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Abstract

The SCOUT-Rover is being developed at the German Aerospace Centre (DLR) and is
designed for terrestrial and extraterrestrial missions. These missions range from rescue
operations in challenging environments to the exploration of astronomical objects such
as Mars and Earth’s Moon. A key aspect lies in efficient locomotion, especially with
the unique Rimless-Wheels, which are designed for navigating through rough terrain.
Effective detection of ground contacts is crucial for improving ride quality. This study
includes mathematical modelling and simulation of the rover’s locomotion system as
well as dimensional data acquisition tests. An onboard contact detection program was
developed to evaluate the motor currents and estimate contacts based on the model
created. These methods were successfully validated for a future rover prototype. The
onboard contact detection program for the SCOUT-Rover has promising effects on its
operational performance and lifetime and has potential applications in terrestrial and

extraterrestrial environments.



Kurzfassung

Der SCOUT-Rover wird am Deutschen Zentrum fiir Luft- und Raumfahrt (DLR)
entwickelt und ist flir terrestrische und extraterrestrische Missionen konzipiert. Diese
Missionen reichen von Rettungseinsidtzen in anspruchsvollen Umgebungen bis hin zur
Erforschung von Himmelskoérpern wie dem Mars und dem Mond. Ein entscheidender
Aspekt liegt in effizienter Fortbewegung, insbesondere Lokomotion durch herausfordern-
des Gelénde unerlasslich sind. Eine effektive Erkennung des Bodenkontakts ist entschei-
dend fiir die Verbesserung der Fahrqualitdt. Die Arbeit umfasst die mathematische
Modellierung und Simulation des Antriebssystems des Rovers sowie Tests zur Erfas-
sung von Dimensionaldaten. Ein Onboard-Kontakterkennungsprogramm wurde fiir die
Auswertung der Motorstrome entwickelt, das auf Basis des erstellten Modells eine Kon-
taktschéitzung vornimmt. Diese Methoden wurden erfolgreich validiert fiir einen bevorste-
henden Rover-Prototypen. Das Onboard-Kontakterkennungsprogramm im SCOUT-
Rover hat vielversprechende Auswirkungen auf seine Betriebsleistung, Lebensdauer und

potenzielle Anwendungen in terrestrischen und extraterrestrischen Umgebungen.



Contents

List of Abbreviations iii
List of Symbols iv
List of Figures vii
List of Tables ix
1. Introduction 1
1.1. Motivation . . . . . . . . . . e 1
1.2. SCOUT-Rover . . . . . . . e s e s s s 3
1.3. Problem Definition . . . . . . . . . . . 4
1.4. Thesis Contributions . . . . . . . . . . .« . e 5
1.5. Thesis Outline . . . . . . . . . e 5

2. State of the Art 7
2.1. SCOUT Platform . . . . . . . . . . e e s 7
2.1.1. Rover Specifications . . . . . . . ... ... ... 8

2.1.2. Complete Model of the SCOUT in Dymola . . . . ... ... ... 9

2.2. Concept of Rimless-Wheels . . . .. . ... ... ... ... ........ 9
2.3. Rimless Wheeled Rovers . . . . . . . . . . . . . . .. .. 11
2.4. Contact Detection . . . . . . . . . . e 12
2.4.1. Sensory Technology . . . . . .. ... .. ... ... ... ..., 13

2.4.2. Applied Conceptsin Rovers . . . . . . ... ... ... .. ..... 14

3. Modelling 16
3.1. Assumptions . . . .. ... 16
3.2. Theoretical Free Wheel Case . . . . . . . . . . . . ... . ... ... 17
3.2.1. Mass Moments of Inertia . . . . . . . . . . . .. .. ... ... 20



Contents

Justus Jentsch

3.2.2. Torque Computation . . . . . .. ... ... .. ... ... ...
3.2.3. Free Wheel Motor Current . . . ... ... ... .. ........
3.3. Theoretical Contact Case . . . . . . . . . . .. .. . .. ...
3.3.1. Contact Vector . . . . . . . . . . . ... e
3.3.2. Gravity Effects . . . . . . . . . ...
3.4. Contact Detection Logic . . . . . . . . . .. ... .
3.5. Case Study for Current Estimation . . . . . . ... .. ... .. ......

. Model Verification and Validation

4.1. Offline Signal Analysis with Python . . . ... ... ... ... ......
4.1.1. Dimension Validation . . . .. ... ... ... ... ........
4.1.2. Post-Processing Contact Detection . . . . . .. .. ... ... ...

4.2. Multibody Model in Dymola . . . . .. .. .. ... ... ..
4.2.1. Multibody Model Configurations . . . . . . .. .. .. ... ....
4.2.2. Simulation Settings. . . . . . .. ... o oo

4.3. Online Contact Detection with ROS2 . . . . . . .. .. .. ... ... ...
4.3.1. Test Publisher . . . ... ... ... ... ... ... . ...,
4.3.2. Omnboard Contact Detection . . . . . .. .. .. ... ... .....
4.3.3. Test Listener . . . . . . . . . . .. .. ...

. Results

5.1. Offline Signal Analysis with Python . . . .. ... ... ... .......
5.2. Multibody Model in Dymola . . . . . . . ... ... .. ... .. ...
5.3. Online Contact Detection with ROS2 . . . . . ... ... ... ... ...

. Outlook

6.1. Difficulties and Solution Approaches . . . . . . . .. .. ... ... ....
6.2. Reliability . . . . . . . . .
6.3. Possibilities for Controllers . . . . . . . . . ... ... ... .. ... ...

. Conclusion

. Bibliography
. Protocol: Motor Current Testcases on the DLR SCOUT-Rover

. Protocol: Weight Measurements on SCOUT-Rover Parts

46
46
60
63

65
65
66
67

68

70

77

85

i1



List of Abbreviations

CAD
FPS
HDF5
IMU
LED
MMX
OBC
PDMS
POM
TPU
ROLV
ROS2
rpm
SCOUT
Wheg

Computer-Aided Design
Frames per Second
Hierarchical Data Format (5)
Inertial Measurement Unit
Light Emitting Diode
Martian Moon eXploration
OnBoard Computer
Polydimethylsiloxane
Polyoxymethylene
Thermoplastic Polyurethane
Rolling Leg Vehicle

Robot Operating System (2)
Rotations per Minute

Space Cave explOration UniT
Legged Wheel

111



List of Symbols

0 Coordinate origin for wheel rotation
o(t) Time-dependent rotation angle
om(t) Motor angle

ow(t) Wheel angle

w(t) Angular velocity

wm(t) Motor angular velocity

ww () Wheel angular velocity

a(t) Time-dependent angular acceleration
an(t) Motor angular acceleration

aw(t) Wheel angular acceleration

Z Identifier for cylinder

be Wheel width

SH Side length of hexagon

r Radius

ry Radial vector orthogonal to rotation axis
Te Radius of cylinder

T Inner radius of hollow cylinder

To Outer radius of hollow cylinder

ls Length of spoke

hr Height of foot

d Diameter

dy Inner diameter of hexagon

A Area

Ay Area of hexagon

A, Area of cylinder

Ve Volume of cylinder

iv



List of Symbols Justus Jentsch

m Mass

may Mass of wheel mounting

mg Mass of spoke

mpg Mass of foot

mscT Mass of the SCOUT-Rover

Q Weight scaling factor for individual motor load
P Density

J Inertia of masses

Jz Hollow cylinder’s interia of masses
Jiot Total inertia of masses

JaoB Gearbox inertia of masses

Jw Wheel’s inertia of masses

M Torque

My Wheel torque

Mcs Gearbox torque

Mg Friction torque

My Motor torque

Maes, Desired free wheel torque

M ges,, Desired contact torque

Mot Total component torque

ng Number of spokes in a Rimless-Wheel
v Spoke separation angle

L Gearbox transmission factor

7 Energy conversion efficiency
NGB Efficiency of gearbox

M Efficiency of motor

¥ Contact-point vector

0] Constant wheel diameter vector
(. Foot radius vector

c(p) Contact distance

E Energy

Er Friction energy

w Work

W, Acceleration work

I Current

I Motor current



List of Symbols Justus Jentsch

Iy,
IMT
v
VB
R
Ryt

Free wheel motor current

Contact motor current

Measured (real) motor current

Voltage / electrical potential difference
Battery voltage

Resistance

Motor resistance

Time-variable potentiometer resistance
Power

Rotational power

Electrical power

Rotational power for free wheel case
Electrical power for free wheel case
Rotational power for contact case
Electrical power for contact case

Force

Gravitational force

Velocity

Mean value between real and free wheel current
Mean value between real and contact current
Time horizon

Verification time

Contact threshold

€ {0,1} Contact variable

Upper boundary

Lower boundary

vi



List of Figures

1.1.

1.2.

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.

4.1.
4.2.
4.3.
4.4.
4.5.

5.1.

Surface scans of potential Skylights of lava tubes on Earth’s Moon (left)

and Mars (right). [FBSMalb] . . . . .. ... ... ... ... ... 2
The SCOUT-Rover in a field test on volcanic regolith on mount Etna.

[PSFa23] . . . . . o 3
Synchronous and tripod Rimless-Wheel configurations. . . . . . . . . . .. 8
Full SCOUT-Rover simulation in Dymola. [PL22] . . . .. ... ... ... 10
Advantages of Rimless-Wheels with vertical offsets. . . . . . . .. ... .. 10
RHex-Rover standing on rock. [AT01] . . .. ... .. ... ... ..... 11
Render of the ROLV-Rover. [MKLall] . . . . ... ... .......... 11
Render of the Coyote III with robotic arm mounted [SAK15]. . . . . . .. 12
Strain-Gauge sensor that can detect contact, shear and torsion forces.

[PLKal2] . . . . 13
View of real Rimless-Wheel with symmetry point and coordinate origin. . 18
Simplified wheel composed of several cylinders. . . . . ... ... ..... 18
Simplified view on the drive chain. . . . . . . . .. .. ... ... ..... 23
Abstraction steps for rubber foot. . . . . ... ... Lo 27
Four different wheel orientations. . . . . . . .. .. ... oo 28
Gravity effects on the wheel. . . . . . . ... ... ... ... ....... 31
Static-Detection concept. . . . . . . . . .. .. ... 33
Filtering principle of noisy detection. . . . . . . . .. .. ... ... .... 38
Simulation model in Dymola. . . . . . .. ... ... 0oL, 40
Detailed view on the ideal drive chain in Dymola. . . . . . . . .. ... .. 42
Detailed view on the Rimless-Wheel in Dymola. . . . . . ... .. ... .. 43
Node and topic structure of ROS2. . . . . . . . .. ... ... .. ..... 44
Behaviour of torques for different angular accelerations and velocities. . . 47

vii


https://www.dlr.de/de/bilder/2022/02/scout-rover-auf-dem-aetna
https://www.dlr.de/de/bilder/2022/02/scout-rover-auf-dem-aetna

List of Figures

Justus Jentsch

5.2.
5.3.
5.4.
5.5.
5.6.
5.7.
5.8.
5.9.

5.10.
5.11.
5.12.
5.13.
5.14.
5.16.
5.17.

A2
A3.
AA4.
A5,

Motor current generation. . . . . . . ... .. Lo
Static and calculated detection on simulated motor current. . . . . . . ..
Filtered motor currents for case 1.1. . . . . . . . . . . ... ... ... ..
Filtered calculated acceleration for every case. . . . . . . . .. .. .. ...
Contacts for every case extracted from video footage. . . . . . . . . .. ..
Static and calculated contact detection compared for case 1.1. . . . . . . .
Error visualisation for case 1.1. . . . . . . . . . ... ... .. ... ...
Static and calculated contact detection compared for case 3.1. . . . . . . .
Error visualisation for case 3.1. . . . . . . . . . .. .. ... ... ..., .
Error visualisation for case 4.1. . . . . . . . . . .. .. ... ... ...
Static and calculated contact detection compared for case 4.1. . . . . . . .
Frames of simulation cases. . . . ... ... ... ... ...........
Currents for free movement, resembling case 1.1 and case 3.1. . . . . . ..
Currents for restricted movement, resembling case 4.1 and case 2.1. . . . .

ROS2 contact detection algorithms compared for cases. . . . .. .. ...

First test setup. . . . . . . . ..
Test bench setup for case two. . . . . . . . . ... ... ... ... ...
Test setup for cases three and four. . . . . . . . .. ... ... .. .....

Planetary Exploration Lab tests. . . . . . . . ... ... ... .......

49

53
o4
56
o7

59

61
61

viii



List of Tables

2.1. Specifications of the SCOUT-Rover [LSFa23]. . . . ... ... ... .... 8
3.1. Rimless-Wheel measurements. . . . . . . .. .. ... ... ... ... 19
3.2. Weight of Rimless-Wheel components. . . . . . ... ... ... ...... 21
A.1. Measurement Protocol for SCOUT-Rover test cases. . . . ... ...... 81
B.1. Measurement Protocol for SCOUT-Rover weight. . . . . . . ... ... .. 87

ix



1. Introduction

This chapter serves to get an idea of the challenges the SCOUT-Rover has to deal
with and what this means for detecting contacts. More detailed specifications of the
SCOUT-Rover follow an introductory motivation of the rover’s mission objectives. These
considerations result in a problem definition and the initial question of the thesis. The
scientific contribution of the thesis is then outlined, and finally, a brief overview of the

following chapters is given.

1.1. Motivation

This research is concerned with the development and the capability extension of the
Space Cave explOration UniT (SCOUT) rover platform, created at the German Aerospace
Centre (DLR) at the Institute of System Dynamics and Control (SR). Primary mission
plans are dedicated to investigate Martian and Lunar caves formed by volcanic activity,
requiring a robust and agile rock traversing robot. The SCOUT-Rover’s unique design,
featuring Rimless-Wheels and a three-segmented structure, enables it to navigate chal-
lenging terrains, including drops up to 1.5 meters in rocky areas and caves, without
breaking. [LD10]

The significance of exploring lava tubes lies in their potential to support human settle-
ment on Mars. Lava tubes offer natural protection against radiation, a critical factor
given Mars’ lack of a strong magnetic field and thin atmosphere. Lava tubes could be
accessed through openings, so-called Skylights, that can be seen in Figure 1.1. These
underground structures also hold promise for providing essential resources and may even

harbour microbial life. The research aligns with the broader context of planetary ex-
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Figure 1.1.: Surface scans of potential Skylights of lava tubes on Earth’s Moon (left)
and Mars (right). [FBSMal5]

ploration, focusing on Lunar and Martian caves and their potential contributions to the

future of space colonisation [FBSMalb5].

The SCOUT-Rover is particularly versatile because of its adaptability to terrestrial
missions. Beyond extraterrestrial exploration, the rover has applications on Earth, in-
cluding rescue missions in cave systems and avalanche areas [PSFa23]. The development
goals encompass both terrestrial and extraterrestrial applications, reflecting a holistic
approach to robotics and space exploration [LSFa23]. In Figure 1.2 the SCOUT-Rover

can be seen navigating on Mount Etna, an active volcano on Sicily [PSFa23].

The thesis aims to contribute to the ongoing efforts of the German Aerospace Centre
to advance the SCOUT-Rover’s functionalities. Specifically, it focuses on implementing
contact detection for the specialised Rimless-Wheels, a crucial element for navigating
diverse terrains and ensuring the rover’s longevity and efficiency.

The research revolves around the question, whether a developed algorithm can recognise
contacts based on the motor currents for a Rimless-Wheel on the SCOUT-Rover. To
approach this question, mathematical modelling, simulations, and practical tests are
carried out to validate the functionality of a possible onboard implementation of the

contact detection system.
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Figure 1.2.: The SCOUT-Rover in a field test on volcanic regolith on mount Etna.
[PSFa23|

1.2. SCOUT-Rover

The SCOUT-Rover is an exceptionally robust and uniquely designed exploration plat-
form specifically developed to navigate challenging environments with Rimless-Wheels.
These wheels are subject to extensive testing and a distinctive three-spoked structure.
The SCOUT-Rover stands out for its durability and adaptability. [SLBalT7a)]

In the exploration of cave systems, the SCOUT-Rover operates within solid ground
conditions. Unlike other terrestrial self-driving vehicles contending with moving objects,
SCOUT benefits from the immovability of its surroundings [LD10]. This static setting
facilitates map generation with greater ease, contributing to potentially higher-quality
maps. However, the rover’s flexible components, while advantageous for traversing rough
terrain, introduce a source of erratic movement [LSFa23]. The rover will encounter
obstacles like boulders larger than itself, cliffs, crevices and narrow cave entrances. This
may impact data quality and localisation accuracy, necessitating halting of the rover
[Koc23] or smoothing the ride for measurements, which can be approached with an

accurate ground contact detection.
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1.3. Problem Definition

In the context of SCOUT’s overarching mission to explore extraterrestrial caves, several
critical aspects align with the problem at hand. The fact that the rover cannot return to
the surface empathises with the need for long operability within the cave environment, so
efficient energy consumption is highly important [LSFa23]. Given that motors consume a
significant portion of the available energy, enhancing their efficiency emerges as a central

challenge.

Efficient motor usage extends beyond bare energy conservation, directly influencing the
rover’s durability and survivability. Identifying scenarios such as wheels spinning freely
in the air or becoming stuck is vital for reducing energy consumption and potential
damage to wheels and motors. A robust contact detection system supports achieving

these goals.

The strategic decision to minimise the reliance on external sensors aligns with the need
for sustainability and durability in harsh environments. Every additional sensor intro-
duces a potential point of failure and increases energy consumption [LSFa23]. Hence,
prioritising contact detection using motor currents becomes a promising ambition.
However, this approach comes with its own challenges, as electric motor signals are
inherently noisy [Mill5]. Selecting the right filtering mechanisms and developing an ef-
fective approach to handle noise emerges as a critical factor for addressing this complex
problem.

These considerations level the justification of the general underlying question of this

bachelor thesis:

Can a derived algorithm recognise contacts based on the motor currents for a Rimless-
Wheel on the SCOUT-Rover?

Balancing the need for accurate current-based contact estimation with the constraints

of performance efficiency forms the central objective of this research.
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1.4. Thesis Contributions

Initially, the drive chain of the SCOUT-Rover is mathematically modelled, establishing
a foundation for subsequent simulations. This enables a comprehensive understanding of

the rover’s behaviour and is essential for developing the contact detection algorithm.

Building on the mathematical model, the thesis includes a simulation of various scenar-
ios. This step is essential for exploring different cases and understanding the current-
behaviour of the rover. The insights gained from the simulation not only inform the
development of the contact detection algorithm but also provide valuable information

for future projects.

The core contribution centres around the development and implementation of a robust
contact detection algorithm for the SCOUT-Rover, a program designed to identify con-
tact of the Rimless-Wheels with the ground.

1.5. Thesis Outline

Chapter 2 offers an overview of the ongoing development of the SCOUT-Rover and sets
the stage for the subsequent discussions of the Rimless-Wheel and the current state
of Rimless-Wheel driving. Furthermore, approaches for ground contact detection of

analogous rovers are discussed.

Chapter 3 provides a comprehensive summary of the general methodologies employed
in the modelling of the system. Furthermore, the contact detection logic is explained.

Additionally, the case study carried out in Protocol A is explained.

Chapter 4 focuses on the contact detection program and the multi-body simulation
model in Dymola. These approaches serve to validate the modelling done in the previous
chapter. This chapter further offers a detailed examination of the development of the

onboard implementation in ROS2.
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The collective outcomes from Chapters 3 and 4 are presented in Chapter 5, where results

are discussed and compared.

Chapter 6 approaches a discussion of the overall results, presenting problems and so-
lutions and furthermore extending ideas related to the results. Lastly, an outlook for

future research is given.

The last Chapter 7 concludes with a summary of all topics and an answer to the initial

question of this thesis.



2. State of the Art

This chapter presents the state of the art in the context of this thesis. First, reference
is made to the development status of the SCOUT-Rover. The concept of the Rimless-
Wheel is explained, and which rovers currently use these wheel types. Lastly, contact
detection concepts are discussed. Sensor technology and the concepts used for contact

detection in rovers are discussed in this context.

2.1. SCOUT Platform

Anchored in biologically inspired non-steerable Rimless-Wheels [SLBal7b], SCOUT em-
braces a modular design to facilitate versatility and adaptability to diverse terrains.
The SCOUT-Rover serves as the focal point of this research, constituting a locomotion
platform developed by the German Aerospace Centre (DLR) at the Institute of System
Dynamics and Control in Oberpfaffenhofen. Utilising a hybrid locomotion mechanism
that inherits rolling and walking motions, the rover traverses rough terrain, including

steep sand slopes, rocky terrains, and soft soils [PL22].

In Figure 2.1, which is inspired by the works of J. Skibbe, the synchronous wheel configu-
ration on the left hand side and the tripod wheel configuration on the right hand side are
depicted. In the publication of Skibbe, different wheel modes for the SCOUT-Rover are
discussed and resulting effects on vertical displacement and roll angles are analysed. It
also discusses how a controller arranges such phase shifts to enable riding and switching
between different wheel modes [Ski21].
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synchronous

left
left

right
right

rear middle front rear middle front

Figure 2.1.: Synchronous and tripod Rimless-Wheel configurations.

2.1.1. Rover Specifications

Key specifications of the SCOUT-Rover are summarised in Table 2.1, providing insights
into its dimensions, payload capacity, speed, obstacle traversal capabilities and battery
runtime. [LSFa23]

Rover Mass ~ 18 kg

Payload Capacity > 12 kg, 10 L volume
Maximum Speed ~ 1.7m/s

Max. Obstacle Height > 400 mm

Tested Drop Height > 1.5m

Battery Runtime (Li-Ion) | ~ 10 h

Size of the Rover 1.0x0.5x04m

Table 2.1.: Specifications of the SCOUT-Rover [LSFa23|.

Moreover, the PICO-KBU4 from Aaeon, the development PC driving the SCOUT’s
operations, features robust specifications, highlighted by a 7th generation Intel® Core™
i5-7300U processor, 16 GB DDR4 memory, and a 512 GB M.2-PCle-NVMe SSD for
storage. [Asu23]

The motor controller can output up to 10 A of current. The controller has an EtherCAT
compatibility and communicates at 100 Mbps (Megabytes per Second) with the onboard

computer.



State of the Art Justus Jentsch

The current motor system of the rover is powered by six (RE 40 ¥»40 mm) motors from
Maxon with Graphite brushes, delivering 150 Watts at 48 V nominal voltage [Max22]
each, alongside Planetary Gearheads (GP 42 C 203124), featuring a reduction ratio of
66:1 [Max21b]. A motor is complemented by an Encoder (16 EASY 128-1024 CPT) from
Maxon, boasting a supply voltage of 5 V + 10% and a maximum operating frequency
of 1600 kHz [Max21a].

2.1.2. Complete Model of the SCOUT in Dymola

Dymola, which stands for Dynamic Modelling Laboratory is a modelling and simulation
tool, based on the Modelica language. Furthermore, Dymola is an influential Modelica
tool, which was the first full-scale industrial-strength Modelica environment [FPAa20].

The purpose of this model is to represent physical systems using model libraries that are
widely available and used in many engineering domains. The philosophy is to express
a system’s behaviour not in algorithms but in equations that represent physical laws.
It remains with a hierarchical structure that has the most simple of structures at the
bottom, such as resistances or springs, and can then be assembled to a system like the
SCOUT-Rover.

An extensive library was created that can model the behaviour of the Rimless-Wheels,
motors and gearboxes and mainly the SCOUT itself in various scenarios. The SCOUT
was fully modelled and simulated in Dymola, with a visual representation made possi-
ble by an in-house written visualisation toolbox. Figure 2.2 shows a frame of such a
visualisation. [PL22]

2.2. Concept of Rimless-Wheels

To understand the intricacies of contact detection, it is important to explore Rimless-
Wheel concepts despite their deviation from traditional tire-and-rim designs. In space
exploration scenarios, where traditional gas-filled tyres are impractical, alternative con-
cepts have emerged to facilitate locomotion on extraterrestrial surfaces. While rimmed
wheels are suitable for many scenarios, they face limitations in specific environments,

necessitating exploring alternative locomotion solutions. Legged concepts, depicted in
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Figure 2.2.: Full SCOUT-Rover simulation in Dymola. [PL22]

Figure 2.3.: Advantages of Rimless-Wheels with vertical offsets.

Figure 2.3, have garnered attention due to their ability to navigate vertical displace-
ments effectively. The figure also shows that the more spokes a wheel has, the closer its

behaviour approaches that of a regular wheel.

The term “Rimless-Wheel” was introduced in 1990 by Tad McGeer as an abstraction
for human walking [McG90]. While McGeer’s research primarily focused on stiff spokes,
which come with inherent disadvantages compared to flexible counterparts, the concept

has evolved significantly since then and is now utilised in various rover designs.

10
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Figure 2.4.: RHex-Rover standing on Figure 2.5.: Render of the ROLV-
rock. [AT01] Rover. [MKLall]

2.3. Rimless Wheeled Rovers

A notable application of the Rimless-Wheel concept is the RHex-Rover, depicted in
Figure 2.4. This rover employs wheels consisting of single spokes rotating around a
central axis, enabling smooth locomotion [AT01]. Variations of this concept have inspired
multiple-spoked wheel designs, such as the Rolling Leg Vehicle (ROLV) developed in
cooperation with Dr. Roy Lichtenheldt, project leader of the SCOUT-Rover [MKLall].
The ROLV-Rover features three spokes and is segmented into three flexibly connected

segments, as illustrated in Figure 2.5.

Another noteworthy example is the Coyote 11, designed with a five-spoked wheel config-
uration for lunar and Martian exploration. This rover, depicted in Figure 2.6, emphasises
“(Semi-) Autonomous operation within a logistics chain” [SAK15], with provisions for

mounting a robotic arm for enhanced versatility.

In summary, Rimless-Wheel concepts represent an innovative approach to locomotion in
space exploration, offering advantages in navigating challenging terrains. This section’s
diverse designs and applications underscore the importance of exploring alternative lo-

comotion solutions in extraterrestrial environments.
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Figure 2.6.: Render of the Coyote III with robotic arm mounted [SAK15].

2.4. Contact Detection

The necessity for contact detection in machine applications arises from various factors.
In medical technology, such as prostheses, and in industrial settings, such as machining,
the absence of contact detection can lead to immediate damage. While the importance
of contact detection in traditional wheeled applications may not be obvious, it holds
significant relevance for Rimless-Wheels. Preventing damage to components due to
over-stressing or unnecessary usage is engaging. Therefore, contact detection serves as
useful information in ensuring the integrity and longevity of the system.

This section handles diverse approaches to contact estimation. The examination begins
by exploring sensory-based methods, which use sensory inputs to recognise contact with
the environment. Subsequently, applied concepts in rovers are examined, focusing on

implementing contact detection in rover systems for navigating challenging terrains.

12
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2.4.1. Sensory Technology

In modern machine applications, contact sensors provide crucial feedback for various
tasks and operations. These sensors, predominantly electronic in nature, play an im-
portant role in detecting contact with the environment and ensuring the integrity of the

system.

One promising technology related to contact detection is the strain-gauge sensor. Par-
ticularly prevalent in medical technology, novel strain-gauge sensors utilise interlocking
platinum-coated polymer nanofibers to detect contact, shear, and torsion forces. By mea-
suring the electric current passing through, these sensors can precisely evaluate changes
in resistance, as depicted in Figure 2.7 [PLKal2].

In the context of Rimless-Wheels, integrating strain-gauge sensors into the spokes or
potential contact points could detect deformation upon establishing contact, thereby

enabling contact estimation.

Another approach to contact detection involves the evaluation of ultrasonic waves. By
emitting ultrasonic wavefronts and analysing the reflected data, contact with the en-
vironment can be estimated. This method not only provides information on contact
but also facilitates the analysis of different underground materials, as the resulting fre-
quency varies based on the contact material [SA94]. Placing such sensors within the feet
of Rimless-Wheels could offer a comprehensive contact profile, enhancing navigation

capabilities in diverse terrains.

Pressure

: Torsion
Shear :

Rl

Figure 2.7.: Strain-Gauge sensor that can detect contact, shear and torsion forces.
[PLKal2]
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Furthermore, optical soft sensors present an innovative solution for measuring fingertip
force and contact recognition. In this concept, an LED emits light through deformable
Polydimethylsiloxane (PDMS) waveguides, which undergo deformation upon contact.
A photodiode then detects variations in the incoming wave scheme, enabling accurate
contact detection [CLKal7].

Integration of optical soft sensors within Rimless-Wheels spokes or their feet could pro-
vide valuable insights into ground contact, further enhancing the system’s adaptability

and performance.

2.4.2. Applied Concepts in Rovers

In the context of aerospace technologies, advancements in rover design have led to the
development of innovative legged robots like the DLR-Walker. This hexapod robot,
equipped with legs inspired by the design of human fingers, features three independent
actuated joints in each leg, enabling omni-directional walking. The DLR-Walker can
detect various environmental factors crucial for navigation by incorporating a sophis-
ticated sensor suite, including joint position, joint torque, force torque, motor torque,
and temperature sensors. Notably, using force/torque sensing enables the application of
advanced soft control algorithms, facilitating smooth traversal across complex terrains.
Furthermore, the DLR-Walker serves as a platform for studying navigation algorithms,

empowering autonomous mapping of 3D environments. [Aril0]

In the efforts of enhanced rover mobility, researchers found answers in model-based
chassis control. By incorporating terramechanics models into chassis control systems,
engineers aim to optimise rover performance across various terrain types. Semi-empirical
models, rooted in the work of terramechanics researchers like Bekker and Wong, offer fast
and efficient simulations of wheel-ground interactions. These models, validated through
rigorous testing and field trials, provide valuable insights into the forces at play during
rover locomotion. Moreover, integrating wheel-ground contact effects into path-planning
algorithms presents an alternative approach to enhancing rover mobility, promising more
adaptive and responsive traversal strategies. [Bar20]

These advanced planning algorithms are gaining prominence in the context of rover
chassis control, particularly in missions like MMX (Martian Moon Exploration) [B*22].
For instance, the IDEFIX-Rover’s [Lan23] operational strategy hinges on the assumption
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of a predominantly flat surface, with alignment commands executed based on anticipated
wheel contact angles [SBB21]. This can be observed using so-called “WheelCams”,
imaging contact points of the wheels to the surface. This observation does not influence
the behaviour of the rover [UMGa21]. With this estimation, a real-time contact sensor

is obsolete. This approach is promising if the estimation of flat underground is true.

In the broader context of multi-terrain exploration, both wheeled and legged robots play
important roles in navigating challenging environments. While wheeled robots excel on
smooth surfaces, legged robots offer superior mobility in rough terrain by adapting to
surface irregularities through discrete footholds. Closed-loop gait planning designs lever-
age sophisticated sensing elements and adaptive algorithms to navigate diverse terrains
effectively. For example, RiSE uses joint position sensors, leg strain sensors and foot
contact sensors in each one of its six legs. Additionally, innovative Wheg (legged wheel)
designs featuring curved leaves enhance static stability and reduce torque requirements,

improving endurance and performance in challenging environments. [ADMal6]

While all of these approaches are sensibly chosen for their respective rover types, the
SCOUT-Rover cannot meaningfully adapt any of these concepts. Compared to the
other rover concepts mentioned above, the SCOUT-Rover is designed to be robust and
efficient. Any additional sensor technology is therefore unsuitable. A new concept must
be developed that only uses the sensor data of the motor controller. The basic concept
of contact detection and the calculations required for this are derived in the following
Chapter 3.
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3. Modelling

Constructing a mathematical model necessitates preliminary considerations in order to
balance simplicity and comprehensiveness. To represent the relevant effects, the accuracy
and the quality of the model depend on the right choice of required parameters. This
chapter includes the model assumptions, the definition of a coordinate system and the
derivation of the model. Furthermore, the contact detection strategy is explained, and

the outcome of a protocol is set into perspective.

3.1. Assumptions

The dynamics of a simplified wheel are discussed, with the coordinate origin set at its
axis of rotation.

In this study, a non-elastic system is examined. Consequently, every component and
object interacting with it is treated as rigid. Considering elastic systems, while being
generally important, do not significantly impact the outcome of this study.

Thermal effects, such as the expansion of mechanical parts or heat generation due to
friction, are excluded from consideration. Although they influence the model’s dynamics,
their impact is minimal, and including them would unnecessarily complicate matters.
At the low RPM at which the wheel operates, air friction is negligible [GZZa23] and
therefore not considered.

However, one frictional aspect that requires attention is within the gearbox. The
datasheet provides an efficiency coefficient for this friction [Max21b]. If the coefficient
is less than 100%, mechanical energy dissipates as heat. Given the exclusion of thermal
effects, this results in an energy deduction factor. According to [PSO02], this gearbox
friction can be approximated as linear, making it feasible to examine. Its significance

becomes relevant in the following section.
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Another friction that can not be neglected is the friction between the wheel and the
ground. Here, it is assumed that a foot that established ground contact can not slip on
it.

Additionally, the process of data transmission is simplified. The communication between
the electrical motor, motor controller and computer is assumed to be instantaneous and
free of data loss. The motor model is also simplified so that inductance and resulting

effects are neglected. Also the exact internal electronic structure is simplified.

DIMENSION PARAMETERS:

Accurate parameters of the rover’s weight were obtained through several measurements
to validate its specifications. To ensure that reproducible results can be derived from the
model, the dimensional parameters of the rover have to be precise. Given the ongoing
development process, components undergo regular updates, rendering the information
in Table 2.1 potentially outdated. For example, the current total mass of the rover
was determined to be approximately 20.001 kg. These measurements were conducted to
ascertain the weights of the wheel components, the rover itself, and the load carried by

each individual leg. The detailed results are provided in the appendix in Protocol B.

3.2. Theoretical Free Wheel Case

In this scenario, the wheel rotates freely without making contact with the ground. The
variables of interest include the time-dependent rotation angle ¢(t), its derivatives and
the current I.

Given the triangular symmetry of the SCOUT Rimless-Wheel and the absence of inter-
action with other objects, the model can be simplified. This symmetry is illustrated in
Figure 3.1, where the dotted lines represent axes of symmetry, and the coordinate origin
is denoted as 6.

The simplified wheel resulting from this analysis is depicted in Figure 3.2. The left
schematic highlights the cylindrical structure and fundamental radii. The cross-section
shown on the right-hand side, reveals consistent thickness and equal diameters for each
cylinder. Specifically pointing out, a simplified wheel consists of one full cylinder Z; and
two hollow cylinders Zs and Zs.

7 corresponds to the wheel mounting constructed from aluminium. Zs represents the
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Figure 3.1.: View of real Rimless-Wheel with symmetry point and coordinate origin.

= 60mm Z3 \
fe—

be

Figure 3.2.: Simplified wheel composed of several cylinders.
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Wheel width be 44.1 mm
Hexagon height | dg | 55.0 mm
Length of spoke | Ig | 125.0 mm
Height of foot hrp | 30.5 mm

Table 3.1.: Rimless-Wheel measurements.

wheel spokes, out of POM (Polyoxymethylene), a plastic initially cast and then machined
into shape. Finally, Z3 represents the feet of the wheel, made from a rubbery 3D-printer
filament called TPU (Thermoplastic Polyurethane).

All cylinders rotate around the same axis at identical angular velocities w(t). By deter-
mining their respective radii r.,, weights m;, and width b., where i € {1,2,3} a formula
for the total mass inertia Ji,; can be derived.

The values presented in Table 3.1 were obtained during the measurements of the weights
in Protocol B, using a calliper capable of precise measurements down to a hundredth of a
millimetre with a tolerance of 0.2%. To ensure measurements, they were cross-referenced
with the CAD model of the Rimless-Wheel. With the dimensional parameters set, the

calculation of the geometric relations of the wheel can be carried out.

FuLL CYLINDER Z;:

At this stage, the shape of the wheel mount is idealised to form a perfect hexagon.
Although the actual shape is more complex, as illustrated in Figure 3.1, this simplifica-
tion does not significantly impact the argumentation. With the inner diameter denoted

as dg, the side length of the hexagon sy and its area Ap are given by

sp= Y3dy = 28.7 mm,
(3.1)
Ay = %sH2 = 2584.7 mm?.

This is used to construct a circle with the same area as the hexagon Ay = A., = 777"012.

The radius
An

T =\ = 28.7 mm

of this circle is subsequently employed to calculate the dimensions of the other cylinders.
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HorLrLow CYLINDER Zs:

Using the measured values of g, the smallest distance between the foot and the inner
cylinder is determined. This length represents a straight and simplified spoke length.

The hollow cylinders Z, parameters are given by

Te, = lg+ dTH = 152.5 mm,
Tery = Tey —Tep = 123.8 mm, (3.2)

Acp = (Tgr - 7’21) = 70477.0 mm?.

HoLLow CYLINDER Zj3:

Similarly to (3.2), these necessary parameters can be calculated as

Tes = Tep +hp = 183.0 mm,
Agyy = 7 (r2, —1r2)) = 32147.0 mm?,

using the measured value of the foot height hp = rc,,.

The derived cylinder base areas and radii facilitate the computation of the individual

mass moments of inertia.

3.2.1. Mass Moments of Inertia

The mass moment of inertia is a fundamental concept in mechanical engineering. While
determining the mass moment of inertia for certain objects can be challenging [PAAal6],
in this case, assumptions are employed to simplify the calculation of the mass moments
of inertia J;, for ¢ € {1,2,3}. Here, it is assumed that the mass m;, radius r.,, and
density p; of each cylinder Z; is constant, for ¢ € {1,2,3}, and that the rotation axis is
situated at the centre for all cylinders. Generally, the mass moment of inertia is given
by

7= [ leslpte) av. (3.4)
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where p(+) is the mass density function at each point r and r, is a perpendicular vector
to the rotational axis, from which it extends to r. The integration with respect to the

cylindrical volume V is evaluated for the cylinder Z;.

Under the previously stated assumptions p(r) = p = bc% and
dV, = b.dA = 2wb,r dr, (3.5)

which yields

e,
= [
Tei_

) 47 Teq
27Tb rdr = 27?—/ r3dr = 271% lr]

b A A; | 4
1 c £1g Tei_q % re, (3,6)
4
m; Teg — Tei_ 1 m; 2 9
Trﬂ-("“c«;2 - ""02‘712) 4 2 <TCZ fei )

Note that r., is set to zero.

Also supported by the work of [PAAal6], it can be seen that for cylinders with the

previous assumptions, the following equation is obtained:
Jz == (rg —17). (3.7)

Where r, is the outer radius, and r; is the inner radius of a hollow cylinder. Though
Protocol B, the masses of the wheel mounting, the spokes and the feet were determined
and the results are summarised in Table 3.2!. Note that there are three spokes and three
feet per wheel, therefore, their mass value has to be multiplied by three to obtain the
correct weight.

It is worth mentioning that no screws, nuts or washers are considered here. This results
in a difference of Am = 0.0578 kg. Since modelling these parts separately would not

improve the model a lot, their weight is neglected.

!Tolerances are given in Protocol B

Wheel mounting | mas | 0.248 kg
Spokes mg | 0.203 kg
Feet mp | 0.027 kg

Table 3.2.: Weight of Rimless-Wheel components.
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With the masses, the individual mass moments of inertia can be calculated:

Ji = T (re, — 1¢,) = 1.0194 10~ kg m?,
Jo = ME(re, —re,) = 22.748- 1073 kg m?, (3:8)
Jz = %(7'03 - rcz) = 4.1443-107° kg m®.

Summing up the individual inertia yields
Jw = J1 + Jp + J3 =2.7911 - 1073 kg m?. (3.9)

An integral component of the system is the planetary gearbox with a transmission ratio
of 66 : 1 [Max21b]. The gear transmission factor denoted as ¢ = 66, serves as an
essential parameter for transforming gearbox inputs into corresponding outputs. Every
angular change Ap(t), is reduced by a factor of ¢, concurrently amplifying the torque by

a multiplication factor of ¢, resulting in the relations

pw(t) = %i(t), %@W(t) = ww(t) = “’ML(“, %ww(t) = aw(t) = O‘ML“), (3.10)

The gearbox efficiency, denoted as ngg = 0.72, implies that only 72% of the input
rotational energy is converted into output rotational energy and vice versa [Max21b]. It
can be assumed that the loss in energy concerns heat generation due to internal friction.
The thermal effects are, therefore, neglected. The gearbox itself has a mass moment of
inertia itself: Jgp = 15-107% kg m2. [Max21b]

ELECTRIC MOTOR:

The brushed direct current (DC) motor operates under a constant battery voltage of
VB = 48 V. Its datasheet states an inner resistance of Ry = 1.13 © [Max22]. Neglect-
ing induction effects, which have a reaction time in the millisecond range, the system
simplifies to a basic circuit comprising only a resistor in series with a voltage source.

According to Kirchhoff’s law of currents
L=L=...=1,

for n € N, the current remains constant, while Ohm’s law states that V' = R - I. This
allows the calculation of the voltage.

Emphasising the significance of the potential resistance Rp(t) is important as it enables
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Gearbox Wheel

Figure 3.3.: Simplified view on the drive chain.

current regulation. Although the real motor controller includes more functionalities than
merely controlling a resistor, this simplification suffices for the present consideration.

The motor current
VB

" Rp(t)+ Ru

is, therefore, dependent on both the internal resistance of the motor and the variable

Iv

motor controller resistance. Additionally, the motor datasheet specifies the mass moment
of inertia as Jy = 137 - 1076 kg m?. [Max22]

3.2.2. Torque Computation

The schematic representation in Figure 3.3 illustrates the comprehensive model, tracing
from the electrical input through the gearbox into the wheel. This depiction aims to

clarify the composition of the subsequent torque computation process.
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Remark: When computing rotational torque, it is essential to consider a rotational
system. Usually, the unit [rad], denoting rotation around a rotational axis, is implied
rather than explicitly stated. However, in this analysis, it is retained, underscoring how
individual steps contribute to the overall computation. In addition, time dependencies

are not always written out in order to maintain readability.

A general formula to calculate a rotational torque M is given in the following equation:

d
M = Ja(t), M:1 {kgmz} [raz} = 1[Nmrad]. (3.11)
S
This equation addresses the primary concern yet neglects the influence of friction. Intro-
ducing friction into the system is essential for realism, with the gearbox efficiency ngp
providing the means to account for it. This necessitates an understanding of friction

energy

Er=(1-n) <;Jw(t)2) . Egp:1lkgm?] lrzﬂ =1 [Nmrad?]. (3.12)

Notably, upon closer examination, it becomes apparent that the units of Equations (3.11)
and (3.12) do not align. Fortunately, a crucial step remains to convert this energy into
torque. By the law of energy conservation, the rotational work Wg represents a change
in kinetic energy. Since the angular velocity w(t) is a time variable, changes that occur

during accelerations are recognised, resulting in the following relation:
Wgr = AFER = %Jw(t)z. (3.13)

When divided by the angle ¢, the desired frictional torque Mg can be derived. If a

perfect energy conversion efficiency would occur, it would yield a value of one. If that

happens, the friction torque would be zero. If this connection is taken into account, then

the factor (1 —n) has to be included. Equation (3.14) presents this and serves to confirm

that Mgr now possesses the correct units:
Wr _ (1—n) Jp(t)?

Me=lw = 2 o MR”[

Nm rad?
rdd

1 = 1[Nmrad]. (3.14)

However, a crucial point remains unresolved: determining the appropriate value for J
in this scenario, given the existence of multiple mass moments of inertia. While the

gearbox specifies its own moment of inertia, it does so without specifying whether it
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refers to the input or output. Consequently, it is assumed that the specified moment of

inertia corresponds to the input, establishing the following relationship:

My = Jw ¢w(t),
. 3.10 .

Mcp = JaB ¢m(t) ( = ) JapLtdw(t), (3.15)
. 3.10 .

My = Jagn(®) "2 hneaw(@).

In Equation (3.15), every angle is transformed into @w(t), as the system is analysed
from the wheel’s standpoint. Given that My, Mgp, and consequently My are already

correctly scaled, the system’s total torque

. J
Moty = My + Map + My = ¢w(t) ¢ (ZN + JaB + JM) (3.16)

=t Jtot

results. The equation for the target free wheel torque Mges, can be derived subse-

quently

(3.17)

Maes; = Mot + Mr = Jiot L (SOW(t) + (1 —ne) pw(t) )

2 ew(t)

as the sum of the systems total and frictional torque.

3.2.3. Free Wheel Motor Current

The concept of power, representing the transfer of energy over time, is fundamental in
physics and is commonly expressed as P = F' v, where F' denotes force and v denotes
velocity.

For rotational systems, power can be defined as P,y = M w(t), where M represents
torque and w(t) represents angular velocity. In the context of electrical systems, power
is typically expressed as P,y = I -V, where I denotes electrical current measured in
amperes and V denotes electrical potential difference measured in volts. The unit of
every power is measured in watts, allowing for the transformation P = Pyt expressed
in terms of

IV =Muw). (3.18)
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For the free wheel case, this results in the rotational power

Protf = MdeSf @M(t) = MdeSf L @W(t) (319)

The motor efficiency denoted as ny; = 0.92 implies that approximately 92% of the electri-
cal energy is converted into rotational energy [Max22]. While the datasheet lacks infor-
mation about internal friction, the assumption is made that the energy loss solely arises
from electrical components converting electrical energy into thermal energy. Although
this assumption may oversimplify the system, it provides a reasonable approximation
for modelling purposes. Considering the effect of the motor efficiency nys = 0.92, the

electrical power reduces to

Protf (3.19) MdeSf LSbW(t)

Py, = (3.20)
nMm M
Given a constant battery voltage Vg = 48 V, rearranging yields
P, Mes, t ow (T
IMf (t) _ Otf _ dGSf SDW( ) (321)

Vi nv VB

to derive an explicit formula for the free wheel current Iy, ().

3.3. Theoretical Contact Case

In the contact scenario, the analysis focuses on the interaction between a single foot
and the ground. Consequently, the wheel mounting is now represented by an extruded
hexagon, offering a more detailed depiction. The spokes are conceptualised as slender
rods with a uniform diameter, signifying the distance between the actual wheel mounting
and the rubber feet. Moreover, these feet are abstracted into extruded half circles, with
their radii representing the dimensions of the authentic foot. The process of abstraction
is illustrated in Figure 3.4. The previous Section 3.2 explains the dynamics of motor

and gearbox, which will remain unchanged for this chapter.
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R

Figure 3.4.: Abstraction steps for rubber foot.

3.3.1. Contact Vector

The evolved wheel structure no longer has a constant radius and therefore complex
contact points are to be expected. The rotation angle, denoted as ¢, remains in this
context. However, it necessitates a reference point, which is provided by a designated
foot highlighted with dark green outlines. When the centre of this foot aligns with the

z-axis, @ assumes a value of 0. This is illustrated in the upper left corner of Figure 3.5.

In the context of calculating the contact point, establishing a coherent coordinate system
is important. Here, the coordinate origin, denoted as 0, is positioned at the centre of
the hexagon. The angle ¢ denotes the rotation around the y-axis, with the assumption
that the wheel remains fixed in its y-position. Notably, during the wheel’s rotation in a
positive mathematical sense, it is not displaced along the negative x-axis but maintains
its x-position. This assumption aligns with the absence of slippage on the ground, im-
plying that a wheel in contact with the ground invariably traverses the surface beneath
it. Consequently, the wheel remains fixed relative to the z-axis, with any rotational
displacement observed concerning the ground.

Vector-based calculations are instrumental in determining the contact point, with the
primary vector of interest being denoted as 9. This vector is formed through a sum-
mation of various vectors pointing towards significant points. Given that a straight line
can be drawn to the ground, intersecting the ground plane orthogonally, a right angle
at v = 90° can be identified. Leveraging the fact that the sum of angles in a triangle

totals 180°, additional angles within the triangle can be expressed as

a+8+y=180°Ay=90° = a+p=90°

(3.22)
= [=90°-aq.

27



Modelling

Justus Jentsch

/
Z, (P=9 0° //
(L ¢ g
(p=0 ° r \
\
B y
O
//// \\\\ \\\
e Y
/// /// \\\\\\ \\\
\\\ ///
\\ //
\\\\\\ //////
\\\ ///
\\ //
-180°( o,
¢= S)
0=240% 19
P
C -
P o C
~ /// X C ( (p ) Q
r r X a N

®Distance between origin and contact-point

® Foot radius
®Simplyfied leg length

Inner radius of hexagon
® Wheel rotation angle
®0 Coordinate origin

Figure 3.5.: Four different wheel orientations.
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With the correlation between a and ¢, the following equations can be described exclu-
sively in terms of ¢. This relation can further be observed in Figure 3.5 in the lower left

corner. As a = 0° when ¢ = 180°, the implication
a=¢p—180° = p[B=270°—-¢ (3.23)
is obvious. The distance from the coordinate centre to the centre of the foot
l=7r;i+1ls =125 mm + 27.5 mm = 152.5 mm

consists of sum of the inner circle radius r; = dTH of the hexagon and the simplified spoke

length [g.

Considering the Law of Sines, the constant wheel diameter vector

V) =

l [ sin(«) ] (3.23) [—l sin(y) (3.24)
)

—I sin(f [ cos(p)

can be formed. Another occurring vector is

0
5, = [ ] , (3.25)

—r
which is always orthogonal to the ground, ensuring that its x-component remains con-
stantly zero. As the foot is modelled as a semicircle, its z-module maintains a consistent

radius throughout the interval of interest
90° < p < 270°.

In Figure 3.5, four distinct scenarios of wheel orientation are shown. In the upper left
corner, a wheel with no rotation is illustrated, corresponding to ¢ = 0°. Adjacent
to the coordinate centre 6, a wheel is tilted at 90°, representing the considered lower
limit of orientation. Further rotation would lead to the wheel climbing. Below, a case
with ¢ = 240° is depicted, illustrating the composition of the contact vector ¥(y).
Additionally, a wheel positioned on one leg is portrayed, corresponding to ¢ = 180°.
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Combining (3.24) and (3.25) the desired vector
V(o) =0+, = [ (3.26)

can be derived. With Equation (3.26), the distance ¢(¢) from the centre of the wheel to

the contact point can be calculated. For that, the absolute value

()| = elp) = /(1 sin())? + (I cos(p) — 1)° (3.27)

is calculated.

3.3.2. Gravity Effects

The influence of gravity is significant for a rover. It exerts a gravitational force, denoted
as Fy = m - g, where m represents the object’s mass and g ~ 9.81ms~2 denotes the
acceleration due to gravity on Earth. Figure 3.6 illustrates an example of a one-legged

scenario, showcasing the orientation of gravity and its corresponding force.

The number of spokes ng is three for the current version of the SCOUT’s Rimless-Wheel.
This is important since the behaviour of a Rimless-Wheel changes drastically with the
number of spokes [McG90]. The spokes are separated by an equal angle v = 2% For an
initial standing position of a left spoke vg, ,, and for the angle of the standing spoke vg

as shown in Figure 3.6, the following
USiniy = T — %7 US = Vg, + ¢w mod v (3.28)

holds. The torque required to counteract the gravitational pull on the SCOUT-Rover is

calculated as follows

mgsct

M, = M,(vs) = c(vs) g sin (arctan2 ((b(vs) + ), a(vs)) — ”) L (329

2

(2

using its mass mgcor. Equation (3.29) comprises the arctan 2 function, a two-argument

arctan(-), which is the inverse function of the regular trigonometric function tan(-). It

describes the measured angle in radians between the z-axis and a vector from the origin
b+r

6 to a point (x, z). Since using the regular arctan (T) could result in a division by zero,
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Figure 3.6.: Gravity effects on the wheel.

this approach is superior. As the wheel rotates through its cycle, the sine function alone
wouldn’t fully capture the discrete changes in torque at specific rotational positions in
the Rimless-Wheel. The arctan 2 function effectively delineates these transitions with the
use of the modulus, thereby creating distinct intervals where the torque undergoes abrupt
changes. It is, therefore, ensured that the sine function resets periodically at multiples of
%’T radians. This operation effectively marks the points where the torque transitions from
its maximum to its minimum values and vice versa, aligning with the Rimless-Wheel’s
rotational symmetry, capturing the discrete nature of the torque variation throughout
the wheel’s rotation, enabling a precise representation of its dynamic behaviour. It is
important to note that this approach still represents a simplification that assumes that
there is no slipping between the feet and the ground and therefore cannot fully simulate

the behaviour of a wheel in contact with the ground.
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Since only one motor is currently observed, it is reasonable to assume that each motor
supports only a fraction Q;,7 € {1,...,6} of the total mass of the rover. These fractions
have been determined through tests outlined in Protocol B, where the weight distribution
for each segment was examined. Depending on the segment, the appropriate weight
fraction for each motor must be selected. By combining the gravitational torque with
the torque considerations outlined in the previous Section 3.2, an initial estimate for the
contact torque

Maes. = Maes; + Mg (3.30)

can be obtained. This torque can further be substituted to formulate the desired contact

motor current

Protc _ Mdesc LPW (t)

3.31
VB nv VB (3:31)

Iy (1) =

3.4. Contact Detection Logic

To construct a comprehensive model, an algorithm must be developed to distinguish
between wheel ground contact and no contact. This algorithm further referred to as
Calculated-Detection, relies on the measured values of the actual motor current Iy, .
With this value known, the algorithm is constructed. For that, the average values A ¢ or
A, are evaluated. These average values observe a time horizon h; € N around a point
in time t;, i € {1,...,n},n € N and the absolute of the difference between Iy, (¢;) and

Iy, (ti) or Iy, (t:). These differences are summed up for all values, resulting in

ht
1 . .
Ap(t;) = o, ’IMT(tH‘J)—]Mf(tz“f‘J) ;
Jj=—ht
o (3.32)
A(ty) = oy ’IMT(ti‘i‘j) —Iv, (ti—i-j)’.
J=—ht

This assessment requires access to information about s and its derivatives, since the
Equations (3.21) for Iy, (t) and (3.31) for Iy, (t) necessitate these values. If the estimated

free wheel average Ay is smaller than the estimated contact average A., the boolean
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Figure 3.7.: Static-Detection concept.

contact variable C is assigned the value of zero; otherwise it is assigned the value of one.

This process is repeated for each time step t;, resulting in the detection function

0 for Ap(t) < Ac(t),

C(t) =
1 for Ag(t) > Ac(2),

(3.33)

fort € {t; |i € {0,...,n}}.

Remark: This logic can be simplified with constant values for Iy, and Iy, that are
conducted through real motor current observation for different cases. While constant
values are unrealistic for the Calculated-Detection algorithm since it is anticipated that
I\, and Iy, vary similarly to the motor current in difference cases, they can still answer
to peaks in currents. Setting constant values can, therefore, be a promising approach for
initial testing and algorithm development. This simplified concept is depicted in Figure
3.7 and will further be recalled as Static-Detection. Here, no contacts are detected,
while the motor current signal, showed in green is inside the boundaries (red and blue).

Otherwise, a contact, coloured in purple, is recognised.
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3.5. Case Study for Current Estimation

To validate if the estimated motor currents from Equations (3.21), (3.31) are usable in
the first place, a central test had to be performed. In detail, this test is described in
the appendix under Protocol A. Here five different significant test cases were performed
using the current SCOUT platform. Per the test case, three iterations with different
durations were taken to ensure that there was no drift over time. This turned out to be
the case for the recordings. Most noticeable is that recorded data is very noisy, justifying
the use of a filter in order to reliably gather information from the motor current signal.
Furthermore, for Protocol A, video recordings were captured, containing footage of the
rover while performing these tests. These videos are used to extract estimated contacts.
A script developed for this purpose allows the video files to be opened. Manually, for
each frame, either zero or one is assigned, resulting in an array that contains information
on contacts for a 60 fps video. To map this onto the 100 Hz standard communication of

the motor controller, the array is interpolated.
Section 5 includes a discussion of this topic, but first a model verification must be

considered. To do this, the mathematical model is programmed and then implemented

using a simulation software. The models are then adapted to the onboard application.
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4. Model Verification and Validation

This chapter is concerned with the verification of the model, first, regarding an offline
post processing program with Python. In this section the programs used for dimension
validation and estimating contacts are described. To provide context for the results
of these algorithms, this section summarises a simulation developed in Dymola. These
then lead to the onboard implementation, which is explained lastly. The description of
these programs sets the stage for the following Chapter 5, in which the results of these

implementations are visualised and discussed.

4.1. Offline Signal Analysis with Python

Model verification is an important step in development and for that visualising values
is beneficial. That is why Python is used as the development programming language.
The open-source platform offers free libraries for many topics such as numerical analysis,
signal processing and plot visualisation [VRD09]. With Python, a variety of numerical

problems can be solved and analysed [Kiul3]. !

4.1.1. Dimension Validation

The first program necessitates the package numpy for numerical calculations. All the
static variables like the time horizon t=5.0, the dimensions given from the motor, and
gearbox data sheets and the measured values from Protocol B are inserted.

Important functions are defined subsequently, including a function that produces an ex-

ampled acceleration. For verification, it is chosen to be a sine function of frequency and

1 Utilised version of Python is 3.7.4.
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amplitude one or alternatively a constant velocity. Through integration and with the
initial conditions ¢j7(0) and pi7(0), the functions s (t) and ¢, (t) can be determined.
These are needed since the Equations (3.31) and (3.21) both require these functions.
The calculations for the inertia of masses of wheel Jyw and then the total inertia of
masses Jiot are also realised in functions.

These values can therefore be used to calculate the free wheel torque Maes, () (3.17),
but the gravitational torque M, (3.29), which is also calculated in a separate function,
must still be calculated before the contact torque Mges, (t) (3.30) can be determined.
With the presence of these values, the free wheel and contact currents Iy, (t) (3.21),
Iz, (t) (3.31) can be derived in individual functions.

Lastly, there is a function that produces a semi random course mimicking a real motor
current Iy, (t). For that, it randomly takes values of Iy, (t) or Iy (t) multiplied by a
random value between 0 and 1. It then holds this for a minimum of ¢,;, = 0.5 seconds
and then selects a random value t;anq € [0,0.5] and adds this value to ¢y to get a
varying time window tyi,. This resembles the unpredictability of the real system.

By implementing the logic described in equation (3.33), the program evaluates contacts.
The value of the program lies in proving the working concept of the motor current calcula-
tion and the contact detection logic, but has little value for the onboard implementation.

The results of this verification can be seen in Chapter 5.

4.1.2. Post-Processing Contact Detection

A Python program has been developed to facilitate the evaluation of recorded data.
Utilising the tkinter library, easy file browsing and the selection of multiple files is
supported, which proves to be highly practical considering the multitude of files gener-
ated during the experimental tests outlined in Protocol A. The OBC saves the motor
controller data into HDF'5 files, which can be accessed retrospect with the h5py library.
These files contain information on motor currents and angular velocities, amongst other
things. The needed data sets are isolated in order to be processed.

The recorded angles oy and angular velocities ¢y are important for subsequent calcula-
tions. It is important to note that the internal model, based on Dymola, directly converts
into wheel angles. While the data on angular acceleration is not directly provided, it can
be derived from the angular velocities. Since discrete time points ¢;,7 € {1,...,n},n € N

are sampled by the motor controller, the change in angular velocity Aoy (t;) between
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consecutive time steps t; and ¢;4; allow to compute the angular acceleration ayy (¢;). By
dividing Aayy (t;) by the time step At = 0.01s [Ave20] a discrete acceleration can be
derived [OV98], resulting in

o Aaw(ti)

AO&W(ti) = ww(tiﬂ) — wW(ti) and aw(ti) = T (4.1)

Continuing with the available data, the estimated free wheel currents Iy, () and con-
tact currents Iy, (t) are calculated, allowing for comparison with the real motor current
I, (t), extracted from the HDFS5 files. The contact detection logic, based on the calcu-
lated and real motor currents, is integrated into the program.
The Static-Detection is also incorporated to assess the performance of the implemented
Calculated-Detection algorithm. As already indicated in Figure 3.7, the Static-Detection
follows a simpler approach. Here, upper and lower boundaries, b, and b;, which are man-
ually tuned, based on observations from the experimental tests outlined in Protocol A
respectively, are defined. They form a 'tube’ in which no contact is assumed, and any
deviation outside this tube results in the detection of contact. The Static-Detection
algorithm’s logic

Cit) = 0 for (Im, (t) > bi) A (I, (1) < bu), (4.2)

1 for (In, (t) < b))V (In,. () > by)

can be derived for t € {t; | i € {0,...,n}}.
Small errors can occur due to zero crossings of the time axis. Therefore, a filter is applied
that cancels out narrow contact detections with a non-realistic contact time span. A
contact threshold ¢; < t; — hy is defined that sets the width of non-acceptable detections.
This is coupled with a verification time t,, delaying the correction. This results in a
for-loop that first checks if the contact function C(¢) is zero at the interval borders of
[ti —ty, ti—ty+ct]. If so, the for loop continues checking for every time step if C(¢t) = 1 for
any t € (t; —ty,t; —ty+c;). If so, C(t) is set to zero in the interval. This is done for every
time step, filtering out noisy detections. The width of the filter is adjustable with ¢;. A
schematic of this filter can be seen in Figure 4.1. In purple, the contact function C is
shown, which is one for a time period inside the filter-window. Therefore, this detection

would be treated as false detection and would be filtered out accordingly.

The performance of these algorithms, compared with each other, are presented and

discussed in Chapter 5.
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Figure 4.1.: Filtering principle of noisy detection.

4.2. Multibody Model in Dymola

Dymola offers a variety of tools in their in-house libraries. Most of them present basic
components, like weights, springs, resistors and bodies. Out of these simple elements, ba-
sic structures can hierarchically be defined. Components like motors and wheels can then
be crafted into e.g. vehicles or robots. Together with a plot-visualisation, behaviours of

the model can be pictured.

In the case of this research an in-house visualisation toolbox is utilised that even allows
the user to view complex 3D-models in a simulation. This allows testing of the model’s
fidelity not only through plots and graphs but also through videos and renders, showing

estimated behaviour.
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4.2.1. Multibody Model Configurations

The model created in this thesis includes an abstracted Rimless-Wheel model. Beyond
that also lies a gearbox and a motor model that are not visualised. They are the offspring
of the already created libraries for the SCOUT-Rover [HBB17]. These parts are used to
construct a new simulation model, fitting the purpose of detecting motor currents in the
wheel. These currents serve to see if the assumptions made in the Equations (3.21) and

(3.31) can project the behaviour of the wheel.

In Figure 4.2, the simulation model is shown. In the centre all the components of the
drive chain can be seen as in the applied model. In the upper left corner, the terrain

¢

generation takes place. Here, a fixed coordinate system “world” is placed at the fixed
coordinates [0,0,0]. Then, an elevation map is connected to this coordinate system. Next

to it, parameter definition and visualisation is located.

The elevation map is part of the in-house libraries and can be configured with different
surfaces, terrains and substrate materials. An options menu for the elevation map leaves
the choice open for soil parameters, different grain sizes and contact models [HBB17].
In this case, no stone or gravel is needed, therefore, it is set to be a flat and non elastic
substrate condition. Under the surface tab, all the options are listed. For resembling
the different cases tested in Protocol A, the “HeightMap” is used, except for the last
case, which utilises a random surface that is generated using the “Noise”-surface option.
[BPB23|

In the upper right corner of Figure 4.2, the DLR-Watermarks, the simulation time, the
parameters of the SCOUT-Rover and the “Visualisation 2” toolbox can be accessed.
They did not need to be changed, except for the parameters. These are adjusted accord-
ing to Section 3.1 and to the weight fraction evaluated in the Protocol B. The simulation

time is set to 20 seconds, leaving enough room to evaluate the currents. [BPB23]

The main section of interest is the wheel and motor model. Here, a fixed frame for the
coordinate system is inserted, which fixes the wheel in place for the z-coordinate. This
connects to two consecutive prismatic blocks that allow the wheel to move along the
z-direction and to revolve around the z-axis. The drive-chain model is inserted with a

virtual BUS-communication that processes inputs. These inputs are currently set to be
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Figure 4.2.: Simulation model in Dymola.
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a maximum torque and a velocity. From the velocity and the starting points given in

the fixed frame, Dymola calculates all values of interest.

In Figure 4.3, the depth of the hierarchical structure is depicted. A detailed view of
the ideal drive can be observed. The components of the gearbox, the motor and the
servo drive are depicted. These lowest submodules consist of basic components given in
the basic Dymola libraries [HBB17]. This component flows into a cut force and torque

sensor, which then subsequently leads into the model of the Rimless-Wheel.

In Figure 4.4, a zoomed-in view on the Rimless-Wheel is presented, also featuring the
integration of the spokes, consisting of two straight beams, that are connected at a fixed
angle. This could also be modified [HBB17] in an options menu, but considering the
assumptions made in 3.1, they are set to be stiff. Also illustrated on the right-hand side
is a green block that sources a CAD-file for the specialised feet. It is important to point
out that for the simulations used, only the feet collide with the elevation map. Other

options could be set, like spoke and feet flexibility and contact dynamics. [BPB23]

4.2.2. Simulation Settings

This model is created to find a compromise between the purely mathematical model and
the real system, incorporating the mathematical models’ approaches and combining them
with the option to simulate different terrains. Furthermore, this simulation offers possible
comparisons to compare the test carried out in Protocol A and analogue cases carried
out in Dymola. For that, five cases have been chosen to be simulated in Dymola:

1. Wheel is fixed at a constant height and spins freely

2. Wheel can freely move forward on a flat surface

3. Wheel is fixed at height but makes contact with the ground

4. Wheel can not move forward but remains spinning

5. Wheel moves on randomly generated surface
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Figure 4.3.: Detailed view on the ideal drive chain in Dymola.

42



Model Verification and Validation Justus Jentsch

e :
@ s fixedRotation
fedRotation21fxedRotation22 - & \) g '\;

R Rx D H & H
——— b i
b bodyT.. r={scoutparar r={0,0,0} =000} |
frame_a H

footVisualizati [n

11— H footBody

m
frame_a —

mucoutParam|.

foot

\ ol
ok e
LY il
r=-hub.bodyTo... r={scoutPe
—

10BjU0DU

[1910 9BJU02
Janbioyjojuoa

lloauo e
llanbuoy e
(Ipewogu

L R )

Figure 4.4.: Detailed view on the Rimless-Wheel in Dymola.

The results, also compared to the real motor currents and the calculated motor currents,

can be seen in Section 5.

4.3. Online Contact Detection with ROS2

The current SCOUT version performs on a Dymola model [PSLa22]. This requires a lot
of calculation power that could be used more efficiently. The Robot Operating System or
short ROS2 offers a possible solution. Compatible with communication on the EtherCAT
standard, this open-source middleware offers a fast and efficient communication between

the onboard computer and the components of the SCOUT-Rover.

ROS2 is structured in publisher and subscriber nodes. A publisher publishes so-called
topics, that can be subscribed from multiple subscribers. Based on this simple concept,
complex communication systems can be created. [MKA16]

With the application rqt, various visualisations can be made, such as communication
diagrams that visualise subscribers and publishers and the nodes in between, which can
be seen in Figure 4.5. Beyond that, graphs can be shown. The results are shown and

discussed in the Chapter 5.
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The new SCOUT Prototype is still to be developed. Implementing an onboard contact
detection for this communication standard is future-orientated, and the applied perfor-
mance is therefore not observable.

Nevertheless, verifying a working implementation is crucial. Therefore, a rudimentary
publisher and subscriber program are written to simulate data transmission, verifying
the functionality of central contact detection. This is conducted on the ROS2-Python

language.

4.3.1. Test Publisher

Various information, like motor currents, angles, and velocities, must be collected and
published centrally for every motor. This is done to reduce communication latency.
To do that, the new message type, elmo_topic, is defined. This name refers to the
motor controllers that will be used in the upcoming prototype. This message type is
hierarchically structured and includes all the information the later prototype needs.
The test publisher publishes under this message type. The program publishes values
extracted from the same HDF5 files that were recorded during the tests presented in

Protocol A, with a frequency of approximately 100 Hz.

4.3.2. Onboard Contact Detection

The topic published by the test publisher is subscribed by the onboard contact detection.
The required data is then extracted from the hierarchical communication structure and
filtered using a Savitzky-Golay filter. This lowpass-filter is known to perform well and

fast. It is based on polynomial regression, and parameters can be set and tuned manually

Topic containing Topics containing
sensory values detection value
|

l [contact_detection_static_node Jcontact_detection_static *
Y 5
/elmo_toplc « [test_listener_node
ALY
Jcontact_detection

Publisher Node Detection Programs Listener Node

fest_talker_node

Figure 4.5.: Node and topic structure of ROS2.
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[KS12]. Through testing, a polynomial order of 4 and a window size of 51 was evaluated
with the Python program of 4.1 to be acceptable. This relatively big window size is
necessary since the noise amplitudes can reach up to 200 mA, making an unfiltered
contact detection under this approach unusable. This means the algorithm requires a
certain start-up time, and therefore, has a time delay. However, this is still quite small
and can be significantly improved if the future system works with a higher sampling

frequency later.

The core function of the central contact detection remains similar and offers two ver-
sions. One with that features the Calculated-Detection and an other featuring the
Static-Detection, providing the future prototype the choice between two algorithms.
The changes required to run the code on ROS2 are mainly related to notation and the
distribution of data reception at specific time points. This includes a time window se-
lection being as large as the window size of the filter. This means that only necessary

data is saved, improving the performance and data consumption of the algorithms.

The two detection programs then publish recognised contacts under a central topic called
contact_detection_status, with a slight time delay. It consists of the calculation
time and the filtering delay. As described in Figure 4.1, the principle of filtering noisy
detection is also carried out. Here, the verification time ¢, lies within the boundaries of

the time window to avoid further delays.

4.3.3. Test Listener

Once the data is processed in the central detection programs, the subscriber subscribes
to the contact_detection_status topic and then prints its results to the console. This
topic only transfers boolean values and is designed to handle all motor values at once.

This program initially completes the communication network for this ROS2 application.
However, it is to be expected that this structure will be much more complex in the real
prototype, and that only the central contact detection algorithms will be integrated. In
this context, the test programs are only verifying components, and the next Chapter 5
deals, amongst other things, with the results generated with this simplified representa-

tion.
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5. Results

Various models are explained in Chapter 3 and the last Chapter 4 concludes the the-
oretical methods for contact detection. Visualising these methods enables profound
comparisons and also highlights difficulties, promoting a deeper understanding of the
outcome of this thesis. The different tools, such as Python, Dymola and ROS2, are used
to visualise the results of the theoretical approaches, which are compared and discussed

in this chapter.

5.1. Offline Signal Analysis with Python

This section features the results of the programs described in Section 4.1. For visuali-
sation, the Python library matplotlib.pyplot is used, handling plots and their vivid-

ness.

Figure 5.1 shows the results of the different torques that are derived in Section 3.2.2. On
the left side in Figure 5.1a coloured in blue, the gravitational torque function is shown
when inputted a constant angular velocity shown in green. In periods of %’r =120° the
torque starts at its maximum, resembling the initialisation of lifting the rover and an
eminent contact. At = 180° the wheel stands upright on one foot, reaching its highest
point. The wheel acts like an inverse pendulum, with the highest potential energy at
this point. If the wheel continues to rotate, it will fall over and return its energy to
the system, resulting in a negative torque value. When the wheel approaches integer

2mn

multiples =5* =120°n, the cycle continues. Since wy = 2

exactly 7 seconds long.

%, the period duration is

A different angular velocity can be observed on the right-hand side in Figure 5.1b.

The according acceleration, velocity and position can be seen in the lower plot. The
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Figure 5.1.: Behaviour of torques for different angular accelerations and velocities.
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(b) Free wheel and contact torque for a sine-like acceleration.

47



Results Justus Jentsch

calculated free wheel (blue) and contact torques (red) can be examined in the upper
plot. As expected, the free wheel torque, coloured in blue, is rather smooth, following
the same frequency as the angular acceleration. The contact torque is different from
that since the influence of the gravitational torque is present, making the peaks more

significant, as it would be expected from the real system.

In Figure 5.2a, the difference between the torques and currents is made apparent. The
currents appear much smaller than the torques which is expected since the SCOUT is
set to operate with currents lower than three ampere. For the exemplary case with a
sine-like acceleration, no significant spikes are expected as well. The observation makes
it clear that the conversion is sensible and that values lie within a reasonable value
range. This leads to the conclusion that the mathematical modelling is successful for

simple cases and that the model is promising for further consideration.

In Figure 5.2b, a randomly generated motor current signal as described in Section 4.1
can be seen. It resembles a real motor current on which the two different contact
detection algorithms can be tested and evaluated. Note that this random signal has no
correct answer to a contact since no real contact ever happened. It serves the purpose
of evaluating the working principle of the detection algorithms.

The performance of these principles, which are outlined in Section 3.4, is depicted in
Figure 5.3. The upper plot shows the contact, shown in purple for the Static-Detection.
The functionality of the detection tube is made vivid. When the simulated motor current
is above or under a certain threshold, the algorithm returns C = 1 for this time step.
Otherwise, if the value is inside of these borders, it remains zero. With information on
the real contacts and respect to the cases, these thresholds can be tuned to minimise
the error.

The lower plot of Figure 5.3 shows the behaviour for the Calculated-Detection. When
comparing the two graphs, it is important to note that they can produce significantly
different results. This shows that the individual algorithms produce expected results

and can, therefore, be used to analyse recorded data from SCOUT-Rover tests.

The values that are saved into the HDF5 files have clear curves, but noise is just as
clearly recognisable. To be able to make precise statements, the signal must be filtered.
As stated in Chapter 4, a Savitzky-Golay filter is used for that. Figure 5.4 shows the
filtered motor current signal for case 1.1. The highlighted magenta curve shows the

filtered signal, with the original data in the background, displayed in pink.
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Figure 5.4.: Filtered motor currents for case 1.1.

This figure proves that the noise is striking for the currents, with amplitudes of up to

200 mA, justifying the usage of a filter.

As accelerations are not calculated internally during data transmission, it is crucial
to calculate them as they are required in the torque calculations of (3.17) and (3.30).
Equation (4.1) describes how to calculate these angular accelerations for this discrete
case. The results of this calculation, along with the corresponding angular velocities

(dotted), are shown in Figure 5.5.

In the tests of Protocol A found in the appendix, the analysed values are recorded.
Videos were also recorded for further verification. For the evaluation of these videos,
an approximate real wheel contact was analysed for every frame. This was carried out
for all recordings and each motor. Exemplary results are plotted for cases 1.1, 3.1 and
4.1 and continue to be of interest. They can be examined in Figure 5.6 '. The results
of cases 1.1 and 3.1 are not surprising since the aim of these tests was to either have
no contact with the ground at all or to have constant ground contact. This results in
constant values seen in Figure 5.6a and Figure 5.6b. Case 4.1 is more interesting since
the wheel is connected to the ground in the first part of the recording, but the motors
were not powered. This makes the contact unobservable for the motor currents. Once
the motor starts, it still has contact with the ground, but the duration is not shown.

This results in 7 distinct ground contacts over the course of this test.

This concludes and proves the functionality of every component needed to analyse the

results of the two central contact detection approaches.

!These plots were manually adjusted for readability
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In Figure 5.7, the performance of the contact detection for case 1.1 can be observed.
The upper plot features the Static-Detection and the corresponding motor current. The
lower plot features Calculated-Detection and also shows the corresponding estimated
currents as well as the real motor current. It is clear that both approaches detect a
contact for an initialisation spike.

To see which approach performs better, every case is compared to the real contacts
shown in Figure 5.6. Overlaying these with the calculated currents shows that both
have an error, shown in red, for the initialisation, which is depicted in Figure 5.8. In

further operation, both approaches behave as expected, as the error remains zero.

Figure 5.9 features plots giving insight into the contact detection for case 3.1. Here,
a result of constant ground contact is expected. Both Algorithms detect contact for a
majority of the time, but the static approach also detects non-contacts. The calculated
approach, on the other hand only has very short non-contact detections. These emerge

due to the zeros of the functions.

The errors for case 3.1 shown in Figure 5.10 also reveal that the errors for the calculated
contact detection are visibly smaller while driving. The errors on the sides appear
significant, but only because, in the video analysis, the contact to the ground is always
present, and the motors only register a current when activated. Therefore, the calculated
algorithm can only detect the contacts, when the motors are active, resulting in these

eITors.

In Figure 5.11, the errors for the contact detections for case 4.1 are shown. At first
glance it can again be concluded, that the Calculated-Detection has less and smaller
errors. However, the error for this case is by far the largest, which is expected, since
this case is the most complex. The error for the Static-Detection could be minimised
with further filtering, similar to the Calculated-Detection, which filters out unfeasible
detections and also parameter tuning, making it a promising approach, even if the errors

seem large here.

Valuable data can be taken from the tripod wheel mode, recorded in case 4.1. This sce-
nario is depicted in Figure 5.12. Here, the contact detections for the Static-Detection and
the Calculated-Detection can be seen. In this case, periodic non contacts are expected
over the operation time of approximately 7 seconds. In Figure 5.6 on the right-hand

side seven distinct contacts can be counted while in operation mode. This matches
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the behaviour of the Static-Detection. There are small non-contact detections between
apparent detections, which is also likely due to zeros of the function. Similarly, the
Calculated-Detection also has this error, and smaller visible contact gaps can be ob-

served. Seven contacts are also recognised when overseeing these errors.

5.2. Multibody Model in Dymola

The results of the calculated motor currents, as shown in Figure 5.1a, are the result of
a mathematical model. To test its validity, it makes sense to use a comparative model.
As mentioned in Chapter 2, an existing SCOUT model is used to evaluate the rovers
capabilities. Therefore, parts of this model were rebuilt to compare motor currents of

the simulation with the mathematical model.

The simulation model carried out in Section 4.2 holds valuable information about the
behaviour of the motor currents. Similar cases are incorporated into the Dymola model
to compare to the mathematical model. Renders of these cases can be seen in Figure
5.13. Here, frames taken from the visual simulation can be observed.

On the left-hand side for the first case, the wheel is fixed in its z-coordinate at a height,
where the feet cannot interact with the soil, making it spin freely in the air.

In the centre-left, the second case features a wheel that can progress freely on flat ground.
Therefore, it is expected that the wheel always as contact with the ground.

The third case, which is depicted in the centre right, simulates a wheel which is also
fixed to a z-coordinate but low enough for the wheel to touch the ground, simulating
the motor currents for the tripod wheel mode.

The fourth case, framed on the right-hand side, shows a crevice where the wheel is
trapped. It can move freely in the z-direction but can no longer move in the z-direction
due to the surrounding barriers. This case is intended to simulate the behaviour of a
clamping case. The last case is shown in Figure 5.15a. Here, the wheel has the same

freedom as case two but now traverses a randomly generated terrain.

In Figure 5.14, the simulated motor currents for case one and two are shown. It is clear
that also, for the simulation model, an initialisation spike can be recognised, as seen in
the real motor currents. Compared to them they have no offset afterwards and do not

oscillate, remaining constantly zero.
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Figure 5.13.: Frames of simulation cases.
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Figure 5.14.: Currents for free movement, resembling case 1.1 and case 3.1.

Case two, conversely, clearly features the expected behaviour of a constant contact.
The signal has the same qualitative curve as the calculated motor torques, which can
be observed in Figure 5.1a for a constant angular velocity, proving the validity of the

mathematical modelling.

Figure 5.15b shows the behaviour of the motor currents on a non-smooth surface. It
can be seen that both the amplitudes and the phases show slight differences compared
to Figure 5.14b.

The exceptional cases represented by cases three and four are shown in Figure 5.16.
The tripod gait simulation can be seen on the left-hand side. These curves are different
from those for normal unrestricted driving. However, the periodicity is the same, and
it is also clear that the motor currents are shortly zero in between. This simulation,
therefore, represents a mixed case of cases one and two. The Calculated-Detection is

designed based on this realisation and, as seen before, can also handle this case.
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Figure 5.16.: Currents for restricted movement, resembling case 4.1 and case 2.1.

Comparing the real motor currents and the simulated ones, it is clear that they do not
align fully since the real system is inert. In reality, flexible components result in thinning

the estimated non-contact time window.
Looking at the results of the simulation, it is reasonable to assume that the mathematical

modelling was successful and that the correspondingly good results from the previous

observations are not accidental.
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5.3. Online Contact Detection with ROS2

Since the mathematical model could be verified by the Dymola simulation, this sec-
tion now shows how this model performs as an onboard implementation. In Figure
4.5, the communication structure of ROS2 is illustrated, visualised with the plugin
RQT-Graph. The central communication topic, called elmo_topic, contains sensory in-
formation on different layers, transmitting an internal clock and transferring data at 100
Hz to the according time stamp. These are then subscribed by the central detection
programs that internally filter and evaluate the data, publishing a boolean value under
the contact_detection_status topic. These are then saved and printed in the listener
node test_listener.

The individual parts need extensive testing to ensure that the onboard application works
on the ROS2 platform. The following Figures 5.17 2 show the contact detections being
executed via ROS2. The same test data from Protocol A is inserted and outputted. The
contact histories are clearly similar to those of the original Python program. Notably,
initialisation and turn-off errors persist and the static detection remains to appear less

reliable.

For case 1.1, seen in Figure 5.17a and 5.17b, the static detection seems superior as
only one faulty contact is detected. Here, tuning the noisy detection filter, described
in Section 4.1, could have an positive impact on the quality. Since the detections for
the Calculated-Detection are smaller than the time window, it can be assumed that the
detections are due to data loss in the transmission.

Case 3.1, which is shown in Figure 5.17c and 5.17d, proves the superiority of the
Calculated-Detection, having only small errors, while the static detection has very clear
non-detections. Notably, this was not the case for the post-processing and could be
traced back to data loss in transfer.

In Case 4.1, presented in Figure 5.17e and 5.17f, the Calculated-Detection remains bet-

ter. Small non-contact phases are visible and the non-contact phases are too long.

2These plots were manually adjusted and rescaled for readability
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6. Outlook

The new prototype of the SCOUT-Rover is still to be developed fully, but once opera-
tional, the rover can use the developed contact detection right away. The future task for
this project will be to integrate the derived contact detection algorithms into the new
prototype of the SCOUT-Rover and to test and select the appropriate detection algo-
rithm for it. Other signals can also be used to refine the result of the contact detection,
such as the DriveTarget signal, which gives information on movement commands or the
IMUs for phase shift prevention. Furthermore, this opens up far-reaching possibilities for
utilising contact recognition in control algorithms, which also still need to be developed.
This represents the final result of the thesis. However, this topic is only a starting point
for many other relevant developments. Encountered difficulties, coupled with suitable
solutions and an assessment of reliability, as well as control approaches, are discussed in

this chapter.

6.1. Difficulties and Solution Approaches

The most present difficulty is that there is no possibility for these algorithms to be tested
in a real test since the new prototype is nonoperational on the point of concluding this
research. In Section 5.3, a test describing the theoretical functionality is carried out.
Since this was not initially resolved in the context of this thesis, the onboard verification
for the contact detection remains to be done. The results are promising, yet they do not
guarantee functionality in the real rover.

An other difficulty is the time delay present due to the Savitzky-Golay filter. The size
of the filter for both contact detection algorithms result in a constant delay of 25 ms.
This can be enhanced by increasing the internal sensory frequency and by pre-filtering

the signals.
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The explained video analysis that resulted in Figure 5.6 is manually made and, therefore,
prone to errors. Interpolation is used to match the 60 FPS of the video to the 100 Hz
of the sensory transmission, causing other inaccuracies. Therefore, the errors of Figures
5.8, 5.10 and 5.11 contain errors within themselves. This could be minimised by having
100 FPS footage or higher to analyse the contacts or external sensors, like described in
Section 2.4.1.

The concept of the Calculated-Detection is based on a mathematically derived model
in Chapter 3 and still has room for improvement, such as the inclusion of elastic wheel
components or the extension of wheel geometries. Abstractions are chosen in the course
of this thesis since the onboard computer will have to run many different programs at
once, and saving computer power and computation time is to be prioritised.

This might result in an enhanced Static-Detection to be superior since this approach
is simple and conserves computing power. Better tuning and pre-filtered signals could
minimise errors and be suitable for contact detection in operation.

A difficulty connected to that is the phase shift, which appears when the rover is travers-
ing steep and uneven terrain. As the calculated approach has visible phases, an earlier-
than-expected contact could shift the real motor current phase, causing errors. For that,
the information of the IMUs could be used in future detection, eliminating phase shifts
due to underground deformations and slopes. This problem would not occur for the
Static-Detection since it does not rely on the synchronisation with the motor current

phase. These considerations are to be tested once the new prototype is operational.

6.2. Reliability

The result of this thesis provides two approaches to motor current-based contact detec-
tion and can therefore cover future possibilities once operation is possible. This makes
access to the contact detection reliable and also adaptable.

Looking at the individual detections, errors in both detections occur to a certain degree,
making room for further improvement. Which algorithm is ultimately used depends
on which priority is set. If the priority is on accuracy, it can be seen that Calculated-
Detection produces better results. However, if the priority is speed and simplicity, then
Static-Detection is recommended.

The derived algorithms and models are easily adjustable for other rover concepts. The
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number of spokes in a wheel and the dimensional parameters are pre-defined in every
program and could, therefore, also be adjusted according to other use cases. Addition-
ally the outcome of this thesis provides tools, that can post process recorded data, as
long as it is saved in HDF5 files. Beyond that a video analysis tool is provided, enabling

manual post processing contact detection for comparison.

6.3. Possibilities for Controllers

The availability of a contact detection has a wide spectrum of usage, mainly in con-
trollers. When looking at walking of single-spoke rovers like the R-Hex [AT01], an
increased angular velocity can be seen in periodic intervals, enabling a smoother ride,
since ground contact is established faster. This approach could be transferred to the
SCOUT-Rover, with the addition of coupling the contact detection to this concept. Once
non-contact is detected, the wheel can increase its angular velocity and slow down again
once ground contact is re-established. This is only a suggestion, but it stands to reason

that this could improve the handling of the SCOUT-Rover and enhance efficiency.

Also promising is a relatively simple fault detection controller that checks the time of
every contact and non-contact phase, setting a fault flag whenever this time surpasses
a certain threshold. These thresholds have to scale according to the wheel’s individual
angular velocity. Additionally, the algorithm should verify the angular position of the
wheel to see if they match the contact phase. If these additions are analysed accordingly
the wheels of the rover can be prevented from jamming or spinning freely on one side.
Both of these cases are, then again, a good starting point for developing further driving

strategies and for robustifying the autonomous driving behaviour of the rover.

Underground mapping could also be enhanced by a contact recognition. An algorithm
could map the ground contact for all wheels over time, generating contact maps. This
could support the independent navigation of the rover and opens up the possibility for

the rover to record environment maps completely without cameras or light.
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7. Conclusion

To conclude the thesis, the initial question is to be asked:

Can a derived algorithm recognise contacts based on the motor currents for a Rimless-
Wheel on the SCOUT-Rover?

This question arose from the initial considerations of the rover. In Chapter 1, the
structure of the SCOUT-Rover, its specifications and mission objectives are explained.
This leads to the question of whether contact estimation is even possible for the high

demands of the rover.

Subsequently, it was helpful to look at the current development state of the SCOUT-
Rover to see what means can be used within the platform. In addition, Chapter 2 deals
with the unique features of the Rimless-Wheel concept and state of the art contact-
recognising approaches. Furthermore, rover concepts that already integrate strategies
for contact detection are described. Unfortunately, no rover concept was found to match

SCOUT’s requirements, so a new strategy had to be developed from scratch.

As part of this thesis, two Protocols (A, B) were recorded, which, on the one hand,
capture important dimensional data from the rover and, on the other hand, provide
driving data with associated video material. This was done to analyse motor currents
and wheel-ground contacts reliably. In Chapter 3, assumptions were agreed on the
basis of these recordings and a motor-wheel-model was developed. This initially purely
mathematical model was tested for integrity using a simulation of the motor currents
carried out in Dymola.

This led to the verification of the model and an implementation with Python. The

recorded data was then analysed with a post-processing contact analysis. Additionally,
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not just one but two approaches were developed for this, according to different criteria.

The obtained results show only small errors, therefore confirming the initial question.

These results ultimately led to a ROS2-based algorithm described in Chapter 4. This is
developed for a future prototype and delivers promising results for simulated operation.
Furthermore, these results can be applied to every motor and wheel, since a ROS2-
messaging convention was written. This creates the framework for making all sensor
data available to the future system.

All these results are summarised and explained in Chapter 5, with a particular focus on
the differences between the two detection approaches.

The last contribution of this thesis is the Chapter 6 with an outlook on further topics

that can be dealt with in the context of contact recognition.

In conclusion, the developed algorithm demonstrates promising potential for recognising
contacts based on motor currents for the Rimless-Wheels on the SCOUT-Rover. This
addresses the initial question and provides additional insights for future advances in

contact detection technology for terrestrial and extraterrestrial rover applications.
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A. Protocol: Motor Current Testcases on
the DLR SCOUT-Rover

Justus Jentsch
22.01.2024 - 23.01.2024
Planetary Exploration Lab, Room K317, Building 135, DLR-Oberpfaffenhofen

Test Description

The aim of this test is to analyse the motor currents of the SCOUT-Rover and make
them accessible through camera recordings. To achieve this, different test cases are
recorded three times each with varying duration and then compared. The correspond-
ing video recordings aim to clarify the relationship between the motor current and the
actual processes. The test case conditions remain constant, with only the running time

increasing for each test case.

A total of five test cases are to be conducted in this protocol, resulting in 15 recordings
that are compared. The first two cases aim to verify the estimated motor currents and
establish upper and lower boundaries for the motor currents that occur. The third and
fourth tests provide information on potential variations in motor currents across different
gaits. Theoretically, in tripod driving mode, there are instances where a wheel does not
make contact with the ground, which should be identifiable in the motor current graph.
The final case should appear random, thereby confirming non repetitive patterns.

The primary objective is to identify significant distinctions between case 1 and case 2,

and within the other test cases.
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Case Description

1. Wheels of the SCOUT-Rover spin freely.

2. Wheels 01 and 06 of the SCOUT-Rover do not spin, but the motors are powered.
Achieved by fixating the Rover on a test bench.

3. SCOUT-Rover drives on flat and horizontal ground with constant speed in a

straight line with synchronous wheel mode.

4. SCOUT-Rover drives on flat and horizontal ground with constant speed in a

straight line with tripod wheel mode.

5. SCOUT-Rover drives over test site in tripod mode, without instructions or restric-

tions.

Material List:

1. Stopwatch (Smartphone)

2. SCOUT-Rover

3. Gamepad

4. Camera

5. Test Bench

6. SCOUT Operating Computer

7. SCOUT Communication Antenna
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Evaluation

Table A.1 displays the cases, time stamp, recording duration, associated file name, and
resulting functional graph. A Python script is used to extract the Time and Motor 01

current data, which are then plotted in relation to each other.

For case 1, it is evident that initiating the motor causes a spike in current. Subsequently,
the current stabilises. The results indicate minimal deviation. Similarly, releasing the
motor also causes a spike. In standby mode, the motor does not consume power, result-
ing in negligible current compared to the powered state. The current oscillates around
an -40 mA offset with an amplitude of 45 mA.

For case 2, the SCOUT was not driven on the ground but was instead mounted on a
test rig. Two diagonal motors are fixed to the floor of the test rig using a durable string,
while the chassis of the SCOUT was secured with clamps. The SCOUT body remained
in the same position throughout the test. The impulse on the Gamepad used to control
the SCOUT was given when loaded. The results also appeared as expected, with cur-
rent spikes occurring during initialisation. The Elmo Motion Controller’s over current
protection (OCP) activates and shuts power supply down, resulting in a brief but high
spike of up to 400 mA. It is likely that the sampling rate of 100 Hz is too low to see the
full magnitude of the current. Based on other tests and the limit for the over current
protection, the current had to be at least 3 A.

The third case involves driving the rover on flat ground in a straight line using syn-
chronous wheel mode. This results in an oscillating behaviour that is clearly visible
when a foot hits the ground and lifts the chassis. The ascent is steep at the point of
contact and then flattens out. This is expected as a significant amount of force is re-
quired initially to raise the rover. However, after reaching its highest point, it requires
no energy to lower it. The spikes range from 400 mA to -400 mA.

Case 4 was tested under the same conditions, except for the tripod gait. The overall
current spikes are much smaller, ranging only around 200 mA to -200 mA. However,
due to only 3 legs lifting the entire mass of the rover during initialisation, a higher spike
resulted. In this test, it even reached almost 1 A.

The final case aims to verify that random inputs result in random motor current outputs.
An intern conducted three tests by driving the rover on the Planetary Exploration Lab

test field (PEL) without any specific instructions. The plot shows no regularity.
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Motor Current Over Time
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Table A.1.: Measurement Protocol for SCOUT-Rover test cases.

Case | Attempt || Time | Duration Associated Files
1 1 10:48 31 sec ScoutHardwareOut_ 1-1.h5
2 10:51 46 sec ScoutHardwareOut_ 1-2.h5
3 10:53 62 sec ScoutHardwareOut_ 1-3.h5
2 1 14:58 03 sec ScoutHardwareOut_ 2-1.h5
2 15:00 03 sec ScoutHardwareOut  2-2.h5
3 15:05 05 sec ScoutHardwareOut_ 2-3.h5
3 1 08:25 12 sec ScoutHardwareOut_ 3-1.h5
2 08:27 21 sec ScoutHardwareOut  3-2.h5
3 08:29 31 sec ScoutHardwareOut_ 3-3.h5
4 1 08:34 11 sec ScoutHardwareOut_ 4-1.h5
2 08:43 21 sec ScoutHardwareOut_ 4-2.h5
3 08:47 25 sec ScoutHardwareOut_ 4-3.h5
5 1 11:02 31 sec ScoutHardwareOut_ 5-1.h5
2 11:05 45 sec ScoutHardwareOut_ 5-2.h5
3 11:25 65 sec ScoutHardwareOut_ 5-3.h5

(a) Setup for case one with all wheels (b) SCOUT operating computer ini-
lifted from the ground. tialising launch command.

Figure A.2.: First test setup.
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(c) Front view of the test bench and (d) Rimless wheel under initialisation
fixed SCOUT. tension.

Figure A.3.: Test bench setup for case two.
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(a) Setup for cases three (b) Straight path in (c) SCOUT  assembly
and four. front of PEL. for testing.

Figure A.4.: Test setup for cases three and four.
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(a) SCOUT following commands for (b) Surface of the Planetary Explo-
case 5. ration Lab test field.

(¢) SCOUT is preparing for next test. (d) SCOUT climbing an incline.

Figure A.5.: Planetary Exploration Lab tests.
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B. Protocol: Weight Measurements on
SCOUT-Rover Parts

Justus Jentsch
09.01.2024 and 26.01.2024
Vaporcycle and Industry Robotics Lab, Room K407 and CNC Machining hall, Room
0411, Building 135, DLR~Oberpfaffenhofen

Test Description

The objective of this test is to analyse the weight of the SCOUT-Rover as a whole,
the weight distribution on its individual wheels, and to estimate the weight of its wheel
components. To achieve this, three measurements are taken and averaged. Technical
term abbreviations are explained upon first use. Each measurement follows the same
procedure: levelling the scales, placing the object on the scales, and recording the weight

once it stabilised.
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Measurements Material List:
1. Weight of wheel mounting 1. Weight scale PM34 DeltaRange
2. Weight of spoke 2. Weight scale Kern CFS
3. Weight of foot 3. Camera
4. Weight of whole wheel 4. SCOUT-Rover
5. Weight of whole SCOUT 5. Rimless wheel spoke
6. Weight on motor 01 6. Rimless wheel foot
7. Weight on motor 04 7. Rimless wheel foot
8. Weight on motor 06 8. Rimless wheel
Evaluation

The results of the measurements can be seen in Table B.1. Both scales can display one
kilogram to the fourth decimal. The measured values shown are not rounded and have
an error tolerance of 0.1%. Cases 1 - 4 seem to be very precise, since the values are very
close together. Proven by the summation of all parts, which approximately matches

with the total mass of the wheel in case four.
mpy +3-mg+3-mp=my,,, =5314g (B.1)

MW — MW,y = —08.15 g (B.2)

Combining all the parts results in 58.15 g difference in weight. This is due to the missing
screws, nuts and washers. Looking at the difference between the sum of case 6 to 8 and
case 5 is more drastic.

Note that it is assumed that the rover is symmetrical in its composition along its longi-
tudinal section. Therefore a measurement of motors 02, 03 and 05 is not necessary since
they should produce approximately the same weight. Obviously this is a source of error,
but to keep the simplicity it is assumed that the pairings weigh the same. (mg; = moz,

Moz = Moa, M5 = Mog)

86



Appendix

Justus Jentsch

Table B.1.: Measurement Protocol for SCOUT-Rover weight.

Case

Attempt

Weight

Mean Value

1

1

2476 g
247.6 g
247.6 g

247.6 g

676 g
67.5¢g
674 g

67.6 g

269 g
271 ¢g
27 g

27 g

5894 g
589.6 g
589.3 g

589.55 g

20.001 kg
20.001 kg
20.001 kg

20.001 kg

3.073 kg
2.981 kg
2.996 kg

3.017 kg

4.937 kg
5.088 kg
5.022 kg

5.016 kg

W N WNRFFWN WD WNDREFEWN R WN PRWND

2.974 kg
2.917 kg
2.896 kg

2.929 kg

2-mo1 + 2 - moa + 2 - Mg = Mgum = 21.924 kg

Msum — Myeal = 1.923 kg

(B.4)

This result is more different than expected and therefore an error in the measurement

setup can be surmised. Never the less a correcting quotient can be calculated:
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Msum _ 7 9668
mo1

— Msum _ 4 3708
mo4

Q5 = 15w _ 7 4851

mMoe

With these ratios the new relative masses lasting on front, middle and rear motors can

be calculated:

mf:

my, =

Myeal
— =2.7522 k
@ &
Myeal
=4.5758 k
@2 :
Myeal
= real _ 9 6719 ke
Qs

(B.6)
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Ll

(a) Front view of measuring (b) Front view of measuring (c) Verification that scale is
setup for case 8. setup for case 7. orthogonal to the floor.

s

(d) Side view of measuring (e) Side view of measuring
setup for case 7. setup for case 6.
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