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Resumo

Durante a ultima década ocorreu uma explosão de desenvolvimento de veı́culos de descolagem e

aterragem vertical (VTOL), como quadrotors, hexarotors, e semelhantes. Mas em anos mais recentes

tem aumentado o interesse em veı́culos capazes de descolar verticalmente e capazes de realizar voo

como um avião, para superar algumas das limitações dos quadrotors.

Este trabalho pretende realizar uma análise preliminar deste tipo de veı́culos, para avaliar as suas

vantagens e desvantagens.

Duas abordagens diferentes deste tipo de veı́culos foram escolhidas, para proporcionar uma visão

mais alargada do que pode ser conseguido. E para esses veı́culos, foi obtido um modelo dinâmico e

cinemático extenso.

Devido a condições especı́ficas de funcionamento destes veı́culos, um modelo mais avançado para

as hélices, do que o tradicionalmente usado para os quadrotors, foi obtido.

Com o modelo completo dos veı́culos, foi realizada uma analise da dinâmica e de alcance dos

veı́culos, variando a velocidade.

Por ultimo, mas não menos importante, foi proposta e testada uma estratégia de controlo capaz de

lidar com as peculiaridades deste tipo de veı́culos.

Palavras-chave: Quadrotor Hı́brido, Avião Hı́brido, Modelação de Hélices, Modelação dinâmica

e cinemática, Regulador Linear-Quadrático
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Abstract

The past decade saw the boom of Vertical Take-Off and Landing (VTOL) vehicles, such as quadro-

tors, hexarotors, and similar. But in more recent years there has been growing interest in vehicles that

can take off vertically, and capable of flying like an airplane, to overcome some of the limitations of

multirotors.

This work aims at providing a preliminary analysis of these types of vehicles, to assess their advan-

tages and disadvantages.

First, two different approaches to these types of vehicles were selected, to provide a wider view of

what can be accomplished. And for those vehicles, an extensive dynamic and kinematic model was

obtained. Due to the specific working conditions of these vehicles, a more advanced model for the

propellers than the traditionally used for quadrotors was obtained.

With the complete model for the vehicles, an analysis on the vehicles dynamics and range, for varying

airspeed was performed.

Finally, a control strategy capable of dealing with the peculiarities of these vehicles was proposed

and tested.

Keywords: Hybrid Quadrotor, Hybrid Plane, Propeller modeling, Dynamic and Kinematic mod-

eling, Linear-Quadratic Regulator

IX



X



Contents

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V

Resumo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VII

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IX

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIII

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XV

Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIX

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Historical Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.3 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Vehicle models 9

2.1 Vehicle definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Reference Frames . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Vehicle Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4 Vehicle Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 Propulsion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6.1 Propeller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6.2 Motor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.7 Aerodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7.1 Wing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7.2 Body . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 Propellers aerodynamic modeling 27

3.0.1 Model 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.0.2 Model 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.0.3 Model 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.0.4 Model 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

XI



3.0.5 Model 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.0.6 Models 6 and 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1.1 Axial flow (ξ = 90◦ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1.2 Flow with Incidence (ξ = 60◦ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1.3 Flow with Incidence (ξ = 30◦ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1.4 Model 6 altered . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.1.5 Error due to turbulent flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4 Trim of the UAVs dynamics for varying airspeed 47

4.1 Hybrid Quadrotor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 Hybrid Plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5 Control Design 53

5.1 Linearization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2 System dynamic and control matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.3 Control block diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.4 Hybrid Quadrotor Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.4.1 Axial flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.4.2 Aerodinamic flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4.3 Complete flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5 Hybrid Plane Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.5.1 Axial flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.5.2 Forward flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.5.3 Complete flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6 Conclusions 67

6.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

Bibliography 69

A Vehicle Dimensions A.1

XII



List of Tables

2.1 Flight movements description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Flight movements description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1 Propeller specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2 Model 6 parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

A.1 Hybrid Quadrotor specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.1

A.2 Hybrid Plane specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.2

A.3 Batteries and Motor specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.2

A.4 Propeller model parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.2

XIII



XIV



List of Figures

1.1 Military hybrid aircrafts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Civilian hybrid aircrafts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Unmanned Aerial Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4 Hybrid UAVs (Amazon, Arcturus UAV, Textron Systems ) . . . . . . . . . . . . . . . . . . . 3

1.5 Hybrid UAVs (NASA, Kari) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.6 Hybrid UAVs (Transition Robotics, Wingtra) . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.7 Hybrid vehicle concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.8 Sabanci University Unmanned Aerial Vehicle . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.9 MAVion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.10 Tilt-rotor aircraft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.11 VertiKUL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Hybrid Quadrotor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Flight modes and transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Flight movements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Hybrid Plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.5 Flight modes and transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.6 Flight movements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.7 Hybrid Quadrotor reference frames . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.8 Hybrid Plane reference frames . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.9 Propeller Blade twisting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.10 Lift and Drag coefficients approximations . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.11 Hybrid Quadrotor Propulsion system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.12 Hybrid Plane Propulsion system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.13 Motor equivalent circuit and physical characteristics . . . . . . . . . . . . . . . . . . . . . 20

2.14 Aerodynamic forces and moment in the wing . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.15 NACA 0012 Lift, Drag and Pitching Moment . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.16 Wing sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.17 Aerodynamic surfaces sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.18 Control surface deflection [33] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.19 Vehicle body . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

XV



2.20 Vehicle body . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1 Propeller Blade aerodynamics, [31] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Propeller airflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 Dimensionless coefficients, Ω = 2000rpm, ξ = 90◦ , low pitch, models 1 to 5 . . . . . . . 33

3.4 Dimensionless coefficients,Ω = 5000rpm, ξ = 90◦ , low pitch, models 1 to 5 . . . . . . . . 34

3.5 Dimensionless coefficients, Ω =2000rpm, ξ = 90◦ , low pitch, models 4 to 7 . . . . . . . . 34

3.6 Dimensionless coefficients, Ω = 5000rpm, ξ = 90◦ , low pitch, models 4 to 7 . . . . . . . 34

3.7 Airflow in high angles of attack [29] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.8 Dimensionless coefficients, Ω = 5000rpm, ξ = 90◦ , high pitch, models 1 to 5 . . . . . . . 35

3.9 Dimensionless coefficients, Ω = 2000rpm, ξ = 90◦ , high pitch, models 4 to 7 . . . . . . . 35

3.10 Dimensionless coefficients, Ω = 5000rpm, ξ = 90◦ , high pitch, models 4 to 7 . . . . . . . 36

3.11 Thrust coefficient for various blade angles [35] . . . . . . . . . . . . . . . . . . . . . . . . 36

3.12 Disc distribution analysis of dCT and α, depending on the models . . . . . . . . . . . . . 37

3.13 Disc distribution analysis of dCT and α, depending on the models . . . . . . . . . . . . . 38

3.14 Dimensionless coefficients, Ω = 2000rpm, ξ = 60◦ , low pitch, models 1 to 5 . . . . . . . 38

3.15 Dimensionless coefficients, Ω = 5000rpm, ξ = 60◦ , low pitch, models 4 to 7 . . . . . . . 39

3.16 Dimensionless coefficients,Ω = 5000rpm, ξ = 60◦ , high pitch, models 4 to 7 . . . . . . . 39

3.17 Disc distribution analysis of dCT and α, depending on the models . . . . . . . . . . . . . . 40

3.18 Angle of attack for 4 inflow models [31] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.19 Disc distribution analysis of dCT and α, depending on the models . . . . . . . . . . . . . . 41

3.20 Disc distribution analysis of dCT and α, depending on the models . . . . . . . . . . . . . 42

3.21 Dimensionless coefficients, Ω = 5000rpm, ξ = 30◦ , high pitch, models 4 to 7 . . . . . . . 43

3.22 Disc distribution analysis of dCT and α, depending on the models . . . . . . . . . . . . . 43

3.23 Dimensionless coefficients, Ω =2000rpm, ξ = 60◦ , high pitch, models 6 and 7 . . . . . . 44

3.24 Model error for various propellers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.25 Error example for propeller 14× 13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1 Quadrotor trim vs airspeed, with low pitch propellers . . . . . . . . . . . . . . . . . . . . . 48

4.2 Error results for low pitch propellers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3 Hybrid Quadrotor trim vs airspeed, with medium pitch propellers . . . . . . . . . . . . . . 48

4.4 Hybrid Quadroto trim vs airspeed, with high pitch propellers . . . . . . . . . . . . . . . . . 49

4.5 Hybrid Plane trim vs airspeed, with high pitch propellers . . . . . . . . . . . . . . . . . . . 50

4.6 Hybrid Plane trim vs airspeed, with low pitch propellers . . . . . . . . . . . . . . . . . . . 50

4.7 Hybrid Plane trim vs airspeed, with medium pitch propellers . . . . . . . . . . . . . . . . . 51

5.1 Pitch Angle for varying airspeed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2 Possible orientations for the same incidence . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.3 Control strategy plant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.4 Control Weights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

XVI



5.5 Orientation transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.6 Axial flight response wind disturbance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.7 Hybrid Quadrotor speed and position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.8 Hybrid Quadrotor angular speed and orientation . . . . . . . . . . . . . . . . . . . . . . . 60

5.9 Propeller and motor state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.10 Response to wind disturbance in Forward flight . . . . . . . . . . . . . . . . . . . . . . . . 61

5.11 Hybrid Quadrotor speed and orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.12 Hybrid Quadrotor position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.13 Hybrid Quadrotor actuation and speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.14 Hybrid Quadrotor position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.15 Motor input actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.16 Hybrid Plane speed and position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.17 Input actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.18 Hybrid Plane position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.19 Input actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.20 Hybrid Plane speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.21 Hybrid Plane position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

XVII



XVIII



Nomenclature

Acronyms

LQR Linear Quadratic Regulator

UAV Unmanned Aerial Vehicle

V TOL Vertical Take-Off and Landing

Greek symbols

α Angle of attack

β Propeller lateral incidence angle

δ Control surface angle

δc Control surface input

η Vehicle orientation

λ Inflow coefficient

µx Dimensionless axial airspeed

µy Dimensionless lateral airspeed

ω Vehicle angular speed

Ω Propeller angular speed

ψ Propeller azymuthal coordinate

ρ Air Density

θ0 Initial blade angle

θtw Blade twisting rate

ξ Propeller axial incidence angle

ζ Wing inclination

Roman symbols

XIX



Ass State matrix

A Wing surface area

Bss Input matrix

Bm Motor friction constant

CD Drag coefficient

CDα Drag form coefficient

CL Lift coefficient

CM Pitching Moment coefficient

CP Power Coefficient

cp Propeller blade cord

CT Thrust Coefficient

cw Wing cord

CD0
Static drag coefficient

CLα Lift form coefficient

CL∆ Lift offset coefficient

CLM Maximum lift coefficient

e Reference error

eF Propeller model error function

Fa Aerodynamic forces

Fp Propulsion forces

g Gravity acceleration

I Motor current

iw Wing incidence angle

Jv Vehicle Inertia

J Advance ratio

Kδ Control surface constant

Ke Counter-electromotive force constant

Kt Torque constant

XX



kx Inflow unbalance coefficient

U Air speed

Ma Aerodynamic moments

Mp Propulsion moments

M
y

Propeller moment around y

M
z

Propeller moment around z

Nb Number of blades

p Vehicle Position

P Power

Q Torque

Rb
a Rotation matrix from ’a’ to ’b’

R0 Base reference frame (NED)

Rb Body reference frame

Rf Aerodynamic forces reference frame

Ri Propeller blade inner radius

ri Dimensionless propeller blade inner radius

Rm Motor resistance

Rp Propeller radius

Rw Wing reference frame

T Thrust

u Input vector

Vb Vehicle speed

Vef Wing effective airspeed

Vm Motor voltage

vm Dimensionless motor input

|X| Absolute value of X

x State vector

Subscripts

XXI



b Body reference frame

f Aerodynamic forces reference frame

w Wing reference frame

x, y, z Cartesian components

Superscripts

T Transpose.

XXII



Chapter 1

Introduction

The present work intends to model, simulate, and control two hybrids between quadrotors and fixed-

wing aircrafts, as an alternative to those two types of vehicles.

Due to the wider range of conditions those vehicles are subjected to, a more comprehensive analysis

of its components is necessary, along with other aproaches for control strategies.

1.1 Motivation

Quadrotors and unmanned airplanes are both widely used nowadays. Quadrotors for tasks such as

recording events from the air or high voltage poles inspection. And unmanned airplanes for long range

surveillance, or transport. But still, there are scenarios where none of those vehicles fit the needs.

To fill that space, hybrid vehicles are looked at, to overcome some of the limitations of both types of

vehicles. A quadrotor can take off and land nearly anywhere, but has a very limited range. An airplane

has a large range, but needs a runway to take off and landing.

One of the scenarios considered is delivering parcels. The vehicle needs to be able to land in a

limited space do deliver the package, but also needs range to be able to deliver those packages at long

distances.

Other of the cases considered is maritime surveillance, to enable the launch of these vehicles from

small water crafts. Quadrotors do not possess the range to significantly increase the surveillance area,

nor the speed to keep up with other watercrafts. An unmanned airplane would have to be launched from

the ground, possibly far from the location of the boat, wasting some of the range of the aircraft. A hybrid

vehicle would allow for a large increase in surveillance area, and fast deployment from the watercraft

location in case of need.

1.2 Historical Introduction

The last century saw the boom in airplane and helicopter development, and, as those types of vehi-

cles matured, interest in vehicles that combine attributes from both started to grow.
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The military was the main precursor of those early designs (fig 1.1), nowadays civilian applications

are increasingly the focus of development (fig 1.2).

(a) Bell, XV-3 [1] (b) Bell-Boeing, V-22 Osprey
[2]

(c) EWR, VJ 101 [3] (d) Lockheed Martin, F-35B [4]

Figure 1.1: Military hybrid aircrafts

In the past decade, big advancements in electronic miniaturisation, improvements in battery specific

power, and more efficient motors, created that same boom on small unmanned aerial vehicles.

(a) Joby, S2 concept [5] (b) Lilium Aviation concept [6] (c) AgustaWestland AW609 [7]

Figure 1.2: Civilian hybrid aircrafts

There has been a massification of small helicopter-like vehicles (multirotors) and small airplanes (fig

1.3), specially for the consumer market given their low cost.

(a) DJI, Phantom 4 [8] (b) Parrot, Bebop 2 [9] (c) UAVision, Wingo [10]

Figure 1.3: Unmanned Aerial Vehicles

More recently, there has been increased interest in hybrid designs from the most varied areas, in

order to overcome the limitations of each one and add versatility, allowing for new use cases. Some of

these hybrid designs take inspiration from those precursors, others implementing new approaches.

Amazon is developing Unmanned Aerial Vehicles (UAVs) to deliver packages, Prime Air service.

Their latest vehicle is a hybrid VTOL UAV (fig 1.4), with 8 rotors for takeoff and landing. For long range

flight a 9th rotor on the back for propulsion, wings for lift, and control surfaces for flight control. This

allows it to deliver an order directly to the customer backyard, at longer distances.

Arcturus UAV has a series of vehicles following the same approach, such as the JUMP 15, but only

4 rotors instead of 8 for takeoff and landing. And Textron Systems prototype Aerosonde, to be used for
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reconnaissance, surveillance and as a communications platform.

(a) Amazon, Prime Air [11] (b) Arcturus UAV, Jump 15 [12] (c) Textron Systems, Aerosonde [13]

Figure 1.4: Hybrid UAVs (Amazon, Arcturus UAV, Textron Systems )

Their design and control is fairly straightforward, they are very similar to current UAVs, like the Wingo,

but with the addition of vertical rotors.

On the other hand, NASA’s GL-10 Greased Lightning takes inspiration from those larger hybrids.

Instead of having independent rotors for the 2 scenarios, the entire wing (with the rotors attached)

rotates in relation to the fuselage.

On the Kari TR60 only the rotors rotate. Intend for reconnaissance and surveillance, can carry large

payloads and multiple sensors.

(a) NASA, GL-10 Greased Lightning
[14]

(b) Kari, TR60 [15]

Figure 1.5: Hybrid UAVs (NASA, Kari)

There are models that stray even further away from those simpler designs. The Quadshot was the

first from Transition Robotics, in what looks like a wing with 4 rotors. The entire aircraft changes orienta-

tion depending on the scenario, making the control more difficult, but reduces the need of independent

rotors for each use or having moving ”structures”. Reduces structural complexity, weight, and cost.

Can have a camera mounted, or other small sensors. Their more recent project, the JumpShip, has a

biplane-like airframe, but follows the same operating principle, and capable of carrying multiple sensors

or a package up to 5Kg.

The Wingtra 1, unlike these, uses control surfaces, and thus only requiring 2 rotors. Can be equipped

with a camera or other small sensors.

1.3 State of the art

Over the past few years there has been a growing academic interest in quadrotor fixed wing hy-

brid vehicles. Increased research in the characteristics from each vehicle type to merge, development
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(a) Transition Robotics, Quadshot [16] (b) Transition Robotics, Jumpship [17] (c) Wingtra, Wingtra 1 [18]

Figure 1.6: Hybrid UAVs (Transition Robotics, Wingtra)

of models to accurately represent those vehicles in their working conditions, and control strategies to

provide a stable flight.

Many approaches have been proposed, William J. Fredericks et al. [19], at the NASA Langley Re-

search Center, performed an analysis of 4 different vehicles (fig. 1.7), to assess their feasibility and

expected performance.

One of those variants, the Greased Lightning, has been further developed, passing through various

prototypes, with one being the GL-10 prototype (fig.1.5(a)). That prototype is studied by Paul M. Roth-

haar et al. in [20]. First testing the vehicle aerodynamics using Computational Fluid Dynamics, and later

in a wind tunnel. A total of 3 different propellers were also tested in the wind tunnel, to assess the effects

of the angle of attack, and to obtain an equivalent model [21].

(a) Trifecta (b) Split Wing (c) Dos Samara (d) Greased Lightning

Figure 1.7: Hybrid vehicle concepts

The SUAVI was a vehicle developed and constructed by E. Cetinsoy et al. [22]. Composed of 2

wings, capable of rotating relative to its fuselage, with each wing divided in 2 sections with one propeller

each. The entire dynamical model is presented, with the dynamics described using Newton-Euler, and

the formulation for the propellers considering constant thrust and power coefficients. For its control a

hierarchical control system is implemented, the high level controller is responsible for generating the

trajectories, and low level controllers for the different flight modes, to transform those trajectories into

actions in the actuators.

In [23] a similar controller for the Quadshot (fig. 1.8) is proposed. An outer loop takes the state vari-

ables and desired position and generates a series of waypoints to follow. An inner controller calculates

the necessary thrust and orientation. The model considered for the Quadshot is a concise representa-

tion of its dynamics, without entering into the detail of the actuators and wing.

The MAVion (fig. 1.9) is in development at the Institut Supérieur de l’Aéronautique et de l’Espace

since 2009, intended to be a vehicle capable of operating in complex urban environments, both outdoor

4



(a) Forward flight configura-
tion

(b) Axial flight configuration

Figure 1.8: Sabanci University Unmanned Aerial Vehicle

and indoor.

Yann Ameho, in his PhD thesis [24], presents a very detailed model for the vehicle dynamics. For

the propellers a model was obtained using Blade Element Theory that includes some of the effects of

the external airflow and blade flapping. The vehicle propellers are directly in front of the wings, the inter-

action between the airflow at the propeller exit and the wing is also accounted for, with the aerodynamic

coefficients approximated with sinusoidal functions. The control was assured using Adaptive Control.

Later, in [25], a different model is proposed and validated with experimental data, for the case of

forward flight. The control strategy consists in linearizing the system for 10 fixed points in Axial flight,

transition and Forward flight, and using an external controller to transition between them.

(a) MAVion structure (b) Wind tunnel test

Figure 1.9: MAVion

In [26] another type of vehicle is proposed, one where only the propellers rotate to transition from

Axial flight to Forward flight (fig. 1.10). A model for the propellers is derived based on the Blade Ele-

ment Theory. For the wings linear and quadratic approximations for the lift and drag coefficients were

considered, as they will not be subject to large angles of attack. To control the vehicle, 2 controllers are

obtained, switching between them depending on the propellers tilt.

(a) Axial flight configuration (b) Transition (c) Forward flight configura-
tion

Figure 1.10: Tilt-rotor aircraft

At KU Leuven, Menno Hochstenbach et al. [27], designed a hybrid similar to the Quadshot, the Ver-

tiKUL. It was developed to be capable of transporting packages up to 1Kg. Designed with the minimum

moving parts possible, to keep the costs down, reduce the chance of failure and maintenance. It takes
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off with the wing oriented vertically, and transitions to airplane-like flight by rotating the entire vehicle

(fig. 1.11). Two control modes were implemented, a low level and a mid level modes. In the low level,

using the RF remote transmitter, the pilot commands directly the collective thrust and the vehicle angular

speeds. Using the mid level control mode is uses a separate controller for Axial flight and for Forward

flight. The transition between modes is activated by a switch, and it is performed autonomously by a

third controller.

(a) Axial flight configuration (b) Forward flight configuration

Figure 1.11: VertiKUL

1.4 Objectives

One of the main objectives of this work is to obtain a model that describes comprehensibly the

dynamics of these types of vehicles, taking into account that the wings in these vehicles will be subject

to high angles of attack, and that the propellers will be subject to high incidence angles and lateral and

axial external air flows.

It is also intented to carry out a preliminary analysis of the vehicles range with different propeller, for

varying airspeed to assess their potential compared to quadrotors and fixed wing aircrafts.

And last, implement a control strategy capable of controlling these vehicles throughout their varying

working conditions and attitudes.

1.5 Thesis Outline

In chapter 1 the motivation that led to this work, an historical introduction to hybrid vehicles, and some

of the most recent research in the area are presented. The objectives for this work are also presented.

In chapter 2 the dynamic and kinematic modeling for these vehicles, detailing the model used for the

propellers, wings and motor.

Chapter 3 details the procedure used to obtain the model for the propellers. The various approx-

imations considered and comparison of the result between them, and the final choice of model to be

used.

Chapter 4 presents an analysis on the vehicles range and attitude for varying air speed, with different

propellers. From those results, are chosen the most adequate propeller for the vehicles.

The control strategy obtained is presented in chapter 5, along with the results in the presence of

disturbances, and for a complete flight.
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In chapter 6 the final conclusions of this work, the contributions made by this work to the area, and

suggestions for future work are presented .
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Chapter 2

Vehicle models

In this work, 2 different vehicles are modeled in order to test different approaches to the problem at

hand.

The first one, which will be addressed as Hybrid Quadrotor, can be considered more unconventional.

Although it has some similarities with a conventional quadrotor when it comes to the propulsion system,

the structure and operating mode are very different and unique.

The second one, called Hybrid Plane, could be considered as a more traditional approach. It can

be characterised mainly as a traditional airplane, but with the addition of 4 propellers responsible for the

vertical take off and landing, like a quadrotor.

The dimensions and other specifications, of both vehicles, are presented in table A.1 and A.2.

2.1 Vehicle definition

Hybrid Quadrotor

Starting with the Hybrid Quadrotor, its body is composed mainly of a wing (fig 2.1), and the battery

and electronics are housed inside it. For propulsion it has 4 brushless motors and 4 propellers.

At low speeds the vehicle will move like a traditional quadrotor. For higher speeds, the vehicle will tilt

and use the wing to provide lift, and thus increasing power efficiency.

(a) Isometric view (b) Side view (c) Front view

Figure 2.1: Hybrid Quadrotor
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These 2 flight modes will be addressed as Axial flight and Forward flight respectively, and are illus-

trated in figure 2.2

• Axial flight: for take off, landing, other operations that may require the vehicle to move at low

airspeed, or even stationary. The thrust generated by the propellers is responsible to keeping

the vehicle in the air and to move in any given direction. The movement is controlled just like a

standard quadrotor, by providing differential thrust with the propellers in order to produce torque

and move the vehicle as desired.

• Forward flight: for a higher airspeed flight. The lift generated by the wing is responsible, for the

most part, for keeping the vehicle in the air, and the thrust generated by the propeller to keep the

vehicle moving forward. Although the wing could include a pair of ailerons, it is assumed here

that no control surfaces are available, neither ailerons, elevators nor rudder like in a conventional

airplane. Instead differential thrust is also used to control the direction of flight .

(a) Axial flight (b) Transition (c) Forward flight

Figure 2.2: Flight modes and transition

In the transition between Axial flight and Forward flight, the vehicle will start moving forward, by

leaning in that direction. As it gains speed the wing generates increasingly more lift and the vehicle can

be rotated further, until is reaches the Forward flight attitude.

Oppositely, to transition from Forward flight to Axial flight, it will start to decelerate and tilt backwards

until reaching Axial flight position.

Regarding the differential thrust control, an illustration of the various possible combinations for thrust,

common for both Axial flight and Forward flight can be seen in figure 2.3. But depending on the flight

mode they will correspond to slightly different actions, detailed in table 2.1

As for an usual quadrotor, the propellers are not equal, one pair produces thrust when rotating

clockwise, and the other pair when rotating counterclockwise. With the propellers distributed alternately

as shown in the figure 2.3, when performing any of the movements from a) to g), or any combination of

them, the resulting torque in the propeller axis will be null. And with h) and i) the opposite, it is intended

to maximise the torque along that axis.
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Figure 2.3: Flight movements

Axial flight fig 2.3 Forward flight
hover a) cruise speed flight

tilt forward b) pitch down
tilt left c) yaw left

tilt backwards d) pitch up
tilt right e) yaw right

move down f) decrease speed
move up g) increase speed

rotate counterclockwise h) negative roll
rotate clockwise i) positive roll

Table 2.1: Flight movements description

Hybrid Plane

Moving on to the Hybrid Plane, it is very similar to a fixed-wing aircraft, more specifically a twin-boom

aircraft. A large wing to provide lift, on the back an aerodynamic structure that acts as both vertical

and horizontal stabiliser, the fuselage, and two booms connecting the back structure to the wing. On

the back of the fuselage, a rotor for propulsion, and the battery and electronics are housed inside the

fuselage.

However, it contains 4 extra rotors, with their axis of rotation normal to the ground, which will be used

for take off and landing, meaning it can take off vertically without the need of a runway. And the booms

not only connect the back structure to the wing but also work as support for the extra rotors, by extending

beyond the wing (fig 2.4).

The aircraft possess two ailerons on the wing, and two other surfaces on the back that act as ele-

vator and rudder, depending on their combination. To pitch the vehicle both surfaces on the back are

actuated in the same direction, for yaw they are actuated in opposite directions. To actuate them servo

motors would be used, however those motors will not be modelled, their action will considered as nearly

instantaneous.

The wing is not aligned with the axis of the back rotor, it has an incidence angle iw, in such a way that

when in Forward flight, at cruise speed, the back propeller can be aligned with relative air speed while

the wing is at angle of attack equal to iw. This could also be achieved by using a wing with lift coefficient

grater than zero for an angle of attack equal to zero. The aerodynamic structure on the back is aligned
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with the axis of rotation of the back rotor, but not aligned with the main wing lateral direction, they have

an inclination of ζ.

(a) Isometric view (b) Wing (c) Top view

Figure 2.4: Hybrid Plane

Similarly to the Hybrid Quadrotor, it has 2 flight modes (fig 2.5).

• Axial flight: for take off, landing or other operations that may require the vehicle to move at low

airspeed, or even stationary. The 4 extra propellers provide the thrust for lift and movement, the

motor in the back of the fuselage is turned off in most situations. The movement is controlled by

providing differential thrust to each propeller, just like for a basic quadrotor.

• Forward flight: for higher airspeed flight and longer distances. The back propeller provides thrust

for movement, and the wing provides the lift. The direction of movement is governed by the control

surfaces.

(a) Axial flight (b) Transition (c) Forward flight

Figure 2.5: Flight modes and transition

To transition from Axial flight to Forward flight the back motor is turned on, moving the vehicle forward.

As it gains speed and the wing generates lift, the 4 propellers reduce their speed, until the wing generates

enough lift and they can be completely turned off. From Forward flight to Axial flight, the back motor is

turned off to reduce speed, and the 4 rotors engaged to compensate for the reduction of lift from the

wing.

The thrust control for Axial flight in this vehicle is the same as the Hybrid Quadrotor, presented

previously in figure 2.3. For Forward flight, the possible configurations can be seen on figure 2.6, and a

description of both in table 2.2.
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Figure 2.6: Flight movements

Axial flight fig 2.3 fig 2.6 Forward flight
hover a) a) average speed flight

tilt forward b) b) pitch down
tilt left c) c) yaw left

tilt backwards d) d) pitch up
tilt right e) e) yaw right

move down f) f) decrease speed
move up g) g) increase speed

rotate counterclockwise h) h) negative roll
rotate clockwise i) i) positive roll

Table 2.2: Flight movements description

Given the propeller configuration, it is possible to perform 2 other operations not mentioned above.

In the case of moving forward in Axial flight, instead of providing differential thrust with the 4 propellers,

the back propeller can also be engaged. And when transitioning from Forward flight to Axial flight, the 4

vertical propellers can also be used for a quicker deceleration, by slightly tilting the vehicle backwards.

2.2 Reference Frames

The base reference frame R0 is defined as NED (North, East, Down), it is fixed on the ground and

can be considered approximately inertial if the Earth rotation is disregard.

Three reference frames will be defined for each vehicle, identified as Body frame (Rb), Wing frame

(Rw) and Aerodynamic Forces frame (Rf ). The coordinate transformation between reference frames

can by given by a rotation, represented using Euler angles or unit quaternions. Given the wide range of

orientations the Hybrid Quadrotor can attain, unit quaternions is a more adequate choice as it gives us

a unique representation, eliminating the problem of singularities present in the Euler angles representa-
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tion.

The rotation matrix from reference frame Rb to reference frame R0 will be identified as R0
b . And in a

similar fashion for the rotation matrices between other reference frames.

In terms of notation, the lower subscript will indicate in what frame a vector is considered. In the case

of the base reference frame, the subscript is omitted. The component of a vector, by indicating it in the

lower subscript after the reference frame.

• Fg = Gravity force vector in the base reference frame

• Fgb = Gravity force vector in the body frame

• Fgw = Gravity force vector in the wing frame

• Fgw,x = Component xw of the gravity force vector, in the wing frame.

Hybrid Quadrotor

The Body reference frame Rb for our first vehicle is defined with xb aligned with the propeller axis of

rotation, yb aligned with the lateral direction of the wing, zb normal to both, facing the front. The origin at

the centre of gravity of the vehicle (fig. 2.7) .

(a) Base and Body reference frames (b) Wing and forces reference frames

Figure 2.7: Hybrid Quadrotor reference frames

The Wing reference frame Rw, with the origin at the wing aerodynamic centre, usually at 1/4 of the

wing cord, and with its axes aligned with Rb.

And the third reference frame, Rf , with its origin also at the aerodynamic centre, xf coincident with

the Lift, yf coincident with the Drag, and zf oriented to complete the orthonormal frame.

Hybrid Plane

The body reference frame for the Hybrid Plane is defined with xb aligned with the back propeller

axis of rotation and booms, yb along the wing lateral direction, zb aligned with propellers vertical to the

ground, and the origin at the centre of gravity (fig 2.8). The reference frame for the wing Rw, with the
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origin at the wing aerodynamic centre. xw and zw rotated iw in relation to xb and zb, and yw aligned with

yb.

And Rf , with its origin at the wing aerodynamic centre, xf coincident with the Lift, yf coincident with

Drag, and zf to complete the orthonormal frame.

(a) Base and Body reference frames (b) Wing and forces reference frames

Figure 2.8: Hybrid Plane reference frames

2.3 Vehicle Dynamics

The vehicle is subject to various forces, in this work the main ones will be addressed. These can be

divided into 3 parts:

• Gravity: Fg

• Propulsion system: Fp, Mp

• Aerodynamics: Fa, Ma

The vehicle dynamics, following a Newton-Euler approach [28], and assuming constant mass and

inertia, may be expressed by the following equations :

mV̇b =− ωb ×mVb + Fgb + Fpb + Fab

Jvω̇b = −ωb × Jvωb +Mpb +Mab

(2.1)

where Vb is the vehicle linear speed, ωb the angular speed, and Jv the vehicle inertia matrix . Fgb is

the gravity force vector, Fpb and Mpb will be respectively the vectors of forces and moments generated

by the propulsion system. And from the aerodynamics, Fab and Mab are the vectors of forces and

moments from the aerodynamic interactions.
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2.4 Vehicle Kinematics

As for the kinematic equations for our vehicle, they are given by:

ṗ = R0
bVb

η̇ = −1

2


0 ω

b,x
ω
b,y

ω
b,z

−ω
b,x

0 −ω
b,z

ω
b,y

−ω
b,y

ω
b,z

0 −ω
b,x

−ω
b,z
−ω

b,y
ω
b,x

0

η
(2.2)

With p the position vector in the base reference frame, and η the vehicle orientation relative to the

base reference frame, expressed in unit quaternions.

2.5 Gravity

The gravity force vector in the body frame is simply given by :

Fgb = Rb
0 m g

wherem is the vehicle mass, and g is the local earth gravity acceleration expressed in the base reference

frame.

2.6 Propulsion

2.6.1 Propeller

Both vehicles will work in a variety scenarios, which will subject the propellers to very different work-

ing conditions. From external air speed purely axial to completely lateral, or no external air speed at

all.

The simple models usually used do not account for these effects, and so a more comprehensive

model is required. The formulation and analysis of the model obtained is presented in chapter 3, but a

brief summary will be presented here.

Each propeller i rotates at angular speed Ωi producing thrust Ti and torque Qi. But given the pres-

ence of air flow in the lateral direction of the propeller, there will also be transverse moments Miy and

Miz .

Ti = ρπRp
2(ΩiRp)

2CT

Qi = ρπRp
3(ΩiRp)

2CPMiy

Miz

 = ρπRp
3(ΩiRp)

2

cos(β) −sin(β)

sin(β) cos(β)

CMy

CMz

 (2.3)
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Where CT is the thrust coefficient, CP the power coefficient, and CMx
and CMy

moment coefficients.

In this formulation the moments obtained are oriented with the lateral air speed, and need to be

rotated to the body reference frame. For the Hybrid Quadrotor and the back propeller of the Hybrid Plane,

β is the angle between the incident lateral air flow and the axis yb, obtained as β = atan2
(
Vab,z , Vab,y

)
.

For the other 4 propellers of the Hybrid Plane, β = atan2
(
Vab,x , Vab,y

)
, where atan2 is the four quadrants

arctangent function, available in MatlabTM.

The thrust, power and moment coefficients are given as:

CT =
Nbcp
2πRp

(
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(2.4)

As illustrated in figure 2.9, the blade has external radius Rp, inner radius Ri and constant chord cp.

With ri the dimensionless inner radius, given as Ri
Rp

. The blade is assumed to have a constant twisting

rate, θtw, obtained as θtw =
θRp−θRi
Rp−Ri , and θ0 would be the angle of the blade at the axis of the propeller,

if Ri was equal to 0, and can be calculated as θ0 = θRi − θtwRi .

Figure 2.9: Propeller Blade twisting
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The lift coefficient is approximated quadratically, in the form CL(α) = CLM − (CLαα(R,ψ)−
√
CL∆

)2.

CLM corresponds to the maximum value, CLM −CL∆ is the function value at α=0, and 2CLα
√
CL∆ is the

slope at α=0. The drag coefficient is also approximated quadratically, as CD(α) = CD0 +CDαα
2(R,ψ),

characterised with drag coefficient form CDα , and static drag coefficient CD0
.

Both are illustrated in figure 2.10, using the data for the NACA 0012([29],[30]) as example of the

approximation.

(a) Lift coefficient approximation (b) Drag coefficient approximation

Figure 2.10: Lift and Drag coefficients approximations

Relative to the air flow at the blades, µx is the dimensionless coefficient of the external axial flow,

given as µx =
Vab,x
ΩRp

, and µy is the dimensionless coefficient of the external lateral flow, given as

µy =

√
V 2
ab,y

+V 2
ab,z

ΩRp
. The inflow [31] can be obtained as λ0 = CT

2
√
µ2
y+λ2

, and λ = µx + λ0. The variable kx

characterises the unbalance in the inflow, and is given as kx = tan(X2 ), with X = tan−1(
µy

µx+λ0
)

Hybrid Quadrotor

As previously referred, the propulsion system is composed of 4 motor-propeller sets, in an X config-

uration. The numbering of the propellers and the respective directions of rotation are illustrated in figure

2.11.

(a) Propeller configuration (b) Motor-propeller set

Figure 2.11: Hybrid Quadrotor Propulsion system
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The resulting propulsion forces and moments are given by :

Fpb =


4∑
i=1

Ti

0

0

 Mpb =


−

4∑
i=1

Qi(−1)i

4∑
i=1

Tizib −
4∑
i=1

Miy (−1)i

−
4∑
i=1

Tiyib −
4∑
i=1

Miz


(2.5)

with zib and yib the propeller coordinates in the body reference frame.

Hybrid Plane

The Hybrid Plane has propulsion systems along 2 different axes. Four propellers, in an X configura-

tion, aligned vertically in relation to the body, and a fifth propeller at the rear of the fuselage in a pusher

configuration. The enumeration and directions of rotation are illustrated in figure 2.12.

(a) Propeller configuration, top view (b) Propeller configuration, back view

Figure 2.12: Hybrid Plane Propulsion system

These definitions result in the following force and moment vectors:

Fpb =


T5

0

−
4∑
i=1

Ti

 , Mpb =


−

4∑
i=1

Tiyib −Q5 −
4∑
i=1

Mix

4∑
i=1

Tixib + z5bT5 −
4∑
i=1

Miy (−1)i +M5y

4∑
i=1

+y5bT5 −M5z +Qi(−1)i


(2.6)

2.6.2 Motor

This type of vehicles normally uses brushless DC motors, for their high efficiency and specific power.

They will be modeled here as a simple DC motor, as follows [32]:
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dIi
dt

=
Vmi −RmIi −KeΩi

Lm
dΩi
dt

=
KtIi −Qi −BmΩi

Jm

(2.7)

where Ii is the current for each motor and Vmi the control voltage. With the properties of the motor-

propeller set as follows : circuit resistance Rm, circuit inductance Lm, counter-electromotive force con-

stant Ke, rotor inertia Jm , torque constant Kt and friction constant Bm. These are illustrated in figure

2.13.

Figure 2.13: Motor equivalent circuit and physical characteristics

The servo motors considered to actuate the control surfaces in the Hybrid Plane will be considered

as nearly instantaneous, and simply modeled as:

dδi
dt

= (δci − δi)Kδ (2.8)

with a high value of Kδ for a fast response. δci corresponds to the command input for each surface, and

δi the surface deflection angle.

2.7 Aerodynamics

The aerodynamic forces and moments will be split in two terms, the wing (Fwb , Mwb ) and the body

(Feb , Meb ).

Fab = Fwb + Feb

Mab = Mwb +Meb

2.7.1 Wing

For the wing the classical aerodynamic modelling will be considered, obtaining the lift and drag

forces and the pitching moment at the aerodynamic centre (fig 2.14). The wing is considered as rigid,

the effects of the airspeed along the span of the wing can be disregarded [31]:

L =
1

2
ρV 2

a ACL(α) D =
1

2
ρV 2

a ACD(α) M =
1

2
ρV 2

a ACM (α) (2.9)
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where A is the projected surface area, CL and CD the lift and drag coefficients, CM the pitching moment

Figure 2.14: Aerodynamic forces and moment in the wing

coefficient, and α the angle of attack. But while in the propeller those coefficients could be considered

as quadratic functions of α, the same is not possible here, as the angle of attack in the wing goes way

beyond the range where those approximations are valid. In [29] and [30], lift, drag and pitching moment

coefficient curves were obtained for some wing profiles. The results for the NACA 0012 airfoil were

selected for the wings, and represented in figure 2.15.

(a) Lift coefficient, [29] (b) Lift coefficient

(c) Drag coefficient (d) Pitching Moment coefficient

Figure 2.15: NACA 0012 Lift, Drag and Pitching Moment

When the vehicle is rotating or turning, the effective air speed along the wing will vary, leading to

variation in angle of attack, and in the corresponding aerodynamic forces generated. A way to consider

the effects of the vehicle rotation is to break down the wing into sections. The effective air speed will

be approximated as the speed at the aerodynamic centre of each section, α calculated from that speed,

and A the projected surface area from each section.
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Hybrid QuadRotor

The wing of the Hybrid Quadrotor is divided in 2 sections (fig. 2.16), as it is the minimum to take into

account the vehicle rotation effects.

Figure 2.16: Wing sections

The effective airspeed in each surface Si, in the body reference frame, Vef,ib is given as :

Vef,ib = Vab +


0 zib −yib
−zib 0 xib

yib −xib 0

ωb (2.10)

The angle of attack given as αi = atan2(Vef,ib,z , Vef,ib,x), and the air speed as Va,i =
√
Vef,ib,x

2 + Vef,ib,z
2.

Replacing 2.9 we obtain :

Li =
1

2
ρV 2

a,iAiCL(αi) , Di =
1

2
ρV 2

a,iAiCD(αi) , Mi =
1

2
ρV 2

a,iAiCM (αi) (2.11)

The air speed considered for each section is different, and the angle of attack will also be different for

each surface, and the rotation matrix from the reference frame Rf to Rb. The resulting forces for each

surface, in the body frame, can be obtained as:

Rb
f,Si

=


−sin(−αi) −cos(−αi) 0

0 0 1

−cos(−αi) sin(−αi) 0

 , Fib = Rb
f,Si


Li

Di

0

 , Mib =


0

−Mi

0

 (2.12)

The resulting forces and moments on the wing are then:

Fwb =

2∑
i=1

Fib , Mwb =

2∑
i=1

Mib +

2∑
i=1


0 −zib yib

zib 0 −xib
−yib xib 0

Fib (2.13)

Hybrid Plane

The aerodynamic surfaces of the Hybrid Plane will be divided in 6 sections, separating each section

of the wing with control surfaces (fig. 2.17).

For the control surfaces, the approach presented in [33] will be adopted, considering the change in
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(a) Top view (b) Back view

Figure 2.17: Aerodynamic surfaces sections

angle of attack function of the change in the airfoil chamber.

∆αi = −2
lδi
c2wi

lci sin(δi) (2.14)

with lδ as the control surface width, lc is the distance of the aerodynamic centre from the leading edge,

and cw is the wing chord. These are illustrated in figure 5.15.

Figure 2.18: Control surface deflection [33]

Since the aerodynamic surfaces are not aligned with the body reference frame, the angle of attack

and air speed are calculated as presented in 2.15, with the effective airspeed obtained in the local

reference frame of each section Vef,iw :

Rw
bi

=


cos(iw) 0 −sin(iw)

0 1 0

sin(iw) 0 cos(iw)


Vef,iw = Rw

bi
Vef,ib

αi = ∆αi + atan2
((
Vef,iw,zcos(ζi) + Vef,iw,ysin(ζi)

)
, Vef,iw,x

)
Va,i =

√(
Vef,iw,zcos(ζi) + Vef,iw,ysin(ζi)

)2
+ Vef,iw,x

2

(2.15)

The Lift, Drag and Pitching Moment are obtained as in 2.11. The resulting forces for each surface, in

the body reference frame:

Rb
f,Si

=


1 0 0

0 cos(ζi) −sin(ζi)

0 sin(ζi) cos(ζi)



−sin(iw − αi) −cos(iw − αi) 0

0 0 1

−cos(iw − αi) sin(iw − αi) 0

 , Fib = Rb
f,Si


Li

Di

0

 , Mib =


0

−Mi

0


(2.16)

with ζi as the inclination angle of the aerodynamic surface, illustrated in figure 2.7(a).
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The resulting forces and moments on the wing are then:

Fwb =

6∑
i=1

Fib , Mwb =

6∑
i=1

Mib +

6∑
i=1


0 −zib yib

zib 0 −xib
−yib xib 0

Fib (2.17)

2.7.2 Body

Hybrid QuadRotor

The remaining body is composed of the supports for the motors and winglets (fig 2.19). The forces

and moments acting there are proportional to the dynamic pressure q =
1

2
ρ V |V |, but the actual speed

in each infinitesimal area is dependent on the vehicle angular speed and distance from each axis of

rotation. The speed on any point p is given as:

Vpb = Vab +Dpωb , Dp =


0 zp −yp
−zp 0 xp

yp −xp 0



(a) x-y plane (b) x-z plane (c) y-z plane

Figure 2.19: Vehicle body

As a simplification, the speed components will be considered separately. It is not accurate but will

give a qualitatively description of the forces involved, and it is a better approximation than of just consid-

ering Vab .

Feb = −qACDV |V | ≈ −
1

2
ρ
(
CD A Vab |Vab |+ CD ADp

∣∣Dp

∣∣ ωb |ωb|
)

≈ −1

2
ρ
(
KA Vab |Vab |+KD ωb |ωb|

) (2.18)

The most accurate way to obtain the matrices KA and KD would be using CFD or experimentally. In

this work, those matrices will be calculated considering a simplified geometry and drag coefficient.

And the same for the moment generated, and respective constant matrices.

Meb ≈ −
1

2
ρ
(
KMA Vab |Vab |+KMD ωb |ωb|

)
(2.19)
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Hybrid Plane

The same approximations and considerations presented for the Hybrid Quadrotor will be taken on

this vehicle as well. The force and moment vectors as:

Feb ≈ −
1

2
ρ
(
KA Vab |Vab |+KDωb|ωb|

)
Meb ≈−

1

2
ρ
(
KMAVab |Vab |+KMDωb|ωb|

) (2.20)

The body to be considered is composed of the fuselage and the booms, and illustrated in figure 2.20.

(a) x-y plane (b) x-z plane (c) y-z plane

Figure 2.20: Vehicle body
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Chapter 3

Propellers aerodynamic modeling

The model for the propeller was derived using the Blade Element Theory (BET) and Momentum The-

ory, following the usual analysis for helicopters [31]. This approach disregards the effects of turbulence

and compressibility, assumption that looses validity with high air speed.

In this work the effect of blade flapping will be disregarded, since the propellers are small and can

be considered of high stiffness. The radial component of the air speed is disregarded, as in the case of

lateral air speed in the wings .

An additional reference frame is defined for the propeller analysis (fig. 3.2), with x coincident with the

propeller axis, y oriented with component of the external airspeed in the propeller plane, and z oriented

normal to both to complete the frame; ξ is the external airspeed incidence angle on the propeller.

The blade is divided into infinitesimal sections along the radius and analysed similarly to the wing

(fig 3.1). The relative airspeed between blade and airspeed generates lift, drag and a pitching moment,

however that moment will be disregarded since, after a complete rotation, it will cancel out for the most

part.

(a) (b)

Figure 3.1: Propeller Blade aerodynamics, [31]

The forces acting on the blade are considered over a complete rotation, considering the blade as an
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actuator disc (fig. 3.2). The resulting differential equations are given as:

dL =
1

2
ρcpU

2(R,ψ)CL(α) dψdR dD =
1

2
ρcpU

2(R,ψ)CD(α) dψdR (3.1)

with air density ρ, propeller chord cp, and function of the radius R and azimuthal position ψ (ilustrated in

fig. 3.2(b)). The air speed U is given as U(R,ψ) =
√
U2
T (R,ψ) + U2

P (R,ψ). The tangential component

will increase with the radius, and also be affected by the external airspeed Vy depending on the azimuthal

position, resulting in UT (R,ψ) = ΩR+ Vysin(ψ).

The external air speed is characterised of its incidence angle ξ. The component along the axis of

the propeller is given as UP (R,ψ) = Vx + Vi(R,ψ), where Vi is the inflow. The thrust generated and

the inflow are interdependent variables, the propeller generated thrust by increasing the axial speed of

Vi, affecting the airspeed and angle of attack, affecting the thrust generated. The problem is solved

iteratively.

(a) Inflow (b) Air speed asymmetry

Figure 3.2: Propeller airflow

The lift coefficient, CL(α), initially was assumed as linear, but later it was found that approximation

to be too inaccurate for high pitch propellers, and replaced with a quadratic approximation. For the drag

coefficient a quadratic approximation is also used. Both are illustrated in figure 2.10.

Linear : CL(α) = 2CLα
√
CL∆α(R,ψ)

Quadratic : CL(α) =CLM − (CLα α(R,ψ)−
√
CL∆

)2 CD(α) = CD0
+ CDαα

2(R,ψ)
(3.2)

The quadratic parameterization is obtained with CLM as the maximum value, CLM − CL∆ is the

function value at zero, and 2CLα
√
CL∆ is the slope at zero. These approximations are illustrated in

figure 2.10.

The angle of attack if defined as α(R,ψ) = θ(R) − φ(R,ψ), and with the angle of the propeller at a

given radius is obtained as θ(R) = θ0 + R
Rp
θtw, as illustrated previously in figure 2.9.

The expressions for the thrust and torque are the result of the integration of the lift and drag forces
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along the radius (Ri < R < Rp) and in a complete rotation (0 < ψ < 2π), obtained as:

T =

∫ ∫
Nb dFP dψdR =

∫ Rp

Ri

1

2π

∫ 2π

0

Nb
[
dL cos(φ(R,ψ))− dD sin(φ(R,ψ))

]
dψdR

Q =

∫ ∫
Nb dFTR dψdR =

∫ Rp

Ri

1

2π

∫ 2π

0

Nb
[
dL sin(φ(R,ψ)) + dD cos(φ(R,ψ))

]
R dψdR

(3.3)

with Nb as the number of blades in the propeller.

But in the presence of air speed in the propeller plane there will be an asymmetry in the forces

generated across the disc. On the advancing side (0 < ψ < π) there will be an increase of thrust, and,

in opposition, a reduction of thrust in the retreating side (π < ψ < 2π), causing transverse moments.

My =

∫ ∫
NbdFPRsin(ψ) dψdR =

∫ Rp

Ri

1

2π

∫ 2π

0

Nb
[
dLcos(φ(R,ψ))− dDsin(φ(R,ψ))

]
Rsin(ψ) dψdR

Mz =

∫ ∫
−NbdFPRcos(ψ) dψdR =−

∫ Rp

Ri

1

2π

∫ 2π

0

Nb
[
dLcos(φ(R,ψ))− dDsin(φ(R,ψ))

]
Rcos(ψ) dψdR

(3.4)

In the analysis of the propeller, the following dimensionless coefficients are defined: Thrust coefficient

CT , Power coefficient CP , and Transverse Moment coefficients CMy and CMz .

CT =
T

ρπR2
p(ΩRp)

2
CP =

P

ρπR2
p(ΩRp)

3
CMy

=
My

ρπR3
p(ΩRp)

2
CMz

=
Mz

ρπR3
p(ΩRp)

2

with the Power given as P = ΩQ.

In order to perform the integration of equations 3.3 and 3.4, some simplifications need to be made if

an analytic model is desired. In order to evaluate the error associated with these simplifications various

models are compared, and a numerical integration of the equations is also used for comparison in a few

test cases.

Dimensionless coefficients for the radial coordinate, external airspeed and inflow are also defined:

r =
R

Rp
µx =

Vx
ΩRp

µy =
Vy

ΩRp
λi(R,ψ) =

Vi(R,ψ)

ΩRp

The models will be numbered according to their complexity, with the simplest being Model 1, and

Model 7 the most complex. A summary of the simplifications taken in the various models is presented in

the following table:
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Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

cp + + + + + + +

CD(α) + + + + + + +

θ(R) + + + + + + +

cos(φ) + + + + • + •
sin(φ) + + + + • + •

dDsin(φ) + + + + • + •
UT (R,ψ) + • • • • • •

φ ++ ++ + + • + •
CL(α) ++ ++ ++ ++ ++ + +

λ(R,ψ) +++ +++ +++ ++ + ++ +

exact(•) small approximation (+) medium approximation (++) large approximation (+++)

3.0.1 Model 1

Model 1 is the simplest model, and the one traditionally used, it disregards the presence of lateral

external flow (Vy). This results in a symmetric disc loading, and no generation of transverse moments.

U(R,ψ) =
√
U2
T (R,ψ) + U2

P (R,ψ) ≈ UT (R,ψ) cos(φ(R,ψ)) ≈ 1
UT (R,ψ) = ΩR+ Vysin(ψ) ≈ ΩR sin(φ(R,ψ)) ≈ φ(R,ψ)

φ(R,ψ) = tan−1

(
UP
UT

)
≈ UP
UT

=
λ

r

dD φ(R,ψ) ≈ 0
λ = µx + λi ≈ µx + λ0

CL(α) = 2CLα
√
CL∆

α(R,ψ)

For small angles of φ the relative air speed can be approximated to the tangential component UT ,

cos(φ) and sin(φ) can be approximated to 1 and φ respectively, and φ approximated to UP /UT .

Also, since CD is usually more than one order of magnitude smaller than CL, and φ is small, dDφ

will be much smaller than dL, and so it can be neglected.

This is valid on the outer section of the blade, but as we get close to the centre of the propeller,

φ reaches high values, and this simplification incurs in a significant error. However, since most of the

forces involved are developed predominantly in the outer radius, the error committed is small. These

simplifications will also be adopted for models 2 to 4 and model 6.

For this model, and up to model 5, the lift coefficient was considered as linear.

In this model the dimensionless inflow is considered constant across the propeller, equal to λ0.

3.0.2 Model 2

Moving on to Model 2, UT was considered as a function of the lateral external flow, but ignored for

the calculation of φ. Meaning, it would affect the relative air speed at the blade, but not the angle of

attack. The analysis of this model, as it will be detailed ahead, shows that it does represents CT and

CP quite well, but is does not represent CM even qualitatively, meaning the angle φ cannot be ignored
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U(R,ψ) =
√
U2
T (R,ψ) + U2

P (R,ψ) ≈ UT (R,ψ) cos(φ(R,ψ)) ≈ 1
UT (R,ψ) = ΩR+ Vysin(ψ) sin(φ(R,ψ)) ≈ φ(R,ψ)

φ(R,ψ) = tan−1

(
UP
UT

)
≈ UP
UT
≈ λ

r

dD φ(R,ψ) ≈ 0
λ = µx + λi ≈ µx + λ0

CL(α) = 2CLα
√
CL∆

α(R,ψ)

in the angle of attack, and a more detailed model is necessary.

3.0.3 Model 3

In model 3, Vy is also accounted for the calculation of φ, and consequently affecting the angle of

attack.

U(R,ψ) =
√
U2
T (R,ψ) + U2

P (R,ψ) ≈ UT (R,ψ) cos(φ(R,ψ)) ≈ 1
UT (R,ψ) = ΩR+ Vysin(ψ) sin(φ(R,ψ)) ≈ φ(R,ψ)

φ(R,ψ) = tan−1

(
UP
UT

)
≈ UP
UT

=
λ

r + µysin(ψ)

dD φ(R,ψ) ≈ 0
λ = µx + λi ≈ µx + λ0

CL(α) = 2CLα
√
CL∆α(R,ψ)

3.0.4 Model 4

In Model 4 a simple model for the inflow is implemented, to assess if there is a visible difference over

considering it constant. It was proposed by Coleman et al. [31], and is based on experimental data.

U(R,ψ) =
√
U2
T (R,ψ) + U2

P (R,ψ) ≈ UT (R,ψ) cos(φ(R,ψ)) ≈ 1
UT (R,ψ) = ΩR+ Vysin(ψ) sin(φ(R,ψ)) ≈ φ(R,ψ)

φ(R,ψ) = tan−1

(
UP
UT

)
≈ UP
UT

=
λ

r + µysin(ψ)

dD φ(R,ψ) ≈ 0
λ = µx + λi

λi(R,ψ) = λ0(1 + kxrcos(ψ) )
CL(α) = 2CLα

√
CL∆

α(R,ψ)

kx = tan

(
X

2

)
X = tan−1

(
µy

µx + λ0

)

3.0.5 Model 5

Model 5 contains all the equations without approximations, but still considering the linear approxima-

tion for the lift coefficient.

The model for the dimensionless inflow λi was proposed by Drees [31], and is considered to give a

good approximation for the propeller inflow.
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U(R,ψ) =
√
U2
T (R,ψ) + U2

P (R,ψ) cos(φ(R,ψ))
UT (R,ψ) = ΩR+ Vysin(ψ) sin(φ(R,ψ))

φ(R,ψ) = tan−1

(
UP
UT

)
dDsin(φ(R,ψ))
λ(R,ψ) = µx + λi(R,ψ)

λi(R,ψ) = λ0(1 + kxrcos(ψ) + kyrsin(ψ) ) ky = −2µy
CL(α) = 2CLα

√
CL∆

α(R,ψ)

kx =
4

3

(
1− cos(X)− 1.8µ2

y

sin(X)

)
X = tan−1

(
µy

µx + λ0

)

3.0.6 Models 6 and 7

Models 6 and 7 are similar to models 4 and 5 respectively, with the difference of using the quadratic

approximation for the lift coefficient.

U(R,ψ) =
√
U2
T (R,ψ) + U2

P (R,ψ) ≈ UT (R,ψ) cos(φ(R,ψ)) ≈ 1
UT (R,ψ) = ΩR+ Vysin(ψ) sin(φ(R,ψ)) ≈ φ(R,ψ)

φ(R,ψ) = tan−1

(
UP
UT

)
≈ UP
UT

=
λ

r + µysin(ψ)

dD φ(R,ψ) ≈ 0
λ = µx + λi

λi(R,ψ) = λ0(1 + kxrcos(ψ) )
CL(α) = CLM − (CLαα(R,ψ)−

√
CL∆)2

kx = tan

(
X

2

)
X = tan−1

(
µy

µx + λ0

)

U(R,ψ) =
√
U2
T (R,ψ) + U2

P (R,ψ) cos(φ(R,ψ))
UT (R,ψ) = ΩR+ Vysin(ψ) sin(φ(R,ψ))

φ(R,ψ) = tan−1

(
UP
UT

)
dDsin(φ(R,ψ))
λ(R,ψ) = µx + λi(R,ψ)

λi(R,ψ) = λ0(1 + kxrcos(ψ) + kyrsin(ψ) ) ky = −2µy
CL(α) = CLM − (CLαα(R,ψ)−

√
CL∆

)2

kx =
4

3

(
1− cos(X)− 1.8µ2

y

sin(X)

)
X = tan−1

(
µy

µx + λ0

)

3.1 Analysis

The models were analysed by comparing the four dimensionless coefficients (CT , CP , CMy , CMz ), in

respect to the advance ratio J , with J = Vx
2ΩRp

, in different scenarios of propeller angular speed and

incidence angle.

◦ 2000rpm, with incidence angle of 90◦ , 60◦ and 30◦ .

◦ 5000rpm, with incidence angle of 90◦ , 60◦ and 30◦ .

For the propellers, one low pitch propeller (14x6) and one high pitch propeller (14x13) were consid-

ered. APC Propellers provides performance data for all their propellers, which was used for comparison

with the model results. That data was obtained with CFD analysis, considering Vortex Theory. A more

detailed explanation of the methodology can be found on their website [34]. Those propellers have a

varying chord, and the blades do not have a constant twisting rate as it is considered in all the models

presented here. The specifications considered to represent those propellers are presented in table 3.1.
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APC
Model

Np Rp(m) r0 cp(m) θ0(◦ ) θtw(◦ ) CLα CLM CL∆
CDα CD0

14× 6 2 0.1778 0.1 0.027 31◦ −27◦ 3.4 1.0 0.4 1.5 0.02

14× 13 2 0.1778 0.1 0.027 45◦ −32◦ 2.8 1.0 0.4 1.5 0.025

Table 3.1: Propeller specifications

The values of θ0 and θtw are presented in degrees for an easier representation, but in the calculations

radians are used. The absolute values of CT , CP ,CMy or CMz do not have particular significance, the

interest is in comparing them between models and scenarios. Given some curves overlap, they were

also identified in each figure by their number. The distribution of thrust coefficient and angle of attack

were also analysed in some test cases, with lateral external flow from left to right and counterclockwise

rotation of the propeller, as illustrated in figure 3.2.

3.1.1 Axial flow (ξ = 90◦ )

As expected, with incidence angle of 90◦ , both moment coefficients CMy and CMz are equal to 0 in

all models.

In CT and CP , for the case of the low pitch propeller, models 1 to 4 (fig. 3.3 and 3.4) produce equal

results, which was predictable as most of the differences relate to terms depending on the external

lateral air flow (Vy).

Model 5 provides results slightly different with increased value of J . A larger advance ratio means

a higher external axial air speed, and consequently a higher ratio between the axial and tangential air

speeds. This leads to a large value of ψ, causing a significant error in the simplifications involving ψ,

taken in models 1 to 4.

Figure 3.3: Dimensionless coefficients, Ω = 2000rpm, ξ = 90◦ , low pitch, models 1 to 5

This is most visible in the power coefficient, because the component related to the lift, which is the

major component of the power, is affected twice by this error. The lift itself is function of ψ, introducing

error in the lift, but it is then multiplied by ψ, increasing that error quadratically.
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Figure 3.4: Dimensionless coefficients,Ω = 5000rpm, ξ = 90◦ , low pitch, models 1 to 5

Models 6 and 7 (fig. 3.5 and 3.6) provide results significantly different, and closer to the data provided

by APC, showing that even for a low pitch propeller the approximation used has some impact.

Figure 3.5: Dimensionless coefficients, Ω =2000rpm, ξ = 90◦ , low pitch, models 4 to 7

Again, this is most visible in the power coefficient, as the angle of attack is a function of the angle ψ,

the approximation used for the angle of attack will also make a significant difference in increasing that

error.

Figure 3.6: Dimensionless coefficients, Ω = 5000rpm, ξ = 90◦ , low pitch, models 4 to 7

With angular speed Ω = 5000rpm, at low advance ratio, it is visible a slight increase in the power

coefficient in the data from APC relatively to Ω = 2000rpm. At high angular speed and low J the angle

φ will be minimum, and in opposition α will be greater. Also, a high angular speed means the outer

region of the blade will be moving at a high speed, and reaching a higher Reynolds Number. The

conjugation of a high angle of attack with a high Reynolds number will lead to a turbulent air flow, and

possible separation of the boundary layer (fig 3.7 ). These effects will significantly increase the drag of

the blades, and the power coefficient. Since the models do not take those effects into account, they will

incur in a significant error.
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Figure 3.7: Airflow in high angles of attack [29]

For the case of the high pitch propeller (fig 3.8 ), models 1 to 5 behave similarly to the case of the

low pitch propeller, with an increase in the difference between model 5 and the remaining 4. Also, they

achieve higher advance ratios and higher values of thrust and power coefficient.

Figure 3.8: Dimensionless coefficients, Ω = 5000rpm, ξ = 90◦ , high pitch, models 1 to 5

But both models 6 and 7 (fig 3.9 and 3.10 ) show a behaviour much different from models 1 to 5, and

close to the results obtained from APC, and what would be expected from the literature (fig 3.11). The

average high angle of the propeller blades results in a high angle of attack at low advance ratios, and

part of the blade reaching stall, keeping the thrust coefficient nearly constant with J < 0.6 .

Figure 3.9: Dimensionless coefficients, Ω = 2000rpm, ξ = 90◦ , high pitch, models 4 to 7

The linear approximation for the lift coefficient, used in models 1 to 5, leads to an unrealistic continu-

35



ous increase of thrust coefficient, which would provide a better efficiency at low advance ratios than low

pitch propellers.

In the power coefficient, with Ω = 2000rpm, models 6 and 7 display a similar behaviour to the data

from APC, with a maximum at J ≈ 0.6 and a decline at lower values of J . Models 4 and 5 have a

significantly higher power coefficient at low values of J .

Figure 3.10: Dimensionless coefficients, Ω = 5000rpm, ξ = 90◦ , high pitch, models 4 to 7

However, with Ω = 5000rpm, there is a significant increase in Cp at lower values of J . The propeller

blade has a higher angle, increasing the effects of the turbulent flow, and affecting higher values of

advance ratio.

Figure 3.11: Thrust coefficient for various blade angles [35]

In figure 3.12(a), the thrust coefficient distribution across the propeller disc, for the various models,

is presented. Areas in red are areas with a higher thrust coefficient, per unit area. In centre of the

propeller, with R < Ri, there is no thrust generated.

In figure 3.12(b), it is indicated the angle of attack of the propeller, at any point during a rotation.

Both distribution graphics are very similar across the models, for the case of the low pitch propellers.

Near the inner radius, in models 1 to 4 and model 6, all reach negative values for the angle of attack, and

thus negative thrust, while models 5 and 7 do not reach negative values. Although the blade angle at that

radius is not small, near 30◦ , due to the approximation used for φ in those models, it will reach values

above the real one, and above the blade angle. Because of this, in the graphics, the angle of attack was

limited to a minimum of −60◦ . Otherwise, in the cases with external lateral air flow and high advance
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(a) Thrust coefficient distribution (b) Angle of attack

Figure 3.12: Disc distribution analysis of dCT and α, depending on the models

ratio, it would reach values towards −∞, and make the graphics completely imperceptible. That error

does not significantly affect the results as it occurs near the inner radius, which does not significantly

contribute to the result, due to the low local speed.

It is also visible that, for models 1 to 5, the region between approximately 50% and 85% of the radius

is where most of the thrust is generated. While the angle of attack is maximum up to around 60%, the

relative air speed increases with the radius, and is maximum at the blade tip. That area of maximum

thrust is where the product of the angle of attack and relative air speed square are maximum.

For models 6 and 7 the area of maximum thrust is smaller, and with a smaller maximum value,

but there is a larger area with high angle of attack. The decrease in thrust reduces the inflow, and

subsequently the angle φ, increasing the angle of attack.

In the high pitch propeller (fig 3.13), as it was seen for the dimensionless coefficients, there is a

significant difference between models 6 and 7 and the remaining 5. In models 6 and 7 the thrust is

significantly smaller, and it is maximum at the tip, while for the remaining models it covers a wider area.

The angle of attack is also higher in models 6 and 7 as a result of the lower thrust.
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(a) Thrust coefficient distribution (b) Angle of attack

Figure 3.13: Disc distribution analysis of dCT and α, depending on the models

3.1.2 Flow with Incidence (ξ = 60◦ )

When introducing external lateral flow Vy (fig. 3.14 and 3.15) bigger differences between the models

start to appear, the most obvious is in moment coefficients. Regarding CMy
, in Model 1 it remains equal

to zero, since the formulation disregards the external lateral air flow entirely.

Figure 3.14: Dimensionless coefficients, Ω = 2000rpm, ξ = 60◦ , low pitch, models 1 to 5

Model 2 only takes it into account for the relative air speed, and while at low values of J it gets close
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to the more complex models, with higher values it strays away from those. The cause is the angle φ, it

is increasingly important with the increase of J, and not accounting the external lateral air speed in its

calculation results in a significant error.

Figure 3.15: Dimensionless coefficients, Ω = 5000rpm, ξ = 60◦ , low pitch, models 4 to 7

Models 3 and 4 are coincident and follow model 5 closely, with a small error for higher values of J. In

the case of low pitch propeller, comparing to models 6 and 7, there is a significant error but only at high

values of J. But with the high pitch propeller (fig. 3.16) the difference between the models is greater, as

expected, and it is occurring at lower values of advance ratio.

Figure 3.16: Dimensionless coefficients,Ω = 5000rpm, ξ = 60◦ , high pitch, models 4 to 7

The inflow is not constant across the disc, and that effect creates CMz
. Models 1 to 3, by considering

the inflow constant, have a null value for that moment. Models 5 to 7 show a similar behaviour in the

low pitch propeller, but with some error between models. Model 5 has results closer to 7 and model

4 closer to 6, meaning the approximations for φ have a bigger impact than the difference between the

inflow models. And the difference in the lift coefficient approximations causes a small shift to the right of

the maximum value. In the high pitch propeller, models 6 and 7 have results much smaller than models

4 and 5, as the difference of thrust coefficient has a major impact in the angle of attack and inflow.

The thrust and power coefficient curves are similar to the case of ξ = 90◦ , with a small increase in

the error between models 4 and 5 relative to models 6 and 7. It is also visible a small increase in the

thrust coefficient and high advance ratio.

In the distribution graphics (fig 3.17) the effect of the various approximations can be seen clearly. In

models 2 to 7 there is a shift in the maximum dCT towards the advancing side, but only in models 3 to 7,

the same happens to the angle of attack, as a result of not including φ in the angle of attack for model 2.

And in Models 4 to 7, both dCT and the angle of attack will also have some bias towards the front

(ψ = π), as result of the linear models used for the inflow. At the front the inflow will be smaller, increasing
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the angle of attack on that area, and lower at the back, generating Mx.

(a) Thrust coefficient distribution (b) Angle of attack

Figure 3.17: Disc distribution analysis of dCT and α, depending on the models

These results are similar to what can be seen in the literature [31], as illustrated in figure 3.18. Using

a uniform inflow model the angle of attack is relatively symmetric, and using a linear inflow model a bias

towards the front appears.

(a) Uniform Inflow (b) Linear Inflow (c) Mangler & Squire (d) Free-vortex wake

Figure 3.18: Angle of attack for 4 inflow models [31]

In the high pitch propeller, (fig. 3.19) model 6 and 7 display very different results from the other

models, with lower values for thrust coefficient, higher angles of attack, and highest thrust contribution
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at the blade tip. The same bias toward the advancing side and front is visible in all models.

In the high pitch propeller (3.20) model 6 and 7 display very different results from the other models,

with lower values for thrust coefficient, higher angles of attack, and highest thrust contribution at the

blade tip. The same bias toward the advancing side and front is visible in all models.

(a) Thrust coefficient distribution (b) Angle of attack

Figure 3.19: Disc distribution analysis of dCT and α, depending on the models

Considering a higher value of advance ratio (fig 3.20) the unbalance in the disc loading is much

greater, as both Vx and Vy are significantly higher. Vx causes a generalised decrease in the angle of

attack, leading to a large area of reverse flow. Note the colour scale is not the same as in the other

graphics, as it reaches much lower values of CT and α.

It is also curious to note that in model 2, the negative thrust is not concentrated on the inner radius

of the retreating side, but rather on advancing side. The angle of attack is negative all around the inner

radius, as the angle φ is not used in its calculation. But the air speed does, and at this value of advance

ratio Vy will match the blade speed at the inner radius. On the retreating side the resulting airspeed will

be close to 0, as they cancel out, and the resulting thrust is close to 0. But on the advancing side they

will add up, and multiplied by the negative α results in a large negative value of thrust. This should be

the main reason why the moment coefficient CMy , in model 2, decreases at high values of advance ratio.
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(a) Thrust coefficient distribution (b) Angle of attack

Figure 3.20: Disc distribution analysis of dCT and α, depending on the models

3.1.3 Flow with Incidence (ξ = 30◦ )

With ξ = 30◦ , the effects previously referred are simply amplified (fig 3.21). The thrust coefficient has

a slight increase at high advance ratio, and both moment coefficients reach higher values as a result

of the higher lateral air speed. The error between models 4 and 5, relative to models 6 and 7, also

increase, further evidencing the importance of the approximation used for the lift coefficient.

The unbalance in the thrust coefficient distribution and angle of attack are also amplified (fig 3.22).
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Figure 3.21: Dimensionless coefficients, Ω = 5000rpm, ξ = 30◦ , high pitch, models 4 to 7

Although the differences in the thrust distribution between models 6 and 7 are quite significant, the

resulting thrust, power and moment coefficients are not severely affected.

(a) Thrust coefficient distribution (b) Angle of attack

Figure 3.22: Disc distribution analysis of dCT and α, depending on the models
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3.1.4 Model 6 altered

Most of those differences relate to the approximation used for φ, the closer to the inner radius the

larger will be the over estimation of φ. It is possible to reduce the result difference between models 6

and 7 by increasing the values of blade angle and twisting rate. That way, the angle of attack calculated

will be closer to the real one, and obtain results of the coefficients closer to model 7.

In table are presented the parameters considered initially for all models, and with the changes to the

blade angle and twisting rate.

APC
Model

Np Rp(m) r0 cp(m) θ0(◦ ) θtw(◦ ) CLα CLM CL∆
CDα CD0

14× 13 2 0.1778 0.1 0.027 45◦ −32◦ 2.8 1.0 0.4 1.5 0.025

14× 13 altered 2 0.1778 0.1 0.027 55◦ −42◦ 2.8 1.0 0.4 1.5 0.025

Table 3.2: Model 6 parameters

Comparing model 6, with the altered parameters, to model 7, with the original parameters (fig 3.23), it

shows a significant reduction of the error in the thrust and moment coefficients, specially at high advance

ratios, where φ reaches higher values. However, the power coefficient suffers a slight increase in the

error.

Figure 3.23: Dimensionless coefficients, Ω =2000rpm, ξ = 60◦ , high pitch, models 6 and 7

3.1.5 Error due to turbulent flow

The increase in the power coefficient previously identified at high angular speeds, specially in the

high pitch propeller, was also further studied. A total of 12 propellers were analysed, varying in size

and pitch, and compared the error between the data provided by APC and the results obtained using

model 6, with advance ratio J = 0, as it presents the worse case scenario. The model parameters are

presented in table A.4.

Assuming that the increase in power is due to turbulence, the blade angular speed and angle of

attack would be the major contributors to that effect. After analysing those factors, the following error

function was obtained, as better correlating them to the error.

eF =
√

Ω 0.5Rp α0.5Rp (3.5)
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with α0.5Rp as the angle of attack at half the propeller radius.

Traditionally, propeller specifications are considered at 0.75 Rp, as better correlating to the propeller

performance. But since the angle of attack is maximum near 0.5 Rp, it correlates better to the error.

In figure 3.24 the error between the models and the data from APC is presented, as function of eF .

For values of eF lower than 7 all the propellers tested have error below the 25% mark, and above 8 show

significant error.

Figure 3.24: Model error for various propellers

That value of 7 will be used as a simple rule to indicate the validity of the results being obtained using

the model proposed. If the error function is below the 7, the result will be considered valid (green), but

otherwise those results can have significant error.

This is exemplified in figure 3.25, with one of the tests performed. At any speed, the value of the

function error remains below 7, meaning the results from that test were valid.

Figure 3.25: Error example for propeller 14× 13

3.2 Conclusion

From the simplest model to the most complex analysed, there is a big difference in how the external

air flow is considered to behave, how it interacts with the propeller blades, and in the resulting forces

and moments. And while even the most complex model analysed disregards some aerodynamic phe-

nomena, it represents a good part of the propeller aerodynamics, resulting in model capable of closely

following the results obtained in computational analisys analysis using Vortex theory.

The approximations used for the angle φ and relative air speed U have a major influence in the

results, and the model used for the inflow is the responsible for the moment Mz.
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The analytical model used in simulation of the UAVs dynamics is based in Model 6. The analytic

integration of that model results in in the following equations :
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Since ri is small, equal to 0.1 (table A.4), terms of order higher than 2 can be disregarded, resulting

in the equations presented in eq. (2.4).
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Chapter 4

Trim of the UAVs dynamics for varying

airspeed

With the vehicle modeling finalised, was performed an analysis regarding range, flight time and

vehicle orientation. The objective was to test how the vehicles would behave during their operation, and

which propellers would be most adequate for each vehicle.

It would also be interesting to test with different motors, but it would significantly increase the size of

this analysis. Also, the complete information about motor specifications is not widely available.

For a given flight speed the equilibrium conditions are computed, i.e., the vehicle attitude, propellers

rotation and control surfaces deflection necessary to keep the vehicle moving forward at that speed with

no change in heading, attitude, or lateral position.

A total of 12 propeller were tested, with varying radius and pitch. The propellers have a major impact

in the vehicle power efficiency, this analysis will also help choose the most adequate one for each vehicle.

The model characteristics for those propellers are presence in table A.4.

4.1 Hybrid Quadrotor

The Hybrid Quadrotor, given its propulsion and operation characteristics, has one unique equilibrium

condition for any given speed. The vehicle pitch angle curve will be the same, independently of the

propeller.

The low pitch propellers (fig. 4.1) provide the highest efficiency at Axial flight, with almost twice the

flight time of high pitch propellers (fig. 4.4). However, the maximum range and maximum speed will

be inferior, as expected. The difference between the propellers is still significant, with the 14 × 6 and

17 × 8 obtaining very similar results of flight time at low speeds. At peak efficiency, around 37km/h the

propeller 20× 10 also has equivalent performance to those 2. That peak efficiency occurs at that speed

because is when the the vehicle, and consequently the wing, reach an angle around 12◦ . At that angle

the wing drag is significantly reduced, decreasing the necessary propeller angular speed, and leading

to a large spike in range.
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Figure 4.1: Quadrotor trim vs airspeed, with low pitch propellers

The Hybrid Quardrotor has 4 equal propellers, but each will be subject to slightly different conditions.

For the analysis of the error function eF , presented in eq. 3.5, will be selected the propeller of the vehicle

with the highest error value.

Only the propeller 20 × 10 reaches a value of eF higher than 7, at high speeds. All other propellers

are on the green for the entire speed range.

Figure 4.2: Error results for low pitch propellers

The medium pitch propellers (fig. 4.3) give an intermediary result, with the propeller 14× 10 reaching

around 75% of the flight time at low speeds of the best low pitch propeller, and near 95% of the range of

the best high pitch propeller.

Figure 4.3: Hybrid Quadrotor trim vs airspeed, with medium pitch propellers

Propellers 20 × 14 and 11 × 7 reach values of eF close to 7, but never surpassing it. The other 2

propeller have values further away from the limit.

The high pitch propellers (fig 4.4) do provide the highest range and maximum speed, but only for a
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small difference, and the reduction in flight time at low speed is very significant.

Figure 4.4: Hybrid Quadroto trim vs airspeed, with high pitch propellers

Also, all propellers reach values close to eF = 7, not only at high speeds but also as low speeds.

This will significantly affect the efficiency of the vehicle, as during its operation the propellers will reach

angular speeds higher than these, in order to accelerate. And at those higher speeds the real torque will

be much higher, significantly reducing the flight time.

It is also curious to note that with increased pitch, the smaller the propeller radius the higher the

efficiency. In the case of low pitch propellers, the 3 largest propellers have performance significantly

better than the smallest one. From the medium pitch propellers, the 14 × 10 gets the best efficiency.

And in the high pitch propellers, the smallest one 11 × 10 has the best results. At low pitch having a

higher rotational speed is more costly than having a larger radius, while with higher pitch having a higher

rotational speed produces less torque than a large radius. For a given thrust there is a relation between

radius and pitch that provides higher efficiency.

4.2 Hybrid Plane

The Hybrid Plane has redundancy in its propulsion and control system, there is more than one

possible set of equilibrium conditions for a given flight speed. The desired flight corresponds to having

the vehicle as close as possible to the horizontal position. As seen in the previous section, having an

angle of attack higher than 12◦ dramatically increases the drag, and reduces the efficiency. The wing

is already at 8◦ relative to the fuselage pitch angle, the pitch of the vehicle was limited to a maximum

of 3◦ . The vehicle will be kept at that attitude to maximise the lift from the wing, reducing the propeller

angular speed.

In Axial flight, the control surfaces will not be actuated, and during Forward flight the propellers 1 to 4

will be turned off. During the transition, those propellers will grant part of the lift, and the control surfaces

providing the control. The 5th propeller is responsible for moving the vehicle forward.
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The low pitch propellers (fig. 4.5) do provide significantly higher flight time at Axial flight, but the

actual decrease in maximum range is very small, compared to the medium and high pitch propellers.

The maximum flight speed is also considerably smaller than with the Hybrid Quadrotor. The Hybrid

Plane has only one propeller to propel the vehicle in Forward flight, and its motor will reach its maximum

at a lower speed. This could be circumvented by using 2 motor-propellers in the back, or using a more

powerful motor.

Figure 4.5: Hybrid Plane trim vs airspeed, with high pitch propellers

All the propellers are working in conditions within the accepted range of validity.

The propellers 11 × 7 and 14 × 10 have very similar results (fig. 4.6), and have the highest range,

along with propeller 11× 10 (4.7).

Figure 4.6: Hybrid Plane trim vs airspeed, with low pitch propellers

It has only 1 propeller, requiring a high angular speed to provide enough trust, resulting in a lower

advance ratio. The medium pitch propellers will have similar efficiency as high pitch propellers.

The 11 × 7 reaches error values around 7 at low speeds, but that result comes from propellers 1 to

4, the back propeller at those speeds has a low value of eF .

From the high pitch propellers, only the smallest presents results as high as the medium pitch pro-
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pellers. The high angular speed makes those high radius propellers less efficient.

Figure 4.7: Hybrid Plane trim vs airspeed, with medium pitch propellers

The flight time values at Axial flight are also the smallest. And 3 of the propellers are reaching values

of eF higher than 7, the actual flight time in those conditions can be even smaller.

4.3 Conclusion

For the Hybrid Quadrotor, the propellers selected will be the 14 × 10. They provide range close to

the best high pitch propellers, with only a reduction of 25% in flight time at low speeds. And although

these vehicles are intended to spend most of the time at high speeds, the time necessary for take-off

and landing, and for the transition, will consume a significant part of the battery, so the efficiency at low

speeds can not be disregarded. Using the the propeller 14× 6 would guarantee the higher efficiency for

those operation, but with a reduction of 20% in range.

For the Hybrid Plane, the propellers selected will be the 17× 8 for propellers 1 to 4, as it provides the

highest efficiency for Axial flight and for the transition. For the 5th propeller, the 14 × 10. The propeller

11 × 7 provides best efficiency at high speeds, but 14 × 10 provide better results for the speeds experi-

enced during the transition. At the point of maximum range the difference between the 2 is negligible.

From these results the conclusion would be that the Hybrid Plane has a higher range than the Hybrid

Quadrotor. However, the specifications presented for these vehicles, such as the weight and aerody-

namic resistance, while substantiated, are not completely accurate. The maximum ranges differ only

around 10%, the difference between real world vehicles and the specifications assumed could be higher

than that.
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Chapter 5

Control Design

In a quadrotor a simple linear controller, like a PID controller, would be sufficient to govern the vehicle

reasonably well, but in these hybrid vehicles the same is not possible. The difference in the vehicle

behaviour between Axial flight and Forward flight is too great to use the same control for both. And the

transition itself, specially in the case of the Hybrid Quadrotor, moves the vehicle through a very unstable

and non-linear regime. As such, a more complex control strategy needs to be adopted.

The solution proposed in this work is not optimised, it was developed to illustrate the feasibility of

control.

5.1 Linearization

The linearized system will be presented in State-state representation, as follows:

ẋ = Ax+Bu (5.1)

where x is state vector, u is the input vector, A the system dynamic matrix, and B the control matrix.

For the control, it is assumed there is access to all the states of the vehicles, uncorrupted by noise or

sensor errors.

By analysing the vehicle attitude in the trim analysis, we can identify 3 approximately linear regions

(fig. 5.1). These will be considered as descriptive of our 3 modes: Axial flight, transition, and Forward

flight.

One usual option when using an optimal control design is to start with the Linear-Quadratic Regulator

(LQR) controller. The LQR can be used with Multiple Input Multiple Output (MIMO) systems, which is

the case, and provides the best performance with respect to a given performance index, with cost Jcost

equal to:

Jcost(t) =

∫ ∞
0

xTQx+ uTRu dt (5.2)

Where Q and R are positive-definite matrices that determine the importance of the error of each state
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(a) Hybrid Quadrotor (b) Hybrid Plane

Figure 5.1: Pitch Angle for varying airspeed

variable and importance of the inputs.

The matrix gain K results of the minimisation process with the state feedback, obtained as:

Jcost(t) =

∫ ∞
0

xTQx+ xTKTRKx dt (5.3)

By considering a point in each of those regions and its respective trim conditions, an LQR controller

may be computed for each region.

But when in a transition between flight modes, the vehicles have to be taken far away from those

equilibrium points, specially in the case of the Hybrid Quadrotor. The LQR controller will partially be

an obstacle to that end, as it will try to take the system towards the equilibrium conditions. Another

problem arises from the fact of using discrete equilibrium points. The reference point for the orientation

is considered only with the vehicle oriented with the x0 direction (fig. 5.2), and not considering all the

possible orientations of the vehicle for the same inclination, i.e., with those orientation rotated along z0.

And in the case of the Hybrid Plane, the equilibrium conditions and attitude at start and stopping are

very different, even though in both cases the vehicle moves in the same speed ranges.

These problems need to be addressed in the control strategy implemented.

(a) Hybrid Quadrotor Axial flight (b) Hybrid Quadrotor Transition (c) Hybrid Quadrotor Forward flight

Figure 5.2: Possible orientations for the same incidence
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5.2 System dynamic and control matrices

Given the complexity of some equations, and the use of look-up tables, the matrices A and B are

obtained numerically. To obtain the A matrix, the difference of the output of our system with state

variables corresponding to the equilibrium point, x0 and u0, and with the addition a small value in each

state variable, xo + xi is calculated. That difference, divided by the value added, corresponds to each

column of the A matrix (eq. 5.4). In a similar fashion for the B Matrix, by varying the inputs (eq. 5.5).

xi =[0 . . . 0 0.001 0 . . . 0]T

1 ... i−1 i i+1 ... n

Ass(:, i) =
system(x0 + xi,u0)− system(x0,u0)

0.001

(5.4)

where n is the total number of state variables.

ui =[0 . . . 0 0.001 0 . . . 0]T

1 ... i−1 i i+1 ... l

Bss(:, i) =
system(x0,u0 + ui, )− system(x0,u0)

0.001

(5.5)

where l is the total number of inputs.

For the Hybrid Quardotor three sets of system and control matrices are obtained, one for each mode.

For the Hybrid plane we obtain four, two for the Axial flight mode, one for the transition, and one for the

Forward flight. The equilibrium conditions, that result in those 2 system matrices for Axial flight, differ in

respect to the 5th propeller. For start, it considers the 5th propeller at a high speed, to propel the vehicle

forward, while the remaining propellers only provide the lift to keep the vehicle at constant height and

orientation. And to stop the vehicle the 5th propeller is stopped, and the movement is totally controlled

by the 4 propellers.

As an example, the system and control matrices for the hybrid quadrotor, for Axial flight, are pre-

sented in equation 5.6. And for the Hybrid Plane, for Axial flight at start, presented in 5.7. As this is a

numerical procedure, it is bound to have numerical errors. Values considered insignificant, 6 orders of

magnitude smaller than the maximum for each state variable, were considered as numerical errors, and

removed.

A look at those matrices shows for the most part what would be expected. The propellers angular

speed affecting the speed in the direction they are aligned with, the relation between the vehicle angular

speed and the orientation. It also evidences the influence of the vehicle speeds in the propellers angular

acceleration, as a result of the model implemented.

The input for the motors vmi corresponds to the dimensionless voltage vmi =
Vmi
14.8 , and is limited

between 0.05, to account for the static friction, and 1. The input for the control surfaces is limited between

−0.6 radians and 0.6 radians.
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V̇b

ω̇b

ṗ

η̇

Ω̇1
Ω̇2
Ω̇3
Ω̇4
İ1
İ2
İ3
İ4



=



−0.018 0.123 0.123 0 0 0 0 0 0 −13.9 0 −13.9 0 0.013 0.013 0.013 0.013 0 0 0 0

0 −2.8e−4 0 0 0 0 0 0 0 0 13.9 0 13.9 0 0 0 0 0 0 0 0

0 0 −0.004 0 0 0 0 0 0 0 −0.2 −27.9 0 0 0 0 0 0 0 0 0

0 3.9e−5 0 −6.4e−4 0 −2.6e−5 0 0 0 0 0 0 0 2e−3 −2e−3 2e−3 −2e−3 0 0 0 0

0 0 0.125 1e−4 −5.8e−5 −3.3e−5 0 0 0 0 0 0 0 0.2 −0.2 −0.2 0.2 0 0 0 0

0 −0.024 0 1e−6 0 0 0 0 0 0 0 0 0 0.03 0.03 −0.03 −0.03 0 0 0 0

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

−1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 −0.354 0 0 0 0 −1.02 −7e−3 −1 −7e−3 0 0 0 0 0 0 0 0

0 0 0 0.354 0 0.354 0 0 0 0 −1e−4 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0.354 0 0 0 0 −1 −7e−3 −1.02 −7e−3 0 0 0 0 0 0 0 0

0 0 0 −0.354 0 0.354 0 0 0 0 0 0 −1e−4 0 0 0 0 0 0 0 0

−549 −85.5 −85.5 0 0 0 0 0 0 0 0 0 0 −119 0 0 0 1060 0 0 0

−549 −85.5 −85.5 0 0 0 0 0 0 0 0 0 0 0 −119 0 0 0 1060 0 0

−549 −85.5 −85.5 0 0 0 0 0 0 0 0 0 0 0 0 −119 0 0 0 1060 0

−549 −85.5 −85.5 0 0 0 0 0 0 0 0 0 0 0 0 0 −119 0 0 0 1060

0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 −153 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 −153 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 −153 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 −153





Vb

ωb

p

η

Ω1
Ω2
Ω3
Ω4
I1
I2
I3
I4



+



0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1345 0 0 0

0 1345 0 0

0 0 1345 0

0 0 0 1345



 vm1
vm2
vm3
vm4

 (5.6)



V̇b

ω̇b

ṗ

η̇

Ω̇1
Ω̇2
Ω̇3
Ω̇4
Ω̇5
İ1
İ2
İ3
İ4
İ5
δ̇1
δ̇4
δ̇5
δ̇6



=



−0.046 0.03 0.03 0 0 0 0 0 0 0 0 −19.6 0 0 0 0 0 0.013 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 19.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

−0.113 −0.113 −0.263 0 0 0 0 0 0 0 −0.02 −0.02 0 −0.015 −0.015 −0.015 −0.015 0 0 0 0 0 0 0 0 0 0

−0.018 −0.21 −3e−3 0 0 0 0 0 0 0 0 0 0 0.06 0.062 −0.06 −0.062 −3e−3 0 0 0 0 0 0 0 0 0

0.225 −0.072 4e−3 0 0 0 0 0 0 0 0 0 0 0.082 −0.084 −0.082 0.082 0 0 0 0 0 0 0 0 0 0

−5.6e−3 −4e−3 −3.6e−3 0 0 0 0 0 0 0 0 0 0 −4e−3 4e−3 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 −2 −1e−3 −1e−3 −1e−3 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0.5 0 0 0 0 0 0 −1e−6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0.5 0 0 0 0 0 0 −1e−6 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0.5 0 0 0 0 0 0 −1e−6 0 0 0 0 0 0 0 0 0 0 0 0 0 0

−120 −120 600 0 0 0 0 0 0 0 0 0 0 −168 0 0 0 0 1060 0 0 0 0 0 0 0 0

−120 −120 600 0 0 0 0 0 0 0 0 0 0 0 −168 0 0 0 0 1060 0 0 0 0 0 0 0

−120 −120 600 0 0 0 0 0 0 0 0 0 0 0 0 −168 0 0 0 0 1060 0 0 0 0 0 0

−120 −120 600 0 0 0 0 0 0 0 0 0 0 0 0 0 −168 0 0 0 0 1060 0 0 0 0 0

−695 −109 −109 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −148 0 0 0 0 1060 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 0 −153 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 0 −153 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 0 −153 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 0 −153 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −11.4 0 0 0 0 −153 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1000 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1000 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1000 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1000





Vb

ωb

p

η

Ω1
Ω2
Ω3
Ω4
Ω5
I1
I2
I3
I4
I5
δ1
δ4
δ5
δ6



+



0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

1345 0 0 0 0 0 0 0 0

0 1345 0 0 0 0 0 0 0

0 0 1345 0 0 0 0 0 0

0 0 0 1345 0 0 0 0 0

0 0 0 0 1345 0 0 0 0

0 0 0 0 0 1000 0 0 0

0 0 0 0 0 0 1000 0 0

0 0 0 0 0 0 0 1000 0

0 0 0 0 0 0 0 0 1000





Vm1
Vm2
Vm3
Vm4
Vm5
δr1
δr4
δr5
δr6



(5.7)
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With the system dynamic and control matrices, we obtain the control matrices using the lqr function

from MatlabTM. For the Hybrid Quadrotor, two matrices from the Axial flight system matrix are obtained,

by using two different Q matrices. One for the start, to enable an easy transition between modes, and

other to stop, to guarantee a more stable stop. From the transition and Forward flight system matrices

one control matrix is obtained for each. In the case of the Hybrid Plane one control matrix is obtained

from each of the four system matrices.

Those matrices however, as they are purely a mathematical result, do not take into consideration

more practical considerations, such as how an aircraft is controlled through control surfaces. As an

example, to roll an airplane, only the ailerons are actuated, but the controller obtained would provide

actuation from all control surfaces, as it minimises the actuation of the inputs.

The study area of control allocation addresses that problem [36]. With more and more complex air-

crafts, with redundant actuation systems for manoeuvrability and reliability, there is increased studies

on that subject. Recurring to optimisation strategies such as linear programing and meta-heuristics, it

is possible to optimise the use of the control surfaces available. However, in this work, the control allo-

cation will be performed recurring to expert knowledge, and the control matrices will be simply modified

manually to obtain the desired actuation response as used in traditional airplanes.

Also, as a result of the numerical procedure, small errors occur in the system matrices, resulting

in uneven control actions. As an example, to rotate the Hybrid Quadrotor, the best actuation would

be to provide a symmetric actuation to the propellers, but the control matrix obtained gives an uneven

actuation for the propellers. Those errors are corrected manually.

5.3 Control block diagram

The control strategy proposed in this work is composed of 3 levels (fig. 5.3).

Figure 5.3: Control strategy plant

In the inner loop, Weighted LQR, there are four LQR matrices (K1.1, K1.2, K2, K3), pondered by

coefficients depending on the air speed and distance to target, presented in figure 5.4.

In the controller for both vehicles, a distance of 20 meters was set as the limit from target to change

the type of flight. If the vehicle is located further than that distance from the target it will transition to

Forward flight, and use K1.1 for Axial flight control. As it reaches that distance it will start to transition to
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axial flight, and when reaching the speed threshold for Axial flight, use matrix K1.2. If the vehicle starts

already at less than 20m it will never transition to Forward flight, using control matrix K1.2.

(a) Hybrid Quadrotor Axial flight (b) Hybrid Quadrotor transition

Figure 5.4: Control Weights

In the outer loop, the controller takes the desired position and calculates the desired speed VT and

orientation. The maximum desired speed is considered 13m/s for both vehicles, to keep them working

not far from the maximum efficiency. The demanded attitude is limited to a maximum offset of π
16 radians

from the current attitude. Due to the unitary nature of quaternions, with a big difference in one of the

entries, the others will also be affected in value, leading to a false actuation.

In the intermediate controller level, the state is subtracted to the references obtaining the feedback

error:

ei = xrefi − x , i = [1.1 1.2 2 3] (5.8)

Where ei is the state space reference vector for each controller, and xrefi the state space reference

vector for each control matrix (K1.1, K1.2, K2, K3) .

But some corrections are made to respond to the problems identified.

The terms related to the speed error are altered, to help the vehicle change controllers, and provide

a smother transition.

e1.1(3) = Vb(3)− V refi(3) +min(max(VT − Vb(3),−3), 3)

e2(1) = Vb(1)− V refi(1) +min(max(VT − Vb(1),−3), 3)

e3(1) = Vb(1)− V refi(1) +min(max(VT − Vb(1),−3), 3)

(5.9)

To obtain the correct quaternion reference, for the case the vehicle is not oriented with the x0 di-

rection, the current angle θa is obtained, and the reference quaternion rotated of that angle. To give

reference of the desired orientation, the angle between the reference direction and the current orienta-

tion θd. It is also considered that the vehicles will only rotate after entering Forward flight, as such, only

the orientation reference for the Forward flight orientation will be altered with that angle.
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Figure 5.5: Orientation transformation

ari = θa , i = [1.1 1.2 2] , ar3 = θa +min

(
max

(
θd − θa,−

π

16

)
,
π

16

)

q =



√
1− sin(

ari
2 )2

0

0

sin(
ari
2 )2


, ηref i =


q0 −q1 −q2 −q3

q1 q0 −q3 q2

q2 q3 q0 −q1

q3 −q2 q1 q0

ηref i
(5.10)

5.4 Hybrid Quadrotor Results

5.4.1 Axial flight

Testing the control strategy implemented in conditions of wind shows good results in stability, with

some stationary error.

Wind with speed of 1m/s was introduced in all three directions, by stages, as illustrated in figure

5.6(a).

Wind in the x0 direction, corresponding to the vehicle zb direction, affects the vehicle the most. That

direction is normal to the wing, and offers the most aerodynamic resistance, requiring the most input

action (fig. 5.6(b)) to compensate the drag caused.

(a) Wind input (b) Motor input actuation

Figure 5.6: Axial flight response wind disturbance

The wind speed along yb causes only a small disturbance, after 7.5s there is a small separation

between inputs 1 and 4, and 2 and 3, that is responsible for that compensation.

This is also visible in the vehicle speed (fig. 5.7(a)) and position(fig. 5.7(b)).
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The wind along x0 not only causes a speed in Vz, and consequently a change in position x0, but also

a speed in Vx due to the wing. To compensate the movement in x0 the vehicle will tilt, in the direction

of the wind, and the wing at that angle of attack will generate lift, pushing the vehicle upwards. There is

also some movement in yb, as a result of small unbalances in the moments generated by the propellers,

small changes in the control matrices values, and other numerical errors.

The wind speed in z0 pushes the vehicle downwards, and the controller responds by increasing

the rotation of all propellers. It can also be seen that, after the wind in y0 is removed, there is an

increase in the vehicle speed in Vbx and corresponding actuation. As noted before, airspeed lateral to

the propeller increases slightly the thrust generated, and as that component of the wind is removed the

thrust generated by the propellers is reduced.

(a) Vehicle speed (b) Vehicle position

Figure 5.7: Hybrid Quadrotor speed and position

The change in the vehicle orientation is rather small, the major variation in angular speed (fig. 5.8(a))

is along the axis yb. The vehicle also rotates along zb, specially when wind is introduced in y0. The

orientation (fig. 5.8(b)) also shows a major change in the 3rd term, related to the rotation along yb.

(a) Vehicle angular speed (b) Vehicle orientation

Figure 5.8: Hybrid Quadrotor angular speed and orientation

The propeller angular speed (fig.5.9(a)) and motor current (fig. 5.9(b)) are closely related to the input

actuation, which corresponds to the motor voltage. For the most part they display similar behaviour, but

when changing wind speed in z0 the differences are evident. Wind speed in z0 corresponds to air speed

in the axial direction of the propeller, which have a significant impact in their performance. At 12.5s,

when introducing wind speed in that direction, there is a decrease in the propellers angular speed, as a

result of the increased torque and current. The controller responds by increasing the input, witch also
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causes a further increase in current.

At 22.5s the opposite occurs. Removing the wind speed causes the propeller to gain angular speed.

It is also visible in both cases that, while the control action and current variation occur very quickly, the

change in angular speed is smoother, as a result of the inertia and drag of the propeller.

(a) Propeller angular speed (b) Motor current

Figure 5.9: Propeller and motor state

5.4.2 Aerodinamic flight

In Forward flight wind was introduced in the same way as for Axial flight, but with a value of 5m/s

(fig. 5.10(a)).

From the motor input (fig. 5.10(b)), some instability and oscillation are visible when the wind takes

effect. This occurs in good part due to the irregularities in the profiles used to model the wing lift, drag

and moment coefficients.

In this configuration, the direction normal to the wing zb is aligned with z0, and the result is a greater

control action to compensate the wind in that direction.

(a) Wind (b) Motor input actuation

Figure 5.10: Response to wind disturbance in Forward flight

With wind speed along x0 there is an increase in the vehicle speed, as the wind is pushing the vehicle

forward. However, this reduces the wing lift, making the vehicle to fall and increase vbz, as seen in figure

5.11(a). As a result, the control will provide more action to the propellers 1 and 4, to increase their

thrust. This will rotate the vehicle backwards (fig. 5.11(b)), and make the axis zb partially aligned with

the direction of movement. This is the reason why the vehicle has a relatively high speed along zb, but

stops falling at around 8s (fig 5.11(b)).

As the wind in the x0 direction is removed the wing regains a lot of lift and pitching moment, causing

a spike in the vehicle orientation and regaining most of the altitude lost.
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(a) Vehicle speed (b) Vehicle orientation

Figure 5.11: Hybrid Quadrotor speed and orientation

Wind in the z0 direction also causes the vehicle to fall, and the vehicle compensated by rotating

backwards.

As the wind is completely removed, the vehicle converges to its equilibrium conditions of speed and

orientation. The error in position yb is expected, as the control does not directly considers it.

(a) Vehicle Position (b) Detailed y0 and z0 position

Figure 5.12: Hybrid Quadrotor position

5.4.3 Complete flight

Performing a complete flight, from Axial flight to Forward flight and from Forward flight back to Axial

flight, some oscillations appear, that were expected due to the use of discrete curves with irregularities

for the wings coefficients. The controllers are also in part responsible for the small oscillations, as they

need to allow the vehicle to move away from the equilibrium position to transition to the next controller.

The vehicle starts at position [NED] = [0 0 0], with zb oriented with x0 (fig. 5.14(b)). The target point

is [10 − 150 0], with no fixed orientation.

As the vehicle transitions from Axial flight to Forward flight it quickly gains forward speed (fig. 5.13(b))

and transitions to Forward flight attitude. This fast transition is obtained by maxing out the motors, as

visible in figure 5.13(a) at around 2s.

As the vehicle reaches Forward flight attitude, it will start to turn towards the desired point. The

controller allows for a significant side-slip, due to the maximum banking allowed for the vehicle being

rather small, performing the curve with a radius of around 30m.

During the final part of the flight, it does overshoot the target position (fig. 5.21), due to its high linear
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(a) Motor input action (b) Vehicle speed

Figure 5.13: Hybrid Quadrotor actuation and speed

momentum, but it is capable of compensating it and move to the desired position.

(a) Vehicle position vs time (b) Vehicle trajectory (top view), and orientation

Figure 5.14: Hybrid Quadrotor position

5.5 Hybrid Plane Results

5.5.1 Axial flight

For the hybrid plane, wind of 1 m/s was introduced, in the same way as for the Hybrid Quadrotor (fig.

5.6(a)).

In Axial flight only propeller 1 to 4 will be actuated, the 5th propeller and the control surfaces will not

be actuated. The wind component in the x0 direction shows a very small response from the controller,

as both the speed and position are not greatly affected. The vehicle has a small aerodynamic resistance

int the direction xb, and consequently small drag force.

Figure 5.15: Motor input actuation

Wind in z0, corresponding to the vehicles zb causes the largest disturbance, as it corresponds to the

direction normal to the wing.

The wind in the y0 direction also causes disturbances in the other directions, mainly due to the

aerodynamic structure in the tail, rotating the vehicle.
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(a) Vehicle speed (b) Vehicle position

Figure 5.16: Hybrid Plane speed and position

5.5.2 Forward flight

For the Forward flight test of the Hybrid Plane the wind speed was considered at 1 m/s, instead of

the 5 m/s used for the Hybrid Quadrotor. The control strategy used, in the case of the Hybrid Plane,

was found to be more sensitive to the effects of external disturbances, specially in the xb direction. Wind

with a value of 5 m/s in that direction drastically reduces the lift generated by the wing, and as the use

of the propellers 1 to 4 is being controlled as function of the vehicle speed, they will not be activated,

and the vehicle will simply fall. In the case of the Hybrid Quadrotor, it compensates the wing lift loss with

the propellers, as they are always active.

As the vehicle rotates to compensate the orientation error the wind, in the yb direction will have a

component along −xb , slowing the vehicle (fig. 5.20). This causes the propellers 1 to 4 to activate (fig.

5.17(a)), as it reaches speed speed below 12 m/s, corresponding to the transition between controllers

(fig. 5.4(b)).

(a) Propeller input actuation (b) Control surfaces input actuation

Figure 5.17: Input actuation

The control surfaces display some oscillatory behaviour, as a result of the irregularities in the look-up

tables. But even so, the controller manages to stabilise the flight in the presence of wind.

After the removal of wind, the vehicle returns to its equilibrium conditions speed, although it takes

more time than the Hybrid Quadrotor to do so.

The position in both y0 and z0 slowly return to zero, as the vehicle moves forward.
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(a) Vehicle speed (b) Detailed y0 and z0 position

Figure 5.18: Hybrid Plane position

5.5.3 Complete flight

The vehicle starts at [0 0 0], with xb oriented with x0(fig. 5.14(b)). The target point is [10 − 400 0],

with no fixed orientation.

The Hybrid Plane, with the implemented controller, can not perform a curve with a radius as small as

the Hybrid Quadrotor, the target point was considered at a larger distance to allow the vehicle to perform

the turn.

At start, the 5th propellers it actuated to near its maximum (fig. 5.19(a)), to quickly increase the

vehicle air speed (fig. 5.20). As it gains speed the other 4 propellers have their actuation reduced, until

they reach the minimum and the propellers stop.

As the vehicle reaches the 20m mark from the target position the controller cuts off the back the 5th

propeller, and activates the others for a quick deceleration.

(a) Propeller input actuation (b) Control surfaces input actuation

Figure 5.19: Input actuation

The control surfaces (fig. 5.19(b)) are only activated with the controllers K2 an K3, after the vehicle

passes the 3 m/s barrier. At low speeds their actuation quickly saturates, as the forces generated are

small.

The speed Vx is keep near the target of 13 m/s, but during the turn, due to the rotation, the controller

has more difficulty in attaining that speed. The Hybrid plane performance the turn with a radius of 120m.

The controller is mainly using the control surface to performance the turn, which limits the vehicle turning

rate.

The vehicle also takes more time to reach the maximum speed than the Hybrid Quadrotor, travelling
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Figure 5.20: Hybrid Plane speed

further before starting to turn.

During the approach to the target position, it slightly overshoots it, but recovers to the desired position

and stops.

(a) Vehicle position (b) Vehicle trajectory (top view), and orientation

Figure 5.21: Hybrid Plane position
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Chapter 6

Conclusions

The first main objective of this thesis was the creation of a model capable of representing in detail the

dynamics and kinematics of these types of hybrid vehicles. Special detail was necessary to handle the

vehicle aerodynamics, as the vehicles are subjected to a wider range of scenarios. For the wings, the

model proposed provides a close approximation to real word case by using curves from experimental

data for the lift, drag and pitching moment coefficients, and covering the entire range for possible angles

of attack. And the discretization of the wing allow to incorporate the effects of the vehicle rotation.

The propeller aerodynamics also have a major impact in the vehicle response. From the analysis to

the models proposed, the difference in the approximations taken have a significant impact in the results

for the propeller performance. And while for quadrotors or fixed wing aircrafts those effects are small, in

these vehicles that is not the case. The propellers will be subject to significant lateral airflow, affecting

the thrust and torque generated, and generating moments. They will also reach conditions of very high

advance ratio, as the propellers are gradually turned off during the transition of the hybrid plane.

The final model for the propellers is one of the major contribution from this thesis to the area of

hybrid quadrotors, and propellers in general. The inclusion of the effects of external airflow, a quadratic

approximation for the lift coefficient, and including the moments generated due to the unbalance in the

trust generated, it provides a closer approximation to real world results.

The model implemented in SimulinkTM is not specific just for these two vehicles, it can be used to

simulate a wide variety of vehicles, within certain restrictions.

From the vehicles trim analysis it is visible the range increase in Forward flight compared to Axial

flight, and what are the more efficient propellers for each vehicle. It is not possible however to conclude

which is the more efficient approach, as the results are to close and some of the parameters of the

vehicles, such as the weight, are estimations.

Another of the main objectives was to implement a control strategy capable of transitioning the vehi-

cles trough the flight modes and able to handle disturbances. That objective was reached by combining

the use of 4 LQR controllers per vehicle with an external loop to calculate weights to those controllers,

and to alter the reference speed for a smother transition between controllers. This strategy proves

enough to stabilise and control the vehicles in the presence of disturbances and with all the non lineari-
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ties and irregularities present in the implemented model.

6.1 Future Work

The construction and testing of a real world prototype would provide further validation to the model

proposed, including an in depth analysis of the propellers performance.

For the case of the Hybrid Plane, testing the use o two propellers in the back instead of one, to provide

increased efficiency at high speed and remove the effects of the propeller torque in the vehicle rotation.

It would also be interesting to analyse the vehicles performance with other motors and propellers.

Implement the models corresponding to the sensors, along with filters to reduce the noise from

those. And further improve the control strategy proposed, to reduce the oscillatory effects noticed in the

tests performed, and to be able to work with the limited number of state variables available through the

sensors.
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Appendix A

Vehicle Dimensions

Hybrid Quadrotor

Wingspan : 1.4m Propellers : 4 Battery cells : 4 Wing surfaces : 2
Length : 0.45m Motors : 4S ABLPA655275HG Control surfaces : 0

Total weight : 3.5Kg Motors : 4× 0.1Kg Propellers : 4× 0.015Kg Batteries : 4× 0.364Kg
Electronics : 0.3Kg Wing : 1Kg Supports : 0.2Kg

Wing xb(m) yb(m) zb(m) iw(◦ ) ζ(◦ ) A(m2) cw(m) lc(m) Lσ(m)
S1 0.05 −0.35 0 0 0 0.28 0.4 0.1 0
S2 0.05 0.35 0 0 0 0.28 0.4 0.1 0

Propellers xb(m) yb(m) zb(m) Orientation Rotation
1 : 14× 10 0.1 −0.4 0.45 xb clockwise
2 : 14× 10 0.1 −0.4 −0.45 xb counterclockwise
3 : 14× 10 0.1 0.4 −0.45 xb clockwise
4 : 14× 10 0.1 0.4 0.45 xb counterclockwise

Table A.1: Hybrid Quadrotor specifications
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Hybrid Plane

Wingspan : 1.5m Propellers : 5 Battery cells : 4S 2P Wing surfaces : 6
Length : 1.4m Motors : 5 ABLP8474J0HG Control surfaces : 4

Total weight : 4.5Kg Motors : 5× 0.1Kg Propellers : 5× 0.015Kg Batteries : 8× 0.222Kg
Electronics : 0.3Kg Wings : 1.35Kg Supports : 0.5Kg

Wing xb(m) yb(m) zb(m) iw(◦ ) ζ(◦ ) A(m2) cw(m) lc(m) Lσ(m)
S1 0.05 −0.55 0 8 0 0.14 0.4 0.1 0.1
S2 0.05 −0.225 0 8 0 0.16 0.4 0.1 0.1
S3 0.05 0.225 0 8 0 0.16 0.4 0.1 0
S4 0.05 0.55 0 8 0 0.14 0.4 0.1 0
S5 −0.9 −0.2 −0.17 0 −35 0.1 0.15 0.0375 0.1
S6 −0.9 0.2 −0.17 0 35 0.1 0.15 0.0375 0.1

Propellers xb(m) yb(m) zb(m) Orientation Rotation
1 : 17× 8 0.5 −0.4 0 −zb clockwise
2 : 17× 8 −0.5 −0.4 0 −zb counterclockwise
3 : 17× 8 −0.5 0.4 0 −zb clockwise
4 : 17× 8 0.5 0.4 0 −zb counterclockwise
5 : 14× 10 −0.4 0 0 xb counterclockwise

Table A.2: Hybrid Plane specifications

Battery cell Energy (Wh) Capacity(mAh) Voltage (V ) Weight (Kg)
ABLPA655275HG 88.356 23880 3.7 0.364
ABLP8474J0HG 53.28 14400 3.7 0.222

Motor Vg(V ) Rm(ohm) Jm(Nms2 ) Kt(
Nm
A ) Ke(

V s
rad ) τm(s) Lm(H) I0(A) Weight (Kg)

14.8 0.168 10e−6 10e−3 12.5e−3 0.2 1.1e−3 0.5 0.1

Table A.3: Batteries and Motor specifications

Np Rp(m) ri cp(m) θ0(◦ ) θtw(◦ ) CLα CLM CL∆
CD0

CLα
20× 10 2 0.2540 0.1 0.034 60 −55 2.5 1 0.8 0.2 0.7
17× 8 2 0.2159 0.1 0.030 38 −35 2.8 1.15 0.55 0.25 1.2
14× 6 2 0.1778 0.1 0.027 35 −32 2.9 1.1 0.5 0.25 1.3
11× 3 2 0.1397 0.1 0.022 22 −20 3.4 1 0.4 0.25 0.8
20× 14 2 0.2540 0.1 0.034 60 −48 2.5 1 0.6 0.25 0.5
17× 13 2 0.2159 0.1 0.030 48 −36 2.9 1 0.4 0.25 1.1
14× 10 2 0.1778 0.1 0.027 50 −41 2.6 1 0.4 0.25 1.1
11× 7 2 0.1397 0.1 0.022 50 −44 3 1 0.4 0.25 1.6

20× 225EP 2 0.2540 0.1 0.037 67 −50 2.2 1 0.4 0.25 0.5
17× 18 2 0.2159 0.1 0.030 67 −50 2.2 1 0.4 0.25 0.8
14× 13 2 0.1778 0.1 0.027 55 −41 2.6 1 0.4 0.25 1.2
11× 10 2 0.1397 0.1 0.022 50 −34 2.6 1 0.4 0.25 1.1

Table A.4: Propeller model parameters
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