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Résumé : Malgré les progres significatifs réalisés
jusqu'a présent dans le controle des robots
humanoides, ceux-ci sont encore loin de présenter de
maniere fiable des comportements semblables a
ceux des humains. Les différents éléments qui
composent les humanoides contribuent a
I'amélioration de leurs comportements. Alors que
l'augmentation de la limitation physique contribue
aux mouvements dynamiques, l'architecture de
contrble est la clé pour gérer ces mouvements et
déterminer les capacités du robot afin d'améliorer ses
comportements. Ce travail vise a développer une
architecture de contréle émulant la fonctionnalité du
systéme nerveux humain. Les architectures classiques
traitaient des cycles sensorimoteurs mais sans
distribution de l'intelligence. Qu'elles soient
centralisées,

ou tous les composants sont connectés a une unité
centrale, ou décentralisées, ou les unités
distribuées servent d'interface entre les E/S et le
controleur principal sans pouvoir prendre de
décision. La solution proposée est une architecture
de controle en temps réel distribuée avec ROS. Les
contréleurs conjoints ont l'intelligence de prendre
des décisions, de dominer leurs actionneurs et de
publier leur état. Les validations expérimentales ont
été effectuées sur notre robot humanoide électro-
hydraulique (HYDROID). Les résultats démontrent
des avancées de 50 % dans le taux de mise a jour
par rapport a d'autres humanoides et de 30 % dans
la latence du processeur principal et des taches de
controle. L'architecture proposée permet de créer
et de tester des systemes a intelligence artificielle
distribuée.
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Abstract : E Despite the significant improvements
achieved until now in controlling humanoid robots,
they are still a long way from reliably exhibiting
human-like behaviors. Various components that
formulate humanoids contribute to improving their
behaviors. While increasing the physical limitation
contributes to dynamic motions, the control
architecture is the key to managing those motions
and determining robot capabilities to improve its
behaviors. This work aims to develop a control
architecture emulating the functionality of the
human nervous system. Classical architectures dealt
with sensorimotor cycles but without intelligence
distribution. Whether centralized, where all
components are connected to a central unit, or
decentralized, where the distributed units are used as
an interface between the [/Os and the master
controller with no ability to make a decision.

The proposed solution is a distributed real-time
control architecture with ROS. The joint controllers
have the intelligence to make decisions, dominate
their actuators, and publish their state. The real-
time capabilities are ensured in the master
controller by using a Preempt-RT kernel beside
OROCOS middleware to operate the real-time
tasks. And in the customized joint controllers by
FreeRTOS firmware. The experimental validations
were performed on our electro-hydraulic
humanoid robot (HYDROID). The results
demonstrate 50% advancements in the update rate
compared to other humanoids and 30% in the
latency of the master processor and the control
tasks. The proposed architecture gives the
possibility to create and test the systems with
distributed artificial intelligence.







Résumé

Alors que le monde de la robotique continue de sortir des produits avec des ca-
pacités de type humain, les robots humanoides ont été témoins d’une propagation
remarquable dans des applications réelles et des environnements industriels. Les
robots humanoides sont ciblés pour interagir avec les humains, naviguer et tra-
vailler dans des environnements adaptés aux humains. Par conséquent, ils doivent
imiter non seulement ’anthropomorphisme, la locomotion, les manipulations et
les comportements des humains, mais aussi la fagon dont les humains les gérent.
Malgré les améliorations significatives réalisées jusqu’a présent dans le controle de
ces robots, ils sont encore loin de montrer de maniére fiable des comportements de
type humain. Divers composants qui constructeur les humanoides contribuent a
améliorer leurs comportements. Le systéme d’actionnement imite les muscles hu-
mains; ces actionneurs devraient pouvoir fournir des forces élevées dans de petits
volumes. Les systémes d’actionnement électrique et hydraulique sont a la pointe
de l'actionnement de ces robots. Au cours des cinq derniéres années, le marché
des robots électriques s’est rapidement développé en raison du processus de mise
en ceuvre rapide et de la facilité de controle de ces robots tels que Optimus-2022,
Cyber-one-2022, Apollo-2023, GR-1-2023 de Fourier Intelligence et Unitree H1-
2023. Ces robots sont encore limités a effectuer des activités lourdes avec des

mouvements dynamiques.

D’autre part, il y a trés peu de recherche sur le systéme d’actionnement hy-
draulique dans le monde, comme Boston Dynamics, Kalysta et Sarcos Robotics.
Les actionneurs hydrauliques ont augmenté les limites physiques du robot en four-
nissant des mouvements dynamiques élevés tout en effectuant des activités lourdes
comme Atlas-2017. Ces actionneurs présentent la capacité unique de maintenir
efficacement les charges a I'état statique des articulations et de minimiser la con-
sommation d’énergie. Selon ces considérations, notre recherche a choisi des action-
neurs hydrauliques pour développer des robots humanoides. Méme si le systéme
hydraulique ordinaire utilise un groupe hydraulique centralisé pour entrainer les ar-

ticulations actives uniformément, négliger le fait que tous les articulations n’exigent



pas la méme force entraine une perte de puissance importante. En outre, d’autres
défis rencontrés dans le développement de robots humanoides avec des actionneurs
hydrauliques sont représentés par i) la difficulté de controle de ces actionneurs, ii)
I’encombrement en raison de l'utilisation des tuyaux hydrauliques pour livrer le

fluide aux articulations, iii) la complexité de la mise en ceuvre.

Développer un actionneur hybride, surmonter les inconvénients et combiner
les avantages des technologies électriques et hydrauliques est la clé pour relever
certains défis fondamentaux dans le domaine. Le servomoteur électro-hydraulique
(SEHA) est un servomoteur « Plug and Play » complet. Il offre les meilleures
performances du marché en termes de compacité (rapports Force/Volume et
Force/Poids). L’utilisation des technologies hydrauliques et électriques mélangées
dans un dispositif compact permet de fournir en méme temps les performances de
la technologie hydraulique et les performances de la technologie électrique (prix,
facilité d’utilisation et de controle, et entretien). Il comprend i) un module de
production d’énergie nommé Mini Group Hydraulic (MGH), ii) un actionneur hy-
draulique hautement instrumenté nommé Servo Intelligent Cylinder (SIC), iii) des
blocs de circuits hydrauliques, iv) un retour hydraulique interne pour un fonction-
nement str, v) les capteurs requis pour un controle raisonnable, et vi) les cartes

électroniques pour créer une unité autonome efficace.

Alors que SEHA facilite la conception mécanique et les systémes
d’actionnement en remplacant la pompe hydraulique centrale par des actionneurs
électro-hydrauliques locaux qui intégrent les tubes hydrauliques et contribuent aux
mouvements dynamiques du robot, I’architecture de contréle est la clé pour gérer
ces mouvements et déterminer les capacités du robot pour améliorer ses comporte-

ments.

Cette thése se concentre sur le développement d’une architecture de controle
humanoide basée sur SEHA qui émule la fonctionnalité du systéme nerveux hu-
main. Les architectures classiques traitent des cycles sensorimoteurs mais pas de
la distribution de l'intelligence. Qu’ils soient centralisés, ou tous les composants
sont connectés a une unité centrale, ou décentralisés, ou les unités distribuées

sont utilisées comme interface entre les E/S et le controleur maitre sans pouvoir
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prendre de décision. La solution proposée est une architecture de controle temps
réel distribuée. Les controleurs interarmées ont l'intelligence de prendre une dé-
cision, de piloter les actionneurs interarmées et d’informer le controleur principal
de 'état du articulation. La boucle de commande sensorimotrice pourrait étre
déployée a la fois dans le controleur commun et maitre. Les capacités en temps
réel sont assurées dans le controleur maitre en utilisant un noyau Preempt-RT a
coté du middleware OROCOS pour exécuter les taches en temps réel, accompagné
de quatre controleurs conjoints personnalisés exploités par le firmware FreeRTOS.
Les validations expérimentales ont été réalisées sur le IBISC de robot humanoide
électro-hydraulique (HYDROID). Les résultats démontrent une progression de 50%
du taux de mise a jour par rapport aux autres humanoides et de 30% de la latence
du processeur maitre et des taches de controle. L’architecture proposée donne la

possibilité de créer et de tester les systémes avec 'intelligence artificielle distribuée.

Les principales contributions de cette thése sont:

e Architecture de contréle humanoide basée sur SEHA: émulation du systéme
nerveux humain dans la distribution de I'renseignement. Il simplifie la ré-
plication en utilisant des données biomédicales mesurées des mouvements
humains dans son algorithmes de mouvement. Il améliore le systéme de con-
trole global du robot en contrélant les mécanismes hybrides localement. 11

permet de créer et de tester des systémes a intelligence artificielle distribuée.

e Amélioration du controle SEHA: identification du systéme pour trouver le

modele de systéeme basé sur ’architecture de controle développée.

e Conception mécatronique: recherche préalable et spécifications imposées en
termes de i) largeur de bande de communication, ii) controle principal. la ca-
pacité de ler a s’intégrer de maniére transparente avec d’autres sous-systémes,
et iii) le temps de cycle, ont permis de mettre au point un systéme flexible
et trés fiable.

e Prototypes de controleurs de fabrication pour SEHA actionneur et ses mod-

ules séparément. Conception d'une interface utilisateur graphique pour a
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des fins de test. Un test de latence a long terme a été exécuté pour le con-
trole principal Composants d’architecture (controleur maitre et réseau). Un
systéme de controle Les bancs d’essai sont congus et exécutés pour valider le
module SEHA basé sur Normes ISO ; ISO 4409:2019, pour le Mini Groupe
Hydraulique.

Démonstration d’une expérience de marche sur le bas du corps du HYDRO1D

a quatre DDL présente du controle du mécanisme de la hanche.
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Abstract

As the robotics world continues to bring out products with human-like abilities,
humanoid robots have witnessed a remarkable spread in real-world applications
and industrial environments. Humanoid robots are targeted to interact with hu-
mans, navigate, and work in environments adapted to humans. Therefore, they
must imitate not only humans’ anthropomorphism, locomotion, manipulations,
and behaviors but also how humans manage those to achieve the highest degree of
human-like emulation. Despite the significant improvements made so far in con-
trolling these robots, they are still a long way from reliably exhibiting human-like
behaviors. Various components that formulate humanoids contribute to improv-
ing their behaviors. The actuation system emulates human muscles; the actuators
should be able to provide high forces in small volumes. The electric and hydraulic
actuation systems are leading in actuating these robots. In the last five years,
the electric-based robots market has been rapidly growing due to the fast im-
plementation process and the ease of control of these robots like Optimus-2022,
Cyper-one-2022, Appolo-2023, Fourier Intelligence’s GR1-2023, and Unitree H1-
2023. However, these robots are still limited to performing heavy-duty activities
with dynamic motions. On the other hand, there is very limited research on hy-
draulic actuation systems in the world, like Boston Dynamics, Kalysta, IIT, and
Sarcos Robotics. Hydraulic actuators increase the robot’s physical limitations by
providing high dynamic motions while performing heavy-duty activities. These
actuators exhibit a unique ability to hold loads efficiently during the static state
of joints and minimize power consumption. According to these considerations,
our research uses hydraulic actuators to develop humanoid robots. The ordinary
hydraulic system employs a centralized hydraulic power unit to drive active joints
uniformly, neglecting that not all joints require the same force, resulting in a
substantial power loss. Furthermore, some other challenges faced in developing
humanoid robots with hydraulic actuators are represented by i) the complexity of
controlling these actuators, ii) the bulkiness because of using the hydraulic pipes

to deliver the fluid to the joints, and iii) the implementation complexity.



In order to avoid the disadvantage of centralized hydraulic actuation, a de-
centralized electro-hydraulic actuator is required to be developed. Our research
team patented (W02020173933A1) and developed a Servo Electro-Hydraulic Ac-
tuator (SEHA). This hybrid actuator combines the advantages of electric and
hydraulic technologies, attempting to address some fundamental challenges in the
field. SEHA is a full-featured “Plug and Play” actuator. It offers the highest mar-
ket performance in compactness (Force/Volume and Force/weight ratios). Using
the hydraulic and electric technologies mingled in one compact device delivers the
performance of hydraulic and electric technologies (price, ease of use and control,
and maintenance). It is a modular actuator that consists of i) a power generation
module named Main Group Hydraulic (MGH), ii) a highly instrumented hydraulic
actuator named Servo Instrumented Cylinder (SIC), iii) hydraulic circuit blocks,
iv) internal hydraulic feedback for safe operation, v) required sensors for reasonable

control, and vi) electronic cards to create an effective standalone unit.

While SEHA facilitates the mechanical design and actuation systems by re-
placing the central hydraulic pump with local electro-hydraulic actuators that
integrate the hydraulic tubes and contribute to the robot’s dynamic motions, the
control architecture is the key to managing those motions and determining robot

capabilities to improve its behaviors.

This thesis focuses on developing SEHA-based humanoid control architecture
that emulates the functionality of the human nervous system. The classical
architectures deal with the sensorimotor cycles but not with the distribution of
intelligence. Whether centralized, where all components are connected to a central
unit, or decentralized with very limited coordination between the control units, or
even the distributed control system that uses the units as an interface between the
[/Os and the master controller with no ability to make a decision. The proposed
solution is a distributed real-time control architecture. The joint controllers have
the intelligence to make a decision, dominate the joint actuators, and inform
the master controller about the joint’s state. The sensorimotor loops could be
deployed in both the joint and master controller. The real-time capabilities

are ensured in the master controller by using a Real-Time Operating System

vi



(RTOS) beside middleware operating a hard real-time communication system,
accompanied by customized joint controllers operated by RTOS for embedded
systems. The experimental validations were performed on our electro-hydraulic
humanoid robot (HYDROID). The results demonstrated 50 % advancement in the
update rate compared to other humanoids and 30 % in the latency of the master
processor and the control tasks. The developed architecture allows creating and

testing of systems with distributed artificial intelligence.

The main contributions of this thesis are:

e SEHA-based humanoid control architecture: emulating human’s ner-
vous system in the intelligence distribution. It simplifies replicating human
motions by employing measured biomedical data of human motions in its
motion algorithms. It improves the overall robot’s control system by locally
controlling the hybrid mechanisms. It allows the creation and testing of

systems with distributed artificial intelligence.

e Control architecture mechatronic design: The research identified and
described specifications and constraints of the key software and hardware
control architecture components: i) master controller real-time capability
and ability to seamlessly integrate with other subsystems, ii) joint controllers
distribution and capability to execute adaptive control strategies, iii) commu-
nication interface, and iv) cycle time, have collectively led to the development

of a flexible and highly dependable system.

e Experimental validation: Manufacturing controllers’ prototypes for
SEHA actuator and its modules separately. Designing a graphic user in-
terface for testing purposes. A long-term latency test was executed for the
main control architecture parts (Master controller and network). A control
system for the test benches is designed and executed to validate SEHA mod-
ule based on ISO standards; ISO 4409:2019, for the Main Group Hydraulic.

vil



e SEHA control Enhancement: System identification was conducted to

find the system model based on the developed control architecture.

e Demonstration: for a walking experiment of the HYDROiD’s lower body

with four DoFs presents controlling the hip mechanism.
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Introduction

Understanding the phenomena of locomotion and manipulation of humans is one
of the main interests of most scientific research for decades. Emulating the human
body by replicating it with humanoid robots has been one of the methods used to
improve this understanding. This emulation requires a reliable hardware design
replicating complex human mechanisms with a powerful actuation system and a

robust control system achieving dynamic motions like humans.

The control system architecture is a critical bottleneck for producing humanoid
robots that maintain stability while performing different activities (avoiding ob-
stacles, localization, mapping, and others); Developing this architecture still faces
several challenges. i) Since one of the aims of humanoid robots is to emulate the
human body, their control systems should perform like how humans control their
muscles during the stability phase and the postural transitions. A set of senso-
rimotor programs in humans [2] represents postural coordination; the transitions
are behavioral consequences of changes among programs operating at the central
nervous system level. ii) Humanoid robots should be able to collaborate with
humans safely, the physical human-robot interaction (pHRI) should be critically
safe despite the challenging hardware and software constraints. The control ar-
chitecture for achieving pHRI should be operated in real-time, with deterministic
latency. 1iii) The distribution of numerous actuated degrees of freedom (DoFs)
and associated sensors make it essential to seek an efficient control system with
enormous processing capability that considers limitations of the joint control level
update rates and the network bandwidth. iv) The socially accepted appearance is

challenging while developing humanoid robots, where connecting all the actuators



and sensors requires installing an abundant number of cables, making the robot

bulky and having an unpleasant appearance.

This thesis discusses the proposed control architecture of the robot HYDROiD.
It is an under-developed, full-size humanoid robot that is hydraulically actuated.
It is designed to be able to achieve hard and useful tasks and replace humans
in disaster environments. The desired bio-loyal behavior concerns the capacity
of transmission of force and motion and joint deflections while ensuring an an-
thropomorphic appearance of the produced devices. It has a central hydraulic
pump and many integrated hydraulic pipes into parallel mechanisms like shoul-
ders, hips, ankles, and torso that assist to replicate the complex mechanisms of
humans. HYDROiD’s mechanisms have been the subject of two international
patents (W02009144320 and W0O2009135694) and several publications in journals
and international conferences. The fact of having one central pump constrain in-
tegrating all the hydraulic pipes and deliver the same force to every joints which

affect the robot’s power consumption.

In 2019, an intensive collaboration was carried out with the Servo-Electric-
Hydraulic Actuator (SEHA) project. SEHA was conducted under a startup KA-
LYSTA, a spin-off Paris-Saclay University, funded by the SATT Paris-Saclay *
SEHA is a modular actuator consists of i) a power generation module named
Mini Group Hydraulic (MGH), ii) a highly instrumented hydraulic actuator named
Servo instrumented Cylinder (SIC), iii) hydraulic circuit blocks, iv) internal hy-
draulic feedback for safe operation, v) required sensors for reasonable control, and
vi) electronic cards. Using SEHA in HYDROiD aims to replace the central pump
with local electro-hydraulic actuators that deliver the exact required flow to each
join and integrate the hydraulic tubes contributing to the robot’s morphology and
dynamic motions. SEHA’s main modules, like the MGH and SIC, could work sep-
arately or combined as one actuator, enabling hybrid mechanisms to be built into

the hardware design and replicating human-like motions.

This work aims to develop a control system that imitates humans’ nervous sys-

tem regarding the multitude of decision-making centers and their distribution to

ISATT is the Technology Transfer Accelerator Office of the Paris-Saclay Cluster.



reach the highest level of human emulation. The development methodology mea-
sures the human motions, increases the robot’s physical capabilities, and develops
a control architecture to employ the measured motions. Much research is needed
to develop parallel mechanisms to achieve some complex joint motions based on
hydraulic linear actuators to increase the robot’s physical capabilities. However,
there is still a need to interpret these motions to fit the measured data, which is an
angular motion. Replacing the ordinary control system of using one controller for
each joint with controllers for a group of joints that work together into parallel or
hybrid mechanisms. That enables the execution of the Inverse Geometrics Models

(IGM) locally and divides the processing into the joint controllers.

The proposed architecture is able to use human motions’ measured data and
control the robot’s actuators to execute these motions. This work concentrates on
the joint-level controller and the software architecture modulated to the humanoid
robot’s whole-body joints. The proposed solution assists in defining the best ways
to reproduce the sensorimotor loops by enabling them to be implemented in low
and high control levels. It guarantees task execution in a determined time, ensur-
ing safe interaction, and provides a software architecture with multitasking and
prioritizing capability. In addition, thanks to the controllers’ distribution, the
processing capacity will be divided into joint controllers, and the used cable for

peripherals will be minimized.

Main contributions

The main contributions of this thesis are:

e SEHA-based humanoid control architecture: emulating human’s ner-
vous system in the intelligence distribution. It simplifies replicating human
motions by employing measured biomedical data of human motions in its
motion algorithms. It improves the overall robot’s control system by locally
controlling the hybrid mechanisms. It allows the creation and testing of

systems with distributed artificial intelligence.



e SEHA control Enhancement: System identification was conducted to

find the system model based on the developed control architecture.

e Control architecture mechatronic design: The research identified and
described specifications and constraints of the key software and hardware
control architecture components: i) master controller real-time capability
and ability to seamlessly integrate with other subsystems, ii) joint controllers
distribution and capability to execute adaptive control strategies, iii) commu-
nication interface, and iv) cycle time, have collectively led to the development

of a flexible and highly dependable system.

e Experimental validation: Manufacturing controllers’ prototypes for
SEHA actuator and its modules separately. Designing a graphic user inter-
face for testing purposes. A long-term latency test was executed for the main
control architecture parts (Master controller and network). A control sys-
tem for the test benches is designed and executed to validate SEHA module
based on ISO standards; ISO 4409:2019 [3], for the Mini Group Hydraulic.

e Demonstration: for a walking experiment of the HYDROiD’s lower body

with four DoFs presents controlling the hip mechanism.

Thesis plan

This thesis report presents a bio-medical study in Chapter.1 that introduces the
human mechanisms for muscle control, explores the sensorimotor loops, and pro-
vides an overview of the tasks, functions, and responsibilities associated with each
part of the human nervous system. Chapter.2 investigates the development of
humanoid control architecture, including its degrees of freedom, actuation types,
joint controllers, software, middleware, and communication technology. Chapter.3
introduces the features, structure, and operations of the developed hybrid actuator
SEHA. Chapter.4 introduces in detail the development methodology of a control
architecture for the robot HYDROID using SEHA actuators and explains the ca-

pabilities of the proposed system to implement the sensorimotor loops in different

4



control levels. Chapter.5 provides an overview of the SEHA modules’ controllers
development, where SIC and MGH boards are designed to meet the required func-
tionalities, manufactured, and tested on development kit prototypes. A bench
test was designed and executed according to ISO standard (4409:2019 [3]). The
other axe of this chapter examines the control architecture elements and explores
the validation processes of the system’s capabilities and performance. The future

works, and perspectives are presented in the conclusion Chapter.6.
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Chapitre 1 - Biomedical Study

1.1 Introduction

In the pursuit of developing advanced humanoid robots that seamlessly replicate
human motions and capabilities, understanding the complex mechanisms of human
muscle control becomes crucial. This chapter explores a biomedical study to in-
vestigate the mysteries of how humans control their muscular systems. Through a
simple exploration of sensorimotor loops and the distribution of intelligence within
the human body, this chapter sheds light on the inner processes of our physiological

machinery.

It aims to explore some of the main questions that form the basis of the research
endeavors. How do humans control their muscles, and how does their control sys-
tem function? Are there distinct decision-making centers distributed throughout
the body, and how do they collaborate in producing complex motions? Further-
more, do muscles possess an intelligence, enabling them to adapt and respond to
diverse stimulants? These questions serve as the guiding compass as we navigate

the depths of human biomechanics.

The importance of understanding the complexities of human muscle control
lies at the core of replicating humanoid robots, particularly our SEHA-based HY-
DROiD, with the flexibility and precision of human-like motions. A deep awareness
of these physiological mechanisms unlocks new horizons in robotics and promises
applications across healthcare, rehabilitation, and various industries where human-

robot collaboration is on the rise.

An investigation of sensorimotor programs controlling stability phases and pos-
tural transitions was conducted, drawing insights from the postural coordination
changes. Additionally, the incorporation of real-world biomedical data was col-
lected during human locomotion as a foundational data set for our exploration.
This data, capturing the joints’ pitch, yaw, and roll angles, reveals the complexity

underneath seemingly simple movements.

This chapter outlines the key findings and explains the difficulties discovered
during the study. In addition, it presents the implications of our findings and their
relevance to the development of humanoid robots like HYDROiD.



1.2. Research Questions and Objectives

As a conclusion to the introduction, the insights acquired from this biomedical
study will deepen our understanding and serve as the starting point to build an
analysis of humanoid robots in the next chapter, "State of the Art." This inter-
play between human and robotic elements brings us closer to realizing a future

characterized by the integration of humans and machines.

1.2 Research Questions and Objectives

This section outlines the key research questions that guide our exploration into
human muscle control mechanisms. Each question is followed by its objective,

providing a comprehensive understanding of our investigative approach and goals.

Research Questions and Objectives

e Question-1: How do humans control their muscles during various phases of

motions and locomotion, including stability and postural transitions?

Objective: To investigate the human nervous system’s sensorimotor pro-
grams and postural coordination mechanisms to regulate muscle activity
during different movement phases. Understanding these mechanisms is cru-
cial for replicating human-like movements in humanoid robots and enhancing

their stability and adaptability.

e Question-2: Are the distinct decision-making centers distributed through-

out the human body responsible for coordinating complex movements?

Objective: To explore decision-making centers’ anatomical and functional
distribution and their role in directing coordinated muscle actions. Identify-
ing these centers improves our understanding of the distributed intelligence
that supports human motor control, potentially guiding the design of more

human-emulation-capable robotic systems.

e Question-3: Does human musculature exhibit adaptive responses close to

a form of intrinsic intelligence?
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Objective: To examine whether muscles demonstrate adaptive behaviors and
responsiveness to various stimulants, indicating a level of inherent intelli-
gence. Insights into muscle adaptability can inspire innovative approaches

to robot control and human-robot interaction.

e Question-4: How can insights from the study of human muscle control

mechanisms be applied to enhance the development of humanoid robots?

Objective: To draw practical implications from our findings to inform hu-
manoid robot design and control architecture, focusing on our SEHA-based
HYDROIiD platform. That will approach between human and robotic con-
trol mechanisms, advance the field of robotics, and open new possibilities for

real-world applications.

1.3 Human Motions Control Exploration

The main human motions are represented by locomotion and manipulation. Lo-
comotion is a form of motion that leads to movement from one place to another
by walking, running, jumping, or hopping [4|. The legs are the main limbs respon-
sible for locomotion, whereas the arms are used for more accurate balancing. On
the contrary, human manipulation, like grabbing an object or using a screwdriver,
occurs mainly by the arms, whether during locomotion or standing, setting, or
laying postures. The human manipulation for avoiding obstacles is achieved by se-
quential locomotions, and the manipulation to open a door is sequential postural’
transitions. Therefore, two groups could classify these motions: the first includes
motions for achieving locomotion, and the second includes the postures and the
transitions between them. The discussion in this section is mainly about these two
kinds of motions, but before going deeper into those, an overview of the nervous

system and some of the used expressions could clarify the context of this section.

Humans control their movements through complex processes involving the var-
ious components of the nervous system. The human nervous system is functionally

segmented into two main components: the central nervous system, which consists
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of the spinal cord and brain, and the peripheral nervous system, represented by
all neurons outside the central nervous system. The processes are known as sen-
sorimotor programs executed through sensory routes and motor pathways. It is a
common feature of humans that sensory routes connect with motor pathways at
various levels of the nervous system. Each level contributes to different reflexes
and motor control aspects, ranging from simple reflexes to more complex and co-
ordinated movements and postures. The nervous system levels are defined by the
involved parts of the nervous system to achieve sensorimotor continuity. The sim-
plest reflex in humans is established through the continuity of only sensory and
motor cells, where sensory cells directly send their process signals to motor cells.
These reflexes are segmental, where afferent and efferent neurons belong to the
same segment like reflexes in the spinal cord and the brain stem [5]. Figure 1.1 il-
lustrates the classically described spinal reflex arc and shows the direct connection
between the sensory routes and the motor pathways [6]. This reflex is considered

as an involuntary motion that occurs without the human conscience.

Spinal cord

Sensory neuron \: \\
| \

Quadriceps muscle

V Patella
( (t

Patellar tendon

Interneuron
(inhibitory)

Motor neurons

Hamstring muscle

Figure 1.1: Simplest reflex establishes direct connections between the sensory
routes and motor pathway [6]

The next complexity level of controlling motions corresponds to the second
motions group of postural control. The standing posture may be considered one of

the simplest human motion controls. One of the studies presents the complexity of
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the sensorimotor control system in maintaining balance during quiet standing [7].
The study explores human postural control and sensorimotor integration during an
upright stance and examines how the nervous system adjusts to maintain balance in
various conditions. The sensorimotor continuity at this level includes connections
through the medial reticular formation of the brain stem. Sensory fibers connect
with interneurons in the spinal cord, which then communicate with large cells in
the medial reticular formation. The medial reticular formation is also influenced
by cranial nerves, enhancing its connectivity [5|. It stabilizes whole-body postures
and movements, particularly maintaining the upright posture, aided by vestibular

reflexes.

In [8], the author emphasizes the instability of the human body during the
standing posture. Consequently, there is a need for continuous muscular control
with effective coordination between the segments and joints of the human body,
even in the simplest postures. A set of motor programs represents these postural
coordinations, and the transitions between postures are explained in [2| as behav-
ioral consequences of changes between programs operating at the central nervous
system’s level. The study presents the mechanical restrictions of the postural
states as a potential reason for the alteration between various postural states.
These mechanical constraints can be defined in several ways, including limitations
on the forces and torques exerted at the support surface or joints, constraints on
the intrinsic frequency of postural patterns, or restrictions on the amplitude of
body movements that the patterns can accommodate. Following this explana-
tion, a task that demands body movements beyond these mechanical limits could

alternate from one pattern to another.

For example, ankle rotations make the body sway by applying torque at the
support surface, and these rotations are most effective on extended and rigid sur-
faces that resist this torque. The trunk rotations linked to the legs could be the
alternative to the ankle rotations. In this pattern, rotations at the hips make the
body sway by applying a shear force to the support surface. Consequently, moving

to a surface with low shear resistance would switch from hip to ankle rotation.

Taking the first step following the standing posture means the motion con-
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trol will switch from postural control to locomotion control, related to the first
motion group mentioned above. This sensorimotor continuity involves various
subsystems in the nervous system, like the somatosensory and vestibular systems.
These systems constantly provide segmental coordination and body stabilization
information. Avoiding obstacles involves the visual system to provide informa-
tion about the surrounding environment. A study presents how leg movements
during locomotion result from a collaborative interaction between interconnected
neurons in the spinal cord, known as the central pattern generator, and sensory
feedback from the segmental somatosensory system and higher-level centers such
as the vestibular system [9]. The study outlines the roles played by proprioceptive
and vestibular feedback depending on the speed of locomotion. Vestibular feed-
back becomes crucial at slower speeds, while somatosensory feedback is essential
at higher velocities. Figure 1.2 shows the interconnection in the central nervous
system between the two sensory systems and their sensory routes alongside the

motor pathways.

The sensorimotor continuity levels represent increasingly complex and inter-
connected systems in the nervous system, allowing for more sophisticated control
and coordination of sensory and motor functions. Each level builds upon the pre-
vious ones, adding layers of complexity and adaptability to human responses to

its environment [5].

Another study investigates the role of locomotion sub-functions in stabilizing
walking at different speeds [10]. It draws inspiration from biological locomotory
systems and template models that simplify understanding locomotion dynamics
and control. The three basic sub-functions in locomotion are elastic axial leg
function (stance), leg swinging, and body alignment (balancing/posture control).
It reveals that different control strategies stabilize walking at different speeds.
Specifically, balancing and leg swinging controllers mainly change when transi-
tioning from slow to moderate speeds, while the stance leg controller contributes
consistently across various speeds.

Since this research aims to develop control architecture for humanoid robots, and

after the motion control exploration, there is a need to analyze these motions. The
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Figure 1.2: Summary of the somatosensory and vestibular sensory pathways and
their integration into the brain and spinal cord. [9]
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1.4. Data Collection and Methods

following section investigates human walking by analyzing collected bio-medical

data of healthy humans while walking.

1.4 Data Collection and Methods

This analysis was conducted based on recorded biomedical data at Raymond-
Poincaré Hospital, gait analysis laboratory. The Conventional Gait Model (CGM)
approach was chosen for this data collection [11], [12] to capture and understand
human motion during walking. The Conventional Gait Model is an approach that
deconstructs the complex walking motion into measurable components and uses
mathematical modeling to analyze and understand human gait. The CGM pro-
vides i) joints kinematic data (angles, positions) throughout the gait cycle, which
provides insights into how joints move during the walking, ii) kinetic data (forces
and moments acting on the body), which helps in understanding the forces that
drive and stabilize the motion, iii) temporal data (timing and duration of different

phases of the gait cycle).

The joint kinematics are measured using motion capture systems that em-
ploy multiple cameras to track the movement of reflective markers placed on spe-
cific anatomical body landmarks or segments. The kinetics are obtained through
ground reaction force plates that measure the forces exerted by the feet on the
ground during walking. These plates contain sensors that detect the magnitude
and direction of forces applied by each foot as it contacts and pushes off from the

ground.

A few persons participated in the data collection process; each performed three
walking tests at different speeds (slow, regular, and fast) and recorded multiple
steps. The person’s walk is described with the parameters of Robinson and Smidt
1981 [13]. The data set provides walk information, such as walking velocity (cm/s)
and step length (cm). The moment is calculated using geometry and the body’s

mass distribution.

Since the control architecture development is targeted for the HYDROTD robot,

the chosen data set is for a person with similar anthropomorphic characteristics to
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the HYDRO1D robot. HYDRO1ID has the same morphology and mass distribution

as the human body [14]; therefore, it is enough to choose a human subject with

the same height and weight as the robot. One of the data sets meets the robot’s
highest (170 cm) and weight (75 kg). Figures 1.3, 1.4, 1.5, and 1.6 show some of the

noticeable joints” kinematics like hips, knees, ankles, and arms during locomotion.

The joint motion is presented by three angles, flexion, rotation, and abduction

angle, measured in degrees during four steps of a healthy person with a 63 cm step

length at 100 cm/s velocity. The data set provides additional kinematics related

to the head, trunk, pelvis, and foot.
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Figure 1.3: Hips motion angles in degrees during four steps of a healthy person
with 63 cm step length at 100 cm/s velocity
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Figure 1.4: Knees motion angles in degrees during four steps of a healthy person
with 63 cm step length at 100 cm/s velocity

The joint motion forces, moments, and power of the flexion, rotation, and

abduction angles represent the measured kinetic data. Figures 1.7, 1.8, and 1.9
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Figure 1.5: Ankles motion angles in degrees during four steps of a healthy person
with 63 cm step length at 100 cm/s velocity
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Figure 1.6: Arms motion angles in degrees during four steps of a healthy person
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show the captured motions’ forces (N/kg) of the hips, knees, and ankles joints.
The presented data is taken from the same walking experiment ( four steps of a

healthy person with 75 kg weight, 175 cm highest, 63 cm step length, at 100 cm/s
velocity).
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Figure 1.7: Hips motion forces during four steps of a healthy person with 63 cm
step length at 100 cm/s velocity
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Figure 1.8: Knees motion forces during four steps of a healthy person with 63
cm step length at 100 cm/s velocity
Figures 1.10, 1.11, and 1.12 show the captured motions’ moments (Nm/kg).

Figures 1.13a and 1.13b show the calculated powers of the studied joints: hips,
knees, and ankles measured in (watts/kg)
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Figure 1.10: Hips motion moments during four steps of a healthy person with 63

cm step length at 100 cm/s velocity
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Figure 1.11: Knees motion moments during four steps of a healthy person with

63 cm step length at 100 cm/s velocity
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Figure 1.12: Ankles motion moments during four steps of a healthy person with

63 cm step length at 100 cm/s velocity
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1.5 Biomedical Study Outcomes and Results

The key outcomes of the bio-medical study were divided into two parts. The first
handles the human control system and its intelligence centers distribution, and the

second discusses and analyzes the captured data of human walk.

1.5.1 Human Control System

According to the human motions control exploration, section 1.3, the complexity
of the motion control system corresponds to the complexity of the desired motion,
and there is a switching mechanism between these control strategies stimulated by
the motion type or the mechanical limitations. The simplest motions are the invol-
untary reactions, then the postural control, and finally, the locomotion at dynamic
speeds. The control system for the simplest motions starts with direct connections
between the sensory and motor pathways. Then, posture control included connec-
tions through the medial reticular formation in the brain stem and spinal cord.

And finally, for the locomotion, the control system includes some subsystems.

1.5.2 Gait Data analysis

The findings were separated into two parts related to the data analysis sources:
Kinematic data findings from the captured physical motion and Kinetic data find-

ings from the captured motion forces, moments, and power.

Kinematic Data

e Asymmetric motion angles: The study’s observation revealed differences
in the amplitude of measured joint angles between the right and left sides
of the body. For instance, the right hip abduction angle and the left hip
abduction angle exhibited distinct variations, as shown in Figures 1.3a, 1.3b.
These differences are attributed to many factors, including asymmetry in

body form and variations in muscle tissue magnitude since human reliance
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on one side more than the other, mainly during activities like lifting weights,

contributes to these differences.

e Joint motion complexity: The joint kinematics analysis highlighted the
complexity of human joint movements. While it was expected that the hip
and ankle mechanisms would be represented by three motion angles (Pitch,
Roll, and Yaw) as shown in Figures 1.3 and 1.5, it was remarkable that the
knee joint also exhibited three distinct motion angles as shown in Figure
1.4. This observation reflects the intricate nature of human motion, where
even joints connecting two seemingly static segments can generate complex

three-dimensional motions.

e Arm Motions: The captured data highlights that arm motions were the
most notable of the upper body motions during the walking gait as shown in
Figure 1.6. The arm’s contribution to overall motion dynamics emphasizes

its significance in maintaining balance and coordination during walking.

Kinetic Data

e Joint Forces and Moments: The captured data revealed that joint force
was mainly displayed in the joints’ rotation motions as shown in the hips,
knees, and ankles’ forces in Figures 1.7, 1.8, and 1.9. In contrast, the joint
motion moments were most prominent in flexion and abduction movements,
which presented in the hips, knees, and ankles’ moments Figures 1.10, 1.11,
and 1.12. This phenomenon represents a compensatory mechanism, where
joint moments in flexion and abduction are increased to offset the force
encountered during rotational motion. This finding highlights that the joint

moment shows independence from the faced force in the same joint motion.

e Joint Power Peaks: A direct correlation between joint power and joint
moments has been noted. Joint power peaked in close alignment with the

moments at the respective joints as Figures 1.13b, 1.13a emphasizing the
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efficiency of the musculoskeletal system during the steps without encountered

moments.

¢ Kinetic-Kinematic Independence: One of the most fascinating discover-
ies was the independence of kinetic and kinematic data. Despite significant
changes in kinetic readings, the results indicated remarkable stability in kine-
matic motion patterns. This finding suggests the presence of robust com-
pensatory mechanisms that enable the body to maintain relatively consistent

motion despite variations in kinetic factors.

These findings illuminate the intricate interplay between kinematic and kinetic
aspects of human motion, underscoring the multifaceted nature of biomechanics.
This study gives valuable insights into the complexities of joint movements, offering
a deeper understanding of human motions and locomotion dynamics and their

implications for fields ranging from sports science to physical therapy.

1.6 Outcomes Discussion

1.6.1 Implications of Research Findings in the Context of Research

Questions:

The research findings provide valuable insights into human muscle control mech-
anisms and their implications for replicating human-like motions in humanoid
robots. By addressing the first research question regarding how humans control
their muscles during various phases of locomotion, we have discovered essential sen-
sorimotor programs and postural coordination mechanisms. Understanding these
mechanisms is pivotal for enhancing the stability and adaptability of humanoid
robots when mimicking human-like motions. The complexity of the motion con-
trol system, following the desired motion, highlights the need for adaptive control
strategies. The existence of involuntary reactions, postural control, and locomotion
at dynamic speeds demonstrates the hierarchical nature of human motor control.
These findings reinforce the significance of studying the human nervous system’s

sensorimotor programs in developing advanced robotic control architectures.
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1.6.2 Significance of Distributed Decision-Making Centers in the
Human Body:

The investigation into the distribution of decision-making centers throughout the
human body has far-reaching implications for understanding human motor con-
trol. The distributed intelligence responsible for coordinating complex movements
is a testament to the multifaceted nature of the human nervous system. Recogniz-
ing these decision-making centers’ anatomical and functional distribution provides
critical insights into how the body manages diverse muscle actions and motor func-
tions. This understanding is crucial not only for advancing the field of robotics
but also for gaining a deeper comprehension of the intricate interplay between the
human brain and the musculoskeletal system. These distributed centers open new
possibilities for developing more human-emulation-capable robotic systems that

can adapt to real-world scenarios.

1.6.3 Challenges and Implications of Replicating Human Joint

Motions on Humanoid Robots:

Replicating human joint motions on humanoid robots presents several challenges
and implications. The research findings highlight the complexity of joint motions,
including the presence of three-dimensional motions in seemingly static segments,
such as the knee joint. These complexities underscore the intricacies of human
motion and pose challenges for robotic emulation. The variations in joint angles
between the right and left sides of the body can be avoided in the humanoid robot
design. However, there is a need for adaptive control strategies to account for
individual differences and maintain balance and coordination during robotic loco-
motion. The observed independence of kinetic and kinematic data is a challenging
insight, suggesting the development of compensatory mechanisms for humanoids
to maintain consistent motion patterns despite kinetic variations. However, the
challenge remains in implementing these mechanisms effectively in robotic control
systems. Overall, these findings emphasize the need for innovative approaches to

robot control and human-robot interaction, ultimately bridging the gap between
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human and robotic control mechanisms and advancing the field of robotics for a

wide range of real-world applications.

1.7 Conclusion

The biomedical study has provided profound insights into human muscle control
mechanisms, shedding light on the intricacies of sensorimotor programs, postural
coordination, and adaptive control strategies. We have explored the distributed
decision-making centers throughout the human body, revealing the multifaceted
nature of human motor control. These findings have far-reaching implications for
the field of robotics, offering a deeper understanding of human-like motions and
control mechanisms that can be employed to enhance humanoid robots’ stability
and adaptability. These key takeaways from the biomedical study are invalu-
able as we launch on developing the SEHA-based humanoid robot, HYDROID,
as explained in the chapter 4. By understanding the complexities of human joint
motions, the existence of distributed decision-making centers, and the potential for
adaptive control strategies, we are better equipped to bridge the gap between hu-
man and robotic control mechanisms. We aim to create a humanoid robot capable
of emulating human motions and interacting seamlessly in real-world scenarios. As
a transition to the next chapter, "State of the Art," we carry the insights gained
from the biomedical study. These insights will serve as a foundation for examining
humanoid robots in the state of the art. We will explore how the principles of
distributed control, adaptive strategies, and human-like movements are integrated
into the latest advancements in humanoid robotics. This interplay between our
biomedical study and the state of the art brings us one step closer to realizing the
vision of seamless integration between humans and machines. This vision has the
potential to revolutionize various fields and open new possibilities for human-robot

collaboration and interaction.
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2.1 Introduction

The previous chapter explores human muscle control mechanisms during various

motion patterns. An intensive collaboration and accurate synchronization between
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the muscular and nervous systems achieve these motions. We found that switching
mechanisms in the control system enables adaptable control strategies ranging from
the nervous system levels to the switching between the involved subsystems that
achieve more sophisticated control for these motions. In addition, it explores the
muscular system’s impact on controlling human motions. The muscular system
is mirrored by the actuation system in robotics alongside the robot’s physical
limitations, including the used joints’ number and degrees of freedom. The control
architecture emulates the functionality of the human nervous system. It comprises
the central controller, joint controllers, software, middleware, and communication

system.

This chapter investigates prior research and the evolutionary trajectory of
those elements that mainly affect the performance of achieving human-like mo-
tions and behaviors. It aims to comprehensively understand how these elements
have evolved, shaping the field and paving the way for future developments. The
exploration core will revolve around the state of the art in bipedal robotics, offer-
ing insight into the historical evolution and contemporary challenges encountered

in the pursuit of humanoid control architecture and actuation systems.

2.1.1 Importance of Bipedal Robots

Bipedal robots are critical in scenarios where human access is unsafe or impossible,
launching into places like malfunctioning nuclear power plants or navigating the
intricate staircases and corridors of burning buildings [15]. These environments are
inherently designed for human mobility, posing challenges or hard-to-manipulate
obstacles for other types of robots, whether tracked or wheeled. Beyond their
remarkable utility in disaster response and exploration, the domain of bipedal
robotics is evolving diverse applications, extending to the design and control of
assistive devices. Robotic prosthetic legs and exoskeletons can enable patients
who have lost the ability to walk or run or even provide superhuman performance,
such as lifting and transporting exceedingly heavy loads [16]. Bipedal robotics,

which refers to robots with two legs that can walk like humans, is an essential
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area of research in robotics. Bipedal robotics applications offer several significant
benefits:

e Increased mobility: Bipedal robots are designed to move around in environ-
ments not easily accessible by wheeled or tracked robots, such as stairs, uneven

terrain, or narrow spaces.

e Versatility: Biped robots are designed to perform various tasks, such as search

and rescue, manufacturing, entertainment, and healthcare.

e Human-like interaction: Bipedal robots can interact with humans more natu-
rally, which makes them suitable for tasks such as caring for the elderly or helping

people with disabilities.

e Research and development: Bipedal robots are used as a platform for research
and development in areas such as artificial intelligence, machine learning, and

control systems.

e Future potential: As technology advances, bipedal robotics is expected to

become increasingly important for applications such as space exploration.

Overall, the importance of biped robotics applications lies in their potential
to increase mobility, versatility, and human-like interaction while simultaneously

serving as a platform for research development endeavors across a spectrum of
fields.

2.1.2 Humanoid robot challenges

Common challenges of humanoid robots include:

e Stability: Maintaining stability is one of the critical challenges in the advance-
ment of humanoid robots. Unlike wheeled or tracked robots, humanoid robots must
constantly balance themselves to avoid falling over. Addressing this challenge re-
quires advanced algorithms and sensor systems for precise real-time monitoring of

the robot’s position and motion adjustments.
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e Control complexity: Humanoid robots are inherently more complex to control
than wheeled or tracked robots, as they have a greater number of degrees of freedom
and must be able to balance, walk, and interact with their environment similarly
to humans. Addressing this challenge requires a flexible and adaptable control

system to ensure the robot moves smoothly and efficiently.

e Terrain adaptability: Humanoid robots may have difficulty navigating uneven
or unstable terrain, such as stairs, rocks, or soft ground. It requires advanced
sensors and control algorithms to adapt to different types of terrain and maintain
stability.

e Power consumption: Humanoid robots walking is energy-intensive; they re-
quire significant power to locomote and maintain their balance. This challenge can
be a constraint in applications where energy efficiency is essential. For instance,

in battery-powered robots.

2.2 Historical evolution of humanoid robots

This section explores the history of full-scaled anthropomorphic humanoid robots
and their capabilities, features, and formulating elements like their actuation sys-
tems, DoFs, control systems, software, middleware, and communication systems
classified by projects. Then, it discusses the revolution of the technological solu-

tions used in the abovementioned elements.

WABOT Project 1967-2006

In 1967, Waseda University initiated the WABO'T project, and in 1973, completed
the WABOT-1 robot, the world’s first full-scale anthropomorphic humanoid robot.
It was the first android able to walk, communicate with a person with an artifi-
cial mouth, measure distances and directions to objects using external receptors
(artificial ears and eyes), and grip and transport objects with hands [17]. In 1980,
the project developed a WABOT-2 keyboard-playing robot. With a focus on its

30



2.2. Historical evolution of humanoid robots

arm-and-hand mechanisms, hierarchically structured control computer system, in-
formation processing method, and finger-arm coordination control [18]. The pri-
mary aim of this development was to enable the robot to possess soft functions,
such as dexterity, speediness, and intelligence, which go beyond traditional hard

functions.

Then, the project overlapped with the E Series project that started in 1986
with the EO robot until 1993 with the E6 robot. These robots began as lower-
body experimental prototypes but later transformed into the Honda P series. Over

time, Honda accumulated the necessary knowledge and experience to create their
advanced humanoid robot, ASIMO.

Honda P Series and ASIMO Development 1993-2014

In 1993, Honda initiated the development of "Prototype" models known as the
"P" series, where they connected legs to a torso equipped with arms capable of
executing fundamental tasks. In the first version of the Honda P1 robot, the study
concentrated on realizing the coordinated movement of legs and arms. Therefore,
the computers for image processing and action plans, and electric power supply
were not installed on the first robot. The second prototype in this series, known
as P2, made its debut in 1996 and gained recognition for being the initial self-
sustaining, two-legged walking robot [19]. P2 had 34 DoFs, weighed 210 kg, and
stood at an impressive height of 183 cm. Subsequently, in 1997, Honda unveiled
the P3 model, marking a significant milestone as the first entirely self-sufficient
bipedal humanoid walking robot. P3 boasted a height of 162 cm and weighed
130 kg. The major difference between this and the previous prototype was its
reduced size and weight due to the change in the link material from aluminum
alloy to Magnesium alloy and the decentralized control that has been adopted. In
addition, the existing motors were replaced with brushless DC motors to help with
the robot’s reliability [20].

From the year 2000 until 2014, Honda Unveiled the ASIMO robot and many of

its advancements [21]; for a long time, it remained the most advanced humanoid
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Figure 2.1: The figure illustrates the developed humanoid robots starting from
the WABOT project to the ASIMO robot and some of their characteristics

robot in the world that was able to walk, climb stairs, perform complex motions
that demanded high dynamics, and interact with humans using natural language.
Its versions have a range of DoFs from 29 to 57, weighing 50 to 54 kg, and a
height of 120 to 130 cm, [20]. The primary version of the intelligence system is
composed of two PCs for image processing and speech recognition and synthesis, a
control and planning processor, and a controller for a radio communication network
that is used to communicate with the external system for map management and
navigation. The common feature of all the mentioned robots up to now is the
centralized control system, where the joint drivers are controlled directly by one
centralized controller. In contrast, the other PCs are responsible for dominating

subsystems such as the vision control and others.

Figure 2.1 illustrates the developed humanoid robots from the WABOT project
to the ASIMO robot and some of their characteristics.
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Humanoid Robotics Project (HRP) 1997-2019

Humanoid Robotics Project spearheaded by Kawada Industries in collaboration
with the National Institute of Advanced Industrial Science and Technology (AIST)
in Japan, HRP was a series of humanoid robots designed to create versatile home
assistant robots. The project was initiated with three Honda P3 robots. Then,
they were developed to be integrated with the company communication system
as the first version of the project HRP-1 and kept some of their features, such as
the telecommand system [22|. In 2002, the HRP-1S was developed by modifying
the control hardware of HRP-1 and implementing a custom control software. The
motion controller of HRP-1S conforms to the developed plug-in, like the real-time
walking pattern generator (KWALK plug-in) and a reflex controller (STABILIZER
plug-in) to maintain the dynamic balance. The whole-body motions controller
operates on one CPU board alongside an I/O board that handles input from all
types of sensors used in the robot and sends output to the distributed motor drivers
[23].

The biped locomotion capabilities have been enhanced in HRP-2 to enable it
to navigate uneven surfaces, walk at almost human walking speed, and traverse
narrow paths [24]. Additionally, HRP-2’s whole-body motion capabilities have
been improved, allowing it to self-right if it tips over safely. The HRP-2 control
system consists of many I/O boards connected through a PCI bus to two CPU
boards within its body. One is dedicated to real-time control of whole-body motion,
while the other is employed for non-real-time control purposes, including the VVV
software and sound systems [25]. It has 30 DoFs, 154 c¢m height, and 58 Kg weight.

In 2005, the robot HRP-3P was developed with brushless DC motors and har-
monic drive for 42 DoFs, 160 cm height, 65 kg weight. The control system was an
Ethernet-based distributed control system with several types of node controllers.
In 2007, the HRP-3 robot was developed, and the communication system internal
network adopted the Controller Area Network CAN to improve the system reli-
ability and maintenance [26]. One notable feature of HRP-3 is its design, which

prioritizes the prevention of dust or spray infiltration into its primary mechani-
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cal and structural components. Additionally, HRP-3 boasts newly enhanced wrist
and hand designs to optimize manipulation. The software tailored for a humanoid
robot operating in real-world conditions has also improved. This information en-

compasses the mechanical attributes of HRP-3 and the newly developed hand.

36 DoF 42 DoF 42 DoF 30 DoF 30 DoF
Centralized Centralized Centralized Centralized Distributed Hybrid

PCI Ethernet CAN CAN CAN EtherCAT
5ms 5ms 5ms 5ms 2ms ims

VWV CORBA CORBA RT-Middleware § OpenRTM-aist B OpenRTM-aist

w0
o
o
I
@]
+—
on
(a1
[1°]
O
c
o}
I

Figure 2.2: Humanoid Robot Project HRP series robots since the primary ver-
sions with their characteristics and the employed technological solutions

The advancement in the next project’s versions concentrates on developing
lightweight robots (e.g., HRP-4 with 39 kg weight [27]) to increase the robot’s
dynamics and decrease the robot power. It focuses on the used software and
middleware to enhance the robot’s reliability and adaptability, the RT middleware
was used in the robot HRP-4C [28], and then replaced with the OpenRTM-aist
middleware in the robot HRP-4 [27] and HRP-5 the last version of this series
that designed for construction and other manual labor tasks [29]. OpenRTM-
aist middleware is a software technology that facilitates the integration of diverse
functional robotic components through a communication network. In the last
version, HRP-5,the control system was described as a hybrid system, where the
whole body motion controller communicates with the distributed joint controllers
through EtherCAT bus for real-time operations, and the non-real-time computer
communicates with the peripheral devices through the PC-104 bus and USB serial.

The EtherCAT communication technology was used for the first time in developing
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this robot series to ensure real-time performance on the soft and hard aspects and

enhance the global control cycle time.

Figure 2.2 shows the Humanoid Robot Project HRP series robots since the
primary versions with their characteristics and the employed technological solu-
tions. It illustrates the variety of used DoFs in this series changing due to the
targeted application of each robot. It shows how the control system was devel-
oped in the primary robots as centralized, then replaced with a distributed, and
the last version was hybrid. The communication protocols started in this series
with a non-real-time communication bus, then replaced with a soft real-time sys-
tem, and then the hard and soft real-time communication system; changing the
communication bus alongside the used software and middleware resulted in the

global control cycle time.

KAIST Project 2003-2015

The Korea Advanced Institute of Science and Technology (KAIST) developed
KHR-1, the first humanoid robot platform in the HUBO laboratory, then KHR-2,
KHR-3, and Alpert HUBO until 2009 when the robot HUBO-2 was developed, a
humanoid robot designed for research and development purposes, especially in ad-
vanced robotics and human-robot interaction. It has 40 DoFs actuated by brushless
DC motors and Harmonic Drive technology for actuation [30]. The robot’s control
system has been the same since the development of KHR-2, as they announced
in [30]. It is distributed and managed by two PC104-embedded computers [31].
It runs on a Windows XP operating system with RTX (Real-Time Extension) for
Windows and utilizes CAN communication technology [32]. Figure 2.3 illustrates
some of the developed humanoid robots in the HUBO laboratory since the robot
that all the subsequent robots have the same control architecture. The last robot

was significantly improved in design, actuation system, and control architecture.

In 2015, KAIST developed DRC-Hubo-+ for the Defense Advanced Research
Projects Agency Robotics Challenge (DRC), a humanoid robot explicitly tailored

for disaster response scenarios. In this updated version, the degrees of freedom were
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Figure 2.3: The Korea Advanced Institute of Science and Technology (KAIST)
Project’s series robots since the primary versions with their characteristics and the
employed technological solutions

reduced to 32 DoFs with the same actuation system. For seamless control, DRC-
Hubo-+ adopts a distributed control system. Its control hardware involves an Intel
NUC i5 with an SSD PC for head sensing and motion control. The operational
system runs on a Linux system (Ubuntu 12.04), with software and middleware
based on PODO, a custom motion control framework developed at KAIST [33].
PODO, a hierarchical software architecture, consists of five layers enabling effective
communication and control in a robot. The first layer contains the robot simulator
and end devices, such as motor controllers and sensor boards. The second layer is
managed by a process called Daemon, which is responsible for real-time control.
Shared memory, the third layer, facilitates interprocess communication and holds
hardware abstraction data and user declaration data. The fourth layer comprises
user processes (ALs) that independently read sensor data and generate joint ref-
erences. Lastly, the fifth layer accommodates external processes like user-designed
GUIs. PODO’s key components include ALs, shared memory, and Daemon, al-
lowing multiple users to develop their ALs simultaneously and efficiently manage
robot behaviors and motion algorithms without extensive knowledge of the entire

system. The motion owner property minimizes conflicts among ALs, promoting
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hassle-free programming and development.

RobotCub Consortium

In 2004, the RobotCub Consortium introduced iCub, shown in Figure 2.4, a child-
sized humanoid robot designed to develop cognitive and social skills through hu-
man interactions. iCub has 53 DoFs actuated using brushless DC motors and
Harmonic Drive technology. Its control system was centralized, with bidirectional
communication facilitated by a PC104 card to an external control station. iCub’s
operational system was compatible with Linux, Windows, and MacOS. Communi-
cation technology was based on PC104-CAN, and it utilized the YARP middleware

[34]. The design of iCub follows a roadmap inspired by human development, em-

Figure 2.4: The iCub. The figure shows a photograph of the iCub robot [34]

phasizing the significance of prediction in skillful motion control. This perspective
witnesses development as the progressive improvement of predictive abilities. iCub
adopts a sensorimotor control and development, where the core element of cogni-
tive behaviors is 'action’ purposeful movements driven by a motivated agent with

a predictive nature [35].
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NASA

In 2010, NASA and General Motors developed Robonaut2, a humanoid robot
explicitly tailored for space exploration shown in Figure 2.5. Its actuation sys-
tem employs brushless DC motors paired with Harmonic drive reduction gears for
precise control. The control system for R2 is distributed to the low-level joint
controllers consisting of an FPGA-based controller with an embedded PowerPC
processor and PLC coupled to the motors. While detailed information about the
software is not provided, Robonaut2 represents a significant advancement in hu-
manoid robotics technology for applications in the challenging space exploration
environment [36]. Its capability has been decentralized and distributed to the
low-level joint controllers integrated within each of the arm joints. These highly
compact controllers, known as "Superdrivers," play a pivotal role in the upper
arm’s motion control strategy. They comprise an FPGA-based controller housing
an embedded PowerPC processor alongside programmable logic, all complemented
by a 3-phase brushless DC inverter bridge. The Superdriver assumes responsibili-
ties ranging from motor commutation and current regulation to serialization and
deserialization of joint data and commands, sensor data processing, and control

over the arm’s series elastic actuators.

In 2013, NASA’s Johnson Space Center introduced Valkyrie (R5), designed to
operate in various challenging environments such as space exploration and disaster
response, shown in Figure 2.5. Valkyrie has 44 DoFs, driven by a combination of
Brushless DC Motors, Harmonic drives, and Serial Elastic Actuators (SEAs). Its
control system follows a decentralized approach for enhanced versatility [37]. The
robot is equipped with three Intel Core i7 COM Express CPUs, each endowed
with 8 GB of DDR3 memory. Additionally, a CARMA development kit, compris-
ing a Tegra3 ARM A9 processor and an NVIDIA Quadro 1000M GPU, facilitates
the implementation of parallel sensor interpretation algorithms. Data communi-
cation is established through a wired Ethernet connection and WiFi connectivity.
A rigid body model at the high level is assumed, while low-level actuators are
represented as ideal torque sources. This decentralized control architecture’s ef-

fectiveness heavily relies on joint-level torque controllers’ capabilities, aiming to
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emulate an ideal torque source model closely [38]. A noteworthy advantage of the
decentralized approach in this robot is the ability to tune and validate the hier-
archical controller at the individual joint level. This implies that each joint in a
multi-degree-of-freedom (multi-DOF) system can be tested independently before
integration into the complete robot. This approach expedites the development
process and simplifies testing higher-level functionalities once the robot is fully as-
sembled. For achieving this degree of isolation and modularity, the torque control

of each actuator must be genuinely decoupled from the whole system.

Italian Institute of Technology (IIT)

In 2012, the Italian Institute of Technology introduced the COMpliant huMANoid
COMAN [39], designed for research and development, specifically focusing on
bipedal locomotion shown in Figure 2.5. The robot employs brushless DC mo-
tors featuring 14 custom-series elastic elements for improved compliance in its
actuation system. COMAN has 31 DoFs. The control system of COMAN follows
a decentralized approach, with custom-made boards based on the ARM Cortex A8
architecture for low-level control tasks, along with an additional board dedicated
to high-level control functions. The operational system is Linux, enhanced by the
real-time framework Xenomai. The robot relies on Ethernet for interactions with
external devices and Wi-Fi for remote control. Software and middleware utilized
include YARP [40].

In 2015, the Italian Institute of Technology (IIT) introduced WALK-MAN, a
humanoid robot engineered for search and rescue operations in disaster-stricken
environments shown in Figure 2.5. The robot has 33 DoFs actuated by Electric
Serial Elastic Actuators (SEAs) [41], which endow the robot with advanced flex-
ibility and compliance[42]. The WALK-MAN is controlled through a distributed
system architecture, controlled by two vision and control PCs with a quad-core i7,
which is prepared to operates the control software and is configured as the Ether-
CAT master connected through wireless to an external pilot PC. The operation
system is based on Ubuntu Linux with an RT-preempt kernel for real-time func-
tionality. WALK-MAN’s communication capabilities are supported by EtherCAT,
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Figure 2.5: Some of the advanced robots that electrically actuated are developed
by various projects

USB, Ethernet, and TCP/UDP protocols, enabling effective data exchange. The
robot’s software is custom-designed, leveraging middleware such as YARP and

ROS.

PAL ROBOTICS

In 2017, TALOS was introduced by PAL ROBOTICS as an advanced humanoid
robot engineered for intricate tasks within research and industrial environments
shown in Figure 2.5. TALOS utilizes brushless DC motors in combination with
Harmonic Drive technology to actuate its limbs, resulting in precise and robust
movements. TALOS has 32 DokFs, allowing for versatile and coordinated motion
[43]. Tt relies on a control system powered by two computers with dual i7 CPUs
operated by Ubuntu 14.04 LTS operation system for an open-source platform with
an RT-PREEMPT kernel to manage its complex operations efficiently. TALOS
benefits from a software and middleware stack that includes ROS and ros-control,
facilitating various control and communication tasks. TALOS employs the Ether-
CAT network for seamless data exchange and communication, enhancing its overall

efficiency and performance in challenging research and industrial scenarios.
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SARCOS Robotics 2006

In 2006, the Computational Brain CB robot was unveiled by SARCOS Robotics as
a hydraulicly powered, force-controlled humanoid robot. It has a mass of approx-
imately 95 kg and stands at a height of around 1.7 meters. The main actuation
method relies on a 3000 psi hydraulic system powered by an external pump and
lots of hydraulic pipes [44]. The robot has a total of 34 hydraulically actuated
joints controlled by distributed real-time network-based architecture that aims to
explore various levels of human-like processing. It consists of on-board low-level
computing and higher-level perceptual processing [45] based on ART-Linux oper-

ating system and Ethernet communication bus.

HYDROiID 2009

HYDROIiD is a hydraulically-actuated full size humanoid robot, created in 2009
[46] with parallel mechanisms [47], [48]. A patented for a spherical hinge with cou-
pled actuator was conducted [49]. The robot has 36 DoF with servo valve-based
hydraulic actuation. During the last decade, many axes of research are grown up
through this project. Research on decreasing the weight of the robot [50], [51] are
ongoing. The emotional head is studied and developed [52]. Mechanical design is
under enhancement [53]. Artificial skin is under development [54]. In addition,
some advanced actuation-based research like the Integrated Electro-Hydraulic Ac-
tuator (IEHA) and several versions of IEHA have been developed [55], [56]. And
the patented Servo Electro-Hydraulic Actuator (SEHA) [57], but they are not yet

implemented on the robot.

BOSTON DYNAMICS

In 2009, Boston Dynamics introduced PETMAN, a biped robot developed for
testing chemical protective clothing. It was actuated using hydraulic cylinders or
compact hydraulic rotary actuators and equipped with various sensors, including

position and torque sensors at the joints, force/torque sensors, and an IMU. With
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a total of 29 DOFs, PETMAN utilized a distributed control system, ran on a
custom PC, and employed a CANbus communication network. Its software was

custom-developed [58].

In 2012, Boston Dynamics was chosen by the Defense Advanced Research
Projects Agency (DARPA) to construct the Atlas humanoid robot as a part of
the DARPA Robotics Challenge (DRC). In 2013, the robot Atlas-DRC was intro-
duced [59], [60].

In 2015, Boston Dynamics and DARPA introduced a new version of Atlas that
no longer required tethers and operated on batteries, Atlas-Unplugged, a versatile
humanoid robot capable of walking, climbing stairs, and opening doors. This robot
was actuated by hydraulic servo-valves and had 30 DOFs. It featured sensors such
as Lidar, stereo vision, and position/force sensors at the joints [61], [62]. The
control system was centralized and operated by two quad-core i7 computers. The
control computer directly connects to the robot handling balancing and motion
control algorithms, operating the low-level joint control in a responsive 1 kHz loop.
The vision computer manages camera drivers and computer vision algorithms. The
third computer manages communication with the operator through the wireless
network and oversees control of the two Robotiq hands connected directly to two
dedicated network ports [63]. This computer handles all high-level task control,
as it doesn’t require time-critical or processor-intensive functions. These PCs
ran on an Ubuntu Linux platform with an RT-preempt kernel. Communication
technologies included EtherCAT, USB, Ethernet, TCP/UDP. Custom-designed

software and middleware such as ROS and Orocos were used for control.

In 2017, Boston Dynamics unveiled an updated version of Atlas [64], showcas-
ing its agility with complex parkour movements. Similar to its predecessor, this
robot was actuated using hydraulic servo-valves and had 28 DOFs. Its sensor suite
included Lidar, stereo vision, and position/force sensors at the joints. The control
system remained centralized, powered by dual i7 quad-core processor COM Ex-
press PCs, operating on Ubuntu Linux with RT-preempt kernel. Communication
technologies continued to be EtherCAT, USB, Ethernet, and TCP/UDP, and the

software and middleware were custom-designed, featuring ROS and Orocos.
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Figure 2.6: Hydraulically Actuated Robots

UNIVERSITY OF TOKYO

In 2019, researchers at the University of Tokyo and Sony Corporation collaborated
to create Hydra [65], an electro-hydrostatically driven humanoid robot focused on
advanced mobility and agility. Hydra boasts 41 degrees of freedom. The robot’s
actuation involves backdrivable electro-hydrostatic actuators for all joints except
the neck joint. These actuators are coupled with hydrostatic transmission driven
by servomotors. Its sensor array includes force/torque sensors, IMUs, Lidar, stereo
vision cameras, and joint position/torque sensors [66]. The robot is controlled
through a centralized system, running Ubuntu Linux with an RT-preempt kernel
for operational stability. Communication between microcontroller units (MCUs)
and the real-time PC occurs via EtherCAT technology. Custom-designed software,
known as ROBO-BODY, governs the robot’s behavior and control.

Commercial Robots

The electric and hydraulic actuation systems are leading in actuating these robots.
In the last five years, the electric-based robots market has been rapidly growing
due to the fast implementation process and the ease of control of these robots
like Optimus-2022, Cyper-one-2022, Appolo-2023, Fourier Intelligence’s GR1-2023,

and Unitree H1-2023 as shown in Figure2.7. However, these robots are still limited
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to performing heavy-duty activities with dynamic motions. On the other hand,
there is very limited research on the hydraulic actuation system in the world,
like Boston Dynamics, Kalysta, and Sarcos Robotics. Hydraulic actuators have
increased the robot’s physical limitations by providing high dynamic motions while

performing heavy-duty activities like the robot Atlas in 2017.

2022 2022
Optimus Cyber-one

16 DoF 20 DoF 26 DoF 26 DoF
Distributed Centralized -- Centralized - Centralized
Websocket CAN

1ms --ms o --ms -- --ms
ROS FSD-SOC Chip Custom Custom Custom

Figure 2.7: Commercial Robots

AGILITY ROBOTICS

In 2019, the robot Digit-1 was developed by Agility Robotics; Digit is a bipedal
robot designed for commercial applications, such as package delivery and ware-
house logistics. It had a similar design to the Cassie robot, which considered the
lower body of the Digit-1 robot but with additional features, such as arms and

hands, that enabled it to manipulate objects and perform tasks.

2.2.1 Humanoid Control Architectures

The state of the art illustrates that the main control architecture utilized in hu-
manoid robots are four: the centralized, decentralized, distributed, and hybrid

control architecture. This section discusses the history of these methods in the
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humanoid robot and mentions some of their main advantages, disadvantages, and

challenges.

Centralized control architecture

Early humanoid robots, such as WABOT-1 (1972) [17], ASIMO (2000) [20], and
HRP-2 (2002) 23], [24] used centralized control architecture, where a central com-
puter controlled all aspects of the robot’s motion. This approach offers the benefit
of fast communication, low task latency, substantial capacity, and simple imple-
mentation but limits the robot’s capabilities. Humanoid robots have numerous
degrees of freedom, the centralized approach limiting the control strategies that
require substantial computational resources to solve optimization problems. The
control strategies are limited in their ability to adapt to changing environments
or unexpected disturbances, as they rely on a single controller to generate control
signals for all robot joints. For example, in the case of ASIMO [20], its motions
were only sometimes as smooth or fluid as a human’s, and it had difficulty walking
on uneven terrain or in situations where it had to make quick decisions. Another
limiting factor of the centralized control system is that it requires excessive wires
to be connected to the central computer, which makes the robot bulky and heavy,
limiting its mobility. In addition, the long wires are prone to electromagnetic

interference.

Decentralized control architecture

The decentralized control architecture approach is used in humanoids to handle the
complexity of their motions. This approach facilitates the distribution of control
tasks across multiple controllers that operate relatively independently and make
local decisions based on their inputs and setpoints. This method has the advantage
of optimizing the control of the robot’s movements and expediting the processing
of sensor data, enhancing the robot’s ability to respond rapidly. Robots such
as COMAN (2012) [40] utilized this architecture enabling to achieve impressive
stability and agility.
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However, decentralized control faces coordination challenges, as different con-
trollers may have conflicting goals or generate control signals inconsistent with the
robot’s overall behavior. These strategies may also be sensitive to sensor noise or
measurement errors, as they rely on sensor feedback to adjust control signals. For
example, one of the main limitations of the decentralized control architecture used
in COMAN was the difficulty of coordinating the behavior of multiple modules,
mainly when dealing with complex tasks or unexpected events. The robot’s control
system had to constantly communicate and synchronize with each module, which

is time-consuming and requires significant computational resources.

Hybrid control architecture

The hybrid control architectures combine different control techniques to achieve
more robust and versatile control of humanoid robots. This approach takes ad-
vantage of the centralized and decentralized architectures and improves stability
and efficiency, as exemplified by the HRP-5 [29] developed by Kawada Industries
in Japan. Implementing hybrid control strategies requires complex algorithms
and hardware, integrating multiple control modules or techniques. It requires
high expertise and computational resources to ensure that all sub-control systems
work together seamlessly and synchronously. The other limitation is that due to
the complexity and amount of computational resources needed to implement the
robot’s sub-control systems, it may need a significant amount of energy to operate,

which limits its mobility and endurance.

Distributed control architecture

The distributed control concept was employed for bipedal robots in the 2000s
in bipedal robots like the HRP-3P robot [67], [68] and by upgrading the HRP-3
robot that inherited the HRP-2 mechatronics [69]. This architecture involves dis-
tributed control across multiple independent controllers that communicate with
the master controller and each other peer-to-peer, enabling them to collaborate

and exchange information to achieve coordinated behavior. It provides scalability,
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fault tolerance, and adaptability. The control system in the robot BHR-2 adopted
the distributed method [70]. The robot control system consists of three comput-
ers: one for the vision and hearing processes, one for the real-time motion control
that coordinates distributed joint controllers, and one for teleoperations. This
method substitutes ordinary centralized control architectures, parallelizes the con-
trol processes to provide scalable computing power at low energy, and contributes

to reliable operations using its network instead of long sensor wires.

The evolution of control architecture topology for humanoid robots, in gen-
eral, has been accompanied by a progression in the capability of these robots. It
is leading the control methods to manage advanced techniques that can handle
the complexity of humanoid motions. However, coordination and synchronization
among distributed or decentralized controllers are complex and require robust
communication mechanisms. The following section discusses the communication

technologies that enhance the control architecture performance.

2.2.2 Communication Technologies

The humanoid robot control architectures rely heavily on communication buses,
which play a crucial role. Since the high control levels are restricted by the update
rate of the lower control levels, Employing communication protocols with a high
bandwidth and deterministic transmission is strongly recommended. Addressing
these constraints depends on the data type involved. For example, meeting deter-
ministic deadlines is essential in motion control systems, whereas achieving high
bandwidth is crucial in vision systems. Due to these considerations, the main char-
acteristics that should be considered are the transmission bandwidth, deterministic
transmission, robustness, and reliability. The interest in employing advanced com-
munication technologies addressed in enhancing the update rate over time in the
humanoid robots’ projects like in the HRP project shown in Figure 2.2, where
the first predecessor started with 5ms cycle time, then it was enhanced by using
other communication protocols to achieve 2ms in the robot HRP-4C, and then it

achieved 1ms in the HRP-5, the last robot in the series. The enhancement has
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been accomplished by changing the communication bus or only changing the con-
figuration. In the HRP project 2.2 the first communication bus is an ordinary
PCI bus in HRP-2 robot controlled by a centralized control system, then replaced
by an Ethernet bus in HRP-3P, then CAN protocol is used in HRP-3, HRP-4C,
and HRP-4 with updated configuration which reduces the cycle time from 5 to 2
ms, and finally the EtherCAT protocol was used in HRP-5 achieving shorter cycle

time.

In some robotics applications, customized communication protocol has been
developed, like in HRP-3P [68|, which is an Ethernet-based communication bus,
Herbert [71], and MAHRU [72] robots. Recently, humanoid robots were developed
based on industrial communication protocols, such as the CAN Bus, which is famil-
iar for use in the automotive industry. CAN Bus is used in HRP-3 [73], iCub [34],
and Hubo [74]. However, most advanced robots using an EtherCAT communica-
tion protocol, such as Atlas |75], Lola [76], Talos [77], and Walk-Man|78|. Ether-
CAT communication protocol is advantageous because it serves both hard and soft
real-time communication, enabling an advanced control system [79]. Moreover,
EtherCAT provides high bandwidth (100 Mbit/s) compared to other communica-
tion protocols like CAN protocol with (1Mbit/s) that is used in HRP3 [73], HRP4
[80], and other humanoid robots [81]. Multiple CAN networks are used in parallel
for some robots but still have a low bandwidth range; therefore, the update rate
was still determined between 200 and 500Hz. The Sercos-1I with only bandwidth
(16Mbit/s) is used for the robot TORO [82], reaching to 1kHz update rate. Sercos-
IIT (100Mbit/s) is used with LOLA [83] robot and achieves a 1kHz update rate.
Similarly, two teams used the EtherCAT communication protocol in their control
architecture; EtherCAT bus was used with RoboSimian [84], where the update
rate was up to 1kHz, and with LOLA [76] robot again this time, the maximum

achievable update rate was 2kHz.

2.2.3 Software and Middleware

Robotics’ software and middleware are affected significantly by the control archi-

tecture topology and the used communication bus. They provide essential tools,
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frameworks, and libraries for various functionalities suitable to robot control and

communication systems to develop and operate humanoid robots.

In the centralized control system, the software is executed by the central com-
putational unit, whether a computer or controller board. A bare-metal approach
or an operating system approach can program computational units. The software
in the bare-metal approach runs directly on the hardware. It encompasses codes
for reading sensors, controlling actuators, executing tasks, and performing robot
behaviors. While the software runs on top of an operating system that deals with
the peripheral input and output devices and their drivers, it interprets the devices’
signals to data that the software understands without needing to interact directly
with the hardware where the operating system abstracts the hardware details. The
hardware abstraction layer is usually managed by middleware that bridges a hu-
manoid robot’s hardware and software components. It facilitates communication,

data exchange, and coordination among modules or subsystems.

Choosing between a bare-metal or operating system approach is problematic
in distributed or decentralized control systems with multiple computational units.
An operating system-based approach can provide more flexibility because of the
ability to run multiple algorithms in parallel. Still, it faces latency, which refers
to the time the system takes to respond to an event or request from a user or a
hardware device. Deterministic performance is therefore required, which is difficult
to achieve due to managing the operating system’s interrupts, shared resources,
cache, and software complexity. Familiar general-purpose operating systems like
Windows, Mac, and Linux are configured to provide optimal overall performance
but are unsuitable for deterministic requirements. Linux is an open-source operat-
ing system, and it can be patched in order to respect real-time criteria. Preempt-
RT, RTAI, and Xenomai [85] are commonly-used patches. Other commonly used
real-time operating systems are VxWorks, WinCE, FreeRTOS, ThreadX, and QNX
[86]. The operating-system approach is applied in almost all humanoid robots for
whole-body control in the central computational unit. However, the bare-metal
approach for the whole-body controller is applied in the Herbert robot [71] when

the bare-metal approach is generally used at the joint level controllers.
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Using robotics middleware assists in managing the software architecture. Var-
ious robotics middlewares are available; the most popularized middleware is the
Robot Operating System (ROS) [87], but the first version lacks real-time capa-
bility. Among the middlewares that focus on deterministic and real-time perfor-
mance, there is YARP [88], OROCOS [89], [90], Mauve [91]|, and OpenRTM [92].
Some new middlewares are under development through humanoid projects, such
as XbotCore middleware for the robot Walk-Man [93] and RTRobMultiAxisCon-
trol middleware for the robotic project ORHRO [94], [95]. A unique standardized
real-time middleware is needed in the robotics community for real-time applica-
tions. Therefore, the development of ROS.2 is still actively in progress nowadays.
It offers a range of capabilities for robotics development. One of its key advantages
is interoperability. ROS.2 is designed to work seamlessly with various hardware
and software platforms. This allows for greater flexibility and scalability in the de-
velopment of robotics applications. With the ability to easily integrate with other
systems and tools, ROS2 enables developers to create innovative and sophisticated

robotics solutions.

2.2.4 Joint Controllers

The joint controllers differ according to the adapted control topology. These differ-
ences are represented by their capability, responsibility, and intelligence capacity
to make decisions. In centralized systems, joint drivers consider joint controllers.
The driver receives the control signal digitally through a communication bus or
physically through driver inputs and interprets these signals to generate the re-
quired electrical power to move the joint motor. This type of joint controller is used
in the robot HRP-2 [96], where the motor drivers and encoders are connected to
[/O boards physically, and then the boards are connected to the central computer
by PCI bus.

In contrast, the HUBO-2 and BHR-2 robots have a distributed control system,
and their joint motor controllers receive the desired position transmitted by the
master controller by CAN network [31], [70]. The position feedback is connected
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to joint controllers, enabling them to perform adequate position controls at a
low control level with a higher update rate than the higher control level. These
controllers can operate in different modes, such as torque, position, and force

control, each suited for specific tasks and applications.

The decentralized control systems enable joint controllers to make decisions
and dominate the joint, demonstrating their intelligence ability. This joint con-
troller type is used in the robot COMAN [40], the compliant humanoid robot. It
performs an impedance control technique to plan and realize a task-appropriate
impedance profile by establishing stable and compliant contact with objects while
generating sufficient rotational torques. Its joint controllers play a significant role
in managing the interplay between achieving impedance control and delivering the

desired torques.

The advanced joint controller can generally perform position, torque, and force
control. Robots like TALOS exemplify position control [43], HRP-5P [29], Valkyrie
[37], iCub [97], and WALK-MAN [41], where they use position feedback to achieve
precise joint positioning, enabling them to navigate challenging terrains and in-
teract with the environment. Robots like HUBO-2 exemplify torque control [98],
Toro [99], TALOS [100], Valkyrie [101], and WALK-MAN [102] leverage advanced
motor control algorithms to generate and regulate joint torques accurately. This
enables them to maintain balance, perform agile movements, and adapt to chang-

ing environments.

Force control finds application in robots like iCub robot [103] and Boston Dy-
namics’ Atlas. Atlas is designed to perform complex manipulation tasks in dynamic
environments, and its force-controlled joints allow it to exert controlled forces for

tasks like tool usage or object manipulation.

This variety in joint controllers and their respective control strategies highlights
the adaptability and flexibility of humanoid robots in managing diverse tasks and
environments. The following section will explore the crucial components of robot
morphology and actuation systems that enable these impressive control capabili-

ties.
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2.2.5 Human-Like Anthropomorphism in Humanoids

Humanoid robots earn their name due to their remarkable similarity to human
anthropomorphism. Despite the difference in the degree of similarity among the
humanoid robots developed so far, they all have standard anthropomorphic parts:
four limbs, a torso, and a head, regardless of their varying sizes and the number
of joints involved in creating human-like motions. Some robots possess only the
necessary joints for locomotion, precisely in their legs and arms, without having
any DoFs in their hands or heads, like Atlas [64] with 28 DoFs, COMAN [40] with
31 DoFs, and lots of commercial robots like Cyber-one by Xiaomi [104] with 21
DoFs, and H-1 by Unitree [105] with 26 DoFs. These robots have a range of DoFs
between 20 to 35 DoFs and can perform locomotion, but they are unsuitable for

applications that require manipulation like grabbing an object.

In comparison, robots with additional DoFs in their hands and heads can per-
form complicated tasks requiring perception and manipulation. The movable robot
head assists the installed sensors in the robot head to cover more surrounding ar-
eas for better perception, and the hands’ motion enables the robot to perform
manipulation tasks. These robots have a range of DoFs between 40 to 60 DoFs,
like Hubo-2 [30] with 40 DoFs, Valkyrie [37] with 44 DoFs, and iCub [34] with 53
DoFs.

The additional DoFs are distributed in their arms and hands, exemplified in
[106] as a compact and powerful humanoid-applicable anthropomorphic 7-DoF arm
with 8-DoF hand. The design closely resembles human form and motions while
posing no physical threat to humans, allowing the robot to be compact enough
to work with existing narrating-model humanoids while still being powerful and

flexible enough to perform a wide range of tasks, including dexterous hand motions.

Other DoFs could be added to the robot body, like creating an anthropomor-
phic pelvis inspired by the human skeleton to improve the robot’s walking char-
acteristics, including knee stretch, heel-contact, and toe-off [107]. The use of the
anthropomorphic pelvis allows the robot to adjust its center of gravity through

pelvic tilt, reducing the torque required at the ankle joint and minimizing velocity
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variations in human-like walking.

According to human-like anthropomorphic humanoids exploration, pursuing
more significant human-like anthropomorphism by increasing the DoFs in hu-
manoid robots leads to the development of increasingly capable machines, en-
hancing their proficiency in executing intricate and precise tasks, but comes with

challenges, such as increased control complexity.

2.2.6 Actuation Technologies
Electric Actuators

Humanoid robots, in their initial stages, used conventional DC motors in the robot
WABOT-1 [17], WABOT-2 [18], and Honda P2. The existing motors were replaced
in the Honda P3 with brushless DC motors to increase the robot’s reliability, ef-
ficiency, lifespan, and flexibility to perform more dynamic motions [20]; the re-
placement assisted in reducing noise levels for more precise control, and reducing
the robot’s weight from 210 kg in the P2 version to 130 kg in the P3. During
the evolution of the HRP project and while developing the robot HRP-2 and en-
hancing the reliability of the computer system, the back-plane board for HRP-2P
was replaced due to occasional hang-ups caused by noise, including PWM noise

generated by servo motor drivers [96].

The brushless DC motors coupled with harmonic drive gear reductions were
used in many advanced humanoid robots; they were used in the HRP-3P robot
[26], HUBO-2 [32], Robonaut2 [36]. Combining brushless DC motors with har-
monic drive matches some humanoid robots’ requirements; harmonic drives ex-
hibit minimal backlash, reduced weight and volume, offer superior efficiency, and

produce less noise than the conventional gearbox.

Still, the electric actuation in humanoid robots faces challenges like i) the ne-
cessity for a braking mechanism to enhance the robot’s efficiency during static
postures. In robotic scenarios, active locking systems can control the duration
and timing of the locking process. The appropriate system for a given applica-

tion is assessed based on several attributes, including compactness, weight, power
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consumption, locking torque, and switching speed [108]. ii) The physically safe
interaction is lacking in the conventional electric actuation systems, which moti-
vated many researchers to develop methods to overcome this challenge like the

following;:

Series Elastic Actuation Series elastic actuators have been developed for
force-controlled robots, mainly for compliance robots. These actuators offer en-
hanced shock tolerance, enable low output impedance, and enhance stability in
force control. The linear motion of the actuator, combined with the presence of an
elastic element, generates small forces. When high gains are applied, this ensures
precise control without undesirable oscillations [109]. Series elastic actuators were
used in the Valkyrie robot [37] for conducting compliant control and protecting

the robot and interacted objects from unexpected collisions.

Passive Compliance Actuators based on the series elastic actuation prin-
ciple (SEA), it was used in the robot COMAN [39] and introduced a novel and
systematic approach to optimize the tuning of joint elasticity in multi-degree-of-
freedom SEA robots. This method is based on resonance analysis and maximizing

energy storage.

Variable Impedance Actuators The variable impedance actuators are suit-
able for interactions with dynamic environments, including humans. They are
classified based on the principles used to achieve variable stiffness and damping
into four groups: active impedance by control, inherent compliance and damping

actuators, inertial actuators, and combinations of the previous groups [110].

The electric actuators are the most used actuators in humanoid robots, but
still limit the robots’ ability to perform heavy-duty tasks with dynamic motions;
for example, the robot Cassie [111], which is the lower body of the Digit-1 robot
[112] has established the Genous world record for the fastest one hundred meters

by a bipedal robot. Still, it couldn’t jump for more than 15 to 20 cm.
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Hydraulic Actuators

The early hydraulically actuated humanoid robots used an external hydraulic
pump and lots of pipes to deliver the required fluid to robot joints, made very
bulky and heavy like the Computational Brain CB robot in 2006 [44], the first ver-
sion of the robot HYDROID in 2009 [14], the Petmen robot in 2009[58|, and the
robot Atlas-DRC in 2012 [60]. However, as technologies advanced, the limitations
of hydraulic actuators have been enhanced by reducing the pump size and their
integration into the robot body, as is the case for ATLAS-Unplugged [62], and the
last version of Atlas in 2017 [64]. The actuation system in these robots is powered
by a central hydraulic pump with several pressure-limiting valves to regulate the
pressure delivered to the joint since not all the joints require the same pressure.
This results in a significant power loss and actuation system efficiency decrease.
In addition, another enhancement concentrates on integrating the hydraulic pipes
into the robot parts to increase the robot’s mobility and flexibility to achieve more
complex and precise motions like the HYDROID [48].

Another approach to avoid robot bulkiness is the Electro-Hydrostatic Actuator
(EHA) designed for robotics. The EHA is an answer to both performance and
size issues, which is exemplified in the HYDRA robot [65] where multiple small-
size hydraulic pumps were installed in the robot body. This technology aims
to achieve both backdrivability and high control bandwidth for robots operating
in uncertain environments. EHA revolutionized the Hydra’s whole-body control
performance, including bipedal locomotion, marking the first instance of bipedal
locomotion by an EHA-driven humanoid robot. The robot can achieve position
feedback control with sufficient stiffness to enable position-based locomotion. The
joint backdrivability plays a role in mitigating the impact of disturbances applied
to the robot’s distal part on the overall motion of the entire body, resulting in
realizing torque control-based locomotion that combines proper Center of Mass

(COM) stabilization and null space compliance [113].

A hydrostatic transmission actuator was developed to be installed in the robot

HYDROID [51], which is designed to optimize power consumption, controlled by
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displacement and has the capacity for energy storage. The actuator achieves a
high power-to-mass ratio and produces substantial power at low speeds within a

compact space.

In addition, An advanced Integrated Electro-Hydraulic Actuator (IEHA) has
been developed with a focus on delivering efficient and compliant actuation [55].
This novel actuator is specifically engineered to power each joint of a robotic sys-
tem independently and is designed to be positioned as close as possible to the
joint itself. The design aims to enhance performance while minimizing the typi-
cal limitations associated with conventional hydraulic actuation. The innovative
IEHA incorporates an integrated micro-pump with a floating barrel, enabling flow
direction reversal without altering the rotation of the input electric motor. Addi-
tionally, integrating a micro-pump and a rotary hydraulic distributor ensures the

compactness of this proposed solution [56].

In conclusion, the choice of actuation technology in humanoid robotics signif-
icantly impacts a robot’s capabilities, performance, and applicability in various
tasks and environments. Electric actuators have historically been the standard
choice, offering reliability, dynamics, low cost, and easily achieving precise control.
However, they come with challenges, such as the need for additional braking mech-
anisms to improve their efficiency and complex development to achieve physically

safe interactions with the environment.

On the other hand, hydraulic actuators, initially characterized by their bulki-
ness and reliance on external pumps, have evolved to become more integrated and
mobile. The Electro-Hydrostatic Actuator (EHA) has revolutionized hydraulic ac-
tuation, allowing for backdrivability and high control bandwidth, making them
suitable for uncertain environments and complex tasks. The hydraulic transmis-
sion actuator and the Integrated Electro-Hydraulic Actuator (IEHA) have further

enhanced the power-to-mass ratio and energy efficiency of hydraulic actuation.

The choice between hydraulic and electric actuation should be made based on
the specific needs and requirements of the robotic application, considering factors
like force, dynamics, ease of control, power consumption, and physical safety. Hy-

brid solutions may offer the best of both worlds in the near future, enhancing the
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capabilities of humanoid robots across a wide range of tasks and environments.

2.2.7 Applications And Control Architecture Variations

Each of the factors listed, including control structure, degrees of freedom, actua-
tion types, joint controllers, software, middleware, and communication technology,
collectively exert a pivotal influence on the performance of humanoid robots. This
implies that when selecting these factors, careful consideration must be given to
the ultimate purpose of building the robot, which includes the intended tasks,

operational environment, and various other variables.

Locomotion Applications

A robot aimed at achieving basic locomotion tasks in a well-known environment
could be constructed with a reduced number of DoFs. Such a robot might employ
a centralized control system, where the central computational unit connects to
peripheral devices like cameras and LiDAR sensors for navigation, as well as joint
drivers through physical I/O terminals, eliminating the need for a communication
bus for locomotion execution. The actuation system would then be tailored to
the robot’s payload requirements. Some of the commercial robots are the closest
examples of those robots, like the robot Digit-1 by Agility robotics [112], Cyber-one
by Xiaomi [104].

Rescue Applications

A robot designed for rescue operations demands advanced locomotion and manip-
ulation tasks to navigate uneven terrains and execute highly precise motions in
uncertain environments. It requires an increased number of DoFs in its hands and
precise actuation types controlled by more complex control architecture, such as
the distributed control system, to deal with the high number of advanced joint
controllers that provide efficient and accurate control. Additionally, the software

and middleware adopted for this robot must be robust and fault-tolerant, allowing
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it to operate effectively in unpredictable and hazardous conditions. Finally, the
communication technology used in the robot must be reliable and efficient, allow-
ing it to transmit and receive data over long distances. The robot DRC-HUBO+
exemplifies this kind of robot [33].

Human Interaction Applications

A robot designed to navigate and work in environments that are adapted to hu-
mans for physical interaction or collaboration with humans, requiring high physical
safety and compliance of the whole robot and on the joint level. The control tasks
should be distributed across multiple joint controllers that operate relatively inde-
pendently and make local decisions based on their inputs and set points to achieve
position and active impedance controls. Therefore, the Real-time decentralized
control allows effective control of these compliant joints, enabling the robot to
respond rapidly to external forces and interact with its environment safely. This
approach allows each joint to adapt independently to the dynamic requirements
of the task.

The robot COMAN [40] uses Series Elastic Actuators to provide passive com-
pliance to absorb high bandwidth impacts and enhance its physical interaction
performance. The Decentralized control of its compliant joints provides accessi-
bility to impedance control, joint configuration, speed, torque measurements, and
force-torque readings. This level of flexibility and accessibility is essential for re-
search, development, and fine-tuning of the compliance control strategy. It allows
local adjustments and coordination across the robot’s multiple DOFs to achieve

effective compliance control.

In summary, the choice of control architecture in robotics is profoundly in-
fluenced by the specific application for which a robot is designed. Whether for
locomotion, rescue operations, or human interaction, the complexity of control
systems, the number of Degrees of Freedom (DoFs), and the level of compliance
and precision vary according to the intended use case. As technology advances,

robotics continues to adapt, offering tailored control solutions to meet the unique
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demands of diverse applications. Therefore, carefully considering the robot’s in-
tended purpose is crucial in determining the most suitable control architecture for

optimal performance and effectiveness in various real-world scenarios.

2.3 Conclusion

In this comprehensive State-of-the-Art chapter, diverse facets of humanoid robotics
were explored, addressing the fundamental topics outlined in the table of contents
determined according to the key findings of the biomedical study chapter. The
chapter highlights the significance of bipedal robots and the multifaceted chal-
lenges that humanoid robots encounter to emulate human-like capabilities. As the
chapter delved into the historical evolution of humanoid robots, it uncovered the

intricate control architectures that enable their motion and interaction.

Furthermore, the chapter delved into the pivotal role of communication tech-
nologies, software, middleware, joint controllers, and human-like anthropomor-
phism in shaping the landscape of humanoid robotics. These elements interplay
together to empower humanoids with the ability to perceive and interact with their
environment in increasingly sophisticated ways. In exploring actuation technolo-
gies, the discussion focused on the essential but challenging aspect of powering
humanoid robots by examining the evolution of electric and hydraulic actuation
systems and how they influence a robot’s capabilities. The search for a harmo-
nious blend of the advantages of both technologies hints at an exciting future for
humanoid robots.

As we transition to the upcoming chapter on "Servo Electro-Hydraulic Actu-

ators,"

our journey continues into the realm of hybrid actuation systems, where
a deeper dive into this innovative actuation technology promises to unlock new

horizons in humanoid robot performance.
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Chapitre 3 - Servo Electro-Hydraulic Actuator (SEHA)

3.1 Introduction

In the previous chapter, we concluded that there is a need for hybrid actuators to
cover the disadvantages of the actuation systems that are used in robotics. This
chapter presents the Servo Electro-Hydraulic Actuator (SEHA) as a context of
this work. The start-up KALYSTA team conducted the project, and this work
contribution to the ongoing development of the SEHA is focused on developing
the control architecture hardware and software elements, which will be explained
in detail in the following chapter (SEHA-Based HYDROiID Control Architecture
- Approach and Development 4). This chapter aims to give a comprehensive pro-
jection of the SEHA actuator to assist in designing a suitable control architecture

and improve the performance of the actuation system.

Developing hybrid actuators, particularly in electro-hydraulic systems, will re-
sult in a pivotal advancement in robotics. The hybrid electric and hydraulic ac-
tuators take advantage of the synergistic benefits of both technologies. It seeks to
address two fundamental challenges with a long history in the field: physical safety
and efficiency. The physical safety in electric actuators is exemplified by elastic ac-
tuators driven electric motors; they have significantly improved the physical safety
aspects of robotic systems. However, electric motors encounter limitations in hold-
ing loads during static states of joints. On the other hand, hydraulic actuators
exhibit the unique ability to hold loads efficiently in static states, thus minimizing
power consumption. Still, traditional hydraulic actuation systems employ a cen-
tralized hydraulic power unit to drive all active joints uniformly, neglecting the fact
that not all joints require the same amount of force. This inefficiency results in a
substantial power loss and a subsequent decrease in overall system efficiency. Fur-
thermore, hydraulic actuators have historically lacked the physical safety features
necessary to handle unexpected shock interactions, which are increasingly relevant
in real-world applications. According to these considerations, integrating electric
and hydraulic actuation systems addresses these key challenges and advances the
safety and efficiency of robotic systems. This chapter focused on the characteris-

tics, structure, development, and operation of the hybrid Servo Electro-Hydraulic
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Actuator (SEHA). Using SEHA in robotics enables the replacement of the single
hydraulic power unit, supplies the active joints with multiple power units and in-
tegrated actuators, and delivers the required pressure punctually at the joint for

increased efficiency during the system’s functioning.

3.2 SEHA Development

3.2.1 SEHA Overview

SEHA is a full-featured “'Plug and Play” actuator. It offers the highest market
performances in terms of compactness (Force/Volume and Force/weight ratios).
SEHA enables new applications by simplifying the developer’s system architecture,
costs, and go-to-market life cycle. Using the hydraulic and electric technologies
mingled in one compact device permits to deliver at the same time the performance
of Hydraulic technology and the performance of Electric technology (price, ease of
use and control, and maintenance). It comprises i) a power generation module, ii) a
highly instrumented hydraulic actuator named Servo instrumented Cylinder (SIC),
iii) hydraulic circuit blocks, iv) internal hydraulic feedback for safe operation,
v) required sensors for reasonable control, and vi) electronic cards to create an

effective standalone unit as shown in Figure 3.1.

3.2.2 SEHA Characteristics

The Servo Electro-Hydraulic Actuator exhibits the following characteristics:

e Improved power-to-weight and power-to-volume ratios: It can handle an es-
timated applied load of 8.5kN while maintaining a linear speed of 0.15¢m/ s,
all within a compact form factor weighing approximately 4kg and occupying

a volume of 130x75x200mm?3.

e Enhanced safety, particularly for human-robot interactions: The SEHA in-

corporates a force compensation block, automatically reducing the generated
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Main Hydraulic Hydraulic Circuit
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Figure 3.1: SEHA cross-section; the figure illustrates the actuator modules struc-
ture and their placements.

pressure in case the output actuator unexpectedly hits an obstacle, ensuring

safer interactions.

e Enhanced portability and autonomy: The SEHA features a hydraulic circuit
centered around a 4/3 symmetric valve that allows for locking the output
cylinder in place with minimal energy consumption. This design significantly
extends the device’s autonomy, preserving battery usage for the actual mo-

tion phases.

e Improved joint movement characteristics to mimic human-like motion:
Similar to elastic actuators, the SEHA’s control is adaptable, enabling
adjustments to the output cylinder’s speed either through the motor’s
rotational speed driving the pump or via the integrated block that acts on

the pump’s displacement mechanism.

3.2.3 SEHA Functional Structure

The development of Servo Electro-Hydraulic Actuator pivots around the following

main functions;
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e Delivering the desired forced linear motion by the hydraulic cylinder (Ex-

traction/retraction).
e Controlling the hydraulic cylinder speed.

e Ensuring the safe interaction with humans by protecting the hydraulic system
and the personnel around the robot from the high pressure achieved by a

servo force compensation module [57].

Figure 3.2 illustrates the functional structure of SEHA. At its core, a cylin-
drical hydraulic pump placed within the BLDC motor rotor formulates the power
generation module. This pump generates a flow that controls the direction and
speed of the hydraulic cylinder’s output. To adjust this flow, two methods are em-
ployed: the first involves altering the speed of the electric motor. In contrast, the
second utilizes a servo speed control module that impacts the pump’s variable dis-
placement mechanism. Operating an electric motor to drive the output hydraulic
cylinder eliminates the need for additional directional valves, which are known to
raise friction-related losses in the system. Furthermore, using a hydraulic circuit
without directional valves ensures that the actuator is backdrivable, enhancing

safety.

However, this approach has its drawbacks. It does not provide instant flow
generation due to the gradual increase in rotational speed. Additionally, revers-
ing the actuator’s direction necessitates a dead speed zone for the electric motor.
Consequently, a more practical approach for driving SEHA involves varying the
pump’s displacement. This method is achieved through a linear motor that op-
erates a hydraulic valve responsible for controlling the flow variation mechanism,
thus adjusting the pump’s displacement. In the event of a pressure increase within
the circuit, hydraulic feedback from the actuator activates a specialized servo force

compensation valve to reduce the pump’s flow and alleviate the system.

To gain a deeper understanding of SEHA, its development will be separated

into modules based on their respective functions.
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2- Servo -Speed control module
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4- Hydraulic circuit E
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Figure 3.2: Functional structure of SEHA- 1- The power generation module:
hydraulic pump and BLDC motor, 2- Servo-speed control module: V2 a 4/3 direc-
tional valve and C4/C5 a servo-hydraulic cylinder, M2 a linear motor, 3- Servo-
force compensation module: V3 a 10/2 directional valve, M3 a liner motor, K-M3
a spring, 4- Hydraulic circuit, 5- Output cylinder [114]
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3.3 SEHA Modules

Embracing a modular design strategy facilitates the total development of SEHA,

resulting in reduced system complexity. This approach offers several advantages:

e Maintenance Ease: It enables the creation of functional modules that can

be replaced for maintenance without replacing the entire actuator.

e Commercialization Flexibility: Modular design allows the marketing of

individual modules independently rather than the entire actuator.

e Upgradability: It permits the enhancement of specific modules without

requiring a comprehensive redevelopment of the whole structure.

e Independent Testing: The modular approach allows for independent test-

ing of individual modules, ensuring their functionality before integration.

e Streamlined Manufacturing: By breaking down the system into modu-
lar blocks, manufacturing complexity is reduced, leading to optimization in

terms of cost and time efficiency.

A successful modular design requires properly dividing the product into mod-
ules. Techniques for modularization in a step-by-step development process are
presented in [115] [116], providing valuable tools for guiding module selection.
Pahl et al. [117] outlined modular design techniques through well-defined phases.
They started with task clarification, where various functions performed by the
product were determined, such as generating high pressure, enabling linear mo-
tion of the output cylinder, ensuring safety, and managing motor cooling, among
others. Once these functions were determined, a function structure was created
to break them into smaller, fundamental, and auxiliary functions. This stage
also involved a cost-effective analysis to reduce multiple sub-functions into a sin-
gle function where achievable. Finally, solutions for module development were

proposed, grouping sub-functions with similar operational principles into cohesive
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modules. These solutions were evaluated based on economic and technical criteria

to determine the most suitable modularization approach.

Following the same principle, SEHA is designed and developed as five sepa-
rate function modules: i) The hydraulic power generation module (MGH), ii) the
speed control module, iii) the force compensation module, iv) the hydraulic circuit
module, and v) the output Servo instrumented module. Each module offer func-
tional independence. Furthermore, this modular approach allows for the potential
commercialization of three distinct blocks. The following sections will elaborate

on the functioning of each module that comprises the SEHA.

3.3.1 Hydraulic Power Generation Module

The power generation module in SEHA actuator was manufactured as a standalone
Mini Group Hydraulic (MGH), which is one of the smallest hydraulic groups in
the world shown in Figure 3.3. It provides the hydraulic cylinders with in-demand
pressure and flow in a compact, powerful, and lightweight power pack suitable for

installation in the robot’s body.

Figure 3.3: SEHA power generation module as a stand-alone Mini Group Hy-
draulic (MGH)

Conventional hydraulic pumps are driven by motors coupled to their shafts,
where flexible couplings that allow for minor misalignment and limited relative

movement between connected shafts are utilized.

Axial piston pumps have indicated superior efficiency compared to other pump

types, like the Vane pumps, which have the lowest power-to-weight ratio due to
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their lower pressure rating, as noted by [118]. In contrast, piston pumps offer higher
efficiency and a better power-to-weight ratio, as reported by [119]. The axial piston
pump, in particular, achieves an impressive 98% efficiency and operates effectively
across a wide pressure range, typically between 140 and 800 bars, according to
[118]. Furthermore, in radial pumps, boosting the flow rate will lead to an increase
in the cylinder block diameter. In contrast, axial piston pumps can provide a
higher flow by extending their length, which is a crucial feature as it enables a
more optimal alignment with the human body shape. The proper motor to rotate
this pump is limited to using the DC motors supplied by batteries suitable as
a power source for humanoid robots. Brushless DC motors have become widely
preferred due to their compact design and high efficiency. These motors feature a
rotor with permanent magnets, while the stator comprises coil windings powered

by direct current, resulting in a reduction in the number of friction surfaces.

-/ \’

(a) The manufactured ) The micro axial piston
BLDC motor stator with pump ’s parts that are inte-
coil windings and rotor grated into the BLDC ro-
with permanent magnets tor

Figure 3.4: SEHA-MGH parts: BLDC motor and micro axial piston pump

Therefore, an axial piston pump shown in Figure 3.4b and a BLDC motor
shown in 3.4a were manufactured for the MGH development. The axial pump was
integrated into a brushless DC motor’s rotor. The MGH integrates a customized
electronic driver board shown in Figure 3.5, an oil temperature sensor, and three
hall effect sensors to measure the motor speed. The customized MGH controller in-

tegrates the BLDC motor driver, stepper motor driver for the servo-speed control,
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a voice-coil motor driver for the servo-force compensation, positions, pressures,
and temperature sensors’ inputs, and EtherCAT interface ports. The controller
development and its functional blocks will be discussed in detail in the Realization

and Validation chapter 5

(a) MGH- controller upper (b) MGH- controller side
view 10*10*5 cm view 10*10*5 cm

Figure 3.5: SEHA-MGH manufactured controller: BLDC motor driver, stepper
motor driver for the servo-speed control, voice-coil motor driver for the servo-force
compensation, positions, pressures, and temperature sensors’ inputs and Ether-
CAT interface ports.

3.3.2 Servo Speed Control Module

The speed control of SEHA’s output cylinder can be conducted, as mentioned pre-
viously, either by controlling the motor’s rotational speed or the swashplate dis-
placement. The motor rotational speed controls the developed EHA by Nakamura
et al., which provides high backdrivability and fewer components in the system,
resulting in reduced friction losses [120]. However, this control method fails to gen-
erate constant power during the speed increasing from zero to the nominal speed
to overcome the pump’s inertia. On the other hand, some EHAs are controlled
by controlling the swashplate angle displacement [121]. This control strategy de-
mands additional components that make the system more complex while enabling

the attainment of displacement variation.

Figure 3.6 illustrates a servo speed control module connected to the MGH

module explained in section 3.3.1. It is necessary to upgrade the MGH module
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to a variable displacement pump to be controllable by the servo speed control
module. This module has a symmetric servo-hydraulic cylinder C,/C}5 that rotates
the swashplate. The cylinder rod is mechanically fixed to the static part of a
directional valve with mechanical feedback V5. The linear motor My drives the
dynamic part of the valve V5 and provides an offset at the initial operation state
to deliver the fluid to the cylinder. The cylinder moves the swashplate’s actuation
shaft until closing the open valve V5. The valve opening value specifies the linear

displacement of the swashplate actuation shaft and defines its rotational angle .

Figure 3.6: Servo speed control module connected to the MGH swashplate Cy, a
directional valve V2 acting on a servo-hydraulic cylinder C4/C5 with mechanical
feedback and controlled by linear motor M2 .

Building a directional valve with mechanical feedback on the active piston
offers the benefit of improved integration of the spool within the module’s body and
reduces internal valve leakage. This setup eliminates the need for sensors since any
offset occurring in V5 is automatically rectified at the C;/C5 stage. Additionally,
the position of the swashplate can be maintained without consuming any additional
energy. Still, the position sensor to measure the swashplate’s rotational angle is

needed to control the output hydraulic cylinder speed.

The control loop of the servo-speed control module must involve the linear
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motor M2, measure the swashplate angle by a rotational position sensor, and
the output hydraulic cylinder speed by a linear position sensor. These 1/O’s are

considered in the MGH module controller shown in Figure 3.5

3.3.3 Servo Force Compensation Module

The physical safety in electric actuators is achieved mainly by series elastic ac-
tuators. Their integration into humanoid robots enables torque or force feedback
for improved control. They make a low-pass filter for shocks because the elastic
elements are not transmitted to the actuator, and its load will pass via the same
low-pass filter [122].

Figure 3.7: SEHA-Servo-force compensation module in the deactivated state.

Figure 3.7 shows the deactivated servo-force compensation module. This
module is responsible for the physical safe interaction and the compliance of the
actuator. It places the compliant element in the actuator’s feedback. Limiting the

force is achievable by controlling the liner motor M3’s displacement to adjust the
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spring’s (K — M3) precompression connected to the valve V3’s spool. The spool
is actuated when the pressure surge on the cylinder reaches the limit adjusted.
This capability allows for handling low loads and filtering out low shock forces as
needed. As shown in Figure 3.8, with positive angle «, the activation of valve V3
causes high pressure to act on the servo-hydraulic cylinder Cy/C5 in the direction

that reduces the angle a.
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Figure 3.8: SEHA-Servo-force compensation module in activation mode, the
valve V3 is actuated to reset the positive swashplate’s angle v via the valve V1

In case of shocks, at the negative swashplate’s angle «, the valve V] corrects its
flow direction by the passes pressurized oil of the valve V3 as shown in Figure 3.9,
valve Vi serves as an absolute value correction mechanism to adjust the position

of the servo-hydraulic cylinder Cy/C5 towards the neutral angular position.

3.3.4 New efficient hydraulic circuit

Fixing the hydraulic cylinder in its position during static postures is critical in hu-

manoids. It optimizes the power consumption while stabilizing the robot, increas-
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Figure 3.9: SEHA-Servo-force compensation module in activation mode, the
valve V3 is actuated to reset the negative swashplate’s angle a via the valve V1

ing its efficiency. The typical manner of performing efficient locking via balance
or double pilot check valves [123], [124].

SEHA employs two methods to secure the output cylinder in position: adjusting
the angle o to zero or stopping the motor. When the angle reaches its neutral
position and the motor is still rotating, SEHA enters standby mode, enabling
automatic flow generation when required to restart the device. This mode is
suitable for short pauses because it involves high energy losses due to the rotating
motor. When the motor stops, it also fixes the hydraulic cylinder C;. In either
scenario, the cylinder remains in its position at no load. However, the output
cylinder can move when loaded due to the force exerted by the load. SEHA locks
the cylinder with an integrated hydraulically directed 4/3 symmetrical valve Cig,
eliminating the need for a directional valve. It delivers the fluid to the hydraulic
cylinder’s chambers. When the valve is closed, it does not allow returning the fluid

from cylinder chambers Ch.; and Ch.s to the pump.

There are two types of hydraulic cylinders according to their shapes: symmet-
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rical and asymmetrical. Figure 3.7 shows an asymmetrical cylinder. In this type,
there is a difference in volumes between the cylinder chambers due to the pres-
ence of the rod in one of them. During piston retraction, the oil volume entering
chamber C'h.o—necessary to move the cylinder—is smaller than the volume leav-
ing chamber Ch,;. This oil overflow from Ch,; must be contained and returned
to the reservoir. A back-pressure valve controls the oil overflow [124], which con-
sists of a pressure-limiting valve and a 2/2 directional valve. Excess oil is directed
back to the reservoir when the directional valve is activated. In the same manner,
SEHA’s system (Cg) achieves that in the retraction phase. In contrast, a larger
oil volume is necessary to recompense the chambers’ volume difference and the
internal leakages while the cylinder is extracting. SEHA’s valve (Cy) compensates

the oil in this phase by drawing from the reservoir.

The new efficient hydraulic circuit in SEHA significantly enhances humanoid
robot stability and power conservation during static postures. It secures the cylin-
der’s position and remains in place without additional energy consumption; every-
thing is mechanically and automatically actuated without any control interven-
tion. The control can predict the short and long pauses to decide to control the
swashplate’s angle or switch off the motor when the hydraulic circuit securing the

cylinder to effectively manage the power consumption.

3.3.5 Output hydraulic cylinder

The output hydraulic cylinder module in the SEHA actuator was manufactured
as a standalone Instrumented Hydraulic Cylinder (SIC). C7 shown in the previous
figures like 3.2 is the output cylinder that converts hydraulic energy into mechanical
energy. Its full integration into SEHA eliminates the need for hydraulic pipes.
The SIC module offers two potential applications: It can either be integrated into
SEHA, driven by its hydraulic circuit outlined in section 3.3.4, or as a standalone

product driven by a servovalve.

The SIC integrates a customized electronic driver shown in Figure 3.10, a

servo-valve actuator, a linear position sensor, a full bridge strain gauge, an oil
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temperature sensor, and two pressure sensors. The customized SIC controller
integrates the servo-valve driver, position, pressures, strain gauge, and temperature
sensors’ inputs interfaced with EtherCAT ports. The controller development and
its functional blocks will be discussed in detail in the Realization and Validation

chapter 5

Figure 3.10: SEHA-SIC module: Servo Instrumented Cylinder with the inte-
grated servo-valve and the module controller

The integrated SIC module’s sensors are the following:

Position Sensor: Measuring the position accurately and at high update rates
is critical in applications using linear hydraulic cylinders to measure the speed
of those providing essential feedback for controlling joint motion. The integrated
linear position sensor into the SIC module was chosen among many. A deep
comprehensive comparison of the available solutions was carried out regarding

their compactness, robustness, reliability, and stability [114].

In the chosen solution, the magnet is situated within the rod, and the sensing
element is positioned within the cylinder cap, shielded by seals, illustrated in
Figure 3.11. This configuration offers the advantage of a fixed distance between
the magnet and the sensing element, enhancing the sensor’s lifetime and increasing

the sensor reading’s reliability.

Strain Gauge Sensor: Force control is advantageous in humanoid robots
for safe interaction and collaboration with humans. The integrated force sensing

into the SIC module was chosen after comparing the most popular force sensing
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Figure 3.11: SEHA-SIC module: Integrated position sensor

methods used in humanoid robots. The comparison included load cell, strain

gauges, six-axis force/moment, optical force, and Piezoelectric force sensors [125].

Figure 3.12: SEHA-SIC module: Integrated full-bridge strain gauge sensor placed
on the cylinder rod’s end [125]

The strain gauge force sensor was chosen due to its superior qualities. Strain
gauges provide high reading accuracy and sensitivity in a compact size and cost-
effectiveness, offering a direct strain measurement for increasing small forces’ sen-
sitivity. They are smaller and lighter than load cells, making integration into
compact robotic systems easier. Moreover, strain gauge sensors offer a wide sens-
ing range, enabling accurate force measurement across a broad spectrum, suitable
for various applications in robotics. Additionally, these sensors exhibit versatility
and can measure normal and shear forces, making them ideal for tasks involving

a wide range of robotic forces, such as grasping and manipulation.
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Pressure & Temperature Sensors: The cylinder motion speed is performed
by the flow rate entering and exiting the cylinder chambers. The flow rate is di-

rectly affected by the pressure of these chambers. Therefore, measuring the cham-

Figure 3.13: SEHA-SIC module: Integrated pressures (1,2) and oil temperature
(3) sensors

bers’ pressures provides essential parameters in the speed control loop. Meanwhile,
the variation in oil temperature changes the oil viscosity, consequently affecting
the flow rate. The oil temperature impacts defining the secondary parameters for
better control and identification of the actuator. These sensors are integrated into
a designed cap that permits combining the electronic board and the servovalve in
the cap. As a result, the electrical wires are kept short, and the electronics take

up a relatively small volume on the barrel.

Figure 3.13 illustrates the integrated pressure and temperature sensors under
the module controller. The length of their cables is less than 15 cm, enough to be

connected to the electronic controller.

3.4 SEHA Functioning Principle

Referring to Figure 3.7, the normal functioning of SEHA can be described as

follows: SEHA’s input is the servo speed control module: its valve (V5) is actuated
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by the voice coil motor (M;) that allows for a linear movement of the spool x.
Applying Bernoulli’s law on the valve’s orifices the flow that crosses the valve (),
is calculated (Figure 3.14)

Ql :f(d,p,Po)

where d is V5’s diameter, p oil density, and F, the operational pressure.

Ql X1

Servo-speed control Swashplate
unit mechanism

‘ Ql Fl ‘ Q
¢ Bernoulli law: * Flow equation * Macroscopic flow * Flow equation
Flow in orifices ‘ * Newton law * Newton law ‘ * Newton law

Figure 3.14: The main stages for SEHA’s mathematical modeling

The flow causes the movement of the servo-hydraulic cylinder (Cy/C5), which
in turn rotates the swashplate and yields to its rotation. The provoked offset ()
in valve (V3) naturally prompts the servo-hydraulic cylinder (Cy/C5) to move left
if (x > 0) and right if (x < 0), continually striving to close the valve (V3) due to
the mechanical link between the servo-hydraulic cylinder’s piston (Cy/Cs) and its
body. By applying the flow equation movement on the Cy/C5 and Newton’s law,

the force I} exerted on the swashplate mechanism can be calculated:

Fl :f(M17y17$7P07§7p)

with M the weight of the C,;/C} piston, y; its linear movement, and £ the pressure

variation in the chambers.

The rotation of the swashplate translates into a variation in the flow of the

79



Chapitre 3 - Servo Electro-Hydraulic Actuator (SEHA)

pump. This translates into the generation of the pump’s flow Q.
Q = f(N, SpaDcvwva)

where N is the number of pistons in the pump, S, their cross-section, D, the pitch

diameter, w the rotational speed, and « the swashplate angle.

Concurrently, the pump’s oil flows into the hydraulic output cylinder (Cf),
equipped with a hydraulic circuit module, to drive it in a linear movement y: the
SEHA system output. Applying the flow equation and Newton’s law on the output
hydraulic actuator, the relationship between the input x and the output y can be

generated. It was explained in detail in [114].

y = f(z,9,y?,y® gy y® 4O 0 @ @)

In case of an unexpected surge in pressure resulting from a high-force incident,
SEHA acts automatically to decrease the flow and bring the system to a safe
operation point. In fact, SEHA is equipped with a force compensation module that
comprises a stepper motor (M3), a spring K — M3, and a two-position hydraulic
valve V3. M3 pre-compresses the +spring K — M3 to create a resisting force that
acts on the spool of V3. When the force at the other end of the spool, caused by the
applied pressure, exceeds the force caused by the spring compression, the valve V3
is automatically activated. This will bypass the valve V5 to bring the swashplate

toward the neutral position and relieve the system from increased pressures.

3.5 Conclusion

This chapter provided an overview of SEHA, a hybrid modular actuator, detail-
ing its characteristics, structure, development, and operation. Controlling the
actuation system in humanoids is a part of their control architecture, where the
actuation system controllers are the control architecture joint controllers; there-

fore, understanding the used actuation system provides a clear vision of the system
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requirements for developing controllers that satisfy the robot control architecture

needs.

The modular approach employed in SEHA involves multiple interconnected

modules working concurrently to accomplish the system’s functionalities.

The main modules include i) the main hydraulic group (MGH), which integrates
a BLDC motor, three hall effect sensors to measure the motor speed, and an
oil temperature sensor, ii) a servo speed control module, controlling the MGH
flow rate by integrating a linear motor M2 to actuate the valve (V3) to move
servo hydraulic cylinder (C4/Cs) and a rotational position sensor to measure the
swashplate angle, iii) a servo force compensation module with the valve (V3) that
activated when the force at the output cylinder exceeds a preset value by the
motor M3 pressing the spring on the valve spoon, iv) a hydraulic circuit module
fixing the output cylinder position in its idle state without power consumption, v)
a highly instrumented output cylinder integrates a servo-valve and two pressure,

oil temperature, position, strain gauge sensors.

This chapter defined each module’s monitoring and controlling points sepa-
rately to perform the assigned functionalities in sufficient control strategies. The
upcoming chapter will delve into the development of the actuation system con-

trollers and the other elements of the HYDRO1D control architecture.
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4.1 Introduction

The previous chapter investigated the functioning principle of the modular actu-
ator SEHA and defined each module’s control and monitor I/O points. It laid
the foundation for developing the SEHA-based humanoid control architecture and
outlined the critical aspects of the servo speed control module, servo force com-
pensation module, and hydraulic circuit, and emphasized the essential modules
that formulate the simplest actuation system, the main hydraulic group (MGH)
and the instrumented output cylinder (SIC).

This chapter aims to translate the mechanical functionalities of SEHA into an
intelligent and adaptable control architecture. The development pushes to mimic
the human control system regarding the distribution of decision-making centers
and how it increases its complexity to respond to varying complexities of tasks,
as discussed in the biomedical chapter. Integrating insights from the biomedical
study chapter into the development methodology enhances the adaptability and

efficiency of the humanoid control system.

Furthermore, this development is connected to the insights gained from the
State-of-the-Art chapter. The influence of diverse control architectures on the
performance of humanoid robots is explored, highlighting the adaptability of con-

trol strategies based on specific applications.

This chapter outlines the methodology and approach employed in the develop-
ment process, encompassing various facets such as hardware and software devel-

opment, system identification, and defining key control architecture levels.
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4.2 Problematic

Humanoid robots navigate and work in environments adapted to humans; there-
fore, they must imitate human anthropomorphism, manipulation, and locomotion.
Mimicking human manipulations and locomotion requires a reliable hardware de-
sign replicating complex human mechanisms, as shown in Figure 4.1, a powerful
actuation system, and a robust control system delivering dynamic motions. The
control architecture is a critical bottleneck for producing humanoid robots that
maintain stability while performing different activities (avoiding obstacles, local-
ization, mapping, and others). Developing this architecture still faces several chal-
lenges, mainly the following: i) Since humanoid robots aim to emulate the human
body, their control systems should perform like how humans control their mus-
cles during the stability phase and the postural transitions. ii) Humanoid robots
should be able to collaborate with humans safely, and the physical human-robot
interaction (pHRI) should be critically safe despite the challenging hardware and
software constraints. The control architecture for achieving pHRI should be op-
erated in real-time, with deterministic latency. iii) The distribution of numerous
actuated degrees of freedom (DoFs) and associated sensors make seeking an effi-
cient control system with enormous processing capability essential. iv) The socially
accepted appearance is challenging while developing humanoid robots, where con-
necting all the actuators and sensors requires installing an abundant number of

cables, making the robot bulky and having an unpleasant appearance.

4.3 Approach

In tackling the challenge of human emulation within the control architecture, the
development approach focuses on creating a dynamic and adaptable system that
mirrors the intricacies of the human control system, which draws inspiration from
the key findings of the biomedical study chapter 1. The approach aims to imbue
the humanoid control system with the ability to modify its architecture in re-

sponse to assigned tasks. The first key insight from the biomedical study chapter
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Figure 4.1: Hydroid mechanisms and corresponding DOFs

underscores the importance of the dynamics of sensorimotor programs in humans
for achieving postural coordination [2]. Understanding that postural transitions
are behavioral consequences of changes among programs operating at the central
nervous system level provides a foundation for the development strategy. The
joint controller will have pre-developed sensorimotor programs to translate these
findings into the control architecture. These programs, inspired by human phys-
iological responses, enable the humanoid robot to replicate the human control
system and its sensorimotor programs while performing motions. For instance,
the involuntary reaction control is decentralized, where the sensorimotor is pro-
cessed locally. It is equivalent to a force-controlled sensorimotor program that
makes a local decision and dominates the controller output regardless of what the

higher control level requests.

Moreover, the state-of-the-art chapter’s application and control architecture
variation section classified the control architectures used in humanoid robots ac-
cording to the robot’s intended purpose. It outlines that versatile robots need an
adaptable architecture influenced by their assigned tasks. Therefore, the devel-

opment approach places a premium on flexibility, allowing the control system to
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dynamically modify its architecture based on the requirements of different applica-
tions. This adaptability ensures that the humanoid robot can seamlessly transition
between tasks, emulating the versatility of the human control system in various

scenarios.

The development approach strategically utilizes the servo-force compensation
module of the SEHA actuator to improve physical safety. The servo-force compen-
sation module enhances the actuator’s physical safety of individual joints when the
force exceeds the preset force limit, even though the response to an action requires
moving all the limb joints together. The control system can generate the response
motion pattern to control all the limp joints or overall robot joints, enhancing

human-robot interaction.

The development approach focuses on enhancing the cycle time for achieving
better robot compliance, which is at the highest levels in the decentralized con-
trol architecture due to accomplishing its control loop in the low-level control, as

discussed in the state-of-the-art chapter.

Finally, to address the third and fourth challenges mentioned in the problem-
atic section 4.2, the approach focuses on distributing the joint controller to divide
the required processing capabilities into the low-level controllers and minimize the
cable numbers to connect the associated sensors and actuators to their correspond-
ing controller to improve the social appearance of the robot, those will be discussed

in detail in the upcoming sections.

This approach draws the development roadmap but still needs to understand
the context of the application and translate this approach to requirements to fa-
cilitate defining the characteristics of the developed control architecture. A more
profound understanding of the studied application could be acquired by analyzing
the HYDROI1D state and requirements.

4.3.1 HYDRO1TD Robot State

HYDROIiD is a hydraulically-actuated full size humanoid robot, created in 2009

[46] with parallel mechanisms [47], [48] in its shoulders, torso, arms, and ankles as
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shown in Figure 4.1. A patent for a spherical hinge with a coupled actuator was
conducted [49]. The robot has 36 DoF with servo valve-based hydraulic actuation.
The robot DoFs have motion ranges shown in Table 4.1 capable of executing the
measured motion angles during the walking gait presented in the biomedical study
chapter’s data collection section 1.4. Table 4.1 illustrates the motion ranges of
the main involved joints during the walking gate alongside the rotational speed of

these joints to be used as a speed limit of the robot actuators.

DoF Motion Speed
Hip Flexion +90° 150° /sec
Hip Abduction +12° 130° /sec
Hip Rotation £10° 120° /sec
Knee Flexion —5°,490° | 400°/sec
Ankle Flexion —45°,4+45° | 200°/sec
Ankle Abduction —15°,+15° | 240°/sec
Ankle Rotation —15°,430° | 250°/sec
Shoulder Flexion —90°,+90° | 90°/sec
Shoulder Abduction | —10°,490° | 90°/sec
Shoulder Rotation | —10°,410° | 90°/sec
Elbow Flexion —5°,4+120° | 90°/sec

Table 4.1: HYDROIiD: Degrees of Freedom, Motion Angle, and Speed for involved
joints in the walking gait [126]

During the last decade, many research axes have grown through this project.
Research on decreasing the weight of the robot [50], [51] is ongoing. The emotional
head is studied and developed [52]. Mechanical design is under enhancement [53].
Artificial skin is under development [54]. In addition, some advanced actuation-
based research like the Integrated Electro-Hydraulic Actuator (IEHA) and several
versions of IEHA have been developed [55], [56]. And the patented Servo Electro-
Hydraulic Actuator (SEHA) [57], but they are not yet implemented on the robot.
This thesis’s studied version of HYDROID is based on the main modules of the
SEHA actuator, the SIC driven by the servo valve, and the MGH controlled by
its motor speed. Each hydraulic actuator typically has one servo-valve, two oil-
pressure sensors, one position sensor, and one force sensor. In order to develop a

control architecture, data quantity was analyzed. The actuation and sensor signals
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of the joint controllers were unified as a float-32 datatype. In addition, each head’s
electric motor has a 14-bit actuation signal and a 14-bit position signal. Whole
body sensors are the IMU sensor with 6x16-bit measurements and the two sets of
load cells in the feet; each set comprises up to 8 sensors of 16 bits. Those pieces

of data sizes are organized in Table.4.2

H Element Quantity N°  Size  Total Number of bits H

Servovalve 36 1 32 bits 1152
Position sensor 51 1 32 bits 1632
Force sensor 36 1 32 bits 1152
Pressure sensor 36 2 32 bits 2304
Electric motors 15 1 14 bits 210
IMU 1 6 16 bits 96

Foot load cells 2 8 16 bits 256
Total Variables 232 6802

Table 4.2: Sensors and actuation elements of HYDRO1D robot

By calculating the sum of the last column, the total payload data to be trans-
mitted between controllers and peripheral elements is about 6800 bits. This pay-

load data will be exchanged at each cycle of the control loop.

4.3.2 Performance Requirements

The control architecture for versatile humanoid robotics platforms should satisfy
many needs; the objective research on the platform is generally the autonomous
dynamic locomotion on uneven terrains and human-robot interaction [127]. Ideally,

the specification can be defined as follows:

R1- Flexibility to apply control laws: One of the main objectives is to provide
a research platform to study human sensory-motor control. The robot control
architecture should allow testing sensory-motor control loops as the local loop at

the joint level or as a centralized one.

R2- High bandwidth in the hardware and software: The intended humanoid

robot should have High dynamic agility. The hardware and software infrastructure
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should not be a constraint and should not limit the dynamic bandwidth of the robot

in different tasks.

R3- Deterministic performance: The high bandwidth is essential but not suf-
ficient. In motion control for highly dynamic applications such as a humanoid
robot, a delayed command becomes a wrong command; therefore, the deterministic
time performance is crucial. This requirement fetches the possibility of developing

highly dynamic controllers for safe human-robot interaction.

R4- Human-like appearance: The architecture should account for this feature
by preserving the compactness and the required appearance of the robot preventing

bulky elements during the design of the control architecture.

R5- Portability of control architecture: The goal application is an autonomous
mobile robot; therefore, the control architecture’s overall design should be embed-

ded and not depend on fixed stations.

R6- Open-source-based design: In order to permit further sophisticated devel-

opment, the design should be based on open-source elements.

R7- Ease of integration: HYDROiD’s system is complex due to the presence of
a high number of elements in the system. One of the essential objectives is to guar-
antee ease of integration at all times. Moreover, the robot is in the development
phase. Additional elements can be added to the architecture later. Therefore, the

architecture should accept the extension with easy integration possibilities.

R8- The ease of maintenance: Regarding the system’s complexity, functional-

based isolation is required to facilitate maintenance during operation and tests.

R9- Reliable and robust design against the external environment: In mobile
robots, robustness against shocks and vibration is required. Besides, electromag-

netic interference immunity is essential in electronic design.

Analyzing the robot state and defining the application requirements represent a
crucial step in advancing the development of a more effective control architecture.
However, the hierarchical levels within the control architecture are general lines

that outline the trajectory for creating a robust design.
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4.3.3 Control Architecture’ Levels

The control system’s hierarchical levels can vary from one control system to an-
other, depending on the application’s specifications. Generally, four common levels
provide a structured approach to designing control systems, enabling effective con-
trol and simplifying the implementation of complex processes. The control levels

from bottom to top, as shown in Figure 4.2 are the following:

e Sensor and actuator level: it is the direct physical interaction level; it inter-

acts directly with the surrounding environment of the application.

e Control level: represented by the joint controllers in robotic applications, it is
responsible for implementing the desired behavior of the joint and achieving

its setpoints or targets using sensor feedback.

e Integration level: focuses on coordinating the control level operations to op-
timize overall system performance by handling the interdependencies among

microcontrollers.

e Management level: the highest level in the control system involves decision-

making, planning, and coordination between the integrated subsystems.

In this development, the chosen elements in each control level work indepen-
dently when some elements are replaced on one level, which will not affect the
elements on the other control level. For instance, replacing a one-joint controller
with a different multi-joint controller does not necessitate the replacement of as-
sociated sensors for individual joints. In this case, the modification is represented
by disconnecting these sensors from the old controller and connecting them to the
new one. Similarly, replacing one sensor must match the prepared interface with
the corresponding controller. For this reason, the controller should provide a wide
range of interfacing capabilities to adapt various types of sensors and actuators.
Those considerations enhance the flexibility of the control architecture, enabling

it to adapt to more intricate scenarios and cases.
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Figure 4.2: Control Architecture Levels

Following the previous study, we would like to design a control architecture
that meets the mentioned requirement by choosing the suitable elements in every
control level and ensuring compatibility by organizing the relationship among these

elements.

4.4 Control Architecture Hardware Development

The proposed control architecture is a distributed real-time control system where
all the software and the hardware’s elements are capable of performing in real-
time, ensuring safe interaction with humans. as shown in Figure 4.3. It is based
on Master-Slave daisy chain topology. The hardware’s elements are represented
by the master controller, communication network bus, and slave controllers. The
software’s elements are represented by the used operating system and the middle-
ware in the master, the communication interface software in the master and the

slaves, and the operating system and the firmware in the slaves.

The development of this solution was conducted with hardware and software

92



4.4. Control Architecture Hardware Development

Slave.1 Controller Master Controller

/ \ / UBUNTU 0S \
“FreeRTOS”
7z

“OROCOS”

tion

Master

Library

Controllers

1 N
EtherCAT
Actuator.1 N 4

Actuator.n \

Low-Level Control Loop /

Ethercar

High-Level Control Loop

EthercAT Slave.2 EtherCAT Slave,3 EtherCAT Slave_n EthercAT

Figure 4.3: Software architecture defines the relation between different software.

JUATIIE]

of the high and low control levels.

The hardware architecture uses a centralized embedded computer and a com-
munication field bus. The centralized computer communicates with a distributed
network of computational units. The distributed nodes exchange data via the
communication bus in order to provide states, commands, and measurements in

real-time. The general structure of the design is shown in 4.4

4.4.1 Master Controller

A humanoid robot needs a central computational unit in order to organize the
operation of the joint controllers in a synchronized way. An industrial PC C6025
from Beckhoff has been chosen thanks to its compact size and powerful computing
capabilities. The chosen PC has the following parameters: equipped with three
EtherCAT ports that enable hard real-time communications, a quad-core processor
Core i3, 8 GB of RAM memory, and an SSD disk. These are adequate parameters,

as they allow the overall management of the control architecture.
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Figure 4.4: Hardware architecture showing central PC, decentralized nodes and
communication bus.

4.4.2 Communication Protocol

According to the state-of-the-art study, there are some main constraints regard-
ing the communication protocol, like the bandwidth, achievable update rate, and
real-time capability. We have chosen the communication protocol EtherCAT, stan-
dardized in IEC 61158 and suitable for both hard and soft real-time computing re-
quirements in automation technology [128|. Using the EtherCAT as the backbone
of the control architecture is crucial for its high-performance, fast, and determin-
istic communication capabilities and the ability to handle large amounts of data
and control multiple devices simultaneously. The proposed EtherCAT-based real-
time control architecture is designed to take full advantage of these capabilities to
provide advanced control and coordination of the robot’s actuators. We are using
approximately 6800 bits of payload data as control and monitoring signals through
the 100Mbps network bandwidth. To calculate the cycle time, which refers to the
required communication time by the master controller to collect and update the
data memories of all sensors and actuators. According to [129]. If the payload x
is less than 1486 bytes as the maximum Ethernet frame size, the corresponding
equation to calculate the minimum achievable cycle time through the network is
4.1.

I'=(2n—1){+2nd+ %(40 + maz(44,n(12 + x))) (4.1)
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Where the transmission delay is:

8
7= (40 + maz(44,n(12 + 2))

Terms \ Notation \ Units ‘
Minimum cycle time r S
Transmission delay T S
Network device latency l s
Propagation delay 0 s

Link capacity C bits/s
Payload X bytes
Number of network devices (slaves) | n - -

Table 4.3: Cycle Time Elements

We have 14 slaves sharing 232 bus variables with a payload of 6,800 bits, about
850 bytes. Taking into consideration, the typical propagation delay, as mentioned
in [129], is 0.3 ps/slave. if we assumed that the network device latency = 0.3
us/slave also; The minimum cycle time will be around 120 ps. This configuration
allows us to transmit and receive the payload data at approximately 8 kHz; this
is the ideal control system without the master processor’s latency and unlimited

software and middleware processing capabilities.

| Ethernet header | Ethernet Data |
14 byte 2 Byte 44 - 1498 Byte 4 Byte
| Ethernet header | Length | Reserv. |Type| 1..15 Datagrams | CRC |
10 byte max. 1486 byte 2 byte
[EtherCAT.H | Data | we |

Figure 4.5: EtherCAT frame structure based on the Ethernet

The Network device latency and the propagation delay will be measured in the
SEHA Control Architecture Realization and Validation chapter 5.
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4.4.3 Distributed joint controllers and their components

The number of joint controllers on the bus is related to the number of Active
Degrees of Freedom (ADoFs) in the robot. The trivial solution is to have a con-
troller for each ADoF. Such a solution has two problems: The first problem is
the bulkiness, with a compromise of the compactness of the computer architecture
on the robot; therefore, having a controller at each ADoF will make the robot
relatively bulky and will not respect the human form. The second problem is the
existence of hybrid and parallel mechanisms that hold many DoFs see Figure 4.1.
The hybrid and parallel mechanisms need synchronization between them in order
to avoid mechanical problems and possible errors. Moreover, having one node that
combines multi-joint controllers in one controller for each hybrid mechanism will
give the possibility to integrate the Inverse Geometry Model (IGM) locally in the
node. The solution of having a node at each ADoF can be imposed when choos-
ing a commercial actuation driver, which is not our case. Therefore, we need to
develop and unify the driver of each group of ADoF with the same mechanism as
the robot. After examining the robot’s mechanical design, it was determined that
14 control nodes were necessary to operate various mechanisms. These nodes were
carefully placed on the robot’s body with consideration for potential mechanical
fixation points and minimizing the use of cables. The 14 nodes are separated into
many categories, each category having a different number of channels where each
channel is responsible for driving one joint, enabling the node to control the whole
mechanism. Table 4.4 provides a list of the 14 nodes that correspond to the robot’s

mechanisms.

As a first prototype, a node board was developed as one channel node to control
one hydraulic cylinder. The node is a highly compact unit, and it generally contains

four functional elements:

e Principal computational unit: this unit works as an electronic transceiver to
read/write the frame of communicated data. Additional functions are required to

be performed by this unit in order to realize distributed control.

e Communication interface: this functional part contains the needed electron-
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Node Quantity Type N° of ADoF

Ankle (sag/fro) | 2 nodes | Type 2-ch 2x2
Ankle (Ver/Toe) | 2 nodes | Type 2-ch 2x2
Knee 2 nodes | Type 1-ch 2x1
Hip 2 nodes | Type 3-ch 2x3
Torse 1 node | Type 4-ch 1x4
Shoulder 2 nodes | Type 4-ch 2x4
Forearm 2 nodes | Type 4-ch 2x4
Head 1 node | Type EM 1x15

Total 14 nodes - 51

Table 4.4: Functional distribution of nodes

ics to exchange data with the master PC of HYDROID via the communication

protocol.

Servo-Valve port

Temperature Sensor & k Strain Gauge Sensor

Pressure Sensors &5

Figure 4.6: Node of the type 1-ch in three combined boards: computational unit,
EtherCAT interface and peripheral interface.

e Servovalve driver: a driver is required to manage the needed power to operate
the servo valve. The driver will translate the control signal to a current signal to

drive the servo valve.

e Sensor’s interface: Each type of sensor in HYDROiD has certain precau-

tions for the collection and the adaptation of signals to have meaningful data. A
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conditioning circuit is needed for each sensor.

This node version consists of three boards combined in one block with dimen-
sions 52xH2x40 mm, shown in Figure 4.6. These boards divide the mentioned
functionalities. The used microcontroller is the STM32H7, which possesses the
ARM MT architecture that suits the real-time application; the communication in-
terface part consists of an integrated circuit LAN9252 with two standard RJ45
connectors, a servo-valve driver circuit, and the conditioning circuits of the asso-

ciated sensors.

Figure 4.7 shows the final hardware control architecture, where 14 joint con-
trollers are connected in daisy-chain topology to the master controller. Moreover,
the master controller communicates with other subsystems via the discovery server
provided by the ROS. This will facilitate expanding the application by integrating

other systems via the ROS server.

ROS System 2 on board PC
Camera & Lidar

Discovery
Server

ROS System 3 Visualization

ROS System 1| Robot

Figure 4.7: Hardware Control Architecture, Joint Controllers’ Distribution, ROS
Discovery Server.
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4.5 Control Architecture Software Development

The software architecture development aims to meet the required specifications

in 4.3.2, especially implementing control in a flexible way, real-time capability,

and ease of integration. The flexibility in our development is represented by the

capability of the high-level controller to control the joint directly or switch between

a set of pre-developed sensorimotor programs within the joint controllers. The

master controller will choose which control mode will be activated, as shown in

Figure 4.8, based on the robot’s task; these control strategies enhance the robot’s

ability to perform tasks effectively

in various real-world scenarios. Appendix B

presents the detailed control mode selection development beside the data structure,
type, and size on the EtherCAT bus.

Master Controller

Precise
Movement
Task

Sensitive

Force Combined

Task

Yes

Yes Yes

Joint Controller Jl,

| }

Start Position

Start Force

Start Position Start Direct

Control Mode Control Mode & Force Control Mode
Control Mode
v v ¥ Y

Track Desired Track Desired Track Desired _Track
Position Force Position Desired Servo
- - Track Desired
Activate PID Activate PID Force
Parameters Parameters

Valve
Command

Activate PID
Parameters

Figure 4.8: Sensorimotor programs selection.

The distributed software over all the system levels was developed in the high

and low levels of control as follows:
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4.5.1 Master Controller Software

A Linux-based solution was chosen to facilitate the integration of various softwares.
Among available Linux-based solutions, Ubuntu is a commonly used operating sys-
tem in robotics and software development. The standard Ubuntu Kernel does not
provide real-time guarantees, resulting in non-deterministic response and stabil-
ity problems. Different approaches are available to patch its kernel and make it
able to perform real-time tasks. The choice of real-time patching is a trade-off
between deterministic performance and ease of use during development. A quan-
titative comparison [130]| helps to decide how fast is fast enough in a robotics
application for the actual development phase. As a result, the standard kernel
was patched with the Preempt RT Kernel, which provides the necessary real-time
capabilities for our application. Alongside the operating system, middleware is
still needed to manage real-time tasks. Open RObot Control Software (ORO-
COS) was chosen among many available middlewares. It has real-time capability
and supports four C++ libraries: the Real-Time Toolkit (RTT), the Kinematics
and Dynamics Library, the Bayesian Filtering Library, and the OROCOS Com-
ponent Library. The RTT provides the infrastructure and the functionalities to
build robotics applications, with emphasis on real-time, online interactive, and
component-based applications. It facilitates the implementation of tasks and en-
sures that network communication through software ports is performed promptly
and accurately. OROCOS has a bridge that facilitates the integration with ROS
for non-real-time actions. ROS was used to enhance the integration level across
a diverse range of hardware and software platforms. ROS is implementing appli-
cations like Simultaneous Localization and Mapping (SLAM). This accomplishes
auto navigation, path planning, and collision avoidance for HY DROi1D. Moreover,
Graphic User Interface (GUI) was developed as a part of ROS; in other words, ROS
was used for non-real-time tasks. The bridge between the ROS and the OROCOS
is the rtt — ros — comm [131] package; it was integrated to provide an OROCOS
RTT Service for publishing and subscribing (transmitting and receiving data) to
ROS topics (data bus).

The interface between the EtherCAT bus and the application layer in the mas-
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ter was developed as an OROCOS workspace to operate the communication in
real time. It contains the Simple Open Master EtherCAT (SOME) library that
we integrated into the workspace as another OROCOS package, which dominates
the communication bus and manages the data transmitting and receiving, the
rtt — soem [132| package used as a dependency for the conducted interface. In
practice, each EtherCAT hardware needs a particular software driver inside the
master library. SOEM provides some drivers for commonly used Beckhoff devices.
For our application, a custom driver has been created for our custom EtherCAT

slave interface.

4.5.2 Joint Controller Software

Among the many Real-Time Operating Systems (RTOS) available for embedded
systems, the three open-source options are FreeRTOS, Zephyr, and RTEMS. For
our STM32HT7 microcontrollers, we chose FreeRTOS due to its wide adoption, offi-
cial STMicroelectronics support, small footprint, real-time capabilities, and open-
source licensing that meets our requirements. The communication interface in the
slave is the EtherCAT Slave Stack Code (SSC); it is an example source code in
ANSI C supporting both the pC and the SPI interface; the code serves as a devel-

opment basis for the implementation of EtherCAT in devices with its processor.

The flexibility of the proposed control architecture extends beyond application
operation; it can also be utilized during the application’s development process.
This adaptability enables the seamless replacement of elements under development
with validated ones, contributing to the validation of other components within the
control architecture. The application uses the hydraulic cylinders as the main ac-
tuators in its actuation system. As mentioned previously, this actuator uses many
sensors that should be validated separately by testing them with certificated sen-
sors, validating the actuator controller, and then validating the mechanical func-
tioning of the utilized actuator. Upon validating the controller with its associated
sensors, they could be used in the identification process of the hydraulic cylinder,

as discussed in the following section.
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4.6 Conclusion

In conclusion, This chapter presented a comprehensive methodology and approach
to developing the SEHA-based HYDROID control system. Addressing crucial
aspects of hardware and software development and the definition of key control
architecture levels, this chapter laid the foundation for a versatile and adaptive
control framework influenced by the application-based diverse control architectures
insights gained from the State-of-the-Art chapter 2. The systematic methodology
allows for the seamless integration of various elements at different control levels,
ensuring independence and flexibility in the system. The approach facilitates the
application’s operation and proves valuable during the actuation system’s devel-
opmental stages. The capability to replace developmental elements with validated
counterparts enhances the efficiency of the validation process for other components
within the control architecture. As a transition to the next chapter, "SEHA-Based
HYDROiD Control Architecture Realization and Validation," the focus will shift
toward the practical implementation and testing of the proposed solution elements.
This next phase encompasses the design, realization, and rigorous testing and val-
idation processes to bring the SEHA-based HYDROIiID control architecture from

concept to reality.

102



Chapter 5

SEHA-Based HYDRO1D Control

Architecture Realization and

Validation

Contents

5.1 Introduction .. .............. ... .. ..., 104
5.2 Main Hydraulic Group (MGH) Tests and Validation . 104

5.2.1 Board Development . . . ... ... .. .. ....... 105
5.2.2  Testing SEHA Controller . . . . ... ... ... .... 107
5.2.3 ISO Test Control System . . . .. ... ... ... ... 115

5.3 Servo-Instrumented Cylinder Tests and Validation . . 119

5.3.1 Board Development . . . . .. ... ... ........ 119
5.3.2 SIC Controller Servo Valve Tests . . . . . ... ... .. 120
5.3.3 SIC Controller Pressure Sensors Tests . . . . .. .. .. 124
5.3.4 SIC Controller Position Sensor Tests . . . . . .. .. .. 125

5.4 System lIdentification For Servo Instumenmted Cylinder127
5.4.1 System Essential Dynamics . . . . ... ... ... ... 130

5.4.2  Experiment Setup and Data Collection . . . . . . . . .. 133

103



Chapitre 5 - SEHA-Based HYDRO1D Control Architecture Realization and Validation

5.4.3 Model Structure Selection . . . . . ... ... ... ... 139
5.4.4 Model Identification . . . . .. ... ... ... ... .. 139
5.4.5 Model Validation . . . . .. .. .. ... ... 141
5.5 SEHA Control Architecture tests and results. . . . . . 143
5.5.1 Master controller performance test . . . . .. .. .. .. 143
5.5.2 Network performance test . . . . . ... ... ... ... 145
5.5.3 Walking gait Experiment . . . . .. . ... ... .... 146
56 Conclusion. . . . ... ... ... . 000 147

5.1 Introduction

The previous chapter discussed the proposed control architecture development
methodology and the employed approaches in constructing humanoid robots uti-
lizing SEHA as an actuation system. This chapter dives deeper into the details
of the development, mainly for the substantial actuator modules, the main group
hydraulic MGH, and the servo-instrumented cylinder SIC. These modules’ realiza-
tion and validation tests are separated into testing the mechanical functionality,
the associated sensors and actuators, and the corresponding controllers. After
validating the main functionalities, this chapter discusses a system identification
process for the SIC module. Then, it investigates the test and validation process
of the control architecture elements. Moreover, it demonstrates a robot walking

gait performance test conducted using the proposed control architecture.

5.2 Main Hydraulic Group (MGH) Tests and Validation

The mechanical development of the MGH module was explored in 3.3.1. This
section explores the development of the module controller and the required test
that validates the overall module as a stand-alone product and as a main controller

in case of adding some of the actuator modules.
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5.2.1 Board Development

This board is the main controller of the SEHA actuator. Therefore, it should
contain all modules’ associated sensors and actuators. This controller combines the
defined module’s monitoring and controlling points in the Servo Electro-Hydraulic
Actuator (SEHA) chapter 3. This combination facilitates adding or removing the
involved modules in the robotic system based on its requirements. Figure 5.1
illustrates the involved inputs and outputs ports in the SEHA controller classified

by their corresponding module.

Designing the board takes into account the necessity of General Purpose Input
Output (GPIO) to make the board adaptable to a variety of common sensors
that are utilized in robotic applications to handle the case of replacing one of the
associated sensors or actuators. The controller provides the following GPIO and

communication interface ports:

e Two ADC input channels with 16 bits resolution, 10kHz sampling rate, 0-5
VDC range, and + 0.25 % accuracy.

e One DAC output channel with with 16 bits resolution, 10kHz sampling rate,
0-5 VDC range, and + 0.25 % accuracy.

e 3.3V and 5V power supplies to power multiple sensors or actuators in case

of replacement or extension of the system.
e Serial Peripheral Interface (SPI) communication protocol port

e Inter-Integrated Circuit (I?C) communication protocol port

In order to limit the heat released during system operation and avoid the
noise produced by the power electronic components, the hardware architecture
is divided into four separate boards. These cards are linked to the assembly by

available direct connectors or dedicated cabling. These boards are the following;:

e Board 1: The microprocessor STM32H7 is the main MCU installed on the
first board of the controller, and it has a parallel connection to the EtherCAT
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MGH Module SIC Module
BLDC Motor Pressure Sensors
Hall Effect Sensors Position Sensor
Temperature Sensor Strain-Gauge Sensor
Current Sensor

SEHA

Servo-Speed Controller

Control Module
Servo-Force

Compensation Module

Voice-Coil Motor

Position Sensor

@it Sanser Linear Stepper Motor

Limit-Switches Limit-Switches

Figure 5.1: SEHA general controller combining the functionalities of the actuator
modules.

LANO9252 integrated circuit on the same board. The RJ45 connection was
installed on another board to minimize the size of the electronic system. The
RJ45 connector type is IP68, suitable for outdoor environments, and ensures

that dust and water will not affect the connection operation.

e Board 2: is the peripherals manager; it has conditioning circuits for the
connected sensors with their connectors (two pressure sensors, two temper-

ature sensors, and the GPIO PINs for two ADC, one DAC, SPI, and 12C

interface).

e Board 3: This board is dedicated to BLDC motor control; it has all the
required connections to integrate the BLDC motor, such as the hall effect

sensors and the motor phases

e Board 4: This board controls the two M2 and M3 motors. the M2 is a
voice coil motor AVM12-13-C48 with current feedback, and the M3 step-
per motor 20DAMXXD2B. It contains the conditioning circuits of the two
position sensors, AMS AS5171 and AMS AS5311, and their limit switches.
In addition, two voltage regulators will provide the power supplies for the
connected sensors, 3.3V and 5V with GND.

Operating the controller peripherals and components requires powering up the
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controller with two power supplies 12 VDC power supply for the main MCU,
EtherCAT, M2, and M3 motors, and 325VDC, 10A BLDC motor power supply.

STM32H7 LAN9252
Board 1 e IC
Pressure and GPIO PINs
Board 2 Temperature ADCs and s'i)rl&:;gclgc
Sensors DAC
Board 3 BLDC motor Hall Effect Current
Driver Sensors Sensor
M2 voice M3 stepper o i
< Position Position
Board 4 coil motor motor S — S —

driver driver

Figure 5.2: SEHA-Controller boards and corresponding functional blocks

The SEHA controller prototype included a cooling system (heatsink and fan) to
maintain its temperature below 70°C with full load. This division serves the mod-
ularity approach of the actuator; for instance, in the case of using only the MGH
module without the servo-speed control module and the servo-force compensation
module, it is sufficient to use the first three boards and avoid using the fourth one
that is controlling these two modules and monitoring their feedback. Appendix
A provides additional documents SEHA development, starting from defining the
actuator’s sequence of operation and control mode selection beside the data struc-
ture, type, and size on the EtherCAT bus. In addition, it provides the performance
and requirements of a graphic user interface that facilitates controlling the actua-

tor.

5.2.2 Testing SEHA Controller

In this section, the focus is on validating the functionalities of the developed con-

troller blocks shown in Figure 5.2
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Power supply 3.3 V AND 5V Test

Powering up multiple modules requires 3.3V and 5V power supplies. These power
supplies are transformed from the 12V power supplied by the external system. The
test procedure is to measure the 3.3V and 5V voltage outputs when the 12V supply
changes between 10 and 15V. This validation test aims to check the variation of
the 3.3V and 5V outputs in operation. The acceptable variation is +3% from the
nominal voltage. Table 5.1 presents the results captured during the variation of

the input power supply.

Power Supply (V) | Measured 5V pin | Error(%) | measured 3.3V pin | Error(%)
10Vdc 5.05V 1(%) 333V 1(%)
12Vde 5.05V 1(%) 3.36V 2(%)
15Vde 5.1V 2(%) 3.33V 2.4(%)

Table 5.1: Power supply 3.3 V and 5V Test

Pressure sensor test

The selected Keller 4LC pressure sensor is a ratiometric sensor that provides a
proportional output signal to a ratio of the measured input power supply. This
type of sensor needs an ADC input for its analog output and another ADC to
measure its input power supply. The controller provided two ADC channels with
16-bit resolution, 10kHz sampling rate, 10%-90% of the input VDC range, 2-300
bar reading range, and + 0.25 % accuracy. In addition, an additional ADC channel

is added to measure the variation in the voltage supplied to the sensor (ADCS3).

The validation process of the designed pressure transducer is to power up the
sensor input ADC channel with a variety of voltages instead of connecting the
sensor itself and operating the system to provide a range of pressure to validate
the input ports. That will minimize the error source and give the advantage of
more systematic testing procedures. Table 5.2 illustrates the results during the

variation of the applied voltage on the mentioned ADC channels.
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Applied (V) | ADC-1 | Error(%) | ADC-2 | Error(%) | ADC-3 | Error(%)
0 0.012 0.24 0.009 0.18 0.005 0.1
0.5 0.505 0.1 0.509 0.18 0.5001 0.002
2 2.014 0.28 2.011 0.22 2.001 0.02
4.5 4.509 0.18 4.505 0.1 4.501 0.02
D 4.992 -0.16 4.988 -0.24 4.996 -0.08

Table 5.2: Pressure sensor input test results, the figure illustrates the captured
signals with 16-bit resolution converted to an integer number and the correspond-
ing error percentage.

Position sensor test

The utilized position sensor is AMS AS5311, 5V/30mA, with incremental output
configuration with a resolution of 1.95um per step. An index pulse is generated
once for every pole pair, corresponding to a 2.0mm interval. The sensor supports

a traveling speed of up to 650mm /second in incremental mode.

The sensor readings should be verified by comparing them with an absolute
sensor reading installed in the same condition or by installing the sensor on a
mechanical system that can provide motion steps meeting the sensor resolution.
The repeatability and stability of the sensor reading should also be validated by
performing multiple tests to assess the repeatability of sensor readings and checking

for any drift or instability in the readings over time.

Nozzle

i
Magnetic Strip -
N

Figure 5.3: Position Sensor Test Bench: The figure shows the position sensor
installed on the CNC machine’s nozzle and the magnetic strip installed on the
movable plate.

This sensor was validated by installing the sensor on a CNC machine nozzle
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and a 2cm strip magnet with a 2.0mm interval pole pair length on the machine’s
movable plate, as shown in Figure 5.3. The machine can provide linear displace-
ment with 10(xm) resolution. Table 5.3 presents the implemented test; the first
column is the setpoint displacement in (um), the second is the sensor displace-
ment reading, the third is the step displacement sensor reading, and the final is
the calculated error in (um). The first and the final displacements have the larger
error because a side of the sensor chip went out of the strip edge. According to
the shown results, it was noted that the sensor reading is reliable with an accuracy

range +50(pum), which is sufficient for the application.

Displacement Sensor Sensor dis- | Error (um)
() reading placement

(pm) (pm)
0 0 0 0
1000 1041 1041 -41
2000 2041 1000 0
3000 3041 1000 0
4000 4043 1002 -2
2000 5046 1003 -3
6000 6046 1000 0
7000 7041 995 5
8000 8081 1040 -40
9000 9056 975 25
10000 9710 654 346

Table 5.3: Position sensor test results, the figure illustrates the captured dis-
placement of a CNC machine, sensor measurement reading, and the corresponding
error in (pm).

M2 Voice coil motor test

Driving the voice coil motor needs to supply the current to make the coil move
inside the motor. Directional control is required to move the coil forward or back-
ward. The voltage supplied to the controller is 12 VDC. A PWM control solution
was chosen to decrease the generated heat. However, stabilizing the current sup-

plied to the motor is not a control priority, so the variation of this value during the
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control phase is not part of the validation criteria (there will be no control loop

for this parameter).

Figure 5.4: M2 test bench: The figure shows the voice coil motor AVM12-13-C48
installed on the motion axis with the position sensor circuit AMS AS5311.

The current supplied will be limited to prevent it from exceeding the limit
accepted by the motor (3A max). The control command will be in the form
(PWM, DIR) with the direction of movement DIR and the corresponding voltage
level PWM. The current feedback is taken for monitoring. Position control is pro-
grammed with 1 mm accuracy (without dynamic or overshoot constraints because
it is related to the mechanical test bench shown in Figure 5.4. The test was con-
ducted by setting many desired position steps to control the motor movement and
measuring this movement by the validated position sensor in the previous section.
Table 5.4 illustrates the desired position setpoint in both directions and some large

steps, position sensor measurement reading, and the corresponding error in (mm).

M3 Stepper motor test

The A4988 integrated circuit driver controls the M3 linear motor. Similar to the
M2 motor, two directions are controlled. To make the motor turn, we drive the
PULSE variable, which defines the number of pulses to make the motor move. No
position sensor is used to control the motor position; the motor may miss some
requested moves (loss step), particularly when there is a load on the motor. The

fastest change between two pulses is 100 us.
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Direction | Setpoint(mm) | Measured Position(mm) | Error(mm)
1 0.517 0.483
2 1.59 0.41
Positive 3 2.6 0.4
4 3.77 0.23
5 4.79 0.21
4 4.3 -0.3
3 3.27 -0.27
Negative 2 2.25 -0.25
1 1.25 -0.25
0 0.24 -0.24
0-->5 5.14 -0.14
Step 5-->1 1.19 -0.19
1-->4 4.17 -0.17
4-->0 0.15 -0.15

Table 5.4: M2 Voice coil motor test results, the figure illustrates the position
setpoint, sensor measurement reading, and the corresponding error in (mm).

Validation tests were carried out under no-load conditions. Drive the motor
with two parameters (Pulse and Dir) via the EtherCAT interface. See if the motor
can change direction as required. A wire will be installed on the motor cover to
check the motor’s displacement in an approximate way, as there is no position
sensor installed to check the motor’s correct operation. The position control is
programmed with an accuracy of 1 mm without dynamic or overshoot constraints
because it is related to the mechanical test bench shown in Figure 5.5. Similar
to the M2 voice coil motor test, the conducted test set many desired positions
with an open control loop (no feedback) and measured the movement using the
same linear position sensor installed on the stepper motor test bench. Table 5.5
illustrates the desired position setpoints, position sensor measurement reading,

and the corresponding error in (mm).

M1 BLDC motor test

Driving the BLDC motor is critical and sensitive due to its high-rated voltage

(325VDC). The motor is controlled in both direction with a wide speed range
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Figure 5.5: M3 test bench: The figure shows the stepper motor 20DAMXXD2B
installed on the motion axis with the position sensor circuit AMS AS5311.

Setpoint(mm) | Board Position(mm) | Error(mm)
1 0.8 0.2
2 1.89 0.11
3 2.84 0.16
4 3.91 0.09
5 4.9 0.1
6 9.95 0.05
7 6.94 0.06
8 7.97 0.03
9 8.95 0.05

Table 5.5: M3 Stepper motor test results, the figure illustrates the motor position
setpoint, position sensor measurement reading, and the corresponding error in
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(£5000). The driver board contains an MCU specialized in driving BLDC motors.
The communication between the main MCU and the driver is established through
a UART connection that supports BLDC motor control data exchange at a 5
ms update rate. The discussion between these two boards has the BLDC motor

control setpoints, feedback, and emergency parameters.

This test aims to validate the functionality of driving the BLDC motor accu-
rately and efficiently by the developed controller. The driving speed accuracy was
validated by operating the motor at the desired speeds and measuring it with a
certified tachometer. The controller and motor temperature was measured during

the motor operation to ensure it was not reaching the allowed limit for robotic

application.
Desired Tachometer | Motor Driver Speed Er- | Error (%)
Speed reading Tempera- | Tempera- | ror(RPM)
[RPM] [RPM] ture [°C| ture [°C|
-1000 1010 33.6 29 10 0.2
-1500 1513 34.5 294 13 0.26
-2000 2018 34.7 29.6 18 0.36
-3000 3025 35 30 25 0.5
-4000 4033 35 30.6 33 0.66
-5000 2045 36 34.7 45 0.9
1000 1010 36.9 35 10 0.2
2000 2018 37.2 35.2 18 0.36
3000 3026 37.6 35.3 26 0.52
4000 4035 38 36 35 0.7
5000 5044 38.2 36.4 44 0.88

Table 5.6: M1 BLDC motor test results, the figure illustrates the motor speed
setpoint, Tachometer measurement reading, controller and motor temperature,
and the corresponding error in (RPM) and (%).

Table 5.6 illustrates the motor speed setpoint, Tachometer measurement read-

ing, controller and motor temperature, and the corresponding error in (rpm)
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5.2.3 ISO Test Control System

The proposed control architecture was utilized to test and evaluate the actuator
components’ performance during development. The MGH was evaluated by a
performance test conducted according to the ISO 4409:2019 3|, (Hydraulic fluid
power - Positive-displacement pumps, motors and integral transmissions - Methods
of testing and presenting basic steady state performance). The standard provides
hydraulic circuit diagrams and methodologies for testing hydraulic pumps as shown
in 5.6.
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Figure 5.6: ISO hydraulic circuit diagram

ISO Control system requirements

The implemented control system for evaluating the pump under steady-state con-
ditions to determine its performance characteristics. The system can be used with
open or closed circuits mentioned in the standard document. The standard cate-
gorizes results into three measurement accuracy classes, A, B, and C, based on the
allowable systematic errors of flow, torque, pressure, and temperature measuring

instruments as shown in Table 5.7.
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Parameter/Class A B C
Rotational frequency, % £0,5 +1,0 +2,0
Torque, % +0,5 +1,0 +2.0
Volume flow rate, % +0,5 +1,5 +2.5
Pressure, Pa +1 x 10> | £3 x 10? | £5 x 10°

(Pe < 2 x 10° Pa) a
Pressure, % +0,5 +1,5 +2.5
(Pe >= 2 x 10° Pa)

Table 5.7: Permissible variation for classes of measurement accuracy: The per-
missible variations listed in this table concern deviation of the indicated instrument
reading and do not refer to limits of error of the instrument reading. These vari-
ations are used as an indicator of steady state and are also used where graphical
results are presented for a parameter of fixed values. The actual indicated value

should be used in any subsequent calculation of power, efficiency or power losses.
alPa=1N/m2. [3

According to the standard, each set of readings taken for a controlled value
of a selected parameter shall be recorded only where the indicated value of the
controlled parameter is within the limits shown in Table 5.7. If multiple readings of
a variable are recorded, the mean values shall be documented while the controlled
parameter is within the operating limits. The maximum suggested time period to
acquire each reading is 10 seconds at a minimum data acquisition rate of 1000 Hz.

Such readings should include zero displacement and idle operating conditions.

Test bench components selection

Figure 5.6 illustrates the required component in the test bench to determine the
performance curve characteristics by capturing the pressure, temperature, and flow
values at various rotational speeds of the pump. Table 5.8 defines the quantities
and characteristics of the utilized sensors and components that meet the ISO stan-
dard requirements. These components are installed on i) four manifolds combine
the temperature and the pressure sensors, ii) a manifold that combines a flow me-

ter and temperature sensors, iii) two manifolds for the flow sensor alone. Figure
5.7
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Component Qty Reference Range Output Signal
Temperature sensor | 5 NTC 10K -40 to 150 °C 0 to 10 KQ
Pressure sensor 4 Keller 41.C 2.5 - 300 Bar 0.5 to 4.5 Vdc
Flow meter 3 VES VS-2 0.2 - 18 L/min | 5000 Pulses/Litter
Pressure relief valve | 2 | Inaltiss-VMDR 40 | 40 - 350 Bar -
Driver 1 PARKER A-10 0 - 5000 rpm 0-5Vde
Cooler 1 SCM A45-1 EAP 50-80 °C Dry contact

Table 5.8: Test bench components: the table presents the used sensors and
components in the ISO test bench with their quantities and characteristics.

Figure 5.7: ISO-4409 Implemented Hydraulic circuit

Figure 5.8: ISO-test bench Beckhoff controller and Parker A10 motor driver
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The test bench sensors are connected to a Beckhoff coupler EK1100 with analog
input modules EL.3104 shown in Figure 5.8. Beckhoff coupler EK1100 is an Ether-
CAT slave; it was connected to a PC with Windows 10 OS, and TwinCAT Beckhoff
software was installed to perform the data acquisition in real time. TwinCAT soft-
ware acts as a communication master and a master controller. It dominates the
data bus and allows the user to program a master loop control for monitoring all
the input variables and controlling all the output variables on the bus regardless

of which slave sends or receives these data.

IS0O-4409 test results

At the steady state, the variation of mean indicated values for measured parameters
aligns with the Class A specifications of permissible variation outlined in ISO
4409:2019. This class requires a stringent allowable variation of £0.5% for volume
flow rate and pressure, making it the category with the most stringent acceptable

deviation from the mean values of measured parameters.
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Figure 5.9: The effective flow rates at different rotational speeds and pressures.

Figure 5.9 shows the flow rate against the measured pressure at a constant

speed. Notably, as the applied pressure increases, the flow rate experiences a
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decline. Beyond 3000 RPM, the pump’s curve deviates from the observed pattern

at lower speeds, indicating the presence of an emerging defect in the pump.

5.3 Servo-Instrumented Cylinder Tests and Validation

The mechanical development of the SIC module was presented in 3.3.5, and the
functional blocks were explored in the 4.4.3. This section discusses the module

controller development and the test procedures.

5.3.1 Board Development

The SIC module integrates a servo valve controlling the oil flow through the piston
chambers, a linear position sensor measuring the rod motion, two pressure sensors
measuring the piston chambers’ pressures, a bidirectional force sensor measuring
the applied force on the rod, and a temperature sensor measuring the oil temper-
ature. The controller contains conditioning circuits for the associated sensors, a
servo valve driver, a power circuit, an EtherCAT communication interface IC and
ports, and a microcontroller STM32H7. Similarly to the SEHA controller devel-
opment, the SIC controller was divided into three separate boards. The functional

blocks were distributed in these boards as follows:

Sensor Power

Board 1 Conditioning Distributer
Circuit Circuit

EtherCAT
Board 2 STmzﬁm Interface S?rll’t:pf:clzc
LAN9252 IC

EtherCAT

Board 3 Interface
Ports

Figure 5.10: SIC-Controller functional blocks distributed on three boards
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e Board 1: is the peripherals manager; it has conditioning circuits for the con-
nected sensors with their connectors (two pressure Keller 4LC, a temperature
PT1000, position AMS AS5311, full bridge strain gauges sensors).

e Board 2: The microprocessor STM32H7 is the main MCU installed on the
first board of the controller, and it has a parallel connection to the EtherCAT
LANO9252 integrated circuit on the same board. In addition, the GPIO PINs
for two ADC, one DAC, SPI, and 12C interface are provided by this board.

e Board 3: Has the two RJ45 connectors type IP68, suitable for outdoor
environments, and ensures that dust and water will not affect the connection

operation.

Figure 5.11 illustrates the manufactured controller board.

Conditioning

STM32H7 and power
circuits

EtherCAT Ports LAN9252

|
\

Board-3 Board-2

Figure 5.11: SIC Manufactured controller boards.

The test described in this section is divided into seven tests examining the
performance of the different parts of the SIC controller board, including the servo
valve driving circuit, the power circuit, the EtherCAT interface circuit, and the
conditioning circuit of the pressure sensors, the temperature sensor, the position

sensor, and the force.

5.3.2 SIC Controller Servo Valve Tests

This section is dedicated to examining the driving circuit of the servo valve. Cur-

rent measurement is accomplished by assessing the voltage drop across the mea-
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surement resistance, and this current measurement is visually displayed on the
oscilloscope. Simultaneously, the hydraulic flow rate is gauged using a flow rate
meter, with the corresponding flow signal (Vflow) showcased on the oscilloscope.
An ammeter could be employed instead of Rsh to measure the current directly in-
stead of assessing the measurement resistance. A test point (TP7) is also available

for measuring a voltage corresponding to the current.

Servo Valve Static Error Test

The test has been initiated by specifying a constant desired value for the current,
with the rated current ranging between +-10mA. Subsequently, the voltage Vo
on Rsh (or the DC current on an ammeter) is measured and monitored using an
accurate meter. For values of -10mA and -5mA, measurement is conducted via
TwinCAT, as the ammeter is incapable. The objective is to ensure that the static
error (real current/desired current) remains below 0.5%FS (0.1mA). To achieve
this, the test is repeated on various samples of the ordered value, encompassing +-
10%, +-25%, +-50%, +-75%, and +-100% of the rated current. Table 5.9 presents

the static error of captured current measurements with variation in the desired

current.
Desired Measured | Measured | average Static er-
current current current current ror

min(mA) | max(mA) | (mA)

-10 -10.02 -10.06 -10.04 -0.04
-5 -5.01 -5.04 -5.025 -0.025
-1 -0.99 -1.01 -1 0
0 0.08 pA 20 pA 0.0104 0.0104
+1 1.01 1.07 1.04 0.04
+5 5.03 5.13 5.08 0.08
+10 10.00 10.09 10.045 0.045

Table 5.9: SIC Controller: Servo Valve Output Current Measurements and Static

Error Results
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Servo Valve Settling time Test

Applying an entry square signal with an amplitude of +-100%FS as the desired
value to the servo valve driver has been executed. The value is set using TwinCAT
entry fields, ensuring a sufficiently high frequency (e.g., 10Hz) to capture all tran-
sient periods. Subsequently, the voltage Vo on Rsh is measured and monitored on
the oscilloscope, with note that test point TP7 on the card is utilized for voltage
measurement corresponding to the current. The observation of step response char-
acteristics is mandated, and particular attention is given to measuring the settling
time at 95%, which should be less than 0.5 ms in the worst-case scenario. Table

5.10 presents the settling time at various current desired values.

Desired Measured | measured | Settling Overshoot
value voltage current time 95% | (%)
(mA) (1) (mA) (ms)

-10 to +10 | 736 X 24 0 %
-5 to +5 246 X 1.46 0%
-1 to +1 24 X 0.365 0%
-5 to 0 204 X 1.45 0%
-10 to 0 348 X 1.30 0 %
0to +5 276 X 1.18 0%
0 to +10 336 X 1.68 0%
-10 to +10 | 736 X 2.22 0 %

Table 5.10: SIC Controller: Servo Valve Output Settling Time and Current
Overshoot Measurements Results.

Servo Valve Current Overshoot Test

Examining the current overshot of the servo valve driver circuit involves applying
an entry square signal with an amplitude of +-100%FS as the desired value. Subse-
quently, observation of step response characteristics is imperative. If a maximum
overshoot is present, it must be limited to less than 10%FS. The test readings
and results are presented in Table 5.10 at different current entry square signals as

current desired values.
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Electric Frequency Analysis (cut off & phase margin)

Applying an entry sinewave signal with an amplitude of +-100%FS as the desired
value to the servo valve driver has been executed, with the value being set using
TwinCAT entry fields. The voltage Vo, measured at test point TP7, is monitored
on the oscilloscope, and simultaneous monitoring of the desired signal is attempted
(not successfully). The frequency is systematically varied from 1 Hz up to 1 kHz.
Subsequent measurements include assessing the amplitude of the output signal
and determining the phase shift (unavailable). Throughout all frequencies, the
amplitude is expected to exceed 50% of the static signal’s amplitude (at 1 Hz),
and the phase shift should be less than 90° of the static signal (at 1 Hz). Table
5.11 shows the measured voltage amplitudes at the mentioned frequency range and

the output signal gain.

Frequency | Voltage Gain (%)
(Hz) Amplitude

(V)
1 813 100%
10 813 100%
50 766 94%
100 766 94%
150 746 92%
200 716 88%
300 593 73%
400 530 65%
500 436 54%
600 366 45%
1000 233 29%

Table 5.11: SIC Controller: Servo Valve Cut-Off Frequency Test Results.

Mechanic Frequency Analysis (cut off & phase margin)

This test was conducted by applying an entry sinewave signal with an amplitude
of +-100%FS as the desired value to the servo valve driver has been implemented,

with the value set via TwinCAT entry fields. The flow rate meter (Vflow) signal
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is measured and observed on the oscilloscope, and the desired signal is monitored.
The frequency of the entry sine wave in TwinCAT is systematically adjusted from
1 Hz up to 200 Hz. Measurements include determining the amplitude of the
Vflow signal and evaluating the phase shift of the Vflow signal. Throughout all
frequencies, the amplitude is expected to surpass 50% of the amplitude of the static
signal (at 1 Hz), and the phase shift should not exceed 90° of the static signal (at
1 Hz). Table 5.12 shows the measured flow rates through the servo valve at the

mentioned frequency range and the output signal gain.

Sin-wave Servo Gain (%)
Frequency | Valve Flow
Rate (Ipm)
1 7.017 100
6.89 98.3
10 6.66 95
20 7.06 100.6
30 6.79 96.8
50 6.54 93.3
80 6.31 90
100 5.71 81.4
200 50

Table 5.12: SIC Controller: Servo Valve Cut-Off Flow Test Results.

5.3.3 SIC Controller Pressure Sensors Tests

The developed controller and a referential data acquisition system, Dspace DS1104,
measured the pressure sensor in this test. The integrated pressure limiting valve
controlled the hydraulic pump pressure setpoint, with pressure variation between
10 and 210 bar according to the specified range. Following this, a waiting period
ensues until the pressure stabilizes. Subsequently, the output is measured using the
SIC through the TwinCAT software, while the pressure referential measurement
system is employed for a parallel measurement. The voltage signal (Vp) and the
supply signal (Vec) are measured using dSpace for the referential measurement.

The real pressure is defined in the datasheet of 4LC by the equation Pressure =
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200 * ((Vp - 0.1Vee) /(0.8 Vec)) since the sensor is ratiometric, and it is related to
the ratio Vp/Vce. The two readings are compared, and the test is repeated while
varying the environmental conditions of the card. The acceptable difference be-
tween the readings should be at most 0.25% FS. The repeatability criterion for the
reading is set at less than 0.1%FS. Table 5.2 illustrates the pressure sensor’s mea-
sured power supply and output signals by two different controllers and calculates

the reading error according to the sensor specification document.

Pump | SIC SIC | Vp Ve SIC Cal- | dSpace Error
Pres- | Vp Ve dSpace | dSpace | culated Calcu- 100*(Pdsp-
sure | (Volt)| (Volt) | (Volt) | (Volt) | Pressure | lated Psic) /300
(bar) (bar) Pressure | (%)
(bar)
start | 513 4975 | 501 4961 3.16 2.36 0.26
10 638 4975 | 635 4970 12.519 12.34 0.058
20 780 4975 | 770 4970 23.15 22.46 0.23
50 1182 | 4975 | 1180 4970 53.25 53.19 0.02
100 1850 | 4975 | 1848 4970 103.26 103.25 0.003
150 2500 | 4975 | 2492 4970 151.93 151.52 0.137
180 | 2905 | 4975 | 2981 4970 182.26 188.17 -1.97

Table 5.13: SIC Controller: Pressure Sensors Test Results.

5.3.4 SIC Controller Position Sensor Tests

The SEHA controller position sensor was installed on a CNC machine nozzle to
set the displacement and measure the position. The position sensor test in the
SIC controller was conducted by comparing the AMS AS5311 reading with an
absolute linear cylindrical encoder RLS LinACE customized for the SIC with 0.5
pum resolution and +5 pum accuracy [133]. The RLS sensor integrated into the
cylinder cap and its magnet in the cylinder rod serves as the reference for the
measurement as shown in Figure 5.12. The figure shows the cylinder installed on
a development kit, the AMS AS5311 linear position sensor with its strip magnet,
and the RLS LinACE sensor with its rod magnet.
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AMS AS5311

AMS Strip Magnet

Figure 5.12: The SIC installed on development kit with both position sensors

The position is set to different points for testing the reading accuracy and
resolution. The output is measured using the SIC controller through the Twin-
CAT software. Simultaneously, the position is measured using the RLS. The two
readings are then compared. The test is iterated while varying the environmental
conditions of the card, with a stipulation that the difference should not exceed 20
pm. Additionally, the repeatability criterion for the reading is set at less than 20
pm. The measurement resolution is determined with a sensitivity set to 20 pm.

Table 5.14 shows the captured readings of both position sensors at different steps.

The previous tests offer a comprehensive insight into the performance of each
module controller and its functional blocks. For effective testing of the devel-
oped sensorimotor programs, a profound understanding of the system dynamics
is crucial to ascertain the actuator’s capability to attain the desired values. The
subsequent section will explore system identification for the primary actuator in
the HYDROiD robot.
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RLS Read- | SIC Read- | RLS real | SIC  real | Error
ing (um) ing (pm) Distance Distance (mm)
(pm) prm
874230 874230 0 0 0
1204420 1194850 16509.5 16031 0.4785
1668250 1691450 39701 40861 -1.16
2404500 2422250 76513.5 77401 -0.8875
2731050 2807850 92841 96681 -3.84
3873330 3944850 149955 153531 -3.576
4863970 4967250 199487 204651 -5.164
873690 874050 -27 -9 -0.018
2566250 2611850 84601 86881 -2.28
2507830 2524850 81680 82531 -0.851

Table 5.14: SIC Controller: Position Sensor Test Results.
5.4 System Identification For Servo Instumenmted Cylinder

System identification concerns developing a dynamic system model using data
rather than physics principles to identify the essential dynamics either responsible

for or resulting in the observed system behavior.

These models are generally simplified representations of the real system. In
fact, developing a model that mimics the essential features of the target system
and then excluding all other aspects will facilitate the system model-based design

processes.

These processes include: i) Controller design, where many tools can assist in
finding the optimal solution if there is a mathematical representation of the system,
especially a linear representation. ii) Improving estimation state by combining the
predictions from simple models with sensor measurements. iii) Ensuring system
performance or safety by using models to perform formal analysis. iv) Replacing
physical systems and testing environments by simulating them. In addition, we can

reduce these models to even more simplified versions to speed up these simulations.

However, The effective model should sufficiently capture the system’s essential
features. These features are determined by the purpose of the model develop-

ment and a certain amount of understanding of the system. For example, in
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the studied system (Electro-Hydraulic Actuators), to understand how much the
servo-valve should be opened for a particular cylinder velocity, the system’s model
should consider the dynamics that play a significant part in determining it. These
features include i) the cylinder geometric parameters, ii)the servo-valve character-
istics, iii) the hydraulic system parameters such as the oil pressure and flow rate.
Nevertheless, friction, manufacturing defects, oil characteristics, environment pa-
rameters, and vibration through the internal structure are not essential features.
For example, even though vibration plays a vital role in material fatigue or sensor

disturbances, it does not affect the system dynamics directly.

In general, system models comprise two main parts: structure and parameters.
The identification process is mainly about determining the most suitable structure
and optimal parameters that accurately capture the system’s dynamics. There is
more than one way to structure a model. A simple system with known physical
parameters could be modeled with an ordinary differential equation. But with
unknown physical parameters for the same system, a more general second-order
differential equation could be used like the equation 5.1 with the parameters A, B,
C, and D. Even though these two models can represent the same dynamics, they

are represented slightly differently.

f=Ax"4+Bs'+Cx+ D (5.1)

Selecting a model structure is not limited to just differential equations. Other
structures could be selected, like process models with time delay, non-parametric
models like frequency response models, or even more abstract, like neural networks.
Irrespective of the structure, the model would still have to capture the essential

underlying dynamics of the real system to be useful.

There are many ways to approach system identification for linear, nonlinear,
and recursive online system identification. Creating a model that can capture
these dynamics depends on the knowledge level of the real system. If all of the
essential features and how they contribute to its dynamic behavior are known, then

a white-box approach could be adopted to create a model. The model is written
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directly in this approach, using first principles and physics.

The black box method is on the opposite side of the spectrum; the essential
dynamics are unknown, and the equations cannot be written directly. Therefore,
the system behavior could be predicted by exciting the system with input signals,
which affect the output. Assuming there is an ability to excite all the system’s
essential dynamics, These data could be used to learn a mathematical model that
mimics the observed I/O relationship. Still, there is a need to choose a model
structure representing the observed behavior and then fit that model to the data

by selecting the best parameters.

Noting that a substantial difference exists between modeling the system dy-

namics and curve fitting.

Curve fitting to predict the system output in the future by fitting a curve to
the output data and extrapolating that curve out into the future. The curve fitting
is based on an equation with structure and parameters. It does not describe the
underlying mechanisms that created the data; it just describes the particular data
sequence. If the system were initialized with a different state or given different

input signals, the curve fitting would not give any future prediction.

Whereas the system identification gives an advantage of the correlation between
the points in the data to fit a dynamic model. In dynamic systems, the output is a
function of the inputs at a specific moment added to previous system values. The
final model predicts the data from different starting conditions and with different
inputs. This is a lot more powerful than just curve fitting because in most cases,
there are multiple inputs and outputs and many tunable parameters to fit the
model with a numerical method that adjusts the parameters automatically to

minimize a cost function.

Validating the identified model should ensure that the output behaves the
same, not only for a particular input but also under a different set of inputs. As
a validation process, the step input will be replaced with a series of different step
inputs to validate the model. If the real system and the model were run with these

inputs, the results could be checked to see if they would match the identified model.

129



Chapitre 5 - SEHA-Based HYDRO1D Control Architecture Realization and Validation

If the results were not met, more data should be gathered, the model structure
should be changed, and then the identification process should be repeated. This
trial-and-error process continues until the results are met and end up with a viable
identified model.

Start End
A
Yes

v
Expgrlljmfnt SLV'OCie' Model Model

and Data ructure Identtification Validation
Collection Selection

Figure 5.13: System Identification Workflow.

For concluding the system identification workflow, and since system identifica-
tion is a data-driven method, Figure 5.13 simplifies the process with the main four

steps as follows
e First, set up an experiment or test to collect that data from the real system.
e Then, choose a model structure to fit into the collected data.
e Then, identify that model by actually fitting it to the data.

e Finally, validate the model and observe its performance. To establish system
identification on a hydraulic cylinder operated by a servo valve, there is a need to
understand the system’s essential dynamics as motioned before. The cylinder geo-
metric parameters are constant parameters, whereas the servo-valve characteristics

and the hydraulic parameters, like the oil pressure and flow rate are not.

5.4.1 System Essential Dynamics

The used servo-valve is nozzle-flapper Moog.30 equivalent. It works at a rated
input current from -10 to 10 mA that controls a 12 lpm flow rate through the valve

control at an operational pressure of 210 bar. Figure 5.14 shows the relationship
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Figure 5.14: Moog30 Flow-Load Characteristics
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between the load pressure and the flow rate through the servo valve at different

rated input currents.

The servo valve dynamics behavior is represented by a model’s structure of
second-order differential equation, as shown in Figure. 5.15, even when using

another commercialized servo-valve that could represent the model structure.
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Figure 5.15: Moog.30 Servo Valve Internal Dynamics

This model captures the servo valve’s essential dynamics but cannot capture
the overall system dynamics or non-linear dynamics, and it does not capture other
factors like disturbances. However, it has the essential dynamics to predict the
general motion of the cylinder with some level of accuracy. This model can predict
the cylinder velocity given an input current, where "I" is the input current, and
"Q" is the output flow. The cylinder velocity could be calculated easily using the

following linear equation 5.2.

PistonVelocity(V') = FlowRate(Q)/PistonArea(A) (5.2)

However, we are not approaching the system with a total lack of information;
we have some amount of knowledge that could help to choose the proper structure
and develop the model. The chosen second-order model would be sufficient to
capture the essential dynamics and then use data and system identification to
estimate the parameters of this model. This is called a gray box method, which

combines the transfer function of the servo-valve to set up the initial problem and
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then uses data to learn the remaining portion of the model structure or parameter

set.

Therefore, and according to the previous section 5.4, the first step is to set up

an experiment to collect data for identifying the system.

5.4.2 Experiment Setup and Data Collection

In this system, with some unknown dynamics, a step input is used to excite the
system, and then the response is recorded to find a model that can capture the
remaining dynamics. A mini group hydraulic (MGH) is connected to a flow meter,
delivering the hydraulic power to the hydraulic cylinder operated by the developed
SIC board. The used peripherals are the following:

e Position Sensor AMS AS-5311 liner installed on the rod’s end

e Two Pressure sensors Keller 4L.C measuring the pressure of the piston cham-

bers.

e Current sensor integrated into the SIC board to measure the servo valve

current
e Flow meter on the SIC hydraulic input
e Servo Valve

Figure 5.16, show the test circuits. The used AMS position sensor is an absolute
sensor, but in the incremental encoder mode limit switches needed to set the initial
position by resetting the pulses counter. These experiments was conducted with
no limit switches, that let to adjust the initial point before starting the reading
to avoid resetting the counter to the maximum value because of the workbench
vibration or even the increased displacement at high pressure. The initial position

was adjusted, with 50 micrometers.

Setting up the flow rate:
To ensure capturing all the essential dynamics, the test should be performed at the

peak values of the effective parameters like the flow rate. This test was conducted
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Figure 5.16: Hydraulic and Electrical Test Circuit.

at a constant flow rate; flow measurements were executed at different pump speeds
with and without load (with no load: the MGH was connected to the flow meter,

then the flow meter’s outlet to the tank. With load: The SIC was connected to

the flow meter’s outlet, and the servo valve was operated at maximum range +10

mA), which gives accurate readings and ensures the MGH flow rate. Table. 5.15

show these measurements.

| RPM | Flow rate (Ipm) No load | Flow rate (Ipm) at load |

1250 | 0.85 0.73
1600 |1 0.85
3600 | 1.8 1.66

Table 5.15: MGH Speeds with Corresponding Flow Rates

The test was performed at a 3600 rpm speed with 1.8 Ipm, the corresponding

rod max velocity calculated according to 5.2, For 1.66 lpm flow rate with the

used SIC 18-30 mm, the theoretical speed at the extraction movement is 0.0589

m/s and 0.0377 m/s at the retraction movement. The piston’s maximum velocity
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occurs when the piston is in the retraction movement with the full opening range
of the servo valve, where the area in the retraction phase is smaller than the
area in the extension phase because of the area of the rod that existed in the
high-pressure chamber during the retraction movement. This expected velocity
requires a certain sampling time, considering the position sensor resolution of 1.95

micrometers.

Setting up the sampling time:
The sampling time is important to set in this test to suit the position sensor reso-
lution and calculate the rod velocity, which is the position derivative. The working
frequency is set to 10 kHz as a reading and writing I/O task. The derivative of the
position in the same frequency could not be able to calculate the velocity with the
tiny difference between every two consecutive readings. A velocity task was con-
ducted every 10ms, resulting in a limited number of samples during the transition
phase until the signal stabilized, potentially missing certain aspects of the signal
dynamics. Acquiring an increased number of samples throughout the transition

phase enhances the accuracy of system identification.

Figure 5.17 illustrates the captured signals for the position and the calculated
velocity when a step signal was applied to the servo valve’s coil. Limited samples

were detected during the transition phase, including the overshoot peak.

The measured position curves show the non-linearity of the system even at the
constant flow rate. The piston’s internal leakage and the manufacturing defects
vary the friction along the piston, causing nonlinear movement. And since these

factors were not measured, they are treated as disturbances.

Another experiment involved altering the rod’s movement direction by revers-
ing the provided current for the servo valve’s coil. This change was implemented
by applying a negative signal immediately following a positive signal. The purpose
was to capture the signal and determine the quantity of samples acquired during
this directional alternation, as shown in Figure. 5.18. A limited sample quan-
tity was detected for this wide-range movement, which could result in omitting

essential system dynamics.
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Figure 5.17: Measured Velocity and Position with a Step Input 10 mA at 10ms
Sampling Time

The current step was applied while the rod was extracting; the captured data
could not be used in the system identification as step data, and it is not a sinusoidal

signal with repetitive alternation in the signal.

An additional experiment was carried out to observe the system’s behavior as
the rod retracts, showcasing the variation in velocity due to the cylinder’s smaller
area. This is intended to identify the sample quantities at different speeds. As
well as the sample quantities in the rod during the stopping phase, as shown in

Figure. 5.19.

The figure illustrates the position returned to its initial state, and only one
sample was detected during the transition phase. Which is undoubtedly a lack of

dynamic data.

Therefore, decreasing the sampling time is essential to enhance the number
of detected samples, leading to an improved system identification process. This
adjustment provides a more comprehensive understanding of the system dynamics

by acquiring additional information.

The test was conducted again by changing the sampling time to 3ms to catch

more data in the transition phase. The results shown in the following figures
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Figure 5.18: Measured Velocity and Position with a Step Input 10 to -10 mA at
10ms Sampling Time

5.20,5.21 illustrate more dynamic data was captured, especially at the beginning
of the transition phase. That will facilitate the identification process through
MATLAB by implementing the ident function.

In Figure. 5.20, The rod starting position was measured with the added 50-
micrometer offset, disturbances deriving from system vibrations, and the pressure
variety that might be compressing the piston while it resides in its initial posi-
tion. These factors led to changes in the position sensor readings, acquiring data

handling to remove the offset and these disturbances.

This data was collected from the real system and modified to suit the system
identification process; the next step is to select a model structure. This set of
data could be used alongside the servo-valve model to estimate the overall system

model.

Another experiment was carried out with a 5 mA step input at the constant
flow to prepare different data sets to be used in validating the model. That ensures

the model will be valid even with different input steps.
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Figure 5.19: Measured Velocity and Position with a Step Input -10 mA at 10ms
Sampling Time
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Figure 5.21: Measured Velocity and Position with a Step Input -10 mA at 3ms
Sampling Time

5.4.3 Model Structure Selection

This step establishes a model structure that aligns with the collected data set. The
system input and output relationship needs to be determined and represented by
a transfer function as a model structure. Figure 5.22 shows the current input step
and the velocity output response. A slight overshoot in the response was observed
before the flow reached its steady state; this indicates that the studied system is
at least a second-order system. Therefore, the given servo valve’s transfer function
could be used to facilitate the identification workflow and avoid trial and error in
finding the right structure. This model structure cannot capture the non-linear
behavior of the system, but it could be a starting point to identify the system with

a reliable model structure and then tune the proper parameters.

5.4.4 Model Identification

The identification was carried out with two data sets collected at a constant flow
rate while changing the servo valve current step. The model structure was chosen

as a second-order system according to the servo-valve model, and then the identi-
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Figure 5.22: Current Input Step with Flow Output Response

fication specified the parameters. The identified model represented in the transfer

function 5.3

As+ B

s2+Cs+D (5.3)

The servo-valve input was excited with a step of 10 mA and 5 mA at a flow
rate of 1.66 Ipm. The identification tuned the parameters for every step and gave

the parameters shown in Table. 5.16

| Step input | 5 mA | 10 mA |

A 1.378 | 0.4442
B 19.54 | 11.62
C 102.1 | 113.3
D 2474 | 3082

Table 5.16: System Parameters at step input 5 and 10 mA
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5.4.5 Model Validation

The collected data from many tests were involved in the validation process to
validate the identified model. The process is to apply one data set with certain
conditions to the identified model based on another data set. This intersection
in using different data sets to validate models identified with other data sets al-
lows to compare these models and choose the most identical one. The validation
guarantees a favorable system response, even when confronted with varying initial

conditions within the system.

The first validation step compares the measured data with the model response
at a particular input step, where the used model in this step is identified based on
the same input step. The validation is conducted by providing the data set to the
captured transfer function and comparing the results with the measured data set
in Figure 5.23a; it shows how close the model response is to the measured response

relative to the mean of the measured response.

The second validation step is providing a set of the measured data with dif-
ferent input steps to the captured model and comparing this data with the model
response. This step will determine if the model is reliable and applicable to dif-
ferent initial conditions of the system. Figure 5.23b shows the measured data

amplitude mismatching the model response amplitude but having the same curve.

Since using the 10mA-based model does not give a close response to the mea-
sured data, the 5 mA model response was tested, and the results were compared
while using the same data set and other data sets as input of the transfer function.
The validation with the captured model is conducted while exciting the transfer
function input with the 5 mA data set and the other case while switching to the 10
mA data set. The transfer function output was also compared with the measured

responses separately.

Figure 5.24a, shows how close the model response is to the measured response
relative to the mean of the measured response. And Figure 5.24b shows the mea-
sured data amplitude mismatching the model response amplitude, especially in

the overshot phase; it has a higher overshot than the 10 mA model response.
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Figure 5.23: Real Data with Model Response Comparison

(a) Real Data with Model Response Com- (b) Real Data with Model Response Com-
parison (5 mA model with 5 mA data) parison 5 mA model with 10 mA data

Figure 5.24: Real Data with Model Response Comparison
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In conclusion, the identified model gives a reliable response while using the
same input step that specified its parameters. While using a model structure with
another initial system condition, the model response does not match the measured
response. There is an inverse relationship between the step input and the overshoot

peak.

In this section, the system with all the servo-valve’s essential dynamics was
tested at a constant flow of 1.66 lpm, whereas the servo-valve’s rated flow is around
8 Ipm at the rated supply pressure 70 bar, and the maximum flow is around 12

Ipm at the maximum supply pressure 210 bar.

Some essential overall system dynamics were missing in this test due to the
lack of supplying the system with the required flow rate. The identified model
could be used but with other sets of data that should be collected at the rated

parameters of the system.

5.5 SEHA Control Architecture tests and results

Our test strategy focuses on the system’s real-time capability and the robot’s
overall performance. The real-time tasks are affected by the master processor’s

latency, transmission delay, and slave latency.

5.5.1 Master controller performance test

To test the master latency, we installed Ubuntu 16.04 on the C6025 PC and patched
it with the real-time kernel RT-Preempt. During the installation and patching,
some essential configurations are required. The kernel preemption model should be
configured to a fully preemptable kernel. This modification allows the high-priority
task to interrupt the lower-priority task. Moreover, it allows the operating system
to respect the defined deadlines. Another substantial modification is to disable a
task’s scheduling on several microprocessor cores. Some other kernel configurations
are essential concerning the power management of the processor. We disable the

frequency scaling and the idle state of the processor (The idle state is to power off

143



Chapitre 5 - SEHA-Based HYDRO1D Control Architecture Realization and Validation

the CPU core after a defined period of inactivity) in order to avoid the delay of
switching on the processor after an idle state. We test the performance after the
installation to measure the latency of the patched kernel. We used the Cyclictest
application [134| while simultaneously running many threads using CPU stress
utility, network flood, and graphical stress. The test was launched for 100 million
cycles; it takes 5 hours (the goal is to mimic the autonomy of the robot). The
results are shown in Figure 5.25, for comparison, where we apply the same test on

the Ubuntu system without real-time patching. We showed the results in Figure

5.26.
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Figure 5.25: Real-Time Kernel Latency Experiment

Figure 5.25 shows that the test application has been launched on 4 CPUs;
during the operation period, the maximum latency did not generally exceed 41 us.
Some exceptions rarely happened (less than 100 cases over the 100 Million cases)
Regarding the same test on the Ubuntu system without the real-time patching
showed the results in Figure 5.26, we found that it produced more latency, often
exceeding several milliseconds. This result means that the patch on our hardware

guarantees the soft real-time performance.
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Figure 5.26: Non Real-Time Kernel Latency Experiment

5.5.2 Network performance test

To test the network latency, we connected four of our joint controllers to the master
PC. The Distributed Clocks (DC) were used to ensure synchronous communication.
Then, we developed an OROCOS component to toggle the servo valve’s outputs
with 2kHz, which will generate a rectangular wave with 1kHz. We measured the
delay between the first and last connected slaves’ outputs. Figure 5.28 is the

histogram for over one million measurements.

EtherCAT Bus

Servo-Valve’s Outputs - P

- ® ® 8

Figure 5.27: Latency Network Test

The results show that the central tendency is around the 0 to 6 ps latency,

and minority samples crossed this range but did not step over 282 ps. In this test,
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Figure 5.28: Network latency measurements

we connected only four customized joint controllers as shown in Figure 5.27 with
less than the total payload. After adding all the joint controllers to the network,
the estimated update rate is 3kHz.

5.5.3 Walking gait Experiment

The developed architecture allows us to test the robot’s overall performance by
easily implementing a gait control. The collected biomedical data was modified
to fit the operation condition of the robot. The master applied a walking gait
on four DoFs, controlling two hip pitches and two knees. The position controller
was conducted in the master, taking the desired signal from the biomedical data
set, activating the direct control mode in the joint controllers to implement the

distributed sensorimotor program as shown in Figure5.29

In this control mode, all the required data to be transmitted through the com-
munication bus are the servo valve command and position feedback signals for
each joint controller. This sensorimotor program is performed by the master, un-
like other control modes where the joint controller will measure the feedback signal

and command the servo valve based on it.
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Figure 5.29: Distributed Sensorimotor Program with gait walking

Figure 5.30: Position Sensors AMS AS5045B Installed on the Robot Hip Axis

The joint’s rotational positions were measured with the AMS AS-5045B sensor

installed on the joint rotation axis as shown in Figure 5.30. The position tracking

test for the right hip is shown in Figure 5.31. It shows a good system response

with small unpleasant vibrations.

Figure 5.32 demonstrates the movement during the gait walking experiment

using the direct control mode.

5.6 Conclusion

This chapter presented the practical development of SEHA modules’ controllers

and discussed their validation test processes. The ISO-4099 test bench control sys-

tem was also developed based on the proposed control architecture and presented
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Figure 5.31: Hip-Pitch position tracing measurements during the gait walking

in this chapter. The validation tests of the proposed control architecture elements
for the HYDROiID robot were presented and discussed. In addition, after vali-
dating the module controller and the control architecture elements and as a first
step toward integrating this actuator into HYDROID, system identification was
implemented for the SIC module to understand the system dynamics better and
improve controlling the actuator. Finally, the chapter presented the results of the
gait walking experiment while the master controller was executing the sensorimo-
tor loop. The proposed architecture gives the ability to examine the sensorimotor
loop not only in the joint controllers through the low-level control loop but also
in the master controller through the high-level control loop. It provides real-time
capability i) in the slave controller where the FreeRTOS is used, ii) in the mas-
ter controller where the Preempt-RT Kernel acts as RTOS beside the real-time
middleware OROCOS, and iii) in the EtherCAT communication protocol. Fur-
thermore, the master-slave daisy chain topology allows connecting the sensors to
their slave controllers to minimize the installed cables along the movable joints,

making it more mobility and socially acceptable appearance.
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Figure 5.32: HYDROiD Implementing Gait Walking
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Chapter 6

Conclusions and Perspectives

6.1 Conclusions

This thesis approached a control architecture for the electro-hydraulic humanoid
robot HYDROiD that emulates the human nervous system in controlling the
muscles during various motions. The conclusion of this research has produced
profound insights into the complicated domain of humanoid robotics, combining
fields of biomechanics, state-of-the-art technologies, innovative actuation systems,

and advanced control architectures.

The biomedical study chapter 1 provided profound insights into one method
of human muscle control mechanisms during various motions. It presented these
motions and the postural coordination as sensorimotor programs controlled by
adaptive control strategies. The chapter analyzed a walking gait data set of
healthy humans with the same morphology as the studied robot HYDROiD.
These insights provided the groundwork for the subsequent chapters, guiding the
development of HYDROID towards a robot capable of emulating human motions

and interacting seamlessly in real-world scenarios.

The state-of-the-art chapter 2 presented the historical evolution of humanoid
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robots and investigated their control architecture systems and corresponding
elements like communication technologies, software, middleware, joint controllers,
and actuation systems. By analyzing actuation technologies, a hybrid actuation
system that combines the advantages of both technologies is needed to push
forward to an exciting future for humanoid robots. The chapter presented
a unique factor: the robot application influences the control architectures in
humanoid robots, emphasizing the need for flexibility in the control system for

versatile humanoid robots.

The HYDROI1D actuation system is presented in chapter 3; it relies on a Servo
Electro-Hydraulic Actuator, a hybrid and modular actuator. It describes the ac-
tuator features, structure, development, and operation. It comprises i) a power
generation module named Main Group Hydraulic (MGH), ii) a hydraulic actuator
module named Servo Instrumented Cylinder (SIC), iii) the speed control module,
iv) the force compensation module, v) a hydraulic circuit module. This chapter de-
fined each module’s monitoring and controlling points to perform sufficient control
strategies. SEHA generates punctual power at active joints instead of the same
pressure for all active joints delivered by a central hydraulic group in a classical
hydraulic actuation system. It ensures a high level of physical safe interaction
through its servo-force compensation module. It effectively manages the power
consumption by securing the cylinder’s position to remain in place during static

postures without additional energy consumption.

The SEHA-based HYDROID control architecture chapter 4 presents the pro-
posed architecture approach and its development. This chapter laid the foundation
for a versatile and adaptive control framework. The topology of the hardware ar-
chitecture is centralized around a master PC with distributed joint controllers,
while the software architecture is an adaptable based on the assined task. It is
distributed while performing precise motions that do not demand force control and
decentralized while performing tasks demand compliance and force control. The
proposed architecture gives the ability to examine the sensorimotor loop not only

in the joint controllers through the low-level control loop but also in the master
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controller through the high-level control loop. The systematic approach allows for
the seamless integration of various elements at different control levels, ensuring
independence and flexibility in the system. The approach facilitates the applica-
tion’s operation and proves valuable during the actuation system’s developmental
stages. The capability to replace developmental elements with validated counter-
parts enhances the efficiency of the validation process for other components within

the control architecture.

The practical implementation and testing of the proposed solution elements is
presented in the SEHA-Based HYDROiID Control Architecture Realization and
Validation chapter 5. It encompasses the design, realization, and accurate test-
ing and validation processes of SEHA modules’ controllers as control architecture
elements. The development of the ISO-4099 test bench control system was pre-
sented. A system identification was implemented for the SIC module to improve
the actuator control. Finally, the chapter presented the results of the gait walking
experiment while the master controller was executing the sensorimotor loop. The
proposed architecture gives the ability to examine the sensorimotor loop not only
in the joint controllers through the low-level control loop but also in the master
controller through the high-level control loop. It provides real-time capability i) in
the slave controller where the FreeRTOS is used, ii) in the master controller where
the Preempt-RT Kernel acts as RTOS beside the real-time middleware OROCOS,
and iii) in the EtherCAT communication protocol. Furthermore, the master-slave
daisy chain topology allows connecting the sensors to their slave controllers to
minimize the installed cables along the movable joints, making it more mobility
and socially acceptable appearance. The results showed 50% advancements in the
update rate compared to [76], where they reached a 2kHz update rate and 30%
advancements in the control task latencies compared to [135]. This thesis paints a
comprehensive picture of SEHA-based HYDROi1D control architecture and brings

it from concept to reality to potentially impact on the field.
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6.2 Perspectives

The central perspective of this work is to validate the control architecture’s flexi-
bility in adapting various scenarios or tasks by changing its topology. The demon-
strated walking gait test implemented the sensorimotor in the master controller
with a distributed behavior of the joint controllers. The next test should im-
plement the sensorimotor program in the joint controllers with a decentralized
topology, where they can make decisions and control their corresponding joints.
This validation will assist in testing various methods of the human control system

to improve our understanding of human locomotion and manipulation.

A further perspective is to perform a system identification for the SIC module
with the rated flow to validate the prepared sensorimotor program in the module
controller and enhance the actuator’s reliability when operating under varying

loads.

A long-term perspective is about performing the walking gait with the 16DoFs
of HYDROIiD’s lower body using six customized joint controllers as EtherCAT
slaves to test and validate controlling the robot mechanisms locally. This will
facilitate the development processes of humanoid robots and allow studying the

integration of different elements in mechatronic and control systems.
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SEQUENCE OF OPERATIONS

1 Introduction

This document describes the control system operations while running the Dev-Kit. This
description defines the responsibility for each part and relationship between the different

elements of the system to have a full operation.

2 Objective

To have a clear vision about how each part of our system will act during functional operations
of the system, that will lead to predefine the requirements like the firmware capability (modes
of control), the EtherCAT frame structure (bus variables), the master capability (to operate the

control mode), and the GUI capability as well

3 Prerequisite

The sequence of operation starting after ensuring everything is powered up and the communication
established, the main steps to follow are the following:

3.1 Power up the Dev-Kit
Connect the power supply unit to the power source 220 VAC, connect the pump power cable as

well.

3.2 Link up the Dev-Kit

Ensure the EtherCAT connection is established between the PC and the SIC board, as well between the
SIC board and the MGH board in the following order:

PC |:> SIC Board |:> MGH Board
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Make sure of the port sequencing from one device’s output port to the next device’s input port

3.3 Run the software

Run KALYSTA Studio software, Scan the network and select the Dev-Kit product to be

4 Sequence of Operations

4.1 Read states

Mainly to examine the direction of the applied force on the Dev-Kit, whatever the user installed the
springs or hang the load.

4.2 Operate the servo-valve

By pressing the start button of the MGH from the GUI and based on the force direction, the servovalve
will be directed to release the load and reset the force. If the force was caused by the springs, directing
the servovalve will lead the rod to go to zero position. If the force was caused by the load, directing the
servovalve will lead the rod to go to the end of stroke position and the load will fell down.

4.3 Starting the MGH

When the force released, the pump will start accelerating until it reaches the initial speed, the initial
speed value is 600 RPM configured in the MGH firmware. The user has no access to modify it but can
increase the speed from the GUI to match the required flow and pressure. The user will have a table for
the speeds and the corresponding pressures and flows.

The user should set the desired speed before operating the SIC with one of its modes of control, the
system will be disabling the selected mode of control until the MGH reach the steady state of the
adjusted desired speed.

4.4 Operating the SIC

The user can select one of the modes of control from the GUI, when the user changes the mode of
control the system will reset the mode of control before enabling the selected mode of control and it
will reset all the command variables that used in multiple mode of control.
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4.5 Stop the SIC

When the user presses the stop button of the SIC from the GUI, the system will do the following:

e Disabling the control mode (close the servo valve).
e Decelerating the MGH speed to its initial value 600 RPM

4.6 Stop the MGH

When the user presses the stop button of the MGH from the GUI, the system will do the following:

e Decelerating the MGH to zero RPM
e Examine the applied force and enable the servo valve to release the force

4.7 Emergency state

In case of the physical emergency button is pressed, the GUI emergency button, or the lid is opened:

e the MGH will be decelerated with its maximum deceleration value (the acceleration and
deceleration values will be determined in the MGH firmware) the user has no access to modify
these values).

e The servovalve will be closed to hold the applied force

4.8 Reset emergency state

Reset the emergency state need to reset the physical emergency button if it is pressed, and press the
GUI reset button, the system will do the following

Examine the force direction and operate the servovlave to reset the applied force

Enabling starting the MGH as described in 4.3

5 Conclusion

This document specifies the required action in every system state and organizes how these
actions will take place. Starting from this document, a schedule of control point could be

created to specify the soft and hard points and their corresponding variables.
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A.2 SEHA Control Mode Selection

A.2.1 Control Mode Description
Velocity Control

When powering up the board, the M2 and M3 should reset and then go to the

initial values that are set by their corresponding variables.

When the index variable is set to 1, the velocity control mode will be activated
and the pump will start accelerating until it reaches the initial speed, the initial
speed value is 600 RPM configured in the MGH firmware. The user has no access
to modify it but can increase the speed setting of the Datal variable. Controlling

the M2 and M3 occurred by setting the position

The acceleration and the deceleration values should be configured in the
firmware. The Acceleration value is 5 sec from zero to reach the operational speed
(5000 RPM). The Deceleration value is 5 sec from the operational speed to zero
speed.

When the emergency flag is activated by the frame variable or by one of the
GPIO inputs, the pump should stop immediately, the M2 value should reset, and
the M3 position return to zero as well; the reset should done by resetting the
GPIO input, and the emergency variable By resetting: the M2 and M3 will return

to their values that were received by the frame variables.

Position Control

When powering up the board, the M2 and M3 should reset and then go to the

initial values that are set by their corresponding variables.

When the index variable is set to 2, the Position control mode will be activated
and the motor will consider the current position as an initial position link it to
zero value, and break the motor on this position until a new position set by the

Datal variable
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The acceleration and the deceleration values should be configured in the
firmware The Acceleration value is: 5 sec from zero to reach the desired posi-
tion The Deceleration value is: 5 sec from the operational speed to reach the

desired position

When the emergency flag is activated by the frame variable or by one of the
GPIO inputs, the pump should stop immediately, the M2 value should reset, and
the M3 position return to zero as well; the reset should done by resetting the
GPIO input, and the emergency variable By resetting: the M2 and M3 will return

to their values that were received by the frame variables.
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A.3 GUI Performance and Requirements
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GUI PERFORMANCE

1 Introduction

This document describes the GUI performance while operating the Dev-Kit. This description defines the

functionalities of the used displays and their areas, button, and to operate this application.

2 Objective

To have a clear vision about how each tool of the GUI will act during functional operations of the system,
that will lead to predefine the requirements like the front-end development, the back-end development

(ROS nodes and OROCOS Components), the EtherCAT frame structure (bus variables).

3 Prerequisite

The GUI operation starting after ensuring everything is powered up and the communication established, the main
steps to follow are the following:

3.1 Power up the Dev-Kit

Connect the power supply unit to the power source 220 VAC, connect the pump power cable as well.

3.2 Link up the Dev-Kit

Ensure the EtherCAT connection is established between the PC and the SIC board, as well between the SIC board
and the MGH board in the following order:

PC |:> SIC Board |:> MGH Board

Make sure of the port sequencing from one device’s output port to the next device’s input port

3.3 Run the software

Run KALYSTA Studio software (GUI), Scan the network and select the Dev-Kit product to be
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4 GUI Performance

4.1 Home display

Home display windows description
Scan window: this window will print out the list of the existed devices on the network

Application window: this window will print out only the connected devices selected by the user
(corresponding the user application)

KALYSTA

High Performance Motion

Scan for device Connect Disconnect

7] sIc2_0_0_1001

[ sic2_0_0_1002 SIC2_0_0_1002 View

Reset

& sic3_o o0_1002
Advanced
] sIC3_0_0_1001 SIC3_0_0_1002 View

] SIC2_0_0_1004

Figure 1 Home display

Home display button description

Scan button: to show the connected devices to the network and display them in list accompanying each
device with check box

When it pressed: it will invoke the slaveinfo program in the background through the terminal and saves
the connected slaves in a vector (their name and the correspondant address) then it displays in a list the
available devices connected to the pc.

If no slaves are connected to the pc : “No device scanned” will appear on the screen.

Connect button: to enable the selected slaves to be controlled by the GUI
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When it pressed: it will prepare a list of the selected slaves and print them out in the application window
with a View button to each slave. It will examine the type of the slave (SIC, MGH, or SEHA) and link the
view button with the corresponding display.

View button: when clicked , it will open a new window for the chosen device and it will publish the address
of the devices on a new topic so we can access it in the productwindow and work with the right topics

Disconnect button: to disable the selected slaves to be controlled by the GUI

When it pressed: it will reset all the control signals of the GUI to the initial state and remove the
disconnected devices of the of the application window.

Emergency stop button: to activate the emergency procedure and stop the application.
When it pressed: it will reset all the control signals coming from the GUI.

Reset button: to return the application control signals to the last values before the emergency stop was
pressed.

Advanced button: this button will show the user the run time data as I/0 variables with their values.

View button: next to each connected device, this button will pop up the device corresponding display

4.2 SIC display

SIC display windows description

Control mode window: this window contains all the necessary commands to select mode of control and
modify its parameters

SIC window: this window has the SIC picture in its background and the sensor readings located
approximately as the actual location on the SIC for better understanding of the application.

Logging window: for printing the state of the product, the warning massages, and the alarms if existed.
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KALYSTA

High Performance Motion
Control Mode
_ Direct Control
Current 0 . [10:10] mA
) Position Control

Desired Position 0 _ | [0:200] mm

' Rectangle Wave Contol

A >
High Amplitude 0 | [[10:10] mA
Low Amplitude 0 o [F10:10] mA

Duty Cycle 0 - [1:100] %

Velocity (mm/s)
0 Frequency 0 _ | [1:1000] Hz
Position (mm) ) Sine Wave Control

Force (N) Frequency 0 [1:1000] Hz
o Amplitude 0 - [10:10] mA

- - . SET

Figure 2 SIC Display
SIC display button description

Display button: this button will pop up the GUI of the rqt_plot package (ROS package for monitoring the
run time 1/0 signals).

Reset button: this button allows the user to reset the error, warning, and the emergency procedures, and

reset the control signals as well to the initial state.
Record Button: this button will launch the ROS bag to be used as a data logger. e

Which topics should be recorded?
When pressed: a small window will appear, demanding the user the type of file they .
] Pressure A

want, and what information they would like to save in .csv files. Also, it askes the user

[] Pressure B
[ oil Temperature

to give a file name where he can find the files + the rosbag file. This folder is then o

Enter the name of the folder:

OK

created inside the /bagfiles folder (directory).

Visualize Button: this button open a terminal and launches “PlotJuggler” , an
application where he can visualize the data he recorded (using the rosbag file or the .csv files). => better
when the user uses the rosbag files because we have the real time on the x axis of the file.

Next to the emergency stop button: the name of the slave + the address is displayed.
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4.3 MGH Display

MGH display windows description

Control mode window: this window contains all the necessary commands to select mode of
control and modify its parameters

MGH window: this window has the MGH picture in its background and the sensor readings
located approximately as the actual location on the MGH for better understanding of the

application.

Logging window: for printing the state of the product, the warning massages, and the alarms if
existed.

The SystemState variable (EtherCAT frame variable) should be examined to detect the warning
and the alarm states of the system as the following:

SystemState.00 = 1 then Emergency State: Print out (Emergency State)

SystemState.01 = 1 then Temperature range: Print out (Temperature sensor out of range)
SystemState.02 = 1 then Pressure range: Print out (Pressure sensor out of range)
SystemState.03 = 1 then Position range: Print out (Position sensor out of range)
SystemState.04 = 1 then Oil Temperature range: Print (Oil Temperature sensor out of range)
SystemState.05 = 1 then Current: Print out (Over current)

SystemState.06 = 1 then Voltage: Print out (Over voltage)

SystemState.07 = 1 then Reserved: Print out (Reserved)

SystemState.08 = 1 then Reserved: Print out (Reserved)

SystemState.09 = 1 then Reserved: Print out (Reserved)

SystemState.10 = 1 then Reserved: Print out (Reserved)

SystemState.11= 1 then Reserved: Print out (Reserved)

SystemState.12 = 1 then Reserved: Print out (Reserved)

SystemState.13 = 1 then Reserved: Print out (Reserved)

SystemState.14 = 1 then Reserved: Print out (Reserved)

SystemState.15 = 1 then Reserved: Print out (Reserved)
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Position Control
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Desired Position 0 C orad
Moot Spead.(fpm) Motor Temperature (°C)
0 0 Torque Control
Motor Position (rad) Desired Torque 0 3 em)

0
Position and Torque Control
Motor Torque (N-m)
0

Oil Temperature (°C)
0

Desired Position 0 . rad
Torque Limit Value | g o (N-m)
Position and Velocity Control

Current Phase A (mA) 0 Desired Position [0
Current Phase B (mA) 0
Current Phase C (mA) 0

0gging

2| rad

Velocity Limit 0 . radls

Figure 3 MGH Display

MGH display button description
Start button: this button will set the index variable (EtherCAT frame variable) to 1

Stop button: this button will set the index variable (EtherCAT frame variable) to 0

Emergency stop button: to activate the emergency procedure and stop the application.

When it pressed: set the Emergency variable (EtherCAT frame variable) to 1 and reset all the
control signals coming from the GUI.

Reset button: this button allows the user to reset the error, warning, and the emergency
procedures, and reset the control signals as well to the initial state.

When it pressed: set the Emergency variable (EtherCAT frame variable) to 0

Display button: this button will pop up the GUI of the rqt_plot package (ROS package for
monitoring the run time 1/0 signals).
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Record Button: this button will launch the ROS bag to be used as a data logger.

Choose the type of file you want:
CsVfile

When pressed: a small window will appear, demanding the user the type of file - ...
they want, and what information they would like to save in .csv files. Also, it Vinich topicsshould b recordec?

Force

askes the user to give a file name where he can find the files + the rosbag file. pestien

Pressure A

Pressure B

This folder is then created inside the /bagfiles folder (directory).

Oil Temperature

Servovalve Current

Enter the name of the folder:

OK
Visualize Button: this button open a terminal and launches “PlotJuggler” , an application where

he can visualize the data he recorded (using the rosbag file or the .csv files). => better when the
user uses the rosbag files because we have the real time on the x axis of the file.

In the top-middle of the display: the name of the slave + the address is displayed.

5 Conclusion

This document defines the GUI performance functionalities of the used displays and their areas,
button, and to operate this application. It provides an understandable requirement to build the

GUI and ensures the integration with the system.
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