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Resumo

Durante a última década, a utilização de Micro Veı́culos Aéreos (MVAs) em aplicações como inspeção

e vigilância tem demonstrado ser extremamente útil. Porém, a sua usabilidade é negativamente im-

pactada pelos requerimentos energéticos da locomoção aérea, tendo uma capacidade de transporte e

autonomia de voo limitados. Pelo contrário, os veı́culos terrestres são capazes de transportar maiores

cargas e têm uma maior autonomia, sendo limitados pela sua capacidade de ultrapassar obstáculos

no seu trajeto. Devido a estas caracterı́sticas, tem havido um aumento do número de aplicações em

que os dois tipos de veı́culos são utilizados em conjunto. Esta dissertação descreve o design e o de-

senvolvimento de um veı́culo hı́brido aéreo-terrestre, BogieCopter, capaz de locomoção multimodal em

ambientes apinhados e estreitos, e que tem uma maior autonomia que a alcançada por veı́culos pura-

mente aéreos. O design consiste num MVA com dois eixos inclináveis e quatro rodas, independentes e

passivas, que possibilitam ao veı́culo voar, aproximar-se e mover-se em superfı́cies planas e inclinadas.

Em comparação com outros veı́culos hı́bridos com rodas passivas, o design do BogieCopter permite-lhe

atingir uma maior eficiência no movimento terrestre e transportar a carga necessária para a realização

da maioria dos tipos de inspeção, e apresenta o mecanismo que adiciona a multimodalidade com uma

das menores massas. Adicionalmente, o desempenho do veı́culo é avaliado através de múltiplos testes,

demonstrando a sua capacidade para voar, mover-se no chão e, até, para subir paredes. Finalmente,

uma comparação entre a energia gasta pelos diferentes modos de operação é apresentada.

Palavras-chave: Desenvolvimento de Protótipo, Design de Protótipo, Inspeções, Locomoção

Aérea-Terrestre, Micro Veı́culo Aéreo, Multimodalidade
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Abstract

During the last decade, the use of Micro Aerial Vehicles (MAVs) in applications such as inspection

and surveillance has proved to be extremely useful. However, the usability of these vehicles is negatively

impacted by the large power requirements of flight consumption, limited payload and operating time. On

the other hand, ground vehicles are able to transport larger payloads and have a higher operating time,

being limited by their capacity to overcome obstacles in their path. Thus, applications in which both

types of robots are used in combination have started to emerge. This thesis describes the design and

development of a hybrid aerial-ground vehicle, BogieCopter, enabling multi-modal mobility in challenging

terrains, enabling the locomotion in potentially cluttered and narrow spaces, and having a higher oper-

ating time when compared to aerial-only vehicles. The design consists of a MAV with two tiltable axles

and four independent passive actuated wheels, allowing the vehicle to fly, approach, land and move on

flat and inclined surfaces. In comparison to existing multi-modal vehicles with passive actuated wheels,

the design of BogieCopter enables a higher ground locomotion efficiency, provides a higher payload

capacity suitable for inspection applications, and presents one of the lowest mass increases due to the

ground actuation mechanism. Furthermore, the vehicle’s performance is evaluated through a series of

real experiments, demonstrating its flying, ground locomotion and wall-climbing capabilities. Finally, the

energy consumption for different modes of locomotion is demonstrated.

Keywords: Aerial-Ground Locomotion, Inspection Applications, Micro Aerial Vehicles, Multi-

Modality, Prototype Design and Development

xiii



xiv



Contents

Declaração . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Declaration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Resumo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxi

Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxv

Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxvii

Acronyms xxvii

1 Introduction 1

1.1 Motivation and Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 State-of-the-Art and Literature Review 5

2.1 Unmanned Aerial Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 History of Unmanned Aerial Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.2 Classification of Drones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.2.1 Conventional Classification of Drones . . . . . . . . . . . . . . . . . . . . 6

2.1.2.2 Unconventional Classification of Drones . . . . . . . . . . . . . . . . . . . 7

2.2 Inspection Rotary-Wing MAVs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Visual Inspection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.2 Contact-based Inspection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Multi-modal Rotary-wing MAVs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.1 Active Actuated Multi-modal MAVs . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1.1 Tracked Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1.2 Two-wheeled Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1.3 Three-wheeled Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.1.4 Four-wheeled Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

xv



2.3.2 Passive Actuated Multi-modal MAVs . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.2.1 Caged Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.2.2 Mono-wheeled Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.2.3 Two-wheeled Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.2.4 Four-wheeled Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.2.5 Six-wheeled Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.2.6 Eight-wheeled Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.3 Comparison between Multi-modal MAVs . . . . . . . . . . . . . . . . . . . . . . . . 20

3 Theoretical Background 23

3.1 Rotor’s Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.1 Momemtum Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.1.1 Hovering Flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.1.1.2 Co-axial Rotor Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Quadrotors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1 Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.2 Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 Unicycle Type Robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3.1 Differential Drive Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3.1.1 Newton-Euler Dynamic Approach . . . . . . . . . . . . . . . . . . . . . . 29

4 Design 31

4.1 Baseline and Requirements Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1.1 Baseline Specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1.2 Requeriments Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2 Design Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3 Maximum Take-off Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3.1 Payload . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3.2 MAV Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 Propulsion System Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4.1 Propeller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4.2 Motor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.4.3 Electronic Speed Controller (ESC) . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.4.4 Propulsive System Battery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.5 Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.5.1 Servos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.5.2 Battery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.5.3 Custom Designed PCBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.6 Mechanical Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.6.1 Ground Locomotion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

xvi



4.6.2 Wheels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.6.3 Motor Axis Distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.6.4 Electronic’s Base . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.6.5 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.6.6 Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.6.6.1 BogieCopter 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.6.6.2 BogieCopter 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.6.6.3 BogieCopter 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.6.7 Design Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.6.8 Optimization and Stress Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.6.9 Mass Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.7 Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5 Software and Firmware 53

5.1 Software: Simulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2 Autopilot Firmware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2.1 Servo Firmware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2.2 Battery Monitor Firmware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2.3 Ground Mode Firmware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.2.3.1 Locomotion on Flat Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.2.3.2 Locomotion on Inclined Surfaces . . . . . . . . . . . . . . . . . . . . . . . 57

5.2.3.3 Transmitter Inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.2.3.4 Firmware Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6 Results and Validation 61

6.1 Prototype Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.2 Rotor Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6.3 Locomotion Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.3.1 Aerial Locomotion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.3.2 Ground Locomotion on Flat Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.3.3 Multi-modal Capability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.3.4 Ground Locomotion on Inclined Surfaces . . . . . . . . . . . . . . . . . . . . . . . 70

6.3.5 Wall-Climbing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.4 Power Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

7 Conclusions 75

7.1 Achievements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

A Payload 79

A.1 RGB and Thermal Cameras Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

xvii



A.2 LIDARs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

A.3 Payload Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

B Propellers 81

B.1 Data of Possible Propellers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

B.2 Selection Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

C Comparison between T-Motor Motor’s Efficiencies 83

C.1 Efficiency Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

D Determination of Propeller’s Moment of Inertia 85

D.1 Approximation by Cylinder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

D.2 Parallel Axis Theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

D.3 Propeller’s Moment of Inertia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

E Custom Made PCBs 87

E.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

E.2 Lateral Router . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

E.3 SmartBat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

E.3.1 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

E.3.2 Firmware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

E.4 SmartBat and Router . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

E.4.1 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

F Design Naming 95

F.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

F.2 BogieCopter Naming Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

F.3 Motors’ Arms Naming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

F.4 Wheel Assembly Naming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

G Thrust Stand 97

G.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

G.2 Adaptation of Thrust Stand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

G.3 Final Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

Bibliography 99

xviii



List of Tables

2.1 Drone conventional classification, according to [12]. . . . . . . . . . . . . . . . . . . . . . 7

2.2 Characteristics of interest of the different analysed multi-modal rotary-wing MAVs. . . . . 22

4.1 Estimation of the mass for the developed MAV, distributed throughout its systems. . . . . 35

4.2 Characteristic’s comparison between the identified motors. . . . . . . . . . . . . . . . . . 37

4.3 Characteristics of the selected batteries. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.4 Summary of the characteristics of some of the found servos. . . . . . . . . . . . . . . . . 41

4.5 BogieCopter 1 characteristics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.6 BogieCopter 2 characteristics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.7 BogieCopter 3 Characteristics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.8 Comparison between available off-the-shelf 8mm clamping hubs and the custom made. . 51

4.9 Overview of the prototype’s cost. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

A.1 Identified (currently in production) sensors with RGB and thermal cameras. . . . . . . . . 79

A.2 Identified (currently in production) LIDARs. . . . . . . . . . . . . . . . . . . . . . . . . . . 80

G.1 Cost of the adapted thrust stand for automatic static thrust tests. . . . . . . . . . . . . . . 98

xix



xx



List of Figures

2.1 World War One drone: the Kettering Bug [20]. . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Design and fabrication costs of different types of drones [12]. . . . . . . . . . . . . . . . . 7

2.3 UAV unconventional classification: (a) Fixed-wing [22] (b) Rotary-wing [23] (c) Flapping-

wing [24] (d) Blimp [25]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4 Examples of different inspection MAVs: (a) ChimneySpector [8] inspecting an old indus-

trial chimney (b) Inspection of a photovoltaic plant in Spain [30] (c) The AEROMARS

project contact-based inspection platform [3]. . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.5 Examples of tracked aerial-ground vehicles: (a) Pegasus in ground mode [11] (b) Pegasus

in fly mode, with the tracks protecting the propellers [11] (c) B-Unstoppable in ground

mode [39]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.6 Morphing two-wheeled quadrotor [40]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.7 WAMORN [41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.8 Four-wheeled active actuated MAVs: (a) [42] (b) Wall-climb quadrotor [35] (c) MTMUR

[43] (d) Drivocopter [5] (e) JJRC H3 [46] (f) Syma X9 [47]. . . . . . . . . . . . . . . . . . . 14

2.9 Caged passive actuated MAVs: (a) HyTAQ [37, 48] (b) Caged with passive wheels [26]

(c) MUWA [38] (d) PRSS UAV [49] (e) Rollocopter [50] (f) Shapeshifter [51, 52]. . . . . . . 16

2.10 Gemini [44, 45]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.11 Two-wheeled passive actuated MAVs: (a) NINJA UAV [54] (b) Rollocopter [36] (c) Parrot

Rolling Spider [55]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.12 Four-wheeled passive actuated MAVs: (a) Flying STAR [56] (b) Inkonova Tilt Scout [57]. . 19

2.13 Quadroller [58]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.14 Eight-wheeled passive actuated MAV: (a) Bi2Copter [27] (b) Bi2Copter flying at any given

pitch angle [27]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1 Flow model for momentum theory in hovering flight [53]. . . . . . . . . . . . . . . . . . . . 24

3.2 The quadrotor concept, demonstrating the required rotor actuation for the different loco-

motions. The width of the arrows is proportional to the rotors’ angular speed [62]. . . . . . 27

3.3 Usual coordinate frames used to derive the dynamics of quadrotors [61]. Earth fixed

frame, body frame and thrust produced by the rotors represented by the letters E, B, and

F, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.4 Diagram of the flight controller used [68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

xxi



3.5 Unicycle showing forces acting on the wheels (left side) and resultant force, causing the

vehicle to turn (right side) [74]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.6 Differential Drive Mobile Robot [72]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.7 Top view of a skid-steered vehicle performing a steady state turning maneuver, showing

the forces acting on the platform [75]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.8 DDMR free body diagram for Newtonian dynamic modeling, with forces represented.

Adapted from [72]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1 Dimensional drawing of the HJ450 frame, a copy of DJI FlameWheel F450 [78]. . . . . . . 32

4.2 Design method flowchart. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3 Average mass distribution for quadrotors [79]. . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4 Custom designed PCBs: (a) Lateral Router (b) SmartBat (c) SmartBat and Router. . . . . 42

4.5 Usual approach to passive actuated aerial-ground MAVs moving on a flat surface with the

forces represented [128]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.6 Usual approach to passive actuated aerial-ground MAVs moving on an inclined surface

with the forces represented [128]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.7 Top view of the developed MAV, with the space occupied by the rotors (represented in

red) and the space designed for the payload (represented in green). . . . . . . . . . . . . 46

4.8 BogieCopter 1 design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.9 BogieCopter 2 design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.10 BogieCopter 3 design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.11 Optimization process throughout its different steps. Topology optimization achieved a

mass reduction of 60% and the final part has a minimum SF of 6.89 and a 38% lower

mass than the initial designed part. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.12 BogieCopter’s prototype. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.13 Simple assembly jig fabricated to assemble the battery supports at the right orientation

and distance from the motors support. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.14 BogieCopter’s hardware and cable harnessing overview. . . . . . . . . . . . . . . . . . . . 52

5.1 RotorS BogieCopter model static on the ground in the Gazebo environment. . . . . . . . . 53

5.2 RotorS BogieCopter 2 model hovering in the Gazebo environment. . . . . . . . . . . . . . 53

5.3 BogieCopter tilting the rotors, entering ground mode. Note that the rotors rotate in oppo-

site directions but the servos in the same direction. . . . . . . . . . . . . . . . . . . . . . . 56

5.4 Top view of the developed MAV in ground mode, with the rotors tilted inwards the vehicle

structure. Forces produced by each one of the rotors represented (rotor numbering follows

[153] for a H-shaped vehicle). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.5 BogieCopter climbing low slope, with forces represented (normal force and friction not

represented). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.6 BogieCopter with the four rotors tilted in the same direction, for a climb with a higher factor

of safety, guaranteeing the ability to climb medium slopes with the required payload. . . . 58

xxii



5.7 BogieCopter climbing a high slope, requiring the creation of downforce for the MAV not to

flip-over. The rotors should tilt more than 90 ◦ to achieve that. . . . . . . . . . . . . . . . . 59

5.8 Spektrum DX8 Mode 2 radio transmitter [156], each stick motion follows the standard: (1)

Throttle (2) Yaw (3) Pitch (4) Roll (5) Flaps Gyro (6) Aux 2 GOV. . . . . . . . . . . . . . . . 59

5.9 Simplified flowchart of the ground mode firmware. . . . . . . . . . . . . . . . . . . . . . . 60

6.1 Overview of BogieCopter’s mass distribution for its main subsystems. . . . . . . . . . . . 62

6.2 Thrust and efficiency vs throttle for each rotor (line represents average value) with the

motors: (a) T-Motor AT2814 (b) Racerstar BR2814 (c) Dualsky ECO2814C-V2 (d) Dualsky

ECO2820C-V2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.3 Comparison between the performance of the different tested rotors (lines for the rotor with

the selected motor are thicker and lines represent average valus) (a) Power in relation to

throttle (b) Thrust in relation to throttle (c) Efficiency in relation to thrust. . . . . . . . . . . 66

6.4 BogieCopter flight test, throughout its multiple phases: (a) MAV armed (b) Climbing (c)

Hovering (d) Moving backwards (e) Descending (f) MAV landed. . . . . . . . . . . . . . . 67

6.5 Longitudinal locomotion test, with the starting point ((a)) distancing 441cm from the fin-

ishing point ((c)): (a) Starting point of the test, just before the first carpet (b) BogieCopter

passing through the middle carpet (c) Finishing point of the test, just before the third carpet. 67

6.6 BogieCopter hitting the wall at around ∼4.1 m/s: (a) BogieCopter not braking in time,

going towards the wall (b) Strong impact against the wall, with the MAV coming off of the

ground (b) BogieCopter being pushed off of the wall (b) Stopping after collision. . . . . . . 68

6.7 BogieCopter turning in place: (a) Starting the turn (b) ∼90 ◦ (c) ∼200 ◦ (d) Finishing

∼270◦ turn. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.8 Test on a simulated narrow and confined space, a long narrow wheel-chair ramp (notice-

able the 4.2◦ slopes in figure 6.8(a)): (a) Starting point of the confined test circuit (b)

BogieCopter moving forward (c) Arriving at the turning point (d) (e) Turning (f) Arriving at

the finish line of the confined test circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.9 Dimensions of the confined test circuit, at scale, depicting the developed MAV and the

path to be followed (represented in orange). . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.10 BogieCopter moving on rocky soil ground: (a) Test starting in a sidewalk (b) Longitudinal

motion (c) Turning (d) Climb of small slope (∼ 5◦ ). . . . . . . . . . . . . . . . . . . . . . . 70

6.11 BogieCopter multi-modal test: (a) BogieCopter in ground mode (b) Moving on the ground

(c) Reaching an obstacle - stairs (d) Transition to flight mode (e) (f) Fly over obstacle (g)

Landing (h) Transitioning back to ground mode. . . . . . . . . . . . . . . . . . . . . . . . . 70

6.12 Climb of a 14◦ slope in normal mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.13 Climb of a 14◦ slope in power mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.14 Climb of a 22◦ slope in normal mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.15 Climb of a 22◦ slope in power mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

xxiii



6.16 BogieCopter climbing a 33◦ slope in normal mode (a) Start climbing (b) Moving on in-

clined surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.17 BogieCopter climbing a 33◦ slope in power mode (a) Start climbing (b) Moving on inclined

surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.18 Wall-climbing test: (a) BogieCopter being held by a rope - rope in tension (b) BogieCopter

sticking to the wall (b) BogieCopter climbing the wall - rope is loose. . . . . . . . . . . . . 72

6.19 BogieCopter with two 1 kg weights, simulating a 2 kg payload. . . . . . . . . . . . . . . . 72

6.20 Comparisons enabled by the test’s logged data. The values above and under the plots

correspond to the average value to maintain the operating state (power and throttle, re-

spectively) (a) Comparison between the power consumption in different operating states

(b) Comparison between the required throttle in different operating states, showing the

required throttle based on values from the rotor’s static thrust tests. . . . . . . . . . . . . . 74

B.1 Propeller data, constrained by the custom script. The specifications were constrained

from the propeller file (<propeller Name>.dat). Efficiency with background green color

represent the efficiencies that respect the optimal design efficiency. . . . . . . . . . . . . . 81

C.1 Comparison between the efficiency of the AT2814 and AS2814 motor, while producing

any given thrust (data from manufacturer specifications for an APC 10x5.5 propeller). . . 83

D.1 Cylinder’s dimensions used to determine the moments of inertia of a solid cylinder. . . . . 85

E.1 Lateral Router PCB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

E.2 Battery cell tester and alarm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

E.3 SmartBat PCB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

E.4 Typical current sense circuit using the INA139 [176]. . . . . . . . . . . . . . . . . . . . . . 90

E.5 SmartBat and Router PCB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

E.6 SmartBat schematic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

E.7 SmartBat layout and layers: (a) Top (b) Bottom. . . . . . . . . . . . . . . . . . . . . . . . . 92

E.8 SmartBat and Router schematic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

E.9 SmartBat and Router layout and layers: (a) Top (b) Middle 1 (c) Middle 2 (d) Bottom. . . . 94

F.1 Name of the general components of BogieCopter. . . . . . . . . . . . . . . . . . . . . . . 95

F.2 Extruded view and name of the components of the motors’ arm of BogieCopter. . . . . . . 96

F.3 Extruded view and name of the components of the wheel assembly of BogieCopter. . . . 96

G.1 Thrust stand used in the static tests, with the Racerstar BR2814 assembled. The weights

were added due to the thrust created by the rotors, which was able to move the wood

panel and the thrust stand. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

G.2 Schematic of the components used in the thrust stand and their connection. Orange

connection represents high current path while grey connection represents low current

signals or mechanical connection (in the case of the thrust stand to rotor). . . . . . . . . . 98

xxiv



Nomenclature

Greek symbols

η Efficiency

γ Slope inclination [o]

ω Angular velocity [rad/s]

φ Roll [o]

ψ Yaw [o]

ρ Density [kg/m3]

τ Torque [N ·m]

θ Angle [o]

Roman symbols
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Chapter 1

Introduction

1.1 Motivation and Goals

Due to advances in the field of electronics and in the field of microsystems, unmanned aerial vehicles

(UAVs) have become a prevalent commercial technology. More specifically, micro aerial vehicles (MAVs)

have become ubiquitous in many fields. One of those fields is the cinematography/photography industry,

which saw an exponential increase in the use of MAVs, due to the fact that such platforms are able to

fly over cluttered and inaccessible areas and provide an elevated and bird-eye view of the environment.

Such important features allied with the capacity to fly over obstacles and to reach regions of interest,

which may be of impossible access to humans or other types of robots, meant that MAVs could be

used for other applications, such as inspection (examples include agriculture [1, 2], oil and gas [3],

power generation [4], mining [5], chemicals [6], marine vessels [7], structural [8] and others), search

and rescue missions [9, 10], surveillance [11], and many others [12]. The application of MAVs in these

different use cases has contributed to the reduction in downtime and operating costs [13], increase of

the safety of human operators [3, 6] and it has even helped to save lives [14]. These contributions have

led to a tremendous growth in the inspection drone’s market, in the last 3 years, being expected to more

than double by 2027 [15].

Despite their desirable characteristics, the usability of MAVs has been strongly impacted by their

limitations. When compared to ground vehicles (GVs), MAVs offer a very limited payload capacity, have

a lower operating time, and don’t present robustness to collisions, meaning that their use in potentially

cluttered and narrow spaces where there is potential for physical interaction is very limited or, even, non

existent. On the other hand, GVs lack the capability to overcome obstacles and reach hard to reach

places, which come inherently with the use of aerial vehicles. The undesirable characteristics of both

of these types of vehicles means that their ability to operate in different environments and in different

applications is limited. Most flying vehicles are only able to fly away from the ground and from structures,

consuming a big percentage of its power source in reaching a desired place and not in performing the

desired task while a ground vehicle may not be able to reach that desired place, due to the requirement

to overcome some obstacle on its path, or will require the operator to waste time on the positioning of the
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GV in the region of interest. As an example, we can think about a structure that needs to be inspected

on the top of a building, for example, some photovoltaic panels. While a MAV can be positioned on the

bottom of the building and fly to its top, the GV needs to be taken by the operator to the top. However,

while a GV will consume a low amount of energy during the inspection (it is almost static, only moving

between photovoltaic panels), the MAV is spending a high amount of energy to maintain its flying state,

which isn’t really necessary neither desirable. Use cases as these are the ones that would benefit from

the use of multi-modal vehicles. We could think of a hybrid aerial-ground vehicle that could fly to the top

of the building and then move on the ground to a desired point and perform the desired task. Despite

the fact that we can think of many multi-modal types of vehicles, in this work, we will focus our attention

on hybrid aerial-ground vehicles.

This project aims at designing an aerial-ground MAV that can both fly and move on surfaces, hence

extending the adaptability and applicability of MAVs for applications such as inspection, search and

rescue missions, surveillance, and cinematography. The MAV will be designed with the goals of being

cost-effective, in order to promote its easy adoption, being easily manufactured and having a platform

as open to modifications as possible, in order for the system to be upgradeable and to be easily adapted

to as many applications as possible. We envision many potential advantages for such a system such as

the ability to get close to surfaces and move on inclined surfaces, being able to move into tight spaces

or inside buildings, move safely around humans in buildings, increase the total operating time due to the

use of the more energy-efficient ground locomotion and being accessible to the common MAV operator.

1.2 Objectives

The goal of this thesis is to design, develop and test a multi-modal MAV capable of flying and of

ground locomotion, both in flat and inclined surfaces, with the main goal of it being used in inspection

applications.

The design and development of such vehicles can be divided into two different work categories: hard-

ware and software/firmware. In this work, the hardware of the platform will be developed from scratch

while the firmware will be developed through the extension of the capabilities of a readily available open-

source firmware.

To be able to reach the proposed goal, a set of objectives have been identified and will be followed

throughout the next chapters. They are:

• Analysis of the State-of-the-Art inspection vehicles (with a focus in aerial vehicles) and multi-modal

MAVs;

• Analysis of the multi-modal vehicle’s mechanics which can lead to a lighter and more efficient

multi-modal MAV;

• Design of the multi-modal MAV, with mechanical and propulsive system optimization;

• Development of a simulation model of the multi-modal MAV, for the design of future controllers and

path following algorithms;
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• Firmware development of the ground locomotion mode, enabling the drone to move on flat and

inclined surfaces;

• Test of the developed multi-modal MAV, in all the possible actuation modes: aerial, ground, and

multi-modal mode, with analysis of its performance.

1.3 Thesis Outline

This thesis is divided into six chapters, which are explained next.

The present chapter serves the purpose of being an introduction to the topic developed on the re-

mainder of this work. In section 1.1, the motivation behind developing an aerial-ground MAV is presented

as are the goals of this work. This section is followed by section 1.2, in which the objectives that need to

be completed to develop the aerial-ground MAV are presented.

Chapter 2 is divided into three main parts: UAV state-of-the-art, in section 2.1, inspection rotary wings

MAVs state-of-the-art, in section 2.2, and a review of the multi-modal rotary wings MAVs literature, in

section 2.3. In section 2.1, as the name ”Unmanned Aerial Vehicles” suggests, the main topic will be

UAVs, in general. A brief historical overview of UAVs is given and the state-of-the-art classifications of

UAVs are analysed, in order to narrow the classification of the developed multi-modal UAV and give a

better sense of its characteristics. Section 2.2 starts with a brief introduction to the topic of inspection

rotary wings MAVs and further explores the different inspection methods that make use of MAVs. In the

last section of this chapter, section 2.3, the state-of-the-art multi-modal rotary-wing MAVs are reviewed,

in order to define the advantages and the shortcomings of each design and draw the path for the design

of the developed MAV.

Chapter 3 presents the background information necessary to develop a multi-modal MAV. The infor-

mation presented here is summarized to only the necessary, in order to keep this chapter as short as

possible while still providing all the required background information to develop the MAV. It is divided

into three sections. Section 3.1 explains, shortly, how the performance of a rotor is influenced by its

shape and operating characteristics, enabling a better selection of the propulsive system. Section 3.2,

introduces quadrotors, presenting their working principle and how they are controlled. The last section,

3.3, is focused on unicycle type robots, ending with the determination of their equations of motion.

Chapter 4, throughout its seven sections, presents the hardware of the developed MAV. Baseline

and requirement specifications are set and the design procedure is presented. It is followed by the

determination of the mass of the vehicle and by the selection of the different parts that compose the

propulsive and electronic systems. It culminates in the mechanical design of the MAV, ending with the

presentation of a developed prototype.

Chapter 5 focus on the code side of the developed MAV. It is divided into two sections. In section

5.1, a simulator model for the developed MAV is presented. In section 5.2, the open-source autopilot

firmware is selected and the developed firmware is presented, depicting the decisions that led to the

final code.

Chapter 6 is divided into four sections. In these sections, results from different experiments are
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presented and the developed MAV is validated. In section 6.1, the developed vehicle’s mass is pre-

sented and analysed. In section 6.2, the used rotor is tested and its performance is compared with

the performance of other (tested) rotors. Different real experiments that were conducted with the de-

veloped vehicle, in order to validate its design, are presented in section 6.3. Finally, in section 6.4, the

power consumptions and the throttle required to maintain different operating states are presented and

compared.

Chapter 7 is divided into two parts: achievements, in section 7.1, and future work, in section 7.2. In

the first section, section 7.1, we conclude about the state of the project and about what was performed

and accomplished with this work. We finish this thesis with the future work, in section 7.2, where

objectives for the continuity of this project are presented, pointing improvements and features to be

made, in order to get the best possible multi-modal MAV.
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Chapter 2

State-of-the-Art and Literature Review

This chapter is dedicated to the analysis of the state-of-the-art UAVs, inspection rotary-wing MAVs

and multi-modal rotary-wing MAVs. It is divided into three sections. In section 2.1, brief background

information on UAVs will be provided. This section serves the purpose of presenting an overview of the

different types of UAVs available, narrowing the classification of the developed UAV. After this section,

we will narrow the scope of the analysis of the state-of-the-art to rotary-wing MAVs. In section 2.2, the

state-of-the-art inspection vehicles will be analysed. Finally, in section 2.3, the state-of-the-art multi-

modal vehicles, mainly hybrid aerial-ground robots is presented. In this last section, a comparison

between all the analysed multi-modal vehicles will be given, with the intention of easing the design

process.

2.1 Unmanned Aerial Vehicles

Unmanned aerial vehicles (also known commonly as drones), as the name suggests, refer to aircraft

systems without any human operator on-board, which flies remotely or autonomously [12, 16]. Given

the absence of a human operator, they are commonly used where the presence of humans is difficult,

dangerous, or even impossible [6, 8, 17]. More recently, their use in civilian/recreational applications

has had an impressive growth [15, 16], derived from the miniaturization of electronic/electromechanical

components and advances in power storage systems [16, 18], leading to cost-effective solutions.

2.1.1 History of Unmanned Aerial Vehicles

The history of UAVs dates back to more than 2500 years, to ancient Greece, where Archytas of

Tarentum developed a mechanical bird that, by moving its wings, was able to fly, allegedly, 200m before

falling to the ground, after its energy had all been used [16]. More recently, UAVs were used during

World War I (1917, figure 2.1). Those early UAVs were very unreliable and inaccurate [16]. Their

usefulness, their ability to change the battlefield, and their overall impact on military applications were

only recognized by a handful of individuals who kept alive (over the post World War I years) the concept

of an unmanned vehicle by pushing for political support and funding [16]. The perception about UAVs
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was completely changed during the war in Afghanistan and Operation Iraqi Freedom where UAVs were

successfully used on the battlefield and were deployed successfully for a multitude of missions. This

resulted in a huge increase in funding for the development of UAVs [16]. More recently, in 2006, after the

Federal Aviation Administration issued its first commercial drone permit, non-military ventures began

[15]. The last decade has seen an explosion in the use of drones for diverse applications such as

cinematography/photography, delivery [19], search and rescue [9, 10], inspection (examples include Oil

and Gas, Power Generation, Mining, Chemicals, Marine Vessels, and others) [6, 8, 17], and surveillance

[11]. This booming in the use of drones is related to the performance of tasks that were almost impossible

before, a reduction in downtime and operating costs and an increase of the safety of human operators

[3, 6, 13]. Furthermore, the use of drones has even helped to save lives [14].

Figure 2.1: World War One drone: the Kettering Bug [20].

2.1.2 Classification of Drones

The increasing use of drones in both military and civilian applications has led to the creation of

drones specialized in a given purpose, being that their configuration is dependent on the platform and the

mission [12, 21]. Different classifications for drones exist in the literature, based on different parameters.

These classifications can be divided into two categories: conventional and unconventional classification.

The purpose of this subsection is to narrow the classification of the developed vehicle and doesn’t

have the objective of being an extensive analysis of the drone classification state-of-the-art. Several

articles have been published in the drone’s classification area, but a review can be found in [12]. For the

conventional classification, we will be using the classification presented in [12] and for the unconventional

classification, we will be presenting the classification given in [21].

2.1.2.1 Conventional Classification of Drones

The conventional classification of drones is based on the size, mass, and flight endurance of the

drone [12, 21]. The conventional classification of drones used is reproduced in table 2.1. We can

classify the developed drone in terms of mass and size as being a MAV, so, onward in this chapter, we

will be analysing and focusing our attention on this small group of drones.

The first comprehensive research on MAVs dates back to 1993 [12]. MAVs have received a great deal

of attention during the past two decades, both from the scientific community as commercially, derived
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from technology advances, mainly in the area of microtechnology [12]. The success of MAVs inherits

from their small dimensions, which allows them to fly in confined/cluttered spaces, making them the ideal

flying platform for operations in urban environments, particularly within buildings, and enables them to

be manufactured at large scale and at low costs [12, 21], making them the ideal type of vehicle for a

custom made platform. In comparison with smaller flying vehicles, MAVs make use of readily available

electronics and mechanical components, contributing to their lower development cost. A comparison of

the development cost of different types of aerial vehicles is presented in figure 2.2.

Drone
Classification Size Mass

SD < 0.25 cm < 0.5 g

PAV 0.25 to 2.5 cm 0.5 to 3 g

NAV 2.5 to 15 cm 3 to 50 g

MAV 15 cm to 1 m 50 g to 2 kg

µUAV 1 to 2 m 2 to 5 kg

UAV > 2 m > 5 kg

Table 2.1: Drone conventional classification, ac-
cording to [12].

Figure 2.2: Design and fabrication costs of different
types of drones [12].

2.1.2.2 Unconventional Classification of Drones

The unconventional classification of drones, presented in [12, 21], is given by the vehicle’s configura-

tion. Here we are only going to analyse the classifications given for MAVs, but many of them are similar

for other kinds of aerial vehicles (in terms of the conventional classification). MAVs can be classified ac-

cording to nine categories: fixed-wing, flapping wing, vertical take-off and landing (VTOL), rotary-wing,

tilt-rotor, ducted fan, helicopter, ornicopter, and unconventional type [12]. Even with these classifications,

drones can share features, for example, a rotary-wing can also be a VTOL and a helicopter is a type of

rotary-wing [21]. Following [21], we can classify drones as:

Fixed-wing: Often consist of a rigid wing, fuselage, and tails which use a motor and propeller as their

propulsion system, requiring a runway to take-off and land or a catapult to launch [12, 21]. Gener-

ally, this type of MAV has the highest allowed flying altitude and the highest cruising speed among

all types of drones, allowing it to cover a vast area with the same energy storage system of other

MAVs [12, 21].

Rotary-wing: This type of MAV uses rotary-wing systems (rotors) to generate lift, thrust, and control

forces [12]. Contrary to other types of MAVs, rotary-wing MAVs have high manoeuvrability, being

able to fly in every direction, horizontally and vertically, and are also able to hover in a fixed position

[12, 21]. These capabilities make them the perfect drone type for surveying hard-to-reach areas,

such as pipelines, bridges, etc [12]. Rotary-wing MAVs are the preferred type of drone for indoor

use [12]. Compared to fixed-wing drones, they have lower endurance, lower cruising velocity, and

lower maximum flying altitude [12, 21]. They can have multiple configurations: main and tail rotors

(conventional helicopter), co-axial rotors, tandem rotors, and multirotors [21]. Among multirotors,
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quadrotors and hexarotors are the best-known drones [12]. Because of the advantages of rotary-

wings for inspection applications, during the rest of this work, we will focus solely on them.

Flapping-wing: Take inspiration from animals, being that flapping wings MAVs take inspiration from

birds. They have flexible and/or flapper small wings which use an actuation mechanism for their

flapping motion [12, 21]. The flapping wings are made from flexible and light materials. Compared

to the previous drones, their endurance and velocity are small and are more difficult to control

(caused by their complex aerodynamics) [12].

Blimps: The only type of drone which is lighter than air (like balloons and airships). They are large, fly

at low speeds, and have the highest endurance [21].

(a) (b) (c) (d)

Figure 2.3: UAV unconventional classification: (a) Fixed-wing [22] (b) Rotary-wing [23] (c) Flapping-wing
[24] (d) Blimp [25].

2.2 Inspection Rotary-Wing MAVs

In recent years, rotary-wing MAVs have received a great deal of attention for inspection purposes,

due to their advantages, presented in the previous subsection 2.1.2. While MAVs present a low de-

velopment cost and the ideal balance between payload capacity and size, enabling them to work both

outdoors as indoors [12], rotary-wings have the ability to hover in place, fly at low speeds as at a higher

speed [12, 21], making them ideal for inspection applications, where a high velocity is desirable to reach

the inspection point and hover/low velocity is desirable for the inspection task.

Inspection applications where these MAVs have been used are increasing and include crop evalua-

tion [1, 2], pipeline inspection [3], bridge inspection [26, 27], photovoltaic panels inspection [4, 28, 29]

and many others. The use of MAVs for inspection in hazardous or hard-to-reach places has become

the norm, due to the increased safety for the human operator [3, 6]. On other sites, it is becoming

standard, due to the reduction in downtime and inspection costs [13]. For example, the use of MAVs for

photovoltaic panels inspection instead of human ground inspections can lead to a reduction of 90% in

the inspection costs and in the inspection time [13]. Lower inspection costs and time can lead to more

regular inspections which in turn can lead to better failure anticipation and prevention.

Almost all the analysed research work done in the use of MAVs for inspection applications relies

on the use of commercially available MAVs [4, 8, 17, 28, 29]. The commercially available MAVs are

tailored to the required application, with the addition of sensors [4, 8, 17, 28, 29]. These additions led,

sometimes, to poor vehicle operating times, due to the increase in mass and the lack of optimization

of the propulsive system to those weights [17] (payload capacity of those commercially available MAVs
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doesn’t take into account the sensors used in inspection applications). This wouldn’t be the case if the

MAV was designed and developed for that specific use case and to be able to carry those sensors.

Based on the sensors that are added to the MAV platform, it is possible to distinguish two inspection

methods: visual inspection and contact-based inspection. It should be noted that in both inspection

methods, usually, Time-of-Flight (ToF) sensors (such as Light Detection And Ranging (LIDAR)) were

added to the platform, enabling the vehicle to operate autonomously.

2.2.1 Visual Inspection

Visual inspection methods are based on the use of optical sensors. These sensors can work on the

visual spectrum of light (RGB cameras) or in the infrared spectrum (thermal cameras). The procedure

of inspection for both sensors is the same, a picture of a point of interest is taken and then analysed, by

a human operator or by an image processing algorithm. Although the use of an aerial vehicle has sped

up the inspection process duration, most of the time, it is still required a closer inspection by a human

operator, due to the inability of the MAV to get close to structures.

Visual inspection by RGB cameras: Visual inspection with the use of RGB cameras is mainly done

on concrete, brick or steel constructions, where the goal is to find defects on the structure, for

example, fractures or even microfractures [7, 8, 17, 27].

Visual inspection by thermal cameras: Visual inspection using thermal cameras is the most common

method for inspection of electrical infrastructure, mainly high voltage cables and photovoltaic pan-

els, where differences in temperature between points can indicate the existence of defects (for

example, hot spots on photovoltaic panels) [4, 28–31]. For photovoltaic panel inspection, the use

of high-resolution thermal cameras is a must [30, 31].

2.2.2 Contact-based Inspection

Contact-based inspection, as the name indicates, refers to inspection methods where contact be-

tween the sensor used and the surface to be analysed is required. The inspection is done through the

hammer test or using ultrasounds. The hammer test is a common approach to the inspection of concrete

structures whereas the use of ultrasounds is a common approach for the inspection of steel structures.

To perform these tests, the most common approach is the addition of a manipulator with multiple de-

grees of freedom (DoF) to a MAV, being that the literature reviewed focuses on the development of the

manipulator, its dynamics and the interaction of the vehicle with the surface to be inspected [3, 32–34].

Due to the mass added by the manipulator to the MAV, the vehicle’s operating time is reduced, given that

commercially available MAVs don’t take into account on its design the mass required for these sensors.

Some research exists in which the use of the additional manipulator for contact-based inspection isn’t

required. Examples are [6, 35], where electromagnets are used to stick to the wall and where tilt-rotors

are used to enable the vehicle to stick and climb a wall, respectively.
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(a) (b) (c)

Figure 2.4: Examples of different inspection MAVs: (a) ChimneySpector [8] inspecting an old industrial
chimney (b) Inspection of a photovoltaic plant in Spain [30] (c) The AEROMARS project contact-based
inspection platform [3].

2.3 Multi-modal Rotary-wing MAVs

During the last decade, there has been a great deal of interest in developing hybrid aerial-ground

vehicles [12, 36], being that the first research done on hybrid rotary-wing MAVs seems to date back

to 2013 [37, 38]. The interest in the development of a hybrid aerial-ground vehicle derives from trying

to combine the advantages of MAVs with those from unmanned ground vehicles (UGVs), in a single

platform. While UGVs have desirable characteristics such as long operating time, high payload capacity,

and robustness to collisions, they lack the capability to overcome obstacles in their path and reach

hard to reach places (many points of interest are often inaccessible from the ground [36]), which come

inherently with the use of aerial vehicles [36] (if an aerial vehicle faces an obstacle, it simply has to fly

over it). On the other hand, aerial vehicles lack the robustness to resist collisions, have a low operating

time, due to the high energy requirements of flight, and low payload capacity but are able to traverse

difficult terrain and overcome almost any obstacle [36]. A hybrid aerial-ground vehicle is designed to

combine the advantages of both locomotion methods, by moving on the ground to save energy when

possible, and flying when terrain constraints do not allow otherwise [36]. In this section, we will analyse

the state-of-the-art of scientific and commercially available multi-modal vehicles, with a focus on hybrid

aerial-ground vehicles.

We can divide multi-modal vehicles into two categories depending on their ground actuation mech-

anism (GAM): active and passive actuated vehicles [5, 36]. Active actuated multi-modal vehicles use

an active source of actuation for the ground locomotion, for example motors, which are added to the

flying platform (additionally to the actuators used for flight). This design presents advantages such as

the increased operating time in ground locomotion, due to the efficiency of wheel rolling locomotion,

and decoupling and independence between the flight and ground controllers [5]. On the other hand, the

additional mass added by the GAM’s actuators impacts negatively the flight operating time. Contrary to

active actuated multi-modal vehicles, passive actuated multi-modal vehicles use the same flight actua-

tion mechanisms to enable the ground locomotion. The impact on the flight operating time is reduced

and the design of the vehicle is simpler. However, the use of the propellers to move on the ground is

less efficient than a wheel-based one (caused by a commonly used design) and the dust generation in

ground mode can cause errors in state estimation [5]. Opposing to [36] and similar to [5], in this work
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we will consider active actuated vehicles those in which extra actuators are added to the flying platform

to enable the ground locomotion and we will consider passive actuated vehicles those who rely on the

same actuators used for flight to move on the ground.

2.3.1 Active Actuated Multi-modal MAVs

As mentioned previously in this section, active actuated multi-modal vehicles rely on additional ac-

tuators to enable the ground locomotion (others than those used for flight). The majority of the design

of commercially available products relies on this approach, with many different types of vehicles avail-

able. Those vehicles can be further divided into tracked, two-wheeled, three-wheeled, and four-wheeled

vehicles.

2.3.1.1 Tracked Vehicles

Two examples of tracked aerial-ground vehicles are the Pegasus [11] and the B-Unstoppable [39]

(figures 2.5(a) and 2.5(c), respectively). Pegasus was designed for military applications [11] while B-

Unstoppable is designed for the hobby market. There isn’t much information about Pegasus available

other than [11] but the working principle is similar to B-Unstoppable. Both vehicles have two tracks,

each one driven by one DC motor, enabling the vehicle to move on the ground and implementing skid

steering. In the case of Pegasus, there is an extra motor, which, in flight mode, moves the tracks to

a position to protect the propellers of the vehicle (figure 2.5(b)). B-Unstoppable has a maximum flight

endurance of nine minutes and a maximum ground locomotion endurance of eighteen minutes (driving

saves up to 60% of the energy) [39] while Pegasus has a maximum ground locomotion endurance of six

hours (to the best of our knowledge, there isn’t information about the flight endurance). Both vehicles

are equipped with RGB cameras [11, 39] and Pegasus is also equipped with a LIDAR [11].

(a) (b) (c)

Figure 2.5: Examples of tracked aerial-ground vehicles: (a) Pegasus in ground mode [11] (b) Pegasus
in fly mode, with the tracks protecting the propellers [11] (c) B-Unstoppable in ground mode [39].

2.3.1.2 Two-wheeled Vehicles

Morton and Papanikolopoulos [40] developed a two-wheeled active actuated multi-modal MAV (figure

2.6). The biggest advantage of this vehicle is that it morphs using a single actuator, protecting the

propellers while on the ground mode [40]. Despite this feature, the vehicle needs a flat surface to be

able to do the transformation, which limits its usability [5]. It uses two motors for ground locomotion,

implementing skid-steer drive, and behaves as a quadrotor on flight mode. The design doesn’t include

any sensor for the performance of tasks and its inclusion seems to require a design change. It weighs
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946 g and in loiter it was estimated that the average power consumption was 187.5 W. The power

consumption in ground mode is unknown. It’s also unknown if the design took into consideration any

payload.

Figure 2.6: Morphing two-wheeled quadrotor [40].

2.3.1.3 Three-wheeled Vehicles

WAMORN’s [41] design started from the assumption that ground operability of two-wheeled passive

aerial-ground MAVs is remarkably bad due to the use of the reaction force from the wind generated by

the rotors [41]. To solve this issue, an active actuated vehicle was developed, using a skid-steer drive

and having a support wheel (stabilizer) to protect the MAV from rollovers while braking or moving on

inclined surfaces, and to make the run more stable [41]. The skid-steer drive mechanism was designed

for a maximum velocity of 1.1 m/s, similar to the velocities of vehicles used in disaster situations [41].

Due to the use of a commercially available MAV, a test was conducted to verify the maximum take-off

mass (MTOM), which was confirmed to be 350g. The total mass of the developed MAV is 329 g, which

doesn’t have a high enough safety factor (SF) to be operated in windy conditions. To the best of our

knowledge, this mass didn’t take into consideration the mass of any extra sensor neither it is presented

the total mass percentage of the active GAM. Compared with the Skywalker passive actuated caged

MAV, it was presented that the active GAM has a better energy efficiency than the passive one, showing

improvements of, almost, 8 times in the operating time and, almost, 23 times in the operating distance,

for a MAV which weighs 4.7 times more. WAMORN is, also, able to withstand higher slope angles (27.5

times higher pitch). To the best of our knowledge, it is also unknown how the flight operating time was

impacted by the added mass of the active GAM.

Figure 2.7: WAMORN [41].

2.3.1.4 Four-wheeled Vehicles

The work developed in [42] is one of the simplest approaches to an aerial-ground MAV, being a

quadrotor mounted on top of a rover (see figure 2.8(a)). Its main use case was agricultural applications.
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The ground mode was designed to have a top speed of 7-10 m/min and have a curb weight of 5.5 kg.

Flight tests showed that the vehicle was able to fly for 15 minutes and to hover for 20 minutes while

ground testing showed that the vehicle was able to operate for 40 minutes on flat surfaces and for 35

minutes on uneven surfaces, without any load [42]. Flight tests were performed with the aerial-ground

vehicle while the ground tests were only performed with the rover and so, the multi-modality of the

vehicle wasn’t demonstrated in ground mode. Also, to the best of our knowledge, power consumptions

are unknown as is the mass of the vehicle.

Although the work of Myeong and Myung [35] (figure 2.8(b)) didn’t have a focus or a goal on the

design of an aerial-ground vehicle, we need to refer to it as a source of inspiration. Furthermore, there

is a possibility for it to move on the ground, given its characteristics. The main goal of this work was

to develop a wall-climbing vehicle. The vehicle is a quadrotor, with the rotors mounted on tiltable axles.

These axles are actuated by servos. On the far end side of each motor arm, wheels were assembled,

enabling the robot to move on walls. Each pair of wheels (on each side), is actuated by a servo. The

propulsive system is composed by EDF rotors, due to their size although being very inefficient [35]. It is

demonstrated that this MAV is able to move on the wall and that, with the rotors tilted at 65o, facing the

wall, its power consumption is, approximately, 25% lower than the one required to hover. To the best of

our knowledge, the total mass of the MAV is unknown as is its payload.

R S and Dharmana [43] proposed an air-land-water vehicle concept (figure 2.8(c)), based on a birotor

design for flight, due to its benefits over quadrotors [43, 44], and a differential drive system for ground

movement. The vehicle is able of water locomotion due to the design of its wheels, which act like

paddles. By using a servo in each rotor arm, the vehicle is able of wall-climbing. It has four wheels, two

acting as actuators and two acting as supporting wheels. To the best of our knowledge, and according

to [45], this concept was never developed and the only real data available is the thrust produced by its

rotors, which is, approximately, 12.5 N, and the design vehicle’s mass of 1.5 kg.

NASA’s Jet Propulsion Laboratory has also been developing its own multi-modal MAVs. An example

of an active actuated is Drivocopter [5] (figure 2.8(d)). It was designed to tackle the DARPA Subterranean

(SubT) Challenge [5]. Due to the requirements of the challenge, Drivocopter requires a minimum sensor

payload of, approximately, 1.2 kg. For ground mode, Drivocopter uses four coreless DC motors, one in

each wheel. The wheels are manufactured from carbon fibre and create a protecting cage around the

rotors. The design of Drivocopter assumed a MTOM of 4.5 kg, consisting of 2 kg for the airframe and

GAM, 1.2 kg for sensors, and 1.3 kg for the batteries, which would enable 10 minutes of hovering time

[5]. Due to the requirements and the need for a compact system, Drivocopter uses co-axial rotors in

a quadrotor configuration, meaning, it uses a total of eight motors [5]. Drivocopter ended up weighing

5.1 kg, with the GAM weighting 900 g, which corresponds to, approximately, 17.6% of the vehicle’s total

mass [5]. While in ground mode on a flat surface, the vehicle consumes about 130 W, and in flight mode,

it consumes 1060 W, a value, approximately, 8 times higher than the first one [5]. It is estimated that the

vehicle can drive for about 90 minutes and fly for about 8 minutes, with a full charge [5].

Examples of hobby four-wheeled active actuated aerial-ground vehicles are JJRC H3 [46] and Syma

X9 [47] (figures 2.8(e) and 2.8(f), respectively). Although more models exist, these two were selected
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due to their GAM, which represent all the GAM’s design available in the hobby market. While JJRC

H3 uses a skid-steer drive, Syma X9 uses a servo to provide Ackermann steering and a rear motor for

propulsion. JJRC H3 wheels are built around their rotors, providing some protection for the propellers.

It is able to fly for, approximately, 6 minutes and its ground operating time, payload capacity, and power

consumption are unknown. Syma X9 has four wheels, one at the end of each motor’s arm. It is able to

fly for, approximately, 8 minutes. Its ground operating time, payload capacity, and power consumption

are also unknown.

(a) (b) (c)

(d) (e) (f)

Figure 2.8: Four-wheeled active actuated MAVs: (a) [42] (b) Wall-climb quadrotor [35] (c) MTMUR [43]
(d) Drivocopter [5] (e) JJRC H3 [46] (f) Syma X9 [47].

2.3.2 Passive Actuated Multi-modal MAVs

As explained at the beginning of this section (2.3), passive actuated multi-modal vehicles rely solely

on the actuators used for flight to move on the ground. Most of the scientific work done in multi-modal

rotary-wing MAVs rely on this approach, with many different types of vehicles available. Those vehicles

can be further divided into caged, mono-wheeled, two-wheeled, four-wheeled, six-wheeled, and eight-

wheeled vehicles, depending on their design.

2.3.2.1 Caged Vehicles

The first approach to multi-modal rotary-wing MAVs relied on rolling cage designs [37, 38, 48]. It is

possible to consider that a vehicle uses a cage design when there is a cage-like structure surrounding

the vehicle, providing additional protection for the propellers, and enabling the ground locomotion.

The first design that we are aware of, that used a cage for ground locomotion and not only for

protection of the MAV was HyTAQ [37, 48] (figure 2.9(a)). In this MAV, two shafts are fixed to the

quadrotor and extended from its sides, attaching the quadrotor to the rolling cage through two revolute

joints, allowing the cage to roll freely with respect to the main quadrotor body [37, 48]. The total mass

of HyTAQ is 570 g, with the cage weighing 120 g, which corresponds to 21.1% of the total mass of the

MAV. Each one of its rotors is able to produce a maximum thrust of 3.3 N, consuming, on average, 70
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W, corresponding to a total efficiency of 4.8 g/W at maximum thrust. Experiments with HyTAQ showed

that the operating time of the multi-modal robot increased 5.4x when used in terrestrial mode when

compared to the aerial mode and that the terrestrial range was about 4 times the flight range [37]. Due

to problems in the capture of relevant system dynamics, the vehicle didn’t perform as intended, being

improved on [48], taking the drag into consideration. It was presented that the cage causes a slight

increase (less than 10%) in the power consumption when compared with the MAV without cage [48].

It was also showed that, at velocities higher than 8 m/s, flying was more efficient than moving on the

ground, at least on a carpet, linoleum, and turf [48]. For the aerial mode, the maximum range can be

obtained at a pitch angle of 24o, with HyTAQ being able to travel 3.6 km with a fully charged battery

while for the ground mode the maximum range of HyTAQ is 8.5 km when it moves at 3 m/s, and the pitch

angle is maintained at 90o [48]. The operating range for ground mode is about 2.4x more than the aerial

range [48]. HyTAQ, to the best of our knowledge, doesn’t seem to offer any payload capacity.

One of the limitations of HyTAQ [37, 48] is related to its ground turning ability [26]. The two sides of

the cage are connected through two revolute joints to the MAV, with the rolling cage rotating as a single

component. This implies that the turning of the vehicle along the yaw axis on the ground is dependent on

slip friction between the ground surface and the cage. This slip friction is higher than the rolling friction

and is difficult to measure exactly [26]. Due to this, the control of the turning against the slip friction is a

difficult problem to solve [26]. Another limitation is the cage shafts [26]. Due to the lightweight design of

the shafts, they tend to easily break when the MAV falls to the ground or lands badly [26]. Rolling cage

designs also impact the acquisition of data, since the visual sensors are obstructed by the cage [5, 26].

To overcome these limitations, a vehicle that relies on a cage with two independent rotating wheels is

presented in [26] (figure 2.9(b)). In this design, a quadrotor is fixed to the cage through multiple supports

and the wheels rotate around the cage of the MAV. The vehicle is designed and tested to reduce as much

as possible its air resistance, in order to reduce the wind influences and interferences on its locomotion.

It was demonstrated that the spokeless cage design reduced the air resistance by about 40% when

compared with rolling cage designs [26]. The MAV has a total mass of 1.36 kg and was tested for

inspection applications, namely bridge inspection. A comparison between the power consumption of the

aerial and ground locomotion was not presented nor was the payload capacity of the MAV.

The other early example of a multi-modal MAV is MUWA [38] (figure 2.9(c)). MUWA is capable of

air, land, and sea movement. It is designed as a quadrotor inside a styrofoam structure, being able of

buoyancy. This styrofoam structure acts as a cage, enabling ground locomotion. Contrary to the previous

mentioned MAVs which use fixed-pitch propellers, MUWA relies on variable-pitch propellers (also known

as collective-pitch propellers). This feature makes the MUWA a high manoeuvrability vehicle, being able

of sharp movements. The MAV is designed to be used in disaster scenarios. Cameras and/or sensors

can be added depending on the application, being exemplified the use of the vehicle to perform 3D

measurements of a room. Each propeller of MUWA is capable of producing 11.1 N of thrust, which

means MUWA is able to produce a total thrust of 44.4 N. To the best of our knowledge, its MTOM is 2.1

kg. A comparison between the power requirements of the different modes of locomotion isn’t presented.

PRSS UAV [49] (figure 2.9(d)) is a quadrotor mounted on a gimbal with three DoF, inside a spherical
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structure, enabling it to move on the ground and protecting it from collisions. PRSS UAV was built around

a commercially available MAV, with 1 kg and 2 kg MTOM [49]. The cage was designed to weigh 332g

(not considering the gimbal), which corresponds to 18.1% of the total system weight. The only sensor

that PRSS UAV included was a camera [49]. To the best of our knowledge, ground locomotion wasn’t

demonstrated nor are the power consumptions for the different modes known.

The first design of Rollocopter [50] (figure 2.9(e)) was based on a hexacopter surrounded by a spher-

ical cage. The non-standard position of the rotors enabled the spherical cage to be easily propelled in

any direction. To the best of our knowledge, this work was never implemented, being that the only data

available is from simulations.

A special case of an aerial-ground MAV is the Cobot Shapeshifter [51, 52] (figure 2.9(f)). While a

single Cobot is not able to move on the ground, two connected Cobots are. This is due to the fact that

the Cobot Shapeshifter is surrounded by a cage similar to half a cylinder. When two Cobot Shapeshifters

come together, the cage is similar to a full cylinder. Forward motion is based on the combination of the

pitching momentum of both quadrotor MAVs and turning is based on the slippage of the cage, similar

to HyTAQ [37, 48]. Due to this fact, the intended use case of Cobot Shapeshifter is for extra-terrestrial

missions, where the drones roll together to a desired point to save energy and only fly to perform their

mission at the desired place. Each Cobot weighs 0.8 kg and has a total thrust capacity of 32 N [51, 52].

Theoretical results showed that, for terrains other than consolidated soil and with slopes higher than 0o,

flying was better than rolling with this configuration [51, 52].

(a) (b) (c)

(d) (e) (f)

Figure 2.9: Caged passive actuated MAVs: (a) HyTAQ [37, 48] (b) Caged with passive wheels [26] (c)
MUWA [38] (d) PRSS UAV [49] (e) Rollocopter [50] (f) Shapeshifter [51, 52].

2.3.2.2 Mono-wheeled Vehicles

Due to the added mass of the GAM on multi-modal MAVs, which impacts, negatively, their flight

operating time [53], Qin et al. [44, 45] set up to design and implement a minimal viable GAM. Their MAV
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is a bicopter and uses a single wheel for ground locomotion. Such design simplified the implementation

and reduced the add-on weight, adding 20 g to the MAV, which corresponds to merely 1.03% of the

MAV’s mass, contributing to a lower impact on the flight operating time and to a lower flight power

consumption. The vehicle weighs 1950 g, taking into consideration a payload of 500 g. The MAV

consumes 454.5 W while flying. The use of a design with a single passive wheel implies that the vehicle

requires active actuation while on the ground, having to keep its rotors spinning, consuming 176 W

while rolling and 106 W while maintaining its still state. This corresponds to 61% and 77% less energy

required, when compared to the required energy to fly, respectively. The difference in the power required

between the rolling and still states comes from the energy needed to overcome friction. To the best of

our knowledge, the MAV was only tested on a horizontal and planar surface.

Figure 2.10: Gemini [44, 45].

2.3.2.3 Two-wheeled Vehicles

Another MAV that tried to overcome the limitations of HyTAQ [37, 48] was NINJA UAV (figure 2.11(a)),

an air-ground-water multi-modal MAV, being a previous work of [26]. Similar to [43], the water locomotion

is enabled by the wheel design, which resembles paddles. Unlike [26], it tries to solve the turning motion

issues of a single connected cage, reduce the mass of the ground-water mechanism, and the obstruction

of a camera by the cage, all with the same modification. Instead of using a rolling cage, NINJA UAV [54]

uses two independent wheels, which are free to pitch, connected to the quadrotor by a shaft, which acts

as a revolute joint. The design of the wheels can also be made in such a way that it protects the rotors

of the quadrotor. NINJA UAV weighs 2.122 kg, including the mass of the wheels [54]. The capabilities

of NINJA UAV were demonstrated by showing the MAV moving on water, on the ground, on the ceiling,

and even climbing stairs. To the best of our knowledge, a comparison between the power consumptions

of the aerial mode and ground mode is unavailable as is the payload of the MAV.

Another work from NASA’s Jet Propulsion Laboratory for the DARPA Subterranean (SubT) Challenge

is Rollocopter [36] (figure 2.11(b)). It consists of a quadrotor connected to two wheels, which can spin

freely, through a shaft, which seems to be stronger than the shaft in other two-wheeled MAVs. In terms

of sensors, Rollocopter is equipped with a LIDAR, an RGB-D camera, ToF sensors and wheel encoders

[36]. The system weighs 4.231 kg, with the ground locomotion totalizing 500 g, which corresponds to

11.8% of the total system mass [36]. The vehicle has a maximum lift capacity of 62.5 N [36]. The system

consumed 194.5 W while moving on the ground and 971.9 W while flying, which means that the system

consumes only 20% of the energy required to fly [36] while moving on the ground. The authors still think

that this value could be improved with the reduction of the rolling of the MAV during ground locomotion.
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The authors have also approximated the total power consumption of the vehicle without wheels to be

650 W [36]. This means that for the hybrid aerial-ground configuration to compensate over the purely

flying configuration, Rollocopter needs to move on the ground at least 41.4% of its operating time [36].

One of the first commercially available aerial-mode MAVs was Parrot Rolling Spider [55] (figure

2.11(c)). Similar to the rest of the two-wheeled passive vehicles, Parrot Rolling Spider is a quadro-

tor that has two small axles attached to it and to the wheels. The forward motion is based on the pitch

of the quadrotor and the steering is based on a combination of rolling with yawing. The flight operating

time of the MAV is, approximately, 9 minutes. The ground operating time is unknown as is its power

consumption and its payload.

(a) (b) (c)

Figure 2.11: Two-wheeled passive actuated MAVs: (a) NINJA UAV [54] (b) Rollocopter [36] (c) Parrot
Rolling Spider [55].

2.3.2.4 Four-wheeled Vehicles

One of the most different approaches to a passive actuated aerial-ground MAV is Flying STAR [56]

(figure 2.12(a)). Flying STAR takes advantage of dual shaft motors to create the mechanism which

enables it to move on the ground. By connecting the shaft of the motors to wheels, through gearboxes, it

creates active wheels. The MAV was designed using two active wheels and 2 passive wheels. Although

the MAV uses active wheels, we have considered this vehicle as being passive actuated since it uses the

same actuators for flight and for ground locomotion. The only actuator which was added to the vehicle

was a servo, which controls the sprawl mechanism. Since this servo doesn’t actuate the wheels and

only changes the height of the vehicle for and during the ground mode, we still consider this MAV as

being passive actuated. The sprawl mechanism enables the drone to change its height, so it can pass

through short passages. Most of the Flying STAR mechanical parts are 3D printed [56], which makes this

MAV a very accessible one. The MAV weights 900 g and although it is referred it was designed taking

into consideration the payload of sensors needed for search and rescue missions [56], this payload is

unknown. Flying STAR is able to move on the ground on a multitude of surfaces, such as concrete,

grass, and terrain [56]. Each rotor is able to produce, approximately, 3 N of lift, meaning that the total

lift produced by Flying STAR is, approximately, 12 N. This value doesn’t have a high enough SF for the

vehicle to be able to operate in windy conditions. The active actuation of the wheels impacted the power

consumption of the motors by 2.5% [56]. One disadvantage of this MAV is that in ground mode it cannot

go faster than 2.82 m/s or it will start flying, due to the lift produced by the motors used to actuate the

wheels. A comparison between the flight operating time and the ground operating time is not presented.

Similar in design to the wall-climbing MAV [35] presented in 2.3.1.4, that we mentioned that could

implement a ground locomotion mode, there is Inkonova Tilt Scout [57]. Instead of using a servo to
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actuate the wheels, Inkonova seems to use the rotors for ground propulsion, implementing a tilt-rotor

mechanism. The MAV seems to use co-axial rotors, in a quadrotor configuration. It has a payload

capacity of 300 g. It is unknown if this payload takes the cameras that are depicted in figure 2.12(b) into

consideration. Due to the lack of information available, the power consumptions and operating times of

the drone in both operating modes are unknown.

(a) (b)

Figure 2.12: Four-wheeled passive actuated MAVs: (a) Flying STAR [56] (b) Inkonova Tilt Scout [57].

2.3.2.5 Six-wheeled Vehicles

To the best of our knowledge, the Quadroller [58] (figure 2.13) is the only example of a passive

actuated multi-modal six-wheeled MAV. Quadroller uses an off-the-shelf quadrotor platform to which

three sets of two passive wheels were added, to enable the motion on the ground. During ground

locomotion, only two sets of wheels are in contact with the ground, with the other set of wheels enabling

the vehicle to pitch forward or backwards to reverse the direction of travel [58]. The two sets of wheels in

the furthest ends of the quadrotor (see figure 2.13) are free to rotate, enabling steering, similar to bogie

steering. Ground driving uses the same control mixing used in flight without any alteration to the avionics.

Quadroller weighs 1300 g and the GAM weighs 290 g, corresponding to 22.4% of the total vehicle mass.

A comparison between the power consumption in flying mode and ground mode is provided and it shows

that the average power consumption while moving on the ground is, approximately, 4 times lower than

while flying, with the operating distance almost doubling, depending on the surface. The Quadroller was

tested on different surfaces, including concrete, carpet, grass and gravel [58]. It can be concluded that

for Quadroller, it is preferable to fly than move on grass. To the best of our knowledge, Quadroller didn’t

carry any sensor and its payload capacity is unknown.

Figure 2.13: Quadroller [58].
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2.3.2.6 Eight-wheeled Vehicles

Although not really implementing an aerial-ground mode, as the previously mentioned MAVs, and not

being the focus or the goal of the work, we need to refer the work of Kawasaki et al. [27] (figure 2.14(a)),

which was one of the main inspirations for this thesis. In [27], a quadrotor with tilting rotors is designed

and implemented. By having the front rotors connected to an axle and the rear rotors connected to

another axle, the MAV is able to hover at any given pitch angle, as depicted in figure 2.14(b). This

is an advantage for inspection applications, where the MAV can change its flight attitude in order to

overcome obstacles, adapt itself to the shape of ducts and passages, or change its upward-facing side,

meaning that sensors can be used downwards and upwards. This MAV uses eight passive wheels,

which enables it to come into contact with walls and ceilings. Due to the wheel’s design, it can only

move on flat surfaces, which limits its application on ground mode. Since the ground locomotion is not

a goal of the work presented in [27], a comparison between flight operating time and ground operating

time isn’t provided. The MAV weighs 2.5 kg and its payload is, approximately, 2.34 kg. Each rotor is able

to produce 15 N of thrust while consuming 400 W, which corresponds to a maximum efficiency of 3.75

g/W.

(a) (b)

Figure 2.14: Eight-wheeled passive actuated MAV: (a) Bi2Copter [27] (b) Bi2Copter flying at any given
pitch angle [27].

2.3.3 Comparison between Multi-modal MAVs

During this last section, multiple multi-modal MAVs have been presented as well as their character-

istics and the results achieved during experiments with those vehicles. Table 2.2 summarizes what was

presented throughout this section, depicting some of the vehicle’s characteristics that are of interest for

this work.

Analysing the designs of the reviewed multi-modal MAVs, it is possible to reach the following conclu-

sions:

• From the passive actuated multi-modal MAVs analysed, it is possible to verify that there is a com-

mon approach to solve the passive actuated multi-modality problem. The design solution is to

assemble the MAV in a structure that allows it to pitch, which couples the flight controller to the

ground controller;

• Most of the reviewed MAVs can’t be considered fit to be used in more than the designed use

case since important details aren’t specified (for example, the payload). This limits the use of the
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platform by other operators other than its creators;

• To the best of our knowledge, many multi-modal MAVs aren’t designed with any payload capacity.

This heavily impacts the usability of the vehicle, since sensors can’t be mounted on the platform;

• Most of the reviewed MAVs have a low thrust-to-weight ratio (T/W ratio) (lower than 1.5). This

heavily impacts the usability of the vehicle, since perfect conditions were admitted for its design,

with the MAV not being able to operate in windy conditions;

• By having a GAM, the ground operating time was increased by a minimum of 1.33x and by a

maximum of 11.25x when compared with the flight operating time. This means that the MAV could

be able to have a higher operating range or able to do a given task for a longer period of time

(example of Pegasus [11], which is able to perform a surveillance up to 6h while perched);

• To the best of our knowledge, the problem of locomotion on inclined surfaces was rarely tackled by

the previous work done in the multi-modal MAV area. In fact, only Shapeshifter [51, 52] explores

the problem theoretically and NINJA UAV [54] experimentally, by demonstrating the capabilities of

the vehicle to climb stairs;

• Gemini [44, 45] is the MAV with the lowest ground actuation mechanism (GAM)’s mass, corre-

sponding to 1.03% of the vehicle’s mass. Although this lower mass, Gemini requires active actu-

ation while being static on flat surfaces, due to the mono-wheel design, requiring 0.6x the energy

required while moving. Considering only designs that don’t require actuation to be static on flat

surfaces, the minimum mass added by the GAM corresponds to 11.8% of the vehicle’s mass, by

[36].
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MAV Main Use
Case Payload MTOM T/W

Ratio

Type of
Ground
Actua-

tion

Mass1

in
MTOM

(%)

Ground
Operat-

ing
Time 2

Pegasus [11] Surveillance NS 3 NS NS Active NS NS
B-Unstoppable

[39] Hobby NS NS NS Active NS > 1.33x

[40] NS NS 946 g 4 NS Active NS NS

WAMORN [41] Disaster
Sites NS 350 g ∼ 1.06 Active NS NS

[42] Crop
Evaluation NS NS NS Active NS < 1.75x

[35] Inspection NS NS NS Active NS NS

MTMUR [43] NS NS 1.5 kg 4 ∼ 3.4 Active NS NS

Drivocopter [5]
DARPA
SubT

Challenge
850 g 5.1 kg NS Active ∼ 17.6 ∼ 11.25x

JJRC H3 [46] Hobby NS NS NS Active NS NS

Syma X9 [47] Hobby NS NS NS Active NS NS

HyTAQ [37, 48] NS NS 570 g 4 ∼ 2.36 Passive NS . 6x

[26] Bridge
Inspection ≥ 74 g 1.36 kg 4 NS Passive NS NS

MUWA [38] Disaster
Sites NS 2.1 kg ∼ 2.16 Passive NS NS

PRSS UAV
[49]

Disaster
Sites ≥ 76 g 2 kg < 1.5 Passive ∼ 33.2 NS

Rollocopter
[50]

Space
Exploration NS NS NS Passive NS NS

Shapeshifter
[51, 52]

Space
Exploration NS ∼ 800 g ∼ 4.08 Passive NS NS 6

Gemini [44, 45] Confined
Spaces 500 g 1.95 kg 4 ∼ 1.28 Passive ∼ 1.03 . 2.58x

NINJA UAV
[54] NS NS 2.122 kg 4 NS Passive NS NS

Rollocopter
[36] NS 850 g 5 4.231 kg ∼ 1.47 Passive ∼ 11.8 ∼ 5

Parrot Rolling
Spider [55] Hobby NS NS NS Passive NS NS

Flying STAR
[56]

Confined
Spaces NS 900 g 4 ∼ 1.36 Passive NS NS

Inkonova Tilt
Scout [57]

Subterranean
Inspection 300 g NS NS Passive NS NS

Quadroller [58] NS NS 1.3 kg 4 NS Passive ∼ 22.3 ∼ 2

Bi2Copter [27] Bridge
Inspection ∼ 2.34 kg ∼ 4.84 kg ∼ 1.26 Passive NS NS

1 Ground mechanism 2 Increase when compared to flight operating time 3 Not Specified
4 Unknown if it is higher 5 Similar payload to [5] 6 Presented theoretical operating ranges

Table 2.2: Characteristics of interest of the different analysed multi-modal rotary-wing MAVs.
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Chapter 3

Theoretical Background

This chapter serves the purpose of presenting the basic concepts that enable the design of an

aerial-ground MAV. It isn’t supposed to be an extensive chapter and only a summary of the topics will

be presented, following different information’s sources, which will be cited throughout each section. This

chapter is divided into three sections. The first section is relative to propellers and aerodynamic forces,

enabling the optimization of the rotors and easing the selection process of the developed MAV’s rotors.

The second section is about quadrotors and their dynamics, since the developed vehicle will be of this

type of multirotor. The third and last section refers to unicycle type systems, the same that the developed

MAV presents for ground locomotion.

3.1 Rotor’s Performance

A multirotor is a vehicle that generates its aerodynamic forces through the spinning blades of the

rotors. To understand these aerodynamic forces, different approaches have been used, such as ana-

lytical theories, numerical modeling, and experimentation. Two main theories have been developed to

evaluate helicopter rotor’s performance, which can be used for multirotor rotor’s performance evaluation:

momentum theory and blade element theory. In this section, only an overview of momentum theory will

be presented, giving a better understanding of the aerodynamic forces, and enabling the choice of pro-

pellers and motors (elements of the rotors) for the developed MAV. More specifically, it is of our interest

to analyse the hovering flight and the performance of single and co-axial rotor systems, being that the

other topics of these theories are out-of-scope of this work. A detailed description of the theories can be

found in [53].

3.1.1 Momemtum Theory

Although momentum theory doesn’t take into consideration complex vortex wake structures neither

the local flow around the rotor’s blades, which are responsible for a loss of 1% to 5% in the propeller’s

produced thrust (for well-designed propellers) [59], it allows for a first-order prediction of the thrust gen-

erated and power required for a given flight condition, laying out the physical principles that can be used

in more elaborate analysis of rotor dynamics. A propeller accelerates incoming air particles, ”throwing”
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them towards its rear, and thus feeling a force on itself - the so-called thrust - according to Newton’s

Third Law of Motion. The first half of this acceleration takes place in front of the propeller, and the sec-

ond half behind the propeller. This increase doesn’t apply to pressure, meaning that a wake boundary

is clearly defined. Due to the assumptions of momentum theory, in which the flow is assumed to be one

dimensional, quasi-steady, incompressible and inviscid, the increased velocity of the airflow leads to a

contraction of the stream passing through the rotor disk area, as depicted in figure 3.1.

Figure 3.1: Flow model for momentum theory in hovering flight [53].

To estimate the performance of the rotor, we need to apply the Rankine-Froude momentum theory,

which is simply the application of basic fluid mechanics principles to the rotor flow, depicted in figure 3.1.

Equation 3.1, presents the application of the continuity equation (conservation of mass):

∫∫
S

ρ
−→
V · ∂

−→
S = 0 (3.1)

Where ρ is the density of the medium,
−→
V is the flow velocity, and ∂

−→
S is the unit vector normal to the

control volume surface S.

In equation 3.2, the momentum principle is applied:

∫∫
S

p · ∂
−→
S +

∫∫
S

(
p
−→
V · ∂

−→
S
)−→
V =

−→
F = −

−→
T (3.2)

Where p is the pressure,
−→
F the resultant force, and

−→
T the thrust produced by the rotor.

Finally, equation 3.3, presents the energy equation:

∫∫
S

1

2

(
p
−→
V · ∂

−→
S
) ∣∣∣−→V ∣∣∣2 = E (3.3)

Where E is the work done on the fluid by the rotor.

3.1.1.1 Hovering Flight

During hovering, the vehicle has zero velocity (longitudinal, lateral and vertical), which means that

the flow field is azimuthally axisymmetric.

Considering an unconstrained flow, the net pressure force on the control volume is zero. Therefore

the net force,
−→
F , is equal to the rate of change of fluid momentum across the surface, S.
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Applying the previous presented equations to the hovering rotor case, several results can be derived.

For the sake of simplicity and brevity, only the equations that matter for this work are presented next. A

fully detailed analysis is given in [53].

The rotor thrust, T, and induced velocity, vi, can be related as:

T = ṁw = 2ṁvi = 2ρAv2i = ρ
π

2
D2v2i (3.4)

Where ṁ is the mass flow rate, w is the inflow velocity at the fully developed wake (see figure 3.1), A

is the rotor disk area and D is the diameter of the propeller.

The power P is given by:

P = Tvi = T

√
T

2ρA
=

√
T 3

ρπ2D
2

(3.5)

The efficiency of a propeller can be defined as the ratio of available power to the engine power which

is described by:

η =
Pprop
Pmotor

(3.6)

The previous equation can be used to get a relation between the velocity and the efficiency of a rotor

with a given power and diameter, which can’t be solved analytically [59]:

vi = η ·
(

2 · P
πρD2(1− η)

) 1
3

(3.7)

Another way to affect the thrust, power and efficiency of a propeller is by changing its pitch angle and

number of blades. This analysis is out-of-the-scope of this work but, as of interest, we can determine

the relation between the power and number of blades of two fixed diameter, pitch and shape propellers

as being:

P2 = P1
B2

B1
(3.8)

Where P1 and B1, and P2 and B2 are the power and number of blades of propeller 1 and 2, respec-

tively.

Examining equation 3.4 we can determine that the thrust produced by a rotor increases when the

diameter of the propeller increases or when the density of the medium increases. This influence of the

density of the medium in the thrust produced by the rotor is what greatly influences the altitude that

rotary-wing vehicles can reach. It is also possible to conclude that increasing the rotational velocity of

a fixed size propeller, increases the thrust produced by the rotor. From equations 3.4, 3.5, and 3.8 it

is possible to determine that the power required to turn a propeller depends directly on its number of

blades and on its diameter, being an exponential relation. Another important conclusion, which can be

derived from equations 3.5 and 3.7 is that to have the most efficient rotor for a specific application (most

thrust produced while requiring the lowest possible amount of power), with a required given power, P,

it is always mandatory to use the largest possible propeller diameter, which is limited by mechanical

constraints and tip Mach number.
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3.1.1.2 Co-axial Rotor Systems

In a co-axial rotor system, two counter-rotating rotors are assembled in an arrangement on the same

axis. Co-axial rotors are used when there are mechanical constraints to the size of the propellers and

the thrust required is unattainable with the constrained propeller size for a single rotor. We intend to

demonstrate that this configuration comes at a cost, impacting negatively the efficiency of the rotors, due

to the strong interaction between the rotor wakes. For a complete analysis, [53] should be consulted.

The power required for a co-axial rotor system is given by:

Pco−axial = 2T (vi)system =
(2T )

3

2

√
2ρA

(3.9)

While the power required for two non-interacting rotors is given by:

P2 rotors =
2(T )

3

2

√
2ρA

(3.10)

Comparing the two power requirements as in equation 3.11, it is possible to conclude that a co-axial

configuration requires 41.4% more energy than an identical system with two non-interacting rotors while

producing the same thrust amount. Experiments have showed that this value is lower, corresponding

to, approximately, 16% [53]. Due to this higher power requirement of co-axial rotors when compared to

single rotors for the same produced thrust, the use of co-axial rotors requires an extensive study of the

interaction between wakes in order to reduce this increase in power consumption as much as possible

[60].

Pco−axial − P2rotors

P2rotors
=

(
(2T )

3
2√

2ρA
− 2(T )

3
2√

2ρA

)
2(T )

3
2√

2ρA

= 0.414 (3.11)

3.2 Quadrotors

In this section, a basic understanding of the multi-modal flying vehicle that will be developed, a

quadrotor, is provided. The addition of a ground actuation mechanism only changes the mass and the

moments of inertia of the developed MAV, being that its flying dynamics are equal to those of common

quadrotors, which have already been explored and presented on multiple articles [61–64].

Quadrotors, commonly called quadcopters, are a subset of rotary-wing vehicles, with VTOL capabil-

ities, that use four rotors, actuated independently, to control the position and attitude of the vehicle. Two

of the rotors on the quadrotor rotate clockwise while the other two rotate counter-clockwise and each

type is mounted on an opposite side of the quadrotor, as depicted in figure 3.2. The reason for such

assembly is to cancel out the moment that each rotor creates while rotating, since a counter-clockwise

rotating rotor is able to cancel out the moment of a clockwise rotating rotor, if both have the same shaped

propeller (diameter, number of blades, pitch, etc, while being designed for different rotation directions),

have the same motor, and are spinning with the exact same rotational velocity, making the quadrotor

a very stable platform. Due to theirs characteristics, quadrotors are one of the best rotary-wing MAVs
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[16, 44, 61], being widely used in inspection applications [3, 4, 6–8, 17, 27–34], as presented in section

2.2.

Figure 3.2: The quadrotor concept, demonstrating the required rotor actuation for the different locomo-
tions. The width of the arrows is proportional to the rotors’ angular speed [62].

3.2.1 Dynamics

To determine the equations of motion of quadrotors, Newton-Euler Equations are used. Two coor-

dinate frames are defined, an inertial frame (or fixed to the environment), the so called Earth fixed or

Inertial frame (represented by the letter E in figure 3.3) and the body-fixed coordinate frame, which is

fixed to the quadrotor’s body (represented by the letter B in figure 3.3).

Figure 3.3: Usual coordinate frames used to derive the dynamics of quadrotors [61]. Earth fixed frame,
body frame and thrust produced by the rotors represented by the letters E, B, and F, respectively.

Using these reference frames, the equations of motion for a quadrotor can be estimated:

m · E r̈B
∗
= −mg + uf ẑ− ud ·

E ṙB
∗∥∥∥E r̈B
∗
∥∥∥ (3.12)

IBB∗ · Eω̇B =


uφ

uθ

uψ

− EωB × IBB∗
EωB (3.13)

Where m is the vehicles’ mass; B∗ represents the frame in the center of mass (CoM) of the vehicle;
ErB

∗
is the position vector from a fixed point in the earth fixed frame to the CoM of the vehicle; g is

the gravity vector; uf is the net force along the ẑ axis; ud is the magnitude of the drag force; IBB∗ is

the vehicle’s moment of inertia about its CoM, along the x̂, ŷ, and ẑ axes; EωB is the Earth-observed

rotational velocity of body frame, B; φ, θ, and ψ are the Euler angles specifying the vehicle’s attitude; uφ,

uθ, and uψ are the propellers’ induced moments along the x̂, ŷ, and ẑ axes, respectively.
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3.2.2 Controller

Quadrotors are underactuated systems with six degrees of freedom and only four independent con-

trol inputs. Although many different types of approaches to the quadrotor’s control problem exist, in this

work we will be using one of the earliest control systems: a cascaded control architecture [65]. Cas-

caded feedback strategy is the most used one due to its practicality and simplicity [65], since it divides

the system into two subsystems, completely decoupling the position and attitude control designs [66],

simplifying the control problem. It uses a hierarchical control structure in which the attitude dynamics of

the vehicle are designed as an inner loop to govern the position dynamics of the system [67]. A diagram

of the flight controller that will be used on the developed MAV (implemented on the open-source autpilot

firmware used) is presented in figure 3.4. In this controller, the outer loop (position controller) views the

system 3.12 as a fully actuated point-mass system and produces a thrust controller. The inner loop is an

attitude controller for the rotational subsystem 3.13, which orients the thrust of the vehicle to match the

desired thrust assigned by the outer loop controller [66]. The feedback control of the inner loop runs with

a higher frequency, around 5–10 times faster than the feedback control of the outer loop. On the open-

source autopilot firmware used, the outer loop (position controller) is bypassed depending on the flight

mode being used, the controllers are a mix of proportional (P) and proportional integral derivative (PID)

controllers and an Extended Kalman Filter (EKF) is used to provide the required feedback (estimations).

Figure 3.4: Diagram of the flight controller used [68].

3.3 Unicycle Type Robots

The purpose of this section is to provide a basic understanding of the dynamics that rule a unicycle

type drive system. In this section, only the dynamic equations of a differential drive mobile robot (DDMR)

will be derived (one of the types of unicyle robots). For a more complete analysis of the kinematics and

dynamics of unicycle robots, [69–72] should be consulted. As of interest for this work, the dynamics of

the differential drive system will be derived according to the Newton-Euler approach, which describes

the system through the forces being applied to the body and its constraints.

3.3.1 Differential Drive Systems

Unicycle robots are actuated by two (identical) motors, attached to (identical) wheels, and located on

each side of the vehicle platform (same distance to the CoM of the vehicle), enabling the longitudinal and

lateral motion of the vehicle (figure 3.5). By changing the angular velocity of each wheel, it is possible
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to change the direction and the velocity of the vehicle. For longitudinal motion, the two wheels should

be rotating at the same velocity, while to turn, one of the wheels should spin faster than the other (for

example, to rotate counter-clockwise, the right side wheel should spin faster than the left side wheel).

An example of a unicycle vehicle turning, with this difference in the angular velocities of the wheels, is

depicted in figure 3.5. Turn in place is also possible by having one of the wheels rotating forward and

the other backwards.

Differential drive systems are a type of unicycle vehicle, where a third wheel is added for support,

usually a caster wheel (figure 3.6). Although the developed MAV can’t be classified as a differential drive

system but as a skid-steer drive system (figure 3.7), the dynamics of both systems are identical [73]. For

the derivation of the dynamics, the ”caster wheel effect” will be ignored.

Figure 3.5: Unicycle showing
forces acting on the wheels (left
side) and resultant force, caus-
ing the vehicle to turn (right side)
[74].

Figure 3.6: Differential Drive Mo-
bile Robot [72].

Figure 3.7: Top view of a
skid-steered vehicle performing a
steady state turning maneuver,
showing the forces acting on the
platform [75].

3.3.1.1 Newton-Euler Dynamic Approach

Dynamics is the study of the motion of a mechanical system taking into consideration the different

forces that affect its motion. It differs from kinematics, where the forces are not taken into consideration

[72]. For this analysis, it is assumed that the DDMR is characterized by two non-holonomic constraints:

there is no lateral slip motion and each wheel maintains one contact point with the ground [72]. Fur-

thermore, the vehicle will be considered as one rigid body [72]. The Newton-Euler dynamic modelling

presented follows [72]. The free body diagram of the system is presented in figure 3.8, with the forces

acting on it represented and the notation following the body reference frame {xr, yr}.

Figure 3.8: DDMR free body diagram for Newtonian dynamic modeling, with forces represented.
Adapted from [72].
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The notation vu and vw represents the velocity of the CoM, C, of the vehicle in its body frame with

the subscript u and w meaning longitudinal and lateral, respectively; the acceleration of the vehicle in

its CoM is represented by au and aw; FuR , FwR , FuL , FwL are the forces exerted on the vehicle by the

right and left wheels, respectively; θ is the orientation of the robot; ω represents the angular velocity; d

corresponds to half the wheelbase; and L is half the trackwidth.

To start the modeling, the robot position in its inertial frame ( {xI , yI}, in figure 3.8), r, is represented

using polar coordinates:

r̂ = rejθ (3.14)

Differentiating the above position vector (equation 3.14) in respect to time, it is possible to obtain the

velocity and acceleration of the robot in its inertial frame [72]. The obtained equations, simplified and

described in terms of the radial and tangential components are given by:

˙̂r = [ṙ]ejθ + [rθ̇]ej(θ+
π
2 ) (3.15) ¨̂r = [r̈ − ṙθ2]ejθ + [2ṙθ̇ + rθ̈]ej(θ+

π
2 ) (3.16)

The longitudinal and lateral velocity and acceleration terms can be defined as:

vu = ṙ (3.17) vw = rθ̇ (3.18)

au = r̈ − ṙθ2 = v̇u − vwθ̇ (3.19) aw = 2ṙθ̇ + rθ̈ = ˙vw − vuθ̇ (3.20)

Applying Newton’s second law of motion, in the robot frame, we are able to find the relationship

between the forces and accelerations. The DDMR exhibits two types of motion: translations in the radial

and tangential directions, and rotation around the vertical axis at the CoM. Assuming that m is the total

mass of the robot and representing the moment of inertia with respect to the CoM by I, the dynamic

equations are defined as [72]:

mau = FuR + FuL (3.21) maw = FwL − FwR (3.22)

Iθ̈ = (FuR − FuL)L+ (FwR − FwL)d (3.23)

Replacing the acceleration terms from equations 3.19 and 3.20 in the previous three equations, and,

according to the assumptions of absence of slipping (pure rolling) in the longitudinal direction and no

sliding in the lateral direction, we can determine the dynamic equations of the DDMR from equations

3.21, 3.22 and 3.23 [72]:

v̇u = dθ̇2 +
1

m
(FuR + FuL) (3.24)

θ̈ =
L

md2 + I
(FuR − FuL)−

mdvu
md2 + I

θ̇ (3.25)
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Chapter 4

Design

This chapter focuses on the design of a multi-modal MAV, more specifically, a passive actuated

aerial-ground MAV. The design is influenced by the multi-modal MAVs reviewed in section 2.3, trying to

take advantage of the different approaches to the aerial-ground problem and solving the issues identified

in the inspection MAVs, in section 2.2. The design process will be presented, starting from the baseline

requirements and including the estimation of an initial vehicle payload and mass, analysis and selection

of the propellers, motors, and batteries, presentation of different vehicle concepts, mechanical design,

and stress analysis of custom parts. In the end, the final prototype will be presented. In this chapter, we

will also address some challenges that arise from the concept design.

4.1 Baseline and Requirements Specification

The main goal of this work is to develop a multi-modal aerial-ground platform, that can locomote in

the air, and on flat and inclined surfaces, allowing long-endurance missions. Inspection is one example

of the applications for this platform, but it can have many other applications such as surveillance or

maintenance. Contrary to [42], the payload for both ground and aerial locomotion will be considered the

same.

4.1.1 Baseline Specifications

Some baseline specifications were set previously to the start of this work. They are:

• The developed MAV should be able of VTOL and hovering, with a quadrotor being the selected

platform, given its advantages over other multirotor’s designs [16, 61];

• The MAV will make use of Li-po batteries, due to their advantages over other power sources

[76, 77];

• The MAV size should be similar to that of commonly available quadrotors used for outdoor indus-

trial applications. The well known DJI Flamewheel F450 [78] was used as the reference for the

dimensions of the distance between the motor axis and for the maximum MAV span. The F450
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frame [78] has a lateral motor axis distance of 322 mm and a diagonal motor axis distance of 455

mm, as represented in figure 4.1. To determine the maximum span for the developed MAV, the use

of propeller guards was considered, limiting the span to a maximum value of 700 mm (propeller

guards have a radius of 190 mm);

• The MAV should implement a passive actuated ground actuation mechanism (GAM);

• The MAV should be able to move on flat and inclined surfaces, and be able to fly;

• The autopilot unit should be a Pixhawk 1;

• A single autopilot unit should be used to implement the locomotion in air, and on flat and inclined

surfaces;

• The developed MAV should have enough payload capacity to be able to carry the most usual

sensors used in inspection applications.

Figure 4.1: Dimensional drawing of the HJ450 frame, a copy of DJI FlameWheel F450 [78].

4.1.2 Requeriments Specification

From the literature reviewed on inspection rotary-wing MAVs, some requirements for the MAV were

identified. They are:

• The MAV’s mass should be as small as possible;

• The efficiency of the rotors should be as high as possible;

• The ground locomotion’s efficiency should be as high as possible;

• The MAV should have a flight operating time of, at least, 10 minutes, with full payload.
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4.2 Design Procedure

In any phase of the design of an aerial vehicle, the interdependency of components makes the choice

of any component dependent on the choice of all other components and vice-versa [16]. This means

that the design is an iterative process and only finishes once the design achieves all the requirements

and objectives of the project.

A general method for the design of aerial vehicles can be formulated. The method is based on the

assumption that the mass of an aerial vehicle is one of its most important design constraints. In fact, the

mass of the vehicle is directly related to the required thrust. As analysed and demonstrated in section

3.1.1.1, the thrust is directly proportional to the size of the propellers. The power requirements of the

rotors are directly proportional to the size of the propellers as is the total size of the vehicle (in our case,

a quadrotor, which has four propellers). The power requirements influence the size of the batteries,

which in turn influences the vehicle’s mass. By explaining the importance of the mass constraint, we

have just exemplified the interdependency of components.

The design process starts by defining three important design constraints for aerial vehicles: MTOM,

the maximum span, smax and the target T/W ratio, Tw. These three constraints are directly related to

the application in which the vehicle will be used, so, this needs to be defined beforehand. Once these

constraints are defined, it is possible to have a good idea of the required propeller diameter, Dprop,

which ends up defining the total span of the vehicle [16]. Afterwards, the design can be divided into

the selection of the propulsion system (propellers, motors, batteries, and motor controllers) and the

mechanical design (design of the structure of the vehicle itself). A flowchart of the design method used

throughout this chapter is presented in figure 4.2.

Figure 4.2: Design method flowchart.

4.3 Maximum Take-off Mass

As has been previously presented, one of the most important constraints in the design of an aerial

vehicle is its MTOM. The mass of the aerial vehicle depends on its intended use case and can be divided

into two categories, the mass associated with the payload (for example, sensors) and the vehicle’s mass

(mechanical structure, propulsion system, batteries, and any other required hardware, for example, the

autopilot.
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4.3.1 Payload

The payload is directly related to the application in which the aerial vehicle will be used. It corre-

sponds to the extra mass, besides the vehicle’s mass, that the vehicle is able to lift. For example, in

transport applications, it usually refers to the maximum mass of the transported object while in inspec-

tion applications it corresponds to the mass of sensors and computational platforms required to perform

a given task. The design starts by defining the use case for the vehicle, which defines the payload. As

has been mentioned earlier in this chapter, in section 4.1, the use case for the developed MAV is inspec-

tion applications, with a focus on photovoltaic panels inspection. The literature reviewed in subsection

2.2.1, presented that, for such applications, the most used sensors are a combination of RGB cameras

with thermal (IR) cameras. For inspection applications on enclosed spaces (pipelines, sewers, mines,

etc), the use of LIDARs is also a must.

As presented in appendix A, namely in A.3, the maximum payload, taking into account the use of

RGB and IR camera’s sensors and a LIDAR, and including a SF, can be estimated to be 2 kg. This will

be the design maximum payload for the developed MAV.

4.3.2 MAV Mass

The MAV’s mass estimation is a difficult process since the mass of the vehicle, without any payload,

depends on the selection of the propulsive system, which in turn can only be selected knowing the

MTOM. Although several articles can be found on the design and optimization of aerial vehicles [76, 79–

83], none of them relates the MAV’s mass to its payload. To estimate an initial vehicle’s mass, we

looked at [79], more specifically, to the example of the Ascending Technologies Pelican (without any

payload). Pelican has a total mass of 967 g and a payload capacity of 1 kg [79]. Since only a single

example doesn’t allow the extrapolation of a relation between payload and vehicle’s mass, for this work,

we also considered the relation in multi-modal MAVs whose payload was known. The relation between

payload and vehicle’s mass of Drivocopter [5], Rollocopter [36], and Bi2Copter [27] were taken into

consideration. In the case of Drivocopter, since it is an active actuated design and the developed MAV

will be of passive actuation type, the vehicle’s active ground actuation mechanism (GAM)’s mass was

considered as being payload, with its payload capacity totalizing 1.75 kg. From these four examples, we

can reach the following relation between payload and vehicle’s mass:

0.967 ≤ vehicle mass

payload
≤ 4.08 (4.1)

For the developed MAV, the vehicle’s mass should be as low as possible, meaning its payload ca-

pacity is maximized. Given this, the relation between the vehicle’s mass and the payload was assumed

to be equal to one. This relation is similar to the value achieved by one of the designs that influenced this

work, the design of Bi2Copter, which achieved a relation of 1.07, and is higher than the value achieved

for a uni-modal MAV, the Ascending Technologies Pelican, whose relation is 0.967.

Having the vehicle mass estimated, it is possible to estimate the mass of the different systems that

compose the MAV [79]. This estimation is based on empirical data from the mass distribution of different

real MAV systems. This distribution is reproduced in figure 4.3. The distribution mass of the developed
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MAV is presented in table 4.1. It should be noted that these values are only estimations and are not

fixed values, being that their purpose is to ease the design process. For example, the frame mass value

is considered based on uni-modal quadrotors and not based on multi-modal quadrotors, being expected

that the final value for the mass of the frame will be higher than the estimated one.

Figure 4.3: Average mass distribution for quadro-
tors [79].

Components Mass (g)

Battery 660
Electronics 300

Frame 340
Motors + Propellers 580

Miscellaneous 120

Table 4.1: Estimation of the mass for the devel-
oped MAV, distributed throughout its systems.

4.4 Propulsion System Design

To proceed with the design of the propulsion system, according to the design procedure presented in

section 4.2, having determined smax to be 700 mm (one of the baseline specifications, subsection 4.1.1)

and MTOM to be 4 kg (section 4.3), it is still necessary to determine one of the constraints, the target

T/W ratio.

The T/W ratio dictates how the aerial vehicle behaves. A vehicle designed with a TW lower than one

won’t be able to lift its MTOM, not being able to fly, and one designed with a TW equal to one is only

able to hover, given perfect conditions, not being able to ascend. It is possible to verify that a TW value

higher than one is required for a normal operation of an aerial vehicle. Usually, a minimum TW value of

two is used [37, 43, 81, 84]. This minimum value provides the ability for the aerial vehicle to respond to

commands in certain windy conditions. Most MAVs don’t operate in ideal conditions and the design with

a safety factor (SF) is required to enable the MAV to perform, as expected, outdoors [43, 81, 84]. The

T/W ratio is dependent on the use case of the aerial vehicle, since the application defines the conditions

in which the vehicle will be operating. The use case of the developed MAV is intended to be inspection

applications, being that high manoeuvrability is not a requirement. Given this, TW will be constrained to

its recommended value of two [37, 43, 81, 84] (for example, racing drones use a T/W ratio of more than

seven [81]).

4.4.1 Propeller

The selection of a propeller for the developed MAV depends on three main factors: the propeller’s

maximum produced thrust, its efficiency and its diameter. Relatively to thrust, the developed MAV should

be able to achieve a total thrust of TW ∗MTOM = 8 kg. Being a quadrotor, this means that each rotor

should be able to produce a thrust of TW ∗MTOM
4 = 2 kg. One of the requirements is to have the highest

possible rotor efficiency. As was analysed in 3.1, to achieve that, the propeller diameter should be as

large as possible. Due to design size constraints, the propeller maximum diameter is limited to 254 mm.

A rule of thumb is that the efficiency of the rotor should be higher than 7 g/W (thrust per power required)
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[84]. Following an iterative process to limit the number of available propellers, the efficiency value of 7

g/W was considered as being the minimum allowed efficiency for hovering while for the maximum thrust,

the minimum acceptable value admitted was 4 g/W, although the optimal value admitted was 5 g/W.

Still, taking efficiency into consideration, given the results in [44], the minimum propeller diameter was

constrained to 228.6 mm. The selection process is also constrained by the fact that the propeller chosen

needs to exist in both clockwise and anti-clockwise shapes, as required by a multirotor.

Due to the lack of propeller’s performance data from most of the manufacturers, the propellers’

selection was limited to APC [85], which makes available its simulated propeller data [86]. It should be

noted that some of the propellers whose data is available in [86] are not available for purchase, that the

data doesn’t include three-blade propellers and that the real data may differ from the simulated data.

Despite these disadvantages, this propeller database is the best tool for an initial propeller selection.

To analyse the propeller performance data, a script was created to automatically select the propellers

that conformed to the constraints [87]. By constraining the characteristics of the propellers, it was pos-

sible to reduce the number of propellers to be analysed from 526 to 17. The data for the propellers

to be analysed can be found in appendix B.1 and the propeller selection process from the constrained

propeller database can be found in appendix B.2.

The propeller selected was the: APC 10x5E [88]. Two three-blade propellers were also taken into

consideration, although performance data wasn’t available for them: Dynam 10x7x3 and HQ Prop

10x6x3. The reason for taking into consideration these three-blade propellers is that, in theory, they

are expected to produce the same thrust of a two-blade propeller with a diameter of 279.4 mm, accord-

ing to equation 3.8. Besides, three-blade propellers present benefits for tilt rotor designs [89]. It was also

taken into consideration the APC 10x7E [90], despite not being in the available APC data. The higher

pitch from this propeller should enable it to produce a higher maximum thrust [91], with an impact on the

responsiveness of the rotor (lower manoeuvrability), which, as mentioned previously, shouldn’t impact

significantly the performance of the MAV, given its use case.

4.4.2 Motor

With the propeller selected, the APC 10x5E, it is possible to find the motor that attains the best

performance when assembled with it (creates the best rotor). Considering that each propeller weighs

around 20 g, and given the mass distribution estimated in table 4.1, the motors’ total mass should be

500 g, corresponding to a maximum individual motor mass of 125 g.

The motor selection process can be performed using readily available tools, such as Drive Calcula-

tor [92] or eCalc [93]. Unfortunately, eCalc requires a license to use the full version and the database

from Drive Calculator seems to be very outdated. Although being outdated, Drive Calculator allowed to

determine the manufacturers that had motors that corresponded to the required specifications and pro-

vided an overview of the motors’ efficiency. A list of these manufacturers was created, which included

AXi [94], BrotherHobby [95], Cobra [96], D-Power [97], Dualsky [98], Dymond [99], EMAX [100], Hacker

[101], Plettenberg [102], Scorpion [103], Sunnysky [104], Racerstar [105], and T-Motor [106]. Their

current in-production motors were analysed, looking for performance charts or simulating their perfor-
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mance from their characteristics. From the analysed motors, five were selected, having performances

that fulfilled the requirements. The selected motors and a summary of their characteristics of interest

are presented in table 4.2.

Manufacturer Dualsky Racerstar Sunnysky T-Motor

Model
ECO

2814C-V2
[107]

BR2814
[108]

X2814-III
[109]

AS2814
[110]

AT2814
[111]

Rated Voltage
(Lipo) 3-4s 3-4s 3-4s 3-4S 3-4S

Kv 970 1000 1000 1050 1050

Max Current (A) 33 @ 15s NS 1 55 @ 30s 49 @ 180s 50 @ 180s

Max Power (W) 400 @ 15s NS 750 718 @ 180s 700 @ 180s

Diameter (mm) 35.2 36.4 2 35 36.2 35.2

Length (mm) 34.2 33.8 2 36 34 2 34 2

Weight (g) 105 106 113 112 107

Price (e)3 25.52 17.2 27.52 29.24 43
1 Not Specified 2 Measured 2 Converted from $ to e using 1$ = 0.86e

Table 4.2: Characteristic’s comparison between the identified motors.

The motor to be used in the developed MAV was selected taking into consideration three factors:

availability, the existence of performance charts, and their efficiency in those performance charts, if

available. At the time of selection, the Sunnysky motor was out of stock and the Racerstar motor didn’t

have any performance charts for propellers with a diameter of 254 mm, being excluded for these reasons,

respectively. Despite the availability of performance charts for the Dualsky motor for a propeller with 254

mm, the APC 10x6E, these presented that the motor, for the required maximum thrust of 2 kg, has

a maximum power requirement above the allowed 400W. This means that the motor could easily get

damaged, due to overheating, causing malfunctioning, having been excluded for this reason. Between

the T-Motor AS2814 and AT2814, as illustrated in appendix C the AT2814 is overall more efficient than

the AS2814 for the same propeller. Despite the higher cost when compared with the AS2814 (more

13.76e), the increased efficiency would have a positive impact on the operating time of the vehicle (10%

higher operating time, only due to the use of a more efficient motor, as demonstrated in appendix C),

having a higher impact on the MAV over the increased price, when analysing the operation of the vehicle

at the long term. The selected motor for the developed MAV was the T-Motor AT2814 1050kV.

4.4.3 Electronic Speed Controller (ESC)

ESCs are the electronic drivers of brushless motors, the selected motor type. They receive an electric

signal, representing the motor throttle, and generate a tri-phase pulse width modulation (PWM) signal

that drives the motor.
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The selection of an ESC is based on three characteristics: maximum operating current, ESC’s mass,

and price. The selected ESC had also to respect three constraints: it should be controllable using

a digital communication protocol, such as DShot [112, 113], its configuration should be a 4-in-1 esc

(four ESCs in a single PCB, sharing the same characteristics) and the ESC should output a signal

corresponding to the instantaneous current. The reasons for using a digital communication protocol is

that these are less prone to be affected by noise, when compared to analog signals, such as PWM,

and to have a protocol that uses error-detecting algorithms, such as CRC1 [114], reducing even further

the possibility of communication errors. Considering that motors can induce a lot of noise in the cable

harnessing, we want to avoid as much as possible communication errors between the autopilot and the

ESC. The reason for using a 4-in-1 ESC that is able to output a current signal, is to avoid the use of an

extra PCB to measure the instantaneous current and avoid the use of extra harnessing to connect two

single ESCs to the battery, which ends up weighing more than a single 4-in-1 ESC. The ideal solution for

the developed MAV would be a 2-in-1 esc (two ESCs built on the same PCB), but, unfortunately, such

solution doesn’t exist for the required currents.

Looking at the motor specifications, we can determine that the ESC should be able to handle at peak,

at least, 50 A. Online, readily available tables, such as [115], were used to compare the characteristics

of different ESCs. From these resources, the selection of the ESC was simplified, with the Racerstar

Air50 [116] being the selected ESC. This 4-in-1 ESC is able to handle 55 A continuously in each one of

the individual ESCs (220 A for the 4-in-1 ESC), has a total mass of 12.1 g (without cabling) and is priced

at 29.99 USD.

4.4.4 Propulsive System Battery

The selection of a battery is based on five parameters: voltage, capacity, discharge rate (depends

on the selected rotor), total mass and price. The motor manufacturer provides testing data at, approxi-

mately, 15.5 V [111]. This voltage level is attained by a 4S Li-po battery, with four cells in series, having

a nominal voltage2 of 14.8 V. It is possible to determine the required battery capacity (in Ah) using equa-

tion 4.2, which relates the motor efficiency at the hovering thrust (in g/W), the hovering thrust (in g), the

required hovering time (in seconds) and the nominal battery voltage (in V).

Ah =
Thover

ηhover · Unominal · 3600
thover

(4.2) Ah =
4000

5.63 · 14.8 · 6010
= 8 (4.3)

Replacing the variables in equation 4.2 for the known values, we obtain a value of 8 Ah for the

battery capacity (equation 4.3). It should be noted that the value for the efficiency at hover used was

5.63 g/W, which is the one provided by the manufacturer for a thrust of 1008 g [111], which corresponds

to, approximately, 1/4 of the total required thrust at hovering.

Due to the configuration of the developed MAV, as will be presented in section 4.6, two equal batteries

are used in the propulsive system. This means that each battery should have a capacity of 4 Ah. Having

1Cyclic Redundancy Check is an error-detecting algorithm commonly used in communication protocol to detect
accidental changes to raw data.

2The battery nominal voltage corresponds to the voltage of a fully charged battery when delivering the current
equivalent to its rated capacity at a specific discharge rate.
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the capacity determined, we are able to estimate the required discharge rate (C)3. For example, a battery

with a maximum discharge rate of 2C corresponds to a battery able to output a maximum current of

2 · batcapacity A. Analysing the motor data provided by the manufacturer [111], it is possible to determine

that the maximum required current for two motors at full thrust is 79.66 A. This means that a required

discharge rate of, at least, 20C (79.66/4 = 20, rounding to the unit) is required. Practically, a higher

C-rating will be required in order to avoid battery’s voltage sag.

The best battery for the developed MAV was selected through an analysis of the available offer from

battery manufacturers and from hobby stores. The battery selected was the Gens Ace Bashing 4S 5000

mAh [117], due to having one of the highest specific energy densities (Wh/kg) among the analysed

batteries (∼ 187Wh/kg), meaning it is able to provide the highest operating time while impacting as less

as possible the vehicle’s total mass. Unfortunately, when the parts were ordered, this battery was out of

stock, and a temporary replacement was chosen, ZOP Power 4S 3200 mAh [118], which should enable

a flight operating time of eight minutes. In the future, the batteries should be replaced by the Gens Ace’s

ones, due to the fact that they are the ideal for the developed MAV, enabling a higher vehicle’s operating

time. A summary of the characteristics of these batteries is presented in table 4.3. It should also be

noted that the mass of the ZOP Power battery is falsely advertised, with the battery weighing 16% more

than what was specified (verified when the battery was received).

Manufacturer Gens Ace
[117]

ZOP Power
[118]

Model Bashing –

Configuration 4S 4S

Capacity (Ah) 5 3.2

Discharge rate (C) 50 75

Weight (g) 395 302.21

Price (e) 52.99 2 37.33
1 Specified by manufacturer. Measured value was 355 g
2 Shipping not included

Table 4.3: Characteristics of the selected batteries.

4.5 Electronics
This section describes the selection of the different components that compose the electronics of the

developed MAV which aren’t part of the propulsive system. It should be noted that the autopilot will not

be presented in this section, since it is one of the baseline specifications of this work (subsection 4.1.1).

4.5.1 Servos

The developed MAV will implement single axis, tilt rotors, with two opposite rotating rotors mounted

on the same tiltable axle, similarly to [27]. The reason for such design is explained further in this

3The battery discharge rate correlates the maximum current that the battery is able to output to its capacity.
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document, on section 4.6. To control the position of two independent tiltable axles, two servos are

required, one for each axle. This subsection explains how the servos were selected.

Servos are chosen based on four parameters: torque, rotational speed, mass, and price. For the

developed vehicle, the servos were also constrained in the communication protocol, which should be

digital, as with the case of the ESCs, in order to have a communication more resilient to noise. They

should, also, be able of continuous rotation, being able to rotate 360o. Assuming there is no friction on

the tilting mechanism, the torque of the servo should be higher than the gyroscopic moment created by

the rotating propellers [43, 119, 120]. To determine the required servo torque, τs, equation 4.4 is used:

τs = Irotorωs |ωrotor1 − ωrotor2 | cos (θ) (4.4)

This equation differs from the equation presented in [120], for opposed lateral tilting, because in

the developed vehicle’s design the rotors will tilt in the same direction. It also differs from the equation

presented in [43] because there are two rotors on the same axle instead of just one. As is presented in

equation 4.4, the equation depends on four variables: the inertia of a single rotor, Irotor (given by its Ixx

component), the servo rotational speed, ωs, the rotational speed of the propellers, ωrotor1 and ωrotor2

(clockwise and counter-clockwise rotation, respectively), and the tilt angle, θ. Analysing the equation, it

is possible to determine that the required torque will have its maximum when the propellers are tilted at

0o [89, 121] (perpendicular to the ground) and when one of the motors is at full throttle and the other is

stopped.

The desired maximum rotational velocity was stipulated to be of, at least, 30 revolutions per minute

(RPM). This means that the servo would take two seconds to fully rotate 360o. To determine the value

of the moment of inertia, the propeller was approximated by a solid cylinder, with an equal diameter and

mass to the propeller, 254 mm and 20 g, respectively, and with a height of 10 mm, and was considered

that the propeller was rotating 50 mm away from the tilt axis. The value of Irotor was estimated to be

0.00021129 kg ·m2, as presented in appendix D.3. The maximum rotational velocity of the propeller was

assumed to be 12000 RPM, the same as the APC’s simulated propeller value [86] and higher than the

value given for the maximum motor RPM by the manufacturer performance charts [111]. The maximum

servo torque required was determined to be 0.83 Nm, according to equation 4.5, for the previously

mentioned situation which corresponds to the peak torque (θ = 0o and ωr2 = 0).

τs = 2.11129 · 10−4 · 2 · π · 30
60

· 2 · π · 12000
60

· cos (0◦ ) ≈ 0.83N ·m (4.5)

Usually, servo data only presents the stall torque. A rule of thumb is to look for a servo with a

stall torque with, at least, two times the required torque, in order to have a SF and to avoid the servo

operation near its stall torque, which can lead to overheating, and to damage of both the servo’s gears

as its electronics. We looked for a servo that had a stall torque higher than 1.66 Nm and a rotational

speed of, at least, 30 RPM. Table 4.4 summarizes the characteristics of the best servos that were found

(many more servos corresponded to the characteristics, for example, from Robotis, so to be concise

only the best result from each manufacturer is presented). From these servos, the selected was the

Feetech STS3215 [122], due to having the lowest price, lowest mass, besides fulfilling all the required

parameters.
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Manufacturer AXADD Feetech RC Robotis

Model RW16W [123] STS3215 [122] XC430-W240-T
[124]

No Load Speed (RPM) 125 52 @ 7.4 V 70

Stall Torque (Nm) 1.65 1.95 (0.5 cont.) @ 7.4 V 1.9

Stall Current (A) NS 1 2.5 @ 7.4 V 1.4 @ 12 V

Weight (g) 64 55 65

Price (e) 143.622 3 4 24.89 93.653 4

1 Not Specified 2 Unit price from manufacturer’s quote for two units
3 Converted from $ to e using 1$ = 0.86e 4 Shipping not included

Table 4.4: Summary of the characteristics of some of the found servos.

4.5.2 Battery

Since two batteries will be used in the propulsive system, as mentioned in subsection 4.4.4, it was

decided that an additional electronic’s battery would be used. The reason for such decision was to avoid

the use of bulky DC/DCs and also to avoid the introduction of motors’ power noise into the electronics

power lane, which would require the use of filters to reduce it. With the use of three batteries, there is a

decoupling between the propulsive and the electronics systems (ground is common).

The electronics’ battery should be able to supply all the electronics. This implies that it should be able

to provide, at maximum, the stall current of two servos plus the current required by the autopilot, Pixhawk

1, the receiver, and any other extra electronics (such as the custom made PCBs, described in the next

subsection). To achieve this power requirement, the battery should have a maximum discharge current

of, at least, 6 A. This value already considers the use of a SF, since it isn’t expected that the servos will

be operating nowhere near their stall current. To be able to supply this current (6 A), it isn’t necessary

the use of a battery with high discharge rates. Given this, it was decided that Li-ion batteries would

be used, due to their higher specific energy density when compared to Li-po batteries. Furthermore, it

was decided that a 2S battery would be used, since the servos operate at this nominal voltage (7.4 V),

meaning that it wouldn’t be necessary to use additional DC/DCs to convert the battery’s voltage to the

servo’s voltage. Due to the unavailability of Li-ion batteries in the hobby market, a custom made battery

was created, built around two NCR18650B cells [125] and a two-cell 18650 holder, having a capacity of

3.25 Ah, a maximum discharge rate of 6.7 A and only weighing 120 g.

4.5.3 Custom Designed PCBs

The proposed design requires the use of three spatially separated batteries (two for the propulsive

system and one for the electronics), which means there is a challenge in the monitoring of the instan-

taneous current and voltage levels of all batteries. The monitoring of the batteries is required not only

to estimate the vehicle’s power consumption but also to implement safety functionalities, protecting the
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developed MAV from discharged cells, since the state of charge (SoC) can be estimated. Without these

safety functionalities, the vehicle could crash, since measures to avoid it can’t be implemented in a

timely manner. The autopilot used, Pixhawk 1, only has five ADC ports easily usable: two in the ”Power”

connector, one in the ”ADC 6.6V” connector, and two in the ”ADC” connector. Having a vehicle that

uses three separate batteries, it is desirable to keep track of six signals: three signals corresponding

to the voltage levels and three signals for the instantaneous current being ”pulled” from each battery.

This amounts to one more signal than the available ADC pins. Furthermore, if these analog signals

were analysed in the autopilot, the read values wouldn’t correspond to the real values, due to the ca-

ble harnessing’s losses (the propulsive system batteries are distanced by more than 600 mm from the

autopilot) and the vulnerability of the analog signals to the noise caused by the motors and ESCs. To

address both of these issues, we looked at smart batteries [126].

Smart batteries communicate through I2C/TWI, implementing a digital protocol called SMBus [127].

This would allow multiple smart batteries to be connected to the same I2C port available on the autopilot,

given that each smart battery is assigned a different slave address. To address the challenge of using

three distinct batteries and the issues of using the battery’s analog signals, two PCBs were designed,

which implement some of the specifications of smart batteries [126] and communicate through SMBus.

These PCBs, SmartBat and SmartBat and Router, depicted in figures 4.4(b) and 4.4(c), respectively,

report the individual cell voltages and instantaneous current through I2C/TWI, analyse the SoC of the

cells and actuate in case a cell is discharged (sound an alarm). Furthermore, the use of these PCBs

plus another custom designed one, the Lateral Router, presented in figure 4.4(a), which acts as cable

harnessing router, greatly simplifying the cable harnessing of the developed MAV.

(a) (b) (c)

Figure 4.4: Custom designed PCBs: (a) Lateral Router (b) SmartBat (c) SmartBat and Router.

A complete description of the characteristics and capabilities of these custom made PCBs is pre-

sented in appendix E. It should be noted that the developed MAV was designed to use two Lateral

Routers and SmartBats and one SmartBat and Router.

4.6 Mechanical Design

For an aerial-ground MAV design to be successful, the mass impact of the GAM should be as low

as possible and its ground locomotion should be as efficient as possible. Usually, the GAM’s lowest

mass impact is achieved by passive actuated designs, since the ground locomotion is enabled by the

same actuators used for flight, not being impacted by the mass of additional actuators as active actuated
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designs are. On the other hand, active actuated designs are able to achieve a higher ground locomotion

efficiency when compared to passive actuated designs. This can be justified by the commonly used

design of passive actuated multi-modal MAVs, which implement a similar inefficient ground locomotion.

Furthermore, it seems that the design of multi-modal MAVs only allows for one type of ground actuation,

without the ability of a multi-modal MAV implementing an active or passive ground actuation depending

on the application in which it will be used. The developed MAV implements a passive actuated design,

due to the lower impact of the GAM’s mass in the MTOM, but approaches the problem of the ground

locomotion in a different manner to what has been commonly done, solving the ground locomotion’s

inefficiency problem of these passive actuated designs. Over this section, we will present and explain

the inefficiency problem of the usual passive actuated multi-modal MAV design, define how the ground

locomotion is enabled in order to have higher efficiency, and present the design decisions, final design

and prototype.

Throughout this section, multiple terms that refer to components of the developed MAV will be used.

Although the design is only presented in subsection 4.6.6, the components used and their naming are

presented in appendix F.

4.6.1 Ground Locomotion

As has been presented in subsection 3.3.1, with the equations of motion for a DDMR (equations

3.24 and 3.25), for a vehicle to be able of longitudinal and lateral motion while on the ground, it needs

to be able to produce two forces, FuR and FuL , on its right and left side, respectively. Additionally, these

forces need to be distanced laterally and longitudinally from the vehicle’s CoM by L and d, respectively,

as depicted in figure 3.8. Considering a passive actuated multi-modal MAV design, in which there aren’t

any other actuators other than the ones used for flight (the rotors), a design that allows the rotors and

their produced thrust to be responsible for the creation of these forces (FuR and FuL ) needs to be

developed. In fact, as presented in subsection 2.3.2, with the exception of [56], which uses dual shaft

motors connected through gears to the wheels, all the reviewed passive actuated multi-modal MAVs

use the propellers to drive the vehicle on the ground. This implies that, for the passive actuated multi-

modal MAV to be able to move longitudinally and laterally on flat surfaces, a component of the rotors’

produced thrust needs to be parallel to the surface where the vehicle moves. In the commonly used

passive actuated multi-modal design, the production of these forces is allowed by the way that the MAV

is assembled in its structure, allowing it to pitch forward or backwards. These structures are usually a

rolling cage [37], more complex cage-like structures [26, 49] or an axle with two freely rotating wheels

mounted on its ends [36, 54], with all, generally, sharing the same inefficient ground locomotion design.

Usually, it is this pitch angle that allows the vehicle to move on the ground while using only its rotors for

actuation. Figures 4.5 and 4.6 depict the usual design approach to passive actuated multi-modal MAVs

moving on flat surfaces and on inclined forces, respectively, where θ and γ represent the pitch angle of

the vehicle and the slope of the inclined surface, respectively.
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Figure 4.5: Usual approach to passive actu-
ated aerial-ground MAVs moving on a flat sur-
face with the forces represented [128].

Figure 4.6: Usual approach to passive ac-
tuated aerial-ground MAVs moving on an in-
clined surface with the forces represented
[128].

As represented in figure 4.5, the total thrust produced by the rotors can be decomposed into two

components: one parallel and the other perpendicular to the surface where the vehicle moves, T‖ and

T⊥, respectively. As presented by figure 4.5, T‖ and T⊥ can be determined by using equations 4.7 and

4.6, respectively, where F is the total amount of thrust produced by the rotors.

T‖ = F sin θ (4.6) T⊥ = F cos θ (4.7)

As can be observed from figure 4.5 and is concluded from the equations of motion of a DDMR

(equations 3.24 and 3.25), only T‖ is responsible for the longitudinal and lateral motion of the multi-

modal MAV on the ground, with T⊥ counter-acting the gravity force and reducing the normal force. From

these observations, it is possible to reach five conclusions:

• Assuming a constant total thrust being produced by the rotors, the ground speed that the vehicle

is able to reach depends directly on its pitch angle. The higher the pitch angle, the higher T‖ and

the speed will be, having a maximum when θ = 90o;

• This conclusion is similar to the previous one, but for a constant pitch angle. The ground speed

that the vehicle is able to reach depends directly on the total thrust being produced by the rotors.

The higher the total thrust, the higher T‖ and the speed will be;

• To achieve the highest possible ground locomotion efficiency and range, the MAV should move

with a pitch angle of 90o. This conclusion is similar to the first one and was also demonstrated in

the second work of HyTAQ [48]. The power consumed by a rotor is directly proportional to thrust

by P ∝ T
3
2 , as presented in equation 3.5. At low pitch angles, most of the thrust is being wasted

on lifting the vehicle, implying that the endurance will be reduced. To keep a given ground speed

at this pitch angle, more energy will be required to increase T‖ when compared with the vehicle

moving with a higher pitch angle;

• This vertical component of thrust, T⊥, can limit the usability of the vehicle on irregular, bumpy

surfaces and on inclined surfaces, which, sometimes (from a certain slope angle), requires the

creation of additional downforce, in order to avoid the vehicle flipping over;

• We can further expand the previous observations to the case of locomotion on an inclined surface,
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as presented in figure 4.6. In this situation, to have the highest possible ground locomotion effi-

ciency, requiring the maximization of T‖, the quadrotor should move at a pitch angle equal to 90◦

minus the slope angle of the inclined surface, γ. This is only possible if the slope angle is known

beforehand the locomotion on the inclined surface [128].

The five previous conclusions are closely related, being possible to determine an underlying factor:

for a passive actuated multi-modal MAV to implement an efficient ground locomotion, T‖ should be

maximized and T⊥ minimized. T‖ and T⊥ have their maximum and minimum, respectively, at the same

pitch angle, 90◦ (only considering angles between 0◦ and 90◦ ). This implies that the MAV should

move on flat surfaces with the rotors parallel to the ground’s surface. Moving on inclined surfaces

with the rotors parallel to the ground also enables the efficient locomotion without requiring the a priori

knowledge of the surface’s inclination, since T‖ is always maximized. This requirement to achieve the

highest possible ground locomotion’s efficiency can be very difficult to implement in the commonly used

passive actuated multi-modal MAV design, being that, to the best of our knowledge, none of the reviewed

vehicles implements it nor moves nowhere near this 90◦ pitch angle on flat surfaces.

Given this requirement of the rotors being parallel to the ground’s surface where the vehicles move, in

order to have the efficient ground locomotion, the developed MAV will implement a dual bicopter design,

similar to [27], with two rotors fixed in the same tiltable axle. This enables the vehicle to change the posi-

tion of its rotors when entering the ground mode, changing them to be parallel with the ground’s surface

(tilted by 90◦ ), and use the usual 0◦ inclination position during flight, exhibiting the same behaviour that

a usual quadrotor would. Besides, by enabling the rotors to tilt 360◦ , the developed MAV should be able

to hover and fly at any given pitch angle, similar to [27]. Furthermore, the tilting rotors should enable

the vehicle to wall-climb [35] and could improve its flight efficiency [27, 48]. Both of these characteristics

could extend the capabilities of the MAV for inspection applications, creating new possibilities for the use

of the vehicle.

4.6.2 Wheels

The analysed passive actuated MAVs, in section 2.3.2, fall into three categories, based on the num-

ber of wheels in contact with the ground: one-wheeled (cage), two-wheeled, and four-wheeled. Most of

the designs analysed use one or two wheels. This is due to the requirement that the MAV needs to tilt

(pitch) in order to move on the ground. For a tilt-rotor design, such requirement doesn’t impose and so,

the developed MAV can use a four-wheel design, which is an inherently more stable design.

The wheel is one of the most important components of the developed MAV, since they are the

main component of the ground actuation mechanism. Their design can influence the behaviour that

the developed vehicle exhibits while moving on the ground. Different materials will behave differently in

different terrains. The design of the wheels could, also, enable the developed MAV to move on water

[43, 54]. The wheels should be dimensioned taking into consideration the structure of the vehicle, in

order to create a cage-like structure around the propellers, enabling the vehicle to move near humans

and structures. Taking into consideration the propeller diameter of 254 mm and considering that the

propeller is offset by 50 mm from the tilt axis (SF included), it can be estimated that the tilting propeller
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covers an area of 273 mm. Considering that the wheels are the only ones responsible for the cage-like

structure, they should have a diameter of, at least, the area covered by the propellers, which corresponds

to 273 mm. For the developed MAV, the cage-like structure was dimensioned to cover 325 mm, adding

a SF to the distance from the propellers to the ground, enabling the vehicle to move on uneven terrains.

4.6.3 Motor Axis Distance

Although being one of the baseline specifications, the motor axis distance can influence the efficiency

of the quadrotor’s propulsive system and should be optimized for the MTOM of the vehicle [91, 129].

Usually, this optimization is performed using computational fluid dynamics (CFD) modelling, in order to

estimate the best gap between the rotors [91, 129].

Rotor’s efficiency is affected negatively when two rotors are too close because their flow affects each

other, increasing their power consumption. On the other hand, a gap between the rotors larger than the

required increases the vehicle’s total mass, leading to a higher power consumption. To determine the

relationship between the optimal gap, in mm, and the vehicle MTOM, in kg, the data provided by [91, 129]

for a propeller with a pitch of six inches was used, giving an average result between the propeller with

a pitch of five inches (the one being used) and a propeller with a pitch of seven inches (which, should,

theoretically, produce a higher thrust than the five inches pitch’s propeller). This relationship can be

calculated using equation 4.8 (from [91, 129]) and it was determined to be 345 mm (rounded to the unit).

Optimal Gap (mm) = 3.1342 ·MTOM2 + 3.1299 ·MTOM + 283.01 (4.8)

4.6.4 Electronic’s Base

The electronic’s base is the place on the MAV that is designed to support all the payload (2 kg)

and where all the sensors should be mounted. Its size and the location of the electronics mount tubes

should be designed and dimensioned taking into consideration that the tilting propellers can collide with

an obstacle up to 273 mm away from the tilting axis. This means that the payload can reach up to 220

mm in diameter, as depicted in figure 4.7 (not considering a mechanical structure that lifts the payload).

Figure 4.7: Top view of the developed MAV, with the space occupied by the rotors (represented in red)
and the space designed for the payload (represented in green).
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4.6.5 Materials

The developed MAV was designed taking into consideration the materials commonly used in aerial

vehicles [130]. The selected materials were: ABS, used in the 3D printed parts; aluminium 6082, due

to its low density, high strength, and easy machinability [130] (on a CNC router), being used for some

of the custom parts; carbon fiber reinforced plastic (CFRP), which is lightweight for its strength, offering

two to five times the rigidity of aluminium for the same weight, being a commonly used material in aerial

vehicles [130]. CFRP’s properties makes it the ideal material for the structural parts, being that its use

tried to be maximized throughout the design.

4.6.6 Concepts

The final design of the developed MAV was the result of a progressive design evolution. The design

process was performed using Autodesk Inventor Professional 2021 [131], which offers a free license for

students. In total, three concepts were designed. Each one of the concepts is presented next, being

that the final chosen design is presented in 4.6.6.3. The developed MAV was named BogieCopter, due

to the resemblance of the different concepts with a bogie (in terms of exterior appearance).

4.6.6.1 BogieCopter 1

The first design created was BogieCopter 1. It started with the design of a simple tilt-rotor quadrotor

to which wheels were added to each side of the tiltable motor’s arm. Due to the total length of the tubes

that support the wheels, a plate was connected between the wheels’ support on each side. This was

done to avoid the motors’ arms easily bending. The final design of Concept 1, presented in figure 4.8,

ended up being similar to [57]. The characteristics of Concept 1 can be found in table 4.5 (taken from

the CAD model).

Figure 4.8: BogieCopter 1 design.

Concept 1 Characteristics

Length (mm) 670
Width (mm) 700
Height (mm) 325
Weight (g) ∼ 3055

Table 4.5: BogieCopter 1 characteristics.

Analysing this concept, it was determined that it presented some advantages and disadvantages.

The advantages that can be identified are:

• The wheels cover the propellers in all its 360o, measuring 325 mm in diameter;

• The MAV doesn’t have a forward and a downward facing side. This allows the vehicle to fly with

any side facing upwards (the motors’ arms just need to be tilted in order for the rotors to face

upwards). This can be advantageous for inspection applications [27];
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• A single battery for the propulsive system can be used, without being required the use of the

custom made PCBs, which were referred in subsection 4.5.3.

The disadvantages of this design were many:

• The dimension of the wheels make them unsuitable to be 3D printed locally, which means they

would have to be custom made by a third party, driving the costs to an unviable price. It was

tested a design where the wheels were printed in multiple parts, but they ended up not having the

required strength;

• The need for a wheel support which is mounted on a tiltable axle makes the prototype’s mechanical

design complex and heavy;

• The side plates, which add resistance to bending, combined with the central plates of the quadrotor

mainframe, increase the total mass of the vehicle;

• For the motor’s arm to be able of 360o rotation, expensive and heavy slip rings are required, since

they need to be able to handle high currents (each motor could require up to 50A) [27].

4.6.6.2 BogieCopter 2

BogieCopter 2 (figure 4.9) is an evolution of BogieCopter 1, which was influenced by the design of

[27]. The main question that drove the design was: if the side plates were required, why not make them

structural? This meant that the quadrotor’s central plates could be changed for ones with lower strength

and mass (the electronics mount). It also allowed the use of inexpensive and lightweight slip rings [27],

that only need to be able to carry the ESC control signals and the signals for and from the custom made

PCBs (small current signals).

This design has a smaller mass than Concept 1, weighing approximately, 5% less, while still being

able to rotate the motors’ arms 360o although requiring the use of the custom made PCBs. Figure 4.9

depicts Concept 2 and its characteristics can be found in table 4.6 (taken from the CAD model). This

concept still didn’t address the challenge of the wheels’ diameter.

Figure 4.9: BogieCopter 2 design.

Concept 2 Characteristics

Length (mm) 670
Width (mm) 764.8
Height (mm) 325
Weight (g) 2915

Table 4.6: BogieCopter 2 characteristics.

4.6.6.3 BogieCopter 3

BogieCopter 3 (figure 4.10) tries to solve the wheels’ diameter challenge of the two previous con-

cepts. By using smaller wheels, mass was saved (length of the wheel side plate and wheels’ diameter

were optimized for the assembly to have the lowest possible mass), corresponding to a reduction of,
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approximately, 7%, when compared with BogieCopter 2. Also, by changing the position of the wheel

supports it was possible to move the servos to the outside of the vehicle (comparing with BogieCopter

2, figure 4.9), allowing a reduction of, almost, 70 mm in the total vehicle width (10%).

The concept lost the advantage of the MAV not having an upwards facing side and the protection

of the propellers all over its 360o (when propellers are tilted, they can hit an obstacle that is above

them). Even with these disadvantages, BogieCopter 3 was the chosen design, being only referred to

as BogieCopter from now on. It should be noted that this concept could be even further improved, with

the use of custom-designed parts (for example, the servos could be moved inside the MAV structure),

but this would contribute to a more complex design, that would not be as easily manufacturable and

accessible to everyone (parts would have to be machined using Mills/Lathes).

Figure 4.10 presents the BogieCopter design and its characteristics can be found in table 4.7 (taken

from the CAD model).

Figure 4.10: BogieCopter 3 design.

BogieCopter 3 Characteristics

Length (mm) 695
Width (mm) 693.8
Height (mm) 198
Weight (g) 2715

Table 4.7: BogieCopter 3 Characteristics.

4.6.7 Design Verification

Before proceeding to the optimization and stress-strain analysis of the designed parts, both Bo-

gieCopter 2 and BogieCopter 3 concepts were analysed in a physics simulator environment, in order to

verify that they were able of both aerial and ground locomotion. This would allow for the designs to be

corrected if something wasn’t working as intended.

4.6.8 Optimization and Stress Analysis

In order to minimize the mass of custom designed parts, to optimize them for the design load cases4,

and verify through simulations that the parts are able to handle the design load cases, an iterative

process was used. An example of this process is presented in figure 4.11, in which BogieCopter’s wheel

support goes through the process, being composed by the following steps:

1. Initial design of the custom part;

2. Constraints and load cases set for the part;

3. Part topology optimization;

4. Redesign of the part based on the topology optimization result. Usually, the result is unpractical

and, so, a redesign is made based on the resulted mesh;

5. Stress analysis of the redesigned part, in order to verify that it supports the load cases (should

have a safety factor (SF) higher than 2).
4A design estimation of a set of loads and boundary conditions that the prototype will face.
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Figure 4.11: Optimization process throughout its different steps. Topology optimization achieved a mass
reduction of 60% and the final part has a minimum SF of 6.89 and a 38% lower mass than the initial
designed part.

From the stress analysis results, two parts were considered to be the most critical: the wheel shaft

and the servo horn. To have the required SF, they should have been machined from aluminium. How-

ever, due to the requirement of having to use a lathe or a 4-axis CNC router to manufacture them, which

wasn’t possible for this work, they ended up being 3D printed.

The 3D printed parts went through yet another optimization process, where the parts were printed

and tested afterwards, with real loads. 3D printed ABS parts don’t have the same strength as an identical

extruded ABS part, being that the obtained results from simulations are for extruded parts. With these

real tests, some designs had to be changed (for example the motor supports’ design). The 3D printed

parts were printed in a Blocks One MK1 [132], with a layer height of 0.1 mm and a cubic infill. Their infill

percentage changed depending on if the parts required additional strength or not. The wheel shafts and

servo horns were printed using 100% infill and the rest of the 3D printed parts using 40% infill, since it

would minimize their mass while still having the required strength.

The optimization of the CFRP parts took a different approach. From the start of the design, the

number of parts built from carbon fibre tried to be maximized. This was to achieve the highest pos-

sible design strength, while taking its mass into consideration. The motors’ arm tubes (CFRP tubes),

electronic mount, electronic mount tubes and the structural side plates were designed from readily avail-

able CFRP tubes and plates. Carbon fibre is an anisotropic material, not being homogeneous neither

isotropic [133], requiring a more complex optimization and stress analysis simulation than metals do,

being out-of-scope of this work. To optimize the CFRP tubes, the parts were simulated as if they were

manufactured from aluminium and [134] was used to determine the final tube’s dimensions, allowing to

size the CFRP tubes to have similar properties to those of the simulated aluminium tubes. The thick-

nesses of the structural plates were selected according to [135]. A thickness of 3 mm was chosen for

the structural plates and 1 mm for the electronic mount.

Exploded views of the assemblies are presented in appendix F.

4.6.9 Mass Considerations

Some parts were custom designed and custom machined in aluminium to save mass. This wouldn’t

be possible without access to a CNC Router, which was free, allowing the parts machined to also be

cheaper than off-the-shelf parts (their cost corresponds to the price of the mills and of the material used).
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In total, four different parts were custom machined (appendix F presents the names and position of the

components): the 6801 bearing support (two used in BogieCopter), the 8 mm clamping hub (four used),

the 12 mm clamping hub (two used), and the 12 mm shaft collar (two used). In table 4.8, a comparison

between off-the-shelf 8 mm clamping hubs and the custom-designed and machined is presented.

Manufacturer RobotDigg Servo City –

Model SHF8 [136] 8mm Clamping Hub [137] Custom 8 mm Clamping Hub

Weight (g) 17.7 8 4.8

Price (e) 1.031 2 6.021 2 5.843

1 Shipping not included 2 Converted from $ to e using 1$ = 0.86e
3 Estimated from tooling and material required for all the custom parts. Includes shipping

Table 4.8: Comparison between available off-the-shelf 8mm clamping hubs and the custom
made.

The difference in mass between the custom made and off-the-shelf parts is due to a dimensioning

of the custom made part for BogieCopter’s load cases, while the off-the-shelf parts are dimensioned

for higher load cases. Although being machined in a CNC Router, these parts could be easily adapted

to be manufactured by using commonly available tools. In total, the custom parts led to a reduction in

mass of, approximately, 53 g, corresponding to, approximately, 2% of the vehicle’s total mass. Besides,

they also led to a cost reduction of almost 35%, when the cost is compared with the price of the lightest

off-the-shelf parts. Although 2% being a small value, it does have an impact on the vehicle’s operating

time. Considering the efficiency at hover, it corresponds to less 9.4 W required.

The fastener elements were also analysed for an easy vehicle’s mass reduction. In the design,

the bolts and nuts used are manufactured from steel. However, they could be easily substituted with

aluminium/titanium bolts and nuts, since they also offer the required strength, while having a lower mass.

Unfortunately, aluminium bolts are not easy to come by (high order volumes required) and titanium bolts

are too expensive. The same thing doesn’t apply for aluminium nuts, with each M3 DIN 934 nut costing

0.05e, three times as much as a steel nut. The design uses 72 M3 DIN 934 nuts, eight M4 nuts, and

eight M6 nuts. Replacing the steel nuts by aluminium ones, 34.7 g can be reduced without any impact

in the strength of the MAV. This corresponds to a mass save of 1.3% and less 6.16 W required while

hovering.

4.7 Prototype

A prototype was built according to the design of BogieCopter, being depicted in figure 4.12. With

the exception of the custom machined and 3D printed parts, the rest of the custom made parts were

manufactured using common tools. This includes the CFRP tubes and plates. Due to the required

part’s and assembly’s accuracy, many cut moulds and assembly jigs were fabricated (3D printed), which

allowed the parts to be shaped and the prototype assembled with the required accuracy. One of such
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assembly jigs is depicted in figure 4.13, which allowed the battery supports to be mounted at the correct

orientation and distance from the motors’ supports. Figure 4.14 illustrates an overview of the hardware

and the cable harnessing used in BogieCopter and table 4.9 presents the total cost of the prototype,

divided by the different parts. It should be noted that the 3D printed parts (whose cost is lower than

a 1 kg ABS filament roll), autopilot, receiver and transmitter, are not included in this table, since these

components weren’t bought.

Figure 4.12: BogieCopter’s prototype. Figure 4.13: Simple assembly jig fabricated to as-
semble the battery supports at the right orienta-
tion and distance from the motors support.

Figure 4.14: BogieCopter’s hardware and cable harness-
ing overview.

Component Price
(e)

2S Battery 19
4S Batteries 74.65

3 mm CFRP plates 123.791

8 mm CFRP tube 18.8
12 mm CFRP tube 35.38
8.5 mm Slip Rings 32.49

Aluminium - Custom Made
Parts 32.73

Bearings (6801 and 686) 7.69
Custom Made PCBs 63.89

Fasteners (bolts, nuts and
washers) 27.74

ESCs 51.62

Motors 1722 3

Propellers 17.82

Propeller Shaft Adapter 5 mm -
8 mm 6.62

Servos 49.78
Tools (crimper, drills, mills, taps,

etc) 86.2

Wiring 32.86

Total 853
1 Enough for two prototypes
2 Shipping not included
3 Converted from $ to e using 1$ = 0.86e

Table 4.9: Overview of the prototype’s
cost.
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Chapter 5

Software and Firmware

This chapter focuses on the coding elements of the developed work. It is divided into two sections,

software and firmware. The software is relative to the development of a simulation model of BogieCopter

2 and BogieCopter while the firmware is relative to the autopilot code that had to be developed for

BogieCopter to be able to fly and to move on flat and on inclined surfaces. In this chapter, developed

code to measure power consumptions, in order to have an estimation of the performance of the MAV, is

also, briefly, explained.

5.1 Software: Simulator

As mentioned in subsection 4.6.7, simulation models of BogieCopter 2 and BogieCopter were cre-

ated to be used in RotorS Simulator [138]. This enabled the verification, in a simulation environment,

that both concepts were able to fly and move on the ground. Besides, by having the simulation models

of these concepts it is possible to develop them through simulations, providing a tool to test different

controllers and algorithms.

RotorS [138] is a Robot Operating System (ROS) package, more specifically, a UAV simulator pack-

age that runs on top of Gazebo, providing models for some well-known quadrotors, different flight con-

trollers and enabling the test of different path planning algorithms. Gazebo Simulator [139] is a physics

engine that reproduces real-life rigid body dynamics and simulates realistic conditions. It enables the

use of sensors on a robot, providing realistic feedback to controllers and algorithms, and the simulation

of conditions such as wind, waves, friction, etc.

Figure 5.1: RotorS BogieCopter model static on
the ground in the Gazebo environment.

Figure 5.2: RotorS BogieCopter 2 model hover-
ing in the Gazebo environment.

Figures 5.1 and 5.2 show BogieCopter model on the ground and Bogiecopter 2 model hovering, in

the Gazebo environment, respectively, running ROS.
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5.2 Autopilot Firmware

For the development of this work, it was decided that the capabilities of an existent open-source

autopilot firmware would be extended, enabling the developed MAV to both fly as well as to move on

flat and inclined surfaces. Since the autopilot hardware used in BogieCopter is a Pixhawk 1, to the

best of our knowledge, this limited the firmware to ArduPilot [140] and PX4 [141], which are very similar

in terms of capabilities. Between these two, ArduPilot was selected as the starting autopilot firmware,

since it is more mature (older), has continuous development since it was created, has a bigger support

community than PX4, it is able to run on multiple autopilots, enabling the used autopilot to be easily

changed by another (compatible) one, and has demonstrated its capabilities through multiple usual and

unusual configurations [142].

ArduPilot firmware is divided by the vehicle type, being that only one type is able to run on the

autopilot at a time. This implies that the autopilot firmware needs to be chosen from the available types:

AntennaTracker [143] (antenna), ArduCopter [144] (multirotor), ArduPlane [145] (fixed-wing vehicles),

ArduRover [146] (ground vehicles and boats) and ArduSub [147] (under-water vehicles). Since the

developed platform will behave as a quadrotor during flight, ArduCopter was chosen as the starting

firmware for the development of the code.

During the development of this work, Copter-4.0.7 [148] was the latest stable release, being that

Copter-4.1.0 was on the initial beta testing phase [149]. Due to its stability, the developed code extends

the capabilities of Copter-4.0.7, from now on referred to as, simply, Copter.

Using Copter meant that multiple modifications had to be made to the firmware, including: minor

change to the flight code, and the addition of custom made code for the control of the servos, for the

battery monitoring from the custom made PCBs, and for the locomotion in flat and inclined surfaces.

These three last modifications are presented next.

5.2.1 Servo Firmware

The selected servos, Feetech STS3215 [122], are interfaced through a serial communication protocol

identical to the DYNAMIXEL Protocol 1.0 [150]. To enable the interface between Copter, the Pixhawk 1

and the servos, custom code had to be created since Copter doesn’t have already this communication

protocol implemented. A repository with this code can be found in [151]. The new code was implemented

in a new library, named AP TTLServo, given that the servo’s communication protocol is implemented

through a TTL interface).

For an easy modification of the used settings and to allow the code to be open to multiple servos

that use this communication protocol, several parameters were added, which allow the modification of

the parameters without the need to upload a new code to the autopilot.

5.2.2 Battery Monitor Firmware

As mentioned in subsection 4.5.3, one of the challenges that arose from the use of Pixhawk 1 with

three batteries was the need to implement battery monitoring that didn’t use analog signals. To achieve
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just that, three custom PCBs were used, which communicate over I2C/TWI, implementing a simplified

version of smart batteries’ specifications [126]. Unfortunately, Copter isn’t prepared to have multiple

SMBus [127] devices connected, given that it only accepts one device with address (in hexadecimal)

0x0B and in the internal I2C/TWI bus. To enable the use of multiple I2C/TWI devices (considering each

one has a unique address) and to use the external I2C/TWI bus (the one available in the Pixhawk I2C

connector), custom code had to be developed. The code created can be found in [152]. Two additional

parameters were added to Copter in order to allow the change of the settings without the need to upload

new firmware to the board.

5.2.3 Ground Mode Firmware

All the code to enable the locomotion on flat and inclined surfaces had to be custom coded into

Copter, since, to the best of our knowledge, nothing similar exists on available autopilot firmwares. This

subsection explains the principles behind the ground mode, which enable the MAV to move on flat

surfaces and inclined surfaces, and also tackles the problem of locomotion with full payload on high

inclination surfaces.

5.2.3.1 Locomotion on Flat Surfaces

The basic principle behind the ground locomotion is that, by having the rotors tilted perpendicular

to the surface where the vehicle moves, BogieCopter dynamics are similar to those of a skid-steer

ground vehicle. This has already been explained in subsection 4.6.1 and the dynamics for a skid-steer

drive system have been determined in 3.3.1.1. Given that the developed MAV is able to create forces

distanced from the vehicle’s CoM, it is able of longitudinal and lateral motion, being able to move forward,

backwards, turn in place (or turn when moving) and brake. For BogieCopter to be able to move forward

and brake implies that it is able to accelerate and decelerate or, in other words, it is able to produce

forces in opposite directions. If the rotors of the vehicle are tilted in the same direction, this could be

easily achieved by changing the direction in which the rotors are spinning, if the same amount of thrust

was produced but in opposite direction. Unfortunately, the airfoil of the used propellers is designed in

such a way that, when spinning in opposite direction to the designed one, the propellers don’t produce

anywhere near the thrust they produce when spinning in the designed direction. From this observation,

it is possible to reach the conclusion that, to create forces with opposite directions, the forward and the

backward rotors should tilt in opposite directions when entering ground mode. Due to the symmetric

design of BogieCopter, this means that the servos should tilt in the same direction so that the rotors tilt

in opposite directions, as demonstrated in figure 5.3, where θA is the tilting angle of the motor’s arm;

θs the tilting angle of the servos, being the absolute value of both values equal; xB , yB and zB are

the axis of the body coordinate frame; xs, ys and zs are the axis of the servo coordinate frame. To add

some additional protection to the propellers, it was decided that the rotors would tilt 90◦ inwards the MAV

structure. Figure 5.4 depicts BogieCopter with the rotors tilted and with the thrust represented, where T

is the thrust produced by each one of the rotors, being that the subscript corresponds to the number of
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the rotor according to [153].

Figure 5.3: BogieCopter tilting the rotors, en-
tering ground mode. Note that the rotors ro-
tate in opposite directions but the servos in the
same direction.

Figure 5.4: Top view of the developed MAV
in ground mode, with the rotors tilted inwards
the vehicle structure. Forces produced by each
one of the rotors represented (rotor numbering
follows [153] for a H-shaped vehicle).

From figure 5.4, we can easily understand that the values of FuR and FuL , from equations 3.24

and 3.25, are given by the resultant force between T1 and T4, and between T2 and T3, respectively.

Simplifying, on the ground, for the MAV to move forwards (along xB), T2 and T4 should be actuated

with the same throttle (which correlates to the propeller’s rotational velocity and produced thrust) and

should be bigger than the throttle of T1 and T3, while to move backwards, T1 and T3 should be the

rotors actuated. To turn clockwise or counter-clockwise, T1 and T2 or T3 and T4 should be actuated,

respectively. From this observation, we can reach another two conclusions. To have an efficient ground

locomotion, when the MAV is moving on a straight line, only a set of rotors should be actuated, T1 and

T4, or T2 and T4, and to brake, only the opposite set of rotors from the ones being used for the locomotion

should be actuated.

For BogieCopter to start moving on flat surfaces, assuming perfect conditions, a force higher than the

rolling resistance of the wheels plus of the bearings needs to be produced by the rotors. The coefficient

of rolling friction for both components is very small [154, 155], as is the total rolling resistance. From

this observation, we can determine that, for BogieCopter to start moving, very little thrust needs to

be produced. This implies that, for most applications, the thrust during longitudinal motion should be

limited, to give better control over BogieCopter. A parameter was added to enable the easy setting of

this limit. Although for forward/backwards motion, a high thrust value may not be considered desirable,

for braking it is. The braking should be as fast as possible and for that, a high amount of thrust is required

momentarily. To detect a brake command, a state machine was created, which detects when the last

command was to move in one direction and the current is to move on the opposite, limiting the throttle,

momentarily, to another value. These two values, braking throttle limit and braking timer value, can also

be set by the operator, in two parameters.
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5.2.3.2 Locomotion on Inclined Surfaces

The locomotion on inclined surfaces can be divided into three different categories, depending on the

slope of the surface: low slopes, medium slopes, and high slopes. Slopes up to an inclination of 45◦ will

be considered low slopes, since the component of the weight parallel to the surface will be lower than

0.707x the weight. High slopes are the ones that require extra downforce, in order to avoid the possibility

of the MAV flipping over (walls, for example). It was estimated from the CAD model that the flip-over of

the vehicle occurs above 60.9◦ , not having been tested experimentally. Slopes between 45◦ and 60.9◦

are considered medium slopes.

To move on low slopes, the required throttle needs to be higher than that used to move on flat

surfaces, due to the existence of a component of the gravity force, which acts contrary to thrust, as

demonstrated in figure 5.5 (where θ is the inclination of the surface, W is the weight of the MAV, and T

is the thrust produced by the rotors). Besides, from a minimum angle, that can be set by the operator,

BogieCopter doesn’t require the use of the braking with a higher throttle than the throttle limit set for flat

surface locomotion, since the gravity will assist in the braking, decelerating the vehicle by itself if no thrust

is produced to propel the vehicle forward. From these two observations, a feature was implemented, in

which BogieCopter automatically detects the slope angle, adjusts the throttle limits accordingly and

disables the braking (this is only possible due to the MAV’s design). Three new parameters were added

to the code to enable these functions. Besides the additional functionality, the lateral locomotion on low

slopes is equal to that on flat surfaces. It should be noted that, although the MAV will be able to climb

medium slopes with only these modifications, new functionalities were added, in order to increase the

factor of safety (FoS) of the thrust that the vehicle is able to produce while climbing slopes, guaranteeing

it is able to climb any slope, with the designed payload.

Figure 5.5: BogieCopter climbing low slope, with forces represented (normal force and friction not rep-
resented).
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On medium slope surfaces (above 45◦ slopes), the weight component parallel to the surface corre-

sponds to more than 0.707 of the total weight. Considering that in the locomotion on low slopes only

two rotors are used, there isn’t a high FoS between the thrust that the rotors are able to produce (max-

imum 2 kg each) and the required thrust (MTOM of 4 kg). At the inclinations of medium slopes, it is

almost guaranteed that braking isn’t required, since the weight component will act as the brake. A power

mode was created, in which the four rotors are tilted in the same direction and used to create the thrust

required to climb the slope, as represented in figure 5.6

Figure 5.6: BogieCopter with the four rotors tilted in the same direction, for a climb with a higher factor
of safety, guaranteeing the ability to climb medium slopes with the required payload.

The use of the power mode (four rotors to move on surfaces) should be used with caution. First,

the braking capability of the drone once it finishes climbing the inclined surface will be nonexistent,

since the rotors will take time to move back to their ”normal” position (tilted inwards the vehicle), in

which BogieCopter is able to brake. Second, the turning of the MAV changes in order to account for the

different position of the rotors (T1 and T4 , and T2 and T3 used to rotate counter-clockwise and clockwise,

respectively). The vehicle won’t be able to turn in place and turning while climbing the inclined surface

isn’t recommended, due to the delay of the tilting mechanism (supposing that the MAV turns 180◦ ,

it will accelerate downwards the ramp and not upwards until rotors change the tilting direction). For

these reasons, the power mode is enabled by a switch in the radio transmitter. Also, this mode is

only recommended for medium slopes, since the rotors will be operating as co-axial rotors, due to their

distance [60], which have higher power requirements than single rotors, as demonstrated in equation

3.11.

To move on high slopes (above 60.9◦ ), the additional creation of downforce is required in order to

avoid the possibility of BogieCopter flipping over. This implies that a component of thrust perpendicular

to the surface and directed towards the surface is required. To achieve this, the rotors should be tilted

more than 90◦ , towards the surface, as depicted in figure 5.7. This is what enables the vehicle to climb

walls [35]. To move on and climb these slopes, the turning of the MAV is required to be equal to that in
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power mode, with the same challenges. Furthermore, the braking capability will be nonexistent, when

moving back to flat surfaces, due to the position of the rotors.

Figure 5.7: BogieCopter climbing a high slope, requiring the creation of downforce for the MAV not to
flip-over. The rotors should tilt more than 90 ◦ to achieve that.

5.2.3.3 Transmitter Inputs

Another important step in the development of the firmware was to assign functions to the motion

sticks of the radio transmitter and the channels of the receiver. The radio transmitter used is a Spektrum

DX8 [156], which is a Mode 2 radio transmitter, having the throttle gimbal on the left side. This and the

other stick motions are represented in figure 5.8.

Figure 5.8: Spektrum DX8 Mode 2 radio transmitter [156], each stick motion follows the standard: (1)
Throttle (2) Yaw (3) Pitch (4) Roll (5) Flaps Gyro (6) Aux 2 GOV.

Usually, aerial vehicles assign the functions throttle to stick motion 1 (S1), yaw to S2, pitch to S3

and roll to S4. In the case of ground locomotion, we want to be able to control the longitudinal motion
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(forward/backwards) of BogieCopter but also the no-input state, where none of the rotors is actuated

for the longitudinal motion, with the vehicle maintaining its velocity (on ideal conditions, an important

characteristic of ground vehicles). This implies that the resting position of the gimbal used for the stick

motion of the throttle should be in its middle position. On mode 2 transmitters, that is only possible

on the gimbals used for S2, S3 and S4, due to their spring mechanism construction. To maintain the

control as similar as possible to the flying control, with the throttle being controlled by a vertical motion

and not a horizontal motion, S3 is used as the throttle control, enabling three commands: forward and

backwards motion, and maintain velocity. Avoiding the use of the same gimbal for throttle and turning

control, implies that S2, during the ground mode, changes to control the yawing of the vehicle. To some

degree, in the autopilot’s firmware during ground mode, a mode 1 transmitter (throttle on the right side)

is simulated (only some characteristics implemented). Due to the way that Copter is coded, this also

means that in ground mode, after arming the vehicle, S1 should be put in its middle position, in order to

avoid the disarming of the MAV. Having changed control channels of the transmitter only during ground

mode required a modification of the flight code, in order to avoid that the vehicle enters flight mode while

S1 is not in the bottom position.

Besides changing the functions of S2 and S3 during ground mode, additional assignments were

given to the stick motion of 5 and 6 on ground mode. S5 changes the turning of the skid-steer vehicle

while it moves backwards. Since a skid-steer vehicle behaves similar in any direction of movement, for

some operators, it is beneficial that the turning direction remains constant independently of the direction

of the longitudinal motion (a right motion of S2 should always represent a clockwise turn in these setting).

This functionality is enabled by moving S5 to its lower position. The stick motion 6 enables the power

mode, changing the tilting of the rotors depending on their position. In the middle position, the rotors are

tilted accordingly to the normal mode while in the top position and bottom position the rotors are tilted

forwards and backwards, respectively, enabling the power mode.

5.2.3.4 Firmware Overview

The developed firmware for the ground mode implements similar functionality to ArduRover’s manual

mode [157], with all the additional functionalities previously mentioned throughout this subsection. A

motor mixing function was implemented, that enables the translation between the transmitter commands

and the motors’ actuation. The control of BogieCopter while in ground mode should be similar to that of

a ground vehicle. A simplified flowchart of the developed firmware is presented in figure 5.9.

Figure 5.9: Simplified flowchart of the ground mode firmware.

The developed ground mode firmware can be found in the following repository: [158].
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Chapter 6

Results and Validation

This chapter focuses on the validation of BogieCopter’s design and capabilities. It is divided into

four sections. The first section is focused on the developed vehicle’s mass, with the total mass and the

ground actuation mechanism’s (GAM’s) mass of the vehicle being analysed. In section 6.2, the results

from static thrust tests performed with the selected rotor are compared with results from tests realised

with other rotors, in order to validate or select a better rotor for the MAV. In section 6.3, the numerous real

tests that were conducted with BogieCopter are described and images from these tests are presented.

In the last section, section 6.4, a comparison between the power consumptions of the MAV at different

operating states is given.

6.1 Prototype Mass

The final BogieCopter prototype was weighed, without any payload, and its mass was determined

to be 2.7 kg ± 0.1 kg. This corresponds to a mass difference of 35% ± 5% when compared with

the intended design mass. This difference was impacted by two factors: the use of over-dimensioned

structural components (CFRP plates and tubes), which weren’t properly optimized for the design load

cases, as mentioned in subsection 4.6.8, and a wrong assumption for the value of the relation between

the vehicle mass and the payload (subsection 4.3.2, equation 4.1). In fact, if the value considered was

closer to the one for a similar-sized multi-modal MAV, such as Drivocopter [5], whose relation value

corresponds to 1.914 (considering the mass from the active GAM as payload), the final vehicle mass

would be 41% lower than the estimated design mass. Considering the MTOM of 4 kg and the T/W

ratio of 2, this vehicle’s mass limits its payload capacity to 1.3 kg. This payload is still high enough for

most inspection applications (a RGB and thermal camera’s sensor plus a LIDAR may only require 1 kg

of payload capacity, according to tables A.1 and A.2). Analysing the characteristics of the multi-modal

MAVs reviewed in section 2.3 (summarized in table 2.2), to the best of our knowledge, BogieCopter has

the highest payload capacity for a multi-modal MAV (higher is better) and presents the lowest relation

between vehicle mass and payload (lower is better), considering a T/W ratio of 2. In reality, Drivocopter

[5] has a lower relation between vehicle mass and payload but its T/W ratio is unknown, having been

excluded from this comparison due to the lack of data.
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One of the biggest disadvantages of a multi-modal MAV is the mass added by the GAM. This mass

has a negative impact on the overall vehicle’s flight operating time, increasing the required power for

flight (as demonstrated by equation 3.5) and reducing the MAV’s usability in different applications. Due

to this, the reduction of the GAM’s mass was one of the design goals. Each wheel assembly (appendix

F.4) was weighed and its mass was determined to be 82.2 g ± 0.1 g. This corresponds to a total GAM’s

mass of 328.8 g ± 0.4 g, representing 12.1% of the total vehicle’s mass and 8.2% of the MTOM. To

the best of our knowledge, BogieCopter is the MAV with the second lowest percentage of GAM’s in its

MTOM, surpassed only by the mono-wheel design of Gemini [44, 45]. However, the developed vehicle

doesn’t require any actuation to be static on flat surfaces, which means there is no energy consumption,

whereas Gemini consumes 106 W, a value that corresponds to 0.6x the energy it requires while it is

moving. This downside of Gemini’s design can impact its operating time negatively. For example, if

we consider that the MAV is required to perch for extended periods of time, as in some inspection and

surveillance applications, the inability to be static without requiring actuation is a disadvantage.

Figure 6.1 presents an overview of BogieCopter’s mass distribution for its main subsystems. We can

verify that the payload represents 32.1% of its MTOM, a very high value for MAVs.

Figure 6.1: Overview of BogieCopter’s mass distribution for its main subsystems.

6.2 Rotor Test

As mentioned in subsection 4.4.1, rotors’ static thrust tests were conducted in a custom-adapted

thrust stand (described in appendix G). The objectives of these tests were to determine the performance

of the different rotors, by determining the thrust, power and efficiency of the rotors in relation to the

applied throttle and to select the best rotor for the design. Furthermore, the relationship between throttle

and thrust has to be known in order to optimize the autopilot firmware.

The static thrust tests were performed using four different propellers (identified in subsection 4.4.1),

APC 10x5E, APC 10x7E, HQ Prop 10x6x3, and Dynam 10x7x3 and four different motors (three of them

identified in subsection 4.4.2): Dualsky ECO2814C-V2 and ECO2820C-V2, Racerstar BR2814, and T-

Motor AT2814. Dualsky ECO2820C-V2 [107], although not being a possibility for BogieCopter during

the design phase, due to its higher mass (138 g) could be a possibility for a future improvement if its

performance surpasses the downsides from the increased mass (it is able to handle a higher maximum

current than ECO2814C-V2 while having a similar performance). The static thrust tests were performed

at the nominal voltage of the propulsive system’s batteries used, 14.8 V, and with the motors at room

temperature at the start of the test (27-28oC). Two tests were conducted for each rotor, with the throttle
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being increased by 5% after remaining at the throttle level for five seconds. The motors’ specified

maximum power and current were never reached, in order to protect the motor from damage, resulting

in some motors not exceeding a certain throttle level.

To facilitate the analysis of the data, four different plots are presented, one for each motor with all

the propellers. To keep the plots clean, only the efficiency and thrust are presented, given that the total

power can be estimated from these parameters. Besides, the efficiency and thrust are more important

for the selection of the rotor. Figures 6.2(a), 6.2(b), 6.2(c), 6.2(d) present the efficiency and thrust versus

throttle for the rotors with the AT2814, BR2814, ECO2814C-V2, and ECO2820C-V2 motors, respectively.

For a broader comparison of the rotors’ performance, figures 6.3(a), 6.3(b), 6.3(c) present the power and

thrust versus throttle, and the efficiency versus thrust for all the analysed rotors, respectively. It should be

noted that, in these three figures, the lines representing the performance of the rotors with the selected

motor (AT2814) are thicker and, for better visualization, the efficiency plot only starts at a thrust of 300

g. It should also be noted that in the case of figures 6.2 and 6.3, the plot lines represent average values

for the two test runs.

(a) (b)

(c) (d)

Figure 6.2: Thrust and efficiency vs throttle for each rotor (line represents average value) with the motors:
(a) T-Motor AT2814 (b) Racerstar BR2814 (c) Dualsky ECO2814C-V2 (d) Dualsky ECO2820C-V2.

As can be concluded by analysing figure 6.2(b), none of the analysed propellers can provide the re-

quired maximum thrust of 2 kg for the BR2814 motor. From figures 6.2(a), 6.2(b), 6.2(c), and 6.2(d) it is
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possible to verify that the rotors with the APC 10x7E couldn’t achieve the required maximum thrust. This

observation goes against the theory [91, 129] and the data provided in [107], being that the best expla-

nation for this result is that the APC 10x7E propeller used for the test was defective. From figure 6.3(c),

it is possible to verify that from ∼400 g to ∼1.6 kg of thrust, the most efficient rotor is the ECO2820C-V2

with the APC 10x5E. Unfortunately, this rotor isn’t able to produce the required maximum thrust and

has a lower efficiency when the motor is combined with the other tested propellers, making it unviable

(figure 6.2(d)) for the MAV. Having excluded the ECO2820C-V, it is possible to verify and conclude, from

figure 6.3(c), that the rotor tested with the highest efficiency is the ECO2814C-V2 motor. Analysing

figure 6.2(c), it is possible to verify that this motor with the APC 10x5E was able to produce the required

maximum thrust of 2 kg (produced a maximum of 2.078 kg) while consuming, on average, 378 W. This

value is within the maximum power restrictions of the motor, which was the initial reason to exclude it,

given the motor’s manufacturer test data [107]. Being able to produce the required maximum thrust and

having one of the best efficiencies versus thrust makes this the ideal rotor for BogieCopter, enabling it

to achieve the highest possible operating time. Analysing figure 6.2(a), it is possible to verify that the

maximum thrust that the rotor chosen for BogieCopter (AT2814 with APC 10x5E) was able to produce,

in the static thrust tests, was 1843 g, which is significantly lower than the design maximum thrust. The

selection of this motor was based on the motor’s manufacturer data [111], which demonstrates that the

motor is able to produce a maximum thrust of 2274 g, with the APC 10x5.5 propeller. Taking into account

the formula given in [91] and reproduced in equation 6.1, it was determined that the difference in thrust,

FC , from a propeller with a pitch (P) of 139.7 mm to a propeller with a pitch of 127 mm was, approxi-

mately, -48 g, resulting on a maximum produced thrust of 2226 g by the rotor. Even when considering a

SF of five for the difference in thrust between the propellers, the value estimated for the maximum thrust

would still be higher than the required 2 kg. Static thrust tests should be conducted, in the future, with

the AT2814 and APC 10x5.5 to verify the motor’s manufacturer data.

FC−10 = (P − 127) · 0.037 (6.1)

Still considering the 4 kg MTOM, this result for the used rotors’ maximum thrust impacts negatively

the BogieCopter’s T/W ratio, reducing it to 1.843. This value still provides a high enough SF to the

produced thrust, meaning that the developed MAV is able to operate in windy conditions. On the other

hand, considering a T/W ratio of 2, BogieCopter payload capacity is reduced to 986 g. From figure 6.3(c),

it is possible to verify that the used motor (AT2814) with the Dynam 10x7x3 propeller was able to produce

a thrust higher than the required maximum thrust and achieved a higher efficiency while producing any

given thrust when compared with the APC 10x5E. This observation implies that, if the used motor isn’t

replaced for the more efficient ECO2814C-V2, the propeller could be. By changing the used propeller,

besides BogieCopter benefitting from the increased rotor’s efficiency, it would gain the benefits of using

a three-blade propeller on tilt-rotor designs, which have a more symmetric mass distribution, leading

to lower rotor induced vibrations [89]. Although not being an objective, from all the plots we can verify

that the rotor with a three-blade propeller was able to produce a higher thrust than with a two-blade

propeller, as demonstrated in equation 3.8, and, sometimes, even with a higher efficiency (for example,

the AT2814 with the Dynam 10x7x3 versus the APC 10x5E), contrary to the results presented in [60].
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(a)

(b)
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(c)

Figure 6.3: Comparison between the performance of the different tested rotors (lines for the rotor with
the selected motor are thicker and lines represent average valus) (a) Power in relation to throttle (b)
Thrust in relation to throttle (c) Efficiency in relation to thrust.

6.3 Locomotion Tests

Having BogieCopter’s prototype built, the next steps were the design validation, achieved through

the realisation of multiple tests, exploring the capabilities of the vehicle in the different modes of loco-

motion, and the improvement of the developed firmware, enabled by the tests’ results. The tests here

presented were conducted after a thorough verification that the autopilot was working properly, which

was performed without any propeller on the MAV (for safety reasons). This section is divided among the

different types of tests that were performed.

6.3.1 Aerial Locomotion

The first tests performed were flight tests, given that the aerial locomotion didn’t require the use of

any custom firmware, since BogieCopter behaves just like a normal quadrotor in flight. ArduCopter [144],

as presented in section 5.2, is a well-established firmware, having already demonstrated its capabilities

throughout multiple designs [142] and would, therefore, establish a baseline for the performance of the

prototype. If the developed MAV wouldn’t be able to fly with the original firmware, something would
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be wrong and required correction. This wasn’t the case, and from the first flight test, BogieCopter

demonstrated to be a very stable flying platform. A set of pictures from such test are presented in figure

6.4, which depict the MAV from arming (figure 6.4(a)) up to landing (figure 6.4(f)).

(a) (b) (c)

(d) (e) (f)

Figure 6.4: BogieCopter flight test, throughout its multiple phases: (a) MAV armed (b) Climbing (c)
Hovering (d) Moving backwards (e) Descending (f) MAV landed.

6.3.2 Ground Locomotion on Flat Surfaces

Having validated BogieCopter’s ability to fly, the next set of tests were conducted using the custom

firmware. Initially, only the longitudinal motion of the vehicle while on flat surfaces was evaluated. The

goal was to assess the stability of both the vehicle and the firmware. Figure 6.5 depicts one of such tests,

in which the ability of the vehicle to accelerate and decelerate was evaluated. BogieCopter started to

move just before the first carpet (represented in figure 6.5(a)), moving up to the third carpet (represented

in figure 6.5(c)), where it would brake. The distance between these two carpets was 441 cm.

(a) (b) (c)

Figure 6.5: Longitudinal locomotion test, with the starting point ((a)) distancing 441cm from the finishing
point ((c)): (a) Starting point of the test, just before the first carpet (b) BogieCopter passing through the
middle carpet (c) Finishing point of the test, just before the third carpet.

During the test depicted in figure 6.5, it was possible to verify that the MAV started moving when a
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throttle as low as 10% was commanded. By keeping the throttle at constant levels, BogieCopter was

able to reach speeds of ∼1 m/s and ∼4.1 m/s, with the throttle at 10% and 35%, respectively. These

tests not only demonstrated the ability of the MAV to move longitudinally but also demonstrated its ability

to be controlled at different speeds.

Although not initially intended during these longitudinal motion tests, the impact resistance of Bo-

gieCopter, while moving on the ground, was validated. During the tests performed without the firmware

which implemented the braking state machine, as described in 5.2.3.1, the MAV wasn’t able to brake in

time and ended up colliding with the wall. This collision is presented in figure 6.6. Although the force of

impact, BogieCopter didn’t suffer any damage, with the collision (and impact) being reproduced several

times afterwards, validating its resistance to ground collisions.

(a) (b) (c) (d)

Figure 6.6: BogieCopter hitting the wall at around ∼4.1 m/s: (a) BogieCopter not braking in time, go-
ing towards the wall (b) Strong impact against the wall, with the MAV coming off of the ground (b)
BogieCopter being pushed off of the wall (b) Stopping after collision.

Having validated the longitudinal locomotion of the vehicle, the next tests conducted evaluated its

lateral locomotion’s capability. As mentioned in 5.2.3.1, BogieCopter should behave just like a normal

skid-steer vehicle on the ground, being able to turn in place. A simple test was conducted to demonstrate

this capability, being depicted in figure 6.7. It is possible to verify the developed MAV turning 270◦

without moving longitudinally (turn in place).

(a) (b) (c) (d)

Figure 6.7: BogieCopter turning in place: (a) Starting the turn (b) ∼90 ◦ (c) ∼200 ◦ (d) Finishing ∼270◦

turn.

Having determined that the individual components (longitudinal and lateral motion) of the ground

mode were working as intended, multiple tests that combined these characteristics were performed.

One of such tests was the movement in a simulated confined space, demonstrating the ground

mode’s capabilities of the developed multi-modal MAV. Figure 6.8 shows BogieCopter moving on a

confined space, a long narrow wheel-chair ramp, with the dimensions of the test circuit represented in

figure 6.9. From figure 6.9 and the dimensions of BogieCopter (4.6.6.3), it is possible to verify that the

maximum clearance between the MAV and the walls was 0.15 m (assuming an equal distance to the
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walls from any side of the vehicle). At this clearance level, it wouldn’t be safe to fly the MAV but it is safe

to drive it on the ground (the MAV is able to resist ground collisions and surpass them, as demonstrated

by the previous tests). It should be noted that the ground of the test circuit wasn’t flat, having some minor

slopes, with, approximately, 4.2◦ of inclination, with BogieCopter demonstrating being able to overcome

them.

(a) (b) (c)

(d) (e) (f)

Figure 6.8: Test on a simulated narrow and confined space, a long narrow wheel-chair ramp (noticeable
the 4.2◦ slopes in figure 6.8(a)): (a) Starting point of the confined test circuit (b) BogieCopter moving
forward (c) Arriving at the turning point (d) (e) Turning (f) Arriving at the finish line of the confined test
circuit.

Figure 6.9: Dimensions of the confined test circuit, at scale, depicting the developed MAV and the path
to be followed (represented in orange).

Multiple tests were conducted to validate BogieCopter’s capabilities to move on multiple different

ground terrains. One of such tests was the locomotion on rocky soil ground, which is depicted in figure

6.10. Due to the nature of the terrain, it had some slopes, with the biggest one having an inclination of

5◦ . The developed MAV was able to overcome them easily and was, also, able to move over small grass,

with, sometimes, the propellers hitting and cutting them, without causing any damage to the vehicle.
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(a) (b) (c) (d)

Figure 6.10: BogieCopter moving on rocky soil ground: (a) Test starting in a sidewalk (b) Longitudinal
motion (c) Turning (d) Climb of small slope (∼ 5◦ ).

6.3.3 Multi-modal Capability

BogieCopter is a multi-modal vehicle, being able to fly and move on the ground. The previously

performed and presented tests validated its capabilities to fly and to move longitudinally and laterally on

flat surfaces but didn’t validate its multi-modal capabilities (the ability to change the locomotion mode).

Several tests were performed in order to validate this ability, with one of such tests depicted in figure

6.11. The developed vehicle moves on the ground, due to the higher efficiency of this locomotion, and,

when faced with an obstacle (in this case, stairs), which doesn’t allow the vehicle to continue to follow its

path, transitions to flight mode, in order to overcome the obstacle. Once the obstacle is surpassed, the

vehicle transitions back to ground mode, proceeding with its path in the more efficient locomotion mode.

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 6.11: BogieCopter multi-modal test: (a) BogieCopter in ground mode (b) Moving on the ground
(c) Reaching an obstacle - stairs (d) Transition to flight mode (e) (f) Fly over obstacle (g) Landing (h)
Transitioning back to ground mode.

6.3.4 Ground Locomotion on Inclined Surfaces

In the literature reviewed and the state-of-the-art multi-modal MAVs explored in section 2.3, it is

possible to verify that the problem of locomotion on inclined surfaces is rarely explored. To the best

of our knowledge, only Shapeshifter [51, 52] explores the problem theoretically and NINJA UAV [54]

experimentally, by showing the MAV climbing stairs. In this subsection, BogieCopter’s ability to move on
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inclined surfaces will be demonstrated, providing evidence that passive actuated multi-modal MAVs are

able to move on inclined surfaces.

As has been presented previously in subsection 4.6.1 and following [128], locomotion on inclined

surfaces for the usual approach to passive actuated multi-modal vehicles requires an a priori knowledge

of the slope angle. BogieCopter design addresses this issue, being able to move on inclined surfaces

without requiring knowledge of the slope angle. In fact, as in the flat surface locomotion, BogieCopter

behaves similar to a normal ground vehicle, being very easy to control.

A set of tests were performed to validate the performance of BogieCopter on inclined surfaces.

Three types of inclinations were tested, with slope angles of 14◦ , 22◦ , and 33◦ . These were the inclined

surfaces that were readily available in skate parks, being that the developed MAV should be able to climb

lower or steeper slopes, with the limitation that from a certain slope angle, the vehicle requires additional

downforce to not flip over, as described in 5.2.3.2. Unfortunately, this inclined surface’s maximum angle

couldn’t be determined experimentally. Figures 6.12, 6.14, 6.16, and figures 6.13, 6.15, 6.17, depict

BogieCopter in normal mode and power mode, respectively, climbing inclined surfaces with 14◦ , 22◦ ,

and 33◦ , validating its capability for locomotion on inclined surfaces.

Figure 6.12: Climb of
a 14◦ slope in normal
mode.

Figure 6.13: Climb of
a 14◦ slope in power
mode.

Figure 6.14: Climb of
a 22◦ slope in normal
mode.

Figure 6.15: Climb of
a 22◦ slope in power
mode.

(a) (b)

Figure 6.16: BogieCopter climbing a 33◦ slope
in normal mode (a) Start climbing (b) Moving on
inclined surface.

(a) (b)

Figure 6.17: BogieCopter climbing a 33◦ slope
in power mode (a) Start climbing (b) Moving on
inclined surface.

6.3.5 Wall-Climbing

As mentioned in subsection 4.6.1 and in 5.2.3.2, the design of BogieCopter, similarly to [35], enables

it to wall-climb. For wall-climbing, the propellers should be tilted towards the wall, in order to create the

required downforce that enables the MAV to stick to the wall. A simple test was performed to test this

hypothesis, with the results presented in figure 6.18. The test was conducted in a skate park, which
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had a 2 m vertical wall with a platform on its top, enabling a rope to be attached to secure the MAV.

During the test, BogieCopter’s propellers were tilted at 135◦ . As it can be concluded from figure 6.18,

BogieCopter was able to successfully stick to the wall and climb it. The code used for this test can be

found in [159].

(a) (b) (c)

Figure 6.18: Wall-climbing test: (a) BogieCopter being held by a rope - rope in tension (b) BogieCopter
sticking to the wall (b) BogieCopter climbing the wall - rope is loose.

6.4 Power Consumption

During the tests conducted with the developed MAV (section 6.3), data such as throttle, instanta-

neous current and battery voltage was logged, in order to allow multiple data comparisons. Although not

being previously mentioned, two tests with a payload of 2 kg were also conducted, for the ground mode

on flat surfaces and flight mode. Figure 6.19 depicts BogieCopter with the payload, two 1 kg weights.

Figure 6.19: BogieCopter with two 1 kg weights, simulating a 2 kg payload.

One of the comparisons that this data enables is between the instantaneous power consumption

of the different operating states (the ones with most interest) and is presented in figure 6.20(a). The

other comparison that can be performed is relative to the required throttle. Given that there is a directly

proportional relationship between throttle and thrust, a comparison between the required throttle to

maintain a certain operating state, during the experiments, with the theoretically required throttle, given

by the mass of the vehicle during the test and the data from the static thrust tests, is possible. This

comparison is presented in figure 6.20(b).
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From figure 6.20(a), it is possible to conclude that, as expected, the mode requiring the least average

power was the locomotion on flat surfaces at 1 m/s, requiring 29.8 W. This value is ∼28.8x lower than

the required power for flight. Even considering BogieCopter moving with a 2 kg payload on a flat surface

at 1 m/s, the value for the power has doubled to 58.6 W, still being ∼14.7x lower than flying without

any payload or ∼25.5x lower than flying with a 2 kg payload. Additionally, as expected, moving at 4.1

m/s requires more energy than moving at 1 m/s, requiring almost 5.7x more energy. Considering the

current batteries being used by BogieCopter, this corresponds to a travelling distance of ∼11.5 km and

∼8.2 km while moving on flat surfaces at 1 m/s and 4.1 m/s, respectively. These values could be further

increased when using the batteries recommended in subsection 4.4.4. When dealing with slope angles

up to 33◦ , flying still requires more energy, with BogieCopter having, approximately, a 1.85x lower power

consumption while remaining in a 33◦ inclined surface than when hovering. Climbing an inclined surface

higher than 33◦ should, also, spend less energy than flying over it. One of the unexpected results was

the energy required to climb a 22◦ inclined surface in normal mode, which should have been closer to

the value attained for the power mode. The only reason for this, as can be visualized by the comparison

between the supposed and the test throttle, in figure 6.20(b), was that the MAV gained enough speed

just before the slope for not require more energy (throttle) while climbing it. Through the multiple tests

conducted on the 22◦ slope, the same results were attained, meaning that the slope in the inclined

surface’s base should be lower than the 22◦ . The higher power required to climb the inclined surface

in the power mode compared to the power for the normal mode is justified by the fact that the rotors

behave as a co-axial rotor (their distance isn’t enough to avoid the interaction between their flows),

requiring more energy and being less efficient [53, 60]. For the 33◦ , the power required for both modes

is almost the same and for higher slopes, the power mode is expected to require less energy, since the

rotors in the normal mode will present a lower efficiency at the required thrust level and the rotors for the

power mode will be operating at a lower throttle level and at a higher efficiency level. The highest power

achieved by an operating state was for the wall-climb. It wasn’t expected this value to be ∼1.77x higher

than the required power for hovering without payload, but as mentioned in [35], this could be related to

a non-optimized tilt of the rotors. During the course of this work, it wasn’t possible to optimize the rotor’s

tilt and it should be in the future.

From figure 6.20(a), it is possible to conclude three things. As expected, the throttle for the power

mode is lower than the throttle for the normal mode, since four motors are being used instead of two.

The value of the throttle for the 22◦ inclined surface at normal mode is way lower than the expected (a

difference higher than 10% wasn’t expected), with the reason having been presented previously. The

last conclusion is that the throttle, in all the compared operating states, was lower than the throttle

estimation enabled by the static thrust tests’ data. This can be justified by two factors: since the MAV

is operating in close proximity with the ground surface, it could have been affected by ground effect,

although its effect should be minimal with BogieCopter’s design [160–162], and the batteries used were

fully charged, having a higher voltage than the nominal one, leading to a higher thrust for each given

throttle. This last factor should be the one that impacted the most the difference in the required throttle’s

values.
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(a)

(b)

Figure 6.20: Comparisons enabled by the test’s logged data. The values above and under the plots
correspond to the average value to maintain the operating state (power and throttle, respectively) (a)
Comparison between the power consumption in different operating states (b) Comparison between the
required throttle in different operating states, showing the required throttle based on values from the
rotor’s static thrust tests.
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Chapter 7

Conclusions

In this work, the design, development and testing of a novel passive actuated multi-modal MAV are

described. BogieCopter addresses the issues identified in the reviewed multi-modal passive actuated

MAVs, being a mechanical simple, efficient and cost-effective solution for many different applications,

such as inspection. The use of a tilt-rotor system decouples the flight control from the ground control,

leading to a simpler controller design, with the vehicle exhibiting a similar behaviour to skid-steer ground

vehicles, during ground locomotion. The design of BogieCopter also enables it to hover at any given

pitch angle [27] and to wall-climb, enabling new possibilities for the locomotion of the vehicle. The ability

of BogieCopter to move on flat surfaces, inclined surfaces, walls, and to fly is demonstrated, and the

power consumptions in each operating state are presented. A simulation environment is also presented,

allowing a more efficient development of future controllers and path following algorithms.

7.1 Achievements

Literature and State-of-the-Art reviewed: The literature and state-of-the-art review revealed that multi-

modal MAVs is a growing area of interest. Most of the analysed passive actuated MAVs follow the

same inefficient design and don’t present enough payload capacity for many inspection applica-

tions. Essential information required to use the MAV in different applications is, also, not presented.

To the best of our knowledge, the comparison realised in this work is the most vast in the multi-

modal MAVs literature;

Design Procedure: A design procedure for the development of a multi-modal MAV was presented,

describing the steps required to select the components of the vehicle and enabling the reader to

follow them to build its own MAV;

Custom components: Custom mechanical and electrical components were designed and developed,

in order to solve encountered challenges during the design. One of such components are the

custom designed PCBs, which can be used in other vehicles using more than two batteries or,

even, to implement a simple control of the SoC of multi-cell batteries, enabling the creation of

smart batteries in a cost-effective manner;
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Design: A novel platform was designed, BogieCopter, which uses the same four actuators used for

flying for its multiple modes of operation, without requiring the addition of complex and heavy

actuators. BogieCopter has enough payload capacity for most applications that use MAVs, having

a MTOM of 4 kg and a payload capacity of 1.3 kg or 986 g, considering a T/W ratio of 1.843 or

2, respectively. The vehicle is able to achieve a total hovering flight time of, approximately, eight

minutes. Furthermore, the vehicle is able to resist ground impacts and its design opens up the

possibility of using it as an active actuated multi-modal MAV (by using the servos);

Simulator: Simulation models and flight controllers for two BogieCopter concepts were also developed,

easing the future development and test of controllers for the prototype;

Firmware: Firmware for the interface of different components and actuation modes was developed. This

firmware addresses some limitations of the Ardupilot firmware, such as the inability of using more

than one I2C/TWI battery monitor and adding support for servos that implement a communication

protocol similar to DYNAMIXEL Protocol 1.0;

Rotors identification: Multiple rotors have been tested in a custom adapted thrust stand, enabling the

validation and/or choice of the best rotor for the vehicle. This data adds up to the readily available

data online, easing the selection process of future rotors;

Validation: BogieCopter was validated through multiple flights, ground locomotion on flat and inclined

surfaces, wall climbing, and multi-modal tests. Contrary to previous works, the capability of the

vehicle to move on inclined surfaces was demonstrated. BogieCopter’s ability to wall-climb was

also demonstrated, creating new possibilities for the use of the vehicle. A comparison between

the power required for the different operating states was also presented and was demonstrated

that moving on the ground is more efficient than flying. In fact, moving on flat surfaces with a 2

kg payload, at 1 m/s, requires 25.5x less energy than flying with the same payload. The minimum

energetic requirement was achieved while moving on flat surfaces at 1 m/s, without any payload,

requiring only 28.8 W to maintain this operating state. BogieCopter’s ability to climb slope angles

up to 33◦ was also demonstrated. The vehicle is able to reach speeds of up to 4.1 m/s, while

moving on the ground with the throttle limited at 35%, being that superior velocities should be

possible to attain with higher throttle levels. The tests performed with the developed MAV show the

possibilities that the vehicle has for many different applications, such as inspection.

7.2 Future Work

Throughout this work, although the success of the proposed design, which was able to surpass all

the tests performed, some details were identified, in order to improve the current design and to add more

functionalities to the vehicle. These details are exposed next.

Batteries: The batteries that were identified during the design for BogieCopter were out of stock, with

alternative batteries having been used, although not being ideal for the design. The change of the

current batteries for the selected ones should improve the operating time of the vehicle;
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Rotors: As was concluded from the static thrust tests, the current rotors don’t have the best perfor-

mance. A simple improvement would be to change the motors or the propellers of the vehicle for

the most performant ones identified;

CFRP components: The CFRP components weren’t optimized for the load cases, due to carbon fibre

being an anisotropic material, requiring a more complex optimization process. With the optimiza-

tion process used, the CFRP materials ended up being over-dimensioned. With the optimization

of these components, the mass could be reduced in the prototype, increasing its payload capac-

ity. For example, the side plates could be manufactured from a composite structure of CFRP and

structural foam instead of the solid CFRP structure that was used;

Electronics mount plates: At the moment, the electronics mount plates are 3D printed although they

were designed to be made out of CFRP. Changing these components for the designed one’s

(manufactured out of CFRP or even the composite CFRP and structural foam material) should

decrease the total mass of the vehicle;

Weak points: Two weak points were identified in the structure of BogieCopter, the wheel’s shaft and

the servo horn. These components were 3D printed. Replacing these components for similar

manufactured out of aluminium should increase the overall strength of the design;

Active actuation: The use of 360o turnable servos opens up the possibility of also using them as an

active actuation for the wheels. This hasn’t been explored in this work;

Wheel Design: Studies of different wheel designs could be realised, in order to determine the best

material and the best shape for the wheels. Also, the design of the wheels can open up the

possibility for BogieCopter moving on water;

Water locomotion As mentioned previously, the wheel design can open up the possibility of BogieCopter

to move on water. This would require the use of waterproofed components, which isn’t the case at

the moment, and an analysis of the dynamics, which should be similar to the ground locomotion,

given the many airboat’s designs that explore this principle;

Wall-climbing: Further studies on the capabilities of wall-climb of BogieCopter can be performed, in

order to improve its efficiency and capabilities;

Hovering at different pitch angles: The use of tilt rotors on BogieCopter should enable it to hover and

fly at any given pitch angle. This possibility could be explored;

Efficient Forward Flight: The capabilities of the vehicle during forward flight could be expanded, im-

plementing a more efficient forward flight, which is granted by the use of tilt-rotors. A wing structure

could be designed for the central structure of BogieCopter, which would create lift and reduce the

required energy to fly;

Aerodynamic analysis: An aerodynamic analysis (CFD) could be conducted, in order to determine

aerodynamic losses and improve the design, by optimizing the components that produce the most

aerodynamic interferences;
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Controllers: At the moment, no ground position or ground speed controller has been designed for Bo-

gieCopter. The controllers implemented in ArduRover could be, potentially, used on the developed

vehicle for the ground mode but not without the addition of sensors, such as GPS, wheel encoders

and/or optical flow sensors;

Autonomy: At the moment, BogieCopter doesn’t implement any autonomy level. Simple levels of au-

tonomy could be implemented, such as automatic take-off and land, which ArduCopter already

implement, requiring only the addition of Time-of-Flight (ToF) sensors. Further levels of autonomy,

up to and including full autonomy, can be explored;

Path following controller: Having a multi-modal vehicle, an energy aware path following controller/

algorithm can be developed. This controller would take into account the power requirements of the

different operating states and would optimize the path in order for the lowest amount of energy to

be spent while following the path;

Tests: Overall, more vehicle’s tests can be performed. These could address the questions created in

other works done in the multi-modal MAVs area and, hopefully, conclude that BogieCopter has the

best design. Furthermore, the vehicle could be tested in real inspection scenarios;

Test bench: A test environment could be developed to test the different locomotion modalities of Bo-

gieCopter, with the required safety harness to protect the vehicle. During this work, public spaces

such as parking lots or skate parts have been used to test some of the capabilities of BogieCopter,

which limited some of the results that could be attained. A test bench would allow a more extensive

test of the developed MAV, besides allowing the test of all modalities in a research facility.
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Appendix A

Payload

To estimate the required payload’s mass, a market search was performed, in order to determine the

most commonly used, currently in production, RGB and thermal (IR) camera’s sensors, and LIDARs.

These sensors are the most used for inspection applications, as presented in section 2.2. In the case

of the RGB and IR camera’s sensors, only compact sensors, which include both cameras in a single

unit, were looked for. Section A.1, table A.1, presents the RGB and IR camera’s sensors identified and

section A.2, table A.2, presents the LIDARs identified. It should be noted that the sensors identified don’t

represent all the offer available and its intended purpose is only to enable an estimation of the payload’s

mass associated with these sensors.

A.1 RGB and Thermal Cameras Sensors

Manufacturer DJI FLIR WORKSWELL Yuneec

Model Zenmuse
H20T [163]

VUE R©
TZ20-R

[164]

WIRIS
Security

[165]

CGOET/X
[166] E10Tv [167]

Gimbal Yes Yes No Yes Yes
RGB Camera
Resolution 20 MP NS1 1920x1080

px 2.13 MP 2.13 MP

IR Camera
Resolution (px) 640x512 640x512 800x600 160x120 640x512

Weight (g) 828 ± 5 640 < 720 326 384
1 Not Specified

Table A.1: Identified (currently in production) sensors with RGB and thermal cameras.
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A.2 LIDARs

Manufacturer Livox Velodyne

Model MID-70
[168] Puck [169] Puck LITE

[170]

Horizontal FoV (o) 70.4 360 360

Measurement Range (m) up to 260 100 100

Weight (g) 580 ∼830 ∼590

Table A.2: Identified (currently in production) LIDARs.

A.3 Payload Estimation

Analysing tables A.1 and A.2, it is possible to determine a maximum mass budget of 840 g and 600

g for the RGB and thermal camera’s sensor and for the LIDAR, respectively, corresponding to a total

maximum payload of 1440 g. Considering a safety factor, which will enable the use of a computer on-

board for computationally demanding applications, includes the mass of wiring and of the mechanical

structures required to use the previously mentioned sensors and accounts for the mass of any extra

sensor, the maximum total payload can be estimated to be 2 kg.
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Appendix B

Propellers

This Appendix describes the propeller selection from the data outputted by the custom script created

to constrain the number of possible propellers. Figure B.1 presents the outputted data.

B.1 Data of Possible Propellers

Figure B.1: Propeller data, constrained by the custom script. The specifications were constrained from
the propeller file (<propeller Name>.dat). Efficiency with background green color represent the efficien-
cies that respect the optimal design efficiency.
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B.2 Selection Process

As can be seen in figure B.1, the propellers that respect the optimal efficiency for both hover as

maximum thrust are the APC 10x3, APC 10x3.8SF, APC 10x4.5MRF-RH, APC 10x4.6SF, and the APC

10x6-4. Unfortunately, the APC 10x3, 10x4.6SF and 10x6-4 only exist in counter-clockwise shape, the

APC 10x4.5MRF-RH is a folding propeller (being excluded for this reason) and the APC 10x3.8SF was

out of stock. Since there wasn’t a propeller available with an efficiency at maximum thrust higher than

5 g/W, the propellers in figure B.1 were further constrained to have a simulated maximum thrust higher

than 2.2 kg (adding a 10% safety factor to the design maximum thrust). The propellers APC 10.5x4.5,

APC 10x5E, and APC 9.3x3 respected the constraints. Once again, the APC 10.5x4.5 and 9.3x3 don’t

exist in counter-clockwise and clockwise shape, being the final propeller selected the APC 10x5E.
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Appendix C

Comparison between T-Motor Motor’s

Efficiencies

C.1 Efficiency Comparison

From the data provided by T-Motor [110, 111], it is possible to verify that the AT2814 is, overall, more

efficient than the AS2814 motor, being, approximately, 10% more efficient producing any given thrust.

Being 10% more efficient means that the operating time of a MAV using the AS2814 motors could be

increased by 10% by only changing the motors to the AT2814. The data from the manufacturer is plotted

in figure C.1, easing this comparison. The data is based on the data for the APC 10x5.5 propeller, which

is similar to the propeller being used in the developed MAV.

Figure C.1: Comparison between the efficiency of the AT2814 and AS2814 motor, while producing any
given thrust (data from manufacturer specifications for an APC 10x5.5 propeller).
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Appendix D

Determination of Propeller’s Moment

of Inertia

D.1 Approximation by Cylinder

The moment of inertia of a propeller can be approximated by the inertia of a solid cylinder. Figure

D.1 depicts the cylinder, with its dimensions represented. These are used to determine equations D.1

and D.2, representing the cylinder’s moment of inertia along the Z, and the X and Y axis, respectively,

where m is the mass of the cylinder. The moment of inertia of the propeller in its rotating axis is equal to

IZ .

Figure D.1: Cylinder’s dimensions used to de-
termine the moments of inertia of a solid cylin-
der.

IZ =
1

2
mr2 (D.1)

IX = IY =
1

12
m(3r2 +m2) (D.2)

D.2 Parallel Axis Theorem

The moment of inertia that can be determined by using equations D.1 and D.2 considers that the

component is rotating about its CoM. In the case of the rotor, we will consider that the centre frame is

along the tilt axis (Y-axis is aligned with the tilt axis), being that the propeller is separated in its Z-axis
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from this centre frame. To determine the correct moment of inertia, the Parallel Axis Theorem needs to

be applied [171]:

I = I0 +md2 (D.3)

Where d is the distance between the propeller CoM and the tilt axis, along which the rotor tilts.

D.3 Propeller’s Moment of Inertia

Considering that the propeller has a diameter, r2 , a height, h, and mass, m, of 254 mm, 10 mm and

20 g, respectively, and it is distanced, d, 50 mm from the centre frame along the Z-axis (Y-axis aligned

with the tilt axis), we can approximate the moment of inertia of the propeller by using equations D.1 and

D.3:

I =
1

2
mr2 +md2 (D.4)

By using equation D.4 we can determine the propeller’s moment of inertia to be:

I =
1

2
· 0.02 · 0.1272 + 0.02 · 0.052 = 0.00021129 kg/m2 (D.5)
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Appendix E

Custom Made PCBs

E.1 Introduction
The design of BogieCopter creates one challenge inherent from the use of three batteries. The

autopilot used in BogieCopter, Pixhawk 1, only has five easily usable ADC inputs. Having three batteries,

it is necessary to control six states, the current and voltage of each battery, in order to determine if the

batteries are running out of charge and actuate in case they are. Also, if the battery current and voltage

could be communicated digitally to Pixhawk 1, that would be a plus, since the current and voltage

could be measured close to the source, avoiding losses in the cable harnessing. Furthermore, digital

communication protocols are less prone to interference by noise, which the motors’ and ESCs’ switching

can cause. Considering the use of custom made PCBs, the battery current and voltage can be estimated

close to the batteries, avoiding the losses in the cable harnessing. In total, three custom PCBs were

designed: the SmartBat, and SmartBat and Router, which will enable the creation of simple smart

batteries, and the Lateral Router, which is nothing more than a simple cable harnessing router between

the motors’ arms, the servos and the electronics mount.

E.2 Lateral Router

The Lateral Router is a simple PCB, which has the possibility of having three connectors. It connects

the slip ring in the motors’ arms, the servo and a wheel encoder to the SmartBat and Router PCB,

which is located in the electronics mount. Its use simplifies the cable harnessing, reducing the number

of cables used (ground from the different components is connected here, for example) and simplifies

the assembly and disassembly of BogieCopter. Figure E.1 depicts the Lateral Router PCB. Due to its

simplicity, the schematics aren’t presented.

Figure E.1: Lateral Router PCB.
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E.3 SmartBat

As has been mentioned in E.1, the objective of SmartBat is for it to work as a simple hardware of a

smart battery. A smart battery can be described as a battery equipped with specialized hardware that

provides present state, calculated and predicted information to its SMBus [127] Host under software

control [126]. Smart batteries have a lot of capabilities, from the estimation of instantaneous current

up to the estimation of state of charge (SoC) [126] (the battery in a laptop is a smart battery), but for

this work we are only interested in a subset of this capabilities, enabling the creation of a simpler and

less expensive solution. We are interested in the estimation of the instantaneous current and voltage, in

order to allow the power comparison between different operating states and also to protect BogieCopter

from batteries that are running out of charge. In fact, if the battery runs out of charge during flight,

the MAV can stop flying and crash. By knowing that batteries are running out of charge in a timely

manner, precaution measures can be taken, such as landing the vehicle. Since the batteries used in the

propulsive system are multi-cell batteries (with the cells in series), the SoC needs to be estimated from

the individual cell voltage. This has to do with the fact that a single cell can run out of charge faster than

the rest of the cells in the battery, due to unbalances in the internal resistance of the cells. That’s why,

in systems with high power requirements (high current) that use multi-cell batteries, such as an aerial

vehicle, battery cell alarms are used (such as the one presented in figure E.2), to let the operator know

that, at least, one of the cells is running out of charge.

Figure E.2: Battery cell tester and alarm.

E.3.1 Hardware

It is required that the instantaneous current being withdrawn from the battery and the individual cell

voltages are measured. To measure the current, a current sense circuit is required. Fortunately, most

ESCs already implement this circuit (one of the requirements of the selected ESC was that it had to

have this circuit), being that it is only required to convert this analog value into a digital one. Relatively to

measuring the individual cell voltages, the ESCs don’t implement a circuit for this application, being that

it is required to implement it in the custom PCB, SmartBat. The measurement of the analog cell voltages

can be performed with multiple circuits, each one having its own advantages and disadvantages. For

the custom made PCB, a resistor voltage divider is used, given that it is the least complex and more

cost-effective circuit [172]. Despite these advantages, measuring the voltage with a resistor voltage

divider presents one of the highest inaccuracies, requiring high precision resistors [172]. For these

PCBs, inaccuracies up to 10 mV are acceptable (using 0.1 % resistors).

For BogieCopter to remain a platform that could be easily upgraded and adapted, it was decided
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that SmartBat should be able to measure the individual cell’s voltage of up to a 6S battery (six cells in

series). This required the use of a microcontroller with, at least, seven ADC inputs (six for the voltages

and one for the current). Also, the microcontroller should have, at least, one I2C/TWI interface, in order

to implement some of the specifications of the SMBus protocol [127]. To keep the firmware development

as simple as possible, a microcontroller compatible with Arduino was used [173], the ATtiny1616 [174].

Besides, this microcontroller was used due to the capabilities it offers while being manufactured in a

package that is easily hand-solderable.

SmartBat has a buzzer and a LED, in order to warn the operator when one of the battery cells is

running out of charge (the minimum cell’s voltage can be specified by the operator). It also acts as a

simple router between the ESC and the slip ring, only outputting two out of the four motor control signals

from the ESC (which can be changed by jumpers). The total spacing between the mounting holes of

the SmartBat was limited by the spacing in the used ESC, which corresponds to 30.5 mm. The board

weighs 8.4 g, which includes the cable to connect the PCB to the battery balancing connector. This

mass is lower than the mass of a battery cell tester and alarm, which weighs 12 g. Figure E.3 depicts

the designed SmartBat PCB. A complete schematic of SmartBat’s circuit is depicted in figure E.6 and

the PCB layout is presented in figure E.7.

Figure E.3: SmartBat PCB.

E.3.2 Firmware

The firmware of SmartBat was developed using Arduino [173], enabling a quick development. Simpli-

fying, the firmware determines the instantaneous current and the individual battery cell’s voltage, outputs

the data through I2C/TWI, and sounds an alarm and turns on a LED if one of the cells has a voltage

lower than a specified voltage (by the operator) or if an alarm signal is set by the operator. It should

be noted that, although SmartBat and SmartBat and Router PCBs are physically different, their code is

almost the same, only changing the current multiplying factor used. The code created for the custom

made PCBs can be found in [175].

E.4 SmartBat and Router

As the name implies, the SmartBat and Router is a SmartBat with additional capabilities. As with

the Lateral Router, SmartBat and Router is also responsible for the routing of the harnessing. It has two

input connectors, which are connected to the Lateral Routers (slip ring, servo and encoder signals), and
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outputs signals to the Pixhawk 1 through multiple connectors (one for each type of used connector in the

Pixhawk 1). It also has additional connectors to extend its capabilities and enable its use in upgraded

versions of BogieCopter (such as additional I2C connectors and connections for power outputs). In the

next subsection, the additional circuitry of SmartBat and Router is presented, being that for the basic

functionality refer to SmartBat (E.3).

E.4.1 Hardware

One of the fundamental differences between SmartBat and SmartBat and Router is that, the latter,

doesn’t interface with an ESC, meaning that a custom designed current sensing circuit needs to be

implemented. The current sensing circuit is as simple as a current sense resistor and current shunt

monitor, in this case, an INA139 [176]. An example of a current sense circuit using the INA139 is

depicted in figure E.4. Taking into consideration that BogieCopter should be upgradeable and should

take into consideration the use of multiple additional sensors, the current sense circuit and the PCB were

designed to be able to handle a maximum current of 30 A. To be able to handle this current, SmartBat

and Router uses a four-layer design. This current capacity gives plenty of room for SmartBat and Router

to be able to handle the power requirements of additional circuits. Furthermore, it includes a 5 V and a

3.3 V DC/DCs (switching and linear, respectively) that are able to handle 3 A and 750 mA, respectively.

All these voltages are routed to a connector for easy access and assembly of extra power harnessing.

In SmartBat and Router, a level shifter was also implemented. The level shifter main purpose is to

modify the voltage of signals, in this case, from the I2C signals. Pixhawk 1 uses 3.3 V for the I2C signals

and the custom boards use 5 V. While the custom boards can interface with the voltage levels of Pixhawk

1, the interface of Pixhawk 1 with the 5 V signals of the custom boards could damage it. The use of the

level shifter avoids this damage and enables the reduction of the number of boards used (if SmartBat

and Router didn’t have the level shifter an additional board had to be used).

SmartBat and Router were dimensioned in order to be easily assembled on top of a Pixhawk 1

autopilot (taking into account the use of spacers), measuring 58x58 mm and weighing 23.7 g. Figure

E.5 presents the PCB design of SmartBat and Router, figure E.8 illustrates the schematic of the PCB

and E.9 depicts the PCB’s layout.

Figure E.4: Typical current sense circuit using the
INA139 [176].

Figure E.5: SmartBat and Router PCB.

90



Figure E.6: SmartBat schematic.
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(a)

(b)

Figure E.7: SmartBat layout and layers: (a) Top (b) Bottom.
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Figure E.8: SmartBat and Router schematic.
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(a) (b)

(c) (d)

Figure E.9: SmartBat and Router layout and layers: (a) Top (b) Middle 1 (c) Middle 2 (d) Bottom.
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Appendix F

Design Naming

F.1 Introduction

In this appendix, the naming of the different components of BogieCopter is presented. It starts by

presenting a general overview of the names of the different components of BogieCopter, in F.2, and

then presents both the extruded view and the naming of the components in two assemblies: the motors’

arms, in F.3, and the wheel assembly, in F.4, giving a better knowledge of BogieCopter structure.

F.2 BogieCopter Naming Overview

Figure F.1: Name of the general components of BogieCopter.
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F.3 Motors’ Arms Naming

Figure F.2: Extruded view and name of the components of the motors’ arm of BogieCopter.

F.4 Wheel Assembly Naming

Figure F.3: Extruded view and name of the components of the wheel assembly of BogieCopter.
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Appendix G

Thrust Stand

G.1 Introduction
In a rotor static thrust test, the objective is to determine the performance of the rotor, i.e., to determine

its rotational velocity, thrust, power, and efficiency for each throttle command level. Static thrust tests are

performed in thrust stands. Unfortunately, during this work, there was no access to a readily available

thrust stand that could determine all these parameters automatically (such as RCbenchmark test stands

[177]) and so, a readily available thrust stand was adapted to be able to measure all the necessary

parameters and to realise the tests automatically.

G.2 Adaptation of Thrust Stand
The adaptation of a thrust stand started with the Turnigy Thrust Stand v1, which uses a 5 kg load cell

to measure the thrust produced by a rotor. The rotor is mounted on a sliding platform, enabling it to move

with the force it creates. The force created can then be determined by the load cell, just like on a common

scale. Unfortunately, this thrust stand isn’t able to measure rotational velocity or power, only being able

to measure thrust. To add the ability to measure rotational velocity, a commonly available RPM sensor

was used, the Hobbywing Brushless RPM sensor and to measure the power (current and voltage) a

commonly available power module was used, the APM Power module. Both of these components are

usually used on custom-made MAVs.

Having the necessary components to measure the desired parameters, a way to measure data au-

tomatically and log it was still required. To solve this challenge, an Arduino UNO was used [173], being

the code developed available in [178]. To control the throttle level commanded to the ESC, Pixhawk 1

(the autopilot used in the MAV) was used and custom code was developed for the automatic test. The

final result was a thrust stand that could measure data automatically and log it on a computer, by using

the USB interface, independently of the rotor and the ESC used.

G.3 Final Considerations
To maintain the results constant throughout the multiple tests performed on the different rotors, a

power supply with adjustable voltage was used. Using a power supply instead of a battery has the

advantage that the voltage output is constant throughout the tests (while with the battery, the voltage
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keeps dropping during the test, due to the discharge of the battery). The tests were conducted at the

nominal voltage of the propulsive system batteries, 14.8 V and the power supply was required to handle

the maximum permissible motor current of 40 A. Due to the availability of power supplies, a 1000 W, 24

V adjustable power supply was used.

Due to the thrust that the rotors produced, the thrust stand had to be attached to a wood panel and

weights had to be mounted on top of it. Figure G.1 illustrates the setup used to test the rotors, with the

custom adapted thrust stand depicted, and figure G.2 presents a schematic of all the components used.

The total cost of this custom adapted thrust stand is presented in table G.1, which ended up being 6x

cheaper (power supply included here) than the solution from RCbenchmark.

Figure G.1: Thrust stand used in the static tests,
with the Racerstar BR2814 assembled. The
weights were added due to the thrust created by
the rotors, which was able to move the wood panel
and the thrust stand.

Figure G.2: Schematic of the components used
in the thrust stand and their connection. Orange
connection represents high current path while
grey connection represents low current signals or
mechanical connection (in the case of the thrust
stand to rotor).

Component Cost (e)
APM Power Module 5

Hobbywing RPM Sensor 4.5
Power Supply (S-1000-24) 60
Turnigy Thrust Stand V1 40

Total 109.5

Table G.1: Cost of the adapted thrust stand for automatic static thrust tests.
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