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Controle non linéaire de robots sphériques non holonomes a des fins d’exploration spatiale
Aminata Ndeye Ndambao DIOUF

RESUME

Dans le cadre de la recherche scientifique et de 1’exploration de 1’inconnu, I’exploration spatiale
se démarque comme ’un des domaines les plus captivants et cruciaux de notre époque. Elle
fait appel a une gamme variée de véhicules spatiaux congus pour des missions et des objectifs
diversifiés. Parmi ces vehicules nous avons les rovers, des engins automatisés spécialement
congus pour se déplacer a la surface de planétes et de lunes. Des exemples notables de rovers
incluent le rover Curiosity sur Mars et le rover Perseverance.

Cependant, les rovers présentent des limitations intrinseques, telles qu’une vitesse de déplacement
tres lente, des environnements hostiles susceptibles de réduire leur durée de vie, une capacité
limitée a transporter des instruments scientifiques, ainsi que des terrains difficiles qui peuvent
entraver leurs déplacements.

Face a ces défis, les robots sphériques se présentent comme une alternative prometteuse pour
I’exploration spatiale. Ils se distinguent par leur capacité a combiner la vitesse, la résistance aux
collisions et I’efficacité, tout en nécessitant un nombre minimal d’actionneurs.

Il existe plusieurs types de robots sphériques, chacun se distinguant par sa méthode d’ac-
tionnement. Dans le cadre de cette étude, nous nous concentrons sur les robots sphériques
barycentriques (BSRs), qui se déplacent en ajustant leur centre de masse, en mettant particulie-
rement en lumiere ARIES, un robot sphérique a 2 degrés de liberté spécialement congu pour
I’exploration de cavernes sur la lune.

L'objectif de cette recherche réside dans la modélisation d’ARIES en utilisant la méthode de
Lagrange, en adoptant trois approches distinctes : une approche simplifiée, supposant que
les mouvements transversaux et longitudinaux sont indépendants, une approche complete,
sans simplification aucune et une approche visant la réduction de la dynamique du systeme.
Parallelement, nous explorons le controle d’ARIES en utilisant le controle par mode glissant,
tout en procédant a une validation par comparaison avec le contrdle par couple calculé. Nous
comparons aussi le mécanisme d’ARIES & celui d’un pendule double qui est plus courant dans
la littérature.

Les résultats obtenus révelent que le contrdle par mode glissant offre des performances
remarquables pour des systemes tels qu’ARIES. Parallelement, ils mettent en évidence que la
dynamique complete procure des performances supérieures comparé aux autres dynamiqges en
terme de précision.

Cette étude apporte une contribution significative a notre compréhension des robots sphériques,
de leur modélisation a leur controle. Ces résultats sont appelés a guider le développement futur
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de robots sphériques et a éclairer les choix de conception et de contrdle dans un large éventail
d’applications.

Mots-clés: robots spheriques, contrdle par mode glissant, Lagrange, modélisation dynamique,
réduction de la réticence



Nonlinear Control of Non-Holonomic Spherical Robots for Space Exploration
Aminata Ndeye Ndambao DIOUF

ABSTRACT

In the realm of scientific research and exploration of the unknown, space exploration stands out
as one of the most captivating and crucial fields of our time. Space exploration involves a diverse
range of spacecraft designed for various missions and objectives. Among these vehicles, rovers
are automated machines specifically designed to traverse the surfaces of planets and moons.
Notable examples of rovers include the Curiosity rover on Mars and the Perseverance rover.

However, rovers have inherent limitations, such as slow movement speed, exposure to hostile
environments that can reduce their lifespan, limited capacity for carrying scientific instruments,
and challenging terrains that can hinder their mobility.

In the face of these challenges, spherical robots emerge as a promising alternative for space
exploration. Their integration into the aerospace domain has become a significant focus over the
past decade. They stand out for their ability to combine speed, collision resistance, and efficiency
while requiring a minimal number of actuators.

There are several types of spherical robots, each distinguished by its method of actuation. In this
study, we focus on barycentric spherical robots (BSRs), which move by adjusting their center
of mass, with particular emphasis on ARIES, a 2-degree-of-freedom spherical robot specially
designed for lunar cave exploration.

The goal of this research lies in modeling ARIES using the Lagrange method, adopting three
distinct approaches : a simplified approach assuming independent transverse and longitudinal
movements, a complete approach without any simplifications, and an approach aimed at reducing
the system’s dynamics. Concurrently, we explore the control of ARIES using sliding mode
control, while validating it through comparison with computed torque control. We also compare
ARIES’ mechanism to that of a double pendulum, a more common concept in the literature.

The results reveal that sliding mode control offers remarkable performance for systems like
ARIES. Additionally, they highlight that the complete dynamics yield superior performance, even
though decoupled dynamics reduce the number of parameters and, consequently, computation
time.

This study makes a significant contribution to our understanding of spherical robots, spanning
from their modeling to their control. These findings are poised to guide the future development
of spherical robots and inform design and control choices across a wide range of applications.

Keywords: Spherical Robots, Sliding Mode Control, Lagrange, Dynamic Modeling Chattering
reduction
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INTRODUCTION

Au fil des décennies, I’exploration spatiale a été le vecteur par lequel I’humanité a poussé les
frontieres de sa compréhension et de sa technologie pour s’aventurer dans les régions les plus
reculées de I’espace, révélant ainsi les mysteres des mondes lointains, les phénomenes cosmiques
énigmatiques, et les secrets de notre propre planete, le tout sous un nouveau prisme : I’exploration
spatiale. Au cceur de cette exploration spatiale, la Lune, notre satellite naturel, occupe une place
particulierement importante. Récemment, elle a suscité un regain d’intérét avec le succes de la
mission chinoise Chang’e 4, qui a marqué le premier alunissage historique sur la face cachée de
la Lune en janvier 2019. La Lune elle-méme abrite des caractéristiques géologiques uniques
a sa surface, connues sous le nom de "puits lunaires". Ces puits lunaires, en plus d’étre des
énigmes géologiques fascinantes, offrent un potentiel extraordinaire pour la recherche spatiale,
car ils pourraient abriter des cavités souterraines qui pourraient servir de refuges pour les futurs

explorateurs lunaires ou révéler des découvertes scientifiques remarquables.

Cependant, ces cavités souterraines restent un mystere, et il est impératif de les explorer pour en
comprendre la nature et les opportunités qu’elles pourraient offrir. Les rovers traditionnels, bien
que remarquables, présentent des limitations en termes de taille, d’autonomie, et de capacité a
naviguer dans des terrains difficiles, ce qui rend leur utilisation dans de tels environnements

complexe.

C’est 1a qu’interviennent les robots sphériques. Leur conception unique les rend idéaux pour
I’exploration spatiale. Leur petite taille permet d’en envoyer un essaim pour contourner les
problemes d’autonomie. Ils sont protégés par une coque sphérique, ce qui garantit la sécurité de
leur mécanique et de leurs systeémes embarqués dans des environnements hostiles. Enfin, leur
capacité a se déplacer de maniere omnidirectionnelle les rend extrémement agiles, méme dans

des terrains difficiles. De plus, la plupart d’entre eux sont capables de transporter des charges



utiles significatives, telles que des lidars, des caméras, et d’autres capteurs, ce qui en fait des

outils précieux pour la recherche spatiale.

Dans ce contexte, est né le projet de conception d’un robot sphérique novateur, nommé ARIES
(Autonomous Robotic Intelligent Explorer Sphere), en réponse a un appel d’offres de I’Agence
Spatiale Européenne. ARIES se distingue par son joint cylindrique unique agissant comme un
pendule a I’intérieur de sa coque sphérique, une innovation protégée par un brevet. La finalité
du projet est d’avoir une flotte d’ARIES (six au total) capables de faire de la localisation ainsi
qu’une cartographie des cavernes. Cette flotte pourra étre deployé grace a un robot spécialement

congu pour cela. La figure 0.1 met en contexte le projet ainsi que son objectif.

Localisation et cartographie des cavernes sur la lune avec une flotte d’ARIES

—— —

N@

e » -
>
, O ‘
Déploiement des robots ARIES

a l'aide d’'un Bunker mini

Figure 0.1 Description du projet ARIES. L’image en arriere plan vient
du site de 1I’agence spatiale européenne : Lunar Caves exploration

Le premier robot sphérique a vu le jour en Finlande, a I’université d’Helsinki Halme, Schon-

berg & Wang (1996) en 1995. Sa conception visait a lui permettre d’évoluer dans des environne-



ments extrémes. Depuis lors, de nombreux chercheurs se sont penchés sur cette catégorie de
robots, qui se distinguent considérablement des robots conventionnels par leur forme et leur
mode de déplacement. Les robots sphériques, grace a leur coque protectrice de mécatronique,

sont particulierement adaptés a 1’exploration d’environnements hostiles.

Parmi les différents types de robots sphériques, le plus courant est le robot sphérique barycentrique,
qui utilise le déplacement de son centre de masse pour se mouvoir. D’autres exploitent la
conservation du moment angulaire grace a un volant d’inertie, par exemple, pour générer le
couple nécessaire au déplacement. Certains robots sphériques tirent parti des propriétés de leur

coque pour se déplacer.

La dynamique d’un robot sphérique peut sensiblement différer de celle des robots conventionnels
en raison de facteurs tels que sa forme sphérique, les interactions avec le sol, et la répartition de
la force ou du couple, qui influent tous sur son mouvement. Le développement d’un modele
dynamique précis s’avere donc €tre une étape cruciale avant d’aborder le contrdle de ces
systemes robotiques. Dans le cas d’ARIES, cette modélisation est complexifiée par la présence
de contraintes non holonomes, ce qui signifie que les mouvements transversaux et longitudinaux

du robot ne sont pas indépendants.

Pour mener a bien ce projet, nous avons réalisé une revue de littérature systématique, examinant
les différentes conceptions de robots sphériques, les méthodes de modélisation et de contrdle
employées. Bien que la méthode de Lagrange soit la plus couramment utilisée, d’autres approches,
telles que les méthodes de Newton, de Kane, et I’identification des systeémes, présentent chacune
leurs avantages et inconvénients. Cette analyse a également permis d’identifier divers défis liés
aux robots sphériques, notamment les limitations liées a leurs points de contact, I'intégration de
capteurs supplémentaires, 1’évitement d’obstacles, et le contrdle de systemes non holonomes.
Parmi les 33 méthodes de controle recensées pour les robots sphériques, le controle par mode

glissant s’est révélé Etre le plus performant et le plus largement utilisé. Ces conclusions nous



ont conduit a sélectionner la méthode de modélisation et de controle pour ARIES, utilisant la
méthode de Lagrange et un contrdle par mode glissant avancé comme dans Mozayan, Saad,

Vahedi, Fortin-Blanchette & Soltani (2016).

Pour confirmer la validité du modele et du choix du contrdleur, nous avons procédé a une série
de simulations a 1’aide de Simulink. Les résultats obtenus ont confirmé I’efficacité du controleur

en termes de robustesse, de précision et d’efficacité énergétique.

Ce mémoire est organisé en plusieurs chapitres pour présenter de maniere méthodique les
résultats de la recherche. Il commence par le chapitre 1, qui expose les outils et les méthodes
qui ont été utilisés tout au long de I’étude. Ensuite, le chapitre 2 plonge dans une revue de
la littérature approfondie, se penchant sur la conception et le controle des robots sphériques.
Cette revue de la littérature permet d’examiner 1’état actuel de la recherche dans ce domaine,
offrant ainsi un contexte essentiel pour la compréhension des travaux réalisés. Le chapitre 3
constitue le cceur de la these, se consacrant a la modélisation dynamique et au contrdle du robot
sphérique ARIES. Ce chapitre explore divers modeles et modes d’actionnement, éclairant ainsi
les choix effectués pour la conception et le contrdle d’ARIES. Enfin, la conclusion, synthétise les
principales conclusions et découvertes de la recherche. Elle offre également des suggestions pour
des pistes de recherche futures, mettant en évidence les domaines ot des améliorations et des
développements ultérieurs pourraient €tre nécessaires pour faire progresser la compréhension

des robots sphériques et leur utilisation dans 1’exploration spatiale et d’autres applications.



CHAPITRE 1

METHODOLOGIE

1.1 Etapes de la Recherche

Pour mener a bien cette recherche, nous avons suivi une série d’étapes. Tout d’abord, nous
avons identifié le probleme en effectuant un examen approfondi des robots sphériques existants
similaires a ARIES. Ensuite, nous avons fait une acquisition des connaissances grace a une
revue de la littérature systématique sur les conceptions et le controle des robots sphériques. Ces
informations ont servi de base pour formuler nos questions de recherche et nos objectifs. Nous

avons ensuite évalué ces questions de recherche et objectifs a 1’aide de simulations sur Simulink.

1.1.1 Identification du Probléme

ARIES utilise un mécanisme de propulsion distinctif. Elle est constitué d’une coque sphérique
contenant un mécanisme cylindrique actionné se comportant comme un pendule. Ce mecanisme
est décrit dans Belzile & St-Onge (2022b). Les articulations actionnées cylindriques sont des
mécanismes avec deux degrés de liberté (rotation et translation autour du méme axe). Inspiré
par des travaux antérieurs, ARIES utilise deux moteurs rotatifs identiques et integre deux vis
a filetage (une a droite et une a gauche). Les moteurs se déplacent a I’intérieur de la coque
sphérique en suivant 1’axe de roulis du robot. La sortie de ce mécanisme génere a la fois la
rotation pour faire rouler la sphere et la translation pour orienter les poulies sur un méme plan.
Les deux moteurs tournent a la méme vitesse dans la méme direction, créant une rotation pure
vers 1’avant, tandis que s’ils tournent en sens inverse a la méme vitesse, une translation pure se
produit avec une bascule de la sphere dans le plan orthogonal. Cette conception offre une variété
de mouvements cylindriques en combinant ces deux mouvements de base. Le mécanisme est

représenté a la figure 1.1

Etant donné cette configuration exceptionnelle, il n’existe aucun modele dynamique établi ni de

stratégie de controle pour les robots sphériques dotés d’un mécanisme interne similaire. Par



Figure 1.1 Mécanisme d’actionnement d’ARIES

conséquent, cette recherche vise a établir un modele dynamique fondamental pour les robots
sphériques partageant des dynamiques similaires et a développer une stratégie de controle
efficace adaptée a ces robots. De plus, il convient de noter que de nombreuses études antérieures
sur les robots sphériques ont adopté une approche simplifiée, en supposant 1’indépendance des
mouvements transversaux et longitudinaux, ce qui simplifie le modele. Par conséquent, il est
nécessaire de mener des recherches impliquant a la fois des modeles simplifiés et non simplifiés

d’ARIES pour faciliter une comparaison significative des modeles dérivés.

1.1.2 Acquisition de Connaissances

Pendant cette phase, nous avons réalisé une revue approfondie de la littérature existante sur
les robots sphériques, couvrant tout, de leur conception et de leurs stratégies de contrdle a
la modélisation dynamique. Cette recherche nous a permis d’acquérir une compréhension
approfondie de I’état actuel de la technologie des robots sphériques. Nous avons appris diverses

conceptions utilisées dans les robots sphériques et les méthodes employées pour les contrdler.



De plus, nous avons recueilli des informations sur les caractéristiques importantes de ces robots,

telles que leur masse, leur taille, ainsi que les capteurs et les actionneurs qu’ils utilisent.

Notre revue de la littérature a également exploré les différentes approches utilisées pour modéliser
ces robots, notamment la méthodes de Lagrange, de Newton-Euler, 1a méthode de Kane et les
techniques d’identification de systeme. De plus, nous avons identifié et exploré les différents

défis associés a cette technologie.

1.1.3 Objectifs de Recherche et Validation

Les principaux objectifs de cette recherche englobent le développement de stratégies de controle
robustes pour la modélisation et le controle d’ARIES, tout en réalisant une analyse comparative
entre trois approches de modélisation dynamique distinctes : ladynamique complete,la dynamique
découplée et la dynamique réduite. Pour atteindre ces objectifs de recherche, nous nous sommes
appuy€s sur les informations tirées de notre revue de la littérature systématique, qui a indiqué
que le contrdle en mode glissant surpassait systématiquement d’autres méthodes selon divers
criteres, comme discuté dans le chapitre suivant. La validation des modeles dynamiques et des

stratégies de controle implique des simulations approfondies réalisées dans Simulink.

1.2 Structure du mémoire et Contributions

Ce mémoire basée sur des articles est organisée comme suit :

* Chapitre 2, intitulé Spherical Rolling Robots—Design, Modeling, and Control : A Sys-
tematic Literature Review, a été soumis au journal Robotics and Autonomous Systems. Ce
chapitre fournit une analyse approfondie de I’état actuel de 1’art en matiere de conception et

de contrdle des robots sphériques. Les crédits d’auteur sont répartis comme suit :

- Aminata Diouf : Responsable de la section sur le contrdle, recherche de publications,
sélection, extraction de données, analyse et rédaction.
- Bruno Belzile : Axé sur les aspects de la conception, extraction de données, analyse,

rédaction et révision.



- David St-Onge, Maarouf Saad : ont fourni des orientations, examiné le travail et

contribué a la révision.

* Chapitre 3, qui traite de la modélisation et du controle d’ARIES, est intitulé Modeling and
control of a pendulum-driven spherical robot using sliding mode control. Ce chapitre a été
soumis a The Journal of Dynamic Systems, Measurement, and Control et fournit les étapes de
la modélisation et du controle d’ARIES ainsi qu'une comparaison des différentes méthodes
de modélisation mentionnées ci-dessus et une validation des modeles. Les crédits d’auteur

pour ce chapitre sont attribués comme suit :

- Aminata DIOUF : Responsable de la modélisation, de la programmation, des simulations,
des expériences et de la rédaction.
- David St-Onge, Maarouf Saad : ont offert des orientations sur la modélisation et le

contrOle, participé a I’examen et contribué a la rédaction.

Enfin, le mémoire se conclura par une secion de conclusion, fournissant un apercu de la recherche,
résumant les résultats, mettant en évidence les limitations et offrant des recommandations pour

les travaux futurs.



CHAPITRE 2

SPHERICAL ROLLING ROBOTS—DESIGN, MODELING, AND CONTROL: A
SYSTEMATIC LITERATURE REVIEW

Aminata Diouf! , Bruno Belzile! , David St-Onge' , Maarouf Saad?
IDepartment of Mechanical Engineering, Ecole de technologie supérieure,
1100 Notre-Dame Ouest, Montréal, Québec, Canada H3C 1K3

2 Department of Electrical Engineering, Ecole de technologie supérieure,
1100 Notre-Dame Ouest, Montréal, Québec, Canada H3C 1K3

Article submitted in the journal "Robotics and Autonomous Systems" in June 2023.

2.1 Abstract

Spherical robots have garnered increasing interest for their applications in exploration, tunnel
inspection, and extraterrestrial missions. Diverse designs have emerged, including barycentric
configurations, pendulum-based mechanisms, etc. In addition, a wide spectrum of control
strategies has been proposed, ranging from traditional PID approaches to cutting-edge neural
networks. Our systematic review aims to comprehensively identify and categorize locomotion
systems and control schemes employed by spherical robots, spanning the years 1996 to 2023. A
meticulous search across five databases yielded a dataset of 3189 records. As a result of our
exhaustive analysis, we identified a collection of novel designs and control strategies. Leveraging
the insights garnered, we provide valuable recommendations for optimizing the design and
control aspects of spherical robots, supporting both novel design endeavors and the advancement
of field deployments. Furthermore, we illuminate key research directions that hold the potential

to unlock the full capabilities of spherical robots.

Keywords : Spherical robots, design, control strategies

2.2 Introduction

Spherical rolling robots (SRRs) are a fascinating category of robots characterized by their

ability to move by rolling on themselves, owing to their unique spherical shape. However,
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beneath this seemingly simple concept lies a plethora of sophisticated mechanisms and control
strategies that enable such motion. Nearly three decades ago, NASA introduced the idea of
“Beach-Ball” Robotic Rovers! for planetary exploration, igniting the exploration of various
systems in this domain. Notably, the Rollo, designed in 1996 at Finland’s Helsinki University
of Technology Halme et al. (1996), stands as one of the pioneering spherical robots aimed at
operating in hostile environments. The inherent protective nature of their spherical shell renders
them well-suited for challenging terrains, safeguarding sensitive mechatronics, including sensors
and actuators. Consequently, their applications extend to underwater exploration Lin & Guo
(2012), surveys of dusty construction sites, tracking crop yields in muddy fields, and even missions
in extreme environments such as the moon, Mars, and beyond Kalita, Gholap & Thangavelautham
(2020); Rachavelpula (2021). Furthermore, spherical robots have also found utility in educational
and therapeutic contexts, particularly for children with developmental disorders Mizumura,
Ishibashi, Yamada, Takanishi & Ishii (2018); a market targeted by one of the only companies

manufacturing primarily spherical robots, Sphero.

Over the years, numerous researchers and companies have proposed diverse designs, dynamic
models, and control strategies for spherical rolling robots. While previous reviews exist in
the literature, they fail to encapsulate the latest advancements in this field. For instance, a
comprehensive examination of rolling in robotics Armour & Vincent (2006a) delves into earlier
designs of SRRs, while another review Chase & Pandya (2012) focuses primarily on the different
actuation mechanisms specific to spherical robots. However, since the publication of these
reviews, several novel designs have emerged, necessitating an updated analysis (see Fig. 2.1).
Although a recent review covered control algorithms Karavaev, Mamaev, Kilin & Pivovarova
(2020), it provided limited detail on the employed control strategies due to its concise nature as
a conference paper and failed to provide a holistic understanding of both mechanical and control

aspects of these robots.

Figure 2.1 shows the trend in publication over the period covered in this review (1996-2023)

for both mechanical design and control strategies. Since 2010, an increase in interest in SRR

I https ://ntrs.nasa.gov/citations/19950070425
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Figure 2.1 Number of publications each year on the design of
SRR (blue) and their control strategies (red). The vertical lines
highlight key events in the recent SRR history : the previous
literature reviews from Armour (2006) and Chase (2012), the
release of Sphero’s first product (2011), and the first
appearance of BB-8 in Star Wars movies (2015).

is observable. A common misconception is to grant this popularity to the public apparition of
BB-8, a fictional spherical robot from the Star Wars movie franchise. However, we observe that
the trend had started before that, potentially inspiring the filmmakers. We can also observe that

Sphero’s first product release is right at the start of that new trend, around 2011.

Spherical robots feature a range of internal mechanisms that enable their movement, broadly
categorized into three main groups : barycenter offset (BCO), shell transformation, and conser-
vation of angular momentum (CoAM). Barycentric spherical robots (BSRs) manipulate the
center of mass to achieve desired motion, exemplified by wheeled mechanisms within a spherical
shell or popular pendulum-driven spherical robots. However, the torque capability of BSRs is
constrained as the center of gravity cannot be shifted beyond the shell. This limitation can be

circumvented through the utilization of control moment gyroscopes (CoAM). Conversely, shell
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transformation, a less prevalent method, involves deforming the outer body of the robot using

wind, air, or water to induce movement Chase & Pandya (2012).

The highly nonlinear and non-holonomic nature of spherical robots presents significant challenges
in their control. Consequently, various control methods have been proposed in the literature.
They most often are designed to be fully autonomous with only a few designed for teleoperation,
to the extent of using brain interfaces Volosyak & Schmidt (2019); Guan et al. (2020). When
designed for autonomy, the majority of control strategies can be achieved through nonlinear
methods or local linear approximations of the system. This review will show the proportion,
advantages, and disadvantages of the control strategies found in the literature of SRR, after

assessing the underlying dynamic model differences.

In light of the aforementioned landscape, this paper aims to present a systematic review of
spherical rolling robots, encompassing the wide range of actuation mechanisms and control
strategies implemented in this domain. Through comprehensive data gathering and analysis, the
review will shed light on research opportunities and identify blind spots. It is important to note that
the scope of this review is limited to robotic systems utilizing their spherical shell for locomotion,
as opposed to robots with a spherical shape but employing limbs. Notably, this distinction arises
in numerous publications concerning amphibious and underwater spherical robots, where water
jets or propellers are utilized in aquatic environments while limbs are employed on land Xing
et al. (2020). Furthermore, this review focuses solely on active locomotion, excluding spherical
robots that rely on external forces, exemplified by the NASA/JPL Tumbleweed polar rover Behar,
Carsey, Matthews & Jones (2004).

The paper is structured as follows : Section 2.3 details our methodology, inspired by PRISMA,
then Section 2.4 presents the extracted designs, categorized and compared, followed by Section 2.5
describing all the control strategies found in our analysis. Finally, in Section 2.7, we shed light

on potential research opportunities and challenges that may unlock the full potential of SRR.
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Tableau 2.1 Keywords prompt designed for each database of this literature review

Database Keywords prompt
Compendex (((((design OR control OR command) WN ALL) AND (("spherical
Robot*" OR “spherical roll* robot*") WN ALL))) AND (english

WN LA))
Web of | (( (design OR control OR command ) AND ( “spheric* Robot*"
Science OR “spheric* roll* robot*" ) )) Timespan : All years. Databases :

WOS, CCC, DIIDW, KJD, MEDLINE, RSCI, SCIELO. Search
language=Auto
Science  Di- | (Design OR Control OR Command) AND (*“spherical Robot” OR

rect “spherical Robots" OR “spherical rolling robot” OR “spherical
rolling robots")
Scopus TITLE-ABS-KEY ( ( ( design OR control OR command ) AND (

“spheric* Robot*" OR “spheric* roll* robot*" ) ) ) AND ( LIMIT-TO
(LANGUAGE , “English" ) )
ProQuest ( (design OR control OR command ) AND ( “spheric* Robot*"
OR “spheric* roll* robot*" ) )

2.3 Methodology

To ensure the utmost rigor and credibility of our analysis and results, we conducted a literature
review following the guidelines of the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) framework Page er al. (2021). Although initially developed for
medical and pharmaceutical meta-studies, PRISMA has gained traction and served as a valuable
reference for various fields in recent years. In adherence to this framework, our methodology
adhered to a comprehensive 27-item checklist encompassing key aspects such as methods,

results, and discussions.

2.3.1 Publication search and screening

Our study encompassed all research pertaining to spherical robots, irrespective of publication
year, with the caveat that the database content before 1995 is limited. Additionally, we limited
our search to English and French publications. To compile our dataset, we performed thorough

searches across five information sources : ProQuest, Science Direct, Web of Science, Engineering
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Village, and Scopus. Employing keywords such as "design," "control," "spherical robots," and
"rolling," we identified a total of 3189 records. Subsequently, through a stringent screening
process, we excluded records that did not meet the predefined inclusion criteria. As a result, our
study included 126 papers concerning control strategies and 280 papers addressing locomotion

mechanism design.

During the eligibility assessment, we considered whether the spherical form was an integral aspect
of the movement generation, thereby excluding papers where robots relied on external forces
for propulsion. This criterion ensured a focused review solely on spherical robots employing
their spherical shell for locomotion. To maintain an up-to-date and comprehensive analysis, we

encompassed publications from 1996 (no records available before that) up until April 2023.

For each information source, the datasets utilized are presented in Tab. 2.1, providing transparency
and facilitating the replicability of our search process. The study included 126 papers on control
strategies for spherical robots after screening and sorting through 3189 papers obtained from
various databases. The process from the start of the research to the inclusion of the 126 records

is summarized in Fig. 2.2. An identical process was applied to the mechanism design topics.

2.3.2 Data extraction

The included records were exported into software for systematic literature review, which allowed
for screening and data extraction. A 7-item form was created for data extraction, including
questions about the control strategy used, the objectives of the control method, the outcomes
of the method, the driving mechanism of the spherical robot, and whether a simulation or
experiment was performed to verify the control strategy :

1. Which control strategy is used in the paper ?

2. Which dynamic modeling technique is used in the paper ?

3.  What are the objectives of the control method ?

4. What are the outcomes of the method ?
5

What is the driving mechanism of the spherical robot in the study ?
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Identification of studies via databases
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The papers were not published (arxiv :n=4)
Reports assessed for eligibility The spherical form is not an integral part of the
(n=165) movement generation (n=19)
The robots are using outer forces tumbleweed
robots (n=4)
Amphibious robots are studied in the papers (n=12)
3 Studies included in review
El (n=126)
o
=

Figure 2.2 PRISMA 2020 flow diagram for new systematic reviews
which included searches of databases

6. What sensors have been used or considered ?

7. Is a simulation or an experiment performed to verify the control strategy ?

Data extraction has been achieved in a redundant manner, in parallel by the first two authors.

The presentation and analysis of the content extracted are covered in sections 2.4 and 2.5.

233 Bibliometric analysis of the keywords

To analyze the relationship between keywords, references from various databases were imported
into VosViewer van Eck & Waltman (2017), which generated a keyword network. The final
analysis included keywords that occurred more than 20 times in the papers, and 57 keywords
met this threshold. Keywords with a total link strength of less than 600 were excluded from the

analysis. The link strength is the strength of the relationship between the different nodes. The
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most frequent keywords were "design," "spherical robots," and "control," with total occurrences
of 2220, 1841, and 1643, respectively. The size of the node indicated the frequency of a keyword,
while the curves represented the co-occurrence of keywords in the same publication. The distance
between two nodes determined the number of co-occurrences. The shorter that distance is, the
larger the number of co-occurrences will be van Eck & Waltman (2017). Figure 2.3 shows the
different interactions between keywords. The analysis showed that there were more papers on the
design of a spherical robot than on its control, and sliding mode control and PID were the most
commonly used control strategies. The distance from the spherical robot node to the control
and from the spherical robot to the design is the same as from control to design. Therefore, we

can conclude that several papers address both control and design aspects, which reinforces the

importance of conducting a holistic literature review like this one.

d‘n

per@ilum

Spher@ robot

sliding made control

Figure 2.3 Co-occurrence analysis of the main keywords
found in the publications. Made with VOSviewer
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24 Locomotion, Design and Actuation

Our first pass on the large literature gathered focuses on their different actuation mechanisms,
which will in turn define the type of system and the control variables. As shown in Fig. 2.4, the
number of publications, at least partially addressing the design of the actuation mechanism of an

SRR, increased significantly over the last two decades.

30
=== total
- BSR
25 CoAM
=== deformable
20

publications
&

—
o
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Figure 2.4 Number of included publications addressing the
design of an SRR (some may appear in more than one
category, having multiple driving systems)

As mentioned above, their locomotion systems can be summarized in three broad categories :
1. barycentric;
2. conservation of the angular momentum

3. shell deformation.

Considering these categories, the papers identified and their corresponding devices were classified
in Fig. 2.5. Since an SRR can be actuated with more than one mechanism or with a system fitting

in more than one of the above three categories, the sum of robots listed in this figure is higher
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than the total number of papers addressing the design of the driving mechanism. It should be
noted that the BSR category was separated into subcategories in Fig. 2.5, since it is the most

common type, by far. Moreover, colors used in Fig. 2.4 correspond to those of Fig. 2.5.
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Figure 2.5 Number of design publications sorted by types of
mechanism (robots with more than one actuation mechanism
are counted more than once), purple for BSRs, blue for others

24.1 Nonholonomic motion with SRRs

Holonomic and nonholonomic motion are concepts that are frequently mentioned when it comes
to mobile robots. Basically, a nonholonomic mobile robot’s state depends on the path taken to
reach it. In this case, the velocity constraint defining its motion is non-integral, for instance with
“rolling without slipping condition” with wheels as they cannot slide sideways. Fundamentally,
with SRRs, the spherical shape of the shell makes it capable of holonomic motion, as it can roll in
any direction. However, this is typically no longer the case when we consider the internal driving
mechanism. Indeed, most cannot make their external shell roll in any direction, particularly

about their vertical axis. As stated by Chase and Pandya Chase & Pandya (2012), for “true
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holonomy, the research challenge becomes developing an internal driving mechanism that can
provide omnidirectional output torque to a sphere that can arbitrarily rotate around it, regardless
of the orientation of either the sphere or the drive mechanism.” This thus requires an internal
driving mechanism capable of moving in three dimensions independently from the spherical
shell. According to our review, this is not the case in the overwhelming majority of SSRs, with
rare exceptions, which is probably motivated by the fact that holonomic motion is not necessarily

needed for most situations, as it is for a car.

24.2 Barycentric

By far the most common type of spherical robots according to our assessment, as shown in
Fig. 2.5, barycentric spherical robots (BSRs) are driven by a displacement of their center of
mass (CoM). Indeed, by destabilizing the system by moving the CoM away from its point of
lowest potential energy (typically directly underneath the center of rotation (CoR) of the sphere),
the shell starts rolling. BSRs can be classified into several subcategories :

1. pendulum-based;

2. IDU;

3. sliding masses.

24.2.1 Pendulum-based

Among BSRs, pendulum-based BSRs are the most popular designs. The pendulum typically,
but not necessarily, rotates about a shaft passing through the center of the sphere. For a robot
to be able to move in more than one direction, at least two DoFs are needed. This can be
done with a 2-DoF pendulum, which can rotate in two directions. Otherwise, more than one
pendulum can be used. For instance, on the one hand, Li et al. Li, Deng & Liu (2009) and Zhao
et al. Zhao, Li, Yu, Hu & Sun (2010) proposed BSRs with two, while on the other hand, Dejong
et al. DeJong, Karadogan, Yelamarthi & Hasbany (2017), four, to increase their maneuverability.
This is obviously done at the expense of more complex control schemes. Moreover, multiple

pendulums do not need to be fully independent of each other. For instance, Asiri et al. Asiri,
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Khademianzadeh, Monadjemi & Moallem (2019) added a second, smaller pendulum orthogonal
to the main pendulum rotating about their spherical shell’s main axis. Otherwise, to steer its
single-pendulum BSR, Schroll Schroll (2009) designed and patented a differential mechanism
to tilt the bob in a direction orthogonal to the rolling motion. While the main axle (passing
through the center of the sphere with both extremities rigidly attached to the spherical shell) is
usually used as the axis of the pendulum(s), it is not always the case, as demonstrated by Zhao et
al. Zhao et al. (2010) which used circular guides carved into the ellipsoid 2 shell of its device.
However, having a pendulum only attached to the shell at two places makes it easier to use a
flexible shell, as shown by Ylikorpi et al. Ylikorpi, Halme & Forsman (2017). This characteristic
is valuable to overcome small obstacles or steps with a reduced impact on the trajectory, while
also attenuating the oscillation due to the nature of a pendulum’s motion. Regardless of the
number of pendulums and their designs, the rolling torque of a pendulum-based spherical robot
is bounded by the diameter of its shell and the mass of its pendulum. Even if the actuator inside
the sphere is capable of generating a larger torque, it will only result in the spinning of the
pendulum about its axis, which is not the desired behavior. Moreover, this torque limit is also
proportional to the gravitational acceleration. To increase the distance between the center of the
sphere and the CoM, many authors located the battery powering their robot in the lowest part of

their pendulum, as done by Landa and Pilat Landa & Pilat (2015).

While most pendulum-driven robots are incapable of holonomic motion, some have omnidi-
rectional capabilities, notably, the four-pendulum BSR proposed by DeJong et al. DeJong et al.
(2017). In this particular case, this is possible because the four pendulums have four different

skew axes intersecting at the center of the sphere.

An example of a pendulum-based spherical robot, known as ARIES, is depicted in Figure 2.6.
The robot incorporates an actuated cylindrical joint that serves as a pendulum. This novel design

allows for simultaneous rolling and steering by utilizing a continuous differential transmission.

2 For the sake of this review, papers presenting rare rolling robots with slightly ellipsoid shapes were
considered, as they behave mostly as spherical robots and their actuation and control scheme can be
applied to a perfectly spherical robot
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Figure 2.6 ARIES : a pendulum-based spherical robot

2.4.2.2 Internal drive unit

Another type of BSR is those with an internal drive unit. Here, a torque is transmitted to the
outer shell through wheels in contact with its internal surface. Sometimes considered separately
from IDUs, the hamster ball system defines the combination of a spherical shell and a smaller
wheeled robot inside the sphere, such as the one proposed by Alves and Dias Alves & Dias
(2003). In fact, this type of actuation is among the earliest examples of SRR because of its
simplicity. Obviously, the potential holonomy of a hamster-ball SRR 1is linked directly to the
holonomy of the internal robot. Recently, Belskii et al. Belskii, Serykh & Pankratev (2021)
proposed an omnidirectional IDU to be used inside a spherical robot. This concept was not fully

tested however inside a shell.

Hamster balls suffer from a major issue, namely slipping between the shell and the wheels. To
overcome this limitation, IDUs generally incorporate a system to apply a force on the wheel,

reducing the risk of slipping. For example, Zhan et al. Zhan, Cai & Yan (2011) developed the
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concept of an omnidirectional IDU with two wheels based on the concept of barycenter offset.
Their device consists of a smaller wheel used to orient a larger one in contact with the internal
surface of the shell, allowing holonomic motion. Yet, these systems are still known to suffer
from slipping between the internal drive and the spherical shell Chase & Pandya (2012), limiting

their robustness.

2.4.2.3 Sliding masses

Finally, some BSRs use sliding masses to control the location of the CoM Mukherjee, Mi-
nor & Pukrushpan (1999); Bowkett, Burkhardt & Burdick (2017). For instance, Javadi & Mojabi
(2002) used masses moving along prismatic joints to modify the location of the CoM.However,
they are generally, more difficult to control than the two other subcategories described above.
Indeed, in the case of masses moving linearly Javadi & Mojabi (2002), a continuous variation of
the position of the masses is required, even moving in a single direction, contrary to pendulum-
driven robots. This can be overcome by masses moving along circular guides, as Tafrishi et
al. Tafrishi, Svinin, Esmaeilzadeh & Yamamoto (2019) did when they investigated the potential
of a fluid-based BSR. They used masses moving inside pipes to control the location of the CoM
thus generating motion. However, this system was not experimentally validated by the authors.
As motors can generally be used as generators to accumulate energy, this is also true with
spherical robots. Indeed, in applications/environments where minimizing energy consumption is
critical, recharging the battery may be useful, as is the case with the robot developed by Zhai et
al. Zhai, Ding, Liu, Jin & Kang (2020). The latter harvests energy while the robot is pushed by
the wind with electromagnets moving along pipelines. This system can be used to actuate the
robot by controlling the position of the magnets instead of letting them move according to the

dynamics of the system.

243 Conservation of the angular momentum

Instead of moving the CoM for the rolling motion, another spherical robot design is to leverage

the conservation of the angular momentum without having to displace the CoM. The rolling



23

motion is generated using reaction wheels Bhattacharya & Agrawal (2000); Joshi & Banavar
(2009); Muralidharan & Mahindrakar (2015) or control moment gyroscopes (CGM) Schroll
(2010); Chen, Ye, Sun & Jia (2017). The latter can provide more torque than the former, taking
advantage of gyroscopic precession. However, the torque output is not continuous, contrary
to the former. Moreover, reaction wheels must be fixed to the shell, rendering the mechanical
design and the control challenging Muralidharan & Mahindrakar (2015). Chase Chase (2014)

partially overcame this limitation by using four CGMs mounted in dual-scissored pairs.

One of the main differences between BSRs and those based on the conservation of the angular

momentum is the non-continuous torque generated for the rolling motion.

2.4.4 Shell deformation

Last but not least, other types of locomotion based on deformable shells are also possible. As
can be seen in Fig. 2.5, they are far less common than barycentric and angular-momentum-
based SRRs. This category includes shape-memory alloys and pressurized air bladders Wait,
Jackson & Smoot (2010). Their deformable spherical shell can increase maneuverability, as
shown by Sugiyama and Hirai Sugiyama & Hirai (2006) with their robot capable of crawling
and jumping. Generally able of holonomic motion with a basic controller, they can be complex

to design and more prone to failure (i.e. unprotected moving parts).

24.5 Types and number of actuators

Most of the mechanisms discussed before can be actuated by different means, namely steppers,
servos, brushless, etc. We tried to extract the most common types of actuators from the papers
studied, unfortunately, only a few papers provide this level of detail on their prototype. Among
them, Chowdhury et al. Chowdhury, Soh, Foong & Wood (2018b) utilized two Faulhaber
DC gear drive motors, each with 30mNm/3V, to control a 90-gram spherical robot. Similarly,
Belzile & St-Onge (2022a) used two Maxon EC 45 flat 30W brushless motors with corresponding

controllers to actuate a 10kg spherical robot. They justified this choice based on the motors’
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lightweight nature and their ability to fit within the limited available space. In contrast, Azizi
and Keighobadi Azizi & Keighobadi (2014) proposed a design with three motors driving
three independent rotors. Similarly, Jia et al. Jia, Zheng, Sun, Cao & Li (2009) proposed a
design with three independent actuators, including one drive motor, one steer motor, and one
flywheel. The spinning flywheel enabled increased angular momentum of the spherical robot. In
Roozegar & Mahjoob (2017), two stepper motors were used as actuators, where one rotated the
main shaft and the other enabled the rotation of the pendulum. Additionally, four gears were
utilized for power transmission. In a different approach, Zheng, Hu & Sun (2021) employed three
separate motors in the internal mechanism : a flywheel motor for increasing angular momentum,
a long-axis motor for generating driving forces, and a short-axis motor for controlling the

counterweight’s angle relative to the shell’s axis.

2.4.6 Design scale

The papers examined in this study featured spherical robots of different scales, e.g. weight and
dimensions. Figure 2.7 visually represents the masses and radii of the described robots, where
such information was available. It is worth noting that some authors, as observed in Yue & Liu
(2012); Yue, Liu, An & Sun (2014a), employed the same spherical robot in multiple papers. To
ensure accuracy, we considered each robot only once, resulting in a total of 58 distinct robots

represented in the figure.

Among the examined robots, the lightest variant, proposed in Niu et al. (2014), weighed a
mere 55 grams, while the heaviest robot, documented in Zhai, Li, Luo, Zhou & Liu (2015),
weighed a substantial 50 kilograms. The analysis revealed that the majority of the examined
robots weighed less than 10 kg, which can be attributed to their primary usage in exploration
scenarios. The benefits of lighter robots are twofold : they require less energy to operate and are

more manageable for transportation purposes.

Furthermore, the investigation into the papers unveiled that the majority of the robots possessed

a radius ranging between 0.1 and 0.2 meters, with the largest radius belonging to the device
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proposed by Rigatos, Busawon, Pomares & Abbaszadeh (2019), measuring 1.2 meters. In
contrast, the smallest robot introduced by Nguyen et al. Nguyen, Soh, Foong & Wood (2017),
exhibited a radius of 30 cm. At this scale, the onboard computer and sensing capacity are

inherently limited, imposing constraints on the robot’s capabilities.
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Figure 2.7 Radius and mass of included mechanisms

2.5 Control and dynamics

During our thorough analysis of the wide array of publications encompassed in this study, our
subsequent phase focused on an examination of the diverse range of control strategies. In this
context, Fig. 2.8 illuminates a significant trend : the emergence of publications focusing on the
control of spherical robots began gaining prominence around 2012, culminating in a notable

peak in 2019.

2.5.1 Dynamic modeling

Spherical robots possess a distinctive motion mechanism, resulting in intricate kinematics and

dynamics to model and analyze. The incorporation of non-holonomic constraints, as discussed
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in Section 2.4.1, further amplifies the complexity of these models. While certain papers, such
as Nam, Lee, Choi, Kim & Lee (2019); Li & Zhan (2018, 2019), rely solely on the kinematic
model for controlling spherical robots, most studies employ a dynamic model due to the
influence of conservative forces, such as the pendulum gravity effect. However, when feasible,
the kinematics-only control approach offers a simplified depiction of the system’s behavior,

emphasizing motion or positional characteristics rather than intricate dynamics.

The dynamics of a spherical robot can deviate from those of traditional robots due to factors
such as the shape of the spherical body, ground interactions, and force or torque distributions,
all of which impact its motion. Developing a dynamic model is a crucial step prior to delving
into the control of robotic systems. In this research, various methods were employed to model

spherical robots.

Figure 2.9 illustrates the most commonly utilized techniques for modeling spherical robots. The
Euler-Lagrange method is extensively employed in numerous papers for deriving the dynamic
model. This method provides a systematic approach by considering the system’s energy and serves
as a valuable tool in modeling mechanical systems. However, the presence of motion constraints

may require the use of Lagrange’s multipliers, which in turn adds an additional computational
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burden for calculating the corresponding constraint forces. The Newton-Euler method, widely
utilized in robotics, physics, control systems, and other fields requiring accurate dynamic
modeling, offers explicit equations of motion and a recursive formulation, enabling detailed
analysis and control of complex mechanical systems. Its explicit representation of inter-body
forces facilitates structural analysis of all the components. Alternatively, system identification
techniques can be employed to create mathematical models describing a system’s behavior
based on input-output relationships, rather than relying on a physics-based representation. This
successful strategy has been implemented in Kamaldar, M.J. & H. (2011b); Kamaldar, Mahjoob,
Yazdi, Vahid-Alizadeh & Ahmadizadeh (2011a), eliminating the need for explicit knowledge of
the underlying physical equations governing the system. However, system identification has its
limitations, such as the requirement for high-quality data, the potential for modeling errors if the

data is unrepresentative, and the need for careful experimental design.

In Azizi & Keighobadi (2014), the Kane method was utilized to obtain the dynamic model
of a spherical robot. Although this method may be more complex to implement compared to
simpler approaches like the Newton-Euler method, it offers significant advantages in terms of
precision and representation, particularly for complex mechanical systems or detailed analyses. In
Sandino, Bejar & Ollero (2013) a comparison of the different methods for modeling a Small-size
Helicopter has been done. The results showed that Kane’s method offers unique advantages
compared to traditional approaches. It incorporates constraints using generalized coordinates
and speeds, resulting in concise equations. Constraint forces are considered from the start, and
the method is known for its computational efficiency. However, implementing Kane’s method

necessitates a solid understanding of multibody system dynamics.

2.5.2 Control strategies

A total of 33 control strategies were identified in this study, with sliding mode-based control,
PID, PD, fuzzy control, and feedback linearization being the most prevalent. However, these

strategies are often enhanced through the incorporation of additional methods, such as fuzzy
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Figure 2.9 Dynamic modeling methods found in SRR papers
from 1996 to 2023. The Euler-Lagrange method largely
predominates the others.

control or neural network algorithms, into traditional control approaches. Other strategies, such

as PD, feedback linearization, and backstepping, are also reported.

This section provides a comprehensive listing and detailed explanation of the various control
strategies. Some strategies combine two or three control methods, while other papers indepen-
dently investigate multiple control strategies for the purpose of comparison. Figure 2.10 provides

a summary of the different control strategies documented in the papers.

Among the designs used, the barycentric spherical robot design was the most commonly
employed, with sliding mode-based control being the preferred control strategy. However, no
direct correlation between the design of the spherical robot and the chosen control strategy was

observed.

For an overview of the diverse control strategies included in this study, please refer to Fig. 2.11.
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2.5.2.1 Sliding mode control

Sliding mode control is a widely employed technique for controlling various types of robotic
systems, including spherical robots and manipulators. Its effectiveness in handling uncertainties
and unmodeled disturbances, along with its robust performance, has made it a popular choice.
Numerous studies have proposed different SMC-based control strategies, such as cascade sliding
mode control (CSMC) Huang, Lin, Lin, Lee & Hwang (2012), high-order sliding mode control
(HSMC) Chowdhury, Soh, Foong & Wood (2018a), and adaptive hierarchical sliding mode
control (AHSMC) Yue et al. (2014a), to enhance the robustness and stability of spherical
robots. Researchers have also explored the combination of SMC with adaptive control laws,
neural networks, and fuzzy control to address uncertainties and reduce chattering. These hybrid

approaches have demonstrated improved tracking accuracy, convergence speed, and robustness
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control control

compared to traditional SMC. Fuzzy control, in particular, is well-suited for complex robotic

systems with challenging modeling requirements.

The selection of SMC in the included papers can be attributed to several reasons, primarily the
desire to achieve enhanced robustness and cope with uncertainties and unmodeled disturbances.
This rationale is discussed in Liu, Sun, Jia & IEEE (2008); Liu & Sun (2010); Wang et al.
(2011); Zheng, Zhan, Liu & Cai (2011); Yu, Sun, Jia & Zhao (2013); Azizi & Keighobadi
(2014); Zhao & Yu (2014); Ayati & Zarei (2017); Li (2020); Nguyen et al. (2017).

One promising implementation strategy involves decomposing a complex robotic system into
simpler subsystems, where a combination of the dynamic model states and sliding surfaces,
known as cascade sliding mode control (CSMC), can be applied as demonstrated in Huang et al.
(2012). However, conventional CSMC faced challenges in achieving the desired position control
performance due to switching constants. To overcome this, the authors introduced positive

constants and referred to this modified control method as CSMC1.
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Typically, the dynamic model of robots is necessary for designing a sliding mode controller.
However, in Li & Zhan (2018), the authors introduced a kinematic-based SMC that can
simultaneously track the position and attitude states of a spherical robot. To reduce chattering, a

saturation function was added to the traditional SMC approach.

In the pursuit of stability in robot control, Chowdhury et al. (2018a) proposed both first and
second-order SMC methods. They demonstrated that high-order sliding mode control (HSMC)
outperformed the first-order approach, a finding corroborated in Bastola & Zargarzadeh (2019).
The control strategy presented in the latter paper reduced chattering and enhanced robust

operation in the presence of disturbances.

For improved performance in the face of uncertainties, in Ma, Sun & Song (2020) the authors
introduced a fractional-order adaptive integral hierarchical sliding mode control. This approach
combines adaptive control laws, hierarchical sliding mode control, and an integrator in the
control loop. Comparative analysis with adaptive hierarchical sliding mode control and HSMC
revealed that the proposed method exhibited superior convergence speed, stability, and robustness.
Adaptive hierarchical sliding mode control was initially proposed in Yue & Liu (2012) and
Zhang, Ren & Guo (2021), while HSMC was presented by authors such as Cai, Zhan & Xi
(2012) and Chiu, Wang & Hwang (2012).

In Salemizadeh er al. (2021), the authors introduced a hybrid super-twisting fractional-order
terminal sliding mode control for a rolling spherical robot, which demonstrated higher accuracy
and reduced chattering compared to traditional SMC and other SMC-based controls. Hybrid
super-twisting fractional-order terminal sliding mode control is an advanced control technique
that combines super-twisting control, fractional-order control, and terminal sliding mode control.
It aims to achieve robust and accurate control of dynamic systems, especially nonlinear and

uncertain systems.

To stabilize a spherical robot moving on an inclined plane, in Roozegar, Ayati & Mahjoob (2017)

the authors presented a terminal sliding mode control. They showed that this control approach
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effectively reduced chattering compared to SMC and facilitated rapid convergence of the tracking

error to zero in less than one second, outperforming SMC for their specific spherical robot.

Some authors have integrated adaptive laws with SMC to enhance results. Adaptive control
enables the modeling of uncertainties, thereby reducing chattering Chowdhury, Soh, Foong,
Wood & IEEE (2018c). In Sadeghian, Bayani & Masouleh (2015), an adaptive method was
employed to identify the exact model. Similarly, in Yue, Liu, Wei & Hu (2014b) the authors
employed the same approach to improve robustness and suppress vibrations in the inner
suspension platform of a spherical robot. Hierarchical sliding mode control with adaptive
methods, referred to as adaptive hierarchical sliding mode control (AHSMC), not only offers
improved robustness and parameter insensitivity characteristics but also estimates dynamic
disturbances Yue et al. (2014a). In Zhang et al. (2021), AHSMC was utilized for estimating the

moment and rolling friction of a spherical robot.

Authors of Chen et al. (2020) combined SMC with neural networks to achieve better performance.
The former proposed a radius-based function for controlling the forward movement of the robot,
demonstrating good convergence. The latter employed recurrent neural networks in conjunction
with SMC (RNNSMC) for stabilization and tracking control. This approach improved the
accuracy and performance of the model, with comparisons against fuzzy PID indicating its
effectiveness in reducing chattering. Fuzzy PID was chosen as a baseline due to the performance
improvements offered by neural network-based control and the suitability of fuzzy control for

complex robot modeling.

We note from the above studies that SMC alone often falls short in adequately addressing
uncertainties and modeling errors in SRR systems. To tackle this limitation, researchers have
also explored the integration of neural networks and fuzzy control with SMC to achieve
improved robustness and faster convergence. For instance, in Kayacan, Kayacan, Ramon & Saeys
(2013), the authors incorporated neural networks and fuzzy control into the SMC framework,
yielding higher robustness and faster convergence in the presence of uncertainties. Similarly, in

Andani et al. (2018), fuzzy control was combined with SMC to effectively handle parameter
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uncertainties. This integration of fuzzy control with SMC proved instrumental in enhancing the

overall performance of SRR systems.

2.5.2.2 PID, PI, and PD control strategies

PID control is widely employed by researchers in their studies, either in its traditional form
or in combination with other control laws such as fuzzy control, neural networks, Cerebellar-
model articulation control, or geometric and adaptive laws. It is probably the most intuitive
and less demanding, in terms of processing power, controller for its performance. It is thus
common to select this strategy for a fast deployment. For instance, the traditional PID control
is utilized in Jayoung, Hyokjo & Jihong (2009) to demonstrate its functionalities. In the work
by Roozegar & Mahjoob (2017), PID control is proposed, following Ziegler-Nichols rules, to
stabilize a spherical robot on an inclined plane. The Ziegler-Nichols rules are a set of heuristic
guidelines used in control theory to tune the parameters of a proportional-integral-derivative
(PID) controller. The Authors in Li (2020) apply PID control for pitch angle control. Furthermore,
in Cai, Zhan & Xi (2011), PID control is combined with neural networks to compensate for
actuators’ nonlinearity when single input multiple output PID control fails. This integrated

approach exhibits fast convergence and proves to be an efficient method for controlling SRRs.

The application of fuzzy PID control is proposed in Roozegar & Mahjoob (2017) for the motion
of a spherical robot, while a comparison with PID control in Sadeghian & Masouleh (2016)
demonstrates that fuzzy PID control outperforms PID in terms of performance and stabilization
time. In Kayacan, Kayacan, Ramon & Saeys (2012b), fuzzy PID control is combined with
feedback linearization and a grey predictor, with the output of the grey predictor utilized instead
of the current system outputs. This method exhibits superior performance compared to PID and
fuzzy PID controls in terms of overshoot and settling time. Moreover, some studies employ the
proportional-integral (PI) control strategy. For example, Belskii & Serykh (2021) proposes PI
control for controlling the angular velocity of a spherical robot, and Tang et al. (2021) employs

PI control for velocity control of a two-wheel differential spherical robot. In Zhang, Jia, Sun,
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Gong & IEEE (2009), PI control is employed for real-time control of a spherical robot, with the

addition of a genetic algorithm to enhance stability.

PD control is also utilized in certain papers, such as Hanxu, Yili & Qingxuan (2010) and Jia
et al. (2009), where it is proposed for velocity control of an omnidirectional robot with flywheels.
In Nguyen et al. (2017) and Niu et al. (2014), PD control is employed for controlling the yaw
orientation of the spherical robot, while no other strategies are presented for controlling the

remaining degrees of freedom.

2.5.2.3  Other control strategies

In addition to sliding mode control (SMC) and proportional-integral-derivative (PID) control,
various other control strategies have been employed to control robotic systems. For instance,
backstepping control combined with neural networks was used in Ghommam, Mahmoud & Saad
(2013) to achieve high-performance cooperative control of a group of mobile robots. The linear
quadratic regulator (LQR), dynamic programming, and model predictive control have also been
utilized to control spherical robots in some of the included papers. For example, LQR has been
used to control robots or stabilize motion, as in Zadeh, Moallem, Asiri & Zadeh (2014), while
dynamic programming has enabled optimal motion planning and control of spherical robots in
Roozegar, Mahjoob & Jahromi (2016). Feedback linearization has been proposed in Kayacan,
Bayraktaroglu & Saeys (2012a); Huang, Zhu, Wang, Huang & Inc (2017) to achieve control
and stabilization objectives, and in Hanxu et al. (2010), the linear quadratic regulator is used in
combination with percentage derivative control for better performance. Some control methods
have been used only once, such as the active disturbance rejection control in Zhou et al. (2021)
to achieve trajectory tracking control for biomimetic spherical robots without model parameter
information, energy-based control in Sun (2021) for a spherical robot to track high moving
speeds, and H-infinity control in Rigatos et al. (2019) to provide a solution to the robot’s optimal

control problem under model uncertainty and external perturbation.
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2.6 Experiments and sensing

2.6.1 Simulations vs experimental validation

In all included papers, authors performed either experiments or simulations in order to validate
or verify the feasibility of the proposed control strategies. From the control aspect, 32 % of
the papers performed experiments to validate their control strategies while 78 % realized only
simulations. These validations were done in numerical simulation software such as Matlab
Simulink Cai et al. (2012) or by implementing the control strategy on a prototype Jia et al.
(2009). If we look only at BSRs, the broad mechanism category with the largest number of
publications over the years, a significant portion of them included a physical prototype, namely
50 % for pendulum-based BSRs, 38 % with sliding masses and 82 % for IDU-driven BSRs.
These numbers are not unexpected, as robots with an IDU are generally cheaper to prototype.
On the opposite end, using sliding masses increases the mechanical complexity of the system, as
well as requiring more complex control schemes, the sliding masses needing to continuously

change direction to provide a uniform and continuous motion of the sphere.

Beyond the presentation of a prototype, experimental validation with different tests and scenarios
is less common. For instance, Chowdhury et al. Chowdhury et al. (2018b) conducted experiments
in both indoor (smooth surface) and outdoor environments (rough surfaces) to validate their
model and their control strategy as well. In the paper by Alves and Dias Alves & Dias (2003), a
path curvature-based control was presented. Some authors used motion capture systems able
to track markers inside the shell in order to validate the accuracy of robot localization Ajay
et al. (2015). When conducting experiments, different metrics were selected for the validation of
the results. The most common were the overshoot, the steady state response, the rise time, the

convergence time, and the maximum absolute value of motion trajectory error.
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2.6.2 Embedded sensing

The few reviewed papers that progressed to prototype validation necessitated the incorporation of
sensing components to close the control loop. The majority of these papers employed commonly
used sensors, including accelerometers, cameras, and encoders. Accelerometers, typically housed
within an inertial measurement unit (IMU), were utilized in some papers to acquire feedback
on the robot’s state. Notably, Alves & Dias (2003) proposed to use a three-axis accelerometer
combined with a three-axis rate gyroscope to obtain information about the robot’s acceleration,
angular velocity, and position. In Zhao et al. (2010), the feedback is obtained from a module of
sensors that consists of encoders of the servomotors, angular rate sensors, angular acceleration
sensors, and directional gyro, which are all microelectromechanical systems (MEMS) devices
However, IMUs were predominantly deployed to provide orientation information in studies such
as Alves & Dias (2003); Niu et al. (2014); Zhai et al. (2015); Zhang, Ren & Zheng (2022, 2023);
Zheng et al. (2021). To mitigate noise and drift issues, an extended Kalman filter was applied to

the IMUs in Liu et al. (2022).

Some researchers incorporated additional sensors into their systems. Encoders were commonly
used in conjunction with IMUs Liu, Sun & Jia (2009); Urakubo, Monno, Maekawa & Tamaki
(2016); Urakubo, Osawa, Tamaki, Tada & Maekawa (2012); Ajay et al. (2015); Chowdhury,
Vibhute, Soh, Foong & Wood (2017); Hu et al. (2022); Ling et al. (2022); Roy Chowdhury, Soh,
Foong & Wood (2017); Wang et al. (2021, 2023), while cameras were employed for real-time
position tracking in Zhang & Ren (2022); Zhang et al. (2021). In Hanxu et al. (2010), an IMU,
gyroscope, and inclinometer were combined to acquire the pitch, roll, and yaw angles, as well as
the lean angles and spin rate of the robot. To improve the accuracy of position measurement
considering slipping, Cai et al. (2012) proposed a vision system in addition to an IMU. Vision
systems were utilized by other authors for obtaining feedback information as well. For example,
Jaimez, Castillo, Garcia & Cabrera (2012) proposed a system comprising four infrared cameras
along with dedicated software to determine the position of the robot in space. In Roozegar,
Mahjoob & Ayati (2018), an RGB camera is used to track the spherical robot pose at 30Hz (each

frame). Similarly, in Roozegar et al. (2016); Sakalli, Beke & Kumbasar (2018), a camera system
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was utilized to acquire the robot’s position. Furthermore, in Belzile & St-Onge (2022a), the
combination of a depth camera and a LIDAR was used to map the environment and infer the
robot’s position in the map (Simultaneous Localization and Mapping - SLAM). It should be
noted that employing camera systems either requires a transparent shell or a turret to house the

camera, resembling the popular design of BB-8.

An overview of the sensors used in the reviewed papers is depicted in Fig. 2.12.
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Figure 2.12 Embedded sensors distribution and combination
in the publications covered. The vast majority combine IMUs
with encoders

2.7 Discussion

After a comprehensive analysis of the papers, several challenges associated with spherical robots
have been identified. While some of these challenges have been addressed in the literature, others

remain unexplored. In this section, we will delve into these challenges and discuss potential

avenues for further research.

One significant challenge arises from the limited number of contact points that spherical robots

have with the ground. This constraint makes it challenging to employ traditional sensors similar
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to those used in wheeled or legged robots for measuring motion and orientation. Although some
papers suggest using IMUs for measurements, controlling the robot becomes problematic due to
drift errors inherent in IMUs. Consequently, there is a research opportunity to explore robust
control methods that can effectively model disturbances and uncertainties. However, relying
solely on proprioceptive measurements may prove insufficient for most realistic missions such

as exploration and inspection.

To overcome the limitations of proprioceptive measurements, additional sensors like cameras,
LIDAR, or ultrasonic sensors can be integrated to complement IMU data and provide more
accurate information about the robot’s surroundings and motion. An example of such integration
can be found in Belzile & St-Onge (2022a), where a camera and a LIDAR are utilized. However,
the use of cameras and LIDARSs in spherical robots introduces challenges related to refraction
and distortion. These phenomena can alter distance and position measurements captured by the
sensors, leading to perceptual errors. Moreover, inadequate perception of the environment’s
geometry can result in errors in motion planning and localization. Thus, investigating the impact
of refraction and distortion becomes crucial in enhancing perception precision, motion planning,
localization, and sensor calibration. Such research efforts would ultimately improve the reliability

and efficiency of navigation for robots equipped with cameras and LIDARs.

When considering the integration of cameras and LIDARSs, it is imperative to ensure a clear line
of sight. Alternatively, cameras can be positioned outside the shell on both sides, as demonstrated
in Kolbari, Ahmadi, Bahrami, Janati & Ardekany (2018). However, integrating cameras outside
a non-transparent shell may impose limitations on the robot’s omnidirectional movements and

increase the risk of camera damage.

The unique shape and locomotion mechanism of spherical robots pose significant challenges
in obstacle avoidance. These robots rely on changing their center of gravity or rolling in
different directions to move. However, the lack of independent directional control makes efficient
navigation around obstacles challenging. Additionally, SRRs maintain contact with the ground

or surfaces using a single point or a limited set of points, which can affect their stability and
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maneuverability, especially when encountering uneven terrain or obstacles with varying heights.
Maintaining balance and stability while avoiding obstacles becomes increasingly challenging
in such scenarios. One potential solution to address this challenge is incorporating jumping
mechanisms in spherical robots, enabling them to overcome obstacles vertically. By introducing
a jumping mechanism, spherical robots gain the ability to leap over barriers, gaps, or rough
terrain that would otherwise be challenging or impossible to traverse with rolling or sliding
locomotion alone. However, achieving controlled leaps while managing the position of the center
of mass and the point of application of the propulsion force remains an open challenge due to

the mechanical complexity involved.

Moreover, two distinct approaches can be employed to tackle the intricate dynamics of spherical
robots : the decoupled approach and the complete approach. The decoupled dynamic approach
involves separating the transversal and longitudinal motions of the robot and studying them
independently. This approach simplifies the dynamics and reduces computational effort. On the
other hand, the complete dynamic approach involves modeling the robot without decoupling the
motions, which adds complexity to the system. Comparing these two approaches can be valuable
in understanding their respective advantages and drawbacks, enabling individuals to determine

the most suitable approach for their needs.

In addition to the aforementioned challenges, controlling a spherical robot can be particularly
demanding, especially for non-holonomic systems such as pendulum-driven spherical robots.
These non-holonomic systems possess motion constraints that cannot be easily integrated into
their configuration space. As a result, designing control laws capable of steering the system
along a desired trajectory becomes difficult. Unlike holonomic systems, non-holonomic systems
require careful consideration of their constraints and dynamics to develop control laws that can
achieve the desired motion. Therefore, further research is needed to explore effective control

strategies tailored to non-holonomic spherical robots.
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2.8 Conclusion

The paper provides a comprehensive analysis of spherical robots, covering various aspects such
as design, locomotion, control, and embedded sensing. It reviews multiple research papers to
gain insights into the state of the art in spherical robot development. The design of spherical
robots involves considerations such as the mechanisms for locomotion. Different locomotion
mechanisms are discussed, including pendulum-driven systems, internal mass shifting, COAMs,
and shell transformation. The paper explores various control strategies for spherical robots, with
a focus on efliciency, stability, robustness, and feasibility. A comprehensive analysis identified
a total of 33 control strategies used for controlling spherical robots. Among these strategies,
the findings indicate that sliding mode-based control is the most prevalent approach employed
in the control of spherical robots. The challenges associated with spherical robots encompass
the limitations posed by their contact points, the integration of additional sensors, obstacle
avoidance, controlled leaps, and control of non-holonomic systems. Addressing these challenges
through targeted research efforts would drive advancements in spherical robotics, paving the

way for more capable and versatile robotic systems in various applications.

This review emphasizes the importance of ongoing research and innovation in spherical robot
design, locomotion, control, and embedded sensing. It emphasizes the potential of spherical
robots in various applications and identifies areas for future exploration, such as refining control
strategies, addressing challenges in obstacle avoidance, and comparing different approaches to

modeling their dynamics.

Overall, the paper provides a comprehensive overview of spherical robot research, highlighting

the current state of the field, key challenges, and potential avenues for further advancement.
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3.1 Abstract

This paper presents modeling and control strategies for ARIES, a pendulum-driven spherical
robot designed for space exploration. The intricate dynamics of spherical rolling robots present
challenges in both modeling and control, owing to their nonlinearity and non-holonomic
characteristics. Furthermore, ARIES features an internal pendulum actuated by a cylindrical
drive, a mechanism that has not been previously addressed in the modeling and control of
spherical robots. We conduct a comparative analysis of three dynamic models : decoupled (4
states), reduced (5 states), and complete (7 states), evaluating their accuracy and efficiency when
integrated with a model-based control strategy. Various control strategies, such as sliding mode
control (SMC) and computed torque control, are assessed. This study offers comprehensive
guidelines for achieving effective trajectory tracking. The simulation results underscore the

strengths and limitations of each approach.

3.2 Introduction

Spherical rolling robots (SRRs) have gained significant attention in recent years and are
being utilized in various applications, including space, underwater, and extreme environment
exploration, replacing the traditional use of rovers. They provide significant advantages for space

exploration. They can move in any direction, offering agility in planetary terrains. They are
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less likely to get stuck, even in soft soils or on steep slopes, due to their continuous orientation
adjustment. Spherical robots have a simple design with fewer moving parts, enhancing reliability
and reducing maintenance needs. Their compact size is efficient for storage and launch on
spacecraft and it allows them to access tight spaces in planetary environments making them
versatile for various space missions. Notable examples of SRRs include the NASA Beach ball,
employed in space exploration 3, and Rollo, the first spherical robot developed at Helsinki

University, used for exploring hostile environments Halme et al. (1996).

An in-depth analysis of rolling in robotics is presented in a research paper Armour & Vincent
(2006b), which explores the historical designs of Spherical Rolling Robots (SRRs). Meanwhile,
another review Chase & Pandya (2012) is primarily centered on the various actuation mechanisms

that are unique to spherical robots.

There are three main designs for spherical robots : barycentric spherical robots (BSRs),
conservation of angular momentum (COAM) spherical robots, and shell transformations.
BSRs, the most common design, rely on shifting the center of mass (COM) of the inner
mechanism to achieve rolling. This category includes pendulum-driven spherical robots Balandin,
Komarov & Osipov (2013); Liu et al. (2009); Kayacan et al. (2012a), which utilize a pendulum
as the inner mechanism for COM shifting, internal drive unit (IDU) spherical robots Ghanbari,
Mahboubi & Fakhrabadi (2010); Nakashima, Maruo, Nagai & Sakamoto (2018), where a
wheeled robot is placed inside the spherical shell for locomotion, and sliding mass spherical

robots Bowkett et al. (2017), which use sliding masses to control the robot’s position.

Modeling spherical robots poses substantial challenges because of their intricate dynamics
including conservation of angular momentum, gravity effects, and the rolling contact. The
complex dynamics arise from their ability to move in any direction, the need to account for the
changing distribution of mass as they roll, and the intricate balance between various forces acting
on them during locomotion. The complexity of controlling spherical robots directly follows

from the challenges of their dynamics modeling, inherently nonlinear and non-holonomic. A

3 https://ntrs.nasa.gov/citations/19950070425
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multitude of control strategies are described in the literature. Researchers have proposed a range
of innovative techniques and methods to tackle these control challenges, each with its own set of
advantages and trade-offs. These efforts underline the significance of addressing the complexities
associated with controlling spherical robots and finding effective solutions to harness their

potential in various applications.

A comprehensive review of different control strategies in the literature can be found in Diouf,
Belzile, Saad & St-Onge (2023). This review encompasses a range of control strategies, including
sliding mode control (SMC) and proportional-integral-derivative (PID) control. The review
concludes that few studies have conducted experiments to validate and compare these control
strategies with existing methods and that the majority of these studies simplify their dynamic
model (linearisation or decoupled dynamics) without proper assessment of the impacts on the

performance.

For non-holonomic systems such as pendulum-driven spherical robots, the control can be
particularly demanding. These non-holonomic systems possess motion constraints that cannot
be easily integrated into their configuration space. As a result, designing control laws capable
of steering the system along a desired trajectory becomes difficult. Unlike holonomic systems,
non-holonomic systems require careful consideration of their constraints and dynamics to

develop control laws that can achieve the desired motion.

This paper focuses on the modeling and the control of ARIES short for "Autonomous Robotic
Intelligent Explorer Sphere," Belzile & St-Onge (2022b), a pendulum-driven spherical robot
designed specifically for space exploration. ARIES employs a unique propulsion system and is
characterized by a spherical shell that houses a cylindrical actuated mechanism, which operates
similarly to a pendulum. This mechanism is thoroughly detailed in the reference Belzile & St-
Onge (2022a). The cylindrical actuated joints of ARIES are mechanical components with two
degrees of freedom, facilitating both rotational and translational movement along a shared axis.
To accomplish this goal, we employed three distinct dynamics approaches : decoupled, complete,

and reduced dynamics, for the purpose of conducting a comparative analysis. Furthermore, we
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compared ARIES’ cylindrical drive design with an alternative double pendulum design, which
represents a more common design choice within the literature. Additionally, we evaluated the
control strategies applied to ARIES, specifically comparing the utilization of sliding mode

control with computed torque control.

The paper is organized as follows : Section 2 presents the related work, Section 3 presents the
dynamic modeling of ARIES, Section 4 addresses trajectory tracking and control, Section 5
presents simulation results, and Section 6 discusses the hardware implementation that is planned

to be done in the next study. The prototype of ARIES is depicted in Figure 3.1.

To the best of our knowledge, the original contributions of this paper are :

1. Extension of Dynamic Modeling with Resolution and Lagrange Multipliers Handling : This
article builds upon the groundwork laid in Belzile & St-Onge (2022a) and Belzile & St-Onge
(2022b) by extending the dynamic modeling of ARIES. The focus is on completing the dynamic
modeling through the integration of decoupled and complete dynamics. Notably, this extension
includes a comprehensive resolution approach and addresses the handling of Lagrange multipliers

to enhance the fidelity of the dynamic model.

2. Introduction of Reduced Dynamics : A primary contribution lies in the introduction of a
reduced dynamic derived from the complete dynamic. This reduction is achieved by minimizing
the number of generalized parameters, ultimately resulting in a dynamic equation without the

need for Lagrange multipliers.

3. Implementation of Sliding Mode Controller : An advanced sliding mode controller for ARIES
is implemented, utilizing the three distinct dynamic models. This adds a practical dimension to
the theoretical advancements, demonstrating the applicability of the proposed models in control

systems.

4. Comparative Analysis of Dynamic Models : A significant contribution involves providing a

comparative analysis of the three dynamic models. This comparative study enhances the overall
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understanding of ARIES dynamics, offering insights into the strengths and limitations of each

model.

Figure 3.1 Prototype of ARIES

3.3 Related work

In our prior research Diouf et al. (2023), we explored a wide array of literature to uncover various
methodologies for modeling and controlling spherical robots. The unique motion characteristics
of these robots introduce intricate considerations for both kinematic and dynamic modeling.
While some studies, such as those by Nam et al. (2019); Li & Zhan (2019), focus exclusively
on kinematic models, the majority prefer dynamic models due to factors like the impact of
conservative forces, as seen in the pendulum gravity effect. However, when applicable, the
kinematic-only approach offers a simplified perspective on system behavior, emphasizing motion

and positioning rather than complex dynamics.

Among the techniques used to derive dynamic models, the Euler-Lagrange method is commonly
employed across various papers. This systematic approach, grounded in energy principles, is

invaluable for modeling mechanical systems. Nevertheless, incorporating motion constraints can
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involve the use of Lagrange’s multipliers, which introduces computational complexities related

to constraint force calculation.

In contrast, the Newton-Euler method, a fundamental tool in robotics, physics, and control
systems, provides explicit equations of motion and recursive formulations, making it easier
to analyze complex mechanical systems. Its breakdown of inter-body forces simplifies the
examination of system components. On the other hand, system identification methods focus
on mathematical models based on input-output relationships, departing from physics-based
representations. As demonstrated in studies like Kamaldar ez al. (2011b,a), this approach bypasses
the need for a deep understanding of underlying physical equations but requires high-quality

data and careful experimental design to mitigate potential modeling errors.

In the realm of dynamic modeling, Azizi & Keighobadi (2014) applied the Kane method to
develop a dynamic model for spherical robots. Although more complex to implement compared
to simpler approaches like Newton-Euler, this method offers precision and representational
advantages, particularly for intricate mechanical systems. Similarly, Sandino et al. (2013)
compared various modeling methods for a Small-size Helicopter, highlighting the distinct
benefits of Kane’s method. This technique, which utilizes generalized coordinates and speeds
to account for constraints, yields concise equations but demands a strong grasp of multibody

system dynamics.

Transitioning to the field of control strategies, we encounter a diverse landscape where various
techniques interact, often augmented by additional methods such as fuzzy control or neural
network algorithms integrated into conventional control approaches. Other strategies, including

PD control, feedback linearization, and backstepping, have also been explored.

At the forefront of control strategies stands sliding mode control (SMC), emerging as a widely
adopted technique for various robotic systems, including spherical robots. Known for its
robustness against uncertainties and unmodeled disturbances, SMC has been the focus of
numerous studies. Notable variations of SMC, such as cascade sliding mode control (CSMC)

Huang et al. (2012), high-order sliding mode control (HSMC) Chowdhury et al. (2018a), and
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adaptive hierarchical sliding mode control (AHSMC) have been proposed to enhance robustness
and stability. Combining SMC with adaptive control, neural networks, and fuzzy control has
led to improvements in tracking accuracy, convergence, and overall robustness compared to

traditional SMC.

Meanwhile, PID control remains a popular strategy for controlling spherical robots. Whether used
on its own or in combination with fuzzy control, neural networks, or other methods, PID control
offers an intuitive and computationally efficient choice for rapid implementation. Examples
include traditional PID control Jayoung et al. (2009), PID for stabilization Roozegar & Mahjoob
(2017), and PID for pitch angle control Li (2020). Similarly, proportional-integral (PI) control, as
in Belskii & Serykh (2021), and proportional-derivative (PD) control, as exemplified by Hanxu
et al. (2010), find applications in velocity and yaw control, respectively. Furthermore, combining

PID control with neural networks is used to address actuator nonlinearity Cai et al. (2011).

Beyond SMC and PID, the landscape of control strategies broadens with the incorporation
of various approaches. Linear quadratic regulator (LQR), dynamic programming, and model
predictive control take center stage for optimal motion and control in Zadeh et al. (2014) and
Roozegar et al. (2016). Feedback linearization emerges as a suitable choice for control in works
such as Kayacan et al. (2012b) and Huang et al. (2017). Genetic algorithms, meanwhile, enhance
the stability of PI control in Zhang et al. (2009). Notably, unique strategies like active disturbance
rejection control, energy-based control Sun (2021), and H-infinity control Rigatos et al. (2019)

address specific challenges, further enriching the array of control methodologies.

These previous studies served as inspiration for implementing sliding mode control to manage
ARIES. However, it’s essential to acknowledge certain limitations in these studies. Firstly, a
majority of them primarily remained theoretical in nature, lacking experimental validation for
their dynamic models and control strategies. Additionally, many of these papers validated their
control strategies without conducting comparative assessments against alternative approaches.
Furthermore, most of these studies exclusively utilized decoupled dynamics, without exploring

other methods of modeling spherical robots and assessing the performance of each approach. In
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our paper, we address these limitations by validating our dynamic models through open-loop
experiments. Furthermore, we perform a performance analysis to evaluate the effectiveness of
each dynamic model. Additionally, we compare our chosen sliding mode control (SMC) with

computed torque control to validate our selection.

34 Dynamic modeling and transformation

ARIES is a barycentric spherical robot with two degrees of freedom (DOFs). It features an
actuated cylindrical joint that acts as a pendulum. The robot’s motion on the ground is achieved
by displacing the center of mass through the actuated pendulum. In order to enable steering
capabilities and not just forward and backward rolling in a single direction, two controlled DOFs
are necessary. The cylindrical joint allows for translation # and rotation a within the sphere. We
define F; as the frame fixed to the center of mass (COM) of the sphere, F as the inertial frame,
and F), as the frame fixed to the COM of the pendulum. A reference frame F), is attached to
the center of the sphere. This frame undergoes a translation with respect to a reference frame
Fy that makes an angle  with the principal frame. y corresponds to the direction of the robot.
These frames are represented in Fig. 3.2. Some elements of this section are repeated from
Belzile & St-Onge (2022b) and Belzile & St-Onge (2022a) for readability since our derivation
presents several differences to stress the coherence between the models and reach the reduced

state not presented earlier.

The physical parameters of the robot are listed in Tab 3.1.

34.1 Decoupled Dynamics

To simplify the nonlinear dynamics of the system, a decoupled approach can be used initially, as
detailed in Kayacan et al. (2012a) for the double pendulum or in Belzile & St-Onge (2022a) for
ARIES. This approach involves separating the velocities corresponding to the front rolling and
the orientation of the sphere. It is a conceptual approach often used in the literature. Additionally,

the angular velocity around z-axis i will be assumed negligible compared to the other angular
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Pendulum

frame
xp

Figure 3.2 Frames for modeling

Tableau 3.1 Physical Parameters

Parameter Description
R Radius of the sphere
r Distance between the center of the sphere and COM of the pendulum
mg Mass of the shell
m, Mass of the pendulum
I Moment of inertia of the shell (/; = ZRg My
Moment of inertia of the pendulum (7, = %)

Ip

0 Angle of rotation of the sphere following the x-axis of Fy
o' Rotational output of the cylindrical joint

u Translational output of the cylindrical joint
8

G

p

Gravitational acceleration
Reduction ratio of the cylindrical joint
Pitch of the lead screws

velocities. For the rotational motion, the x-axes of F,,, and F are assumed to be collinear, and the
rotation angle around these axes is 6. For tilting, however, it is the y-axes of F}, and Fj that are
collinear, and the corresponding rotation angle is ¢. The corresponding transformation matrices

are defined as follows :
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1 0 0
R, =1|0 cosf® —sin6 (3.1)

O sin@ cosél

cos¢g O sing
Ry= 0 1 0 (3.2)
—sing 0 cos¢

Velocities and positions for transverse and longitudinal movements will be differentiated by the

superscripts "x" and "y" in their expressions. Consequently, linear and angular velocities of the

sphere in frame F can be defined as follows :

T T
* sf:[o —Ré o] , stf=[—9' 0 o] a3)
T T :
stf:[Rqs 0 o] , ywsf:[o —é o]

Here, 6 represents the rotation angle, and ¢ represents the tilting angle. Similarly, the position of

the cylindrical joint can be expressed in frame Fj as :

T
X .
Tpfr, = [O rsina —rcos a/]

oy = [kpu 0 | o

The angular velocity of the pendulum’s center of mass along the x-axis of F; is defined by the

following relation :

‘o, =[a 0 of (35)
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The pendulum undergoes a translation u with respect to the x-axis of F. Therefore, the angular

velocity *w), ;s is zero.

The position of the pendulum’s center of mass can also be expressed in frame F using the

transformation matrices R, and R, :

Ty = Ry (3.6)

y — y
Top =Ry Tpy,

Consequently, linear and angular velocities of the pendulum’s center of mass can be defined in

frame F as follows :

(3.7)
prf ="Vs +xa)pf>< Tp g
W= Vep+ wp X rp 4V

(3.8)

The Lagrange method will be used to obtain the equations of the decoupled dynamics. The
Lagrangians L, and Ly, corresponding to the rotation and tilting of the robot, will be defined. The
rotation is associated with the generalized coordinates g; = [0 a]”, while tilting is associated
with g2 = [¢ u]”. The kinetic energies E..,, E.y, and the potential energies E), , E py are defined

in the following equations :
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1
"Ec = Q(msllesfll2 +mp IV, oI+ Ll w17 + 1 l[Fwp o I1P)

1 :
"E. = E(msllstfll2 +mp IV, 1P+ L w1 + 1 lFwp 4 117) (3.9)

‘E, = mpgxrpfz

YE, = mpgxrpfz

Here, ||V % IV, 7 ||? represent the square of the two-norm of the velocity vector of the center
of mass of the sphere and the pendulum, respectively. *r, 7. Tepresents the component along the
Z

z-axis of the position of the pendulum in the principal frame.

Therefore, the Lagrangians can be defined as :

be= B =y (3.10)
L,="E.-"E,
The Lagrange equations are then :
(1)t
% %y _%_I(Z:Tq, 3.11¢)
d (0L oL
o 6_uy _a_uy =f (3.11d)

Here, 17y = 7, = 7 represents the moment at the output of the cylindrical joint, f is the force at
the output of the cylindrical joint, and 74 represents the moment applied to the sphere, defined
by 74 = 0 because the axis of the frame passes through the center of the pendulum. Noting

g = [0 a ¢ u]”, these four equations can be written in the form :
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M(q(1))G(1) +V(q(1),4(1)) = Q (3.12)

With M the mass matrix which is positive definite symmetric This equation can be solved
symbolically using 3.13
G=M"1(Q-V) (3.13)

We can obtain the generalized coordinates by integrating twice §.

34.2 Complete Dynamics

In this subsection, we consider the complete dynamic model of the system without any
simplification. To establish the orientation between the inertial and the sphere frames, we

introduce Euler angles and intermediate frames F” and F” as in Belzile & St-Onge (2022b).

The movement between F and F can be described as follows :
* A rotation ¢ around the z-axis of F§ resulting in the frame F”’.
* A rotation 6 around the y-axis of F” resulting in the frame F”.

* A rotation ¢ around the x-axis of F” resulting in the frame F.

The transformation matrices and the kinematic relations are the same as in Belzile & St-Onge

(2022b).

The Lagrange method is used to derive the dynamic equations of the system. To achieve this,
kinetic and potential energies, as well as generalized coordinates, are defined. Kinetic energy
will be denoted as E, potential energy as E),, and the generalized coordinates will be defined

using the matrix . These various parameters are defined in the following equations :

T
q9= [l/’ 0 ¢ Xg Vs @ U
1 ) . . .
E.= 5 (mers”z + mp||i’p||2 + Is||wss||2 + Ip”Ws,,”Z) (3.14)
Ep =mpgrp,
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Here, ||74||* and ||1*p||2 represent, respectively, the norm of the velocity vector of the center
of mass of the sphere and the pendulum. r, _ represents the Z-component of the pendulum’s
position in the principal frame. [, || and |w;, || represent, respectively, the norm of the angular

velocity vector of the center of mass of the sphere and the pendulum.

Therefore, the Lagrangian L can be defined as :

L=E.-E, (3.15)
There is an additional complexity in the modeling due to the assumption of rolling without
slipping, which introduces a constraint on the parameters. In fact, since the robot is assumed to

roll without slipping, the velocity of the contact point between the robot and the ground is equal

to zero. These constraints can be expressed as follows :

%5 — R (0 cos (¥) + ¢ cos () sin(y)) =0

(3.16)
Ys — R (0 sin () — ¢ cos (¥) cos (8)) =0
Alternatively, we can express these constraints in matrix form as :
Ag=0 (3.17)
where A is a2 X 7 is defined as :
0 —Rcos(yy) —Rcos(f)sin(yy) 1 0 0 O (3.18)

0 —Rsin(y) Rcos(y¥)cos(d) 0 1 0 O
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Due to the no-slip rolling conditions, which are represented by the two non-holonomic equations
defined 3.17, the generalized Lagrange equation will include two Lagrange multipliers, 4 and

Aa.

d (0L oL
Li=—|-—|—-7—=0i+41a; + 12b; 3.19
T (an) 9 Qi 14i 20 ( )
Where a; and b; represent the components of the matrix A defined in 3.18. The Q; represents
the generalized mechanical actions. In our case, only the mechanical actions applied to the
cylindrical joint are non-zero (Q;¢ and Q;7). These mechanical actions are associated with the
generalized coordinates u and . They will be denoted as f and 7. f represents the force at the

output of the cylindrical joint, and 7 represents the moment at the output of the cylindrical joint.

Therefore, Q; can be defined as follows :

T
0i=10 0000t f (3.20)

The equations can be written in matrix form. M and V have been defined using MATLAB. The

matrix A is defined as follows : A = [1; 1»]”.

M(q)G+V(g,q) =0 +ATA (3.21)

Where M is a 7 X 7positive definite symmetric matrix which represents the inertial matrix and V
(7 % 1) contains gravity and Coriolis terms. In order to solve the dynamic equation, we will use

3.21 and the derivation of 3.17. The obtained system is written as follows :

M(q(1)i+V(g.4=0;i+ATA

Ag+A4=0

(3.22)

This system can be written in matrix form as follows
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M(q) -A"(q)||d _|e-V(g.9)

) (3.23)
Alg) O A —A(q)q
upon setting
M —AT —V(q.d ..
_|M(q) (9) = 0 | (4.4) -4 (3.24)
A(q) 0 —A(g9)q A
3.23 can be written as follows :
(T=pu (3.25)
This equation can be solved numerically using the following relation :
F=¢"u (3.26)

By integrating I" we are able to obtain the generalized parameters and the Lagrange multipliers.

343 Reduced dynamic

Given the expected faster performance of the decoupled dynamic for model-based control and
the anticipated higher accuracy of the complete dynamic, as it involves no simplifications, we
introduce in this section the reduced dynamic to harness the advantages of both. To achieve this,
we reduced the number of generalized parameters by eliminating the Lagrange multipliers in

3.21, and to do so, we aimed to identify a matrix 'B’ that satisfies the following relationship :

BT AT =0 (3.27)
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Upon setting and using 3.16

1 0 0 00
s(¥) in(¥) [ ]
0 COSR : B 0 0 W
in(y) (2] .
0 RSlcnos(G) _Rczis(e) 0 0 Xs
B=10 1 0 0 Of.qr=|ys (3.28)
0 0 1 00 @
0 0 0 1 0 u
0 0 0 0 1
The following relations are verified :
4 =Bqr
(3.29)
BT AT =0
As aresult, § can be written as follow
G=Bq, +Bqr (3.30)

By multiplying equation 3.21 by the transpose of matrix B, the terms related to non-holonomic

constraints are eliminated. The equation becomes :

B"M(q)i+B"V(q.¢q) =B"Q (3.31)

Replacing the expressions of ¢ and § from 3.29 and 3.30 in 3.31 we obtain the following reduced
system
Mg, +Kq-+V =0,
(3.32)
q=Baqr
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Where M = BTMB is 5 x 5 matrix, V= BTV, Q, = B'Q and K = B M B are 5 x 1 vectors.

We obtain a differential equation that can be solved numerically using this relation :
dr =M (Qu~Kq,~V) (3.33)
This method reduces the number of generalized parameters from 7 to 5.

3.5 Trajectory tracking and control

Since ARIES is a 2-DOF robot, we have control over two variables. We choose to control the
X and Y cartesian positions of the center of mass of the robot. Our control strategy aims to
regulate these positions to achieve accurate trajectory tracking. To facilitate this, we introduce a
new variable transformation in 3.34 as our new state variable. By utilizing the dynamic models,

we can express the acceleration as :

O =
Y (3.34)

0 =E(q,q)+F(q)y
E and F are obtained from the dynamic equations by extracting the terms related to X and Y.

Here, v encompasses the force and torque defined in Section 3. This expression proves to be

invaluable for the design of our controllers.

We have adopted the same method for both the complete, reduced, and decoupled dynamics.
However, in this discussion, we will focus on the expressions related to the decoupled dynamic.
The dynamic model presented in 3.12 is utilized. The position mentioned in 3.34 can be obtained

using the kinematic relationship presented in 3.3 :

X =R¢
(3.35)
Y =-R6
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By integrating 3.35 into 3.12, we establish the relationship mentioned in 3.34, where y = [7 f]
represents the components of the transverse torques and the force exerted by the cylindrical joint.

The expressions for E and F can be written as follows :

RM'n+M™'y3) RM™'y P R(M™V),

—R(M '35+ M7'33) —RM™'34 -R(M7'V);

Here, (M~'V); and (M~'V); represent the first and third rows of the product M~V and R
represents the radius of the spherical shell. These terms are obtained by identification and

extraction of the terms related to X and Y after applying the equation 3.35.

Due to the non-linear nature of the ARIES model, controlling the system can be challenging. After
a thorough review of control strategies, we have chosen to employ sliding mode control (SMC)
for this purpose. SMC is well-known for its robustness against uncertainties and disturbances,
as well as its reduced sensitivity to modeling errors compared to other control strategies, as
demonstrated in the next section. Furthermore, SMC is relatively straightforward to implement

in a system.

The principle of SMC relies on the use of sliding surfaces and reaching laws. A sliding surface is
a hypersurface defined based on the desired behavior and control objectives. The main objective
of this control strategy is to drive the system to slide on this surface to reach the equilibrium

point. To implement sliding mode control, we define the sliding surface as :

s=—+Jlde (3.36)

where e is a 2 X 1 vector which represents the error between the measured and desired position :
e = 0 — 0y. In sliding mode control, 4 is used to represent a sliding mode control gain. It plays a

crucial role in the design of the sliding surface and the overall behavior of the controlled system.

Therefore, we have :
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¢=0-04=E(q,¢)+F(q)t -0y

The objective is to have s = 0. We define § = —K sign(s), with K a constant gain that determines

the strength or intensity of the control action, the sign(s) function is defined as follows :

I ifs>0

sign(s) ={-1 ifs<0

0 ifs=0

By differentiating s and using the relation § = —K sign(s), we obtain :

§=¢+Aé =E(q,q) + F(q)y — Oq4 + 1é = —K sign(s)

The control law is then obtained as follows :

y=F (04— 1¢é — E — K sign(s)) (3.37)

Where F is an invertible matrix. However, the use of the sign function alone can lead to significant
chattering. To reduce this chattering effect, we incorporate an enhanced exponential reaching

law, as defined in 3.38 Mozayan et al. (2016) :

K, |s|Ysign(s
s= 5, Kolsl'sien(s) (3.38)
2 a-ePfbl(a-1)

The robustness is ensured as long as K, satisfies the relation 0 < K, < 1.

The block diagram of SMC is represented in Fig. 3.3



61

0q

Control law

Sliding
surface

ARIES

+ -
04 /z-\ é sliding mode 0 0
y \/ gain A
04 e Sliding mode
—+b gain 4

Figure 3.3 SMC block diagram

To compare SMC with another control strategy and validate our choice of using SMC, we
have designed a computed torque control (CTC) approach for both the decoupled and complete
dynamics of ARIES. CTC is a widely used control strategy in robotic manipulators to achieve
precise and accurate control. It is a model-based control approach that leverages the dynamic
model of the robot to generate control commands. We selected CTC as a basis for comparison
due to its high accuracy and its similarity to SMC as a model-based control method. Additionally,
CTC is relatively easy to implement and robust to parameter variations. This method is detailed

in Kayacan et al. (2012a)

3.6 Simulation results

This section presents the simulation results for sliding mode control (SMC) and computed torque
control (CTC) and also the closed loop comparison of the decoupled, reduced, and complete

dynamics.

The values of the parameters used in the simulations are given in Tab.3.2. These values are

obtained from the prototype of ARIES.
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Tableau 3.2 Physical parameters

R r my
20cm | 10cm | 2kg

umax G p
3cm | 1.69 | 4 mm

a'm ax

23.82 rad/s

my I I,
7kg | 0.25 kg-m? | 0.2 kg-m?

The values of the parameters of the controllers are also displayed in Tab 3.3. We obtained these

values by tuning the parameters of the controllers.

Tableau 3.3 Controller Parameters

Dynamic Decoupled Complete Reduced
50 50 50
1=1o 5] l‘[o 5] A‘[o 5]
a =0.02 a =0.03 a=0.04
B=0.5 B =0.25 B =0.02
K, =0.8 K, =0.058 K, =0.2
K, =0.1 K,, =0.058 K, =0.2
For the computed torque, the following parameters are used :
10 O 10 0O
K, = , b= (3.39)
0 5.05 0 10

These parameters are essential for accurate modeling and control of ARIES during the simulations.

3.6.1 Performance Analysis : Dynamic models

In this subsection, we conduct a closed-loop comparison between the decoupled, complete,
and reduced dynamic models. As explained in Section 3, the primary distinctions between

the decoupled and complete dynamics are rooted in their generalized parameter count and the
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presence of non-holonomic constraints. The decoupled dynamic involves 4 variables, whereas
the complete dynamic encompasses 7 variables. This differentiation arises from the separation of
transverse and longitudinal movements in the decoupled dynamic, while the complete dynamic
introduces added complexity through the inclusion of the Lagrange multiplier. In the case of
the reduced dynamic, the primary difference from the complete dynamic is the reduction of
generalized coordinates from 7 to 5. The evaluation of these dynamic models involves testing
them using advanced sliding mode control. In this experiment, we utilized a circular trajectory
as an input with a I-meter radius and an angular velocity of 0.25 radians per second. The results
are depicted in Figure 3.4 with the error variations in Figure 3.5. To assess the accuracy of
the controllers, we calculate the root mean square error (RMSE), which measures the average
magnitude of the errors between the desired and actual outputs of the system. We also calculate
the maximum errors for the x and y axes for comparison purposes. The results are shown in Tab.
3.4 for comparison purposes. The findings indicate that the complete dynamic system performs
better than both the decoupled and reduced dynamics specifically concerning the x position.
Despite its simplification, the decoupled dynamic exhibits commendable trajectory tracking due
to its ability to mitigate system non-linearities and reduce computational complexity. Similarly,
the reduced dynamic achieves high accuracy compared to the complete dynamic, as it effectively

streamlines computational complexity while maintaining precision.

Tableau 3.4 Performance comparison for dynamic models

Dynamics €max, €max, RMSE, RMSE,

Complete dynamic ~ 3.11x 107 3.85x 107* 7.1 x107> 0.2198
Reduced dynamic 26 %1073 23x1073 9x107°  0.2197
Decoupled dynamic ~ 0.0132  6.79x 107* 8 x10™*  0.229

3.6.2 Performance Analysis : Controllers type

In this subsection, we conduct a performance analysis that juxtaposes sliding mode control
(SMC) and computed torque control (CTC) under identical input trajectories using decoupled

and complete dynamics. The trajectories obtained for both SMC and CTC are shown in Figure
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trajectory using decoupled dynamic
Reference trajectory

trajectory using complete dynamic
trajectory using reduced dynamic

Figure 3.4 Closed loop comparison between the three dynamics
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3.6a, with SMC demonstrating higher accuracy in trajectory tracking. We also calculated the

root mean square error (RMSE) and the maximum errors for the x and y axes for comparison

Figure 3.5 Variation of the error for decoupled, reduced and complete dynamic a shows

the x-error variation over time and b shows the y-error variation over time
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purposes. The results are shown in Tab. 3.5 for comparison purposes. SMC shows superior
control accuracy for the x-axis compared to CTC. Robustness assessment involves introducing
model uncertainties by adding 10% of the generalized coordinate values to the system states. This
evaluation aims to examine how well the controllers handle uncertainties. Figure 3.6b illustrates
controller responses under these conditions, revealing SMC'’s capability to maintain accurate
trajectory tracking even in the presence of uncertainties. In contrast, CTC faces challenges in
achieving accurate tracking under uncertain conditions. An energy consumption analysis was
also conducted in order to compare the controllers. Figure 3.7 illustrates the power consumption
of motors for both controllers, highlighting SMC’s superior energy efficiency. Considering all
factors, SMC'’s performance and robustness, combined with its energy efficiency, position it as a

superior control strategy for ARIES when compared to computed torque control (CTC).

| L | L
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05r ,
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£ | | € |

trajectory using CTC -0.2
trajectory using SMC
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Figure 3.6 Trajectory tracking using SMC and CTC. a compare the SMC and the CTC
without disturbances. The xy RSME values for SMC and CTC are 0.2036 and 0.2128
respectively. b compares SMC and the CTC with disturbances. The xy RSME values for
SMC and CTC are 0.2199 and 0.2273 respectively

3.6.3 Performance Analysis : Actuation

In this section, we will compare the results obtained from the ARIES design with those derived

from a more conventional design featuring a standard 2-degree-of-freedom (2-DOF) tilting
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Figure 3.7 Power consumption of the motors using SMC and CTC

Tableau 3.5 Performance Comparison : SMC vs. CTC

Controller €max, €max, RMSE, RMSE,
SMC 3.11x 107% 3.8532x107* 7.1x1073 0.2198
CTC 4.8%x107* 0.0387 0.0120 0.2290

mechanism. The primary distinction between these two mechanisms lies in the nature of the tilting
action : while ARIES generates a translational motion, the more traditional design produces a
rotational one. To facilitate a meaningful comparison, we maintained consistent parameters with
those used in ARIES. In the 2-DOF tilting mechanism, the translational output u is replaced by an
angular variable S As demonstrated in experiments conducted in Belzile & St-Onge (2022b), a
maximum translation of # = 3cm corresponds to a maximum rotation of 8 = 39 deg. We utilized
a well-established model introduced by Kayacan et al. Kayacan et al. (2012a), incorporating
ARIES parameters. Additionally, we implemented our custom sliding mode control approach for

a comparative analysis. Both the established model and our approach were subjected to the same
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input : a circular trajectory with a 0.5m radius and an angular velocity of 0.5rad/s. The resulting
trajectory when using sliding mode control is illustrated in Fig. 3.8a, demonstrating that both

designs exhibit excellent trajectory tracking.

In Fig. 3.9, we have presented plots of u and 8 over time. These plots reveal an interesting
distinction between the two designs. The cylindrical drive design requires minimal tilting, while
the double pendulum design necessitates a maximum rotation of S to achieve the same trajectory.
This disparity in motion reflects differences in power consumption, as depicted in Fig.3.8b.
Notably, the cylindrical drive design proves to be more energy-efficient in achieving the desired

trajectory.
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Figure 3.8 Comparison between the double pendulum and cylindrical drive designs a
shows the trajectory following and b shows the power consumption of the motors for the
designs

3.7 Hardware implementation

In the next study, we will evaluate the performance of our designed controllers, we will conduct
experiments using a physical prototype of ARIES. ARIES is characterized by a cylindrical drive
mechanism enclosed within a transparent polycarbonate shell divided into two hemispheres. A
hermetic seal is ensured through an overlapping section, and the shell’s curvature is tailored to

accommodate two Maxon brushless DC motors equipped with hall sensors and two quadrature
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encoders. These motor components facilitate the measurement of motor rotation, enabling us to
determine both the translation and rotation of the cylindrical joint. Additionally, we will employ
an ultra-wideband (UWB) system containing an inertial measurement unit sensor and a Kalman

filter to precisely ascertain the position and orientation of the sphere’s center of mass.

For motor control, we will utilize the transpose of the Jacobian matrix J, which is defined as

follows :

2r pG
J = (3.40)
-2 pG

The transpose of this Jacobian matrix will allow us to compute the generalized forces 7 and f, as

mentioned earlier, using the equation :
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=JT (3.41)

Here, 77 and 7 represent the torque applied to the left and right motors, respectively.

Furthermore, the motor controllers we intend to use operate based on voltage inputs, necessitating

two conversions. The first conversion translates torque to voltage using the following formula :

0
n=Ky, Unot— — T (3.42)
Om
Where :
- K,, is the speed constant of the motors. - (% is the speed-to-torque gradient of the motors. -

Unmot 1s the power voltage supplied to the motors. - T represents the torque applied to the motors.

The second conversion relates to translating speed into voltage, as follows :

n — Nmin

Vet = -4.9+0.1 (3.43)

Nmax — Mmin
In this equation :

- n denotes the velocity of the motors. - 7, and ny,,x correspond to the minimum and maximum

velocities, respectively.

The robot is equipped with a Xavier Jetson microcontroller running the Robot Operating System
(ROS). To send velocity commands from the controllers to the robot, we employ subscriber and
publisher blocks in Simulink. The publisher block is named "cmdVel," and it sends velocity
commands to the motor controllers. To obtain the feedback information necessary for control,

we use three publishers :



70

1. "Pose," which provides filtered position data of the robot as well as quaternions to determine

its orientation. This information is obtained from the UWB sensor.

2. "Vel," which gives filtered linear and angular velocities of the robot, is also derived from the

UWB sensor.

3. "Robot states," which supplies translational and rotational outputs @ and u and their derivatives,
obtained using the encoders. Low-pass filters have been added in Simulink to reduce noise in

this data. The architecture of the system is summarized in Figure 3.10.

ARIES (ROS)

| } }

Publisher for the Publisher for the Publisherfor the Subscriber for

. outputs of the .
position of the robot velocities of the robot Itpu ) input command
cylindrical drive

Simulink

Figure 3.10 Data flow for direct control of ARIES

To validate our dynamic models, we conducted real-world experiments with the robot in an open
loop. We applied a one-volt input voltage to both motors, equivalent to a torque of 0.3 N-m
and zero force. We also fed the same input voltage to the model, both on the real robot and in

Simulink using a publisher.

The results of this comparison can be seen in Figure 3.11. In these figures, a compares the
x-position of the robot with the complete dynamic model, and b compares the y-position of the

model with the complete dynamic model.

As evident from our observations, there is a strong resemblance between the simulation outcomes

and real-world outcomes, confirming the accuracy of our dynamic modeling. It’s essential to take
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Figure 3.11 Open loop validation a compares the x-position of the robot with the
complete dynamic model, and b compares the y-position of the model with the complete
dynamic model

into account potential discrepancies related to the 10 cm precision of the UWB (Ultra-Wideband)

technology, particularly concerning the y-axis.

It’s also worth noting that wobbling is visible in the y-position of the robot. This wobbling is
expected to be mitigated by the controller. Such oscillations are primarily caused by inertial
effects. Specifically, rapid changes in direction induce wobbling as the robot’s mass resists

alterations in its motion state, primarily due to its moment of inertia.

3.8 Conclusion

In this study, we investigated the modeling, analysis, and control aspects of spherical robots,
with a particular focus on ARIES—a 2-degree-of-freedom (2-DOF) pendulum robot capable of
both rolling and tilting motions around the sphere’s axis. We proposed three distinct ways of

modeling ARIES using the Lagrange method :

The first approach involved considering the full dynamics of the system without simplifications,

providing a comprehensive understanding of its behavior.
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The second approach decoupled the transversal and longitudinal axes, treating them as inde-

pendent dynamics, which allowed for a more focused examination of each axis’s behavior.

The third approach employed a variable transformation to reduce the complete dynamics from 7

to 5 variables, simplifying the model while retaining essential characteristics.

We conducted simulation experiments using Simulink to compare the performance of these
dynamic modeling approaches. Sliding mode control was employed, and various metrics were
used for evaluation. The outcomes revealed the efficiency of the complete dynamic model in
terms of accuracy, compared to the decoupled and reduced dynamic. Furthermore, a comparison
between sliding mode control and computed torque control was conducted to assess the
robustness and accuracy of sliding mode control. The findings revealed that sliding mode control

outperformed computed torque control for ARIES, displaying greater robustness to uncertainties.

Additionally, this study compared actuation mechanisms by utilizing a double pendulum model
with parameters analogous to those of ARIES. The double pendulum model was subjected to

sliding mode control, facilitating a comparative analysis.

Looking ahead, the next phase of this research involves conducting experiments on the physical
prototype of ARIES to validate these strategies in real-time scenarios, thus bridging the gap

between simulation and practical application.
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CONCLUSION ET RECOMMANDATIONS

Les principaux objectifs de cette recherche étaient de développer des stratégies de contrdle
robustes pour la modélisation et le controle d’ARIES, tout en réalisant une analyse comparative

de trois approches distinctes de modélisation dynamique et de deux stratégies de controle.

Pour atteindre ces objectifs, notre étude a débuté par une revue exhaustive de 1’état actuel des
robots sphériques, couvrant divers aspects tels que la conception, la locomotion, le controle et
I’intégration de capteurs. Cette revue nous a fourni des informations précieuses qui ont jeté les

bases de notre recherche spécifique sur ARIES.

Au cours de cette revue approfondie, nous avons identifié 33 stratégies de contrdle utilisées dans
le domaine, avec le contrdle basé sur le mode de glissement émergent comme le choix dominant.
Cela a mis en évidence la robustesse et la précision de la méthode par mode de glissement dans

le controle d’ARIES.

En ce qui concerne la modélisation dynamique, nous avons exploré diverses approches et conclu
que le modele dynamique complet dépassait les modeles simplifiés en termes de précision,

tandis que les modele découplés et reduits réduisaient la complexité de calcul.

Cette recherche a également démontré 1’efficacité du controle par glissement par rapport au

controle par couple calculé.

Notre recherche met en évidence I’'importance cruciale de I’innovation continue dans la
technologie des robots sphériques, une discipline qui s’avere €tre au cceur des avancées dans
I’exploration spatiale. Dans cette étude, nous faisons une contribution significative au domaine
de I’exploration spatiale, en nous concentrant spécifiquement sur 1’exploration des cavernes
lunaires. Les robots sphériques se sont imposés comme des outils inestimables dans cette
quéte, et leur role ne cesse de s’amplifier. Les cavernes lunaires représentent un environnement

extrémement inhospitalier et peu exploré. Elles sont pleines de mysteres et de possibilités,
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mais aussi de dangers potentiels. Dans ce contexte, les robots sphériques se révelent étre des

partenaires idéaux.

L’une des clés de leur efficacité réside dans notre capacité a innover continuellement dans la
conception, la modélisation et le contrdle de ces robots. Nous devons développer des technologies
avancées qui leur permettent de naviguer de maniere autonome dans les cavernes, de cartographier
ces espaces complexes et potentiellement dangereux, et de recueillir des données essentielles
pour notre compréhension de la Lune et de son histoire. Cette recherche contribue non seulement
a la science fondamentale de 1’exploration spatiale, mais elle a également des implications
pratiques pour les missions futures. Grace a I’innovation continue dans la technologie des robots
sphériques, nous sommes mieux préparés que jamais a relever le défi passionnant de 1’exploration

des cavernes lunaires et a élargir notre compréhension de I’univers qui nous entoure.

Dans le cadre de nos travaux futurs, nous prévoyons de mettre en ceuvre les stratégies de controle
identifiées dans un prototype d’ARIES afin de valider les résultats obtenus a partir de Simulink,
établissant ainsi un lien entre la simulation et 1’application pratique. De plus, nous envisageons
la création de plusieurs prototypes d’ARIES pour former une flotte de robots qui sera déployée

sur la lune dans le but de cartographier et de localiser les cavernes lunaires.
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