.2. Electrical Challenges

Some of the electrical challenges that the team faced originated from the soldering of heavy
gauge wires, the voltage and current requirements for the motor drivers, and accidental

drainage of the battery.

The battery selected used 10 AWG wires that were soldered to a female XT90 connector,
which was used to initially power the ESC. It was required that an adaptor be created to
connect the ESC to the battery, which involved using the same gauge wire and a male XT90
connector. However, it was found to be difficult to solder the wires onto the XT90 connector
utilizing a typical soldering iron. Thankfully, a high-power soldering gun was acquired,

which was extremely effective for this task.
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Afterwards, it was found that the motor driver that was initially chosen, Digilent Motor
Adapter for NI myRIO, could only output a maximum of 1.5 A. Due to time constraint, this
component was replaced by an on-hand Sabertooth Dual 25A 6V-24V Regenerative Motor

Driver which met the specifications requirement by the brushed DC motors.

Lastly, during the testing phase the cells in the 6S LiPo battery used to power the hybrid
drone were unknowingly and significantly discharged below 3 V, killing the battery. It was
later found out that this had occurred because the battery charger being used was faulty.
Fortunately, a functional charger was able to be borrowed from another team, allowing this

project to continue.

6.3.3. Programming Challenges

The challenges in the software side of the project includes implementing the drone controls,
which included optimizing the feedback signal through using a complementary filter, average
calculator and PID. Determining which variables to change was found to be challenging as
there were many that could be manipulated. These include the high and low pass constant in
the complimentary filter, the cut-off frequency, order and sampling rate of the low pass filter,
the number of samples to be averaged, the PID limits, the motor zero errors, the range of
PWM compensation and the PID terms (proportional term, K, integral time, T;, and

derivative term, Ty).

Another challenge was implementing the user interface to control the drone. Initially, an
Xbox controller was going to be used as the drone controller. However, the code used to
receive inputs from the controller was not compatible with the main code controlling the
drone. As a result, the user interface for the drone was limited to the controls on the front

panel provided by LabVIEW, on a labtop.
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6.4. Future Work

The future work for this project consists of improvements in the mechanical, electrical and

programming aspects of the drone, which include the following.

e replacing the number of metallic parts with plastic ones (screws, tube clamps, motor
clamps, drive motor mount, drive motor coupling, bolts on caster wheel)

e adding protection for the propellers

e organizing and trimming wires

e using a lighter motor driver

¢ fine tuning the PID values

e integrating a remote controller for the user

e adding a GPS and optical sensor for better control

e reselecting new motors and propellers for better maneuverability (at the cost of a

larger size)

Implementation of these improvements would increase the flight time, maneuverability and

controls of the drone.
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Company Background

Buzz Drone Inc. was started in 2012 by a group of highly motivated individuals. They shared
a vision of the future, where drones would be used everywhere and by everyone. From
military purposes to package delivery, drones are uniquely capable of many different
applications due to their portability, affordability, and modularity. The company is based in

Langley, British Columbia, near the popular Honeybee Centre (hence the company’s name).

The focus of Buzz Drone Inc. has been the manufacturing and selling of a variety of drone
concepts. Recently, they have had major success through the mass production and

commercialization of the popular “Banana Drone”.

As such, Buzz Drone Inc. is requesting a proposal from a variety of strong organizations, for
a compact, foldable drone design to be manufactured and sold by the company — which will
garner the same success as the “Banana Drone”. The requirements, objectives, and overview

of the project can be seen below along with other important details.
Project Overview

In an ever-changing, fast-paced world, new concepts and ideas are needed to continue
competing with modern technology. One of the projects being developed at Buzz Drone Inc.
i1s a new compact, foldable drone, that can fly and travel on land. In other words, a drone
with a combination of propellers and/or wheels. The purpose of the project is to investigate

a new and interesting drone concept that has not yet been popularized.

Buzz Drone Inc. has worked on this project in the past, where they completed an unfinished
prototype. While the concept was interesting, its validity was not confirmed. Their past
work is still documented and may be reviewed to serve as a baseline or as a reference for

gathering ideas.
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Project Goals and Target Audience

The compact, foldable drone design will be used to help Buzz Drone Inc. target a new
audience and gain success in a different drone sector. Previously, the “Banana Drone”
appealed to an audience of zoologists who study monkeys. With this new design, they are
hoping to target a broader, more inclusive audience. Specifically, they hope to target drone
enthusiasts/hobbyists, videographers, and miners. Buzz Drone Inc. is hoping that the
originality and versatility of the compact, foldable design will appeal to these customers,
leading to a monetary profit. This drone concept is planned to be mass produced and sold in
the future; thus, a functional prototype of the design should be completed as validation of its

manufacturability and functional feasibility.
Project Requirements

For this project, the deliverables should include a SOLIDWORKS model of the drone,
fabrication drawings, and a manufactured and tested physical prototype. A stress analysis

should also be conducted to validate the drone’s design.

The drone should use either a BeagleBone or Raspberry Pi microcontroller to maneuver the
drone. The microcontroller should also be programmed using MATLAB Simulink software.
Ideally, the drone will be autonomous (GPS controlled), but may also be controlled using a

remote controller (computer, iPad, iPhone, Xbox controller, etc.).

The scope of work for this project includes the manufacturing, purchasing and integration of
the physical components, the electrical wiring, and the controls programming. The drone
should be desktop-sized (1-2 ft*), and should also be stiff/strong enough to handle its own
weight on land and survive slight impacts. Furthermore, the drone should be lightweight
enough to fly in the air. The propellers must be made of a material with a high stiffness-to-
weight ratio to address these issues and to be efficient. The drone must be stable on land and

in the air.
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Proposal Selection Criteria

To select the best organization for this project, Buzz Drone Inc. will consider the feasibility
of the final compact foldable drone concept, its estimated cost (of the prototype), and the
originality of the final concept. As enthusiasts are typically willing to pay more money for
original, interesting designs, the cost will not be as important. However, the feasibility of
mass-producing the design is extremely important, more so than originality. This is because,
if the drone cannot be manufactured, then it cannot be sold to generate a profit. Only

proposals, which meet the format outlined in the next section, will be considered.
Proposal Submission Criteria

Please submit your project proposal by 8:30 am on Tuesday, October 30%, 2018. Any
proposals submitted later will be excluded from consideration. The project proposals should

be submitted as a PDF email attachment to the address, buzzdroneinc@buzz.com.

The proposal should include, at a minimum, an introduction of your organization and team,
your proposed drone concept with justifications, the estimated budget, a task list, and the
project’s schedule (including major milestones). Please include other pertinent information,

and sections per your judgement.

Appendix B. Buzz Drone Inc. thanks you for your time. Only the selected organization will

be contacted, moving forward.
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B.1. Work Breakdown Structure
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B.3. Simplified Gantt Chart
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B.4. Milestone Chart
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Introduction

This document will include the necessary information required to complete a Preliminary Design
Review for the second phase of the project, as its design is nearing completion. A description of

the two phases of the project is outlined in the next section.
Current Product Development Specifications

The objective of this project was to design a lightweight, compact drone which has the ability to
drive on land. This will allow the battery power to be conserved as driving on land does not require
continuous power. The drone can rest on land and move more easily instead of landing and taking
off. Furthermore, this can allow the drone to maneuver in different locations, including ones where

flying is not ideal.

This project has been divided into two phases. The first phase represents the flying aspect of the

design, and the second phase represents that driving aspect.

The technical requirements can be seen below in Table C.1.

Technical Requirements
Transport Canada Drone Regulations Flight below 90 m above ground
Weigh less than 35 kg
Max Overall Size 2.5ft3
Max Weight 8 lbs
Max Air Speed 8-15m/s
Max Land Speed 1-3m/s
Cost of Components $500
Materials Mostly composites and plastic
Controller MyRIO

Table C.1: Technical Requirements
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There are a few limits and exclusions associated with this project which are relevant to this design

review:

e the design should use mostly off-the-shelf components,
e there will be no power efficiency calculations,

¢ and the drone will be restricted to simply motion.

Calculations

The following calculations were completed to specify an appropriate motor for the rear wheels of

the design. Any comments or suggestions regarding these calculations are welcome.

v(me),
\

O £ —i 6 — Y6
I b o

Figure C.1: Desired Motion Profile of the Rear Motors

As represented in Figure C.1, the motor should be able to drive with a minimum speed of 1 m/s
(v). This should be accomplished within 1 s (t,). For these calculations, the assumed wheel radius

was 1.5 inches or 0.0381 m (7). A gearbox ratio (N) of 5 was also assumed.



Calculating Angular Speed Requirement

v 1 _2625rad( rev )<60$)_251
w_;_0.0381_ ' s 2w rad/ \min/ rpm

Calculating Total Moment of Inertia

) . v 1 m
Linear acceleration: a, =—===0.5 =
t, 2 52
Angul leration: @ =22 = 2> _ 13153 1%
ngular acceleration: @ = —= = ooaoz = 13. =2
, . . _ ]wheel
Total moment of ineria required to overcome: Jiotqr = NZ + Jimotor
1
= Jwheet = imr
%mrz
= Jtotar = “eNZ + Jmotor
%mrz
But, Inotor not known yet = Jiorar = “eNZ
Assuming efficiency, € = 100%,
1 2
> (0.034)(0.0381)
= Jtotal = 2 = 9.8705E — 7 kgm?

Calculating Total Minimum Torque Required

Ttotar = Jtotar®@ + Tfriction

Jeotar®@ = (9.8705E — 7)(13.123) = 1.2951 E — 5 Nm
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Figure C.2: Free Body Diagram of Drone Assembly

Note: there is an additional wheel behind the middle wheel with a mass of mg4.

To simplify calculations, it will be assumed that the masses of all the wheels are the same (m =
ml = m2 = m3 = m4). Therefore, the normal force and friction force acting on each wheel will
be assumed to be the same as well (N =N; =N, =N3 =Nyand Fp = Fpy =Fpp = Fp3 =
Fr4). As well, the total mass, M, will be equal to 2 kg and the mass of the body, m,,, will be equal
to 1.5 kg.

The following system of equations can be found from the Free Body Diagram in Figure C.2:

Z M, = 2T — 4F;r = 4la + mya,, where I = Jiorq a

ZFx = 4F; = Ma,

m
From }F, - 4F; = Ma, = (2 kg) (0.5 5_2)
(2 kg) (O.SS@)
Fr = - = 025N

From YM, - T = 4la + mya,d + 4Fr
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4(3.8861 E — 5 Nm) + (L5 kg) (0.5 ’S"—Z) (0.127 m) + 4(0.25 N)(0.0381 m)
T =
2

Toin = 0.06683 Nm

To ensure no slippage, Ff was compared to the static friction force (Frs). A static friction

coefficient (ug) of 0.05 was assumed.

Frs = usN

2 m
Frs = 0.5 (5 kg ) (9815)
Since Frs; was greater than Fy, the wheels will not slip when T,;,, is applied.
Calculating the Maximum Torque Limit
Similarly to Tpyn = Tpax = 4la + mya,d + 4Fr
m
Tmax = 4(3.8861 E —5Nm) + (1.5 kg) (0.5 ?) (0.127 m) + 4(3.27 N)(0.0381 m)

Tmax = 0.59375 Nm
Therefore, the desired motor torque is between 0.06683 Nm < T < 0.59375 Nm Nm.

Once the final motor is specified, the calculations will be redone to include J,,ot0r-
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LabVIEW Code

Below in Figure C.3 and Figure C.4 are the two basic codes that will be used to control the DC
and Servo motors in the driving aspect of the design. To simulate an analog signal, PWM will be
used as the input to these motors to control the speed for the DC motor and position for the Servo

motor.

Figure C.3: DC Motor Control Code with LabVIEW

Figure C.4: Servo Motor Control Code with LabVIEW
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SolidWorks Model and Areas of Concern

As this Preliminary Design Review is focusing on the second phase of the project (the driving
aspect), the focus of this section will be in this area. Therefore, suggestions and feedbacks about

the following topics are welcomed:

e An alternative design to the front wheel assembly
e A way to move the back wheels farther to the back

e How to implement suspension/shock absorption into the design
Other parts of the design that also require suggestions and feedback are stated below:

e Method of securing battery

e Adding a cover to prevent damage to the propellers
An isometric view of the overall drone design can be seen below in Figure C.5.
Different views of the rear and front wheel assemblies can be seen on the next few pages.

Please note that any suggestions should ideally require minimal changes to the first phase of

the project (including the body) as it is already being manufactured.



138

Figure C.5: Model of Overall Drone Design

Figure C.6: Model of Front Wheel Assembly
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Figure C.7: Exploded View of the Front Wheel Assembly
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Figure C.8: Model of Rear Wheel Assembly
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Figure C.9: Exploded View of the Rear Wheel Assembly
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Gantt Chart

The schedule for this project is shown in Figure C.10 where the milestones are illustrated in black stars. The team is on schedule with

all the tasks needed to be achieved and are currently also working in the phase 2 of the project.

a O O O a o O
Week XY YTIIRYZINYQQq9333233333333332333
J L T L L S S - U G U
55000Ocuwwwwmmmmmmwmmmmmnang}_ammm
8z z2 22883 2ayysrzzz==2235<L353222
on O~ — n
Task N d 8338822538033 RI BT I RLSc 33 8aR
Research Literature Review

Concept Generation

Concept Selection and Validation
Design SOLIDWORKS Model and Stress Analysis

Fabrication Drawings

Bill of Materials

Manufacture Components

Phase 1: Prototyping Purchase Components
Assembly
Manufacture Components
Phase 2: Prototyping Purchase Components
Assembly

Testing of Phase 1 Prototype
Testing of Final Prototype
Proposal Presentation
Design Review
Documentation Final Report

Final Presentation

Mech Expo

Testing

Milestones

Figure C.10: Gantt and Milestone Chart



143

Project Risk Analysis
The following is a list of potential risks and mitigations for the second phase of the project:

1. Accidentally destroying parts during the testing phase
e Doing incremental testing to ensure that we are aware of how the drone will
behave
2. Integrating controls from both phases of the project
e [fthe controls cannot be integrated, two microcontrollers may have to be used
3. Precision of manufacturing processes
e Minimizing the requirement for precise manufacturing
e Using mostly off-the-shelf components
e Using simple geometry
4. Lead time of the phase two components
e Ordering components within one week after the design review
5. Phase two components of the project being too heavy

e Prioritizing component weight over other aspects
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