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ABSTRACT

CONTROL SYSTEM DESIGN AND IMPLEMENTATION OF A TILT
ROTOR UAV

Cevher, Levent
M.S., Department of Aerospace Engineering
Supervisor: Prof. Dr. Ozan Tekinalp

September 2019, 153 pages

In this thesis, a hybrid vertical take off and landing unmanned air vehicle platform
is designed and developed. The platform uses tricopter con guration for takeoff and
landing while it uses its xed wings for forward ight. Control algorithms are de-
veloped for the VTOL aircraft. For this purpose, rst nonlinear simulation code is
developed in Matlab/Simulink environment. The simulation uses the wind tunnel ex-
perimental data for the propellers and aerodynamic data obtained from a package pro-
gram XFLR 5 that uses panel method. The controller uses Linear Quadratic Tracking
(LQT) algorithms for vertical takeoff, transition and forward ight cases. For dif-
ferent ight phases, trim ight conditions are obtained and controllers are designed.
During transition, weighted pseudo inverse and blended inverse control allocation
methods are employed and simulation results are compared. The obtained controller
gains are tuned in the lab test setup and ight tests are performed for vertical takeoff

and landing ight, demonstrating acceptable ight performance.

Keywords: Tricopter, tilt-rotor, unmanned air vehicle, attitude control, linear quadratic
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DONER ROTORLU IHA KONTROL SISTEM TASARIMI VE
UYGULAMASI

Cevherlevent
YuksekLisans,Havac | kve Uzay Muhendislgi Bolimi
TezYoneticisi: Prof. Dr. OzanTekinalp

Eylal 2019, 153sayfa

Bu tezcal smas ndahibrit bir dikey kalk sve inis yapabileninsans zhavaarac plat-
formutasarlanm ge gelistirilmistir. Platform,kalk sveinig i¢in G¢ motorlu/pervanel
havaarac (tricopter) konfigrasyonunikullan rken,ileri ugusicin sabitkanatlar n
kullan r. Dikey kalk s ve inis yapabilenugakigin kontrol algoritmalar gelistirilmis-
tir. Bu amagla,ilk dogrusalolmayansimulasyonkodu, Matlab/Simulinkortam nda
olusturulmustur Simulasyon pervaneleiicin riizgartineli deneyverilerini ve panel
yonteminikullananbir paketprogramolan XFLR 5'ten eldeedilenaerodinamikveri-
leri kullanmaktad rKontrolcu,dikey kalk s,gecisveileri ugusdurumlar igcin Dogru-
sal Kuadratiklzleme (LQT) algoritmalar n kullan r. Farkl ugcusasamalarigin ucus
dengenoktas kosullar elde edilmis ve kontrolcileritasarlanm st rGegiss ras nda,
weightedpseudanverseve blendedinversekontrol tahsisyontemlerikullan Im sve
simulasyonsonuglar kars last r Im st r.Elde edilen kontrolctikazanclar Jaboratuar
test diizenginde ayarlanm sve kabul edilebilir ucus performans n gosterendikey

kalk s ve inis i¢in ugus testleri gerceklestirilmistir.

"OBIUBS ,FMJNFMFS Al NPUPSMV QFSWBOFMJ IBWB BSE
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dgrusal kuadratik izleme, ugus testi

viii



To my family, and my love.



ACKNOWLEDGMENTS

I would like to thank and express my gratitude to my advisor Prof. Dr. Ozan Tekinalp
for his guidance and support for so many years. His valuable ideas helped me to ac-
complish the thesis. Thus, | appreciate that he gave me a chance to study in aerospace
engineering, of which | have been eager to learn for so many years since | was in high

school.

I would like to thank An | Sami Onen, with whom | started thesis studies and | learned
so many things from him. It was a starting point for me to study on experimental side.
Furthermore, | would like to thank Murat Senipek, who helped me for modeling part.
He had been always willing to share his experience whenever | needed. | would
like to thanklsmail Ozdemir Uzunlar, Osman Giingér, Metehan Yayla, Talha Mutlu,
Emre Can Suigmez, Onur Gures, Derya Kaya and Ali Onur Baykal for their company
during the studies. It was always a pleasure for me to study with them and learn from

them. | would like thank them all for their valuable time.

I would like to thank Dr. Saffet Gokug, who has always helped me whenever | needed
most. He is the one who never hesitates to help me. 1 would like to thank him for his
valuable ideas and precious time. He helped me during the manufacturing part and

the ight tests. After each ight test failure he was the one to make it y again.

I would like to express my deepest gratitudes to my mother, my grandfather, and my
grandmother who always believed in me and supported me through my life. | am
also grateful for my wife Goksu. She is the one who gave me the courage to start the
thesis. | would like to thank her for her patience and her endless love. Without her, |

could not nd enough strength to overcome all the dif culties.



TABLE OF CONTENTS

Xi

ABSTRACT . . . . e %
OZ . . e vii
ACKNOWLEDGMENTS . . . . . . . . e e X
MABLEOFCONTENTS . . . . . oo et e e e e Xi
LCISTOETABLES . . . . . . . e e e e e XVii
CISTOEFIGURES . . . .« ¢ o e o e e e e e e e e e e e e e XixX
LISTOESYMBOLS . . . . . . . . e e XXVi
CHAPTERS
1 INTRODUCTION 1
(1.1 Motivation and Objectiveés . . . . . . . . . . . .. ... ... ..., 1
1.2 UAVLiteratureSurvey . . . . . . . ... . .. ... .. 1
.21 UAVTypes . .. . .. . . . . . 2
1.3 ThesisContent . . .. ... .. ... .. .. ... .. .. .. ... 4
2 DYNAMICMODEL] . . .. ... . e 7
2.1 Introduction . . . . . . . . . . . e 7
[2.2° Propulsion SystemModel . . ... ... ... ... ... ...... 7
2.3 Reference Frames and Transformations . . . . ... ... ... ... 20
[2.3.1  Wind Frame from Body-Fixed Frame . . . . . . .. ... ... 21



2.3.1.1 Derivation of Velocity Anglés . . . . . ... ... ... 21
24 ForcesandMomenmts . . . . . . . ... ... ... 21
[2.4.1  Aerodynamic Forces . . . ... . ... ... ... ... 22
.42  Gravitational For¢ce . . .. .. ... ... ... ... ... 25
[2.5  Propeller Forces on Body CenterofMass . . . .. ... ... .... 25
[2.6  Propeller Moments on Body CenterofMass . . . . .. ... ... .. 26
[2.7 " DynamicModel . . . ... ... .. ... ... 28
271 RotationalMotion . . . . .. ... .. ... ... ....... 29
[2.7.2 Forces and Momentsin HoverFlight . . . . . ... .. .. .. 30
[2.7.3 Forces and Momentsin Forward Flight . . . . . ... ... .. 32

3 TRIMMING AND LINEARIZATION |

[3.2  Trimming Approach for Hover Positipn . . . . . ... ... ... .. 35
[3.3 Linearization of Hover Flight Equations . . . . . .. ... ... ... 36
[3.4  Trimming Approach for Forward Flight . . . . . ... ... ... .. 37
[3.5  Simplication of Aerodynamic Coefcients . . . . . . ... ... ... 37
4 CONITROL METHODS 41
41
[4.2  Tricopter Attitude Control Strategy . . . . . . . . . ... ... ... 41
[4.3  Forward Flight Control Strategy . . . . . . ... ... ... ..... 44
[4.4 Control Design Approach . . .. ... ... ... .......... 45
[4.4. 17  Linear Quadratic Tracker (LQT) Contiol . . . . .. ... ... 46
4.41.1 Tricopter Mode Attitude Control Approach . . . . . .. 47

Xii






0.7 VITOL Plattorm Transition to Iri-coper Mode Attitude Control Sim-

I ulations . . . . ... I83
83
89
89
[6.1.1  Autopilot Plattormm . . . . .. ... ... ... .. ...... 90
[0.1.2  Telemetly . ... ... ... ... . ... 91
6.1 GPSModule. .. ... ... ... . . .. ... 92
[6.2  Software Development Environment and Archite¢ture . . . . . . . . 93
[7_SYSTEM CONFIGURATIONTESTS . . . . .« v v vvee oo e e 95
/.1 Infr 0 95
[72 TabTestsandResults. . . .. .. ... .. ... .. ......... 95
(/.21 TrnicopterLabTests . ... ... ... ... ... ....... 96
[7.2.2 Dummy-Wing VTOL Con gurationLab Tests . . . . . . . .. 98
[7.3 Flight TestsandResUlts . . . ... .. ... ... .......... 101
[7.3.1  Tricopter FlightTests . . . ... ... ... .......... 101
[7.3.2  VTOL Con guration FlightTests . . . . . .. ... ...... 104
................................ 107
REFERENCEB . . . . . o oot e e e e 109
APPENDICES
[A.1 Previous Platform Studies . . . . . . ... ... ... ... ..... 113
IA.1.1 Dynamic ModelofMotar . . . . . ... ... ... ...... 113
[A.1.2 DynamicModel . . ... ... ................. 115




IA.1.3  Trimming Approach for Hover Positibn . . . . . . ... ... 116
IA.1.4  Linearization of Hover Flignt Equations . . . . . . ... ... 117
[A.1.5 Linear Quadratic Tracking Contfol . . . . .. ... ... ... 118
A.1.5.1 Linear Quadratic Tracking (LQT) Controller . . . . . . 119
A.1.5.1.1 LOT Controller - Attitude Control . . . . . . .. 119
iA.1.5.1.2 LQT Controller - Ground Speed Control . . . . . 120
A.1.5.2 Linear Quadratic Regulator Control with Integral Ac- |
tion(COR-D] . . . .. .. ... ... .. ... ..... 120
A1521  Attitude Controller . . . ... .......... 122
[A.1.6  Control Allocation Approadh . . . . .. ... ... ...... 122
A17 Simulation TestsandResults . . .. ... ........... 124
A.1.7.1 Tricopter Roll Controdl . . . . . ... ... ... .... 127
A.1.7.2 Tricopter PitchContrpl . . . . . .. ... ... ..... 128
A.1.7.3 Tricopter Yaw Contrbl . . . . . .. ... ... ... .. 129
A.l1.7.4 Tricopter Ground Speed Hold Control . . . . . . . ... 130
[A.1.8  FlightTestsandResults . . . . .. ... ... ... ...... 132
A.1.8.1 Tricopter FlightTests . . . ... ... ... ...... 132

A.1.8.1.1 LQT Tri-coper Attitude Controller - Approach-1 133

iA.1.8.1.2 LQT Tricopter Attitude Controller - Approach-2 . 134

[B.2  Dummy-wing Mass and Inertia Calculation . . . . .. ... ... .. 139
B.2.1 Mass Momentof Inertia of Prism . . . . . ... ... ..... 139
B.2.2 DummyWeights . . . . . ... ... ... .. ......... 140
B.2.3  Mass Moment of Inertia of Hollow Cylinder . . . . . ... .. 140

XV



[C.3 LQT - Weighting Matrices and Gains for Tricopter Attitude Control . 141

[C.4  LQT - Weighting Matrices and Gains for Forward Flight Control . . . 142
[C.5  Weighted Pseudo Inverse - Transition to Forward Flight Cantrol . . . 143
[C.6 Blended Inverse - Transition to Forward Flight Control . . . . . . .. 143

[C.7 Weighted Pseudo Inverse - Transition to Tricopter Attitude Cantrol . 144

[C.8 Blended Inverse - Transition to Tricopter Attitude Control . . . . . . 144

[D.9 LOQT - Weighting Matrices and Gains for Tricopter Attitude Control . 147

[D.10 LOQR-I - Weighting Matrices and Gains for Attitude Control . . . . . 148
D.11 LQT - Weighting Matrices and Gains tor Iricopter Ground Speed |
[ HoldConfral .. ..... ... ... ... 149
[E.12 Coef cients of Motor-Propeller Surface Fit Equatipns . . . . . . .. 151
[E.13 Aerodynamic Coefcients . ... .. ... ... ... ........ 152
[E.14 VTOL and Tricopter Parametgrs . . . . . ... ... ... ...... 153

XVi



LIST OF TABLES

TABLES

Tablef2.1 Fitness quality of surfacedata . . . . . . . . ... ... . ... ... 16

Table[2.2 Thrust vs Angular speed of motor relation at verfical position for |
[ EINTZE K 2] e 17

Table[2.3 Torque vs Angular speed of motor relafion at vertical position for |
[ FEINT= L 2] o 17

Table[Z.4 Linear curve t parameter values for motor-prop thrust attBD |

................................... 18

Table[2.5 Linear curve t parameter values for motor-prop torque att®o |

.................................... 19

Table[2.6 Second degree polynomial model for rpm to throttle command -|
| Scorpion SI-3020-/780Kv motor and 11x5.0 APC combination at Ojded] |
| tilitposition . . . . . . . . .. 20

Table[2.7 Second degree polynomial model for rpm to throttle command -
| Scorpion SII-3020-/80Kv motor and 11x5.5 APC combination at 90[deg]| |
| tilitposition . . . . . . . . .. 20

Table[3.1 Trim values for hover with Scorpion 3020-780kv motor and APC |

Table[A.1 Trim values for hover with AXT 2826/10 - Xoar 11x4 combinafion . 117

XVii



TablgE.2 Coef cients of Force Surface Fit Equations . . . . .. ... .. .. 151

TableE.3 Coef cients of Torque Surface FitEquations . . . . . . ... .. .. 151
TableE.4 Coef cients of RPM Surface FitEquatibns . . . . . .. ... .. .. 151
Tablg E.5 Cx aerodynamic coefcienis . . . . .. ... ... ... ...... 152
TablgE.6 Cy aerodynamic coefciept . . . . . .. .. ... .......... 152
TablgE.7 C; aerodynamic coefcienis . . . ... ... .. .. ........ 152
Table E.8 C, aerodynamic coefcienfs . . . . . . .. ... ... ... ..... 152
Tableg E.9 C,, aerodynamic coefcienis . . . . .. ... ... ... ...... 152
Tablg E.IQC, aerodynamic coefcienis . . . . .. .. ... ... ... .... 152

Table E.11 Position vectors of each motor according to Center of Gravity (CG) . 153

XVili



LIST OF FIGURES

FIGURES

Figure 1.1 Hybrid VIOL UAVexamples . . . . . .. .. ... ... .... 4
Figurgf2.1 Wind Tunneltestsefup . .. .. .. ... .. ... ....... 9
Figure[2.2 Experimental results for 90 [deg] propellerfaxis . . . .. .. .. 10
Figure/ 2.3 Experimental results for 70 [deg] propellerfaxis . . . .. .. .. 11
Figure[2.4 Experimental results for 50 [deg] propellerfaxis . . . .. .. .. 12
Figure 2.5 Experimental results for 30 [deg] propellerfaxis . .. .. .. .. 13
Figure/ 2.6 Experimental results for O [deg] propellerpxis . . . . . ... .. 14
Figuregf2.7  Throttle to RPM conversionblock . . . . ... ... ... ... 15

Figure[2.8 0 [deg] tilted motor test data and curve t funcfion of Scorpion |

Figure[2.9 90 [deg] tilted motor test data and curve t function of Scorpion |

[ torand 11x5.5 APC combinationathover . . .. ... .. ... .. .. 19
Figure2.11  Tricopter - Tilt Rotor VTOL con guration . . . . ... ... .. 22
Figure2.12 3D Panel method solution for yingwingmadel . . . . . . . .. 22
Figurgf2.13  Aerodynamic forces and momentsmodel . . . . . .. ... ... 24

XiX



Figuref4.1 Tricopter attitude control allocation . . . . . .. ... ... ... 42
Figuref4.2 Heading control allocation . . . . . ... ... ... ... .. 43
Figure[4.3 Attitude control allocation for tricopter mode ight . . . . . .. 43
Figure 4.4 Attitude control allocation for forward 1ght . . . . . ... ... 44
Figure 4.5 Forward Ight control allocation . . . . ... ... .. ... .. 45
Figure/ 4.6 ModesandPhakes . . . . .. ... .. .. ... ... ..... 54
Figure/ 4.7 Plane mode - phase transition owchart . . . . ... ... ... 55
Figure/4.8  Tricopter mode - phase transition owchart . . . . ... .. .. 56
Figure/5.1 Simulation block - Dynamic model of plattgrm . . . . . . . . .. 58
Figureg 5.2 LQT control result for givenrollcommapd . . . . . ... . .. 59
Figurg 5.3 Tricopter frame responses for LQ 1 controller tfor given roll com- |
Cmand . . . . v o e 60
Figure5.4 LQT control result for given pitchcommand . . . . .. ... .. 61
Figure[5.5 Tricopter frame responses for LQ [ controller for given pitch |

| commant . . ... .. e 62
Figure/ 5.6 LQT control result for the given yaw command . . . . . . . .. 63
Figure[5.7  Tricopter frame responses for LQT controller for given yaw |

I commant . . ... .. e 64
Figure[5.8 LQT control result for the givenrollcommand . . . . . . . .. 65
Figure[5.9 V1OL frame responses for LQT controller for the given roll |

| commant . . ... .. e 66
Figuregf5.10 LQT control result for the given pitch command . . . . .. . .. 67

XX



Figure[5.11

V1OL frame responses for LQT controller for the given pitch |

| commant . . ... .. e e 68
Figurgl5.12  LQT control result for the given yaw command . . . . . . . .. 69
Figurd5.13  VTOL frame responses for LQT controller for given yaw comiand 70
Figure[5.14  Throttle outputs - Weighted pseudo inverse allodation . . . . . . 72
Figure[5.15  Throttle outputs - Blended inverse allocation . . . . . ... ... 72
Figurg5.16  Theta Response - Weighed Pseudo Inverse alldcation . . . . . . 73
Figure/5.17 Theta Response - Blended Inverse allodation . . . . . .. .. .. 73
Figure/5.18 Commands and platform response histories for transition to for{

[ ward I1ght attitude controlphase . . . . . .. . ... ... ... .... 73
Figure[5.19  Front tilt servo command history during transition to forward |

| Ight attitude controlphase . . . . . ... ... ... ... ....... 74
Figure[5.20  Ground position change histories for transition to forward ight |

[ attitude controlphase . . . . .. . ... ... ... . ... . 74
Figurgl5.21  Actuator command histories for transition to forward ight atti- |

| tude controlphase . . . . . . . . . .. ... 75
Figure5.22  Body Velocities - Weighted pseudo inverse allocation . . . . . . 76
Figure5.23  Body Velocities - Blended inverse allocgtion . . . . . ... ... 76
Figure[5.24  Roll command and roll angle response during forward] ight . . . 77
Figure[5.25 Aileron de ection command due to given roll command . . . . . 77
Figurd5.26  VTOL frame responses during 15 [deg] roll command in forward |
.................................... 78
Figurg[5.27  Pitch command and pitch angle response during forward ight 79
Figurg5.28  Elevator de ection command due to pitch command forward]| ight 79

XXi



Figure/5.29  VTOL frame responses during 15 [deg] pitch command in for- |
| ward Ight|. . . . . . . ... 80

Figuregf5.30  Yaw command and yaw angle response during forward ight . . 81

Figure[5.31 Rudder de ection command due to yaw command during for- |
| ward ightf. . . ... ... 81

Figure[5.32  VTOL frame responses during heading commands in forward

.................................... 82
Figure[5.33  Throttle outputs - Weighted pseudo inverse allogation . . . . . . 84
Figure/5.34  Throttle outputs - Blended inverse allocation . . . . . ... ... 84
Figure/5.35 Theta Respose - Weighed Pseudo Inverse alldcation . . . . . .. 85
Figure5.36 Theta Response - Blended Inverse allogation . . . . . . ... .. 85

Figure/5.37  Commands and platform response histories for transition to triq

| copter attitude CoNtrol PRASe . . . . . . . v v v 85

Figure[5.38  Front tilt servo command history during transition to tricopter |

| attitude controlphase . . . . . .. ... ... ... L oo 86

Figurd5.39  Ground position change histories for transition to tri-coper mode]

| attitude controlphase . . . . . . . . ... ... 0oL 86

Figure[5.40  Actuator command histories for transition to tricopter attitude |

| controlphase . .. ... . .. . . . . . ... 87
Figure[5.41  Body Velocities - Weighted pseudo inverse allocation . . . . . . 88
Figure/5.42  Body Velocities - Blended inverse allocgtion . . . . . ... ... 88
Figurg 6.1  AvionicSetdp . . . . . . . . . . . . .. ... 90
Figureg 6.2  Pixhawkboayd . . . . . . .. ... ... . ... ... ... 90
Figurgf6.3  GPS+Magmodule . . . . . . .. .. ... ... ... ...... 92




Figurgf6.4  Pixhawkboard . . . . .. .. .. ... ... ... ........ 94
Figure 7.1 Tricopter lab test result for the given roll command . . . . . .. 96
Figure[7.2  Tricopterlabtestphoto . . .. ... .. ... .......... 96
Figure[7.3 Tricopter lab test result for the given theta command . . . . . . . 97
Figure 7.4 Tricopter lab test result for the given yaw command . . . . . . . 97
Figuref 7.5  Tricopter lab test - throttle input commpnd . . . . . ... .. .. 97
Figure] 7.6 Tricopter lab test throttle responses of motors . . . . . ... .. 98
Figure 7.7 Dummy-Wing con guration lab testphpto . . . . . ... .. .. 99
Figure[7.8 Dummy-Wing con guration lab test result for the given roll |

I commant . . ... .. 99
Figure[7.9 Dummy-Wing con guration lab test result for the given theta |

I commant . . ... .. 99

Figure[7.10 Dummy-Wing con guration lab test result for the given yaw |

I commant . . ... .. 100
Figure 7.1 Dummy-Wing con guration Tab test - throttle input comnjand . . 100
Figure 7.12  Dummy-Wing con guration lab test - throttle responses of motors 100
Figurgf7.13  Tricopter ighttestphoto . . . ... ... ... ... ...... 102
Figure[7.14 Tricopter ighttestresult for the givenrollcommand . . . . . . 102
Figure 7.15 Tricopter ight test result for the given theta command . . . . . . 102
Figure[7.16  Tricopter ight test result for the given yaw commland . . . . . . 103
Figure7.17  Tricopter ighttest - throttle inputcommand . . . . . .. .. .. 103
Figure[7.18  Tricopter ight test - throttle responses of mgtors . . . . . . .. 103
Figurgf7.19  VTOL tricopter mode attitude control ighttestpHoto . . . . . . 104

XXili



Figure[7.20  VTOL tricopter mode attitude control ight test result for the |

| givenrollcommand . . . . . . . ... ... . ... ... 105

Figure[7.21  VTOL tricopter mode attitude control ight test result for the |

| giventhetacommand . . . ... ... .. ... .. .. ... ... 105

Figure[7.22 VTOL tricopter mode attitude control ight test result for the |

| givenyawcommand . . . .. .. ... 105

Figure[7.23~ VTOL fricopter mode aftitude control ight test - throfile inpuf |

I commant . . . .. .. s 106

Figure[7.24  VTOL tricopter mode attitude control ight test - throttle re- |

| sponsesofmotors . . . . . . ... 106

Figure[A.1  Torque[N.m] vs. RPM relation with Axi 2826/10 motor and |
| Xoar 11x4 propeller . . . . . . . . .o o 113

FigurefA.2 Thrusi[N] vs. RPM relation with Axi 2826/10 motor and Xoar |
| 1Ix4propeller . . . . .. . . 114

Figure[A.3 RPM vs. Throttle[%] relation with Scorpion 3020-780kv and |

| APC 11x5.5 propeller combinatipn . . . . . .. ... ... ....... 115
Figure A.4 Dynamic model of tricopter . . . . . . ... ... .. ...... 125
Figuref A5 System model of ground speed hold and attitude contfollers . . . 126

Figurg A.6  Simulation results of LQT and LQR-I controllers for roll comnjand127

FigurdfA.7 Simulation results of LQT and LQR-I controllers for pitch com- |

Figure[A.8  Simulation results of LQT and LQR-I controllers for yaw com- |

Figure[A.9  LQT-Tricopter ground velocity responses for given reference |




Figurd A.10 LQT-Tricopter ground position changes for given reference com-|

-V To 3 130
Figuref/A.11 Simulation results of LQT ground speed hold and attitude con-|

[ trollers for given speed commands . . . . . .. ... .. ... ..... 131
Figure/ A.12 Tricopter (Axi-Xoar con guration) ighttestphoto . .. .. .. 132
FigurgfA.13 Tricopter ight test result for givenrollcommand . . . . . . .. 133
FigurgfA.14 Tricopter ight test result for given pitch command . . . . . .. 133
Figure/A.15 Tricopter ight test result for given yaw command . . . . . . . . 133
FigurefA.16 Tricopter ight test - throttle input command . . . . . . . .. .. 134
FiguregfA.17 Tricopter ight test - throtile responses of motors . . . . . . .. 134
Figure/A.18 Tricopter ight test result for givenrollcommand . . . . . . .. 135
FigurgfA.19 Tricopter ight test result for given pitch command . . . . . .. 135
Figuref/A.20 Tricopter ight test result for given yaw command . . . . . . . . 135
FiguregfA.21 Tricopter ight test - throttle input command . . . . . . . .. .. 136
FigurefA.22 Tricopter ight test - throttle responses of motors . . . . . . .. 136
Figure B.23  Dummy-wing con gurationfayout . . . . .. ... ... . ... 139

XXV



SYMBOLS
b

A,B

C,D

C

C..Cv,.Go
Cx.Cv,Cz
Ci,Cm, Cn
ail » elevy rud,

thi

LIST OF SYMBOLS

Angle of attack, angle of side slip

Wing span

System Matrix, Input Matrix

Output Matrix, Feed-through Matrix

Mean chord length

Lift, side-force, drag coef cients

Body-axis aerodynamic force coef cients
Body-axis aerodynamic moment coef cients
Aileron, elevator, rudder control surface de ections
Throttle input fori™ motor

Thrust force generated b motor on body- xed frame
Thrust force generated b§f motor

Body- xed frame

Earth- xed frame

Gravitational acceleration

Aft tilt servo angle

Presents which motor is referred
i=1: Front-left motor

I=2: Front-right motor

i=3: Aft motor

Rotational speed generated itfy motor
Constant relates; to F;

Constant relates; to Q;

XXVi



I—EB

Les

cmds>  cmd»
I, ly, 12
p.qr
p.a.r

Qi

ri

rXa ry’ I’Z

XB,YB,ZB

Xe, YE, ZE

cmd

Transformation matrix from earth- xed frame to body- xed

frame

Transformation matrix from body- xed frame to earth- xed

frame

Transformation matrix from body-axis to wind-axis
Mass of tricopter

Mass of VTOL

Moment vector generated by motor in body- xed frame
Induced moment vector generated by motor
Control commands in euler angles (roll, pitch, yaw)
Navigation euler angles (roll, pitch, yaw)

Body inertia in x, y and z axes

Body angular velocities

Body angular acceleration components

Reactive torque generated By motor

Distance vector of"” motor from CG

Distances betweei motor between and CG

Front tilt servo angle

Wing area

Transformation matrix from control commands to moments

and force inputs.

Velocity vector in earth xed frame
Desired velocity vector in earth xed frame
Wind velocity

Air speed of the platform

Angular velocity

Positions in body-axis frame

Positions in earth-axis frame

XXVii



XXVili



CHAPTER 1

INTRODUCTION

1.1 Motivation and Objectives

The scope of this thesis is to develop a vertical take-off and landing (VTOL) air vehi-
cle and design an attitude controller. It is aimed to implement ight tests to observe
the performance of the platform. VTOL system can take-off and land vertically by
thrust vectoring of motors and it tilts front motors to enable wing and control surfaces
to create lift and sustain control on platform to hold desired forward ight regime.
The platform can be used as a test-bed by providing con guration choices for both
tricopter and winged assembly. Therefore, developments for platform approaches
conducted rstly on tricopter and then for the winged VTOL con guration. Beside
tricopter mode attitude controller and plane mode forward ight controller design,

transition control methodology also requires detailed analysis [28].

In this chapter, brief information about UAVs and UAV types are given. Thus detailed
information about VTOL concepts and recent development approaches are presented.
Comparison between rotary and xed wing UAVs and VTOL concepts are discussed
and advantages of VTOL systems are highlighted.

1.2 UAV Literature Survey

UAV is a ying vehicle without a pilot, which can be remotely controlled from a
ground control station. It gives the ability of semi or full autonomous capabilities
[12]. 1t is equipped with electronic sensors and control devices. UAV provides exi-

bility in mobility and response time, and eliminates safety concerns. Its contribution
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emerges as lower mission costs and enables acquisition of information in a shorter
time frame [[32]. UAVs are being used for surveying, delivering goods to customers,
conducting inspection at hard-to-reach places, traf c monitoring, disaster monitoring

and mitigation, as well as for search and rescue operations.

UAV systems are mostly used for military purposes and have tended to be driven by
military applications, which is also true for many technology areas such that civilian
practices tends to follow the development and testing had been carried out in mil-
itary [25]. Their advantages come in sight depending on the vitality of task. For
instance, long hours of surveillance can be tiring for the aircrew, which can lead to
loss of effectiveness of given task. Monitoring chemical and nuclear pollution, and
crop-spaying with chemicals without putting aircrew into risk is another advantage
of UAVs. They are also advantageous in military usages as they are more dif cult
to detect due to their smaller size and stealth capabilities. During mission, valuable
avionics and payloads may be damaged, but beside these pilots do not need to think
about the consequences of their choices which leads to stress. Thus, they can focus

only on the task in hand [4].

1.2.1 UAV Types

Differentiation in UAV types emerged due to mission requirements of a desired task.
Therefore, it is more useful to categorize UAVs according to their mission types.
Considering this UAVs can be classi ed as xed-wing horizontal takeoff landing
(HTOL), Rotory-wing VTOL and hybrid con gurations (tilt-wing, tilt-rotor, tilt-body

and ducted fun) and unconventional.

HTOL UAVs are categorized into four subtypes such as tailplane-aft, tailplane for-
ward, tail-aft on booms, and tailless or ying wing UAVS. Lift is generated by wing
and as the name suggest these UAVs mainly require a runway to take-off and land.
They are advantageous on long range and endurance capabilities. Due to their design
characteristics, they have simpler mechanism and consume less energy than rotory-

wings UAVS.
Rotary-wing VTOL con gurations can be seen in many different provisions. Single
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main rotor with tail rotor helicopter is the well known type of it. Other con gurations
are mainly driven by counter-action rotor torque. Beside helicopters, rotary-wing
con gurations can be categorized as co-axial rotor, tandem rotor and multi rotor con-
gurations (tricopter, quadcopter, hexacopter, etc.). These type of UAVs do not re-
quire runways. Thus they can hang in the air for desired altitude, which is important
for monitoring and surveillance. They are not as fast as xed wing con gurations,

and can not stay in the air for a long time.

Those winged UAVs enjoy longer ight time and endurance and they have a capability
to carry heavier payload. On the other hand, helicopters are good for hovering over a
location for a long time, and takeoff and land vertically. Similarly, multi-copters can
also take-off and land vertically, with lower ight ef ciency than helicopter. However,
they are simpler to construct. Vertical take-off and landing xed winged UAVS such
as tilt-rotor, tilt-duct, tilt-wing con gurations offer advantages of helicopters in terms

of operational exibility and winged aircraft in terms of reaching longer ranges, and

capacity to carry heavier paylodd [27]] [3].

Recent studies mainly focus on combining best parts of rotary-wing and xed-wing
con gurations. Hybird VTOL con gurations are categorized into tilt-rotor, tilt-wing,
tilt-body, and ducted fan UAVs [14, 4]. Tilt rotor VTOLs work in vertical position

for take-off and landing; but in forward ight main rotors tilt 90 degrees, till they
are positioned horizontally. Moreover, in tilt-wing con guration logic is the same
with tilt-rotor con gurations, but they tilt the wing instead of motors. It is stated
that tilt-rotors are ef cient in hover ight whereas tilt-wing con gurations are more
successful in forward ight[[14]. Tilt-body UAV is a combination of previous two
con gurations. This type can change incidence angle through rotating around shaft.
Ducted fan UAVs has enclosed thrust regions which are composed of most likely
contra-rotating mounts to eliminate reactive torque effect on the body. Approaches

and examples of some hybrid VTOL platforms can be seen in Figure (1.1)



(a) Cypher I1[6] (b) Scorpion Model 100131]

(c) NASA GL-10 Greased Lightnin@[1] (d) The Lilium Jet ve-seat VTOL aircraft
(18]

(e) AeroVironment SkyTote [13] (f) Bell Eagle Eyel[7]

Figure 1.1: Hybrid VTOL UAV examples

1.3 Thesis Content

In this thesis, modelling and transition ight control of a tilt-rotor UAV is addressed.
It consists of a tricopter con guration with xed ying wing. A mathematical model
and a non-linear simulation code for all three phases of ight are developed. Trim-
ming and linearization are carried out for hover and forward ight conditions. Transi-
tion is controlled by tilting front motors to the horizontal position and activating aero-
dynamic control surfaces to achieve a stable forward ight. Following chapters de-

scribe the platform operation. In Chapter 2, dynamic model of the motor and platform
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is described and propulsion, aerodynamic and ight mechanics model are presented.
In Chapter 3, trimming and linearization methodologies are presented. In Chapter 4,
the ight controller, control allocation strategies for both tricopter and VTOL con g-
urations are presented. Flight management system state- ow charts are presented. In
Chapter 5, simulations results for tricopter mode attitude control ight, transition and
plane mode forward ight are given. In Chapter 6, system avionic components and
software development environment are explained. Developed and modi ed software
components are highlighted. In Chapter 7, lab and ight test results are presented
which validate simulation tests and describes how system is emerged. Finally, the

conclusion and future work are explained for system evaluation.






CHAPTER 2

DYNAMIC MODEL

2.1 Introduction

Tilt rotor tricopter-VTOL consists of two main parts, tricopter and wing. Tricopter
have three motors, such that front motors are positioned on the same shaft and they
are tilted by front tilt servo. Aft motor is tilted by aft servo motor. Wing have two
elevons and two rudders. In this chapter, dynamic model of a tilt rotor tricopter
VTOL platform is described. Simulation model includes platform aerodynamics,
front and aft propeller dynamics, and gravity model. These models are developed
in Matlab-Simulink environment with use of built-in 6-Degree of Freedom (DoF)
equation model. Simulation model also includes control equation blocks, pilot input
signal generation blocks, logger blocks to observe and understand system responses.
Aerodynamic sub-system model includes wing static coef cients. Propulsion sub-
system model includes lookup tables which are obtained from experimental test data.
Since front and aft motors and propellers are same, same lookup tables are used for
each of them. Propulsion model is used to get RPM, thrust and torque outputs for

given tilt position and instant velocity for desired collective inputs for each motor.

2.2 Propulsion System Model

Propulsion system characteristics should be de ned in order to nd thrust and moment
relations of tricopter. In tricopter frame, all three motor-propeller combinations are
the same, so that set-up constructed according to one motor. Tests are performed

in the wind tunnel of METU Aerospace Engineering Department as it is shown in
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Figure [2.1h). Besides motor and propeller, experimental setup contains electrical
speed controller (ESC), optical revolutions per minute (RPM) sensor, load-cell, power
supply and throttle command control card as shown in Figure|(2.1b).

ESC is used to drive motor according to the pulse width modulation (PWM) signal
generated by Pixhawk microcontroller which is con gured as a command control
card. It monitors throttle input percentage coming from the radio controller. Op-
tical RPM sensor is used to measure the angular speed of rotor for given throttle
input position. Load-cell is used to measure the thrust and moments generated by
rotor in three axes. According to commanded throttle input corresponding, thrust,
torque and RPM values are collected. For motor-propeller combination Scorpion SlI-
3020-780Kv motor and 11x5.5 APC propellers are used. Mathematical model can
be derived for thrust, torque, throttle and rotation speed of motor using experimental

data.



(a) Wind Tunnel (b) Experimental Setup

Figure 2.1: Wind Tunnel test setup

Real platform will be driven by control card which converts controller output to throt-
tle command, in other words PWM. Moreover, experiments are conducted at different
air speed and rotor axis tilt angles based on throttle command values. Desired airspeed

generated by wind tunnel. The torque, thrust and angular speed data are recorded.

Wind tunnel tests are performed based on ve tilt position [,900 , 50, 30, 0],

and for each tilted position ve wind tunnel speeds [0, 5, 10, 15, 20](m/s) are applied.
Thus, for each tunnel speed, varying range of throttle commands are given. Surface
tting data for relevant study is presented in Figure {2.2), Figlire] (2.3), Figuré (2.4),

Figure [2.5) and Figure (2.6).



(a) RPM vs. throttle and wind speed plot

(b) Thrust vs RPM and wind speed plot

(c) Torque vs. RPM and wind speed plot

Figure 2.2: Experimental results for 90 [deg] propeller axis
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(a) RPM vs. throttle and wind speed plot

(b) Thrust vs RPM and wind speed plot

(c) Torque vs. RPM and wind speed plot

Figure 2.3: Experimental results for 70 [deg] propeller axis
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(a) RPM vs. throttle and wind speed plot

(b) Thrust vs RPM and wind speed plot

(c) Torque vs. RPM and wind speed plot

Figure 2.4: Experimental results for 50 [deg] propeller axis
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(a) RPM vs. throttle and wind speed plot

(b) Thrust vs RPM and wind speed plot

(c) Torque vs. RPM and wind speed plot

Figure 2.5: Experimental results for 30 [deg] propeller axis
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(a) RPM vs. throttle and wind speed plot

(b) Thrust vs RPM and wind speed plot

(c) Torque vs. RPM and wind speed plot

Figure 2.6: Experimental results for O [deg] propeller axis
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Data obtained from the tests is used to create look-up table in simulation block as
given in Figure|[(2.]7) below:

(a) Throttle to RPM conversion block (b) Throttle to RPM lookup table

Figure 2.7: Throttle to RPM conversion block

As itis suggested in [17], blade element theory can not predict accurately the changes
in rotor loads generated due to free stream velocity; multi-variable polynomial func-
tions are used to t the test data. The curve tting is used to generate second order
functions. Additional to the reference, rotational speed variation due to given throttle
input is also obtained for simulation environment. Therefore, surface t functions at

given tilt angle con guration for force and moment can be de ned as follows:

FP(Vwi )= ao( )+ an( )Vw+a( )+ ag( )Vy+ as( )V + as( ) 2
(2.1)

MP(Va; )= o+ b1V, + by + BV2Z+ bV, + by 2 (2.2)

(Vs 1) = Go( )+ cai( W+ ) tn+ Ca( IViZ+ Ca( Vv th + Cs5( ) 1n®
2.3)

Motor characterization will be de ned for given surface t function that meets the
closest to experimental data combinations. For thrust and torque models, second or-

der multivariable polynomial is selected, where function parameters are de ned as
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angular speed [RPM], and wind tunnel velocity [m/sM,,. Second order polyno-

mial ts better to the experimental data. Throttle command and angular velocity of
motor relation are also required in order to understand controller output of autopilot
system on plant. Function variables were chosen as angular speed and wind tunnel
speed since motor-propeller generated forces and moments are direct results of angu-
lar speed, and wind speed which can be implemented in 6 DoF model of tricopter and
hybrid VTOL platforms. Coef cients that are used in Functipn [2.1), Funcfion (2.2)
and Function[(2]3) are given in Appendix E.

Fitness quality are de ned by the r-squared values of function outputs which are de-
ned in Equation (2.1), Equatior] (2.2) and Equati¢n {2.3). Results can be seen in
table as follows:

Thrust vs RPM, V| Torque vs RPM, V| RPM vs Throttle, V
90 [deq] tilt 0,9948 0,9963 0,9884
70 [deq] tilt 0,9963 0,9969 0,9906
50 [deqg] tilt 0,9984 0,9986 0,9931
30 [deg] tilt 0,9971 0,9985 0,9947
0 [deg] tilt 0,9985 0,9987 0,9949

Table 2.1: Fitness quality of surface data

Besides surface model, simpli ed relation is required for the controller part. Consid-
ering xed pitch rigid propellers angular velocity and thrust relation, at hover ight,
relation can be taken, using the linear least squares curve ts as shown in fFigure (2.8),

and can be expressed as below [8, 16]:
Fi = ki (%N] (2.4)
Relation between angular velocity and torque relation can be given as follows:
Q=1 (2.5)

Where ; is the angular velocity of thg, motor. Thrust and torque are represented
asF; andQ; respectively. Squared input of angular speed motor is related to force by

thrust coef cientk [N=rpm?] and to torque by drag coef ciet{N:m=rpm?]
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(a) Surface t for rpm data

Figure 2.8: 0 [deq] tilted motor test data and curve t function of Scorpion SlI-3020-

(b) Experimental vs. Derived throttle function

780Kv motor and 11x5.5 APC combination

Table 2.2: Thrust vs Angular speed of motor relation at vertical positiof fb] =

k: i2
Vertical Position - O tilt
Wind Speed [m/s] O 5 10 15 20
k [N=rpm?2] -3.24e-09| -3.44e-09| -3.60e-09| -3.82e-09| -4.13e-09
r-squared 0.9962 0.9970 0.9989 0.9961 0.9936

Table 2.3: Torque vs Angular speed of motor relation at vertical positioR ] =

I: i2

Vertical Position - 0 tilt
Wind Speed [m/s] O 5 10 15 20
| [N:m=rpm2] 1.817e-07| 1.826e-07| 1.905e-07| 2.061e-07| 2.278e-07
r-squared 0.9719 0.9821 0.9897 0.9971 0.9969

The same approach is used for forward ight, as wind speed increased over propeller,
it is observed that relations between angular velocity and thrust/torque can be taken

as linear. Figurg (2]9) shows the functional dependency over test data as follows:
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(a) Surface t for rpm data (b) Experimental vs. Derived throttle function

Figure 2.9: 90 [deq] tilted motor test data and curve tfunction of Scorpion SlI-3020-
780Kv motor and 11x5.5 APC combination

Considering linear curve tresults in Table (2.4) and Table|(2.5), linear least squares
curve ts as it is shown in Figuré (2.9). Thus, it can be de ned for force/torque and

angular speed of the motor as given below:

F = kl: + ko (26)

Q=1li:+ g (2.7)

Table 2.4: Linear curve t parameter values for motor-prop thrust ati®(oosition

Horizontal Position - 90 tilt
Wind Speed [m/s] K1 ko r-squared
10 0.0029684| -13.826 | 0.9870
15 0.0034373| -20.3181| 0.9940
20 0.0039157| -27.5488| 0.9899
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Table 2.5: Linear curve t parameter values for motor-prop torque ati@@osition

Horizontal Position - 90 tilt
Wind Speed [m/s] 1 lo r-squared
10 -6.1412e-05 0.27608| 0.9919
15 -7.5508e-05 0.41198| 0.9984
20 -9.2266e-05 0.59372| 0.9979

Throttle is de ned as a second degree multivariable polynomial with RPM and wind
velocity inputs. As the curve tdataindicates ,which is given in Fig{ire (2.10), throttle

- RPM relations show similar behaviours, such that wind speed may be negligible, and
this relation can be used for RPM to throttle conversions in autopilot algorithms. In
other words, angular velocity output of controller for each motor can be converted into
PWM signal which is used to drive motors through ESC. Conversion is established

by scaling throttle percentage into corresponding PWM range.

(a) Experimental vs. Derived function fofded] tilt ~ (b) Experimental vs. Derived function f@0[deq] tilt

Figure 2.10: Throttle vs rpm curve t function Scorpion SlI-3020-780Kv motor and
11x5.5 APC combination at hover

In Figure [2.1D), it is shown that derived function in second degree polynomial over

varying airspeed acting on propeller ts.
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th = Cio 2+ Co1 + Coo (2.8)

Fit quality of the Equatiorf (2]8) with parameter constants are presented in [Table (2.6)
and Table[(2]7).

Table 2.6: Second degree polynomial model for rpm to throttle command - Scorpion
SI1-3020-780Kv motor and 11x5.5 APC combination at O[deq] tilt position

90 tilt position
Wind Speed Cio Co1 Coo r-squared

[m/s]

0 6.5881e-07| 0.0044649 0.0044649 0.9945
5 6.4613e-07| 0.0046649 0.0046649 0.9946
10 6.4759e-07| 0.0044468 0.0044468 0.9944
15 5.9369e-07| 0.0050027| 0.0050027| 0.9950
20 5.4105e-07| 0.0057464| 0.0057464, 0.9949

Table 2.7: Second degree polynomial model for rpm to throttle command - Scorpion
S11-3020-780Kv motor and 11x5.5 APC combination at 90[deq] tilt position

0 tilt position
Wind Speed
Cio Co1 Coo r-squared
[m/s]
10 -1.187e-07| 0.016417| 0.016417, 0.9932
15 -1.185e-07| 0.035533| 0.035533| 0.9895
20 -2.107e-07| 0.054492| 0.054492, 0.9868

2.3 Reference Frames and Transformations

Before writing equations to de ne dynamics, reference frames must be speci ed to
nd relative forces, velocities and moments. The equations of motion should be spec-
i ed such that speci c observer can be formulated to transform one frame to another.

In the thesis, body xed framd;g and earth xed framé-¢ will be used.
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2.3.1 Wind Frame from Body-Fixed Frame

Aerodynamic forces generated by wing contribute to all three axes of body xed
frame. Contribution of lift, drag and side forces to body xed frame related by
angle of attack and, angle of side-slip. Transformation matrix can be de ned as
follows [20]:

2 32 3
cog ) sin() O cof ) O sin( )
Lwe =§ sin( ) coq ) OZ: 0 1 0 (2.9)
0 0 1 sin( ) 0 coy )

2.3.1.1 Derivation of Velocity Angles

Angles between body- xed coordinate system and its relative velocities are angle of

attack , and angle of side-slip can be derived from following equations [15]:

= arctan(wg =Ug) (2.10)

p
V]_ = VBZ+ UBZ+ WB2 (211)
= arcsin(vg =\, ) (2.12)

Relative velocity equations for tricopter mode attitude control introduces problems
due to small changes in relative velocity vector angles. Workaround solution is intro-
duced in the model environment such that angle of attack and angle of side-slip are

assumed to b@ whenV; is below5[m/s].

2.4 Forces and Moments

In the following sections, force and moment derivations are explained. Dynamic mod-
els for the effective forces and moments are de ned. Moreover, force and moment

equations is expressed in body xed frarkg|).
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2.4.1 Aerodynamic Forces

Wing is modelled for transition and forward ight phases, and ying wing concept is
chosen since it is a simpler con guration to adapt to the system. Moreover, it does
not require additional frame. The airfoil section is chosen as MH60 pro le for the
wing and the airfoil cross section on the winglets is chosen as NACA008. Aerody-
namic model is designed in XFLR5 which uses 3D panel methiod [5]. Panel method
analysis is applied on wing surfaces to obtain aerodynamic coef cients. Control de-
ection limits are used for analysis constraints.Analyses are applied separately for
each control control surfaces with varying angle of attack angles.

Figure 2.11: Tricopter - Tilt Rotor VTOL con guration

Figure 2.12: 3D Panel method solution for ying wing model

Nondimensional aerodynamic force and moment coef cients in the body xed frame
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according to point on which aerodynamic loads act may be expressed as following
[30]:

CL=C,+C. +C elev (2.13)

elev

whereC, is lift coef cient and C,_ is lift coef cient with zero angle of attack. Vari-
ation of lift coef cient with respect to angle of attack is given@s and variation of

lift coef cient with respect to ¢ey, €levator de ection angle is given &

elev

Cy=Cy +Cy rud (2.14)

rud

whereCy is variation of side force coef cient with respect tq side slip angle and

Cy s variation of side force with respect tqq, rudder de ection angle.
rud

_ 2
Cob=Cp,+Cp +Cp, “+Cp +Cp ai|+CDdrud+CD elev

ail ru elev

whereCp, is drag force coef cient for zero angle of attadky, andCp , are varia-
tions of drag force coef cient with respect to angle of attaCl. is variation of drag
coef cient with respect to side slip angl€p o Co » andCp .., are variations of
drag coef cients with respect control surface de ections, which are aileron, elevator

and drag respectively.

CG=C_ a*+*C , atCyp (2.16)

il
whereC, . andC, L, are variations of rolling moment coef cients with respect to

control surface de ections, aileron and rudder respectively.

Cn=0Cn + Cn elev (2-17)

elev

whereC,, is variation of pitch moment coef cient with respect to angle of attack
andCy, __ is variation of pitth moment coef cient with respect to elevator de ection

angle
C.=C, +GC, g fud +C,r (2.18)

whereC, is variation of yaw moment coef cient with respect to side slip angle and

Cn ., is variation of yaw moment coef cient with respect to rudder de ection
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Figure 2.13: Aerodynamic forces and moments model

Forces and moments generated by the wing are given in wind coordinate system. In
order to present them in body xed franigs' transformation matrix, which is de ned
in Equation[(2.), is used [10]:

2 3

2 3 Co
coy )coy ) cog )sin( ) sin( )

F& = sin( ) cog ) 0 Z:—vfs Cy (2.19)
sin( )cog ) sin( )sin( ) coy ) c,

NI~

(2.20)

Cz

WhereS stands for wing area and local density of atmosphere ahg , airspeed of

platform measured by pitot tube. Moments generated by wing using Equatioh (2.16),
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Equation|(2.1]7) and Equation (2]18) yields as follows:

2, 3
5 VESbG

2
MA = 85 Vi SCCm (2.21)

V 2SbG,

NI~ NI

Whereb presents wing span amgpresents mean aerodynamic chord.

2.4.2 Gravitational Force

Force acts on tricopter due to gravity is expressed in earth xed frame since it is
obvious thatmg[kg:m=¢] is directed alonge axis onFg frame. For the thesis,
gravity acceleration is taken as constant with parameter valged¥:81jm=s?] and

gravitational force in earth xed frame may be expressed as follows:
2 3

0
F&™ = m: §OZ (2.22)
g

Using transformation matrikgg , relative force can be expressed in body xed frame,
Fg as follows [11]:

2 3
0
FS = LBE:E Oé
R (2.23)
mgsin( )
gmg:cos{ ):sin( )é
mg:cog ):coy )

2.5 Propeller Forces on Body Center of Mass

Forces acting on body afe, F, andF3, which are respectively the front left, front

right and aft motor. is the front tilt angle of front motors and its direction is in pitch
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axis. When is zero, it means that front motors are perpendicular to x-axis of body
xed frame. s tilt angle of aft motor, of which direction in roll axis. Whenis
zero, aft motor is in vertical position. Forces acting by each motor on body axes may

be given as below [8]:

2 () 3
Fi:sin
FP = 0 é
Fi.co )
3
Foisin( )
Fy = 0 (2.24)
F,.coq )
2 3
0
Fi = § Fasin( ) é
Fs:coq )

Forces generated by the propellers in the body xed fr&fieusing Equatio4),

yields as follows:

3
(F1+ F2):sin( )

Fg = Fa:sin( ) é (2.25)
(F1+ Fy):co ) Fzcoq )

2.6 Propeller Moments on Body Center of Mass

Using Equation[(2.24), expression of moment generated by motors is given as follows

[8]:

X3 x3
Mg = I'iXFiP + i (226)
i=1 i=1
Where,r; is the position vector ofy, motor in the body xed frame and; is the
induced moment generated hy motor. Moment arm ofy, motor is composed of
distances in x, y and z directions according to Center of Gravity (CG) of the platform.

Position vector of each motor is given in Appendix E. Position vegtoan be de ned
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as below:

2 3
i = gry’;ié (2.21)

By using the Equation (2.26) and Equatipn (2.27), propeller forces acting on the body
are expressed as torque, according to axis of rotation, and relative torque equations

are calculated as given below:

2 3
M
g'\/‘ypé = [raxF{ ]+ [roaxF7 ]+ [rexF3]
M7
’ 3

Ficog )ry.a Focoq )ryo Fscog )rys Fssin( )rzs
= §Flsin( )1+ Ficog )ry.q+ Fasin( )rpo + Foco )ry.o + Fzcog )rys
Fisin( )ry.a Fasin( )ry.o + Fssin( )rys
(2.28)

Rotating machines always create equal/opposite reactive torques on stationary parts

reactive torques generated by motors. Such reaction moments may be written as

below:
2 ( )3
Q1:sin
=§ o &
Qi:coy )
2 3
Qz:sin( )
2 = 0 é (2.29)
Qz:coy )
3
0
3=§ Qs:sin( )Z
Qz:coy )

Induced moments generated by propeller in body fraje M * andM } according
to Equation|[(2.2}4) yields as follows:
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(Qz  Qu):sin( )

K7 e
g'\/'yRZ = = g Qaisin( ) Z (2.30)
M7 - (Q1 Q):coq )+ Qs:coy )

In Equation [(2.3D), moments generated by reactive torque of each motor is de ned.
MR is the differential induced moment between left and right motor inkghelirec-
tion. Thus,MyR is induced moment of aft motor in thg direction, wherea# R is

the differential induced moment between all three motors ireghdirection.

2.7 Dynamic Model

Newton's second law for translational motion in body frame is presented for all ex-

ternal forces acting on the body frame can be expressed as follows:

dVe

F&= mi(=—= + ! gXVg) (2.31)
dt
Where! g is angular velocity of the platform, relative to the body frame, is presented
as follows:
h it
!B = pqr (232)

Furthermore, when it is expressed in coordinates, body velocities and their relative

rate of change parameters can be written as follows:

h i
Vg = Ug Vg Wp (233)
2
liB
dVg
Wp

Angular velocity, de ned according to body xed frame, represents the particles'

velocities. This means that time derivative of euler angles do not directly refer to
angular velocity. In order to sustain it, proper coordinate frame conversions must
be derived. Recall from the notational convention that yaw, pitch and roll represent

sequential rotations about inertial frame. Thus, z, y and x axes euler angles are used
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to describe the rotation of platform. The relation between euler angles and angular

velocity vector can be described as follows|[11]:
2 3 2 323
sin( )

0
g Z 50 cog ) sin( ):cog )Z Eé (2.35)

r 0O sin( ) coq ):coy ) —

Inverting the Equatlo 5), euler rates are represented as follows:
32 3
1 sin( ):itan( ) cog ):tan( )

§3-80 o) w0 LB e

_ 0 sin( ):ised ) coy ):seqd ) r
External forces include, gravitation, propulsive and aerodynamic forces. Fjus,

can be expressed also as follows:
F = Fg + Fg + F4 (2.37)

By substituting Equatiorj (2.23), Equatidn (2.25) and Equafion [2.20) into Equation
[@.37) ,F* yields as follows:

2}V 2SC >
2 3 2 N 3 g2 7
Fe = mg:cncjzs)lt]s(in)( )Z + g (Fllirg::l.(sw)]( ) Z * E; ViSG
mg:cog ):coq ) (F1+ Fy):icoq ) Fz:coq ) %VfSCz

(2.38)

2.7.1 Rotational Motion

Moment generated by rotational motion of platform can be expressed in body xed

frame as below:

Mgt = Bt oxg (2.39)

WhereHg is angular momentum calculated as a dot produdt,ashoment of plat-

form's inertia and g, angular velocity in body xed frame.
2

323

Iy 0 O p
Ho=§0 1, of:§cd (2.40)

O 0 I, r
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Derivative ofHpg is derived using time derivative of angular velodity andl . Using
the property gx! g = 0, applying this information and Equatidn (2]40) into Equation

(2.39), total moment can be expressed as follows[11]:
323 2 3 02 3 1

2 3
Iy 0 O P 0 p
re=8o 1, og;%g ggo s o e
0O 0 I, r l, r
Total moments acting on body xed frame are generated by forces acting on axis
rotation and reactive torques. Since gravity acts on CG, no moments are produced
by the gravitational forces. Total moments can be expressed of summathfi of
body moments generated by propeller fordds? reactive torques due resistance to
rotation of rotors an1 * moments generated by wing, which are de ned in Equation
(2.30), Equation (2.28) and Equati¢n (3.21) respectively. External moments apply on

body xed frame can be represented as follows:

2 3
+ MR+ M2

gmé §MP+MR+M Z (2.42)
MP+ MR+ M2
Using Equation@l) and Equati 2.42%, can be reexpressed as following:

Iz)qu

gé §(| IX)pr|é EMT—Ié (2.43)

(Ix 1y):p:g=k Nt=Il,

Inertia parameters for tricopter and winged VTOL con gurations are given in Ap-

pendix E.

2.7.2 Forces and Moments in Hover Flight

Control allocation of the system is designed based on simpli ed model for rotational
and translational dynamics obtained. Recalling relations between angular velocity of
motor and thrust stated in Equatidn (2.4), and angular velocity of motor and torque

stated in Equatiorj (2/5), external force and moment can be expressed.

Substituting Equatior (2.4) and Equati¢n (2.5) into total external force equation de-

ned in Equation [(2.3B), forces acting on body xed frame can be reexpressed as
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follows:

S omesn() . o k(2 Dsn() L
Fo* = Bmgicog Yisin( )2+ § k: sin( ) L
IOt ) Kt et ) ke ot
2 VISt (2.44)
. %vfch
%vfscz

Substituting Equation (2.4) and Equatign {2.5) into Equatjon {2.28) and Equation
(2.30) respectively to reexpress total momémt, as following:

2 3
12005( My 22005( y:2 32(Coi )y;3+ sin( )rys)

kg 12(sin( )rza+ cog Irga) + 22(sin( )rzz+ cog Iryz)+  s°coq s
2sin( )rya 2%sin( Yrya+  g®sin( )rys

(2.45)

3
I( 22 4®)sin( )

MR = g | s%sin( ) Z (2.46)
IS 2%):cog )+ | s%coq )

When the tricopter/VTOL con guration is in hover position, front motors should be
positioned vertically, such thatis zero. At hover position, it is assumed that wing
does not generate forces, due to the reason that the aerodynamic forces are assumed

to be zero. Forces acting on the body xed frame are given in Equdtion](2.44) in
hover ight can be expressed as below:

i n() o . °
mgsin
Fone = gmg:coq ):sin( )?, + § k sZsin( ) é (2.47)
mg:cog ):coy ) k( 2+ %) k s%coq )

Moments acting on the body, generated by propellers are given in Equation (2.45)
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and Equation[(2.46) becomes as following:

2 3
k 2%ryn k 2°rye k g?(cog )rys+ sin( )rzz)

Mt?over = k: 12rx;l+ k lzrx;2+ k SZCOi )rx;S (2-48)

k 3°sin( )rys

3
0

M fover = § | s%sin( ) Z (2.49)

I 4° %)+ 1 s%coq )
2.7.3 Forces and Moments in Forward Flight

When the VTOL con guration is at forward ight, front motors are positioned hori-
zontally, such that is 90 [deg]. Aft motor will not generate force, also it is positioned
vertically. Lift is sustained in this mode by wing, which is de nedﬁgft. Moreover,
attitude control is sustained by wing generated moments which is obtained by control
surfaces. More information aboEg andM g will be given in Chapter 3. Recall-

ing relation between angular velocity of motor and thrust, which is stated in Equation
(2.6), and relation between angular velocity of motor and torque, which is stated in

Equation|[(2.J7), external force and moment can be expressed.

Substituting Equationf (2.6) and Equatign {2.7) into Equatjon {2.38), total external
force equation can be de ned as following:

21 3
5 3 EVfSCX
sin( ) 1
. ~VZSC
Fer = oo ysin( )+ B2 VSO
cog ):coy ) 1
A 1 Z .
5> ViSC (2.50)

2(ky 1.2+ ko)sin( )
+ (k1 3+ ko)sin( ) é
2(k1 1:2 + ko)COd ) (kl 3+ ko)Coq )

Substituting Equatiorj (2.6) into Equatidn (2.28) to reexpress moments generated by
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propellersM [ can be de ned as following:

2 3
(kl 1;2+ kO)COi )(ry;1+ ry;2) (kl 3t kO)(Sin( )rz;s + COS( )ry;3)

g(kl 12+ Ko)(cog )(rx1+ rx2)+ sin( )(rza+ rz2)) + (ki 3+ ko)cog )rx;sé
(k1 12+ ko)sin( )(ry;1 + ry:2) + (ki s+ ko)sin( )rys

(2.51)

It should be noted that in forward ight, front motors will rotate at same RPM. More-
over, reactive torques generated by front motors will omit each other. Also it is as-
sumed that aft motor will not generate thrust and wind-mill effect is neglected. Con-
sidering these assumptions, reactive torque in forward ight can be reexpressed by

substituting Equatior} (2.7) into Equatidn (2.30) as following:

23
0

MR = §o§ (2.52)
0

According to forces acting on the body xed frame, given in Equation (2.50), forward

ight external forces can be expressed as following:

2 1 3
ZV2SC
2 3 2 3 g2
Sln( ) 2(k1 1:2 + ko) 1
ext — P - VlZSCY
Fg, = mg3cog ):sin( )& + 0 +82 (2.53)
cogq ):.co 0
g ):coy ) %stcz

Moments acting on the body that are generated by propellers and wing in forward

ight are expressed in Equation (2J51), Equatipn (2.52) and Equdtion|(2.21) respec-
tively. Considering Equatiof (2.42), moments can be expressed as following:

2 3
2 3 °G
° 1
M+ M+ MA = § (st ko) 122) &+ SVEsEET (254
(k1 12+ Ko)(ry;1 + ry;2) bG,
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CHAPTER 3

TRIMMING AND LINEARIZATION

3.1 Introduction

Trimming approach which is applied for hover and forward ight is chosefias-

con, the function of Optimization Toolbox of MATLAB. This is used to nd minimum
value of bounded parameters of multi-variable function. Initial values of parameters
are passed, upper and lower boundary values of parameters are given to function so
that it tries to minimize function within constrained region with speci ed iteration

trials.

3.2 Trimming Approach for Hover Position

It is desired for hover case that the platform holds in the air steady and straight, so
that ground speed is zero and it is not accelerating in any directions [20]. Considering

these circumstances, it can be assumed that:
0= U=Vo=Wo=Pp=Q=rp=U=V=Wo=pPp=p=r,=0 (3.1)

Simpli ed equations can be obtained by applying conditions given in Equdtioh (3.1)
with perturbations. Before applying perturbed values, unknown trim values in the
equations should be obtained. For the rest of parameter values, equations can be

written using trim conditions, such that Equatipn (2.43) simply becomes as below:

2 3 2 3 2 3
1Z):(0p:ro)=Ix Lto=Ix

Bo
g é g(' 1X):(Po:ro)= |yé gMTo—UZ (3.2)

o (Ix  1y):(po:h)=I; Nto=I,
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Applying assumptions in Equation (3.1) into the Equatjon (2.48) and Equatior) (2.49),
total moment equation becomes as following:

2 3 2 , , , , 3
Lto K 01Ty;1 K 027Ty2 Kk ga“(coq o)ry;a+ sin( o)rza)

gMTOZ = §k3 01°Tx1+ K 01%Tx2+ K 03°CO o)ls | oa”sin( o)
Nto k o3°sin( o)fxa+ I( 01°  02°)+ | o3”:cog o)

=0
(3.3)

Applying assumptionsy = v = w = 0 in Equation [(3.]l) and substituting Equation
(3.3)into Equation[(2.31), the equation becomes as following:

2 3 2 3 2 3 2 3
Up 0 0 0
m:g\ioé = EOZ = LEBZ§ k o3”:sin( o) Z-" § 0 Z
Wo 0 k 01° Kk 02° Kk o3°icoq o) mg
(3.4)

Right sight of the Equation (3.3) and Equatipn [3.4) are used to construct fuiiiction
such that, minimum of the function subject to constraints for given limits. Function

minimized in a circle with a value,, given as below:
Cmin = F:F° (3.5)
Solving equation for characteristics of Scorpion 3020-780kv motor and APC 11x5.5

propeller combination gives results as following:

Table 3.1: Trim values for hover with Scorpion 3020-780kv motor and APC 11x5.5

combination

o[deg] | ol[deg] | oldeg]| oldeg]| oq1lrPm] | o2[rPM] | o3 [rPM]
0.604 | 2.732e-09| 0.0246 | -1.8127| 7445 7436 7489

3.3 Linearization of Hover Flight Equations

Assumptions given in Equatiop (3.1) are combined with derived trim values as given

in Table [3.1). Moreover, small perturbation is applied to relative parameters, such
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that equations can be linearized around trimmed values. Perturbations are so small
that any product of perturbed variables of two parameters arelzero [11]. In transforma-
tion matrices, trigopnometric functions, cosine and sine can be presented by following

notations:

sin( o+ )+ sin( o)+ cos( o) (3.6)

coy o+ )+ coy o) sin (o)

Considering the given information, Equatign (2.43) and Equafion(2.36) can be ex-

pressed as following:

2 3 2 32 3
_ 1 0 O p
§ L=fo 1 & d @
- 0 o, 1 r
2 3 2 Lo 3
b T=lx
§_q2=§ MF'yZ (3.8)
r Nt=l,

3.4 Trimming Approach for Forward Flight

In aircraft mode, platform is trimmed for straight, symmetric and wing level ight

conditions. Time derivatives of all parameters are taken zero in equations of motion.
As a result of it, angular velocities also become zero. It is assumed that there is no
side slip manoeuvre and bank angle. Besides all time derivatives, trimmed values for

rest of the parameters may be given as follows:

0= 0= 0=Vo=pPo=x@=10=0 (3.9)

3.5 Simplication of Aerodynamic Coef cients

Aerodynamic forces and moments obtained from different angle of attack, angle of
side slip and de ected control surface input results are analysed. Assumption from
this analysis was made that rate of change for varying parameters may be taken con-
stant, such that when applying it into Equatipn (2.20) and Equdtion|(2.21), aerody-

37



namic coef cientsCyx , Cy, Cz, C;, C,, andC, may be presented in following equa-
tions. Thus, coef cients that are de ned for each equation is presented in Appendix
E.

C C C C
de = Cx, + X elev X ail t <+ ); 2 (3.10)
elev ail
C
Cy, = — (3.11)
C C
CZd - CZO + z elev T z (3-12)
elev
C C
C, = Lo+ | (3.13)
ail
C C
Cmd = Cmo + m elev + m (314)
elev
C C
Cnd - - rud T ) (3.15)

Forces acting on body for trimmed forward ight which is de ned in Equation (2.53)
can be rewritten using trim conditions which are stated in Equdtioh (3.9) as following:

2 _ 3 2 3
mgsin( o) 2(Ky 1,2, *+ ko)

o= o be§ o0

mgcog o) 0
02 3 2 32 31
CXO CX ail CX elev 0 CX CX 2 ailo
1 elevg
0 0 0 0 0 0
+ E \ 12 S + rud o
CZO 0 CZ elev O CZ 0 0
6
(3.16)

Moments acting on body for trimmed forward ight which are de ned in Equation

(2.51) and Equation (2.21) can be rewritten using assumptions that are given in Equa-
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tion (3.9) as follows:

1 h i
Mg, évlzs bcb
02 3 2 3 1
0 Cr_ 0 0 0.2 3
ai|0
A7
Cwm, + 0 Cn o 0 Cm g elevo (3.17)
rud o
0 0 0 Ch 0

Equation [(3.1)6) and Equation (3|17) are used to nd local minimum such that trim-
ming constraints for level ight are met. Results for trimmed values are given in
Table [3.2). Trimmed results showed that to hold platform in forward ight, elevator
control de ection should be applied heavily for relatively low speeds, and required
aileron and rudder control de ections are close to zero. Cruise speed of the VTOL
platform is chosen as 20 [m/s] and related trimmed results for that airspeed are used

for linearization of the system.

Table 3.2: Trim ight results for forward ight

Vi [m/s] | 1, [PM] | eiew, [deg] | o [deg] | Max Error
19 5777.35 -15.83 9.89 2.0692e-11
20 6199.99 -14.22 8.85 1.4643e-11
21 6602.54 -12.84 7.95 1.008e-11
22 6989.01 -11.65 7.16 1.0096e-11
23 7362.32 -10.63 6.47 1.3404e-11
24 7724.65 -9.74 5.86 1.0495e-11
25 8077.64 -8.97 5.33 9.9884e-12
26 8422.56 -8.30 4.85 9.8505e-12
27 8760.44 -7.72 4.42 9.2089e-12
28 9092.07 -7.21 4.04 9.5578e-12

Applying the trim results given in Tabl¢ (3.2), Equati¢n (2.36) can be expressed as
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follows for the forward ight:
2 3 2 3
- 1 0 0
g é = go 1 OZ
_ 0 o

1

3
p

2
:§ qé (3.18)

Angular rate change will be derived from perturbed moments as it is de ned in Equa-

-

tion (3.8), perturbed motion of moment generated by control de ections can be de-
rived by substituting Equatiof (3.9) and function output of Equafion (3.5) according to
desired control surface de ection combinations into relevant parts to hold the system
in desired level trim condition. Motor reactive torque has no effect on total moment,
since rotation speed of front motors are the same. Thus, constant parts of the each

equations are neglected. After simpli cation, function becomes as following:

2 % 0 0 2 3
g iy X v 12 Sc Cm g ail é
A = 0 2l ey 0 elev (3 19)
y
_r O O V 12 S b Cn rud rud

2,
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CHAPTER 4

CONTROL METHODS

4.1 Introduction

In this chapter, control strategies and control algorithms are proposed to handle plat-
form con gurations. Control strategy is proposed to de ne control allocation of the
system, such that states, inputs and outputs can be related to each other. Controller
outputs for tricopter attitude control case are designated by motor outputs and aft
angle command. Thus, controller outputs for forward ight are designated by wing
control surface de ections and front motor outputs. Considering control strategy, al-
gorithms can be derived for transition methodology between tricopter attitude control
and forward ight regimes. LQT controller is explained and formulated for these
purposes. Previous studies for attitude and speed controller are also mentioned in
Appendix A. LQT and LQR with integral action controllers are explained and formu-

lated also for proposed approaches in Appendix A.

4.2 Tricopter Attitude Control Strategy

Tricopter control is sustained by differential thrust of motors and aft motors tilt posi-
tion. Control is divided into roll, pitch, yaw and throttle control. Control commands
are given by pilot through Radio Frequency (RF) controller stick commands. Com-
mands are converted into allocated commands as input to controller. Autopilot con-
troller stabilizes stick commands and designates the desired ight regime. When pilot

wants to pitch-up (mg) the system, longitudinal command,, is given as shown

in Figure [4.1)(a).
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(a) Pitch command (b) Roll command

(c) Heading rate command (d) Aft motor position effect on heading control

(e) Throttle command

Figure 4.1: Tricopter attitude control allocation

When it is desired to turn system left or right.q), latitude command is directed by
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it @s shown in Figurd (4.1)(b). Frame gains altitude by increasing angular velocity
of all three motors using throttle commang, shown in Figure[(4]1)(e).

Yaw control is sustained as heading hold, such that when pilot does not give any
pedal command,eq controller holds the heading in current position. When pilot gives
rudder command in desired direction, g reference heading settles around current
navigation heading with varying rate change,a, cmd @S shown in Figure
(4.7)(c) and Figure] (4]1)(d) with logic presented in Figure](4.2). Aft servo motor
plays an important role in this scenario. It tilts the aft motor in opposite direction of
rotation.

Figure 4.2: Heading control allocation

Using all the information for control strategy for state, input and output information
the attitude control approach for control can be presented as shown in Figure (4.3)

Figure 4.3: Attitude control allocation for tricopter mode ight
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4.3 Forward Flight Control Strategy

Plane control is sustained by front motors and control surfaces. Inputs can be divided
into roll, pitch, yaw and throttle control commands. These are given by pilot through
RF controller stick commands. Autopilot controller stabilizes stick commands and
designates the desired forward ight regime. When pilot wants to nose-dowy

the system, longitudinal commands, is given as shown in Figufe(4.5)(a). When

it is desired to turn system left or right {vq), latitude command is directed by

as shown in Figure (4.5)(b). Heading control is sustained by rate command, such
that when pilot does not give any pedal commapgd controller holds the heading

in current position. When pilot gives rudder command in desired directionymqg
reference heading settles around current navigation heading with varying rate change
as shown in Figurg (4]5)(c). Control logic is same as it is presented in Figufe (4.2).
Forward ight controller does not produce throttle command. When pilot gives the
collective input «, plane gains altitude by increasing angular speed of front motors

( 1and ;) at same amount and wing generates more lift for the level ight regime.

Using control strategy for given state, input and output information the forward ight
approach for control can be presented as shown in Figure (4.4) :

Figure 4.4: Attitude control allocation for forward ight
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(a) Lateral command

(b) Longitudinal command

(c) Pedal command

Figure 4.5: Forward ight control allocation

4.4 Control Design Approach

It is stated in the introduction that LQT is used for the controller design. Since it

is a linear controller, linear state space approach is needed to be followed. Control
approach is implemented in embedded system, so that discrete time domain is cho-
sen as design approach. As control strategy guided, attitude commands are fed into
attitude controller to hold system in desired states. The state space approach used for
linearized solutions obtained in Equati¢n (3.7) and Equafion (3.8), states and inputs
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of the system at tricopter attitude control can be de ned as follows:
h io
X= p q r (4.1)
h i
uy= L M N (4.2)

Linearized solutions obtained for forward ight from Equatign (3.18) and Equation
(3.19) showed that states for forward ight can be de ned as proposed in tricopter
attitude control state vector which is given in Equatipn](4.1). Since throttle stick
command is directed by the pilot, input vector for forward ight can be de ned as

follows:
h io
us = ail elev rud (4'3)
Discretization applied on dynamic equations result as below:
X(t)= Ag x(t)+ Bg u(t)
‘ ‘ (4.4)

y(t) = Cq x(t)+ Dqg u(t)

4.4.1 Linear Quadratic Tracker (LQT) Control

Linear quadratic controller is chosen to get desired output with minimum control
energy. As it is proposed in Equatign (¢.4), x(t) is a [nx1] state vector, u(t) is a [mx1]
control vector, and y(t) is a [kx1] output vector. Desired trajectory, z(t) has the same
dimension as output vector. The aim is to follow/track desired output as much as

possible with system output during ight.

The error between desired output and system output is tried to be controlled and

minimized to hold system in desired attitude.

en() = z(t) Ca x(1) (4.5)

Performance index is chosen for in nite time case such that there is no terminal cost

DD

iS given as speci ed in[23, 33].

1R nh it h i h ir h 1o
=3 z(t) Cq x(t) Q z(t) Cq x(t) + ut) R u(t)

=to

Jd

(4.6)
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whereQ is positive semi-de nite [kxk] state weight matriR is positive de nite
[mxm] control weight matrix. Stability of system is sustained using optimal weight
matrices. Solution to the linear quadratic tracker is constructed using stable eigenvec-
tors of Hamiltonian form. The optimal control obtained from this approach is given

as following:
u@)= R BT (1) (4.7)

State and optimal costate equation are related as following:

()= Px () o) (4.8)

Equation [(4.B) is satis ed by eliminating the costat,®{t) square matrix as a solu-
tion to the matrix differential ricatti equation amt) vector as a solution to vector
differential equation.

0= PA; A[/P+PBR BJP CJQCy (4.9)

0=[P()E A]lg(t) + Wz(t) (4.10)

WhereE = B4R BJ andW = C] Q. Applying Equation|[(4.9) and Equatign (4]10)
into optimal control Equatiorj (4.7) eliminates costatét), and function becomes as
following:

h i
u()= R By Px(t) [PE A]] 'Wz(t) (4.11)

Controller gains can be group into corresponding vectors as follows:

u((t)= Kx(t)+ K,z(t)
K =R 'BJP (4.12)
h i,
K,=R 'Bf PE AT W

4.4.1.1 Tricopter Mode Attitude Control Approach

Using Equation[(4]4), attiude control can be de ned also as follows, where state and

input vectors are Equatiop (4.1) and Equation](3.8) respectively. The command atti-
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tudes are converted into roll, pitch and yaw moments.

2 3
p(t)
q(t) 2 3
h i8 2 h ig 0
Xn(t) = Ay, + Bp, § M (t) (4.13)
(v N (D
(1
(1

LQT optimal control approach for tricopter attitude control case can be derived by
applying Equation (4.12) into Equatidn (4]13) as follows:

2 3
p(t)
2 3 o) 2 3
u _g L(t)é_h 8 Z h ig( D
h(t)=3 M@WUE= Ky - + Kzy 2 ( 1) (4.14)
N (t t
(t) (b (1
(1

Using moment and force equations, Equation (2.45), Equdtion|(2.46) and Equation
(2.44), respectively for tricopter frame, relation between control inputs and motors

and aft servo parameters can be derived:

2 3 2 3
L kcoq )ry.1 Isin( ) kcogq )ry.o+ Isin( ) Krys  Krgs
Mz _ gk(sin( )rza+ cog )ryi) K(sin( )rzz+ cog )rxz) Krys !

N B ksin( )ry.1 + lcoy( ) ksin( )ry.> lcoy ) I Kr 3
Z 3kcos( ) kcoq ) k 0

2
1

2
2

s°coy )

s7sin( )

MI\J

(4.15)

Pilot's collective input is converted to relative force value; such that when full stick

input for .y is given, corresponding Z force is obtained as maximum force that all
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three motors can be pro%uced.

) 3 2 3

1 L

> 1 hTCZMI M (4.16)
s°cog ) N
3%sin( ) Z

whereTcov IS a [4x4] transformation matrix. Aft servo angle is derived from vecto-
rial force components of aft motor, of which is a result of change in aft servo angle:
2 .
sin( )
= atan(———-7) (4.17)
s°coy )

The gain matrices for attitude control are given in Appendix C.

4.4.1.2 Forward Flight Attitude Control Approach

From Equation[(4]4), forward ight attitude control, where state and input vectors are
stated in Equation} (4.1) and Equatipn (4.3) respectively. Pilot's collective ingus

fed as throttle input to front motors. As collective input increases, due to generated
lift force, platform gains altitude. If the pitch attitude is hold as throttle increases,

speed of the platform also increazlses.

p(t)
q(t) 2 3
h o i ‘) h o i ail (t)
_Xl(t) = Ad, ( t) + Bdf g elev(t)é (4-18)
( t) rud (t)
(v

LQT optimal control approach for forward ight case can be derived by applying
Equation|(4.1IR) into Equatiof (4.[18) %s foIIovgs:

p(t)
2 3 q(t) 2 3
ail (1) h i h i (v
t
U|(t) = g elev(t)é = KF (r(t)) + KZF § ( t)z (4-19)
rud (t) ( t) ( t)
(1

The gain matrices for forward ight control are given in Appendix C.
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4.5 Transition Control Allocation Methods

4.5.1 Weighted Moore-Penrose Pseudo Inverse

Attitude control is sustained using controller gains to hold system in desired state
determining the required control inputs. At tricopter mode, this is sustained by using
motors and aft motor. However, in forward ight transition case, platform gains speed
in order to use wing as a lift source. Control approach for the forward ight transition
is using the attitude controller for tricopter mode. At early stages, when speed of
platform is small, motors and aft servo angle becomes more effective. Increment in
speed of the platform makes change in control surface de ections and makes them
more important.

The thrust and control surface allocation block decides how the controller is divided

amongst control surfaces and motors as follows:
V = Tanut (420)

Wherev is allocated control input and,,; controller output. In tricopter mode at-
titude control ight, front motors are positioned vertically, thus relation of angular
velocity between thrust and torque have a quadratic relation as proposed in Equa-
tion (2.4) and Equatiorj (2.5). Thus, it is assumed that relations apply the same for
all three motors. Using the information given in Equatipn (#.20), transition from

tricopter mode to plane mode can be de ned as following:
2 3

= T, s%sin( ) (4.21)

pooOOCOD) N
N Z2 Z

elev

rud

In forward ight, front motors are positioned horizontally, thus relation of angular
velocity, using curve t simpli cations between thrust and torque relation at forward

ight shows that these relations are linear as proposed in Equétign (2.6) and Equation
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(2.7), and it is assumed that relations apply the same for all three motors. Control
allocation is carried out for forward ight between the control surface de ections,

propeller thrusts, front and aft propeller tilt angles can be represented as follows:
2 3

1
2

3
h 6 scod)
=T ssin( ) (4.22)

Afwd

ail

MooOOCOD N
N Z2 Z

elev

rud

WhereT, is control out arrangement matrix and it is shown in Equafion {4.24).

h i
Ta= Ta Ta (4.23)
2 3
kcoq )ry.a Isin( ) kcoq )ry.o+ Isin( ) Kry.s  Krzs
_ k(sin( )rza+ coq )rya) K(sin( )rzo+ coq )ryz) Krys I
ksin( )ry.; + lcoy( ) ksin( )ry, lcos( ) I Krys
kcoq ) kcoq ) k 0
21 3
= Sb C 0 0
2 ail 1
O E Vlz SC Cm elev 0
0 0 %Vbe Cn .,
1
0 EVfS Cz ., 0
(4.24)

Equation|(4.2}4) represents undetermined set of equations so that there are many pos-
sible solutions that satis es il , matrix is used for both plane and tricopter transition,
andk andl constants assumed to be same for all three motors. For forward kght,
andl constants are taken from Tabe (2.4) and Taple| (2.5) respectively for 20 [m/s]
airspeed. For tricopter attitude contrkland| constants, are taken from Table (2.2)

and Table[(2]3) respectively for hover condition. Approach is chosen as minimum
norm [22] to nd the solution and it requires Moore-Penrose generalized inverse of
T, which is de ned asT, . However, Moore-Penrose generalized inverse technique

is not be suf cient to handle control, since it is desired to increase effectiveness of
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control surfaces as speed increases and lift generated by the wing. An approach to
this technique is adding weight to each output:

Tw =W 1TaT(TaVV 1TaT) ! (4.25)

WhereW is the cost matrix, such that as the cost increases, output effect decreases.
Weights are selected to meet transition conditions, such that as front servo tilts and
platform gains speed, aft motor and aft servo effectiveness should decrease, whereas

control sgrface de ections become more effective. 3

ew
ew ,
e1W ;cos( )
W = &W sin( )
e2W ail
EW e,
W

(4.26)

Wheree, ande, are dynamically changed values according/to and relation be-
tween them is given in Equatioh (4]27).

s
€= Cyt 57 Ce
Viimit (4.27)
e=1 e+

Where is a small value, and,, andc,, constants, which are used as weighting
factors, to avoid singularities due to matrix inversid,; is the reference airspeed
limit such thatV, Vimit - Thus,w represents the the normalized scalar value of
allocated control inputs; which is given in Equatior] (4.28).

1

2
Viax

W =

(4.28)

By applying control allocation inputs given in right side of the Equatjon (4.22) and

Equation [(4.2]1) to the Equatign(4]28), respectively Equafion |(4.29) and Equation
(4.30) are obtained.

W'_diag(l_l_ 1 _ 1 11 1)
" ?I-lmax , gmax ’ gmax Coq )2’ élmax Sln( )2’ g” max , glevmax ' I’2Ud max
(4.29)
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Wrag = diag 1 1 1 ) 1 1 1 1 )

fwd — ) ’ ’ - ’ ] 1

" Emax %max %max COi )2 %max Sln ( )2 g” max glevmax I‘2Ud max
(4.30)

Weight costs for both transition to plane mode and transition to tricopter mode are
given in Appendix C. If the weight costs are selected equal, Equation (4.32) becomes
pseudo inverse matrix. Such that weight can be represent@tasc, |, wherel is
identity matrix andc,, is cost coef cient.

Ta = CGTa (TaTa") (4.31)

45.2 Blended Inverse

Blended Inverse approach is proposed to handle steering control allocation problems
[34]. Desired control outputs are used to weight required control inputs to hold system

in desired states. Required control inputs may be used for system allocation using
controller generated moments and user de ned thrust force to generate motor, control

surface and tilt commands. Algorithm can be de ned as follows:
Vo = [Qlnxn + TaT RTa] 1[ques + TaT Ruoyt] (4.32)

Wherevy, is the allocated control input vector for actual systens, smoothing coef-
cient which is chosen as scalar, angl; is controller output. Desired control input is
chosen as trimmed values as suggested in [36] for desired ight regime within varying
front tilt angle range. Moreover, desired control input values are assigned dynami-
cally such that each control input is a function\gf. R matrix weights moments and
thrust values. Thug) is equal to the number of rows in,; vector. Equation (4.32)

is reexpressed as following:

1
Vo = [WQ+ Ta"RTa] “[W0Vses + Ta' Ruou] (4.33)
. .
=[g+ W 'Ta"RTa] [AWes+ W Ta' Ruoy]
WhereW is the cost matrix, as de ned in Equatign (4.2&.matrix is chosen as an

identity matrix for this study and Equatign (4|33) becomes as following:
Vb = [Qlpxn + W 1TaTTa] 1[ques+ w lTaT Uout] (4.34)

Desired input vectors and smoothing coef cients for both transition to plane mode

and transition to tricopter mode are given in Appendix C.
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4.6 Flight Management Overview

In order to be directed by pilot, platform is required to handle attitude control as it
takes-off, holds attitude commands and transits to forward ight in tricopter mode;
and whereas it ies with wing generated lift in forward ight and transit to tricopter
mode attitude control in plane mode. Since control approach is chosen such that it
is capable of handling the tricopter attitude control, forward ight and control allo-
cation for transition stages from and to forward/tricopter attitude control ight, linear
quadratic controller method is suf cient. Control strategy is planned according to
phases using change of controller states and inputs. Phase changes occur for given
conditions in prede ned time limits. Considering platform, control modes separated

into Tricopter and Plane modes, where each of them has two ight phases as it is
proposed in Figurg (4.6).

Figure 4.6: Modes and Phases
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Figure 4.7: Plane mode - phase transition ow chart
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Figure 4.8: Tricopter mode - phase transition ow chart
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CHAPTER 5

MODEL ENVIRONMENT AND SIMULATION RESULTS

5.1 Introduction

In the previous chapter, controllers are introduced for attitude control of tricopter and
plane modes. In this section, simulation results is obtained and controller outputs are
compared. Equations for platform dynamics, obtained in Chapter 2, are modelled.
Forces and moments generated by motors are de ned as lookup tables as obtained
from wind tunnel test results. LQT controller disturbance rejection is performed and

analysed.

5.2 Simulation Speci cations

Controller methodologies derived in Chapter 4 are applied to the models and gain
corrections is made around trimmed system. The aim of the simulations mentioned
in this chapter is to test and analyse the system performance for given reference com-
mands against dynamics. System model runs at 50Hz and test scenarios are created

to observe LQT controller performance.

According subsystem models de ned in Chagter 2, the overall picture of the system
model is shown in Figure §.1.
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Figure 5.1: Simulation block - Dynamic model of platform
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5.3 Tricopter Platform Attitude Control Simulations

5.3.1 Roll Control

Attitude controller simulation results for 10 [deg] roll command with 75% collective
input and response of the tricopter frame are given in the following gures. In the
Figure [5.2), it is observed that tricopter tracks the given rolling commands while
sustaining zero pitch and yaw commands as in the Figurg (5.3.a) and Figure (5.3.b).
It is also observed in the Figure (5.3.c) that differential thrust of front motor outputs

creates rolling moment as intended.

Figure 5.2: LQT control result for given roll command
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(a) LQT control result for the given zero pitch command

(b) LQT control result for the given zero yaw command

(c) Throttle outputs of front motors for the given roll command

(d) Throttle output of aft motor for the given roll command

(e) Aft servo angle output for the given roll command

Figure 5.3: Tricopter frame responses for LQT controller for given roll command
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5.3.2 Pitch Control

Attitude controller simulation results for 10 [deg] pitch command with 75% collective
input and response of the tricopter frame are given in the following gures. In the
Figure [5.4), it is observed that tricopter tracks the given pitching commands while
sustaining to hold zero roll and yaw commands as it is shown in the Figufe (5.5.a) and
Figure [5.5.b). It is also observed in the Figyre {5.5.c) and Figuré (5.5.d) that front
motors characteristics are similar such that differential thrust of front and aft motors'

output creates pitching moment as intended.

Figure 5.4: LQT control result for given pitch command
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(a) LQT control result for the given zero roll command

(b) LQT control result for the given zero yaw command

(c) Throttle outputs of front motors for the given pitch command

(d) Throttle output of aft motor for the given pitch command

(e) Aft servo angle output for the given pitch command

Figure 5.5: Tricopter frame responses for LQT controller for given pitch command
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5.3.3 Yaw Control

Attitude controller simulation results for 5.73 [deg/s] yaw rate command with 75%
collective input and response of the tricopter frame are given in the following gures.
In the Figure[(5.6), it is observed that tricopter tracks the given yawing commands
while sustaining to hold zero roll and pitch commands as shown in the Figufe (5.7.a)
and Figure[(5]7.b). It is also observed in the Figlre|(5.7.c), Figurg (5.7.d) and Figure
(5.7.e) with the help of front motors' differential thrust, aft servo directs aft motor to

track the given yawing moment as intended.

Figure 5.6: LQT control result for the given yaw command
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(a) LQT control result for the given zero roll command

(b) LQT control result for the given zero pitch command

(c) Throttle outputs of front motors for the given yaw command

(d) Throttle output of aft motor for the given yaw command

(e) Aft servo angle output for the given yaw command

Figure 5.7: Tricopter frame responses for LQT controller for given yaw command
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5.4 VTOL Platform Tricopter Attitude Control Simulations

5.4.1 Roll Control

Attitude controller simulation results for 5 [deg] roll command with 75% collective
input and response of the VTOL frame are given in the following gures. Inthe Figure
(5.9), it is observed that VTOL tracks the given rolling commands with some over-
shoot while it tries to sustain zero pitch and yaw commands as in the Fjgufe (5.9.a)
and Figure[(5]9.b). Theta response drifts away from desired command, comparing
with tricopter simulation results given in Figufe (5.3,a), it is due to wing aerodynamic
effects. In Figure[(5]9.a), it can be seen that rolling motion causes small pitch vari-
ances. It is also observed in the Figdre (5.9.c) that differential thrust of front motor

outputs creates rolling moment as intended.

Figure 5.8: LQT control result for the given roll command
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(a) LQT control result for the given zero pitch command

(b) LQT control result for the given zero yaw command

(c) Throttle outputs of front motors for the given roll command

(d) Throttle output of aft motor for the given roll command

(e) Aft servo angle output for the given roll command

Figure 5.9: VTOL frame responses for LQT controller for the given roll command
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5.4.2 Pitch Control

Attitude controller simulation results for 5 [deg] pitch command with 75% collective
input and response of the VTOL frame are given in the following gures. In the
Figure [5.1D), it is observed that VTOL tracks the given pitching commands while
sustaining to hold zero roll and pitch commands as shown in the Figure (5.11.a) and
Figure [5.11.b). It is also observed in the Figdre (b.11.c) and Figure| (5.11.d), front
motors characteristics are similar such that differential thrust of front and aft motors'
output creates pitching moment as intended. Theta response drifts away from desired
command, comparing with tricopter simulation results given in Fidure (5.4), it is due

to the wing aerodynamic effects.

Figure 5.10: LQT control result for the given pitch command
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(a) LQT control result for the given zero roll command

(b) LQT control result for the given zero yaw command

(c) Throttle outputs of front motors for the given pitch command

(d) Throttle output of aft motor for the given pitch command

(e) Aft servo angle output for the given pitch command

Figure 5.11: VTOL frame responses for LQT controller for the given pitch command
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5.4.3 Yaw Control

Attitude controller simulation results for 5.73 [deg/s] yaw rate command with 75%
collective input and response of the VTOL frame are in the following gures. In the
Figure [5.12), it is observed that VTOL tracks the given yawing commands while
sustaining to hold zero roll and pitch commands as shown in the Figure (5.13.a) and
Figure [5.1B.b). Itis also observed in the Figure (b.13.c), Figure|(5.13.d) and Figure
(5.13.e) with the help of front motors' differential thrust, aft servo directs aft motor

to track the given yawing moment as intended.

Figure 5.12: LQT control result for the given yaw command
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(a) LQT control result for the given zero roll command

(b) LQT control result for the given zero pitch command

(c) Throttle outputs of front motors for the given yaw command

(d) Throttle output of aft motor for the given yaw command

(e) Aft servo angle output for the given yaw command

Figure 5.13: VTOL frame responses for LQT controller for given yaw command
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5.5 VTOL Platform Transition to Forward Flight Control Simulations

5.5.1 Transition Control

Forward ight transition is controlled by given 5 [deg] pitch command and by holding
platform at level ight and sustaining current heading. Control allocation is applied

at transition phase. During transition front motors tilt from vertical positior, 0

[deg] to = 40 [deg] as speci c in ight management tricopter mode in Figure
(4.8). Tricopter attitude control is active till transition phase ends. Starting from
transition phase, control surface de ections become active. In simulation, transition
pulse is triggered at 15 seconds. It may observed from the results that as the system
gains speed, wing creates more lift, and control surfaces become effective then, and
aft motor output is not required. Consequently, front motors output characteristics
become the same. Simulations results showed that both weighted pseudo inverse
(WPI) and blended inverse (BI) transition responses are enough to hold system stable.
During transition phase front motors' throttle outputs increase and aft motor's throttle
output decreases gradually. Transition ends at 21 seconds and it may observed that
during the transition phase both of the control allocation approaches hold the system
almost at the same altitude as shown in Figure {5.20). Although WPI and Bl response
characteristics for theta command are different, system can hold the desired roll and

yaw commands with some small variations for both approaches as shown in Figure

G.19).

71



Figure 5.14: Throttle outputs - Weighted pseudo inverse allocation

Figure 5.15: Throttle outputs - Blended inverse allocation
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Figure 5.16: Theta Response - Weighed Pseudo Inverse allocation

Figure 5.17: Theta Response - Blended Inverse allocation

(a) Phiresponse - Weighted pseudo inverse allocation (b) Phi response - Blended inverse allocation

(c) Psi response - Weighted pseudo inverse allocation (d) Psi response - Blended inverse allocation

Figure 5.18: Commands and platform response histories for transition to forward

ight attitude control phase
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Figure 5.19: Front tilt servo command history during transition to forward ight atti-
tude control phase

(a) Ground Position - Weighted pseudo inverse allocation

(b) Ground Position - Blended inverse allocation

Figure 5.20: Ground position change histories for transition to forward ight attitude

control phase
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(a) Aileron command - Weighted pseudo inverse allocgb) Aileron command - Blended inverse allocation

tion

(c) Elevator command - Weighted pseudo inverse allgd) Elevator command - Blended inverse allocation

cation

(e) Rudder command - Weighted pseudo inverse allocgf) Rudder command - Blended inverse allocation

tion

(9) Aft servo command - Weighted pseudo inverse all@h) Aft servo command - Blended inverse allocation

cation

Figure 5.21: Actuator command histories for transition to forward ight attitude con-

trol phase
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Figure 5.22: Body Velocities - Weighted pseudo inverse allocation

Figure 5.23: Body Velocities - Blended inverse allocation
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5.6 VTOL Platform Forward Flight Control Simulations

Simulations are carried out in the forward ight mode for attitude commands. Figure
(5.24), Figure[(5.47) and Figure (5]30) shows attitude command and responses.

5.6.1 Roll Control

Attitude controller simulations are carried out for 15 [deg] roll command with 45%
collective input where theta and yaw commands are zero. Response of the platform
is given in Figure[(5.24) for positive and negative roll commands. Simulation results
show that aileron de ection command can hold system in desired state which is shown

in the Figure[(5.25). The success of the controller is evident in these simulations

Figure 5.24: Roll command and roll angle response during forward ight

Figure 5.25: Aileron de ection command due to given roll command
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(a) LQT control result for given zero pitch command

(b) LQT control result for elevator de ection

(c) LQT control result for given zero yaw command

(d) LQT control result for rudder de ection

Figure 5.26: VTOL frame responses during 15 [deg] roll command in forward ight
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5.6.2 Pitch Control

Attitude controller simulations are carried out for 15 [deg] pitch command with 45%
collective input where roll and yaw commands are zero. Response of the platform is
given in Figure [(5.2]7) for positive and negative pitch commands. Simulation result
shows that elevator de ection command can hold system in desired state with offset
which is shown in the Figuré (5.27).

Figure 5.27: Pitch command and pitch angle response during forward ight

Figure 5.28: Elevator de ection command due to pitch command forward ight
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(a) LQT control result for given zero roll command

(b) LQT control result for aileron de ection

(c) LQT control result for given zero yaw command

(d) LQT control result for rudder de ection

Figure 5.29: VTOL frame responses during 15 [deg] pitch command in forward ight
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5.6.3 Yaw Control

Attitude controller simulations are carried out for yaw commands where roll and yaw
commands are zero. Response of the platform is given in Figurg (5.30) for yaw com-
mand gradually increasing to 50 degrees with 45% collective input. Simulation result

shows that rudder de ection command can follow desired state

Figure 5.30: Yaw command and yaw angle response during forward ight

Figure 5.31: Rudder de ection command due to yaw command during forward ight
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(a) LQT control result for given zero roll command

(b) LQT control result for aileron de ection

(c) LQT control result for given zero pitch command

(d) LQT control result for rudder de ection

Figure 5.32: VTOL frame responses during heading commands in forward ight
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5.7 VTOL Platform Transition to Tri-coper Mode Attitude Control Simula-

tions

5.7.1 Transition Control

Forward ight transition is controlled by given gradually increasing pitch command
from current reference to 45 [deg]. The reason to give positive gradually increasing
pitch command is to decrease speed, since the system is controlled only by attitude
controller. This command directs the system to lose lift and airspeed while it tries to

hold pitch command.

Transition pulse is triggered at 15 seconds and during transition front motors tilt from
horizontal position, = 90 [deg] to = 30 [deg] as speci c in ight manage-
ment tricopter mode in Figuré (4.7). Transition has two phases. First phase involves
front tilt range from = 90 [deg]to = 50 [deg]. At this phase forward ight
controller is still active and it tries to sustain attitude commands. Front motors pro-
duce same amount of throttle output, control surface de ections are active, and aft
motor and aft tilt servo are inactive. Second phase starts when front tilt reaches to
= 50[deg] and control allocation is activated. Aft motor and aft tilt servo becomes
also active in this phase. Front tilt servo continues to tilt te 30[deg]. Tricopter
mode attitude control becomes active when transition phase ends, such that airspeed
of the system decreases below 15 [m/s]. Observation may be made from the results
that as the system loses speed while controller tries to hold platform at desired pitch
attitude, elevator de ection command decreases as shown in Flgure (5.40). Simula-
tions results showed that both weighted pseudo inverse (WPI) and blended inverse
(BI) transition responses are enough to hold system stable. During the second phase
front motors' and aft motor's throttle outputs increase. Control allocation starts at 22
seconds and it may observed that during the transition phase both of the control allo-
cation approaches leads system to gain altitude as shown in Higurg (5.39). WPI and
Bl response characteristics for theta command are similar, but Bl performs smoother
theta response as it may be seen comparing Figuref (5.35) with (5.36). Beside
that, system can hold the desired roll and yaw commands with some small variations
for both approaches as shown in Figure (5.37). Another difference is that aft mo-
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tor's throttle output gradually increases in Bl control allocation, whereas WPI control

allocation starts with sudden increment in aft motor's throttle output.

Figure 5.33: Throttle outputs - Weighted pseudo inverse allocation

Figure 5.34: Throttle outputs - Blended inverse allocation
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Figure 5.35: Theta Respose - Weighed Pseudo Inverse allocation

Figure 5.36: Theta Response - Blended Inverse allocation

(a) Phiresponse - Weighted pseudo inverse allocation (b) Phi response - Blended inverse allocation

(c) Psi response - Weighted pseudo inverse allocation (d) Psi response - Blended inverse allocation

Figure 5.37: Commands and platform response histories for transition to tricopter

attitude control phase
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Figure 5.38: Front tilt servo command history during transition to tricopter attitude
control phase

(a) Ground Position - Weighted pseudo inverse allocation

(b) Ground Position - Blended inverse allocation

Figure 5.39: Ground position change histories for transition to tri-coper mode attitude

control phase
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(a) Aileron command - Weighted pseudo inverse allocgb) Aileron command - Blended inverse allocation

tion

(c) Elevator command - Weighted pseudo inverse allgd) Elevator command - Blended inverse allocation

cation

(e) Rudder command - Weighted pseudo inverse allocgf) Rudder command - Blended inverse allocation

tion

(9) Aft servo command - Weighted pseudo inverse all@h) Aft servo command - Blended inverse allocation

cation

Figure 5.40: Actuator command histories for transition to tricopter attitude control

phase
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Figure 5.41: Body Velocities - Weighted pseudo inverse allocation

Figure 5.42: Body Velocities - Blended inverse allocation
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CHAPTER 6

HARDWARE COMPONENTS AND SOFTWARE ENVIRONMENT

6.1 Avionics

This chapter presents the avionic hardware and software components that are used to
build up the tilt-rotor tricopter VTOL platform during thesis studies. Development
platform is chosen for autopilot implementation is Pixhawk 2.1 board. Platform pro-
vides shared libraries that include sensor drivers, attitude and position estimation and
controllers. Software components are modular and provide exibility for changes.
For the scope of this thesis, motor library is changed and controller libraries are re-
moved to implement LQT controller. GPS module is used for correction and cali-
bration of position, velocity and angular orientation with the use of lIter libraries.
Pixhawk board drives front and aft motors via ESCs, tilt and control surface ser-
vos. Board takes pilot control commands to control vehicle movement (throttle, yaw,
pitch, roll and safety-switch) and ight mode control (transition between tricopter
and plane modes) via receiver. Thus, it communicates with ground control station
through telemetry to observe ight data. Detailed information about hardware and
software components will explained in the following sections. General scheme of

avionic setup is shown in Figurge (6.1).
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Figure 6.1: Avionic Setup

6.1.1 Autopilot Platform

Pixhawk 2.1 is an open hardware project that it is aimed to provide hardware en-
vironment for developers, academics and industry with low costs sustaining many

peripheral support [29]. It is shown in Figufe (6.2).

Figure 6.2: Pixhawk board

Pixhawk 2.1 is using 32bit STM32 Cortex MF4 core with 168MHZ clock frequency.

It has Floating Point Unit (FPU) such that complex trigonometric algorithms can

90



be handled without latency. On-board 2MB ash stores con guration parameters,
mission database and logger data. Board has 256 KB RAM such that it gives enough

space for programme variables and temporary data.

Power module is triple redundant such that it can be supplied from power module
input, servo pinout port and USB port at the same time. Thus, its operating range is
limited 4.8V to 5.4V.

Pixhawk 2.1 has a gyroscope, accelerometer - magnetometer, barometric pressure
sensor and additional 3-axis gyroscope-accelerometer. ST Micro L3GD20H gyro-
scope can measure three-axis angular rate with 16 bit resolution and it consumes low
power and it is resistant to high shocks. ST Micro LSM303D accelerometer/mag-
netometer can measure 3D linear motion and magnetic eld with 16 bit resolution.
MEAS MS5611 is barometer with a 24 bit resolution. Barometric pressure sensor
has augmented precision capability for measurements with 10 [cm] resolution. In-
venSense MPU 6000 is a motion tracking system with three axis accelerometer and
three axis gyroscope. Besides its internal sensors, it accepts external three-axis mag-
netometer data which enable on-board fusion. It can track both fast and slow motions

precisely.

System has hardware interfaces to communicate with external sources ,such as sen-
sors, receiver, servos and telemetry. It has a support for serial bus communication
(SBUS) using one channel for receiver that comes from user stick commands. More-
over, this can also be accomplished by using external PPM encoder which is used to
convert multiple PWM inputs into one PPM signal. For serial communication, ve
UART ports and additionally 12C and SPI ports exist. Analogue input port can be fed
from 3.3V up to 6.6V.

6.1.2 Telemetry

Communication between tricopter and ground control is implemented using teleme-
try. There are several approaches to do data transmission, such as radio, satellite and
GSM/LTE modems. Among these, 3DR - 433 MHz radio modem set is chosen, since

its performance is accepted and it is an affordable solution. There are two units in a
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set, one for ground and one for air platform, both can be replaceable for each others
role. They allow wireless transfer such that operator monitors and ground control
software logs ight data from tricopter and operator can send tuning commands. Air

modem connects to Pixhawk via UART port.

6.1.3 GPS Module

Global positioning system is a satellite aided radio navigation system which provides
estimated real world location of a receiver. Location is commonly referred as latitude,
longitude and elevation. System works independently without requiring any request
of data. Here+ NEO-M8N GPS and compass module are chosen since it is con g-

ured for multi-rotor and xed-wing platforms. Itis shown in Figufe (6.3). It s critical

Figure 6.3: GPS+Mag module

for autopilot to control heading, such that receiving clean signal from source is im-
portant. Board has HMC5883I compass which is designed to measure both direction
and magnitude of magnetic elds with accuracy oftb 2 , which is well enough

for reference input. Compass is mounted on GPS board, and module is placed closer
to front shaft, so that it is away both from other electronic sources and blades which
generate magnetic and spinning interferences respectively. Position and magnetic di-
rection obtained from GPS module are used as parameter input to Extended Kalman
Filter(EKF) algorithm sustained by autopilot software to estimate position, velocity

and attitude of tricopter additional to on board sensors.
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6.2 Software Development Environment and Architecture

Ardupilotis a ready to y, open source autopilot systern [2]. It has been developed for
years by growing society. It has a wide range of application areas varying from heli-
copter, multicopters, planes, boats, ground vehicles and submarines. It is compatible
with Pixhawk hardware. With many peripheral support, many sensors can be inte-
grated as plug-in and use method. Besides its autopilot code, ground control station
software is also open source, such that desired functionality may be edited to both au-
topilot and ground control station code to work as it is intended. APM Copter-3.5.0

stable version is used development for activities.

Autopilot code is written in C++, and development environment is QT Creator IDE.
QT Creator is a cross platform development kit to develop applications for embedded,
desktop, and mobile systems [35]. To build the code necessary environment variables
are linked. Ardupilot code is imported to the IDE and ArduCopter module is selected
as an active working platform. The code with classes related to arming, channel
assignment, parameter con guration is modi ed for VTOL platform. Attiude Con-
trollers are written ilJserCode.cppe and its functions are decelerated @opter.h

All the previous control algorithms are removed. Similar to Matlab/Simulink model
running frequncy, controller function is added to run for 50Hz. Main motor Ad&ss
Motor.cpp is modi ed and new derived clagsP_ MotorsVTOL.cpjs added. Motor

class function is designed just to drive servos and ESCs. Channel assignments are
selected to control platform both for tricopter mode using there motors and aft angle
control, and for forward ight mode using front motors, wing de ection surface ser-
vos. Transition from tricopter attitude control to level ight mode is implemented by
additional front tilt servo output. Channel parameter values assigned directly from
UserCode.cppcontroller outputs scaled to valid PWM range and updated with main

function call.
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Figure 6.4: Pixhawk board
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CHAPTER 7

SYSTEM CONFIGURATION TESTS

7.1 Introduction

In Chapter 5, simulation results are represented. In Chapter 6, avionics are de ned
and software approach for design is presented. According to simulation results, con-
troller gains are embedded with developed codes. Prior to the ight tests, laboratory
experiments are performed to test and validate the simulation results. Tests for tri-
copter and dummy-wing con gurations are carried out using telescopic bars of which

are hanging from ceiling and attached to the CG of the con guration. Controller

gains in simulation environment tuned after recorded data evaluation. Flight tests are

performed after suf cient performance is demonstrated in the laboratory.

7.2 Lab Tests and Results

Test setup in laboratory environment is employed by telescopic bars hanging from
ceiling and and it is assisted with a metal cable that is attached to the CG of the
frame. This setup helps to observe the controller outputs with varying throttle com-
mand inputs and platform reaction according to given inputs. It helps for tuning the
controller gains and avoided possible harm to platform. Telescopic bars are assisted
with metal cable suspended enables platform to swing freely, so that all attitude con-
trol inputs to throttle outputs can be observed. Dummy-Wing solution is emerged
from the concern that VTOL frame can not be tested in laboratory environment due
to the fact that the wing can be broken in trials and movement of free-swing effect

can not be sustained due to wing sizing.
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7.2.1 Tricopter Lab Tests

The controller gains veri ed through simulations are hard-coded to Pixhawk micro-
controller to validate the simulation results. Test is started after steady condition for
free hanging state is sustained. Thus, test data is evaluated after platform gained
enough lift to carry out attitude commands. Pilot input throttle command is shown in
Figure [7.5). Attitude commands and throttle command are given through RC Trans-

mitter to observe reaction of tricopter platform.

Figure 7.1: Tricopter lab test result for the given roll command

Figure 7.2: Tricopter lab test photo
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Figure 7.3: Tricopter lab test result for the given theta command

Figure 7.4: Tricopter lab test result for the given yaw command

Figure 7.5: Tricopter lab test - throttle input command
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Figure 7.6: Tricopter lab test throttle responses of motors

The platform responses are shown in Figyre|(7.1), Figure (7.3), and Flgufe (7.4).
Platform throttle responses relative to given pilot commands are shown in Figure
(7.6). Test results show that the pilot commands are followed by the platform and
the idle state commands for roll and pitch commands followed by the controller as
steady state reference. Heading command for idle input state can be observed from

test results that platform retains its current heading.

7.2.2 Dummy-Wing VTOL Con guration Lab Tests

In order to test the VTOL con guration for safe conditions, dummy-wing is designed
with same inertia properties as the ying wing. Dummy-wing dimensions are cal-
culated according to base XPS material and carbon tube speci cations [24]. Carbon
tube is used as a backbone to attach the dummy-wing to the tricopter frame and in-
creases the strength of XPS prism. Function is derived from inertia of the wing,
maximum and minimum limitation in dimensions for XPS and length for carbon tube
are de ned. Additional mass required to meet the inertia properties of wing is also
calculated. Wheel balance weights are used for additional mass and located to the
edges of XPS as function outcome indicated. Dummy-wing is located to point where
CG of wing should be. Thus, wing inertia is moved to CG of tricopter frame, which
is also the point where aerodynamic forces acting on the wing, by using parallel-
axis theorem. Detailed information about dummy-wing calculations can be found in
Appendix-B. Before trying the VTOL tricopter mode attitude control ight, it is re-

quired to validate calculations and simulation results. Tests are carried out with freely
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swinging con guration in the laboratory environment.

Figure 7.7: Dummy-Wing con guration lab test photo

Figure 7.8: Dummy-Wing con guration lab test result for the given roll command

Figure 7.9: Dummy-Wing con guration lab test result for the given theta command
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Figure 7.10: Dummy-Wing con guration lab test result for the given yaw command

Figure 7.11: Dummy-Wing con guration lab test - throttle input command

Figure 7.12: Dummy-Wing con guration lab test - throttle responses of motors

The platform responses are shown in Figlire]|(7.8), Fidure](7.10), and (7.10).
Pilot input throttle command is shown in Figufe (7.11) and platform motor outputs

relative to given pilot commands are shown in Figyre ([7.12). During the lab tests,
it is observed that dummy-wing con guration is oscillating independent from main
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frame especially against counter input commands. It may be due to the increment of
mass and effect of wing inertia at the aft frame which causes twisting like movements
at back. These effects can be observed most likely in the roll commands in Figure
(7.8) between 37[sec] and 43[sec] duration. Beside these results, it is observed that
dummy-wing con guration gives enough information about handling capabilities of
VTOL con guration, such that ight tests can be performed. Dummy-wing con gu-
ration ight tests are also performed but due to reactive effect of dummy-wing, it is
decided to move on VTOL con guration for ight tests, since both lab and ight tests

give enough con dence that controller performs as intended.

7.3 Flight Tests and Results

Flight tests are performed with the same platform con gurations and validated con-
troller gains that are used in laboratory tests. In the following sections tricopter and

VTOL con gurations' ight results can be examined.

7.3.1 Tricopter Flight Tests

Tricopter frame is tested outside covering all control commands. It is observed during
the ight that pilot commands are followed easily by the system, and the pilot stated

that it is agile. Flight log is examined to con rm the ight observation.
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Figure 7.13: Tricopter ight test photo

Figure 7.14: Tricopter ight test result for the given roll command

Figure 7.15: Tricopter ight test result for the given theta command
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Figure 7.16: Tricopter ight test result for the given yaw command

Figure 7.17: Tricopter ight test - throttle input command

Figure 7.18: Tricopter ight test - throttle responses of motors

The ight test results for tricopter frame are presented in Figure {7.14), Figurg (7.15)
and Figure[(7.1]6) which show that the tricopter tracks commands as close as possible.
Results also indicate that pilot can achieve to lift the tricopter above 60% throttle

input as shown in Figuré (7.]L7). Motor outputs also vary around the reference throttle
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percentage which are given in Figure (7.18). Handling capabilities and stability of the
controller give con dence to move on to the winged tricopter VTOL con guration

which is examined in the following sub-section.

7.3.2 VTOL Con guration Flight Tests
After performing ight test of tricopter and laboratory test of dummy-wing con gu-
ration, wing is replaced with dummy-wing and tests are performed with VTOL con-

guration. Beside dummy-wing, desired con guration frame is aligned with tricopter

main frame, so that during tests no aft body oscillations are observed.

Figure 7.19: VTOL tricopter mode attitude control ight test photo
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Figure 7.20: VTOL tricopter mode attitude control ight test result for the given roll

command

Figure 7.21: VTOL tricopter mode attitude control ight test result for the given theta

command

Figure 7.22: VTOL tricopter mode attitude control ight test result for the given yaw

command
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Figure 7.23: VTOL tricopter mode attitude control ight test - throttle input command

Figure 7.24: VTOL tricopter mode attitude control ight test - throttle responses of
motors

The tricopter mode attitude control ight test results for VTOL con guration are pre-
sented in Figurg (7.20), Figure (7]21) and Figdre ([7.22) which show that the VTOL
tracks the pilot commands for all given commands with some offset. However, the
platform is controllable and responses to all commands. Results also indicate that pi-
lot can achieve to lift the tricopter above 80% throttle input as shown in Figureg (7.23).
Motor outputs also varies around the reference throttle percentage which are given in
Figure [7.24). Pilot observed that heading control of platform can be enhanced but it
is not a drawback, and system is stable enough.
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CHAPTER 8

CONCLUSION

Aviation plays an important role on civilian and military areas and UAVs are becom-
ing important players with their growing diverse capabilities. Hybrid VTOL aircrafts
are designed to meet the need for effective VTOL and cruise ight capabilities with
improved performance. In this thesis, tilt-rotor approach with ying wing con gura-
tion is proposed. Concept is to control take-off with differential thrust of three motors
with the help of aft tilt mechanism to sustain stability. After take-off platform gains
speed with all three motors and during transition to forward ight stage front motors
smoothly tilt and as the platform gains speed, wing surfaces become active for both
creating lift and attitude control. In order to model the proposed concept, wind tunnel
tests were performed to get motor-propeller characteristics, and test data is analysed.
Non-linear mathematical equations, aerodynamic and propulsion models are applied

to simulation environment.

In order to reduce complexity and increase the awareness of the each added features
and their outcomes, development stage is separated into tricopter and VTOL con g-
urations. Model trim conditions are de ned and MATLAB scripts for this purposes

are created. According to linearized equations, controller is designed. Control modes
(copter and plane), ight phases (tricopter attitude control, transition to forward ight,
forward ight, transition to tricopter attitude control), and methodologies are de ned.
Blended inverse and weighted pseudo inverse approaches are applied for transition
control. Due to simulation results, both blended inverse and weighted pseudo inverse
control allocations performs well in transition to plane mode. However, blended in-
verse control allocation performs more smooth transition characteristics for transition

to tricopter mode, considering stability of the platform. For the tricopter attitude con-
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trol and forward ight controllers LQT and LQR-I are designed. Simulation tests are
performed to nd the controller gains that meet desired attitude control outputs. In
order to avoid crushes, a freely-swinging setup is used for lab tests to validate model
results. After many failures, lab tests showed that proposed solution for the simu-
lation side does not completely re ects real-world conditions as expected. As test
results are analysed, responsiveness of motors are decreased and optimum gains are
obtained. After each successful lab test, ight tests are performed. First, using pre-
vious platform and its motor-propeller wind tunnel test results, as proposed|in [26],
new LQT controller is designed as described in Appendix A. Lab and ight tests are
performed successfully. Speed hold controller is designed to be used both for alti-
tude control and transition control. However, ight test resulted in crush. Due to the
dif culty in purchasing same motors, a new motor and a propeller combination is se-
lected and wind tunnel tests are performed. Control strategy is differentiated from the
previous study and LQR-I approach is left due to unforeseeable outcomes of integral
wind-ups. Current controller tests are performed for attitude controller in tricopter,
dummy-wing and winged VTOL con gurations successfully. Hardware selected for
the studies gives exibility to develop and implement controller. Since, embedded
platform itself is open source, build-in libraries for sensors and actuators come with
it. The code is written with C++ in QT Creator under Ubuntu. Motor classes are
modi ed and autopilot source code is eliminated. LQT controller, simulation gains

and design logic are implemented to system.

For the future work, sensor models and motor-actuator responses will be modelled to
obtain simulation results relatively close to real-world. More precise GPS solutions
will be implemented to avoid sensor related control failures in altitude control using
speed control strategy. Forward ight tests will be performed and then transition
control allocation strategy will be tried. These will also enable to implement waypoint
navigation capabilities to system. Furthermore, full-autonomous take-off and landing,

cruise ights, and prede ned waypoint actions may be performed during ight.

108



REFERENCES

[1] Bob Allen. Ten-Engine Electric Plane Completes Successful Flight Test, 2015.
[2] ArduPilot Dev Team. ArduPilot, 2019.

[3] Ozlem Armutcuoglu, Mehmet Serif Kavsaoglu, and Ozan Tekinalp. Tilt
Duct Vertical Takeoff and Landing Uninhabited Aerial Vehicle Concept Design
Study. Journal of Aircraft 2008.

[4] Reg Austin.Unmanned Aircraft Systems: UAVS Design, Development and De-
ployment John Wiley & Sons, Ltd, 2010.

[5] Deperrois C. A. About XFLR5 calculations and experimental measurements,
20009.

[6] Vinny Devine. Cypherr Unmanned Aerial Vehicle (UAV), 2016.
[7] James Drew. New search for VTOL UAVs may resurrect Bell tiltrotor, 2016.

[8] Duc Anh Ta, I. Fantoni, and R. Lozano. Modeling and control of a tilt tri-rotor
airplane. In2012 American Control Conference (AC@ages 131-136. IEEE,
jun 2012.

[9] S. Durand, B. Boisseau, J.J. Martinez-Molina, N. Marchand, and T. Rahari-
jaona. Event-based LQR with integral action.Aroceedings of the 2014 IEEE
Emerging Technology and Factory Automation (ET,R#gges 1-7. IEEE, sep
2014.

[10] Wayne Durham.Aircraft Flight Dynamics and Control John Wiley & Sons,
Ltd, 2013.

[11] Bernard Etkin and Llyod Duff ReidDynamics of Flight Stability and Control
Wiley, 3rd edition, 1996.

[12] Paul Gerin Fahlstrom and Thomas James Glealsdraduction to UAV Systems
John Wiley & Sons, Ltd, 4th edition, 2012.

109



[13] Mike Hanlon. SkyTote - the VTOL UAV that transitions into horizontal ight,
2006.

[14] M. Hassanalian and A. Abdelke . Classi cations, applications, and design chal-
lenges of drones: A review, 2017.

[15] Tor A. Johansen, Andrea Cristofaro, Kim Sorensen, Jakob M. Hansen, and
Thor I. Fossen. On estimation of wind velocity, angle-of-attack and sideslip
angle of small UAVs using standard sensors2015 International Conference
on Unmanned Aircraft Systems, ICUAS 202615.

[16] Derya Kaya, Ali T. Kutay, and Ozan Tekinalp. Experimental Investigation of
Optimal Gap Distance between Rotors of a Quadrotor UAV. 2017.

[17] Derya Kaya and Ali Turker Kutay. Modeling and Simulation of a Quadrotor
using Curve Fitting Method. 2015.

[18] Nick Lavars. Lilium's full-sized electric jet ies for the rsttime, 2019.

[19] Hanmant G. Malkapure and M. Chidambaram. Comparison of Two Methods of
Incorporating an Integral Action in Linear Quadratic RegulatBAC Proceed-
ings Volumes47(1):55-61, 2014.

[20] Donald McLean Automatic Flight Control System®&rentice Hall International
(UK), Cambridge, 1990.

[21] J.L. Meriam, L.G. Kraige, and J.N. Boltoingineering Mechanics: Dynamics
John Wiley & Sons, Inc, 2015.

[22] J. Milan. Thrust allocation techniques for dynamically positioned vessels.
Technical report, National Research Council Canada. Institute for Ocean Tech-
nology, St. John's, NL, 2008.

[23] Desineni Subbaram NaiduOptimal Control Systems CRC Press, Florida,
2002.

[24] Erik Oberg, Franklin D. Jones, Holbrook L. Horton, and Henry H. Ryfiéa-
chinery's Handbook - 29th Editionindustrial Press, New York, 29th edition,
2012.

110



[25] Shea O'Donnell. A Short History of Unmanned Aerial Vehicles (UAVs ), 2017.

[26] Anil Sami Onen, Levent Cevher, Murat Senipek, Talha Mutlu, Osman Gungor,
Ismail Ozdemir Uzunlar, Dilek Funda Kurtulus, and Ozan Tekinalp. Modeling
and controller design of a VTOL UAV. 12015 International Conference on
Unmanned Aircraft Systems, ICUAS 202815.

[27] An | Sami Onen.Modeling and Controller Design of a VTOL UAYhD thesis,
Middle East Technical University, 2015.

[28] K. P. Valavanis P. Spanoudakis, L. Doitsidis, N. C. Tsourveloudis. Market
Overview of the Vertical Take-Off and Landing Vehicles. 2003.

[29] PX4 Dev Team. Cube (Pixhawk 2P X4 v1.9.0 User Guide, 2019.

[30] Jan RoskamAirplane Flight Dynamics and Automatic Flight Controls - Part |
3rd edition, 2001.

[31] Hugh Schmittle. The Pivoting Wing Paradigm, 2016.

[32] Yasmina Bestaoui Sebbane&smart autonomous aircraft: Flight control and
planning for UAV 2015.

[33] Ozan Tekinalp and Anna Prach. Development of a State Dependent Riccati

Equation based Tracking Flight Controller for an Unmanned Aircraft. 2013.

[34] Ozan Tekinalp and Emre Yavuzoglu. A new steering law for redundant control

moment gyroscope cluster8erospace Science and Technola2§05.

[35] The QT Company. Qt Creator IDE — Making software development fast, easy
& fun, 2019.

[36] Tugba Unlii.Flight Control of a Tilt Duct UAV with Emphasis on The Over Ac-
tuated Transition Flight PhasePhD thesis, Middle East Technical University,
2009.

111



112



Appendix A

A.1 Previous Platform Studies

In this section, previous platform studies are explained. Thesis studies started rstly

using given methodology and then applied to the new platform and developed.

A.1.1 Dynamic Model of Motor

Applying Equation [(2.4) and Equatiop (P.5) to Axi 2826/10 motor and Xoar 11x4
propeller combination, tting results can be observed in the following gures:

Figure A.1: Torque[N.m] vs. RPM relation with Axi 2826/10 motor and Xoar 11x4
propeller
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Figure A.2: Thrust[N] vs. RPM relation with Axi 2826/10 motor and Xoar 11x4

propeller

In the previous study [26], Torque - RPM, and Thrust - RPM relations were obtained
as shown in Figurg (A]1) and Figure (A.2). QPROP model for Axi 2826/10 motor
and Xoar 11x4 propeller combination were tested and for this thesis, @¥perder
model was obtained with following thrust and torque coef cients:

Kai =1:22¢ O07N:=RPM?
axl [N ] (Al)
lai =2:06% 09N:m=RP M ?]

RPM-throttle and RPM-torque relations must be de ned in order to be used both in
mathematical model of the system and conversions between thrust and torque param-
eters. Extracting from the experimental data as given in the Fjguie A.3, relation can

be expressed as follows:

RPM = 0:22997%+103:2 ¢, + 1907 (A.2)
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Figure A.3: RPM vs. Throttle[%] relation with Scorpion 3020-780kv and APC

11x5.5 propeller combination
A.1.2 Dynamic Model

Referencing Equation (2.B1), translational motion can be expressed to nd an equa-

tion related to ground speed of tricopter:

2 3
Ve = g é: Leg Ve + Lep: Vs (A.3)

R

Derivative ofLgg as given in Equatiorj (A]3) can be obtained using orthogonality of

matrixLgg as stated in [11]:

les = *eiles (A.4)
kg can expressed as following:
3
0 M N
=8 o0 FXZ (A.5)
VI oV 0

Hence, angular velocity notation can be representégaR = ! xR
Angular velocity transformation from earth xed to body xed frame can be ex-

115



pressed as following:
's = LegilE (AG)
Using the skew-symmetric property bf, the expressiorfiLge :+g)XLgg can be
written as:
e = L-I;E ‘reiLgE (A?)
By substituting Equatio?) into Equatio.4)EB can be represented as fol-
lowing:

Leg = Leg ks (A.8)

From Equation[(AB) and Equatioh (A.3) using reexpressiohgf, \5 can ex-
pressed as following:

VB = LBE (VE LEB :!"B :VB) (Ag)
Substituting Equatior (A]9) into Equation (2]31), external forces can be de ned as
following:

F§Xt m:(LBE Me Lege :Leg :Fg:Vs + ‘!"B:VB)

m:(Lee V)
Alternatively using Equatiorj (2.88) and Equatipn (A.10), forces acting on body xed
frame can be expressed in terms of earth xed frame velocity vectors, considering

(A.10)

LBé = I—EB .

0 ° ° (F1+ Fa)isin( ) >
1+ Fo)isIn
m:\e = g 0 é + Leg :g Fa:sin( ) é (A.11)
mg (F1+ Fz):icoq ) Fzicoq )

Velocity vector of tricopter in earth xed inertial frame is represented/asvector,
so that it can be used to calculate ground speed reference into the system during

simulations.

A.1.3 Trimming Approach for Hover Position

Solving Equation[(3]5) for characteristics of AXI 2826/10 motor and Xoar 11x4

wooden propeller combination, trim results for tricopter are obtained as following:
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Table A.1: Trim values for hover with AXI 2826/10 - Xoar 11x4 combination

o [deg]

o [deg]

o [deg]

o [deg]

o [rpm]

0,2 [rpm]

0;3 [rpm]

-0.7625

2.802e-08

-3.1944

2.2876

9149

7846

8523

A.1.4 Linearization of Hover Flight Equations

Change in angular rates will be derived from perturbed moments as shown in Equation
(3.8). Thus, perturbed motion of moment generated by propellers can be derived
by substituting Equatiorj (3.1) and Equati¢n [3.5) into total moment equation given
by Equation[(2.48) and Equation (2]49). After simpli cation, constant part for each
equation will be neglected. Function becomes as follows:

2 3

2 0;1
0;2

§ Mé TczM 0:3

(A.12)

WhereTc,y Is a [3x5] transformation matrix and functional relations useddpy

are de ned in Matlab.Considering that, in attitude control front motors are positioned
vertically according to body axes, such that value @ zero. In other words, equa-
tions de ned inTcow With o parameter will be taken zero and state will be

omitted. Applying these changes angular rates can be represented as following:

2

2
2 Lo o
b I« L
3 FR E .
1
.l 0 0 C

Derivation of dynamic model for translational motion is given in Equatjon (A.11).
Linearizations of the equations are obtained by applying assumptions in Equation
(3.7) on body xed to earth xed framé.gg . Propeller forces acting on body axes

are replaced by relative trim and perturbed portions. Also it is assumed that platform
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is in hover. When given information applied into Equation (A.11), following equation

is obtained:
2 3

2
M h i h [ 0
ng _VZ = Tcav . + Ccov t g 0 Z (A.14)

WhereTc,y is a [3x6] transformation matrix anGc,y is a [3x1] constant vector.
Results showed that sum of vec®g,y and gravitational force acting on body are
negligibly small:
2 3
h i g0
0= Ccov + g 0 Z (A.15)

mg

For attitude control case, equations de nedTig,y with o parameter will be re-
placed by zero, such that there will be no propeller force actingXan ,(x-axis of
body xed frame. Moreover, linearization results also showed that rate of change in
has almost no effect on variations in ground speed, sccommand will be omitted.

Applying these changes angular rates can be represented as:

2 3
2
g —“é L h
= — H
VE= Ty oo (A.16)
—W FZPBrop

A.1.5 Linear Quadratic Tracking Control

LQT and LQR-I are chosen to be used for the controller design. Since both of them
are linear controllers, linear state space approach is required to be used. As control

strategy guided, attitude commands is used to hold system in desired attitude.

The state space approach used for linearized solutions obtained in Eq@iatjon (3.7),

(3.8) and Equatiorj (A.13), states and inputs of the system for attitude control can be
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de ned as follows:

X= p q r (A.17)
Uh = 1 2 3 (A18)

Linearized solution for states and inputs for ground-speed control can be de ned as
follows:
h io
Xs= U VvV W (A.19)
h io
Us = Ff rop FZP rop (A.20)

A.1.5.1 Linear Quadratic Tracking (LQT) Controller

A.1.5.1.1 LQT Controller - Attitude Control
From Equation[(4]4), attitude control, where state and input vectors which are given

in Equation [(A.1}) and Equatioh (A.[L8) respectively, can be represented as follows:
2 3

p(t) 5 3
o(t) 1(t)
h i
xn() = Ay r(t) + g 28 (A.21)
3
()
( t)

LQT optimal control approach for attitude control case can be derived by applying
Equation|(4.1IR) into Equatiofn (A.R1) as follows:
2

3
5 p(t) ; ;
1(t) q(t)
E 05 N TR g N (t)é
u(t) = = Ky + Kz § (1) (A.22)
3() Q) (1
(1
(v

The gain matrices for attitude control are given in Appendix D.
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A.1.5.1.2 LQT Controller - Ground Speed Control

Ground speed control state space representation can be derived by applying Equation
(A.16) into Equation[(4}4), where state and input vectors are Equation](A.19) and

Equation|[(A.20) can respectively be represented as follows:

3

2 3
ot (9

2

h i h i

Xn(t) = Adg V('[)é+ Bdé
w(t)

(1
brop (A.23)
Fy ()
F;rop (t)
LQT optimal control approach for ground speed control case can be derived by ap-
plying Equation[(4.12) into Equatiop (A.23) as follows:

2 3 3
h | l"IEnav (t) h i UEd(t)
U(t) = E Prop = K H VEnav (t) é + Kz H g VEd (t) (A24)
FTD rop WEnav (t) WEd(t)
VA

The gain matrices for ground speed control are given in Appendix D.

A.1.5.2 Linear Quadratic Regulator Control with Integral Action (LQR-I)

Linear quadratic controller is chosen to get desired output not just by controlling
desired states, but also minimizing steady state tracking errors. LQR approach tends
to hold outputs in desired reference, but in some cases it is unavoidable to reach zero
steady state error. More robust approach is to add external control that is de ned
as integral action, such that even disturbances and model uncertainties exist in the
model. In order to use external loop output, error vector is needed to be de ned. Let's

de ne error using the notation as follows |19, 9]:

e(t) = ug(t) Cq x(1)
zZ(t) = &)

Whereugy(t) is a [mx1] output setpoint vector andt) is a [nx1] state vector. Integral

(A.25)

feedback is given such that error integrator provides zero steady state as an input.
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Dynamic equation with new states can be de ned as follows:

h [
X(t) = x(t) z(t) (A.26)

Where X(t) is a [(n+m)x1] state vector. Equatidn (4.4) becomes:

X(t) = AgX(t) + BqU(t) + EqUg(t)

B (A.27)
y(t) = CaX(t)

State, input and output matrices in Equation (A.28) can be represented as follows:

2 3 2 3 2 3
A O B 0
x(t) = 4 SX(t)+ 4 dSu(t)+ 4 " Suy(t)
) C o 0 I'm (A.28)
|

yt)= C 0 x(t)

Augmented system applied in quadratic performance index is chosen for in nite time
case and it can be de ned as follows:

1)4” o

Jg = > X()TQ x()+ u(t)"R u(t) (A.29)

t=to

WhereQ is positive semi-de nite [(n+m) x (n+m)] state weight matrRR,is positive
de nite [mxm] control weight matrix. The optimal control obtained from Hamilto-

nian form is given as
u= R B, (t) (A.30)
States are related to optimal costate by a transformation as follows:
(1) = Px () (A.31)

Equation[(A.3]) is satis ed by eliminating the costate,Ryvhich is a Riccatti coef-

cient matrix that satis es the following differential Ricatti equation:
0= PAy A,P+PBR B,P Q (A.32)

Applying Equation[(A.3R) and Equatiop (A.31) into optimal control equation (A.30)
eliminating costate (t), optimal control becomes as follows:

u()= R ByPx(t) (A.33)
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Where Kalman gairK = R 1§ZP can be grouped into corresponding state and

error output vectors as follows:
h [
K= K K,
h [ (A.34)
u= K x(t) K; z(t)

where K is state control gain and, is integral term.

A.1.5.2.1 Attitude Controller

LQR-I control approach for attitude control can be derived by applying Equation
(A.34) into Equation[(A.2]1) where state and input vectors are Equdtiop (4.1) and
Equation[(4.R) respectively:

p(t)

2
2
1(t) q(t)
h hoo|
u(t)=§ 8 . r(t) F oK z(t) (A.35)

(t)

z(t)= z(t 1)+ et) t
2 3

2
() e ()
o) = § :(t)é B w0l (430
o(0) ()

The gain matrices for attitude control are given in Appendix D.

A.1.6 Control Allocation Approach

Simulations tests are based on two approaches. First approach is using controller
output as presented in Equatign (A.18) and converting RPM commands to throttle
commands from deriving Equation (A.2).

Second approach is used for ground speed hold controller as a conversion approach,
which produces roll and pitch commands and beside that, it also produces force devi-
ations in x and y axis to hold the desired speeds as given in Equftior] (A.18). Attitude
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controller takes roll, pitch and yaw commands and creates control outputs as stated
in Equation [(A.2D). In order to apply the force deviations to attitude control out-
puts, control allocation equations are derived. Attitude controller outputs in Equation
(A.18) are converted to force and moments required to hold the system in desired
attitude by applying to the Equatiop (2]28), Equatipn (R.29) and Equdtion] (2.26).
Total-moment outputs of controller are de nedlag., M1, andN+, for roll, pitch

and yaw moments respectively. Thus, force outputs of controller are d&lﬁcednd

FZF’C for y and z body-axis respectively. Thrust generated in x-axis is omitted. In
hover position, motors do not create force in x-axis direction. Using the information

given for second approach, forces and moments required to hold tricopter in desired

2
YB
P
ZB
E 0
: MTC 0
0

Relation between Equatiop (AJ37) and control inputs can be obtained using moment
and force equations, Equation (2.45), Equafion(2.46) and Equatior] (2.44) respec-

tively, for tricopter frame as following:

states is given as be|OW'

(A.37)
i

2 3 2 3
Y 0 0 k
Z kcoq ) kcoq ) k 0
L= kcoq )ry. Isin( ) kcogq )ry. + Isin( ) Krys  Krzs
M K(sin( )rza+ cog )re1) K(sin( )rzz+ cog )ryz) Krys I
N ) ksm%)ry;1+ lcoy ) ksin( )ry.> lcos( ) I Kr 3
2
g ;
. s°coy )
s°sin( )
(A.38)

Total forces and moments are required to hold system in desired states are given in

Equation[(A.38). Thus conversion between desired force and moment outputs can be
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converted to control inputs as below:

2 3

2 , 3 Y
! z

22 h i

= Tecom L (A.39)
s°coq )

%sin( ) M
: N

whereTcoy IS a [5x4] transformation matrix. Aft servo angle will be derived from
vectorial force components of aft motor, of which is a result of change in aft servo an-
gle as itis presented in Equatidn (4.17) Aft servo angle will be derived from vectorial
force components of aft motor as proposed in Equafion|4.17)

A.1.7 Simulation Tests and Results

In this sub-section laboratory test results for previous platform are presented. Period
of Inner loop controllers were taken 50Hz, whereas outer loop control runs at 10Hz.
Test scenarios are created to observe LQT and LQR-I controllers' performance. Dy-
namic and system models shown in Figyre {A.4) and Fidure (A.5) respectively.
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Figure A.4: Dynamic model of tricopter
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Figure A.5: System model of ground speed hold and attitude controllers
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A.1.7.1 Tricopter Roll Control

(a) LQT control result for the given roll command (b) LQR-I control result for the given roll command

(c) LQT control result for the given zero pitch commaft) LQR-1 control result for the given zero pitch com-

mand

(e) LQT control result for the given zero yaw commgfid_QR-I control result for the given zero yaw command

(9) LQT - Throttle output of motors for the given rdt) LQR-I - Throttle output of motors for the given roll

command command

(i) LQT - Aft servo output for the given roll commang) LQR-I - Aft servo output for the given roll command

Figure A.6: Simulation results of LQT and LQR-I controllers for roll command
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A.1.7.2 Tricopter Pitch Control

(a) LQT control result for the given pitch command (b) LQR-I control result for the given pitch command

(c) LQT control result for the given zero roll commaiid) LQR-I control result for the given zero roll command

(e) LQT control result for the given zero yaw commgfid_QR-I control result for the given zero yaw command

(g) LQT - Throttle output of motors for the given pit¢h) LQR-I - Throttle output of motors for the given pitch

command command

(i) LQT - Aft servo output for the given pitch commau@il LQR-I - Aft servo output for the given pitch command

Figure A.7: Simulation results of LQT and LQR-I controllers for pitch command
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A.1.7.3 Tricopter Yaw Control

(a) LQT control result for the given yaw command (b) LQR-I control result for the given yaw command

(c) LQT control result for the given zero roll commaiid) LQR-I control result for the given zero roll command

(e) LQT control result for the given zero pitch commaffid LQR-I control result for the given zero pitch com-

mand

(9) LQT - Throttle output of motors for the given yail) LQR-I - Throttle output of motors for the given yaw

command command

(i) LQT - Aft servo output for the given yaw comman(§ LQR-I - Aft servo output for the given yaw command

Figure A.8: Simulation results of LQT and LQR-I controllers for yaw command
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A.1.7.4 Tricopter Ground Speed Hold Control

Ground speed hold controller simulations are carried out for zero velocity commands.
Controller is activated at 6 [sec] in simulation. Before ground speed controller is
activated, attitude controller is active feed with zero reference commands. Speed
controller produces roll and pitch commands and differential forces required to hold
speed. Period of inner loop attitude controller is 50 [Hz], and for outer loop, ground
speed hold control is 10 [Hz]. Attitude controller outputs converted by control al-
location block to drive motors and aft servo. Response of the platform is given in
Figure [A.9) for given speed commands. Simulation result shows that system hold
desired states with small offsets. Due to small offsets drifts in ground positions can
be observed in Figuré (A.1L0).

Figure A.9: LQT-Tricopter ground velocity responses for given reference commands

Figure A.10: LQT-Tricopter ground position changes for given reference commands
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(a) LQT - Response for roll command by ground speed controller

(b) LQT - Response for pitch command by ground speed controller

(c) LQT - Response for yaw command by ground speed controller

(d) LQT - Aft servo output for given attitude commands

(e) LQT - Throttle output of motors for given attitude commands

Figure A.11: Simulation results of LQT ground speed hold and attitude controllers

for given speed commands
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A.1.8 Flight Tests and Results

In this sub-section, ight test results for previous platform with LQT controller ap-
proach are presented. Period of inner loop controller is run at 50Hz.

A.1.8.1 Tricopter Flight Tests

Tricopter frame was tested outside covering all control commands. It was observed
during the ight that pilot commands were followed by the system and the platform
was responsive to the control inputs. Flight log was examined to compare how con-

troller was performed during ight test.

Figure A.12: Tricopter (Axi-Xoar con guration) ight test photo
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A.1.8.1.1 LQT Tri-coper Attitude Controller - Approach-1
Flight tests were performed according to rst approach as suggested in subsection

(A.1.6), and its results are given as following:

Figure A.13: Tricopter ight test result for given roll command

Figure A.14: Tricopter ight test result for given pitch command

Figure A.15: Tricopter ight test result for given yaw command
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Figure A.16: Tricopter ight test - throttle input command

Figure A.17: Tricopter ight test - throttle responses of motors

The ight test results for tricopter frame are presented in Figure (A.13), Figure(A.14)
and Figure[(A.1p) which show that the tricopter tracks commands as intended. Results
also indicate that pilot can achieve to lift the tricopter with approximately 50% throttle
input as shown in Figuré (A.16). Motor outputs also vary around the reference throttle
percentage which are given in Figure (A.17).

A.1.8.1.2 LQT Tricopter Attitude Controller - Approach-2

Flight test were performed according to second approach as given in subdectioh (A.1.6),
and its results are given as following:
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Figure A.18: Tricopter ight test result for given roll command

Figure A.19: Tricopter ight test result for given pitch command

Figure A.20: Tricopter ight test result for given yaw command

135



Figure A.21: Tricopter ight test - throttle input command

Figure A.22: Tricopter ight test - throttle responses of motors

The ight test results for tricopter frame are presented in Figure (A.18), Figure(A.19)
and Figure[(A.2D) which show that the tricopter tracks commands as intended. Results
also indicate that pilot can achieve to lift the tricopter with approximately 50% throttle
input as shown in Figuré (A.21). Motor outputs also vary around the reference throttle

percentage which are given in Figure (A.22).

During attitude control, only attitude control outputs are converted to forces and mo-
ments as an input to control allocation block as it is suggested in Equption| (A.37),
and ground speed hold control output parameters are given as zero. Results prove
that control allocation presented in subsection (A.1.6) works as intended. Ground
speed hold controller had been activated during this ight test, but it did not work
and the tricopter crushed. It is evaluated that both controller gains and ground speed
source device may be the reason for crush. Controller gains were tested for the rst

time, since laboratory test environment is not eligible for tests. Thus, controller gains
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may be too responsive to control the tricopter. GPS, ground speed source device, does
not guarantee accuracy for sensor results. There are GPS receivers with Real-Time-
Kinematic (RTK) capability to achieve centimetre level correction and positional ac-
curacy, which can give more accurate ground speed results. Tests may continue with
RTK-GPS and outdoor test stand may be required before performing ight tests.
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Appendix B

B.2 Dummy-wing Mass and Inertia Calculation

Figure B.23: Dummy-wing con guration layout

B.2.1 Mass Moment of Inertia of Prism

Mass moment of inertia of rectangular prism is calculated according to Equation
(B.40) is given below [24]:

2 2
prs _ mXpS(prs + yxps)

X 12
2 2
|)),(ps - mxps(zxisz-i' Xxps) (B_40)
I Xps — mXpS (X)z(ps + y)%ps)
Y 12

Wherel 3P°, 1 /P, 1 7P presents the mass moment of inertia about x, y and z axes
respectively. Mass of prism is presentedmags. Thus, dimensions of the prism
are presented ass, Yxps: Zps. Density is calculated according to sample XPS
prism's weight and dimension of which same radii properties used for dummy-wing

construction. Due to material dimensional restrictions, its leygthis prede ned
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before the calculations. Although the material itself is non-uniform, for simplicity
and considering its weight and inertia contribution onto overall construction, it is

assumed to be uniform.

B.2.2 Dummy Weights

Weights and inertias of XPS prism and carbon tube are not enough to meet the wing
mass and inertia properties. Due to that reason, identical dummy masses are required.
Each of the masses are prede ned and chosen as 95 [gr]. Dummy mass is presented
asmgummy and they are located on the edges of XPS prism. Mass moment of inertia
is calculated for each of the dummy masses according to equations given in [21]
considering the positions according to body xed frame as shown in Figure|(B.23).

B.2.3 Mass Moment of Inertia of Hollow Cylinder

Mass moment of inertia of hollow cylinder is calculated according to equation](B.41)

as given below [24]

¢ = TEERE + RY) + h2
5= TSERE + RY) + h2 (B.41)
HERLIGELY

Wherel &, I;‘, | ¢ presents the mass moment of inertia about x, y and z axes respec-
tively. Mass of carbon tube is presentedag. Inner and outer radii are presented as
R; andR; respectively. Thus, length of the carbon tube is presentég; abass of

carbon tube is calculated as given equatjon (B.42) below:
Met = der[kg=ml:he[mM] (B.42)
Whered, presents linear density of tube. Density is calculated according to sam-

ple tube's weight and length of which same radius properties used for dummy-wing

construction. Furthermore, it is assumed to be uniform.
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Appendix C

In this appendix, LQT control weight matrices, controller gains and eigen vectors
of closed loop state matrix is given for Scorpion SlII-3020-780Kv motor and 11x5.5
APC con guration of tilt rotor tricopter VTOL platform. Moreover, transition weight

matrices are given both weighted pseudo inverse and blended inverse approach.

C.3 LQT - Weighting Matrices and Gains for Tricopter Attitude Control

2 3
0:1920 0 0
Riricopter ,2 = 0 00979 0 é (C.43)
0 0 004496
2 3
5:1876 0 0
Qtricopter v2 = g 0 51876 0 é (C.44)
0 0 10537
2 3
1:1671 0 0 51876 0 0
K tricopter v2 = 0 21317 0:0042 0 51876 0046é (C.45)

0 0:0146 11368 0 0:1514 48407

2 3
5:1876 0 0

K Ziicoper v2 = 0 51876 OO46% (C.406)
0 0:1514 48407
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2 3
4:4534 + 44534
4:4534 4:4534
. 3:5192 + 35192
elg(AtriV 2closedioop ) = (C47)
35192 35192
3:4126 + 34126
34126 34126
C.4 LQT - Weighting Matrices and Gains for Forward Flight Control
2 3
0:01 0 0
Rplane = 0 00003 0 é (C.48)
0 0 Q0004
2 3
291805 0 0
Qplane = 0 291805 0 Z (C.49)
0 0 30396
2 3
5:0278 0 3656 536200 0 2:1150
K plane = 0 134263 0 0 3416460 0
1:8312 0 135750 310836 0 820886
(C.50)
2 3
536200 0 2:1150
KZpae = 0 3416460 0 é (C.51)
31:0836 0 820886
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107535 + 107535
107535 107535
_ 6:2210 + 62210
elg(ApIaneclosedloop ) = (C52)
6:2210 6:2210
254461 + 254461

254461 254461

C.5 Weighted Pseudo Inverse - Transition to Forward Flight Control

2 3
€1
96504
€1
96504
€1
9650*
Wwpi, = M,W (C.53)
0:5e2
202
0:5e
202
0:5¢
202
V; 2
e=0:1+ C.54
' 3020:9 (C.54)
e=1 € (C55)
C.6 Blended Inverse - Transition to Forward Flight Control
Gop = I7x7 (C.56)
2 3
_1
9650%
1
96504
6
96504 cos(pi=12)2
— 6
WBI t2p m (C57)
05
202
1
302
05
202
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1, [RPM]=21:51V; > 5971V; +1:087 + 04
[RPM]=21:33V; 2 5922V, +1:084+ 04

2t2p

30, [RPM] = 122:5V; 2 2943/, +2:0262+ 04
izplded = 0:03182/ 2+0:8568/;, 5564
aeuz,[ded = 01182, 2 525V +21:69

2
1t2p

2
2t2p

2
3t2p005( t2p)
Udesio, = %tszin( t2p)
0

elevizp

0

(C.58)

C.7 Weighted Pseudo Inverse - Transition to Tricopter Attitude Control

€1
96502

€1
96502

6e;
96502 cos(pi=12)2

- 661
Wi t2p 96502 sin (pi=12)2

frYe)0)0)0)0)020202020) 02 92 02 02 BN \V]
e

V; 2
30%0:99
e=1 ¢e+0:001

e =0:01+

C.8 Blended Inverse - Transition to Tricopter Attitude Control

G2t = l7x7
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%
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p2t

HOOCOOOCOO000O00000) N

€
96502

€1
96507

6e1
96502 cos(pi=12)2
6e,
96502 sin (pi=4)2

Q
o
g

202
€2
302
0:5e
202

1, [RPM]=18:47v; 2 5151V, +1:034+ 04
2, [RPM]=18:47V; 5151V, +1:034+04
3 [RPM]= 1352V, 2+729:1V; 7678
oz[ded = 0:000225Y; 2 0:00832%; +0:07551
elevpy [dEG = o2 1779, 2 5:%19/1 +15:82

1p21

2p2t

3p2t Coi p2t)
Udesyor = 3p218in( p2t)
0

elevpat

0
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Appendix D

In this appendix, weight matrices, controller gains and eigen vectors of closed loop
state matrix of LQT and LQR-I controllers are given for AXI 2826/10 motor - Xoar

11x4 propeller con guration of tricopter platform.

D.9 LQT - Weighting Matrices and Gains for Tricopter Attitude Control

2 3
5:64e 6 0 0 0
0 56de 6 0 0
Rigt,: = (D.65)
0 0 564 6 O
0 0 0 01862
2 3
127324 0 0
Qiqty: = 0 19098 O é (D.66)
0 0 71620
3

’ 118077 114870 5050 1011244 737389 46737

Ko = g 132231 126088 15666 1102118 767173 7957
50116 240529 Q0150  70:890 1499780 23137

0:047 0:023  0:708 0654 0:301  6:180

(D.67)

3
1011244 737389 46737

2
K B 1102118 767173 7957
Zigt =
Sk 70:890 1499780 23137
0:654 0:301 6:180

(D.68)
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2 3
8:8925 + 88925
8:8925 8:8925
, 8:3203 + 83203
elg(AIth Lciosedioop ) = (D69)
8:3203 8:3203
6:2118 + 62118
6:2118 6:2118
D.10 LQR-I-Weighting Matrices and Gains for Attitude Control
2 3
0:0043 0 0 0
0 00043 0 0
Rigri,, = (D.70)
0 0 00043 0
0 0 0 477465
2 3
025 O O O O 0 oO 0 Q
O 025 0 O 0o o0 o 0
0 0O 025 0 O o0 O 0
0 0 O 05 0 0 O 0O O
Qariv, =8 0 0 0O 0 025 0 O 0O O (D.71)
0 0 O O O 06 O 0O O
0 0 O O O 0 3 0 O
0 0 O 0O O O O 7™ o
0 0 O 0O O o0 ©O 0o 3
3

2
287782 326318 11965 583043 527302 23514
K : 326125 363399  4:3948 637028 5338004 4:639
| ivl -
N 0:8668 685734 27655 39406 1062715 17501

0:0184 0:0125 0:1989 00905 0:0662 0:4277
(D.72)
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3
583043 527302 23514

2
637028 5338004 4:639
Z ri
A 39406 1062715 17501
0:0905 0:0662 0:4277

(D.73)

D.11 LQT - Weighting Matrices and Gains for Tricopter Ground Speed Hold

Control

3
1464225 0 0 0

2
14684225 0 0
RV hola., = 0 10963 O
0 0 Q0470

(D.74)

2 3
4 0 O

QVHoId\,lzgo 8 OZ (D.75)
0 0 10

3
02145 0:0006

2
0:1653 0
10729 0:019
00637 145890

KV holdv1 (D.76)

’ 02145 0:0006

E 0:1653 0
10729 0:.019
00637 145890

(D.77)

K Zvhodv 1 —

2 3
1:6216

€Ig(AV holdgoseqoop ) = 8 5:358 (D.78)
2:4976
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Appendix E

E.12 Coef cients of Motor-Propeller Surface Fit Equations

Table E.2: Coef cients of Force Surface Fit Equations

[deg] | @ & a a3 CY as
90 1.912 | -0.09383| -0.0008031| -0.01711 | 7.427e-06| 2.48e-07
70 1.915 | -0.03305| -0.0009265| -0.01537 | 4.467e-07| 2.647e-07
50 1.641 | -0.04156| -0.0007519 -0.009203| 3.486€e-06| 2.492e-07
30 1.703 | -0.1408 | -0.0006502| 5.586e-06| 1.575e-05| 2.319e-07
0 0.5811| -0.1043 | -0.0002887| -0.006627| 1.553e-05| 2.056e-07

Table E.3: Coef cients of Torque Surface Fit Equations
[deg] by by b bs by bs
90 -0.07316| 0.0009318| 3.35e-05| 0.0002711| -4.82e-07| -6.15e-09
70 -0.05737| 0.0004911| 2.80e-05/ 0.0002637| -4.33e-07| -5.81e-09
50 -0.05253| 0.0001433| 2.57e-05| 0.0001469| -3.62e-07| -5.55e-09
30 -0.0481 | -0.0002621| 2.54e-05| 6.695e-05| -2.91e-07| -5.51e-09
0 -0.04425| 0.0008161| 2.35e-05| -3.198e-05| -3.88e-07| 5.38e-09

Table E.4: Coef cients of RPM Surface Fit Equations

[deg] | o C1 C Cs Cs Cs

90 2217 | -26.42| 103.4| 6.774 | -1.646 | -0.1651

70 1833 | 57.04 | 91.7 | 2,592 | -1.195 | -0.108

50 1887 | 25.24 | 102.1| 1.288 | -0.6223| -0.2128

30 1783 | 12.67 | 106.1| -0.6159| -0.1332| -0.2615

0 1735| -18.3 | 113 | -0.6369| 0.2276 | -0.3325

151




E.13 Aerodynamic Coef cients

Aerodynamic coef cients that are given below are multiplied with relative control

surface de ections, and values. Unit of these parameters is degree.

Table E.5:Cx aerodynamic coef cients

Cx

elev ail

0.003 | -0.0028

Cx
7.1703e-04

Cx ,
4.9220e-04

Cx, Cx
-0.0299

Table E.6:Cy aerodynamic coef cient

Cy

-0.0035

Table E.7:C; aerodynamic coef cients

Cz,

elev

Cz

-0.0657

-0.0162

-0.0523

Table E.8:C, aerodynamic coef cients

C G

ail
0.0053| -9.8137e-04

Table E.9:C,, aerodynamic coef cients

Cm

Cmo Cm

elev

-0.0548

-0.0248

-0.0398

Table E.10:C,, aerodynamic coef cients

Cn

rud

-0.0017

Cn
0.0012
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E.14 VTOL and Tricopter Parameters

2

2

i =

0:2995

0:0096

Mytol = 4 [kg]

0:1310

0:0020

My = 3 [kg]

3

0:0004 00096
| vtol =§ 0:0004 03756 00004 [kg:m?]
00004 04238

3

0:0004 00020
0:0004 03121 0000
00004 01958

[kg:m?]

(E.79)

(E.80)

(E.81)

(E.82)

Table E.11: Position vectors of each motor according to Center of Gravity (CG)

X

y

0.2700

-0.4450

-0.0384

0.2700

0.4450

-0.0384

-0.5400

-0.0384

The unit of measurement that is given in Table (F.11) is meter.

153



	ABSTRACT
	ÖZ

