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ABSTRACT

PARAMETRIC DESIGN ANALYSIS OF HYBRID RHEX ROBOT

Mustafa Yigithan BASER

Master of Science, Departmant of Mechanical Engineering
Supervisor: Assist. Prof. Dr. Ing. Emir KUTLUAY

January 2024, 110 pages

In recent years, the use of unmanned autonomous wheeled, tracked or insect-legged
unmanned ground vehicles has become increasingly widespread, and studies on the
development of these ground vehicles are increasingly carried out by scientists and
engineers. The works are generally small-sized designs and are carried out on concepts
such as wheels, crawlers or insect legs. However, the small size of the designs and
especially the leg shapes designed accordingly have problems in overcoming various
types of obstacles, especially high surfaces. As a matter of fact, the fact that each different
driving surface has different positive and negative aspects can be shown as the reason for
this. For example; While robots with wheeled driving surfaces move faster on a flat road,
robots with insect-legged driving surfaces can be more effective in climbing and energy
saving. In recent years, robots that can both walk and make short flights have been
designed in order to reduce these negative aspects of driving surfaces. In this way, robots
that are more effective in overcoming obstacles or moving forward are being tried to be
created. In this thesis, mathematical modeling will be presented for the insect-legged
RHex robot, which can both walk and make short flights, in order to eliminate the
limitations that may arise from driving surfaces. Afterwards, walking and short flight
models will be transitioned between each other. The resulting general model (walking



and short flight) will be tested with specified task simulations and the simulation results
of the RHex robot in this field will be revealed. Task simulations were determined as first
crossing a puddle and then overcoming a steep obstacle of a certain size. In this way, the
behavior of the hybrid RHex robot will be seen mathematically with the information

obtained as a result of the tests.

Keywords: Unmanned ground vehicle, short flight, simulation, RHEX robot



OZET

HiBRIiT RHEX ROBOTUN PARAMETRIK TASARIM ANALIZi

Mustafa Yigithan BASER

Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Damismani: Dr. Ing. Emir KUTLUAY

Ocak 2024, 110 sayfa

Son yillarda insansiz otonom tekerlekli, paletli veya bdcek bacakli insansiz kara
araglarmin  kullanimi giderek yayginlasmakta olup bahse konu kara araglarinin
gelistirilmesine yonelik calismalar bilim insanlar1 ve miihendisler tarafindan artarak
stirdiiriilmektedir. Calismalar genellikle kiiciik boyutta tasarimlar olup tekerlek, paletli
veya bocek bacagi gibi konseptler iizerinden yiriitiilmektedir. Ancak tasarimlarin
boyutlarinin kiigiikliigii ve ozellikle buna bagli olarak tasarlanan bacak sekilleri basta
yiiksek yiizeyler olmak tizere degisik tlirden engelleri asmada problemler yasamaktadir.
Nitekim her bir farkl siirlis ylizeyinin birbirinden farkli pozitif ve negatif yonlerinin
bulunmas: bunun nedenleri olarak gosterilebilir. Ornegin; tekerlekli siiriis yiizeyine sahip
robotlar diiz bir yolda daha hizli ilerler iken bocek bacakli siiriis yiizeyine sahip robotlar
ise tirmanma ve enerji tasarrufu kisminda daha etkili olabilmektedir. Son yillarda siiriis
ylizeylerinin bu negatif yonlerini azaltmak amaciyla hem yiiriiyebilen hem de kisa ugus
yapabilen robotlar tasarlanmaktadir. Boylelikle engelleri asmada veya diiz ilerlemede
daha etkili robotlar ortaya ¢ikartilmaya calisilmaktadir. Bu tezde, siiriis yiizeylerinden
kaynaklanabilecek kisitlamalari ortadan kaldirmak amaciyla hem yiiriiyebilen hem de
kisa ugus yapabilen bocek bacakli RHex robot i¢in matematiksel modellemeler ortaya

konacaktir. Daha sonrasinda ise yiirlime ve kisa ucus modellemelerinin birbiri arasinda

iv



gecisi saglanacaktir. Elde edilen genel modelin (yiirlime ve kisa ugus) belirlenen gorev
simiilasyonlar1 ile test edilerek RHex robotun bu alanda simiilasyon sonuglari ortaya
konacaktir. Gorev simiilasyonlar ilk olarak su birikintisi gegme ve daha sonra belli
boyuttaki dik bir engeli asma olarak belirlenmistir. Bu sayede testlerin sonucunda elde

edilecek bilgiler ile matematiksel olarak hibrit RHex robotun davranisi goriilecektir.

Anahtar Kelimeler: Insansiz kara araci, kisa ugus, simiilasyon, RHEX robot



ACKNOWLEDGEMENTS

I would like to express my deep appreciation and sincere gratitude to my esteemed
supervisor Dr. Ing. Emir Kutluay for his continuous support, encouragement, and great
leadings. He has been a light to my path and guidancein the dark.

I would like to thank the committee members, Dr. Ing.Okan Gaértan, Dr. Mehmet Nurullah
Balci, Dr. Hakan Dogan and Dr. Ali Emin, for their valuable feedbackand contributions

to the thesis.

I would also like to thank my dear friend Ahmet Can Ozgren, who supported me in writing
the thesis, and my dear friend Volkan Aydingiil, who supported me in starting my master's

degree. Also, many thanks to Esra Cakirtas, who stood by me with her endless support.

I would also like to special thanks Mr. Volkan Kargin, who gave me the engineering

perspective and thought and was the main enabler of my ability to write this thesis.

Finally but most importantly, this study could not have existed without my great family
members, my father Murat Baser, my mother Rabia Baser, and my dear sister Hatice
Leyra Baser, for their unwavering help and support throughout my life and my master's

degree.

Vi



CONTENTS

ACKNOWLEDGEMENTS ... .ottt st Vi
CON T ENT S et e et e e e e e e e be e e e nteeeataeeareeeas vii
FIGURES . ... oo e e e e s e e e s e e e snr e e e nnae e e e IX
TABLES ..ottt ettt b et nns Xii
ABBREVIATIONS ..ottt ettt sttt nne e Xiii
1. INTRODUCTION ..ottt bbbttt sne e s 1
1.1, SCOPE OF the TNESIS ....ceiiiieiieeee e 2
1.2, OrQANIZATION ...c.eititiitieieeieeee bbb bbb 2
2. LITERATURE SURVEY ..ottt nas 3
2.1, INEFOTUCTION ...ttt et b e bbb 3
2.2. RNEX RODOT .....eiiiiciecie ettt sre e anes 3
2.3. Walking Robots With Flying Capabilities............ccocviiiiiniiicee, 7
2.4, DUCEEA FANS.....cuiiiiiiiieieiie ettt ettt bbbt 10
2.5, CONCIUSION ...ttt et bbbt 11
S.MODEL ... e e e e rra e 12
K200 I {11 oo [0 od 1 o PSR STPSRRR 12
3.2, GrouNd MOGEL .......ccuviieiiiee et 12
3.2, L. INEFOTUCTION. ...ttt sttt 12
3.2.2. Kinematics of the Ground MOdel ..........cccceiieiieiiniieieee e 12
3.2.2.1. SLIP MOAEL ... 12
3.2.2.2. LEG IMOUEL ... s 14

3.2.3. GrouNd DYNAMICS ...c..ecvveiieeieciie ittt sre e sre s 14

3.3, FHGNEIMOGEL.......ceiiiicee e 19

1 0 00 R 1011 0o [ od 1 o OSSPSR 19
3.3.2. Drag Force Calculation.............ccovoeiieii i 21
3.3.3. Equation of Motion of Flight Model.............ccccooviiiiie e, 21
3.3.4. FIIGNt DYNAMICS......ccuiiiiiieieiieciest e 25
3.3, PIOPRIIET ... 26
3.3.5.1. ONE Propeller .......coovv it 27
3.3.5.2. Tandem Propellers ..........cov o 38
3.3.5.3. Coaxial Contra-Rotating Propellers...........cccccoveieiiieniininiiisieieenn 51

vii



3.3.5.4. Simulation Results of Propeller...........ccooiiiiiiiiie e 55

3.3.6. EIeCtriCc DUCLEA FaN.....cciiiiieie et 56
3.3.6.1. Simulation Results of Electric Ducted Fan ..........ccccceovveveiiienincnene 68

3.4. Battery PerfOrmMancCe ..........cocvoieiieiicc et 68
3.4.1. Battery Duration Calculation ............ccooeiiiiiiiiiiinieeeee s 68
KR = - 11 (=] 1 USROS 70

BT T=] [oTot o] (=] (U o IS S TR 71
3.6. HYDIid MOEl .....coooeeiceeecece e s 73
KN R o4 Tod 1115 o o SR 73
4. SIMULATION RESULTS ...ttt 75
o I 1 (oo (U ot T o H USSR USORPPTR PR 75
4.2. Mission Simulation 1 (Water POuNnd) ..........coceoveiieieiieie e 75
4.3. Mission Simulation 2 (ODSEACIE) ........ccceieiiriiiiieere e 77
O o4 Tod [ 1] o] o SRR 80
5. CONCLUSION ..ottt ettt es et st seenesbe s eneane e 81
5.1, CONCIUSION ...ttt ettt e bbb b benreas 81
5.2, FULUIE WOTKS ...ttt nne e eneennee e s 82
REFERENGCES ... ..ottt s s e e nae e et e e e snaeeenneeeans 83
APPENDIX ..ottt ettt renr s 87
APPENDIX A ettt nenns 87
APPENDIX B oottt ettt e e a e nnnees 89
A o N 5 PR 89
CURRICULUM VITAE ..o Hata! Yer isareti tammmlanmamis.

viii



FIGURES

Figure 2.1. First Exprimentel Rhex Robot [2]

Figure 2.2. The compliant hexapod design[2]

Figure 2.3. Bounding motion of RHex [3]

Figure 2.4. Stair climbing of Simple RHex [4]

Figure 2.5. Comparison of RHex and SLIP model [5]

Figure 2.6. AQUA robot in water [6]

Figure 2.7. Sequence shot for the DUCK][7]

Figure 2.8. BOLT Robot [8]

Figure 2.9. MUWA robot in different environment [9]

Figure 2.10. ATR robot sketch [10]

Figure 2.11. Free body diagram of 4 legged RHex [1]

Figure 3.1. SLIP Model Schmatic [15]

Figure 3.2. Rhex Robot CAD Drawing [16]

Figure 3.3. Torque Input to Leg

Figure 3.4. Leg Angle During Simulation

Figure 3.5. Leg Angle with Less Torque

Figure 3.6. Ground Force During Simulation

Figure 3.7. Leg Force During Simulation

Figure 3.8. Longitudinal Velocity During Simulation

Figure 3.9. Longitudinal Displacement During Simulation

Figure 3.10. 2D hybrid Rhex robot

Figure 3.11. Free Body Diagram of Body

Figure 3.12. Free Body Diagram of Front Leg

Figure 3.13. Free Body Diagram of the Middle Leg

Figure 3.14. Free Body Diagram of the Rear Leg

Figure 3.15. Body distance in x-axis for Option-1

Figure 3.16. Body velocity in x-axis for Option-1

Figure 3.17. Body acceleration in x-axis for Option-1

Figure 3.18. Body Distance in y-axis for Option-1

Figure 3.19. Body Velocity in y-axis for Option-1

Figure 3.20. Body acceleration in y-axis for Option-1

Figure 3.21. Drag Force in y-axis for Option-1

Figure 3.22. Yaw Angle of body for Option-1

Figure 3.23. Yaw Angle Acceleration of body for Option-1
Figure 3.24. Yaw Angle Veloctiy of body for Option-1

Figure 3.25. Body distance in x-axis for Option-2

Figure 3.26. Body acceleration in x-axis for Option-2

iX




Figure 3.27.
Figure 3.28.
Figure 3.29.
Figure 3.30.
Figure 3.31.
Figure 3.32.
Figure 3.33.
Figure 3.34.
Figure 3.35.
Figure 3.36.
Figure 3.37.
Figure 3.38.
Figure 3.39.
Figure 3.40.
Figure 3.41.
Figure 3.42.
Figure 3.43.
Figure 3.44.
Figure 3.45.
Figure 3.46.
Figure 3.47.
Figure 3.48.
Figure 3.49.
Figure 3.50.
Figure 3.51.
Figure 3.52.
Figure 3.53.
Figure 3.54.
Figure 3.55.
Figure 3.56.
Figure 3.57.
Figure 3.58. Yaw acceleration of the body for Option-3 Second Analysis
Figure 3.59.
Figure 3.60.
Figure 3.61.
Figure 3.62.
Figure 3.63.
Figure 3.64.
Figure 3.65.

Body velocity in x-axis for Option-2

Body Distance in y-axis for Option-2

Body velocity in y-axis for Option-2

Body acceleration in y-axis for Option-2

Drag Force in y-axis for Option-2

Yaw Angle of body for Option-2

Yaw Velocity of body for Option-2

Yaw Acceleration of body for Option-2

Rhex Robot Tandem Schematic

Body displacement in x-axis for Option-3 First Analysis

Body velocity in x-axis for Option-3 First Analysis

Body acceleration in x-axis for Option-3 First Analysis

Body displacement in y-axis for Option-3 First Analysis

Body velocity in y-axis for Option-3 First Analysis

Body acceleration in y-axis for Option-3 First Analysis

Drag Force in y-axis for Option-3 First Analysis

Yaw angle of body for Option-3 First Analysis

Yaw velocity of the body for Option-3 First Analysis

Yaw acceleration of the body for Option-3 First Analysis

Pitch Angle of the body for Option-3 Second Analysis

Pitch velocity of the body for Option-3 Second Analysis

Pitch acceleration of the body for Option-3 Second Analysis

Body distance in x-axis for Option-3 Second Analysis

.46

Body velocity in x-axis for Option-3 Second Analysis

Body acceleration in x-axis for Option-3 Second Analysis

Body distance in y-axis for Option-3 Second Analysis

Body velocity in y-axis for Option-3 Second Analysis

Body acceleration in y-axis for Option-3 Second Analysis

Drag Force in y-axis for Option-3 Second Analysis

Yaw angle of the body for Option-3 Second Analysis

Yaw velocity of the body for Option-3 Second Analysis

Rhex Robot Coaxial Contra Rotating Schematic

Pitch angle of the body for Option-4

Body displacement in x axis for Option-4

Body distance in y-axis for Option-4

Body velocity in y-axis for Option-4

Body acceleration in y-axis for Option-4

Drag Force in y-axis for Option-4

.34

35
35
36
36
37
37
38
39
40
40
41
41
42
42
43

.43

44

44

45
45

.46

47

.47
..48

48
49

.49

50
50
51
52
52
53
53
54



Figure 3.66. Yaw angle of the body for OPtion-4 ... eenmreneereesssssseessesssesssssessssssssssssssssssssssssssssssssssssssss 55

Figure 3.67. Pitch angle of the body for OPtion-5...... e ceeeeessisssssessessssesssssssessssssssss s ssssssssesans 57
Figure 3.68. Body displacement in X axis fOr OPtion-5 ......ceeeeeessesssessssessssssessssssssesssssesssssessssesess 57
Figure 3.69. Body acceleration in y axis fOr OPtion-5.....eeeseesssesssesssseesssssessssssssesssssesssssessssesess 58
Figure 3.70. Body velocity in y axis for OPtion=-5 ... cneneerseessssesssssssssessssssssssssssssssssssssssessssssssssssssssns 58
Figure 3.71. Body displacement in y axiS fOr OPLiON 5...eeeeeeeesnsessssesssesssseesssssesssssssssesssssessssssssssesess 59
Figure 3.72. Drag Force in y-axis fOr OPtion-5..... o ereessseesssessssessssssssessssessssssssssssssssesssssesssssesssssessss 59
Figure 3.73. Yaw angle in y axis fOr OPtion-5 ... eeeeeessssssesssessssssssssssssssesssssssssssssssssssssssssssssssssssssssssssss 60
Figure 3.74. Pitch angle of the body fOr OPtioN-6.......eeeeenmieeneerseessssessessessessssessssssssssssssssssssessssssssessssesans 61
Figure 3.75. Body displacement in X axis fOr OPtiOn 6........ccweeneeneeemmeessssessssessseesssssessssssssesssssessssssssssesess 61
Figure 3.76. Body acceleration in y axis fOr OPtiON 6 .........ceeeeeessesssesssessssessssssssssssssssesssssessssssssssesess 62
Figure 3.77. Body velocity in ¥ axis fOr OPtion-6.......sssssssssssssssssssssssssssssssssssssssssssssssssss 62
Figure 3.78. Body displacement in y axis for OPtioNn-6 ......cceseresmsssssssssssssssssssssssssssssssesens 63
Figure 3.79. Drag Force in ¥ axis fOr OPLiON-6 ......ccoeeeeneeeesnmeeseesesssssseessesssessssssssssssesssssssssssssessssssssesssessns 63
Figure 3.80. Yaw angle in y axis fOr OPtion-6.....ceeeeeeessmeeseesseessessssssssesssessssssssssssessssssssssssesssssssesssessss 64
Figure 3.81. Pitch angle of the body for OPtion-7......sssssss s 65
Figure 3.82. Body diplacement in X axis fOr OPtiON-7 .....oeeeneeeeseesessssssssesssessssessesssessssssssesssessss 65
Figure 3.83. Yaw angle of the body for OPtion-7 ... ecneeeereeeesessseesseesssessesssessssssssessssessssssssesssessss 66
Figure 3.84. Body acceleration in y axis for OPtion-7 ....sssssssssessssessssssssssssssssssess 66
Figure 3.85. Body velocity in ¥ axis fOr OPtion-7 ... sssssssssssssssssssens 67
Figure 3.86. Body displacement in y axis fOr OPtion-7 ......ceeeeemeesmeesseessssssessseessssssesssessssssssessseenss 67
Figure 3.87. Drag Force in ¥ axis fOr OPLiON-7 ... ceeeeeenmeeseessessssssssssssesssessssssssssssssssssssssssssessssssssesssssssss 68
Figure 3.88. Hybrid Model Structure in SIMULINK .......cccersesssessssssssessssssesssssssssssssssssssssssssesess 73
Figure 4.1. Body displacement in x-axis mission SIMulation 1. 75
Figure 4.2. Body displacement in y-axis mission SIMmulation L.......eeeneeseessssessessseenns 76
Figure 4.3. Total displacement during mission Simulation 1 .......ceeeeeeeeeseeeesseesseessseessseenns 76
Figure 4.4. Thrust input during mission SIMulation L. 77
Figure 4.5. Body displacement in the x-axis mission SiMulation 2 ... 78
Figure 4.6. Body displacement in the y axis mission Simulation 2 ... 78
Figure 4.7. Total displacement during mission Simulation 2 ... 79
Figure 4.8. Body pitch angle during mission simulation 2 ... 79
Figure 4.9. Thrust input during mission SIMUlation 2. sssssssesans 80

Xi



TABLES

Table 3.1. Ground Model Parameters of Hybrid Rhex Robot

Table 3.2. Hybrid Rhex Robot Specifications

Table 3.3. One Propeller Option 1 Parameters [19]

Table 3.4. One Propeller Option 2 Parameters [20]
Table 3.5. Tandem Propeller Option 3 Parameters [21]

Table 3.6. Coaxial Contra-Rotating Propeller Option 4 Parameters [21]
Table 3.7. Electric Ducted Fan Option 5 Parameters [24]

Table 3.8. Electric Ducted Fan Option 6 Parameters [25]

Table 3.9. Electric Ducted Fan Option 7 Parameters [26]

Table 3.10. Battery Number 1 Specifications [27]

Table 3.11. Battery Number 2 Specifications [28]

Table 3.12. Battery Number 3 Specifications [29]

Table 3.13. Batteries Inertia Values

Table 3.14. Batteries Endurances with Different EDFs in seconds

Table 3.15. Selection Setup Properties

Xii



ABBREVIATIONS

EOM : Equation Of Motion

COM : Center Of Mass

DOF : Degree Of Freedom

L : Length of the body (from rear leg joint to front leg joint)

Ly : Distance between front leg joint and body center of mass

L,, : Distance between middle leg joint and body center of mass
L, : Distance between rear leg joint and body center of mass

R; : Distance between front leg joint and front leg center of mass
R,, : Distance between rear leg joint and middle leg center of mass
R,. : Distance between rear leg joint and rear leg center of mass
m,, : Mass of the Body

m; = m, = m,, =m;: Mass of a rear, middle and front leg

I, , - Body inertia around centroidal z-axis

I, : Body inertia around centroidal y-axis

I, : Leg inertia around centroidal z-axis

0 : Angle(Pitch Angle) between fixed ground frame x-axis and body longitudinal axis.
¢ : Angle(Heading Angle) between fixed ground frame and body longitudinal axis.
0y : Front leg angle according to body center line

0., - Middle leg angle according to body center line

0,. : Rear leg angle according to body center line

1}, - Body center of mass position vector

s - Front leg center of mass position vector

T . Middle leg center of mass position vector

Xiii



1, . Rear leg center of mass position vector

v, - Body center of mass velocity vector

vy : Front leg center of mass velocity vector

v, - Middle leg center of mass velocity vector
v, . Rear leg center of mass velocity vector

a, : Body center of mass acceleration vector

a; : Front leg center of mass acceleration vector
a,, : Middle leg center of mass acceleration vector
a,. : Rear leg center of mass acceleration vector
T : Total thrust created by thruster acting to body
T : Total torque created by thruster acting to body
T, : Torque of front leg

T, : Torque of middle leg

T, : Torque of rear leg

Fp : Drag Force

Xiv



1. INTRODUCTION

In this thesis, the hybrid model and parametric design of a legged rhex robot capable of
short flights are discussed. Rhex robot studies with short flight capabilities have been
previously studied in the literature. Giiltekin’s thesis delves into the flight dynamics of a
hybrid robot with four legs, analyzing its short-flight capabilities utilizing a imaginary
thrust system located at its center of mass[1]. The study demonstrates that the robot can
execute short flights with controllable legs in air. However, the determination of the
hybrid model and the propulsion system to be used is discussed in this thesis as a new

issue.

Nowadays, many studies are being carried out on legged robots. In many ways, legged
robots are efficient to use. Their ability to move, especially in difficult ground conditions,
and their high energy efficiency have made legged robots stand out among land robots.
For these reasons, many studies have been and are being carried out on legged robots.
However, despite the essential features of legged robots, they need help in crossing
difficult obstacles and deep water. Different concepts have been put forward for legged
robots to overcome such obstacles. The most important of these is to integrate short flight
capability into the legged robot and create a hybrid legged robot that moves both in the
air and on land. In this thesis, modeling and testing of this idea for the Rhex robot will be

carried out.

Legged robots have many advantages in ground dynamics. These advantages are that it
has the ability to move on difficult ground and at the same time it can reach significant
speeds with high efficiency. However, although the legged rhex robot has high mobility,
it has difficulty in crossing steep obstacles or deep water. Different approaches are put
forward to help the Rhex robot overcome or pass these obstacles. The most important of
these is to give the rhex robot short flight capability. In order to provide short flight
capability, a propulsion system that will lift the rhex robot into the air must be integrated
into the robot. In this thesis, it will be tried to find the most suitable propulsion system
for the rhex robot with short flight capability. Simulations will be made with the flight
model created to select the appropriate propulsion system. After selecting the appropriate

propulsion system, a hybrid model will be created by combining the land model and flight



model. Simulation results of the determined tasks will be obtained with the hybrid model

and appropriate propulsion system.

1.1. Scope of the Thesis

The central theme of this dissertation pertains to the exploration of parametric design
analysis for the hybrid RHex robot.This thesis focuses on parametric design evaluation
for the rhex robot. To fulfill this focus, both ground and flight dynamics will first be
modeled mathematically. Afterward, simulations will be made on the flight model to
select the appropriate propulsion system. Once the optimal propulsion system has been
identified, the next phase of the research will involve conducting mission simulations

using the hybrid model, which will be created by integrating the ground and flight models.

1.2. Organization

The organization of the thesis is as follows:

e Chapter 1 introduce the this thesis and focus of the subject.

e Chapter 2 literature survey of the topic and find the missing of the hybrid legged
robots.

e Chapter 3 modelling ground model and flight model, also select the recomenned
setup for propulsion system. Lastly creating hybrid model with using ground
model and flight model.

e Chapter 4 making two mission simulation with selected setup using hybrid model.
Additionaly analyzing the results of the mission simulations.

e Chapter 5 to state the results of the thesis and to indicate future works that are
thought to be appropriate to do.



2. LITERATURE SURVEY

2.1. Introduction

In this section, a literature study is conducted for this thesis. Along with this literature
study, the sources of inspiration for this thesis are shared. By showing the studies carried
out, it better reveals the purpose of the thesis. In Section 2.2, studies on the Rhex robot
will be discussed, leading to a better understanding of the Rhex robot. In Section 2.3, the
advantages of hybrid movement will be highlighted by examining robot studies with
hybrid use. The last section will explain the propulsion system and investigations required

for the hybrid system.

2.2. Rhex Robot

Nowadays, studies on legged robots are frequently carried out. Energy efficiency
increases with legged robots and offers the opportunity to move in terrains where the
mobility of wheeled robots is limited. Due to these features, studies on legged robots are
increasing. Rhex robot, classified as a legged robot, offers high efficiency and mobility.
Studies are being carried out on different subjects and topics for Rhex robots. Saranli et
al. showed that the Rhex robot passed obstacles higher than its body span and locomoted
at a speed equal to the length of the Rhex robot in one second [2]. This study also indicates
that the robot makes locates robust and quick. The Rhex robot in this study has six c-

shaped legs, and each leg is rotated independently of each other with an actuator.

Figure 2.1. First Exprimentel Rhex Robot [2]



The RHex robot dynamic configuration created using the SLIP(Spring Loaded Inverted
Pendulum) model provides both forward and backward movement capabilities and
specific behaviors such as jumping and climbing stairs. The hexapod design that provides
this structure is given in figure 2.2. It is stated in this article that in future studies, efforts
should be made to develop a rhex robot with an air phase modeled with 6 degrees of

freedom.

Figure 2.2. The compliant hexapod design[2]

D. Campbell and M. Buehler studied the bounding performance of the RHex robot[3].
This paper showed that bounding is more efficient. The same design for the RHex robot
was used in this work. Dynamic modeling has been made for jumping with a c-shaped 6-
legged design. This study revealed different options other than straight walking. Thus,
both increased performance and extra mobility on rough terrains are demonstrated. With
this article, different approaches are considered with the RHex robot. It has also been
observed that efficiency and mobility on rough terrains increase with different

approaches. The bounding movement obtained in this study is shown in figure 2.3.



el Cu

Figure 2.3. Bounding motion of RHex [3]

E. Z. Moore et al. worked on stair climbing of a simple RHex robot[4]. The study
examined and researched the stair climbing ability of the rhex robot. Research shows that
the Rhex robot successfully climbs normal-sized stairs. However, his leg length allows
RHex to climb all kinds of stairs. Additionally, it consumes a lot of energy while climbing
stairs. Due to physical limitations and energy problems, adding a short flight phase for
climbing the stairs would be better. The stair climbing image of the RHex robot is shown

in Figure 2.4.

Figure 2.4. Stair climbing of Simple RHex [4]



In the study published by Altendorfer et al., a running RHex robot was shown[5]. In this
study, this running action was inspired by the running of a cockroach. Thus, a c-legged
robot that can reach high speeds was designed. "SLIP" model is used for Rhex dynamics
in the article. Graphs containing the SLIP model and experimental results are shown in
figure 2.5. With this thesis, a robot compatible with nature, stable, energy efficient, and
capable of moving under challenging terrains has emerged. Because of these capabilities,
RHex will be a robot that will help us explore the Earth and other planets..

SLIP model RHex
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Figure 2.5. Comparison of RHex and SLIP model [5]

C. Georgiades et al. developed a robot called AQUA that can move in water using the
Rhex infrastructure[6]. With this study, a robot capable of moving in another environment
with the features and infrastructure of the RHex robot was developed. A robot has been
built that can quickly enter rocks that humans cannot enter and collect data to conduct
surveys in the water. The image of the robot moving underwater with Rhex infrastructure
is given in Figure 2.6. This study gained inspiration and courage for a rhex robot that will

move in the short flight phase.

Figure 2.6. AQUA robot in water [6]



2.3. Walking Robots With Flying Capabilities

Currently, engineers and scientists are working on hybrid systems. Robots are one of the
areas where hybrid system mechanisms are intensively used. In particular, studies are
being carried out on robots that can move both on the ground and in the air. With these
studies, many tasks are completed by robots with hybrid movement features. Thanks to
hybrid systems, these tasks are performed efficiently. In 2016, researchers named
Christopher J. Pratt and Kam K. Leang developed a system called DUCK, which can both
walk and fly by adding passive legs to a quadrocopter[7]. The photo showing the walking
and flying ability of the DUCK robot is given in figure 2.7.

|—>I|—>| > || > || —>]

(a) Flying (b) Powered (c) Passive walking (d) Powered walking (e) Flying
walking (downhill w/ propellors off) (uphill)
(level surface)

Figure 2.7. Sequence shot for the DUCK]7]

Significant energy savings have been achieved with passive walking movement. It also
performed tasks with high mobility on complex surfaces and obstacles. With this

approach, the importance of hybrid systems in terms of energy has been seen.

Kevin Peterson and Ronald S. Fearing worked on a tiny hybrid robot called BOLT[8]. As
a result of these studies, he developed a hybrid robot that has the ability to move both on
land and in the air, even at petite sizes. It also succeeded in overcoming obstacles that

were proportionately higher than its size. The BOLT robot is shown in figure 2.8.



Figure 2.8. BOLT Robot [8]

Koji Kawasaki et al. studied a hybrid robot they named MUWA[9]. This robot has a
wheel-like structure with four propellers and plastic covering them on the y-axis. The
picture of MUWA is shown in figure 2.9. In this study, it has been shown that the robot
can move on land as a wheel by using the torque forces of the propellers. Due to this
movement capability, it has successfully performed tasks in highly challenging
environments and obstacles. Although the MUWA robot is approximately 1 meter in size,

it has successfully applied its hybrid operating logic.

The bottom ring for rescue.

(1) Flying mode (i1) Boat mode (ii1) Mono-wheel mode
(Bilateral flight) (Moving on the water) (Three degree of freedom)

Figure 2.9. MUWA robot in different environment [9]



Christopher J. Dudley et al. developed a hybrid robot by adding an exoskeleton to a
quadcopter [10]. High maneuverability was achieved by covering the entire quadcopter
with a thin, lightweight exoskeleton. The image of this robot, named ATR, is given in
figure 2.10. Thanks to the exoskeleton, this robot has the ability to roll on the ground.
Thus, this study shows that hybrid systems show high energy savings. In particular, the
rolling motion can travel approximately 2 km. This shows that it travels a very long
distance compared to its size. In addition, ATR can overcome obstacles thanks to its

flying ability.

Lightweight
exoskeleton

Axle and bearing

Figure 2.10. ATR robot sketch [10]

Oguzhan Giiltekin wrote a thesis on short-term flight modeling and control for legged
robots in 2022 [1]. This thesis demonstrated flight capability with the propulsion system
added to a RHex robot using the RHex robot infrastructure. It has also been shown that
pitch angle control can be achieved by using legs in the air. Thus, the foundations of a
RHex robot capable of short flights in the air were laid. In the thesis, it has been observed
that the 4-legged Rhex robot takes off in a simulation environment when sufficient thrust
is provided. This was pioneering work for an RHex robot with short-flight capability.
Figure 2.11 shows the free-body diagram created for the 4-legged RHex. The effects of
the propulsion system, which will be used as an unstudied area in the thesis, on the robot
have not been observed. It did not answer questions such as what this propulsion system

should be or how it should be positioned..



Figure 2.11. Free body diagram of 4 legged RHex [1]

Thanks to Giiltekin's thesis, which offers many new propositions about the flight phase
and control during the flight phase, the first foundations of the RHex robot with a short
flight phase were laid. In short, the thrust vector that will be formed with a thrust system
at the robot's center of gravity is put into the mathematical model, and pitch angle control
is provided with the torque and forces resulting from the rotation of the legs. Based on a
mathematical model, simulations have demonstrated that the RHex robot with four legs
is capable of entering and controlling the flight phase. Therefore, this thesis aims to
develop a hybrid model for the RHex robot inspired by Giiltekin's work and to
subsequently test this model..

2.4. Ducted Fans

Nowadays, there are many studies and research on propulsion systems. Many investments
are being made, especially in electric propulsion systems, to reduce fossil fuel use and be
more environmentally friendly. Unfortunately, especially for large vehicles, electric
propulsion systems cannot yet produce as much thrust as fossil fuel-powered ones.
However, small-sized electrical systems produce the required thrust and are more
efficient in energy consumption. For this reason, electric ducted fans have begun to be

used in systems such as UAVs and drones..

Drew Darrah and his colleagues worked on the design and testing of electric ducted fans
for UAVs [11]. This study showed that electric ducted fans take up much less space than
the open propeller system and perform similarly. This is one of the reasons why electric
ducted fans are used in small vehicles. Andy Ko et al. have developed a vehicle with

VTOL capability, including a ducted fan, for situations where fixed-wing UAVs are
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insufficient and inefficient [12]. The immense morale of these developments is that
ducted fans are much more efficient regarding both sound and safety. Although electric
ducted fans are not used, it is seen that ducted fans are used in new technologies. Yacoubi
Moaad and his friends developed a drone called Dulbema that works with an electric
ducted fan [13]. The reason for using an electric ducted fan for this drone is that it is
resistant to wind gusts due to its closed structure. The greater thrust it provides in vertical
mode. Finally, due to its closed structure, the fins are not hit by objects in the

environment.

2.5. Conclusion

In the present section, a comprehensive literature review has been conducted to explore
the state-of-the-art advancements in robotics, with a particular focus on the RHex robot
and hybrid ground- and aerial-based vehicles. First, detailed information about the RHex
robot was obtained, and the studies on the RHex robot were examined. Secondly, studies
on hybrid robots were analyzed. In particular, ground vehicles with short-flight
capabilities were reviewed. Finally, this thesis sheds light on the latest propulsion systems
technologies required for developing such vehicles and focuses on ducted fans as a

promising solution.
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3. MODEL

3.1. Introduction

This section aims to explicate the mathematical models that will be employed for the
RHex robot. Primarily, the ground model will be elucidated, encompassing an in-depth
explanation of the algorithm utilized, along with the presentation of the simulation
performance of the ground model in isolation. Secondly, the flight model will be
explained and simulation models taken with different propulsion systems will be shown.
In addition, the battery that will be used for the energy required for the flight phase of the
RHex robot will be selected. Finally, the entire system selection will be completed and a

hybrid model will be created.

3.2. Ground Model

The ground model of the hybrid Rhex robot is based on SLIP dynamics. This thesis basic
SLIP model will be used. Especially, only longitudinal dynamics will be calculated in this

thesis.

3.2.1. Introduction

In this chapter, the ground model of the hybrid Rhex robot model will be introduced. The
Rhex robot ground model based on SLIP (Spring-Loaded Inverted Pendulum) dynamics
[14]. Basically, in SLIP, robot leg assume like a spring and this spring compression and
decompression moves to robot body in x and y axis. SLIP model is created by using
Newton’s Method. For this thesis, SLIP model mathematically modelling just for

longitudinal (X) axis.

The reader will understand the SLIP model and longitudinal ground dynamics of the
hybrid Rhex robot with this chapter.

3.2.2. Kinematics of the Ground Model

3.2.2.1. SLIP Model

The Spring-Loaded Inverted Pendulum (SLIP) model has using for different types of
animals running broadly distinct size and length. Also, this model has using to in hopping
robot designs. This SLIP model gives a better solution to running or hopping robot
dynamic. Because these type of robot dynamics has normally nonintegrable dynamics,

but this SLIP model gets a good approximation this problem.

12
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Figure 3.1. SLIP Model Schmatic [15]

In SLIP model, there are 2 main phases. These are listed below.

1) Flight Phase
2) Stance Phase

Flight Phase means the leg or spring does not touch the ground hereby the leg or spring

can not create any force to body. Just gravitational force acting to body.
X, =0 1)
Vp=—49 (2)

When the robot is in Stance Phase, leg, or spring touches the ground and create a force

that acts to body.

Fx leg
- g 3
Xb m, 3)
F.
. y,leg
=2 4
Yb my, 4

This Stance Phase occurs an angle “0” between touchdown and liftoff moment. This angle

changes with leg dimension and shape.

Two different phases of the SLIP model explained. These two events repetitive at running

time. In this thesis, these events modelling together.
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3.2.2.2. Leg Model

Simple leg model is created in this thesis. The actuator on the leg creates a torque and
rotate the leg 360 degree.

. Ta
w=-— 5
lieg Q)

However, when the phase changed, the kinematic of the leg change too. In Flight phase,
leg does not touch on the ground, so no torque needed. But moment the leg touches the
ground, leg need a torque for rotating. At last time of Stance Phase, the last torque that

applied from actuator has enough force to rotating for leg.

3.2.3. Ground Dynamics

The ground dynamics of the hybrid Rhex robot is created by using SLIP model and Leg
model together. Phase transitions of the models were added in the ground dynamic using
resets. Also, vertical (y) axis not modelling in this section because assuming the vertical
movement as “0” all legs are perfectly balanced and working properly. Additionally, this

vertical (y) axis modelling in Flight Model that is described another section.

Figure 3.2. Rhex Robot CAD Drawing [16]

The legs are assumed solid and incompressible. In this thesis, the legs just create force to

body when its touch the ground.

A resistance to motion is arbitrarly modelled in order to limit the longitudinal velocity of
the Rhex robot. This force ise assumed to be of a drag force composed of a polynomial

component to determine a resistance to motion coefficient, the same way the concept is

14



used in vehicle dynamcis [17], and the velocity of the robot. The formulation for the

resistance force is gives in Eq. 6.

Fr = R(%) (6)
R = sign(x)0.15x% + 0.15x (7

Thus, equation of motion becomes,
Fyieg — Fr = Fpoay (8)

In Eq. 8, Fy 4 is the total tractive force developed on the contact points.

After found equation of motion, the ground model tested in SIMULINK with the
parameters of the hybrid Rhex robot. The parameters for grond model listed below in
Table 3.1.

Table 3.1. Ground Model Parameters of Hybrid Rhex Robot

Parameter Name Value Unit
2
Actuator Torque 0.005 kg Tzn
S
Leg Inertia 6.24845e-5 kgm?
Body Mass 3.15 kg
Leg Force (in x-dir.) 15 N
Sweep Angle 18 deg

Leg mass did not add the total mass because of leg mass is too small compared to body
mass. Also, the ground is flat and smooth. Ground model tested with these parameters

with 30 seconds simulation.
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Figure 3.3. Torque Input to Leg

Some moments torque is zero that can be seen in figure 3.3 because of Flight Phase. In
Flight Phase, no torque needed to leg for rotating. The Flight Phase calculation is based
on sweep angle of leg. If the leg angle is between 9° and 351°, the actuator understand
model is in Flight Phase.
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Figure 3.4. Leg Angle During Simulation

Approximately every one second the leg complete one lap. If the torque decreases,
completing duration is longer. Chose torque as 0.001 different than Table 3.1. The result
of the leg angle,
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Figure 3.5. Leg Angle with Less Torque

In figure 3.5, completing one lap is about 2 seconds. It shows that ground model is

appropriate with physical and mathematical law.

The force coming leg calculation is based on stance phase. If the leg touches the ground,
the force occurs seen in figure 3.6. The stance phase is found with sweep angle. When
the sweep angle is less than 9° and greater than 351°, the leg creating a force because it

touches the ground.
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Figure 3.6. Ground Force During Simulation
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For the limiting velocity of the body, arbitrary value used and create a reaction force that
can be seen in Eq. 8. The reaction force can be seen below figure 3.7.
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Figure 3.7. Leg Force During Simulation

After getting a force that acts to body, obtained the longitudinal velocity that can be seen

in figure 3.8 and displacement that can be seen in figure 3.9 with using Eq. 3.

o o o o =
[N T - N ) B« - L
T
| |

Longitudinal velocity [m/s]

0 5 10 15 20 25 30
Time [second]

Figure 3.8. Longitudinal Velocity During Simulation

18



Chose arbitrary value limit the velocity almost 0.8 m/s. Figure 3.8 shows that the reaction
force calculation fixes the longitudinal velocity well. And the last result is longitudinal

displacement in the figure 3.9, displacement is almost linear after constant velocity.
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Figure 3.9. Longitudinal Displacement During Simulation

3.3. Flight Model
3.3.1. Introduction

In this chapter, the flight model of the hybrid Rhex robot will be discussed. The hybrid
Rhex robot flight model based on UAV and drone dynamics. Briefly, a thruster or
propeller provide a thrust in vertical (y) axis. In this thesis, flight model is covered only
longitudinal (x) and vertical (y) axis. 2D flight model is developed by using newton’s
method.

In developing flight model, some approaches are tried to different configuration. Every
diverse configuration will be explained detailly after. The reader will understand the flight
model developing with Newton’s method and different configurations of the hybrid Rhex
robot with this chapter.
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Figure 3.10. 2D hybrid Rhex robot

In figure 3.10, there is one body part and three legs in 2D space. These are main part of
the hybrid Rhex robot. Each part has a vector from origin to part’s center of mass.
7y = xi +yj )
77 = xi +yj + Ly cos(0)i + Ly sin(8)j + Ry cos(6 + ;)i + Ry sin(6 + 6;)j  (10)
Tm = Xi + Yj + Ry cos(6f)i + Ry, sin(6y)j (12)

7, =xi+yj+L,cos(8 +m)i+L,sin(6 +m)j + R, cos(6 + 6,)i + R, sin(8 + 6,)j (12)

Each part’s velocity and acceleration are calculated by taking time derivatives of each

part’s position vector that can be seen in Equation 9, 10, 11 and 12.

a7, dF; dz, d7.
= — D = —_— U = U = 13
WEq U T T o T (13)
d, dv; d,, 43,
adn = —— dr = —— Q. = — d. = — 14
W= YT WmT T YT (14)

After getting linear position, velocity and acceleration, angular velocities and

accelerations were defined for each part.

Do = OF (15)
Wr/e = Wyse + @ p = 0k + 0k (16)
Wn/e = Wp/e + Gm/p = 0k + Ok 17)
Wr/e = Wy /e + @ryp = 0k + 0,k (18)
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&m/e = C_ib/e + &m/b = 9]2 + le’é (21)
dr/e =d’b/e+dr/b =§E+§TE (22)

The subscript “e” represents origin(earth) frame. Finally, getting both linear and angular
equations of each part, equation of motion of the hybrid Rhex robot can be derivate with
Newton’s Method.

3.3.2. Drag Force Calculation

In this thesis, friction force was added to the flight model. Friction force is also called
fluid resistance resulting from the interaction of an object with a fluid. When the Rhex
robot is in flight phase, the robot body and the air interact with each other. This force will

be calculated only in the y direction. The equation providing the friction force is below.

Farag = %pv&,y CpA (23)
Where,
p: air density (24)
vj, i vertical velocity of the robot body (25)
C,:drag coefficient of the object (26)
A: cross — sectional area (27)

P, vlz,,y and A values are known. However, the C, value is not directly known. Therefore,
the experimentally found C, value of a rectangular shaped object found in the literature
was accepted. As a reference from Munson B.R et al. “Fundamentals of Fluild
Mechanics” book [18], the C, value for the rectangle appears to be “2.17”. The above

equation 23 will be used to obtain the friction force in the flight model.

3.3.3. Equation of Motion of Flight Model

For obtaining equation of motion, firstly defined external forces. The hybrid Rhex robot
has four external forces that one of is due to thruster and the other ones due to legs. Also,

gravitational force affects the hybrid Rhex robot. Additionally, each leg creates a torque
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to body. Free-Body diagram that is contained the all forces of hybrid Rhex robot can be
seen in figure 3.11.

Frx Wp, Fp

Figure 3.11. Free Body Diagram of Body

Linear and angular acceleration of the body can be obtained in 2D with using Newton’s

Method.

YE = mpap (28)
s
E.x + Epyx + Fpx + YT cos (E + 9) = Mpap (29)
ZF_’V = mbab'y (30)
T
E.y+ Epy + Fry + T cos (E + 9) — Farag = Mpapy (31)
ZMZ = Ib,zéb (32)
Tr + Ty + T — Lgsin(0)Fr, + Lecos(0)Fry — LpySin(0)Fy , + Liycos(0)Fy,,, (33)
+ L.sin(0)F,., — L.cos(0)F., = la,
ZMy = Ib,y(pb (34)
T=1IpyPp (35)

Also, each leg has own equation of motion. The leg is affected by gravitational force and,
torque that is creating by actuator. Lastly, force is created by the joint. Each leg has own

free body diagram.
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Figure 3.12. Free Body Diagram of Front Leg

Equation of motion of front leg can be obtained figure 3.12.

~Fpx =My (36)
—Fry —wi=may, (37)
—T¢ + Rsin2m — 0 — 67)Fs, + Rcos(2m — 6 — 6p)Fp, = L,6; (38)

The same way, the middle and rear leg equation of motion is determined.

W,

Figure 3.13. Free Body Diagram of the Middle Leg

_Fm,x =MmMQm x (39)
—Fpy — W = may, (40)
—Tm + Rsin(0p)Fnyx + Rcos(0p)Fny = L6y, (41)
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Figure 3.14. Free Body Diagram of the Rear Leg

—Fx =ma, (42)
—Fy —wi=ma., (43)
—T, — Rsin(6 + 0,)F,, + Rcos(® + 0,)F,, = 1,0, (44)

Considered that af . , an, , and a,. , are identify as the same notation used for body. The
constraint forces can be seen in equations 36, 37, 39, 40, 42 and 43. For elimination these

constraint forces substitute into the equations 29, 31, 33, 38, 41 and 44. The equation of
motion of the systems are given in the Appendix A.

In this thesis, the known variables are position and velocity parameters. Also input
variables are known.

Position variables ={ ¢ ; (45)

Velocity variables = <

' (46)

\ 6, )
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T
(2]
Input variables = { Tf (47)
Tin
T
Acceleration variables are not known in the 7 EOMs. If it is rearranged these 7 equations

as a known and unknown variable. The new readjust equations of motion form shown in

below.

# \
y
0
[M(t)]7x7 X 3 ép r = {(n(®)}7xa (48)
f
O,
%

Solution of the equation 48 is leaving alone the acceleration variables the left side of the

equation. This is possible by crossing n with the inverse of M.

()
y
6
] ;0 = [M®]™,,, X {n(t)}rn (49)
f
Om
0y

3.3.4. Flight Dynamics

The flight dynamics of the hybrid Rhex robot is contained the EOM that derived
Newton’s Method in last chapter. The flight dynamics modelled as 2D (x and y axis). The
flight model has some options or configurations for creating thrust. The different
approaches to flight model are tried in this chapter. And the best option selected for hybrid
model.

In the flight modeling, the propulsion system attached to the middle of the robot will be
modeled so that it stays in the air during the flight. The propulsion system will essentially
provide us with the ability to move in the y-axis (positive up). Movements such as nose

up or down will be tried with different approaches and the results will be evaluated. The
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yaw angle shift that may occur due to the installed propulsion system will be minimized
with different approaches.

Model parameters of the flight model can be seen below table 1.

Table 3.2. Hybrid Rhex Robot Specifications

Parameter Name Value Unit
Body Length 25 cm
Body Width 12 cm
Body Height 7 cm
Body Mass 3.15 kg
Leg Mass 0.05184 kg
Body Inertia in y axis 0.0176925 kgm?
Body Inertia in z axis 0.020507 kgm?
Leg Inertia 6.24e-5 kgm?
Dist. Front Leg Joint to Body CoM 0.125 meter
Dist. Middle Leg Joint to Body CoM 0 meter
Dist. Rear Leg Joint to Body CoM 0.125 meter
Dist. Leg CoM to Leg Joint 0.06 meter

Flight model needed a thruster for take-off. So next chapter there are choosing appropriate
thruster for hybrid Rhex Robot. Thruster will choose as parameters given in table 3.2.
Different type of thruster and thruster config will simulate next chapters.

3.3.5. Propeller

For the hybrid Rhex robot to make short flights, equipment to provide thrust in the y
direction is required. As one of these equipment, the "propeller (rotor)", which is like the
helicopter logic, was chosen. The first issue that this propeller selection should provide is
that it produces more thrust than the hybrid Rhex robot weight. In addition, the different
positioning or configutation of the selected propellers was also discussed.

26



3.3.5.1. One Propeller

Table 3.2 gives the design parameters of the hybrid rhex robot. According to these

parameters, appropriate propeller and engine selections were made in table 3.3.

Table 3.3. One Propeller Option 1 Parameters [19]

Parameters Value Unit
Motor Name Turnigy 2836 Brushless 1000kv n/a
Propeller Name HY 1047 Plastic Blade n/a
Propeller Diameter 25.4 Cm
Thrust 1.643 kgf
Torque 0.2843 Nm
Rotation Speed 10992 rpm

The flight model simulation result of the first configuration can be seen below. In one
propeller system there is no creating the pitch angle for hybrid Rhex robot. Because of
that, the robot can move only in y directions. In figure 3.15, distance in x axis is always
zero during the simulation for option 1. Naturally, both body velocity and body

acceleration are always zero, as can be seen in figure 3.16 and figure 3.17.

05 .

05 .

Body Longitudinal Distance [meter]
o

Time [second]

Figure 3.15. Body distance in x-axis for Option-1
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Figure 3.16. Body velocity in x-axis for Option-1
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Figure 3.17. Body acceleration in x-axis for Option-1

As can be seen in figure 3.18, the thrust produced by the propeller selected in option 1 on
the y-axis is insufficient to lift the robot into the air.
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Figure 3.18. Body Distance in y-axis for Option-1

Since the weight of the robot is more than the thrust produced by the propeller and motor
selected in option-1, both body velocity and body acceleration are negative. Velocity and
acceleration graphs with negative values are seen in figures 3.19 and 3.20.
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Figure 3.19. Body Velocity in y-axis for Option-1
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Figure 3.20. Body acceleration in y-axis for Option-1

Drag Force [N]

Time [second]

Figure 3.21. Drag Force in y-axis for Option-1

Since a single propeller is used, the yaw angle does not remain constant due to the torque
created by the propeller. The yaw angle formed throughout the simulation can be seen in
figure 3.22.
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Figure 3.22. Yaw Angle of body for Option-1

In option 1, the robot reached the 45 degrees in yaw angle at almost 0.5 second. Also total

rotation of the body during simulation is 110.

The propeller was operated at full performance throughout the simulation. Therefore, the
torque value produced by the selected propeller for option-1 affects the robot throughout
the simulation. Due to this effect, the acceleration of the yaw angle remained constant, as
seen in Figure 3.23. Due to constant acceleration, yaw angle velocity also increases

linearly throughout the simulation. This yaw angle velocity is seen in figure 3.24.
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Figure 3.23. Yaw Angle Acceleration of body for Option-1
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Figure 3.24. Yaw Angle Veloctiy of body for Option-1

The motor and propeller characteristics selected for the second analysis in a one propeller

option are given in table 3.4 below.

Table 3.4. One Propeller Option 2 Parameters [20]

Parameters Value Unit

Motor Name T-Motor U3 700KV n/a
Propeller Name T-Motor 12x4 Carbon n/a
Propeller Diameter 30.48 cm

Thrust 1.663 kgf

Torque 0.2635 Nm

Rotation Speed 8575 rpm

In option 2, there will be no change in the x axis, just like in option 1. The graph showing

the displacement in the x axis is given in figure 3.25.
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Figure 3.25. Body distance in x-axis for Option-2

Accordingly, there is no change in both body velocity and body acceleration. These two
parameters take the value of zero throughout the simulation. These body acceleration and
velocity in x axis graphs can be seen in figures 3.26 and 3.27.
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Figure 3.26. Body acceleration in x-axis for Option-2
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Figure 3.27. Body velocity in x-axis for Option-2

In option 2, the thrust produced by the propeller is insufficient to lift the weight of the
robot. The displacement made by the robot in the y axis is shown in figure 3.28.
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Figure 3.28. Body Distance in y-axis for Option-2

As seen in figure 3.28, it can be seen that the robot has negative displacement on the y-

axis. The body velocity and acceleration in y axis graphs that cause this decrease are given
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in figures 3.29 and 3.30 below. The friction force that slows down the fall throughout the

simulation is given in figure 3.31.
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Figure 3.30. Body acceleration in y-axis for Option-2
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Figure 3.31. Drag Force in y-axis for Option-2

In option-2, the yaw angle formed throughout the simulation is the same as in option 1.
Because the torques produced by the propeller used in both options are very similar. The

yaw angle formed in option 2 is given in figure 3.32.
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Figure 3.32. Yaw Angle of body for Option-2
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In option 2, the robot reached the 45 degrees in yaw angle at almost 0.5 second. Also total
rotation of the body during simulation is 102. The body velocity and body acceleration

graphs that create this rotation can be seen in figures 3.33 and 3.34.
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Figure 3.33. Yaw Velocity of body for Option-2
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Figure 3.34. Yaw Acceleration of body for Option-2

As can be seen in the graphs, the robot did not show a positive value in the y direction in

both options in the 10-second simulations. According to the first study, a propeller that
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fits the dimensions of the hybrid Rhex robot cannot provide sufficient thrust force.
Although a single propeller is the best option in terms of usage and battery, unfortunately
it remains unusable as it causes deviation in "yaw angle"”. It takes less than 0.5 second for
the yaw angle to reach 45 degrees. It rotates 1000 degrees (about 3 full rotations) in 1

second. Therefore the single propeller can no longer be used.

3.3.5.2. Tandem Propellers

When wanting to put propellers back-to-back in the 12 cm section, there is the possibility
of fitting one longer and the other shorter in the fuselage to meet the dimensions With
this approach, the total thrust value will be increased. However, propellers operated with
different performance to change the pitch angle will change the yaw angle this time.
Because obtaining different thrust values will cause different torque values. In this thesis,

torque and thrust will vary in a linear ratio. Schematic of the tandem propellers can be

(C

Figure 3.35. Rhex Robot Tandem Schematic

seen in figure 3.35.

The engine and propeller specifications determined for the tandem propeller analysis are

shown in table 1.
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Table 3.5. Tandem Propeller Option 3 Parameters [21]

Parameters Value Unit
Motor Name T-Motor U5 KV400 n/a
Propeller Name T-Motor P15x5 n/a
Propeller Diameter 38.1 cm
Thrust 2.369 kgf
Torque 0.4323 Nm
Rotation Speed 8122 rpm

When 2 pieces of the propeller and motor selected above are installed, the total thrust will
be 2.37 x 2 = 4.74 kgf, so the rhex robot, which weighs 3.2 kg, can easily be lifted into

the air. The displacement graph on the y-axis is given in figure 3.39.

In option 3, full performance was run on both motor and propeller for the first analysis.
Additionally, in this analysis, the total torque value was reset by rotating the propellers in
the opposite direction. Also, same thrust generated from propellers so there is no change
in the pitch angle first analysis for option-3. This means that, the body no movement in

x-axis. The displacement of body in x-axis can be seen in figure 3.36.
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Figure 3.36. Body displacement in x-axis for Option-3 First Analysis
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The body velocity and body acceleration graphs on the x-axis of the first analysis are
given in figures 3.37 and 3.38 below. Naturally, these two graphs will not differ from

zero throughout the simulation.
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Figure 3.37. Body velocity in x-axis for Option-3 First Analysis
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Figure 3.38. Body acceleration in x-axis for Option-3 First Analysis
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Figure 3.39. Body displacement in y-axis for Option-3 First Analysis

Body Velocity and body acceleration on the y-axis graphs that allow you to see a positive
value in displacement on the y-axis are shown in figures 3.40 and 3.41. The friction force

the robot is exposed to while moving in the air is shown in figure 3.42.
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Figure 3.40. Body velocity in y-axis for Option-3 First Analysis

41



Body Vertical Acceleration [mls2]
- M w s
- w s8] (9] (95 w B w

o
n

o

Time [second]

Figure 3.41. Body acceleration in y-axis for Option-3 First Analysis
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Figure 3.42. Drag Force in y-axis for Option-3 First Analysis

In the first analysis, since both motor and propellers are operated at full performance, they
produce the same value of torque. Additionally, since the propellers are rotated in the
opposite direction, the total torque value will be zero. Therefore, there will be no change

in the yaw angle throughout the simulation. The yaw angle graph is seen in figure 3.43.
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Naturally, both yaw velocity and yaw acceleration values will be zero throughout the
simulation. Yaw velocity and yaw acceleration graphs are shown in figures 3.44 and 3.45,

respectively.
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Figure 3.43. Yaw angle of body for Option-3 First Analysis
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Figure 3.44. Yaw velocity of the body for Option-3 First Analysis
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Figure 3.45. Yaw acceleration of the body for Option-3 First Analysis

In the second analysis, one of the propellers will not be operated at full performance. Rear
motor was running at 0.995 power. Thus, there will be a thrust difference between the
propellers. Due to this thrust difference, a change in pitch angle will be observed. Body

pitch angle can be seen in figure 3.46 for second analysis.
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Figure 3.46. Pitch Angle of the body for Option-3 Second Analysis
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Due to the constant thrust difference, the robot reaches a 90 degree pitch angle in a very
short time (3 seconds). The pitch velocity and pitch acceleration graphs that cause this

rotation are given in figures 3.47 and 3.48, respectively.
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Figure 3.47. Pitch velocity of the body for Option-3 Second Analysis
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Figure 3.48. Pitch acceleration of the body for Option-3 Second Analysis

As seen in figure 3.48, pitch acceleration becomes unstable towards the end of the

simulation.
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This change in pitch angle allows the robot to move in the x-axis. Body displacement in

x-axis can be seen figure 3.49 for sencond analysis.
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Figure 3.49. Body distance in x-axis for Option-3 Second Analysis

The body velocity and body acceleration graphs that cause us to displacement on the x-

axis are given below in figures 3.50 and 3.51, respectively.
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Figure 3.50. Body velocity in x-axis for Option-3 Second Analysis
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Figure 3.51. Body acceleration in x-axis for Option-3 Second Analysis

It was seen with the second analysis that it has the ability to move the robot in the x axis,
thanks to the motors operated at different performances. While this is moving in the x-
axis, the robot is also moving in the y-axis because the total thrust is more than the robot
weight. In the second analysis, the displacement taken by the robot in the y-axis is given
in figure 3.52.
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Figure 3.52. Body distance in y-axis for Option-3 Second Analysis
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For the second analysis, the robot body velocity and body acceleration in y-axis graphs
are given in figures 3.53 and 3.54.
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Figure 3.53. Body velocity in y-axis for Option-3 Second Analysis
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Figure 3.54. Body acceleration in y-axis for Option-3 Second Analysis
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The drag force in the y axis due to the pitch angle is given in figure 3.55.
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Figure 3.55. Drag Force in y-axis for Option-3 Second Analysis

Although engines operating at different performances allow the pitch angle to be

controlled, they create yaw angle problems due to different torque values. The yaw angle

obtained for the second analysis is shown in figure 3.56.
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Figure 3.56. Yaw angle of the body for Option-3 Second Analysis
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In option 3 second analysis, the robot can not reached the 45 degrees in yaw angle. Also
total rotation of the body during simulation is zero. The body velocity and body

acceleration graphs that create this rotation can be seen in figures 3.57 and 3.58.

20 T T T T

—
(42}
T
1

Body Yaw Velocity [deg/s]
o >

0 1 | 1 1 1
0 05 1 1.5 2 2.5 3

Time [second]

Figure 3.57. Yaw velocity of the body for Option-3 Second Analysis
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Figure 3.58. Yaw acceleration of the body for Option-3 Second Analysis

The tandem propeller option provides both sufficient thrust and control of the pitch angle.
However, controlling the pitch angle causes the yaw angle to deteriorate. Additionally,
the tandem propeller option has been abandoned due to its difficulty in size and
placement.
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3.3.5.3. Coaxial Contra-Rotating Propellers

The third design option is co-axial positioned propellers. Installing propellers in this way
saves a lot of space. At the same time, the yaw angle problem can be avoided by contra-
rotating the propellers installed in this way. The motor and propeller specifications to be

used for coxial contra-rotating are given in Table 3.5.

Figure 3.59. Rhex Robot Coaxial Contra Rotating Schematic

In research for design, which is one of the options for both saving space and increasing
thrust. The statement “This is achieved with the upper rotor producing more thrust
(CTW/CT, = 1.25)” was found [22]. When two propellers with the same torque value are
installed in this way, the following propeller will have to operate at 0.8 efficiency. Coaxial

contra rotating schmatic for RHex robot can be seen in figure 3.59.

Table 3.6. Coaxial Contra-Rotating Propeller Option 4 Parameters [21]

Parameters Value Unit
Motor Name T-Motor U5 KV400 n/a
Propeller Name T-Motor P15x5 n/a
Propeller Dimension 38.1 cm
Thrust 2.369 kgf
Torque 0.4323 Nm
Rotation Speed 8122 rpm
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When the engine and propeller given in the table 3.6 above are used, the total power is
2.37 + 2.37 x (0.8) = 4.266 kgf. This provides a thrust to keep the rhex robot in the

air and at the same time it will not create a yaw angle problem.

Since the coaxial contra rotating propellers would not change the pitch angle, the robot
did not move at all in the x-axis. The pitch angle formed in the simulation for option 4 is
shown in figure 3.60. The resulting body displacement in the x axis is shown in figure
3.61.
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Figure 3.60. Pitch angle of the body for Option-4
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Figure 3.61. Body displacement in x axis for Option-4
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Since two propellers are used, it has a high total thrust production capacity. The body
displacement in the y axis resulting from this thrust is shown in figure 3.62. The body
velocity and body acceleration in y-axis graphs created by this thrust are given in figures

3.63 and 3.64, respectively.
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Figure 3.62. Body distance in y-axis for Option-4
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Figure 3.63. Body velocity in y-axis for Option-4
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Figure 3.64. Body acceleration in y-axis for Option-4

In the simulation for option 4, the drag force acting on the robot in the y axis is given in
figure 3.65.
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Figure 3.65. Drag Force in y-axis for Option-4

Since the propellers rotate in the opposite direction, the total torque created by the
propellers is zero. Therefore, the yaw angle takes the value as zeo throughout the entire

simulation. The yaw angle graph is seen in figure 3.66.
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Figure 3.66. Yaw angle of the body for Option-4

Although option 4(coaxial contra-rotating) provides high thrust compared to other options
and does not create yaw angle problems, it is not a realistic approach in terms of
dimensions. Therefore, it is more appropriate not to use option 4(coaxial contra-rotating)

in mission simulations.
3.3.5.4. Simulation Results of Propeller

In the simulations made using propellers, it was seen that although the single-propeller
approach is very good in energy efficiency, unfortunately, it cannot produce enough thrust
and creates problems in the yaw angle. It is envisaged to eliminate the yaw angle problem
by using two-propeller approaches. Although propellers installed in tandem are an
excellent option for controlling the pitch angle, it was revealed in the simulations that
propellers operated at different powers, which created a yaw angle problem. Coaxial-
mounted propellers will be much larger in size than the hybrid robot and will be
challenging to install. Therefore, the propeller option will not be used in mission
simulations based on the simulation results for the hybrid rhex robot.

In the next section, different electric ducted fan options will be tested in simulations

instead of the propeller option to test whether they suit most mission simulations.
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3.3.6. Electric Ducted Fan

A ducted fan that fits very comfortably in a hybrid Rhex robot body has been shown to
have the capacity to produce almost twice as much thrust in some types. Again, to solve
the "yaw angle" problem from a single motor, similar solutions will have to be used as in
the propeller part. It was seen in the previous section that the front and back option is not
as good in terms of both yaw angle and pitch angle as the propeller. Since the side-by-
side option is dimensionally impossible, it was deemed appropriate to test the contra
rotating option directly on the hybrid Rhex robot.

As seen in the article titled “Experimental study of a ducted contra-rotating lift fan for
vertical/short takeoff and landing unmanned aerial vehicle application”, the thrust value
of the double blade contra-rotating ducted fan is higher than the single blade ducted fan
[23]. In high RPM, the thrust is much more higher in coaxial contra-rotating setup. The
rate of increase of thrust is seen in this article as 40%. Therefore, simulations will be
made to be 40% more than the thrust value given by the engine manufacturer for a single
propeller. Moreover, it is foreseen that by putting a coaxial contra rotating ducted fan, it
will both solve the "yaw angle"” problem and make a more thrust hybrid Rhex robot.

The first selected motor and fan specifications for Electric Ducted fan analysis are given
in table 3.7 below.

Table 3.7. Electric Ducted Fan Option 5 Parameters [24]

Parameters Value Unit
Motor Name HET 800-68-685 n/a
Fan Name EDF Schubeler DS-68-AXI1 110mm n/a
Fan Diameter 11 cm
Weight 759 gr
Thrust 5.23 kgf
Torque 1.01 Nm
Watt 3063 w
Total Cost 490 €

There will be no change in the simulation pitch angle due to the use of coaxial propeller.

The pitch angle obtained for option 5 is given in figure 3.67 below.
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Figure 3.67. Pitch angle of the body for Option-5

Since the pitch angle does not change throughout the simulation, the robot will not have
any force on the x-axis and will not make any displacement in the x-axis throughout the

simulation. This displacement can be seen in figure 3.68.

05 .

05+ i

Body Longitudinal Distance [meter]
(]

_1 | | | | l | | l |
0 1 2 3 4 5 6 7 8 9 10

Time [second]

Figure 3.68. Body displacement in x axis for Option-5

Subsequently the thrust force produced by the electric ducted fan was only on the y-axis

throughout the simulation, the robot moved only on the y-axis. The body acceleration and
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body velocity graphs that provide this movement are given in figures 3.69 and 3.70,

respectively.
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Figure 3.69. Body acceleration in y axis for Option-5
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Figure 3.70. Body velocity in y axis for Option-5

The taken displacement by the robot on the y-axis according to the body acceleration and

body velocity values taken for option 5 is given in figure 3.71.
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Figure 3.71. Body displacement in y axis for Option 5

The drag force that resets the acceleration and affects the robot towards the end of the
simulation for option 5 is given in figure 3.72.
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Figure 3.72. Drag Force in y-axis for Option-5
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Figure 3.73. Yaw angle in y axis for Option-5

Since contra-rotating propellers were used, there was no change in the yaw angle

throughout the simulation. The graph showing the yaw angle is given in figure 3.73.

In the electric ducted fan analysis, a system that produces high thrust was selected for
option 5, and a system that produces less thrust but smallest size and lightest will be used
for option 6. The system selected for option 6 is given in table 3.8.

Table 3.8. Electric Ducted Fan Option 6 Parameters [25]

Parameters Value Unit
Motor Name HET 700-68-1200Kv n/a
Fan Name EDF Schubeler DS-51-AX1 90mm n/a
Fan Diameter 9 cm
Weight 407 ar
Thrust 4.2 kgf
Torque 0.69 Nm
Watt 2890 w
Total Cost 340 €
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Since the blades in the system are installed coaxial in option 6, as in option 5, there will
be no change in both the pitch and the body displacement it takes in the x-axis throughout
the simulation. The graphs of the pitch and the body displacement it takes on the x-axis

are given below in figures 3.74 and 3.75, respectively.
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Figure 3.74. Pitch angle of the body for Option-6
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Figure 3.75. Body displacement in x axis for Option 6
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The body acceleration, body velocity and body displacement graphs created by the robot
on the y-axis of the thrust produced by the system used in option 6 are given below in

figures 3.76, 3.77 and 3.78, respectively.
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Figure 3.76. Body acceleration in y axis for Option 6
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Figure 3.77. Body velocity in y axis for Option-6
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Figure 3.78. Body displacement in y axis for Option-6

The drag force acting on the robot in the simulation for option 6 is shown in figure 3.79.
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Figure 3.79. Drag Force in y axis for Option-6
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Since contra-rotating propellers were used again for option-6, there was no change in the

yaw angle throughout the simulation. The graph showing the yaw angle is given in figure

3.80.
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Figure 3.80. Yaw angle in y axis for Option-6

4 5 6 7
Time [second]

In option 7, which is the last option for the electric ducted fan, unlike the first two systems,

the cheapest system was chosen. The specifications of the selected system are given in

table 1.

Table 3.9. Electric Ducted Fan Option 7 Parameters [26]

Parameters Value Unit
Motor Name Hacker E50L 1,5Y 1070Kv n/a
Fan Name EDF Hacker Stream-Fan 100 n/a
Fan Diameter 10 cm
Weight 560 ar
Thrust 5.1 kgf
Torque 0.85 Nm
Watt 3256 w
Total Cost 262 €
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In option 7, both pitch angle body displacement in x axis and yaw angle take zero values
throughout the simulation due to the coaxial mounted and counter-rotating propellers.
Graphs showing pitch angle, body displacement in x axis and yaw angle are shown below

in figures 3.81, 3.82 and 3.83 respectively.
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Figure 3.81. Pitch angle of the body for Option-7
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Figure 3.82. Body diplacement in x axis for Option-7
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Figure 3.83. Yaw angle of the body for Option-7

Although less thrust was produced in option 7 than the thrusts obtained in option 6 and
option 5, this thrust was greater than the weight of the robot, so the robot lift to the air.
Acceleration, velocity and displacement graphs for the y-axis in the simulation are given
in figures 3.84, 3.85 and 3.86, respectively.
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Figure 3.84. Body acceleration in y axis for Option-7
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Figure 3.85. Body velocity in y axis for Option-7
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Figure 3.86. Body displacement in y axis for Option-7

Since less thrust is produced in option 7 compared to other ducted fans, the drag force
acting on the robot will be less compared to other simulations. The drag force acting on

the robot in the simulation for option 7 is shown in figure 3.87.
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Figure 3.87. Drag Force in y axis for Option-7

3.3.6.1. Simulation Results of Electric Ducted Fan

The electric ducted fan produces much more thrust than the propeller approach. It is also
dimensionally more suitable for the rhex robot. Ducted fan, which does not create any
yaw angle problems due to the internal propellers installed in a contra-rotating manner,
is a much more suitable choice than propellers due to these features.

Since mission simulations within the scope of this thesis will not be long-term operations,
although the electric ducted fan is less efficient than the propeller in terms of consuming

energy and battery life, it will still have the capacity to complete the task.

3.4. Battery Performance

In this thesis, appropriate battery selection will be made to determine the task duration in
mission simulations for the hybrid rhex robot. The method to be used to calculate battery

performance is explained in section 3.4.1

3.4.1. Battery Duration Calculation

To calculate battery life, you must first find the current the motor will draw. To find this

current, the "Kv" value given by the motor manufacturer is required. This "Kv" value is
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also called "RPM Constant”. The Kv value indicates the RPM that will occur at full
throttle when the input voltage is applied to the motor at no load.

“Kt” value is needed to find the current drawn. "Kt" means It is how much current the
motor will draw instantly depending on the torque. The "Kt" value is found from the "Kv"
value received from the engine manufacturer. The relationship between Kt and Kv is
given in equation 50 below.

1

Kt =—
Kv

(50)

After finding the “Kt” value, the torque value coming from the motor and the current
drawn by the motor at full throttle are calculated from the equation 51 below.

Torque

e (51)

Current =

Using these two equations, it can be determined how much current the motor to be used
will draw. After finding the current, battery life can be found along with the battery
capacity. Battery life calculation equation 52 is given below.

Battery Capacity
Consumpiton

Battery Life = X (1 — Discharge Safety) (52)

Discarge safety value given from battery manufacturer. Generally, discharge safety is
20% and higher for Lipo type batteries. The battery life of the batteries to be selected in

the next section will be calculated according to the calculations explained in this section.

The electric ducted fans to be used in mission simulations were selected with batteries
with recommended specifications determined by the manufacturer, and their dimensions
were determined to fit into the hybrid rhex robot. In research, electric ducted fans used in
option 5-6-7 are generally recommended together with batteries with 5s-18.5v and 6s-
22.2v lipo and average discharge rate. Based on this suggestion, three batteries with

different capacities, weights and costs were determined.

The purpose of this section is to determine an average duty time by researching suitable
batteries. The weights of the batteries will be added to the model in the mission

simulations. Also, inertia of the batteries will be calculated for each battery seperetely.
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3.4.2. Batteries

The first battery was specified to have low weight and cheaper. Thus, it can work with a

motor and ducted fan that will consume less energy. First battery selection is shown in

table 3.10.

Table 3.10. Battery Number 1 Specifications [27]

Parameters Value Unit
Battery Name Overlander 18.5V 5S 35C LiPo n/a
Weight 320 gr

Battery Capacity 2900 mAh
Battery Dimension 103x33x42 mm
Cost 57 €

In the second battery selection, the weight and capacity of the battery were chosen to be

greater. At the same time, dimensionally limit values were not exceed . Table 3.11

showing the characteristics of the second battery is given below.

Table 3.11. Battery Number 2 Specifications [28]

Parameters Value Unit
Battery Name Gens ace 2800mAh 6S 22.2V n/a
Weight 410 gr

Battery Capacity 2800 mAh
Battery Dimension 117x35x49 mm
Cost 80 €
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In the last battery selection, the battery capacity was determined to be maximum.
However, high battery capacity creates dimensional problems. Extra space is required to
fit this battery into the hybrid robot. The characteristics of the battery selected as the third

option are given in table 3.12.

Table 3.12. Battery Number 3 Specifications [29]

Parameters Value Unit
Battery Name 6s 5000 mAh Black Lithium n/a
Weight 507 gr

Battery Capacity 5000 mAh
Battery Dimension 136x45x41 mm
Cost 124 €

The calculated inertia table of the above mentioned batteries is given below table 3.13.

Since the values found are approximately 200 times lower than the inertia of the robot

that is given in table 3.2, these inertia values will not be added to the hybrid model.

Table 3.13. Batteries Inertia VValues

Battery Number 1

Battery Number 2

Battery Number 3

Body Inertia in y axis (kgm?)

Body Inertia in z axis (kgm?)

0.0000329946

0.0000311946

0.000054974167

0.000050956167

0.000085247825

0.000086701225

3.5. Selection Setup

In this section, the most appropriate setup for mission simulations will be selected. In
previous analyses, it was seen that electric ducted fan was more suitable to provide the
necessary thrust. The use of electric ducted fan will be coaxial contra rotating, as stated
in previous simulations. However, the duration of mission simulations will be determined

by the battery to be installed. The maximum duty time of the engine operated at full power
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will be calculated using the calculation method described in Section 3.4.1. The results of

this calculation are seen in table 3.14.

Table 3.14. Batteries Endurances with Different EDFs in seconds

Option 5 EDF Option 6 EDF Option 7 EDF
Battery Number 1 not suitable 67 60
Battery Number 2 77 not suitable not suitable
Battery Number 3 138 not suitable not suitable

As seen in Table 3.14, it is calculated that the robot has a short flight capability of at least

1 minute in mission simulations. When cost analysis is made, option-6 and battery

number 1 appear as the cheapest options. Also, option-6 and battery number 1, are also

dimensionally suitable and also the lightest option. The selection setup specifications can

be seen in table 3.15 that is given below.

Table 3.15. Selection Setup Properties

Parameters Value Unit
Motor Name HET 700-98-670Kv two piece
Fan Name EDF Schubeler DS-51-AX1 90mm two piece
Battery Name Overlander 18.5V 5S 35C LiPo two piece
Total Weight 4.52 kg
Thrust Capacity 5.88 kgf
Mission Time 67 seconds
Total Cost 454 €
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3.6. Hybrid Model

The hybrid model was created by running the ground model that is describe in section 3.2
and the flight model that is explained section 3.3 together. The main task of the hybrid
model will be to perform the 2 tasks selected in this thesis. The first task is to cross a pond
with a width of more than 5 meters. The second task will be to climb over a 7-meter-tall
vertical obstacle that is impossible to climb with only using legs To fully perform these
tasks, a pitch angle controller has been added to the hybrid model. By installing a PD
controller, the pitch angle can be controlled in the flight phase. PD controller details can
be seen APPENDIX C. The hybrid model created in SIMULINK can be seen in figure
3.88

Hybrid Model

Ground Model
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| ==
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PD Controller

Figure 3.88. Hybrid Model Structure in SIMULINK

3.7. Conclusion

This section explains how the land and flight models to be used in mission simulations
are made. Independent simulations were conducted to assess the suitability of two
different models for mission simulations. In addition, various thrust options were tested,
as this is a critical aspect of flight simulation. The first option tested was propellers, with
the positioning of the propeller(s) being evaluated to determine the most appropriate

option. Coaxial contra-rotating propellers were found to be the most suitable option for
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the robot in mission simulation, based on these tests. However, either the propellers were
insufficient to produce the required thrust, or they were too large to fit inside the robot.
Consequently, electric ducted fan options were evaluated for coaxial contra-rotating
thrust, and the desired results were achieved in terms of both dimension and thrust
production. Afterward, battery options are presented for the electric ducted fan to produce
this thrust. The flight time of these batteries working together with the electric ducted fan
was calculated. In the cost analysis and dimensional section, a comprehensive evaluation
was carried out to determine the most suitable setup. Following this selection, a hybrid
model was developed, and a proportional-derivative (PD) controller was incorporated
into the flight segment. The hybrid model and the chosen configuration established in this

section will be employed in upcoming mission simulations.
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4. SIMULATION RESULTS

4.1. Introduction

In this section, mission simulations will be performed with the selected setup. Mission
simulations will take two different forms. The first task will be to cross a 5-meter water
pound with a short flight. The second task will be to climb over a 7-meter vertical obstacle
with a short flight. In the second task, the Rhex robot will stop before taking off for a
short flight. Therefore, when it takes a short flight, it will move forward by changing the
pitch angle to make a forward movement. The PD controller is integrated into the
mathematical model to adjust this pitch angle. To do this, the robot will rotate in the z-
axis direction with the torque input given to the front leg and the torque created in the
front leg. As a result of these flights, it will be clear whether the short-flight Rhex robot
designed for this thesis will succeed in the mathematical model's development

environment.

4.2. Mission Simulation 1 (Water Pound)

In the first mission, the aim will be to cross a 5 meter wide water pound with a short
flight. In order to achieve this crossing, the robot will activate the propulsion system while
it is moving on the ground and the puddle will be crossed with the existing forward speed.

The first mission results of the hybrid model are given below. The first graph that is figure

4.1 shows the path it takes in the x direction.

ground phase |
A flight phase

~
o
T

_ = NN W W
(=N N = S N = N |

body longitudinal distance [meter]
S,

0 5 10 15 20 25 30
time [seconds]

Figure 4.1. Body displacement in x-axis mission simulation 1



In figure 4.1, the robot remained in the air for approximately 8 seconds and covered a

distance of 12 meters in this section. This is enough to cross 5 meters of water.
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Figure 4.2. Body displacement in y-axis mission simulation 1
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Figure 4.2 shows that the robot makes a short flight between 10 and 18 seconds. At its

maximum point, it reached a height of more than 10 meters.

The distence taken in both y and x directions throughout the task is given in figure 4.3.

According to this graph, the robot can cross 5 meters wide water pound with its short

flight ability.
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The thrust given to the robot throughout the simulation is given in figure 4.4
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Figure 4.4. Thrust input during mission simulation 1

With the selected setup, the hybrid mathematical model has successfully completed the
first task. In the second mission, Rhex robot will try to overcome a 7 meter long vertical

obstacle.

4.3. Mission Simulation 2 (Obstacle)

In the second mission, the aim will be to climb a 7-meter-long vertical obstacle with a
short flight. To ensure this transition, the Rhex robot will be in a standing position on the
ground and after taking off, the pitch angle will be adjusted with the help of the controller.
With the pitch angle change, the robot moving in the x direction will climb over the 7-

meter obstacle.

The first figure that is figure 4.5 shows the path taken by the Rhex robot in the x direction.
It seems that the forward path after take-off increases linearly with the change of pitch

angle.
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Figure 4.6 shows the path it took in the y direction during the second task. At the end of

the flight phase, it is seen that it climbs above the 7-meter obstacle.
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Figure 4.7 shows that when the Rhex robot starts flying, it does not travel in the x

direction. Then, with the help of the controller, the Rhex robot moved in the x direction

at the time of flight with the change in pitch angle. The pitch angle throughout the

simulation is seen in figure 4.8.

T T T T T
ground phase
1r A flight phase

o'
© 051
=2
Job]
A=A
@ 0
=}
S
o 051
=
a
> -1r
o
o]
o

151

2 1 1 1 1 1 il
0 5 10 15 20 25

time [seconds

Figure 4.8. Body pitch angle during mission simu

lation 2

30



Finally, the thrust system input for the second mission is seen in Figure 4.9.
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Figure 4.9. Thrust input during mission simulation 2

With the selected setup, the hybrid mathematical model has successfully completed the

second task. Thus, the hybrid mathematical model successfully completed both tasks.

4.4. Conclusion

This section performed two specified tasks with the hybrid model with the selected setup.
The first task is to cross this water pound, which is 5 meters wide, with a short flight by
activating the propulsion system while the robot moves on the ground. The second task
is to climb over a 7-meter-long vertical obstacle while it is not in motion by activating the
propulsion system and changing the pitch angle with the help of the controller, allowing
it to travel in the x direction. According to the results, the hybrid model prepared in this
thesis has completed both tasks. The hybrid model is created by combining the flight
model and ground model. The hybrid mathematical model successfully completed

different types of tasks both in motion and stationary.



5. CONCLUSION

5.1. Conclusion

In this thesis, parametric design evaluation of a hybrid rhex robot was made. The hybrid
rhex robot has a thruster for short flights. It also has c-type legs so it can locomate on the
ground. In this thesis, these two types of motion were modeled and critical design

parameters were investigated.

Rhex robot is a land robot with ¢ type legs, produced for the purpose of traveling on land
in difficult terrains and conditions. Although it can move successfully on many difficult
surfaces, its mobility is limited in some more challenging conditions, such as ravines. In
order to overcome these difficult conditions, a propulsion system was proposed to be on
the rhex robot, allowing it to make short flights. With this short flight ability, it can
continue its movement on many difficult surfaces or obstacles without any problems. In
order to build this hybrid model, the ground model was created first. The ground model
is based on the "spring loaded inverted pendulum™ model. Thus, the land movement of
the robot is provided mathematically. A flight model was developed to model the short
flight phase. Along with the flight model, the dynamics of the robot in the flight phase
were modeled and its movement during the flight was analyzed mathematically. The
hybrid model is created by combining these two models. Thus, the mathematical model

of the hybrid Rhex robot, which can move both on land and in the air, is presented.

With the emergence of the flight model, the most appropriate propulsion system was
selected. For the selection of this propulsion system, normal propeller usage was first
tested. Different sizes and different installation methods for propellers are discussed. The
most appropriate installation method has been determined. This shape was found as "co-
axial contra rotating". However, the propellers could not produce enough thrust to lift the
robot the size of the robot used in the thesis. The propellers that produced sufficient thrust
were much larger in size than the hybrid rhex robot. Therefore, the “electric ducted fan"
system, which is a system that is smaller in size and can produce enough thrust, was tested
with the flight model. As a result of the tests, it was seen that EDFs did not cause any
problems in terms of both dimensionality and thrust production. Batteries were selected
that could work properly with EDFs and would not cause any dimensional problems. By



comparing batteries and EDFs, the most suitable configuration was selected both in terms
of dimension and energy.

Mission simulations were performed using the selected system configuration of the
hybrid model. Two mission simulations were determined in the thesis. The first task was
for the Rhex robot to cross a 5-meter-wide pond.. The second task was to overcome a 7-
meter-high vertical obstacle. In the simulations, the hybrid robot successfully completed

both tasks with the selected system configuration.

The main contribution of this thesis to the literature is the creation of a hybrid model by
considering both the land and flight models together and the determination and selection
of design parameters for the flight phase.

5.2. Future Works

The results of this thesis will form the basis for the development of a prototype for further

investigation of enhancing the mobility of hybrid Rhex robot. Possible future inculude;

e Development of a 3D mathematical model which includes roll motion and
coupled dynamics. Such a model will not only be able to simulate the hybrid Rhex
robot more realistically but also will enable development of better controllers.

e A better terrain model to analyze the harsh conditions more reallistically, which
would allow development of decision making algorithms to autonomously switch
between land and air modes.

e Production of the prototype system.
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0,,) — L,mr0,, cos(8 + 6,,) + Lfmlréz sin(Hf) — L,m;r6%sin(6,) +
Lfmlréfz sin(ef) — erlrérz sin(8,) — Lfmlré cos(Hf) +

L,m;r6 cos(6,) — Lfmlréf Cos(Hf) + L,m;r8, cos(6,) —

2Lfmlr99f sin(Hf) + 2L, m;r886, sin(6,)



0 =1 +T2 _Ib,y()b

0= mlrjéb Sin(9 + Qf) - 119 - IZQf - mﬂ"zé - merQf

—gmlrcos(e + Qf) — mlrj}bcos(B + Bf) —Tf — Lfmlréz sin(Hf) —

Lfmlré Sln(ef)

0 = myr¥, sin(6 + 6,,) — 1,6 — 1,6,, — gm;rcos(8 + 6,,) —

mr20,, sin(0) — m;rj,cos(0 + 0,,) — T, — m;1r%6,, cos(0)

0 = myr¥, sin(6 + 6,) — 1,6 — 1,6, — m;r?8 — m;r?6,

_ (Lymyrfsin 26+6,))
2

—gmyrcos(6 + 0,)—myry,cos(0 + 6,) — 1,

(Lymr6Zcos (20+6,))
2

(LymyrHZcos (6;))
2

+ L,m;r6? sin(6,) — +

(Lymr8sin (6;))
2

L,m;r6 cos(6,) +



APPENDIX B

Performance Chart of Selected Setup from manufacturer[30].

DS-51-AXI HDS + HET 700-68-1200kV + YGE90HV, Einlaut nach VDI 2041, korrigiert auf Normatmosphire

DS-51-AXI HDS + HET 700-68-1200kV + YGESOHV, Intake g to VDI 2041, t01SA
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1N=0,225lbs  1m/s=2,24mph
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APPENDIX C

Inside of the controller block in hybrid model.
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