Drones
to Go

A Crash Course for Scientists
and Makers

Julio Alberto Mendoza-Mendoza
Victor Javier Gonzalez-Villela
Carlos Fernando Aguilar-1banez
Leonardo Fonseca-Ruiz

ApPress’




Drones to Go

A Crash Course for Scientists
and Makers

Julio Alberto Mendoza-Mendoza
Victor Javier Gonzalez-Villela
Carlos Fernando Aguilar-lbaiiez
Leonardo Fonseca-Ruiz

Apress’



Drones to Go: A Crash Course for Scientists and Makers

Julio Alberto Mendoza-Mendoza Victor Javier Gonzalez-Villela

Centro de Ingenieria Avanzada, Centro de Ingenieria Avanzada,
Facultad de Ingenieria UNAM, Facultad de Ingenieria UNAM,
Coyoacan, Ciudad de Mexico, Mexico Coyoacan, Ciudad de Mexico, Mexico
Carlos Fernando Aguilar-Ibaiiez Leonardo Fonseca-Ruiz

CIC, Instituto Politecnico Nacional, UPIITA, Instituto Politécnico Nacional,

Gustavo A Madero, Ciudad de Mexico, Mexico Gustavo A Madero, Ciudad de Mexico, Mexico

ISBN-13 (pbk): 978-1-4842-6787-5 ISBN-13 (electronic): 978-1-4842-6788-2
https://doi.org/10.1007/978-1-4842-6788-2

Copyright © 2021 by Julio Alberto Mendoza-Mendoza, Victor Javier
Gonzalez-Villela, Carlos Fernando Aguilar-Ibanez, Leonardo Fonseca-Ruiz

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

Trademarked names, logos, and images may appear in this book. Rather than use a trademark
symbol with every occurrence of a trademarked name, logo, or image we use the names, logos,
and images only in an editorial fashion and to the benefit of the trademark owner, with no
intention of infringement of the trademark.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if
they are not identified as such, is not to be taken as an expression of opinion as to whether or not
they are subject to proprietary rights.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal
responsibility for any errors or omissions that may be made. The publisher makes no warranty,
express or implied, with respect to the material contained herein.

Managing Director, Apress Media LLC: Welmoed Spahr
Acquisitions Editor: Aaron Black

Development Editor: James Markham

Coordinating Editor: Jessica Vakili

Distributed to the book trade worldwide by Springer Science+Business Media New York, 1 NY
Plaza, New York, NY 10014. Phone 1-800-SPRINGER, fax (201) 348-4505, e-mail orders-ny@
springer-sbm.com, or visit www.springeronline.com. Apress Media, LLC is a California LLC and
the sole member (owner) is Springer Science + Business Media Finance Inc (SSBM Finance Inc).
SSBM Finance Inc is a Delaware corporation.

For information on translations, please e-mail booktranslations@springernature.com; for
reprint, paperback, or audio rights, please e-mail bookpermissions@springernature.com.

Apress titles may be purchased in bulk for academic, corporate, or promotional use. eBook
versions and licenses are also available for most titles. For more information, reference our Print
and eBook Bulk Sales web page at www.apress.com/bulk-sales.

Any source code or other supplementary material referenced by the author in this book is
available to readers on GitHub via the book’s product page, located at www.apress.com/
978-1-4842-6787-5. For more detailed information, please visit www.apress.com/source-code.

Printed on acid-free paper


https://doi.org/10.1007/978-1-4842-6788-2

Table of Contents

About the AUthOrS.........cccccmmmsmmmmssnsmmsssssmsssssssssss s ssnnssssnnnnns ix
About the Technical ReVIEWEr .......ccuscesssessssmssssnsssassssnsssssssssssssnsssassssans xi
Acknowledgments.......cccccrmsssssmmssnmnmesssssssssssnnnsssssssssssssssnnsssssssssssnnnnns Xiii
FOreword .........ccouvsemmmsmmmssnsmsssssmmssssssssssssssnssnssnsssssnsssssnsssssnssnnsnnnnnsnnss Xv
Chapter 1: Drone Design CONCepts ......ccuscemrrssssmnnmsssssnnnssssssnnnssssssnnnsnsss 1
Historical CONtEXL.........cuoumrererrinncsisi s s 1
Etymologies and Names in USE.......cccccevervrverrnnenersensee e rersesseessesessesssessessessenns 2
What Kind of Drone Do YOU NEed? .........ocovrererenerererecresese s 5
Generic Safety Issues and International Standards...........c.ccecvivvnvniniennsniennenn 7
COMMUNICALIONS......ccueereeereecreree e 7
EleCtrical SATELY.......coverrererererrere e s 8
Transport and STOrage ... s 8
SAFELY Of USE ... 8
Buying and Selling Problems..........cccvvrnnnnnnnnsnsenese s 8
Regulations and Standardizations..........c.ccevivinvninnnnnnnn e 9
ReCOmMMENdAtioNS........ccoeeerererereeree s 10
TYPES OF DIONES ...covrecereeerrecresese s s e nnsnens 11
COMPONENTS ... e s se e nas 12
Action COMPONENTES ......ccccveviirrer e e 13
Brushed and Brushless MOtOrs ..........ccouevnenerenesnsssssesssssesessesesesessssesennes 13

B3] 13RS 16
PrOPEIIEIS ...ttt e e e 17

iii



TABLE OF CONTENTS

Structure COMPONENTS .....ceeveererrere e e sae e naeeaes 18
FIAME .. s 18
Vibration-Damping MoUNtS.........c.ccocvvninininnnree s e 19
Mechanical CONNECLOT ... 19

Measurement COMPONENTS........cccvverevererrereressssere s ssssessessessesessessessessssessessens 19
MiSCEllANEOUS SENSOIS.......cvcueeerererrsreesese e es 19
GPS .ot p s 19

Command COMPONENTS......cccceerrrrinere e s ene 20
AULOPIIOL ... ——————— 20
Telemetry MOAUIES ..o e 21
RC MOTUIES ... se e es 21
Companion COMPULET .........ceeerererinerere s se e ses e ssenis 22

Power COMPONENTS.......cccuvreiiinrirrne e s ene 22
Battery/Tethered SUPPLIES .......ccocverrvririr s 23
Battery INdiCator.........cccovivncir s 24
POWET DiSTHDULON......cce e 25
POWET MOUIE.........eeeeeeereecrerce e 25
Electrical CONNECION .........cccoreercerecrer e 26

Component SEIECLION........ccccviiririre s 31
Vehicle SEleCHiON .......ccoveeeeer e 31
Remote Control SEIECLiON..........cocoereeerrcrrere s 32
Autopilot SEIECLION .......ccccveiicircre e ——— 33

Component CONNECLION.........cccvvirinierern e 35
Mechanical CoNNECTION ..........ccovererrererrerre e s 35
Electrical ConNECHioN.........ccovcevrerercrerrcr e 36
CoNtrol CONNECLION ......covceeereerrese e 37

R 111 1T o SRS 38

iv



TABLE OF CONTENTS

Chapter 2: Modeling ....ccccurrrsssnnnrsssssnsnssssssnnssssssssssssssssnnssssssnnnssssssnnnnss 39
Frames of MOAEIING .......ccocveriircrr e 40
Translational KinemMatiCs.........c.ccoerererrrcrererereseresesene e 42
Rotational KinematiCS .........ccovrerrrenmrnrcrnesese s 47
Forces Acting on a Multicopter and Its Propellers .........ccccvvevnnnnnnenenensensenens 51

Forces Acting on @ Propeller.........cccuvevnenncsenesesssesssese s sessnnes 52
Forces Acting on the VERICIE .......cc.ccvcvcrnnnncni e 56
Translational DYNAmICS .........ccvvvierevnrnsnere e s sae s 61
Rotational DYNAMICS .....cccvvererererierieressesessessesse s sessessesessessessessssessessessessssessessens 65
Allocation MOdEl ..o s 68
Steps for Obtaining the Allocation Model .........cccoevvervvierenesnseneneses s 68
The Allocation Model for @ QUAACOPLET ........ccvevrecernrrrerre s 71
Linear Simplifications .........ccovvevrerrncrncrre et 76
SUMMANY.....eieieeereree e e s s e e e e s re e e e e 85

Chapter 3: Control of Drones .......c.ucccmrnsssnmmnmmsssssnnmssssssssssssssssssssssnnnnss 87
USeful Zero CONCEPL.......ccccrererirririere s sae e s snens 88
Robot Mode CONtrol ..........covrminnnmnenrnnsssse s 93
Fully Linear Cartesian Control with No Yaw Variation ..........ccccoevvvvrverienensenienens 93

Control of the Independent DyNamics ..........cccvverrernrenrenierenensessesesessessessenes 9
Control of the Dependent DYyNamiCS........ccevvvevvererensensesseseesessessessessssessessenes 99
Linear Decoupling of the CONtrollers..........ccccvvrrerevenserseresssensesessesessessenaes 102
Remarks and Graphical Interpretations..........ccccoevivvnvnieninnnnnsenienessensenens 103
Fully Linear Cartesian Control with Yaw Variation.............ccecvevvvrnverierensensenens 105
Vehicle Mode CONLIOL.........coceeeerrcrereeree e 110
Spherical Control (Rudders and Guide VECtor) ........ccccovvvvrerninsnsenenensensennens 111



TABLE OF CONTENTS

Introduction to Geometric Control for Drones (Thrusters and Guide Vector).....119
Translational CoNtrol..........cccovrninenmnerernss e 122
Rotational Control..........c.coveenenrenniscss e 127
Dynamics Compensation and Additional Remarks .........cccevvvveerievenseriennens 138

Introduction to Lyapunov Stability.........ccccveerrervrnieriernsensenseresessesesesessessessenes 141

Definition of Desired Values: Regulation, Trajectory, or Point-to-Point.............. 153

SUMMANY....eiveerieereree e se e ne e e 162

Chapter 4: Simulation.........ccuccccmnnnemmmmnsesnmmsssmmsss—————————— 163

Types Of SIMUIALOTS........ccovieerirerrerr e 163

State Space Representation........c..ccevvvvvrievnsnsniene s 165

Block Representation..........cocvevinvinnnniniinsinse s s 167

Simulation with Simulink and Interpreted MATLAB Functions..........ccccceevenn. 172
Required BIOCKS.........ccucererrinersenese s s sss e s ssesssssssessesssssssessennens 173
Quadcopter Example, Text File........ccccovrnnncnenennenne s sesesesessssesens 185
Quadcopter Example, BIOCK File ..........cccourrrrerenererneiercseseses s 189
Use of the SIMUIALOrS ..o 190

Simulation Alternatives with the Simulink and MATLAB environment.............. 220
Blocks and Interpreted MATLAB FUNCLIONS........cccovvnvnennnnsenenessssenennens 221
ONIY BIOCKS.....ccueiuiiniresesis s s s sss s sn s snesnes 223
BIOCKS and S-FUNCLIONS.........ccoceerererreecrererisre e senenes 224
Text Mode with Predefined Commands...........cocoveeeenerenencnesesesesessesesenens 226
Text Mode with Customized COmMmMAaNGS..........cocorrvenmsereressnssesesesssssssesenens 228

SUMMANY..c..citiiiire e s bbb e s ae e r e e e nne s 230

Chapter 5: Implementation.........cccusemmmninenmmmmnsssnnmnsssnmmsssssmmm——. 231

TasKS OF @ DIONE .....cccevveeeirreirrese e 231

Loops and Kinds of Controllers for @ Drone ..........ccocevevvrvrierenensensessesessensensenns 233
0] 110 00 o R 233



TABLE OF CONTENTS

Kinds of CONTFOIIErS .......ccovvicincririnscere s 234
Drone Signal PrOCESSING......ccccveerrrrererererreneresesese e sestsesessesessesesesesessssessens 237
SigNal FIREMING ...covecicecce s 238
SAIUFALION ...t s 240
Biasing and Mapping........cccecrvririennnnnnie s enens 242
(D72 W 0T ] o S 243
Redundancies and Singularities Normalization............ccccoevvvvneerienensenienens 245
EXAMPIE OF USE.....ccuerireere et s e s s ss e s s sn e s n 246
Data TransmisSion THEOIY .........ccucvirernnnsne s 247
Data Types and SUDIYPES ..o 248
UART INtrOQUCTION......ceeeeceeceree e 250
L0 T T 1o [T o O 253
UART RECEIVING ...cvvererieriesinsese e s s s e s sss s e sss e s sns e snesnes 255
UART ChECKING ....uevvrueirieerine s et sas e ses s s ssnnes 256
Turn AgreemeNt ..o e 259
Generic UART AIGOItM .....ccvveveverirsere v sese e sse e ssesse e sss e ssessesessessessesees 259
Available Ways t0 Program a Drone............ccccovevnvninennsnseniennssnssessessessssessesns 261
THE GUI ... nr s 261
THE SDK ... s 261
Some Useful Commands Available in MoSt SDKS .........ccccooenrnnrensenerenerensenenns 264
Official WeDPAGES......ccvreerrrererererese s 264
INPUE COMMANGS ... s 265
Output ComMMANS.......ccceeiirrrererr s 265
SenSor COMMANGS .......ccoceerereecrerereree e 266
Actuator COMMEANGS .........ccoreererererrere s s 267
Signal Processing Commands.........cccuovvvnnnenennsnsessessssssesses s sessesse s 268
Communication Commands (Wired and Wireless).........ccevvenvrrernnenseniennen 268

vii



TABLE OF CONTENTS

Time COMMANGS.......covuriirererisnerse s 269
Miscellaneous COMMANGS..........covurreenererermmnssssesesss e sesssssnsaes 269
31111117 O 270
Appendix: Additional ReSOUrCeS......ccuuummmmmmmmmmrrsssssssssssssssssssssssssnnnns 271
Differential Flatness and MUltiCOpters........c.cccvvvvrinninsnnni s 271
Sliding Modes and MUICOPLENS ........ccovverrererenernsesesese s 276
Helicopters, Omnicopters, Airplanes, and More..........cccccvevverveveriensenseesessenens 281
Other Rotational Representations for DronEs .........ccccvvvevverevnsensersesesessensensens 285
A Brief on Linear CONtrol.........ccovriencnennmsssnssesesssssssse s sesssssssssenens 292
About the Power Consumption and Maximum Flight Features of a Drone ....... 295
GUided RETEIENCES.......cccveerercreree e 314
Chapler 1 ... ———————— 314
CRAPIEN 2. ————————— 318
Chapler 3. ———————————— 321
Chapler 4. ——————— 326
[T o) 1 O 328
AppendiX REFEIENCES .......cccviririrrern e 329
Differential Flatness and MUItiCOPTErs ..........ccccvivninsnininnn s 329
Sliding Modes and MUICOPIErS ... 330
Helicopters, Omnicopters, Airplanes, and More..........ccccceeereervrrerreerercenens 332
Rotational Representations for Drones...........cccccvvnnvnieninnnsnsesiesnsensensens 335
Lin@ar CONIOL.......covveeeeecreecrere e 336
Drone Power Consumption and Maximum Flight Features ...........cccccvvennens 338
INA@X uueeiissnnnsssnnnsssnnssssanssssansnssanssssannsssansssssnsssssnnssssnnssssnnssssnnnsssnnnnsnns 341

viii



About the Authors

Julio Alberto Mendoza-Mendoza is a
Mechatronic Engineer, with a Masters in
Advanced Technologies from UPIITA IPN and
a PhD in Computer Sciences from CIC IPN. He
is currently a visiting researcher at the National
Autonomous University of Mexico (UNAM).
His areas of interest and research are robotics
(manipulators, aerial vehicles and wheeled
robots, humanoids, haptics, exoskeletons, and

teleoperation), programming, analytical and
intelligent control, electronics, and mechanical design. His most recent
line of development is aerial robotic manipulators. He holds five patents.
He has written a couple of books for Apress, including this one.

Victor Javier Gonzalez-Villela received a
B.Eng. degree in Mechanical and Electrical
Engineering and a M.Eng. degree in Electrical
Engineering in 1987 and 1993, respectively,
from UNAM, Mexico City, Mexico, and a

Ph.D. degree in Kinematics, Dynamics, and
Nonlinear Systems applied to Mobile Robot
Modelling and Control from Loughborough
University, Loughborough, UK, in 2006. He is
currently a Titular Professor in the Department

of Mechatronics Engineering, UNAM.

ix



ABOUT THE AUTHORS

He has belonged to the National System of Researchers (SNI) of Mexico
since 2013. His research focuses on mobile, hybrid and adaptive robots,

and artificial intuition.

Carlos Fernando Aguilar-Ibafiez was born
in Tuxpan, Veracruz, Mexico. He graduated

in Physics at the Higher School of Physics

and Mathematics of the National Polytechnic
Institute (IPN), Mexico City 1990. From the
Research Center and Advanced Studies of the
IPN (Cinvestav IPN) he received a M.S. degree
in Electrical Engineering in 1994 and a Ph.D.

in Automatic Control in 1999. Since then he
has been a researcher at the Center of Computing Research of the IPN
(CICIPN). He has belonged to the National System of Researchers (SNI)
of Mexico since 2000. His research focuses on nonlinear systems, system
identification, observers, automatic control, and chaos theory.

Leonardo Fonseca-Ruiz received a Bachelor’s
degree in Mechanical and Electrical
Engineering from UNAM in 2002 and a M.S.
degree from the Department of Electrical
Engineering with the Specialty of Bio-
Electronics by the Center for Research and
Advanced Studies of the National Polytechnic
Institute (CINVESTAV-IPN) in 2006. Currently
he works as a full-time Research Professor at
UPIITA-IPN. He is the author and co-author of
16 works published in magazines and congresses. His areas of interest are

PLC, DSP, microcontrollers, automation, design and development of PCBs,
and CNC systems.



About the Technical Reviewer

Jesus Vazquez-Nicolas is a mechatronics
engineer. He has a Master’s of Science in
computer engineering from the National
Polytechnic Institute, Mexico. He did an
academic exchange at the State University of
Campinas in Brazil and a research stay at the
Institut Polytechnique des Sciences Avancées

and the Université d'Evry, both in France.

He is currently pursuing a Ph.D., developing
artificial intelligence and control systems for unmanned aerial vehicles
(UAV). He is a professor at the Technological University of Mexico, where
he was recognized in the circle of academic excellence in 2017, 2018, and
2019. He has had publications in national and international conferences
and has indexed scientific journals on robust control and convolutional
neural networks applied to UAV. He is very interested in the development
of systems that combine mechatronics and artificial intelligence.



Acknowledgments

Julio Mendoza This book was made with the support of the UNAM DGAPA
postdoctoral grants program 2018-2020. I also thank IPN, Conacyt, and
IMP], as well as my teachers, students, family, and friends, in particular
Humberto Sossa, Jose Antonio Aquino, Gabriel Sepulveda, Rogelio Lozano,
Miguel Suarez-Castanon, Marco Butron, Hazur Socconini, Francisco
Arteaga-Velasquez, Jamyr Vasquez-Salinas, Carlos Vargas-Luis, David
Arvizu-Rondero, Vicente Flores-Gutierrez, Mario Martinez-Ramirez,
Artemisa Pedroza, Rodrigo Encinas-Porcel, Rodrigo Pelayo-Ramos,
Mauricio Mendez, Tio Fox (Neftali Elorza), Gilberto Castrejon , Rafael
Martinez, Manuel Jesus Rodriguez, Orlando Garcia, Carlos Rios Ramirez,
Pablo Mendoza-Iturralde, Ernesto Filio-Lopez, our graphic designer Jesus
Castillo, our editor Natalie Pao and her team, the Ardupilot team through
Philip Rowse and his CubePilot project, the Mathworks book program,
among many other people and institutions. I also deeply appreciate my
granny Guille that unfortunately could not break her personal record

of 100 years. Finally, I appreciate the invaluable help of doctors, nurses,
rescuers, food and services providers, researchers, and all the public
security teams who are true heroes and who risk their own integrity by
supporting us in these truly difficult times for all humanity. In particular,
this book is dedicated to all the people who are no longer with us, but
whose impact on our formation and life had some meaning including my
other grandma Carmen, and also to all the people that in the anonymity of
the streets or poverty did not reach a mention in our lists.

Victor J. Gonzalez-Villela would like to acknowledge the financial support
from the Support Program for Research and Technological Innovation Projects
(PAPIIT) and Postdoctoral Grant Program DGAPA, UNAM, and the National
Council of Science and Technology (CONACYT) for its support given via its

xiii



ACKNOWLEDGMENTS

National Research System (SNI exp 262253). Also I want to thank to my lovely
family, especially my daughter Brenda and my son Andres for their support
for all over these years in the good and bad times. Besides, thanks to all the
members of the Mechatronics Research Group (MRG) and all the members
of the Mechanical Design and Technological Innovation Center (CDMIT),

FI, UNAM, who I have shared many personal and professional experiences
throughout all these years, working together for a common goal and finally, all
who made possible the materialization of this book.

Carlos Aguilar I wish to express my profound appreciation to my colleagues
and friends, professors Santiago Suarez, Octavio Gutierrez, Julio Mendoza,
Jose de Jesus Rubio, Jose Angel Acosta, Juan Carlos Martinez, Ruben
Garrido, Rafael Martinez, Eloisa Garcia, and Nareli Cruz for their interested
and unmeasurable support for so many years. I also want to thank my new
friends and collaborators, professors Eduardo Javier, Manuel, and Belem for
their contributions to my work. I also wish to express my profound gratitude
to my mentors and role models, professors Moises Bonilla, Rogelio Lozano,
Hebertt Sira, and Romeo Ortega. They have been, for me, an example of
effort and dedication in our beloved profession. Last but not least, I want

to thank my beloved wife, Erika, my daughters, Daira and Zaida, and my
mother, brothers, cousins, and uncles, who are my primary source of

love and the motivation to be a better person every day. Finally, I express
gratitude to God for letting me do and live off what Ilove to do.

Leonardo Fonseca-Ruiz I dedicate the book to Aidee, Matilde Amelie,
and Leonardo, who are the lights of my life. I also thank the National
Polytechnic Institute; my students, who keep me updated; Dr. Julio Alberto
Mendoza and MSc. Mauricio Méndez, who have been by my side since
they were my students and have always done their best, inspiring me to do
the same. I am really grateful to the Interdisciplinary Professional Unit of
Engineering and Advanced Technologies (UPIITA) of the IPN for giving me
the opportunity to teach new mechatronic engineers for over 14 years.

Xiv



Foreword

This book can be considered as one of the most complete courses on
drones and specifically on multicopters with special attention and focus
on quadcopters. It is aimed at an audience ranging from makers to
scientists. It contains the necessary elements of design, modeling, control,
simulation, and programming, explained in a concise but extended way,
especially in points that many texts ignore. Additionally, it merges maker
knowledge and technical details with scientific knowledge and design
details in a single book.

This book is the result of several years of research in the field. It has
a staggered pedagogical design, so that the newcomer to the world of
drones or the already embedded can obtain strong basis for learning more
knowledge.

Detailed step-by-step deductions not available in other works
are included, such as the extensive proof of the controllers and their
simulations.

Itis clearly indicated and with enough references how to extend the
knowledge here developed to a wide variety of aircraft or aerial systems.

Finally, an appendix offers a very complete bibliography for those who
like to extend their knowledge on the subject.

The text assumes that the readers have at least a high school or
technical bachelor's degree and understand concepts such as derivatives,
integrals, basic ordinary differential equations, and notions of algorithms
and programming.
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Licenses and Copyrights

MATLAB® and Simulink” are registered trademarks of
The MathWorks, Inc. See mathworks.com/trademarks
for a list of additional trademarks.

ArduPilot libraries and Mission Planner software

are GPLv3 license-free software. They can be
redistributed and/or modified under GNU GPLv3
terms and restrictions as described by the Free
Software Foundation (www.fsf.org/). The code and
programs are distributed with the hope of being useful
but without any guarantee, even without the implied
warranty of merchantability or capacity for a particular
purpose. See the General Public License section of the
GNU project for more details. ArduPilot libraries can be
downloaded from http://ardupilot.org/dev/docs/
apmcopter-programming-libraries.html.

PX4 libraries have a BSD 3-clause license (https://
opensource.org/licenses/BSD-3-Clause).

The Pixhawk autopilot has a CC-BY-SA 3.0 license
(https://creativecommons.org/licenses/by-
sa/3.0/deed.es), which belongs to Lorenz Meier.

DroneKit-Python is licensed under the Apache
License Version 2.0, January 2004 (www.apache.org/
licenses/).

Scilab is available under the GPL License. Xcos is freely
available and distributed with Scilab.
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FOREWORD

With This Book, You Will Learn

An introduction to the five desirable skills to become
a multicopter developer: design, modeling, control,
simulation, and programming

An extended model on the mathematics of a
multicopter, not present in any previous work and
with a visual and pedagogical development, answering
many of the doubts that remain in the air at the time of
such explanations

A novel way to visualize the controllers of a multicopter,
that is fully compatible with the existing state of the art

A detailed description of the controllers and their
simulation, which is not widely disseminated in articles
or other books and is usually reserved for classrooms

You can use this book as the basis for future learning
in a small, highly visual, and easy-to-understand
presentation.

The goal of this book is to unify the maker world
with the scientific world through this type of aircraft,
including design tips omitted in scientific books and
scientific tips omitted in design books.

You can extend the acquired knowledge to the design
and analysis of other types of vehicles with a moderate
but systematic effort.
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FOREWORD

How to Read This Book

This book is divided into five sections that in our opinion are necessary for
an acceptable level of knowledge for a drone designer:

o Inthe design section, the technical characteristics
to be considered when preparing a prototype of a
multicopter are shown. This section is based on a
compilation of maker-style texts and webpages. Note
that this knowledge can be easily extended to other
types of vehicles.

o Inthe modeling section, the mathematics related
to a quadcopter (and generic aircraft) are shown,
emphasizing the three basic sets of equations: the
dynamic set (with this, the control is designed), the
kinematic set (with this, the tasks to be executed are
designed), and the set of allocation (with this, each
motor is programmed and works as the link between
theory and practice). Also here, the knowledge shown
is moderately easy to be extended to other types of
vehicles.

o Inthe control section, four basic types of multicopter
controllers are developed, classifying them into two
main branches: vehicle mode control, also known
as on-board or first-person mode, and robot mode
control, also known as external or third-person mode.
This categorization was preferred because these aircraft
can be seen as a vehicle or as a robot depending on the
application they have. The knowledge in this section
can be extended to other types of vehicles under
certain mobility conditions.
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FOREWORD

e The simulation section provides a simplified way (a
template) to simulate the previous systems and their
controllers, allowing you to understand that only two
sections of code are required: the one that contains
modeling and control equations, and the one that
contains the ODE solver. Although in this book we
use MATLAB and Simulink for simplicity, with the
concepts outlined, you will be able to use any other
programming language or graphic simulator for the
same purposes.

e And finally the implementation section, which shows
the coding considerations and signal processing
currently available or required to use most of the
unmanned aerial systems. Also this section may be
useful for other types of vehicles.

As you can see, this book and its chapters can be used as the basis for
the elaboration of a complete plan for teaching and studying the described
subject. This book is by itself a complete course in a pocket size.

This book is aimed at makers, designers, scientists, and researchers
related to the drone world and specifically to multicopters. However, if you
are a pilot or a hobbyist and you are interested in knowing every corner of
your vehicle, this text will be a useful and understandable reading.

If you have the printed version of this book, consider to download also
the pdf of the same in order to see detailed close-ups of the equations.

Xix



CHAPTER 1

Drone Design
Concepts

In this chapter, you will find the most relevant information about what

a drone is, including historical and social context. This chapter will
cover international standards, some etymologies, and certain safety
considerations that you should keep in mind while working with these
aircraft. We'll go through a description of generic components and their
selection and connection. As a result, you will learn the technical details,
international standards, and necessary requirements for the design of
drones and other vehicles. Remember that this book is a crash course, so
this chapter just provides a fast way for you to assimilate the contents. If
you want to extend this knowledge, go to the guided reference appendix.

Historical Context

Ifyou look at the Figure 1-1, you will notice that drones, and particularly
multicopters, have centuries of history. They started as sketches

designed by DaVinci (at least that’s how occidental history reports it).
Recently these sketches were carried out in a giant quadcopter in a

kind of retrotechnology developed by the University of Maryland where
the processor and base engine are the human body (the brain and the
extremities, respectively). Multicopters came back around in 1907 with
the Breguet brothers and later in the 1920s with Oehmichen and Bothezat.

© Julio Alberto Mendoza-Mendoza, Victor Javier Gonzalez-Villela, 1
Carlos Fernando Aguilar-Ibafiez, Leonardo Fonseca-Ruiz 2021
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In these drones, the processor and base engine were, respectively, a pilot
and a mechanical computer (a mechanism) in charge of coordinating the
movements of each propeller and internal combustion motors. They were
forgotten until the 2010s, when the commercial and research booms in
these vehicles/robots occurred. Currently, the processor and engine base
are, respectively, an autopilot and electric motors. Now you that you know
some history, let’s move on to some useful nomenclatures.

7 ™~
/L\ /O'K e >
—— ' N [ \\
H:Il:olnt.tr mlhdhum:n ) Brequets Oehmichen
prepulsion and processing quadeopter and Bothezat Current quadcopters
- uadcopler
Created by DaVinei around Created and tested 9 P Created and teated
1500 around 1907 Created and tested around 2005
around 1520
Tested as a quadcopter Mechanical Mechanical Electromechanical
by the Univeraity ; propulsion, on-board
of Maryland in 2012 propulsion, human propulsion, human y :
processing processing computer processing
\ J \_ J J
\ J

Figure 1-1. Quadcopter history

Etymologies and Names in Use

Although the term “drone” is correctly used for any unmanned vehicle,
commercial popularization associates it with aerial vehicles, and more
specifically, with multicopters. This term comes from insects, very
specifically from those whose function in the hive or nest is simply to
perpetuate the species.

More professional words to refer to an aerial drone are

e UAV or unmanned aerial vehicle
e UAS or unmanned aerial system

o RPAS or remotely piloted aircraft system
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You should also familiarize yourself with the terms “multirotor” and
“multicopter,” which roughly mean multiple rotating motors. The term
“multiple copters” was adapted from the French “hélicoptere,” a word
invented by Gustave d’Amécourt in 1861 that means spiral wing. The word
is based on the Greek “helix,” which means helix or spiral, and “pteron,”’
which means wing.

Why is this useful to know? Perhaps it seems trivial, but for those who
want to research the classic concepts of drones, the archaic nomenclature
is important to know. Of course, if you only need current research and new
trends, you only need to know the modern terms. For the vehicles presented

in this book, the evolution from classic to current terminologies is

e Multicopter (22,400 results in Google Scholar on May 5,
2020) -> multirotor (10,600 results in Google Scholar on
May 5, 2020)

o Quadcopter (37,400 results in Google Scholar on May 5,
2020) -> Quadrotor (35,500 results in Google Scholar on
May 5, 2020)

e And, in an unusual way, the word quadricopter (674
results in Google Scholar on May 5, 2020)

Figure 1-2 is based on Google Trends, indicating when the boom of
the term “quadcopter” began. In early 2011 approximately, the words
“quadrotor” and “quadcopter” were almost equally employed. In fact, it
was very frequent to read “quadrotor” in the scientific field, but the use
of the “quadcopter” grew as time evolved (including in scientific and
technological research). Currently, both terms are more or less equal in
use due to a reduction in their use, and the domination and popularization
of the term “drone” (Figure 1-3). Curiously, the terms “quadcopter” and
“quadrotor” have been relegated to the research field where the growing
term now is “UAV”
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@ quadrotor @ quadcopter

L

Figure 1-2. Quadrotor vs. quadcopter search results on Google
Trends

® quadrotor ® quadcopter drone

—— e D i

Figure 1-3. Quadrotor vs. quadcopter vs. drone search results on
Google Trends

In summary, the value of this section is to indicate the trend of certain
terms to facilitate any necessary research, and also the way to provide
background on how each term should be used in context. Now that you
know about etymologies as a tool for searching, let’s consider what kind of
drone you need.
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What Kind of Drone Do You Need?

There are four types of drone users: the specialist researcher, the
researcher (who uses a drone as a tool), the designer, and the pilot.

Table 1-1 shows some of the characteristics and recommended equipment
for each type of user.

Table 1-1. Types of Drone Users and Characteristics

User Most Kind of software ~ What do they Examples
common (see Chapter 5 need to know?
vehicle regarding ways to

program a drone)

Pilot Closed Closed architecture  Maker-style Racing
architectures GUI technical pilot or
(prebuilt knowledge, photographer
drones) regulations, and

unmanned flight
courses. The
vehicle is a work

tool.
Researcher Mostly GUlor SDKtype 1 Maker-style Research
who uses a closed or technical in artificial
drone asa limited open knowledge. The  vision or
tool architectures vehicle is still a artificial

work tool but with intelligence
a specialized task algorithms,
unrelated to the  including
drone. The aircraft SLAM

is a test platform.

(continued)
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Table 1-1. (continued)

User Most Kind of software =~ What do they Examples
common (see Chapter 5 need to know?
vehicle regarding ways to

program a drone)

Specialist  Kit-like open SDK type 2 or 3 Scientific Research in

researcher architectures knowledge about automatic
control and control
robotic vehicles,  algorithms
and maker- for aircraft

style technical flight
knowledge are

desired. Here, the
vehicle’s flight

mode is designed.

Designer Open SDK type 3 Scientific Aircraft
architectures In general, a knowledge designer
which are design component  specialized in
selected by component aircraft control
component s related to and design,
by open software and advanced

component  architecturesand  technical
conversely, almost  knowledge are
all the commercial  required. Here, the
drones have whole vehicle is
software with designed.
limited capabilities.

Now you have an idea about the vehicle that is useful for your
purposes, but what about safety and standards? Let’s answer this now.
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Generic Safety Issues and International
Standards

In general, nobody will persecute you for carrying out prototype tests in
your home, garden, or in a laboratory with the appropriate equipment

and security measures, as long as people, animals, buildings, or property
other than your own are not injured. However, in order to reduce risks and
accidents, we include a small section with generic recommendations. Note
that the impact of these recommendations for each person may vary based

on local laws.

Communications

A drone can affect and infringe on local telecommunications in two ways
and in both cases you could be penalized.

1. Telemetry system and remote control system:
Telemetry and remote control transmitters must
be compatible with the range of transmission
frequencies allowed in your locality. A typical
example is that telemetry radios usually come
in two presentations: 433 MHz, which is used in
Europe and countries with the same standard, and
915 MHz, which is used in the US and countries
compatible with the same standard.

2. Electrical power consumption: People who design
and use quadcopters with high power consumption,
especially in high current applications, know that
this affects the performance of the vehicle’s sensors,
and it’s necessary to shield the cables, twist them,
cover them, or even separate the connections.
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This can influence the behavior of a public antenna
or civil communication equipment. So, as a designer
or user, you should be aware that you could be
penalized.

Electrical Safety

Drone operation with wired electrical connections, called tethered,
involves sending medium voltages of around 400V to the vehicle, which in
certain countries (for example, Japan) go beyond what is legally permitted.

Transport and Storage

The tricky topic here is about batteries and fuel tanks, so be sure you know
how to properly store and transport such supplies.

Safety of Use

Any person or property that you damage with your vehicle involves
legal problems. You must be aware that a drone is an object that, even in
small sizes, due to the speeds that it reaches by itself or by its propellers,
represents a risk.

Buying and Selling Problems

You may be interested in a vehicle or perhaps you want to commercialize
a prototype. If so, you need to verify that its components, features, and
materials are permitted in your region. It is possible that something that
represents a small expense to you, once you sell it or buy it in a specific
country or commercial area, will increase considerably in price or taxes or
may even be retained or rejected for the use of illegal components.
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Regulations and Standardizations

When you get to Chapter 2, you will notice a non-arbitrary selection
of coordinates and angles of rotation, as displayed in Figure 1-4. This
selection obeys the ISO 1151-2: 1985 standard and facilitates the link
between the described theory and the use of sensors and components
already manufactured. However, to simplify equations, we will use the
upward Z axis.

Figure 1-4. Drone motions as indicated by the ISO 1151-2: 1985
standard

Notice that in the case of a drone, as you will see later, although the
pitch (theta) and roll (phi) angles are measured respectively with the Y and
X axes, the motion in X axis depends on controlled tilt rotations in theta,
and the motion in the Y axis depends on controlled tilt rotations in phi, as
illustrated in Figure 1-5.
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Figure 1-5. Link between angular and planar motions

Recommendations

Here are some standard recommendations in order to work with drones:

» Read your local legislation regarding the topics listed
here or even additional considerations.

o Verify that your hardware complies with the
requirements of said legislations.

¢ You and your team must use standard protective
equipment such as googles or gloves.

e When other people are present during a test, keep
in mind that a prototype can cause injuries and it is
recommended that you or the person in charge of your
laboratory have a license to operate unmanned aerial
vehicles.

e Avoid public or private spaces, whether indoors or
outdoors, that are not designed for your tests.

e Remember that you are a designer and not necessarily
a pilot.

10
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If you have the necessary permissions, you must
prepare the place with walls, protection meshes, or
plastic surfaces in case any pieces break or detach from
the drone. You should also post warning advisories/
signs to restrict access of non-authorized personnel.

Perform exhaustive tests without propellers or with the
drone anchored before the free flying tests. In order to
avoid damaging your motors by testing them without
any load, you can replace your propellers with pieces of
paper.

When you have a prototype available, verify that all

its components are legal in your specific location and
determine if there are functional replacements for the
components that are not allowed.

Now it is time to specify the type of drones that we will analyze in the
rest of the book.

Types of Drones

According to their displacement, drones can be classified in this way
(Figure 1-6):

Rotary wings: They only require propellers to move. In
this case, they have vertical takeoff and landing, and are
designed for load transport and short- and medium-
range applications.

Fixed wings: They require long surfaces in order to
move, like most airplanes. In this case, they have
applications for horizontal takeoff and landing, and
are designed for higher speeds as well as longer flight
ranges than rotating wing aircrafts.

11



