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The increasing popularity of quadcopters as intelligent agents in the swarm robotics
community warrants development of suitable hardware platforms. Meanwhile the
scale of standard quadcopters is decreasing as smaller components become less
expensive and more readily available. This project report describes the research
and development of a small scale quadcopter with the intention of deployment as
a hardware platform for robotic swarm research. Drawing on recent designs the
approach is to use a circuit board as the frame but also to keep the propellers in

the same plane as the board which is novel for a quadcopter of this scale.

The amount of thrust produced by the final design proved incapable of lifting the
weight of the craft but the work done serves as an ideal starting point for the
next design revision. This should seek to optimise both mass and available thrust.
Control firmware and additional hardware peripherals are also developed along

with analysis software.
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Chapter 1

Introduction

Quadcopters! are aerial Vertical Take Off and Landing (VTOL) vehicles that use
four columns of lift to achieve flight. The craft is known for being based upon
simple principles, when compared to other rotor aircraft, and has recently become
more popular because of the increase in consumer processor specifications which
are needed to implement the necessary control algorithms. Many open-source
designs already exist for standard size quadcopters, such as Lim et al. (2012), but
more recent implementations are favouring smaller scale designs as the necessary

hardware overheads scale down and the efficiency of components increases.

Swarm robotics is an interesting approach to multi-agent systems. A biologically
inspired swarm uses many simple robots to complete complex tasks (Mohan and
Ponnambalam, 2009). Disassociating a quadcopter from the complex control and
flight dynamics it can be considered as quite a simple robot which can be integrated

into such a swarm; figure 1.1.

FiGure 1.1: A formation of 20 micro quadrotors in flight. Taken from
Kushleyev et al. (2012).

L Also known as quadrocopters or quadrotors

1



2 Chapter 1 Introduction

1.1 Flying circuit boards

A conventional quadcopter has a main body from which four arms extend to hold
the motors and propellers but when the objective is to make the vehicle as small
as possible this renders a traditional approach inefficient. Area overheads for
the arms and motor housing not only increase dimensions but also weight. This
requires larger amounts of lift to achieve stable flight therefore adding weight to
the design. This vicious cycle continues until the design is beyond the constraints
of the specification. In an attempt to keep copters as small as possible designs exist
based around a single Printed Circuit Board (PCB) which is used as the frame
as well as the medium for circuit construction. Figure 1.2 contains a prototype
for the open source Crazyfile nano quadcopter which was developed throughout
2012 and went on sale as kit in February 2013. Aimed at hobbyists this is a prime

example of a single board solution.

FIGURE 1.2: Crazyfile (Rev.B). Taken from Bitcraze.

1.2 Why quadcopters?

Robots are used for tasks that humans don’t want to work on which can be be-
cause they are too dangerous or simply too tedious. Quadcopters have an advan-
tage when it comes to dangerous situations because of their freedom of movement;
unlike grounded robots that may encounter issues with terrain in such situations.
Swarms of quadcopters have been applied to research in the field of post-disaster
infrastructure repair (Alvissalim et al., 2012) along with search and rescue (Al-
murib et al., 2011). They can also track movements and coordinate sub-swarms
of ground agents. Figure 1.3 shows a quadcopter configured to coordinate ground

units using a downward facing camera and attempting to resolve the local image
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plane to the ground plane which contains the sub-swarm agents. All swarms ref-
erenced in this section are developed either using bespoke agent architecture or
adapted from hobbyist consumer grade quadcopters hence the need for versatile

development platforms.

ground plane

FIGURE 1.3: Frames of reference. Taken from Zhang et al. (2009)

1.3 Motivation for specification

An audience for a small scale hardware platform therefore exists in robotic swarm
research. Reducing the size offers benefits such as indoor testing and a reduction
in the amount of mechanical components which tends to be the majority of expen-
diture during such a project. This design would act as a platform for researchers to
add their own hardware in the form of sensors and actuators for specific branches
of swarm development. A standardised form of wireless communication should
also be implemented to allow each craft to communicate not only with a base
station coordinator but also with every other quadcopter in the swarm. This re-
quires an implementation of a firmware kernel to stabilise the craft and handle
any other low level functionality but still interface with user applications therefore
disassociating any control or hardware concerns. The initial project brief is held

in appendix A.



4 Chapter 1 Introduction

1.4 Contributions

Skills possessed at the beginning of this project come from a background in elec-
tronic engineering. This experience was repeatedly drawn upon throughout com-
pletion but also built upon by engaging in new challenges. The most tasking of
which was to design a two layer PCB of non-trivial dimensions using EAGLE
Computer Aided Design (CAD) software. Previous experience helped with de-
signing the system architecture but the process of PCB manufacture itself yielded
great learning outcomes. Implementation and testing revealed successes and fail-
ures which increased understanding of practical electronics. This will assuredly

improve performance in future engineering endeavours.

The project also required a multidisciplinary skill set which was not completely
present from the start. Physics, control theory and mechanical engineering were
all areas which lacked the same standard of background experience as that in elec-
tronics. As the project evolved so did the need for proficiency. Three Dimensional
(3D) printing using Autodesk CAD software enabled a new competence which was
successfully integrated with the other mechanics of the design. Physics and control
theory were combined to produce design models and increase understanding of the
task.



Chapter 2

Background research

2.1 Quadcopter theory

Four propellers attached to motors create vertical lift which allows the vehicle to
move off the ground. Figure 2.1 shows how the aircraft is arranged. Two pairs
of counter rotating propellers are placed opposite each other and then connected
by an internal frame. The upward force generated by the motors is variable and
therefore allows control of the three angles of pitch (6), roll (¢) and yaw (¢); acting

in the xz, yz and zy planes respectively.

FIGURE 2.1: The inertial and body frames of a quadcopter. Adapted from
Luukkonen (2011)
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2.1.1 Flight

The hardware design process can only constrain the variables in figure 2.1 to a
maximum. The control software will manipulate these such as to achieve stable
flight but to become airborne it obvious that equation (2.1) must be satisfied.
Where the total force of the motors negates the overall weight. Assuming all
four motor and propeller combinations are the same this is just four times the
individual thrust output. Practically however these constraints are not feasible.
The quadcopter moves by altering angles and therefore reducing the resultant force
against gravity. The general rule of thumb, recommended by Biichi (2011), is to
have a possible thrust of at least twice the weight of the quadcopter.

it fot fat+fa=4f>mg (2.1)

Considering the copter only in the xz plane means resultant forces now rely upon
the pitch. To achieve movement in the positive x direction the angle 6 should
be positive and in the trivial case the z axis position will remain constant. The
required angle is achieved by changing f; and f3 then by using 6 the forces along
each axis can be resolved; as described by figure 2.2 and equations (2.2), (2.3)
and (2.4). Considering the known mass and the required force along the z axis
yields the values of @ and F' needed to achieve level flight; (2.5) and (2.6).

F=F +F+F+F (2.2)
F, = F cos(0) (2.3)
F, = Fsin(0) (2.4)
F = F,+mg (2.5)
0 = arctan ki3 (2.6)

mg
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mg

< -cen=--

FIGURE 2.2: Resolving forces

This means the vehicle proceeds in the positive x direction until it reaches a
maximum speed when the force of the air resistance is equal to that of Fj. The
forces produced will be contested by the air resistance but sensor feedback will
take care to retain the pitch. The two forces not in use (Fy and F») can be used
to increase the overall force but also control the roll of the aircraft. This gives the
copter the ability to move throughout three dimensions and also, by resolving the

total angular velocity of the propellers, allows the vehicle to rotate; figure 2.3.

O+ 'O '
© S ©

(a) No rotation (b) Clockwise rotation (¢) Anti-clockwise rotation

FicURE 2.3: Rotation in xy plane
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2.2 Sensor data

The critical function of a quadcopter is to measure the two angles of pitch and roll.
The main sensors on the market which can be used as angle measurement devices
are accelerometers and gyroscopes. These come in Microelectromechanical System
(MEMS) Integrated Circuit (IC) packages which can easily be integrated into an
electronic design; see figure 2.4. In theory these could both be used individually
to calculate the orientation of the object which the package is mounted upon but

in practice the sensors are noisy so both devices are used to improve quality.

4

Gyro & X
Accel

FIGURE 2.4: An accelerometer and gyroscope package with axis notation

Y

2.2.1 Accelerometer

Three spatially orthogonal vectors of acceleration are produced by the device (Xa,
Y. and Z,) and assuming only gravity is acting upon them these vectors will
resolve to give a single vector of magnitude 1¢g in the direction of gravity; as
described in equation (2.7). The dot product of the gravitational vector with each
of the respective composite vectors will now yield the angle between gravity and
the direction in which said vector points. Equations (2.8) and (2.9) shows how

this can be used to calculate pitch and roll respectively.

Xo+Yat+Z,=¢ (2.7)
Xa-(Xa+Ya+7Z,) Xa-g
0 = arccos = arccos to————- (2.8)
[ Xall |(Xa + Ya + Za)| [1Xal| [lg]l
YaXa+Ya+Z, Y.
¢ = arccos (Xa + Ya + Za) — arccos ——28 _ (2.9)

Y all [[(Xa+ Ya + Za)l| 1Yl [lell
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2.2.2 Gyroscope

As with the accelerometer the gyroscope produces three orthogonal vectors (Xg,
Y, and Zg) but in this case each one accounts for the angular velocity which leads
to equation (2.10). The acceleration of each vector at time 7. The constant term
produced by integration can negated if at time 0 the package is not accelerating

in any direction.
T
iy = / iy dt, iy = 0o, i€ X,Y,Z (2.10)
0

2.2.3 Application

In practice this theory is not directly implementable. The only data produced by
the accelerometer is magnitude so it can no longer be considered in vector form.
The approach is to find the magnitude of the first two vectors in a plane orthog-
onal to third vector, shown in figure 2.5, then by using standard trigonometry

equation (2.11) follows.

Xa

Xa Za Ya 1g

JZarYa \ 0

y

1g
FIGURE 2.5: Direct calculation of pitch from magnitude only data

f = arctan _ K (2.11)
The gyroscope initialisation can also be an issue because gravity won’t allow for
the accelerometer to read zero in all directions. This can be fixed by placing the
package on a flat surface and taking the constant offset magnitude, for the axis
orthogonal to the surface, as 1g. The surface would have to be truly perpendicular
to gravity which of course is impossible. This problem along with other noise issues

is addressed by the control theory.
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2.3 Control theory

The open-loop control topology of the system is contained in figure 2.6 and as
discussed in section 2.2 sensors are used to measure the attitude and angular
velocity of the attitude. There is another system to consider now, the quadcopter
itself, how it responds to change in the motors and how these changes can be

measured accurately. This will be known as the quadcopter plant (H).

—  Accelerometer —— V(1)

Quadcopter
Plant

V* xyz(t) —

> GerSCOpe > \7xyz(t)

FIGURE 2.6: Open-loop control

The system acts upon a required three axis input vector (V*,,.), as shown in
figure 2.6, where the two output vectors are from each of the sensors. The closed
loop block diagram, figure 2.7, feeds the two sensor output vectors back which are
subtracted from the input to form an error vector. The two controllers K; and Ko
are configured such as to minimise said error vector. These can take the form of
standard Proportional-Integral-Derivative (PID) controllers. The unknown block
contains the process to merge the acquired data. The question remains how to
incorporate the two measurements. A nested loop is one option or feedback can be
contained in just one path once a good estimation of the orientation is calculated.
The two approaches considered in sections 2.3.1 and 2.3.2 should be implemented

chronologically subject to overall progress.

Y*(s)|—-EP»| Ki > ? > K2 > H > — >
29 K S \2(8

-1

. X(9)
v T

F1GURE 2.7: Closed-loop control. Adapted from Sa and Corke (2011)
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2.3.1 Complementary filter

The most basic approach to achieving an improved output from the accelerometer
and gyroscope is to use a complementary filter. It removes some of the noise
which plagues the raw data and is much less complex than a Kalman filter (see
section 2.3.2) which of course means it requires less processing time. The filter
however just cuts out information to be processed as it is assumed to contain
mainly noise but in practice this actually means some useful information is also
being disregarded. Figure 2.8 contains an overview of the filter. A gyroscope and
accelerometer reading is taken and after the gyroscope reading is integrated the
data is cut using two filters then additively combined. This data is then ready to

be processed which reveal the angles of orientation.

Sensors Complementary Filter
Accelerometer - Lo'\:/v”-tzrass
Post- Angle
: Processing :
Numeric High-Pass
Gyroscope — 9> Integration ’ Filter

FIGURE 2.8: Basic complementary filter. Adapted from Colton (2007)

The two filters remove the high frequency and low frequency components of the
accelerometer and gyroscope respectively. This results in the recombination shown
in figure 2.9. The angular frequency, w,, is used to tune the response in order to

remove as much noise as possible but retain useful information.

IGI
A

Accelerometer
data

Gyroscope
data

FIGURE 2.9: Recombination of sensor data
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2.3.2 Kalman filtering

The Kalman filter (Kalman, 1960) is capable of compensating for noisy sensor
readings by using a model which can predict the behaviour of that which is to
be measured. This prediction along with the actual noisy measurements provides
meaningful data. Using equation (2.12) the filter can be configured as shown in
figure 2.10 to estimate a discrete time controlled process. The state x € R" is
the estimation vector at step k and z € R™ is the measurement. Variables v and
w represent the inputs to the process at each step along with Additive White
Gaussian Noise (AWGN). The matrix A is used to predict the current state from

the last state and B can be used to map the current state to a measurement.

T = ALEk,1 + We_q s R = Bl’k + g (212)

T

Time Update Measurement Update
(“Predict™) (“Correct”)

>~

FIGURE 2.10: The ongoing discrete Kalman filter cycle. The time update

projects the current state estimate ahead in time. The measurement update

adjusts the projected estimate by an actual measurement at that time. Taken
from Welch and Bishop (2001).

A filter example is shown in figure 2.11. An arbitrary constant voltage is chosen
and measured with noise that is modelled as AWGN with a standard deviation of
0.1 around this constant value. The filter output begins far from the actual value

but slowly converges towards it as iterations increase.

Voltage
+

Tt

10 20 30 40 50
Iteration
FIGURE 2.11: The true value of the random constant is given by the solid

line, the noisy measurements by the cross marks, and the filter estimate by the
remaining curve. Taken from Welch and Bishop (2001).
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2.4 Swarm robotics

An intelligent agent consists of an agent program which produces an output based
on some input, defined by its behaviour, but also an architecture on which the
program can be executed. This architecture is composed of sensors and actuators
which allow the agent to interact with its surrounding environment. The program
and architecture must both be present to form an intelligent agent. Figure 2.12
contains a simple reflex agent. The agent can take in information from the en-
vironment and then act upon this information due to a set of condition-action

rules.

Agent Sensors =

!

What the world
islike now

A

- . What action |
< Condition-action rules >—> should do now

Actuators >

JuswiuolIAug

FIGURE 2.12: Schematic diagram of a simple reflex agent. Taken from Russell
and Norvig (2010)

A group of individual autonomous agents working together is called a swarm.
Alone each is quite simple but when working towards a common goal the agents,
through self organisation, can carry out tasks more efficiently than a single more
complex agent. The understanding of swarm interaction is largely inspired by
biology which contains many natural swarms such as ants or birds. These swarms
are not controlled by a single coordinator but each agent in the swarm has to
ability to communicate with other agents in the vicinity. So by understanding this
behaviour robotic swarms can be programmed to solve different problems (Mohan
and Ponnambalam, 2009).
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Design

3.1 Optimal circuit board configuration

Previous designs for small scale quadcopters that use a PCB as the frame simply
attach the motor on top of the board. This is a reasonable solution as it reduces the
frame size as much as possible while retaining the distance between the propellers.
The solution proposed here differs because the propellers are enclosed by the circuit
board, similar to larger scale designs, and the propellers placed in the same plane.
The advantages include increasing the space available for components to be placed
and protecting the propellers from collisions which of course is a large risk when

tuning a swarm of quadcopters.

The three configuration options considered are titled circular, tapered square and
clover. Appendix C contains detailed definitions of each layout, the modelling
equations for usable/total area and the graphs used for comparison between con-
figurations with ¢ = 5mm and § = 15mm. This however is not true for the clover
layout where the layout definition is contained in figure 3.1 and comparison graphs
in figure 3.2. The clover layout was chosen as the configuration to implement be-
cause of higher area efficiency for lower radius propellers. The center of each layout
provides the core space for most of the circuitry to be housed while the four areas
between the propeller holes can be used to house circuitry that does not require
many connections. The rim of the PCB has been excluded as possible placement

area to prevent damage to components when in flight.

15
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F1cUrE 3.1: Clover layout definition
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3.2 Motors and propellers

The motors used drive the propellers and therefore produce thrust must be ef-
ficient, compact and powerful. The best solution is Brushless Direct Current
(BLDC) motors which meet all these criterion (Bai, 2011). These typically require
a three phase drive system which increases the system complexity. The motors
shaft can then fitted with an appropriate propeller which in this case needs to
be matched with a counter rotating partner therefore reducing the overall rota-
tional force. The challenge is to source propellers that provide enough lift for the
whole design. Larger propellers will increase the overall weight by increasing the

propeller hole radius hence PCB area therefore more lift is required.

3.3 Motor housing

The propellers must be situated in the same plane as the PCB but this means,
when using conventional motors, a section of each motor will protrude from the
PCB. The dimension specification is subject to large variance due to PCB options
therefore this part will be custom fabricated using a 3D printer. Figure 3.3 contains
the first idea for mounting the motor to a PCB. A circular rim is designed to slot
into a hole in the PCB of a slightly larger radius radius which is then held in place
by a lip around the edge of the rim. The base of a motor is then held in place by

the four struts attached to the rim.

(a) Front side (b) Back side

FIGURE 3.3: Motor housing (Revision A)

This design is revised in figure 3.4 where only two of the arms remain and the base

now contains a recess to fit the motor along with raising the whole design from the
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ground with a small footing. Perpendicular edges are also removed from the whole
design apart from where the rim is designed to sit flush against the PCB edge.
The whole unit can be tuned to fit different size PCBs and motors as required.
Rapid revisions in design concepts are made possible by using Autodesk 3D CAD

software.

(a) Front side (b) Back side

FIGURE 3.4: Motor housing (Revision B)

3.4 Battery

The quadcopter requires a local power supply which of course can be produced
by a battery. The battery needs to be of low weight to be incorporated into the
design. The lifetime of the battery would ideally be in order of hours but this is
not a necessity for a first prototype. Lithium Polymer (LiPo) batteries offer the
best energy to weight ratio on the market and suffer from a very low self discharge

so for that reason they are popular among model aircraft hobbyists (RMAC).

Linear least squares regression using obtainable LiPo battery data produces an
energy to mass ratio of 423J/g which is shown in figure 3.5 and calculated using
equation (3.1). The chosen battery will be taken from the sub 50g selection de-
pending on system mass and required lifetime. The potential difference of such

batteries is 3.7V which is enough to provide a standard regulated 3.3V power
supply.

Voltage x Charge
Mass

Energy to mass ratio =
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FI1GURE 3.5: A comparison of lithium polymer batteries on the market. Raw
data held in table D.1

3.5 System architecture

The backbone of the system is a processor that can read sensor data and act upon
this data by adjusting the speed at which connected motors rotate thus altering
the thrust because of the attached propellers (figure 3.6). The processor adjusts
to given sensor readings as per its program and the cycle continues in order to

maintain flight.

Sensors » Processor »> Motors

Quadcopter {
Plant

FIGURE 3.6: The simplest manifestation of the required system

The basic solution can be improved by adding a wireless link. The decision was
taken not to interface the transceiver directly with the existing processor in an at-
tempt to reduce its functional responsibilities therefore freeing up processor time

for a tighter control loop. The transceiver module can only be accessed via another
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processor allowing data to be buffered or manipulated before being sent to/received
from the actual transceiver. Figure 3.7 contains the ideal data flow within the sys-
tem where the feedback is now contained by the physical environment. Additional
changes include separating the sensor array into an accelerometer and gyroscope
(as discussed in section 2.2), separating the motors into four modules and adding
an expansion port. The expansion is intended to encourage hardware alterations

by making it as easy as possible to interface with the processor.

Transceiver
A
Y
Communication
Processor
A
Y
Gyroscope - » Motor #1
> Motor #2
Accelerometer > Control
Processor
> Motor #3
Expansion o
Port o > Motor #4

FiGURE 3.7: Complete ideal data flow within the system

3.6 Communications

As specified the communications protocol needs to be capable of supporting point-
to-point through to fully connected topologies. The ZigBee! family of transceivers
are best suited for this application. The technology is of low complexity and has be-
come increasingly popular in multi-agent systems (Zhang and Gao, 2011). It sup-
ports a wide range of topologies, is widely available and built upon the IEEE:802.15.4
standard which is aimed at integration into portable systems with little to no bat-
tery (energy harvesting) consumption. The short range is the main drawback but

in this application that is not an issue.

! This refers to the waggle dance of honey bees; a natural swarm.



22 Chapter 3 Design

3.7 Base station

The base station must contain a human user interface to communicate with an
individual quadcopter or to coordinate a swarm. Initially the software was devel-
oped to communicate with a single craft. This can be achieved by using a general
purpose Personal Computer (PC) with the appropriate software and hardware ad-
ditions. The application should provide real-time information about the state of
the quadcopter but also log this data for recall and analysis. The chosen language
to develop this Graphical User Interface (GUI) is C# due to experience and the

ability to produce graphical programs for Windows operating systems.

An initial design used dummy data produced by the user to simulate the type of
data which could be expected from the implemented system. Figure 3.8 contains
the initial concepts for the base station with two sliders used to generate dummy
data. Listing E.1 contains the first three entries in the log file which is produced
by the screen capture in figure 3.8. Entries are made every 100 milliseconds but
to reduce the file size only changes in the data are recorded. A possible warning
system is used to recorded when the data may have broken a set threshold where
log data is human readable at this prototyping stage. The first chart is used
to plot values of inclination against time. The second chart plots the two values
against each other so a level recording would be at the origin. These are somewhat

analogous of the type of instrumentation found in aircraft cockpits.

~ioix
100 = Xaxis_Angle 90 « X Vs Y Angle
Yaxis_Angle
54

50

ol i B

100 | | | | -0
2 4 6 8 90 54 18 13 54 S0
Time elapsed: 8= JI .—J'

FIGURE 3.8: An initial prototype of the base station user interface with dummy
data
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3.8 Project planning

As an individual project the planning was orientated around a single person work-
load but ordered such as to increase demonstrable functionality of the end product.
This is based around the spiral model proposed by Boehm (1988). Appendix I
contains Gantt charts which plot the activities carried out during the project.
The first (figure 1.1) contains the initial activities; these were not planned from
the start as research and design opened many new areas of work but towards the
end of this period the project became more structured. This chart therefore serves
as a review of natural beginnings of the project. The second chart produced (fig-
ure 1.2) is a speculation on the coming events in the project, which are mainly
down to implementation, and therefore a working guide. The activities here are

largely dependent on the reception of the manufactured PCB.

3.8.1 Risk management

To minimise project risks they must first be identified. The risk register in table 3.1
contains the main risks along with an estimation of likelihood and impact to the
project. These two properties are multiplied to produce a risk score which allows

them to be addressed in order.

The project also requires development of software and CAD files. This inherently
places work at risk of damage by corrupted data or loss by faulty storage mediums.
Files are therefore periodically backed up from a local file store to a remote server
which is held in a different building. This greatly reduces the risk of simultaneous

damage from either device malfunctioning or local environmental issues.
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Risk Likelihood| Impact | Score Mitigation Contingency
(1-5) (1-5) | (1-25)
Quadcopter| 1 5) 5 Modelling and | Prove concept
doesn’t fly simulation and design a
274 revision
Rev.A 3 2 6 Design rule | Review design
PCB checks and 3 | and then sub-
doesn’t party reviews | mit rev.B
function
Rev.B 1 5 5 Thorough eval- | Prove concept
PCB uation of rev.A | theoretically
doesn’t
function
Quadcopter| 2 5) 10 Test in crash | Order more
is damaged proof environ- | than one PCB

ment

and make sure

components
are in large
reserves

TABLE 3.1: Risk register
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Implementation

4.1 System components

Using the system architecture described in section 3.5 the design was brought from
theory into practice by sourcing suitable components. Some of these components
introduced more complexity into the design by requiring additional functionality
but some extra features are included just to make the system easier to test. Fig-
ure 4.1 contains an overview of the system implementation. A list of all major

components is contained in table F.1.

‘ Atmel: Power to all Microchip:
LEDaray |« ATZB-24-A2 blocks MCP1825
A
Processor and
UART i ADC i
Debug UART | .- transceiver module < Po_te_ntlal LiPo Battery
Divider
A / . .
SPI v v Daisy Chain
H ° . _>
PWM,| Microhip: - 700 b be Motor #1
Invensense: MTD6505 | .|
MPUG000 SP|
- PWM Microhip: <
> —» BLDC Motor #2
Aocele:gsn;ger and Atmd: MTD6505 | o,
gyroscope ATMEGA1284P o
PWM Microhip:
> — BLDC Motor #3
MTD6505 >
Expansion | 5P PWM [ Microhip: [ ]
Port > MTD6505 —» BLDC Motor #4
A A
ISP ¢ P JTAG

FIGURE 4.1: Implemented system architecture

25
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The processors required for controlling the craft and buffering the transceiver
communication are naturally implemented as microcontrollers. As the firmware
to be implemented is not yet available programming interfaces are required so they
can be programmed in system. These take the form a Joint Test Action Group
(JTAG) interface (2x5 0.1 inch pin header) which is daisy chained to program
both microcontrollers and an In-System Programming (ISP) interface (2x3 0.1
inch pin header) connected only to the ATMEGA1284P. The reason for the su-
perfluous interface is because the ISP connections are direct and unlikely to fail
whereas JTAG relies on more connections and both microcontrollers functioning
as intended. This way in the event of a failure in the JTAG interface the system

retains the ability to be programmed partially.

The functionality of the transceiver microcontroller has increased. A connection
to the battery via a potential divider can alert the system if the voltage drops
such that it might risk losing the 3.3V supply rails. A Universal Asynchronous
Receiver/Transmitter (UART) connection for assistance with debugging and data
transfer has been added. A Light Emitting Diode (LED) array which can be used
as immediate visual feedback as to the status of the system has been connected.
Using a single module instead of two separate ICs has also reduced the size of this
section of the design and complexity in its integration. A dual chip antenna is also
included as part of the ATZB-24-A2 package which removes the need to design and
implement this section. The modules contains an ATMEGA1281 microcontroller
and a AT86RF230 2.4GHz ZigBee transceiver.

Driver ICs are used to bridge the connection between the microcontroller and the
motors. These are MTD6505 drivers from Microchip designed to drive BLDC
fans for laptops. The motors require a 3-phase sinusoidal signal and while this is
possible to produce with the microcontroller it is simpler to use the ICs and also

less computational complexity is required from the control processor.

The two sensors required are available in the same package which reduces complex-
ity and area of the design. The chosen device is the Invensense MPU6000 which is
a 3-axis gyroscope and accelerometer that produces 16-bit signed values for each
of the six sensors. The range of which is user programmable to be traded off for
resolution. This chip is chosen because it uses a Serial Peripheral Interface (SPI)
interface which is simpler and faster than the alternative Inter-Integrated Circuit
(I2C) interface model because of the burst read function. The chip also contains

a temperature sensor and can be upgraded with an additional magnetometer IC.
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4.2 Motor and propeller selection

As mentioned in section 2.1 a quadcopter requires two sets of counter rotating
propellers. This is a simple component to source for a standard size multi-rotor
aircraft but for a small scale design the choices are rather limited. This provoked
an initial approach of 3D printing the propellers which of course requires no supply
chain and could be matched to the exact specifications of the PCB and motor.
This however did not prove feasible due to unforeseen complexities in the process

of modelling propellers (discussed further in section 7.3).

The chosen propellers are available as spares for a model aircraft and have a
diameter of 44mm. A full set is contained in figure 4.2 which also shows why the
component must be mirrored to achieve counter rotation. These are then paired

with the motor shown in figure 4.3 which is a 3 phase BLDC motor.

FIGURE 4.2: Chosen propellers. Clockwise rotation on the left and anti-
clockwise on the right

FIGURE 4.3: Motor and propeller combination
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4.3 Quadcopter circuit board design

The entire system described in section 4.1 and additional support components
must be placed on a board which adheres to the specification for a clover layout
in figure 3.1. There are four variables to adjust which include the propeller radius
(p), propeller hole separation (3), safety rim width (x) and the recession radius
(0). The propellers have a radius of 22mm but there must be additional space
for the motor housing to be attached and air to pass though therefore a suitable
overcompensation of 30mm leaves a gap of 8mm to place the housing and negate
any edge effects. A propeller hole separation of 8mm allows twice that for the
transceiver module to fit between. Setting the safety rim proves difficult for a first
revision because without crash testing the structural integrity cannot be measured;
it is therefore best to overcompensate with a value of 2.5mm. The recession radius
is defined by the amount of components and the central section provides more than
enough space to set this to 9mm. These values are contained in table 4.1 which
when substituted into equations (C.5) and (C.6) yields a usable area of 3001mm?

and a total area of 5454mm? which is an approximate area efficiency of 55%.

Constraint Symbol Value
Propeller hole separation 6] 8mm
Propeller radius o 30mm
Safety rim width p 2.5mm
Recession radius 0 9mm

TABLE 4.1: Chosen constraints for clover circuit board layout

4.3.1 Component layout

The center of gravity must ideally remain at the center of quadcopter; equidistant
from all four propellers. To achieve this components of equal weight are placed
opposite each other in an attempt to counter balance any turning force about
the center of the PCB. This however must be compared against placement due
to functionality; such as programming headers which need to remain accessible.

Table 4.2 contains placement reasoning of clusters of components.

4.3.2 Additional features

The PCB contains some additional features intended for either expansion on the

design or for testing purposes. The two headers spaced either side of the center
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Component(s) Placement reasoning

ATMEGA1284P, 12MHz | Placed on the western side of the board to
crystal, JST header, | counter balance the transceiver module.
MCP1825, and reset switch

Transceiver Placed as far as possible to the eastern side of

the board to prevent interference with the an-
tennas on the module.

ISP Header Placed on the northern side of the board to
counter balance the JTAG header on the south-
ern side.

JTAG Header Placed on the southern side of the board to
counter balance the ISP header on the north-
ern side.

LEDs In the four corners of the board to make more
visible and this part of the board would be used
by nothing else otherwise as it is too thin. The
safety rim is ignored because of the non-critical
nature of these components.

TABLE 4.2: Layout reasoning

of the board are designed to house a child board via two 2 x 8 socket headers.
The distance between the center of these two headers is 33.02mm (13 x 0.1 inch

spaces). As the spacing grid is standard prototyping board can be used.

There is also a silkscreen on both the top and bottom layers. This contains infor-
mation on signals and components. In addition this contains information to warn
the user of moving blades, identify LEDs and revision data. The final piece of
information segments the board into four using cardinal directions as an analogy.
A ground plane polygon is flooded throughout the board to reduce ground bounce.
This can interfere with the radio communications so it is only spread around the

side of the transceiver which doesn’t contain the chip antennas.

Small holes are placed between the propellers to use during control tuning; cord
can be fixed to the board and then elevated which allows for safe balance test-
ing. Capacitors and resistors used in the design are implemented in 0805 and
1206 packages respectively. The LEDs chosen are also in 1206 dimensions. These
consume a small amount of area but are not so small as to affect construction by
hand.
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4.4 Quadcopter manufacture

The PCB (which became known as Archaeopteryx') was fabricated as a two layer,
1.6mm thick board composed of FR-4 grade epoxy laminate sheets by a com-
pany called PCBCART. All design files for this board are held in appendix F.1.
Two scans of the top and bottom of the PCB are contained figure 4.4 and 4.5

respectively.

FIGURE 4.4: Fabricated board. Top side.

LA late Jurassic period bird that may have developed a form of four winged flight (Longrich
(2006)). The name is also pronounced with a “copter” sound (ar-kee-op-tr-iks).
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FiGURE 4.5: Fabricated board. Bottom side.

4.5 Motor housing fabrication

The first prototype of the housing to be fabricated was revision B which can be
seen holding a motor and propeller combination in figure 4.6. The scale of this
prototype is based around only the motor and its purpose is to test the validity of
the design once fabricated. This revision proved successful because it retains the
motor in place and has enough room for the propeller to move freely. The design
does however have quite a high profile. It can be seen in figure 4.6(b) that the
propeller is placed towards the end of the motor shaft to keep it in line with the

rim. The struts also proved to provide too little support to the center.

Revision C contains changes which address the issues found in revision B and

also new additions to better suit the now fabricated PCB. It can be seen from
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(a) Front side (b) Back side

FIGURE 4.6: Fabricated motor housing (Revision B)

figure 4.7 that there are now three struts attaching the rim to the base of the
motor to provide more support. The arc in struts has also been altered to provide
a smaller distance from the motor fixture to the plane of the rim hence reducing
the profile of the quadcopter. New additions include changing the radius and
width of the rim to match the considerations in section 4.3 and also bringing the
lip of the rim to the same side as motor. This means the housing can be fixed on

the underside of the PCB and avoid conflicting with components on the top side.

(a) Front side (b) Back side

FIGURE 4.7: Motor housing (Revision C)
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4.6 Expansion hardware

BlackBox? is a simple manifestation of a possible hardware expansion option. A
micro Secure Digital (SD) card acts as a store for data during flight and afterwards
it can be read by a PC and examined. This is done rather than simply sending the
data to the base station because of the large quantity generated at each iteration
of the control loop. Figure 4.8 shows the module standing alone and attached to

the system. Schematic and layout for this module is contained in appendix F.3.

(a) Stand alone (b) In system

FI1GURE 4.8: The BlackBox expansion option

4.7 Base station hardware

The hardware for the transceiver is based on the ATZB-24-A2 transceiver package
and a UART to Universal Serial Bus (USB) bridge to enable easy interfacing with
the standard means of computer Input/Output (I/O). The stick also contains a
JTAG header to program the microcontroller and two LEDs to indicate traffic or to
use for general debugging. Figure 4.9 holds the fabricated board. When connected
to the USB port the stick draws power from the standard USB 5V supply and uses
the bridge IC, which contains a level converter, to provide a potential difference
of 3.3V for the transceiver package. All circuit descriptions and board designs are

contains in appendix F.2.

2A flight data recorder makes a log of instructions sent to electronic systems on an aircraft
and is often referred to as a “black box” even though they are usually orange in colour.



34 Chapter 4 Implementation

FIGURE 4.9: Transceiver stick

4.8 Prototype manufacture

PCB manufacture is an expensive process therefore the main quadcopter board was
the only PCB fabricated to a high standard. The two other boards (sections 4.6
and 4.7) were fabricated using a free service provided by Spirit circuits. This is
a tracks and holes only double sided board. The quality is far superior to any
hand-made PCB methods, allowing for fine pitch Surface Mount Devices (SMDs),
but not as of the same quality as the quadcopter board and doesn’t support a

silkscreen.

4.9 Firmware development

The main control processor keeps the craft stable during flight where the approach
implemented is that which is discussed in section 2.3.1. The microcontroller takes
a reading from the accelerometer which is then sent through a low pass filter. In
parallel a reading from the gyroscope is integrated and then sent through a high
pass filter. Finally the output of both filters is used to estimate orientation. This
can be used to drive the motors after which data can be dumped to both the
expand port and transceiver microcontroller. This must all be implemented in
code for which the C language is used to develop low level functions on Atmel

microcontrollers.
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4.9.1 Data acquisition

Data from the sensor IC is gathered using a SPI connection. Each read/write from
the chip takes at least two SPI transfers; the first Most Significant Bit (MSB) of
the first byte indicates a read or write operation with the seven remaining bits
containing the register address and the second byte contains the data (InvenSense,
2012). Burst read/writes are supported so when necessary more transfers will

occur for extra data bytes. Listing 4.1 burst reads the six accelerometer registers.

intl6_t accel_X,accel_Y,accel_Z;

void MasterInit(void)

{
PORTB |= _BV(PBO);//MPU6000_/CS not active
PORTB |= _BV(PB1);//EXPAND_/CS not active
SPCR = _BV(SPE)|_BV(MSTR)|_BV(SPDRO);//Enable SPI, Master, set fclk/16
}
uint8_t SPI_Swap(uint8_t data)
{
SPDR = data;
while (! (SPSR & _BV(SPIF)));//Wait for transmission complete
return SPDR;//Data has been swapped therefore returned
}
int16_t Get_two_bytes ()
{
uint8_t high,low;
high = SPI_Swap (0xFF);//Dummy Swap to get data out
low = SPI_Swap (0xFF);//Dummy Swap to get data out
return ((high << 8)l1low);//Smash bytes together
}
void MPU6000_Read_Accel(uint8_t start_address)
{
uint8_t high,low;
PORTB &= ~_BV(PBO);//GYRO_/CS active
//Begin reading from start register
SPI_Swap (0x80 | start_address);//MSB is high for a read op
accel_X = Get_two_bytes();
accel_Y = Get_two_bytes();
accel_Z = Get_two_bytes();
PORTB |= _BV(PBO);//GYRO_/CS not active
}

LisTING 4.1: Data acquisition from MPU6000

Figure 4.10 contains a screen capture from a logic analyser attached to the con-
nections between the host microcontroller and the MPUG000. The 750KHz clock
is used to transfer the first register address byte (with the MSB high for read op-
erations) into the chip then six data bytes out of the chip. These bytes are upper
and lower parts of a two’s complement 16-bit number therefore the upper byte is

shifted and placed in a bitwise OR operation with the lower byte.
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FIGURE 4.10: Serial peripheral interface read operations from MPU6000. Val-
ues held in table 4.3

An example of values read from the IC are contained in table 4.3. The values once
cast represent the acceleration in the three dimensions of the chip. These readings
were taken when the chip was configured for maximum resolution so each is scaled
down by 16384 (= 24 therefore shift right 14 places). The z-axis reading indicates
approximately 1g and because the craft is stationary this means it is on a surface
perpendicular to gravitational force. Substituting the values into equation (2.11)

also indicates a pitch of zero (see equation (4.1)).

Byte | Register Address | Value | Value once | Value once

(Name) (Hex) (Hex) | cast (Deci- | scaled (g) (3
mal) s.f.)

1 ACCEL XOUT H | 0x3B 0x01 See below See below

2 ACCEL XOUT L | 0x3C 0xB0 | 432 0.0264

3 ACCEL YOUT H | 0x3D 0x01 See below See below

4 ACCEL YOUT L | 0x3E 0x8C | 396 0.0242

5 ACCEL ZOUT H | 0x3F 0x42 See below See below

6 ACCEL ZOUT L | 0x40 0xAO | 17056 1.04

TABLE 4.3: Acceleromter values read from MPUG6000. As seen in figure 4.10

= arctan

0.0264

v/0.02422 + 1.042

= 0.0254 rads

(4.1)
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4.9.2 Filtering

Basic Finite Impulse Response (FIR) filters are suitable for this application be-
cause they are simple and inherently stable. The control loop must also be kept
short in duration to take enough samples. MATLAB can be used to generate the
filter coefficients as required for each of the filters. The generic solution for an FIR
filter is contained in equation (4.2)(Rogers, 2012) but as the output is now com-
plied from two different inputs the approach can be considered as equation (4.3).
The filters are designed as such that if both X; and X, were the same signal the
output would also be approximately the same because the full spectrum has been

reconstructed.

H(z) = ?(Z)) L e (4.2)
Y(z) = Xi(2) Z ¢z + Xo(2) Z diz™" (4.3)

As a starting point for the filter a 10Hz separation frequency was chosen and with
an initial sample rate of 45.776Hz (= 12MHz/(1024 x 256), divided from sys-
tem clock). This requires a normalised cut off frequency of 0.4377 rads/sample.
Frequency plots of two 25 coefficient filters are contained in figure 4.11. This is
just one example of how the process can be used to tune the design until suitable
parameters are fitted. The code held in listing 4.2 is the implementation of this
filter in C to be placed on the main control processor. The timer generated in-
terrupt takes a sample which then passes it through the filter kernel to produce
an output. The approach requires six filters in all so the performance is critical

especially because of the large number of multiply-accumulate operation required.

These filters are a suitable implementation because they have large stop-band
attenuation however the transition band width is not ideal. This can be improved
by increasing the order of the filter but this comes with a pay off in delay which

will make the control loop less responsive as the data is not as accurate.
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FIGURE 4.11: Magnitude response of 25 coefficient finite impulse response filters
with a normalised cut-off frequency of 0.4377 rads/sample

double high_coeffcients[] = {0.0015,-0.0016,-0.0041,0.0016,0.0123,0.0035,
-0.0265,-0.0230,0.0435,0.0759,-0.0574,-0.3065,0.5616,-0.3065,-0.0574,0.0759,
0.0435,-0.0230,-0.0265,0.0035,0.0123,0.0016,-0.0041,-0.0016,0.0015};
double pipel[N];
double data_out ,data_in;
double filter_kernel (double input){

uint8_t n;

double output;

output = input*high_coeffcients[0];
0;n < N;n++){//Calculate output
output += pipel[n]*high_coeffcients[n + 1];

for(n =

}
for(n = 1;n < N;n++){//Update pipe
pipel[n] = pipeln-11];

}

pipe [0] = input;//New value in pipe

return output;
}
void init_sample_timer (){

TIMSK1 |= _BV(TOIE1); //Enable overflow interrupt

TCCR1B |= (1 << CS00); //Set up timer at F_CPU/1024
}

ISR(TIMER1_OVF_vect){//Overflow an 8-bit timer = 256

data_out = filter_kermnel(data_in);//Sample rate = 45.776Hz

LISTING 4.2: Implementation of an finite impulse response filter on an Atmel

microcontroller
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4.9.3 Secure digital card communication

Communication with the SD card is achieved via a SPI connection. The low
level implementation for this protocol is taken care of by FatFs (Electronic Lives
Manufacturing, 2012) which is a generic software package aimed at small embedded
systems. FatFs has been ported for the ATMEGA1284P. The nature of BlackBox
functionality however only requires the SD card to be written to which reduces
complexity. The log initialisation and population routines are held in listing 4.3.
This avoids overwriting a previous log with instance coding. Notice how the work
area is constantly mounted and unmounted to avoid causing a corrupted work
space if the power is cut during a write operation. The sector is kept as 0 because
no other sector is needed. A possible danger for tighter control loops is that the
card may run out of storage so it is recommended to use SD cards of the maximum

size which is two gigabytes (high capacity not supported for FatFs protocol).

FATFS fs;//Work area
FIL fdst;//File object
char path[20];
//Create a new log file, once per run?
void openBlackBox (void)
{
uint8_t index = 0;//256 logs
disk_initialize(0);//initialise sector O
f_mount (0, &fs);//mount sector 0
while(index < 255)
{
sprintf (path,"O:arch’d.log",index);//Don’t overwite a previous log
if (f_open(&fdst, path, FA_CREATE_NEW) == FR_EXIST){//Is the path occupied?
index++; //increment the last digit inm the path
}elseq
break;//Free spot, create log

}
f_close(&fdst);
f_mount (0,NULL) ; //unmount sector 0
}
//Always rTun openBlackboz first
void writeBlackBox(uint8_t *data,uint8_t length)

{
f_mount (0, &fs);//Mount sector
f_open(&fdst, path, FA_OPEN_EXISTING | FA_WRITE);//Open exzisting for writing
f_lseek (&fdst, f_size(&fdst));//Go to end of file
f_write (&fdst ,data,length,0);//Write data
f_close (&fdst);
f_mount (0,NULL) ; //Unmount sector
}

LisTING 4.3: BlackBox log creation and population
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4.10 Base station software development

The software is designed as such to interface with transceiver stick or debug UART
connection using the same protocol. The software requests a packet of data from
link by continuously sending dummy bytes and waiting for a reply; eventually a
frame of 64 bytes is then sent back to the base station. Table 4.4 contains the

contents of a frame inbound to the base station.

Byte(s) Name

0...1 ACCEL XOUT (H...L)
2.3 ACCEL YOUT (H...L)
1.5 ACCEL ZOUT (IL.L)
6.7 TEMP OUT (H...L)
8.9 GYRO XOUT (H..L)
10..11 GYRO YOUT (I..L)
12.13 GYRO ZOUT (iL..L)
14.17 FIL ACCEL X (3..0)
18..21 FIL ACCEL Y (3..0)
22..25 FIL ACCEL Z (3..0)
26...29 FIL GYRO X (3...0)
30...33 FIL GYRO Y (3...0)
34..37 FIL GYRO Z (3...0)
38...41 PITCH (3...0)

12..45 ROLL (3...0)

46...49 YAW (3..0)

50...53 TIME STAMP (3..0)
54...57 MOTOR (3...0)

58 Battery

59...63 Debug/peripheral

TABLE 4.4: Frame composition

The first 14 bytes is simply the latest sample of raw data from the sensors. The
next 24 bytes is the latest output from the filters and therefore the information
seen by the quadcopter control routine. These are originally float data types and
have therefore been decomposed to 4 bytes for transmission where upon reception
can be reconstructed. The same is true for values of roll, pitch and yaw which are
placed in bytes 38 to 49. A time stamp is placed in the frame as a 32-bit unsigned
integer which counts the number of control loop iterations and can therefore be
used to calculate system on time. This is large enough to avoid overflow as even if
the loop was 1us in duration it would take 1.2 hours of system on time to break.
Four bytes are added for the current rotational speed of each motor. Finally the

transceiver module appends the packet with a byte of data on the state of the
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battery voltage before interfacing with communication link. The remaining bytes
of data are left for either the peripheral device to use or for additional data required

for debugging purposes.

Different aspects of the base station software were added in parallel as the design
began to increase its functionality. A tabbed layout was used to operate the three
main operations of the interface. The main area plots real-time data taken from
the quadcopter. Four charts are used to plot the raw and filtered output from both
the accelerometer and gyroscope. Another plot holds the three axis orientation
that the system has calculated from the readings and filtering. Temperature, time
stamp and battery voltage are printed to the GUI along with a bar chart of motor

output. This can be seen in figure 6.1.

The second tab allows a user to review all communication ports on the host PC
and select which port the UART connection has been established. The Baud rate
can also be selected to match that of the peripheral device. When the connection
is activated the program constantly sends dummy data bytes and checks the PC
hardware buffer for incoming packets. Once a byte is received the program waits
until the buffer is full with the remaining bytes in the frame. These are displayed
in a raw format to the user and also constructed format for immediate verification.
See figure E.1 for a running example. The final section allows data to be read from
a log file for analysis. This can be copied from either the SD card to the PC or

from a previous session of the base station.

4.11 Full system integration

Finally bringing all the hardware aspects together results in figure 4.12 and 4.13
with some additional components and tweaks discussed in section 5. The propellers
are fixed to the motor shafts using epoxy resin and same is also true for the motor
housing to the PCB. The three wires for the motors are soldered straight to their

respective pads.
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FIGURE 4.12: Archaeopteryx top

FIGURE 4.13: Archaeopteryx bottom
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Testing and tuning

Testing was carried out parallel to some firmware and software development as
this was required for functionality testing. The testing cycle is as such; add to
the board, test new additions (electrical characteristics and/or data processing)
and repeat until all components are present and functional. The first components
placed on the PCB were the two microcontrollers along with the programming
headers, support components and the power supply. These were verified over both
the ISP and JTAG connections to be functional and therefore programmable. The
four LEDs were then added and also proven to be functional by programming the

microcontroller to which they are connected.

The next IC to be soldered on to the board was the MPUG6G000 which did not
function as expected. This revealed an issue with the SPI connection, fixed in
section 5.1.2, but a temporary fix was found by setting the SPI pins on the ATZB-
24-A2 module as inputs therefore preventing data collisions. The MPU6000 then
exhibited strange functionality as read/write operations functioned only intermit-
tently. The problem was traced to incorrectly soldered pins when an analogue
oscilloscope test revealed a dropping voltage level on Master In Slave Out (MISO)
traffic from the IC. Figure 5.1 contains the traces used to draw this conclusion.
The expansion SPI port and debug UART were else successfully tested during this
period.

Re-soldering the MPU6000 fixed the issue and the next item to test was the mo-
tor drivers. These immediately presented a problem because of their Micro Dual
Flat No-Lead (uDFN) 0.5mm pitch packaging which proved difficult to solder and
verify connections. These were eventually solder and checked with a low magnifi-

cation microscope but when connected to the motors and respective micrcontoller
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FIGURE 5.1: Annotated screen capture of an analogue trace (top) and logic
analyser (bottom) connected to serial peripheral interface pins of the MPU6000

produced no turning force upon a motor. The output of the chip was reviewed
when disconnected from the motor and revealed three out of phase signals which
suggested that the current available to drive the motor was not large enough. Thin
long tracks on the PCB attributed somewhat to this but when attaching additional
wires in parallel with these tracks in an attempt to decrease resistance the motors

only moved with very low torque.

5.1 Hardware alterations

5.1.1 Motor drivers

The ICs used to drive the motors are aimed at small BLDC motors typically
attached to a fan. Figure 5.2 shows how the chip is configured. A Central Pro-
cessing Unit (CPU) is used to produce three sinusoidal inputs to Metal Oxide
Semiconductor Field Effect Transistor (MOSEFT) pairs.

Introducing a major issue into the critical control loop the two options for reme-
dying the problem were to either change the motors or the drivers. The motors
were chosen because of their success in Radio Controlled (RC) hobby aircrafts and
had already been designed to work with the housing and propellers. The drivers
were chosen because of their small package size and simplicity. The fastest solu-
tion proved to replace the drivers with electronic speed controller circuits proven
to work with motors already. The chosen driver PCB is contained in figure G.2
and it can be seen how it is similar to the original driver IC but simply bigger

thus able to source more current for the motors. These speed controllers use a
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50Hz Pulse Width Modulation (PWM) signal to enable linear control of a 3-Phase
BLDC motor by varying the duty cycle between approximately 10% and 20%. At
10mm by 13mm the boards fit in the propeller hole separation gap of 16mm so
two were placed top layer and two on the bottom layer in the region now empty
from the first driver ICs.

The original input signals required for each motor driver was a PWM channel
and a single logic input for directional control of the motor. This is a trivial task
for the Atmel microcontroller as the arbitrary frequency PWM specification only
called for a change in duty cycle which would map to rotational speed. The new
50Hz PWM specification is strict on frequency and duty cycle. This has been
implemented by using a timer and handler code to shape the output waveform as

required.

5.1.2 System architecture

When tested the SPI communication throughout the board did not function as ex-
pected. This was traced back to the design phase when the decision to implement

a SPI only serial link was taken. This required all digital components to interact
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using a strict protocol. Atmel chips do support hardware based SPI communica-
tion but require explicit use of the slave select pin whenever a microcontroller is
initiated in slave mode. This design did not use the correct pin for slave select
as this was connected to the AT86RF230 IC inside the module (figure 5.3(a)).
The original intention was to use SPI and switch master mode using interrupts for
rapid dual processing and as a form of mitigation in controlling the sensors. The
architecture was repaired by removing the global SPI tree and using two separate
trees with a UART connection between the two microcontrollers (figure 5.3(b)).
This was made possible by soldering wires between the appropriate connections on
the ICs and removing the copper tracks for MISO, Master Out Slave In (MOSI)
and Serial peripheral interface CLocK (SCLK) entering the ATZB-24-A2 module

(shown in figure G.1). The chip select line was left intact as a synchronisation

line.
ATZB-24-A2 ATZB-24-A2
ot e T T T ST T T e T T T T
| AT86RF230 ATmegal281 i | AT86RF230 ATmegal 281 |
| |
| SCLK SCLK [ | SCLK SCLK [
w MOSI Mosl| | w MOS MOSI |
| MISO MISO ! | MISO MISO !
! cs /ss INTO |— ! cs /SS  UART TX|—
| cs INTL | Sync  UART Rx(——
| |
Lo __ B I J Y R J
MPUB000 MPUG000

SCLK SCLK

MOSI MOS

MISO MISO

cs ATmegal2s4 cs ATmegal2s4
d Trans INTL— d Sync  UART Tx——
—Expan Gyro INTO ~Expan Gyro  UART Rx|—
Cs Expand Cs Expand

SCLK SCLK SCLK SCLK

MOS Mos| MOSI MOSI

MISO MISO MISO MISO

(a) Original (b) Fixed

FIGURE 5.3: Serial peripheral interface architecture repair

5.2 Hardware setup for firmware verification

The microcontrollers are programmed over a JTAG interface and to achieve this
an AVR Dragon was chosen. This tool allows for daisy chain programming of
AVR devices (required) and supports in-system breakpoint features to assist with
development. The setup in figure 5.4 contains the PCB connected to the AVR
Dragon and also a UART to USB cable to assist with data verification. This

setup is also used to verify the functionality of base station software.
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AVR Dragon

FIGURE 5.4: Hardware setup

5.3 Sensor readings

Initially data from the sensors was viewed via the four LEDs at the corners of
the board. Values of pitch and roll map to appropriate LEDs and through visual
feedback it is clear the system is reading valid sensor data. Figure 5.5 contains
three of the four possible states for visual feedback. As the book changes in
orientation so does quadcopter as it remains fixed in place at the feet. The sensor
data be viewed in more detail by either writing it to the SD card, transferring it
over the debug UART or ideally sending it to the USB transceiver via the wireless

ZigBee connection.

(a) Positive pitch and roll (b) Positive roll and negative pitch (c) Negative roll and pitch

FIGURE 5.5: Visual feedback of attitude
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5.4 Control loop optimisation

All functions to be executed on the control microcontroller are contained inside
a timer driven interrupt for which the frequency defines the coefficients for the
filters and the overall response of the system. This can be improved by making
the execution time as small as possible. The main functions are to read data and
drive the motors which in themselves are not processor heavy unlike the control
calculations between these two steps. These initially consist of floating point
calculations which require multiple clock cycles to complete but where possible
these can be replaced with integer operations or bit shifting which take a lot less

time.

The other functions this microcontroller is concerned with can be negated in terms
of time dependency so instead of executing inside the interrupt function they can
be spread across multiple intervals between interrupts. BlackBox may however be
used in the loop to gain a sample of every piece of data collected. UART com-
munication can be done outside the interrupts causing lag only in the transceiver
module which is why these two modules were separated. This lag is reduced by
increasing the baud rate from the initial 9600Bd to that the fastest stable rate
which is 57600Bd throughout the system.
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Evaluation

6.1 Performance

The main design in this project was the quadcopter PCB which functioned as
described in the schematics with flaws appearing only in the initial designs. All
layout design, e.g. footprint models and circuit routing, was successfully imple-

mented.

System integration proved challenging as bringing together many different designs
into a singular functional unit rendered unforeseen complications. The motor and
propeller combinations did not produce enough thrust for the body of the craft.
This could have been prevented by increasing modelling and analysis of variation
during the design phase. Unfortunately weight estimations proved difficult as spec-
ification of both the PCB and motor housing remained unknown. The additional

hardware alterations also increased weight.

The wireless link remains untested as this was not a basic requirement to achieve
further functionality. The transceiver stick however behaves as designed. When
attached to the computer it identifies itself as a serial port and can exchange data
with the ATMEGA1281 microcontroller inside the transceiver module.

6.1.1 Thrust to weight ratio

Attaching the quadcopter to a test rig upon a set scales allowed for an estimation

in the thrust produced. The craft is placed upside down to allow for better airflow

49
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therefore lift is manifested as an increase in weight. Table 6.1 contains individual
component weight, total weight and the change in the test rig weight. The thrust to
weight ratio is calculated using equation (6.1) which reflects the inability to achieve
lift. These results are an estimation and more thrust should be achieved in open
space. The motor housing remains fixed to the board but using the last revision as
a lower estimation the weight of the board with only original components comes
to 354.34N.

Item Weight (N)
Revision B motor housing 23.64

BLDC motor 19.62

Motor driver modification board | 5.20
Quadcopter (no battery) 548.18

Test rig (motors off) 1349.37

Test rig (all motors on full power) | 1564.70

TABLE 6.1: Section weights

Thrust (N)  ATestrigweight  1564.70 — 1349.37
Weight (N)  Quadcopter weight 548.18

=0.39 (6.1)

6.1.2 Control implementation

The firmware produced for the design uses the complementary filter approach
discussed in section 2.3.1. This could not be tested fully but test plans allow for
partial tuning for a one dimensional case by using the stabilisation holes in the
PCB. Removing the need for a thrust to weight ratio greater than one as the craft

can be suspended in mid-air and balanced using the thrust that is available.

Before this testing can take place further tuning is required to gain a more reliable
reconstruction of the filtered signals. It can be seen from the screen capture of
the base station (figure 6.1) that a better filter implementation is required. The
high pass filter used on the integrated gyroscope measurement requires a sharper
transition band to remove the drift but retain the high frequency information.
The low pass filter for the accelerometer suffers because of such a low cut off
frequency and removes very little high frequency content from the signal. This
can be improved by using an Infinite Impulse Response (IIR) filter to improve
transition sharpness. Improving the method of integration will also help to remove
drift from the measurement contribution of the gyroscope. This can be done by
using best fit curves or trapezoid area approximation rather than the current

approximation of rectangles.
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6.2 Production cost

This prototype unit cost a total of £328.13 for the basic components with addi-
tional costs for some of the hardware modification features; see table F.1. This
price can be reduced for the perspective audience when considering the larger

production of PCBs and bulk purchase of components.

6.3 Project planning: a retrospective

The Gantt chart in figure 1.3 shows the actual activities which took place instead
of those planned in figure [.2. They are similar with respect to the first PCB
submission but when testing revealed the need for more time and components
the lag was used to work on future tasks. This is why a modular addition was
implemented so early when it was intended to be an optional extra towards the

end of the project.

The risk register considered in table 3.1 reflected the actual issues which arose
during implementation. The concern with the first PCB revision was justified
as it did not function as required but the contingency strategy, revision B PCB,
proved ineffective with diminishing budget and time. The inability to fly was a
large influence on the project but as a low likelihood was estimated the risk score
was relatively low. This score should have been greater as much more mitigation

actions should have been put into place.
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Conclusions and future work

“Any sufficiently advanced technology is indistinguishable from magic.”

Arthur C. Clarke

This project proved very ambitious. Reviewing the original project brief contained
in appendix A it can be seen that some of the initial ideas are greatly over specified.
Breaking the project down in waypoints however allowed some of the specification
to be achieved. The progress made serves as a great starting point for continuing
development on this idea with considerable ground already covered and a lot of

experience gained.

7.1 Archaeopteryx improvements

Some features of the PCB can be improved for the next revision. These would
address some of the hardware changes discussed in section 5.1. Table 7.1 contains
the major changes but apart from these most of the board can remain the same.
Dimensions and component placement proved a great success as the center of

gravity of the design remains at the origin of the board.

7.2 Formalisation

All code written for the quadcopter as of current is quite specific and only drawn

together for this prototype. The aim in the future is to make this accessible and
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Chapter 7 Conclusions and future work

Improvement

Reasoning

Replace board level communication
protocol with that in figure 5.3(b).

This fix proved successful and therefore
should be made part of the design.

Replace the driver ICs with either new
ICs capable of driving enough current
or an microcontroller/MOSEFT config-
uration.

This will prevent additional circuitry
from being added manually.

Separate power supplies for logic de-
vices and motor drivers.

Avoid voltage rail ripples.

Reduce PCB safety rim width.

The width chosen provided more than
enough support.

Label every output on headers and re-
duce size if possible.

These headers are for expansion and
debugging. A lot of the testing has

been done.

Remove ISP header. JTAG communication worked fine

through out the board.

TABLE 7.1: Improvements for revision B

as easy to manipulate for researchers. Therefore code should be restructured and
layered for interfacing with the user application. This will require formal docu-
mentation and published restrictions on processing capabilities. The transceiver
is also yet to be tested as part of the design and like the code this will require

evaluation.

7.3 Propeller optimisation

The intention has always been to make the copter as compact as possible, keeping
every component aligned in one plane but due to physical limitations and sourcing
issues this has not been possible. The motors protrude from the bottom of the
craft and therefore housing was used to keep the propellers aligned. This solution
resolved the issue but an ideal approach is to replace the propeller/motor /housing
combination with a single fan type configuration; as seen in figure 7.1. This was
unfeasible to purchase during the project because of required clockwise/anticlock-
wise matching for the propellers but using the 3D printer it would possible to
create such components. The BLDC motor can now be placed in the center and
by removing the shaft a printed propeller hub can be placed around the core. The
three wires for each phase can then run along the supports where they will meet
through hole connections in the new PCB. Making it 6mm thick covers a 1.6mm
board, the BLDC motor height and the need for an adhesive rim.
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FIGURE 7.1: Propeller/motor/housing sketch

This would also incorporate blades better suited to motor and size of the quad-
copter. An idea during the design phase was to model the propellers as such to
optimally match them with the motors (first idea held in figure H.1). This can be
achieved using a Propeller/Windmill Analysis and Design Engine (QPROP) (Drela,
2007). Designed to source the best motors on the market to optimally match with
a certain propeller it can instead be used backwards to converge on an optimally
matching propeller for a motor. The propeller can then be 3D printed and incor-

porated into the fan configuration for the next quadcopter.

7.4 Weight loss

Providing more lift with different propellers is one catalyst for flight but losing
weight is also beneficial. For a second design a lot more weight can be lost and yet
the structural integrity retained. Area not populated with tracks or silkscreen on

the PCB could simply be removed as they bring nothing to craft except weight.
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7.5 Final thoughts

This concept has nothing to which it can be directly compared as there are no
publicised implementations of similar low profile quadcopters. Only the thrust
to weight ratio proved to be the downfall with all other hardware systems in
working order. Further decreasing the profile and increasing the available thrust
will certainly aid in reaching the specified criterion of this project. This is an
exciting implementation with scope for deployment in an increasingly popular

field of research.
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Appendix A

Project brief

10" October 2012

A quadcopter is an aircraft that achieves flight using four propellers oriented such
as to create four vertical columns of lift. These propellers are independently con-
trolled to set the yaw, pitch and roll of the craft. Movement is achieved by varying
the orientation and overall power output. This design will be used in a multi-agent

swarm that can complete complex tasks in an indoor environment.

Each quadcopter will use sensors to gather data on orientation and because the
behaviour of the motors, propellers and environment are known feedback can be
used to achieve stable flight. This can only be made possible by using a controller
that reacts fast enough to maintain the desired flight angles. Secondary sensors
will also be used to improve how an individual agent will perceive the environment.
These sensors should be attached as optional modules to a customisable base model
allowing the end user to create a diverse swarm. The focus of the design should

always remain on minimising the scale and overall cost for each unit.

Individual aircraft will require a wireless communication link which should be at
least half duplex. The link will range from a simple point-to-point connection
when only one quadcopter is active to an adaptive fully connected network when
an entire swarm is active. Data transfer via the connection will serve as either
manual control for the swarm/individual or as an interrupt for a program held
locally. In both cases flight data will be periodically dumped to a base station
which should take the form of bespoke software running on a PC which has the

ability to communicate wirelessly using the same protocols.
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The growth of the project should be based on a spiral model following chronological
waypoints so if tasks prove too ambitious there will still be a functional final result.
1. Construct and test a prototype that can achieve stable flight
2. Create a user interface to manually control the device from a base station

3. Implement modular additions that can increase an agent’s perception of the

environment.
4. Construct and test a production grade quadcopter
5. Replicate the final design in order test swarm interaction

6. Program the swarm to complete basic tasks



Appendix B

Archive description

e 3D _Printing

— revA
— revB

— revC
e Code

— Archeopteryx

Basestation. MCU_ATMEGA1281
Control MCU_ATMEGA1284P

Transceiver MCU_ATMEGA1281

e Datasheets

e Figures

e Meeting_log

e PCB_Design Files

— Archaeopteryx_blackbox_revA
— Archaeopteryx_revA

— Archacopteryx_USB_transceiver_revA
e Brief.pdf

e Progress_report.pdf
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Appendix B Archive description

Project.pdf
Project.tex

README.txt

-3D_Printing

The three revisions of the motor housing in Autodesk Inventor

-Code
All firmware and software development code
Archeaopteryx => C#
Basestation_MCU_ATMEGA1281 => C
Control _MCU_ATMEGA1284P => C
Transciver _MCU_ATMEGA1281 => C

-Datasheets
A1l the datasheets for components used in the project.

Mostly PDFs but webpages are also stored locally and as hyperlinks

-Figures

All figures used to compiles the project report and drawing package files

-Meeting log

Time indexed meeting agendas

-PCB_Design_Files
A1l PCB CAD files for the design in EAGLE

-Brief.pdf
The brief submitted in October 2012

-Progress_report.pdf

Progress report submitted in December 2012

-Project.pdf

The electronic version of the final report

-Project.tex

LaTeX file used to produce the final report

-README. txt

LisTinGg B.1: README.txt



Appendix C

Printed circuit board

configuration options

C.1 Circular

Usable area = m(e — p)* — 4n(p + p)?

Total area = we?
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2¢

24

Ficure C.1: Circular layout
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C.2 Tapered square

Usable area = (4p + 4u +28)* — (4 — m)(p + p)* — 47 (p + p)? (C.3)

Total area = (4p + 6+ 26)* — (4 — 7)(p + 2u)* (C.4)

o

2p

2p

2e

FicUure C.3: Tapered square layout
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C.3 Clover

Usablearea ~ (4p+4u+28)* — (4—m)(p+p)* —4n(p+pu)? —6(p+pu+3) (C.5)

Total area ~ (4p + 6+ 28)* — (4 — ) (p +2p)* — S(p+ p + B) (C.6)

C.4 Graph generation

%Ashley Robinson
%508/12/12
%Layout.m

clear/last run

A===== Small range
mu = 5 Jedge thickness (mm)
delta = 15 Jyou are receding (mm)

N===== PCB parameter wvectors
rho = [0:0.5:100] % (mm)
beta = [0:0.5:60] % (mm)

y =1
for i=rho
x = 1;
for j=beta
epsilon = (2.414%i) + (3.414xmu) + (1.414%j);

top_circ(x,y) = (pix((epsilon - mu)~2)) - (4*pi*((i + mu)~2));
bottom_circ(x,y) = pi*epsilon*epsilon;

eff_circ(x,y) = 100*top_circ(x,y)/bottom_circ(x,y);

top_roun(x,y) = ((4*%i +4*mu+2%j)~2)-((4-pi)*((i+mu)"2))-(4xpi*x((i + mu)"~2));
bottom_roun(x,y) = ((4*i + 6*%mu + 2xj)"2) - ((4 - pi)*((i +(2% mu)) ~2));
eff_roun(x,y) = 100*top_roun(x,y)/bottom_roun(x,y);

top_clov(x,y) ((4*i+4*mu+2*j) "2) -((4-pi)*((i+mu) "2)) -(4*pi*((i mu)~2))-(

deltax*(i+mu+j));

bottom_clov(x,y) = ((4*i+6*mu+2%j)~2)-(( -pi)*((i+(2*%mu))"2))-(delta*(i+mu+j))

eff_clov(x,y) = 100*top_clov(x,y)/bottom_clov(x,y);

X = x + 1;

end

y =y + 1
end

f--—-—-—-—-——== Circular
subplot (3,1,1);
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[C,h] = contour(rho,beta,eff_circ);

set (h, ’showtext’,’on’,’TextStep’,get(h,’LevelStep’) *2);
grid on

title(’Area efficiency (%)’);

xlabel (’Radius of Propeller (\rho) (mm)’);

ylabel (’Propeller hole separation (\beta) (mm)’);

subplot (3,1,2);

[C,h] = contour(rho,beta,top_circ);

set (h, >showtext’,’on’,’TextStep’,get(h,’LevelStep’) *2);
grid on

title(’Available area (mm~2)’);

xlabel (’Radius of Propeller (\rho) (mm)’);

ylabel (’Propeller hole separation (\beta) (mm)’);

subplot (3,1,3);

[C,h] = contour (rho,beta,bottom_circ);

set (h, ’showtext’,’on’,’TextStep’,get(h,’LevelStep’) *x2);
grid on

title(’Total area (mm~2)’);

xlabel (’Radius of Propeller (\rho) (mm)’);

ylabel (’Propeller hole separation (\beta) (mm)’);

figure (2)

subplot (3,1,1);

[C,h] = contour (rho,beta,eff_roun);

set (h, >showtext’,’on’,’TextStep’,get(h,’LevelStep’) *2);
grid on

title(’Area efficiency (%)’);

xlabel (’Radius of Propeller (\rho) (mm)’);

ylabel (’Propeller hole separation (\beta) (mm)’);

subplot (3,1,2);

[C,h] = contour(rho,beta,top_roun);

set (h, ’showtext’,’on’,’TextStep’,get(h,’LevelStep’) *2);
grid omn

title(’Available area (mm~2)’);

xlabel (’Radius of Propeller (\rho) (mm)’);

ylabel (’Propeller hole separation (\beta) (mm)’);

subplot (3,1,3);

[C,h] = contour (rho,beta,bottom_roun);

set (h, >showtext’,’on’, ’TextStep’,get(h,’LevelStep’) *2);
grid on

title(’Total area (mm~2)’);

xlabel (’Radius of Propeller (\rho) (mm)’);

ylabel (’Propeller hole separation (\beta) (mm)’);

figure (3)

subplot (3,1,1)
[C,h] = contour(rho,beta,eff_clov);
set (h, ’showtext’,’on’,’TextStep’,get(h,’LevelStep’) *2);

grid on
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title(’Area efficiency (%)’);
xlabel (’Radius of Propeller (\rho) (mm)’);
ylabel (’Propeller hole separation (\beta) (mm)’);

subplot (3,1,2);

[C,h] = contour (rho,beta,top_clov);
set (h,’showtext’,’on’,’TextStep’,get(h,’LevelStep’) *2);
grid omn

title(’Available area (mm~2)’);
xlabel (’Radius of Propeller (\rho) (mm)’);
ylabel (’Propeller hole separation (\beta) (mm)’);

subplot (3,1,3);

[C,h] = contour (rho,beta,bottom_clov);

set (h, >showtext’,’on’,’TextStep’,get(h,’LevelStep’) *2);
grid on

title(’Total area (mm~2)°’);

xlabel (’Radius of Propeller (\rho) (mm)’);

ylabel (’Propeller hole separation (\beta) (mm)’);

LisTING C.1: Scaling comparison graph generation



Appendix D

Battery comparison

Vendor Mass (g) | Energy (KJ) Energy
(J/g)

Sparkfun 2.65 1.4652 552.9056604
OneCall 7 3.996 570.8571429
Sparkfun 9 5.4 600
OneCall 13 7.992 614.7692308
Sparkfun 18.5 11.322 612
Sparkfun 22 13.32 605.4545455
OneCall 23 17.316 752.8695652
Sparkfun 36 26.64 740
OneCall 41 17.982 438.5853659
Sparkfun 85 26.64 313.4117647
OneCall 85 39.96 470.1176471
Sparkfun 110 79.92 726.5454545
Sparkfun 114 59.94 525.7894737
OneCall 129 58.608 454.3255814
Sparkfun 206 58.608 284.5048544

TABLE D.1: A sample of lithium polymer batteries on the market
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Software development

%k %k %k 3k >k ok k ok 3k ok %k >k K 5k %k >k K 5k %k %k K %k %k %k 5k 3k %k 5k 5k %k %k %k 3k %k %k 5k %k %k % >k %k %k % 5k %k %k % >k k *k %

LOG FILE
User: Ashley
Computer Name: ASHLEY-PC
Date: 08-04-13
Time: 1438-14
sk ok ok sk sk sk ok ok ok sk ok sk ok ok ok sk sk ok sk ok ok ok sk ok sk sk ok ok ok sk sk sk K ok ok sk ok sk K ok ok sk ok sk sk ok ok ok sk ok sk
=> Entry: 0
Date: 1438-19
Time elapsed: 0.8s
Xais angle: 0
Yaxis angle: -17
=> Entry: 1
Date: 1438-19
Time elapsed: 0.9s
Xais angle: 0
Yaxis angle: -37
=> WARNING ============> Entry: 2
Date: 1438-19
Time elapsed: 1s
Xais angle: 0
Yaxis angle: -48
Message:

Yaxis has exceeded 45 degrees tilt

LisTING E.1: Example log file. Generated from user interface run in figure 3.8

1)
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Archeopteryx Basestation

Home | BlackBox Connection |

Com port: Im

Baud Rate: 7600 STOP
Raw Packet Data: Raw Data
0:1
1. 72 Temprature: 22 6347068823529
2:0
3: 240 Acceleromter X¥: 0.02001553125
4: 66 Acceleromter Y 00146484375
5: 204 Acceleromter Z: 1043701171875
6: 237
7160 Gyro X 1.46564885496183
8:0 Gyro Y- -1.57251908396947
5: 152 Gyro Z- -3.61832061068702
10: 255
11: 50 Fittered Data
12: 254
13: 38 Acceleromter X 0.0173381511121988
14: 60 Acceleromter Y 0.0156236235052347
15: 142 Acceleromter Z: 1.03182172775269
16: 8
17:185 Gyro X: -59.1250686645508
18:60 Gyro Y- -152.376220703125
15127 Gyro Z: -210.524841308554
20: 250
21. 58
22: 63
23132
24: 18
25: 188
26: 154
27108
28: 128
259: 18
30: 195
31:24

BRZSESISGRORIS66I55RERN2S88UsHE0R

FIGURE E.1: User interface communications
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Printed circuit board design files

F.1 Archeopteryx rev.A

Reset button Status LEDs
vee LED 4
LED 3
LED
LED1
w w = =
P4 U)‘ %] P4
PAVATRNNY V4T R VAT R A4
&g% 258 B8 B8
GND GND
Power managment
vee
U1
1 vN
i GND_(TAB) vout |2
GND_(TAB)_2
MCP1826S-3302E/DB
GND

FIGURE F.1: Schematic page 1.
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Transceiver & microcontroller

vcec
P9 1 bGND_1 Gpioo |-P4 TRANS /CS
P22 1 penp_2 it |BS LED1
P23 | penp_3 P02 |-B6 LED2
P24 | p vee 1 Gpio3 |PIQLED3
P2 lp2oiena
C15 b_vce 2 GPIO_4 )4
P34 1 A VREF GPio_5 P21
1uF
P35 1 and Gpio_6 P17
RESET P8 | geser Gpio_7 |-P18
solr P ospicoik GPio_8 P41
MSOR P21 spwiso GPIO_1WR |-B36
MOSLR P3| sp mosi oscazk_out |-EZ
P e ok cPU_cLk P10
P12 | 5c paa gar | P3BAT
UART TXD P13 1 ARt TxD UART DTR P37
UART BXD P14 | yaRt RxD USARTO_RXD P38
P15 1 yaRT RTS USARTO_TXD B39
P16 | yaRT CTS USARTO_EXTCLK P49
P26 | j1AG_TMS ApC 1 |-B32
P28 1 j1ac_TDO apc_2 [-P81
P27 1 jtac_TDI apc_3 [P0
P29 1 j1AG_TCK RQ7 P42
RQ_6 P43
GND
vcc
Ic1
13 vee (PCINT7/ADCT)PAT
3] Ve (PCINTE/ADCE)PAG
vee (PCINTS/ADCS5)PAS
(PCINT4/ADC4)PA4
(PCINT3/ADC3)PA3
RESET (PCINT2/ADC2)PA2
(PCINT1/ADC1)PA1 47K
XTAL2 (PCINTO/ADCO)PAD
XTAL1 o
(PCINT15/SCK)PB7 47K g
Qi1 ;? AREF (PCINT14/MISO)PB6 WA MISOR
AVCC PCINT13/MOSI)PBS R3 ™
I[Il T2MHz (PCI(NT12/OC =) ‘3‘ PWM NE P
(PCINT11/0COA/AINT)PB3 7 PWM_SW
(PCINT10/INT: : ERPNrthc Ro
(PCINT9/CLKO/T1)PB1 .
2208 220F (PCINT8/XCKO/TO)PBO 0__GYRO /C:
(PCINT23TOSC2)PCT %
(POINT22MTOSC1PCE (=22
(PCINT21/TDI)PC5
(PCINT20/TDO)PC4 TDO_BRIDGE
c3 (PCINT19/TMS)PC3 T
(PCINT18/TCK)PC2 TCK
T (PCINT17/SDA)PC1
100nF (PCINT16/SCL)PCO
PWM _NW
(PCINT31/0C2A)PD7 L
(PCINT30/0C2B/ICP)PD6 PWM_SE
(PCINT29/0C1A)PDS
(PCINT28/0C1B)PD4
gg GND (PCINT27/INT1)PD3 IRQ:
5] o\ (PCINT26/INTO)PD2 IRQ1
e oo (PCINT25/TXDO)PD1
GND (PCINT24/RXD0)PDO
ATMEGAG44A

FicURE F.2: Schematic page 2.
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Motor drivers

Motor pads

vce
24k
\
R12 NE_DRIVER
P1 | kG P (10 PWM NE
24K
MA—NS72 P2 | poros DR PO _DIR.NE
R13
P3 P8
VBIAS VDD LC1O
1 NE P4 P7_3_NE
_ ouT1  oUT3 a Tz'an
2 NE P5 P6
c14 = ouT2 GND
- P11
2.2nF 24k GND_BASE
R11 SE_DRIVER
P1 | kg pwy (P10 PWM_SE
24K
MA-—NS69 P2 | poros DR PO _DIR_SE
R14
P3 P8
VBIAS VDD 1o
1. SE P4 P7_3 SE
= ouT1  oUT3 2 T2'2nF
c13 2SE PS5 oyrz  onp |EB
2.2nF P11
o GND_BASE
"R SW_DRIVER
P1 FG pwMm P10 PWM SW
24K
41\/\N\,_N$_5_8—P2 RPROG DR P2 DIR SW
R15
P3 P8
VBIAS VDD oo
1.SwW P4 P7_3 SW
= ouT1  0UT3 = T2'2nF
c12 2SW PS5 | oyrz  enp B8
2.2nF P11
oak GND_BASE
R9 NW_DRIVER
P1 FG pwMm P10 PWM NW
24K
P2 | RPROG DR |9 DIR.NW
R16
: P3 P8
VBIAS VDD RE
1_NW P4 P73 NW
. ouTt  oUT3 _ T2'2nF
CM 2NW PS5 oy gNp P8
Tz.an OND BASE | P11
GND

FIGURE F.3: Schematic page 3.
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Gyro/Accelerometer
P1t CLkiN spaispl |E24MOSLR
B2 1 Net scusclk P28 SCIK R
B 1 Ne2 cLkouT P22
P4 1 Nes RESv2 21
PS5 | Nca cpouT |-£20
P6 1 Aux DA RESV1 P19
P7_ | Aux_cL GND E18
GYRO_/CS P8 | os Nes P17
MISO R P9 | Apo/spo Ne7 16
P10} ReGcouT Nee 215
P} ksyne NCs P14 yee
P2 | Nt vop P18
C5 C4
TMUF To.1uF =C6
2.2nF
A4
GND

FIGURE F.4: Schematic page 4.
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FicUre F.5: Schematic page 5.



81

Appendix F Printed circuit board design files

Y UOISIASI 10 38T] jueuodwio)) :1° . @1dV],

e1'8ce [e390L,
0R°'CGC ¥ osnoy uy :SOH 2IMIoNING SUISNOH I0JOJ\ PouLId (I¢
€6°C 1 unjyredg IoMO0J A1037R¢ YYW(GR ‘unjsredg
(¢ 3o Prd)
SHHTTHdOUd HUVdS ANV'Id
66°€ 4 S[PPOIN PUB[IOPUOA s10j0ur 0y patpeyIe oq 0y sw[pdord | NIMIL-X  D/¥  LITIYANIIS
0€6TT I LHVDIDOd (spreoq () A13moIm pue SUNUNON uoryesrqed dod
{9°0 T renHau() JUOWFRIURUL JOMOJ CZRTdDIN :dryooaoty
¥87°0 T syuonodwon) gy TALIP 1030]N | (G JO 3oed) G0SIALIN :drypo1atry
€L'8¢ I ILFORLT0) 19}oWOI[IY pue 9dodsoI4r) 0009-NdIN “HSNASNHANI
6’8 4 ON[ALOTH sroj0tt HA'Td AM00LL ToUuunLM(C) SSOYSTLIL

RUUDY)

8LCC I [[¥DPUQ | -UY PUR IDATOSURI], ‘I9[[OIJUODOIIN ¢V Ve dZLV "THNLV
9c¢e I [*O°10 IST[OIFUOI 0TI NV-dV8CIVOHNLY ~"THN.LV
(7) (yoeq)ysop | Ayjuent) JOPUSA uorjoung juouoduro))



http://onecall.farnell.com/atmel/atmega1284p-au/mcu-8bit-avr-128k-flash-44tqfp/dp/SC09749
http://onecall.farnell.com/atmel/atzb-24-a2r/zigbee-module-2-4ghz-chip-antenna/dp/1773400?Ntt=ATZB-24-A2
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Appendix F Printed circuit board design files

y : Archaeopteruyx
CAUTION Rev.A

=l 2.4GHz Zigbee | Jan 2013 Q

{1 Transceiver By
Ashley Robinson

FiGUurE F.6: Design view. Top copper layer looking down. Intermittent line
represents ground polygon boundary.
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FIGURE F.7: Design view. Bottom copper layer looking down. Intermittent
line represents ground polygon boundary.
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«(00000000| ,
2cn{00,000000)
(m ] o Lo

Archaeopteryx
CAUTION Rev.A

1 2.46Hz zigbee | Jan 2013 O

Transceiver B

4
Ashley Robinson

(00000000,
00000000
1

Ficure F.8: Layout view. Top layer looking down.
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O 0 0 O O vcc
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Ficure F.9: Layout view. Bottom layer looking up.
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F.2 Base station transceiver

Q
3]
s
Ic1
22 VCC TXD HARLIXL
VCCIO RXD 3QJAR]':EXD;
19 RTS 1 -
190 RESET cts J1L_UART RTS
27 DR &
2 osci SR [
28 osco oco f10
RI
23
ceuso |2
3v3 |22
. caust (22
avsouT cBUs2 |2
Lc2? ceuss |4
SBEDP 15 12
 00nF o 1l useor  causs |2
—USB DM 18] sgpm -
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GND ! 3v3
(Ggmg 18 2 -l JTAG TCK
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CND _RESFT  6f_ _I5 JTAG TMS
L FT232RL I it I
10 -2 JTAG TDI
€ Sv1
GND 1
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P9 | peND_1 Gpio0 |24
P22 | peND 2 GPIO 1 B3
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P24 1 b vce 1 GPIO_3 o
3]
_LC1 P25 | b vee 2 GPIO_4 >
T“F P34 | A VREF GPIO_S5
[m]

‘ P35 1 AGND GPIO_6 o C4 C5
RESET P8 | meser PI0 7 100nF 4.7uF
SPL CIK P11 spiclk GPIO_8 -

w0
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FIGURE F.10: Base station transceiver Schematic
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FiGURE F.11: Design view. Top copper layer looking down.
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FIGURE F.12: Design view. Bottom copper layer looking down.
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Co
Transcelver qZIZI
2.4GHz Zigbee | g
CAUTION | o=
M
(o]

O

1
00000
00000

10 SV1

(ol o)
O

|5

0000

PCB Edge

L O

°OOX1OO

Ficure F.13: Layout view. Top layer looking down.
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FicUre F.14: Layout view. Bottom layer looking up.
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F.3 BlackBox

0 0
o o
> >
SOUTH T NORTH W\
16 15 16 15
14 13 SCLK 14 13 cs
12 11 DATA_IN 12 11 DATA_OUT
10 9 10 9
8 7 8 7
6 5 UART RTS 6 5
4 3 UART CTS 4 3
UART_TXD 2 1 UART RXD 2 1
GND GND
cD1
<2l carp peTECT o
D2 CARD_DETECT1 S
JP1
DATA _OUT 7 1
_ DATA_OUT 10
DATA_IN 3 DATAIN - = | O
SCLK 5| o ART-RXD | 333
CS 2 s UART CTS 1 4~
o —513 DAT1 UARTRTS 1 565
o /[ 4 Dat2 | 65
vss
MT2 GND
1 N
GND

FiGURE F.15: BlackBox Schematic
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FiGURE F.16: BlackBox circuit board layout
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Hardware modifications

F1GURE G.1: Three disconnected tracks on the board. Copper section removed
with scalpel

(a) Back - MOSFETs (b) Front - microcontroller (silicon labs F330)

Ficure G.2: HK - XP 3A 1S 0.7g micro brushless electronic speed controller
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Appendix H

First propeller

FiGure H.1: First idea for a bespoke propeller
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Appendix 1

Project planning

1.1 Act I - actual

Oct 2012 Nov 2012

ID Task Name Start Finish  |Duration

9| 7/10 | 14/10| 21/10 | 28/10 | 4/11 | 11/11 | 18/11| 25/11 | 2/12 | 9/12
1 | Brief finalisation and submission | 01/10/2012| 12/10/2012| 2w _
2 | Background research 01/06/2012| 24/10/2012 | 20w 4d _
3 | Initial design 24/10/2012| 30/11/2012 | 5w 3d ]
4 | 3D printer research 24/10/2012| 07/11/2012 | 2w 1d I
5 | Areaefficiency modelling 31/10/2012| 21/11/2012 | 3w 1d ]
6 | Component prototyping 31/10/2012| 21/12/2012 | 7w 3d ]
7 | First 3D printer prototype 21/11/2012| 28/11/2012 | 1w 1d | |
8 | Design optimisation 21/11/2012| 05/12/2012 | 2w 1d [ ]
9 | Rev.A Quadcopter PCB design | 05/12/2012( 09/01/2013 | 5w 1d I
10 E;?ﬂ:)’:port crestion and 07/11/2012| 12/12/2012 | 5w 1d I
1 | Xoond Examinermeetingad | p1112012| 211172012 | ow Y

FIGURE I.1: The actual activities carried out from 30/09/12 to 10/12/12
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1.2 Act II - planned

[ ] MO | €T0Z/SO/QT |€T02/SO/9T ennyelod | T
I Pz Mz | €T02/SO/9T |E€T0Z/SO/TO BAIA 10} Apeai 10eloud ustiod | 9T
{ MO [€T02/S0/T0 |€T02/SO/TO | uossiwgns Hodes 1oloud feuld | 6T

uonendod
] pe M9 |€T02/S0/10 [€T0T/€0/8T PR aEdEy | 7
| pEM9 | €T0Z/SOMO |ETOZ/E0/8T suonippe e npow dopred | €1
. MZ | €ETOZHORT |ETOZ/OMTO €0d g9y 191 pLe ping | 2T
([ ) MO | €TOZAOMO |ETOZAOMTO g0d 98y Hwans | TT
] My | ETOZAORT |€T0Z/E0/8T fepijoy lwse3 | 0T
( J MO | ETOZ/E0/BT |ETOC/E0/BT g0d g'/9d HWans | 6
. Pz MT | €TOZ/E0/BT |€T0Z/S0/80 |  UBSAp §0d sedoopend gy | 8
] M6 | 102150710 [ETOZROBE [ 11 suomommuuon toprog | -
| Py MTT |€T02/S0/T0 |£T02/20/80 swyoBfe j01uco doprea | 9
[ MZ | €T02/C0/80 |ETOZ/TO/8E VoY IRl puepling | g
[ ] MO | €T02/10/82 |€T02/TO/8E 80d V'iedanesy | ¢
I | Pz Me | €T0Z/T0/SC |€TOZ/TO/OT poued wex3 | €
@ ~o |etoemomeo |€T0z/TO/GO €0d Ve Hwans |z
l PT MG [ €TOZ/TO/0 |2T02/ZT/S0 | Ubssp g0d seidoopend visy | T

m\ma_ Slet _ SIS _SmN _SHN _ vivT _ vIL _ ene _ eve _ ElLT _ €T _ ere _ ave _ cLT _ 2ot _ are _ T2 _ T/0C _ TET _ 9

uone.ing usiuiq ues SWweN XseL al

€102 ke N _

€102 1y

€T0¢ e\

€10¢ P4

€10¢ uer

FIGURE 1.2: The planned activities from 06/01/13 to 19/05/13
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1.3 Act II - actual
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_ €10¢ P4

_ €T0¢ ver

() MO | €T02/S0/T0 |€T0Z/SO/TO |  Uossiwgns Lodel 1oefoid feuld | TT
] pem9 |€T0Z/S0/T0 |€T0Z/€0/8T B 0GR hwn__w_ﬂ:_whm ot
| ME | ETOZ/E0/B0 |ET0C/20/8T suonippe ejnpow dopreq | 6
I My | €T02/HO/CT |ETOZ/E0/ST fepijoy ise3 | 8
] PZMy | ETOZ/0/0E |ETOZHOMO o0 xc__wco_MJ%cﬁ_%_am%mm\wm L
| pz My | ET0Z/0/0S |STOZHO/TO swiyLobe j01uoo doprea | 9
I M6 | ETOZ/E0/6Z |€ETOZ/T0/8C VoY a1 puepling | g
MO | €T02/T0/8Z |€T02/T0/8T g0d Ve aneRy | 1
I | pcMe | €T02/10/SC |€T02/TO/0T pored uex3 | €
@®| Mo |etozmomo |etozmoeo 90d V'/od Nwans | Z
l PT MG | €T0Z/TO/60 |2T02/ZT/S0 | uBsep g0d kidoopend viney | T
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F1cure 1.3: The actual activities that took place from 06/01/13 to 01/05/13
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Appendix J

Firmware listings

* Control.c

* Created: 11/04/2013 02:19:13

* Author: Ashley
*/

#include "Control.h

//Control loop

ISR(TIMER1_COMPA_vect){

PORTB |= _BV(PB2);//Use Exzapnd_/CS to check control loop time

//Get new sample
UpdateSample () ;

//filter

accel_filtered_x

accel_scale;

accel_filtered_y

accel_scale;

accel_filtered_z

accel_scale;

gyro_filtered_x

gyro_scale;

gyro_filtered_y

gyro_scale;

gyro_filtered_z

gyro_scale;

//reconstruct

filter_kernel (AccelX ,AccelX_pipe,low_coeffcients)/

filter_kernel (AccelY ,AccelY_pipe,low_coeffcients)/

filter_kernel (AccelZ ,AccelZ_pipe,low_coeffcients)/

filter_kernel (GyroX ,GyroX_pipe,high_coeffcients)/

filter_kernel (GyroY,GyroY_pipe,high_coeffcients)/

filter_kernel (GyroZ,GyroZ_pipe ,high_coeffcients)/

X = accel_filtered_x + gyro_filtered_x;

Y = accel_filtered_y + gyro_filtered_y;

Z
//orientate

accel_filtered_z + gyro_filtered_z;

pitch = atan2(X,(sqrt(square(Y) + square(Z))));

roll = atan2(Y,sqrt(square(X) + square(Z)));

yaw = atan2(Z,sqrt(square(X) + square(Y)));

speed [0] =
speed [1] =
speed [2] =
speed [3] =

0:

0:
0:

)
s
s

s
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Appendix J Firmware listings

//Calc speeds

//Update motors
PWM_NW_motor (speed [0]) ;
PWM_SE_motor (speed[1]) ;
PWM_SW_motor (speed [2]) ;
PWM_NE_motor (speed [3]) ;
//time stamp update

time_stamp++;
PORTB &= ~_BV(PB2);

int main(void)

{

uint8_t 1i;

uint8_t guess;
//volatile wint8_t command[] = {2,2,2,2};

setup_outputs () ;

init_motors ();

init_uart ();
MasterInit ();
init_MPU6000 () ;

init_sample_timer ();

init_motor_timers();

uart_tx (0x00);//Tell transceiver you’re ready

time_stamp = 0;

sei();

while (1)

{

//Package data between interrupts, not vital
//COntro stuff

pack_a_double (14,accel_filtered_x);
pack_a_double (18, accel_filtered_y);
pack_a_double (22,accel_filtered_z);
pack_a_double (26, gyro_filtered_x);
pack_a_double (30, gyro_filtered_y) ;
pack_a_double (34, gyro_filtered_z);
pack_a_double (38,pitch);
pack_a_double (42,ro0ll);
pack_a_double (46, yaw) ;

//integer time stamp
pack_an_int (50, time_stamp) ;

//motor speeds

buffer [64] = speed[0];

buffer [55] speed [1];

buffer [56] speed [2];

buffer [67] = speed[3];

//58 hold battery, put in transceiver
//59..63 => user/debug

//Send 4t

if (PINB & _BV(PB1)){//PB1 4s high
for(i =0;i< packet_size;i++){
uart_tx (buffer[i]);//Send packet
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void pac

}

void pac

k_a_double (uint8_t start,double value){

conversion breakdown;

breakdown.fla = (float)value;//Cast to float

buffer [start] = breakdown.bytes.byte3;

buffer [start + 1] = breakdown.bytes.byte2;
buffer [start + 2] = breakdown.bytes.bytel;
buffer [start + 3] = breakdown.bytes.byteO;

k_an_int (uint8_t start,uint32_t value){
conversion breakdown;

breakdown.integer = value;//Cast to float
buffer [start] = breakdown.bytes.byte3;
buffer [start + 1] = breakdown.bytes.byte2;
buffer [start + 2] = breakdown.bytes.bytel;
buffer [start + 3] = breakdown.bytes.byteO;

}
LISTING J.1: Main from control microcontroller
/*
* TRANSCEIVER.c
*
* Created: 08/04/2013 23:55:02

* Author: Ashley

*/

#include
#include
#include
#include

#include

volatile

volatile

"Transceiver_hardware.h"
<avr/io.h>
<avr/interrupt.h>
<util/delay.h>

"AT86RF230.h"

uint8_t buffer [packet_size];

uint8_t command[command_sizel];

int main(void){

setup_outputs () ;
init_spi_master ();
init_uart_debug();
init_uart_control();
init_Bat_ADC();

PHY_INIT();//Clock sour of 8MHz from transceiver

command [0] =

command [1] =

command [2] =

o O O o

command [3] =
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102 Appendix J Firmware listings
uint8_t i = O0;
uint8_t guess = O0;
LEDs (OxFF);//Waiting to sync indicator
rx_control ();//Wait for control to start
while (1) {
PORTB |= _BV(PB5);//Need packet therefore high
for (i = 0;i < packet_size;i++){
buffer[i]l = rx_control();//Wait for control MCU to reply
PORTB &= ~_BV(PB5);//push low, timeout looks for this
}
UpdateOrientation (buffer);
buffer [68] = Read_Bat_ADC();
if (rx_debug()){//<if packet received before timeout
for (i = 0;i < packet_size;i++){
tx_debug (buffer[i]);
}
for(i=0;i<command_size;i++){
command [i] = rx_debug();
}
}
}
}

LISTING J.2: Main from transceiver microcontroller
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Appendix K

Software listings

using
using
using
using
using
using
using
using
using

using

System
System

System.
System.
System.
System.
System.
System.
System.
System.

.Collections.Generic;
ComponentModel;
Data;

Drawing;

Ling;

Text;

Windows .Forms;

I0;

I0.Ports;

namespace Archeopteryx

{

public partial class BaseStation : Form

{
private const uint packet_size = 64;
private const double bat_scale = 0.02578125;
byte[] buffer = new bytel[packet_sizel;
byte[] command = new byte[4];
private uint counter = new uint();
private string path;

priv

priv

priv

ate SerialPort UART = new SerialPort();

ate double temp, accelX, accelY, accelZ,gyroX,gyroY,gyroZ;
ate double filtered_accelX,filtered_accelY,filtered_accelZ,

filtered_gyroX,filtered_gyroY ,filtered_gyroZ;

priv
priv

priv

publ

ate double pitch, roll, yaw;
ate UIntl16 motor_NE, motor_SE, motor_SW, motor_NW;
ate UInt32 iter_loop;

ic BaseStation(){
InitializeComponent () ;
WindowState = FormWindowState.Maximized;

//com ports around?

if (SerialPort.GetPortNames ().Length == 0){
no_com_label.Visible = true;
Yelsed{
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no_com_label.Visible = false;
}
//Default for UART
Baud_comboBox.SelectedIndex = 12;
//Look for files in same directory
path = Directory.GetCurrentDirectory();
path_label.Text = "File location: \n" + path;
//Start timer
counter = 0;
Step_timer.Enabled = true;
Step_timer.Start ();
//Take chare of charts

Accel_chart.ChartAreas [0].AxisY.Maximum = 2;
Accel_chart.ChartAreas [0].AxisY.Minimum = -2;
Accel_chart.ChartAreas [0].AxisY.Interval = 1;
Accel_chart.ChartAreas [0].AxisY.Title = "Acceleration (g)";
Accel_chart.ChartAreas [0].AxisX.Maximum = 20;
Accel_chart.ChartAreas [0].AxisX.Minimum = O;
Accel_chart.ChartAreas [0].AxisX.Interval = 10;
Accel_chart.ChartAreas [0].AxisX.Title = "Time [s]";

Accel_chart.ChartAreas [0].AxisX.LabelStyle.Enabled = false;
Gyro_chart.ChartAreas [0].AxisY.Maximum = 250;

Gyro_chart.ChartAreas [0].AxisY.Minimum = -250;
Gyro_chart.ChartAreas [0].AxisY.Interval = 50;
Gyro_chart.ChartAreas [0].AxisY.Title = "Angular Velocity (deg/s)";

Gyro_chart.ChartAreas [0].AxisX.Maximum = 20;

Gyro_chart.ChartAreas [0].AxisX.Minimum = O0;

Gyro_chart.ChartAreas [0].AxisX.Interval = 10;

Gyro_chart.ChartAreas [0].AxisX.Title = "Time [s]";
Gyro_chart.ChartAreas [0].AxisX.LabelStyle.Enabled = false;
Filtered_Accel_chart.ChartAreas [0].AxisY.Maximum = 2;
Filtered_Accel_chart.ChartAreas [0].AxisY.Minimum -2;
Filtered_Accel_chart.ChartAreas [0].AxisY.Interval = 1;
Filtered_Accel_chart.ChartAreas [0].AxisY.Title = "Acceleration (g)";
Filtered_Accel_chart.ChartAreas [0].AxisX.Maximum = 20;
Filtered_Accel_chart.ChartAreas [0].AxisX.Minimum = O0;
Filtered_Accel_chart.ChartAreas [0].AxisX.Interval = 10;
Filtered_Accel_chart.ChartAreas [0].AxisX.Title = "Time [s]";
Filtered_Accel_chart.ChartAreas [0].AxisX.LabelStyle.Enabled = false;
Filtered_Gyro_chart.ChartAreas [0].AxisY.Maximum = 2;

Filtered_Gyro_chart.ChartAreas [0].AxisY.Minimum = -2;
Filtered_Gyro_chart.ChartAreas [0].AxisY.Interval = 1;
Filtered_Gyro_chart.ChartAreas [0].AxisY.Title = "Acceleration [g]";

Filtered_Gyro_chart.ChartAreas [0].AxisX.Maximum = 20;
Filtered_Gyro_chart.ChartAreas [0].AxisX.Minimum = 0;
Filtered_Gyro_chart.ChartAreas [0].AxisX.Interval = 10;
Filtered_Gyro_chart.ChartAreas [0].AxisX.Title = "Time [s]";
Filtered_Gyro_chart.ChartAreas [0].AxisX.LabelStyle.Enabled = false;
Attitude_chart.ChartAreas [0].AxisY.Maximum = 4;

Attitude_chart.ChartAreas [0].AxisY.Minimum = -4;
Attitude_chart.ChartAreas [0].AxisY.Interval = 1;
Attitude_chart.ChartAreas [0].AxisY.Title = "Filtered_Gyroeration [g]"

Attitude_chart.ChartAreas [0].AxisX.Maximum = 20;
Attitude_chart.ChartAreas [0].AxisX.Minimum 0;
Attitude_chart.ChartAreas [0].AxisX.Interval = 10;
Attitude_chart.ChartAreas [0].AxisX.Title = "Time [s]";
Attitude_chart.ChartAreas [0].AxisX.LabelStyle.Enabled = false;
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97

98 Motor_chart.ChartAreas [0].AxisY.Maximum = 100;

99 Motor_chart.ChartAreas [0].AxisY.Minimum = O;

100 Motor_chart.ChartAreas [0].AxisY.Interval = 10;

101 Motor_chart.ChartAreas [0].AxisY.Title = "Speed (%)";

102 Motor_chart.ChartAreas [0].AxisX.Maximum = 5;

103 Motor_chart.ChartAreas [0].AxisX.Minimum = O;

104 Motor_chart.ChartAreas [0] .AxisX.Interval = 1;

105 //labels

106 bat_label.Text = "Battery";

107 temp_label.Text = "Temperature";

108 iter_label.Text = "Control loop iteration: 0";

109 }

110 private void Files_comboBox_Click(object sender, EventArgs e){

111 string[] files = Directory.GetFiles(path);//Find files in that
directory

112 Files_comboBox.Items.Clear();//Get rid of last add

113 foreach (string file in files){

114 Files_comboBox.Items.Add(file.Replace(path,""));//Remove the
directory path when selecting

115 }

116 }

117 private void Load_button_Click(object sender, EventArgs e){

118 byte[] load_buffer = File.ReadAllBytes(path + Files_comboBox.Text);

119

120 raw_log_textBox.Text = load_buffer.Length.ToString();

121

122 }

123 static double CalcTemp(byte upper, byte lower){

124 return ((double)Smash_Two_Bytes (upper,lower)/340) + 36.53;

125 }

126 static double CalcGyro(byte upper, byte lower){

127 return ((double)Smash_Two_Bytes (upper, lower) / 131);

128 }

129 static double CalcAccel(byte upper, byte lower){

130 return ((double)Smash_Two_Bytes (upper, lower) / 16384);

131 }

132 static short Smash_Two_Bytes(byte upper, byte lower){

133 return BitConverter.ToIntl16(new byte[2] { (byte)upper, (byte)lower },
0);

134 }

135 private void com_comboBox_Click(object sender, EventArgs e){

136 com_comboBox.Items.Clear ();

137 if (SerialPort.GetPortNames () .Length == 0){

138 no_com_label.Visible = true;

139 }elseq

140 no_com_label.Visible = false;

141 foreach (string port in SerialPort.GetPortNames ()){

142 com_comboBox.Items.Add (port);

143 }

144 }

145 }

146 private void go_button_Click(object sender, EventArgs e){

147 if (go_button.Text == "GO"){

148 go_button.Text = "STOP";

149 //setup port
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150 UART .PortName = com_comboBox.Items[com_comboBox.SelectedIndex].
ToString () ;

151 UART .BaudRate = int.Parse(Baud_comboBox.Items[Baud_comboBox.
SelectedIndex].ToString());

152 UART .Open () ;

153 Yelseq{

154 go_button.Text = "GO";

155 Raw_textBox.Text = "";

156 UART.Close () ;

157 }

158 }

159 private void View_buffer (){

160 //Raw data

161 Raw_textBox.Clear () ;

162 Raw_textBox.Text = "Raw Packet Data:";

163 for (int i = 0; i < packet_size;i++ ){

164 Raw_textBox.Text += Environment.NewLine;

165 Raw_textBox.Text += i.ToString() + ": " + buffer[i].ToString();

166 }

167 //Run calculations

168 temp = CalcTemp (buffer[7], buffer[6]);

169 accelX = CalcAccel(buffer[1], buffer [0]);

170 accelY = CalcAccel(buffer[3], buffer[2]);

171 accelZ = CalcAccel (buffer[5], buffer[4]);

172 gyroX = CalcGyro(buffer[9], buffer[8]);

173 gyroY = CalcGyro(buffer[11], buffer [10]);

174 gyroZ = CalcGyro(buffer[13], buffer[12]);

175 //Reconstruct filter floats

176

177 double NaN_test = 0;;

178 byte[] to_float_accelX = {buffer[17],buffer[16],buffer [15],buffer
[14]13};

179

180 NaN_test = (double)System.BitConverter.ToSingle(to_float_accelX, 0);

181 if (NaN_test != double.NaN)

182 {

183 filtered_accelX = NaN_test;

184 }

185 byte[] to_float_accelY = {buffer[21],buffer [20],buffer [19],buffer
[181%};

186 NaN_test = (double)System.BitConverter.ToSingle(to_float_accelY, 0);

187 if (NaN_test != double.NaN)

188 {

189 filtered_accelY = NaN_test;

190 }

191 byte[] to_float_accelZ = {buffer [25],buffer [24],buffer [23],buffer
[22]1%};

192 NaN_test = (double)System.BitConverter.ToSingle(to_float_accelZ, 0);

193 if (NaN_test != double.NaN)

194 {

195 filtered_accelZ = NaN_test;

196 }

197 byte[]l] to_float_gyroX = { buffer [29], buffer[28], buffer[27], buffer
[26] I;

198 NaN_test = (double)System.BitConverter.ToSingle(to_float_gyroX, 0);

199 if (NaN_test != double.NaN)

200 {

201 filtered_gyroX = NaN_test;
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[30] };

[34] };

[38] };

[42] };

[46] };

NewLine;

}
byte[] to_float_gyroY = { buffer [33], buffer[32], buffer[31], buffer

NaN_test = (double)System.BitConverter.ToSingle(to_float_gyroY, 0);
if (NaN_test != double.NaN)
{
filtered_gyroY = NaN_test;
}
byte[] to_float_gyroZ = { buffer[37], buffer[36], buffer [35], buffer

NaN_test = (double)System.BitConverter.ToSingle(to_float_gyroZ, 0);
if (NaN_test != double.NaN)
{
filtered_gyroZ = NaN_test;
}
byte[] to_float_pitch = { buffer[41], buffer [40], buffer[39], buffer

NaN_test = (double)System.BitConverter.ToSingle(to_float_pitch, 0);
if (NaN_test != double.NaN)
{
pitch = NaN_test;
}
byte[] to_float_roll = { buffer [45], buffer[44], buffer[43], buffer

NaN_test = (double)System.BitConverter.ToSingle(to_float_roll, 0);
if (NaN_test != double.NaN)
{
roll = NaN_test;
}
byte[] to_float_yaw = { buffer[49], buffer[48], buffer[47], buffer

NaN_test = (double)System.BitConverter.ToSingle(to_float_yaw, 0);
if (NaN_test != double.NaN)
{
yaw = NaN_test;
}
byte[]l to_int_time = { buffer[53], buffer[562], buffer[51], buffer [50]

iter_loop = (UInt32)System.BitConverter.ToUInt32(to_int_time, 0);

//Data

data_textBox.Clear () ;

data_textBox.Text = "Raw Data" + Environment.NewlLine + Environment.
data_textBox.Text += " Temprature: " + temp.ToString() +

Environment .NewLine;

data_textBox.Text += Environment.NewLine;

data_textBox.Text += "Acceleromter X: " + accelX.ToString() +

Environment .NewLine;

data_textBox.Text += "Acceleromter Y: " + accelY.ToString() +

Environment .NewLine;

data_textBox.Text += "Acceleromter Z: " + accelZ.ToString() +

Environment.NewLine;

data_textBox.Text += Environment.NewLine;
data_textBox.Text += " Gyro X: " + gyroX.ToString() +

Environment .NewLine;

data_textBox.Text += " Gyro Y: " + gyroY.ToString() +

Environment .NewLine;
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data_textBox.Text += " Gyro Z: " + gyroZ.ToString() +

Environment.NewLine;

data_textBox.Text += Environment.NewLine;

data_textBox.Text += "Filtered Data" + Environment.NewLine +

Environment.NewLine;

data_textBox.Text += "Acceleromter X: " + filtered_accelX.ToString()

+ Environment.NewLine;

data_textBox.Text += "Acceleromter Y: " + filtered_accelY.ToString()

+ Environment.NewLine;

data_textBox.Text += "Acceleromter Z: " + filtered_accelZ.ToString()

+ Environment.NewLine;

data_textBox.Text += Environment.NewLine;

data_textBox.Text += " Gyro X:

+ filtered_gyroX.

ToString() + Environment.NewLine;

data_textBox.Text += " Gyro Y:

+ filtered_gyroY.

ToString() + Environment.NewLine;

data_textBox.Text += " Gyro Z:

+ filtered_gyroZ.

ToString() + Environment.NewLine;

data_textBox.Text += Environment.NewLine;

data_textBox.Text += "Attitude:" + Environment.NewLine + Environment.
NewLine;

data_textBox.Text += "Roll: " + roll.ToString() + Environment.NewLine
5

data_textBox.Text += "Pitch: " + pitch.ToString() + Environment.
NewLine;

data_textBox.Text += "Yaw: " + yaw.ToString() + Environment.NewLine;

}

private void Step_timer_Tick(object sender, EventArgs e){

counter ++;

Accel_chart.ChartAreas [0].AxisX.Maximum = counter;

Gyro_chart.ChartAreas [0] . AxisX.Maximum = counter;

Filtered_Accel_chart.ChartAreas [0].AxisX.Maximum = counter;

Filtered_Gyro_chart.ChartAreas [0].AxisX.Maximum = counter;

Attitude_chart.ChartAreas [0].AxisX.Maximum = counter;
if (counter > 100)

{

}

Accel_chart.ChartAreas [0].AxisX.Minimum = counter - 100;
Gyro_chart.ChartAreas [0].AxisX.Minimum = counter - 100;
Filtered_Accel_chart.ChartAreas [0].AxisX.Minimum = counter - 100;

Filtered_Gyro_chart.ChartAreas [0].AxisX.Minimum = counter - 100;
Attitude_chart.ChartAreas [0].AxisX.Minimum = counter - 100;

if (UART.IsOpen){

recteve data

Y A Request and

buffer [0] = OxAA;//Don’t send zero
UART .ReadExisting () ;//Get rid of any left over data in buffer
while (UART.BytesToRead == 0){
UART .Write(buffer, 0, 1);//Keep requesting a packet
}
UIntl16 fail = O0;
while ((UART.BytesToRead < packet_size) & (fail < 10000)){//Wait

for packet to build up

fail++;
¥
if (fail !'= 10000)
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if (UART.BytesToRead == packet_size)
{
UART.Read (buffer, 0, Convert.ToInt32(packet_size));//Is
the packet out of sync, don’t lsiten
View_buffer ();
}
UART .Write (command ,0,4);
try
{
if (((Decimal)accelX < Decimal.MaxValue) & ((Decimal)
accelX > Decimal.MinValue))
{
Accel_chart.Series["X"].Points.AddXY(counter, accelX)

}
if (((Decimal)accelY < Decimal.MaxValue) & ((Decimal)
accelY > Decimal.MinValue))
{
Accel_chart.Series["Y"].Points.AddXY(counter, accelY)

}
if (((Decimal)accelZ < Decimal.MaxValue) & ((Decimal)
accelZ > Decimal.MinValue))
{
Accel_chart.Series["Z"].Points.AddXY(counter, accelZ)

}
if (((Decimal)gyroX < Decimal.MaxValue) & ((Decimal)gyroX
> Decimal.MinValue))
{
Gyro_chart.Series["X"].Points.AddXY (counter, gyroX);
}
if (((Decimal)gyroY < Decimal.MaxValue) & ((Decimal)gyroY
> Decimal.MinValue))
{
Gyro_chart.Series["Y"].Points.AddXY (counter, gyroY);
}
if (((Decimal)gyroZ < Decimal.MaxValue) & ((Decimal)gyroZ
> Decimal.MinValue))
{
Gyro_chart.Series["Z"].Points.AddXY (counter, gyroZ);
}
if (((Decimal)filtered_accelX < Decimal.MaxValue) & ((
Decimal)filtered_accelX > Decimal.MinValue))
{
Filtered_Accel_chart.Series["X"].Points.AddXY (counter
, filtered_accelX);
}
if (((Decimal)filtered_accelY < Decimal.MaxValue) & ((
Decimal)filtered_accelY > Decimal.MinValue))
{
Filtered_Accel_chart.Series["Y"].Points.AddXY (counter
, filtered_accelY);
}
if (((Decimal)filtered_accelZ < Decimal.MaxValue) & ((
Decimal)filtered_accelZ > Decimal.MinValue))

{
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335 Filtered_Accel_chart.Series["Z"].Points.AddXY (counter
, filtered_accelZ);
336 }
337 if (((Decimal)filtered_gyroX < Decimal.MaxValue) & ((
Decimal)filtered_gyroX > Decimal.MinValue))
338 {
339 Filtered_Gyro_chart.Series["X"].Points.AddXY (counter,
filtered_gyroX);
340 }
341 if (((Decimal)filtered_gyroY < Decimal.MaxValue) & ((
Decimal)filtered_gyroY > Decimal.MinValue))
342 {
343 Filtered_Gyro_chart.Series["Y"].Points.AddXY(counter,
filtered_gyroY);
344 }
345 if (((Decimal)filtered_gyroZ < Decimal.MaxValue) & ((
Decimal)filtered_gyroZ > Decimal.MinValue))
346 {
347 Filtered_Gyro_chart.Series["Z"].Points.AddXY (counter,
filtered_gyroZ);
348 }
349 if (((Decimal)roll < Decimal.MaxValue) & ((Decimal)roll >
Decimal.MinValue))
350 {
351 Attitude_chart.Series["Roll"].Points.AddXY (counter,
roll);
352 }
353 if (((Decimal)pitch < Decimal.MaxValue) & ((Decimal)pitch
> Decimal.MinValue))
354 {
355 Attitude_chart.Series["Pitch"].Points.AddXY (counter,
pitch);
356 }
357 if (((Decimal)yaw < Decimal.MaxValue) & ((Decimal)yaw >
Decimal.MinValue))
358 {
359 Attitude_chart.Series["Yaw"].Points.AddXY (counter,
yaw) ;
360 }
361 }
362 catch { 2}
363
364 Motor_chart.Series["motors"].Points.Clear ();
365 Motor_chart.Series["motors"].Points.AddXY("NW",(byte)buffer
[54]1%10) ;
366 Motor_chart.Series["motors"].Points.AddXY("SE",(byte)buffer
[565]1%10) ;
367 Motor_chart.Series["motors"].Points.AddXY("SW",(byte)buffer
[56]1%10) ;
368 Motor_chart.Series["motors"].Points.AddXY("NE",(byte)buffer
[67]1%10) ;
369
370 if ((temp) .ToString () .Length > 4){
371 temp_label.Text = "Temprature: " + (temp).ToString().
Substring (0,4) ;
372 }elsed{
373 temp_label.Text = "Temprature: " + (temp).ToString();

374 }
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375 string battery = ((float)buffer [568] * bat_scale).ToString();

376 if (battery.Length > 5){

377 bat_label.Text = "Battery: " + battery.Substring(0,5) + "
vy

378 }else{

379 bat_label.Text = "Battery: " + battery + "V";

380 }

381 iter_label.Text = "Control loop iteration: " + iter_loop.
ToString () ;

382 }

383 }

384 }

385

386 private void NW_trackBar_Scroll(object sender, EventArgs e)

387 {

388 command [0] = (byte)NW_trackBar.Value;

389 }

390

391 private void NE_trackBar_Scroll(object sender, EventArgs e)

392 {

393 command [1] = (byte)NW_trackBar.Value;

394 }

395

396 private void SW_trackBar_Scroll(object sender, EventArgs e)

397 {

398 command [2] = (byte)NW_trackBar.Value;

399 }

400

401 private void SE_trackBar_Scroll(object sender, EventArgs e)

402 {

403 command [3] = (byte)NW_trackBar.Value;

404 }

405 }

406 }

LisTING K.1: Main form from base station software
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