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ABSTRACT

Hybrid locomotion robots—systems combining multiple modes of motion—are well-suited for chal-
lenging terrain and have broad practical applications. However, developing effective control strategies
remains challenging due to nonlinear dynamics, multimodal locomotion, computational constraints,
and multiple objectives. Existing solutions are often not portable to unconventional morphologies,
requiring substantial redesign. This thesis proposes multiple control solutions for three morphologi-
cally distinct robots: Asguard, Sherpal'T, and ARTER.

Asguard’s five-spike wheel design presents challenges in forward motion and point turning. A cas-
caded position—velocity—torque controller improves wheel positioning accuracy by up to 56 % while
maintaining defined offsets. The controller based on a novel torque estimator using mechanical cou-
pling deflection enables real-time torque control. Adjusting inter-wheel offsets reduces resistance to
motion by up to 90 %. For point turns on rough terrain, an algorithm that utilizes external load
torques enables reliable rotation, outperforming baseline controllers.

Dedicated control frameworks, denoted as Motion Control System (MCS), are developed for the
wheel-legged robots Sherpal T and ARTER. Sherpal T-MCS supports teleoperation, assistance func-
tions, and autonomy. Its terrain adaptation module improves force distribution by 80 % and reduces
attitude error by up to 95 % in laboratory tests. It has been successfully deployed in over ten research
projects and has proven its efficacy in three Mars-analogous field trials. ARTER-MCS incorporates
kinematic modeling of parallel linkages and nonlinear model predictive control, and is currently in
active use in multiple projects.

For ARTER, a Deep Reinforcement Learning (DRL)-based terrain adaptation controller is intro-

duced, leveraging compressed height-maps via autoencoders. Ten variants of the controller were trained
using different combinations of observations, including contact distances and latent-space represen-

tations. The controller that demonstrated the strongest performance utilized contact-detection and

a 4-dimensional terrain latent space as observation, oftering a favorable combination of both perfor-

mance and complexity. All controllers achieved baseline objectives and has the potential to be ported

to other platforms with active suspension.

ARTER also demonstrates stepping locomotion via a controller that combines the movement of the
manipulator arm, the legs and the wheels. This controller applies hierarchical reinforcement learn-
ing and action masking, integrating domain knowledge to simplify training. A three-level hierarchy
is employed: the lowest level manages diverse simpler motions (manipulator, longitudinal motion,
end-eftector height adjustments, etc.); the middle level sequences these for stepping in and out of ob-
stacles; the top level manages task transitions. The architecture generalizes across three different types
of stepping terrain and generated motion comparable to that of an expert operator.

In summary, this thesis presents a series of control solutions designed to enhance the locomotion
performance, efficiency, and adaptability of hybrid robotic platforms. The learning-based methods
offer strong morphological generalization and address long-sequence tasks with reduced engineering
effort. These contributions represent quantitative and qualitative advancements in the control of di-
verse robots with hybrid locomotion capabilities.
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ZUSAMMENFASSUNG

Roboter mit hybriden Lokomotionsfihigkeiten kombinieren mehrere Bewegungsmodi, wodurch sie
sich gut fiir schwieriges Gelinde eignen und umfassende praktische Anwendungsméglichkeiten bie-
ten. Die Entwicklung effektiver Steuerungsstrategien bleibt jedoch aufgrund nichtlinearer Dynamik,
multimodaler Lokomotion, rechnerischer Einschrinkungen und vielfiltiger Ziele eine Herausforde-
rung. Bestehende Losungen lassen sich oft nicht auf unkonventionelle Morphologien tibertragen und
erfordern eine umfassende Neukonzeption. Diese Arbeit schligt mehrere Steuerungslésungen fiir drei
morphologisch unterschiedliche Roboter vor: Asguard, Sherpal T und ARTER.

Das Funf-Speichen-Rad-Design von Asguard stellt Herausforderungen bei der Vorwirtsbewegung
und beim Punktdrehen dar. Ein kaskadierter verbessert die Radpositionierungsgenauigkeit um bis
zu 56 %, wihrend definierte Offsets beibehalten werden. Der Regler basiert auf einem neuartigen
Drehmoment-Schitzer, der die mechanische Kupplungsauslenkung nutzt und eine ermdéglicht. Durch
die Anpassung der Radversitze wird der Bewegungswiderstand um bis zu 90 % reduziert. Fiir Punkt-
drehungen auf unebenem Gelinde erméglicht ein Algorithmus, der externe Lastmomente nutzt, eine
zuverlissige Drehung und tibertrifft damit die Basisregler.

Fir Sherpal T und ARTER wurden spezielle Steuerungsframeworks entwickelt, die als Motion Con-
trol System (MCS) bezeichnet werden. Sherpal T-MCS unterstiitzt Fernsteuerung, Assistenzfunk-
tionen und Autonomie. Sein Gelindeanpassungsmodul verbessert die Kraftverteilung um 80 % und
reduziert den Lagefehler in Labortests um bis zu 95 %. Der Roboter wurde bereits in iiber zehn For-
schungsprojekten erfolgreich eingesetzt und hat seine Wirksambkeit in drei Mars-analogen Feldversu-
chen unter Beweis gestellt. ARTER-MCS umfasst die kinematische Modellierung von Parallelverbin-
dungen sowie eine nichtlineare modellpridiktive Steuerung. Das System wird derzeit in mehreren Pro-
jekten aktiv eingesetzt.

Fir ARTER wird ein auf Deep Reinforcement Learning (DRL) basierender eingefiihrt, der kompri-
mierte Hohenkarten {iber Autoencoder nutzt. Zehn Varianten des Controllers wurden unter Verwen-
dung verschiedener Kombinationen von Beobachtungen trainiert, darunter Kontaktabstinde und
Latent-Space-Darstellungen. Der Controller, der die stirkste Leistung zeigte, nutzte die Kontakter-
kennung und einen 4-dimensionalen Terrain-Latent-Space als Beobachtung und bot eine giinstige
Kombination aus Leistung und Komplexitit. Alle Controller erreichten die grundlegenden Ziele und
konnen potenziell auf andere Plattformen mit aktiver Federung tibertragen werden.

ARTER demonstriert auch die Schrittbewegung, die die Bewegung seines Manipulatorarms, seiner
Beine und seiner Rider kombiniert. Dieser Controller wendet hierarchisches Reinforcement Lear-
ning und Action Masking an und integriert Dominenwissen, um das Training zu vereinfachen. Es
wird eine dreistufige Hierarchie verwendet: Die unterste Ebene verwaltet verschiedene einfachere Be-
wegungen (Manipulator, longitudinale Bewegung, Hohenverstellungen des Endeftektors); die mittle-
re Ebene sequenziert diese fiir das Ein- und Aussteigen aus Hindernissen; die oberste Ebene verwaltet
Aufgabeniiberginge. Die Architektur lisst sich auf drei verschiedene Schrittarten verallgemeinern.

Zusammenfassend prisentiert diese Arbeit eine Reihe von Regelungsansitzen zur Verbesserung der
Lokomotion hybrider robotischer Systeme hinsichtlich ihrer Effizienz und Anpassungsfihigkeit. Die
lernbasierten Methoden bieten eine starke morphologische Generalisierung und bewiltigen Aufga-
ben mit langen Sequenzen mit reduziertem technischen Aufwand. Diese Beitrige stellen quantitative
und qualitative Fortschritte bei der Steuerung verschiedener Roboter mit hybriden Lokomotionsfi-

higkeiten dar.
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CHAPTER 1

INTRODUCTION

Autonomous robots are being developed and deployed in challenging environments for applications,
including search and rescue, surveillance, environmental monitoring, inspection, maintenance and
logistical operations. To fulfill their intended objectives, the robots must perform a variety of complex
tasks, such as navigation, manipulation, mobility, state estimation, sensing, perception and decision-
making. A particularly crucial capability for mobile robots is the ability to traverse an environment
from one location to another. This capability is referred to as locomotion, a term derived from the
Latin roots locus and motion, signifying “place” and “movement” respectively. The specific mode of
locomotion adopted by a robot is predominantly influenced by the characteristics of its operating
environment, and its own mobility capabilities.

This chapter provides a concise synopsis of the locomotion mechanisms observed in the biological
realm and the various forms of locomotion exhibited by robots. Subsequently, the concept of hybrid
locomotion, which constitutes the primary focus of this thesis, is examined. An extensive review of
the pertinent literature on the control of locomotion with hybrid locomotion capabilities is also con-
ducted. The objectives of the thesis are subsequently formulated, and the chapter culminates with a
brief account of the thesis’s structure. The following section introduces the locomotion mechanisms
in animals.

1.1 LocoMOTION MECHANISMS IN ANIMALS

In the biological world, animals employ a variety of locomotion types to traverse diverse environments
and terrains. The primary motivations for this adaptability include the acquisition of food, the assur-
ance of safety, the facilitation of mating and the establishment of suitable habitats. An analysis of
animal locomotion reveals two broad categories: self-propelled and passive. Running, jumping, fly-
ing, hopping and swimming are examples of self-propelled locomotion which involves the expenditure
of energy by the animal to move. In contrast, passive locomotion, such as sailing, kiting and rolling,
involves the exploitation of external forces to achieve mobility.

Evolution plays a predominant role in the development of animal locomotion, with the fitness of the
animal serving as the determining factor. According to Alexander 2002, the fitness for natural selection
could be decided by the following factors: (i) speed, (ii) acceleration, (iii) maneuverability, (iv) en-
durance, (v) economy of energy and (vi) stability.

The development of locomotion is influenced by a compromise between the aforementioned factors
and various other properties shaped by the animal’s environment. Additionally, numerous environ-
mental constraints exert their influence on the developmental process. In essence, this problem can be
conceptualized as a design optimization problem, wherein the objective is to enhance a locomotion
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function while considering the constraints imposed. The outcomes manifest in a variety of forms,
driven by the constraints encountered, resulting in diverse forms of locomotion observed across dif-
ferent animal species.

Table 1.1: An overview of the locomotion mechanisms utilized in biological systems is outlined, inclusive of the
nature of motion, resistance to motion and kinematic processes. This overview is inspired by Figure
2.1in Siegwart and Nourbakhsh 2004.

Type of Motion Resistance to Motion Basic Kinematics of Motion

Flow in a channel Hydrodynamic forces Eddies

Crawl Friction forces Longitudinal vibration

Sliding Friction forces Transverse vibration

Running Loss of kinetic energy Oscillatory movement of a multi-link
pendulum

Jumping Loss of kinetic energy Oscillatory movement of a multi-link
pendulum

Walking Gravitational forces Rolling of polygon

Animals have evolved to utilize the environmental characteristics to facilitate efficient locomotion.
For instance, human walking (Inman 1966) employs the conversion between kinematic and potential
energy, as well as passive motion of the limbs, to ensure optimal efficiency. Beal et al. 2006 elaborates
on how a dead fish can propel upstream by leveraging the flexibility of its body and the oncoming
vortices. Similarly, migratory birds employ wind to traverse vast distances, often thousands of kilome-
ters, without pause or sustenance. This efficiency can be attributed to the strategic use of horizontal
tailwinds (Liechti 2006) and vertical winds (Duriez et al. 2018). Siegwart and Nourbakhsh 2004 provides a
brief overview (Table 1.1) of the mechanisms employed by animals for locomotion, along with the pri-
mary factors that resist movement and the fundamental kinematic principles underlying locomotion.
A significant proportion of robot locomotion research draws inspiration from animal locomotion
studies.

1.2 Bro-INsPIRED LocoMoTION IN ROBOTS

Robots have been developed with a wide variety of locomotion capabilities, the majority of which
are inspired from the biological world. The locomotion mechanism of the robot depends on the ap-
plication and the environment it is interacting with, as is the case with biological systems. A variety
of locomotion types have been developed and used, some of them only as research platforms. These
include rolling, walking, hopping, brachiating, slithering, flying, swimming and metachronal loco-
motion, among others.

Rolling with wheels is the most prevalent locomotion type due to its ease of control, efficiency on even
terrains and high stability. Wheeled motion is rarely observed in biological systems due to the difficulty
of developing and actuating a wheel-like mechanism in biological systems and also since most animals
need to traverse uneven terrain. As per the findings of Siegwart and Nourbakhsh 2004, human walking
bears similarity to a rolling polygon.

Legged walking robots have also garnered significant interest in research communities, particularly
those that possess bipedal or quadrupedal locomotion. Robots that utilize legged walking locomo-
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tion are well-suited for environments designed for humans and can adapt to diverse terrains. This
adaprability is inspired by the prevalence of bipedal and quadrupedal walking in the biological world.
Examples of robots with 2, 4 and 6 legs, including RHS, Charlie and CREX are depicted in Fig-
ures 1.1a to 1.1c respectively.

(b) Charlie is a primate-inspired robot capable of
bipedal and quadrupedal locomotion.

(d) The four legged robot Pithekos II moves us-
ing galloping locomotion.

(e) The Acromonk robot can utilize the hook to  (f) The Mehen robot traverses in water by using
brachiate. slithering locomotion.

Figure 1.1: Robots developed at the DFKI are equipped with diverse locomotion mechanisms that draw inspi-
ration from biological systems. (Image sources: DFKI GmbH).

As shown in Figure 1.1, a spectrum of locomotion patterns is exhibited by robots developed at Ger-
man Research Center for Artificial Intelligence (DFKI). The RHS (Efer et al. 2021) robot utilizes a
bipedal walking mechanism, resembling human locomotion. In the case of the Charlie (Kuchn et al.
2017) robot, the utilization of four limbs during locomotion is predominant; however, it possesses the
capacity to employ solely the hind limbs for bipedal walking. By contrast, the CREX (Machowinski
ctal. 2017) robot relies on multiple limbs, a trait that confers upon it inherent stability, which is absent
in bipedal walking mechanisms. The Pithekos II robot is equipped with four legs and employs a gal-
loping motion to facilitate movement. Additionally, the Acromonk (Javadi et al. 2023) robot utilizes
a brachiating motion to traverse hanging bars, while the Mehen robot, an aquatic robot, employs a
slithering movement underwater.
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Bipedal walking can also be achieved using passive dynamics (McGeer 1990), a method that has been
demonstrated to be highly energy efficient. This mechanism is capable of walking on small slopes using
only gravity. Additionally, active energy can be utilized to actuate this design. Passive walking systems
exploit the inherent dynamics of their structure and the environment to achieve longitudinal motion.
These mechanisms conserve energy by converting it between potential energy and kinematic energy
in a cyclic manner, thereby generating periodic motion that, by design, produces natural and stable
locomotion.

It is not strictly necessary for a robot to rely on a single locomotion mechanism; in fact, it is often
advantageous for a robot to possess multiple locomotion modes, as will be discussed in the following
section.

1.3 HyBriD LocoMoOTION

A particular mode of locomotion is optimized for a specific environment, exhibiting both suitabil-
ity and efficiency. For instance, wheeled locomotion is well-suited for flat terrain and slightly uneven
terrain. However, in highly uneven terrain or when navigating steps or a soft substrate, wheeled lo-
comotion can become inefficient and potentially unsuccessful. In such instances, legged locomotion
may prove to be a more viable option. Conversely, legged locomotion on a flat, even terrain is remark-
ably inefficient.

To address this challenge, a combination of different locomotion types can be employed, leveraging
the strengths of each mode. This approach is referred to as “hybrid locomotion”, involving the inte-
gration of multiple distinct modes of locomotion. This approach enables robots to adapt to diverse
environments by switching or using multiple modes of locomotion concurrently. By employing hy-
brid locomotion, the robot can select the most suitable locomotion mode for the prevailing environ-
ment, thereby enhancing its adaptability and efficiency. The versatility of hybrid robots renders them
well-suited for applications such as search and rescue, planetary exploration, and other missions where
challenging and diverse terrains are commonplace.

A taxonomy of hybrid locomotion robots is predicated on the combination of distinct modalities.
According to the survey conducted by Russo and Ceccarelli 2020, hybrid robots can be classified into
two categories: reconfigurable and non-reconfigurable. Reconfigurable hybrid robots deploy the same
components to generate distinct modes of locomotion. In contrast, non-reconfigurable hybrid robots
possess distinct mechanisms that generate varied locomotion modes. The mobility of these hybrid
robots can be exploited to traverse diverse environments, including land (terrestrial), air (aerial) and
water (aquatic or sub-aquatic).

The focus of this work is hybrid terrestrial robots, with a particular emphasis on wheeled-legged robots,
which are equipped with wheels affixed to the articulation points of their legs. Prominent examples
within this category include Sherpal T (Cordes and Babu 2016), Handle, ANYmal with wheels (Bjelonic
etal. 2019), Skatebots (Geilinger et al. 2018), MAMMOTH (Reid etal. 2014) and ATHLETE (Wilcox et al.
2007). The functionality of these robots is characterized by a duality of purpose; their legs can either
be utilized for locomotion by maintaining wheel-ground contact or can be employed to support the
wheels in maintaining contact with the ground. Another possibility is to use pure legs in combina-
tion with wheeled-legs to overcome obstacles, as seen in walking excavator robots such as Autonomous
Rough Terrain Excavator Robot (ARTER) (Babu et al. 2022) and HEAP (Jud et al. 2021), which use
their manipulator to serve the purpose of a leg, to support its locomotion. Figure 1.2 shows some of
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(e) RHex (f) ATHLETE (g) TeleMAX

Figure 1.2: Examples of robots with hybrid locomotion capabilities (Image sources: Bjelonic et al. 2019; Boston-
Dynamics 2017; Chiou et al. 2022; Geilinger et al. 2018; NASA 2009; Reid et al. 2014; Saranli et al. 2004a
respectively).

B : : S (b) SherpaI'T robot (Cordes and Babu 2016) with adap-
(a) The Coyote3 robot (R. U. Sonsallaetal. 2015) isapas-  tive legged wheels is designed for planetary explo-
sive hybrid robot with a hybrid legged wheel.

ration.

(c) ARTER (Babu et al. 2024) is a walking excavator robot with adaptive
legged wheels and a manipulator which can support locomotion.

Figure 1.3: Robots developed at DFKI with hybrid locomotion capabilities (Image sources: DFKI GmbH).
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the most popular hybrid locomotion robots that are used in the industry or by research community.
DFKI GmbH (Robotics Innovation Center (RIC)) has developed a number of hybrid locomotion
robots, some of which are shown in Figure 1.3. The subsequent subsections provide a detailed expo-
sition on the specific category of passive hybrid robots and a selection of instances that demonstrate
the efficacy of hybrid locomotion.

1.3.1 PassiveE HyBriD LocoMoOTION

Passive hybrid locomotion robots are characterized by the absence of active separation or switching be-
tween different locomotion modes, a distinction that is typically achieved by the inherent properties
of the robot design. These robots are often distinguished by their simplicity in design, ease of control
and energy efliciency. However, it should be noted that the performance and efficiency achievable
through simple control of such robots may not always be optimal. Examples of passive hybrid loco-
motion robots include Coyote3 (R. U. Sonsalla et al. 2015) and RHex (Saranli et al. 2004a).

The robot Coyote3 is derived from the robots in Asguard series, but with very similar locomotion
mechanisms. Asguard is one of the robots for which controllers are developed in the thesis. The pri-
mary design emphasis is on the unique wheel configuration, which integrates a combination of wheel
and leg functionality. The control input is limited to a single Degree of Freedom (DoF) per wheel, to-
taling four DoFs, augmented by a passive joint within the body to ensure consistent contact with the
ground. The robot’s locomotion capabilities are noteworthy for their versatility, enabling navigation
on flat surfaces, climbing stairs, and traversing rough terrain with relative ease, despite the simplicity
of the controls. However, the system is not without its limitations, including a loss of efficiency, the
potential for increased shocks and vibrations and challenges in turning. These limitations are further
elaborated upon in the following chapter (Chaprter 2).

RHex, developed by Boston Dynamics, is a passive hybrid robot that has been the subject of several
studies (Komsuoglu et al. 2001; Saranli et al. 2001). It possesses six wheels, each of which is shaped like
a "C", and during movement, at least three of these wheels are in contact with the ground, thereby
providing stability. Despite its relatively simple controls, RHex is capable of traversing rough terrain.
Numerous controls were implemented and assessed on this platform. These controls include those
outlined by Moore et al. 2002, Campbell 2004, Weingarten et al. 2004 and Saranli et al. 2004a. RHex is
shown in Figure 1.2.

1.3.2 Success oF HyBRID LoCOMOTION

Terrestrial hybrid locomotion offers numerous advantages in challenging terrains by virtue of its ca-
pacity to adapt or switch locomotion to suit the terrain type being traversed. This has led to extensive
use of hybrid locomotion robots in outdoor mobile robots in rough terrain. The efficacy of hybrid
locomotion designs has been demonstrated in a variety of scenarios and events.

One such event is the DARPA Robotics Challenge (Krotkov et al. 2018), which was initiated in 2012
and culminated in June 2015. The competition involved numerous teams, with a designated focus on
disaster and emergency response scenarios. The robots were required to perform a series of timed tasks
in semi-autonomous mode and the teams were ultimately ranked based on the number of successful
tasks completed and the time taken to complete all tasks. Of the twenty-five teams that participated in
the finals, four of the top five teams utilized hybrid locomotion. The robots HUBO (Team KAIST)
(Lim et al. 2017), CHIMP (Team TARTAN RESCUE), Momaro (Team NIMBRO RESCUE) and
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#DAN FINALS e

e )
¥

ARPADRC

(a) HUBO (b) CHIMP (c) Momaro (d) RoboSimian

Figure 1.4: Robots with hybrid locomotion capabilities at DARPA robotics challenge 2015. (Image sources:
Haynes et al. 2017; Karumanchi et al. 2017; Lim et al. 2017; Schwarz et al. 2016 respectively)

RoboSimian (Team ROBOSIMIAN) were positioned in the top four, and are equipped with multiple
modes of locomotion. With the exception of Momaro, all of these robots are classified as bipedal, with
the capability of utilizing wheels to traverse extended distances on flat terrain. Momaro, a wheeled-
legged robot, utilizes wheels for locomotion to a greater extent than its counterparts. Figure 1.4 shows
the top finalists at DARPA Robotics Challenge with hybrid locomotion capabilities.

Figure 1.5: Walking excavator in extreme terrains where the wheeled-legged design is used to adapt to terrain
(left") as well as using the manipulator on slopes (right”).

Another such use case in which hybrid locomotion has been eftectively utilized is the design of walking
excavators, also known as “spider excavators”. These machines are engineered for use in mountainous
terrain. This is accomplished through the integration of a legged-wheeled hybrid design. Further-
more, the manipulator can be utilized to traverse obstacles or ditches. The manipulator’s function-
ality extends to slippery slopes, where the wheels experience insufhicient traction. As illustrated in
Section 1.3.2, the walking excavator’s efficacy is evident in scenarios where traversing is challenging
due to extreme terrain conditions.

1Image source: GT1976, 2018-10-30 (851) Walking excavator Menzi Muck M545 at Mariazellerbahn in Rabenstein an der
Pielach, Austria, CC BY-SA 4.0 LEGAL CODE
2Imalge source: HHSS, Schreitbagger Kaiser SX - 1, CC BY-SA 4.0 LEGAL CODE
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https://commons.wikimedia.org/wiki/File:2018-10-30_(851)_Walking_excavator_Menzi_Muck_M545_at_Mariazellerbahn_in_Rabenstein_an_der_Pielach,_Austria.jpg
https://creativecommons.org/licenses/by-sa/4.0/legalcode
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https://creativecommons.org/licenses/by-sa/4.0/legalcode
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This section explored the utilization of hybrid locomotion in robots. The subsequent section will
offer a comprehensive review of the existing literature concerning controllers and control solutions
that have been developed for utilization with such robots.

1.4 RELATED WORKS

A wide array of solutions has been devised to address the domain of hybrid locomotion in the con-
text of terrestrial mobile robotics. These solutions encompass both customized solutions tailored to
the specific characteristics of the robot and automated solutions that learn the behaviors necessary for
traversal. The subsequent sections delve into the various types of these solutions and offer illustrative
examples. It is evident that these classifications are not mutually exclusive, as some controllers may
employ a combination of multiple classes of solutions. The ensuing subsections furnish a compre-
hensive survey of the diverse control solutions that have been devised for hybrid locomotion robots,
which are classified into the following categories: robot-specific solutions, model-based controllers,
sampling-based controllers, optimal-control controllers and intelligent controllers. Thereafter, a qual-
itative comparison of several state-of-the-art solutions is presented, with the evaluation conducted on
the basis of several criteria.

1.4.1 RoBOT-SPECIFIC SOLUTIONS

Hybrid locomotion robots are known to occasionally possess distinctive designs, precluding the possi-
bility of generalization. This characteristic gives rise to solutions that are tailored to the specific system
and demonstrate significant efficacy within the intended framework. In many instances, robot design
is unique or capable of undergoing transformations that result in alterations to the system’s morphol-

ogy during deployment.

Examples of hybrid locomotion mobile robots with unique design are Asguard (Eich et al. 2008a),
RHex (Saranli et al. 2001) and WheTLHLoc (Bruzzone et al. 2021) whose designs do not adhere to com-
mon morphologies. The stair climbing controller for Asguard in Eich etal. 2008b uses predefined mo-
tion patterns which are adapted specifically for the scenario by using proprioceptive information to
change the parameters. Several customized solutions for the RHex robot have been developed and
evaluated for scenarios including stair-climbing (Moore et al. 2002), upright balancing (Altendorfer et
al. 2004), flipping (Saranli and Koditschek 2010) and flat terrain navigation (Burzyriski et al. 2024). Step-
climbing controller for WheTLHLoc is described in Bruzzone et al. 2024 where the phases are designed
by hand and analytically solved for the kinematics.

Some robots physical transform their morphologies such that different control solutions can be de-
ployed based on the currently active locomotion. Quattroped (S.-C. Chen et al. 2013), RHex-T3 (C.
Sun etal. 2023), wheel-leg hybrid robot (Tadakuma et al. 2010), STransleg (Wei et al. 2023) and HyTRo-1
(Luetal. 2013) are robots which are able to completely transform themselves to separate morphologies
and thereby apply different locomotion modes. The transition capability of the Quattroped robot
between legged and wheeled modes makes it effective for several scenarios. A customized solution for
planning the trajectories is developed in S.-C. Chen et al. 2011. RHex-T'3, apart from being able to use
the original RHex mode, can transform itself to be similar to legged mode or wheeled mode, each of
which brings certain advantages. With integrated legs and wheels STransleg robot is capable of gen-
erating four distinct locomotion mode: four-wheeled, two-wheeled, four-legged and carriage, each of
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which can be controlled separately. HyTRo-I has a similar separate wheel and leg setup resulting in
three different locomotion modes.

Robot-specific control solutions are designed to exploit the specific locomotion mechanisms of the
robot, ensuring optimal functionality within the intended environment. Furthermore, in the majority
of cases, these solutions are also not computationally expensive. However, it should be noted that the
implementation of such solutions can present certain challenges in terms of transferability to different
robotic designs.

1.4.2 MODEL-BASED CONTROLLERS

Modeling of kinematics and dynamics of mobile robots is necessary for trajectory planning, design of
controllers, simulation, etc. Full-order dynamics captures all the dynamics including all the forces and
torques acting on the system. Newton-Euler equations or Lagrangian mechanics are used to derive the
models and then the parameters estimated using system identification algorithms. Unfortunately, full-
order dynamics is mostly complex and not tractable for real-time algorithms. Hence, reduced-order
models are used to capture the main aspects of the model which are relevant for the scenario.

A number of reduced-order models have been developed to have stable yet agile motions for floating
base robots. Most basic one is the static stability based on Center of Mass (CoM) which was projected
on to the support polygon for estimating the tip-over stability. Further developments for stability
margins include Energy Stability Margin (ESM) which is the potential energy required to tip-over a
robot. Normalized Dynamic Energy Stability Margin (NDESM) (Garcia and De Santos 2005) extends
this notion with the forces acting on the CoM. Development of Zero Moment Point (ZMP) (Vuko-
bratovi¢ and Borovac 2004) based on Center of Pressure (COP) which in turn is a generalization of
CoM delivered a model which turned out to be widely used for walking robots. Another dynamic
model, centroidal dynamics (Orin et al. 2013), uses the robot’s aggregate linear and angular momenta
over time instead of its full-body dynamics. With the introduction of Hybrid Zero Dynamics (HZD)
(Westervelt et al. 2003) models which incorporates both the continuous motion and discrete contacts
in a lower-dimensional surface, nonlinear feedback controllers to generate stable locomotion could be
generated.

Tip-over stability based on ZMP being constrained within the support polygon has been used in nu-
merous locomotion controller for hybrid robots. The main purpose is to ensure stability during loco-
motion as well as during transitions between locomotion modes. Controller developed for ANYmal
with wheels (Bjelonic etal. 2019; Viragh etal. 2019), RoboSimian (K. Byl and M. Byl 2015) and a quadruped
bionic robot in Pengfei et al. 2005 uses ZMP to generate stable gaits or feedback controllers. More dy-
namics systems with multiple locomotion modes especially with varying contact constraints use HZD
models or variants of this model. Examples of some bipedal robots include Cassie (Gong et al. 2019)
and DURUS (Reher et al. 2020).

Controllers based on either complete models of the system, reduced order models or hybrid models
tend to exhibit good performance characteristics while generating motions that are stable and optimal.
The performance is yet heavily dependent on the fidelity of the models, resulting in degradation of
performance due to unmodeled dynamics. Additionally, model identification, high computational
cost, difficulty in design and implementation, etc. are certain cons of using model-based controllers.
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1.4.3 SAMPLING-BASED SOLUTIONS

Controllers based on sampling address complex environments by generating and evaluating samples
from the robot’s control space to identify a solution. Typically, the controller attempts to ascertain the
control inputs necessary to transition from one state to a desired state. The feasible path is determined
by circumventing states or connections between states that are not feasible. Feasibility is generally de-
fined by factors such as collision, under-actuation, joint limits and so on. However, constraints such
as under-actuation and non-holonomic, which are predicated on continuous motion, can pose signifi-
cantintegration challenges in sampling-based controllers. Conversely, configuration-based constraints
are often more straightforward to incorporate.

In scenarios characterized by rough terrain, where robots must adapt to local conditions through the
planning of footstep and body posture, sampling-based solutions have gained significant popularity.
However, these approaches are hindered by their computational inefficiency, stemming from the high
dimensionality of the state space. Consequently, most research focuses on multi-stage or hierarchical
planning, which initially generates a coarse plan to direct subsequent, more refined planning stages.
Solutions for the planetary rover ATHLETE are provided in Hauser et al. 2008b and Hauser etal. 2008a,
where the search alternates between stance search and transition search. In stance search, the contact
or non-contact of the foot with ground is determined, and the continuous path between the stances is
generated in transition search. In contrast, the hierarchical planning setup proposed by Reid etal. 2020
for the MAMMOTH rover is asymptotically optimal. This setup utilizes prior knowledge about the
subspaces to bias the sampling distribution, thereby enhancing planning efficiency. In a similar vein,
Brunner et al. 2013 study on hierarchical motion planning for the Telerob Telemax search and rescue
robot initially plans the rough segments using only the robot’s operating limits, subsequently refining
the plan within the complete state space.

In the context of high-dimensional and complex environments, sampling-based approaches have per-
formed well, offering a diverse array of applications with a relative ease of implementation. However,
these approaches are deficient in their inability to effectively handle complex dynamics and are not
deterministic, resulting in variations in outcomes despite identical inputs. Furthermore, despite the
computational demands of these approaches, the resulting paths frequently exhibit a lack of smooth-
ness and optimality.

1.4.4 OprTiMAL CONTROL SOLUTIONS

Optimal controllers are defined as controllers that attempt to solve a set of equations iteratively through
the use of optimization algorithms. These equations model the relationship between the control in-
put and the variables that are to be controlled. In the context of robotic systems, the inputs typically
encompass the reference joint states (position, velocity, or torque), with the outputs representing the
desired motion of the robot within its environment. In addition to the aforementioned equations,
supplementary constraints can be stipulated, akin to those inherent in sampling-based methodologies.
However, constraints pertaining to collision avoidance can prove challenging to incorporate within
the framework of optimal control. There are different types of solvers available for solving the control
problem. The selection of a particular solver is contingent upon the nature of the control equation
and the imposed constraints. In general, linear solvers are designed to handle linear equations and
constraints. Conversely, quadratic solvers are capable of handling quadratic control equations and
linear constraints. Nonlinear solvers, on the other hand, are capable of handling nonlinear control
equations. The selection of a particular solver is determined by the characteristics of the system and
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the nature of the control problem. The temporal demands of the problem, particularly the necessity
of real-time solutions, must also be taken into account when selecting an appropriate solver.

A multitude of optimal control formulations for the locomotion of hybrid locomotion robots have
been documented in the literature. In instances where the computation time is less than the sampling
time of the controller, the optimal controller can be implemented in the form of a Model Predictive
Control (MPC) algorithm. In such cases, the iteration is repeated at each sampling time, thereby
providing an updated state of the system at each time step. Traditionally, MPC relies on the dynamic
model of the system being controlled. Another computational tool for optimal control that is being
widely researched in robotics is Trajectory Optimization (TO), in which the model of the robot s used
to generate a set of trajectories that satisfies a set of constraints. Once the control problem is formulated
with decision variables, objectives and constraints, solvers for non-linear programming can be used to
optimize the trajectories. It is possible to employ TO in either an open-loop or a MPC configuration,
wherein solely the initial control output of the trajectory is transmitted to the robot.

A control framework based on TO is developed in Medeiros et al. 2020 for the wheeled-legged ANYmal.
The trajectories, including the position of the robot base and the legs, are formulated as a non-linear
programming problem using a reduced-order robot model, terrain map and stability constraints. The
optimized trajectories are then executed on the robot using a hierarchical whole-body controller. In
contrast, the real-time solution outlined in Bjelonic et al. 2020 involves the decomposition of the prob-
lem into distinct optimizations for the wheels and the base. An earlier work, Bjelonic et al. 2019, pro-
poses a methodology where gaits are first selected from a library and footholds are subsequently op-
timized and fed into the motion optimizer. In the case of the HEAP robot, the solution for terrain
adaptation in Jelavic and Hutter 2019 and Jelavic et al. 2020 utilizes TO as the planner, employing gait
patterns and contact schedule optimization. A mixed solution where sampling based plan is further
refined by TO is developed in Jelavic etal. 2023. The TO method is employed to generate more dynamic
motions, including skidding, as outlined in Bellegarda and K. Byl 2019; Geilinger et al. 2018. Researchers
have developed MPC-based controllers for wheeled-legged robots in the literature such as Bjelonic et al.
2021,]. Yuetal. 2023 and Pan et al. 2023.

Locomotion can be envisaged as the application of contact forces by robot limbs on an environment,
irrespective of the end-effector. Redundancy in actuation allows for the simultaneous formulation
and solution of multiple tasks, each pursuing a distinct objective. The controller, designated as Whole
Body Control (WBC) (Sentis and Khatib 2006), can be cast as either an inverse kinematic or an inverse
dynamic problem, with optimal control providing the solution. A number of prioritized tasks, includ-
ing the corresponding constraints, can be formulated as a Quadratic Programming (QP) problem or
anon-linear program and solved in a cascaded fashion. Some common tasks for locomotion of robots
include balancing, floating base motion, motion tracking of CoM, limb motion tracking, obstacle
avoidance, etc., with typical constraints including joint limits, torque limits, contact forces, friction
constraints, etc. Hierarchical WBC has been employed in numerous robots for legged locomotion
(Henze etal. 2015;J. Li et al. 20225 M. Liu et al. 2016) as well as hybrid locomotion (Bellicoso et al. 2018).

Controllers based on optimization have become a predominant approach for the locomotion of com-
plex robotics systems, owing to their demonstrated performance and generalizability. The trajectories
that are generated to satisfy the objective and constraints are smooth and optimal in nature. How-
ever, this approach is computationally intensive and requires both an explicit and accurate model of
the robot system and an accurate model of the interaction with the environment. In the event that
the model exhibits significant deviations from reality, the performance of the controller undergoes a
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substantial degradation. Additionally, identifying a global minimum for the control problem is chal-
lenging, with the solution heavily reliant on the initialization provided for the decision variables.

1.4.5 INTELLIGENT CONTROLLERS

Advancement in Artificial Intelligence (AI) and other machine learning techniques have enabled the
development of controllers that are capable of applying these techniques to learn the policies for loco-
motion. As opposed to the analytical approaches mentioned so far, intelligent controllers do not need
explicit models of the robot or the environment. Some intelligent control methods including Central
Pattern Generators (CPG), evolutionary algorithms, etc. are inspired from biological systems. CPG
(Marder and Bucher 2001) are neural circuits that, based on simple low-dimensional inputs, produces
rhythmic patterns that can translate to locomotion including walking, running and swimming. These
pattern generation method has been in used in several robot locomotion solutions (Eich et al. 20082;
Iispeert 2008). Evolutionary algorithms are widely used to tune the parameters of locomotion con-
trollers. There are other rule-based solutions which uses fuzzy logic, decision-trees etc. to create the
controllers especially when multiple modes are involved and switching between different modes is re-
quired. Even though widely used for legged locomotion, limited research is available on the use of
rule-based or evolutionary algorithms for hybrid locomotion robots.

Recently there are several control solutions developed which are based on artificial intelligence to learn
the controllers. Most of these solutions make use of neural networks to represent the controllers,
known as Deep Learning. Reinforcementlearning is the method of finding out the actions a robot can
take to maximize the rewards it obtains in an environment. If reinforcement learning is used to get the
parameters of the neural networks, it is known as Deep Reinforcement Learning (DRL). The agent in
a DRL is trained by observing the environment where the robot can take actions and obtain rewards.
The policies which are the mapping from observations to actions, and the values functions which
estimate the future rewards, are represented by deep neural networks. The networks are then trained
using the data received by applying trial-and-error actions in the environment by the agent. DRL
has been used in several aspects of robotics including perception, manipulation, control, interaction
and locomotion. One of the main challenges in deep reinforcement learning is to design the reward
function such that robot is able to learn the controller effectively.

Research towards use of DRL for hybrid locomotion robots is gaining popularity. Even though most
of the work is focussed on wheeled-legged systems, developing gaits for other morphologies (J. Shi et al.
2020) is also being investigated. The solution in Back et al. 2022 combines classical Linear Quadratic
Regulator (LQR) with ensemble DRL to learn the controller for a wheeled humanoid robot. The en-
semble DRL reduces the variance of the reinforcement learning by using multiple Soft-Actor-Critic
(SAC) agents. Reinforcement learning based control for training the highly dynamic robot evoBOT
is developed in Klokowski et al. 2023 to train the robot to perform balancing and dynamic locomotion.
Mobility and navigation of a wheeled-legged robot is addressed using Hierarchical Reinforcement
Learning (HRL) in Lee et al. 2024 for logistics application. The multiple layers that are trained are the
mobility-aware navigation controller and the locomotion controller which are both networks trained
using DRL. The tasks including the planning and path following is performed by the navigation con-
troller which in turn sends the way points to the locomotion controller which generates the necessary
gaits for the robot. Challenges in DRL including the need for elaborate designs of reward functions is
addressed in Schwarke et al. 2023 by using intrinsic motivation with sparse rewards to perform simul-
taneous locomotion and manipulation tasks.
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Intelligent controllers provide several advantages over analytical solutions by reducing the effort nec-
essary in developing a model of the system and being adaptable to different scenarios without the need
for explicit reprogramming. However, the performance of these methods do depend on the quality
of the engineered rewards functions and the environment it is trained on. Additionally, these meth-
ods are also affected by generalization issues, interpretability limitations and safety concerns. As it is
obvious from the literature, solutions are being developed to address these challenges and make the
intelligent controllers more robust and reliable.

1.4.6 COMPARISON OF THE STATE-OF-THE-ART SOLUTIONS FOR HYBRID
LocoMoTION

The diverse categories of solutions employed for hybrid locomotion have been discussed with the aid
of representative examples. In practice, the majority of these solutions employ a combination of these
methods to develop the controllers, thereby amplifying or attenuating the advantages and disadvan-
tages of the involved methods. A comparison of different controllers is necessary to understand the
broad spectrum of solutions available and to identify the gaps in the research. Due to the vast array
of robots and controllers, a direct comparison of their performance or the generated locomotion gaits
is impractical. Consequently, the comparison in this section is based on the general characteristics of
the controllers and robots. The evaluation criteria and the assessment itself are based on the author’s
subjective analysis of existing literature and research in the field.

A qualitative comparison of the state-of-the-art solutions for hybrid locomotion is presented in Ta-
ble 1.2 with information including the details of the publication, details of the robot (name and type),
type of controllers, brief description of the controller and the assessments for comparison. The criteria
for the comparison of the controllers are as follows:

1. Adaptability and Generalization (AG): This criterion encompasses the ability and the effort
necessary of the solution to be adapted to develop different controllers and for varying scenarios.

2. Transferability and Scalability (TS): The capability of the solutions to be transferred to a
more complex system or another robot with different morphology is incorporated in this crite-
rion.

3. Development Complexity (DC): The amount of effort and domain knowledge necessary for
the design and implementation of the controller is captured here.

4. Computational Requirements (CR): This term encapsulates the computational resources
necessary for the controller including training, tuning and real-time deployment.

Each criterion is assigned a rating from 1 to 5. The numerical values are represented by the num-
ber of ’+’ signs, where a higher value indicates a higher level of performance of the controller with
respect to the criterion. The objective of this comparison is to provide a comprehensive overview of
the various types of controllers and the robots on which they are employed. It should be noted that
this comparison is not exhaustive; readers are encouraged to refer to the original publications for more
detailed information. A comparative analysis of the performance of robots with distinct locomotion
characteristics is provided in Wirkus et al. 2024a and Wirkus et al. 2024b.

13



Chapter 1 Introduction

93ed 1xou wo panunuo))

(€10T e 32
nuunig) €107 ¢ poypow paseq-durdures

“rouue[d [euorsusup-y3iy AH GIad Spen ojqensSyuodar
e Sursn pauyar st ue[d [euOISUSWIP-MO] PaseIq YoIEdg Apanoy rewndo ue Sursn Suruued
y3nox e axoym Suruued vonow [esrydILIAIL St e +++ ++ ydein) gg / XeWa[3[, qOId[3], UONOUI UTe1Id) Y3NOI [EdTYIILIDNE],,
Sa] sp1d-J[ey 10 (11oz
"SITEIS [2ym uiwz.:ommcﬁu 17390240 D7) T10Z “padonenb
pue s35] 213 UM UO[IIEINUT JO [SPOU s padnrpeng) 10qo1 3fIqowr prIqAy [93ym-33] a1
ompwoad oy uo paseq st Suruueld £10100[e1] | 4444+ A4+ + + an /padonyend)  ur Surquurp areas 1oy Suruuerd £10100fery
ssydead (1aypoue 01 2oueas
suo wouy Surddais) uonisuen pue (s|[ej2005 10qo01
011295 Jo 3urddeur) aouess jo uonerodxs (yoreas reun| pad3a-xig (8800€ 'Te 32 1osneH]) 800T ‘. 30qo1
YAIM [oIESs 23€35-0M1 € SIZI[AN JSUUE[] ++ ++ bk ++ ydein) gs /ALATHLY reun| pag3ay-xis & 105 duruueld vonoAy,,
(¥8007 e 22 yor17)
SOy M . 3
posids qaim pqy 8007 ‘ UTE1Ia y3no1 J0J UONOWO0d0]
*s3a] a2 jo exep aandasondoxd aarssed papsaym paxdsur—o1q Sutsn 30qoi—res pue
o uo paseq paadepe a1e $o110103(en D) | +++++  FH+++ + ++ an (®dd) D1 moy /prendsy  L1noas [poym pagdsa] prqdy v :prendsy,
“saruy] anbro swooia40 03 £321em1s Furdund (95002 T 32 F[uErEs)
PHQAY PUE IS[[01IUOD JYOEGPadJ PISE]-[oPotl %00€ ‘20901 [epadexay e 10 s1oanauEw
Sursn Joraeyaq urddrg asnqor e sdofpas | +++++  +++++ 4+ 4 an On XY Sunydu-jes orwreukp paseq-[PPoOIAL,
"SOLIEUDS JUDIAYIP 10§ paasn(pe s33] appar>-J[ey (cooz
pue paudisop A[enuew are yorym suraed yam podexay puqdy TE 12 21001A) 00T ‘( X°H Y, podexop]
1red dooj uado uo paseq st UONOWOIOT | 4444+  +4++++ + + an anISSE] / XY arduurg o ur SurquuiyD) Ireag S[qery.,
4O oa SL ov sadAT,
DIRLILEN TG ad£y /1090 uonesqng

{BHIRILD aanereduwo)

'$10qo0d1 Jo QOSOEOUOT—U_.HO_%L 10} mGOﬁD_Ow 31e-9(1-JO-93€1S 911 JO EOmeQEOU raxitias

14



1.4 Related Works

a3ed 1xau vo panupuo))

“UONE[NUIIOJ JUTEIISUOD AI[IQEIS [2A0U
e Sursn £q ures1on y3nox ur 1oreaesxs Jupyem
® 103 JIN St Jromawresy Suruueld £10100(en W

DM [E1Y2IeI1Y B Aq paxden

wIm ug st orgM Jazrundo uonow paseq-JNZ
Sursn paresauad s110qo1 a3 Jo vonour
STEUAp Y3 10 $2110102(e1) 20UAIJOI Y T,

*1329] pue aseq Jo syusuodwod reue(d pue
[eon1aa ‘reindue 10y Surajos £q Suruin pue
Sunyrem Suranp Surpnpur suonow xaidwos
103 sazruipdo £30159fe1) papedses e s1B[NUIO]

‘uone[nuIIoy O I, [2a0u € Jusn (*512 Suipox
Buness ‘Supjem) paresousd uonow ay3 uo
paseq £3ojoydiowr 10qo1 oy jo uoneziundQ

‘s3urids

[enaIA SUISD PIASIYDE ST UOIEZIUOIYDULS
[[EI940 PUE [29yM—33] [ENPIAIPUI

Jo suraned oy sarerouad soreqoso ydopy v

-103e19093 vonow das

Sursn papuedxo sy asod [e03 01 1reas woiy yred
1oensqe ue 219ym uonowodo] Jurddais pue
Suranrp yroq 3ururquios sauue[d uonowodo]

puqAy paseq-gurdures e syuswayduuy

++

++++

++

+++++

+++

++

++

++

++++

+++

+++

+4++

++++

++++

+++

++

++++

++++

+++

+++

++

+++

(dIN
‘O1) 00

aH Ogm
(dNZ) O
{(d0S) DO

dH ON (0L
PapEsED) DO

(sorwreudq
[epronua))
OW (0L) 00

ao (®do) o1

10q0Y J03BABIXY

Surye / AVAH

EODJ?
PIs PUANY

[29ym pad3a)
padnipeny) / sppaym
PIA PUANY

$10q01
Ppa83a-paeaym
Aqrewnni g

: $10qI91Eyg

3o appam-31ey Jo
[39UA S[qEWIOJSUEL
s padnipeng)

/ pendoqiny,

[epadnipend)
pa33ay-pajeay py

/ OJRWOIN

(610 310
pue d1AE[2[) GTOT ¢ SI0IEABIXY SUTy[es
103 Suruue| g uono Apog-s[oyM ,,

(610T e

oruopalg) 6107 € $10qo [epadnipend)
P33y 10§ Suruue[{ pue [oxIu0))
uonow £pog-ajoyp — uroyf deay,,
(6107 Te32 ySeaA) 610C

€ SIUTENSUOD) JINZ pazireaury Surspy
$10qoY [epadnipeny) pa38aT-pafeay

103 uonezramd(Q £roosfery

(8107 'Te 32 193uI[D))
8T0T * S[22YyMm pue s39] (1A S2INIEIID
10q01 10J SISOYIUAS UONOW PUE

uSisop paseq-uonezind() :s10qIareyS,

(£10T e 32 UYD "H-M)

L10T ¢ SUOnISUBI] [eIOIARYS( ISE]

Ucw Quooam LUM\K/ uOQOM vﬁn—wauo,wmﬁw.ﬂx
[22Y\—89] [2A0N ¥ :pEnQOqINT

(L10T uypg
pueawepy) £107 ¢ Suluue]] Uonowos0|
Surddmg-Sunan puqdy swniuy

(panunuo))) '$10qo1 JO UONOWOIO[-PHAY JOJ SUOTIN|OS 1Te-dU31-J0-21%1s 9 Jo uosiredwo) 7T o[qe],

15



Chapter 1 Introduction

a3ed 1xou wo panunuo)

‘DM 2andepe urerrs) e Suisn paanooxa
UDY ST YDIYM SIUTOf PUE S10109J2-pud
10 sadua1aja1 Junerauad 10y O I, sdojas(y

“farxadwoo reuoneindwon
o] yarm urersa) SurSus(ieyd 1940 uonow
rewmdo arerousl wed YoIyM (O], STEME UTEIII],

T Surodua
£q 10q01 3¥1] S3EUS € 0] SIUSWIUOIIAUD
JUDIAYIP UT [ESI2ALI) JOJ ITeS SAIBIDUIL)

odm
Tearyaresary ursn Suppoen pue sazo1dafen

aseq pue [2aym Suneredas 4q uonowroso]
Suranp-3un{ea 10§ sjIomdwely O I, 2UUQ

-aouewrrojrad aaoxduir 01 a3pajmouy

soud arerodroour pue saoedsqns aydnnuw
103 21M30N13S [ed1ydIeIary € Surzinn £q
spopaur paseq Surjdures ursn JUSUITOIIAUD
pazonn[d uo Suruue[d UONOWOI0] SWIIOJIS]

"SuUonIpuod prys-uou o dis-uou urorojus
oM wasks pad3a-[2aym & Jo uopow
osrureup 10 yromaurely O T, & sdopaasg

++

+H++

++++

+++

++

++

++

++

++++

+++

+++

-+

++++

+++

+4++

+++

+H++

+++

+++

+++

+++

++

++++

aH Ogm
(01) 00

aH Dgm
(01) 00

(T4a) o1

AH D9m
(01)00

aH OS

(dIN
‘01) D0

dVIH

ﬂwu&g
I PUENY

30qo1

O BUS PI[33Y [\

E@U&?/
PIs WX NY

sfaym aandepe
s [epadnipeng)
/ HLOWWVW

s[oaym aarssed
s [epadnipenb
Pa38a-peay my

/ UBIIsoqoyy

(020T ‘Te 32 2182]3() 0TOT € SIOIBABIXH
Suny[ep, 105 suonopy xs[dwoy) jo
[onuoy) pue Suruuel sandepy-uressay

(020T 'Te 32 soIRpaN)

0202 ‘ urersa] Surduayrey)) ur Jurani(y
$10qoY [epadnipeny) pa3SaT-papeay
105 uonezrumd(Q Aro1dofery

(0zoT e

1S °[) 020T ‘uonowod07T 10q0Yy Meug
10§ Sururea JuswadIoyury doa(y,,

(0Z0T e
oruopalg) 0z0g ¢ uoneziumdo £10129(en

aurquo Sursn s10qox pad3aj-papaym 10§

uonowod0[ puqiy—dsap oy ur Surjjoy,

(0cot

& 232 1Y) 020¢ ¢ Joaox uonerodxs
an3oeue Lrezoued So[-uo-foaym
o[qein3dyuodas e 105 Suruuerd

uonour [esrydIeIsry paseq-gurdureg

(6107 4G " pue epIEss[Pg) 6T0T
¢ dI[S [99U JOJ MOT[E 182 SIPANIUEWI

osrureu£p 10y waasks pad3af-aym
e 105 vopezrumdo £10100fe1y |

(ponunuo))) '$10qoI Jo UONOWOIO[-PHIAY J0J SUOTIN|OS 1TE-d1-J0-21e1s 9 Jo uosiredwo)) :7'T o[qe].

16



1.4 Related Works

a3ed 1xou vo panunuo))

“spresmar asreds A[uo Surzinn pue Ty
ur £1150LM A USALIP ‘UOTYSE] PUI-01-PUD UE
ur sysea uopendIUBW PUE UONOWOD0[ SUIEY ]

“UONOW0d0] JTWEUAp
pue Supue[eq 105 1[[01u0d Ty (T sesodoxd
PUE 10701 Pa[231M-0M] JTEUAp & SUSIsa(]

*JOIBWIISA 91BIS PIPLISED PUE [SPOTU dIWEuLp
payrdus e Sursn £q os101 a1 jo Sursden
asod 10] DJIA [eorydresary e syusura[dury

“UTe1I9) U2AUN SUISIaAL) 10 Jed Ja1renb e
Jo [opow payrduirs e Sursn £q D JTA B SUSISa(]

“uresza jo od£y
a2 01 1depe 01 10q01 23 swrrojsuen) A[[ed1sAYJ

*JOLID [eNPISaI a3 2nPal 03 satn Jusuodurod
Sururea] a1 219YM O [EIISSE[ B YaIsM
T [qUIASUD SAUIQUIOD YITYM IS[[01IU0D
paseq-jopowr pue Surures] puq4y e sasodox g

“sonsLmay Sursn
INOYIIM SIUTENISUOd Jur[oI pue SOIEuLp o
sormides yorym DI ysea-ofdurs e skojdwry

++++

+H+++

+++

+++

-+

++++

++

+4+++

+++

+++

++++

4+

++

+++

+H+++

++++

++

+4++

++++

+H+++

++++

++

++

+++

++++

(Tya) 01

(Taa) o1

(DdW) DO

O
(Ddan) 00

as

(4071 DO
(Tya) o1

‘AH DIM
(DdW) DO

[epadnipenb
PaS3a-papaaym.

1001 PI[PAYM-0M]
a[qeas AJpesrureus (g
/109049

s10qo1

repadiq-paeay

10qo01 paddaf
Pa[2aym-39uy]

XOHY

S[qewIOJSuLIT,

AARSISE

proueuwny

PaPYA / IXILVS

wﬁooﬂg
Ym PUANY

(€207 T8 12 2[1eMUdS) €20T
< syser. uonendiuejy pue UOROWO0]

aurof jo Sururea] uaang-Arsouny)

(€207 T8 32 Fsmoyory)

€707 € 30q0y WNNPU3] P33I9AU]
punodwoy) paeay-om] € Jo [onuo)
Ppaseg-3uTuIesT pue USIso — 1 OgoAd,

(€zoz a0k ) €20t
¢ 30qoY] [epadig pa[aay A 103 SurpoeI]
3504 paseg-DJdW Pue SulPpo,,

(€207 ‘T8 32 UBJ) €207 € M31A1J YIIm
DA UO paseg s10q0Y] Pa333[-[oaym
10§ [0JAUOD) SANEIOQE[[0)) ST-[DYM ,,
(€207 e 12 UNg D) €20T ‘ uondungy
SurquirD 19PPET I 3090y
podexap] S[qeWIIOJSULI] Y ¢ 1-XOH Y,

(ceoz e

e 20T € SUTuIes | JUSWDI0FuIy]
doa(q a[quuasuy e1A 10q0Yy prourwnE]
P3[22y A\ 10F [0UOY) PISE]-[SPOTA

pue Surures] puqAH :DN'T PHIAH,
(1207 T8 22 d1u0pRlg) TZOT € S30q01
Pa335-pafeaym 103 uonerauad suanbas

ared surquo pue DN Apoq-s[oym ,,

(panunuo))) '$10qo1 JO UONOWOIO[-PHAY JOJ SUOTIN|OS 1Te-dU31-J0-21%1s 9 Jo uosiredwo) 7T o[qe],

17



Chapter 1 Introduction

"sIsA[eUE 241122[qs S JOYINE 33 UO PasEq ST UONEN[EAD Y, 4
‘syudwaImMbayy

revoneindwo) - Yo “xedwo) 1wswdoppas( - DA Kupqeess pue Arpqessysuely, - § 1, ‘uonezierauas pue Anqerdepy - Oy euaio aaneredwo) |
"UBIS9(T [edMY2IRINH - (TH Jo[[onuo)) 1uadiiuy - D ‘uoneziundo £10109fe1]

- 01 “Feponuo) rewndQ - DO “Ie[[onuo)) paseq-durdureg - DG IAN[ONUOY) PIsEq-[PPOIA - DI I[[0NUOY) PauSdisa(] woasny) - (1)) s2df1 1o[jonuo) N

“Burures| padoyiand pue (£o170d vonowoosof (Suruzes (¥20T T8 32 2977) $20C  $10q01
pue £o1jod uonediaeu) T Sursn sureira padaianig [epadnipenb ﬁuwwuﬁ-_uuﬁuu@& 10} UOIIOWOD0] pue
ueqin Juidusp[eyd ur 21e31ABY 03 SUTEYT | 444+ A4+ A+ 4+ “TYH) DI poSSar-papayy  uonediseu snowouoine 1snqo SUrUIey
(%207 e

1001 21 Jo [pow o[suzing) $70¢ € HONOWO0d07T 1040y

ONEWSUL| PI[IEISP € UO Paseq SIUIWDULYUD XoFY 103 2uswdopaad(y 21307 [onu0))
souewntopsad pue soidarens jonuod sdopasq | 4+++ S 4 4 an oW XY 01 uoneorddy pue sis[euy onewLury,

(ponunuo))) '$10qoI Jo UONOWOIO[-PHIAY J0J SUOTIN|OS 1TE-d1-J0-21e1s 9 Jo uosiredwo)) :7'T o[qe].

18
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1.5 MOTIVATION

A review of the table reveals several interesting patterns and trends in the field of hybrid locomotion.
It is notable that the majority of earlier controllers were either based on the design of the robot or
employed a customized model for developing the controller. Subsequently, a shift towards sampling-
based solutions emerged, driven by the high dimensionality of the state space. Advances in optimal
control and the availability of computational resources led to the preference for these solutions due to
their superior adaptability, generalization and scalability. However, the necessity for explicit modeling
and the rigidity of mathematical models have led to the development of intelligent controllers that ad-
dress these challenges. While bio-inspired intelligent controllers have been employed for an extended
period, deep learning-based controllers are gaining popularity due to their capacity to learn policies
without requiring explicit models. Controllers are being developed that prioritize adaptability, gener-
alizability and scalability, while requiring less computation and development complexity.

Another aspect pertains to the pervasive utilization of hierarchy and mixture of methods in controllers.
Hierarchical structures facilitate the management of the curse of dimensionality by dividing the prob-
lem into disparate levels of abstraction and addressing them sequentially from the top down. The
higher levels of this hierarchy generate a preliminary solution, which is subsequently refined by the
lower levels. Mixture of methods employs the strengths of diverse methods to generate controllers. A
prevalent combination involves the utilization of a sampling-based planner, which generates a prelim-
inary plan that is subsequently refined by an optimal controller. However, this combination has the
disadvantage of increasing the development effort and computational requirements.

There are several aspects of hybrid locomotion that are not yet covered in the literature. In the control
of passive hybrid locomotion systems, efficiency of locomotion and optimization are rarely addressed.
For active suspension systems, common tasks like ground adaptation do not have efficient or generic
solutions that account for multiple objectives. Additionally, there is little work on long sequence tasks
with multiple locomotion modes. Current solutions, which rely on sampling-based and trajectory op-
timization methods, require significant design and development effort, and often result in controllers
that are complex to develop and are computationally inefficient.

It is evident that the prevailing trend is towards the development of more generic solutions, which
possess the capacity for expeditious adaptation to diverse scenarios and robotic platforms. Neverthe-
less, the selection of the controller type is dependent on the requirements of the scenario, the available
computational resources and the developer’s domain knowledge. Guided by this understanding, the
objectives of the thesis are articulated in the proceeding section.

1.6 DEFINITION OF THE OBJECTIVES

The thesis presents the development of various control software frameworks and controllers designed
for utilization with hybrid locomotion robots, namely Asguard, SherpaTT and ARTER. The distinct
characteristics inherent to each robot necessitate a customized controller, thereby significantly influ-
encing the design of these controllers, including the designated controller class.

Asguard, a passive hybrid locomotion robot with spiky wheels, exemplifies this variability, with its de-
sign dictating the controller’s parameters. Sherpal T and ARTER are similar in their working princi-
ple; however, the former is designed for planetary exploration and has limited computational resources
available to it. In contrast, the latter is equipped with advanced sensors and computing capabilities,
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enabling it to perform tasks requiring environmental perception. Additionally, the latter is capable of
utilizing its manipulator for locomotion. These distinguishing characteristics give rise to the following

objectives:

O-1 Improving locomotion efficiency of a passive hybrid robot: The passive hybrid robot,

Asguard, integrates the characteristics of legged and wheeled motion into a unified design, albeit
with constrained actuation capabilities. The implementation of a rudimentary control scheme,
such as pure wheel control, results in suboptimal locomotion. The subsequent sub-objectives
have been delineated with the intention of enhancing the robot’s locomotive performance:

O-1a Improve position control of the wheels: The development of any enhancement to
the locomotion system necessitates the implementation of a joint-level controller that
is capable of ensuring precise synchronization of the wheels. A prerequisite for the
development process is the necessity of modeling the mechanical system in its entirety,
inclusive of the non-linearities and hysteresis.

O-1b Study the effect of wheel synchronization on locomotion efficiency: The syn-
chronization of the wheels during straight motion may influence locomotion, a phe-
nomenon that necessitates investigation to ascertain the mostefficient locomotion strat-
egy for different substrates at different velocities.

O-1c Improve point-turns: Asguard’s capacity for executing point turns may be hindered
under conditions of elevated lateral traction from the ground. The development of
effective strategies to mitigate this challenge is crucial.

O-2 Control architecture for hybrid locomotion control: Hybrid locomotion robots, particu-

larly those equipped with an articulated wheeled-legged system, possess a multitude of degrees
of freedom, each with distinct controller functionalities, sensors and other characteristics. To
ensure the effective deployment of these systems, it is essential to develop control architectures
capable of meeting the specific requirements associated with each application scenario. The
subsequent sub-objectives have been defined for the purpose of achieving this objective:

O-2a Control architecture for the planetary rover, Sherpal'T: The computational de-
mands of planetary rovers constitute a critical constraint, necessitating the selection of
controllers that exhibit minimal resource utilization and the implementation of only
the indispensable functionalities.

O-2b Control architecture for ARTER robot with autonomy and remote-control
functionalities: The control framework for ARTER must possess the capacity to
execute complex functionalities, ranging from teleoperation with assistance functions
to full autonomy in limited scenarios.

O-3 Terrain adaption controllers: The primary function of the wheel-on-leg design of robots is
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to adapt to uneven terrain which is dependent on the system design. To this end, two distinct
controllers with differing complexities must be developed for Sherpal T and ARTER.

O-3a Terrain adaption for Sherpal'T using force-torque sensors: The controller for
SherpaI'T has only limited resources available for execution, thus excluding the use of
high-level perception sensors. Nevertheless, high-fidelity force-torque sensors on each
wheel provide the possibility to implement the terrain adaptation controller based on
the data generated during the interaction of the wheels with the ground.



1.7 Structure of the Thesis

O-3b Height-map for terrain adaption of ARTER: A terrain adaption controller that
satisfy multiple objectives is necessary for ARTER to successfully traverse uneven ter-
rain. The results of mapping using high-level sensors, including the height map and
upcoming terrain changes, are available to the controller.

O-4 Stepping controller using manipulator: The manipulator of ARTER serves the additional
purpose of supporting its locomotion, especially when the robot limbs temporarily lose contact
with the ground during stepping. The execution of this controller is dependent on the config-
uration of obstacles and requires temporal coordination of numerous joints. The sequences of
motion for stepping have repeated patterns, which are to be executed in a specific order over a
long time horizon.

The objectives enumerated herein are addressed in various chapters of the thesis, which is outlined in
the next section.

1.7 STRUCTURE OF THE THESIS

The overall structure of the thesis, along with the corresponding publications, is shown in Figure 1.6.
The structure of the remaining chapters is outlined below.

The development of the controllers for the passive hybrid robot, Asguard, is comprehensively elabo-
rated in Chapter 2, which corresponds to the objectives O-1a, O-1b and O-lc. This chapter encom-
passes a detailed description of the system and the challenges encountered in the control aspect. No-
tably, itincorporates an innovative cascaded torque controller. Thereafter, an evaluation of the impact
of wheel synchronization on the efficiency of forward motion is conducted. Additionally, a controller
designed to enhance the efficacy of point-turn maneuvers is described.

The details of the wheel-on-leg SherpaI'T robot and its associated controllers can be found in Chap-
ter 3. This includes a brief introduction to the system, followed by a detailed elaboration on the struc-
ture of the control architecture with focus on teleoperation. Subsequently, the equations that facilitate
the ground adaption assistance function with the legged wheels are discussed. The chapter culminates
with the presentation of the outcomes of the laboratory experiments and the analysis of the results.
The contents of this chapter successfully address the objectives O-22 and O-3a.

The objective O-2b is addressed in Chapter 4. It commences with the presentation of the ARTER
walking excavator robot, accompanied by the kinematic modeling of the parallel kinematics. The sub-
sequent section delves into the design of the control software architecture which is followed by the
section that delves into a trajectory follower controller designed with a MPC approach, including the
evaluation of the outcomes from simulations. The study concludes with a discussion of two use cases,
highlighting the robot’s application in remote and semi-autonomous operations.

Intelligent controllers for ARTER are developed for autonomous adaptation to uneven terrain in
Chapter 5. The discussion encompasses the configuration of the learning setup and the design of
the controllers including observations, rewards and actions for the deep reinforcement learning setup.
The chapter culminates with a presentation of the results and an analysis of the developed solutions,
thereby demonstrating fulfillment of objective O-3b.

In Chapter 6, the development of a more complex stepping locomotion controller is discussed. The
objective O-4 is hereby pursued. The chapter’s content includes an introduction to the concept of
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Figure 1.6: The chapter-wise structural breakdown of the thesis, along with the relevant interconnections and

publications.

stepping in robotics; a review of the existing literature on the subject; and a foundation in mathematics
for the techniques employed to address the problem. This introductory information is followed by
the formulation of the setup, the design of hierarchies, and the design of individual controllers. The

training results of the controllers at the lower and higher levels are presented.
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Chapter 7 offers a synopsis of the work presented in the thesis, emphasizing the contributions made
by the author. This is followed by an exploratory discussion of potential future directions and avenues
for further research.
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CHAPTER 2

LocoMoOTION OPTIMIZATION OF A PASSIVE
HyBriD RoBoT

This chapter discusses the research conducted on the locomotion of the passive hybrid robot, As-
guard. The robot is equipped with a specialized wheel design that confers certain advantages typically
associated with legged locomotion. This chapter delves into the studies undertaken to investigate the
impact of such a design on locomotion and the methodologies employed to enhance the locomotion.
Partial results of the presented work have been published in

(i) Hidalgo-Carrio, J., A. Babu, and F. Kirchner (2014). “Static forces weighted Jacobian motion models
forimproved Odometry”. In: Intelligent Robots and Systems (IROS 2014), 2014 IEEE/RS] International
Conference on. IEEE, pp. 169-175

(ii) Joyeux, S.,J. Schwendner, F. Kirchner, A. Babu, F. Grimminger, J. Machowinski, P. Paranhos, and C.
Gaudig (2011). “Intelligent Mobility”. KT - Kiinstliche Intelligenz 25:2, pp. 133-139. 1sSN: 1610-1987.
DOI: 10.1007/s13218-011-0089-8. URL: https://doi.org/10.1007/s13218-011-0089-8

(iii) Babu, A., S. Joyeux, J. Schwendner, and F. Grimminger (2010). “Effects of Wheel Synchronization for
the Hybrid Leg-Wheel Robot Asguard”. In: Proceedings of the International Symposium on Artificial
Intelligence, Robotics and Automation in Space (i-SAIRAS 2010), August

The chapter commences with introduction to passive hybrid design in Section 2.1, followed by the sys-
tem description in Section 2.2 which introduces the Asguard robot. This is followed by Section 2.3
elaborating on the individual controllers for motors and wheels. Subsequently, in Section 2.3.3, the
computation of quasi-static force distribution for the legged-wheels is presented. Sections 2.4 and 2.5
then delve into the optimization of locomotion for longitudinal motion and turning motion, respec-
tively. The chapter concludes with the summary and discussion.

2.1 PAssiveE HYBRID DESIGN

The Asguard system (Figure 2.1), developed at DFKI, was conceptualized with the objective of travers-
ing unstructured and uneven terrains. It was part of the Intelligent Mobility (Joyeux et al. 2011) project,
which sought to give the robot the ability to autonomously explore planetary or lunar surfaces. The
robot’s innovation lies in its hybrid leg-wheel design (Figure 2.1), which consists of five spike-like struc-
tures (Eich et al. 2008b). The hybrid wheel-leg design embraces both the simplicity of wheeled systems
and the traversability of legged systems. The control of the motors, which is simple in nature, is suf-
ficient to control the robot. This design principle can be extended to differential steering, facilitating
the robot’s maneuverability during turning maneuvers. The novelty of the design necessitates a com-
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Chapter 2 Locomotion Optimization of a Passive Hybrid Robot

Figure 2.1: The Asguard robot is characterized by a distinctive hybrid leg-wheel design, incorporating a total of
four passive wheels. Each wheel is composed of five spikes, which serve the purpose of legs.

prehensive understanding of the robot’s locomotion to ensure the development of its capabilities and
the establishment of its control requisites.

Leg-wheel hybrid designs exhibit certain advantages over pure leg or wheel designs. Primarily, its con-
figuration is simple and robust, and it exhibits inherent stability in comparison to walking robots.
Notably, even in the absence of power, the robot is capable of maintaining a stable posture, a capabil-
ity that is comparable to that of wheeled robots. Secondly, leg-wheel hybrid designs with fewer DoFs
exhibit enhanced navigation capabilities in challenging terrain, surpassing the performance of wheeled
systems due to the leg-wheel’s superior ground contact.

2.1.1 RELATED CONTROLLERS

Researchers have historically explored a variety of models of locomotion, predominantly drawing in-
spiration from the biological realm. A study of the motion gait pattern of Pika (Hackert et al. 2006)
illuminates the manner in which gait patterns are employed in locomotion. A discernible transition in
locomotion patterns is evident as speed undergoes change in animals. The gait pattern and the angle
of attack (Blickhan et al. 2006; Hackert et al. 2006) transformation bear a resemblance to the synchro-
nization between the wheels in Asguard. The angle of attack is defined as the angle at which the leg
makes contact with the ground. This parameter becomes particularly salient at elevated speeds, where
the robot’s rebound capacity is optimized at a specific angle of attack. It is conceivable that the syn-
chronization can be utilized to regulate both the bounding behavior and the angle of attack. However,
inadequate synchronization can lead to an augmented angle of attack, consequently diminishing the
robot’s forward momentum. The present study is confined to lower velocity ranges, specifically be-
tween 0.2m/s to 0.5 m/s. At these speeds, the robot’s bounding and the effect of the angle of attack
are minimal.

A considerable body of research has previously been dedicated to the study of robot locomotion for
passive-hybrid systems. A preliminary controller for the six-legged RHex robot has been designed in
Saranli et al. 2000. An investigation into the automated gait adaptation of RHex can be found in Wein-
garten et al. 2004. The bounding locomotion of Scout Il is depicted in Poulakakis et al. 2006. However,
it should be noted that the applicability of these locomotion and controller designs to Asguard is pre-
cluded by design differences. It is noteworthy that all of these publications employ the dimensionless
term specific resistance to assess the locomotion performance. The Gabrielli-von Karman diagram,
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as referenced in Gregorio et al. 1997, provides a comprehensive comparison of specific resistance among
a diverse array of land vehicles.

Asguard has served as a foundational subject in numerous publications and theses. The motivation
and design of the robot are discussed in detail in Eich et al. 2008a and Eich et al. 2008b, respectively.
The work of Eich etal. 2009 proposes a compliance control architecture based on proprioceptive data,
endowing the robot with the capacity to adapt automatically to different slopes. The bounding be-
havior of the robot is studied in detail in Machowinski 2009. The legged-wheel design is analyzed and
optimized in Hogemann 2008. The usage of embodied data for localization and mapping is developed
in Schwendner et al. 2014.

2.1.2 MOTIVATION

The present chapter undertakes a study of the robot’s locomotion with the objective of developing
effective control strategies. The wheel design necessitates adapted control strategies, as a simple veloc-
ity control designed for a wheel system is eftective but is not optimal. The challenge lies in achieving
optimal performance by comprehending the robot’s inherent physical capabilities. However, the an-
alytical capabilities are constrained by the inherent complexities and difficult to model non-linearities
of the system.

The hybrid wheel-leg design exhibits the disadvantages inherent in both designs as well. The non-
smooth profile of the wheeled leg generates vibrations that are difficult to control or steer, resulting in
suboptimal performance. Additionally, the absence of damping in the leg design leads to significant
vibrations in the robot body, which may potentially result in damage to the hardware.

To address the turning maneuvers, the robot utilizes differential steering. The rotation of the wheels
on opposing sides at different velocities results in the robot skidding laterally and turning. To execute
this skid, the robot must generate a force that exceeds the frictional resistance offered by the ground.
This can prove challenging on rough surfaces and, in some cases, nearly impossible on uneven surfaces.
While the implementation of differential steering is straightforward, its efficacy is compromised due
to its lack of smoothness.

The design of the wheels as a passive-hybrid necessitates the development of specialized controllers
to generate locomotion patterns that can be utilized to take advantage of the unique capabilities of
the robot. The primary objective of this chapter is to explore the optimization of locomotion for the
Asguard robot. This objective entails the development of joint-level controllers that can orchestrate
the movement of the wheels in a coordinated manner, thereby enabling the robot to synchronize its
motion and achieve optimal performance during longitudinal movement. The cascaded joint-level
controller utilizes the deflection of a flexible coupling, along with expected loads, to enhance controller
performance. Additionally, the chapter delves into the optimization of turning motion by maximizing
the torques available for turning. The thesis objectives that are addressed in this chapter are: O-1a, O-
1b and O-Ic.

2.2 SYSTEM DESCRIPTION - ASGUARD

The robot body is measured at a length of 50 cm, with a leg length of 19 cm. Its maximum velocity is
measured at 2.0 m/s. The robot’s design prioritizes a weight distribution that is more pronounced at
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the front axle (60 %) compared to the rear axle (40 %). The complete specifications of the robot are
provided in Table 2.1.

Table 2.1: Specifications of the Asguard Robot.

Length 95 cm

Width 51 cm

Height 44 cm

Leg length 19cm

Mass 12.9kg

Motors 4x24 V DC motor
Gears 46:1 planetary gears
Body joint limit | —40° to 40°
Maximum speed | 2m/s

The system is composed of three primary components: the legged-wheels, motor drives and robot
body. Two significant sources of flexibility within the system are the legged-wheel and the flexible
motor coupling. As a result of this flexibility, the legs exhibit movement in both linear and radial
directions, which can lead to a bumpy behavior at higher speeds in certain scenarios. In Hogemann
2008, the linear and radial spring constants and damping parameters are optimized to mitigate these
effects. The flexible coupling functions as a shock absorber, thereby reducing the jerks affecting the
robot body.

The robot has been equipped with a passive joint, which connects the front and rear segments of the
body. This additional DoF is essential in enabling the robot to maintain contact with the ground
with all four wheels on uneven surfaces, thereby enhancing overall traction. The robot’s leg tips are
integrated with a soft foot, a design element intended to augment longitudinal friction and mitigate
lateral friction, thereby enhancing the robot’s skid-steering capabilities.

The robot has been equipped with a PC104 stack and an array of sensors, including Inertial Measure-
ment Unit (IMU), Light Detection and Ranging (LIDAR), RGB-cameras and Time of Flight (ToF)
cameras. Furthermore, a differential Global Positioning System (GPS) system provides the ground
truth from which it is possible to validate localization algorithms. The robot’s operational mode en-
compasses both autonomous function and manual control, which can be facilitated through the use
of a custom-designed control pad or a joystick.

The wheel motors are brushed 24 V DC motors with a planetary gear system which has an input to
output ratio of 46:1. To drive the motors, custom-designed H-Bridge motor boards are utilized. The
drives are connected with incremental encoders for feedback control, which provide a tick resolution
of approximately 70 prad on the wheel side. The motor is connected to the wheel through a planetary
gear system and a flexible coupling (Figure 2.2), which obscures the estimation of the actual wheel
position. The coupling also introduces additional motion effects between the motor and the wheel.

The controlloop has been implemented on the embedded system, utilizing the Orocos real-time frame-
work ! on top of a Linux operating system with RT-PREEMPT patches. The communication infras-
tructure between the PC104 and the H-bridge hardware, which serves to regulate the motors, employs
a Controller Area Network (CAN) bus. Latency measurement results demonstrate that the control

lhttps://orocos.org/
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Wheel side
encoder

Flexible
Motor with encoder Coupling

Figure 2.2: Design of the Asguard wheel drive with the motor on the left side, the flexible coupling in the middle
and the encoder on the right side.

loop latency (between the sensors and the actuator) is less than 3 ms for a control frequency of 1 kHz.
The software also includes a complete real-time data logging component, which enables the capture
of the entire evolution of the control loop at its operating frequency.

2.3 JoINT CONTROLLER DESIGN

A typical wheeled robot utilizes a simple velocity controller at the joint level, a configuration that suf-
fices for normal wheels. In contrast, the Asguard robot, with its passive hybrid design, necessitates
a more sophisticated controller to ensure the synchronization between the spikes of different wheels.
The controller must be capable of maintaining synchronization between the wheels while also preserv-
ing the offset between them to facilitate the execution of a desired locomotion pattern. Additionally,
the controller must also be capable of handling external load disturbances and system non-linearities.

The control process is further complicated by the presence of a flexible coupling between the motor
and the wheel. While the coupling absorbs shocks from the wheel and reduces the effects of jerks
on the robot body, it introduces additional motion effects due to its flexibility. The controller must
account for these effects to accurately follow wheel position references.

The drive with a flexible coupling can be modeled as a two-mass-spring-damper system, with high
disturbance loads acting on the non-actuation side. The control problem of a flexible drive can be
solved using a Generalized Proportional Integral (GPI)-based controller, as detailed in Becedas et al.
2009 and Singer and Seering 1989, or through pre-filtering of input, as outlined in Singer and Seering 1989
and Babu 2014. These methodologies are constrained by the following distinctive characteristics of this
application: substantial deflection, considerable load disturbances, and significant non-linearities.

The most straightforward controller to construct is a rudimentary velocity controller on the motor
side that utilizes solely the motor encoder. However, this controller is deficient in its inability to sustain
wheel synchronization due to the substantial loads and disturbances that act upon the system.

This work proposes a solution that involves the implementation of cascaded controllers to enhance
the performance of the position controller. The subsequent sections will delve into the design of the
controller, the torque estimation, and the feed-forward torque computation, with the design of the
robot being taken into consideration.
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2.3.1 CascADED CONTROLLERS

In order to enhance the position control performance of the controllers, a comparison was conducted
between two distinct cascaded controllers. These controllers possess multiple feedback loops operat-
ing in parallel and regulating distinct process variables. They are configured in a cascaded manner,
comprising inner and outer loops. The implementation of a cascaded design for the controller of-
fers numerous benefits, including (i) non-linearities in the inner loop does not affect the outer loop,
(ii) good disturbance rejection capabilities, (iii) ease of tuning the parameters, and (iv) the possibil-
ity to limit each process variable separately. For Asguard, two different cascaded controllers designs:
Position-Velocity (PV) and Position-Velocity-Torque (PVT), are developed.

Velocity Flexible
Feed-Forward + Coupling

Position Position Velocity H-Bridge Y Asguard
Command B Pl + Motor Yo Wheel
/
\

A
A 4

Velocity Position Position
Estimator Encoder Encoder
A

Figure 2.3: Design of the PV cascaded controller showing the two cascaded loops taking the feedback from the
encoder on the motor side.

The PV controller is equipped with two loops that regulate the position and velocity of the motor,
as illustrated in Figure 2.3. The reference position values are transmitted as command signals to the
position loop, which is a Proportional (P)-controller. The position loop utilizes feedback from the
position encoder located on the motor side. The inner velocity loop, which is a Proportional Integral
(PI)-controller, utilizes the output of the position controller, along with the velocity feed-forward, as
the reference. The feedback comprises the velocity estimated from the position encoder values. The
output of the velocity controller is the Pulse Width Modulation (PWM) command for the H-Bridge
drive. It should be noted that the flexible couple and the wheel are not included in the controller and
do not directly influence the control.

The inclusion of the flexible coupling within the control loop is a potential avenue for enhancing the
performance of the controller. A proposed solution involves the incorporation of a flexible coupling
deflection control mechanism, which, in turn, facilitates the regulation of the torque output acting
on the wheels. The design of the controller with an additional inner torque loop, which incorporates
direct position and velocity feedback from the wheel side encoder, is referred to as the PVT controller.

The PVT controller, depicted in Figure 2.4, is composed of three cascaded loops: position, velocity
and torque. The position loop is a P controller, the velocity loop is a PI controller, and the torque
loop is a Proportional Integral Derivative (PID) controller.

The innermost loop is the torque controller, which receives input from the velocity controller and the
feed-forward torque command. The feedback for the torque loop is obtained from the deflection of
the flexible coupling, which is then converted into the estimated torque using the torque-estimator
module. The encoder measurements from both the wheel and the motor side are used to compute the
deflection of the coupling. The output of the torque controller is the PWM signal, which is then fed
to the motor drive.
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Figure 2.4: Design of the cascaded PVT controller with the three cascaded loops taking feedback from both the
motor and wheel side encoders.

The middle loop is the velocity controller, which gets its input from the position controller and the
feed-forward velocity command. The feedback for the velocity loop is obtained from the wheel-side
encoder. The output of the velocity controller is the torque command, which is then fed to the torque
controller. The outermost loop is the position controller, which receives input from the trajectory
generator, and the feedback for the position loop is obtained from the wheel-side encoder. The output
of the position controller is the velocity command, which is then fed to the velocity controller loop.

Table 2.2: Tuned parameters for PV and PVT controllers.

PV PVT
Position proportional 3.80 3.80
Velocity proportional 0.07 0.1
Velocity integral 0.65 0.0
Integral windup 0.06 -
Velocity smoothing 0.6 0.6
Velocity feed-forward 1.0 1.0
Acceleration
feed-forward 0.0 0.0
Torque proportional - 0.11
Torque integral - 50.0
Torque derivative ~ 10.0
filtering
Torque feed-forward - 1.0

The cascaded control loop is tuned in steps, with each loop being tuned sequentially. Initially, the
innermost torque loop is tuned while the outer loops are disabled. Subsequently, the velocity loop is
tuned while the position controller is disabled. Finally, the position loop is tuned. The tuned PV and
PVT gains are given in Table 2.2.

As demonstrated in Figure 2.5, the PVT controller exhibits enhanced positioning accuracy in compar-
ison to the PV controller. This enhancementis evidentin the plots that illustrate the position reference
and the actual measured position for both controllers. The position error is also plotted, providing
a quantitative assessment of the deviation between the reference and the actual values. It should be
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Figure 2.5: Comparison of position errors between PV controller, using only the motor side feedback and PVT

controller, which has an additional wheel side feedback.

noted that in this particular instance, neither the velocity nor the torque feed-forwards were utilized
by the controllers. The analysis reveals a substantial enhancement in positioning accuracy for the PVT
controller in comparison to the PV controller. When similar reference position trajectory commands
are applied, the Root-mean-squared error (RMSE) error of the former is 0.076 rad, while the latter
is 0.172rad. This represents a reduction of 56 % for the PVT controller in comparison with the PV

controller.

The PVT-controller’s design incorporates a module that estimates torques by leveraging the deflec-
tion of the flexible coupling. The subsequent section delves into the details of this torque estimation

module, including the model and the parameter estimation aspects.
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2.3.2 TORQUE ESTIMATOR USING DEFLECTION OF THE FLEXIBLE COUPLING

The flexible coupling utilized in the motor drive constitutes a torsional spring-damper system, which
possesses the capacity to absorb a certain degree of shocks generated by ground contacts. However,
this coupling simultaneously introduces undesired motion effects between the motor and the wheel,
thereby complicating the modeling of its dynamics. Nonetheless, if adequately modeled, the deflec-
tion of the coupling can be utilized to estimate the torque being applied to the wheel, thus enabling
potential torque control.

The relationship between deflection and torque is characterized by significant hysteresis, necessitating
a model to accurately describe it. The Bouc-Wen model, initially developed by Bouc 1967 and subse-
quently refined by Wen 1976, is a widely used model for hysteresis. It employs a differential equation
formulation that can represent smooth hysteresis with a limited number of parameters. Notably, the
model is both rate-independent and computationally efficient.

The model’s formulation is presented below, followed by the extensions necessary to account for un-
modelled dynamics in Asguard. This section also describes the method for calibrating the parameters.

The Bouc-Wen class of models (Oh et al. 2023) consists of two equations. The first equation describes
the torques which is given by

T(t) = aku(t) + (1 — a)k;z(1), (2.1)
where L
f
= 2.2
ai= 3! (2.2)
is the ratio between post-yield, kt, and pre-yield (elastic) stiffness, k;. k; is given by
F(t)
k‘l' = s 2.
() (2.3)

which is the ratio between the yield force F'(t) and the yield displacement u(t). The equation consists
of two terms where the first term is the linear strain component and the second term is the hysteretic
strain component.

The second equation describes the hysteretic displacement z(¢) which is a differential equation. It is
a function of the deflection () and the deflection speed #(t) given by

2(t) = Au(t) — Bla(t)l]=["" = + ya(t) (1), (2.4)

where A, 5 > 0,7, and n are dimensionless quantities, z(t) is the dimensionless hysteretic state
variable, and 7 is the smoothness exponent (n > 1). A, 3, are the hysteresis shape parameters
where A controls the amplitude while 3 and 7y can be used to control the sharpness of the hysteresis

loop.

The Bouc-Wen model has been demonstrated to be capable of capturing the hysteresis behavior of
smooth hysteresis loops. However, in the case of flexible coupling, there are additional factors that
must be integrated into the model. These additional factors include damping and gear play. Gear
play is defined as the region around the zero deflection where the coupling has very low stiffness. This
region is therefore approximated as a gear play region. The deflection offset is defined as the offset in
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the deflection due to the gear play. The model that is extended with damping and deflection offset is
given by B
T(t) = ak;(u(t) — ko) + (1 — a)k;z(t) — kqu(t), (2.5)

where k,, is the deflection offset and kg is the damping constant.
The final extended torque model with gear play is given by

Tty = 10 i T(t)] < Thiay () (2.6)
T'(t) —sgn(T'(t)) - Tpuy(t), otherwise

where the gear play torque is given by Ty1ay (t) = ak; - 05/2.0 and 0y is the gear play or backlash. The
gear play torque is half of the torque required to move the coupling from one end of the gear play to
the other end.

Figure 2.6: Calibration setup with the swinging mass for calibrating the model and estimating the hysteresis
parameters.

A specialized calibration setup was engineered to calibrate the model parameters, as illustrated in Fig-
ure 2.6. The calibration setup consists of dumbbell masses affixed to a shaft, with the shaft’s opposing
end connected to the Asguard drive instead of the wheel. The swinging motion of the mass mimics
a pendulum’s oscillation, thereby generating a load torque dependent on the angle between the shaft
and the vertical.

The equation of motion of the swinging mass is given by
Iéwheel + Céwheel + Teat (t) = T(t), (2.7)

where 0,p¢c; is the angular position of the wheel, I is the Moment of Inertia of the rotating mass, c is
the viscous damping coefficient & 7(t) is the applied external force

The resultant torques applied by the coupling are given by
Text (t) = TMmg Sin(ewheel - avert) + MmTQéwheel + Tfrictiona (2-8)

where M, is the mass being rotated, r the length of the connecting rod, and 0y, is the angle of the
connecting rod to the vertical

34
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The data from the calibration run are fitcted with the model using the Levenberg-Marquardt optimiza-
tion method, as described in Levenberg 1944 and Marquardt 1963. The model parameters are provided
with limits. One of the issues encountered was the parameter interdependency between the parame-

ters 3 and 7y defined by
V<5 (2.9)

The capacity to establish limits in a dynamic manner is not available for this particular optimization
algorithm. This issue is addressed by introducing a forced error if the specific condition is violated by
the optimizer.

Acceleration estimation from the encoder position measurement by double differentiation has been
shown to amplify quantization noise. Consequently, the study was not extended to higher dynamics,
and the adequacy of the model for such cases remains uncertain. The coupling exhibits a distinct
behavior around the zero deflection region compared to higher deflection. This region, characterized
by its low stiffness, is approximated as a gear play region.

Estimated
Measured 4
4

Torque (Nm)
o

-0.2 -0.1 0.0 0.1 0.2
Deflection (rad)

Figure 2.7: Deflection versus torque during the calibration process and the fitted model for the rear-right wheel.

The estimated model is compared with the calibration data using a deflection versus torque plot as
shown in Figure 2.7, and the estimated values for the parameters for the four wheels are given in Ta-
ble 2.3. The comparison shows a RMSE of 0.23 N m, which corresponds to 4.7 % at a maximum
torque of about 4.9 N m.

The performance of the torque controller during the execution of the PVT controller, utilizing the
parameters furnished in Table 2.2, is illustrated in Figure 2.8. The figure demonstrates the reference
torque generated by the outer velocity loop, the estimated current torque and the error. During this
forward motion, the reference torques range from —4.84 to 10.11 N m, and the torque error ranges
from —1.67 to 1.39 N m newton meters. The RMSE is 0.63 N m, which is 6.28 % of the maximum
reference torque, 10.11 Nm. It is evident that the highest errors coincide with the reference value
peaks.
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Table 2.3: Estimated parameters of the extended Bouc-Wen hysteresis model for the four Asguard wheels.

‘ Front-Left Front-Right ‘ Rear-Left Rear-Right
A 2.08707 2.36089 2.453 63 2.61014
I3 1.80841 1.647 66 0.980 759 1.2354
¥ 1.808 26 1.55549 0.980 757 1.23514
n 1.513 82 1.0 1.1474 1.0334
a 0.408 525 0.413 352 0.510087 0.462 277
k; 1.56778 1.57897 1.13033 1.351 89
Op 0.651 14 0.640117 0.255 157 0.398 766
ko 0.571 874 0.0 1.03289 0.334653
kq —0.025199 —0.017962 —0.030 738 —0.027954
10 4 —— Reference
—— Estimated
8 4 Error
6 -
€ 4
Z
S ‘
0 - : o
NER R AR R
—4 4
0 2 a 6 8 10
Time (s)

Figure 2.8: Torque controller performance during execution of the PVT controller.

The input for the torque controller is generated by the velocity controller with an additional feed-
forward command, the physical properties of the robot being used to approximate the latter. This
subject is addressed in the following section.

2.3.3 EsTiMATION OF FEED-FOWARD TORQUES

In the context where the anticipated load exerted on each wheel is supplied as a feed-forward signal to
the torque control loop, the efficacy of the controller can be enhanced. To ascertain the load acting
on each wheel, it is essential to undertake an analysis of the quasi-static forces acting on the robot.
The normal force distribution across the wheels of the robot is predicated on static reaction forces
stemming from the robot’s weight. This computation is executed at each sample interval, taking into
account the measured wheel positions and the estimated leg positions. This estimation is termed quasi-
static force estimation, as it disregards the velocities and accelerations of the system.
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2.3 Joint Controller Design

The assumption underpinning this method is that the leg which is the lowest, in relation to the robot
body plane, is in contact with the ground and coincident with the contact point frame Cj;. This as-
sumption is mostly valid for relatively even surfaces. However, for highly uneven surfaces, it is possible
that the higher feet is in contact with the ground and the lowest is not. In such scenarios, to ensure a
more accurate estimation, the addition of sensors to the feet to detect contact and forces is necessary,
as previously outlined by Fondahl et al. 2012.

Figure 2.9: Free body diagram for quasi-static force computations of Asguard (Image source: Hidalgo-Carrio et
al. 2014).

The free body diagram for computation of static forces is given in Figure 2.9. W is the world reference
frame, B¢ the body fixed reference frame with origin at the CoM and w is the weight of the robot
acting along the gravity vector (I%W axis). Let i = {0, 1, 2, 3}, then n; are the normal reaction forces
from the ground due to the robot weight and p; are the position vectors to the leg contact points.
Henceforth, the corresponding coordinate systems are added to the representations.

A new reference frame By, (not shown in the Figure) can be defined with the origin coinciding with
the CoM of the robot, but aligned to W. The terms for n p/; and w in By, is given by,

0 0
nB’Ci = |0 |andw = 0 y (210)
n; Mg

where n; are the scalar reaction forces along the kp/, Mp is the mass of the robot and g is the acceler-
ation due to gravity.

The objective is to derive the equations for the values of ;. The equations are developed based on the
fact that the robot has a free joint and this joint cannot transmit any torques. Therefore, the torques
in the front and the rear part of the robot along this free joint are independent. With a quasi-static
assumption, the following equations become valid:

1. Sum of forces along k BL, equals the weight of the robot such that

Yn; = M,g. (2.11)
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2. Sum of torques along jp,, is zero such that

E(chi X nBCi)|yBC =0.

3. Sum of torques due to 1 and 11 along i, is zero such that

(chO X nBcO +chl X nBcl)|xBC = O

4. Sum of torques due to n2 and 13 along 2 g, is zero such that

(pB2 X mB2 + PB3 X nB3)’-TBC = 0.

Let the rotation from B’C to B¢ and the position vector pp; be given by

Too To1 To02 Dix
Rp.p, = |r10 11 72| andppei = | piy
20 T21 T22 Diz

Using Equation (2.15), relationship between n BLi and np; is given by,

702
npoi = Rppmnp, ;= |ri2| 1.
722
Computing torques from Equations (2.15) and (2.16) gives
Dix T02
TBci = PBeoi X MBei = |Piy | X |T12 | N4,
Piz 722

DPiyTiz — PizTiy
TBci = | Pizlix — PiaTiz | -
PixTiy — PiyTiz

Using Equation (2.18) let,

DiyTiz — PizTiy Lig
DizTiz — DiaTiz | = |liy
DizTiy — PiyTix Ly

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

Substituting Equations (2.17) to (2.19) in Equations (2.12) to (2.14), and combining them with Equa-

tion (2.11) gives,

1 1 1 1 ng M,g
tOy tly tgy t3y niy _ 0
toz tiz O 0 n2 0

0 0 th t35,; ns 0
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The set of linear equations Equation (2.20) can be solved for n; by,

1

no 1 1 1 171 [Myg

ni o t()y tly tgy t3y 0

no o tOx tl T 0 0 0 (2'21)
ns 0 0 tgm tgx 0

The reaction forces computed using Equation (2.21) at every time step goes as input to the weighted
Jacobian odometry model developed in Hidalgo-Carrio et al. 2014. These values, along with the vector
to the wheel axis, are used to compute the torsional load acting on each wheel. The load acting on
each wheel is then used as feed-forward to the torque controller.

This section has developed the joint controllers required to control the position of the wheels. These
controllers can then be used to optimize the robot’s longitudinal and turn motions, as described in
the following sections.

2.4 LONGITUDINAL MOVEMENT OPTIMIZATION

It can be observed that longitudinal movement for Asguard is challenging and inefficient on hard
ground surfaces. The robot tends to lose ground contact, which hinders its ability to generate sufhi-
cient traction to propel forward. The robot’s behavior can be influenced to some extent by modifying
its locomotion patterns, defined as the relative motion of the wheeled legs.

Vatanl

Double Stance Vertical Stance

4 _Mertical Stance/|Double Stanc

/ 0  gina) D™
Fo\ogT= T

00 05 10 15 20 25 3.0
Leg Angle with Vertical (rad)

Load Torque (Nm)

(a) The DS and VS position of the wheels are depicted Lliop
. X N
on the top. The plot of external torsional load acting
on the wheel as it moves between the two stances are  (b) The free-body diagram of the wheel depicting the forces and
shown below. torques acting on the wheel.

Figure 2.10: Asguard wheel stances, the external loads and the free-body diagram of forces acting on the wheeled-
leg.
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In legged robots, the leg motion alternates between swing and stance phases. A rudimentary velocity
controller for Asguard occasionally resulted in these phases hindering each other (Eich et al. 2008b)
and, on occasion, flipping the robot. Asguard can exhibit these two phases concurrently. Primarily,
the legged-wheels display two distinct stances: Vertical Stance (VS) and Double Stance (DS), as illus-
trated in Figure 2.10a. The position corresponding VS is characterized by the contact of a single leg,
oriented vertically relative to the body. Conversely, DS denotes the configuration where both legs are
in contact with the ground simultaneously. The blocking of the swing phase occurs at the point des-
ignated by DS. The objective of longitudinal movement optimization seeks to mitigate the impact of
this blocking by facilitating effective synchronizations between wheels.

The external static load acting on the wheel is determined by its position, as illustrated in Figure 2.10a.
During the transition from the VS to DS position, the external load torque is positive, while in the
transition from DS to VS, the load torque is negative. The load transfer from one leg to another at the
DS is not abrupt or discontinuous in reality.

Asillustrated in Figure 2.10b, the forces and torques acting on the wheel are determined by the external
forces, which include the normal ground reaction force N and the traction force F'. The angle between
the leg and the gravity vector, denoted by the angle of inclination, denoted by the symbol 0;,is a key
factor in determining the normal ground reaction force, or V. The motor exerts a torque, denoted as
Tws on the wheel via the flexible coupling, which is a function of the coupling’s deflection (6., — 0,,).
This deflection is employed to estimate the torque acting on the wheel, as outlined in Section 2.3.2.

However, when the controller views the robot as a wheeled system, neglecting its legged properties,
the result is a vibrating system with inefficient locomotion. Synchronizing the wheels to have a partic-
ular relative orientation at a specific moment in time allows the robot to emulate the gait patterns of
legs. This influences the energy transfer between different parts of the robot, effectively smoothing the
locomotion and improving its efficiency. The synchronization can be achieved by introducing offsets
between the wheels.

2.4.1 LocoMoTION EFFICIENCY METRIC

Locomotion can be typically evaluated using specific resistance or Froude number. The term specific
resistance for locomotion was introduced in Gabrielli and Karman 1950. It is defined as the energy con-
sumption per unit distance per unit weight (Gregorio et al. 1997; Siciliano and Khatib 2008) and given
by
E
€= —— 2.22

Mgd’ ( )
where F is the energy consumed, M is the mass of the vehicle, g is the acceleration due to gravity and
d is the distance traveled. It has since been used in numerous literatures to compare wide range of
locomotion.

An alternative metric for measuring locomotion efficiency, the Froude number (Siciliano and Khatib
2008), is commonly usually used to characterize animal locomotion. It is calculated as

(2.23)

where V is the velocity of walking or running, g is the acceleration due to gravity and A is the height
of the hip joint from ground.
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Figure 2.11: Comparison of specific resistance for different robots, animals and vehicles. (Image source: Siciliano
and Khatib 2008)

In comparison to Froude number, Specific resistance is better suited for analyzing robot motions and
hence will be used in this work. To put the specific resistance (¢) values in perspective, cars have a
specific resistance in the range 0.07 to 0.4. Specific resistance for a human walking is between 0.02
to 0.1. RHex robot using automated tuning methods obtained a specific resistance of 0.6 (Weingarten
et al. 2004). Quadruped Robot running with Bounding Gait (Talebi et al. 2000) had a specific resis-
tance of 0.32. McGeer’s gravity walker shows the lowest specific resistance among walking robot at
0.01. Among powered legged robots, ARI Monopod (Gregorio et al. 1997) with €=0.7 shows the lowest
specific resistance.

The energy consumed in our case is calculating the integral of power consumed by the motor. So the
total energy is given by

B =V, / [(1)PW M (8)dt, (2.24)

where Vo, is the battery voltage, I (t) is the current measured at the motorand PW M (t) is the PWM
input given to the motor. When the current is measured at the source, the equation becomes

E = Vapp / I(t)dt. (2.25)
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The equation for specific resistance (Equation (2.22)) can be used to estimate the error propagation
due to measurement inaccuracies. The error propagation(Appendix V: Uncertainties and Error Propaga-
tion 2004) for multiplication is given by

(z £ 60)(y £ 6y) = (zy) + (1/y?63 + 2207, (2.26)

and the error propagation for division is given by

(x+0,) = x> 1\ 2
o)yt V (32) o+ (5) ) (2.27)

Average value and expected errors for energy = 300.0 £ 30.0 N m, distance = 8.0 & 0.25 m and
mass = 13.0 & 0.1kg. Using Equations (2.26) and (2.27) and the average values given above, the
error propagation was estimated to be approximately 10.0 %.

2.4.2 LocOMOTION PATTERNS USING POSITIONAL OFFSETS

A potential enhancement of locomotion in Asguard can be achieved by maintaining a steady flow of
energy within the system. To elucidate the underlying principle, we propose two scenarios. In the
initial scenario, the leg-wheels are assumed to operate in perfect synchronization, with no offset. At
the VS, the robot’s height results in the accumulation of potential energy. This potential energy is
subsequently converted into kinetic energy as the legged wheel undergoes rotation. However, this
kinetic energy is abruptly removed when the wheel reaches the DS, creating unnecessary vibrations.
Additionally, to move from the DS to the VS, the motor should provide additional energy and lift the
robot up.

In the second scenario, assume the Front-Left (FL) wheel is offset from the Rear-Left (RL) wheel by
zrad. Analogously, the Front-Right (FR) wheel exhibits an identical offset to the Rear-Right (RR)
wheel. When the front wheels are in the VS position, the back wheels are in the DS position. As
the wheels rotate, the potential energy from the rear part is transformed into kinetic energy, thereby
assisting in overcoming the DS block and acquiring potential energy for the VS of the front part. The
transfer of energy between these states is likely to impactlocomotion efficiency, which is also subject to
variation depending on system velocity and surface material properties. This principle can be applied

to both left and right wheels.

In order to define the offsets, let the angular position of the wheel be 0,, ;, where
i€ {FL,FR,RL,RR}

are the four wheels of the robot. The leg position which is the angle made by the lowest leg with the
vertical axis of each defined by

= ™
(92' = Hw,,- mod g,
assuming that the zero position is synchronized for all motor and wheel encoders.

Three different offsets, as depicted in Figure 2.12, are defined to parametrize the locomotion patterns:
Front-Rear Offset (FRO), Left-Right Offset (LRO) and Front-Rear Cross Offset (FRCO). The FRO
(¢rr € [0.0,1.0]) is the difference in normalized offset between the front and the rear legs (Fig-
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Figure 2.12: Wheel offsets for generating locomotion patterns during longitudinal motion.

ure 2.12a). LRO (¢ r € (0.0, 1.0])is the normalized offset between left and right legs (Figure 2.12b).
The FRCO (¢rrc € (0.0, 1.0]) is the offset between wheels of the left and right side when the diag-
onal wheels are in synchronization (Figure 2.12¢). The angular values for the offsets can range from
0 to % rad, which covers half of the angle between two adjacent legs. Due to the symmetry of the
wheel design, the negative values can be ignored. The offsets provide the following constraints for the
trajectory generation:

¢rr = |(0rL + 0rr) — (OrL + G_RR)|17?O, (2.28)

orr = |(OpL + 0rr) — (OFr + gRR)’%, (2.29)
and . i . 7 "

¢rre = [(0FL +0rR) — (OFR + 9RL)|?- (2.30)

Figure 2.13 shows a sequence of imalges2 with different wheel synchronizations.

2.4.3 EXPERIMENTAL SETUP FOR LONGITUDINAL MOTION

An experimental setup was developed to collect data to evaluate locomotion efficiency during straight-
line motion. The robot was made to move in a straight line from an initial position, through a start
position, and through a stop position. To measure the time difference between the start and finish, two
time-synchronized cameras are utilized. The time difference is then used to extract the corresponding
data from the log. The actual data extracted is the log from log start to log stop (Figure 2.14).

The tests were performed on both hard ground and sand. Hard ground has low damping compared
to the legs, while sand has high damping effect compared to the legs. The robot forward velocities
are assigned in the ranges low (~0.2 m/s), medium (~0.4 m/s) and high (~0.5m/s). At velocities
higher than 0.5 m/s, the robot tends to deviate from the designated track. Figure 2.14 illustrates the
experimental setup.

>The corresponding video footage of the longitudinal motion of Asguard with different types of offsets can be found at
https://drive.google.com/file/d/12rcrYX_YInsf_jSi4a410skqsiJy2esH/view?usp=sharing.
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Figure 2.13: Sequences of images (row-wise from left to right) showing sample wheel synchronizations during
the experiments.
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Figure 2.14: Experimental setup for evaluation of the effects of wheel offsets on the efficiency of longitudinal
motion.

The oftsets ¢ and ¢, rc were assigned the values 0, 0.5 and 1.0 and for the offset ¢, g, the values
0,0.25,0.5,0.75 and 1.0 are used.

The robot systematically logs the battery voltage, PWM input and current at a frequency of 1.0 kHz.
The datalogged during the time difference measured by the camera is then used to calculate the specific
resistance. The length of the track which is measured for each test setup, is approximately 8.0 m from
start to finish.

The vertical movement of the robot’s body was also measured and analyzed using a motion capture
system to understand the motions that affect the system. Vibrations on the robot body can affect the
proper functioning of the robot sensors and can damage the components in the long run. Unnecessary
vibrations reduce the efficiency of locomotion and are therefore an interesting parameter to investigate,

44



2.4 Lon gz'tudz'nal Movement Optimization

as they give indications as to why some configurations are better than others. The amplitude and
frequency of the vibrations should be as low as possible.

In this work, the vibration was analyzed only for limited configurations, and only important results
are presented. This limitation arises from the constrained field of view of the motion capture system.
To expand the understanding of the subject, separate experiments were conducted using a 3D motion
capture system to capture the vertical vibrations of the robot. The motion capture system from Qual-
ysis captures the X-Y-Z motion of the robot at 100 Hz using a single marker. The three Infra-Red (IR)
cameras are positioned in a manner that intersects along the track.

2.4.4 VERTICAL MOVEMENTS
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Figure 2.15: Comparison of vertical movement at 0.2m/s for the locomotion patterns ¢ rc = 0.0 and
¢rLrc = 1.0.

A sample of the data acquired from the motion capture system showing the vertical movement is
shown in Figure 2.15. At ¢ rc =1.0, the vibrations are reduced to a great extent when compared
to ¢r.rc =0.0. The standard deviation of the vertical movement reduced by 66.2 % from 0.0116 m
to 0.0039 m. The vibrations show two different phases, one corresponding to the movement from
DS to VS, as shown between the interval 0.5 and 1.0s. The second phase, for example, from 1.0
to 1.5s, shows the motion corresponding to transition from VS to DS. As it can be clearly seen, the
vertical motion during both these phases is substantially reduced for ¢, rc =1.0. The second phase is
more relevant due to the higher frequency of vibration that can increase the wear and tear of the robot
hardware. Nevertheless, use of ¢ rc =1.0 introduces an additional rotational roll motion which can
have eftect on the perception sensors and their corresponding algorithms.

2.4.5 LocoMoTION EFFICIENCY

The effect of change in specific resistance is shown to be dependent on velocity; lower velocities demon-
strate higher responsiveness to changes in offsets, while higher velocities are more efficient, irrespective
of the presence of offsets. This is more evident for the offsets ¢ rr and ¢, rc, while less evident for
the offset ¢1.rc.
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Figure 2.16: Specific resistance for different locomotion modes on hard ground (left) and on sand (right).

In general, increasing ¢ g resulted in enhanced efficiency across velocities and ground types. Fig-
ures 2.16a and 2.16b show the effect of increasing the ¢ g on sand and hard ground respectively. For
example, at 0.2 m/s speed, increasing ¢ g, reduces specific resistance from 6.2 to 3.1 on sand. An
exception to this trend was found on hard ground at ¢ g = 0.5 while driving at a velocity of 0.2 m /s
(Figure 2.16a) where the specific resistance is higher than the lower offset. This value seems to deviate
from the trend and further investigation is required to determine its cause. Figures 2.16¢ and 2.16d
show the eftect of increasing ¢1, rc. The trend here is similar to that of ¢ pg.

Figures 2.16¢ and 2.16f show the effect of ¢ rr=1.0 and varying ¢1,r. The results show consistently
low specific resistance and proving that only having ¢ g =1.0 could be used to improve the locomo-
tion efficiency. This is particularly important given that the offset is unaffected by differential turning
controllers. The average specific resistance for hard ground and sand with ¢ pr=1.0 are 0.91 and 1.42

46



2.5 Turn Movement Optimization

respectively, which is an efficiency improvement of 90 % and 77 % respectively, when compared to the
corresponding worst-cases. The least specific resistance for both ground types were found to be when
¢rr=1.0and ¢, p=1.0,atalongitudinal velocity of 0.5 m /s. In this case, specific resistances of 0.214
and 0.582 were recorded for hard ground and sand respectively.

Compared to other systems, Asguard’s higher specific resistances are similar to those of many active
walking robots. The lower range of specific resistances achieved by wheel synchronization is slightly
higher than that of human running and older cars.

The type of ground does not seem to significantly impact the specific resistance trends. Although hard
ground slightly reduces the specific resistance compared to sand, possibly due to the higher damping
and traction in sand. The variance of the specific resistance was not determined and occasionally, some
outliers were also found in the collected data.

2.5 TUurRN MOVEMENT OPTIMIZATION

Difterential steering makes it imperative that the robot wheels must slip laterally. On a high traction
ground it is additionally hard, resulting in wheels unable to turn and triggering the over-current pro-
tection of the motors. During some instances, the passive joint of the robot could also flip, resulting
in a very undesired pose for the robot. In this section, we discuss the turn dynamics and the controller
used to improve the turning motion.

Laséral Friction

() Loads acting while turning (b) Passive joint flipping during turning

Figure 2.17: Dynamics of turning movement of Asguard (left) and the flipping (right) of rear during turning.

Several forces and torques should act on the robot to realize the turning motion. Figure 2.17a shows
the various forces acting on the robot while trying to turn counter-clockwise (seen from the top of
the robot). The front wheels are acted on by frictional forces from the left to the right of the robort,
and the rear wheels from right to left. This force couple, since it is acting away from the axis of the
passive joint, creates a torque about the passive joint. When this torque is high enough, the rear part,
being lighter than the front part, twists. This results in lifting the rear-left wheel in air (Figure 2.17b),
rendering it useless for turning tasks. In the resulting redistribution of loads, the front-left and the
rear-right wheels take the maximum amount of load. These wheels become the critical wheels in the
case of counter-clockwise rotation. For clockwise-rotation, the front-right and the rear-left wheels
become the critical wheels.

In order to improve on the turn controller, the torque available to turn should be maximized. The
proposed solution here, called the Load-Optimized Turning (LOT) controller, works by turning only
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when the load torques of the pivot wheel is positive (Figure 2.10). When the load torque of the pivot
wheel is negative, all four wheels act in the same direction repositioning the wheels to single stance.
This also helps in untwisting the twist caused by the turn phase. Since the front part of the robot
has higher weight distribution, the load torques of front wheels are higher. Hence, the pivot wheel is
selected to be FL for counter-clockwise turn and FR for clockwise turn.

The pseudocode for the LOT-algorithm to convert the linear v¢y,q and angular we,q velocity com-
mands to wheel velocities w;..f is detailed in Algorithm 1. In addition to the velocity commands,
the normalized position of the wheels 8 is given as input. The stance S € {VS, DS} gives the last
stance that was crossed by the pivot wheel which could be DS or VS. The motion mode M ¢, €
{TM, FM, RM} has three different modes: TURN mode (TM), FORWARD mode (FM) and RE-
VERSE mode (RM). The input also includes the normalized wheel positions 0PV stance Sprev and
motion mode M., from the last time step.

Initially the average wheel velocities wq,g and the differentials A are computed. The pivot wheel is
then selected based on the direction of the turn command. The algorithm also uses two functions
CROSSED_VS and CROSSED_DS to determine if the pivot wheel has crossed the VS or DS respec-
tively. If the pivot wheel has crossed the VS, the stance is set to VS and the motion mode is set to TM.
If the pivot wheel has crossed the DS, the stance is set to DS and the motion mode is set to FM or RM
based on the last motion mode. During TM, the pivot wheel which is in VS and can help in providing
higher torques to turn. The wheels perform longitudinal forward and reverse motions during FM and
RM to reorient the pivot wheel.

The algorithm then sets the wheel velocities based on the motion mode. The TURN motion mode
sets the wheel velocities to turn the robot, with higher speeds for rear wheels. The FORWARD mo-
tion mode moves all the wheels forward and similarly the REVERSE mode moves all the wheels with
negative velocities.

In order to evaluate the controller, both the normal point turn controller and the LOT-controller was
tested” on artificial turf which has high traction. The results show that using the pure velocity-based
normal point turn controller failed to complete even one full turn either due to over-current in the
motors or due to flipping of the passive joint. On the contrary, the LOT-controller was able to finish
more than 10 consecutive complete point-turns without any failure.

The use of this algorithm provides higher torque outputs during turning, reduces the flipping of the
passive joint and also reduces the over-currents. This is achieved by ensuring that the robot turns only
when the load torques of the pivot wheel are positive. The velocities and torques of all the four wheels
while turning to the left (counter-clockwise seen from top) of the robot are shown in Figures 2.18
and 2.19 respectively. The reference values (orange color) and the actual value (blue) for both velocities
and torques are shown in the plot. The controller mode (T: TURN, F: FORWARD, R: REVERSE)
is also plotted as a dotted line. The highlighted background in the plot indicates TM and the white
ones indicate either FM or RM. The reference velocity that is generated by the algorithm goes as input
to the velocity-controller which in turn generates the reference torques.

The velocity controller is able to follow the commanded velocity albeit with high variance. The vari-
ance s higher on the FL and RR wheels due to high torques the wheels need. The torque plots similarly

3The deficiencies of the normal point turn controller and the turn motion based on the LOT-controller,
being tested on an artificial turf, can be seen in the video provided in https://drive.google.com/file/d/
16wpm6POLWC7Mragz1-QbRHdi1GrfQOOLK/view?usp=sharing.
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2.5 Turn Movement Optimization

Algorithm 1 Generation of control velocity commands for improving turning motion using Load-

Optimized Turning controller.

1:

procedure LOTCONTROLLER(Ueynd; Wemd, 0,6rcv, Sprevs Mprev)

Require:

Vemd € R: Linear velocity command

Wemd € R: Angular velocity command

0,6 ¢ [~ £, %]4: Normalized leg stances (current and last time step) for wheels FL, RL, FR
and RR respectively

Sprev € {VS, DS}: Stance of the pivot wheel in the last time step

Mprev € {TM, FM, RM }: Motion mode in the last time step

Ensure: w,.; € R S € {VS,DS}, M € {TM,FM,RM}

2:
3:

10:

12:
13:
14:
15:
16:
17:
18:
19:

20:
21:

22:
23:

24:
25:
26:

Tw — 0.178, wy < 0.515 > Wheel parameters constants
Wavg < %, A "%t > Computes wheel velocities and differentials
PW «+ FL, A> O. > Selects the pivot wheel
FR, otherwise
S — Sprevs M = Myprey > Initialize stance and mode
if CROSSED_VS(0pw, 655/ ) then
S+ VS > Sets vertical stance
M+~ TM > Sets TURN motion mode
end if
if CROSSED_DS(0pw, 05y ) then
S « DS > Sets stance
if My ep = FM then
M+~ RM > Sets REVERSE motion mode
else
M+~ FM > Sets FORWARD motion mode
end if
end if

if M = TM then
Wref  Wapg[1.0 1.0 1.0 1.0]7 +A[=2.0 —4.0 +2.0 +4.0]"  >Sets
wheel velocities for TURN motion
else if M = FM then
Wref ¢ (Wang +A)[1.0 1.0 1.0 1.0
motion
else if M = RM then
Wref  (Wavg — A) [1.0 1.0 1.0 1.0]T > Sets wheel velocities for REVERSE
motion
end if
return Wy, S, M
end procedure

] r > Sets wheel velocities for FORWARD

show the reference and actual torques of the wheels. Since the controller is turning to the left of the
robot, the torques of the FL and RR wheels are higher compared to the other wheels. The use of the
LOT controller ensures that the wheels are able to generate high torques, especially during the turn-
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Figure 2.18: Reference (orange) and actual (blue) velocities while turning using LOT controller.

ing phase. The use of torque controller in the cascaded loop ensures that the motor does not cross the
current limits and hence stays protected from over-currents.

The LOT-controller is slower compared to simple differential steering, hence activated only if the sim-
ple differential steering cannot cope with the loads. This has the potential to improve the efficacy of the
turning motion on substrates that provide higher lateral friction. If the ground has very high friction
or is an uneven solid surfaces (log pile or stones), the controller may still fail.

2.6 SUMMARY AND DISCUSSIONS

This chapter details the research endeavors undertaken to enhance the locomotion efficiency of the
passive-hybrid robot, Asguard. The robot’s design, integrating features of both wheeled and legged
systems, exhibits suboptimal performance when utilizing conventional wheel-based controllers. To
address this limitation, the controller enhancement should incorporate the legged aspect of the design
while using only the existing DoFs. The control of this under-actuated system is comprised of three
primary components: the joint controller, the analysis of wheel synchronization during longitudinal
movement, and the turn motion optimization.

A simple velocity controller on the motor side is inadequate for precise position control of the wheel
side, a deficiency attributable to the flexible coupling that connects the motor and the wheel. To ad-
dress this limitation, a cascaded position-velocity-torque controller has been developed to enhance
the wheel position control accuracy. The innermost torque loop necessitates the measurement of the
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Figure 2.19: Reference (orange) and actual (blue) torques while turning using LOT controller.

torques acting on the wheel, which is accomplished by measuring the deflection of the flexible cou-
pling using encoders on both the motor and wheel sides. The relationship between the deflection and
the actual torque is modeled using the Bouc-Wen model hysteresis model, which is extended to in-
clude damping and effects of gear play. The estimated model demonstrated an accuracy of over 95 %
in its representation of the actual torques, while the torque controller exhibited an average error of ap-
proximately 6.3 % in its tracking of the reference torque. This cascaded controller was able to enhance
the accuracy of the wheel position control by 56 %, as compared to the controller without the torque
loop. The controller also leveraged the anticipated load torques, operating under the assumption of
quasi-static motion, as feed-forward to further enhance performance.

The wheels, which can be likened to multiple straight legs, can be synchronized to generate differ-
ent locomotion patterns during longitudinal motion. Our approach endeavors to reduce energy loss
during locomotion by enhancing the potential and kinetic energy exchange within the system. This
was achieved by controlling the wheel synchronizations, specifically when the wheels’ legs contact the
ground relative to each other. Three different offsets were defined to model this and to generate the
reference trajectories. The variation in the specific resistances was found to range from that of walk-
ing robots to that of human running or that of older cars. The most significant observation was that
the specific resistances were lowest when the offset between the front and rear wheels was at its maxi-
mum. This is irrespective of the left-right offsets, meaning that the high efficiency can be maintained
even while turning. It was also observed that the specific resistance can be reduced by up to 90 %
when compared with the worst-case scenario. In the future, an automated method for determining
efficiency could be developed to extend the study to higher speeds and further locomotion patterns.
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Additionally, the use of the LOT controller enhanced turning on high-traction surfaces. The con-
troller ensures that the robot turns only when the load torques of the pivot wheel are positive, thereby
enhancing the controller’s effectiveness, though at the expense of turn speed. During phases where
the load torques are negative, the robot moves back and forth to reposition the wheels. The LOT
controller reduced instances of flipping and over-currents during turning. During the testing phase
on the artificial turf surface, the conventional controller demonstrated an inability to complete even
a single turn, whereas the LOT controller exhibited the capacity to execute multiple turns without
encountering any errors.

In general, the controllers developed for Asguard demonstrated a marked improvement in locomo-
tion efficiency during longitudinal motion and efficacy for turn motion, successfully achieving the
objectives O-1a, O-1b and O-Ic.
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CHAPTER 3

MoT1ioON CONTROL SYSTEM FOR A
WHEEL-ON-LEG PLANETARY ROVER

This chapter presents the controllers for the innovative wheel-on-leg planetary exploration rover, Sher-
pal'T. The focus of this chapter is on the development of the software control framework Sherpal T-
Motion Control System (MCS) and the controller for adapting to uneven terrain for Sherpal T. Partial
results of the presented work have been published in

(i)

(ii)

Cordes, F., A. Babu, and T. Stark (2024). “Sherpa, a family of wheeled-leg rovers”. In: Biologically In-
spired Series-Parallel Hybrid Robots. Ed. by S. Kumar, A. Mueller, and F. Kirchner. 1. Auflage. Vol. 514.
Elsevier Science, pPp- 281-304. 1sBN: 978-0-323-88482-2. URL: https://shop.elsevier.com/books/

biologically-inspired-series-parallel-hybrid-robots/kumar/978-0-323-88482-2

Cordes, F., F. Kirchner, and A. Babu (2018). “Design and field testing of a rover with an actively ar-
ticulated suspension system in a Mars analog terrain”. Journal of Field Robotics 35:7, pp. 1149-1181.
DOI: 160.1002/rob.21808. eprint: https://onlinelibrary.wiley.com/doi/pdf/16.1002/rob.21808

Cordes, F., A. Babu, and F. Kirchner (2017). “Static Force Distribution and Orientation Control for
a Rover with an Actively Articulated Suspension System”. In: JEEE/RS] International Conference on
Intelligent Robots and Systems (IROS2017)

Babu, A. (2016). Ground Adaption Process for SherpaTT. technical report. DFKI GmbH, pp. 84-91

Cordes, F. and A. Babu (2016). “Sherpal'T: A Versatile Hybrid Wheeled-Leg Rover”. In: Proceedings
of the International Symposium on Artificial Intelligence, Robotics and Automation in Space (--SAIRAS
2016), June

Cordes, F., C. Ockermann, A. Babu, D. Kuehn, T. Stark, and F. Kirchner (2014). “An active suspension
system for a planetary rover”. In: Proceedings of the International Symposium on Artificial Intelligence,
Robotics and Automation in Space (--SAIRAS 2014), June, pp.17-19

This chapter is structured as follows: After introducing Sherpal T in Section 3.1, and the description
of the robot system in Section 3.2, the control software is elaborated in Section 3.3. The subsequent
section, Section 3.5, details a controller that adapts to uneven terrain using a custom developed con-

troller. This section also contains details of the experimental setup for evaluating the controller, as

well as the results. Finally, the chapter is summarized, and the contributions are listed.
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Chapter 3 Motion Control System for a Wheel-on-Leg Planetary Rover

3.1 ADAPTIVE SUSPENSION ROVER

Mobile robots have been utilized in extraterrestrial applications to facilitate exploration of the envi-
ronment, soil sample collection, and other measurements. Despite their durability, these robots have
historically exhibited conservatism with respect to terrain difficulty, a consequence of their constrained
locomotion capabilities. It is noteworthy that some scientifically intriguing locations are situated in
challenging terrains, as evidenced by the works of Huntsberger et al. 2007 and Nesnas et al. 2012. Ac-
cessing these sites necessitates different locomotion approaches: an energy-efficient locomotion for
traversing large distances and another to adapt to steep slopes and uneven terrains. This objective is
achieved by combining these locomotion modes into the same design, the wheel-on-leg design. This
hybrid locomotion design combines the efficiency of wheeled locomotion with the adaptability of
legged locomotion. The legged design can even be utilized to step over some obstacles.

Figure 3.1: The SherpaI'T robot is a planetary rover with an adaptable suspension system developed for plane-
tary exploration. The picture shows the robot placed in an artificial crater environment at DFKI.

The Sherpal T robot (Figure 3.1) was developed at DFKI for the purpose of traversing irregular terrain
with varying substrates in planetary exploration scenarios. The wheel-on-leg design of this novel rover
was developed as part of the TransTerrA (R. Sonsalla et al. 2014) project. The active suspension system
offers several advantages, including: (i) high terrain mobility for the rover, (ii) ability to actively move
the robot’s Center of Gravity (CoG) with respect to the footprint, (iii) control of contact forces at
wheel-ground contact points (load distribution), (iv) orienting the main body irrespective of the ter-
rain, and (v) ability to move the body without moving the wheels. In most cases, the legs are capable
of adapting to the ground using force-torque sensors without the need to stop and reconfigure.

The rover is capable of manipulating and deploying other compatible modules with its custom-designed
Electromechanical Interface (EMI) on the manipulator or the bottom, as detailed in R. Sonsalla et al.
2017. The control software structure Sherpal T-MCS and the Ground Adaption Process (GAP) con-
troller, which are described here, serve to abstract the complexity of controlling the robot to high-level
commands. The controls developed in this chapter are based on low-level sensors, such as force-torque
sensors, orientation measurement, and a reactive control approach. High-level control approaches, in-
cluding the use of a height map of the environment and motion planning for the system or suspension
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configuration planning, are not utilized for ground adaption of Sherpal T. The thesis objectives O-2a
and O-3a are addressed here.

3.2 SYSTEM DESCRIPTION - SHERPATT

The SherpaT T system has three main mechanical components: (i) body, (ii) legs and (iii) manipulator.
The body serves as the central component to which the four identical legs and the manipulator are at-
tached. The four legs are attached to the body in such a manner that they are, in their default positions,
horizontally and laterally symmetric. The manipulator is attached to the top part, ensuring even reach-
ability to all the sides of the robot. The manipulator possesses six DoFs, with an EMI-interface serving
as the end-effector, facilitating attachment to compatible interfaces such as a battery module, camera
module, sampling module, or other small robots (Dettmann et al. 2011). The manipulator can also be
utilized to supportlocomotion during stepping, a mode not addressed in this chapter. The legs, being
the most critical component for locomotion, feature a wheel-on-leg design with three DoFs, enabling
the leg part to move the wheel freely in 3D. The wheel part has two DoFs for steering and driving. The
wheels can have different designs based on the application and terrain substrate type.

The control and corresponding software design can be categorized as reactive and deliberative layers.
The reactive layer responds directly to sensor input by transmitting joint commands, whereas the de-
liberative layer accumulates sensor data to construct a comprehensive environmental model and sub-
sequently plans actions for both immediate and long-term contexts. The low-level control of joints
and data acquisition of sensors is facilitated by Field Programmable Gate Array (FPGA)-based elec-
tronics, which serve to implement the controllers and communicate with higher-level computers. The
reactive layer constitutes the mid-level control, which is elaborated upon in Section 3.3. Similarly, the
deliberative layer constitutes the high-level control and is described in Section 3.4. The mid-level and
high-level control software is based on the ROCK framework (Joyeux and Albiez 2011).

3.2.1 LG KINEMATICS

Each leg of SherpaI'T consists of five joints: Pan, Inner-Leg, Outer-Leg, Wheel-Steering and Wheel-
Drive. The joints, Inner-Leg and Outer-Leg, use parallel mechanisms to transform the actuation mo-
tion to joint motion. Both these joints use parallelograms for this purpose which has the property of
imparting translational motion to the next link without any rotational movements. Modeling of the
parallelogram is performed in the low-level joint control and is abstracted to the higher control layers
for which the legs are modeled as a serial kinematic chain. A conversion between the linear actuator
length pushing the parallelogram and the virtual rotational joint is performed locally in the joint ac-
tuator’s control electronics. Once the leg is considered as a serial kinematic, well-known modeling
procedures can be employed. The forward and inverse kinematic equations, as well as the Jacobian,
are described here. The structure of the Sherpal T leg is shown in Figure 3.2.

Let [X 0o Yo Zo] T be the coordinates of the translation of the leg coordinate system from the Body
Coordinate System (BCS). L;; and L,y are the lengths of the links corresponding to Inner-Leg and
Outer-Leg respectively. Let the position of the joints Pan, Inner-Leg, Outer-Leg and Wheel-Steering
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Figure 3.2: Design of the SherpaI T leg depicting the parallel-kinematic structure, the serial kinematic joints,
and the location of the force-torque sensor and the LEP.

be represented by o, 3, v and ¢ respectively. The position of LEP can be computed using the first
three joints as

Xo+ (X¢+ Ljjcos 8+ Ly cosy) cos «
Prep(a, B,7) = | Yo+ (Ye+ Licos B+ Ly cosy)sina |, (3.)
Zo+ Z.+ Lysin 8+ Ly sinvy

where X, Y. and Z, are the constant offsets in , y and z directions within the BCS. They are cal-
culated by adding the all the constant offsets. Computing the Jacobian based on Equation (3.1) will
result in

(—r — X¢)sina —Ljsinfcosa —Lgy sinycosa
J(a,8,7)=| (r+Y,)cosa —Lysinasinf —Lysinasiny |, (3.2)
0 L cos 8 Ly cos~y

where r = L cos 8 + Lo cos.

The inverse kinematic of the leg is also computed by considering only the first three joints. The last
two joints, Wheel-Steering and Wheel-Drive, do not contribute to the position of the Leg End Point
(LEP). In order to compute the inverse kinematic, the LEP coordinate system is converted to cylindri-
cal coordinates with respect to the leg coordinate system placed in the Pan joint. The objective is to
compute the joint angles o, 8 and -y, corresponding to the Pan, Inner-Leg and Outer-Leg joints. Let

the desired cylindrical coordinate for LEP be [7“ h 9] T, corresponding to radius, height and angle,
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respectively. Since the coordinate origin coincides with Pan joint o« = . The computation for 5 and
7, given 7 and h is as explained below. Let

r? +h?+ Ly - L2

to = .
0 2Lzl 5 (3 3)
t1 =712+ h? 13, (3.4)
and 2 2 2 2
h2— L2 — L
P i~ Yol (3.5)

2L Lo,
A solution exists only if 1 >= 0, else the solution is imaginary. For real solutions, the following solves
for Inner-Leg
_ 2arctan (h &+ /1)

p r 4t

) (3.6)
and the following for the Outer-Leg

v = B %+ arccos (t2). (3.7)

3.3 STRUCTURE OF SHERPAT T-MCS

The mid-level control software of SherpaI'T, which acts as the interface between the commands from
the operator or high-level and the joint-level control, is called the Sherpal T-MCS. The general struc-
ture of the Sherpal'T-MCS is shown in Figure 3.3. This section gives an overview and details of the
different modules. A more detailed discussion is provided in Cordes 2018; Cordes et al. 20245 2018.

The SherpaI'T-MCS provides a reactive layer of controllers that are necessary for the proper function-
ing of the higher level software (e.g. autonomy modules). The main functionalities of Sherpal T-MCS
are (i) Driving for moving the platform in a desired direction using the wheels, (ii) Leg movement to
change the footprint and to react to uneven terrain, and (iii) Asszstive controllers that abstract the com-
plexity for the higher level and also ensures the safety of the robot.

The architecture of the Sherpal T-MCS is composed of two primary input groups: high-level com-
mands and sensor inputs. High-level commands represent the instructions issued by high-level con-
trollers or an operator during remote operation, while sensor inputs refer to the feedback received from
sensors that inform the state of the controllers. The SherpaI T-MCS outputs are also comprised of two
groups: joint commands and operator info. Joint commands refer to controller commands issued to
the low-level, which govern the movement or positioning of individual joints in velocity or position
modes. The term operation info signifies the information disseminated to the operator regarding the
system’s status.

The high-level commands are motion command 3D, footprint and body-posture. The motion com-
mand 3D has commands for the longitudinal, lateral and rotational velocity of the robot body, gen-
erated solely by the motion of the wheels. In contrast, the commands of the motion of the legs are
provided by the footprint and body-posture commands. The footprint command gives the position
of the individual LEP in the leg coordinate system, either as Cartesian or as Cylindrical coordinates.
This command moves the leg joints to reach a desired LEP. The body-posture command enables the
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Figure 3.3: Block diagram depicting the structure and connections of the mid-level control for SherpaI T called
the SherpaI'T-MCS.

manipulation of the robot’s body in 6D, through the coordination of its leg joints to achieve a desired
offset.

The sensor inputs consist of the position and velocities of all the joints, orientation (roll and pitch)
from the IMU, and data from force-torque sensor. The force-torque sensor values are 3D forces and
3D torques.

The drive control commands is responsible for generating the reference commands for the steering
wheel’s angular displacement and the velocities of the vehicle’s wheels, thereby facilitating its move-
ment on the ground. The control of drive movement involves the integration of multiple modules.
The drive commander serves as a converter, translating the input motion command 3D into the de-
sired velocities in the body’s coordinate system. These converted commands are then utilized by the
modules of steering computation and wheel speed computation to calculate the steering angles and
the wheel’s rotational velocities, respectively. The module reorientation hold is designed to halt the
rotation of the wheels in the event that the desired and actual steering angles are not aligned.

The movement of the legs is governed by high-level commands, with the commands foot-print and
body-posture being integrated by the module LEP command generator to generate the desired LEP
commands. These commands are subsequently transmitted to the LEP interpolator. The interpo-
lator then performs interpolation of the movement of the LEP, ensuring that joint velocities remain
within predefined limits. This interpolation is executed in the cylindrical coordinate of the leg, thereby
minimizing the necessary movement of the wheel steering. The interpolated LEP positions are then
transmitted to the inverse kinematic module, as detailed in Section 3.2.1. This module converts the
interpolated LEP positions into joint positions, which are then utilized to command the joint elec-
tronics.
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3.4 High-level Control

One of the most useful assistive functions is the GAP module, which has the primary function of
maintaining contact with the ground. GAP modules require input from forward kinematics, orienta-
tion from IMU and end-effector wrench estimator to provide LEP positions, robot body orientation
and contact forces on the wheel, respectively. Utilizing these inputs, the GAP modules regulate the
vertical position of the leg, thereby enabling indirect control over contact, contact forces and body
orientation (roll and pitch). The vertical offsets output by the GAP module are written to the LEP
commands, which are limited by the offsetlimiter module. Various implementations of the GAP mod-
ule have been developed in Cordes et al. 2018 and Cordes 2018. The implementation of the controller
for controlling different factors simultaneously is detailed in Section 3.5.

In addition to the previously mentioned modules, several others have been implemented to facilitate
the robot’s operation. The CoG is computed and provided as input to the support polygon module to
estimate the stability of the current posture. This information can then be visualized by the operator.
Under certain conditions, such as high ground friction, the wheel steering may lack sufficient power
to turn. The wheel steering support module has been developed to address this issue by releasing the
vertical load to reduce friction. Additionally, the module contact localizer has been implemented to
localize the contact point and force on the wheel. This module is intended to be used in the future to
improve stability estimation and reduce slippage.

3.4 HicH-LEVEL CONTROL

The high-level control modules of the robot are responsible for Simultaneous Localization And Map-
ping (SLAM), path planning and execution of the robot base, and trajectory planning and execution of
the manipulator. These functionalities are then used to create missions with more autonomy features.

The high-level commands are then used as input to Sherpal T-MCS.

The SLAM, a custom implementation known as Slam3D, is open-source, and can be found in DFKI
Slam3D. The library provides interfacing for both ROS and ROCK and Slam3D ofters a frontend
for graph-based SLAM in 3D space. Different solvers for graph optimization can be implemented as
backends by providing the interface. Slam3D is capable of utilizing point-cloud data, GPS data and
wheel odometry data as constraints for optimizing the graph

A path planner generates a path from a given pose to a target pose based on the obstacles and ter-
rain map generated by the SLAM module. The path planning is a custom implementation based on
Limpert et al. 2015 in Robot Construction Kit (ROCK), which uses search-based planning on graphs
in discrete environments. A set of motion primitives is generated a priori based on the robot’s kine-
matic constraints. These primitives are then combined to form a graph, with consideration given to
collisions and the validity of the state. The final path is computed using the AR A* algorithm developed
in Likhachev et al. 2003. The generated path is then followed using the trajectory tracking algorithm
described in Micaelli and Samson 1993.

ROCK:-based motion planning for manipulators, as described in Asadi and Natarajan 2014, is a custom
implementation based on Open Motion Planning Library (OMPL) (Sucan et al. 2012). Additionally, it
interfaces with other optimization-based planners. The kinematic library and collision computations
are abstracted such that other algorithms can be easily interfaced.
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3.5 GROUND ADAPTION CONTROLLER USING FORCE-TORQUE SENSORS

GAP is a vital assistance function that serves to reduce the operational burden on the operator or
high-level algorithms. The primary objectives of the controller are to (i) maintain wheel contact with
ground for stability, and (ii) distribute the loads more evenly. The secondary objectives include (i) main-
taining a desired ground clearance, and (ii) orientations (roll and pitch). These objectives are achieved
by controlling the vertical motion of the legged wheels. The controller uses input from sensors, in-
cluding vertical forces from the force-torque sensor, orientation from the IMU, and joint position
and velocity measurements.

3.5.1 CONTROLLER DESIGN

Rear F'(Ight

Rear Left S
Front Right

Figure 3.4: Depiction of the kinematic model for the GAP controller.

The controller maps the joint velocities of the leg joints to the locomotion factors which are defined
by the GAP objective. The leg joints that influence the vertical motion are Inner-Leg and Outer-
Leg, whose positions are denoted by 3; and ~y;, respect. 7 is the leg index with values [0 1 2 3] ,
representing FL, FR, RL and RR legs respectively. The corresponding joint velocities are denoted by
B; and ;.

The locomotion factors that are being controlled are (i) the mean height of all legs (), (ii) the cross—

force difference ( f.) (iii) the roll angle of the body (6,.), and (iv) the pitch angle of the body (6,).

The factors represent the objectives of the GAP controller, with the mean height employed to maintain
adesired ground clearance and the cross-force ensuring ground contact of the wheels and stability. The
roll and pitch angles can be controlled to maintain a desired orientation.

As illustrated in Figure 3.4, the schematics for deriving the equations for the GAP controller are
shown. It presents a side view of the body, with the pitch and the legged wheels in contact with an
uneven ground. Two distinct coordinate systems are employed: the BCS, with its center at O; and the
Gravity Aligned Coordinate System (GCS), with its center at O’. The BCS is attached to the robot
body and moves in conjunction with it. The yaw angle of the GCS is equivalent to that of the BCS, and
the roll and pitch angles of the GCS are set to zero. The z-axis of the GCS aligns with the gravitational
vector. The roll and pitch offsets between the BCS and the GCS are 0, and 0,,, respectively.
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3.5 Ground Adaption Controller usin g Force-Torque Sensors

In order to derive the controller equations, it is assumed that the robot’s footprint remains constant
while the controller is operational. The vertical position of the legs is denoted by 2} and the x-offsets
are denoted by W, ;. Analogously, though not illustrated in the schematics, the y-oftsets are denoted

by W ;.

The leg heights for all legs are defined by Z’ = [z}, 2}, 2, 2] " with the values given in the
third row of Equation (3.1) for each leg. It is important to note that, given the nature of the GAP
controller, which allows for vertical movement exclusively, no motion occurs along the X and Y axes.
The mapping of the vertical motion of the legs to the locomotion output that is being controlled is

given by

B + he — Wyjl sin 6, + Wz,fl sin Hp
hm — he + Wy ¢ sin 0, + Wy, 4. sin 6,
hm — he — Wy sin @, — W, sin 6,
him 4 he + Wy pp sin @, — Wy - sin 0,

Z =

where hyy, is the mean height of all legs, A, is the cross height offset between diagonally opposite legs,
Wy, p1and Wy ry are the X and Y positions of the LEP in the BCS respectively, and 6. and 6, are the
body roll and pitch angles respectively.

Taking the time derivative of the above equation and separating the locomotion control terms results
in .

+1 Wy ricos0. +W; pcost, hm

—1 +Wy rcost. +Wy prcosly| | he
-1 —Wyncosb. —W, . cosb, 6
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These intermediate and decoupled controlled variables can be now written as a proportional controller
in terms of the error as below

hm Kh(hm - hm,ref)
h_C — Kf(ff,fl_fZ,fr_fZ,rl+f2,rr) (3 9)
0, K, (6, — 0 rcf) ) .

Op Kp(6p — 91777’6f)

where Ay, e is the reference mean height, f ; are the vertical ground reaction forces for each wheel,
and 0, .y and 0, ¢ are the roll and pitch references respectively. Kp,, K, K, and K, are the pro-
portional gains for the height, cross-force, roll and pitch controllers respectively.

The complete controller equation is formed by combining Equations (3.8) and (3.9)

+1 - y,fl +Ww,fl Khherror
-1 +Wy’f7’ +Wx,f¢“ Kfferror
-1 _Wy,rl _Wac,rl K, cos erer,error
+1 +Wy,rr _Wx,rr Kp Ccos epap,errm"

2= (3.10)

—_ = =

The above equation gives the vertical velocity of the leg in terms of the locomotion control terms in
GCS. These velocities can be transformed in to BCS by rotating about X -axis by 6,- and Y -axis by 0,,.
If the 6, and 0, values are close to zero, the controller can be approximated by the following equation,
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where the cosine terms are approximated as 1.0. This can be directly used without transforming the
coordinates to give

+1 _Wy,fl +Wx,fl Khherror
-1 "‘Wy,fr +Wx,fr Kfferror
-1 _Wy,rl _Wz,rl Krer
+1 +Wy,rr _Wz,rr erp

2= (3.11)

—_ = = =

The joint velocities can be computed by using the Jacobian defined in Equation (3.2). The Z-axis
velocities for the legs are provided by Equation (3.11). Plugging in these values into the Jacobian equa-
tion and inverting the Jacobian will give the joint velocities. Alternatively, the LEP velocities can be
integrated and given as offsets to the inverse kinematics module of Sherpal'T-MCS.

The controller gains are tuned separately such that the controlled variables converge for step input with
a bit of overshoot, but settles shortly afterwards. This gives adequate performance during continuous
operation and the controllers responds adequately. The tuned values are K, = 0.01, Ky = 1.0 x
1077, K, = 0.003 and K, = 0.003. Setting a gain to 0.0 will disable that particular controlled

variable.

3.5.2 EXPERIMENTAL SETUP

W kit

Figure 3.5: Experimental setup for evaluation of GAP using wooden boards for emulating an uneven terrain.
The setup has a length of 3.6 m, maximum height of 0.38 m and a maximum slope of ~20°.

Multiple experiments were conducted to evaluate the performance of the controller. The first set of
experiments is designed to evaluate the performance of the controller during the driving of the rover
over uneven terrain. For this purpose, an experimental setup was developed with wooden boards as-
sembled to emulate a varying uneven terrain (see Figure 3.5 for setup and dimensions). The robot
moves forward at a velocity of 0.02m/s. The left wheels of the robot traversed an obstacle, while
the right wheels moved on a flat surface. Initially, a reference run is conducted without activating the
GAP-controllers. This is followed by a run with the controller activated, with all reference values set
to zero, and one with both the roll and pitch controllers deactivated. The results from the experiments
are presented in the following section.

In the next set of experiments, the step response of the individual components of the controllers are
evaluated. The robot is placed on a flat surface with all the wheels on ground and the GAP-controller
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3.5 Ground Adaption Controller usin g Force-Torque Sensors

activated. Then a reference input is given as step input separately. Values of £0.1m, £0.1rad and
+0.1rad were used respectively for mean height (A, re ), roll (6;-) and pitch (). The controllers
used for the experiments are the one in Equation (3.11) along with the offsets for legs, instead of Jaco-
bian.

The step response for the simultaneous input for all the components are also evaluated. In this experi-
ment, values of {0.1 m, 0.05 rad, 0.05rad}, {—0.1m, —0.05rad, —0.05 rad} and {0.0 m, 0.0 rad,
0.0 rad} were given as step input in sequence. Each of the set of values represent mean height (A, re f),

roll (6,) and pitch (6),) respectively.

3.5.3 PERFORMANCE OF GROUND ADAPTION PROCESS
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Figure 3.6: Reference experiment while driving over obstacle with GAP deactivated.

The performance of the controller while moving over the uneven terrain is presented here. The eval-
uation is conducted using three experiments with three different modes of the controller: not active,
tully active and only force and height. The results are illustrated in Figures 3.6, 3.7 and 3.8 respec-
tively. Each figure is composed of three subplots. The top plot illustrates the changes in the error in
controlled variables as the robot moves over the experimental setup. The middle plot displays the ver-
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Figure 3.7: Performance of GAP driving over obstacle with all the controlled variables active and reference set
to zero.

tical forces acting on each leg. The bottom plot shows the vertical movement of the leg, generated by
the controller.

As a point of reference, the evolution of the control factors without the activation of the controller is
illustrated in Figure 3.6. Since the controller is deactivated, there is no vertical movement of the legs
and no change in the mean height. However, substantial variation exists in the cross-forces, ranging
between —2000 N and 2000 N. This is also evident in the vertical forces acting on each leg which
shows a variation between the range —50 N and 1000 N, with a standard deviation of 386.04 N m.
High variations can also be observed for both roll and pitch angles which shows a maximum deviation
of 0.1rad and 0.15 rad respectively. The mean roll and pitch deviations are 0.055 rad and 0.073 rad
respectively. These observations align with the anticipated outcomes, indicating that the robot’s legs
experience a loss of contact with the ground and exhibit a propensity to tip over as it navigates ob-
stacles. The substantial load disparity between the legs has the potential to compromise the system’s
integrity.
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Figure 3.8: Performance of GAP with only mean height and force-error controllers activated.

The results of the same movement over the obstacle with all the controllers activated in shown in Fig-
ure 3.7. The vertical movement of the leg shows that the left legs approximately follows the profile
of the obstacle. The left legs move vertically between —0.8 m and 0.28 m while the right legs move
down to a minimum of —0.1 m. The results of the controlled variables show that the average height is
maintained at 0.0 m and the cross-force error is within the range between —517 N and 680 N, ensur-
ing both good ground clearance and good force distribution within the wheels. This is also evident in
the vertical force plot which shows an even distribution and at no point does the wheel lose contact
with the ground. The standard deviation of the vertical forces is 79.15 , which is an approximately
80 % reduction compared to the forces without the controller. The roll and pitch deviations are lim-
ited to a maximum of 0.011 rad with quadratic mean of 0.003 rad and 0.005 rad respectively. In
comparison with the case when the controller is not activated, the quadratic mean values for roll and

pitch are within 5 % and 7 % respectively.

The performance of the system when only the height and cross-force controllers are activated is illus-
trated in Figure 3.8. The errors for height and cross-force are analogous to the experiment when all
the controllers are active, yet the maximum errors for roll and pitch are now around 0.1 rad. Itis ev-
ident that the roll and pitch controllers of GAP are not always necessary and, when activated, limit
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the range available for control of the other controlled variables. The vertical leg offset demonstrates a
more symmetrical variation in comparison to the scenario where all the controllers are active. The val-
ues are within the range of 0.1 m, while the performance is analogous to that achieved when all the
controllers are active. This renders the controller without roll and pitch capable of navigating more
challenging terrain.

The results from further experiments, including step input for different controlled variables, are de-
tailed in Appendix B.

3.6 SUCCESS STORIES

Extensive testing and utilization of the Sherpal T-MCS and the ground adaptation controller in pure
cross-force mode has been carried out in numerous tests'. In addition, detailed testing and evaluation
of complex operational scenarios in challenging Mars-analogous environments were carried out as part
of the projects FT-Utah 2 and FACILITATORS °. During one of the field tests, Sherpal T  success-
tully completed a 1.3 km autonomous journey while navigating obstacles, operating using Sherpal T-
MCS. The robot and the developed solutions have been incorporated into more than ten research
projects, with the contributions from this work having been extensively employed and validated.

3.7 SUMMARY AND DISCUSSIONS

The Sherpal T-MCS is the control software structure for the planetary rover, which is controlled re-
motely or by high-level controllers. The primary aims of the software are twofold: first, to simplify the
control process by providing more straightforward interfaces and commands to high-level controllers;
and second, to furnish usable information as feedback. The software incorporates a wide range of
features, including driving, steering, stability, posture change and kinematics. Additionally, several
assistive functions are implemented to further facilitate control from higher levels.

The most relevantassistive function is the automatic adaptation to changes in terrain, which is achieved
by a custom controller, GAP. This controller uses the vertical motion of the legs to simultaneously
control multiple states of the robot, with objectives including maintaining ground contact, evenly
distributing loads on the legs, and maintaining a desired attitude. The controller’s design involves
mapping the vertical motion of the legs to the desired robot postures including body height, pitch,
roll and load distribution. The controller has been implemented and tested in a labor test environ-
ment through a series of experiments, which demonstrate its effectiveness across varying terrains. The
results demonstrate that the GAP controller enhances various parameters of locomotion in compari-
son with the absence of controller activation. The findings of the study demonstrated that a reduction
of 80 % in the standard deviation of the vertical forces was achieved, alongside an approximate 95 %
and 93 % reduction in roll and pitch errors, respectively.

This chapter describes two main contributions to the dissertation: (i) development and implementa-
tion of Sherpal T-MCS, and (ii) design and testing of a custom GAP controller. The robot and the
developed Sherpal T-MCS have been successfully utilized in more than ten projects and at least three

Wideo footage of the robot’s motion while incorporating the controller in an outdoor uneven terrain is available at the
following link: https://drive.google.com/file/d/1E122Zp0jK1qG]js4WITHkRop_0rU3j4iW/view?usp=sharing

2https ://robotik.dfki-bremen.de/en/research/projects/ft-utah

3https ://robotik.dfki-bremen.de/en/research/projects/facilitators-ogé6
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3.7 Summary and Discussions

field tests in Mars-analogous environments. This demonstrated the effectiveness and robustness of
the solutions developed here, especially the force-leveling component of the GAP. This corresponds
to the thesis objectives O-2a and O-3a respectively.
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CHAPTER 4

MoTiON CONTROL SYSTEM FOR A WALKING
ExcavAaTOR ROBOT

This chapter discusses the development of the software control framework, ARTER-MCS, for con-
trolling a walking excavator robot in remote control as well as autonomous scenarios. Partial results of
the presented work have been published in

(i) Babu, A.,P. Willenbrock, J. Tiemann, F. Bernhard, and D. Kuehn (2024). “ARTER: a walking excavator
robot”. In: Biologically Inspired Series-Parallel Hybrid Robots. Ed. by S. Kumar, A. Mueller, and F.
Kirchner. 1. Auflage. Vol. 514. Elsevier Science, pp. 235-261. 1sBN: 978-0-323-88482-2. URL: https:
//shop.elsevier.com/books/biologically-inspired-series-parallel-hybrid-robots/kumar/978-0-

323-88482-2

(i) Woock, P. and A. Babu (2022). “Autonome Robotersysteme in der Altlastensanierung”. Handbuch
Altlastensanierung und Flichenmanagement. Handbuch Altlastensanierung und Flichenmanagement
93. Aktualisierung, 3. Aufl.5111. Ed. by V. Franzius, M. Altenbockum, and T. Gerhold

(iii) Babu, A., L. C. Danter, P. Willenbrock, S. Natarajan, D. Kuehn, and F. Kirchner (2022). at - Automa-
tisierungstechnik 70:10, pp. 876-887. DOI: doi:16.1515/auto-2022-0056. URL: https://doi.org/10.

1515/auto-2022-0056

(iv) Babu, A., K. Y. Yurtdas, C.E.S. Koch, and M. Yiiksel (2019). “Trajectory Following using Nonlinear
Model Predictive Control and 3D Point-Cloud-based Localization for Autonomous Driving”. In: 2019
European Conference on Mobile Robots (ECMR), Prague, Czech Republic. IEEE

The chapter is structured as follows: The ARTER system is described in Section 4.1 and Section 4.2,
followed by the software structure of ARTER-MCS in Section 4.3. Next, examples of inverse and
forward solutions for the parallel kinematic mechanisms are developed in Section 4.4. The following
Section 4.5 details the trajectory following using Nonlinear Model Predictive Control (NMPC), in-
cluding the problem formulation and evaluation of performance in simulation. Finally, Section 4.6.2
describes the evaluation of the control software in the soil-sampling scenario. The chapter is summa-
rized at the end.

4.1 WALKING EXCAVATOR

In contemporary industrial contexts, heavy-duty machinery plays a pivotal role in a wide range of
sectors, including construction, agriculture, mining and waste management. These machines are de-
signed to perform a diverse array of tasks with high efficiency and precision. A portion of these tasks
have already been automated. However, a significant proportion of tasks remain repetitive and, in cer-
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tain instances, hazardous. The integration of remote-control functionality and supplementary assis-
tance systems has the potential to enhance both safety and productivity. The transfer of technologies
from the robotics domain, encompassing sensing, control and planning, can facilitate this develop-
ment.

The utilization of teleoperation, advanced driver assistance functions, and limited autonomy features
is already prevalent in these vehicles to a certain extent. As research in robotics and artificial intelli-
gence continues to advance at a rapid pace, the scope for more immersive teleoperation and higher
levels of autonomy is expanding, which are necessary for operation in challenging environments. A
significant environmental challenge confronting heavy-duty vehicles and mobile robots is traversing
unstructured terrains, characterized by obstacles and high slopes with varied substrates.

To address these challenges, walking excavators (also known as “spider excavators”) have been devel-
oped. These specialized machines possess the capability to traverse unstructured terrains, thus enhanc-
ing their operational effectiveness in challenging environments. In comparison to conventional exca-
vators, walking excavators exhibit superior mobility. Their capacity to traverse wide ditches, ascend
onto platforms, and operate in mountainous terrain, building infrastructure in otherwise inaccessible
areas, exemplifies their utility. The design of walking excavators, which involves wheel-on-leg configu-
ration, enables precise adjustment of the position of each individual wheel through movement of the
legs, thereby facilitating navigation on unstructured terrain.

Adaptive suspension systems of this nature are frequently utilized as research platforms on uneven
terrain. The application of manipulators for locomotion in conjunction with wheels is a rarity in the
field of robotics research. Jud et al. 2021 details the design and development of the walking excavator
robot Hydraulic Excavator for an Autonomous Purpose (HEAP), which has been retrofitted with
custom-developed hydraulic valves to control the joints. The HEAP robot has demonstrated an ability
to adapt to the terrain through the utilization of these force-control valves.

Figure 4.1: ARTER is a walking excavator robot being developed by DFKI.

The ARTER system, as illustrated in Figure 4.1, is based on the Menzi-Muck M545 walking excava-
tor, which is well-suited for off-road conditions due to its exceptional mobility. The robot is being
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developed by DFKI as part of the ROBDEKON (Robotic Systems for Decontamination in Hos-
tile Environments) competence center, which is responsible for the research of autonomous or semi-
autonomous robotic systems, considering both nuclear and waste site decontamination scenarios (Pe-
tereit et al. 2019).

The base vehicle has been fitted with numerous sensors, hydraulic valves, computation hardware, etc.,
making it remotely controllable and facilitates autonomous functionalities. The robot’s ability to uti-
lize the manipulator for locomotion confers a remarkable advantage, manifesting in three distinct loco-
motion modes. (i) Driving mode where only the wheels are in contact with the ground; (ii) Clzmbing
mode where all the wheels are in contact with the ground and the manipulator is used to support driv-
ing on terrain with steep or slippery slopes; (iii) Stepping mode where the manipulator is used to lift
the wheels from the ground, typically two wheels simultaneously, and step over obstacles.

The robot’s capacity for such demanding functionalities requires the development of sophisticated
control software in order to make the most of all its features. The design of the MCS, designated as
the ARTER-MCS, is delineated in this chapter. The primary objective of the design is to empower the
robot with remote control capabilities and autonomy modes, along with the flexibility to seamlessly
transition between these modes when necessary. The ARTER-MCS design also incorporates all the
necessary modules to facilitate the functioning of the different autonomy and assistance functions.

The objective O-3b is addressed here.

4.2 SysTEM DEescrirTiON - ARTER

Figure 4.2: Kinematics of the ARTER manipulator.

The ARTER system, with a mass of approximately 13 tons, exhibits 27 degrees of freedom. The chassis
constitutes the foundation upon which five kinematically distinct structures are affixed: The first is
the manipulator, followed by two front legs and two rear legs.

The manipulator is composed of seven joints: Cabin, Boom, Dipper, Telescope, Shovel, Tilt and
Roto, as illustrated in the Figure 4.2. The driver cabin is connected to the chassis through the Cabin
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joint, which possesses infinite rotational capacity. This joint is the primary component responsible for
enabling the end-effector to move laterally. The joints, designated as the Boom, Dipper and Telescope,
facilitate the vertical and longitudinal movement of the end-eftector. The joints, namely the Shovel,
Tilt and Roto joints, are particularly instrumental in enabling the end-effector’s angular movement.
The Rototilt attachment, which is an additional component, provides the Tilt and Roto joints.

S

! swivel

CE—T‘steering

wheel

stabilizer C\:

Figure 4.3: Kinematics of the ARTER front legs.

As illustrated in Figure 4.3, the front legs of the vehicle are composed of four joints: the Swivel joint,
the Stabilizer joint, the Steering joint and the Wheel joint. The function of the Swivel joint is to facil-
itate lateral movement of the wheel, while the stabilizer joint enables vertical movement. The parallel-
ogram kinematics of the Stabilizer joint ensures that the wheels do not pitch. The Steering joint, on
the other hand, is responsible for orienting the wheel in the desired direction for vehicle steering. The
Wheel joint facilitates rotation, thereby imparting the longitudinal velocity to the vehicle.
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Figure 4.4: Kinematics of the ARTER rear legs.

The rear legs exhibit three primary distinctions in comparison to the front legs, as illustrated in Fig-
ure 4.4. The absence of a parallelogram structure in the Stabilizer joint allows for the possibility of
pitch angles in the wheels. The kinematic tree places the Stabilizer joint first followed by the Swivel
joint. An additional structure, designated as the Mountain Stabilizer is connected to the Steering link.
This structure is employed to ensure stability on high slopes by providing a secure anchorage to the
ground. There are two joints in this structure: Claw-Dipper and Claw-Extender.

4.3 CONTROL SOFTWARE STRUCTURE

The ARTER-MCS is the control software responsible for regulating the robot’s movement. It is de-
signed to operate the robot in teleoperation or autonomous modes, as reflected in its design. The
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structure is divided into three layers: The low-level, mid-level and high-level layers. The mid-level and
the high-level are described in the following Sections 4.3.1 and 4.3.2 respectively. The design of the
low-level, however, is not a direct contribution of this work and is hence described in Appendix C.

4.3.1 Mip-LEVEL CONTROL
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Figure 4.5: Mid-level control structure of ARTER-MCS.

The mid-level control layer of ARTER-MCS provides controllers for use with remote control, safety
controllers and monitors, and interfacing between high-level and low-level controllers. The general
structure is illustrated in Figure 4.5.

In the course of remote control operation, commands such as the drive command, body posture and
end-effector commands are processed and sent to the low-level joint controllers. The drive command
encompasses the steering and wheel velocity commands. This command is then transmitted to the vir-
tual drive control module, which in turn maps the drive commands to a bicycle kinematic model. The
steering computation module is responsible for converting the reference steering angle of the model
to the command reference joint angles of the robot steering joints. The wheel speed computation
module, in turn, computes the wheel speeds based on the virtual drive speed.

The body posture command provides the desired body posture velocities for the robot, including
height, roll, pitch and other related parameters. The body inverse kinematic module, in conjunction
with a transform function, then converts this command to corresponding velocities for the robot’s
stabilizer joints. This facilitates the operator’s control over leg heights.
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Chapter 4 Motion Control System for a Walking Excavator Robot

The end-effector twist command for the manipulator is routed through the servoing module, as out-
lined in Coleman et al. 2014, which computes the desired end-effector position. This position is then
utilized by the inverse kinematic module to calculate the joint angles. The joint angles are subsequently
transmitted to the low-level controllers, provided that the self-collision checking module does not de-
tect any potential self-collisions.

A set of controllers has been developed to facilitate the functioning of different high-level tasks. The
trajectory follower, which accepts the reference trajectory and the robot’s current pose as inputs, will
command the virtual drive to ensure that the robot base follows the desired path. Two controllers
have been implemented: one based on model predictive control (Babu et al. 2019) and a second based
on pure-pursuit (Jelavic et al. 2021b).

The terrain adaptation controller autonomously adjusts the active suspension system to uneven ter-
rain by moving the legs up and down. The controller’s multiple goals include maintaining stability,
avoiding ground collisions, and keeping the wheels in contact with the ground. The controller’s func-
tionality is further delineated in Section 3.5 and in Cordes et al. 2017, which emphasizes its ability to
maintain both ground contact and the robot’s physical orientation. A more sophisticated controller,
leveraging reinforcement learning, is developed in Chapter 5 to automatically adapt to the terrain
based on elevation map, contact estimation and orientation information. The detection of ground
contact is facilitated by the estimation of end-effector forces, which, in turn, is contingent upon the
measurement of joint torques. It is important to note that the end-effector forces are only partially
observable, as not all joint torques are measured.

The stepping controller is an assistive autonomous function responsible for generating the sequence
of motions necessary to traverse an obstacle, gap, or step. The connections are analogous to the terrain
adaptation controller, with the additional inclusion of commands to the manipulator to assist in loco-
motion. A solution employing hierarchical reinforcement learning and action masking is developed
in Chapter 6.

A primary factor that must be considered when controlling such a robotic platform with adaptive
suspension is the tip-over stability. In the field of robotics, numerous stability margins have been
developed to address this issue. A comparative analysis of these margins, as detailed in the study by
Garcia et al. 2002, has identified the Normalized Energy Stability Margin (NESM) (Hirose et al. 1998)
as a particularly effective solution for robots operating on uneven terrain. The NESM is employed for
two primary purposes: first, to facilitate the learning process of the terrain adaptation controller, and
second, to serve as a warning system for the operator.

4.3.2 HigH-LEVEL CONTROL

The high-level ARTER-MCS functions as the interface between the operator or mission control and
the mid-level or low-level controllers. The high-level controls for ARTER are depicted in Figure 4.6.

The high-level system receives input from both the mission control and sensor data. The foot-print
changer module, which takes the desired footprint as input, controls the manipulator, and the swivel
and stabilizer joints in the legs. The foot-print changer module executes a set of predefined sequences
to manipulate the manipulator at the front to lift the front wheels and then move the swivel joints to
the desired angles. This sequence is then repeated for the rear side.

The manipulator planner, which is based on the method outlined in Coleman et al. 2014, takes the
desired manipulator pose as the command and also the local OctoMap (Hornung et al. 2013), which isa
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Figure 4.6: High-level control structure of ARTER-MCS.

probabilistic 3D occupancy grid map. The generation of the OctoMap is facilitated by the utilization
of scans obtained from three different LIDARs. The planned motion is executed by transmitting
commands to the manipulator.

The path planner facilitates the planning of the robot base’s trajectory from a 2D pose (z, y and yaw)
in the map to another. The 3D environment is currently represented as a grid map (Fankhauser and
Hutter 2016) and converted to the corresponding 2D costmap by considering terrain features such as
obstacles, roughness and slope. The subsequent planning of the trajectory is executed by the Smac
planner, as devised in Macenski et al. 2020. This planner utilizes the Hybrid-A* algorithm. The plan-
ner’s output is the trajectory, which is subsequently transmitted to the mid-level controller.

The SLAM module is responsible for generating a 3D map of the environment and estimating the
robot’s pose within the map. This function is enabled by the utilization of the Slam3d (DFKI Slam3D)
package. The module is primarily based on LIDAR data and computed odometry of the vehicle. Ad-
ditionally, inertial navigation system with Real-Time Kinematic (RTK)-GPS data is utilized serves as
an input source. The localization and map of the environment from SLAM are then used to generate
alocal height map, which is in turn utilized by the mid-level controllers.

4.4 KINEMATIC MODELING

The ARTER isa series-parallel hybrid system, in which the actuator and the joint do not share the same
axis for many joints. The movement of each parallel kinematic joint is determined by the movement
of the actuator through a complex set of mechanical connections. The design of such a configuration
arises from the need to increase the load capacity, improve the stiffness of the joints and improve the
dynamic performance. In comparison to hydraulic motors, hydraulic linear cylinders are advantageous
due to their higher control accuracy. This has led to the adoption of hydraulic cylinders with parallel
kinematic for most joints, which are then linked in series.
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Chapter 4 Motion Control System for a Walking Excavator Robot

In order to ensure effective control of the joint, it is essential to model the kinematic properties of the
parallel mechanisms for both forward and inverse kinematic. This corresponds to the relationship be-
tween the joint states with the actuator states including position, velocity and forces. Pressure sensors
have been attached to the cylindrical actuators, which can then be used to compute the effective forces
or torques at the joint level. The combination of these measurements with the kinematic data of the
manipulator facilitates the estimation of virtual forces acting at the end-effector. The higher levels of
control are abstracted from the details of the control at the joint level, and are only aware of the series
kinematic aspect of the legs and manipulators.

The estimation of joint states is facilitated by the utilization of linear or rotary encoders, which are
mounted on the actuator, the joint, or an intermediate joint within the parallel mechanism. The deter-
mination of the location is influenced by mechanical constraints and practical limitations. This results
in the establishment of three distinct coordinate-spaces (detailed in Appendix C) for each joint: actu-
ator, joint and sensor spaces. The conversion between these separate spaces is necessary for control, as
the reference (joint space), measured (sensor space) and commanded (actuator spaces) values should
be in the same coordinate space. This conversion can be achieved by employing both the inverse and
forward models of the parallel kinematics, which vary according to the specific joint in question. The
subsequent sections detail examples of this computation for the Shovel and Dipper joints.

4.4.1 SHOVEL JOINT KINEMATICS

The parallel kinematic mechanism for the Shovel joint is shown in Figure 4.7a. The pivots in the
mechanism are denoted by A, B, C, D and E, where A, D and E are the fixed pivots, and B and C
are the moving pivots. The constant distance between the pivots in the mechanism are denoted as a,
b, ¢, d and e representing lengths of AE, BC, C'D, DE and BE respectively. The variable distances
of segments BD and CFE are represented by [1 and l5 respectively. The length of AB is the actuator
length (s) and the output joint angle () is the angle given by ZC' D E. In case of the shovel, the sensor
is mounted on the pivot  which can directly provide the value of (1 and @2 which are the angles
ZAFEB and ZBED respectively.

ACTUATOR TO JOINT SPACE MAPPING

The following develops the joint angle 6 in terms of s. Adding the angles at pivot E gives the following
relationship

01+ @2 + ¢c = 2, (4.1)

where ¢¢ is a constant formed by the reflex angle of ZAED. The angles ZEDB and ZBDC, rep-
resented by (3 and 4 respectively, can be added to get the joint angle

3+ 4 =10. (4.2)

The mechanism can be separated into two well known parallel mechanism: Inverted Slider Crank
Mechanism (ISCM) and Four-Bar Mechanism (FBM). ABE forms the ISCM with s as the input
linear distance and 1 as the output angle. The FBM is formed by the pivots BC D E with 2 as the
input angle and 6 as the output angle. BE is the common segment in both the mechanism. Using the
law of cosines for the AABE gives the relationship

52 = a% + e? — 2aecos(yy), (4.3)
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Figure 4.7: Kinematics of the Shovel joint along with solutions for the parallel kinematics (Image source: Babu
etal. 2024).

which can be combined with Equation (4.1) and rewritten as

a2 + 2 — g2
—); (4.4)

p2(s) = 2w — po — arccos( 5

giving the relationship between linear position of ISCM and the input angle of the FBM. The kine-
matics of the FBM are computed below. Using law of cosines for triangles A BE D for the angles (2

and (3 gives the equations
12 = d? + €% — 2de cos(yo) (4.5)

and
e? =12 + d* — 2lyd cos(p3) (4.6)

respectively. Writing Equation (4.5) to obtain the value of I3 in terms of (9 gives

() = \/d2 + €2 — 2de cos(ps). (4.7)
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Equation (4.6) can be rewritten to obtain (3 in terms of /1 as

w3(ly) = arccos(%) (4.8)
Similarly, A BC'D with angle ¢4 produces
b =13 + % — 2lyccos(pg), (4.9)
which can be rewritten as P2
wa(ly) = arccos(lm). (4.10)
Substituting Equations (4.8) and (4.10) in Equation (4.2) gives the output angle in terms of /1 as
0(l1) = arccos (W) + arccos (W) (4.11)

The value of 6 with respect to s can be obtained by recursively substituting the terms in Equations (4.4)
and (4.7). Using a similar process, s can be computed in terms of 6.

The following computes the joint angular velocity 6 in terms of the actuator velocity § and position
s. Using Equations (4.1) and (4.3) along with their time derivatives can be combined to form

o (5, 6, 02) = — i 5 (4.12)
v2i5 S 2] = aesin(2m — ¢o — p2) '
where (2(s) can be obtained from Equation (4.4).
Time derivative of Equation (4.5) is used to obtain [ as
: ) de sin )
li(p2, 2) = (ll((p2)> P2, (4.13)
where 2(s) can be obtained from Equation (4.4).
Similarly, ¢3 and (4 can be obtained from time derivates of Equations (4.6) and (4.9) as
. : dcos -0\,
éa(nigy) = (L&) =0, (414)
l1d sin(ps3)
and l
) . ccos — .
P4 <l1,l17904> = —(?4) A (4.15)
licsin(py)

respectively, where Equation (4.8) gives the value of (3 and Equation (4.10) that of ¢4.

Substituting Equations (4.14) and (4.15) in time derivative of Equation (4.2) and rearranging gives

. . dcos(ps) — 11 ccos(pg) — 11\ ,
_ 4.1
H(h’ll’ 5 4) < l1dsin(p3) lycsin(py) b, (4.10)

which can be computed by recursively substituting values from Equations (4.12) and (4.13).
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JOINT TO ACTUATOR SPACE MAPPING

Similar methods can be used to derive the equations for s in terms of 6 which is given by recursively

substituting
2*l2*d2 b27l272
v1(ly) =21 — oo — arccos<c2l2d> — arccos<21266> (4.17)
and
15(0) = \/c + d2 — 2¢d cos(6) (4.18)
into
s(p1) = Va2 + e2 — 2ae cos(ip1). (4.19)
The actuator velocity $ in terms of 6 can be written as
) aesin(py) .
$(p1) = A (4.20)
where l L d
$(0, o, oo, ona) = (2= C008(P21) | 2 = dcos(paa) ) 1 (4.21)
loe cos o1 lod cos a9
and ein(0
Iy (12, 0, 9‘) - (csm()>9 (4.22)
la
The value of I3 is given by Equation (4.18). The angles 21 (£ZBEC) and 22 (LC E D) are given by
2., .2 _ 12
21(le) = arccos<l2 +2§26 b ) (4.23)
and ) 0 1o
l5+d*—b
wa2(ly) = arccos<2l2d> (4.24)
respectively.

The kinematic equations for position (Equation (4.11)) and velocity (Equation (4.16)) are depicted in
Figures 4.7b and 4.7¢ respectively. The plots show the non-linearities introduced due to the parallel
kinematic mechanisms.

4.4.2 DIPPER JOINT KINEMATICS

The parallel kinematics of the Dipper joint, which is shown in Figure 4.8a, cannot be separated to any
known mechanisms as is the case with Shovel joint. The mechanism consists of the pivots A, B, C,
D, E and F of which B, C'and D are moving pivots. The input is the actuator length s, which is
the length of the segment AB, and the output is the joint angle 8, formed by ZDEF'. The linear
encoder is attached directly to the actuator and hence measures s directly. a, b, ¢, d and e are the
constant lengths of the segments AF,BC,CF,DEand EF respectively. The segment C'D also has
the constant length b. The lengths of segments BF and DF are varying and are denoted by /1 and l2
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(a) Dipper joint kinematic design.
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Figure 4.8: Kinematics of the Dipper joint along with solutions for the parallel kinematics (Image source: Babu

etal. 2024).

respectively. The angles ZAF B, /BFC, ZCFD, ZDFFE and ZBCF are denoted by 1, ¢2, 3,
4 and (5 respectively. The constant reflex angle formed by ZEF' A is denoted as ¢

JOINT TO ACTUATOR SPACE MAPPING

The relationship of s in terms of ¢ is derived below. Adding all the angles at pivot F' gives

1+ 2+ 03+ pa+ pc = 2. (4.25)

Using the law of cosines for the triangles corresponding to the angles 0, ZDCF, s, @4, 3, @2 and
(1 gives the equations

13 = e* + d* — 2ed cos(), (4.26)
12 =b% 4 ¢ — 2bccos(m — 3), (4.27)
12 = b% 4 ¢ — 2bccos(ps), (4.28)
d? =13 4 €% — 2lye cos(gy4), (4.29)
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b’ =12 4 ¢® — 2lyccos(yps),
b3 =12 4 ¢* — 2l1ccos(ypa),

and

52 = a? + 13 — 2al; cos(g1).

Equation (4.26) can be rewritten as

12(0) = \/e? + d2 — 2ed cos(h).

(4.30)
(4.31)

(4.32)

(4.33)

Equations (4.27) and (4.28) can be combined to eliminate 5 and write [ in terms of I which is given

by

ll(lg) = \/2[)2 + 2¢2 — l%

4 and 3 can be written in terms of I3 from Equations (4.29) and (4.30) giving

l2 + 62 o d2
lh) = 2 —
w4(l2) arccos< Slye )
and s 9 s
l54c" =0
o) = 2 ).
3(l2) arccos( ST >
Similarly, 2 can be written in terms of /1 as
12+ —b?
1) = - ).
wa(ly) arccos( T >

Substituting Equations (4.35) to (4.37) in Equation (4.37) and rearranging gives ¢1 as

l2 2 b2
01(l1,1l2) = 2m — ¢ — arccos Gre-o
201 ¢

2[20 2l2€

(l%+02—b2> <Z%+62—d2>
— arccos| ———— — arccos|\ ———— | .

From Equation (4.32), s can be written in terms of 1 and l1 as

s(ip1,lh) = \/a2 + 12 — 2aly cos(y1).

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

The value of s can be computed from 6 by substituting Equations (4.33), (4.34) and (4.38) sequen-

tially.

The velocity mapping from 0 to & is developed here. ¢1 can be derived from time derivates of Equa-

tions (4.25) and (4.35), Equations (4.36) and (4.37) as

. . I
1 <l1,l27902,¢3,804,11,l2) =< lllcsin(m) 1

n ly — e.cos(g04) L,
laesin(py)

lacsin(es)

_CCOS(‘/)?)>[ (lQ_CCOS(SOg‘)>l

(4.40)
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where the values of 11, l2, @2, @3 and ¢4 is computed using Equations (4.33) to (4 37) respectively.
From the time derivative of Equation (4.34), and rearranging gives /1 in terms of I as
—ly

(l, 1o, 1) = le (4.41)

Similarly, Equation (4.26) can be used to write I in terms of 6 as

15(0,0) = <edsm(9)> 0. (4.42)

la

Taking time derivatives of Equation (4.32) and rearranging gives

. . . l1 — acos . aly sin .
s(s,l1,l1,<ﬂ1,<ﬂ1) = <18(¢)1))l1 + <1s(¢1)) b1, (4.43)

where s, [1 and 1 can be computed using Equations (4.34), (4.38) and (4.39) respectively. Sequen-
tially substituting Equations (4.40) to (4.42) into Equation (4.43) can compute the mapping from 6
to .

ACTUATOR TO JOINT SPACE MAPPING

The inverse mapping from € to s could not be solved analytically using a similar process. An alterna-
tive is to use numerical methods which are difficult to implement on the low-level devices like the Pro-
grammable Logic Controller (PLC). Hence, this mapping is approximated using polynomials. The
forward mapping in Equation (4.39) is used to generate a set of values for s with ¢ having an angular
resolution of 0.0001°. These values are then approximated using least-squares to a polynomial of de-
gree 15, which provided a residual error that is sufficiently low for the developed control applications.
The derivative of the polynomial is used to map from 0o 5.

The results of the mappings for both position and velocity for Dipper joint are shown in Figures 4.8b
and 4.8c respectively. The plots show the non-linearities which is more prevalent in the velocity map-

ping.

4.5 TRAJECTORY FOLLOWING USING NONLINEAR MODEL PREDICTIVE
CONTROL

In the literature, the problem of trajectory following has been addressed by a variety of different con-
trollers. (Calzolari et al. 2017) gives an overview of the available controllers. A comprehensive survey
of controllers for Autonomous Driving are presented in Paden et al. 2016. Pure Pursuit controllers are
the most popular due to its simplicity. Front and rear wheel position based feedback controllers also
provide path tracking with stability guarantees. Control methods for trajectory include feedback lin-
earization and control Lyapunov based design. These controllers have some drawbacks, limiting their
applicability to specific driving scenarios, the details of which can be found in Paden et al. 2016.

In comparison with these controllers, MPC based controllers provides certain inherent advantages
like constraint formulation, multiple inputs and outputs, reference tracking, etc. Increase in compu-
tational power and progress in optimal control algorithms have made Nonlinear MPC (NMPC) (Gros
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ctal. 2016) popular as well. Here we use one of the advanced optimal control solvers for NMPC using
the multiple shooting trajectory optimization method, called the Gauss-Newton Multiple Shooting
(GNMS) (Giftthaler et al. 2017). The primary advantage of the algorithm is that it provides a generic
planning and control solution for nonlinear systems, even with non-holonomic constraints.

The controller uses MPC structure with a kinematic model of the system and is solved using ad-
vanced multiple shooting based trajectory optimization. The kinematic model, solver algorithm and
the NMPC problem formulation are given below.

The system model as described in Kong et al. 2015 is a nonlinear continuous equation called the Kine-
matic Bicycle Model, where the vehicle model is simplified to a two-wheel bicycle like model with one
steerable wheel. The equations describing the motion of the vehicle in inertial frame (X, Y") is given
by

i = veos(y + ),

y=vsin(y + B),

. v .
P = frszn(ﬂ), (4.44)
U = a,

L
1 T
B =tan <Lf+Lr tané),

where x and y are the coordinates of the CoM in the inertial frame. ¢ and ¢ are the yaw angle and the
yaw rate, respectively. Ly and L, are the distance from CoM to the front and rear axles, respectively.
v is the current velocity of the CoM. f3 is the angle of v with respect to the longitudinal axis of the
vehicle. a is the acceleration of the vehicle along v. ¢ is the steering angle of the front wheels. J and
a are the control inputs for the model. The model is depicted in Figure 4.9. For this platform, the
control input is the velocity and hence a is integrated and given as input for the controller.

Figure 4.9: Depiction of the kinematic bicycle model which is used as the steering model for trajectory following
of ARTER. The kinematic model is then mapped to the steering joints of the robot using the driving
module of the mid-level controllers.
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The iterative Linear Quadratic Regulator (iLQR), described in W. Li and Todorov 2004, extends the
classical LQR to nonlinear systems. The iLQR starts with an initial guess and computes the LQR for
the linearized system. This LQR is then used to refine the guess and get closer to the optimal solution.
iLQR method is further extended and generalized by (Giftthaler et al. 2017) to include different multi-
ple shooting variants, forming a family of iterative Gauss-Newton Shooting Methods called GNMS.
The closed-loop variant of GNMS is known as the Closed Loop Gauss-Newton Multiple Shooting
(iILQR-GNMS(M)) which improves convergence, contraction rates and runtimes compared to clas-
sical iLQR.

In this work, we use the Control Toolbox (Giftthaler et al. 2018) which is an open-source C++ library
focusing on modeling and control of robotic systems. This library provides a very efficient imple-
mentation of the iLQR-GNMS(M) algorithm with Riccati solvers which is extended to be used as
NMPC.

The trajectory tracking is formulated as a NMPC problem given by

ko+N

minimize > (%(8) ~ x(k)T Q(H) - x(b)

XU ko1
+ (a(k) — u(k:))TR(ﬁ(k:) —u(k)), (4.45a)
subject to

x(k) — f(x(k),u(k)) =0, (4.45D)
x~ < x(k) <xT, (4.45c¢)
u <u(k) <u, (4.45d)

where x = [:x Yy ¢ v] T arethe system states and u = [a 5] T are the control inputs, as defined
in Equation (4.44). X and u are the reference state and control trajectories, respectively. & is the index
of the sample with a constant sampling time. kg is the index of the sample corresponding to the current
time. NN is the number of samples for the fixed time horizon. Q and R are the diagonal matrices
for the state and input cost weights, respectively. f(x(k), u(k)) is the system model described by
Equation (4.44). x~ and x are the lower and upper limits of states, respectively. Similarly, u™ and
u™ are the lower and upper limits for the inputs.

Equation (4.45a) gives the objective function which finds the set of states and inputs that minimizes
the quadratic cost function consisting of state and input errors. The input reference is set to zero to
minimize any nonzero input. Equation (4.45b) is the system dynamics constraint which is linearized
for computation of Riccati backward sweep and the nonlinear model is used for simulating the shoot-
ing intervals. Equations (4.45¢) and (4.45d) are the box constraints for state and input, respectively.

The controller was subjected to a simulation test, as captured by the screenshots in Figure 410", and
the results were evaluated. In this setup, the localization was assumed to be ideal and free of errors. A
visual comparison of the actual and reference trajectories is shown in Figure 4.11, which demonstrates a
high degree of overlap. The distance and yaw errors during movement are plotted in Figure 4.12 along
with the reference commands that were generated. Itis evident from the figure that higher error values

'The video of the RViz visualization of trajectory following in simulation is available at https://drive.google.com/file/
d/15IVhOcgucI83TYC2Lb-x]jzZWBUZoCF44R/view?usp=sharing showing the movement of the robot along with the reference
trajectory and the trajectory generated by the controller.
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arterlto ik

Figure 4.10: Screenshot of trajectory follower visualization in RViz. The green track is the reference trajectory,
the orange track the segment given as input to the MPC and the red with blue arrows are the output

from the MPC.
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Figure 4.11: Comparison of the actual and reference trajectories of the trajectory follower in Simulation.

are exhibited during the initial 20 s, attributable to the disparity between the robot’s initial pose and
the trajectory’s start position. Subsequent to the convergence of the trajectory, the maximum distance
error is approximately 0.2 m, and the maximum yaw error is 0.2 rad.

The same controller was evaluated with lidar-based mapping and localization for autonomous driving
applications in Babu et al. 2019. Further details regarding the controller and its performance can be
found in that source.

4.6 APPLICATION SCENARIOS

The primary objective of developing ARTER is to facilitate its deployment in decontamination sce-
narios that are hazardous to humans. In this context the robot has been utilized in three different
projects and the robot is being actively developed for use in a number of application scenarios. The
control framework presented in this chapter has been evaluated in several scenarios, two of which are
described in this section.
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Figure 4.12: Performance of trajectory follower with distance error and angular error plotted on the top plot.
The bottom plot shows the reference commands for longitudinal velocity and steering angle.

4.6.1 REMOTE CONTROLLED OPERATION

Figure 4.13: ARTER is used in this scenario to recover barrels from environments that are hazardous for hu-
mans. This is achieved using ARTER-MCS and remote-control, where the primary operator feed-
back is based on video streams.

In this scenario, the robot is operated remotely using a joystick to recover partially damaged barrels”.
This use case is shown in Figure 4.13 with the robot in operation (left) and the remote-control cen-
ter (right). The user is provided with live streams of the navigating area from the cameras mounted
on different positions of the robot. Additionally, the operator is supported by a range of assistive
technologies including mapping, localization, joint velocity control, end-effector control, end-eftector
forces estimation, tip-over stability evaluation and collision warning. The employment of these tools
enabled the operator to successtully complete the task with minimal difficulty.

*The video showing the usage of the remote control for recovering a barrel is available at https: //drive.google.com/file/
d/14mz_0F3IN50xtR5Vx0U010WYzkn5jQx2/view?usp=sharing.
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4.6 Application Scenarios

4.6.2 AUTONOMOUS SOIL-SAMPLING SCENARIO

The assessment of soil contamination is essential for determining the level of risk to humans. To this
end, a soil-sampling scenario was designed to collect soil samples from specific locations. These sam-
ples can then be analyzed for the presence of contaminants, thereby creating a map of the chemical
composition of the soil.

Gripper camera

Figure 4.14: Custom developed gripper (left) and four lances on a stand (right) for autonomous soil-sampling.
The stand is attached with large markers which are detectable from large distances and the individ-
ual lances are attached with smaller markers for detection using sampling gripper camera (Image
source: Babu et al. 2022).

In this scenario, ARTER autonomously collects soil samples3 using a specially developed sampling
gripper and lance (Figure 4.14). The lance is a cylindrical, hollow shaft with replaceable inlines that
can be swapped out after each use. The lance head serves as the grasping component, and an AprilTag
marker (Wang and Olson 2016) is attached for detection and tracking through image processing. The
gripper is designed to grasp the lance’s head, exhibiting inherent tolerance for inaccuracies in lance
positioning. Additionally, sensors, including an RGB camera, a 3D ToF camera and proximity sensors,
are attached to the gripper for accurate visual servoing.

The complete sequence of tasks for soil-sampling consists of several steps. Initially, the robot navi-
gates from the initial position to the lance-stand pose, the position of which is approximately known
a priori. The precise position of the lance-stand is then detected by using the markers, and the corre-
sponding lance is grasped and removed from the stand. The robot then moves to the desired location
for soil sampling, where the lance is inserted into the ground. Subsequent to retracting the lance, the
robot proceeds to the deposit location, where it places the lance into the collection bin. The sequence
is repeated until all the desired samples have been collected. The high-level coordination of the tasks
are controlled using behavior trees.

The process of grasping the lance entails a series of complex steps (shown in Figure 4.15), necessitating
precise control of the end effector. The end-effector is initially positioned in an approximate pose over
the lance stand, from where the lance marker becomes visible (Figure 4.15a). The pose estimation
of this marker is then utilized to align the longitudinal plane of the manipulator with the designated
lance (Figure 4.15b). Afterwards, the manipulator is moved linearly until the gripper aligns with the
lance, maintaining a predefined vertical offset (Figure 4.15¢). Subsequently, the end-effector is opened

3The semi-autonomous execution of the soil-sampling sequences are shown in https://drive.google.com/file/d/
1Z0d9WjTteZRs2-QbyK97aiQRSGFATHpZ/view?usp=drive_link.
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Figure 4.15: Task sequences during autonomous lance grasping performed using ARTER with the lances placed
on the stand. (Image source: Babu et al. 2022).

and moved linearly to the final grasp position (Figure 4.15d), with the lance marker being tracked
throughout. As the gripper approaches the target, the lance marker becomes occluded, resulting in a
situation without active visual feedback. Upon docking, the gripper is partially closed to accommodate
tolerance for positioning inaccuracies and estimation errors (Figure 4.15¢). Subsequently, the lance is
withdrawn from the stand, and upon achieving full withdrawal (Figure 4.15f), the gripper is closed
tully to complete the grasp (Figure 4.15g).

47 SUMMARY AND DISCUSSIONS

The walking excavator robot, ARTER, possesses diverse locomotion capabilities that make it effective
in challenging environments. The software that handles the movement of the system, ARTER-MCS,
is designed to control the robot in teleoperation as well as in autonomous modes. The system’s archi-
tecture is structured into distinct layers, namely the lower, middle and higher levels. The lower level
is responsible for executing control operations at the joint level, including parallel kinematic compu-
tations. The middle-level receives commands and converts them into corresponding joint reference
commands. This layer covers several additional functionalities such as driving, steering, trajectory fol-
lowing, manipulator control, several assistance functions and several safety functions. Command gen-
eration for this layer is initiated by the remote control operator or by the autonomy modules located in
the higher-level layer. The higher level receives sensor data and certain commands or configurations for
the autonomy modules and generates the necessary commands for the middle layer. The functionali-
ties in this layer include SLAM, traversability mapping, manipulator motion planning and navigation.

The joints of the walking excavator consists of complex parallel kinematics which needs to be mod-
elled such that they can be controlled effectively. The modelling of the Shovel and Dipper joints are
developed to compute both the forward and inverse kinematics.

A notable module within the middle layer of ARTER-MCS is the trajectory follower, which is im-
plemented using a generic model-based NMPC method. This module provides a foundation for the
extension of the model to encompass more complex systems models. The solution provided here uti-
lizes a kinematic bicycle model and is tested and evaluated in simulation.

The main contributions in this chapter are (i) the conceptual design of the structure of the control soft-
ware, (ii) modelling and solutions of the parallel kinematics, (iii) trajectory following using GNMS,
and (iv) evaluation of ARTER-MCS in a realistic scenario. The assistive function modules related to
terrain adaption and stepping are detailed in Chapters 5 and 6 respectively. The ARTER-MCS was
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developed as part of the ROBDEKON* project. The implementation of the manipulation and map-
ping components of ARTER-MCS, and the execution of the use case involved contributions from
several researchers working in the project. The ARTER robot has been part of three projects to date,
and is still in the process of being developed.

“The project ROBDEKON is funded by the Federal Ministry of Education and Research (Grant number. 13N14675)
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CHAPTER 5

TERRAIN ADAPTION FOR A WALKING
EXCAVATOR ROBOT USING DEEP
REINFORCEMENT LEARNING

The controller developed in Section 3.5 for SherpalT is reconceptualized, generalized and imple-
mented using DRL for ARTER. The design of the terrain adaption controller with different vari-
ants are detailed in this chapter, along with the training and evaluation results. Partial results of the
presented work in this chapter have been published in

(i) Babu, A., P. Willenbrock, J. Tiemann, F. Bernhard, and D. Kuehn (2024). “ARTER: a walking excavator
robot”. In: Biologically Inspired Series-Parallel Hybrid Robots. Ed. by S. Kumar, A. Mueller, and F.
Kirchner. 1. Auflage. Vol. 514. Elsevier Science, pp. 235-261. 1sBN: 978-0-323-88482-2. URL: https:
//shop.elsevier.com/books/biologically-inspired-series-parallel-hybrid-robots/kumar/978-0-

323-88482-2

(ii) Woock, P. and A. Babu (2022). “Autonome Robotersysteme in der Altlastensanierung”. Handbuch
Altlastensanierung und Fléichenmanagement. Handbuch Altlastensanierung und Flichenmanagement
93. Aktualisierung, 3. Aufl.5111. Ed. by V. Franzius, M. Altenbockum, and T. Gerhold

(iii) Babu, A., L. C. Danter, P. Willenbrock, S. Natarajan, D. Kuehn, and F. Kirchner (2022). az - Automa-
tisierungstechnik 70:10, pp. 876—887. DOIL: doi :10.1515/auto-2022-0056. URL: https://doi.org/16.

1515/auto-2022-0056

iv) Babu, A. and F. Kirchner . “Terrain Adaption Controller for a Walking Excavator Robot usin,

iv) Babu, A. and F. Kirchner (2021). “Terrain Adaption C ller for a Walking E Rob ing
Deep Reinforcement Learning”. In: 2021 20th International Conference on Advanced Robotics (ICAR),
pp- 64-70. DOI: 10.1109/ICAR53236.2021.9659399

The structure of the chapter is as follows: After introduction of the controller in Section 5.1, the
setup for training and evaluation is given in Section 5.2. Subsequently, the design of the controller is
elaborated in Section 5.3, followed by the results. Couple of improvements to the controller are also
explained in Sections 5.5 and 5.6. The chapter finishes with the summary and discussions.

S.1 TERRAIN ADAPTION CONTROLLER

A terrain adaption controller ensures that the wheels maintain contact with the ground on uneven
and varying terrain. There are multiple solutions to this problem. The optimal solution depends on
the factors like the tip-over stability of the posture and the underlying terrain. There is an extensive
amount of work in literature that addresses this problem, mainly for planetary rovers or rough terrain
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robots. The solution can be broadly classified into controllers based on reactive control, planning and
trajectory optimization.

Solutions developed in Jagnemma et al. 2003, Besseron et al. 2008, Tarokh et al. 2013 and Cordes et al.
2017 are dedicated reactive controllers which ensure ground contact and optimize the posture-based
stability. Hutter et al. 2017 automated the ground adaption of a walking excavator by building custom
hydraulic valves and using contact force optimization. This solution does not optimize for posture
stability. Reactive control solutions do not normally use valuable information like the terrain height-
map.

On the contrary, sampling-based solutions like Hauser etal. 20082, Brunneretal. 2012 and Reid etal. 2020
use the terrain information either by sampling or forming grids. But these solutions are generally com-
putationally expensive and generate non-smooth trajectories, which needs smoothening. Moreover,
these do not provide a runtime controller.

Trajectory optimization-based methods generate smooth trajectories and can handle high degrees of
freedom. Jelavic et al. 20212 combines trajectory optimization with sampling-based algorithms for mo-
tion planning of a walking excavator robot. But this needs explicit mathematical modeling of the robot
and the terrain.

The main contributions of this chapter are the design of controllers and the development of the
simulation-based setup to learn the controllers. The work also contributes to the study of the effects
of terrain compression on convergence and performance. The learned controller is effectively a com-
bination of a local planner and a runtime controller. The controller and the learning setup are easily

adaptable for other robots by developing a simulation model of the robot and the basic controllers.
The objective O-3b is addressed here.

5.2 LEARNING SETUP

The robot should be able to interact in an environment with realistic terrain to learn the controller.
It also needs a set of controllers which provide the basic functionalities similar to the actual hardware.
The components of this setup are detailed here.

Figure 5.1 shows the overview of the controller setup. The Simulation block contains the components
of the simulation, based on PyBullet (Coumans 2015; Coumans and Bai 2016) engine. The simulation
runs at 240 Hz. The Unified Robotics Description Format (URDF) of the robot is the input to the
simulation with simplified geometries to speed up the simulation. Apart from simulating the robot,
the simulation engine computes the distance between the links and the ground.

The ARTER-MCS provides a set of controllers which control the different functionalities of the
robot. The MCS uses Robot Operating System (ROS) framework. The module Trajectory Follower
generates the steering commands such that the robot can follow a commanded trajectory. Pure-pursuit
path tracking is used for following the trajectory, and it generates the steering command for a virtual
vehicle which is based on a simple kinematic bicycle model. The Steering Controller takes the steering
command and computes the command positions for the steering joints in each leg. This is done by
computing the Instantaneous Center of Rotation (ICR) of the virtual vehicle and then computing
the steering angles for each wheel so that the wheel axis intersects the ICR. The simulation uses this
command to control the joint. In this work, the longitudinal velocity of the robot is kept constant at
0.5m/s. Active Suspension Controller is responsible for controlling the height of the wheels. In this
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Figure 5.1: Overview of the terrain adaption controller setup with interconnections between simulation, con-

troller and ARTER-MCS.

work, they filter the commands from the terrain adaption controller and forward them to the simula-
tion. Stability Margin Computation module computes the stability of the current pose based on the
contact points. The control loop runs at 10 Hz.

The sample terrains are generated by the Terrain Generation module which is given as height-field to
the simulation with a grid resolution of 0.2m x 0.2 m. In the simulation, the terrain is updated as
grid elements with a size of 8 m x 8 m each. New terrain grids are added and removed based on the
distance from the current robot position. This dynamic terrain handling speeds up the simulation.
The terrain information is also compressed and given as observation to the terrain adaption controller.
This module is implemented as a neural network and trained using deep reinforcement learning. Fig-
ure 5.3 shows a screenshot from ROS 3D visualization tool RViz showing the robot, the local terrain
and stability margins.

5.2.1 STABILIZER JOINT KINEMATICS

<

Stabilizer=
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—
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Steering. \ Stabilizer

= Steering

(a) Front legs (b) Rear legs

Figure 5.2: Kinematics of ARTER legs showing the joints and the parallel kinematics.
The vehicle has different suspension modules for the front and the back legs. In the front legs, the

wheel is connected to the chassis through the joints swivel, stabilizer and steering as shown in Fig-
ure 5.2a. The swivel and stabilizer joints move the wheel laterally and vertically relative to the chassis,
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respectively. The steering joint orients the wheels. The stabilizer joint for the front legs consists of a
four-bar linkage which makes sure that the pitch of the wheels remains independent of the stabilizer
angle. In the simulation, the mimic joint emulates the parallel kinematic.

For the rear legs, the stabilizer is connected to the chassis, followed by swivel and steering joints, as
shown in Figure 5.2b. The kinematics of the stabilizer also differ from those of the front legs, as it
lacks the parallel linkage, and the wheels pitch with changes in the stabilizer angle. For the rear legs,
the parallel kinematics of the swivel and steering are connected such that any change in the swivel joint
will not change the orientation of the steering relative to the chassis.

5.2.2 TERRAIN GENERATION

The purpose of terrain generation is to generate smooth and continuous terrain. Perlin noise described
in Perlin 1985 is the most commonly used algorithm for terrain generation in animation and games.
But this method tends to create directional artifacts. To overcome this limitation the Simplex noise
algorithm (Perlin 2002) was developed. Since the Simplex algorithm is patented, OpenSimplex noise is
an alternative.

OpenSimplex noise for 2D can be modified using the frequency term, w, and the amplitude term, A.
The frequency term scales the XY footprint of the features, and the amplitude term scales the height.
Apart from this, a seed S randomize the features. The terrain being generated is a combination of
different OpenSimplex noises given by

L
T(x,y) =Y _ AO(wz,wy, 5)), (5.1)
=1

where x and y are the X and Y coordinates respectively, O is the OpenSimplex2D noise function,
is the index of the noise layer. L is the number of layers. For training and evaluation, L = 2, w for
the layers are 0.03 and 0.05 respectively, and A for the layers are 7.0 and 2.0 respectively. The seed
parameter S is generated randomly every time the environment is reset. These values generate a terrain
which is traversable for the robot, yet challenging for the controller.

5.2.3 STABILITY MARGIN

Choosing the appropriate stability margin for walking or mobile robots is critical for their safety and
performance. Garcia in Garcia et al. 2002 compares and classifies several such static and dynamic stabil-
ity margins. NESM, introduced in Hirose et al. 1998, is one of the stability margins which give optimal
values in case of uneven terrain and when ignoring inertial effects and manipulation forces. NESM is
an extension of the ESM, defined in Messuri 1985. ESM is the minimum energy necessary to tip over
the robot about the support polygon edge. NESM is ESM normalized by the robot weight, given by

1
hne = Wmin(||Ri\|(1 — cos @) cos 3), (5.2)
where W is the weight of the robot, 7 is the index of edges on the support polygon, R; is the line
connecting the CoM and closest point on the edge, « is the angle between line R; and the vertical
plane passing through the edge. 3 is the angle between the line formed by rotating R; by «, and the
vertical axis. In this work, the NESM is computed assuming that the wheels are in contact with the
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Figure 5.3: Screenshot from showing the robot on an artificially generated terrain with varying slopes. The
stability margin corresponding to each edge of the support polygon is also shown. The red arrow

shows the NESM.

ground. Hence, this value does not contain any direct information regarding the terrain. A more
detailed description and depictions of NESM is provided in Appendix D.

5.3 TERRAIN ADAPTION CONTROLLER DESIGN

This section explains the terrain representation, observation and action spaces, rewards, implementa-
tion details and the controller types. The primary objectives of the controller are to (i) maintain the
tip-over stability of the robot, (ii) to avoid chassis collision with ground, and (iii) to maintain contact
of the wheels with ground. The secondary objectives are to (i) minimize the movements of the joints,
and (ii) to maintain a user preferred roll and pitch. These objectives are encoded as rewards for the
reinforcement learning.

5.3.1 TERRAIN REPRESENTATION

Knowledge about the terrain around the robot is important for adapting to the terrain. Providing
the height-map directly as observation is not feasible as it will result in high number of observations,
affecting the learning time and convergence. A grid size of 64 x 32 will result in 2048 additional
observations. Due to the continuous structure assumption of the terrain, it is possible to compress
the height-map to reduce the number of observations.

One of the methods best suited for this purpose is autoencoder as described by Rumelhartetal. 1986 and
Ranzato et al. 2007. Neural network-based autoencoders use the encoder network with three hidden
layers of 512, 128 and 32 sizes. The input layer is of 2048 size. The output layer can have sizes 2, 4,
8, or 16. Rectified Linear Unit (ReLU) is the activation function. The decoder network is the same
as the encoder network except in reversed order, and the output layer has a hyperbolic tangent (Tanh)
activation function.
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5.3.2 OBSERVATIONS, ACTIONS AND REWARDS

The main design factors for deep reinforcement learning controllers are the observations and rewards.
The following explains these components in detail.

The complete set of observation space consists of (i) positions ¢; and (ii) velocities ¢; of the stabilizer
joints, (iii) roll 1) and (iv) pitch 6 of the chassis, (v) chassis distance to ground, (vi) wheel distances
for all the wheels to ground and (vii) the encoded height-map h,,. Chassis and wheel distances are
extracted from the current robot pose and the terrain height-map.

The actions are the normalized joint velocities, ¢ j, in the range [—1, 1], for the stabilizer joints j =
{0,...,3}. The actions given by the controller are filtered before being applied to the joints in the
simulation. A first-order filter is used for this and this smoothens the command and introduces a delay.
Filtering helps bring the system closer to reality, accounting for factors such as communication and
actuation delays, which are not present in simulation.

The proper shaping of the reward function is critical for the convergence of the reinforcement learn-
ing algorithm. Dense rewards are better suited for this problem as there are multiple simultaneous
objectives. The reward functions are designed based on intuition as well as by trial and error.

The total reward for the ground adaption controller consists of individual reward terms which are for-
mulated in such a way that they either increase or decrease exponentially depending on the factor. The
parametrized exponential function gives the flexibility to change the profile of the reward functions
easily. The rewards that increase exponentially are given by the function

R+(f7 fminv fmaz: p) = ep(N(f,fmm,fmaz)—l) (5.3)
and the function for exponential decrease is
R, (f’ fmina fmaz’p) — e_p-/\/'(fvfmin7fmaac)7 (54)

where e is the exponential function and p the scaling factor. The normalized reward factor is computed
by function N'(f, fmin, fmaz) Where f is the input factor, fyin and fiqz are the minimum and
maximum for normalization respectively. Since the inputs of equations Equations (5.3) and (5.4)
are normalized, the outputs of are also within the range [0, 1]. The parameters frin, fmaz and p
determine the shape of individual reward terms. The design of individual reward terms are as follows.

There are multiple postures that ensure ground contact, and stability margin is one of the primary
factors which helps choose the better posture. The reward term for NESM stability margin is given
by

Pne = R (hne, 0.2,0.7, 4), (5.5)

where hy, is defined in Equation (5.2). This term gives the maximum reward 1 if the NESM is equal
or higher than 0.7. The reward reduces exponentially if it goes below this value.

Rewarding ground clearance avoids the collision between the chassis and the ground. Ground clear-
ance reward is given by

Tge = Ry (dge, 0.2,0.5, 4), (5.6)

where dy is the minimum distance from chassis to the ground. This term provides the highest reward
for maintaining a ground clearance of at least 0.5 m.
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The main objective of the controller is to ensure continuous contact between wheels and the ground.
The wheel contacts are rewarded by

Fwe = R_ (max(dwc,w), 0.0,0.5, 4), (5.7)
where max, (dye,w) gives the maximum distance to ground for wheels with indicesw = {0, ..., 3}.

Itis desirable to achieve the rest of the objectives using as little movement of the joints as possible. The
reward term for commanded velocities is given by

Tey = R—(max(|¢ev,j),0.0,0.5,4), (5.8)

where max(|qey,j|) gives the maximum absolute commanded velocity for joints with indices j =
{0,...,3}. The reward increases as movement decreases.

The robot can maintain reference roll and pitch angles by rewarding this behavior. It is an optional re-
ward as this gives a more natural-looking motion. Ensuring that the sensors are oriented in the desired
direction may also be important in some cases. The reward term for roll angle, 1, is given by

ry = R_(|¢)],0.0,1.0,4) (5.9)
and for pitch angle, 8, is given by

ro = R_(16],0.0,1.0,4). (5.10)

The total reward is the weighted sum of the reward terms defined from Equation (5.5) to Equa-
tion (5.10) and is given by

7 = kpeTne + kgcrgc + kwerwe + kepTev + kzprz/; + kgro, (5.11)

where the values of weights are k. = 0.2, kge = 0.2, kye = 0.2, ke = 0.2, ky = 0.1 and
kg = 0.1. The weights add up to 1.

The total reward is a positive value, and a reward of —1 is assigned only in the event of a robot tip-over
and subsequent resetting of the simulation environment. The reward function profile for the different
reward components are plotted in Figure 5.4.

5.3.3 CONTROLLER TYPES

Here we define three different groups of controllers. The first one is the Terrain-Controller (TC)
which uses all the observations, except the chassis and wheel distances. The second group Base-Controller
(BC) contains all the observations except the compressed terrain information. The third group Base-
Terrain-Controller (BTC) which contains all the observations. The TC and BTC controllers have
difterent types, based on the latent space size of the autoencoder. In this work, controllers TC2, TC4,
TC8 and TC16 corresponding to the latent space sizes 2, 4, 8 and 16 respectively are tested. BTC also
has similar subtypes BTC2, BTC4, BTC8 and BTCleé.
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Figure 5.4: Different inputs for the rewards and the generated weighted normalized rewards after passing
through the rewards function. The reward for Wheel Distance overlaps with that of Command
Velocities and hence not visible. Similarly, reward plot for Roll overlaps with that of Pitch.

5.3.4 IMPLEMENTATION

SAC is the used reinforcement learning algorithm since it has proven to be successful in locomotion
applications as shown in Haarnoja et al. 20182 and Haarnoja et al. 2018b. The key idea of SAC is the
incorporation of entropy regularization which rewards the randomness in policy, encouraging the
policy network to explore more. The modified objective function J as a function of the policy 7 is
given by
T
J(m) = Z E(st,at)wp7r [r(se, ar) + aH(m(-[se))], (5.12)
t=0

where s; and a; are the states and actions respectively, pr is the marginals of the trajectory distribution
induced by the policy. [E is the expectation, r is the reward at each time step, H is the entropy term
and o is the temperature parameter which gives the relative weight of the entropy term.

It also makes use of clipped double-Q learning introduced in Fujimoto et al. 2018 to avoid overestima-
tion of Q-function. SAC uses three different networks for learning the state-value function, the soft
Q-function and, the policy function.

The implementation in Stable-Baselines3 (Raffin et al. 2019) is used which is based on Py Torch (Paszke
ctal. 2019). Table 5.1 gives the list of parameters and their values.

The network is a Multilayer Perceptron (MLP) with two hidden layers of sizes 400 and 300, using the
ReLU activation function. The temperature parameter ¢ is automatically optimized.

5.4 COMPARISON OF CONTROLLERS

The results are presented here for the terrain representation, learning convergence and the controller
performance.
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Table 5.1: SAC Parameters for Terrain Adaption.

Learning rate (1) 7.3x 1074
Discount factor (7y) 0.98

Soft update coefficient (7) 0.02
Temperature parameter () auto

Train frequency 256
Gradient steps 64

Initial value of log standard deviation -3
Generalized State Dependent Exploration (gSDE) | active
Number of critics 2

Figure 5.5: Terrain representation using autoencoders with different latent space sizes. The columns are three
different terrain samples. First row is the originally generated terrain. The rest of the rows are the
terrains encoded and decoded with a latent space size of 2, 4, 8 and 16 respectively.

The autoencoders were trained in PyTorch (Paszke et al. 2019) for 30 000 randomly generated samples.
Figure 5.5 shows a visual comparison of original terrain sample and the ones reconstructed using au-
toencoders. It can be seen that autoencoder is able to represent the main features of different types of
terrain well. Figure 5.6 shows the average RMSE of height for reconstructed terrains for 500 samples.
As expected, the error reduces with increase in the latent space size. The difference in errors for latent
space sizes 4, 8 and 16 is minimal.
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Figure 5.6: RMSE of height for terrain encoded and decoded using auto-encoder for varying encoder output
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Figure 5.7: Moving average of rewards generated during the training of different terrain adaption controllers.

The controllers are each trained’ for 20 h of simulated time as most of the controllers seem to converge
within this time as shown in Figure 5.7. The BC and BTC controllers all converge within 12 h. The
TC controllers take longer to converge.

The learned controllers are evaluated for 1 h each in simulation and the resulting average rewards are
plotted in Figure 5.8. The BC and BTC controllers perform better than the TC controllers. This
difference is due to the contact distances given as observation which avoids the inaccuracies in the
terrain compression. The BC controller performs slightly better than the BTC controllers since the BC
controller has fewer observations and does not have the sometimes conflicting information given by
the terrain and the contact distances. The performance of the TC controllers reflects the inaccuracies
in terrain reconstruction.

'Thevideo showing the sample motion of the robot during the training process and the evaluation of the BC controller can
be found at https://drive.google.com/file/d/13mz3Vx9q_INdas4IPqa8ks5ZXaTaF2hlF/view?usp=sharing. It also shows
the automatically generated terrain along with the stability margins.
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5.4 Comparison of Controllers
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Figure 5.8: Mean rewards generated during the evaluation of different terrain adaption controllers.
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Figure 5.9: Breakdown of the mean rewards generated during the evaluation of different terrain adaption con-
trollers.

Figure 5.9 shows the average of the individual rewards during evaluation. The rewards for chassis
distance, roll and the pitch do not differ much between the controllers. The stability margin reward
is similar, except for TC2 for which it is low. This difference is due to the high inaccuracies in terrain
compression. The wheel distance reward is lower for TC controllers. BC and BTC controllers can
better maintain ground contact since the wheel distances are part of the observations. The command
velocity rewards seem to be the most contributing factor to the difference in performances. A lack of
relevant observations for the TC controllers or conflicting information for the BTC controllers makes
the controller to move the joints more to compensate.
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Je

Figure 5.11: Screenshots after training of terrain adaption controller.

In comparison to the GAP in Cordes et al. 2017, the controller in this work achieves several additional
objectives. Both controllers can maintain good wheel-ground contacts. GAP can accurately maintain
reference roll and pitch angles as well. The controller in this work is also able to optimize stability
and avoid chassis collision without any explicit mathematical modeling of the kinematics. A quantita-
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5.5 Terrain Adaption with Contact Detection

tive comparison of the performance with other state-of-the-art controllers is beyond the scope of this
work. Screenshots of the setup during training and after training are shown in Figures 5.10 and 5.11
respectively.

5.5 TERRAIN ADAPTION WITH CONTACT DETECTION

This work improves upon the previously described controllers by enabling faster convergence in learn-
ing and designing the controller state space to more closely align with the states available on the actual
system, requiring minimal preprocessing. The contact detection gives a normalized value represent-
ing the probability of having a wheel in contact with the ground. This value on the actual robot can
be generated using the actuator pressure sensor values. This is different to the previous controller,
where the extracted distance to ground for each wheel is used. The encoded terrain with a latent space
dimension of 4 is also included in the observation.
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the training of the terrain adaption controller
in simulation. (b) Breakdown of rewards during evaluation.

Figure 5.12: Training and evaluation results for controller with contact detection.

The progress of rewards during learning is shown in Figure 5.12a where the learning converges after
approximately 10 h of simulated time. The resulting learned controller was evaluated for 1 h of simu-
lated time and the average rewards are shown in Figure 5.12b. The plot shows the total reward as well
as the breakdown of individual rewards corresponding to the objectives mentioned above. The total
reward is the weighted sum of the individual rewards. The relative performance of each reward factor
can be controlled by manipulating these weights, which in turn can be tuned for specific application
and operator requirements.

5.6 TERRAIN ENCODING WITH [3-VARIATIONAL AUTOENCODER

The terrain representation is a crucial aspect for controllers developed in this chapter, as it enables the
adaptation of robot suspension to varying terrain conditions. Both the accuracy of the representation
and the size of the latent space play a significant role in training success and overall controller perfor-
mance. Therefore, this aspect is further analyzed in the following sections. Different architectures
for autoencoders are evaluated to compare their performances. Apart from the Linear Autoencoder
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(LAE) in Section 5.3.1, two other architectures are evaluated: Convolutional Autoencoder (CAE)
(Ranjan etal. 2017) and B-Variational Autoencoder (8-VAE). The details of the architectures are shown
in Appendix E. A comprehensive survey of autoencoders is provided in P. Li et al. 2023.

The main difference in CAE in comparison to LAE is the use of Convolutional Neural Network
(CNN) instead of MLP. LAEs convert the input height-map into a one-dimensional vector and hence
losses the two-dimension features of the image. On the contrary CAEs keeps the two-dimensional
structure intact. CAEs are primarily used with images for denoising, dimensionality reduction, etc.
The encoder part of CAE extracts features by performing convolution operation on the input data
and compresses this. The convolutional layer applies different filters and the pooling layer reduces the
dimension. Upsampling and dimensionality expansion is done by the decoder part using transposed
convolution layers. CAEs are evaluated to check if the use of convolutional layers will improve the
reconstruction accuracy.

Variational Autoencoders (VAEs) (Kingma 2013) introduce a probabilistic latent space to represent the
compressed information. The mapping of the input data to preformed to a probabilistic distribution
enables the VAE to learn a more continuous and structured latent space. The latent space is repre-
sented by the mean and the variance. Additionally, the loss term during training contains a Kullback-
Leibler (KL) divergence term to ensure that the latent space distribution is close to a prior distribution
and hence helps in regularization.

An adjustable hyperparameter (3 is added in S-VAE (Burgess ct al. 2018) to control the weightage be-
tween the reconstruction error and the KL divergence in the loss function. The 3 scaling factor when
higher than 1 regularizes strongly for and results in a more disentangled latent space. When 3 = 1 the
B-VAE is the VAE. Lower values of 3 encourages better reconstruction at the cost of disentanglement
of latent space.

The disentangling capabilities of 3-VAE is improved in Burgess et al. 2018 by controlling the encoding
capacity of the latent space. This is achieved by introducing a training process where the encoding
capacity is gradually increased by increasing the maximum permitted average KL divergence from zero.
This promotes robust learning and maintains the capability of the 8-VAE to generate latent space
components that are qualitatively different and makes distinctive contributions during generation.
The network using this process is here called as Disentangled 3-Variational Autoencoder (D-{3-VAE).

Several autoencoders formed by using LAE, CAE and D-3-VAE with latent spaces 2, 4, 8 and 16 are
trained and evaluated. The results for reconstruction loss and maximum distance error are shown in
Figure 5.13. There is only negligible difference between the performances of the different autoencoder
architectures. The error is higher for latent space with the latent space dimension of 2 and the error
is lower and consistent for latent space dimensions 4, 8 and 16. The reconstruction loss for all the

networks with latent spaces higher than 2 is below 1.5 X 10~* m and the maximum distance error is
below 0.08 m.

The compactness and quality of the information stored in the latent spaces could influence the train-
ing of the controller. Lower dimension with distinctive features for latent spaces could potentially im-
prove the DRL convergence as it will reduce the state space and also reduces the need for exploration.
The latent spaces of CAE is interpolated and displayed with a color map in Figure 5.14. As expected
the information in the latent spaces are spread across all the values and not easily interpretable. For
comparison, the latent spaces learned by D-8-VAE is shown in Figure 5.15. The D-3-VAE learns the
latent spaces with distinctive and interpretable features. The first row corresponding to the first latent
space represents the general curvature of the height map about the center. The second and the third
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5.7 Summary and Discussions
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Figure 5.13: Terrain reconstruction loss for different types of autoencoders.
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Figure 5.14: CAE-4 latent space interpolation showing the information distributed among all the latent spaces.
Most of the information is concentrated in the first three rows which corresponds to the curvature,
roll and pitch respectively.

latent spaces correspond to the slope along the vertical and horizontal axes. The fourth latent space
does not have any information and hence unused. This also shows why the all the autoencoders with
latent spaces higher than three performs equally well.
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Figure 5.15: D-3-VAE-4 latent space interpolation showing that the information is compacted in the initial la-
tent spaces with the last one having practically no information.

5.7 SUMMARY AND DISCUSSIONS

Terrain adaptation controllers have been demonstrated to facilitate the automation of the active sus-
pension of a walking excavator robot in uneven terrain. This study demonstrates the efficacy of deep
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reinforcement learning in the training of the controller. The controllers take into account the tip-
over stability of the robot, ground clearance for the chassis, and ground contact for the wheels. The
incorporation of compressed terrain information is a feature of certain controllers. To compress the
height-maps, they were transformed into a latent space of different sizes using autoencoders.

It has been observed that the controller that utilizes chassis and wheel distances as observations, in
the absence of terrain information, attains optimal performance. However, incorporating additional
terrain information into this controller results in a marginal decline in performance. Controllers that
utilize compressed terrain as an observation, in the absence of chassis and wheel distances, demonstrate
functionality, though with diminished performance. This discrepancy is primarily attributable to the
incorporation of wheel distance and command velocity rewards. It is noteworthy that controllers re-
lying exclusively on terrain information also demonstrate good performance. The utilization of these
controllers offers the benefit of eliminating the need for extracted information, such as the distance of
the wheel from the ground, in this context.

A number of extensions to the controller were also developed. One such extension involves the utiliza-
tion of contact detection instead of contact distance, thereby yielding a controller that exhibits good
performance. This controller offers the advantage that it is easier to transfer to a real system where the
contact can be detected directly. Another enhancement is the use of disentangled 3-VAE to find the
necessary dimension of the autoencoder latent spaces that can effectively represent the terrain.

This chapter presents the development of a generalized controller that is independent of the kinemat-
ics of the legged-wheeled systems, and capable of simultaneously achieving multiple objectives. The
controller design, which is independent of the kinematics of the system, can be transferred to systems
with adaptable suspensions to achieve similar results. This development is in alignment with the ob-
jective specified in O-3b.
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CHAPTER 6

STEPPING FOR A WALKING EXCAVATOR RoBOT
USING HIERARCHICAL DEEP REINFORCEMENT
LEARNING

One of the most complex locomotive movements for a walking excavator is stepping, which requires
the actuation of numerous joints in multiple sequences, in a synchronous manner to successfully tra-
verse an obstacle. This research employs a hierarchical reinforcement learning approach to guide the
design of the stepping controller, leveraging domain knowledge. The complex control task is divided
into multiple, simple subtasks, each of which can be trained and validated in isolation. Subsequent
integration of these subtasks into a hierarchical design facilitates the construction of the desired func-
tionality. Furthermore, the controller is guided during training by using invalid action masking. In
certain instances, the sequence in which the subtasks must be executed is predetermined, thereby re-
ducing the training burden to the selection of the corresponding goals. Following training, the motion
sequences generated by the controller are observed to bear a strong resemblance to those produced by
an expert operator. The design of the controller, along with the results of training and evaluation
in simulation, are presented in this chapter. This addresses the objective O-4. Partial results of the
presented work in this chapter is under review in

(i) Babu, A.and F. Kirchner (2025). “Stepping Locomotion for a Walking Excavator Robot Using Hierar-
chical Reinforcement Learning and Action Masking”. In: 2025 IEEE/RS] International Conference on
Intelligent Robots and Systems (IROS 2025). IEEE, Hangzhou, CHINA (Accepted)

An introduction to stepping locomotion is provided in Section 6.1 including stepping for hybrid lo-
comotion systems, related work and eventually the motivation for development of a new controller.
Afterwards the preliminaries regarding Guided Reinforcement Learning (GRL) and several ways of
achieving it are discussed in Section 6.2. The learning setup and modeling of the learning environ-
ment are detailed in Section 6.4. The controller design is elaborated in Section 6.5, followed by the
implementation details in Section 6.6 and evaluation results in Section 6.7. Finally, the chapter is
summarized in Section 6.8.

6.1 STEPPING LOCOMOTION

Stepping locomotion is defined as a mode of movement whereby an agent propels itself forward by
exerting force on the ground with its limbs. This mode of locomotion is associated with the coordi-
nated movement of the limbs, and typically involves the repetition of a sequence of movements. A
defining feature of stepping locomotion is the temporary loss of contact between the limbs and the
ground. This is necessary to step over obstacles and traverse challenging terrain.
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Figure 6.1: Screenshot of the visualization of the learning environment where the part in red is the obstacle.

The characteristics of stepping include repetition cycles, stability, balance, terrain adaptability and
efficiency. Typical legged walking involves the repetition of stance and swing phases. During stance
phase, the limb is in contact with the environment and applying forces; in swing phase, the limb is not
in contact and is moved to the position of the next intended contact point. Stability is paramount to
prevent falls and to account for environmental uncertainty. Balancing is defined as the active mainte-
nance of stability by adapting movements in real time. Adaptation to motion sequences is necessary
when traversing uneven terrain or changes in substrate. Energy efficiency is also a key factor in defining
the stepping locomotion pattern.

In robotics, the stepping locomotion is mimicked using legs or appendages of robots. Robots capable
of such movement are termed “walking robots” and are versatile and adaptable to uneven and dif-
ficult terrains, compared to wheeled or tracked robots. The prevalence of bipedal and quadrupedal
robots is quite high. Robots with a single leg, as well as those with more than four legs, have also been
developed. The application of walking robots is diverse, including search and rescue missions, explo-
ration of challenging terrains, and more. The control of walking robots is complex and robustness
depends on the accuracy of limb placement and the quality of environmental sensing. In comparison
to wheeled or tracked robots, walking robots demonstrate lower energy efficiency.

6.1.1 STEPPING FOR HYBRID LOoCOMOTION

Hybrid locomotion robots can combine different modes of locomotion for enhanced mobility. In
some cases, this includes stepping locomotion as well. So far, this thesis has dealt with controllers
that used legged wheel systems to adapt to uneven terrain and for force distribution. However, the
establishment and release of contact with the environment was not addressed. In hybrid locomotion
involving stepping, limbs actively establish and release contacts to overcome obstacles or ascend steps.
The incorporation of stepping capabilities in hybrid locomotion robots, akin to their counterparts in
walking robots, has been demonstrated to enhance traversability and navigation capabilities.
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6.1 Stepping Locomotion

Walking excavator robot like ARTER has hybrid locomotion capabilities including stepping locomo-
tion. The use of stepping locomotion makes this robot very versatile in terms of traversability in un-
even and challenging terrain. Typically, wheeled-legged systems can perform stepping by shifting the
CoG within a planned support polygon before shifting one of the wheeled legs for stepping. ARTER
has a strong manipulator with a large workspace making it suitable for using it as a leg for locomotion.
This combination of wheeled legs and normal leg like structures available for locomotion makes the
system a unique platform. ARTER has the capability to use its manipulator for locomotion especially
for climbing and stepping locomotion modes. The wheels of the excavator are normally expected to
be in continuous contact with the ground. For stepping the manipulator is used to temporarily lift
the wheels and step over the obstacles.

There are several challenges involved in developing control solutions for such as system. One of the
main challenges is the large number of DoFs which makes most of the currently available solutions
ineffective. Another challenge is the kinematics of the limbs which are different for the front and rear
legs as well as the manipulator. This kinematics combined with the different contact constraints for
legs and wheels makes controlling the robot cumbersome. Contact constraints change based on which
limbs are in contact with the ground. A solution to assist the humans by autonomously stepping over
obstacles during remote control or autonomous operation is necessary to enable broader use across
various applications. The objective is to develop controller for stepping over an obstacle with motion
sequences similar to that of an expert operator.

6.1.2 RELATED WORK

Researchers have developed several solutions for stepping in hybrid locomotion robots. The solutions
are highly dependent on the type of the system and type of locomotion available.

The wheeled-legged robot Momaro in Schwarz et al. 2016 has developed a control solution where it
is able to climb steps, step into a vehicle and step over obstacles. This approach utilizes a control
strategy that shifts the body—and consequently the CoG—to maintain stability, even when a leg is
lifted oft the ground. The leg is then lifted and placed at a desired location before shifting the CoG
such that the next leg can be lifted. The main limitation of such a solution is that it is not transferrable
to systems which cannot shift its CoG. An advancement to this controller is proposed in Klamt and
Behnke 2017 where a planner is developed which can plan both driving and stepping locomotion. The
stepping part is done in two stages where abstract maneuvers are planned first and then expanded to
detailed motion sequences. Klamt and Behnke 2018 plans for larger areas by planning different levels of
abstraction, coarse planning for longer distances and fine resolution planning for shorter distances.

The quadrupedal wheeled-legged robot CENTAURO in Laurenzi et al. 2018 uses Linear Model Pre-
dictive Control (LMPC) framework for generating walking gait. A similar robot Pholus in J. Sun et
al. 2020 tackles the problem using hierarchical structure with layers for hybrid foot placement plan-
ning, CoM trajectory planning and WBC. Gait graphs are extended for hybrid foot placement which
is then used to generate CoM trajectories using MPC. These CoM trajectories are then given as input
for WBC which in turn uses QP to generate joint trajectories. In Bjelonic et al. 2020 a more dynamic
quadrupedal ANYmal with wheels online trajectory optimization framework is used for generating
hybrid walking-driving locomotion. This solution separates the trajectory planning of wheel and base
trajectories, making it real-time capable, which are tracked using hierarchical WBC. A similar solution
in Medeiros et al. 2020 uses trajectory optimization using terrain map and stability constraints, formu-
lates it as a NLP, the solution which is tracked by hierarchical WBC. Another solution for the same

109



Chapter 6 Stepping for a Walking Excavator Robot using Hierarchical Deep Reinforcement Learning

robot in Bjelonic et al. 2021 uses MPC for simultaneous optimization of wheel and base trajectories.
The kinodynamic model of the robot is optimized online without the need for motion heuristics. Yet
another motion optimization framework is proposed in Hosseini et al. 2023 incorporating dynamic
jumping behaviors as well. This framework is based on MPC which uses time-varying rigid body dy-
namic model of the robot.

There are several solutions specific to walking excavator robots. Jelavic and Hutter 2019 provides a so-
lution where a trajectory optimization framework is developed with focus on walking excavators. The
plan considers the whole body of the robot, wheeled and non-wheeled limbs, as well as include con-
tact scheduling. This work was extended in Jelavic et al. 2020, where TO is used to generate references
for end-effectors and joints. The references are then tracked using whole body hierarchical optimiza-
tion. Jelavic et al. 2021a combines sampling and optimization to cope with challenging terrain. The
optimization part also considers non-holonomic rolling constraints. The solutions work effectively
in a variety of terrains. Jelavic et al. 2023 provides a similar solution where the hybrid motion plan-
ning uses sampling based solutions for approximate planning and trajectory optimization for solution
refinement. The solution is evaluated using HEAP and ANYmal robots.

There are also some learning based solution that has been developed for hybrid locomotion. Cui et al.
2021 formulates it as an adaptive optimal control problem for a wheel-legged robot in the absence of
an accurate dynamic model. Here DRL and adaptive dynamic programming is combined to derive a
learning-based solution. Sometimes motion priors are used to learn the skills as shown in Vollenweider
etal. 2023 where the adversarial motion prior-based RL is used to train the locomotion controllers of
a wheeled-legged robot in order to avoid tedious reward function tuning.

6.1.3 MOTIVATION

The existing solutions that are applicable for the stepping of a walking excavator is either a combination
of sampling and trajectory optimization or using learning based methods. The main drawback of the
methods that use explicit mathematical formulation is that it becomes very difficult and non-intuitive
to reformulate the problem for influencing the intended behavior. Generated motion from learning
based methods like reinforcement learning can be influenced using the reward function which is not
expressive enough for a complex behavior like stepping. Our attempts at using a single agent reinforce-
ment learning for the stepping task resulted in very little progress and generated movements that were
not realistic.

The primary contribution of our approach lies in the methodology employed for developing the con-
troller, which facilitates the integration of domain expertise, thereby shaping the desired behavior.
This is accomplished by decomposing the complex task into a hierarchy of smaller sub-tasks, each
with simple reward functions, rules, limits and constraints. Furthermore, invalid actions are explicitly
masked to steer the training process. In comparison to existing solutions, this approach offers distinct
advantages in terms of simplicity in development and the capacity for intuitive integration of domain
knowledge, while yielding comparable results to that of available in literature. The controller is trained
for three distinct types of stepping, thereby demonstrating its versatility. To the best of our knowledge,
this is the first approach that combines HRL with Invalid Action Masking (LAM) for stepping loco-
motion in a hybrid locomotion robot.

110



6.2 Guided Reinforcement Learning

6.2 GUIDED REINFORCEMENT LEARNING

GRL based methods can provide a solution to the challenges faced by learning based methods by inte-
grating domain knowledge in the various levels of the DRL pipeline. An extensive survey, taxonomy
and evaluation of the GRL methods can be found in Efer et al. 2023. The DRL pipeline consists of
problem representation, learning strategy, task structuring and sim-to-real methods, each of which
provides possibilities for injecting additional knowledge into the system. Apart from the most com-
mon methods for GRL such as state representation and reward design, there are some not so common

methods such as HRL and IAM.

6.2.1 HIERARCHICAL REINFORCEMENT LEARNING

HRLisaform of DRL where complex tasks are decomposed into smaller sub-tasks (or skills) which are
easier to solve. This set of high-level tasks and low-level tasks form a hierarchy of policies and actions.
The actions of high-level tasks act as goals for the low-level tasks. In environments with complex and
long-term dependencies, this hierarchical structure provides more efficient learning. HRLis one of the
methods of GRL by injecting additional knowledge during the task structuring step. Comprehensive
surveys of different HRL methods, taxonomy, etc. are given in Barto and Mahadevan 2003; Pateria et al.
2021. One of the earlier related work, detailed in Kirchner 1998, employs hierarchical Q-learning for
the locomotion of a six-legged robot.

Several behaviors in animals seem to suggest the utilization of hierarchical structure to learn and make
decisions. Studies (Eckstein and Collins 2019; Neftci and Averbeck 2019; Rasmussen and Eliasmith 2014;
Ribas Fernandes et al. 2011) have been conducted to understand the link between HRL computational
models of learning and behavioral neuroscience. The interaction between neural structures in brain
for planning and decision-making (prefrontal cortex) and those supporting action selection and rein-
forcement learning (basal ganglia) shows evidence (Botvinick et al. 2011) for HRL. Behavioral studies
(Donnarumma et al. 2021) have demonstrated hierarchical behavior where rodents use higher-level in-
formation like landmarks to structure the search and perform actions. Similarly, animals also show the
ability to learn skills separately and then combine them together to achieve a long-term goal (Gobet et
al. 2001).

Hierarchy, temporal abstraction and state-action abstraction are the main properties of HRL. The
tasks are arranged in a hierarchy with different levels where the high-level task gives input to the low
level tasks. Such tree type structure makes the overall complex task more manageable. Temporal ab-
straction (Precup and Sutton 2000) is also one of the properties of HRL where different tasks have
different time scales. The higher-level tasks operate for more time-steps taking macro-actions while
the lowest-level tasks execute primitive actions at each time-step. This allows the policies to work on
less granular timescale, reducing the number of decisions to be made. Options framework (Bacon etal.
2017; Stolle and Precup 2002) is a popular method for implementing HRL by defining temporarily ex-
tended course of action including initiation condition, policy and termination condition. State and
action abstraction is property of higher level task to focus on the states and actions which are relevant
for achieving long-term goals.

There are several advantages to using HRL. The most attractive one is sample efficiency which is
achieved by breaking down the tasks whereby the learning gets simplified, reducing the necessary
amount of time and data. The low-level tasks can be used by multiple high-level tasks improving the
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reusability of the individual policies. HRL also scales well to large and complex environments where
classic DRL will be infeasible due to the curse of dimensionality.

HRL has been widely used in locomotion of robotic systems. One such controller for bipedal walking
is DeepLoco (Peng et al. 2017) where two-level hierarchical control framework is used. Initially, the low-
level controllers are learned which achieve robust walking gaits to achieve stepping targets and walking
styles. The high-level controllers are then learned which generate the desired step targets for the low-
level controllers based on terrain maps. Another solution for legged locomotion in T. Li et al. 2020
divides the goal-directed locomotion into two parts: learning primitive skills and using planning to
sequence these skills. A solution which is trained in simulation and then transferred to real system is
designed in Tan et al. 2021. Here a hierarchical learning framework is introduced where the high-level
policy adjusts the low-level trajectory generators to adapt to the terrain. In a recent work Lee et al.
2024, navigation and locomotion of autonomous wheeled-legged robot is solved using a hierarchical
RL framework.

6.2.2 INVALID ACTION MASKING

During the training of a DRL agent, in some cases the DRL algorithm spends time in trying out ac-
tions which are not allowed or does not make sense, given a certain state, resulting in low training
efficiency. In robotics, examples of this include actions during joint limits, moving into obstacles, self-
collision of manipulators, etc. Several transformations (Kanervisto et al. 2020) of the action space are
possible to improve the training efficiency: Removing invalid actions, discretize continuous actions,
and convert multi-discrete actions into discrete. Removing invalid actions in continuous spaces often
involved removing actions that will not help the agent progress in the task. In cases where the contin-
uous actions are too large and hence affects exploration, it is discretized for better efficiency. Similarly,
multi-discrete actions are converted into single discrete action to avoid the action space to explode
combinatorially.

There are several ways of handling such invalid actions as described in Huang and Ontafién 2022. Two
of the most popular methods are Invalid Action Penalty and IAM. In case of Invalid Action Penalty,
a negative reward is given for taking invalid actions which in turn will train the agents to use only
valid actions. IAM is the technique of masking out actions in a full action space which are invalid,
depending on the observations. The masked out actions are then used to directly increase the proba-
bility of taking valid actions. IAM has been successfully used in several complex real-time strategy and
multiplayer battle arena games (Berner et al. 2019; Vinyals et al. 2019; Ye et al. 2020).

The implementation of JAM depends on the type of DRL algorithm. In value-based algorithms, the
highest values of the estimated action-value function Q(s, a) is selected. When an action is masked,
the Q-value is set to a very low value ensuring that the action is never selected. For policy gradient
algorithms, the probability of invalid actions are set to 0. Since the actions are selected according to
the probability distribution of the model, these actions will never be selected. Softmax function shifts
the logits to probability domain and if the logits for invalid action is — inf, the sampling probability
of these actions become 0. Gao 2018 and Zahavy et al. 2018 used IAM in Deep Q-Network (DQN) to
speedup training. A trainable action-mask is used by Y.-C. Wu et al. 2020 for improving training efh-
ciency of a model-based DR L algorithm. Action masking for one of the most popular DR L algorithm,
Proximal Policy Optimization (PPO), is implemented in Tang et al. 2020.

In this chapter we will develop controllers which extends the use of IAM to guide the DRL algorithm.
Typically, IAM is used to avoid actions that are inherently invalid because they have no effect or result
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in states from where the robot cannot recover. It is also possible to guide the exploration in the correct
direction by masking all the actions that does not guide the agent in the intended trajectory. Such
guidance involves input from experts and hence results in better training efficiency and robustness,
also reducing the need for complex reward engineering. The algorithm for applying masks with PPO
is detailed below.

Maskep-PPO

PPO (Schulman et al. 2017) is a state-of-the-art DRL algorithm which is widely used in training agents
in a variety of applications including board games (Patankar et al. 2024; Yang et al. 2023), video games
(Shao et al. 2019; C. Yu et al. 2022) and robotics (Shahid et al. 2022). The main objective behind devel-
opment of the algorithm is to create a balance between sample efficiency, implementation effort and
hyperparameter tuning effort. This is achieved by ensuring that the change in policy at each step is
within a limit while computing an update at every time-step. PPO is an on-policy algorithm, which
means that the algorithm uses a particular policy to collect experiences, which is in turn used to im-
prove the policy. PPO2 is an updated Graphics Processing Unit (GPU)-enabled version which can
use multiprocessing in vectorized environment. The key concepts that are the basis for PPO are proxi-
mal updates, clipped surrogate objective and advantage estimation. The following describes the CLIP
version of the PPO algorithm.

Policy gradient methods need an estimate of the gradient of the policy for performing stochastic gra-
dient ascent optimization. The gradient is typically estimated using the gradient estimator

§=E, [Ve log mo(a|se) At |, (6.1)

where [E is the expectation, which is the weighted sum of outcomes multiplied by their probabilities.
7, which is parametrized by , is the stochastic policy which outputs an action a; for a given state ;.
Ay is the advantage function. The ~ indicates that the values are estimates.

The objective function that is used by automatic differentiation algorithms has the same gradient as
the policy gradient estimator and is given by

LP9(9) = K, [log W@(at|5t)/it} : (6.2)
The objective of PPO as proposed in Schulman et al. 2017 is given by
LEHP(9) = E, [min (rt(G)At, clip(re(0),1 —e, 1+ E)At):| , (6.3)

Uy (at|5t)
79,4 (@t St)
is the parameter to limit the clipping ratio. The first term inside the min is the conservative policy
LCPI )

where 74(0) is the probability ratio r,(§) = between the old policy and new policy. €
iteration term (
the probability ratio such that having 7 outside the limits [1 — €, 1 + €] does not give any incentive
during optimization. This ensures that new policy stays close to the current policy.

or the unclipped part. The second term modifies the objective by clipping
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Computing estimates of the advantage function (A;) requires learning of the value function as well.
In PPO the same network is used for policy and value functions, augmented by entropy bonus to
ensure exploration. The combined loss function as given by

LOHPTVE () = B, [LOHP(0) — e LYF(0) + caS[mg) (s1)], (6.4)

where ¢; and ¢ is the coefficients for the value-function loss and the entropy bonus respectively.

2
LVE = (‘/Q(St) S VA ) is the squared-error value loss and .S is an entropy bonus.

PPO algorithm is extended in Tang et al. 2020 for discrete action environment by adding masks for the
actions. Action mask is used to remove the invalid actions for a particular state to be removed from
consideration by the learning algorithm. The environment provides a mask indicating which actions
are invalid, and then ignores the invalid actions. Masking with PPO is implemented by using only
valid actions during the collection of the trajectory, and during stochastic descent while computing
Equation (6.4).

The output of the policy is a softmax layer which provides probabilities of all the discrete actions in
the environment. The outputs before the softmax layer produces the unnormalized scores called the
logits. Since the invalid actions are already ignored by the algorithm, the probabilities of the valid
actions needs to be re-normalized. This is carried out by computing softmax outputs for only valid
actions. The output of the policy with masks (Huang and Ontaién 2022) applied is defined by

)" (-|s1) = softmax(mask(l(s))), (6.5)
where [ is the logits outputted by the original policy mg, softmax for a vector z = (21, , 2Kk
defined by softmax(z);, = > _a = and the mask function is defined by

j=1¢

li(s¢) if a;isvalid in state s¢ ’ (6.6)
M otherwise

mask(l(s¢)); = {

where M is a very large negative number, resulting a very small probability for invalid actions.

6.2.3 GUIDED REINFORCEMENT LEARNING WITH HIERARCHICAL REINFORCEMENT
LEARNING AND INVALID ACTION MASKING

Learning to step for system like ARTER has multitude of inherent challenges. The main challenge is
the high number of DoFs which results in large action space which is difficult to explore even for the
state-of-the-art DRL solutions. Normally in not so complex systems, reward functions are designed to
guide the algorithm in the correct direction. In the case of stepping this is complicated due to the long
sequence of actions with different objectives and varying constraints. A combined reward function
representing all the needs is difficult. Similarly, the observation space is also huge due to the complexity
of the system and environment which reduces the sampling efficiency. Many actions required by the
system involve repeated sequences. In the case of direct reinforcement learning, these sequences must
be learned repeatedly to achieve success. This will drastically reduce the sampling efficiency and may
even prevent the system from learning a viable solution due to the long sequences.
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One of the most popular approach available in literature is to scale up simulation which runs in parallel
until a solution is reached. An alternative is to do imitation learning from human operator who will
perform the task and the DRL algorithm solution is guided by this input.

The solution proposed here to overcome the above challenges is to guide the DRL by giving additional
expert guidance in several aspects including structural design of the controller, reward function design,
masking invalid actions and proposing a controller execution sequence. Converting the DRL to GRL
is done by extensively using HRL and IAM. The objective is to make the problem tractable and to
strike a balance between design effort and sampling efficiency.

The main purpose of the HRL is to break the complex long horizon stepping to smaller dedicated
tasks each with simpler and tractable objectives. As the observations for each controller contains only
states that are relevant for the specific task, it is smaller in comparison to the original complete state.
Similarly, since the tasks are simpler compared to the original stepping task, the rewards for the tasks
are simpler and hence easier to design.

IAM is used in two different ways. The first way is by masking invalid actions such as moving into
joint limits as well as other obvious actions that are not valid or takes the robot to undesired states.
The second way is to guide the higher level controllers by pre-defining the sequence of choosing the
lower-level controllers. This simplifies the learning effort of the higher-level controller to selecting a
goal for the particular controller rather than learning which controller to use as well as the goal for each
controller. This is not strictly required, but improves the sampling efficiency and guides the learning
process.

The combined usage of HRL and IAM for guiding the learning of the controllers provide several
advantages. The main advantages are reduced sampling efficiency, lower effort in reward engineering
and reduced need for computing infrastructure. Apart from this, the simpler controllers and guiding
produces controllers that are each robust for a particular task. The lower-level controllers can also be
reused for learning more higher-level controller which serve different purposes.

6.3 FORMALISM OF HIERARCHICAL REINFORCEMENT LEARNING

A DRL agent has the objective of interacting with an environment and find a policy which maximizes
the cumulative reward. The environment is considered to a Markov Decision Process (MDP) which is
defined by the tuple < S, A, P, 7 > where S is the state-space and s; € S'is the state at time step . A
is the set of actions and a; € A is the action taken time t. P(s¢.41|s¢, at) is the transition probability
of reaching the state 5441 after taking the action a at state s. (s, a;) is the reward as a function of
state and action.

The main objective of a DRL algorithm is to find an optimal policy 7* such that

7* = argmax Q" (s, at), Vs € S,Va; € A, (6.7)

where Q" (s¢, a) is the Q-value while following the policy 7, and it is defined by

T

Q7 (s, ar) = (s, ar) + Eqon(s) Z’YiT(StJm pyil St, ar) | (6.8)
i=1
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where T is the total number of time-steps in an episode and y is the discount factor.

In order to learn the optimal policy, the DRL algorithm has to explore the states and action spaces and
collect trajectories. The trajectories are then used to learn an optimal policy. The trajectories could be
finite or infinite, depending on the environment. Exploration is challenging if the state and actions
spaces are large or if the episodes have along time horizon. Standard DRL algorithms will not perform
well or even fail in such cases.

HRL decomposes the main task into smaller subtasks which are then assembled together to form a
hierarchy of controllers. The control policies are then learned using DRL. In the hierarchy, the lowest-
level controllers generate primitive actions, which are directly executed in the environment. The higher
level policies learn to choose the appropriate subtasks in the lower hierarchy and provide the appro-
priate goals for these subtasks. All the subtasks learn to perform their own specific tasks using internal
rewards. There are several methods to perform HRL. Pateria et al. 2021 and Hutsebaut-Buysse et al. 2022
provides comprehensive surveys of different HRL methods. The mathematical formalism of HRL as
defined in Pateria et al. 2021 is described below.

Every subtask has different components including policy, reward, goals, initiation condition and ter-
mination condition. Let a subtask be denoted by w! where [ is the level in the hierarchy, [ = 1 denotes
the lowest level outputting primitive actions. 7, is the policy of the subtask which maps states of the
subtask to the primitive actions or goals for the lower tasks. 7 is the subtask specific rewards and g,
is the goal associated with a specific subtask. This goal is a state s € S and rewards might be defined
based on these goals. Additionally, the subtasks will have the execution components initiation condi-
tion, I 1, and termination condition 3,,;. Initiation and termination conditions are the set of states
or set of conditions in which execution of the controller is started and terminated respectively.

HRL uses as its basis Semi-Markov Decision Process (SMDP) which is similar to MDP but addition-
ally involves explicitly time for which a subtask is executed. The transition function of the SMDP is

defined as
P(5t+cwt ) th ‘St7 CL)t) - P(St—&-cwt ‘St7 Wt, th)P(cwt ’Sta Wt), (69)

where ¢, denotes the number of time-steps for which wy is executed, starting from state s;.

The expected cumulative reward obtained by following the policy 7., of the subtask 7, for c,,, time-
steps is given by

Cuyp—1

R(st,wt) = Eorr,, (s) Z V1 (St4i i) |56, ar = T, (50) | - (6.10)
=0

The Q-value can now be calculated by

Q(st,wt) = R(s¢, wy) + Z ’Yc“tP(St+cwt7th’St,wt) Jﬂax Q(3t+cwt,wt+cwt)7
Cwy

Sttcwy Cw . (611)
Vs € S,Vw € Q)

An optimal policy is the one that maximizes the above Q-value which depends on the cumulative
reward Equation (6.10) and the transition function Equation (6.9) which in turn is determined by
the policy 7,,,. Learning in HRL hence needs to learn multiple policies at different levels of hierarchy.
HRL consists of two principal parts: the subtask space and the hierarchical policy.
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The subtask space (£2) is the superset of all the subtasks.
Qp = {Qw179w27 Qw37 T 7Qwr}7

where w! is the subtask at level [ of hierarchy and €, is the set of subtasks under subtask w'. For the
lowest level where the primitive actions are executed [ = 1 and for the highest level [ = T

The hierarchical policy (7 fr) is the policy of the complete hierarchy resulting from the recursive choice
of subtasks and actions, starting from w!' to the primitive actions by w!. The policy at the highest
level 7 will choose a subtask w' 1 € Qp_;. The policy of subtask w1 runs the policy 7 r—1
until termination condition 3,,r—1. These runs recursively until the lowest level a primitive action
a = m,,1(s) is taken. The hierarchical policy is this recursive process where a primitive action is taken

defined by a = my (s).

The HRL problem is to find the optimal hierarchical policy 7}; and the optimal subtask space €23,

Oy, = argmax argmax Q1 (s, a),Vs € S,Va € A, (6.12)
Qr 7|

where the Q-value for a hierarchy is defined by

Cuwy —1

Qu (s, ar) = Eomrylom Z ’YiT(StJrz‘, tyi) |8t ar = Ty (St) | - (6.13)
i=0

In Equation (6.12) there are two parts of the problem that needs to be solved: subtask discovery and
learning hierarchical policy. Subtask discovery is the process of defining the different subtasks which
can be found automatically or defined manually using domain knowledge. Learning hierarchical pol-
icy is the DRL for each of the subtasks which can be done simultaneously or using a bottom-to-top
approach. In the stepping developed controller, the subtask discovery is done manually using domain
knowledge, and the training is done in a bottom-to-top approach.

6.4 SETUP AND MODELLING

The learning of a complex task such as stepping needs an elaborate setup and modeling of the environ-
ment for formulating the problem and training the controller. Apart from representing the internal
robot states, the terrain and the interaction with the terrain need to be modelled. These states are
depicted in Figures 6.2 to 6.4.

The internal states are the joint positions represented by ¢; Vi € {0,--- ,6}and ¢; Vi € { FL, FR,
RL, RR} for the manipulator joints and the stabilizer joints of front-left, front-right, rear-left and
rear-right legs respectively. ¢; are the joint velocities. Tool Base Point (TBP), which is attached of the
Roto joint, is used as reference for kinematic operations of the manipulator and is defined with respect
to BCS. The cylindrical coordinates, height (A7), radius (pr) and angle (¢1), are used to define TBP

posc.

As shown in the Figure 6.5, three different types of stepping terrain types - obstacle, step and gap -
are used as the environments. Hereafter, the obstacle terrain is used as the basis for explaining the
setup, design and results. It consists of a flat plane with a thin obstacle of varying height as depicted in
Figure 6.4. The flat surface is placed on the XY -plane of the World Coordinate System (WCS) with
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Figure 6.2: Side views of the learning setup for stepping.

the progress of the motion from Start Point (SP) to Goal Point (GP) moving along the X -axis of the
WCS. The distance of the center of the obstacle from SP is given by 1o. The width of the obstacle
Ay is a constant set at 0.3 m. The height of the obstacle Ay, is uniformly sampled within the range
0.1m to 0.5 m. The progress of the robot motion from SP to GP is represented by 7. 110 and np
are normalized with respect to the distance between SP and GP.

To model the interaction of the robot with the terrain, the distances of different components of the
robot with the flat surface of the terrain is also represented. dp and dr are the minimum distances

from the ground to robot base and tool respectively. dr and dg are the average distances of front
wheels and rear wheels respectively to the ground.

In certain cases, the continuous goals are discretized, represented by the function D(-). HRL con-
trollers take in commands as goals which are then either directly or indirectly part of their observa-
tions space. In indirect cases, the commands and actual values are used to compute the error values
which are then part of the observation space. During training the goals are sometimes randomly se-
lected within a range with uniform sampling probability which is given by U (;, {,,), where [; and [,,
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Figure 6.4: Terrain setup for stepping.

are the lower and upper limits respectively. The front stabilizer joints are commanded together with
the same command ¢%. Similarly, % is the command for the rear joints. The commands and errors
are represented with right superscripts ¢ and e respectively.

The rewards are an important part of DRL, and their design will directly influence the performance

of the controller. To make designing of the reward function easier, a generic function is implemented
given by

R(r,n,w,l;,l,) = wC(N(C(r,1;,1.),1;,1,)",0.0,1.0), (6.14)
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Figure 6.5: Three different types of terrain environment with which the same controller was trained.

where 7 is reward factor, n is the power-factor, w is the weighing factor, [; is the lower limit, and /,, is
the upper limit. C is the clipping function, and AV is the normalization function. If necessary, multiple
reward functions are summed up to generate the total reward.

6.5 HIERARCHICAL CONTROLLER DESIGN

The objective of the stepping controller is to step over an obstacle without colliding. This needs a
sequence of complex steps executed by the robot with each step having different requirements and
constraints. Figure 6.6 depicts the hierarchical control structure that is developed for stepping. The
setup has three blocks: HRL controllers, auxiliary controllers and joint controllers. The joint con-
troller takes the velocity commands and controls the actuator to maintain the commanded velocity.
The auxiliary controller block above this makes use of existing controllers to simplify the tasks for
higher level controllers. The block above the auxiliary controllers is the HRL controllers which are
trained using DRL.

The auxiliary controllers are manipulator Cartesian controller, drive control and trajectory follower.
The manipulator Cartesian controller takes in Cartesian linear velocity commands for TBP in BCS
and convert this into joint velocity commands which are sent to the robot joints. Weighted Damped
Least-Square (WDLS) (Doty et al. 1993) is used to transform the velocity from the Cartesian space

X=T[pe By b= Tu 7y 7],
to the joint space
G=1[01 62 63 di 05 04 05 éﬁ]T
The transformation is given by ‘
g=JuX, (6.15)
where the WDLS Jacobian inverse, J4, is given by

Ju = MyVyLas(Dy) Uy My,

where 1 is the damped least-squared pseudo inverse function; B = M,J(q)Mj is the weighted
Jacobian, where J(q) is the Jacobian of the manipulator; B = U, bDbeT is the Singular Value De-
composition (SVD) decomposition of B; M, and M, are the joint-space and task-space weighting
matrices respectively.
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Figure 6.6: Hierarchical structure of the controllers with three layers of HRL controller with one, two and four
subtasks each. The interaction between the second and third layer controllers are through discretized
goals. Additionally, auxiliary and joint controller are also provided to execute the commands from
the HRL controllers.

The rotation of the TBP is not relevant for stepping and hence is ignored. This is reflected in the
weighting matrix of the task-space given by

M, = diag(1.0,1.0,1.0,0.0,0.0,0.0).
The motion of shovel, tilt and roto joints are ignored, thereby assigning weights in joint space to be
M, = diag(1.0,1.0,1.0,0.5,0.0,0.0,0.0).

The weight corresponding to telescope joint is reduced to reduce its use compared to boom and dipper
which are redundant joints.

The second auxiliary controller is the drive controller which transforms the incoming drive commands
to wheel steering positions and wheel velocities. The drive consists of longitudinal velocity command

(0%,;) and the angular velocity command (6%;) for the robot. The angular velocity command is pro-
vided by trajectory follower, which follows a given trajectory for robot base. The longitudinal ve-
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locity command is part of the actions of the HRL controllers Move Base and Manipulator Controller
(MBM) and Move Base Controller (MBC). The third auxiliary controller is a trajectory follower which
tries to follow a particular trajectory for the robot. For stepping the trajectory is always assumed to be
straight lines.

In the input for the auxiliary controllers and joint commands come from the HRL controllers. As per
the formalism of the HRL controller in Section 6.3, the primitive actions of the HRL are the inputs
for either the auxiliary controller or direct joint commands. The subtasks of the first layer of HRL
consists of four controllers: MBC, MBM, Contact Switch Controller (CSC) and Move Manipulator
Controller (MMC). The output space of the lowest level is the primitive action space as given by

__fAac pc pc Jjc pc pec osC o AC C
Q= {917027037 170F70R7UBlapTahT}'

These controllers output the primitive actions. The predefined discrete goals for the first layer are
given by the controllers in the second layer. Step-In Controller (SIC) and Step-Out Controller (SOC)
are part of second layer such that

Q2 = {Qvse, Qvusm, Qose, Qmc -

Controllers in €22 selects and give goals to €2,1. The top controller at third layer is the stepper con-
troller such that
Qur ={Qs1c,Qsoct-

The combined subtask space of the HRL controller is

Qu = {Qupc, Qvusm, Qesc, Quve, Qsic, Lsoc, Lsc }-

In Qp, all controllers except MBC and Stepper Controller (SC) are trained using DRL. SC and MBC
are simple controllers, which do not need any DRL and hence implemented programmatically. SC
does not have any goals, it just initiates either the SIC and SOC depending on the initiation conditions
Isic : mB < no and Isoc : B > Mo respectively. MBM gives a constant value for 0%, = 0.5 until
the commanded translation is reached.

The HRL controller is manually designed using domain knowledge and the controllers are trained
for first layer followed by the second layer, hence a bottom-to-top approach. The training of each
controller needs separate simulation environments as well as different DRL algorithms with different
parameters. The following subsections give the details of HRL controllers which are trained using
DRL and the corresponding training results.

6.5.1 ConNnTAaCT SwITCH CONTROLLER

The objective of CSCis to establish contact or maintain a predefined distance of the limb end-effectors
and the robot body with respect to the ground. The end-eftectors for the limbs are the wheels and ma-
nipulator tool. The robot starts at a random initial pose and tries to reach a pose that satisfies the
reference distances (goals), which are indirectly included in the observation states. Masked-PPO algo-
rithm is used to train the controller as the actions are discrete and has action mask. The parameters
used for training are given in Table 6.6. The simulation environment setup for the training was sim-
ilar to the environment except the obstacle height which is set to ho = 0.0. The design of CSC is
summarized in Table 6.1.
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Table 6.1: Summary of the controller design for CSC.

Goals dy ~ U(0.5,1.0) Body and end-effector distance to ground
(90sc) d$. ~ U(—1.0,+1.0) references
dS, ~ U(-1.0,+1.0)
d$ ~ U(—1.0,42.0)
Observations ¢iVi € {FL,FR,RL,RR} | Actualstabilizer joint positions
(Scse) ¢;Vi € {FL,FR,RL, RR} Actual stabilizer joint velocities
hr, pT, dT Actual TBP cylindrical coordinates
d%, d%, dg, dg Actual end-effector distances to ground
hne NESM value
Pitch rotation of robot body
Actions D(9 ) — { O 4,0.0,0.4} | Discretized command velocity of front
stabilizers
(Acsc) (9 ) — {—0.4,0.0,0.4} | Discretized command velocity of rear sta-
bilizers
D(hgw) — {—0.4,0.0,0.4} | Discretized cylindrical height velocity
command of TBP
Reward R(||d%],2.0,-0.2,0.0,1.0)+ | Body and end-effector distance to ground
(resc) R(||d%|l,2.0,—-0.2,0.0,1.0)+ | errors
R(||d5[], 2.0, —0.2, 0.0, 4.0)+
R(||d%]l,2.0,-0.2,0.0,1.5)+
R(||~nell; 1.0,—0.1,0.0,0.3)+ | Stability margin
R(||lrBpll,1.0,—0.1,0.0,0.2) | Robotbody pitch angle error
Successful (Ilds | < 0.1)A Distance to ground errors and pitch error
termination (ld%|l < 0.1)A in range
(Bé:sc) (ldl < 0.1
(Il < 0.1)
Failed t, > 70.0 Controller episode time limit
termination
(8sc)
Action masks M (¢%,0Fr,—0.83,0.29) Limit masks for all actions

M (G, 05, —0.77,0.27)
M, <hT ho, —2.0,3.0)

using U which is defined by

U(ly, 1)

= maz(U(l,1,),0.0)

The reference distances to the ground for the body, front-wheels, rear-wheels and manipulator tool are
denoted by d%, d%, d% and d7 respectively. The reference distances are the goals which are provided
to the controller. d% is sampled uniformly from a predefined range. The rest of the goals are sampled

(6.16)

to make sure that the non-negative reference values are set to 0.0, which represents contact with the
ground. This makes sure that there are similar chances of generating contact and non-contact ref-
erences. There is also a validity check which makes sure that the goals are reachable. The difterence
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e

between the reference and the actual values are the errors denoted by d%, d%, d% and d respectively.

The error values are part of the observation.

Other than the error values, the observations consist of stabilizer joint states, cylindrical TBP position,
NESM margin and body pitch. The joint states and TBP positions are relevant to know the current
state of the robot that are relevant for the controller. The stability margin A, and the body pitch
angles are part of the reward function.

The actions for CSC are the stabilizer joint velocity commands and the vertical velocity of the TBP.
In general the cylindrical velocity command (h%,, p5, ¢7) are converted to joint commands using the
auxiliary controllers by using Equation (6.15)

. T
@ = Tpx([n5 o5 05]"), (617)
where X is the transformation from cylindrical velocities to Cartesian velocities.

The main terms in the reward function are the error values which ensures that the goals are reached.
The other two factors make sure that good stability is maintained as well as the robot does not have too
high body pitch angle. All the factors are transformed using the function defined in Equation (6.14)
and added up to form the total reward.

The controller is initiated upon receiving a new goal and can terminate either upon success or failure.
Successful termination occurs when all reference errors fall within the specified tolerances, and the
body pitch angle is also within a defined threshold. Conversely, the episode termination is considered
a failure if the controller’s episode duration (%) is exceeded without reaching the goal.

The use of discrete actions makes it possible to include actions masks. In CSC action masks are used
only for reaching limits. If a joint or coordinate reaches a limit, the action which takes it further into
the limit is masked out. The mask limit function is given by

{re A, |x>0.0}, ifb<]
Mp(Ay, b0, 1) = S {x € Ay |2 < 0.0}, ifb>1, , (6.18)

Ay, otherwise

where A, is the set of all actions with velocity commands, b is the corresponding positions, /; and [,
are the lower and upper limits of b.

The discounted return during the training of mc5¢ is shown in Figure 6.7. The training was per-
formed for 2000 episodes and converged by around 600 episodes.

6.5.2 MoVE BASE AND MANIPULATOR CONTROLLER

One of the main features of ARTER is its ability to use the manipulator for locomotion. To overcome
obstacles, it is necessary to move the robot body using both wheels and manipulator simultaneously.
MBM achieves this by the synchronized movement of the manipulator and the wheels to ensure that
the robot body moves in the intended direction and no unnecessary internal stress is developed within
the mechanical elements of the vehicle. The design of MBM is summarized in Table 6.2.

The goal for MBM is the translational offset command (d 5,,) which is the distance that the robot
body should travel using both wheels and manipulator. During training, the goal is uniformly sampled
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Figure 6.7: Discounted return including the raw values as well as the rolling mean values during training of CSC.

Table 6.2: Summary of the controller design for MBM.

Goals dS; e ~ U(0.5,3.0) MBM translational offset command
(9mBM)
Observations dSrem MBM translational offset error
(SviBwm) dr Minimum distance of tool to ground
VWi Horizontal velocity of the robot com-
puted based on wheel angular velocities
prs PT Actual cylindrical radius and angle of
TBP
T Actual Cartesian velocity of the TBP
about X -axis of the robot
sy Longitudinal slip between end-effectors
Actions L(0%;,0.0,0.5) Commanded horizontal velocity of robot
(Arrar) L(p7,—1.0,+1.0) Commanded radial velocity for TBP
Rewards R(|ld5;5asl52.0,—0.5,0.0,1.0)+ | MBM-offset error
(rarBar) R(||s]l,2.0,—0.5,0.0,1.0) Longitudinal slip
Successful (ldSsgasll < 0.1) MBM-offset distance reached
termination
(B3sBr)
Unsuccessful (t, > 100.0)V Controller episode time limit
termination (dr > 0.1) Tool has lost contact with ground
(i)

from a predefined range. The actual value (daspar) is determined by the distance travelled by the

robot, starting from the position at the start of the episode, along the X -axis.

The observation states include the translational offset error (d,5,,) which incorporates both the

reference and actual values of translational offset. The TBP cylindrical radius and angle of gives in-

formation regarding the current pose of the manipulator. The longitudinal velocities due to wheels
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(vw) and due to manipulator (v7;) are both part of the observations, along with slip. Keeping slip to
zero ensure that the manipulator and wheels work synchronously. In general, slip is the relative mo-
tion between the end-effector and the actual motion of the vehicle. The longitudinal slip is defined
by

5= w’ (6.19)

UB

where vp is the longitudinal velocity of the vehicle, vg is the longitudinal velocity due to the end-
effector. The longitudinal axis is the X -axis in BCS.

In case of MBM, the motion is caused by both wheels and the manipulator end-effector. Apart from
the movement of both wheels and manipulator tool, the ground interaction of these end-effectors also
affects the slip. This is very subjective of the terrain type and the interaction properties. Hence, this
work considers only the relative slip between the two end-eftectors which is given by

s = w, (6.20)

Ywi
where vy is the expected longitudinal velocity of the vehicle based on wheel velocities, and vy is the
longitudinal velocity of the TBP, both expressed in BCS.

The actions for the controller are the horizontal velocity reference for drive control and the cylindrical
radial velocity for the TBP which goes as input to the manipulator Cartesian controller. Both these
values are continuous and are within predefined ranges.

The objective of reaching a translational offset without slip is reflected in the reward function which
contains both the translational offset error (d 5,,) and slip ratio (s;) as contributing factors.

Termination of the controller is successful if the translational offset is reached within a specified tol-
erance. On the other hand the controller fails if the episode time limit is reached or the tool looses
contact with the ground.
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Figure 6.8: Discounted return including the raw values as well as the rolling mean values during training of
MBM.
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The actions are continuous and hence SAC is used as the DRL algorithm and without any action
masks. The training of the controller was performed for 5000 episodes and the controller converges
within 1000 episodes as shown in Figure 6.8.

6.5.3 MoVE MANIPULATOR CONTROLLER

Table 6.3: Summary of the controller design for MMC.

Goals h§ ~ U(-3.0,4.0) References in cylindrical coordinates
(9mmc) pr ~ U(2.0,6.0)
5 ~ U(—0.1,3.3)
Observations | ¢;Vi € {FL,FR, RL, RR} | Actual manipulator joint positions
(Syvnve) hr, pr, OT Actual TBP cylindrical coordinates
hs, p%, o7 Reference TBP cylindrical coordinates
he, p7, % Error TBP cylindrical coordinates
qiVi € {FL,FR,RL, RR} | Actualstabilizer joint positions
dme Minimum distance of manipulator link
to collision with other robot links
Actions L(4§,—0.5,0.5) Velocity command for cabin joint
(Anrrc) L£(¢5,—1.0,1.0) Velocity command for boom joint
L(¢5,—1.0,1.0) Velocity command for dipper joint
L£(¢5,—1.0,1.0) Velocity command for telescope joint
Rewards R(||h5],2.0,—0.1,0.0,10.0) | Cylindrical coordinate errors and
(ryaec) R(||p51,2.0,—0.1,0.0,10.0) | manipulator collision
R(||6%]],2.0,—0.1,0.0,4.0)
R(dpme, 2.0, —0.7, 0.0, 2.0)
Successful (IIRZ] < 0.1)A Errors in cylindrical coordinates within
termination (lp7]l < 0.2)A limit
(Bisarc) (I3 < 0.1)
Unsuccessful to > 20.0 Controller episode time limit
termination
(Bararc)

The main objective of the MMC is to move the manipulator from one pose to another without self
collision. This necessary to move the manipulator to a pose where the other controllers can perform
their tasks. Traditionally, this is performed by the manipulator motion planners. In this work, due
to the kinematics of the manipulator, it is not necessary to include such complex solutions and hence
MMC is developed and trained. The design of MMC is summarized in Table 6.3.

The goals for MM C are the reference cylindrical coordinates of TBP (h7., p7, ¢7), which are also sam-
pled uniformly from a predefined range. The observation contains the actual values, reference values
(goals) and error of the cylindrical coordinates of TBP. The current joint positions of the manipulator
as well as the stabilizer joints of the legs are also included in the observation.

The reward function, in addition to the error in goals, also has a term to avoid collision. This term
penalizes the controller if there is collision with the manipulator or if it is too close. dy. is the closest
distance of any link in manipulator to the rest of the robot links. The termination is considered suc-
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cessful if the goal is reached within a predefined tolerance and time limit; otherwise, it is considered a
failed termination.
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Figure 6.9: Discounted return including the raw values as well as the rolling mean values during training of

MMC

The policy for MMC is pre-trained using a prior function which produces a proportional velocity
command based on the error in cylindrical coordinates. This command is given as input to manipu-
lator Cartesian controller. The pre-trained policy is then trained to obtain the final controller. The
performance of the final trained controller did not vary from the prior since most of the provided prior
trajectories from start to goal did not have any collision. The reward progress during the training is
shown in Figure 6.9. Nevertheless, the provided prior already gave satisfactory performance necessary
for the higher level controllers.

6.5.4 STEP-IN CONTROLLER
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Figure 6.10: The evolution of the reward during training of SIC where multiple jump in rewards are clearly
visible which shows the instances where the controller learns the goals for the subtasks. The training
of the controller took around 4000 episodes.
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Table 6.4: Summary of the controller design for SIC.

Observations Ap, Ay Obstacle height and width
(Ssrc) nB,No Normalized progress for robot and obsta-
cle relative to distance from SP to GP
NSEQ Normalized progress of sequence
0B Difference in normalized progress before
and after the execution of a subtask
q;Vi € {FL,FR,RL, RR} Actual stabilizer joint positions
hr, pT, dT Actual TBP cylindrical coordinates
d%, d%, d%, d5 Actual end-effector distances to ground
Actions D(gmBm) = {NaN,Gypum} | Discretized goals for MBM
(Asrc) D(gmBc) = {NaN,Guypc} | Discretized goals for MBC
D(gcsc) = {NaN,Gcsc} | Discretized goals for CSC
D(gmmc) = {NaN,Grymc} | Discretized goals for MMC
Rewards R(||0g],1.0,1.0,0.0,1.0) Progress made on execution of each sub-
(rsic) task
Successful ng > no Normalized progress reached the obstacle
termination
(Bsrc)
Unsuccessful (cro = 0.0)V Robot collide with obstacle
termination (nspg = 1.0)Vv Sequence finished
(BL,0) (=S(w1)) Failed subtask
Actions Mg sic(nseq) — {} Mask for trying a predefined sequence
masks Mesc(or) Mask for eliminating invalid CSC-goals

SIC is a second layer controller which initiates the controllers in the first layer with appropriate goals in
a sequence to reach the obstacle. SIC is initiated according to specific condition by SC. The objective
of SIC is to reach the middle of the obstacle from the start position. The design of the controller
is summarized in Table 6.4. The reward progression during training with Masked-PPO is shown in
Figure 6.10.

The observations of SIC contains terrain information including obstacle height and distance of obsta-
cle from start, which were not provided to any of the controllers in the first layer. Progress being made
between start and the goal as well as the progress made by a subtask is part of the observation. The
joint states of the stabilizer joints, cylindrical position of the TBP, distance of end-eftectors to ground
are also included in the observation to make the controller aware of the current state of the robot.
Additionally, the index of the subtask sequence which is the number of subtasks already executed in
the current episode is also included.

The actions are the goals to the controllers CSC, MBC, MBM and MMC in the first layer. Even if
these controllers are trained with continuous goals, SIC uses 12 discretized goals per controller and
NaN, which is to be used for disabling the controller. The reward is computed from the progress
made by each subtask. The controller terminates successfully if the robot progresses to the obstacle.
The controller fails if it collides with the obstacle which is determined by the distance between robot
links and obstacle (cro ). Exceeding the threshold for the index of sequence or any of the subtask failing
will fail SIC. S(w; ) returns T'rue on success of subtask wy. IAM is used by SIC to incorporate more
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domain knowledge. There are two masking functions, one to predefine the sequence and a second
one to give only valid commands to CSC. The sequence is predefined by

GumBM, ifng € {5}
MS S]C('I’LS) _ GMBC, lfns € {2’ 7} , (621)
’ Mesc(Gese, ¢r), ifns € {1,4,6}
Gummces ifng € {3}

where Mcsc(Gesc, ¢r) masks invalid actions in CSC such that only valid goals are given, depend-
ing on the direction of the manipulator.

6.5.5 STEP-OUuT CONTROLLER
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Figure 6.11: Discounted return including the raw values as well as the rolling mean values during training of
SOC. During training the rewards are maximized by 1000 episodes which is faster than SIC, even
though the number of steps in the sequence are the same.

SOC has an identical design except the initiation condition (n g > 1), termination condition (np >
1.0) and the predefined sequences (MBC, MMC, CSC, MBM, CSC, MMC and MBM). During
training the simulation of SOC is initialized with the pose of the robot at the end of successful runs
of SIC.

The objective of SOC is to move from the middle of the obstacle to the goal position of stepping.
The design is identical to SOC except the initiation condition (np > no), termination condition
(np > 1.0) and the predefined sequences. The subtask sequence is predefined to be

GumBM, itng € {4}
Mg soc(ns) = Garse, ifns € {1, 7}. (6.22)
’ Mesc(Gese, o), ifns € {3,5}
Gymmce, itng € {2,6}
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6.6 Implementation

Table 6.5: SAC parameters for MBM and MMC. The controllers were tuned manually and differences can be
seen in learning rate, discount factor and soft update coefficient. State dependent exploration is active

only for MBM.

MBM MMC
Policy network type MLP MLP
Actor network size [400,300] | [400,300]
Critic network size [400,300] | [400,300]
Learning rate (1) 73x107% | 3x 1074
Discount factor () 0.98 0.999
Soft update coefficient (1) 0.02 0.005
Temperature parameter (c) Auto Auto
Train frequency 256 256
Gradient steps 64 64
Initial value of log standard deviation | —3 -3
gSDE Active Inactive
Number of critics 2 2

Table 6.6: Masked-PPO parameters for CSC and SIC/SOC controllers which are tuned by hand. CSC has
bigger network size and lower learning rate. There are some minor differences in the discount factor,
clipping parameter and entropy coefficient.

Kee | SIC | sOC
Policy network type MLP MLP MLP
Actor network size [256, 256] [256] [256]
Critic network size [256, 256] [256] [256]
Network activation function ReLU ReLU ReLU
Learning rate (1)) 1.0x107° | 5.0 x 107% | 5.0 x 1074
Discount factor () 0.999 0.99 0.98
GAE trade-off bias vs variance (AgAE) 0.98 0.98 0.98
Clipping parameter 0.4 0.1 0.1
Entropy coefficient 0.0 0.01 0.01
Value function coefficient 0.4 0.4 0.5
Maximum value for the gradient clipping | 0.5 0.5 0.5

6.6 IMPLEMENTATION

All the training and testing is performed in simulation which is based on Bullet (Coumans 2015). The
MCS modules described in Chapter 4 uses ROS as the robot framework. The DRL algorithms SAC
and masked-PPO uses implementation from Raffin et al. 2019. The training is performed using a deep
learning computer with an AMD Ryzen Threadripper 3970X 32-Core processor and an Nvidia RTX
A6000 GPU.
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SIC Start

\
MBC
\

SIC Finish

Figure 6.12: An example stepping sequences of the SIC, depicted row-wise and from left to right. The subtasks
that are started are indicated between the screenshots.

6.7 CONTROLLER EVALUATION

The controller is successfully trained ' to traverse the three different types of stepping terrains. An illus-
trative example of a stepping sequence for the obstacle terrain is provided in Figures 6.12 and 6.13 for
SIC and SOC respectively. From the initial pose, the CSC is initiated with a goal that moves both the
front and rear wheels downwards, thereby increasing the clearance between the body and the ground.
Subsequently, the MBC directs the robot to move until the front wheels retains a slight offset relative
to the obstacle, followed by MMC which moves the manipulator outwards in order to reach the ini-
tial pose for CSC. In the next step, the CSC maneuvers the wheels upward while the TCP is moved
downwards, thereby elevating the front wheels to a height that surpasses that of the obstacle, while the
tool maintains contact with the ground. Subsequently, the MBM is executed in a synchronous man-
ner with the TCP and wheels, facilitating forward motion without slippage. Once the front wheels

"The video of the resulting stepping motions are shown in this link: https://drive.google.com/file/d/
1XOVHZDUECN-0E3vf3uMPn8UUAfVch-0F /view?usp=sharing&t=138.
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6.7 Controller Evaluation

SOC Start

SOC Finish

Figure 6.13: An example stepping sequences of the SOC, depicted row-wise and from left to right. The subtasks
that are started are indicated between the screenshots.

have traversed the obstacle with sufficient clearance, the CSC initiates a change in contact such that
the robot reverts to the drive pose. Upon completion of SIC, MBC maneuvers the robot until the
body has traversed the obstacle.

The SOC follows similar steps but the main difference being change in the direction of the manipula-
tor and executing MBM with different pose of the manipulator. Finally, SOC terminates the operation
with MBC, which drives the platform until the goal is reached. The SOC begins with MBC, which
propels the robot until the wheels are in proximity to the obstacle. Subsequently, the manipulator is
switched to a pose in which the TCP is situated on the rear side of the robot. At this point, CSC lifts
the rear legs with the tool and the front wheels are in contact with the ground. The MBM is executed
until the rear wheels cross the obstacle. MMC then moves the manipulator to a drive pose. Finally,
SOC terminates the operation with MBC, which drives the platform until the goal is reached.

In order to gain a deeper comprehension of the sequences that were acquired by the controller, the
goal sequences for SIC and SOC that were successfully executed during the evaluation phase have
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Figure 6.14: Subtask goal sequence and rewards for SIC during each step for all the successful runs during evalu-
ation. The upper plot illustrates the goals utilized by each subtask, with the subtasks differentiated
by color and the radius of the marker being proportional to the frequency of each goal. The bottom
plot depicts the reward obtained for each subtask in the sequence, along with the variance.

been illustrated in Figures 6.14 and 6.15, respectively. The upper plots illustrate the goals utilized by
each subtask, with the subtasks differentiated by color and the radius of the marker being proportional
to the frequency of each goal. The lines connecting the markers demonstrate the succession of goals
chosen. The lower plot depicts the reward obtained for each subtask in the sequence, along with the
variance.

The height of the obstacle is the main external factor that varies for each episode. The goals which
are mostly influenced by the varying obstacle height show more even distribution. The goals for the
subtasks MMC, CSC and CSC at sequence indices 2, 3 and 5 respectively shows this effect. The
obstacle height has a bigger influence on selection of goals in SIC than in SOC.

6.8 SUMMARY AND DISCUSSIONS

A HRL based controller with three level of subtasks is developed to address the complex task of step-
ping for a walking excavator by leveraging domain knowledge. Furthermore, the controller employs
IAM to mask actions that are detrimental or to rectify the selection sequence of the subtask. The
training of the subtasks is distilled to the selection of an appropriate goal for a given subtask. The in-
tegration of HRL and IAM results in the development of a controller that is capable of successfully
traversing three different types of obstacles within a simulated environment. The resulting motion and
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Figure 6.15: Subtask goal sequence and rewards for SOC during each step for all the successful runs during
evaluation. Here the last three sequence steps have more even distribution. But selection of these
goals are not influenced by the obstacle height, since the robot has already crossed the obstacle.

sequences are analogous to those that would be executed by an expert operator in real-world scenarios,
thereby rendering it a more suitable candidate for use as an assistance function.

The hierarchy comprises three levels of controllers, with the lowest level comprising CSC, MBM and
MMC, which are trained using RL. The controllers have distinct and particular objectives, which are
shaped by the structure of the reward function. The observation space and action space are also small,
which facilitates the training process and enhances its efficiency. The middle level of the hierarchy
comprises two similar controllers, SIC and SOC, which utilize the controllers in the lowest level but
have different predefined subtask sequences incorporated through IAM. The output of the middle
layer controllers is the discretized representation of the goals for the controller in the lower level. The
SC at the highest level merely initiates the middle-level controllers in accordance with the progress of
the robot in reaching the goal.

The main contribution of this chapter is the design of the controller for stepping by incorporating
domain knowledge during design and training using HRL and IAM. Such a design methodology
could help in developing solutions that are more robust and more relatable for humans. The work in
this chapter fulfills the objective O-4.
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CHAPTER 7

CONCLUSIONS, CONTRIBUTIONS AND OUTLOOK

This chapter concludes the thesis by summarizing the developed control strategies for hybrid loco-
motion robots and highlighting their contributions to advancing autonomous mobility in complex
terrains. It also outlines potential future research directions aimed at overcoming the current limita-
tions and extending the applicability of these methods to real-world scenarios.

7.1 CONCLUSIONS

Hybrid locomotion, which entails the integration of multiple modes of locomotion within a single
agent, confers a distinct advantage in environments characterized by challenging and evolving terrain.
It is inevitable that robots with such capabilities will be used in the future to perform tasks that are
either tedious or dangerous for humans. The control of locomotion in such systems presents a signifi-
cant challenge due to the unconventional modes available to the robot in the environment. This thesis
presents multiple locomotion control solutions for hybrid locomotion robots with varying morpholo-
gies.

The passive hybrid robot, Asguard, features a combination of wheeled and legged design, without the
addition of any additional degrees of freedom. This results in the creation of a robot that is capable of
traversing challenging terrain using simple control solutions typically employed for wheeled systems.
However, the potential of the different locomotion modes remains untapped. To enhance the effi-
ciency of locomotion and optimize the locomotive performance, cascaded position-velocity-torque
controllers were developed based on the wheel states. The torque controller employs the deflection of
the flexible coupling of the drive train to estimate the torque. The enhanced position control is em-
ployed to synchronize the motion of the wheels. Subsequently, various synchronization modes were
evaluated, demonstrating that the specific resistance exhibited characteristics that spanned the spec-
trum between those observed in legged and wheeled locomotion. The most efficient configuration is
achieved when the offset between the front and rear wheels is at its maximum, irrespective of the off-
set between the left and right wheels. The distinctive design also results in failures during point turns,
where the passive joint tends to flip due to the large lateral traction. An algorithmic solution was de-
veloped which employed specific synchronization of the wheels along with other motion sequences
to achieve better turning behavior.

The planetary rover, Sherpal'T, has a wheel-on-leg design, which has been developed with the objec-
tive of enabling adaptation to uneven terrain. A 6-DoF force-torque sensor is affixed to the central axis
of the wheel in order to quantify the interactions with the ground. A control framework, designated
Sherpal'T-MCS, was developed for the purpose of controlling the motion of the robot with numer-
ous degrees of freedom. The framework incorporates a multitude of features, including the capacity to
alter the footprint, autonomously adapt to terrain, regulate force levels, and perform driving and steer-
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ing operations, while maintaining a limitation on the required computational resources. Moreover,
distinct control modes are incorporated into the system to be deployed in accordance with the specific
demands of the traversed environment. The ground adaptation controller has been developed with
the objective of enabling the wheels to adapt to varying terrain, thereby maintaining contact with the
ground, distributing forces between the wheels, and maintaining the roll and pitch of the body at a de-
sired value. This is accomplished by transforming the vertical motion of the legs into control variables,
which are then regulated via a feedback loop. The efficacy of the controller in each of its operational
modes was evaluated in a laboratory setting. The findings indicated that the controllers were capable
of adapting to fluctuations in the terrain, even in the absence of sophisticated perception sensors.

ARTER is a robot with a wheel-on-leg configuration, equipped with an additional manipulator that
can be deployed as a leg. The configuration of the robot renders it particularly well-suited to deploy-
ment in extreme environments characterized by challenging terrain. The adaptation of wheels to ter-
rain, as well as the usage of the manipulator for the purposes of increasing traction and traversing
obstacles, are illustrative of the locomotive capabilities that are facilitated by such a morphology. The
design concept of Sherpal T-MCS was adapted and extended to develop the ARTER-MCS for the
control of motion during remote control and autonomous operations. The control framework com-
prises three layers, each of which implements a distinct functionality with varying degrees of com-
plexity. These layers also provide appropriate interfaces for external control of the operations. Subse-
quently, the framework was demonstrated to be effective in two distinct scenarios: barrel recovery and
soil sampling. In these cases, the focus was on remote control and autonomy, respectively.

In the context of driving with wheels on uneven terrain, it is expected that ARTER will demonstrate
the capacity to adapt to the terrain in an autonomous manner. Due to the absence of high-fidelity
contact force measurements, the utilization of terrain maps is indispensable. The terrain adaptation
controller must simultaneously address multiple primary objectives, including the maintenance of
stability, the avoidance of collisions and the maintenance of contact with the ground. Two additional
objectives are included to minimize the joint movements and to maintain the desired roll and pitch
angles, with the aim of improving the overall movements. Given the complexity of the problem, a
DRL approach was employed to train the controller. In addition to the aforementioned joint states
and stability margin, the observation states also included the distances of the robot chassis and wheels
to the ground. Additionally, the latent representation of the terrain height map constitutes another
component of the state, comprising a compressed form of the original data. The performance of con-
trollers that differ in terms of the number of dimensions in their latent space representations and the
inclusion of distance to ground states was evaluated through testing in simulation. The controller that
demonstrated the optimal balance between usability and performance was the one with a latent space
of sufficient dimension and, instead of utilizing contact distances, employed contact detection.

Stepping for ARTER represents a crucial locomotion mode, yet it is a highly intricate skill to master.
It necessitates the coordinated movement of multiple joints in a series of sequences to successfully
traverse an obstacle. The usage of DRL is challenging due to the considerable number of DoFs and
the lengthy sequences, which cannot be solely achieved through normal exploration. The developed
approach utilizes domain knowledge to inform and direct the design process through the utilization of
HRL, and to facilitate and support the training process through the use of JAM. The HRL controller
design comprises three layers of controllers, each of which is responsible for a specific, relatively simple
subtask. The lowest layer comprises four controllers, which output basic commands and accept goals
pertaining to the actions attempted by the controller. The second layer provides the goals, which are
achieved by the lowest-level controllers. The top layer controller then uses the second-layer controllers
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which are triggered based on initiation and termination conditions. IAM is used to predefine the
sequence of selection of controllers in the lowest layer by the second layer, reducing the effort during
training to selecting appropriate goals. The resulting controller achieved results similar to that of the
state-of-the-art solutions using less design and development effort. The same controller was trained
for three different terrain including gaps, steps and obstacles.

This thesis presents the development of controllers with varying control objectives and system and
application requirements for hybrid locomotion robots with differing morphologies. The solutions,
which range from bespoke robot solutions to learning-based solutions applicable to a class of robot,
can be selected based on the morphology of the system. This work enhanced the locomotion capa-
bilities of multiple hybrid locomotion robots by developing innovative solutions that leveraged the
available multiple locomotion modes. This enhancement of locomotion capabilities has the potential
to facilitate the deployment of robots in autonomous scenarios and applications that were previously
deemed unfeasible.

7.2 CONTRIBUTIONS

The thesis contributes to several aspects of locomotion control for hybrid locomotion robots, includ-
ing software framework, locomotion optimization and development of new control solutions. These
contributions and their corresponding objectives are listed below:

> Locomotion Optimization for a Passive Hybrid Locomotion Robot: Improved the effi-
ciency and effectiveness of different motions of the Asguard passive hybrid locomotion robot.

» Torque Estimator: Angular compression and extension of the flexible coupling in the
wheel drive train is used to estimate the torque applied by the motor using an extended
hysteresis model and a calibration process. The quadratic mean error in estimation of the
torque was found to be within 5 % of the maximum torque.

» Cascaded Position Controller (O-1a): The torque estimator is then used to implement
a cascaded position, velocity and torque controller to improve the tracking performance
of the wheels. The torque controller demonstrated an average accuracy of 93.7 %. The
overall controller showed a 56 % improvement in position tracking accuracy when com-
pared with the motor-side controller.

» Optimization of Longitudinal Motion (O-1b): Longitudinal movement of Asguard
is studied to find the optimum positional offset between the wheels for maximum effi-
ciency and reduced vibration. This created the possibility for front-rear offsets that are
unaffected by turning motion, resulting in low specific resistance and reduced vertical vi-
brations. The average specific resistance with full front-rear offset is up to 90 % lower
when compared to the worst-case.

» Improvement for Turning Motion (O-1c): Development of a new algorithmic solu-
tion to prevent the passive joint from flipping over during a turn, the effectiveness of point
turns is improved. The LOT controller successfully performed ten continuous turns un-
der circumstances where normal point-turns failed to achieve even one full turn.
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> Active Suspension Planetary Rover Control: Development of solutions and controllers for
locomotion control of Sherpal T with adaptable legs and force-torque sensors on wheels. This
contribution has been further successfully utilized in more than ten projects and three field test.

» Software Architecture for Control (O-2a): Design and implementation of a control
software architecture for controlling the locomotion, including steering, slip-free foot-
print changing and remote control.

» Ground Adaption Controller (O-3a): Development of controller to autonomously
maintain ground contact, distribute forces and maintain attitude on uneven ground by
using the adaptability of the legs. In comparison to when the controller is not activated,
the force variations were reduced by 80 % and the error in attitude angles, roll and pitch,
was reduced by 95 % and 93 %, respectively.

> Control Solutions for a Walking Excavator Robot: Development of locomotion control so-
lutions for the ARTER walking excavator robot which has several advanced locomotion modes
including terrain adaption, stepping over obstacles, etc.

» Software Architecture for Autonomy and Remote Control (O-2b): Remote control
and autonomous operations were integrated into a control software framework, which
was then tested in several realistic scenarios. The contribution of this thesis to this frame-
work includes the overall design and implementation of several modules. Several modules
are implemented by colleagues as part of the relevant project.

» Reinforcement Learning Controller for Terrain Adaption (O-3b): Multiple rein-
forcement learning based controllers for uneven terrain adaptation are developed, evalu-
ated and their performance compared. The controller design can be transferred to other
robots with adaptable suspension systems without the need to extensive redesign.

» Hierarchical Reinforcement Learning Controller for Stepping (O-4): Complex
problem of stepping, with its many joints and long sequences, is solved by reinforce-
ment learning, using hierarchical reinforcement learning and action masking. This de-
sign methodology, incorporating domain knowledge injection, enabled the generation of
stepping controllers for three distinct types of steps, obviating the necessity for explicit
modelling. This can be implemented for a new robot with minimal development effort.

7.3 PUBLICATIONS

The contributions in this thesis have been published in several international conferences, peer-reviewed
articles and journals, book chapters and other articles. The consolidated list is given below:

> International Conferences:

i Babu, A. and F. Kirchner (2025). “Stepping Locomotion for a Walking Excavator Robot Us-
ing Hierarchical Reinforcement Learning and Action Masking”. In: 2025 IEEE/RS] Interna-
tional Conference on Intelligent Robots and Systems (IROS 2025). 1EEE, Hangzhou, CHINA
(Accepted)
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1181. DOI: 16.1002/rob.21868. eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/rob.

21808

iv Joyeux, S., J. Schwendner, F. Kirchner, A. Babu, F. Grimminger, J. Machowinski, P. Paranhos,
and C. Gaudig (2011). “Intelligent Mobility”. K1 - Kéinstliche Intelligenz 25:2, pp.133-139. 1ssN:
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7.4 OUTLOOK

The following highlights the potential research directions for the future, which address the inadequa-
cies in the developed approaches and could further improve usability, performance and the domains
of application.

TRANSFERRING THE LEARNING-BASED SOLUTIONS TO REAL SYsTEM: The solutions for ter-
rain adaption and stepping locomotion for ARTER is currently trained and evaluated in simulation.
Transferring this to the real system is challenging mainly due to the simulation reality gap. Further re-
search is necessary to address this issue as the robot has complex non-linear dynamics and environment
interactions which are difficult to be explicitly modelled and the parameters identified. Active research
is being conducted to rectify this. Instead of fully modelling the dynamics of the system, it might also
suffice to match the performance of the joint level velocity controllers to train robust controllers.

The terrain shape and properties are also key to training a robust controller. Height maps of real ter-
rains can be sampled and using Generative Adversarial Networks (GAN) to generate realistic terrains
that the robot might encounter in real scenarios. Domain randomization of the interaction properties
could be yet another solution that could be explored.

SAFETY AND RoBUSTNESs OF DRL CONTROLLERS:  Safety and robustness of DRL are defined
in Yamagata and Santos-Rodriguez 2024 on the basis of other definitions available in literature. Safety
of learned policies ensures that the true objective is maintained and that the safety constraints are
always respected during both learning and deployment. Additionally, there should be a possibility
for humans to safely intervene at all times. Robustness primarily refers to the ability of the agent to
account for all the relevant uncertainties in the environment.

In general, controllers developed for linear systems are well understood and has safety and robustness
guarantees. For non-linear systems this has been ensured for numerous systems and controllers, at least
within predefined limits. In the case of DRL controllers that use Deep Neural Networks (DNN), there
are severe limitations with respect to safety and robustness.
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7.4 Outlook

Further research is necessary to develop methods to learn safe and robust controllers. Domain ran-
domization or adversarial training could make the controllers less sensitive to uncertainties and vari-
ations in environment, thereby improving the robustness. Constrained MDP or penalties in reward
function for unsafe behavior could make the training and deployment safer. Better safety guarantees
are possible for model-based DRL for systems where the dynamics are accurately modelled. Human
supervision using human-in-the-loop training and control gives the ability to guide the training and
intervene in cases of dangerous actions.

AvuTtomaTtic SUBTASK Di1scovERY: Thestepping controller for ARTER is based on Hierarchical
Deep Reinforcement Learning (HDRL) where the subtask hierarchy is designed by an expert. This is
cumbersome for more complex problems. Automatic subtask discovery is the process of finding the
hierarchical structure including the necessary observations, actions and rewards to achieve the high-
level goals. Apart from the structure, the sub-goals that are necessary for attaining the main goal can
also be automatically discovered. One of the aspects that promote the task discovery is the intrinsic
motivation which drives the agent to explore and thereby learning skills relevant for different tasks.

The ability to discover subtasks automatically has several benefits. Since the main task is decomposed
into a hierarchy of subtask which are less complex, the efficiency of learning improves. The subtasks
can then potentially be used to achieve goals of multiple high-level tasks making it more transferable.
These benefits are achieved without the need for manual design of the subtasks and the hierarchy.
Several methods have been developed to address these including options discovery, state-space cluster-
ing, intrinsic motivation, bottleneck discovery, etc. Further research is necessary to make this more
scalable, generalizable and tractable for multiple levels. Including guidance by humans could be more
effective and the agents learn safe and robust controllers.

SIMULTANEOUS TRAINING OF SUBTASKS: Another critical aspect of the training in hierarchical
reinforcementlearning is the training of the subtasks. In this work, the learning is performed separately
in a bottom-to-top approach in environments specifically designed for that particular task. The better
option would be if the training of subtasks could be carried concurrently for multiple subtasks. The
interaction and sharing of experiences could be used to improve the overall learning efficiency.

Nevertheless, this is challenging due to the non-stationary nature of the problem. During training the
low-level policies change and hence produces noisy transitions and uncertainty for the high-level poli-
cies. This results in stability problems for the high-level policies. Addressing this in further research
have the potential to reduce the effort and improve efficiency in training a hierarchy of policies.

LireLoNG LEARNING: The solutions presented in this work are trained in simulation and has the
potential to be deployed on real systems in real scenarios. Depending on the changes in the scenarios,
retraining can be triggered with the new environment and deployed again. The system, even though
acquires all the necessary data during deployment, lacks the ability to adapt and improve its skills over
alonger period of time. Lifelong learning for robots gives it the ability to use the knowledge it acquires
during deployment to continuously learn and adapt during its life span.

Research in several aspects including continuous and incremental learning, skill transfer, knowledge
retention, autonomous exploration to attain new skills, etc., is necessary to attain progress in this do-
main. A hybrid locomotion system already has multiple modes of locomotion to adapt to complex and
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varying terrain. This capability combined with the ability to perform lifelong learning could pave way
for intelligent and autonomous mobile robots of the future that can tackle challenging environment.

144



APPENDICES

A AsGUARD WHEEL HYSTERESIS
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Figure A.1: Torque hysteresis reference data and fitted data for front-left wheel

The torques applied by the wheels are measured in Section 2.3.2 based on the deflection between
the motor output shaft and the wheel which are connected using a flexible coupling. This deflection
of this coupling though shows hysteresis which is modelled using Bouc-Wen model as described in
Section 2.3.2. Additionally, the model and the details of estimation are described. The result for the
rear-right wheel is also presented in Figure 2.7. The results of calibration for the wheels front-left,
front-right and rear-left are shown in Figures A.1 to A.3 respectively.

Comparison of the estimation results show some differences in modelling performance between the
different wheels. The rear-right wheel has the measured values which are smoother with less noise and
hence model is able to better fit to the measurements. The other wheels show measurement that are
more noisy and in some cases not repeatable. This results in a fitting that is very accurate, especially
around the low torque and low deflection region.

Some discrepancies can be found in higher torque and deflection region where the curve for each
direction are different to each other. For example, in Figure A.1 while the lower curve in the deflection
range from 0.025 rad to 0.075 rad shows mostly linear properties, the curvature of the upper part
shows noticeably higher. Even though the accuracy is adequate for the control purposes, better models
for hysteresis are necessary to capture these dynamics more accurately.
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Figure A.2: Torque hysteresis reference data and fitted data for front-right wheel
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Figure A.3: Torque hysteresis reference data and fitted data for rear-left wheel
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B SHERPATT GROUND ADAPTION PROCESS STEP RESPONSE
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Figure B.1: Step response of GAP mean height (A, res) controller.

The GAP controller developed in Section 3.5.1 can automatically adjust the legged-wheels to adapt
to the changes in the ground. This ensures good ground contact and more even force distribution.
Additionally, it is also capable of maintaining desired roll and pitch angles with respect to gravity. The
controller was tested during motion in laboratory setup for which the results are presented in 3.5.3.

In addition to the experiments during motion, several experiments were conducted to evaluate the
step response for different commands on a flat ground. The initial state of the robot is such that the
robot legs are all in the same nominal pose where the z-coordinates of the legs are identical. Even
in this case on flat ground, the ground contact is not even due to several uncertainties in the system.
Different experiments were conducted for step responses for height, roll angle and pitch angles. An
experiment with simultaneously step input for all the three references was also conducted.

The results from the step response for the different controllers are plotted in Figures B.1 and B.2,
Figures B.3 and B.4. Each of these plots have three sub-plots. The top sub-plot shows the reference
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Figure B.2: Step response of GAP roll (6,-) controller.

values and the actual value, plotted against time. The error values for all the components are plotted
in the middle sub-plot. The total vertical motion for all the legs are plotted in the lowest sub-plot.

Figure B.1 shows the results of the step response to change the height reference. To obtain the step
response of mean-height (A, ), a reference value of 0.1 m was given for a time-period of 12.5s
initially. This is followed by a reference values of —0.1 m and back to 0.0 m at 22.5 s. The controllers
for cross-force, roll control and pitch control are activated simultaneous at the start of the step signal.
The results show that all the control values reaches steady-state within 5.0's of the start of the step
input. During the second step input from positive value to negative value, it takes 10.0s to reach the
steady state. Even though the roll and pitch errors are stable, there is small spike in the cross-force
error. The change in vertical offsets of the legs also show the variations that are necessary for each leg
to adjust to the uncertainties.

Similarly, step input of roll (6,-) and pitch (6})) controllers were also tested with references of 0.1 rad,
—0.1rad and 0.0rad at the time-periods 0.0's, 12.0s and 25.0 s respectively. The results for roll
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Figure B.3: Step response of GAP pitch (6,) controller.

and pitch are plotted in Figure B.2 and fig:app:GAP-performance-pitch respectively. All the control
values converge to steady state after 7.0s, 12.0s and 6.0 s of giving the step inputs. The vertical leg
positions are adapted automatically, such that depending on whether the input is for roll or pitch the
corresponding legs are adjusted. The step responses for roll and pitch show a small overshoot as well.

To evaluate the stability of the controller under extreme circumstances, simultaneous step inputs were
given for height, roll and pitch references. Under normal operating conditions, this is not expected to
happen where the change in terrain is mostly continuous, and the reference values are only expected
to change smoothly and continuously. Figure B.4 shows the step response of the controllers when
simultaneously commanded. The magnitudes of step for height are 0.1 m and £0.05 rad for roll
and pitch references. The roll and pitch values show overshoots, along with overshoots in the cross-
force values. Nevertheless, all the controllers values stabilize and reach steady-state with in 10.0s,
20.0sand 10.0's of start of the respective step signal.
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Figure B.4: Simultaneous step response of mean height (A, ref), roll (8,) and pitch (6,) controllers.
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C ARTER-MCS Low-LEVEL CONTROLLER DESIGN

The MCS of the ARTER robot which is described in Chapter 4 has different layers of control. The
middle and the higher layers which controls different aspects of the robot are detailed in Section 4.3.
The details of the lower-layer which controls the individual joints are described here, with the depic-
tion shown in Figure C.1.
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Figure C.1: Low-level control structure of ARTER showing the joint level controllers running on the PLC.
(Image source: (Babu et al. 2024))

The objective of the low-level control architecture is to have a unified design for control of the joints
such thatitencapsulates all the complexities and variations. The control of individual joints of ARTER
is complex due to multiple reasons: 1. Complex parallel kinematics, 2. Variation in placement of sen-
sors, 3. Multitude of control modes, 4. Different types of commands to actuators, and 5. Non-linearity
in hydraulic valve control. Every joint control is unique due to these reasons and considering the large
degrees of freedom of the robot, it is inevitable to have a common architecture unifying the control of
all the joints.

The parallel kinematics of joint are sometimes complex and differs from joint to joint. Additionally,
due to the constraints in mounting the joint encoders, it is not always possible to attach it to the joint
axis. The mounting location can be the joint axis, the actuator or an intermediate axis in the parallel
kinematic. This gives rise to three different control spaces: joint, actuator and sensor. The conversion
of the commands (position, velocity and effort) and states (position, velocity and force) between these
different spaces is necessary to facilitate accurate control of the joints.

The valves that control the actuators are either direction control valves or proportional flow control
valves. For the joints corresponding to the direction control valves, position and effort controls are
available. The joints with proportional control valves have an additional velocity control implemented.

The controller of the joints are all working in the actuator space and all variables in other spaces are con-
verted to the actuator space using the kinematics of the joint. The actuator mechanism with hydraulic
valve and actuators have very high non-linearity which cannot be accounted for by the classical PID
controllers. The main contributors for the non-linearities are the dead-zones and inherent non-linear
behavior of the hydraulic valves. The commands to the valves are hence linearized using lookup-tables
that map the desired velocities to the appropriate valve currents.
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The joint position or velocity sensors are processed further to account for multiple turns, velocity
estimation, filtering and outlier removal. The hydraulic pressures of either sides of the actuator cylin-
ders are measured using pressure sensors. These values then converted to the corresponding force or
torque measurements at the joint space using the cross-sectional area or each sides of the cylinder, and
the kinematics of the joint.

The low-level controller is implemented in a control PLC and communicates with the mid-level and
high-level control computer using User Datagram Protocol (UDP) messages. The sending and receiv-
ing of commands and states runs at 50 Hz and the control loop in the PLC run at 100 Hz. More
details about the control aspects can be found in Babu et al. 2024.
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D NORMALIZED ENERGY STABILITY MARGIN

A good stability margin which encapsulates all the necessary factors and provide a value representing
the stability of a mobile system is inevitable, especially if these systems operate on uneven and chal-
lenging terrain. NESM is one of the most effective and widely used stability margin for mobile robots,
which is introduced in Section 5.2.3. The potential energy necessary to destabilize a robot is given
by ESM. Normalizing ESM by the weight of the robot gives the NESM margin which is comparable
between different robots and configurations.

Vertical Axis

y ' Center of Mass
..(CoM)

Figure D.1: ESM illustration (Inspired by Figure 6.2 in Brunner 2015)

Computation necessary for computation of ESM is given in Figure D.1. The dash-dotted line con-
necting F7 and F5 is one of the edges of the support polygon formed by the ground contact points of
the robot limbs. The vertical plane, represented in green color, passes though the vertical axis and the
F F, line. E is the shortest vector from the line F7 F5 to the CoM. Vector E is obtained by rotating
the vector E about F; F; until it coincides with the vertical plane. The angle between E and E’ is 6.
The angle formed between E’ and the vertical axis is ¥ which is also the inclination of the support
polygon edge with respect to the horizontal plane. Using these, the minimum potential energy needed
to tip over the robot about the Fy F» polygon edge is given by

h = ||R||(1 — cos @) cos 5. (1)

The ESM is the minimum of all the computed potential energies corresponding to all the support

polygon edges. The NESM is obtained by dividing the ESM with the weight of the robot.

Different ESM values for ARTER with varying contact points, and hence varying support polygons
are shown in Figure D.2. The top image shows the scenario where the manipulator and all the four
wheels are in contact with the ground and hence forming a support polygon with five edges. The edge
between the front-right and rear-right wheels of the robot has the lowest margin and hence marked
in red color. The bottom left image shows the manipulator retracted and moved slightly towards the
right side of the robot resulting in further lowering of the stability margin on the right side. Moving
the manipulator to the left, as shown in the bottom right image, reduces the stability margin on the
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Figure D.2: Screenshots of ARTER visualization with different support polygons and poses of the manipulator
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to illustrate changes in ESM values.

left side and hence the ESM is caused by the support polygon edge between front-left and rear-left
wheels.
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Figure E.1: Network architecture of the linear autoencoder and Variational Autoencoder that are used in Chap-

ter S.
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GAP Ground Adaption Process

GCS Gravity Aligned Coordinate System
GNMS Gauss-Newton Multiple Shooting

GP Goal Point

GPI Generalized Proportional Integral

GPS Global Positioning System

GPU Graphics Processing Unit

GRL Guided Reinforcement Learning
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GUI Graphical User Interface

HDRL Hierarchical Deep Reinforcement Learning
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HRL Hierarchical Reinforcement Learning
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IAM Invalid Action Masking
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iLQR iterative Linear Quadratic Regulator
iLQR-GNMS(M) Closed Loop Gauss-Newton Multiple Shooting
IMU Inertial Measurement Unit

IR Infra-Red
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KL Kullback-Leibler

LAE Linear Autoencoder

LEP Leg End Point

LIDAR Light Detection and Ranging

LMPC Linear Model Predictive Control

LOT Load-Optimized Turning

LQR Linear Quadratic Regulator

LRO Left-Right Offset

MBC Move Base Controller

MBM Move Base and Manipulator Controller
MCS Motion Control System

MDP Markov Decision Process

MLP Multilayer Perceptron

MMC Move Manipulator Controller

MPC Model Predictive Control

MPPO Masked-Proximal Policy Optimization
NDESM Normalized Dynamic Energy Stability Margin
NESM Normalized Energy Stability Margin
NLP Nonlinear Programming

NMPC Nonlinear Model Predictive Control
OMPL Open Motion Planning Library

P Proportional

PI Proportional Integral

PID Proportional Integral Derivative

PIV Proportional Integral Velocity

PLC Programmable Logic Controller
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(GLOSSARY

DARPA Robotics Challenge
ROBDEKON
RQT

RViz

Robotics competition funded by the US Defense Advanced Research
Projects Agency (DARPA)

Competence center for development of robotic systems for decon-
tamination in hazardous environments. https://robdekon.de/en
Qt-based framework for GUI development for ROS. http://wiki.
ros.org/rqt

3D visualization tool for ROS. http://wiki.ros.org/rviz
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