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Abstract

The high costs involved in carrying out any real test related to nanosatellite research, as well as the
large amount of human and temporary resources that these requires, make it impossible for any educa-
tional institution to offer its students the possibility to be formed in this area. This fact has generated
a tendency for these educational institutions to replace the practical teaching on this field by a more
theoretical approach only practiced through computational simulations.

However, this project carries out the development, design, and manufacture, at both mechanical and
electronic level, of a test prototype focused on the study of the attitude control systems of a Ul CubeSat,
as well as the new typologies of photovoltaic panels based on Origami patterns. This prototype includes
both the design of an unfolding mechanism for these types of deployable photovoltaic panels, and the
development and implementation of the attitude control device in which the mechanism is incorporated.
Moreover, this project also covers notable improvements of both the measurement subsystems and the
position control algorithm.

The proposed design of the Ul CubeSat prototype frame, the attitude control systems and the pho-
tovoltaic panel deployment mechanism is modular. This implies that each of these subsystems can be
operated independently from the rest, which greatly eases the study of each one of them and fits perfectly
with the ideology of modular CubeSats, which can improve their functionalities depending on the added
elements. Considering so, this prototype incorporates an attitude control device with a single reaction
wheel and its corresponding MPU position sensor, as well as a mechanism for deploying photovoltaic pan-
els based on Origami patterns. It should be noted that each of these systems includes its corresponding
power supply, all controlled by an STM32 BluePill microcontroller and communicated through an HC-06
Bluetooth module.

To facilitate and speed up the prototyping process, all the parts defined throughout the project have
been manufactured using FDM additive manufacturing technologies, and modeled using SolidWorks me-

chanical CAD software, which results in a significant reduction in development and manufacturing costs.
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Resumen

Los altos costes que implica la ejecuciéon de cualquier ensayo real relacionado con la investigacién en nano-
satélites, asi como la gran cantidad que recursos tanto humanos como temporales que estos requieren
imposibilitan que cualquier instituciéon educativa pueda ofrecer a su alumnado de forma generalizada la
posibilidad de formarse en este ambito. Este hecho ha generado una tendencia por parte de estas insti-
tuciones educativas superiores a sustituir el enfoque de ensenanza practica por uno méas orientado a al
estudio tedrico o la practica a través de simulaciones computacionales.

En este proyecto se lleva a cabo el desarrollo, diseno y fabricacién a nivel mecanico y electrénico de
un prototipo de pruebas enfocado al estudio tanto de los sistemas de control de actitud de un Ul Cube-
Sat como de nuevas tipologias de placas fotovoltaicas basadas en patrones de Origami. En este prototipo
se incluye tanto el diseno de un mecanismo de despliegue de dichas tipologias de placas fotovoltaicas
desplegables como el desarrollo e implementaciéon del dispositivo de control de actitud en el cual se in-
corpora dicho mecanismo. El desarrollo de este dispositivo también engloba una notable mejora en los
subsistemas de medicion, asi como en el algoritmo de control de posicion.

El diseno tanto del bastidor del prototipo del Ul CubeSat como de los sistemas de control de acti-
tud y el mecanismo de despliegue de placas fotovoltaicas es modular. Esto implica que cada uno de estos
subsistemas puede funcionar de forma independiente al resto, lo que facilita en gran medida el estudio
independiente de cada uno ellos y encaja a la perfeccion con la ideologia de los CubeSats modulares, los
cuales pueden variar sus funcionalidades dependiendo de los elementos anadidos.

Este prototipo incluye un dispositivo de control de actitud con 1 volante de reacciéon y su correspondi-
ente sensor de posicion MPU ademés de un mecanismo de despliegue de placas fotovoltaicas basadas en
patrones de Origami, cabe comentar que cada uno de estos sistemas incluye su correspondiente fuente de
alimentacién independiente, todo ello controlado por un microcontrolador STM32 BluePill y comunicado
a través de un modulo Bluetooth HC-06.

Para facilitar y agilizar el proceso de prototipado, todas las piezas definidas a lo largo del proyecto
han sido fabricadas mediante tecnologias de fabricacion aditiva FDM y modeladas mediante el software
de CAD mecénico SolidWorks, lo que resulta en una significativa reduccion de los costes de desarrollo y
fabricacion.

Palabras clave:
CubeSat, Control de Actitud, Placa fotovoltaica, Origami, Rueda de reaccion, Prototipo, MPU



Page vi



Acknowledgments

The author wishes to express his deepest gratitude to his supervisor Prof. Dr. David Gonzalvez and Prof.
Dr. Jordi Voltas for their advice, interest, and encouragement even in times of great pressure and stress
for both parts. I could not have imagined accomplishing what I have achieved without our many hours
of weekly meetings, and your guidance so that, in some moments, I could put my feet on the ground and
focus on the goal, leaving aside my obsessions. Your advice has been essential to the success of this project.

I would also like to specially thank the TIEG research group members Prof. Dr. Javier Gago, Prof.
Dr. Manel Lamich, and Prof. Dr. Antoni Arias for their encouragement and interest in my advances and
research, although they were not formally obliged to do so.

A big thanks to my colleagues Yi Qiang Ji Zhang and Adria Pérez without whose outstanding previ-
ous work I would never have been able to complete such a deep research and development of this project.

I would also like to include Joan Serrano and Ivan Gonzélvez in this acknowledgment, since thanks
to their work I have achieved a deeper comprehension of ADCS nanosatellites subsystems.

Thanks to all the professors and colleagues that I have met during these 5 years, for their advice, comfort,
help, and both academic and personal teachings, which have made me become a better person.

Finally, I would like to dedicate this work to my family: my father Jaime Castillo, my mother Jose-
fina Bonillo, and my brother Alvaro Castillo for supporting me with this endeavor and always cheering
me up to improve myself every day. I will be always indebted to them and I feel blessed and privileged
to have them as my family.

vii



Page viii



Declaration on Honour

I declare that,

the work in this Degree Thesis is completely my own work,
no part of this Degree Thesis is taken from other people’s work without giving them credit,
all references have been clearly cited,

I’'m authorised to make use of the research group TIEG and DISEN related information I’'m pro-
viding in this document.

I understand that an infringement of this declaration leaves me subject to the foreseen disciplinary
actions by The Technical University of Catalonia - BarcelonaTECH.

Daniel Castillo Bonillo 27 September 2022

Name of the student Signature Date

ix



Page x



Contents

1 Introduction

1.1 Objectives . . . . . . . . e e
1.2 Justification . . . . . . .o
1.3 Scope of the project . . . . . . . L
1.4 Project requirements . . . . . . ... Lo

2 State of the art

2.1 CubeSat . . . . . L
2.2 Deployable Structures . . . . . . . .o
2.2.1 Starshade . . . . . . . ..
2.2.2 Deployable antennas . . . . . . ... Lo e
2.2.2.1 Rigid reflector antenna . . . . .. ..o oL

2.2.2.2  Mesh reflector loop antennas . . . . . .. .. ... ... ...

2.2.3 Roll Out Solar Array (ROSA) . . . . . . . . .

2.3 Attitude Determination and Control Subsystem . . . . . .. ... ... ... ... .....
2.3.1 Microcontroller . . . . . . . .. L
2.3.2  Inmertial Measurement Unit . . . . . . . . .. ... Lo
2.3.3 Communication devices . . . . . . . . . L e
2.3.4 Magnetorquers . . . . . ... e e
2.3.5 Reaction wheel (RW) . . . . ... .
2.3.6 Power supply systems . . . . . ...

3 Mechanics

3.1 Deployable solar panel subsystem . . . . . . .. ... oo
3.2 Deployable solar panel prototyping . . . . . . . . . . ...
3.2.1 Design of preliminary prototype . . . . . . . . . ...
3.2.1.1 Manufacturing material selection . . . . . . . . . ... ... ... ... ..

3.2.1.2  Manufacturing method selection . . . . ... ... ... 0L

3.2.1.3 Deployable arm length determination . . . . ... ... ... ... ....

xi

[y

=W NN =

© o o N N ot w;

10
11
11
12
13
14
14
15



CONTENTS

3.2.1.4  Solar panel sizing . . . . . . ... L 25

3.2.1.5 Torque transmission mechanism development . . . . . . .. .. ... ... 30

3.2.1.6  Solar panel rotation mechanism . . . ... ... ... ... ... ... 32

3.2.2  Design of the final prototype . . . . . . .. ... L o 34
3.2.2.1 Improvements over the first prototype . . . . . . . ... ... L. 34

3.2.2.1.1 Redesign of the gear mechanism: . . . . . . ... ... ... ... 34

3.2.2.1.2  Revision of the dimensional tolerances: . . . .. ... ... ... 38

3.2.2.2 V-shape rod structure . . . . . . . .. .. ... Lo 39

4 Electronics 41
4.1 Introduction to the ADCS code . . . . . . . . . . . . .. . 41
4.2 Problems to face . . . . . . . . 42
4.2.1 IMU measurement problems . . . . . . . . . .. L L L o 43
4.2.1.1 Digital motion processor (DMP) . . . . ... ... ... ... ... 44

4.2.1.2 Communication bus modifications . . . . . .. .. ... 00 46

4.2.1.3 Calibration process modifications . . . . . . .. .. ... ... ... 49

4.2.2  Coarse Mode: Overrotation due to large ramps . . . . . .. . ... ... ... ... 50
4.2.2.1 Hardware focused solution: Reaction wheel redesign . . . . . .. ... .. 51

4.2.2.2  Software focused solution: Coarse pointing program modification . . . . . 52

4.2.3 Fine Mode: System instability due to deficient implementation of the control algo-

rithm . .o 54

4.2.3.1 PID controller tuning by an empirical method: . . . . .. ... ... ... 54

4.2.3.2 Cascade control loop: . . . . . ... 95

4.3 Printed Circuit Board (PCB) . . . . . . . . . . 60
4.3.1 Stepper motor integration and interconnection . . . . ... ... .. ... L. 60
4.3.2 Implemented modifications . . . . . . ... oL 61
4.3.2.1 List of modifications . . . . . . . ... 61

4.3.3 Proposed PCBredesign . . . . . . . . . . . . ... 63
4.3.3.1 Comparative table . . . . . . . . .. ... e 64

5 Integration of all subsystem in the final prototype 65
5.1 Solar panel subsystem . . . . . ... Lo 65
5.1.1 Deployment system . . . . . . . .. Lo 65
5.1.2 Power supply and control system . . . . . . ... L oL L oL 66

5.2 PCBsubsystem . . . . . . . . . . e 68
5.2.1 ADCS and communication circuit . . . . . . . ... ..o Lo 68
5.2.2 Power supply system . . . . . ... 69

5.3 Reaction Wheel (RW) . . . . . . .0 70

Page xii



CONTENTS

5.4 Software integration . . . . . .. ... L oL o
5.4.1 Stepper motor pulse determination . . . . . .. ... ... .....
5.4.2 Prototype code integration . . . .. .. ... .. L.

5.5 Final tests . . . . . . . . .
5.5.1 Origami-based solar panel deployment . . . . . . . ... ... ...
5.5.2 MPU calibration test . . . . . . . .. .. ... L.
5.5.3 ADCS coarse control test . . . . .. ...

5531 Test Setup . . . . . . . ...
5.5.3.2 Test Results . . .. .. ... ... . ... ...

5.5.3.2.1  Clockwise and counterclockwise small rotations:

5.5.3.2.2  Clockwise and counterclockwise large rotations:

6 Non-technical documents

6.1 Planning of the project . . . . . . . . . . . . ... ... .
6.1.1 Task identification . . . . .. .. ... L oo
6.1.2 Gantt diagram . . . . .. ... oL

6.2 Budget . . . . . . . e
6.2.1 Commercial components . . . . . . . .. ... oo

6.2.1.1 ADCSPCB ... ... ... . ... ...

6.2.1.2 Solar panel . . . . ... ...

6.2.1.3 Normalized components . . . . . . .. ... ... ... ..

6.2.2 Additive manufacturing components . . . . . ... ..o
6.2.3 Software licenses . . . . . . . . ... e
6.2.4 Human resources . . . . . . . . . . . .o
6.2.5 Final budget . . . ... ... ... oo

6.3 Environmental impact . . . . ... . Lo oo

7 Conclusions

7.1 Summary of contributions . . . . .. ... oo
7.2 Future works . . . .. L.
Bibliography

A Deployable solar panel subsystem conception process

A.1 Deployable arms-based candidates . . . . ... .. ... ... .......
A.1.1 Single layer deployable arm . . . . . .. ... ... ... ... ..
A.1.2 Multiple layer deployable arm . . . . . .. ... ... ... .....

A.2 Torque transmission mechanism candidates . . . ... ... ... .. ...

A.2.1 Self contraction deployment mechanism . . . ... ... ... ...

Page xiii

81
81
81
84
86
86
87
87
87
88
89
89
90
91

93
94
94

97



CONTENTS

A.2.2 Single gear counter-rotation deployment mechanism . . . ... ... ... ... .. 104

A.2.3 Multiple gear counter-rotation deployment mechanism . . . . ... ... ... ... 104

B Prototype operation guidelines 107
C Requirements 109
C.1 Technical requirements . . . . . . . . . . . . .. 109
C.2 Structure subsystems . . . . . . .. 110
C.2.1 General requirements . . . . . . . ... Lo 110

C.2.2 Mechanical requirements . . . . . . . .. .. L L 110

C.2.3 Electrical requirements . . . . . . . . . .. ... 110

C.3 Operational requirements . . . . . . . . .. .. L 111

D Developed and used codes 113
D.1 ADCD system Arduino code . . . . . . . . L. L 113
D.2 MPU calibration code . . . . . . . . . . 136

E PCB electronic schemes 143
F Datasheet of used components 145
F.1 MPU-9250 . . . . . e 145
F.2 Steppermotor. . . . . . . . . . . e 169
F.3 Stepper motor driver . . . . . . . . .. 175
F.4 DC-DC converter . . . . . . . oo v ittt e e 184
F.5 9V Battery . . . . . . o 202
F.6 Air bearing . . . . . . . . . 204
F.7 Normalised parts . . . . . . . . . . . e 210
F.7.1 Bearing . . . . . . . .o e 210

F.7.2 DIN 912 . . . . e 212

F.7.3 DIN 7991 . . . o e 215

F.7.4 DIN 6325 . . . . oo e e 217

G Design for HP MJF: Design Gidelines 219

Page xiv



List of Figures

2.1
2.2
2.3
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17

CubeSat structure 1U and formation of multiple units up to 6U. Source: [5] . ... ... 5
How heavy is a satellite? Source: [6] . . . . . . . .. ... ... 6
Poly-PicoSatellite Orbital Deployer (P-Pod). Source: [7] . . . . .. ... .. ... ... .. 6
Petal type reflector antenna. Source: [11] . . . .. . ... .. ... .. 8
Ring mesh reflector antenna. Source: [11] . . . . . . . .. . L Lo L 9
Roll Out Solar Array (ROSA) structure. Source: [15] . . . . . . ... .. ... ... .. .. 10
Block diagram of an attitude determination and control system. Source: [18] . . . . . .. 11
Sailing angles or Euler angles. Source: [19]. . . . . . . . . ... ... L L 12
Magnetorquers card and three-axis magnetometer. Source: [20] . . . . . . ... ... ... 14
Example of tetrahedral configuration of RW (V2Suit). Source: [21] . . . .. ... ... .. 15
Solar panel used in 1U CubeSats real space applications. Source: [22] . . . ... ... .. 15
Starshade origami pattern demonstration. Source: [8] . . . . .. ... ... L. 17
Deployable mechanism operating principle diagram. Source: [23] . . ... ... ... ... 18
Materials used for CubeSat frame manufacturing. Source: [24] . . . ... ... ... ... 19
Deployable subsystem fundamental parts. Source: Own . . . . . . ... ... ... .... 22
Deployable arm rod blueprint extract. Source: Own . . . . . . . . . ... ... ... ... 23
Deployable arm rod’s static study diagrams. Source: Own . . . . . . ... ... ... ... 24
Rod’s static test beam diagram. Source: Own . . . . . . . . .. .. ... ... 25
Studied Starshade origami patterns. Source: Own . . . . . .. . .. .. ... ... 26
Wall-integrated solar panel subsystem. Source: [25] . . . . . . .. .. ... ... ... 26
Dodecagon’s geometrical parameters. Source: [26]. . . . . . ... ... 27
Dependency graph Apothem/Area. Source: Own . . . . . . ... ... ... ... ..... 29
Dependency graph Apothem/Power generation. Source: Own . . . . . . . ... ... ... 29
Preliminary prototype gear mechanism. Source: Own . . . . . . . ... ... ... .... 30
Preliminary gear mechanism fundamental parts. Source: Own . . . . . . . . .. ... ... 30
Selected Starshade origami pattern. Source: Own . . . . . . . . ... ... ... ... 32
Wall integrated bearing system. Source: Own . . . . . . . . . ... ... ... 32
Rotating platform mechanism exploded view. Source: Own . . . . . ... .. ... .... 33

XV



LIST OF FIGURES

3.18
3.19
3.20
3.21
3.22
3.23
3.24

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23
4.24
4.25

5.1
5.2
5.3
5.4

Precision 7T000AC selected angular contact ball bearing. Source: Appendix F.7.1 . . . . . 33
Modified Crown gear’s static study diagrams. Source: Own . . . . . . ... .. ... ... 35
Norm-accurate gear mechanism figurative 3D model. Source: Own . . . . . ... ... .. 36
Norm-accurate gear mechanism’s static study diagrams. Source: Own . . . . . .. .. .. 37
V-shape structure fundamental parts 3D models. Source: Own . . . ... ... ... ... 39
V-shape hinge assembly 3D model view. Source: Own . . . . . .. .. ... ... ..... 39
Final prototype assembly 3D model isometric view. Source: Own . . . . . . .. ... ... 40
Positioning modes identification graphic representation. Source: [1] . . .. ... ... .. 42
Acceleration noise graphic representation. Source: [2]. . . . . ... Lo oL 43
MPU-9250 block diagram. Source: [32] . . . . . . . . ... oo 45
Used communication buses scheme diagram. Source: Own . . . . . . ... .. ... .... 46
Protoboard real implementation of IMU communication circuit. Source: Own . . . . . . . 47
Electric scheme of IMU communication circuit. Source: Own . . . . . .. ... ... ... 47
IMU communication circuit modifications over the prototype’s PCB. Source: Own . . . . 48
MPU’s calibration protoboard test. Source: Own . . . . . . .. . ... ... ... ..... 49
MPU’s real Calibration offsets. Source: Own . . . . . . .. ... ... .. ... ..... 49
Final MPU’s calibration on PCB. Source: Own . . . . . . . . ... ... .. .. ...... 50
Graphical representation of overrotation in Coarse pointing mode. Source: Own . . . . . . 51
Original/Modified Reaction Wheel’s design. Source: Own . . . . . . . ... ... ... .. 52
Coarse Pointing Mode flowchart (Augmented version in Appendix D.1). Source: Own . . 53
PID control loop block diagram. Source: [33] . . . . . ... ... ... oL 54
Cascade control loop block diagram. Source: [33] . . . ... .. ... ... ... .. ... 56
Angular speed inner feedback control loop block diagram. Source: [33] . . ... ... .. 56
Position outer feedback control loop block diagram. Source: [33] . . .. .. ... ... .. 56
Final cascade control loop block diagram. Source: [33] . . . . . .. ... ... .. ... .. o7
Pre-filter block diagram. Source: [33] . . . . ... .. ... o 58
Control algorithm responses obtained by using Root locus method. Source: [33] . . . .. 58
Adaptive control obtained results graphs. Source: [33] . . . . ... ... ... ... 59
Stepper motor’s connection electric diagram. Source: Own . . . . . . . . .. .. ... ... 60
Figurative representation of connections of the whole system. Source: Own . . . . . . .. 62
Redesigned PCB 3D model (without components). Source: Own . . . . .. ... ... .. 63
Redesigned PCB 3D model (with components). Source: Own . . . . ... ... ... ... 63
Deployable mechanism screw fixation. Source: Own . . . . . . . ... ... .. ...... 65
Battery support 3D model. Source: Own . . . . . .. .. Lo 66
Driver + DC converter support 3D model. Source: Own . . . . . . ... .. ... ..... 66
Deployable mechanism control wall exploded view. Source: Own . . . . . .. ... .... 67

Page xvi



LIST OF FIGURES

5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17

Al
A2
A3
A4
Ab

B.1
B.2
B.3

Deployable mechanism control wall. Source: Own . . . . . . .. .. ... ... ... .... 67
Side wall’s PCB integration modification 3D model. Source: Own . . . . . . ... ... .. 68
Final CubeSat prototype 3D model internal view. Source: Own . . . . . . . .. ... ... 69
Battery + DC converter support 3D model. Source: Own . . . . . ... ... ... .... 69
Real power supply system fixation on CubeSat prototype. Source: Own . . . . .. .. .. 70
Original/Modified Reaction Wheel’s design. Source: Own . . . . . . . ... .. ... ... 71
Mode Selection code flowchart (Augmented version in Appendix D.1). Source: Own . .. 74
Deployable mechanism control wall. Source: Own . . . . . . .. .. ... ... ... ... 75
Calibration test results. Source: Own . . . . . . . . ... L 76
Air bearing real system. Source: Own . . . . . . . ... L 7
CubeSat attached to real air bearing system . Source: Own . . . . .. .. ... ... ... 7
Small rotation test results. Source: Own . . . . . . . . ... ..o 79
Large rotation test results. Source: Own . . . . . . . . ... . .. L0 80
Single layer deployable arm 3D model assembly. Source: Own . . . . . ... ... .. ... 102
Triple layer deployable arm 3D model assembly. Source: Own . . . . ... ... ... ... 102
Self contraction deployment mechanism 3D model assembly. Source: Own . . . . . . . .. 103
Single gear counter-rotation deployment mechanism 3D model assembly. Source: Own . . 104
Multiple gear counter-rotation deployment mechanism 3D model. Source: Own . . . . . . 105
Bluetooth connection process. Source: Own . . . . . . .. . ..o 107
Connection button. Source: Own . . . . . . . . ... L o 108
Air conditioning unit. Source: Appendix F.6 . . . . . . ... ... L. 108

Page xvii



LIST OF FIGURES

Page xviii



List of Tables

2.1

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

5.1
5.2
5.3

6.1
6.2

Main wireless communications for sensor information transmission. Source: Own . . . . . 13
PET, PLA, ABS, PA12 Comparative table. Source: Own . . . . . ... ... ... .... 20
Additive Manufacturing Pros and Cons table. Source: Own . . . . . .. ... ... .... 21
28BY J-48 Stepper motor’s Parameters. Source: Own . . . . . . ... .. .. ... ..... 23
Deployable arm rod’s static study results. Source: Own . . . . . . ... ... ... .... 25
Preliminary Gear fundamental dimensions. Source: Own . . . . . . . . . . ... ... ... 31
Final Gear fundamental dimensions modifications. Source: Own . . . . . . .. ... ... 34
Modified Crown gear’s static study results. Source: Own . . . . . . ... ... ... .... 35
Fundamental dimensions of figurative gear mechanism. Source: Own . . . . . . . ... .. 36
Norm-accurate gear mechanism’s static study results. Source: Own . . . . . . . .. .. .. 37
IMU communication circuit’s connections color code. Source: Own . . . . . . .. ... .. 48
PCB’s IMU communication circuit color code. Source: Own . . . . . .. . ... ... ... 48
MPU’s calibration connection’s color code. Source: Own . . . . . . .. ... ... ..... 50
Descriptive table of PID’s mathematical expression. Source: [33] . . . .. ... ... ... 54
Ziegler-Nichols empirical constants determination table. Source: Own . . . . . . ... .. 95
Attitude dynamics parameters. Source: [33] . .. .. ..o 57
Control constants’ symbols table. Source: [33] . . . ... .. ... ... ... .. 57
Root Locus method final Control constants values. Source: [33] . . .. .. .. ...... 58
Stepper motor’s connection color code. Source: Own . . . . . . . . ... .. ... ..... 61
Used hardware components list. Source: Own . . . . . .. ... .. ... ... 62
Applied improvements comparative table. Source: Own . . . . . . .. ... ... ..... 64
Original/Modified reaction wheels’ dimensions. Source: Own . . . . .. ... ... .. .. 70
Step calculation parameter table. Source: Own . . . . . . ... .. ... ... ....... 72
Air bearing inertia calculation data table. Source: Own . . . . . ... ... ... .. ... 78
Order dependency table. Source: Own . . . . . . . . . ... ... 83
ADCS PCB components budget. Source: [1] . . . . .. ... ... o oL 87

Xix



LIST OF TABLES

6.3
6.4
6.5
6.6
6.7
6.8
6.9

7.1

Solar panel components budget. Source: Own . . . . . . . . ... ... L. 87
Normalized components budget. Source: Own . . . . . . . . . ... ... ... 87
Additive manufacturing components budget. Source: Own . . . . . . ... ... ... ... 88
Software licences budget. Source: Own . . . . . . . . . ... L 89
Human resources budget. Source: Own . . . . . . . . ... .. 89
Final budget. Source: Own . . . . . . . . . . L 90
Power consumption and COs emissions. Source: Own . . . . . . .. .. .. ... ..... 91
Table of contributions. Own . . . . . . . . . . . ... 94

Page xx



Nomenclature

Integrated simulation PLATform of Optical communications in Nanosatellites

Acronyms

ADCS Attitude Determination and Control System
CCW Counter Clock Wise

CwW Clock Wise

DC Direct Current

DMP Digital Motion Processor
DoF Degree of Freedom

EPS Electric Power System
FDM Fused Deposition Modeling
FOS Factor of Safety

GEO Geostationary Orbit

HP MJF HP Multi Jet Fusion

I°C Inter-Integrated Circuit
IMU Inertial Measurement Unit
LEO Low Earth Orbit

OBC On Board Computer

PCB Printed Circuit Board

PID Proportional Integral Derivative
PLATHON

PWM Pulse Width Modulation
RW Reaction Wheel

SCK/SCL | Serial Clock Line

SDA Serial Data Line

SPI Serial Peripheral Interface
ST Setting Time

1U One unit

xx1



Algebraic symbols

Area

apothem

angle (Except in equation 4.2 where is angular acceleration)
diameter

error signal

Force

Transfer function

height

Momentum of inertia (Except in Table 4.6 where is defined as J)
Control constant

Dodecagon edge longitude

longitude

Momentum

EE2-CR-EQEe AL P

mass

=

number (quantity)
area related solar flux

.

radium

control signal
Damping coefficient
angular position
efficiency

angular speed

E I M e =

Xxii



Chapter 1

Introduction

1.1 Objectives

First of all, it must be mentioned that this project is based on the previous bachelor’s thesis of Yi Qiang
Ji Zhang [1] and Adria Pérez Fernandez [2], and it is focused on the improvement of their work on the
development of CubeSats subsystems.

The main goal pursued during the execution of this project is divided into two different parts, which
will give a specific solution belonging to a different technical field. Therefore, and despite all of them
being related to CubeSats technologies, the independent technical field required for this project are the
following:

e Mechanical field: The most important objective in this part of the project will be the design
and manufacturing of a functional prototype of a solar panel deployment system based on origami
architectures. Some of the aspects that will be studied during this fragment of the final report
will be the power requirements of the complete system, in order to do a proper sizing of the whole
system, and the quantification and documentation of the mechanical specifications of the proposed
final solution in terms of mechanical and functional tests.

e Electronic field: The main and most relevant CubeSat subsystem that is wanted to be developed
in this fragment of the project is the attitude control subsystem, which is in charge of the orienta-
tion of the spacecraft once it has been deployed. Some of the most significant results to be given in
this part are the programming code used to perform the maneuvers and a detailed explanation of
the used hardware.

Finally, once developed the subsystems already mentioned in the two previous paragraphs, the com-
bination of both solutions will give a complete and multidisciplinary answer to the desired improvement
of the test CubSat prototype. Later, the final report will be completed with performance tests that proof
the viability of the proposed solution.
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1.2 Justification

CubeSats appeared as a teaching tool in universities during the '90s but immediately shifted from uni-
versity labs to commercial applications and business. Nowadays, they have become a mature standard
in the aerospace industry, and the first CubeSat-based constellations have appeared to offer global com-
munication coverage.

Following this trend, the PLATHON (PLATform of Optical communications in Nanosatellites) Research
Group aims to ease the prototyping and testing process of CubeSat technologies by developing a HiTL
(Hardware-in-the-Loop) platform, which once integrated with a network and orbital simulator will allow
the verification of the communication network of a nanosatellite cluster considering the operational con-
straints of the nodes it is constituted from [3]. This HiTL platform will have the main objective to give
birth to a simulation method that will help in the improvement and, to some extent, minimization of
some technical shortcomings in the following two areas related to such constellation-based missions:

e Limitation on simulation tools: Current communication network simulators used by the scien-
tific community (NS2, SNS3, and Opensand) do not have the features required to design communi-
cations among neither: two nodes in fixed LEO (Low Earth Orbit), LEO and GEO (Geostationary
Orbit) nodes, nor ground stations to orbit. Additionally, the power availability of nodes to establish
proper communications are also not considered.

e Lack of reliability: CubeSat missions still have a large fail rate (55% in CubeSat from Universities
and 33% from Companies), which is nowadays mainly derived from unexpected malfunctions on
the Electric Power Systems (EPS) that occur in close to 40% of the failed deployment.

As a consequence, the following capabilities are studied, developed, and documented during this final
degree thesis in order to solve the previously exposed limitations:

e Aiming to the improvement of some aspects of the first mentioned weakness of CubeSat HiTL plat-

forms, it must be considered and included in the simulation process that one of the most important
features that a CubeSat has to offer is the ability to communicate with other devices that surround
it, either with ground stations or other satellites.
Considering so, one of the core systems affecting the communication between devices is the at-
titude control subsystem, which is in charge of the spacecraft pointing and orientation accuracy.
Therefore, its improvement will allow better control over the line-of-sight of optical communication
devices and enhance communication between all in-orbit devices.

e Related to some of the already mentioned problems with Electric Power Systems (EPS), an origami-
based deployable solar panel will be developed to allow and increase of the solar radiation incision
surface of the CubeSat. This modification, aimed to increase the energy production of the EPS, is
expected to increase the versatility of the usable systems in this kind of NanoSatellites.
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1.3 Scope of the project

The final delivery of this project will contain the following documents, to ensure a proper justification
and documentation of the proposed prototype improvements, as well as a detailed explanation of the final
solution.

e Final written report: This document will contain the whole development, justification, and doc-
umentation of mechanical and electronic systems studied in this project. Moreover, the documen-
tation of this report will also include a justification of the selected hardware, a detailed explanation
of the steps followed to fulfill the required specifications, and an informed conclusion.

e Blueprints of the developed pieces and assemblies: Every single designed piece must be
justified and represented with its respective dimensions and mechanical characteristics such as ma-
terial, treatment, and surface quality.

e Arduino codes of the attitude control system: In order to provide a proper justification of
the given software solution, a detailed explanation and exemplification of the attitude control code
implemented in the spacecraft must be delivered.

e Electrical diagrams of the wired connections: Is of paramount importance to graphically
represent every single connection performed in the hardware system to ensure the correct function-
ality of the final prototype. This representation can also simplify the understanding and possible
replication of the circuit.

e Datasheets of the used hardware: To deliver all the required information for a proper jus-
tification of the proposed solution, the real datasheets of the used hardware are needed. This
documentation will include the technical specifications used to develop the final given results.

e Final developed prototype: Since the main objective of this project is to design, justify, and
manufacture a functional CubeSat prototype for testing purposes, the delivery of this physical
device will be required. In addition, all the already mentioned documents are subjected to the
delivery of this final prototype, which will be of great importance for the proper comprehension of
the achieved goals.
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1.4 Project requirements

The following list enumerates the basic requirements that the proposed solution has to respect to be
considered as an optimum one.

e Solar panels deployment requirements: When talking about the specifications that a mechan-
ical system composed of a great amount of relatively small pieces, is of paramount importance to
predict and take into account how the whole device will react to the movement of these pieces.
Consequently, the design process of this subsystem requires a great degree of dimensional precision.

e Power requirements of the system: To perform a proper dimensional design of the solar panel
deployment system, is important to have into consideration the power requirements of the com-
pleted satellite prototype, to optimize the compactness while supplying enough power to allow the
correct behavior of the whole device.

e Material properties requirements: The final proposed mechanical solution has to be developed
to be manufactured with materials that can withstand extreme conditions, going from the exposi-
tion to great forces during the launching to very low pressure in spatial conditions.

e Manufacturing method requirements: According to the time and economical limitations, the
manufacturing method used to develop the final CubeSat prototype must be reliable and accessible
so as to speed up the whole prototyping process. As will be justified in Section 3.2.1.2, the finally
selected addition manufacturing technology will be FDM 3D printing.

e Attitude control precision required: Due to the stated impact on communication capabilities,
the pointing precision of the developed attitude control subsystem has an important role in the
final behavior of the CubeSat after the device deployment. Because of this fact, this subsystem will
need to fulfill demanding precision standards.

e The programming language used: Because of hardware requirements, all the control codes pro-
grammed during the development of this project will be codified in Arduino programming language.

e Application requirements: Because of the specific conditions to which the CubeSat spacecraft
will be exposed, the design of both the mechanical and electrical subsystems will be studied to
apply to these situations.
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State of the art

2.1 CubeSat

CubeSats are a standardization of nanosatellites (which present a weight range between 1-10kg) whose
dimensions can not exceed 10x10x10cm in volume (when talking about 1U CubeSat). CubeSat specifica-
tions were born in California Polytechnic State University [4] and Stanford University as a consequence
of the need for cheap technologies in order for the universities to perform space investigation projects in
LEO orbits (Low Earth Orbits).

Figure 2.1 CubeSat structure 1U and formation of multiple units up to 6U. Source: [5]

The main advantage of CubeSat technologies is, because of their simplicity, the great reduction in terms
of design complexity, which allows the use of CubeSats in short-term projects presenting at the same time
high efficiency. Due to its reduced dimensions, of 10x10x10cm in the case of 1U CubeSats, they do not
imply a great charge when launching. Moreover, satellites of higher complexity can be also assembled by
combination of several units, using units of 1U or 1/2U size to reach an spacecraft of up to 24U.
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In the following image from the Canadian Space Agency (Figure 2.2), it can be seen an illustrative
concept of the existing satellite typologies and their differentiation in terms of relative dimension towards
the others:

SATELLITE

IS A SATELLITE?

SATELLITE

MINI
SATELLITE

SATEI.LITE. Fmm 10-100 kg
w8

SATELLITE
including

Figure 2.2 How heavy is a satellite? Source: [6]

Due to all these factors, a significant reduction in terms of launching cost is also taken into account
when talking about CubeSat technologies, since they range between 50.000$ and 100.000$ depending on
its complexity, and there is a continuous cost reduction derived from the emergence of new technologies.

Referring to the deployment process, due to the standardization of these technologies, it is carried out
by using the named Poly-PicoSatellite Orbital Deployer (P-POD). The operation of this device is fairly
simple: When a signal from the vehicle is received, the pre-mounted P-POD mechanisms (Figure 2.3) are
deployed. After the deployment of the spacecraft, some control maneuvers are performed.

Figure 2.3 Poly-PicoSatellite Orbital Deployer (P-Pod). Source: [7]
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2.2 Deployable Structures

Since the mechanical part of this project is mainly focused on the development of a deployment system for
Origami-based solar panel subsystems applied to nanosatellite devices, prior research of current deploying
technologies used in aerospace applications can be of paramount importance for a proper understanding
of the later on explained work. Considering so, some examples of the state of the art of this type of
technology are presented below.

2.2.1 Starshade

Nowadays, astronomers and other scientists have been greatly limited in the investigation of Earth-sized
exoplanets because of the methods that they are able to use, as they can only use indirect methods
such as detecting the changes in starlight as a planet passes in front of its star, so as to give them some
other observation method starshade was created. The starshade (also known as an external occulter)
is a spacecraft that will enable telescopes in space to take pictures of planets orbiting faraway stars by
blocking the glare of the star’s light. The operating principle of this idea, is for the starshade to fly in
front of the observation telescope and block the glare of the star’s light before it enters the telescope,
allowing the planet’s reflected light to pass through and be collected.

As a consequence, starshade is designed to fly in formation up to 50,000 kilometers away from the
telescope and deploy its origami structure in front of the star which is obstructing the observation of
the studied exoplanet. Subsequently, the deployed flower-like starshade creates a shadow that allows
the telescope to properly detect the light coming from the planets in the star’s habitable zone, greatly
enhancing the possibilities of exoplanetary research (Figure 2.4a).

When talking about real advances in starshade-based
spacecraft, and in order to give a deeper framework
to these technologies, it must be mentioned half-
scale models of a 34m diameter deployable starshade
structure were tested by NASA in summer of 2015.
However, a successful deployment requires for 7m
long petals to unfurl to form a shape with a precision
of few human hair widths. After that, the origami
pattern structure must then rotate, deploy and po-
sition the petals around a 20m diameter central disc
structure with tolerance of fraction of a millimeter.
Finally, this complex unfolded structure must then
remain in this specific position for years in an ex-
treme space environment with exceptionally high or
low temperatures. Considering so, 20 deployments
tests showed that the placement of the petals was
consistently about a tenth of a millimeter from the
correct position. Because of this successful test, it
can be concluded that these structures for space-
craft applications can be implemented guaranteeing (a) Figure 2.4 Starshade deployment process. Source:

to meet their goals in every proposed functionality. (8]
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2.2.2 Deployable antennas

Some of the most commonly used deployable structures for aerospace applications, more specifically in
nanosatellite technological research, are related to telecommunication and radiation sensing functionali-
ties. This is because of these technologies requirement to have great precision in terms of deployed surface
area and surface quality specifications.

In the following paragraphs, some of the most closely related deployable antenna structures to the
deployable system proposed in this project will be briefly explained.

2.2.2.1 Rigid reflector antenna

This typology of a deployable antenna is based on a central hub and a number of rigid curved plates
working as reflector surfaces [9][10]. The following image exemplifies this structure by using a physical
model of the solid reflector deployable antenna with a diameter of 4.7 meters and a precision of 0.2mm
(30GHz). This example of a rigid reflector antenna was made by a company named Dornier and ESA in
1987 (Figure 2.5).

deployable
mechanism

Figure 2.5 Petal type reflector antenna. Source: [11]

To further specify the manufacturing characteristics of this deployable antenna topology, as well
as its functional properties, it must be mentioned that solid surface deployable antennas have been
manufactured using a metal plate or Carbon fiber reinforced plastic (CFRP) coated with a metal reflective
surface. Some other characteristic of this type of antenna is the advantage of the high precision of reflective
surface that it offers, which not only can reach up to 0.13mm but also allows to be processed into a more
ideal paraboloid if it displays a diameter of 10 meters [12].

Regarding the high accuracy of the profile after the unfolding of the antenna, this typology would be a
good choice in the field of microwave remote sensing, such as microwave radiometers and scatterometers,
and has been applied in several spacecraft [13]. It must also be mentioned that, because of its heavy
structure, high cost, and large folding volume, it is rarely applied in large-diameter satellite antennas,
which, at the same time, favors the possible application of these antenna typologies in nanosatellite
design.
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2.2.2.2 Mesh reflector loop antennas

Mesh reflector loop antennas refer to a whole typology of geometrically different deployable antennas
composed of supporting unfolded structures composed by truss and cable nets. The truss can be placed
in the periphery, center, or radial direction. Depending on the displacement of the truss, these antennas
can be divided into a peripheral truss type, a Harris ring, an EGS loop antenna, and the like.

".l L ._' ‘r

(a) Thuraya mesh antenna  (b) SkyTerra Harris loop antenna (c) EGS loop antenna

Figure 2.6 Ring mesh reflector antenna. Source: [11]

e Perimeter truss antenna: Consists in multiple parallelogram units forming a closed loop struc-
ture that expands upon deployment to release a central mesh structure. Some examples of this
structure are used in Thuraya, MBSat, and SMAP satellites, manufactured in the United States
(Figure 2.6a).

e Harris loop antenna:This geometry consists of an inner deployable ring with regular polygon
shape, which uses both upper and lower support diagonal rods to unfold a mesh attached to them.
Examples of this typology are the 22m aperture antenna of US SkyTerra and MSV satellite (Figure
2.6b).

e EGS loop antenna: It is formed by two identical scissor-type expansion mechanisms that are
attached to the mesh and spread it out upon opening. Russia and ESA jointly developed this type
of antenna with a diameter of 12 meters (Figure 2.6c¢).

Considering these mesh-based antenna structures, it must be mentioned that the mesh-like nature of
these typologies can be ideal for deployable mechanisms applied to nanosatellite technologies because of
the versatility of shapes that a mesh can adopt without compromising the integrity of the material and
the functionality of the whole device.
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2.2.3 Roll Out Solar Array (ROSA)

Roll Out Solar Array (ROSA) and its larger version ISS Roll Out Solar Array (iROSA) are a typology
of lightweight and flexible solar panels designed by NASA for spacecraft applications.

Since the space-bound payload has strict limitations in terms of mass and volume, ROSA technology
was designed to overcome the bulky traditional panels with heavy hinge-based mechanical deployment
mechanisms, which are still usually applied to power generation in satellite applications but show not
to be the optimal solution [14]. Consequently, this new solar panel technology is shown to outperform
the traditional systems in terms of power to weight ratio, since it is able to reach a much higher power
generation while keeping much lower weight, allowing to overcome strict payload limitations. This new
systems show to be 20% lighter (with a total mass of about 325 kg)[15] and four times more compact in
volume than an equal performance rigid panel.

Figure 2.7 Roll Out Solar Array (ROSA) structure. Source: [15]

The function principle of ROSA flexible solar panels (Figure 2.7) is similar to the concept of a measur-
ing tape, which rolls over itself in order to reduce its volume. Given so, this new solar array design rolls
to form a compact cylinder during the launching process, displaying significantly lower volume and mass
performances, which implies notable cost reductions in the whole process while enhancing the potential
power generation performance of the spacecraft. ROSA has a central wing made of a flexible material
whose objective is to support the photovoltaic cells in charge of power generation. Both sides of the wing
have two narrow arms which are arranged longitudinally all over the matrix to give support to it. These
narrow arms are flat tubes made of a rigid composite material, rolled up lengthwise.

Some other important property of this typology is the unfolding method, which does not require any
motor to unfold. The deployment of this structure is achieved by using potential energy previously stored
in the lateral arms by coiling them and producing angular tension, which can unfold the whole structure
when transitions from a coil shape to a straight support arm is allowed. By using the same principle,
the solar wings are then deployed due to strain energy in rolled arms displayed at the two ends of the
structure.

Some examples of current and future implementations of this technology are the three pairs of iROSA
solar arrays that NASA is launching in the trunk of SpaceX Dragon 2 from early 2021 to early 2023 or
the Power and Propulsion Element of the Lunar Gateway and Double Asteroid Redirection Test (DART)
mission, which will use ROSA technology to power its solar electric propulsion [16][17].

Regarding these flexible solar panel technologies, it can be concluded that the application of these
systems to Origami-based solar panel structures is not only a possible solution, but it can be the future
for the CubeSat manufacturing industry and nanosatellite launching missions.
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2.3 Attitude Determination and Control Subsystem

Every deployed spacecraft must be able to acquire, control, and maintain a particular orientation to
fulfill the objective for which it has been designed. Firstly, in order to fulfill this need, it is of paramount
importance to have an inertial frame or another reference, such as nearby objects or the light of some
celestial body.

Therefore, it is a fundamental requirement to have a good enough measurement system to be able to
recognize some of the already mentioned elements and, after the proper processing of this measured in-
formation, work over the required actuators to maintain and, if necessary, correct the orientation of the
spacecraft to match the imposed attitude setting.
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Figure 2.8 Block diagram of an attitude determination and control system. Source: [18§]

Having said that, to provide a good enough introduction to the subsystems that will be studied in this
project, the following devices will be briefly explained:

2.3.1 Microcontroller

According to figure 2.8, the software in charge of executing the corresponding control algorithms must
be implemented in some hardware device that will be responsible of acting as an interface between the
received inputs from sensors and the outputs in charge of powering the actuators.

The computational specifications of these devices can be diverse depending on the requirements of the
implemented project. When talking about this particular project, the computational requirements of
the control device are not a delimiting factor, instead, the versatility, simplicity, and compactness of the
device are much more relevant, as well as the availability on the market and the cost of the hardware unit.
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2.3.2 Inertial Measurement Unit

So as to know the angular speed, orientation, and angular acceleration of the satellite over time are of
paramount importance to use an Intertial Measurement Unit (IMU). These devices mainly consist of
three accelerometers and three gyroscopes (6 degrees of freedom), with which it is possible to measure
the acceleration and angular speed of the system at all three axes. Additionally, to express the relative
orientation, the IMU devices use navigation angles or Euler angles (Figure 2.9), which are represented as
three orthogonal rotations around the X (roll), Y (pitch), and Z (yaw) axis.

z ¢

Yaw Roll

Figure 2.9 Sailing angles or Euler angles. Source: [19]

It is common to find IMUs with 9 degrees of freedom. The particularity in these cases is the additional
incorporation of a 3-axis magnetometer or magnetic compass. Thanks to the magnetometer, it is pos-
sible to know at all times where the magnetic north of the Earth, or another celestial body, is situated
with respect to the system. This can reduce cumulative errors that can be generated by using just the
accelerometer and gyroscope calibrated to a specific reference.
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2.3.3 Communication devices

During future tests with the Cubesat prototype that is going to be designed, it will be necessary to

establish communications that allow the user to operate the system. In this way, the need to use a type

of wireless communication that allows the user to establish the desired position instructions and read the
data collected by the sensors comes into play. And a comparison of the main wireless communication
technologies used for the transmission of information from sensors can be found at Table 2.1.

| | ZigBee | Sub-GHz | Wi-Fi | Bluetooth |
Physical layer Owner/
2.15.4 2.11 2.15.1
standard 802.15 802.15.4g 80 802.15
Main application - Monitoring - Monitoring Web, e-mail, Wired
PP - Control - Control video replacement
| Battery life (days) | 100-1000+ | 1000+ | 055 | 1-7 |
‘ Network size ‘ 100s to 1000s ‘ 10s to 100s ‘ 32 ‘ 7 ‘
| Bandwidth (kbits/s) |  20-250 |  0.5-1000 | 11000+ | 720 |
| Range (m) | 1100+ | 17000+ | 130+ | 1104 |
Network architecture Mesh - Point by point Star Star
(most common) - Star
- Scalability
Reliability | ~ -0U& Yange
.. - Low power - Low cost
Optimized for - Low power Speed
demand - Comfortable
demand
- Low cost
- Low cost

Table 2.1 Main wireless communications for sensor information transmission. Source: Own

Nonetheless, the previous table 2.1 summarizes only the wireless communication technologies that
could be applied to this project for the testing of the CubeSat in a laboratory setting. Consequently,
these technologies would be unable to communicate with a CubeSat once in space, and it will be needed

to substitute the communication module to translate the proposed solution to a final deployment setting.

Considering so, and because of design specifications fixed at previous iterations that will be explained

later on, the selected and used communication method is Bluetooth technology.
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2.3.4 Magnetorquers

Along with reaction wheels, magnetorquers are the most common actuators to maintain or correct the
orientation of satellites. This systems consist on a solenoid which, broadly speaking, allow an interaction
with the surrounding magnetic field thanks to the magnetic dipole created by circulating current through
its set of coils. As these elements are fixed on the satellite itself, the magnetic force exerted on the
surrounding magnetic field generates an inverse magnetic force, resulting in a mechanical torque on the
satellite.

Figure 2.10 Magnetorquers card and three-axis magnetometer. Source: [20]

The main advantage of magnetorquers (Figure 2.10) is that, depending on the winding and the core used,
it is possible to achieve an auxiliary attitude control actuator system with low consumption and reduced
volume. Both features are well suited to the needs encountered in satellite design projects.

However, the present project does not contemplate the incorporation of any magnetorquer, since it is
considered that, to achieve the objective of this study, the use of reaction wheels is a good enough
solution.

2.3.5 Reaction wheel (RW)

Reaction wheels (Figure 2.11) are disks through which, by making variable angular speed changes, it is
possible to control the attitude of a satellite thanks to the exchange of angular or kinetic momentum.
They are usually used together with an electric motor that rotates the disk at the desired speed. These
flywheels allow satellites to be oriented without the use of fuel-consuming propulsion systems.

When a jet wheel rotates, the angular momentum of the satellite that incorporates it is being modi-
fied. As the angular momentum of the assembly is conserved, this satellite suffers a change in its angular
momentum in the opposite direction to the rotation of the jet wheel. With the use of three orthogonal
reaction wheels, it is possible to orient the satellite with respect to any three-dimensional axis of rotation.

The main difference between flywheels and reaction wheels is that the former is designed to perma-
nently rotate at a certain constant speed to provide gyroscopic stability, while reaction wheels frequently
change their speed and direction to generate torques that control the attitude of the satellite.
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Figure 2.11 Example of tetrahedral configuration of RW (V2Suit). Source: [21]

2.3.6 Power supply systems

In real conditions, the power system of a satellite is based on the use of a battery that is recharged with
the energy captured by photovoltaic panels (Figure 2.12). However, since the CubeSat designed for this
project is intended to be used inside a test laboratory, this recharging source will be ruled out so as to
focus all the efforts in the design of the Origami-based solar panel deployment mechanism.

Figure 2.12 Solar panel used in 1U CubeSats real space applications. Source: [22]

Moreover, taking into account the high degree of complexity that the developed origami-based solar
panel subsystem presents, both the displacement and the connection of these solar panels on the developed
prototype will not be possible. Consequently, only the folding and unfolding mechanism and structure
of this subsystem will be developed, and the solar panels will be substituted by a placeholder folded
according to the starshade Origami pattern, that can be later replaced and connected to the satellite
main system once the panels are completed by future projects of PLATHON team [3].
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Chapter 3

Mechanics

3.1 Deployable solar panel subsystem

Taking into account the already seen CubeSat subsystems based on deployment mechanisms (see De-
ployable Structures 2.2), the following step will be to develop the first concept to find the deployment
mechanisms that best fits the proposed prototype requirements.

In order to do so, the Starshade NASA project will be taken as the starting point in terms of origami
pattern origin and will be thoroughly studied to give birth to the final deployment mechanism. To
begin with this study, and taking into consideration the following image (Figure 3.1) extracted from the
Starshade project, it has been deduced that the best way to develop an unfolding method for the proposed
origami pattern shapes (see Figure 3.8) is to develop a mechanism that, by a radial extension movement
of the vertexes of the external polygonal shape, would trigger the unfolding of the whole structure.

Seecer

Figure 3.1 Starshade origami pattern demonstration. Source: [8]

Having said that, and after preliminary bibliography research, it has been decided that the deploy-
ment method used to develop the final deployable solar panel subsystem will be based on the concept
of rhomboidal shaped deployable arms. The already mentioned deployable arm structure can be seen in
figure 3.2, extracted from Omar Fabrisio Avellaneda Lopez’s Ph.D. thesis [23].
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Figure 3.2 Deployable mechanism operating principle diagram. Source: [23]

Once a clear first deployable subsystem concept has been reached, the next step will be to begin the
conceptual design process to provide the best possible solution for the proposed mechanism.

3.2 Deployable solar panel prototyping

The main objective of the following section of this chapter will be to study, justify, and explain the
development and prototyping of the most mechanically related component evaluated during this project,
which is the deployable origami-based solar panel subsystem. To ensure a better comprehension of the
developed mechanisms, the section is divided into the following parts:

e Design of preliminary prototype: Firstly, a proper justification of the technical resources
required to shape the final solution must be performed, dealing with matters such as used materials,
optimal manufacturing methods, and an explanation of the mechanisms, which should be done in
terms of proportion and design.

e Design of the final prototype: In the second place, after some testing of the first iteration of
the proposed solution, some malfunction were found and, in this fragment of the chapter, these
malfunctions will be identified, evaluated, and solved so as to present the final proposed solution to
the subsystem studied in this chapter.
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3.2.1 Design of preliminary prototype

Once selected a suitable candidate for the deployment mechanism, see Appendix A, a previous study of
its technical viability will be required to ensure that the optimum solution for the already mentioned

problems can be obtained. This study of viability will be divided into the following parts:

3.2.1.1 Manufacturing material selection

To begin with, the determination of the material which offers the most convenient properties to fulfill
the mechanism requirements will be of paramount importance in the designing process. These materials
can be divided depending on whether they are aimed towards prototyping purposes or final design for

launching proposes.

On the one hand, when talking about materials for commercial and final launching purposes, it must
be mentioned that the most used materials for CubeSat frames manufacturing applications are the ones

presented in the following table (Figure 3.3):

Table 6-1: Commercial Modular Frames

Primary Structure

Manufacturer | Structure | Dimensions (mm) Material
Mass (kg)
1U 100 x 100 x 114 <0.1 Al 6061 or 7075
1.5U 100 x 100 x 170.2 0.11 Al 6061 or 7075
EnduroSat
3uU 100 x 100 x 340 <0.29 Al 6061
6U 100 x 226 x 366 <1 Al 6061
2U 100 x 100 x 227 0.16 Al 6061
3u 100 x 100 x 341 0.24 Al 6061
6u 100 x 226 x 340.5 0.9 Al 6061
ISISPACE
8u 226 x 226 x 227 1.3 Al 6061
12U 226.3 x 226 x 341 15 Al 6061
16U 226.3x226.3 x454 1.75 Al 6061
GomSpace 6U 340.5x226.3 x 100 1.06 Al 7075
Ishitoshi 1U 100 x 100 x 113.5 0.1 A7075, AG061
Machining
1U 100 x 100 x 113.5 0.105 Al 7075-T6
NanoAvionics 2U 100 x 100 x 227.0 0.208 Al 7075-T6
3uU 100 x 100 x 340.5 0.312 Al 7075-T6
1U 113.5x 100 x 100 0.0849 Al 6061
2U 227 x 100 x 100 0.0156 Al 6061
. 3uU 340.5 x 100 x 100 0.0226 Al 6061
Spacemind
F:340.5 x226.3 x 100
6u L: 366 x 226.3 x 100 0.055 Al 6061
12U 340.5x 226.3 x 226.3 0.143 Al 6061
1U 100 x 100 x 113.5 0.0132
Sputnik
3u 100 x 100 x 340.5 0.0455

Figure 3.3 Materials used for CubeSat frame manufacturing. Source: [24]
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As it can be easily seen in the previous table, the most used material for CubeSat mechanical appli-
cations is aluminium, being commonly used both Al 6061 or Al 7075-T6.

On the other hand, considering the material selection for prototyping purposes, which is the main
objective of this project, it is necessary to talk about polymeric materials, which will be a more versatile
election for prototype manufacturing purposes.

In the following table 3.1, it will be represented a comparative view of different plastic materials that
can be used for prototyping proposes (also depending on their manufacturing processes):

Material | Printing technology ‘ Properties Application
- Mechanical resi
FDM e an.l cal resistance - Architectonic modeling
. . - Lightness .
Blinder Jetting . - Conceptual modeling
ABS - Reliability . ..
SLA o - Diy applications
Poly Jetti - Flexibility Parts manufacturi
in - Parts man rin
Y & - Thermal resistance HHactirng
FDM . N - Con(.:eptual. queling
- Biodegradability - Diy applications
PLA SLA . .
3L - Food safe - Functional modeling
- Functional parts manufacturing
- 1 li
- Resistance and flat surface ConcePtua mode .mg
. . - Functional modeling
PA12 FDM - Chemical resistance Medical applications
SLA - Slightly flexible ppricat
. - Tool manufacturing
- Thermal resistance .
- Visual arts
- Mechanical resistance ) ..
Food safe - Diy applications
PET FDM . - Functional modeling
- Flexible . —
- Food industry applications
- Flat surface

Table 3.1 PET, PLA, ABS, PA12 Comparative table. Source: Own
Having said that, and considering the material properties already mentioned, it is time to perform a

deeper study of the most suitable manufacturing methods so as to select the most convenient one, also
considering the already introduced materials.
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3.2.1.2 Manufacturing method selection

Firstly, keeping in mind the complex geometries that will be displayed on the designed pieces and the
limited amount of time that can be spent in prototyping, it must be said that the manufacturing method
that will best fit the time and budget restrictions of this project is based on additive manufacturing (3D
printing).

Taking this into account, and considering the available additive manufacturing technologies in UPC
facilities, two different 3D printing methodologies must be mentioned:

¢ FDM 3D printing technology:
FDM (Fused Deposition Modeling) printing technology is based on the deposition of a plastic fused
wire to create a mesh configuration that (layer by layer) forms the desired final object.
The simplicity of this method makes this printing technology one of the most used ones worldwide.

e HP MJF 3D printing technology:

HP MJF (Multi Jet Fusion) additive manufacturing technology is based on the deposition of plastic
dust layers and their subsequent curing to shape the final solid part. Considering so, the curing
process is performed by a combination of a curing resin that link the dust particles, and an external
UV source that solidify the mixture .

Some of the main advantages of the use of this printing method are the compactness of the final
printed part (considering that the final parts are nearly sintered) and the surface finish of the final
part.

After the previous description of each additive manufacturing technology, the following pros and
cons table 3.2 is presented to make the final decision about which of these methods will be used at the

prototype.
Pros Cons
- Ideal fi totypi
Id 16? or p? o y;)mf - Non-isotropic parts result in weaker parts
- Ideal for small production
FDM P - Fused deposition leads to more wastes
- Low cost Non easily recyclable materials
- Produces strong functional models yreey
- True volume manufacturing (low wastes)
- Higher quality finished - Lower material availability
HP MJF - More cosjc—eﬁ'ective for - I.Jower color a\./ailability.
larger print volumes - Higher production costs if
- Isotropic pieces that provide used for small productions
uniform mechanical properties

Table 3.2 Additive Manufacturing Pros and Cons table. Source: Own

Regarding the already mentioned characteristics of each technology, the selected 3D printing method
will be FDM additive manufacturing. Moreover, it is observed that FDM printing technology is much
more accessible than any other 3D printing mechanism, and it can also better achieve the time and
quality requirements due to the easiness of the iteration process. Consequently, the used 3D printer for
the manufacturing of all the mechanical parts of this project will be the Original Prusa i3 MK3S—+.
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3.2.1.3 Deployable arm length determination

After the proper determination of the optimal material and manufacturing technology for the prototyp-
ing of the previously studied deployable solar panel subsystem, the prototyping process will begin with
the determination of the dimensional characteristics of the most simple but relevant piece in the whole
assembly, the deployable arm structure rod (Figure 3.4a).

(a) Deployable arm rod. (b) Deployable subsystem base hexagon.

Figure 3.4 Deployable subsystem fundamental parts. Source: Own

Taking into consideration that the assembly must guarantee proper compactness when folded (despite
pieces width being forcefully increased to provide enough rigidity to the plastic structure), the determi-
nation of the rod length will be closely related to the shape and size of the central hexagon of the whole
set, which has been shown on the previous image (Figure 3.4b).

To successfully determine the proper dimensions of these pieces, the limitations imposed for 1U CubeSats
dimensional restrictions (10x10x10cm) has been considered.

Taking then advantage of the geometrical calculations provided by the SolidWorks software, it has

been concluded that the best configuration for the central piece is a 45mm side length hexagon (which
allows a long enough bar length while keeping proper compactness of the system).
However, the possible collisions between the different arm pieces when folding the whole mechanism must
be considered, and the final length of the independent arm rods is made slightly shorter than the side
length of the hexagon, to ensure no collision is possible when the deployment system is fully closed.
Therefore, a rod longitude of 40mm is selected and the final rod geometry becomes the following (Figure
3.5):
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Figure 3.5 Deployable arm rod blueprint extract. Source: Own

Once a proper determination of the rod’s longitude has been done, it is now time to determine the
thickness of these rods to guarantee their integrity when being subjected to a torque. To do that a static
test will be performed by using SolidWorks simulation software.

In order to do so, the first step is to determine the torque to which the studied rods will be subjected,
and a previous study of the selected torque generator (stepper motor) will be required (Table 3.3):

Stepper motor 28 BY J-48 Parameters

| |
| Model | 28BYJ-48 |
‘ Rated voltage (V) ‘ 5VDC ‘
‘ Number of phase ‘ 4 ‘
‘ Speed variation ratio ‘ 1/64 ‘
‘ Stride angle ‘ 5,625°/64 ‘
‘ Frequency (Hz) ‘ 100Hz ‘
‘ DC resistance ‘ 5092 £+ 7%(25°C) ‘
‘ Idle In-traction Frequency (Hz) ‘ >600Hz ‘
‘ Idle Out-traction Frequency (Hz) ‘ >1000Hz ‘
‘ In-traction Torque (mN- m) ‘ >34,3mN- m (120Hz) ‘
‘ Self-positioning Torque (mN- m) ‘ >34,3mN- m ‘
‘ Friction torque (gf- cm) ‘ 600-1200 gf- cm ‘
‘ Pull in torque (gf- cm) ‘ 300 gf- cm ‘
‘ Insulated resistance ‘ >10M(500V) ‘
‘ Insulated electricity power ‘ 600VAC/1mA /1s ‘
‘ Insulation grade ‘ A ‘
‘ Rise in temperature ‘ <40K(120Hz) ‘
| Noise (dB) | <35dB(120Hz, No load, 10cm) |

Table 3.3 28BY J-48 Stepper motor’s Parameters. Source: Own
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After seeing the required motor data (Table 3.3), and considering the fundamental gear dimensions
shown in the table 3.5, the forces to which the rods are submitted are studied and calculated.

Fmotor

(dgear + lgearfrod)

:Frod

Frotor = 34,3mN -m = 34,3N - mm

15, bmm  2,2mm

dgear = 5 5 = 6,65mm
4 2,2
Lyear—rod = 45, 04mm, — 69, 2"””’ : ;”m — 11, 44mm
34,3N - mm
’ = Fiora1 = 1,896N
(6, 65mm + 11, 4dmm) %
1,896 N
Frog = % =0,316 N

(3.1)
(3.2)

(3.3)
(3.4)

(3.5)

(3.6)

Therefore, the static study of the arm rods is performed, obtaining the following results (Figure 3.6):

von Mises (N/mm~2 (MPa))

5,726e-01

5,155e-01

_ 4.584e-01

L 401301

L 3442e-01

2.871e-01

L 2.300e-01

L 1.72%-01

1.158e-01

5,872e-02

1.623e-03

(a) Static study’s Stress diagram.

ESTRN

1,658e-04

1494e-04

_ 1.329e-04

_ 1,165e-04

. 1,001e-04

8,364e-05

L 6,721e-05

_ 5,078e-05

3434e-05

1,791e-05

1,480e-06

(c) Static study’s Strain diagram.

Figure 3.6 Deployable arm rod’s static
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(b) Static study’s Displacement diagram.

FOS

7 000e+01

I 6,950e+01

L 6,500e+01

. 6,850e+01

6,200e+01
6,750e+01

L 6,700e+01

6,75de+01 &

_ 6,650e+01

_ 6,600e+01
I 6,550e+01
6,500e+01

(d) Static study’s Factor Of Safety diagram.

study diagrams. Source: Own
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As a consequence, the following table can be represented so as to summarize the obtained results and
to ensure a proper understanding and evaluation of this study (Table 3.4):

| Piece | 1.02.01.01.01 |
‘ Exerted force (N) ‘ F= 0,316 ‘
‘ Force diagram ‘ Figure 3.7 ‘
‘ Failure criteria ‘ VonMises ‘
‘ Mechanical test ‘ Min ‘ Max ‘
| Stress (N/mm?) | 1,623-1073 | 5,726 - 107! |
| Displacement (mm) | 1-107% | 1,473-1072 |
| Strain | 1,480-1076 | 1,658-10~* |
‘ Factor of Safety (FOS) ‘ 68 ‘ - ‘

Table 3.4 Deployable arm rod’s static study results. Source: Own

0.316 N 0.316 N

Figure 3.7 Rod’s static test beam diagram. Source: Own

After seeing the previous results (Table 3.4), more specifically the safety factor value, it can be con-
cluded that the design of this particular part can fulfill the imposed torque requirements presenting a rod
thickness of 3mm.

3.2.1.4 Solar panel sizing

The next step in the design process will be the determination of the most suitable shape and dimensions
of the origami-based solar panel that will be attached to the deployable mechanism. In order to study
and guarantee the highest possible level of compactness, the two following origami patterns have been
studied (Figure 3.8):
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(a) Starshade origami pattern (12 plates). (b) Starshade origami pattern (24 plates).

Figure 3.8 Studied Starshade origami patterns. Source: Own

It must be mentioned that the main difference between the already seen origami patterns lies in the
fact that, once they have been folded, the level of compactness that they present is different, being the
one presented at Figure 3.8b more compact when folded. This is because the higher the number of
"triangular" surfaces of the pattern, the higher the compactness when it is folded.

In spite of the previous fact, other factors such as the force required for unfolding must be considered,
and the pattern presented at Figure 3.8a is ultimately found as the arrangement that best fits the project

requirements.

Once the previous conclusion is reached, and with the main objective to properly dimension the
origami-based solar panel structure, the following considerations and limitations must be kept in mind.

e The design of this deployable solar panel system is focused on the improvement of already studied
solar panel mechanisms used at previous CubeSat designs, such as the following wall-integrated
solar panel (Figure 3.9) that proposes the inclusion of 6 independent panels covering the CubeSat
external surface:

Figure 3.9 Wall-integrated solar panel subsystem. Source: [25]
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e The dimensioned solar panel must fit an arm’s length of 220mm because of the limitations and
restrictions of the selected compact arm design.

e Given it is pursued to achieve an enhancement of the effective solar reception crossection of the solar
panels, the size of the fully extended deployable panel is set equal to the surface of a completely
unfolded cube (i.e. six times the cube’s wall surface). That way, a single origami panel will be able
to generate equivalent power to the fully covered CubeSat obtained when the system at Figure 3.9
is used.

Apattern = Acuve = 100-100 -6 = 60000mm2 3.7
P

Beginning now the final size calculation process, and in order to better understand the factors that will
be used in the following formulas, a representation of the geometrical considerations taken into account
has been exemplified as follows (Figure 3.10):

75"
30°
75"

/

(a) Dodecagon’s geometrical parameters diagram. (b) Dodecagon’s angles diagram.

Figure 3.10 Dodecagon’s geometrical parameters. Source: [26]

12-a- L = 60000mm?2 — [ = 10000mm* 2 10000mm?
{ 27 . a = “75 - T, a = 136,60mm  (3.8)
tan7h = m — L = an 75 tan a

However, once this calculation is completed, it is found that the proposed arm extension mech-
anism can tolerate a much bigger solar panel without suffering any deployment issue, and it is de-
cided to duplicate the surface area of the panel to obtain a final a = 193,19mm which will allow
Apattern = 120000mm?.

Once reached the previous configuration for the solar panel, and returning to the main goal of this
section, which is to increase the power output that was reported to be produced by the wall-integrated
solar panel proposed by Antonio Bonilla Lopez [25] by increasing the incision surface, an estimation of
the improvement in terms of power generation must be also considered.
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Considering so, it must be accounted that the solar flux in space and outside Earth’s shadow cone is

approximately 10 times higher than the long-term average at the surface of spinning [27]. It has been
then assumed that in the Low Earth Orbit, the solar flux is approximately 1350 W/m2 [28], but the
real power output of any solar panel in this conditions will be deeply affected by the reliability of this
assumption.
On the other hand, the photovoltaic panels that are commonly used for CubeSats are composed of III-V
multi-junction solar cells, because of their high-power conversion efficiencies [29], as well as their ability
to outperform other solar power generation systems when exposed to extraterrestrial solar spectrum. As
a consequence of this selection, an outstanding efficiency close to 30% quantum yield is observed, and a
reduction of the solar panel area requirement is produced in comparison to other solar panel systems.

These photovoltaic panel specifications also exemplify the great improvement in terms of power gen-
eration that these devices can experience if the evolution in these technologies leads to an efficiency
enhancement.

Therefore, and considering that the original system can only effectively expose one of its facets to light
while the origami pattern is designed to be directed towards the sun to expose its full surface, the final
power that the discussed systems can supply, assuming the average solar flux and efficiency previously
exposed, is calculated as follows:

Aoriginal = 60000mm? L6%eaposure, A;infginal =0,01m?
100%exposure e
Apattern = 120000mm? —2ZE0 A = 0,12m®  p=a-gn,_ | Porigina = 4,05W (3.9)
n=20,3 Pom'ginal = 48360W
i’ = 1350W/m?

As a consequence, the comparison between the the two previously determined results show the follow-
ing optimal percentage increment in energy production, derived from shift from wall-integrated panels to
origami deployable system:

48, 60W

100 = 1200 3.10
4,05W 7 (3.10)

As it was expected, the energy production for the origami-based deployable solar panel configuration
is twelve times higher than the original wall-integrated solar array.
Once the power generation study has been concluded, it is also important to point out that the selected
solar panel topology allows great improvements in terms of surface area requirements, since, as later
demonstrated, minor design changes on the dodecagonal geometry and its radial unfolding method can
be translated to a meaningful increase on the solar panel area.

To demonstrate the previous statement, a greater study about the relationship between the apothem
of a dodecagon and its surface is required. To do that, the following mathematical expression has been
deduced (Equation 3.11):

2a?
tan 75

Adodecagon (me) =6 (311)

Once the previous mathematical expression was obtained, the following graphic representation was

carried out, which represents the relationship between the apothem of a dodecagon and its surface (Figure
3.11):
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—~10 = 103 Dependency graph Apothem/Area
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Figure 3.11 Dependency graph Apothem/Area. Source: Own

So as to also exemplify the dependency of the apothem value over the power generation, the graphic
below has been also generated (Figure 3.12):

Dependency graph Apothem/Power generation
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Figure 3.12 Dependency graph Apothem/Power generation. Source: Own
Regarding the result of this study, it can be concluded that the use of this deployable structure

typology enables the designer to better adjust the surface of the solar panel to the power consumption
requirements without great changes in the mechanism and CubeSat frame designs.
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3.2.1.5 Torque transmission mechanism development

As the project moves on, it is necessary to do a more detailed explanation of the chosen torque transmission
mechanism in charge of the deployment of the already established origami-based solar panel.

After the conceptual design process explained in the corresponding Appendix A, it has been concluded
that the torque transmission mechanism will be based on a single-gear system in charge to transmit the
movement of an implemented stepper motor, consequently generating a counterrotation movement of two
hexagonal parts connected to the rhomboidal shape deployable arms (as it is shown in Figure 3.2). To
clarify the explanation of this mechanism, the following graphical representation is added (Figure 3.13):

(a) Preliminary prototype gear mechanism front view. (b) Preliminary prototype gear mechanism side view.

Figure 3.13 Preliminary prototype gear mechanism. Source: Own

Once the introduction of the torque transmission mechanism has been included, a more detailed
description of the gear-based device must be properly defined and justified. To do that, the following
geometrical characteristics of the gears must be taken into account (Figure 3.14):

(a) Preliminary crown gear 3D model. (b) Preliminary pinion gear augmented view.

Figure 3.14 Preliminary gear mechanism fundamental parts. Source: Own
As it can be seen in the previous images (Figure 3.14), the chosen gear teeth geometry is trapezoidal,

this geometry was chosen because of the simplicity that this offers when applied to prototypes that can
be modified multiple times during the iteration process.
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Considering some other characteristics shown in previous images, another relevant factor is the number
of teeth that these pieces present (more specifically, the crown gear in figure 3.14a) which will be closely
related to the transmission ratio of this mechanism.

The following table 3.5 represents the fundamental dimensions of both pinion and crown gear designed
during the first iteration of the prototyping process:

‘ Crown gear ‘ Pinion gear

| |
‘ Outside diameter, Do (mm) ‘ 65 ‘ 15 ‘
‘ Root diameter (mm) ‘ 68 ‘ 12 ‘
| Whole depth, ht (mm) | 15 | 1,5 |
‘ Circular pitch, p (mm) ‘ 5,67 ‘ 5,89 ‘
‘ Module or modulus, m ‘ 1,75 ‘ 1,75 ‘
| Number of teeth, N | 36 | 8 |
| | 51 |

Reduction ratio

Table 3.5 Preliminary Gear fundamental dimensions. Source: Own

So as to simplify the calculations related to the rotation of the stepper motor needed for the proper
deployment of the whole mechanism, the crown gear in figure 3.14a was designed to have 36 gear-teeth
and present a rotation ratio of 10%/tooth, while the pinion of figure 3.14b gear presents 8 gear-teeth,
which implies a reduction ratio of the two gear system of 1/4,5.
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3.2.1.6 Solar panel rotation mechanism

Once the already seen detailed explanation of every single mechanism in the solar panel deployable system
prototype has been performed, the effect of the movement of this mechanism over the origami-based solar
panel must also be considered.

Keeping in mind that solar array is based on an origami pattern (Figure 3.15), a rotation of the central
hexagon during the unfolding of the origami structure can be expected.

Figure 3.15 Selected Starshade origami pattern. Source: Own

Therefore, this rotation movement must also be considered and integrated into the prototype designs.
In order to integrate this rotation movement into the prototype, a rotation mechanism has been imple-
mented in the superior wall of the CubeSat, as can be seen in the figure 3.16:

(a) Wall integrated bearing 3D model. (b) Wall integrated bearing real prototype.

Figure 3.16 Wall integrated bearing system. Source: Own
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The previous mechanism is therefore assembled by taking advantage of the elastic properties of the
material that is being used to prototype (PET), which allows a bearing to be fixed to the CubeSat wall
(Figure 3.16). By doing this, a platform can be attached to this bearing and, by subsequently fixing the
origami-based solar panel to this platform, the rotation of the whole panel will be allowed (Figure 3.17).

Figure 3.17 Rotating platform mechanism exploded view. Source: Own

So as to properly select the optimum bearing for this application, the following limitations must be

considered:

e The stress to which the bearing will be submitted will be, at the same time, radial (to fix the
bearing to the CubeSat) and axial (because of the weight of the platform and the panel).

e The bearing must be as small as possible in order to fulfill the project requirements.

After mentioning these requirements, it has been concluded that the selected bearing will be the fol-

lowing (Figure 3.18):

PRECISION ANGULAR CONTACT BALL BEARINGS

TYPE TO00AC-ZRITA/P4S B7000 E 2RSD T P45 UL
PRECISION P4S
[B]
d
[~ =

T B L
3%2 ‘D -

Figure 3.18 Precision 7000AC selected angular contact ball bearing. Source: Appendix F.7.1
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3.2.2 Design of the final prototype

Once the preliminary prototype has been manufactured and tested, some malfunctions have been found
in the torque transmission mechanism previously designed and justified.

These technical issues were produced because of the deformation of the toothed ring during the deploy-
ment of the mechanism, which lead to the hindrance of the movement of the toothed ring, making it
impossible to deploy. To solve these problems, the following improvements were implemented:

3.2.2.1 Improvements over the first prototype
3.2.2.1.1 Redesign of the gear mechanism:

Taking into account the fact that the most closely related parts to the previously described malfunction of
the first iteration of prototyping are the deployment gear-based mechanism parts, these will be submitted
to a most detailed and exhaustive study.

So as to develop a suitable solution to the deformation issues, some modifications have been implemented
in the previous crown and pinion gears, which have been summarized in the table 3.6:

‘ Crown gear ‘ Pinion gear

| |
‘ Outside diameter, Do (mm) ‘ 65 ‘ 15 —15,5 ‘
‘ Root diameter (mm) ‘ 68 — 69,4 ‘ 32— 111 ‘
| Whole depth, ht (mm) | 15 —22 | 15— 22 |
| Circular pitch, p (mm) | 567 | 589 — 6,09 |
‘ Module or modulus, m ‘ =5 — 2 ‘ =5 — 2 ‘
‘ Number of teeth, N ‘ 36 ‘ 8 ‘
‘ Reduction ratio ‘ 4,5/1 ‘

Table 3.6 Final Gear fundamental dimensions modifications. Source: Own

The demonstration of the technical viability of these implemented modifications will be probed by
executing some computational tests over the modified 3D models designed using the mechanical CAD
software Solid Works.

The previously mentioned computational tests will be implemented aiming to achieve different goals
depending on the tested pieces, and their results can be summarised as follows:

e Tests of modified gear-based mechanism pieces: The main goal of the implementation of
this tests is to ensure the correct mechanical behavior of the gear teeth during the deployment
maneuver, while maintaining a trapezoidal tooth geometry, which enables the designer to freely
and easily modify its dimensions in order to fit the space availability requirements. Once the
computational tests have been simulated, the obtained results are (Figure 3.19):
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von Mises (N/mm*2 (MPa)) URES (mm)

2,449e+00 3,801e-02

l 2,205e+00 3421e-02
_ 1.960e+00 3.0417e-02

. 1.715e+00 2,6672-02

. 1,470e+00 2,287e-02
1,225e+00 1801e-02
9,800e-01 1520e-02

L 7.357e-0 1,140e-02
\‘ 7.602e-03

4,902e-01 y
2,453e-01 3.801e-03
3,670e-04 1,000e-30

(a) Static study’s Stress diagram. (b) Static study’s Displacement diagram.

= 3,000e+00

ESTRN FOS

7.245e-04 4,000e+00
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1,832e-07 2,000e+00

(c) Static study’s Strain diagram. (d) Static study’s Factor Of Safety diagram.

Figure 3.19 Modified Crown gear’s static study diagrams. Source: Own

As it has been done in previous sections, to ensure proper comprehension of the results, the summary
table presented below (Table 3.7) is also presented:

1.02.01.02
F— 0,316

Piece

Exerted force (N)

Force diagram Represented in study images

| | |
| | |
| | |
| | |
| | |
| Stress (N/mm?) | 3,67-107 2449 |
| | |
| | |
| | |

Failure criteria VonMises
Mechanical test Min Max Min ‘ Max
Displacement (mm) 1-1073%0 ‘ 3,801-1072
Strain 1,832-1077 | 7,245-107*

Factor of Safety (FOS) 3

Table 3.7 Modified Crown gear’s static study results. Source: Own
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Considering the obtained results (Table 3.7), and more specifically the Factor of Safety (FOS)
(Figure 3.19d), it can be concluded that the modified crown gear piece can fulfill the mechanic
requirements while keeping the imposed teeth geometrical restrictions.

e Tests of norm-accurate figurative gear mechanism: According to the gear-teeth normaliza-
tion and regarding the previously designed gear-teeth trapezoidal geometry (Figure 3.4), it must
be commented that the norm inaccuracy of the already justified pieces has been modeled to ease
the design and the optimization process of the gear-based mechanism, given the freedom in terms
of dimensions that this trapezoidal geometry can offer. However, this mechanism is not meant to
be a final solution to apply in real nanosatellite launching conditions.

Consequently, and so as to give an easily repeatable norm-accurate gear-based deploying mechanism
for origami-based solar panel typologies, the following alternative gear assembly has been designed
by using the ANSI Metric toolBox available in SolidWorks mechanical CAD software (Figure 3.20):

Figure 3.20 Norm-accurate gear mechanism figurative 3D model. Source: Own

The fundamental dimensions of this figurative gear mechanism are (Table 3.8):

‘ Crown gear ‘ Pinion gear

| |
‘ Outside diameter, Do (mm) ‘ 68 ‘ 24 ‘
‘ Root diameter (mm) ‘ 7 ‘ 15 ‘
| Whole depth, ht (mm) | 4,5 | 45 |
| Circular pitch, p (mm) | 6,34 | 6,258 |
‘ Module or modulus, m ‘ 2 ‘ 2 ‘
‘ Number of teeth, N ‘ 36 ‘ 8 ‘
| | 51 |

Reduction ratio

Table 3.8 Fundamental dimensions of figurative gear mechanism. Source: Own

According to the given geometry and to ensure its technical viability, a Finite element modeling
simulation has been performed, resulting in the following graphs (Figure 3.21):
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(a) Static study’s Stress diagram. (b) Static study’s Displacement diagram.
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(c) Static study’s Strain diagram. (d) Static study’s Factor Of Safety diagram.

Figure 3.21 Norm-accurate gear mechanism’s static study diagrams. Source: Own

*Note: The red square corresponding to the FOS simulation has been placed to remark the color
variation in the figure.

Given the previously seen Finite element modeling diagrams, the following results can be extracted
and analyzed (Table 3.9):

‘ Piece ‘ Figurative gear mechanism ‘
‘ Exerted torque (mN- m) ‘ M= 34,3 ‘
‘ Force diagram ‘ The torque is exerted over the pinon-gear ‘
‘ Failure criteria ‘ VonMises ‘
‘ Mechanical test ‘ Min ‘ Max ‘
‘ Stress (N/mm?) ‘ 5,547 10716 ‘ 4,904 ‘
| Displacement (mm) | 1:107%° | 7,906 - 1073 |
| Strain | 1,556-1071 | 1,093 1073 |
‘ Factor of Safety (FOS) ‘ 14 ‘ - ‘

Table 3.9 Norm-accurate gear mechanism’s static study results. Source: Own
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Considering these results, more specifically the FOS result (Figure 3.21d), it can be concluded that
this figurative approximation to a norm-accurate gear mechanism could fulfill the required mechan-
ical limitations for the proposed solar panel deployment system even in academic test conditions.

3.2.2.1.2 Revision of the dimensional tolerances:

Some of the malfunctions that have been identified in the first prototyping iteration can be also solved
by revising and adjusting the dimensional tolerances applied to the junctions between some pieces, such
as:

e Rhomboidal deployable arms:
During the testing of the first prototyping iteration, it has been observed that the rigidity of the
junctions between the deployable arm rods is affected when the deployment maneuver is repeated
a great number of times. This deterioration of the rods can be solved, or at least retarded, by
adjusting the dimensional tolerance of these pieces in order to stiffen these junctions while allowing
the free rotation of the designed pieces.

e Gear mechanism:

Once the modifications over the gear mechanism have been redesigned, it has been detected that the
force exerted by the pinion gear against the crown gear, due to the modification of the dimensions
of these parts, has caused a movement of the drive shaft of the stepper motor, thus making its
movement impossible.

In order to solve this problem, it is necessary to modify the dimensional tolerances between these
toothed parts so that, although allowing a good fit between the gears, does not affect the movement
of the motor shaft.

Regarding the previously mentioned observations, it must be taken into account that, because of the
characteristics of the used material and the fact that the studied pieces have been manufactured by us-
ing 3D printing technologies, the adjustment of the specified dimensional tolerances has been achieved
through the use of precision drill bits after the manufacture of the pieces.
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3.2.2.2 V-shape rod structure

Once the deployment mechanism has been completely developed and implemented and with the purpose
to also implement an improvement over the solar panel unfolding mechanism, the concept of adding a
V-shape structure on the tip of the deployable arms was studied as a consequence of a more exhaustive
observation of the NASA Starshade program |[§].

Therefore, to give a case specific solution to this concept, the following parts were designed (Figure
3.22):

-/

(a) V-shape structure hinge 3D model. (b) V-shape structure rod 3D model.

Figure 3.22 V-shape structure fundamental parts 3D models. Source: Own

To design the already shown parts, the determination of the length of the V-shaped rods (Figure
3.22b) is not a trifling matter, since this longitude will condition the unfolding of the whole structure.
Aiming to perform a proper sizing of these pieces, the dimensional characteristics of the used origami
pattern has been taken into account (Figure 3.15).

After the designing of new parts, the assembly to the final deployment prototype will be performed
as follows (Figure 3.23):

(a) V-shape hinge assembly front view. (b) V-shape hinge assembly back view.

Figure 3.23 V-shape hinge assembly 3D model view. Source: Own
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Finally, by attaching the origami pattern to this V-shaped structure using wires, the completely as-
sembled and functional origami-based solar panel deployment system prototype is ready to be tested
(Figure 3.24).

Figure 3.24 Final prototype assembly 3D model isometric view. Source: Own
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Chapter 4

Electronics

4.1 Introduction to the ADCS code

This chapter of the project will be dedicated to the introduction, explanation, and justification of the
electronic modifications and improvements over the previous ADCS system, developed for Adria Pérez
and Yi Qiang Ji Zhang. Considering so, the first step of this section should be to provide an introductory
explanation of the ADCS code, to ensure proper comprehension of the used devices and their operation.

To begin with, it must be mentioned that the implemented software code runs on the STM32 Bluepill
microcontroller and is coded in Arduino programming language. When talking about the insights of the
ADCS code, two different control algorithms have to be independently studied, which are:

e Coarse positioning mode: This operating mode is responsible of the first approximation to the
desired position and it covers most of the angular distance and maneuver time. This movement
is performed by applying an "uncontrolled" voltage pulse over the DC motor that actuates over
the reaction wheel, which will be later stopped when the spacecraft is positioned whitin the Fine-

pointing tolerance region.

e Fine positioning mode: Once the spacecraft is close enough to the desired orientation, thanks to
the coarse pointing mode operation, the fine positioning mode is turned on to exert a more accurate
control of the final movements. Moreover, the positioning maneuver executed by this mode can
be controlled by using the two following control algorithms, which will be better explained later in
their respective sections.

— Simple control algorithm, executed by an accurately tuned PID controller whose constants are
determined by applying empiric methods.

— Precise control algorithm, executed by a more complex control loop which also controls both
electric and mechanical factors like current or applied torque over the reaction wheel.

The following picture plots the position of the satellite over the entire maneuver, therefore showing
the operation of both positioning modes (Figure 4.1):
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Figure 4.1 Positioning modes identification graphic representation. Source: [1]

4.2 Problems to face

When the results of previous ADCS-related projects were replicated [1] [2], it was found an inaccuracy in
the attitude control maneuvers, which was caused by a series of independent problems affecting both of
the previously introduced pointing modes. In this section these problems will be properly explained and
justified and, at the same time, the proposed solutions will be exposed and argued in order to ensure an

easy and reliable comprehension of the explained testing procedures.
In order to do so, each one of the after mentioned problems will be analyzed and solved following the

three steps presented below:

e Identification of the problem: First of all, and aiming to obtain a properly implemented and studied
solution, the problem that produces the malfunction of the device during the execution of its task

must be precisely identified.
e Further explanation of the identified problems: Before the exhaustive explanation of the solutions

that have been developed to achieve the optimum behavior of this device, and aiming for a proper
understanding of the readers of this report, the explanation of the previously identified problem

must be further extended.
e Possible solutions researched for these problems: Once the problem is properly introduced, a detailed
explanation of the studied solutions will be carried out to ensure a proper understanding from the

readers.
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4.2.1 IMU measurement problems

During the testing of the IMU’s performance at the measurement of the Euler angles variations over
rotation, it was observed a meaningful accuracy issue at the angular position measurement, which pro-
duced and incorrect movement of the device. Considering so, it is found that the original Euler angle
calculations were performed by using the direct measurement from the magnetometer, accelerometer,
and gyroscope sensors of the Inertial Measurement Unit (IMU), which led to the previously mentioned

accuracy problems due to the following facts:

e The use of direct magnetometer measurements in the positioning calculation proved to be excessively
unreliable due to distortions on the surrounding magnetic field produced by other devices in the
test-filed, such as mobile phones, batteries or other devices in the lab.

e The use of direct accelerometer measurements produces a residual noise in the measurement due
to the vibration of the experimental equipment used over the testing process, which leads to a
distorted measurement of the final position of the device. To exemplify this affirmation, see the

following image (Figure 4.2):
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Figure 4.2 Acceleration noise graphic representation. Source: [2]

However, the previously exposed distortion can be overcome with the implementation of some filters
to enhance the accuracy of these measurements.

Considering the previous problems, and aiming to achieve a completely accurate measurement of the
orientation of the CubeSat, a DMP (Digital Motion Processor) device, already supplied by the MPU9250
module, has been used to process the recorded IMU data and obtain the desired orientation in form of

quaternion equations.

Once the previously mentioned quaternions are obtained the calculation of the Euler’s angles was
possible by using the software Arduino library ‘MPU6050 6Axis  MotionApps20.h’ and the subroutines
named ‘IMU()’ and ‘QuatToEuler()’ developed by Juan Palomares Moyano [30] (while IMU() order
executes the subroutines used to perform the DMP access, named ‘mpu.dmpGetQuaternion’;, ‘Quat-
ToEuler()’ calculate the Euler’s angles by using the quaternion equations obtained from the DPM).

Taking into account the previously performed superficial explanation of the software process followed
to obtain the orientation angles, it is time to explain the hardware characteristics and changes that were
implemented so as to obtain a functional solution to the measurement problems.
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4.2.1.1 Digital motion processor (DMP)

Since it has been already mentioned in the previous section, and due to the fact that it is one of the
most relevant systems in the improvements that have been implemented in the final CubeSat prototype,
a deeper explanation of the Digital Motion Processor (DMP) is required.

Considering so, and remembering that the MPU-9250 module containing the IMU also presents an
internal DMP, it is found that the main function of this type of processor is to combine the measurements
taken from the gyroscope, accelerometer, and magnetometer devices. Therefore, the presence of the
DMP allows to obtain an already filtered output derived from the raw experimental data, which implies
that an external filter application is not necessary, consequently reducing the calculation time and the
microcontroller memory requirements. Due to these advantages, and given that the results obtained by
using the DMP integrated device are more accurate than by applying a complementary filter, the attitude
control position data has been calculated by using the Digital Motion Processor.

Despite this great improvement in terms of the measurement process, the DMP also produces side
disadvantages derived from the lack of information about the operation process of this device, since,
due to industrial secrecy of the manufacturer, it is found impossible to access, modify or replicate the
calculation process performed by the DMP.

Once this introduction to the DMP technology has been explained, a deeper explanation of the DMP
output data must also be commented.

The data previously processed by the DMP can be then obtained by using two different approaches,
as an attitude quaternion equation or as an Euler’s angle. Taking this into account, and given the
inaccuracies observed at Euler’s angles due to Gimbal lock [31], the final output data will be extracted
as attitude quaternion equations, which also implies the following advantages for its processing:

e The mathematical conversion from quaternion equations to Euler’s angles is easier than the reverse
one.

e The gimbal lock can be better controlled by using quaternion equations for position data processing.
(Even though the gimbal lock phenomenon does not occur when performing a single-axis attitude
control, the possibility to modulate this effects can be profitable when implementing multiple-axis
attitude control.)

The following image 4.3 exemplifies the block diagram of MPU-9250, also including the DMP device
interconnection:
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Figure 4.3 MPU-9250 block diagram. Source: [32]
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4.2.1.2 Communication bus modifications

As the project goes on, it is of paramount importance to explain the changes in terms of communication
buses that had to be implemented to obtain a proper data transmission between the different devices on
the CubeSat, including the IMU and DMP previously discussed.

Originally, the communication between the MPU device and the microcontroller in charge of the data
acquisition and processing was made by using a serial peripheral interface (SPI) communication bus,
while the communication between the motor driver and the same microcontroller was performed using
an I2C communication bus.

For more information, see the image below (Figure 4.4):

Ve AN
UART
|[ Microcontroller —l \l
I I
| 2c Bluetooth |
I I
SPTI2C
| 12C |
I I
| Motor Driver Motor Driver |
Inertial Measurement
I I
[ 12C 12C Unit |
I I
| gl quers |
| I
AN /

Figure 4.4 Used communication buses scheme diagram. Source: Own

Considering the communication previously described, it was discovered that, because of the commu-
nication specifications of the libraries that were used to access the DMP device (the ‘MPUG6050 6Axis
_ MotionApps20.h’ library), the only possible way to connect the MPU to the microcontroller while still
allowing access to the DMP was by using 12C bus communication.

The first attempt to change the communication connections tried to take advantage of the multiple
I2C communication ports that the used microcontroller board (the STM32 Bluepill model) offers, to use
two independent I?C' units to connect the microcontroller with the MPU and the motor driver without
sharing the same bus.

This approach was attempted due to the reported identification problems that can arise when both
devices are connected through the same bus, since serious malfunctions can occur in this case if the address
assignment of the final code is not completely accurate. However, performance tests of the double I2C
system showed that they did not perform good data transmission between the devices, and the same I°C
bus was finally used for both MPU and motor driver connection, always ensuring the use of different
addresses for every device access.

After considering these decisions, the following test was performed in order to ensure proper commu-
nication and measurement of the MPU device, despite that the DC motor driver connection couldn’t be
tested by the presented setup given it is only present at the hardware PCB (Figure 4.5).
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a5k

Figure 4.5 Protoboard real implementation of IMU communication circuit. Source: Own

The previous test had the main objective of ensuring the correct function of the proposed connections
between the different devices used for the positioning measurements, as well as checking the proper data
acquisition and processing of the Euler’s angles during the device movement, produced by rotation of the
protoboard.

In order to precisely specify the connections performed in the previous image, the following scheme
4.6 must be shown (where all performed connections in the final PCB hardware are specified):
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Figure 4.6 Electric scheme of IMU communication circuit. Source: Own
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The following table 4.1 is used to illustrate the after mentioned connections:

MPU pin HC-06 Bluetooth pin | Bluepill pin | Color Code
SDA (I2C data bus) - B7 pinout Yellow
SCL (I%C clock bus) - B6 pinout Green

- TDX A10 pinout _
- RXD A9 pinout Green
VCC VCC 3v3 Red ‘

GND GND GND Black

Table 4.1 IMU communication circuit’s connections color code. Source: Own

By using the previous graphically exemplified test (Figure 4.5) it has been achieved proper communi-
cation of the MPU, by using the DMP access and the I2C communication bus at the same time, as well
as also ensuring the MPU communication with the OBC (On-Board Computer) by using the Bluetooth
module (highlighted in red in the previous protoboard image).

Once the previous test has been executed, the modifications on the hardware PCB board to change
the original SPI communication into an I?C communication are completed, as can be seen in the following
image (Figure 4.7):

Figure 4.7 IMU communication circuit modifications over the prototype’s PCB. Source: Own

The pin interconnection between the MPU and the STM32 Bluepill board shown in the previous
image (Figure 4.7) was performed using the following color code (Table 4.2):

MPU pin Bluepill pin Color Code
SDA (I?C data bus) B7 pinout Brown
SCL (I%C clock bus) B6 pinout Blue

GND Included in the PCB design Black
3v3 Included in the PCB design Red

Table 4.2 PCB’s IMU communication circuit color code. Source: Own
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4.2.1.3 Calibration process modifications

While performing the previously explained test (Figure 4.5) it was found that, more than just performing
a proper communication and access to the DMP, a proper calibration of the MPU device, considering the
external conditions existing in the lab, must also be performed to achieve a correct measurement of the
MPU. With this objective in mind, the following tests were designed.

First of all, it must be mentioned that the program used in order to obtain the offset constants used to
calibrate the MPU was the named ‘MPU6050 calibration.ino’ (See Appendix D.2), and so as to execute
it, the Arduino UNO board microcontroller was used, because of some problems with code execution in
a different board.

Having this fact in consideration, and aiming to do a proper calibration, a preliminary test by using
a protoboard was performed (as in the case of the measurement tests), as it can be seen in the following
image (Figure 4.8).

MPU-9250

—

1cSP
(Rev3) A oo
Arduino L

[NEN

|1

»»»

fritzing

(a) MPU’s calibration real protoboard test. (b) Electric scheme of MPU calibration protoboard test.)

Figure 4.8 MPU'’s calibration protoboard test. Source: Own

All these tests (Figure 4.8) were performed with the main objective to simplify the calibration process
of the MPU, which was quite complex in the original code, while ensuring a good enough precision on
the measurements after the calibration.

The process to do the calibration, having into account the connections that can be seen in the previous
image (Figure 4.8b), is performed by positioning the MPU on a flat surface (which can be, for example, a
table or even the floor) while executing the calibration code already specified. After waiting some seconds,
the offset constants can be obtained by using the Arduino serial port as a communication bus (Figure 4.9).

mpu. setXhccelOffser (-7602) ;
mpu.3etYhccelOffaet (5316) 7
mpu.setZhccelOffset (3705) ;
mpu. 3etXGyro0ffset (5);

mpu. 3etYGyroQffset (-8) 7

mpu. 3etZGyro0ffast (-21) »
Seriall.println("MEU calibrated");

Figure 4.9 MPU’s real Calibration offsets. Source: Own
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Once the proper behavior of the calibrated MPU is completely ensured, and after performing the
previously described test (Figure 4.8), the implementation of the same connections on the PCB hardware
can be finally performed (Figure 4.10).

The followed procedure, aimed to obtain the final offsets that will be used in the final PCB hardware
device, is the same as the one that has been already explained. The main difference is that, in this case, it
has been considered that the motor driver is also connected to the microcontroller by using the same I?C
communication bus, which can be easily solved by switching off the motor driver during the calibration
process.

(a) PCB’s calibration wires. (b) PCB’s calibration final connections.

Figure 4.10 Final MPU’s calibration on PCB. Source: Own

The color code used to identify the connections between the MPU device and the Arduino UNO board
shown in the previous image is the following one (Table 4.3):

MPU pin Bluepill pin Color Code
SDA (I2C data bus) A4 analog input Brown
SCL (I?C clock bus) A5 analog input Blue

GND GND Black
Vee ov Red

INT (external interruption pin) | Digital (PWM) 2 White

Table 4.3 MPU'’s calibration connection’s color code. Source: Own

4.2.2 Coarse Mode: Overrotation due to large ramps

The main problem that has been identified during the execution of the coarse positioning mode is the
overrotation (i.e. excessive rotation) of the device due to the large voltage ramps applied to the motor.
The behavior of the device can be seen in the following picture 4.11:
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Figure 4.11 Graphical representation of overrotation in Coarse pointing mode. Source: Own

Here can be seen how, in the coarse phase, the prototype completely rotates 3 times before entering
he fine mode, which becomes a meaningful issue due to the low efficiency in terms of power consumption

and operation time.

Once the problem to solve has been identified, it has been decided to study the possible solutions

focusing on two different branches of knowledge. These possible solutions were studied in terms of both,

the cinematic properties of the reaction wheel (also named RW in this written report) used to perform
the maneuver of the device, and the software modifications of RW control system used to change its

behavior during this positioning mode.
The following parts of this report will present an in-detail description of the developed solution, clas-

sifying them according to whether they are hardware-based or software-based improvements.

4.2.2.1 Hardware focused solution: Reaction wheel redesign

Since this chapter is directed to the development and justification of the electronically-related parts of
this project, the hardware solutions will be better explained in Chapter 5 (see Inertia calculation section).

However, a brief explanation of the solution can be found below.

The main objective of this hardware-focused solution is to avoid the overrotation of the spacecraft
during the Coarse pointing mode maneuver. To do that, a reduction of the inertial momentum of the

reaction wheel in charge of moving the spacecraft will be performed.
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(a) Reaction Wheel’s original design. (b) Reaction Wheel’s improved design.

Figure 4.12 Original/Modified Reaction Wheel’s design. Source: Own

The observed size reduction between Figure 4.12a and Figure 4.12b will produce a reduction of the
momentum of inertia of the system, and therefore a slower and smoother movement of the hole device
during the Coarse maneuver.

All these considerations and deductions will be mathematically justified in Section 5.3.

4.2.2.2 Software focused solution: Coarse pointing program modification

As it has been already mentioned, the Coarse positioning mode is the main responsible of the control of
the largest movement that the device will experience during the maneuver commanded by the operator.
Taking into consideration that this movement does not require a great degree of precision, the main
objective of this positioning mode is to get the device as close as possible to the set point prefixed by the
external operator, and sent to the device by using the Bluetooth module.

Once the main function of this positioning mode has been properly identified and considering the previ-
ously stated overrotation problem we will proceed to the explanation of the modifications performed in
the program for the purpose of solving this problem.

Aiming to provide a proper background to this process, regarding the previous work done by Yi Qiang
Ji Zhang [1] and Adria Pérez Fernandez [2], the function of two of the subroutines used in the original
program that affect the maneuver (more specifically the Coarse maneuver) will be briefly explained:

e generate ramp: The original function of this subroutine was to allow the operator to properly
control the acceleration phase after setting the desired speed. This attempt to control the acceler-
ation of the device was meant to also control the forces acting over the spacecraft by modifying the
acceleration ramp used to accelerate the RW.

However, this subroutine was the main responsible of the problems faced during the first tests of
the original program, and it was consequently eliminated from the final control program.

e set impulse: The main function of this subroutine is to send a speed set point to the motor
driver, by using a PWM (pulse width modulation) signal, as a way to modify the rotation speed of
the reaction wheel and, consequently, the rotation speed of the CubeSat. By using this subroutine,
it can also be specified if the rotation will be clockwise or counterclockwise.
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Figure 4.13 Coarse Pointing Mode flowchart (Augmented version in Appendix D.1). Source: Own
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4.2.3 Fine Mode: System instability due to deficient implementation of the

control algorithm

Once the previous Coarse-Pointing solutions have been explained and implemented, the research of some
solutions for the Fine-Pointing mode accuracy improvement must be considered. So as to ensure proper
precision in the final stage of the positioning maneuver, an optimum attitude control algorithm must be
a fundamental requirement. To achieve this goal, two different approaches (in terms of the control loop

and experimental procedure) have been studied:

4.2.3.1 PID controller tuning by an empirical method:

In order to achieve maximum simplification of the mathematical calculations involved with the tuning
process, a simple single-controller PID control loop has been studied. The proposed closed control loop

is the following (Figure 4.14):

Setpoint :
Desired angle Error signal

PID(s)

Action signal (torque) |

Actual angle

~
Ca

Figure 4.14 PID control loop block diagram. Source: [33]

To give a proper introduction to PID controllers, the following mathematical expression of the control

signal must be considered (Equation 4.1):

d
u(t) = Kpe(t) +K; / e(t)dt+ Kq—
—— dt
Proportional Tntcqral Derivative
where:
Variable | Description

u(t)

Resulting control signal

e(t)

Error signal of controlled variable

K, Proportional gain
Kq Derivative gain

de Differential of error
dt Differential of time

| |
| |
| |
| |
‘ K; ‘ Integral gain
| |
| |
| |

Table 4.4 Descriptive table of PID’s mathematical expression. Source: [33]
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As it can be seen in the previous expression 4.1, a PID control response can be divided into three
different contributions, which are:

e Proportional contribution: This contribution is based on the correction of the error proportion-
ally to the Kp value. This constant is closely related to the response speed of the whole system.
However, as the error approaches zero, so does the correction action, meaning that it may never
reach the set-point specific value.

e Integral contribution: The Ki constant is the most closely related to the steady-state error value
since it fixes the final difference between the set-point and the actual measurement, solving the
proportional action problem. Regarding the fact that, in spacecraft application, this contribution
is not considered, Ki will be set to 0 by definition in the final proposed solution.

e Derivative contribution: Derivative contribution directly acts over the rate of approximation
of the controlled variable (in this case, the position value) to the set-point value. This implies
that it minimizes the overshoots in the error signal that may appear due to the corrections of the
proportional and integral actions.

This PID-based control loop has the main advantage of its simplicity, but, according to the limitations
in terms of the real plant modeling possibilities, it also has an extremely restrictive disadvantage, which is
the fact that the only possible way to determine the control constants is by applying empirical methods.

The tuning process to achieve a good enough control of the whole system would be based on the
determination of preliminary constants by using empirical approximations such as, for example, the
Ziegler-Nichols empirical method.

‘ Control ‘ P ‘ Ti ‘ Td ‘
| P [ 05K | - ] -
| |
| |

PI | 0,45 Kper | Tper/12 | -
PID | 0,60-Kper | 05Tpcr | Tpoer/8

Table 4.5 Ziegler-Nichols empirical constants determination table. Source: Own

This method is based on a trial and error concept. First, both integral and derivative constants (Ki
and Kd) are set to 0. After that, Kp is tuned to achieve an oscillating and slightly overshooting response.
Then, the critical constant Kp,cr, and period Tp,cr are used in order to determine a first approximation
of the Kd and Ki values according to table 4.5. Finally, the original series of Kp, Kd and Ki are used for
an iterative search of the optimal PID response.

4.2.3.2 Cascade control loop:

Since it will be very difficult for the previously seen PID control loop to properly control the behavior of
the whole spacecraft, given the required great precision in the constant determination, a P+PI cascade
control loop has been also studied. The basic concept of this P+PI method is the nesting of two PID
algorithms feedback loops (Figure 4.15), but a detailed explanation of the control loop design process
will not be performed here since it has been already detailed in Joan Serrano’s Bachelor’s thesis [33].
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Figure 4.15 Cascade control loop block diagram. Source: [33]

1st controller

Z2nd controller

Process

Inner feedback loop

QOuter feedback loop

As can be seen in the previous figure 4.15, the output of the first controller provides the set point of
the second one. This loop structure can only be used when there is a dependency between the controlled
signal of the inner loop and the controlled signal of the outer one, as shown in the following expression

(Equation 4.2):

/ a(t)dt = w(t) — / w(t)dt = 9(2)

(4.2)

The inner loop of this configuration is meant to control the angular speed of the spacecraft, which
can be measured by using the designed prototype’s hardware, with a PI controller, as shown in the figure

(Figure 4.16).

Setpoint

Pl

Figure 4.16 Angular speed inner feedback control loop block diagram. Source: [33]

Desired w

Y

Error signal

Action signal (torque) |

Actual w

~
=1

v

Meanwhile, the outer loop, by using a Proportional controller, is in charge of controlling the final
position of the CubeSat, as shown in the figure (Figure 4.17).

Setpoint

Figure 4.17 Position outer feedback control loop block diagram. Source: [33]

Desired angle

Error signal

Desired w

» Pl l >
Error signal | Action signal (torque)

Actual w

o=

Actual angle

So as to determine the transfer function of the whole system and, consequently, the final control
constants, the following attitude dynamics were fixed (Table 4.6):
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‘ Parameter ‘ Symbol ‘ Value ‘
‘ Setting time of position loop ‘ SToyp ‘ 10s ‘
‘ Setting time of angular speed loop ‘ SThoe, ‘ 1s ‘
‘ Damping coefficient ‘ 13 ‘ 1 ‘
‘ Stationary gain ‘ K ‘ 1 ‘
‘ Momentum of inertia ‘ J ‘ 1,7-1073(kg - m?)* ‘

Table 4.6 Attitude dynamics parameters. Source: [33]
*Note: The momentum of inertia defined in the previous table is an estimation used by Joan Serrano

for computational simulation testing purposes, the momentum of inertia corresponding to the developed
prototype will be calculated in the following chapters.

The control constants will be referenced as follows (Table 4.7):

‘ Parameter ‘ Symbol ‘
‘ Proportional gain for the position controller ‘ KPp ‘
‘ Proportional gain for the angular speed controller ‘ K Py ‘
‘ Integral gain for the angular speed controller ‘ Ky ‘

Table 4.7 Control constants’ symbols table. Source: [33]

Torque_disturbance

&l
-
ta
|

(o

Figure 4.18 Final cascade control loop block diagram. Source: [33]

After implementing the following pre-filter (Figure 4.19), so as to avoid undesired zeros, the final
Transfer Function of the system is proposed by Joan’s project (Equation 4.3):
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1

o)
™ KP WKW s+1 = "y
T rw
s

Figure 4.19 Pre-filter block diagram. Source: [33]

KI
Gs) = U8) _ KPp-~5* (4.3)
d(s) &34 Kwg2y Khwgy gppKw

And the resultant control constants, after applying the Root Locus procedure are obtained as (Table
4.8):

‘ Constant ‘ Value ‘

| KPy | 0,0193 |
| Ky | 0,0561 |
| KPp | 0,3402 |

Table 4.8 Root Locus method final Control constants values. Source: [33]

After some testing of the tuned cascade control loop, the following results were obtained (Figure 4.20):

12 T T 1 T
il e - 3
0
o
g §
£ g
E
HY <
! o
/ i
/ | i ) .
) 5 ‘0 5 0 5 10 15
time () time (5)
(a) Time response in front of a unitary step. (b) Time response in front of a unitary slope ramp.

Figure 4.20 Control algorithm responses obtained by using Root locus method. Source: [33]

Regarding these graphs, an undesired stationary error was detected (Figure 4.20b), which will require
the later implementation of a static error correction. By applying an adaptative control in order to
adjust the KPp to the system behavior depending on the error signal |u|, the results presented below are
obtained (Figure 4.21):
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Angle error (rad)
K

—Roll
——Pitch
Yaw

time (s)

(a) Alignment error in Euler Angles.

Torguo (Nm)

10

time (s)

(b) Calculated torque signal by controller.

Figure 4.21 Adaptive control obtained results graphs. Source: [33]

According to the already introduced Joan Serrano’s cascade control loop (Figure 4.18), and after
observing the obtained results (Figures 4.20,4.21), it can be concluded that this control algorithm not
only can be applied to the prototype design that is being developed in this project but also is the optimum

solution for the present prototype measuring capabilities and code characteristics.
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4.3 Printed Circuit Board (PCB)

Once all the proposed improvements have been studied, justified, and properly tested, the final solution
for the ADCS subsystem can be implemented in the final circuit. So as to offer a clear explanation for
these modifications over the already designed ADCS PCB developed for previous students (such as Jordan
Morales or Miguel Roguer)[34], this chapter of the report will be divided into the following fragments:

4.3.1 Stepper motor integration and interconnection

Regarding the already studied deployable mechanism applied to the origami-based solar panel, the power
supply and control of the stepper motor that will trigger the deploying movement is of paramount
importance for the performance of the whole prototype.

Having said that, and taking into account the nature of the electronic components used for the im-
plementation of this system, the following electronic diagram will be required (Figure 4.22):

. VvCC
STM32_BluePill 9V
] Il
1
— SAT IV I Je—
— PC13 GND
— Py 5V
e PC15 PBY
] PAD CIT SE—
— Y%} PB7 e !f = I
—ra2 . PEb e -
Arduino N
e P 413 BluePill PB S s =1 >
(STM32F103C8) =
s B PEY e—
c
] P 4 5 PBI of— ZETorc 21— )
. gz E = |- Driver
PA ALS Se— — O c o
= == g %8 ULN2003 SM
p —_ 28BY]-48
—— P B[ PA —
—1 P B 1 PALD e— o
—d PB 10 1 — & =
p— | I—

T T T 1o
O @ m W OV D
U W £

fritzing

Figure 4.22 Stepper motor’s connection electric diagram. Source: Own
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After seeing the previous image, the following color code table must also be considered (Table 4.9):

ULN2003 Driver | 28BYJ-48 Stepper Motor | Bluepill pin | Color Code

IN1 - B15 pinout Ocher
IN2 - B14 pinout
IN3 - B13 pinout Purple
IN4 - B12 pinout Brown
Blu Blu - Blue
Pnk Pnk - Pink
Yell Yell -
Ora Ora - Orange
Red Red - Red
V motor Connected to 9V battery Red
GND Connected to 9V battery Black

Table 4.9 Stepper motor’s connection color code. Source: Own

4.3.2 Implemented modifications

Concerning the proposed improvements over the measurement process, seen in the previous chapters,
and the already seen implementation of the torque generation system, it’s now time to document all the
modifications that will be implemented over the final PCB prototype.

4.3.2.1 List of modifications

¢ MPU DMP access bus modification:
As already seen and explained, the access to the DPM (Digital Motion Processor) of the MPU
requires a change in the used communication bus from the SPI communication bus to the I?C bus.
This change will be seen in the final PCB scheme (Figure 4.23).

e MPU calibration connection modification:
The new calibration method proposed for this new prototype requires the connection of MPU’s pins
according to the already represented scheme (see 4.8b scheme).

e Stepper motor integration:
The addition of the solar panel deployable subsystem to the final prototype requires the microcon-
troller to be connected to the stepper motor in order to send the required pulse sequence to the
motor’s inductances. The performance of this connection will be seen in the final PCBs connections
scheme (Figure 4.23).

e Motor driver VIN and GND rectification:
In the original design, it was found that the VIN and GND signals from the motor driver connections
were switched, this fact lead to the consequence of the addition of some additional wires in order
to solve this problem. In this proposed redesign, this mistake will be solved.
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Once the list of modifications has been briefly explained and implemented over the final design, the
following connection scheme of the final PCB design is obtained (Figure 4.23):

fritzing

Figure 4.23 Figurative representation of connections of the whole system. Source: Own

The components used in the previous image are enumerated in the following table 4.10:

Component Commercial model
9V Battery ENEGON SM001 Battery
Microcontroller STM32 Bluepill

HC-06 BT module

| | |
| | |
| | |
‘ Bluetooth module ‘ ‘
| Inertial measurement unit (IMU) | MPU-9250 |
| | |
| | |
| | |
| | |

SparkFun Qwiik Rob-15451
ULN2003 Driver board
RF-300EA
28BY J-48 Stepper motor

DC motor driver

Stepper motor driver

DC motor

Stepper motor

Table 4.10 Used hardware components list. Source: Own
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4.3.3 Proposed PCB redesign

After the implementation of all the already mentioned modifications, and in order to exemplify the
redesigned PCB tracks, the Printed Circuit Board presented below is obtained (Figure 4.24):
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(a) Redesigned PCB top view (without components). (b) Redesigned PCB underside (without components).

Figure 4.24 Redesigned PCB 3D model (without components). Source: Own

After fixing the required components over this redesign (always respecting the higher possible degree
of compactness) the final PCB redesign becomes as follows (Figure 4.25):

(a) Redesigned PCB isometric view (with components).  (b) Redesigned PCB top view (with components).

(c) Redesigned PCB front side view (with components). (d) Redesigned PCB left side view (with components).

Figure 4.25 Redesigned PCB 3D model (with components). Source: Own
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4.3.3.1 Comparative table

To conclude this chapter and aiming to perform a good summary of the improvements applied to both
the programming code and the final PCB redesign, the following table 4.11 has been performed:

Original device Final prototype design

Complementary filter applied
to sensor measurements

MPU measurement method Digital motion processor (DMP)

Communication bus for Serial peripheral interface .
Inter-Integrated Circuit (I2C
MPU measurement (SPI) nter-Integrated Cireuit (1°C)
MPU calibration method ComPlex m}lltlpl'e axis Simple automa.tlc calibration
rotation calibration by code execution
Rectification of the VIN
Not impl ted Impl ted
and GND PCB tracks OF HHpemente HHplemente
C 1 trolled Simple st trolled
Coarse positioning used impulse | . omplex un.con rote . Hap'e Step ,Con rore
impulse setting impulse setting

Cascade multiple controller

Studied ADCS control algorithm | Single PID controller tuning
control loop

Stepper motor

. . Not implemented Implemented
hardware integration

Table 4.11 Applied improvements comparative table. Source: Own
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Integration of all subsystem in the final
prototype

Once both deployable solar panel subsystem and ADCS printed circuit board has been studied, developed,
and manufactured, it is now the time to study and justify the optimum way of integrating all these
systems in one single prototype. In this chapter, the final demonstration of the proper behavior of the
whole prototype will be also included by means of the implementation and graphical exemplification of
some lately described tests. Aiming to do a proper explanation of this implementation, the next fragment
of this report will be divided into the following parts:

5.1 Solar panel subsystem

The objective of this section will be the explanation and justification of the integration of the already
developed and explained deployable solar panel subsystem. This fragment will include the mechanical-
oriented integration (including the parts designed in order to do this) and the electronic part (including
the integration of the stepper motor electronics).

5.1.1 Deployment system

The already designed solar panel deployable system will be fixed to the CubeSat frame by using the
screws shown in the following image (Figure 5.1):

T
7,

A

PP

Figure 5.1 Deployable mechanism screw fixation. Source: Own
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It must also be mentioned that the same screws will cross the CubeSat wall and also fix the stepper
motor to the internal side of the wall.

5.1.2 Power supply and control system

Aiming to a proper fixation of the electronic components related to the stepper motor circuit (already
detailed in previous chapters), the following pieces have been designed (Figures 5.2,5.3):

(a) Battery support isometric view. (b) Battery support bottom view.

Figure 5.2 Battery support 3D model. Source: Own

Figure 5.3 Driver + DC converter support 3D model. Source: Own
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By using the previously represented parts (Figures 5.2,5.3), the assembling of the different compo-
nents related to the power supply and the control of the stepper motor has been implemented as follows
(Figures 5.4,5.5):

Figure 5.4 Deployable mechanism control wall exploded view. Source: Own

(c) Real deployable mechanism control wall underside. (d) Real deployable mechanism control wall underside.

Figure 5.5 Deployable mechanism control wall. Source: Own
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5.2 PCB subsystem

In this fragment of the chapter, the integration of the ADCS PCB device will be mechanically justified.
Moreover, the modification of some of the components of the PCB and the relation between this ADCS
device and the RW specifications will be also presented.

5.2.1 ADCS and communication circuit

After the development and assembly of the ADCS PCB components, the integration of this subsystem
into the final CubeSat prototype will be displayed by the redesign of some of the CubeSat walls. The
slight modification performed to the wall in order to properly integrate this new component is represented
in the following image 5.6:

Figure 5.6 Side wall’s PCB integration modification 3D model. Source: Own
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By using these additional structures, the ADCS PCB can be easily integrated (Figure 5.7).

Figure 5.7 Final CubeSat prototype 3D model internal view. Source: Own

5.2.2 Power supply system

Regarding the upgrade of the power supply system of the ADCS PCB, to enhance the compactness of
the whole prototype, the battery pack has been integrated into the prototype by using the following piece

(Figure 5.8):

(a) Battery + DC converter support isometric view.  (b) Battery + DC converter support underside view.

Figure 5.8 Battery + DC converter support 3D model. Source: Own

By fixing this piece to the bottom wall of the final prototype, the power supply circuit can be integrated
into the assembly (Figure 5.9).
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Figure 5.9 Real power supply system fixation on CubeSat prototype. Source: Own

5.3 Reaction Wheel (RW)

The main objective of this fragment is to explain the design restriction that all the other subsystems
impose on the design of the reaction wheel (in terms of both dimensions and shape). This paragraph will
also explain the integration of the prototype into the air-bearing test device.

To begin with, it must be mentioned that, because of the integration of all the CubeSat subsystems
in one prototype, the optimization of the inner volume of the device is of paramount importance. Having
said that, the final dimensional characteristics of the reaction wheel (RW) will be much smaller than they
were in previous prototypes, as it can be observed in the following comparison table (Table 5.1):

Pt | poramet | GO ) | sl
| Discradius | rgee | 60 | 20 |
‘ Ring radius ‘ Tring ‘ 80 ‘ 30 ‘
| Hollow radius | 7houow | 12,5 | 7.5 |
‘ Cylinder radius ‘ Teyl ‘ - ‘ 6 ‘
| Disc height |  hae | 2.5 | 2.5 |
| Ring height |  hypg | 7.5 | 7,5 |
| Hollow height | fnouow | 2,5 | 2,5 |
| Cylinder height | he, | - | 7 |

Table 5.1 Original/Modified reaction wheels’ dimensions. Source: Own
Regarding Table 5.1 and according to the hardware-focused solution presented in Section 4.2.2.1, a

comparative calculation of the momentum of inertia of the Reaction Wheels is required both to justify
the presented solution and to exemplify the compactness restriction of the final prototype.
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(a) Reaction Wheel’s original design. (b) Reaction Wheel’s improved design.

Figure 5.10 Original/Modified Reaction Wheel’s design. Source: Own

Considering the geometrical characteristics of the designed reaction wheel (Figure 5.10) and the fol-
lowing value of PET density, the RW’s mass calculation can be performed as follows:

PPET = 1370kg/m3 (5.1)

Mhollow = PPET * T s oiiow * Mhollow = (5.2)
= 1370kg/m? - 7 - 0,0075%m - 0,0025m = 0, 605 - 10~3kg '

Mdisc = PPET * 7”"51‘3(: “Rdisk — Mhotlow = (5.3)
= 1370kg/m? - w - 0,020%m - 0,0025m — 0,605 - 10~3kg = 3,699 - 10~ 3kg ’

_ 2 _
mey1 = ppET - Toy * (heyt + Naise) =

5.4
= 1370kg/m3 - m - 0,006%m - (0,007m + 0,0025m) = 1,472 - 10~ 3kg (54)
Mying = PPET " Tr(rrging - rczlisc) ' h’”‘i"g = (5 5)

= 1370kg/m? - 7 - (0,030%m — 0,020%m) - 0,0075m = 16,140 - 10~ 3kg '
MRW = Mdisc + Meyl + Mring = (5 6)

=3,699-1073kg + 1,472 -10"3kg + 16,140 - 10~ 3kg = 21,311 - 10~ 3kg '

Then, the momentum of inertia can be determined as:
isc * T 3,699 - 10~%kg - 0,020
Taisc = 2 5 Tdise _ 29 ™ 7.398-10 "kg - m? (5.7)
Meyl T 1,472-107%kg - 2
Ley1 = Cyl2 e 1,472 10 29 0,0067m _ 2,649 - 10~ ®kg - m? (5.8)
Mring  (Ting + Tai 16,140 - 10~3k 2 202

Iring _ Ting ( 'r';ng dzsc) _ 67 0 0 9(072030 m+ 070 0 m) _ 1’ 049 - 10—5kg . m2 (59)

Irw = Igisc + Icyl + Iring =
=7,398-10""kg - m? +2,649 - 10 3kg - m? 4+ 1,049 - 10 %kg - m? = (5.10)
=1,126 - 10 5kg - m?
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Once these inertial momentum values have been obtained and comparing theme with the ones ex-
tracted from Yi’s thesis [1], the following reduction can be observed:

IRW.origin = 4.693 - 10~ *kg - m? (5.11)

. _1,126:107° _
Inertia Percentage Change = 7zo—0— - 100 = 2,399

(5.12)
Reduction Ratio = 100 — 2,399 = 97,601%

According to the previous result (Value 5.12), it can be concluded that the introduced hardware-
focused solution not only will fit the exposed control advantage but also will fit the dimensional require-
ments of the final prototype.

5.4 Software integration

This section of the project will be mainly dedicated to the explanation and justification of the integra-
tion of the developed devices focusing on its software and code-related aspects. In this section, some
consideration of the mechanical implemented devices will be also taken into account.

5.4.1 Stepper motor pulse determination

In order to ensure the proper, complete, and smooth deployment of the developed and manufactured
Origami-Based solar panel, and according to the stepper motor operating principle (See Chapter 3),
it is of paramount importance to calculate the required pulse number, which must be defined in the
deployment code.

Regarding some geometrical considerations of the deployment mechanism, the following list of vari-
ables can be obtained (Table 5.2):

‘ Description ‘ Parameter ‘
‘ Pinion-gear number of teeth ‘ NPgear ‘
‘ Crown-gear number of teeth ‘ NCgear ‘
‘ Reduction ratio ‘ redratio ‘
‘ Stride angle of the stepper motor ‘ Qlstep ‘
‘ Desired crown-gear angle rotation ‘ Qlrotation ‘
‘ Pinion-gear angle rotation ‘ A Pgear ‘
‘ Number of pulses ‘ Npulses ‘

Table 5.2 Step calculation parameter table. Source: Own

Page 72



CHAPTER 5. INTEGRATION OF ALL SUBSYSTEM IN THE FINAL PROTOTYPE

According to the previously presented technical performance of the stepper motor 28BYJ-48 (Table
5.2) and the fact that the Pulse/Step ratio is 8, the required pulse number is calculated as follows:

Qrotation = 40°

NpPgear = 8

Negear = 36 (5.13)
redratio = 4,5/1

Qstep = D, 625 - &O/Step

Once the desired rotation of the crown-gear is known, the pinion-gear required rotation can be deter-
mined:

ear 36
Qpgear = Qrotation * ncig =40° - — = 180° (514)
NpPgear 8
QPpgear _ 180°¢

= 256pulse (5.15)

n 1 = =
P 8 e 85,625 & /step
Therefore, the number of pulses required for the complete deployment of the Origami-Based solar
panel mechanism is hard-coded in the final code. Despite this fact, it must be mentioned that the
original consideration of 40° has been determined through the observation of the mechanism.

5.4.2 Prototype code integration

To further extend the available functionalities of the hardware and their integration and control through
software inputs, numerous modifications of the code have been implemented in the prototype control
code. Therefore, the new operation flowchart of the function mode selection can be observed at the
following figure (Figure 5.11):
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Figure 5.11 Mode Selection code flowchart (Augmented version in Appendix D.1). Source: Own
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5.5 Final tests

Finally, in order to experimentally illustrate the achieved performance of all the developed subsystems,
the different operation modes developed along this project have been tested. Consequently, each one of
these tests is focused to evaluate the behavior of one independent functionality of the studied subsystems,
such as the deployment of the solar panel mechanism, the calibration of the MPU, or the overall accuracy
of the coarse pointing mode.

5.5.1 Origami-based solar panel deployment

The first performed test was a deployment of the complete solar panel mechanism in order to both
determine the accuracy of its performance and ensure the integrity of its internal components after the
final assembly.

After the execution of this test, the following images were taken to illustrate its correct behavior
(Figure 5.12).

(c) Unfolded solar panel top right view. (d) Unfolded solar panel top left view.

Figure 5.12 Deployable mechanism control wall. Source: Own

In the following link, a video of the test process is displayed in order to ease a proper comprehension
of the subsystem’s behavior.

https://drive.google.com/file/d/1_y8mEyIsTV5MP7YXK1vAHDN82ubxzEIN/view?usp=

sharing
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5.5.2 MPU calibration test

Once proved the proper behavior of the Origami-based solar panel deployment subsystem, and prior
to the final ADCS coarse control tests, the accuracy achieved by using the DMP access and the new
calibration method must be also proved.

In order to test its behavior, 90° movements of the final calibrated prototype were performed and
registered to ensure the proper orientation recognition of the improved subsystem, since this type of
movements are simple enough to be tracked with external measuring tools, and the comparison between

the registered data and the expected result allow to extract a trustful enough figure of merit of the
calibration accuracy.

The results corresponding to the testing movements performed can be seen in Figure 5.13:
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(a) Calibration test results (No pass trough zero). (b) Calibration test results (Pass trough zero).

Figure 5.13 Calibration test results. Source: Own

Considering figure 5.13, and according to the 90° performed movements, it can be concluded the
final measurement performance of the prototype is accurate enough to precisely track the movements
experienced by the system. Therefore demonstrating a reliability of the movement tracking not observed
at previous iterations of the ADCS subsystem.

In the previous figure 5.13b, it can also be observed the effect of passing through the 0° position while
the device is operating, since the rectification of this sudden jump had to be implemented in the final
code so as to clarify the data reading.
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5.5.3 ADCS coarse control test

5.5.3.1 Test Setup

Figures 5.14 shows the professional Air Bearing used in the project. This testbed includes a pivoting
platform that allows the free movement of the hosted prototypes, consequently enabling the simulation
of nanosatellite movement self-control and the design of CubeSat 1U units fully equipped to control their
own spatial orientation (see Appendix F.6).

(a) Air bearing system right view. (b) Air bearing system left view.

Figure 5.14 Air bearing real system. Source: Own

An air-flow conditioning unit is located below the air bearing, and it is connected to a compressed
air line which blows air into the structure, consequently creating a near-zero friction environment system
once the CubeSat is placed on the Air bearing platform. This system will then allow to reproduce the
CubeSat conditions in space by isolation from the surrounding of the system represented at Figure 5.15.

(a) CubeSat attached to air bearing system right view. (b) CubeSat attached to air bearing system left view.

Figure 5.15 CubeSat attached to real air bearing system . Source: Own
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Considering so, it is required to perform a detailed calculation of the momentum of inertia of the
whole air pivoting body (including both platform and CubeSat prototype) before performing any test
with this equipment.

So as to do this calculation, some approximations over the air pivoting platform will be taken into
account.

e The four counterpoises and their threaded rods will be taken as uniformly distributed weight rings
placed under the pivoting platform.

e The whole CubeSat prototype will be taken as a 1,5U uniformly weight distributed CubeSat.

According to these considerations, the following data can be used:

‘ Part ‘ Parameter ‘ Value ‘
‘ Platform radius ‘ Tplat ‘ 200mm ‘
Counterpoises
. . Ticount 170mm
internal radius
C t i
oun erp01s.es N 190mm
external radius
| Platform height |  hpe | 19mm |
‘ Counterpoises weight ‘ Meount ‘ 3304 g ‘
‘ CubeSat weight ‘ MCube ‘ 582g ‘
| PVC density | prve | 200kg/m? |

Table 5.3 Air bearing inertia calculation data table. Source: Own

Considering the previous data, the inertia calculations can be finally performed as follows:

Mplat = PPVC Wrzzjlat . hplat =
] > (5.16)
= 200kg/m? - 7 - 0,200%m - 0,019m = 0,477kg
Mplat T2 0,477kg - 0, 2002
Tptat = — t2 plat _ 2 92 2 9,54-107%kg - m? (5.17)
cont - (T2 2 1,2kg - (0,1702 0, 1902
Teont = Mceont (rzcont +Tecont) _ D g ( ) m+ 0, m) _ 0,039kg~m2 (518)
2 2
ube - (82 h2 0,582kg - (0,102 + 0, 152
Toube = —C% (SC&”@ cube) _ 0:582hg - o +0,157) _ 1,576 - 10 %kg - m? (5.19)
Itotal = Iplat + Icont + ICube =
=9,54-10"%kg - m? + 0,039%¢g - m? + 1,576 - 10 3kg - m? = (5.20)

= 50,116 - 10~3kg - m?
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In order to do a proper interpretation of the obtained momentum of inertia value, it must be taken
into account that an excessively high value of this parameter could lead to the malfunction of the whole
pointing mode as a consequence of the difficult modification of the movement speed of the measurement
body, both at acceleration and deceleration. Additionally, it must be also considered that the previous
process could become uncontrolled if the momentum of inertia value is too low, since it could reach
excessively high speeds once the impulse on the RW is triggered.

5.5.3.2 Test Results

Once the setup used for these tests has been properly presented, and some mechanical characteristics of
the prototype and air-bearing testbed have been justified, the final coarse mode operating tests are per-
formed. Several maneuvers have been performed to ensure the correct behavior of the spacecraft’s ADCS
subsystem in the available movement processes that the device can perform (clockwise, counterclockwise,
large rotations, etc.).

5.5.3.2.1 Clockwise and counterclockwise small rotations:

Considering that the most common rotations that this device will experience will be smaller than 180°
rotations, the response of the ADCS subsystems to these settings must be studied both for clockwise
rotations and counterclockwise rotations, which leads to the following measurement results:

180
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(a) Counterclockwise rotation test results. (b) Clockwise rotation test results.

Figure 5.16 Small rotation test results. Source: Own

According to the previously seen Figure 5.16, and comparing clockwise rotations (represented in
Figure 5.16b) and counterclockwise rotations (represented in Figure 5.16a), it can be concluded that the
maneuvers in both rotation directions behave correctly. However, it is observed that the deceleration
stage of the clockwise maneuvers is not able to properly stop the rotation of the device. This fact, despite
not being of great importance given that the residual movement could be corrected by action of the fine-
pointing mode, can be explained by parasite torque generated for a turbulent air flux in the air-bearing
device.
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5.5.3.2.2 Clockwise and counterclockwise large rotations:

When talking about the behavior of the device when large rotations (bigger than 180°) maneuvers are
performed, and according to the programmed software code, it must be mentioned that the device will
always perform the shortest possible rotation movement.

In order to graphically represent this setting, some tests were performed, obtaining the following
results (Figure 5.17):

ClockWise Tests

140 . o
o 130°
i
120 F 230° /
-230°
datal /
100 -
/
& 80t / S/
[ = / /’
g ay
G aayd
£ 6or / —
yay
/
s
40+ S
S
/S
/ S
201 e
7
f/
Y
0 -~ L 1 L L 1 I
0 10 20 30 40 50 60 70
Time(s)

Figure 5.17 Large rotation test results. Source: Own

As it can be seen in figure 5.17, the displayed movement after the input of a maneuver command
of 230° in either rotation direction is the rotation of 130° in opposite direction, being this the shortest
possible rotation movement to place the device in the target position. Consequently, it can be affirmed
that the final behavior of the device for large movements has achieved the desired requirements.

It must also be mentioned that the previously commented parasite torque for counterclockwise rota-
tions can be also seen in these maneuvers.
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Chapter 6

Non-technical documents

The main objective of this chapter is to compile all the documents not strictly related to the development
and manufacturing of the CubeSat technology studied during this project. The documents included in
this chapter will be dedicated to the representation of temporal planning, an economic study of the
project, and a study of the environmental impact that the used tools and applied processes exert.

6.1 Planning of the project

This section illustrates, enumerates, and describes all bibliographic research phases, processes used for the
development and manufacturing of the CubeSat prototype, as well as the explanation and justification
stages of the final report. In this section, a Gantt diagram will also be included to graphically exemplify
the programmed schedule and deadlines in the elaboration of the project.

6.1.1 Task identification

In the table 6.1 each one of the performed tasks is enumerated, described, and represented with its
respective duration time estimation and order dependency.

1. Introduction: A first approach to the CubeSat spacecraft and its subsystems, this part is meant
to emphasize the solar panels and the attitude control subsystems.

2. Searching and analysis of bibliography: Information research in order to develop a more solid
concept of the studied systems.

3. Initial concept to be developed about solar arrays based on origami patterns: Start-
ing from the already searched information, develop a more defined work plan about solar panels
subsystems.

4. Development of the initial concept about attitude control applied to CubeSat tech-
nologies Starting from the already searched information, develop a more defined work plan about
attitude control subsystems.

5. Analysis of the solar array unfolding methods: Study different possible methods of deploy-
ment to the solar panel system. Brainstorm different mechanisms to obtain the optimum result.

6. Development of a solid concept about the proper solution applied to solar arrays: Once
the information research has been done, the next step is to define a solid concept to give a solution
to the proposed problem. This concept will be defined as a first 3D model of a possible solution.
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7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Design a preliminary prototype to determine the technical viability of the idea: Man-
ufacturing the 3D models defined in the previous step could be necessary in some cases to ensure
the correct functionality of the proposed preliminary solution.

. Testing of the proposed solution applied to solar arrays: Perform midterm tests aiming to

avoid possible unidentified errors in the preliminary solution.

. Depuration of the initial idea to avoid possible problems: Process of problem-solving of

the found errors in the preliminary concept (or prototype).

Iteration of the depuration process: Repeat the depuration process in order to ensure a good
enough quality of the preliminary solution.

Development of the final prototype: Once all the problems have been solved, the final proto-
type will be designed and finally developed and assembled.

Testing to ensure the functionality of the final solution: Perform final tests to ensure the
fulfilment of the requirements imposed on the solar panel solution.

Study previous projects about attitude control systems applied to CubeSat: Having into
account that this part of the project will be focused on the improvement of an already developed
device, an introductory study about previous projects will be needed.

Study and analysis of previous control programs and hardware systems performed by
previous students: An introductory analysis of the programs developed by previous students will
be also required to ensure a proper understanding of the spacecraft’s functionality.

Determination of an initial control algorithm: Initial estimation of the control algorithm
that is required to fulfill the control needing.

Identification of possible hardware improvements: Identification of some strategies to im-
prove the original hardware device, such as MPU calibration or measuring by using DMP access.

Depuration of the original code: Correction of the malfunctions found in the preliminary
control algorithm.

Depuration of the hardware systems and new PCB redesign: Correction of undetected
hardware malfunctions and incompatibilities with the physical device.

Hardware design and implementation of the proposed code: Final assembly and connection
of the hardware device and implementation of the already programmed code.

Testing to ensure the proper behaviour of the system: Test of the final electronic device to
ensure the correct operation of the ACDS subsystem.

Integration of solar array and attitude control systems: Assembly of both the developed
systems on a single 1U CubeSat prototype.

Final functionality testing: Final testing of the assembled prototype device to ensure proper
behaviour of the final proposed solution.

Final report writing:Explanation and justification of the already defined tasks in the final output
report.

Discussion and conclusion: Writing and justification of the conclusions once the thesis has been
finished.

Bibliography: Writing of the bibliographic citations.
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‘ Number ‘ Task ‘ Duration (weeks) ‘ Predecessors ‘
‘ 1 ‘ Introduction ‘ 1 ‘ - ‘
‘ 2 ‘ Searching and analysis of bibliography ‘ 1 ‘ 1 ‘
3 Initial concept to be developed about 1 9
solar arrays based on origami patterns
Development of the initial concept about
4 . . . 1 2
attitude control applied to CubeSat technologies
5 Analysis of the solar array unfolding methods 0,5 3
6 Development of a solid concept about the 05 5
proper solution applied to solar arrays ’
Design a preliminary prototype to determine
7 . s : 2 6
the technical viability of the idea
8 Testing of the proposed solution 1 .
applied to solar arrays
Depuration of the initial idea to avoid
9 . 0,5 8
possible problems
‘ 10 ‘ Iteration of the depuration process ‘ 2 ‘ 9 ‘
‘ 11 ‘ Development of the final prototype ‘ 3 ‘ 10 ‘
Testing to ensure the functionality
12 ) 1 11
of the final solution
Study previous projects about attitude
13 . 0,5 4
control systems applied to CubeSat
Study and analysis of previous control
14 programs and hardware systems 1 13
performed for previous students
‘ 15 ‘ Determination of an initial control algorithm ‘ 0,5 ‘ 14 ‘
‘ 16 ‘ Identification of possible hardware improvements ‘ 0,5 ‘ 15 ‘
‘ 17 ‘ Depuration of the original code ‘ 0,5 ‘ 16 ‘
18 Depuration of the h?rdware systems 15 13
and new PCB redesign
19 Hardware design and implementation 1 17/18
of the proposed code
20 Testing to ensure the proper 0.5 19
behaviour of the system
21 Integration of solar array and attitude 3 12/2
control systems
| 22 | Final functionality testing | 1,5 | 21 |
‘ 23 ‘ Final report writing ‘ 4 ‘ 22 ‘
‘ 24 ‘ Discussion and conclusion ‘ 1 ‘ 23 ‘
| 25 | Bibliography | 0,5 | 23 |

Table 6.1 Order dependency table. Source: Own
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6.1.2 Gantt diagram

The following Gantt diagram is used to plan the project management and schedule. This tool allows
showing the activities (i.e., tasks and events) displayed against time. On the left side of the chart, a
list of the previously identified activities is displayed, while the horizontal axis shows a suitable and
appropriate time scale with the maximum available time to end the project. Each activity is presented
with its time allocation (see next page).

This allows to get an overview of the number of required activities, when they begin and how long
each activity is scheduled to last, and also keeps a record of the project expected deadline.

Regarding the Gantt diagram that will be represented on the next page, the following considerations
must be taken into account:

e Given that some of the tasks represented in the original time planning (represented in the project
charter calendar) took more time than expected, a deadline extension was requested. Consequently,
a redesign of the time planning had to be implemented in order to fit the new time requirements.

e In the final Gantt diagram, the task previously identified as Final report writing is represented in
further detail and itemized in a group of smaller sub-tasks (represented in green in the diagram).
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6.2 Budget

This section will be mainly dedicated to the analysis of the economic aspects of this project in terms of
hardware, software, and human resources cost. To ensure the proper understanding of the cost analysis
performed in these tables, this section has been structured according to the following breakdown:

6.2.1 Commercial components

During the execution of the project, several components were studied, justified, and bought, beginning
from the original ADCS PCB components and going to the included in the deployable solar panel system,
the manufactured pieces, and the normalized components used for their assembly.

In this subsection, all these mentioned divisions have been taken into account and represented in the
following tables (Tables 6.2,6.3,6.4):
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6.2.1.1 ADCS PCB

Ref Description Units Egl;tU(;Oli; Tot:zlegjost
1 Breadboard 2 4,99 € 9,98 €
2 Cables 1 6,99 € 6,99 €
3 STM32 Blue Pill 1 13,49 € 13,49 €
4 USB ST-Link V2 1 10,27 € 10,27 €
5 GY-9250 IMU 1 8,23 € 8,23 €
6 SparkFun Qwiic Motor Driver 1 12,52 € 12,52 €
7 Qwiik cable 1 1,50 € 1,50 €
8 Motor Mabuchi RF-300EA-1D390 1 6,91 € 6,91 €
9 Bluetooth module HC-06 1 10,99 € 10,99 €
10 Air storage Kunshan Abama 1 200 € 200 €
Total 280,88 €
Table 6.2 ADCS PCB components budget. Source: [1]
6.2.1.2 Solar panel
Ref Description Supplier Supplier Ref. Units Egl/l%(;z:; TOt‘Zles‘;)St
11* Stepper motor ELEGOO | 28byj-48 stepper motor 1 3,60 € 3,60 €
12* Stepper motor driver ELEGOO ULN 2003 driver 1
13 DC-DC Buck converter JZK MP1584 2 3,37 € 6,74 €
14 9V Battery ENEGON 6F22 2 12 € 23,99 €
Total 34,33 €

Table 6.3 Solar panel components budget. Source: Own

*Note: The components referenced as 11 and 12 corresponding to the stepper motor and its driver
are bought in the same pack.

6.2.1.3 Normalized components

Ref Description Supplier Norm Units gél;%(;ﬁ:; Tota(ijgjost
11 Angular contact ball bearing STK 7000AC 3,606 € 3,61 €
12 M3x16mm screw DOLD Mechatronik | DIN 912 15 0,075 € 1,13 €
13 M3X8mm screw DOLD Mechatronik | DIN 7991 12 0,164 € 1,97 €
14 M4X20mm DOLD Mechatronik | DIN 7991 0,058 € 0,06 €
15 2x12mm pin Integy Inc. (US) DIN 6325 78 0,08 € 6,24 €
16 2x16mm pin Integy Inc. (US) DIN 6325 0,088 € 0,53 €

Total 13,54 €

Table 6.4 Normalized components budget. Source:
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6.2.2 Additive manufacturing components

Regarding the fact that in this subsection the most closely related components to the development of the
project will be economically studied, the table 6.5 will become the most detailed and complete of the
whole budget.

In this table, the cost of the defined components will be exclusively determined by determining the
weight of the consumed material during the 3D printing process of each piece. As a consequence, the

following consideration must be taken into account:

e In order to also take into account the power consumption of the 3D printer device during its

operation and considering that the determination of the precise number of work hours of the printer
is almost impossible (given there are standby hours where the power consumption keeps going after
the completion of the component printing), the manufacturing pieces cost associated with the
consumed material will be multiplied by a factor of 2,5 in the final budget.

Ref Description Project.Ref | Units | Weight (g) Egl/ltU(;(:; Tote(1=1€§10st
1 ADCS PCB 1.03 1 - 280,88 € 280,88 €
2 Reaction wheel 1.04 1x2 20,73 0,4973 € 0,9946 €
3 Origami support fixation 1.05 1x2 1,00 0,0240 € 0,0480 €
4 Origami platform 1.06 1x2 17,32 0,4155 € 0,8301 €
5 Origami counter-platform 1.07 1x2 1,78 0,0427 € 0,0854 €
6 Air bearing fixation 1.08 4 16,28 0,3905 € 1,5622 €
7 Battery + DC converter support 1.01.02 1x3 10,75 0,2579 € 0,7737 €
8 CubeSat base wall 1.01.03 1x2 31,84 0,7638 € 1,5277 €
9 CubeSat side wall 1.01.04 2x2 27,39 0,6571 € 2,6283 €
10 CubeSat side wall + PCB 1.01.05 2x2 28,49 0,6835 € 2,7339 €
11 CubeSat superior wall 1.01.01.01 1x2 37,05 0,8888 € 1,7776 €
12 Battery support 1.01.01.02 1x3 5,43 0,1303 € 0,3908 €
13 Driver + DC converter support 1.01.01.03 1x2 6,38 0,1651 € 0,3301 €
14 Pinion gear 1.01.01.04 1x9 1,46 0,0350 € 0,3152 €
15 Deployable system toothed ring 1.02.01.02 1x2 7,25 0,1739 € 0,3479 €
16 | Deployable system base hexagon 1.02.01.03 1x2 18,88 0,4529 € 0,9059 €
17 Deployable system top hexagon 1.02.01.04 1x2 18,84 0,4520 € 0,9039 €
18 V-shape hinge 1.02.02.01 6x2 0,71 0,0170 € 0,2044 €
19 V-shape tight rod 1.02.02.02 12x2 0,07 0,0017 € 0,0403 €
20 V-shape sliding rod 1.02.02.03 6x2 2,25 0,0540 € 0,6477 €
21 V-shape fixation ring 1.02.02.04 6x2 2,00 0,0480 € 0,5758 €
22 Deployable arm sliding rod 1.02.01.01.01 24x2 0,79 0,0190 € 0,9097 €
23 Deployable arm tight rod 1.02.01.01.02 | 48x2 0,90 0,0216 € 2,0727 €
24 Deployable arm sliding half rod | 1.02.01.01.03 6x2 0,42 0,0101 € 0,1209 €
25 Deployable arm tight half rod 1.02.01.01.04 12x2 0,48 0,0115 € 0,2764 €

Total printed pieces 21,00 €
Total 301,88 €

Table 6.5 Additive manufacturing components budget. Source: Own
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6.2.3 Software licenses

In the following budget table 6.6 the cost of the used software tools has been represented. Nevertheless,
given that this is a completely academic project, and the Polytechnical University of Catalonia owns
educational licenses for all these programs, the costs represented in this subsection could not be considered

in the particular scenario at which this project has been developed.

However, these considerations must be taken into account by external investigators or companies, and
due to this requirement, the costs of this contribution will be also represented in the final budget table

6.8.

Ref Software Units Cost
(€)

1 Solidworks 1 1295 €

1 Matlab 1 800 €

1 Arduino IDE 1 0€

1 KiCad 1 30,40 €

1 Fritzing 1 8 €
Total 2133,40 €

Table 6.6 Software licences budget. Source: Own

6.2.4 Human resources

According to the Idescat (Statistics Institute of Catalonia), the mean hourly salary for a professional
investigator, scientist, or engineer [35] is around 25.28 € /h; and the time invested in this research project
was about 800 hours (considering it is a double-degree final project). As a consequence, the following
manpower costs must be accounted:

t /H Total t
Ref Description Hours of development (zﬁojs / I{I 01(1):1)r ° ?€§JOS
1 Human resources for project development 800 25,28 € 20224 €

Table 6.7 Human resources budget. Source: Own

According to table 6.7, human resources costs will represent the major part of the total estimated

costs for this project.
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6.2.5 Final budget

Once all the previously broken down costs have been justified, the final cost estimation can be calculated
as follows (Table 6.8).

Ref Description Cost (€©)

1 ADCS PCB 280,88 €

1 Solar panel 34,33 €

1 Normalized components 13,54 €

1 Additive manufacturing components | 21-2,5 = 52,50€

1 Software licences 2133,40 €

1 Human resources 20224 €
Total 22738,65 €

Table 6.8 Final budget. Source: Own
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6.3 Environmental impact

In this section, the environmental impact of the project will be estimated and analyzed. Despite the
major advances in the aerospace area, there are still secondary effects that need to be taken into account
and are not directly related to the development of these technologies.

Sustainability is defined as the capacity of preserving an activity within a long period of time without
harming the environment. However, the most accepted definition of sustainability is provided by the
World Commission on Environment and Development Definition.

The major dilemma of satellites launching into orbit resides in the space debris it produces. At the
same time, one of the major concerns among scientists around the world is not only the impact it might
have on other exploration missions but also the light pollution it has in the celestial vault.

Any project that implies a satellite shall analyze the effect among other outer space activities. For
instance, the accumulation of space debris can lead to a chain reaction that can cause severe damage to
other missions. In spite of this fact, the carbon footprint of a spacecraft once launched is nearly zero,
since it has solar panels that will supply the required energy.

Since the scope of this project is focused entirely on academic and development aspects, and this
development has been carried out in laboratory conditions, there are no more environmental issues than
the estimated CO2 emission during the analysis and development of it (See table 6.9).

kgCos

m) - Energy(KW - h) (6.1)

mco, = Impact factor(

According to 6.1 expression, the values in table 6.9 has been calculated.

| Activity | Time (h) | Power (KW) | Impact factor (kgCoy/kg-h) | kg CO |
| Laptop | 500 | 0,3 | 0,2 | 30 |
‘ 3D manufacturing ‘ 300 ‘ 0,12 ‘ 0,2 ‘ 7,2 ‘
| Total | | 37,2 kg |

Table 6.9 Power consumption and C O, emissions. Source: Own
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Chapter 7

Conclusions

To sum up, the present thesis had the main objective of developing new devices for CubeSat applications
in order to improve both the mechanical and electronic performance of a nanosatellite prototype for
testing purposes. All these contributions were encompassed in the manufacturing of two different sub-
systems, an Origami-based deployable solar panel subsystem, and the improvement of the ADCS device
(based on a previously studied attitude control system, which has been debugged and enhanced with new
functionalities).

When talking about the Origami-based deployable solar panel system, it can be concluded that,
regarding the mechanical simulated tests, the geometrical considerations during its development and
design, the design iteration in order to avoid malfunctions, and the final operation test which lead to
outstanding results; the final result has more than fulfilled the initial expectations of this device.

Regarding the ADCS developed system, it can be summarized that, considering the implemented
improvements in the measurement devices by acceding the DMP, the easy calibration method achieved,
the improvements over the attitude control algorithm, and the results of the tests performed to ensure
its correct behavior; the final achievement of the imposed control requirements is completely guaranteed.
It must also be mentioned that the integration of the automatic deployment of the solar panel system
has also met the imposed expectations.

To give a global conclusion of the whole project, and regarding the previous paragraphs, it can be
brought to an end that the objective of the thesis is accomplished and properly justified during the
execution of this final report.
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7.1 Summary of contributions

So as to clarify and better exemplify the overall contributions to the aerospace field that this project has
achieved, the following table is presented (Table 7.1):

Engineering fields ‘ Contributions

- Origami-based solar panel design and manufacturing

- Deployment mechanism design and manufacturing

- Reaction wheel redesign

Mechanical - ADCS PCB hardware integration

- Design and manufacturing of CubeSat frame

- Power supply system hardware integration

- Adaptation of the prototype to the air-bearing testbed

- MPU measurement by DMP access

- Calibration method improvement
Electronic - Solar panel deployment code integration
- Deployment control hardware integration
- ADCS PCB redesign

Table 7.1 Table of contributions. Own

7.2 Future works

The main objective of this section is to enumerate, introduce and justify some aspects of the developed
project that could be further improved and the strategies that could be followed in order to achieve these
improvements.

e Considering that the Origami-based solar panels are not implemented in the developed prototype,
some further improvements can be achieved if real flexible solar panels are attached, connected,
and tested at the designed structure. By studying the power supply performance of these real solar
arrays, deeper knowledge about the viability of this technology could be researched.

e Regarding the complex structural movement that the proposed origami pattern presents, a further
study of the movement of its vertexes and edges could be required to adapt these structures to
the aerospace industry. To do that, a deeper study of this pattern could be achieved by using
computational simulation tools, such as Rhinoceros-Grasshopper software offers.

e Taking into account some new-born auto-deployable technologies that have been developed during
the lasts years, such as the development by Oxford Space Systems, these technologies could be
also implemented to deployable solar array subsystems, such as the one studied in this project, to
further enhance its performance.

e According to the material selection justified in this thesis, the manufacturing of a prototype by
using plastic materials has some limitations in terms of device integrity tests in real conditions. So
as to get a deeper reference of this behavior, the prototyping of a device by using real aerospace-
application materials could be required.
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e When talking about Attitude Determination and Control Subsystems, some other control actuators,
apart from reaction wheels, are implemented, such as magnetorquers. Therefore, the attitude control
capabilities of the device could be further improved by implementing these actuators to produce
additional functions, such as detumbling stages.

e To further improve the ADCS capabilities of the developed prototype, the proper implementation,
and tuning of the Fine pointing mode cascade control loop is of paramount importance.

e According to Ivan Gonzalvez’s [36] and Joan Serrano’s [33] thesis, 3DoF control can be implemented
by adding some deeper and more accurate control algorithms, aside from implementing 3 reaction
wheels. By doing so, complete control over the positioning of a spacecraft could be achieved.

e Because of some limitations in the DC motor used for the ADCS subsystem, proper control of the
electrical variables of the motor can only be achieved by designing a much more complex PCB
circuit. So as to avoid this complexity, the implementation of brushless motors could significantly
enhance the control performance.

e The implementation of a graphical interface to easily read and compare the measured results, and,
at the same time, configure the setting of the executed tests, could be a great help for all researchers
who would use this simulation device.
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Appendix A

Deployable solar panel subsystem
conception process

Since the selection of a suitable approach to reach the desired solution is of crucial importance for
the proper development of any new prototype device, this annex will be exclusively dedicated to the
explanation of the thinking process carried out to give birth to the deployment mechanism for the Origami-
based solar panel final solution concept, properly justified during the main report of this project (Chapter
3).

So as to properly represent this iterative brainstorming process, this annex will independently examine
the deployable structures and the torque transmission mechanisms:

A.1 Deployable arms-based candidates

To determine the optimum solution for the rhomboidal shape deployable arm configuration, two different
assembly structures have been studied:

A.1.1 Single layer deployable arm

This arm configuration is based on a single rhomboidal-shaped deployable layer in which rods are con-
nected by using steel pins and taking advantage of the dimensional tolerance of the rods and the elastic
nature of polymeric materials to still allow movement. The geometry of this structure is represented in
figure A.1.

Some of the advantages of this configuration are:

e Structural simplicity: The single-layer rhomboidal structure allows an easy assembly of the arm
configuration as well as helps in the final integration with the torque transmission mechanism.

e Low weight: The low amount of pieces of this configuration also optimize its payload for aerospace
applications.

e Deployment simplicity: The easy unfolding method of this typology of deployable arms helps
to the simplification of the final torque transmission mechanism.

Despite these advantages, the use of this arm configuration could lead to potential technical issues

when unfolding the Origami-shaped solar panel due to its lack of stiffness. Consequently, the following
arm structure of higher complexity have also been studied.
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(a) Single layer deployable arm isometric back view. (b) Single layer deployable arm isometric front view.

Figure A.1 Single layer deployable arm 3D model assembly. Source: Own

A.1.2 Multiple layer deployable arm

So as to give a solution to the lack of stiffness that the previous arm configuration could present, a
three-layer rhomboidal deployable arm structure has been studied. This arm typology is based on the
assembly of three rhomboidal arms, like the ones already explained, which form an H-like side shape.
Consequently, the connection of the three independent arms to produce the desired mechanism requires
the design of new pieces, which can be seen at figure A.2.

(a) Triple layer deployable arm front view. (b) Triple layer deployable arm back view.
Figure A.2 Triple layer deployable arm 3D model assembly. Source: Own
Despite the fact that this configuration enhances the stiffness of the whole deployment subsystem, the
payload limitations and the great complexity that this structure implies would result in a non-optimum

solution for the final purpose. Consequently, the finally selected arm configuration is the single layer
deployable arm concept.
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A.2 Torque transmission mechanism candidates

Once the configuration of the deployable arms has been selected, it is now time to build up a solid concept
for the torque transmission mechanism, which will be in charge of the unfolding of the whole structure,
also including the previously seen deployable arms. In order to do so, two different approaches have been
considered:

A.2.1 Self contraction deployment mechanism

Regarding the already selected arm configuration, this deployable mechanism is based on the unfolding
of the single-layer rhomboidal arms by applying a contraction force between the tips of the arm rods.

So as to do so, the unfolding device will present two hexagonal pieces, which are placed in parallel,
and by applying enough force to bring them closer generate the unfolding of the whole structure. Figure
A3 represents the basic configuration of this mechanism:

(a) Self contraction deployment mechanism side view. (b) Self contraction deployment mechanism top view.

Figure A.3 Self contraction deployment mechanism 3D model assembly. Source: Own

Regarding the fact that, to generate the already mentioned contraction force between the two hexag-
onal pieces a cable system would be required, and the high complexity that these mechanisms imply, the
implementation of this idea in the final prototype would lead to some notable problems. It must also be
mentioned that cable systems tend to be voluminous, and consequently, would not fit the needed space
requirements.
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A.2.2 Single gear counter-rotation deployment mechanism

According to the selected arm configuration and the unfolding method by bringing closer the rod’s tips
considered in the previous mechanism, an alternative torque transmission method has been studied.

In order to avoid the use of cable systems, a gear-based mechanism has been considered (Figure A.4a).

The basic operating principle of this alternative is the generation of a counter-rotation movement
between two hexagonal pieces which, by attaching the rod’s tips to its vertexes, would lead to the
unfolding of the rhomboidal arms and, consequently, the deployment of the whole system (Figure A.4b).

(a) Single gear deployment assembly. (b) Single gear deployment mechanism.

Figure A.4 Single gear counter-rotation deployment mechanism 3D model assembly. Source: Own

A.2.3 Multiple gear counter-rotation deployment mechanism

Taking a further step on the concept of the previously seen gear-based mechanism, and with the objective
to avoid the production of a parasite torque associated to the rotation of one of the hexagonal pieces
while maintaining the rest of the structure still, a more complex multiple gears-based mechanism has
been evaluated.

Despite the fact that this mechanism is very similar to the previously mentioned gear-based one, its
main difference lies in the rotation movement of the rod’s tips attached to the hexagonal pieces (Figure
A.5a). While in the single-gear mechanism only one of the rod’s tips is rotated, in this multiple-gear
mechanism both tips are rotated at the same time in opposite rotation directions. This double rotation
of the rod’s tips is achieved by adding a second pinion gear to the mechanism, which inverts the rotation
direction and transmit it to a second moving hexagonal piece (Figure A.5b).
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(a) Multiple gear deployment assembly. (b) Multiple gear deployment mechanism.

Figure A.5 Multiple gear counter-rotation deployment mechanism 3D model. Source: Own

As a consequence of the great complexity that this modification implies in the final system, and
according to the payload and volume limitations, this alternative is finally discarded. Therefore, the
final implemented deployable mechanism solution will be the single-gear counter-rotation deployable
mechanism (Figure A.4a).
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Appendix B

Prototype operation guidelines

If the tests performed during this project are to be reproduced, the following considerations about the
used lab equipment and the data recording method must be taken into account:

—

. Firstly, the mobile application "Bluetooth Terminal" must be downloaded from "Google Play".
2. Install the application on the mobile phone.

3. Enable Bluetooth communication on the mobile device.

4. Open the Bluetooth Terminal application.

5. Click Options (Figure B.1a) > Devices (Figure B.1b) > Select "HC06 _Plathon" device.

1544 M &

Terminal

Serial Bluetooth Terminal

Terminal

Devices

Settings

Info

(a) Options selection button. (b) Device selection.

Figure B.1 Bluetooth connection process. Source: Own

6. Introduce the password "1234" to enable communication.
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7. Press the connection button on the main screen of the application (Figure B.2).

15:44 ™M

Terminal

Figure B.2 Connection button. Source: Own

8. Once a connection message "Connected" is displayed on the screen, press the reset button on the
STM32 Bluepill microcontroller to execute the coded program.

9. Place the prototype on the air-bearing platform.

10. To open the air flux, rotate the handle in the clockwise direction (Figure B.3). The flowmeter
shown in Figure B.3 must be fixed between 10lpm and 15lpm.

Handle

Low pressure
regulator

50 pm filter

Manometer
(bar / psi)

ter (Ipm)

Figure B.3 Air conditioning unit. Source: Appendix F.6
11. To operate the prototype device, the operating mode must be firstly selected introducing 1,2,3, or
4 using the keypad.

12. Finally, depending on the selected operating mode, the rotation set point can be introduced (only
for mode 1), where the rotation direction will be fixed for the sign of the introduced value ("+’ for
counterclockwise rotations, and ’-’ for clockwise rotations).
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Appendix C

Requirements

C.1 Technical requirements

In this appendix, strict and measurable statements will be provided to guide and limit the process, as
well as to avoid weak points and vague actions that could lead to misunderstandings:

Regarding the main goal of this project, which is the design and manufacturing of an ADCS prototype
for testing purposes in laboratory conditions, the final proposed solution must meet the following technical
requirements:

e According to The CubeSat standard specification [4], the maximum dimensions of 1U CubeSat
must not exceed a 10x10cm side cube with a maximum weight of 1,3kg.

e So as to be categorized as a nanosatellite, its weight must be higher than 1kg and less than 10kg.

e According to Dr. Griffin and Dr. French [37], the ADCS subsystem weight is around 10-15% of the
total payload of the satellite. This implies that its ADCS subsystem must not exceed 200g weight.

Nevertheless, if the developed ADCS and solar panel system is going to be adapted for real launching
applications, the following formal document-based and model-based standards should also be met:

e European Cooperation for Space Standardization (ECSS): ECSS-E-ST-10C [38]
e The National Aeronautic and Space Administration (NASA): Systems Engineering Handbook [39].

e International Council on Systems Engineering (INCOSE): Gide to the Systems Engineering Body
of Knowledge (SEBoK) [40].

e ISO/IEC/IEEE 15288: System and software engineering [41].
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C.2 Structure subsystems

CubeSat specifications can be found in California University’s specifications [4]. However, this subsection
will be dedicated to the General, Mechanical, and Electrical requirements of the developed device, also
including some requirements to take into account during the development to be applied in real launching

missions.

C.2.1 General requirements

1.

All parts shall remain attached to the CubeSat during launching, ejection and operation. To ensure
this requirement, the CubeSat designed frame must support the forces it is subjected.

. No pyrotechnics shall be permitted.

. Any propulsion systems shall be designed, integrated, and tested in accordance with AFSPCMAN

91-710 Volume 3 [42].

. Total stored chemical energy will not exceed 100 W-h.

. CubeSat hazardous materials shall conform to AFSPCMAN 91-710, Volume 3 [42].

C.2.2 Mechanical requirements

1.

Deployables shall be constrained by the CubeSat, not the P-POD.

. The maximum mass of a 1U CubeSat shall be 1,33kg.

. The maximum mass of a 1,5U CubeSat shall be 2,00kg.

The CubeSat center of gravity shall be located within 2cm from its geometric center on the X and
Y axis.

e The 1U CubeSat center of gravity shall be located within 2 cm from its geometric center in
the Z direction.

e The 1,5U CubeSat center of gravity shall be located within 3 cm from its geometric center in
the Z direction.

. Aluminum 7075, 6061, 5005 and/or 5052 will be used for the main CubeSat structure (For real

CubeSat development).

. ADCS PCB shall be properly cushioned so as to prevent vibrations that could lead to measurement

issues.

C.2.3 Electrical requirements

1.

The CubeSat power system shall be at a power-off state to prevent CubeSat from activating any
power functions when it is not being used for testing purposes.

. The power supplier devices shall be 9V batteries so as to fulfill the devices’ power requirements.

Page 110



APPENDIX C. REQUIREMENTS

C.3 Operational requirements

This CubeSat prototype will meet certain requirements regarding the integration and operation of the
device.

1. Prior to the operation of the device, the deployable mechanism must be properly lubricated to
ensure the correct unfolding of the system.

2. Prior to any test, the connections of both the ADCS system and stepper motor applied to the
deployable mechanism must be tested and visually inspected.

3. When the external conditions are significantly changed, and prior to any IMU measurement testing,
the MPU must be properly calibrated using the method specified in Chapter 4.

4. When placing the developed prototype in the air-bearing device, the balance of the CubeSat pro-
totype must be visually verified to prevent unexpected movements while testing.

5. When the deployable system is being folded, a visual inspection must be performed to prevent the
collision of the deployable arms with the cube’s wall, as a consequence of the displacement of the
arm’s movement axis by action of its own weight when fully extended.
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Appendix D

Developed and used codes

D.1 ADCD system Arduino code

/* Reaction Wheel controller

* The following code provides a control for PLATHON project's CubeSat.

* The following libraries are used:

S U W N =
*

* STM32 Bluepill microcontroller package from http:/
/dan.drown.org/stm32duino/package_STM32duino_index. json

7 % SCMD Driver library by SparkFun used (https:// github.com/sparkfun/

8 SparkFun_Seriall_Controlled_Motor_Driver_Arduino_Library)

9 % "MPU6050_6Axis_MotionApps20.h" library by Juan Palomares

10 * read_IMU() and IMU setup content code extracted from Andres Gomez

and Miquel Reurer, from the PLATHON group (magnetorquers section)

11 «/

12

13 7/

DEFINITIONS
14 7/

LIBRARIES

15 #include <Arduino.h> // Arduino library

16 #include <stdint.h> // Integer types library

17 #include <SCMD.h> // Serial Controlled Motor Driver library

18 #include <SCMD_config.h> // Serial Controlled Motor Driver
Configuration library

19 #include <Wire.h> // I2C library

20 //IMU librarys

21 #include "MPU6050_6Axis_MotionApps20.h" //Mediante esta biblioteca se
pueden obtener datos del DMP (Digital Motion Processor) de la IMU

22 #include "I2Cdev.h" //Mediante esta biblioteca se pueden obtener
datos del DMP de la IMU

23 #include "helper_3dmath.h" //Mediante esta biblioteca se pueden
realizar operaciones de cuaterniones

24

113



APPENDIX D. DEVELOPED AND USED CODES

25
26
27
28

29
30
31
32

33

34

36
37
38
39
40

// DEFINITIONS

#define LEDPIN PC13 // Integrated LED of the Bluepill

#define STM32_CLOCK 72000 // Internal STM32 Clock (72MHz, in
kHz so period is millisec)

#define PT 3.14159265 // Number PI

#define Rad_to_deg 57.29577951 // Convert radians to degrees

#define Deg_to_rad 0.01745329 // Convert degrees to radians

#define Final_pointing_tolerance 1 // Tolerance for final pointing

(+-1 degree of tolerance) (Check if position is within the margin)
#define Pointing_mode_tolerance 5 // Tolerance for selecting

pointing mode (+-5 degree of tolerance) (Select whether to use
coarse or fine mode)

#define Accel_tolerance 1.5 // Tolerance for acceleration
measurement (+-0.5 unit of acceleration of tolerance) (Acceptable
error of acceleration)

#define Gyro_tolerance 3 // Tolerance for gyro measurement
(+=1 unit of gyroscope Z tolerance) (Accounts to know if it is
rotating or not at a constant speed for the ramp)

SCMD DriverOne; // Driver Object definition

//MPU9250 IMU(SPI, CS1); // MPU object definition (Not used in this code)

// STEPPER MOTOR VARIABLE
DEFINITION

#define IN1 PB15

#define IN2 PB1l4
#define IN3 PB13
#define IN4 PB12

bool pulse_stop = false;
//int speedM= 12el2;

int speedM= 20;

// Step sequence definition (maximum torque)

int step_open [4][4] =
{

{1, 0, 0, 1},
{0, 0, 1, 1},
{0, 1, 1, 0},
{1, 1, 0, 0}

}i

int step_close [4][4] =
{
{ll
{OI
{0,
{1,

0},
0},
1},
1}

~
~

o O
~ 0~
o P P O

~ 0~ 0~

~

}i
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67

68 //COARSE mode variable declaration and initialization

69 bool state_zero_CW=false,
state_zero_CCW=false,CBS_direction=false, not_accel=false;

70 float a_degree, initial_degree, final_degree, Yaw_deg_prev = 0;

71 bool Pointing = false, End_Coarse= false;

72 float initial_speed=20, impulse_speed=150, final_speed=20,
decelering_speed=80;

73

4 // IMU

75 const int mpuAddress = 0x68; // The IMU adress is defined, it can be
both 0x68 or 0x69

76 MPU6050 mpu (mpuAddress); //An object MPU6050 is created, pulse_stop
extracts data form the DMP

77 int fifoCount = 0, packetSize; //A FIFO value counter is created and
the FIFO packet size is defined

78 byte fifoBuffer([42]; //A buffer is created, which will be used for
pulse_stop to obtain the roll, pitch and yaw data.

79 float roll, pitch, yaw, sgx, sqy, sqz, sgqw, test; //Roll, pitch y yaw
are defined as well as the needed "float" variables

80 Quaternion g; //A quaterinon is defined to obtain the roll, pitch and
yvaw values.

81

82 //

GLOBAL VARIABLES

83

84 const float pi = 3.141592653;

85 float IMU_accel_data_X, IMU_accel_data_Y, IMU_accel_data_Zz; // Values
of local IMU accelerometer (m/s”2)

86 float IMU_gyro_data_X, IMU_gyro_data_Y, IMU_gyro_data_Z; // Values
of local IMU gyroscope (degrees/s)

87 float IMU_mag_data_X, IMU_mag_data_Y, IMU_mag_data_Z%; // Values
of local IMU magnetometer (uT)

88 float Pitch_deg, Roll_deg, Yaw_deg = 0; // Pitch,

Roll and Yaw (degrees)

89 float degree_turn_value;

90

91 // Declare variables outside IMU, since variables initiates to O
without defining them in function

92 float Accel_total_vector_modulus; // Accelerometer total vector
magnitude (m/s”"2)

93 float Accel_pitch_deg, Accel_roll_deg; // Accelerometer pitch and
roll angles (degrees)

94 float Gyro_pitch_deg, Gyro_roll_deg; // Gyroscope pitch and roll
angles (degrees)

95 bool Gyro_Accel_sync = false; // Check if Gyroscope and
Accelerometer are synchronized

96 float Mag_X_calc, Mag_Y_calc; // Calculated Magnetometer
value (uT)
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97 float Mag_X_corrected, Mag_Y_ corrected; // Corrected value

Magnetometer value (with damping) (uT)
98 float Pitch_rad, Roll_rad; // Pitch and Roll angles (rad)
99
100 int RW_speed = 0; // Value of Reaction Wheel speed [from -255
to 255]

101 int OBC_mode_value = 0; // Value of On Board Computer mode (waiting,
positioning, detumbling, etc.)

102 int OBC_data_value = 0; // Value of On Board Computer data (desired
angle turn, etc.)

103 int Stop_state = 0; // If Stop_state != 0, motor stops rotating

104

105 // PID control definitions

106 double PID_error, PID_last_error; // Initialize error and
previousError

107 double PID_cumulative_error, PID_rate_error; // Initialize the
cumulative Error (Integral) and the rate of Error (Derivative)

108 float Current_Yaw_deg = 0; // Addition of 180 deg
to all values. The error is a substract, so the difference is the
same

109

110 double kp = 1.6x1.5; // Proportional contribution

111 double ki 0.006%1.5; // Integral contribution

112 double kd 0.6x1.5; // Derivative contribution

113

114 float Deg_to_reach = 0; // Setpoint angle (degrees)

115 bool Zero_state = false; // Check if PID encompass yaw of 0 degrees
(to turn the value to a workable zone)

116 int PID_output = 0; // Output value of the PID [from 0 to 255]
117
118 //
FUNCTIONS
119 //

GENERAL USE FUNCTIONS
120 //

OBC Functions
121 void OBC_mode_receive ()

122 {

123 / *

124 Function to set the Bluepill to receiving mode. Uses Timer CH3.
Seriall as UART communication

125

126 INPUT: None, but gets mode from User Seriall input

127 OUTPUT: None, but saves OBC_mode_value

128 x/

129

130 // Check if UART Seriall is available
131 read_IMU () ;

132
133 if (Seriall.available() > 0)
134 {
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135 String bufferString = ""; // String for buffer of Seriall

136 // Keep saving input prompt

137 while (Seriall.available() > 0)

138 {

139 bufferString += (char)Seriall.read(); // Adds chars to the

Seriall buffer

140 }

141 // Conversion from String to int

142 OBC_mode_value = bufferString.tolnt ();

143 Seriall.print ("Mode Number: ");

144 Seriall.println (OBC_mode_value);

145 }

146 }

147

148 void OBC_data_receive ()

149 {

150 / *

151 Function to set the Bluepill to receiving data mode. Uses Timer
CH3. Seriall as UART communication

152

153 INPUT: None, but gets data from User Seriall input

154 OUTPUT: Save OBC_data_value

155 x/

156 read_IMU();
157 // Check if UART Seriall is available
158 if (Seriall.available() > 0)

159 {

160 String bufferString = ""; // String for buffer of Seriall

161 // Keep saving input prompt

162 while (Seriall.available() > 0)

163 {

164 bufferString += (char)Seriall.read(); // adds chars to the

Seriall buffer

165 }

166 OBC_data_value = bufferString.tolInt (); // Conversion from String
to int

167 }

168 }

169

170 //

IMU_Juan_Palomares (commented in Spanish)
171 void IMU() {

172 fifoCount = mpu.getFIFOCount (); //Se obtiene el n mero de bytes

del DMP

173 if (fifoCount > 42) { //Si el n mero de datos en el DMP es mayor a

42 bytes (mayor que el packetSize)
174 mpu.resetFIFO(); //Se resetea el FIFO

175 fifoCount = mpu.getFIFOCount (); //Se vuelven a obtener el n mero

de bytes en el FIFO del DMP
176 }
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177

178

179

180

181
182

183
184
185

186

187

188

189
190

191
192
193
194

195
196
197
198
199
200
201
202
203
204
205
206

207
208

209
210
211
212

while (fifoCount < packetSize) { //Mientras el n mero de datos es
menor al padquete
fifoCount = mpu.getFIFOCount (); //Se vuelven a obtener el n mero
de bytes en el FIFO del DMP
delay(l); //El delay es necesario pulse_stop controlar el
fifoCount. No se ha podido ver exactamente como afecta porque
al crear un println el problema se resuelve por el incremento
de tiempo.
if (fifoCount > packetSize) { //Si el n mero de datos en el DMP
es mayor a 42 bytes (mayor que el packetSize)
mpu.resetFIFO(); //Se resetea el FIFO
fifoCount = mpu.getFIFOCount (); //Se vuelven a obtener el
n mero de bytes en el FIFO del DMP

}
fifoCount = fifoCount - packetSize; //Se resta al fifoCount el

packetSize (el resultado deber a ser siempre 0)

mpu.getFIFOBytes (fifoBuffer, packetSize); //Se obtienen los valores
del DMP en forma de bytes

mpu.dmpGetQuaternion (&q, fifoBuffer); //Se obtiene el cuaternin
de actitud mediante el DMP

QuatToEuler (q, yaw, pitch, roll); //Se hace el paso del cuaternin
de actitud a los ngulos de Euler

// The range of yaw, pitch adn roll anfles goes from 180 to -180: We

need to adapt it to 0 to 360 range
if (yaw < 0) yaw += 360;
if (pitch < 0) pitch += 360;
if (roll < 0) roll += 360;

// Variable standardization to the ones used in the original program

(the range of these angles goes from 0 to 360)
Yaw_deg=yaw;
Pitch_deg=pitch;
Roll_deg=roll;

void QuatToEuler (Quaternion g, float &yaw, float &pitch, float &roll)

test = g.x *x g.z — g.w * J.y;

Sgx = J.X * J.X;

sqy = 9.Y * q.Y;

sgz = d.z *x J.z;

SgQWw = g.W * J.W;

roll = (180 / pi) » atan2(2 * g.y * 9.z + 2 * g.w * g.X, sgz — sqy
- sgx + sqw);

pitch = - (180 / pi) * asin(2 * test);

yvaw = (180 / pi) * atan2(2 * g.x * q.y + 2 * g.w * .z, Sgx + sgw -
sqz - sqy);

//Se asegura que en caso de gimbal lock, el resultado est definido
if (pitch = 89.5) {

pitch = 90;

yvaw = (180 / pi) % 2 % atan2(q.z, q.w);
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213 roll = 0;

214 } else if (pitch < -89.5) {

215 pitch = -90;

216 yaw = (180 / pi) %= 2 x atan2(q.z, g.w);
217 roll = 0;

218 }

219 }

220

221 //

Driver Functions
222 void set_impulse (bool RW_direction, int New_RW_speed)
223 {

224 / *

225 Function to set the motor at a fixed direction and speed (B =
port 1, A = port 0)

226

227 INPUT:

228 RW_direction: Reaction Wheel direction [Clockwise or Counter

Clockwise] in A

229 New_RW_speed: New reaction wheel speed [from 0 to 255]

230 OUTPUT:

231 None, but saves speed of the Reaction Wheel

232 */

233

234 // Account for change in direction
235 // If motor's z-axis direction is coincident with CubeSat's z-axis

direction

236 [ xx

237 * RW_direction == true —-—--> CounterClockwise, motor direction =

238 * RW_direction == false —---> Clockwise, motor direction = 1

239 *

240 x o/

241 // If motor's z—-axis direction is CONTRARY to CubeSat's z-axis
direction

242 [ *x

243 * RW_direction == true ---> CounterClockwise, motor direction =

244 * RW_direction == false —---> Clockwise, motor direction = 0

245 *

246 * x/

247

248 if (RW_direction) // Reaction Wheel Counter Clock Wise
249

250 DriverOne.setDrive (1, 0, New_RW_speed); // Change direction
depending on motor connection

251 RW_speed = New_RW_speed;

252 }

253 else // Reaction Wheel Clock Wise

254 {

255 DriverOne.setDrive (1, 1, New_RW_speed);

256 RW_speed = —-New_RW_speed;

257 }
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258 }
259
260
261 //

IMU Functions
262 void read_IMU()//The main function of this subroutine is to obtain
the Euler's angles values from the DMP

263 {

264 IMU () ;

265 )

266 void COARSE ()

207 {

268 IMU () ;

269 // PROGRAM FOR COARSE POSITIONING

270 //Checking if the rotation pass through zero

271 if (Yaw_deg_prev-Yaw_deg > 180) {

272 state_zero_CCW=true;

273 }

274 else if(Yaw_deg-Yaw_deg_prev > 180) {

275 state_zero_CW=true;

276 }

277 //Modification of a_degree if state_zero

278 if (state_zero_CCW) {

279 Yaw_deg += 360;

280 }

281 if (state_zero_CW) {

282 Yaw_deg —-= 360;

283 }

284 //In case the rotation is CCW or CW a_degree calculation is NOT
different

285 a_degree= abs(Yaw_deg - initial_degree);

286 / * if (not_accel==false && Yaw_deg> (final_degree—-45)) {//30
degree before the tolerance reaching

287 Seriall.println ("Set zero");

288 set_impulse (!CBS_direction, 0);

289 b/

290 delay (1) ;

291 Yaw_deg_prev=Yaw_deg;

292}

293

294 void show_IMU ()

295 {

296 / *

297 Function to show IMU_Data on the Seriall Monitor

298

299 INPUT:

300 None

301 OUTPUT:

302 None

303 */
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304

305 // // Print accelerometer values

306 //// Seriall.print ("Ax: ");

307 // Seriall.print (IMU_accel_data_X, 4);
308 // Seriall.print(';");

309 // Seriall.print (IMU_accel_data_Y, 4);
310 // Seriall.print (';");

SLL /777 Seriall.print (IMU_accel_data_2,4);
312 ////  Seriall.println("");

313 //
314 // // Print Gyro values
315 // // Seriall.print ("™ / G: ");

316 // // Seriall.print (IMU_gyro_data_X,4); Seriall.print(';")
317 // // Seriall.print (IMU_gyro_data_Y,4); Seriall.print(';")
318 // Seriall.print (IMU_gyro_data_2,4); Seriall.print (';");

4
4

319 // // Seriall.println("");

320 //

321 // // Print Mag values

322 //  // Seriall.print ("MAGS: ");

323 // /) Seriall.print (IMU_mag_data_X,4); Seriall.print (';");
324 //  // Seriall.print (IMU_mag_data_Y, 4); Seriall.print (';");
325 //  // Seriall.print (IMU_mag_data_Z,4);

326 // // Seriall.println("");

327 //

328 // // Print orientation angles

329 //// Seriall.print("™ / D: ");

330 //// Seriall.print (Pitch_deg, 4);
331 //// Seriall.print(';"'");

332 //// Seriall.print (Roll_deg, 4);
333 //// Seriall.print(';");

334 // Seriall.print(Yaw_deg, 4);

335 // Seriall.println("");
336
337 Seriall.print (yaw, 4);//0Only the Yaw angle is needed for 1DoF

attitude control
338 Seriall.println("");
339 Seriall.print (';");
340 // Seriall.print (pitch, 4);
341 // Seriall.println("");
342 // Seriall.print(';");
343 // Seriall.print (roll, 4);
344 // Seriall.println("");
345
346}
347
348 void read_show_IMU ()
349 {
350 / *
351 Function to both read and show IMU_Data.
352
353 INPUT:
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354 None

355 OUTPUT:

356 None, but saves IMU variables and Roll, Pitch and Yaw
357 x/

358

359 read_IMU () ;
360 show_IMU () ;
361 }

362

363

364 //

PID Functions (Pending tuning)
365 void computePID ()

366 {

367 / *

368 Function to calculate PID

369

370 INPUT:

371 None

372 OUTPUT:

373 None, but saves PID values

374 */

375

376 // Time step

377 float dT = ((1 / ((float)STM32_CLOCK /
(float) Timerl.getPrescaleFactor())) % Timerl.getOverflow()) =
0.001; // in seconds

378

379 read_show_IMU () ;

380

381 Current_Yaw_deg = Yaw_deg;

382

383 // Check if PID passes through 0 degrees
384 if (Zero_state)

385 {

386 // Saves if the pid pass through 0, if it does it moves the zone
away from O

387 // New variable to not modify the Yaw_deg value

388 Current_Yaw_deg = Yaw_deg + 180; // Addition of 180 deg to all
values. The error is a substract, so the difference is the same

389 }

390

391 if (Current_Yaw_deg > 360)

392 Current_Yaw_deg —= 360; // One of them will increase over 360,
is a correction

393

394 // Percentage

395 volatile float Yaw_deg_perc = (Current_Yaw_deg - 360) / (-360) = 100;

396

397 // Transform angle to percentage (Deg_to_reach == setPoint)

398 volatile float Deg_to_reach_perc = (Deg_to_reach - 360) / (-360)
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399

400 // Errors

401 PID_error = Deg_to_reach_perc - Yaw_deg_perc; // Calculate
error (Proportional)

402 PID_cumulative_error += PID_error x dT; // Calculate
the cumulative error (Integral)

403 PID_rate_error = (PID_error - PID_last_error) / dT; // Calculate
the rate of error (Derivative)

404

405 // PID Control

406 float PID_P = kp * PID_error; // Proportional

407 float PID_I ki * PID_cumulative_error; // Integral

408 float PID_D = kd * PID_rate_error; // Derivative
409

410 / *

411 // Limit

412 // Ensure not overflow
413 if (PID_P > 255)

414 PID_P = 255;

415 if (PID_P < -255)

416 PID_P = -255;

417 if (PID_I > 255)

418 PID_I = 255;

419 if (PID_I < -255)

420 PID_I = -255;

421 if (PID_D > 255)

422 PID_ D = 255;

423 if (PID_D < -255)

424 PID_D = -255;

425 */

426

427 PID_output = PID_P + PID_I + PID_D; // PID control
428

429 // Prevent overflow

430 if (PID_output > 255)

431 PID_output = 255;
432 if (PID_output < -255)
433 PID_output = -255;
434

435 bool RW_direction = true; // true=positive (CounterClockwise),
false=negative (Clockwise)

436 Seriall.println (PID_output);

437

438 if (PID_output < 0)

439 {

440 PID_output = -PID_output;

441 RW_direction = false;

442 }

443

444 set_impulse (RW_direction, PID_output);
445
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446 // Save current error and time for next iteration
447 PID_last_error = PID_error; // Save current error
448 '}

449

450

451 //

MODES OF OPERATION FUNCTIONS
452 void mode_OBC_Input_Wait ()

153 {

454 Seriall.println ("Waiting");
455 / *

456 0. Default mode, OBC Reading
457

458 INPUT:

459 None

460 OUTPUT:

461 None, but exits to mode_Select
462 */

463 if (Stop_state != 0)

464 {

465 Stop_state = 0;

466 Timerl.detachInterrupt (TIMER_CH3) ;
467 }

468 OBC_mode_value = 0;
469 Timerl.attachInterrupt (TIMER_CH3, OBC_mode_receive);
470 while (OBC_mode_value == 0)

471 {

472 delay(l); // If not used the while function does not work

473 // it can be added more conditions to evade being blocked until a
data 1is received.

474 // for example, it could function an interrupt with a forced exit
and an if after or something

475 }

476 Timerl.detachInterrupt (TIMER_CH3) ;
477 Seriall.println (OBC_mode_value);
478  mode_Select (OBC_mode_value) ;

479 }

480

481 void mode_Select (int mode_value)

482 {

483 / *

484 Function to select Mode

485

486 INPUT:

487 mode_value ['0': Waiting; 'l': Positioning; '2': Reading]
488 OUTPUT :

489 None, but exits to selected mode
490 x/

491

492 switch (mode_value)
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493
494
495
496
497
498
499
500
501

{

default: // Mode OBC Input Waiting (0): Waiting for OBC
Seriall.println("Reading mode from OBC");
mode_OBC_Input_Wait ();
break;

case 1: // Mode Positioning RW only
Seriall.println("Mode Positioning");
mode_Positioning_ RW() ;
break;

case 2: // Mode IMU reading (For Testing purposes)
Seriall.println ("Reading IMU");
mode_IMU_reading();
break;

case 3: // Mode to unfold the solar panel
Seriall.println ("Deployment");
unfolding () ;
break;

case 4: // Mode to fold the solar panel (For Testing purpos
Seriall.println("Mode Solar Array");
folding();
break;

}
//
COARSE main mode
void mode_Positioning_RW()

{

OBC_mode_value = 0;
Seriall.println("Positioning begin");
set_impulse (CBS_direction, 0);

//Show initial position
read_IMU();
Seriall.print ("Axis Z position: ");
Seriall.println (Yaw_deq);

//Set initial speed of the RW
set_impulse (CBS_direction, initial_speed);
delay (6000);
Seriall.println("RW ON INITIAL SPEED");

//Set the desired movement
Seriall.println("Insert degree value to turn");
OBC_data_value = 0;
Timerl.attachInterrupt (TIMER_CH3, OBC_data_receive);
while (OBC_data_value == 0)
{
delay(l); // If not used the while function does not work

}
Timerl.detachInterrupt (TIMER_CH3);
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543 //Desired position established

544 read_IMU();

545 initial_degree= Yaw_deg;

546 Yaw_deg_prev=Yaw_deg;

H47 float degree_turn_value = OBC_data_value;

H48 Seriall.print ("Value to turn: "); // In this case turn, but can be
what is needed

549 Seriall.println (OBC_data_value);
550
551
552
553 //Loop of COARSE positioning
554 if ((a_degree > (abs(degree_turn_value) + Pointing_mode_tolerance))
| | (a_degree < (abs(degree_turn_value) - Pointing_mode_tolerance))) {
555 //Reinitializaton of CBS_direction

5

56 CBS_direction=false;

57 //Check if the degree to turn is lower than 0 in order to reverse the
direction of the rotation

558 if (degree_turn_value < 0) {

559 CBS_direction= !CBS_direction;

560 }

561 //Check if the setpoint is bigger than 180 to set the shortest
possible movement

562 if (degree_turn_value > 180) {

563 CBS_direction= !CBS_direction;
564 degree_turn_value = 360 - degree_turn_value;
565 }

566 //Accelerates the RW to begin the movement of the device
567 Seriall.println ("Corse positioning");

H68 set_impulse (CBS_direction, impulse_speed);

569 Seriall.println("Accelerating");

572 //Evaluates and compare the relative movement in order to stop the
rotation once the maneuver is complete
573 Timerl.attachInterrupt (TIMER_CH3, COARSE);

574 while (End_Coarse == false)

575 {

H76 for (int u=0;u < 20;u++) {

577 delay (1) ;

578 }

579 if ((abs(degree_turn_value)-a_degree) < Pointing mode_tolerance)
580 {

H81 End_Coarse=true;

H82 }

583 else End_Coarse=false;

584 //Prints trough the Bluetooth terminal the relative movement in every

single moment

H85H // Seriall.println ("Delta");
586 Seriall.println (a_degree);
H&T7 // Seriall.println("Yaw");
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596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616

//

//

//

}

// Seriall.println(Yaw_deq) ;

End_Coarse= false;
state_zero_CW=false;
state_zero_CCW=false;

Begin the deceleration of the RW

set_impulse (!CBS_direction, decelering_speed);

delay (2000) ;
set_impulse (CBS_direction, initial_speed);
set_impulse (CBS_direction, final_speed);

Seriall.println ("Deceleraing");
OBC_data_value = 0;
for(int k=0;k < 5000;k++) {
Seriall.println (a_degree);
}
Timerl.detachInterrupt (TIMER_CH3);
Show one last value of Yaw angle
read_IMU();
Seriall.println("Yaw");
Seriall.println (Yaw_deq);
Seriall.println("Delta");
Seriall.println (a_degree);
Seriall.println ("Coarse_OK");

a_degree=0;
mode_OBC_TInput_Wait ();

617 ////FINE (Only when COARSE has

618

619
620
621
622
623

624
625
626
627
628
629
630
631
632
633
634
635

//

//
//
//
}

//

finished)

if ((a_degree < (degree_turn_value + Pointing mode_tolerance))

(a_degree > (degree_turn_value - Pointing_mode_tolerance))) {

positioning_Fine () ;
mode_OBC_Input_Wait () ;
}

FINE mode (to improve)

void positioning_Fine ()

{

/ *
1.2. Mode Positioning Fine: PID

INPUT:

None

OUTPUT :

None, but exits to mode_select

*/

Seriall.println("Mode Positioning Fine");
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636

637  bool waiting = true;

638

639 Deg_to_reach = OBC_data_value + Yaw_deg; // Get value to reach,
contained in 360

640 if (Deg_to_reach < 0)

641 {

642 Deg_to_reach += 360;

643 Zero_state = true; // Used to store if it passes 0.

644 // A PD passing through 0 could give great problems, as it has a
very big change in value. Further used in computePID ()

645 }

646 else if (Deg_to_reach > 360)

647 {

648 Deg_to_reach —-= 360; // These two lines contain the value of the
Yaw_deg in 0-360 degrees.

649 Zero_state = true;

650 }

651 else

652 {

653 Zero_state = false;

654 }

655

656 if (Zero_state)

657 {

658 Deg_to_reach + 180;

659 if (Deg_to_reach > 360)

660 Deg_to_reach —-= 360;

661 }

662

663 Timerl.attachInterrupt (TIMER_CH4, computePID);
664 while (waiting)

665 { // Range of tolerance

666 if (abs (IMU_gyro_data_Z) < Gyro_tolerance &&

abs (IMU_accel_data_X) < Accel_tolerance && abs (Deg_to_reach -

Yaw_deg) < Final_pointing_tolerance)

667 { // we consider it is stopped, modify values to be accurate
668 waiting = false;

669 }

670 delay(l); // Change

671 }

672 waiting = true;

673 Timerl.detachInterrupt (TIMER_CH4) ;
674

675 // At exit, RW_speed could not be 0
676 OBC_data_value = 0;

677 Seriall.println("End of manoceuvre");
678

679 // Detach EmergencyStop

680 Timerl.detachInterrupt (TIMER_CH3) ;
681
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632
683

684
685
636
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707

708
709
710
711

712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

}

//

{

}

CASE 2:

MPU reading mode (for testing)
void mode_IMU_reading ()

/ *

2- IMU reading

INPUT:
None
OUTPUT:

None,

*/

OBC_mode_value = 0;
Timerl.attachInterrupt (TIMER_CH4, read_show_IMU);

Timerl.attachInterrupt (TIMER_CH3,

while (OBC_data_value

{

delay(1l);

}

)

Timerl.detachInterrupt (TIMER_CH3) ;
Timerl.detachInterrupt (TIMER_CH4) ;
OBC_data_value = 0;
mode_Select (OBC_mode_value) ;

//

{

(TEST PURPOSE Function)

but saves IMU variables and Roll,

Pitch and Yaw

OBC_data_receive);

Solar panel unfolding mode
void unfolding ()

Seriall.println ("Unfolding");

// If not used the while function does not work

CASE 3:

Only

//The assignment of the corresponding pulses to the Stepper motor

inductances begins

if (pulse_stop==false) {
for(int j = 0; j < 256;
for (int i = 0; 1 < 4;

{

digitalWrite (IN1,
digitalWrite (IN2,
digitalWrite (IN3,
digitalWrite (IN4,
delay (speedM) ;

digitalWrite (IN1,
digitalWrite (IN2,
digitalWrite (IN3,
digitalWrite (IN4,
delay (5);
pulse_stop = true;

step_open[i] [
step_open[i] [
step_open[i] [
step_open[i] [

Jt+) o
it++)

01)
17)
2])
31)

4

4

4

4

Seriall.println("Deployment finished");
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730}

731 pulse_stop=false;

732 mode_OBC_Input_Wait () ;
733 }

734 //

CASE

4: Solar panel folding mode
735 void folding ()
736 {
737 Seriall.println("Folding");

738 //The assignment of the corresponding pulses to the Stepper motor

inductances begins
739 if (pulse_stop==false) {
740 for(int j = 0; J < 256; j++){

741 for (int 1 = 0; 1 < 4; i++)

742 {

743 digitalWrite (IN1, step_close[i][0]);
744 digitalWrite (IN2, step_close[i][1l]);
745 digitalWrite (IN3, step_close[i][2]);
746 digitalWrite (IN4, step_close[i][3]);
747 delay (speedM) ;

748 }

749 }

750 digitalWrite (IN1, 0);

751 digitalWrite (IN2, 0);

752 digitalWrite (IN3, 0);

753 digitalWrite (IN4, 0);

754 delay (5);

755 pulse_stop = true;

756 Seriall.println ("Deployment finished");
757 '}

758 pulse_stop=false;

759 mode_OBC_Input_Wait () ;
760 }

761

762

763 //

SETUP
764 void setup ()
765 {
766 delay (1000); // wait to let open the serial
767 //

VOID

Timers

768 Timerl.pause () ;
769 Timerl.setPrescaleFactor (7200); // 72MHz Clock / 7200 = 10KHz

timer

770 Timerl.setOverflow (1000); // Overflow occurs at 1000, each

100 ms timer restarts

771

772 Timerl.setMode (TIMER_CH3, TIMER_OUTPUT_COMPARE); // Configure
channel to OUTPUTCOMPARE: Channel for OBC read values

773 Timerl.setMode (TIMER_CH4, TIMER_OUTPUT_COMPARE); // Channel for IMU

read values
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774

775
776
707
778
779
780

781
782
783
784
785
786
787
788
789
790
791
792
793
794
795

796
797
798

799
300
301
302
303
304
305
306
307

308
309
310
811
312
813
314
315
316
S17
318
319

Timerl.setCompare (TIMER_CH3, 1); // Phase value
Overflow range
Timerl.setCompare (TIMER_CH4, 1);

Timerl.refresh(); // Refresh timer and start over
Timerl.resume () ;

//

Initiations
Seriall.begin (9600);
Wire.begin();

Seriall.println ("START");

//

pinMode (LEDPIN, OUTPUT); // Integrated LED

pinMode (0x68, OUTPUT) ; // NCS Pin definition

pinMode (IN1, OUTPUT);

pinMode (IN2, OUTPUT);

pinMode (IN3, OUTPUT);
( )

pinMode (IN4, OUTPUT

14

4

//
Driver Setup
Seriall.println("Configuring Driver...");
DriverOne.settings.commInterface = I2C_MODE; // Driver Comm Mode
DriverOne.settings.I2CAddress = 0x5D; // Driver Address

(0x5D by Default)

while (DriverOne.begin() != 0xA9)

{ // Driver wait for idle
Seriall.println("ID Mismatch");
delay (200);

}

Seriall.println("ID Match");

Seriall.println("Waiting for enumeration"); // Driver wait for
peripherals
while (DriverOne.ready () == false)
;

Seriall.println ("Ready");

while (DriverOne.busy())

; // Driver enable
DriverOne.enable();
Seriall.println("Driver Ready to Use!");
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320 // IMU Setup

821  //IMU

322 mpu.initialize(); //Inicializacin de la imu

823 Seriall.println ("MPU successfully inicialized");

324  mpu.dmpInitialize(); //DMP initialization

825 mpu.setDMPEnabled (true); //DMP is enabled

326 Seriall.println("successfull DMP acces");

327  packetSize = mpu.dmpGetFIFOPacketSize(); //The DMP paket size is
obtained (42)

328

829 //The offsets calculated through MPU6050_calibration are introduced
330

831 //ORIGINAL CALIBRATION

332

833 // mpu.setXAccelOffset (-2538);

834 // mpu.setYAccelOffset (-1997);

835 // mpu.setZAccelOffset (1888);

836 // mpu.setXGyroOffset (95);

837 // mpu.setYGyroOffset (34);

838 // mpu.setZGyroOffset (-45);

839 // Seriall.println("MPU calibrated");

(
(

340

341 //CALIBRATION TEST 1

342

843 // mpu.setXAccelOffset (-1045);
844 // mpu.setYAccelOffset (-1484);

845 // mpu.setZAccelOffset (846);

846 // mpu.setXGyroOffset (170);

847 // mpu.setYGyroOffset (-64);

848 // mpu.setZGyroOffset (36);

849 // Seriall.println("MPU calibrated");
350

851 //TEST CALIBRATION 2

852

853 mpu.setXAccelOffset (-7602) ;

354 mpu.setYAccelOffset (5316);

855 mpu.setZAccelOffset (8709);

856 mpu.setXGyroOffset (5);

857 mpu.setYGyroOffset (-8);

358  mpu.setZGyroOffset (-21);

859 Seriall.println ("MPU calibrated");
360

861 //The initial attitude quaterinon is defined
862 qg.w = 1;

863 qg.x = 0;
864 qg.y = 0;
865 g.z = 0;
866

867 delay (100);
868 mode_OBC_Input_Wait () ;
869
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370
S71
72

S73
874
875
876

//

VOID LOOP

void loop ()

{

mode_OBC_Input_Wait () ;
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D.2 MPU calibration code

N N

0 N S G

10
11
12
13
14
15

16
17
18
19
20
21

22

23

// Arduino sketch that returns calibration offsets for MPU6050

// Version 1.1 (31th January 2014)

// Done by Luis R denas <luisrodenaslorda@gmail.com>

// Based on the I2Cdev library and previous work by Jeff Rowberg
<jeff@rowberg.net>

// Updates (of the library) should (hopefully) always be available at

// https://github.com/jrowberg/i2cdevlib

// These offsets were meant to calibrate MPU6050's internal DMP, but
can be also useful for reading sensors.

// The effect of temperature has not been taken into account so I
can't promise that it will work if you calibrate indoors and then
use 1t outdoors. Best is to calibrate and use at the same room
temperature.

/* ========== LICENSE ===== == ===
I2Cdev device library code is placed under the MIT license
Copyright (c) 2011 Jeff Rowberg

Permission is hereby granted, free of charge, to any person
obtaining a copy

of this software and associated documentation files (the
"Software"), to deal

in the Software without restriction, including without limitation
the rights

to use, copy, modify, merge, publish, distribute, sublicense, and/or
sell

copies of the Software, and to permit persons to whom the Software is

furnished to do so, subject to the following conditions:

The above copyright notice and this permission notice shall be

included in
all copies or substantial portions of the Software.
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24
25

26
27

28
29

30

31
32
33
34
35
36
37
38
39
40

41

42

43

44

46
47
48
49
50
51
52
53
o4
95
56
o7
58

60
61
62

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND,
EXPRESS OR

IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF MERCHANTABILITY,

FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT. IN NO EVENT
SHALL THE

AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR ANY CLAIM, DAMAGES OR OTHER

LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR OTHERWISE,
ARISING FROM,

OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE OR OTHER
DEALINGS IN

THE SOFTWARE.

// I2Cdev and MPU6050 must be installed as libraries
#include "I2Cdev.h"

#include "MPU6050.h"

#include "Wire.h"

[0 777777777 77777777/7/7///  CONFIGURATION
L1777 777777777777

//Change this 3 variables if you want to fine tune the skecth to your

needs.

int buffersize=1000; //Bmount of readings used to average, make
it higher to get more precision but sketch will be slower
(default:1000)

int acel_deadzone=8; //Acelerometer error allowed, make it lower
to get more precision, but sketch may not converge (default:8)

int giro_deadzone=1; //Giro error allowed, make it lower to get
more precision, but sketch may not converge (default:1)

// default I2C address is 0x68

// specific I2C addresses may be passed as a parameter here
// ADO low = 0x68 (default for InvenSense evaluation board)
// ADO high = 0x69

//MPU6050 accelgyro;

MPU6050 accelgyro(0x68); // <—— use for ADO high

intl6e_t ax, ay, az,gx, gy, Jgz;

int mean_ax,mean_ay,mean_az,mean_gx,mean_gy,mean_gz, state=0;
int ax_offset,ay_offset,az_offset,gx_offset,gy_offset,gz_offset;

LITTT70T 0077777777777 7777777777 SETUP
L1177 7077777777777 777777777 7777777
void setup () {
// Jjoin I2C bus (I2Cdev library doesn't do this automatically)
Wire.begin();
// COMMENT NEXT LINE IF YOU ARE USING ARDUINO DUE
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63 TWBR = 24; // 400kHz I2C clock (200kHz if CPU is 8MHz). Leonardo
measured 250kHz.

64

65 // initialize serial communication
66 Serial.begin (115200);

67

68 // initialize device

69 accelgyro.initialize();

70

71 // wait for ready

72 while (Serial.available() && Serial.read()); // empty buffer
73 while (!Serial.available()){

74 Serial.println(F("Send any character to start sketch.\n"));
75 delay (1500);
76 }

77 while (Serial.available() && Serial.read()); // empty buffer again

78

79 // start message

80 Serial.println("\nMPU6050 Calibration Sketch");

81 delay (2000);

82 Serial.println("\nYour MPU6050 should be placed in horizontal
position, with package letters facing up. \nDon't touch it until
you see a finish message.\n");

83 delay (3000);

84 // verify connection

85 Serial.println(accelgyro.testConnection() ? "MPU6050 connection
successful"

86 "MPU6050 connection failed");

87 delay (1000);

88 // reset offsets

89 accelgyro.setXAccelOffset (0);
90 accelgyro.setYAccelOffset (0);
91 accelgyro.setZAccelOffset (0);

)i
)i
) .

14

(
(
(
92 accelgyro.setXGyroOffset (0);
93 accelgyro.setYGyroOffset (0);
94 accelgyro.setzZGyroOffset (0
95 }

96

9t /111N LOOP

L1777 77 777777777777 77777777777777777

98 void loop() {

99 if (state==0) {

100 Serial.println ("\nReading sensors for first time...");
101 meansensors () ;

102 state++;

103 delay (1000);

104 }

105

106 1if (state==1) {

107 Serial.println("\nCalculating offsets...");

108 calibration();
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109 state++;

110 delay (1000);

111 }

112

113 1if (state==2) {

114 meansensors () ;

115 Serial.println ("\nFINISHED!");

116 Serial.print ("\nSensor readings with offsets:\t")

117 Serial.print (mean_ax) ;

118 Serial.print ("\t");

119 Serial.print (mean_ay) ;

120 Serial.print ("\t");

121 Serial.print (mean_az);

122 Serial.print ("\t");

123 Serial.print (mean_gx) ;

124 Serial.print ("\t");

125 Serial.print (mean_gy) ;

126 Serial.print ("\t")

127 Serial.println (mean_gz);

128 Serial.print ("Your offsets:\t")

129 Serial.print (ax_offset);

130 Serial.print ("\t");

131 Serial.print (ay_offset);

132 Serial.print ("\t");

133 Serial.print (az_offset);

134 Serial.print ("\t");

135 Serial.print (gx_offset);

136 Serial.print ("\t");

137 Serial.print (gy_offset);

138 Serial.print ("\t");

139 Serial.println(gz_offset);

140 Serial.println("\nData is printed as: acelX acelY acelZ giroX
giroY giroz");

141 Serial.println ("Check that your sensor readings are close to 0 0
16384 0 0 O0™);

142 Serial.println("If calibration was succesful write down your
offsets so you can set them in your projects using something ...
similar to mpu.setXAccelOffset (youroffset)");

143 while (1);

144 }

145 )

146

147 /7777777777777 777777777777777777777 FUNCTIONS
L1777 77777777 777777777777 77777777777
148 void meansensors () {
149 long i=0,buff_ax=0,buff_ay=0,buff_az=0,buff_gx=0,buff_gy=0,buff_gz=0;
150
151 while (i< (buffersize+101)) {

152 // read raw accel/gyro measurements from device
153 accelgyro.getMotioné6 (&ax, &ay, &az, &gx, &gy, &gz);
154
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if (1i>100 && i< (buffersize+100)){ //First 100 measures are discarded
buff_ax=buff axtax;
buff_ay=buff_ay+ay;
buff_az=buff_ az+az;
buff_gx=buff_gx+tgx;
buff_gy=buff_gy+tgy;
buff_gz=buff_gz+gz;

}

if (i==(buffersize+100)) {
mean_ax=buff_ax/buffersize;
mean_ay=buff_ay/buffersize;
mean_az=buff_az/buffersize;
mean_gx=buff_gx/buffersize;
mean_gy=buff_gy/buffersize;
mean_gz=buff_gz/buffersize;

}

i++;

delay (2); //Needed so we don't get repeated measures

void calibration () {
ax_offset=-mean_ax/8;
ay_offset=-mean_ay/8;
az_offset=(16384-mean_az)/8;

gx_offset=—mean_gx/4;
gy_offset=—mean_gy/4;
gz_offset=—mean_gz/4;
while (1) {
int ready=0;
accelgyro.setXAccelOffset (ax_offset);
accelgyro.setYAccelOffset (ay_offset);
accelgyro.setZAccelOffset (az_offset);

accelgyro.setXGyroOffset (gx_offset);
accelgyro.setYGyroOffset (gy_offset);
accelgyro.setZGyroOffset (gz_offset);

meansensors () ;
Serial.println("...");

if (abs(mean_ax) <acel_deadzone) ready++;
else ax_offset=ax_offset-mean_ax/acel_deadzone;

if (abs(mean_ay)<acel_deadzone) ready++;
else ay_offset=ay_offset-mean_ay/acel_deadzone;

if (abs(l16384-mean_az)<acel_deadzone) ready++;
else az_offset=az_offset+(16384-mean_az)/acel_deadzone;
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206 if (abs(mean_gx)<giro_deadzone) ready++;

207 else gx_offset=gx_offset-mean_gx/ (giro_deadzone+l);
208

209 if (abs(mean_gy) <giro_deadzone) ready++;

210 else gy_offset=gy_offset-mean_gy/ (giro_deadzone+1);
211

212 if (abs(mean_gz) <giro_deadzone) ready++;

213 else gz_offset=gz_offset-mean_gz/ (giro_deadzone+l);
214

215 if (ready==6) break;

216 }

217 }
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Datasheet of used components

F.1 MPU-9250
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