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Media report on France 3 channel in TV news, 17 of June 2016.
Media report on ETV Estonian Channel in TV news, 21 of November, 2015.

PodcastRobotics, history and biomimetismon February 12, 2023, organized by Danae Di
Salvo from the French Institute in Estonia (https://www.youtube.com/watch?v=Z2FYZ6E3nbY)

(Left) on FR3 French TV, (right) on ETV Estonian TV

The results of my research activities are published through videos on my YouTube
channel Robot Control at the following link:

https://www.youtube.com/AhmedCHEMORI_RobotControl
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Chapter

Scienti ¢ Activities

This chapter summarizes my main scienti ¢ activities conducted at LIRMM laboratory. They
include students supervision, research projects and publications, organization of scientic
events, international mobilities and collaborations, etc. Further details about mu research
actibvities will be given in next chapter.
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2.4 Organization of scienticevents . . . . . . ... ... ... ..... 29
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Research supervision activities

B Defended PhD theses

1. Guilhreme Sartori-Natal

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Control of parallel robots: Towards very high accelerations
French Ministry of National Education and Research

. October 2008 November 2012
. 70 %
. Francois pierrot (30%)

2 journal papers [247,

[245,246, 250 252]

Control Engineer at PickNik Robotics (S&o Paulo, Brazil)

] and 5 international conference papers

2. Divine Maalouf

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Contribution to Nonlinear Adaptive Control of Low Inertia
Underwater Robots
French Ministry of National Education and Research

. October 2010 November 2013
: 35%
: René Zapata (30%) and Vincent Creuze (35%)

3 journal papers [179, , ] and 6 international conference
papers [ ' ' ' ]

Technical responsible at PMB-ALCEN (Aix-en-Provence,
France)

3. Sébastien Andary

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Contribution to Control of Underactuated Mechanical Systems:
From Concept to Real-Time Implementation
French Ministry of National Education and Research

: October 2010 April 2014
. 70%
: René Zapata (30%)

1 journal paper [

[79,11]
Software Engineer at WILD SHEEP STUDIO (Montpellier,
France)

] and 4 international conference papers

4. David Galdeano
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Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Contribution to Whole-Body Control of Humanoid Robots:
From Concept to Real-Time Implementation
French Ministry of National Education and Research

: October 2011 November 2014
: 50%
. Philippe Fraisse (30%) and Sébastien Krut (20%)

1 journal papers [93], 1 book chapter [©92], and 4 international
conference papers [ , 94]

Project manager at Continental Engineering Services (Toulouse,
France)

5. Moussab Bennehar

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Some Contributions to Nonlinear Adaptive Control of PKMs:
From Design to Real-Time Experiments
ANR ARROW Project

. October 2012 December 2015
. 70%
. Francois Pierrot (30%)

3 journal papers [26, 28, 36], two book chapters [31,32], and 6
international conference papers [30, , 38, 89]

Senior R&D Engineer in Self-Driving Cars & Al at Huawei
Technologies France (Paris, France)

6. Francois Leborne

Title

Funding

Dates
Supervision %
Co-supervisors
Publications
Actual position

Coordinated Control of Two Robotic Arms for Underwater
Manipulation of Deformable Biological Specimens
IFREMER / Labex NUMEV

: October 2015 September 2018
. 45%
: Vincent Creuze (30%) and Lorenzo Brignone (25%)

1 international conference paper [158]
R&D Manager at Nimbl'Bot (Bordeaux, France)

7. Maxence Blond (Industrial PhD LIRMM/SUBSEA TECH)

Title

Funding

Dates
Supervision %
Co-supervisors
Publications
Actual position

Control of an underwater vehicle with orientable propellers
Industrial Contract CIFRE (ANRT)

: January 2016 May 2019
: 34%
: Daniel Simon (33%) and Vincent Creuze (33%)

1 journal paper [42]
Reliability responsible at TMI-Orion (Montpellier, France)
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8. Hussein Saied (Joint PhD France/Lebanon)

Title

Funding

Dates
Supervision %
Co-supervisors

Publications

Actual position

On Control of Parallel Robots for High Dynamic Performances:
From Design to Experiments

ERASMUS+ MIC / Lebanese University

September 2016 December 2019

. 20%
. Francois Pierrot (30%), Clovis Francis (30%) and Maher El

Rafei (20%)

2 journal paper [228,234], 1 book chapter [233], and 5 interna-
tional conference papers [226, , ]

Postdoctoral Researcher at SIGMA Clermont (Clermont Fer-
rand, France)

9. Joao C. Santos

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Model Predictive Tracking Control of Cable-Driven Parallel
Robots: From Concept to Real-Time Validation
Hephaestus European Project

: July 2017 October 2020
: 50%
: Marc Gouttefarde (50%)

1 journal paper [243] and 2 international conference papers
[54,59]

Associate professor at LIRMM - University of Montpellier,
France

10. Auwal Shehu Tijjani

Title

Funding

Dates
Supervision %
Co-supervisors
Publications
Actual position

Cooperative Control for Autonomous Underwater Intervention
Operations
Petroleum Technology Development Fund (PTDF), Nigeria

: October 2018 December 2021
: 70%
: Vincent Creuze (30%)

4 journal papers [283, , , ], and 1 book chapter [260]
Postdoctoral Researcher at LAMIH (Valenciennes, France)

11. Ghina Hassan (Joint PhD France/Lebanon)
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Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Control of a Cable Driven Parallel Robot for High-Speed Pick-
and-throw tasks in Selective Sorting

Lebanese university, Lebanon

Started in October 2018 December 2022

. 40%
: Marc Gouttefarde (30%), Clovis Francis (30%)

1 journal paper [

[ ]

] and 4 international conference papers

12. Walid Remmas (Joint PhD France/Estonia)

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Motion Control of Variable Sti ness Actuators
Tallinn University of Technology

. October 2018 December 2023
. 40%
: Maarja Kruusmaa (30%) and Francois pierrot (30%)

3 journal papers [ ]

Ongoing PhD theses

1. Youcef Fitas (Industrial PhD LIRMM/SYMETRIE)

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Robust/Adaptive Control for Performances Improvement of
Highly Accurate Parallel Kinematic Manipulators

Industrial Contract CIFRE (ANRT)

Started in January 2022

. 70%
. Francois Pierrot (30%)

2 international conference papers [

, 84]

2. Raissa Benazouz

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Perception and Control for pilot assistance of autonomous
underwater robots for inspection in rough sea

French Ministry of National Education and Research

Started in October 2023

: 70%
: Vincent Creuze (30%)

1 journal paper [25]

3. Kenza Khedache
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Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Robust/Adaptive Control for Performances Improvement of
Highly Accurate Parallel Kinematic Manipulators

BPI France project KIWIN

Started in November 2023

. 40%
: Loic Daridon (30%) and Kostia Roncin (30%)

Foreign PhD theses (students enrolled in other countries)

1. Manel Taktak-Meziou

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Contribution to Nonlinear Control of the Read/Write Head of
a Hard Disc Drive
University of Sfax, Tunisia

: October 2011 May 2014
: 50%
. Nabil Derbel (20%) and Jawhar Ghommam (30%)

1 journal papers [280], 1 book chapter [251], and 5 international
conference papers [ ]

Assistant professor at ISTIC Borj Cederia (Tunis, Tunisia)

2. Jonatan Martin Escorcia Hernandez

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Contribution to Nonlinear Robust Control of Parallel Kinematic
Manipulators: Design and Experiments
Polytechnic University of Tulancingo, Mexico

: October 2017 December 2020
: 50%
. Hipolito Aguilar Sierra (50%)

3 journal papers [74,76,77], and 1 international conference
paper [/5]
Postdoctoral Researcher at CEA (Paris, France)

3. Boutheina Maalej
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Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Control of a Robotic Device for Gait Rehabilitation of Children

With Cerebral Palsy

University of Gabes, Tunisia

: October 2016 July 2021
: 50%
. Nabil Derbel (50%)

1 book chapter [

[172,173,175]
Electrical Engineer at Muhlbauer GmbH & Co.KG (Dresde,

Germany)

], and 3 international conference papers

4. Keli Shen
Title Reproducing Synergetic Human Balance Recovery Modalities
through Predictive and Learning Control Strategies
Funding : Tohoku University, Japan
Dates : October 2017 July 2021

Supervision %
Co-supervisors
Publications

Actual position

: 50%
. Mitsuhiro Hayashibe (50%)

3 journal papers [262, ,

papers [261,264]
Postdoctoral Researcher at AIST (Tsukuba, Japan)

], and 2 international conference

5. Afef Hfaiedh

Title

Funding

Dates
Supervision %
Co-supervisors
Publications

Actual position

Advanced Control of Underactuated Mechanical Systems: From
Design to Experiments
University of Carthage, Tunisia

. October 2016 December 2021
70 %
. Afef Abdelkrim (30%)

2 journal papers [121,

papers [ ]
Postdoctoral position et ENIT, Tunisia

], and 3 international conference

6. Ines Jammeli

Title

Funding

Dates
Supervision %
Co-supervisors
Publications
Actual position

Human Assistance Based on Model Predictive Control of a
Lower-limb Exoskeleton
University of Carthage, Tunisia

: October 2017 January 2022
: 40%
. Salwa Elloumi (30%) and Samer Mohammed (30%)

1 journal paper [131], and 1 international conference paper [132]
SaaS Operation Manager at Planisware (Tunis, Tunisa)
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7. Ameur Latreche

Title :  Human Assistance Based on Model Predictive Control of a
Lower-limb Exoskeleton

Funding . University of Carthage, Tunisia

Dates . December 2019 June 2024

Supervision % : 50%

Co-supervisors  : Ridha Kelaiaia (50%)

Publications . 2 journal papers [154,155], and 1 book chapter [156]

PR W/S Post-doctoral Students

1. Jesus Guerrero : 'Nonlinear Robust Navigation Control of Small Autonomous Tethered
Underwater Vehicles' Nov 2022 - Jan 2023 (3 months), LIRMM CNRS/University of
Montpellier.

2. Ramil Khusainov : 'Periodic Stabilization of Underactuated Dynamical SystemsNov
2020 - Dec 2020 (2 months), LIRMM CNRS/university of Montpellier.

3. Moussab Bennehar : 'Nonlinear Adaptive Control of Parallel Kinematic Manipula-
tors', Oct 2015 - April 2016 (6 months), LIRMM CNRS/University of Montpellier.

4. Taavi Salumae : 'Advanced Control Design for a Biomimetic Turtle-Like Underwater
AUV for Inspection Applications', High Level Scienti ¢ Stay, Dec 2015 (1 month),
LIRMM CNRS/University of Montpellier.

5. Nahla Khraief-Haddad : 'Passivity-Based Control of Underactuated Mechanical
Systems; Dec 2013 - June 2014 (6 months), LIRMM CNRS/University Montpellier 2.

PRl Master Students

1. Youcef Aouf (Chemori 50%, M. Kruusmaa - TALTECH, Estonia 50%), "Whole-body
Motion Planning and Control of a Quadruped Robot Walking on Muddy Ground',
student from Polytechnical School of Constantine, Algeriayill be defended in October
2024

2. Raissa Benazouz (Chemori 100%) : 'Robust Control of Autonomous Underwater
Vehicles for Inspection Applications', Student from Polytechnical School of Constantine,
Algeria, defended in July 2023

3. Abdelhamid Zerga (Chemori 100%) : '‘Advanced Control of a Lower Limb Exoskeleton
for Human Assistance and Rehabilitation Using Arti cial Intelligence’, Student from
University of Montpellier, France, defended in September 2022
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10.

11.

12.

13.

14.

. Mirko Zonzini  (Chemori 50%, L. Chikh - Tecnalia 50%) : 'Calibration and Advanced

Control for Dynamic Performances Improvement of PICKABLE Robot', Student from
the University of Bologna, Italy, defended in September 2019

Hajer Koubaa (Chemori 50%, F. Bouani - ENIT 50%) : 'Control of a Variable-
Payload Autonomous Surface Vehicle by Model predictive Control’, Student from
ESPRIT, Tunisia, defended in July 2019

. Jedjiga Belmiloud (Chemori 50%, L. Brignone - IFREMER 50%) : 'Study and

synthesis of a nonlinear scheme for dynamic control of a recon gurable AUV', Student
from University of Montpellier, Internship performed at IFREMER, La Seyne-sur-Mer,
defended in September 2018

. Walid Remmas (Chemori 50%, M. Kruusmaa - TALTECH, Estonia 50%) : 'High-

Level Control of a Biomimetic Turtle-Like AUV based on Data-Fusion’, Student from
University of Montpellier, Internship performed at LIRMM - France and the center for
Biorobotics - Estonia,defended in September 2018

. Weiyu Li (Chemori 50%, L. Chikh - Tecnalia 50%) : 'Calibration and Advanced

Control for Dynamic Performances Improvement of PICKABLE Robot', Student from
Compiegne University of Technology, Francedefended in February 2018

. Nadjah Roula (Chemori 50%, R. Rizk - Lebanese University 50%) : 'Assistive advanced

control of a lower limb exoskeleton', Student from Lebanese university, Internship
performed at Lebanese university (with Rany Rizk) - Lebanondefended in October
2017

Oussama Yaakoubi (Chemori 50%, N. Carlési - IADYS 50%) : 'Modelling and control
of a varying-payload marine vehicle', Student from University Claude Bernard - Lyon 1,
France, defended in September 2017

Sifan Wang (Chemori 50%, L. Chikh - Tecnalia 50%) : 'Control of an omnidirec-
tional underwater robot for inspection tasks', Student from Compiegne University of
Technology, France defended in February 2017

Sonia Ghazzai (Chemori 50%, V. Creuze 50%) : "Teleoperation-based remote control
of L2ZROV underwater vehicle augmented with a manipulator for robust underwater
grasping', Student from ENIT - University of Tunis EL Manar, Tunisia, defended in
July 2016

Jihed Aloui (Chemori 50%, S. Mohammed - UPEC 50%) : 'Advanced control of
a lower limb exoskeleton’, Student from ENICAR - University of Carthage, Tunisia,
defended in September 2016

Wafa Mensi (Chemori 50%, S. Mohammed - UPEC 50%) : 'Study and modelling of a
human-exoskeleton system with the aim of developing an assistive controller, Student
from INSAT - University of Carthage, Tunisia, defended in September 2016
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Vatea Ropiteau (Chemori 50%, S. Mohammed - UPEC 50%) : 'Human assistance
and rehabilitation by adaptive control of a lower body wearable robot’, Student from
University Montpellier 2, France, defended in September 2015

Mohamed-Sabri Ben Abdessalem (Chemori 50%, S. Mohammed - UPEC 50%) :
'‘Adaptive functional assistance with a wearable robot of lower limbs', Student from
ESTI Engioneering school, Tunisiagdefended in September 2015

Ana Lucia Maubecin  (Chemori 100%) : 'Trajectories generation and control of
parallel robots for pick-and-place tasks', Student from University Montpellier 2, France,
defended in September 2014

Mahdi Abid (Chemori 100%) : 'Advanced control of parallel robots for machining
applications’, Student from ENIT - University of Tunis EL Manar, Tunisia, defended in
September 2014

Juan José Pena Martinez  (Chemori 100%) : 'Nonlinear robust control of underactu-
ated mechanical systems : Real-time application to the inertia wheel inverted pendulum’,
Student from University of Vigo, Spain,defended in June 2014

Javier Grande Rodriguez  (Chemori 100%) : 'Sliding mode control of an underwater
vehicle : Application to the modi ed AC-ROV', Student from University of Vigo, Spain,
defended in June 2013

Meriem Zhioua (Chemori 100%) : "Trajectories generation and control of high speed,
high precision parallel robots', Student from ENIT - University of Tunis EL Manar,
Tunisia, defended in September 2012

Moussab Bennehar (Chemori 100%) : 'From human walking to humanoid walking :
trajectories generation and control', Student from University of Constantine, Algeria,
defended in September 2012

Abdelmoumen Derbal (Chemori 100%) : 'ZMP-based control architecture for SHERPA
robot', Student from University of Constantine, Algeria,defended in September 2011

Khaoula Brahim (Chemori 100%): 'Analysis and modeling : From wheeled inverted
pendulum to the automated wheelchair’, Student from University Montpellier 2, France,
defended in April 2011

Nahla Touati (Chemori 100%) : 'Design of predictive/adaptive control strategies
for the inertia wheel inverted pendulum’, Student from ENISO - University of Sousse,
Tunisia, defended in September 2012

Souhila Bacha (Chemori 100%) : 'Design and implementation of a pattern generator
for dynamic walking in humanoid robotics', Student from University Montpellier 2,
France, defended in September 2010
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27. David Galdeano (Chemori 70%, S. Krut 30%) : "Trajectories generation for dynamic
walking of SHEPRA biped robot', Student from University Montpellier 2, France,
defended in July 2010

28. Zeineb Zarrouk (Chemori 80%, P. Poignet - LIRMM 20%) : 'Adaptive Force Feedback
Control for 3D Compensation of Physiological Motion in Beating Heart Surgery', Student
from INSAT - University of Carthage, Tunisia, defended in June 2010

29. Lisa Simoussi (Chemori 50%, D. Galdeano 50%) : "Trajectories generation for dynamic
walking of a humanoid robot', Student from University Montpellier 2, France defended
in September 2014

30. Ines Douania (Chemori 50%, S. Krut - LIRMM 50%) : 'A predictive control design for
stabilization of the inertia wheel inverted pendulum’, Student from ENIG - University
of Gabes, Tunisia,defended in July 2008

31. Sébastien Le Floch (Chemori 100%) : 'ZMP-based trajectories generation and control
of SHERPA biped robot', Student from University Montpellier 2, France,defended in
June 2008

32. Sihem Mallek (Chemori 50%, P. Poignet - LIRMM 50%) : ‘Control of a CD player
for biological data reading’, Student from University Montpellier 2, Francedefended in
July 2008

33. Nabil Haddad (Chemori 50%, S. Krut - LIRMM 50%) : 'Limit cycle generation in
the control of the inertia wheel inverted pendulum’, Student from University of Nice
Sophia Antipolis, France,defended in June 2007

Editorship

Associate editor for journals

| have been involved in di erent journals as editorial member, guest editor or associate editor,
here is a summary of this activity:

Technical editor, IEEE/ASME Transactions on Mechatronics (01/2024 - ongoing).
Associate editor, Frontiers in Robotics and Al (05/2022 - ongoing).

Editorial board member, International Journal of Modelling, Identi cation and Control,
Inderscience publishers (01/2019 - ongoing).

Review editor, Frontiers in Robotics and Al (2015 - 04/2022).

Guest editor for a special Issue on 'Data-Driven Modelling and Intelligent Computation’,
in International Journal of Modelling, Identi cation and Control, Volume 32, Nos. 3/4,
20109.
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Guest editor for a special Issue on 'Information Processing and Control Technologies', in
International Journal of Computer Applications in Technology, Volume 61, No.4, 2019.

Guest editor for a special issue on 'Advances in predictive control and moving horizon
estimation’, in European Journal of Automation (JESA), Volume 46-n 2-3/2012.

vyl Associate editor for international conferences

| have been involved as associate editor or track chair in di erent international conferences,
here is a summary of this activity:

Associate editor 2024 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS 2024), October 14 18, 2024, Abu Dhabi, UAE.

Associate editor 2024 IEEE International Conference on Robot & Human Interactive
Communication (RO-MAN 2024), August 26 30, 2024, California, USA.

Associate editor 2023 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS 2023), October 1 5, 2023, Detroit - Michigan, USA.

Associate editor 2023 IEEE International Conference on Robot & Human Interactive
Communication (RO-MAN 2023), August 28 31, 2023, Busan, Korea.

Associate editor 2022 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS 2022), October 23 27, 2022, Kyoto, Japan.

Associate editor 2022 IEEE International Conference on Robot & Human Interactive
Communication (IEEE RO-MAN 2022), August 29 September 2, 2022, Naples, Italy.

Associate editor 2022 The 14th IFAC Workshop on Adaptive and Learning Control
Systems (IFAC ALCOS 2022), June 29 July 1st, 2022, Casablanca, Morocco.

Assaciate editor The 14th IFAC Conference on Control Applications in Marine Systems,
Robotics, and Vehicles (CAMS 2022), September 14 16, 2022, Lyngby, Denmark.

Associate editor 2021 IEEE International Conference on Robot & Human Interactive
Communication (IEEE RO-MAN 2021), August 8 12, 2021, Waterloo, Canada (Virtual).

Associate editor The 19th International Conference on Systems and Control (ICSC
2021), November 24 26, 2021, Caen, France.

Associate editor 2020 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS 2020), October 25 29, 2020, Las Vegas, USA.

Associate editor 2020 IEEE International Conference on Robot & Human Interactive
Communication (IEEE RO-MAN 2020), August 31 September 04, 2020, Napoli, Italy.
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Associate editor 2019 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS 2019), November 3 8, 2019, Macau, China.

Associate editor 2019 IEEE International Conference on Robot & Human Interactive
Communication (IEEE RO-MAN 2019), October 14 18, 2019, New Delhi, India.

Track chair, The 24th International Conference on Methods and Models in Automation
and Robotics (MMAR 2019), August 26-29th 2019, Miedzyzdroje, Poland.

Associate editor 2018 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS 2018), October 1 5, 2018, Madrid, Spain.

Associate editor The 11th IFAC Conference on Control Applications in Marine Systems,
Robotics, and Vehicles (CAMS 2018), September 10 12, 2018, Opatija, Croatia.

Track chair, The 23rd International Conference on Methods and Models in Automation
and Robotics (MMAR 2018), August 27-30th 2018, Miedzyzdroje, Poland.

Track chair, The 2nd International Conference on Advanced Systems and Electrical
Technologies (IC_ASET 2018), March 22 25 2018, Hammamet, Tunisia.

Track chair, The 22nd International Conference on Methods and Models in Automation
and Robotics (MMAR 2017), 28-31st August 2017, Miedzyzdroje, Poland.

Associate editor The 20th IFAC World Congress, July 9-14, 2017, Toulouse, France.

Track chair, The International Conference on Advanced Systems and Electrical Tech-
nologies (IC_ASET 2017), January 14 17th 2017, Hammamet, Tunisia.

el Scienti ¢ involvement

Participation in PhD Defense Juries

Since 2007, | have participated as examinator to the following PhD defense juries:

Muhammad Hannan Ahmed : 'Synergy-Based Transferable Control Strategies for Nat-
ural Elbow Motion Generation in Transhumeral Prosthesis'Department of Robotics,
Graduate School of Engineering, Tohoku University, Japan, 2024.

Brandon Johns : 'Crane Payload Localisation: Mid-Air Alignment of CurtainWall Modules;,
Department of Mechanical and Aerospace Engineering, Faculty of Engineering, Monash
University, Australia, 2023.

Najah Roula : 'Robotized Assistance and Rehabilitation Control for Human BeingDe-
partment of Mechanical and Aerospace Engineering, Lebanese university, Lebanon,
2023.
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Fahad Raza : 'Balance Stability Augmentation for Wheel-legged Biped Robot through Adap-
tive Control Strategies, Department of Robotics, Graduate School of Engineering,
Tohoku University, Japan, 2022.

N. S. S. Sanjeevi : 'Studying the role of Cable-Driven Leg Exoskeleton in Altering Human-
Robot Interaction for Gait Training', Department of Mechanical Engineering, IIT
Gandhinagar, India, 2022.

Antoine Monneau : 'Automatic Landing of Helicopters', Aix-Marseille University, France,
2022.
Mukhtar Sani : 'Real-time Control of Mobile Robots Using Model Predictive Control and

Game-theoretic Approaches'Université Grenoble Alpes, France, 2022.

Houssem Moumouh : 'Synthesis of a self-adapted predictive controller tuned by arti cial
neural networks; Normandie University, France, 2021.

Sirine Brini Telmoudi : 'Robust predictive control and implementation of the algorithms
on FPGA', ENIT - University of Tunis El Manar, Tunisia, 2019.

Leila Noueili : ‘lterative learning control of nonlinear multi-variable systems'ENIT - Uni-
versity of Tunis El Manar, Tunisia, 2018.

Yassine Bouteraa : 'Control and robotics for assistive and rehabilitation applications'
University of Sfax, Tunisia, 2017.

Benyamine Allouche :  'Modelling and control of robots: New approaches based on Takagi-
Sugeno models'University of Valenciennes, France, 2016.

Walid Hassani : 'Contribution to the modeling and assistive control of a lower member
exoskeletory University Paris Est Créteil, France, 2014.

Johann Lamaury : 'Contribution to the control of redundantly actuated cable-driven parallel
robots', University of Montpellier 2, Montpellier, France, 2013.

Warody Lombardi :  'Constrained control for time-delay systems', SUPELEC, Paris, France,
2011.

AW Peer-reviewing activities

Since 2007, | have been reviewer for the following journals (among others):

IEEE Transactions on Robotics

IEEE Transactions on Automatic Control

IEEE Robotics and Automation Letters

IEEE Transactions on Control Systems Technology
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Robotics and Autonomous Systems (Elsevier)

Automatica (Elsevier)

Robotics and Computer Integrated Manufacturing (Elsevier)
International Journal of Robust and Nonlinear Control (John Wiley & Sons)
Journal of Intelligent and Robotics Systems (Springer)
IEEE Control Systems Letters

European Journal of Control (Elsevier)

IEEE/ASME Transactions on Mechatronics

Annual Reviews in Control (Elsevier)

IEEE Transactions on Industrial Electronics

IET Control Theory and Applications

IEEE Transactions on Circuits and Systems |l

IEEE Journal of Oceanic Engineering

Mechatronics (Elsevier)

IEEE Access

Ocean Engineering (Elsevier)

ASME Journal of Mechanisms and Robotics

International Journal of Control (Taylor & Francis)
Mechanism and Machine Theory (Elsevier)

Journal of Mechanisms and Robotics (ASME)

Arti cial Intelligence in Medicine (Elsevier)

Nonlinear Dynamics (Springer)

Electrical Engineering (Springer)

International Journal of Fuzzy Systems (Springer)
International Journal of Advanced Robotic Systems (InTech)
Mathematical Problems in Engineering (Hindawi)
Complexity (Hindawi)

and for the following international conferences (among others):

IEEE/RAS International Conference on Robotics and Automation (ICRA)
IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS)
IEEE Conference on Decision and Control (CDC)

European Control Conference (ECC)

American Control Conference (ACC)

IEEE Multi-conference on Systems and Control (MSC)
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IEEE International Conference on Automation Science and Engineering (CASE)
IEEE Conference on Control Technology and Applications (CCTA)

IEEE International Conference on Advanced Intelligent Mechatronics (AlIM)
IEEE/RAS International Conference on Humanoid Robots (Humanoids)

IFAC World Congress (IFAC-WC)

IFAC Symposium on Robot Control (SYROCO)

IFAC Conference on Control Applications in Marine Systems, Robotics, and Vehicles
(CAMS)

IFAC Conference on Nonlinear Model Predictive Control (NMPC)

International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC)

International Multi-Conference on Systems, Signhals and Devices (SSD)
Mediterranean Conference on Control & Automation (MED)

Expert evaluator of research projects

| have been expert evaluator for the following institutions:

European Research Council (H2020, Brussels, European Union);
National Research Agency (ANR), France ;

National Association of Research and Technology (ANRT CIFRE), France;
'‘Centre-Val de Loire' region Research projects, 2016 and 2022, France;
'‘Pays de la Loire' region Program RFI Atlanstic 2020, France;

National Science Center (NSC), 2016, Poland;

Best thesis awards, GdR MACS, 2018, France;

‘Initiatives de Recherche a Grenoble Alpes (IRGA) 2021 and 2023', University Grenoble
Alpes, France;

Natural Sciences and Engineering Research Council of Canada (NSERC), 2019 and
2020, Canada;

National Council of Science and Technology (CONACYT), 2019, Mexico.

Membership in technical committees

| have been an active member for the follwing:

IEEE senior member (since 2017), and member (since 2011).

Member of the IFAC Technical Committee TC 1.2 onAdaptive and Learning Systems
(2020 - Ongoing).
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Member of the IFAC Technical Committee TC 4.2 onMechatronic Systemq2011 -
Ongoing).

Member of the IFAC Technical Committee TC 7.2 onMarine Systems(2011 - Ongoing).

Member of the GDR MACS Research Group in Modeling, Analysis and Management
of Systems.

Member of the GDR Robotique Research Group in Robotics

Research group animation

| have been animator as follows:

Animator (with Prof Sorin Olaru) of the French Research Group in Non-Linear Model
Predictive Control (CT-NMPC) of GDR-MACS (2007 2011).

Animator of periodic seminars within DEXTER team at the robotics department of
LIRMM (2009 2015).

sl Session chairman at international conferences

| have been chairman or co-chairman of the following sessions:

SessionSAC 4: Robotics II' at the 18th International Multi-Conference on Systems,
Signals and Devices (SSD 2021).

Session 7Mechanical design and manufacturing engineeringit the Third International
Conference on Control and Robots (ICCR 2020).

SessiodCSES: Control and systems engineeringit the Fourth International Conference
on Electrical Engineering and Control Applications (ICEECA 2019).

SessionPredictive Control' at the First International Conference on Signal, Control
and communication (SCC 2019).

Special sessiofRobotics for Rehabilitation' at the 28th IEEE International Conference
on Robot & Human Interactive Communication (RoOMAN 2019).

SessionVisual Perception and Autonomous Robotsat the 28th IEEE International
Conference on Robot & Human Interactive Communication (RoMAN 2019).

Session'Control Systems 2'at the 3rd International Conference on Technological
Advances in Electrical Engineering (ICTAEE 2018).

SessioriRobotics and Control' at the 3rd International Conference on Electromechanical
Engineering (ICEE 2018).

SessiorElectrical Engineering' at Journées Scienti que sur les Sciences de I'Engineering
(JSSE 2018).

SessionSAC 4: Robotics I' at the 15th International Multi-Conference on Systems,
Signals and Devices (SSD 2018).
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Session (Keynote KL-SAC-2)Dealing with nonlinearities in dynamic system, modelling,
identi cation and control - Linear approaches'by Quanmin Zhu at SSD 2018.

SessionRobotics and Automation’ at the 2nd International Conference on Advanced
Systems and Electrical Technologies (IC_ASET 2018).

SessionNavigation Systems'at the 22nd International Conference on Methods and
Models in Automation and Robotics (MMAR 2017).

Session Room 1 - Monday afternoon and session Room 2 - Tuesday morning at the 2nd
International Conference on Automatic control, Telecommunication and Signals (ICATS
2017).

Session B at Int. Conf. on Indust. Automation, Robotics and Control Eng. (IARCE
2017).

Session'Navigation systems'at the 22" International Conference on Methods and
Models in Automation and Robotics (MMAR 2017).

Session SAC 8Industrial & practical Applications' at SSD 2017.
Session 8Industrial Informatics & Robotics' at IC_ASET 2017.
Session 1lindustrial Informatics & Robotics' at IC_ASET 2017.

Session (Plenary)Stabilization of time-varying and nonlinear systems with pointwise and
distributed delays through the reduction of the modély Frédéric Mazenc at International
Multi-Conference on Systems, Signals and Devices: SSD 2015.

Session (Keynote lecture)Control and optimization of distributed generation systems'
by Magdi Mahmoud at SSD 2015.

SessiorRobotic applications'at SSD 2015.

SessioriModel predictive control' at SSD 2015.

SessioriMaritime Control' at IEEE CDC 2013.

SessionVisual servoing and vision control applicationat SSD 2013.
SessiorFault tolerant control and diagnosis theory'at SSD 2013.
SessiorAutomatic Robotic Industrial' at ICEECA 2012.
SessiorFault Tolerant Control and Sustainability' at ICEECA 2012.
SessionOral session II' at ICEE 2012.

SessioriMarine Robotics I' at IEEE/RSJ IROS 2012.
SessioriMedical Robots and Systemsat IEEE/RSJ IROS 2010.
SessiorPredictive Control' at CIFA 2010.

SessioriWalking robots' at IEEE/RSJ IROS 2009.

Participation to recruitment committees

| have participated as a member to the following recruitment committee:

MCU Chaire CNRS-University Henri-Poincaré, Nancy, France, 2009.
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Participation to other committees
| have participated as a member to the following committees:

Member of the LIRMM Laboratory council (2009 2010).
Member of the scienti ¢ council of LIRMM laboratory (2011 2014).

Organization of scienti ¢ events

Organization of Summer schools

Co-organization and unique speaker of the rst Summer School &@ontrol of Complex
Robotic Systems24-27 June 2024, Department of automatic control - CINVESTAV,
Mexico city, Mexico.

Figure 2.1: Group photo of the rst summer school on Control of Complex Robotic Systems
2024.

Co-organization of the third Summer School orParallel Kinematic Manipulators -
PKM 2020, 15-19 June 2020, Bologna, Italy (URL: http://www.lirmm.fr/pkm-2020/) -
Postponed due to COVID-19 crisis.
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Co-organization (main organizer) of the second Summer School Barallel Kinematic

Manipulators - PKM 2018 17-21 September 2018, La Grande Motte, France (URL:
http://www.lirmm.fr/pkm-2018/).

Figure 2.2: Group photo of the second summer school PKM 2018.

Co-organization (main organizer) of the rst Spring School orParallel Kinematic

Manipulators - PKM 2016, 14-18 March 2016, La Grande Motte, France, (URL:
http://www.lirmm.fr/pkm-2016/).

Figure 2.3: Group photo of the rst spring school PKM 2016.

Organization of workshops

Three-day workshopRecent Advances in Robot Contro]' December 3-5, 2024, University
of Brothers Mentouri Constantine, Algeria.

One-day workshop'Rehabilitation & Wearable Robotics' October 11, 2019, IIT - Ropar,
India, (URL.: https://punjrobotics.com/rehabilitation-and-wearable-robotics/).
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Figure 2.4. Group photo of the workshop Rehabilitation & Wearable Robotics.

Mini-Workshop 'Recent advances in Marine Robotics'May 21, 2019, Montpellier,
France.

Co-organization of the WorkshopIndo-French Workshop on Robotics for Rehabilitation
- Robo-Rehab 2019, 26 28 February 2019, Chandigarh, India.

Figure 2.5: Group photo of the Indo-French workshop on Robotics for Rehabilitation Robo-
Rehab 20109.

Organizer and unique speaker of a half-day workshop on 'Motion Control of Biomimetic
Autonomous Underwater Vehicles' at the International Conference on Unmanned Vehicle
Systems (UVS-Oman 2019), 05 February 2019, Muscat, Oman.

Co-organization of the WorkshopThai-French workshop on Industrial Robotics- WIR
2017, 15-19 May 2017, Chiang Mai, Thailand, (URL: http://www.lirmm.fr/wir-2017/).
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Figure 2.6: Group photo of the Thai-French workshop WIR 2017.

Co-organization of the workshopMarine robotics' in European Robotics Forum - ERF
2016, 23 March 2016, Ljubljana, Slovenia.

Co-organization of the workshopMarine robotics' in European Robotics Forum - ERF
2015, 11 March 2015, Vienna, Austria.

Co-organization of the workshopRecent advances in sensing, localization, and control
for underwater roboticsin European Robotics Forum - ERF 2013, 21 March 2013,
Lyon, France.

Organization of international conferences & invited sessions

Co-organization of a special session dMathematical Robotics'at the 21st IFAC World
Congress, July 12 17, 2020, Berlin, Germany, (URL: https://www.ifac2020.org/).
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Co-organization of a special session dRobotics for Rehabilitation' at the 28th IEEE
International Conference on Robot & Human Interactive Communication (ROMAN
2019), New Delhi, India.

General Co-Chair ofThe 29 'International Conference on Advanced Systems and
Electrical Technologies- IC_ASET 2018, 22-25 March 2018, Hammamet, Tunisia,(URL:
http://aset.ieee.tn/).

Co-organization (with Sorin Olaru) of an invited session oredictive control at the
conference CIFA 2010, Nancy, France.

Co-organization (with Sorin Olaru) of an invited session omiRReceding-Horizon Predictive
Control and Estimation at the conference CIFA 2008, Bucarest, Romania.

WS |[PC/TPC member for international conferences

| have been internatinal/technical program committee (IPC/TPC) member for the following
international conferences :

The IFAC Conference on Control Applications in Marine Systems, Robotics, and Vehicles
(CAMS'24, CAMS'22, CAMS'21, CAMS'19, CAMS'18).

The International Conference on Electrical Engineering and Control Applications
(ICEECA'24, ICEECA'22, ICEECA'19, ICEECA'17, ICEECA'14).

The 14th IFAC Workshop on Adaptive and Learning Control Systems (IFAC ALCOS
2022).

The International Conference on Control and Robot (ICCR'22, ICCR'20).

The 15t International Conference on Electronics, Arti cial Intelligence and New Tech-
nologies (ICEAINT 2021).

The International Multi-Conference on Systems, Signals and Devices (SSD'20, SSD'18,
SSD'17, SSD'16, SSD'15, SSD'14, SSD'13).

The 18t Unmanned Vehicles Systems Conference (UVS-Oman 2019).

The International Conference on Electromechanical Engineering (ICEE'18, ICEE'14,
ICEE'12).

The International Conference on Advanced Systems and Electrical Technologies (IC_ASET
2018, IC_ASET 2017).

The 2" International Conference on Automatic Control, Telecommunications and
Signals (ICATS 2017).

The 1%t International Congress for the Advancement of Mechanism, Machine, Robotics
and Mechatronics Sciences (ICAMMRMS 2017).

The International Conference on Control, Engineering and Information Technology
(CEIT'17, CEIT'15 - Advisory committee chairs).
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The 39 International Conference of Engineering Sciences for Biology and Medicine
(ESBM 2017).

The 1% International Congress for the Advancement of Mechanism, Machine, Robotics
and Mechatronics Sciences (ICAMMRMS 2017).

Colloquium of Applied Research and Technological Transfer (CRATT'17).

The 4™ International Conference on Control, Engineering and Information Technology
(CEIT 2016 - Advisory committee chairs).

The 7" IFAC Symposium on Mechatronic Systems & 15th Mechatronics Forum Inter-
national Conference (Mechatronics 2016).

50 International Conference on Advances in Computing, Communications and Infor-
matics (ICACCI 2016).

International Conference on Mechanical Design and Control Engineering (MDCE 2016).

Symposium on Embedded Systems, Robotics and Automation (ESRA'15) at CoCoNet
2015.

International Symposium on Emerging Topics in Circuits and Systems (SET-CAS 2015).
Conférence Internationale Francophone d'Automatique (CIFA 2012).

The 2" International Conference on Information Processing and Electrical Engineering
(ICIPEE 2012).

IEEE/RAS-EMBS Int. Conf. on Biomedical Robotics and Biomechatronics (IEEE
BIOROB 2010).

sl International mobilities and collaborations

pasmB International mobilities

Since my arrival at LIRMM, | have been invited to several institutions, here is a summary of
those mobilities:

Departamento de Control Automatico, CINVESTAV, Mexico-city, Mexico (8 days),
June 2024.

Laboratory of automatic control and robotics (LARC), Mentouri Brothers University -
Constantine 1, Algeria (1 week), December 2023.

University of Sdo Paulo, S&o Paulo, Brazil (1 week), October 2023.

Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), Septembre 2023.

Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), May 2023.
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Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), December 2022.

Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), May 2022.

Simula Research Laboratory, Oslo, Norway (1 week), December 2021.

Central Scienti ¢ Instruments Organization, at Council of Scienti ¢ & Industrial Re-
search (CSIR-CSIO), Chandigarh, India (1 week), February 2020.

Department of Mechanical and Aerospace Engineering, Tohoku University (Third Top-
Ranked University in Japan), Sendai, Japan, within the programiGP-Mech' (10 days),
February 2020.

Department of Mechanical and Aerospace Engineering, Tohoku University (Third Top-
Ranked University in Japan), Sendai, Japan, within the programGP-Mech' (10 days),
February 2020.

Department of Engineering Cybernetics, Norwegian University of Science and Technology
(NTNU, Third Top-Ranked University in Norway), Trondheim, Norway (1 week), April
20109.

Department of Robotics, Tohoku University (Third Top-Ranked University in Japan),
Sendai, Japan, within the programJapan exploration 2018'of the French embassy in
Tokyo (1 week), October 2018.

Central Scienti ¢ Instruments Organization, at Council of Scienti ¢ & Industrial Re-
search (CSIR-CSIO), Chandigarh, India (1 week), September 2018.

Department of Engineering Cybernetics, Norwegian University of Science and Technology
(NTNU, Third Top-Ranked University in Norway), Trondheim, Norway (1 week), March
2018.

Polytechnic University of Tulancingo, Tulancingo, Mexico (1 week), February 2018.

EMAN group Computer, Electrical and Mathematical Sciences & Engineering (CEMSE)
division, King Abdullah University of Science and Technology (KAUST, Fifth Top-
Ranked University in Saudi Arabia), Saudi Arabia (1 week), November 2017.

Central Scienti ¢ Instruments Organization, at Council of Scienti ¢ & Industrial Re-
search (CSIR-CSIO), Chandigarh, India (1 week), December 2017.

Process Modelling and Control Laboratory, China University of Petroleum, Qingdao,
China (2 weeks), September 2017.

Department of Mechanical Engineering, Chiang Mai University, Thailand (1 week), May
2017.

School of Naval architecture and ocean engineering, Huazhong University of Science
& Technology (HUST, one of 10 Top-Ranked universities in China), Wuhan, China (1
month), April 2017.

Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), November 2016.
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School of automation and School of Naval architecture and ocean engineering, Huazhong
University of Science & Technology, Wuhan, China (1 week), November 2016.

Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), August 2016.

Ecole National d'Ingénieur de Tunis (ENIT Engineering school), University of Tunis El
Manar, Tunisia (invited lecturer, 1 week), April 2016.

Laboratoire de systémes robotiques (LSRO), EPFL, Lausanne, Switzerland (1 week),
January 2016.

Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), November 2015.

Ecole National d'Ingénieur de Tunis (ENIT Engineering school), University of Tunis El
Manar, Tunisia (invited lecturer, 1 week), September 2015.

Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), June 2015.

Centre for Autonomous Marine Operations and Systems (AMOS) and Engineering
Cybernetics department, Norwegian University of Science and Technology (NTNU),
Trondheim, Norway (1 week), May 2015.

Centre for Biorobotics, Tallinn University of Technology (Third Top-Ranked University
in Estonia), Tallinn, Estonia (1 week), October 2014.

Laboratoire de systémes robotiques (LSRO), EPFL, Lausanne, Switzerland (1 week),
June 2014.

Ecole National d'Ingénieur de Tunis (ENIT Engineering school), University of Tunis El
Manar, Tunisia (1 week), May 2014.

Winter Enrichment Program (WEP), King Abdullah University of Science and Technol-
ogy (KAUST, Fifth Top-Ranked University in Saudi Arabia), Saudi Arabia (1 week),
January 2014.

Laboratoire Franco-Mexicain d'Informatique et d'Automatique (LAFMIA) at CINVES-
TAV, Mexico-city, Mexico (1 week), November 2013.

Ecole National d'Ingénieur de Tunis (ENIT Engineering school), University of Tunis El
Manar, Tunisia (1 week), April 2013.

EMAN group Computer, Electrical and Mathematical Sciences & Engineering (CEMSE)
division, at King Abdullah University of Science and Technology (KAUST, Fifth Top-
Ranked University in Saudi Arabia), Saudi Arabia (1 week), March 2013.

Ecole Supérieure de Technologie et d'Informatique (ESTI), Tunisia (1 week), May 2012.

Laboratory of Locomotor Apparatus Bioengineering (LABLAB) at the University of
Rome, Italy (1 week), November 2011.

Laboratoire d'Automatique et de Robotique (LARC), University Constantine 1, Algeria
(1 week), November 2011.
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2.5.2

Main collaborations

Since 2007, | had various collaborations at both national and international levels, summarized

in the sequel:

International collaborations:

They are summarized in Table 2.1, including their associated joint publications.

Collaborator

Lab/Institution

Topic/Related publications

Maarja Kruusmaa

Center for Biorobotics, Tallinn Uni-
versity of Technology - TalTech,
Estonia

Control of biomimetic underwater

[Ob]OtS[ 1 [220] [219] [236] [215] [

Mitsuhiro Hayashibe

Neuro-Raobotics Lab, Tohoku University,
Japan

Control of rehabilitation systems [265]

[263] [262] [216] [261] [264]

Jorge Torres

TAV, Mexico

Clovis Francis and | Scientic Research Center in Engi-| Control of parallel robots [226] [234]

Maher El Rafei neering (CRSI), Lebanese University,| [119] [228] [233] [232] [118] [116] [
Lenabon [115] [227] [231] [230]

Rogelio Lozano and | LAFMIA - UMI 3175 CNRS - CINVES- | Control of underwater vehicles [105]

[104] [ 11
[>1] [50] [182] [184]

11 1 [108] [109] [

Hipolito Aguilar

Polytechnic University of Tulancingo,
Mexico

Control of parallel robots [

[75]

1, [74] [76]

Mohamed Bouri

Biorobotics Laboratory
EPFL, Switzerland

(BioRob),

Control of parallel robots [

[228] [28] [227]

1 [234]

Nabil Derbel

CEM Lab, Department of Electrical En-
gineering, ENIS, Tunisia

Control of mechatronic systems (HDD,
Exoskeletons) [280] [174] [281] [175] [

(Lra] 7o) el [P (277 [279] [276]

Nahla Khraief RISC, ENIT Engineering school,| Control of underactuated mechanical
Tunisia systems [146] [145] [102] [147] [144]
Ridha Kelaiaia Mechanical engineering department, Parallel Kinematic Manipula-
University of Skikda, Algeria tors (PKMs) and rehabilitation
robotics [154] [155] [46] [45] [141]

Anton Shiriaev

Department of Engineering Cybernetics,
NTNU, Norway

Control of underactuated mechanical
systems [224]

Xianbo Xiang

School of Naval Architecture and Ocean
Engineering, HUST, China

Control of underwater vehicles [309]

Neelesh Kumar

Central Scienti ¢ Instruments Organiza-
tion, CSIR, India

Control of rehabilitation robotic devices

[266] [63]

Taous-Meriem Laleg

Estimation, Modeling, and Analysis
Group, KAUST, Saoudi Arabia

Control of underactuated mechanical
systems [306]

Table 2.1: Summary of my main international collaborations.

National collaborations:

These collaborations are summarized in Table 2.2, including their associated joint publications.

[

—_

—_—
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Collaborator Lab/Institution Topic/Related publications

Samer Mohammed LISSI Laboratory, Université Paris- | Control of rehabilitation robotic de-
Est Créteil (UPEC) vices [131] [266] [132] [223]

Lot Chikh and Pierre- | Tecnalia France Control of parallel robots [115] [119]

Elie Hervé [118] [116]

Lorenzo Brignone Underwater Robotics Laboratory, | Control of underwater vehicles [158]
IFREMER

Johann Lamaury SYMETRIE Company Control of parallel robots [84] [83]

Table 2.2: Summary of my main national collaborations.

Plenaries/keynotes and invited lectures

Plenary/keynote lectures at international conferences

| have delivered the following plenary/keynot lectures at various international conferences:

1. 'Motion Control of Fin-Actuated Biomimetic Autonomous Underwater Vehicles' at

2024 MIR Annual Symposium & Robotics Championship’, June 11-13, 2024, Lisbon,
Portugal.

. 'Assistive Control of Wearable Exoskeletons for Rehabilitation Purposes' at the Inter-

national Workshop on Emerging Technologies and Challenges for Exoskeleton (IND-
EXOS'24), April 16-17, 2024, Bengaluru, India.

. 'Motion Control of Parallel Kinematic Manipulators for Industrial Applications’ at the

International Conference on Mechatronics, Control and Robotics (ICMCR'24), February
27-29, 2024, Jeju, South Korea.

. 'Assistive Control of Rehabilitation Exoskeletons: From Concept to Real-Time Experi-

ments' at the 12th International Conference on Mechatronics and Control Engineering
(ICMCE'24), January 25-27, 2024, Budapest, Hugary.

. 'On Motion Control of Biomimetic Autonomous Underwater Vehicles'at the First

International Symposium on Special Ships and Intelligent Systems (SSIS'23), December
17-19, 2023, Sanya, China.

. 'Motion Control of Bio-Inspired Autonomous Underwater Vehicles: Towards E ective

Diver/Robot Cooperation' at Marine Robotics School (MRS'23), November 20-25, 2023,
Goa, India.

. 'On Motion Control of Bio-Inspired Autonomous Underwater Robotsat the First Inter-

national Conference on Advances in Electrical and Computer Engineering (ICAECE'23),
May 15-16, 2023, Tebessa, Algeria.

. 'Recent Advances in Motion Control of Parallel Robots for High-Speed Industrial Ap-

plications' at the 20th International Multi-Conference on Systems Signals and Devices
(SSD'23), February 20-23, 2023, Mahdia, Tunisia.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. 'Recent Advances in Motion Control of Biomimetic Autonomous Underwater Robotat

the 7th International Conference on Robotics, Control and Automation (ICRCA'23),
January 5-7, 2023, Taizhou, China.

'Assistive Control of Rehabilitation Robotic Devices: From Concept to Experiments'
at the 5th International Conference on Electrical Engineering & Control Applications
(ICEECA'22), November 15-17, 2022, Khenchela, Algeria.

'Recent Advances in Motion Control of Parallel Kinematic Manipulators'at the 4th
International Conference of Information Technologies and Electrical Engineering (ICl-
TEE'21), October 29-31, 2021, Changsha, Hunan, China.

'Motion Control of Biomimetic Autonomous Underwater Vehicles: Towards an E ective
Diver/Robot Cooperation' at the 18th International Multi-Conference on Systems Signals
and Devices (SSD'21), March 22-25, 2021, Sfax, Tunisia.

'Recent Advances in Motion Control of Parallel Kinematic Manipulators'at the Third
International Conference on Control and Robots (ICCR'20), December 26-29, 2020,
Tokyo, Japan.

‘Motion Control of Complex Robotic Systems: From Challenges to Experimentd
the workshop on Robotics System design: Fundamentals, Challenges and Applications,
November 4-6, 2020, IIT Ropar, India.

'Recent Advances in Motion Control of Underwater Robots for Inspection Applications'
at the 4th International Conference on Electrical Engineering and Control Applications
(ICEECA'19), December 17-19, 2019, Constantine, Algeria.

'Recent Advances in Motion Control of High-Speed Parallel Manipulatorsit the First
International Conference on Signal, Control and communication (SCC'19), December
16-18, 2019, Hammamet, Tunisia.

‘Control of Autonomous Underwater Vehicles for Inspection Application Tasksit the
rst International Forum on Marine Robotics, April 02-04, 2019, Hong Kong.

'Recent Advances in Control of Underwater Vehicles: From Inspection to Manipulation
at International Conference on Unmanned Vehicle Systems (UVS-Oman'19), February
05-07, 2019, Muscat, Oman.

‘Control of Complex Robotic Systems: Challenges, Design and Experimetsthe In-
ternational Symposium on Modelling, Identi cation and Control (ISMIC'18), December
20-21, 2018, Changshu, China.

'‘Control of Complex Robotic Systems: From Theory to Practicedt the 3rd International
Conference on Technological Advances in Electrical Engineering (ICTAEE'18), December
10-11, 2018, Skikda, Algeria.

'On Adaptive Motion Control of High-Speed Parallel Robots for Industrial Applications'
at Journées Scienti ques sur les Sciences et I'Engineering (JSSE'18), December 09-10,
2018, Constantine, Algeria.

'Robotics Today: Towards Industry 4.0'at Insight of ENSIT Forum 2018, November
28th, 2018, Tunis, Tunsia.
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23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

‘Control of Assistive Robotic Exoskeletons: Concept, Challenges, and Applicatioatthe
3rd International Conference on Electromechanical Engineering (ICEE'18), November
21-22, 2018, Skikda, Algeria.

'‘Control of Complex Robotic Systems: From Challenges to Experimengt' the 5th
International Conference on Robotics and Computing (CIRC'18), May 2 4th, 2018, Los
Cabos, Mexico.

'Robotics Today: Research and Applicationsat the 15th International Multi-Conference
on Systems Signals and Devices (SSD'18), March 19-22nd, 2018, Hammamet, Tunisia.

‘Control of Wearable Robotic Devices: Challenges, Design and Experimeiisthe 2nd In-
ternational Conference on Advanced Systems and Electrical Technologies (IC_ASET'18),
March 22 25th, 2018, Hammamet, Tunisia.

'‘Advanced Control of High-Speed Parallel Robots: From Challenges to Experiments’
at 10th International Research Conference (COINVEST'18), February 12 16, 2018,
Tulancingo, Mexico.

'Recent Advances in Robot Control: From Challenges to Real-Time Experimentsthe
2nd International Conference on Automatic Control, Telecommunication and Signals
(ICATS'17), December 11 12, 2017, Annaba, Algeria.

'Sensing and Control in Underwater Robotics: Challenges, Some Solutions and Exper-
iments' at KAUST - NSF Research Conference, November 6 8, 2017, Thuwal, Saudi
Arabia.

'‘Control of High-Speed Parallel Robots for Automated Food Packagiraf the Interna-
tional Conference on Industrial Automation, Robotics and Control Engineering, October
20-22, 2017, Budapest, Hungary.

'‘Advanced Control of Complex Robotic Systemsit the 1st International Congress
for the Advancement of Mechanism, Machine, Robotics and Mechatronics Sciences
(ICAMMRMS'17), October 17-19th, 2017, Beirut, Lebanon.

‘Control of Complex Robotic Systems: Challenges, Design and Experimemtisthe
22nd International Conference on Methods and Models in Automation and Robotics
(MMAR'17), August 28-31st, 2017, Miedzyzdroje, Poland.

'Recent Advances in Control of Robotic Systemsit the 14th International Multi-
Conference on Systems Signals and Devices (SSD'17), March 28-31st, 2017, Marrakech,
Morocco.

‘Control of Biomimetic Underwater Robots for Inspection Applicationsat the Interna-
tional Conference on Advanced Systems and Electrical Technologies (IC_ASET'17),
January 14-17th, 2017, Hammamet, Tunisia.

‘Control of Parallel Robots for Extremely Fast Operationsat the International Confer-
ence on Mechanical Design and Control Engineering (MDCE'16), November 19-20th,
2016, Wuhan, China.
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36. 'From Challenges to Control Solutions in Underwater Robotics: Beyond the Lab Ex-
periments' at the 12th International Multi-Conference on Systems Signals and Devices
(SSD'15), March 16-19th, 2015, Mehdia, Tunisia.

37. 'Control of parallel robots: Towards very high accelerationgit 10th International Multi-
Conference on Systems Signals and Devices (SSD'13), March 18-21st 2013, Hammamet,
Tunisia.

38. 'Pattern generation and control of humanoid robots: Towards human-like walking'
at the International Conference on Electrical Engineering and Control Applications
(ICEECA'12), November 20-22nd, 2012, Khenchela, Algeria.

39. 'Control of underactuated mechanical systems for stabilization and limit cycle generation

at the International Conference on Electromechanical Engineering (ICEE'12), November
20-22nd, 2012, Skikda, Algeria.

paswa Invited lectures in other laboratories/institutions

| have been invited to deliver the following lectures at di erent institutions:

1.

10.

11.

Motion Control of Complex Robotic Systems: Challenges, Design, and Experimeats
EESC Engineering school, University of Sao Paulo, Sao Paulo, Brazil, October 26, 2023.

. Recent Advances in Motion Control of Underwater Robots for Inspections Applicatioans

at EIGSI, La Rochelle, France, October 12, 2023.

. When science imitates nature in robotigsat ENIT Engineering school, University of

Tunis ElI Manar, Tunis, Tunisia, February 23, 2023.

On Assistive Control of Wearable Robotic Rehabilitation Deviceat IRSEEM - ESIG-
ELEC, Saint-Etienne-Du-Rouvray, France, January 24, 2023.

Motion Control of Complex Robotic Systems: Challenges, Design, and Experiments
Department of software science - TalTech, Tallinn, Estonia, December 9, 2022.

. Motion Control of High-Speed Parallel Robots for Industrial Applicationsat Mektory

innovation center - TalTech, Tallinn, Estonia, November 25, 2022.

. Motion Control of Biomimetic Autonomous Underwater Robotsat WIP Maakri, Tallinn,

Estonia, November 26, 2022.

. Recent Advances in Motion Control of Underwater Robots for Inspections Purposes

IRSEEM - ESIGELEC, Saint-Etienne-Du-Rouvray, France, October 19, 2022.

. Motion Control of Complex Robotic Systems: From Challenges to ExperimenBentre

for Biorobotics - TalTech, Tallinn, Estonia, May 16, 2022.

Recent Advances in Motion Control of Underwater Robots for Inspection Applications
IEEE Webinar - Section Chapters AES-10, COM-19, Online, April 23, 2022.

'‘Motion Control of High-Speed Parallel Robots: 'From Design to Experimentsat ABB
Robotics, Bryne, Norway, December 07, 2021.
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12

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. 'Motion Control of High-Speed Parallel Robots for Industrial Applications'at IRSEEM
- ESIGELEC, Saint-Etienne-Du-Rouvray, France, October 21, 2021.

. 'Recent Advances in Motion Control of High-Speed Parallel Kinematic Manipulators’
Webinar for Sultan Qaboos University, Muscat, Oman, September 20, 2021.

'Recent Advances in Motion Control of Parallel Kinematic Manipulators'in industry at
SYMETRIE Company (a key player in the elds of metrology and very high precision
positioning), Nimes, France, March 04, 2021.

‘Control of Wearable Assistive Devices in Robotics for Rehabilitationat ENIT Engi-
neering school, University of Tunis El Manar, Tunis, Tunisia, December 11, 2019.

‘Control of Small Autonomous Underwater Robots For Inspection Applicationsat
Oceanographic Observatory of Banyuls-sur-Mer, France, July 19, 2019.

'‘Automatic Control at the Crossroads of Robotic Applications'at LISSI Laboratory,
University Paris-Est Créteil, France, February 19, 2019.

‘Control of Complex Robotic Systems: From Challenges to Experimentat Department
of Robotics, Tohoku University, Sendai, Japan, October 22, 2018.

'Robot Control Overview: From Classical to Advanced Control Schemeat Department
of Robotics, Tohoku University, Sendai, Japan, October 25, 2018.

‘Control of Complex Robotic Systemsat Punjab Engineering College, Chandigarh, India,
September 12, 2018.

'‘Control of Complex Robotic Systems: Challenges, Design and Experimenas'Labora-
tory of Informatics and Systems (LIS - UMR 7020), Aix Marseille University, France,
May 24, 2018.

'‘Control of Complex Robotic Systemsat ENIT Engineering school, University of Tunis
El Manar, Tunis, Tunisia, April 11, 2018.

‘Adaptive Control of Extremely-Fast Parallel Kinematic Manipulators, at ENICarthage
Engineering school, University of Carthage, Tunis, Tunisia, April 13, 2018.

‘Control of High-Speed Parallel Kinematic Manipulators' at Department of Engineering
Cybernetics, Norwegian University of Science and Technology (NTNU), Trondheim,
Norway, March 05, 2018.

'‘Advanced Control of Robotic Systems: Challenges, Design and Experimerds'CIN-
VESTAV, Mexico city, Mexico, February 17, 2018.

‘Advanced Control of Underwater Robots: From the Lab to the Seat IRSEEM -
ESIGELEC, Saint-Etienne-Du-Rouvray, France, January 25, 2018.

‘Walking Control: From Human to Humanoid and Augmented Human'at Central
Scienti ¢ Instruments Organization (CSIR-CSIO), Chandigarh - India, December 05,
2017.

'Robot Control: From Challenges to Real-Time Experimentsat Indian Institute of
Technology Ropar (lIT-Ropar), Ropar - India, December 04, 2017.
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29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

‘Control of Complex Robotic Systems: Design and Experimentat Centre for Biomedical
Engineering, Indian Institute of Technology Delhi (IIT-Delhi), New Delhi - India,
December 01, 2017.

'Robotic Control Systems: Challenges, Design and Experimentat King Abdulah
University of Science and Technology (KAUST), Thuwal, Saudi Arabia, November 09,
2017.

'Robot Control: From Problems to Solutions' at Faculty of Engineering - Lebanese
University, Lebanon, October 16, 2017.

'Robotics Today: Stakes and Applicationsat Faculty of Engineering - Lebanese Univer-
sity, Lebanon, October 16, 2017.

‘Advanced Control of Underwater Robots: From the Lab to the Seait Faculty of
Engineering - Lebanese University, Lebanon, October 16, 2017.

'‘Advanced Control of Robotic Systems: Challenges, Solutions and Experimentd’
Beirut Arab University, Lebanon, October 17, 2017.

'Recent Advances in Robot Control: Challenges, Design and Experimentst China
University of Petroleum, Qingdao, China, September 28, 2017.

'Recent Advances in Control of Underwater Robots for Inspection Applicationsat China
University of Petroleum, Qingdao, China, September 27, 2017.

'Robotics Today ..., at China University of Petroleum, Qingdao, China, September 19,
2017.

'‘Marine Robot Control: Challenges, Some Solutions and Experimentat School of Naval
Architecture and Ocean Engineering, Huazhong University of Science & Technology,
Wuhan, China, April 11, 2017.

‘Control of Complex Robotic Systems: From Concept to Real-Time Experimentsit
Digital Research Center of Sfax (CRNS) and at ENIS, Sfax, Tunisia, January 18, 2017.

'Robot Control: From concept to Real-Time Experiments'at IRSEEM - ESIGELEC,
Saint-Etienne-Du-Rouvray, France, December 01, 2016.

'‘Nonlinear Adaptive Control of Small Tethered Autonomous Underwater Vehiclest
School of Naval Architecture and Ocean Engineering, Huazhong University of Science
& Technology, Wuhan, China, November 18, 2016.

'‘Advanced Control of Biomimetic Underwater Vehicles U-CAT Case Studyat School
of Naval Architecture and Ocean Engineering, Huazhong University of Science &
Technology, Wuhan, China, November 17, 2016.

'‘Control of Complex Robotics Systems: From Challenges to Real-Time Experimensd'
School of Automation, Huazhong University of Science & Technology, Wuhan, China,
November 16, 2016.

'Robotic Systems: Challenges, Control Design, and Experimentat Process Modelling
and Control Laboratory, College of Chemical Engineering, China University of Petroleum,
Qingdao, China, November 15, 2016.
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45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

oS7.

58.

59.

60.

61.

62.

'‘Adaptive control: Design and real-time applications in robotics'at LAMIH laboratory,
Valenciennes, France, September 14, 2016.

‘At the Heart of Robot Control: From Concept to Experimental Validation' at Polytechnic
School of Constantine, Algeria, April 25, 2016.

'‘Advanced Control of Mechatronic Systemsat ULT (Université Libre de Tunis), Tunisia,
April 14, 2016.

'Recent Advances in Control of Underwater Robots'at ENIT Engineering school,
University of Tunis El Manar, Tunisia, April 13, 2016.

‘At the Heart of Control of Complex Robotic Systemsat INSAT Engineering school,
University of Carthage, Tunisia, April 11, 2016.

'Humanoid Robotics: Pattern Generation and Walking Contro)'at Ecole Polytechnique
Fédérale de Lausanne (EPFL), Lausanne, Switzerland, January 25, 2016.

'‘Advanced Control strategies: From Humanoids to Mobile Robotigsat Ecole Polytech-
niqgue Fédérale de Lausanne (EPFL), Lausanne, Switzerland, January 28, 2016.

'Robots' Control: Challenges, Design and Real-Time Experimentsit LAMIH laboratory,
Valenciennes, France, January 13, 2016.

'Robotics and archeology: CORSAIRE Concept Projegtat Haapsalu museum, Haapsalu,
Estonia, November 21, 2015.

‘Adaptive Control of Extremely Fast PKMs: From Concept to Real-Time Experiments’
STP GDR-MACS, Nantes, France, November 26, 2015.

'‘New Advances in Control of Underwater Robotsat INSAT Engineering school, Uni-
versity of Carthage, Tunisia, September 30, 2015.

‘At the Heart of Robot Control: From Concept to experimental validation'at ENI-
CATHAGE Engineering school, University of Carthage, Tunisia, September 30, 2015.

‘At the Heart of Robot Control: From Concept to experimental validation'at ENIT
Engineering school, University of Tunis EI Manar, Tunisia, September 30, 2015.

‘Control of Underwater Vehicles: From Design to Real-time Experimentsat Centre for
Autonomous Marine Operations and Systems (AMOS), Norwegian University of Science
and Technology (NTNU), Trondheim, Norway, May 18, 2015.

'‘Complex Robotic Systems : Challenges, Control Design and Experimerds’Laboratory
of automatic control and Robotics (LARC), University of Constantine 1, Algeria, April
21, 2015.

‘Saturation based depth and yaw control of underwater vehicle&DR-ROB : GT2
Meeting at IFRMER, La Seyne-sur-Mer, France, April 08, 2015.

'‘Advanced control of underwater vehicles: Beyond the Lab experimentSDR-ROB :
GT2/GT6 Meeting at ISIR, Paris, France, November 28, 2014.

'Foundations of control of robot manipulators' in industry at SYMETRIE Company (a
key player in the elds of metrology and very high precision positioning), Nimes, France,
November 27, 2014.
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63. 'Advanced control of Parallel Kinematic Manipulators; in industry at SYMETRIE
Company (a key player in the elds of metrology and very high precision positioning),
Nimes, France, November 27, 2014.

64. 'Force control of robot manipulators in interaction, in industry at SYMETRIE Company
(a key player in the elds of metrology and very high precision positioning), Nimes,
France, November 27, 2014.

65. 'Control challenges of robotic systems: From design to real-time experimentt Center
for Biorobotics, Tallinn University of Technology, Tallinn, Estonia, October 20, 2014.

66. 'Complex robotics systems: Challenges and some advanced control soluti@d=aculty
of information technology, Tallinn University of Technology, Tallinn, Estonia, October
24, 2014.

67. 'Pattern generation and control of humanoid robots: Towards human-like walkingit
Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland, June 18,
2014.

68. 'Control challenges in underwater robotics'at ENIT Engineering school, University of
Tunis ElI Manar, Tunisia, May 20, 2014.

69. 'Challenges in automatic control of underwater vehicles for inspection applicationat
King Abdulaziz Uiversity (KAU), Jeddah, Saudi Arabia, January 29, 2014.

70. 'Control challenges and applications of underwater robotsit King Abdulah University
of Science and Technology (KAUST), Thuwal, Saudi Arabia, January 26, 2014.

71. 'Adaptive control of underwater vehicles : From design to real-time experimentsit
LAFMIA - UMI CNRS 3175, Mexico city, Mexico, December 6, 2013.

72. 'Adaptive control of parallel robots for extremely fast packaging applicationgt LAFMIA
- UMI CNRS 3175, Mexico city, Mexico, December 4, 2013.

73. 'Pattern generation and dynamic walking control in humanoid roboticsat Departamento
de Control Automatico, CINVESTAV, Mexico city, Mexico, December 3,2013.

74. 'Human-like pattern generation and dynamic walking control in humanoid roboti¢sat
University Paris-Est - Créteil, Paris, France, November 2013.

75. 'Underwater robotics : Challenges and control solutionsat Laboratory of automatic
control and Robotics (LARC), University of Constantine 1, Algeria, October 24, 2013.

76. 'Compensation of Physiological Motions with a Force Feedback Control in Beating Heart
Surgery, at ENIT Engineering school, University EI Manar, Tunis, Tunisia, April 23,
2013.

77. 'Control of humanoid robots for human-like dynamic walking'at ENIT Engineering
school, University El Manar, Tunis, Tunisia, April 23, 2013.

78. 'From stabilization to limit cycle generation in control of underactuated mechanical

systems at INSAT Engineering school, University of Carthage, Tunis, Tunisia, March
22, 2013.
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79.

80.

81.

82.

83.

84.

85.

86.

87.

'‘Nonlinear adaptive control of underwater vehicles'at INSAT Engineering school,
University of Carthage, Tunis, Tunisia, March 22, 2013.

'Pattern generation and dynamic walking control of humanoid robots : Towards human-
like walking at King Abdulah University of Science and Technology (KAUST), Thuwal,
Saudi Arabia, March 10, 2013.

'‘Adaptive control of underwater robots for inspection applicationsat King Abdulah
University of Science and Technology (KAUST), Thuwal, Saudi Arabia, March 09, 2013.

‘Trajectory generation and control for dynamic walking in humanoid robotics'at INSAT
Engineering school, University of Carthage and Polytechnical School of Tunis, Tunisia,
May 10, 2012.

‘Control of Mechatronic systems : From theory to practice'at ESTI and INSAT
Engineering schools, University of Carthage, Tunisia, May 10, 2012.

'‘Automation of Mechatronic systems : From theory to practice'at University Montpellier
2, France, January 04, 2012.

‘Control of an underactuated mechanical system for stabilization and stable limit cy-
cle generation: from simulation to real-time experimenisat University of Rome 'La
Sapienza', Italy, November 30, 2011.

'Design of optimal pattern generators for stable dynamic walking in humanoid robotics'
at University of Rome, Laboratory of Locomotor Apparatus Bioengineering (LABLAB),
Italy, November 28, 2011.

'Force Feedback Control for Compensation of Physiological Motions in Beating Heart
Surgery', at University of Constantine, Algeria, November 14, 2011.

Science popularization lectures

| have also been invited to deliver the following science popularization lectures:

Conference of science popularization'A trip in the world of robotics', Al-Kindi High
School, Décines-Charpieu, France, May 27-28, 2024.

Conference of science popularizationThe wonders of robotics' Tallinn, English College,
Tallinn, Estonia, May 20, 2024.

Conference of science popularization'The wonders of robotics' Louis Feuillade High
School, Lunel, France, January 17, 2024.

Conference of science popularization'A trip in the world of robotics', Louis Feuillade
High School, Lunel, France, April 17, 2023.

Conference of science popularization'Future & Robots', Language Co ee framework
of the French Institute of Estonia, Tallinn, Estonia, November 24, 2022.

Conference of science popularization'The wonders of robotics' Gustave Adolf High
School, Tallinn, Estonia, November 24, 2022.
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Presentation of science popularization "At the discovery of the wonders of robotics'
J-F Champollion High school, Lattes, Hérault, France, March the 22, 20109.

Conference of science popularization'The wonders of robotics' University of 20 August
1955, Skikda, Algeria, November the 19, 2018.

Conference of science popularizationThe wonders of robotics' Lycée pilote de I'Ariana,
Tunis, Tunisia, March the 26", 2018.

Conference of science popularization'A trip in the world of robotics', University Badji
Mokhtar - Annaba, Algeria, December the 18, 2017.

Conference of science popularization'The wonders of robotics' Jean Vilar Engineering
school, Villeneuve Lés Avignon, France, October theé"9 2017.

Conference of science popularization'Bioinspired Robotics: Stakes and Realizations'
Arts Center of La-Grande-Motte, France, October the '3, 2017.

Conference of science popularization'The wonders of robotics' In "Tournoi National
de Robotique', Milhaud, France, May 18, 2017.

Conference of science popularization'The wonders of robotics' Industry Village - IUT
of Montpellier, Montpellier, France, March 2¢", 2017.

Conference of science popularization'At the heart of robotics', National Polytechnical
School of Constantine, Constantine, Algeria, February 24, 2017.

Conference of science popularization'A trip in the world of robotics', UTT (Université
du Tiers Temps), Montpellier, France, February 18, 2017.

Conference of science popularization'The wonders of robotics' Digital Research Center
of Sfax, Tunisia, January 18', 2017.

Plenary of science popularization :The wonders of robotics' Astronomical Observatory
of Aniane, France, October 1%, 2016.

Plenary of science popularization :Explore the world of robotics' Campus 500 places,
University of Constantine 1, Algeria, April the 28", 2016.

Plenary of science popularization ‘A trip in the world of robotics', Arts Center of
La-Grande-Motte, France, March the 2%, 2016.

Research projects and contracts

Since | joined CNRS, | have been involved in several research projects and contracts, they are
summarized in the following:

BPI France projectKIWIN : "Development of an automated ship aerodynamic traction
system by kite", 2022 2026

Total budget: 9.6 Me, UM (LIRMM/LMGC) budget: 931 K e
Funding source: BPI France



48

CHAPTER 2. SCIENTIFIC ACTIVITIES

Partners: Beyond the sea, Kley France, EAE, UM (LIRMM/LMGC), IMS
My role: LIRMM's Principal investigator

PHC PARROT project : "Design and Advanced Control of a Biomimetic Amphibious
Robot", 2023 2024

LIRMM budget: 6.3 Ke

Funding source: Campus France

Partners: Centre for Biorobotics - TALTECH (Estonia), LIRMM (France)
My role: Principal investigator

Industrial CIFRE collaboration contract : "Robust/Adaptive Control for Performances
Improvement of Highly Accurate Parallel Kinematic Manipulators”, 2022 2024

LIRMM budget: 40 Ke

Funding source: SYMETRIE SAS
Partners: SYMETRIE SAS, LIRMM
My role: Principal investigator

Industrial contract DIGICUTO  (provision of service) : "Performance improvement of
a robotized dental surgery platform", 2022 2023

LIRMM budget: 9.5 Ke

Funding source: DIGICUTO startup
Partners: DIGICUTO startup, LIRMM
My role: Participant

KIM Sea & Coast ROBOTURTLE international project : "Low energy and silent
actuation of a ROBOT inspired by sea TURTLEsS", 2022 2023

LIRMM budget: 23 Ke

Funding source: MUSE (Montpellier Université d'Excellence)

Partners: Centre for Biorobotics - TALTECH (Estonia), LIRMM (France)
My role: Principal investigator

Dé clé Robotique Centrée sur 'HumainNORNAV-AUV  project : "Nonlinear Robust
Navigation Control of Small Autonomous Tethered Underwater Vehicles", 2022 2023

LIRMM budget: 6 Ke

Funding source: Région Languedoc-Roussillon-Midi-Pyrénées
Partners: LIRMM

My role: Principal investigator

Research Collaboration Industrial ContractPICKAT : "Control of a CDPR for high-
speed pick-and-throw tasks in waste sorting”, 2019 2022
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LIRMM budget: 45 Ke

Funding source: Tecnalia France
Partners: Tecnalia France, LIRMM
My role: Principal investigator

PHC AURORA project : "Computational Tools for Robotic Systems with Dynamic
Constraints: Case Studies in Dynamic Manipulation”, 2019

LIRMM budget: 4.5 Ke

Funding source: Campus France

Partners: NTNU (Norway), LIRMM (France)
My role: Principal investigator

European projectHEPHAESTUS : "Highly automatEd PHysical Achievements and
PerformancES using cable roboTs Unique Systems”, 2017 2020

Total budget: 3.9 Me, LIRMM budget: 447 Ke
Funding source: European Commission

Partners: Tecnalia (Spain), LIRMM (France), TUM (Germany), FRAUNHOFER
(Germany), Cemvisa VICINAY (Spain), nLink AS (Norway), Focchi S.p.A (ltaly),
ACCIONA SA (Spain), R2M Solution Ltd (UK)

My role: Participant

PRC iREHAB international project : "Modelling of Human Intention during Gait
Rehabilitation”, 2017 2020

LIRMM budget: 21 Ke

Funding source: CNRS-DST

Partners: CSIR-CSIO (India), LIRMM (France), LISSI (France)
My role: Principal investigator

Industrial CIFRE collaboration contract : "Control of an underwater vehicles with
tilting propellers”, 2016 2018

LIRMM budget: 15 Ke

Funding source: SUBSEA TECH
Partners: SUBSEA TECH, LIRMM
My role: CO-Principal investigator

Research Collaboration Industrial ContractOIS : "Control and localization of a ship
hull cleaning up robot", 2016 2017

LIRMM budget: 30 Ke
Funding source: Ocean Innovation System SAS
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Partners: OIS, LIRMM
My role: Participant

CNRS PEPSCyberComp project : "Fault-tolerant components-based language for
Cyber-Physical systems", 2016

LIRMM budget: 13 Ke
Funding source: CNRS
Partners: LIRMM

My role: Participant

ARPE PilotPlus project : "Improved pilot interface for underwater robots", 2016
2017

LIRMM budget: 30 Ke

Funding source: Région Languedoc-Roussillon-Midi-Pyrénées
Partners: LIRMM

My role: Participant

ANR project SEAHAND : "Mobile marine hand for robust grasping in underwater
environment”, 2015 2019

Total budget: 1.7 Me, LIRMM budget: 68 Ke

Funding source: ANR

Partners: Institut PPRIME, LIRMM, Becom-D, DRASSM, SIT
My role: Participant

ARPE project PRADA :"Study and control of a high-performance actuator for parallel
robots”, 2015 2017

LIRMM budget: 45 Ke

Funding source: Région Languedoc-Roussillon-Midi-Pyrénées
Partners: LIRMM

My role: Participant

PHC PARROT project : "Control of U-CAT Biomimetic Underwater Robot for
Shipwreck Archeological Inspection”, 2015 2016

LIRMM budget: 8 Ke

Funding source: Campus France

Partners: Centre for Biorobotics - TALTECH (Estonia), LIRMM (France)
My role: Principal investigator

Industrial contract Kietta (Consulting) : "Control of surface vehicles", 2013 2014
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LIRMM budget: 15 Ke
Funding source: Kietta
Partners: Kietta, LIRMM

My role: Principal investigator

ARPE project MiniROV : "L2ROV Underwater vehicle", 2012 2014

LIRMM budget: 45 Ke

Funding source: Région Languedoc-Roussillon
Partners: LIRMM

My role: Participant

Research Collaboration Industrial ContractSte-ROV : "Vision-based wall-following
control of an underwater vehicle", 2011 2012

LIRMM budget: 60 Ke
Funding source: Tecnalia
Partners: Tecnalia, LIRMM
My role: Participant

European project ECHORDPRADA : "Parallel robot with adaptive dynamic accuracy"”,
2011 2013

Total budget: 303 Ke, LIRMM budget: 109 Ke
Funding source: European Commission

Partners: Adept Technology France SARL (France), Tecnalia France (France),
Tecnalia (Spain), LIRMM (France)

My role: Responsible of Task 2 on Control

ANR project ARROW : "Accurate and Rapid Robots with large Operational Workspace"
2011 2015

Total budget: 800 Ke, LIRMM budget: 428 Ke
Funding source: ANR

Partners: IRCCyN, LIRMM, Tecnalia

My role: Responsible of Task 3 on advanced control

Research Collaboration Industrial Contracttasy-ROV : "Control of a mini underwater
vehicle", 2011 2012

LIRMM budget: 28 Ke
Funding source: Tecnalia
Partners: Tecnalia, LIRMM
My role: Participant
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PHC Galilée project : "ldenti cation of mechanical parameters and kinematic &
dynamic variables estimation of the postural and locomotor system”, 2011 2012

LIRMM budget: 7.6 Ke

Funding source: Campus France

Partners: LABLAB - Sapienza Universita di Roma (Italy), LIRMM (France)
My role: Participant

Research Collaboration Industrial ContractevoM : "Analysys and modelling: From
wheeled inverted pendulum to automated wheelchair”, 2010 2011

LIRMM budget: 5.2 Ke
Funding source: evoM
Partners: evoM, LIRMM

My role: Principal investigator

ANR project R2A2 : "Hydraulic Humanoid Robot: Energetic Autonomy Improvement
Based on Design and Control”, 2009 2013

Total budget: 816 Ke, LIRMM budget: 97 Ke
Funding source: ANR

Partners: IRCCyN, LIRMM, LCFC, LISV, BIA
My role: Participant

CNRS PEPSCD-Player project : "Control of a CD player for biology data acquisition
and storage", 2007

LIRMM budget: 10 Ke

Funding source: CNRS

Partners: LIRMM, IES, SKULDTECH
My role: Participant

ANR project SHERPA : "Bio-inspired biped robot for transport”, 2007 2011

Total budget: 539 Ke, LIRMM budget: 430 Ke
Funding source: ANR

Partners: ISM, LIRMM

My role: Participant

European project ARAKNES : "Array of Robots Augmenting the KiNematics of
Endoluminal Surgery"”, May 2008 April 2012

Total budget: 11.1 Me, LIRMM budget: 1 Me
Funding source: European Commission
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Partners: SSSA (Italy), ICL (UK), UNIPI (ltaly), EPFL (Switzerland), MT (ltaly),
KST (Germany), STM (Italy), USTAN (UK), UB (Spain)

My role: Participant.
ANR project 100G : "Objectif 200G", 2006 2009

Total budget: 621 Ke, LIRMM budget: 424 Ke
Funding source: ANR

Partners: LIRMM, LAAS, Adept Technology
My role: Participant

European projectAccuRobAs : "Accurate Robot Assistant”, 2006 2009

Total budget: 3 Me, LIRMM budget: 304 Ke
Funding source: European Commission

Partners: UNIKARL (Germany), UVR (lItaly), DLR (Germany), UMPC (France),
LIRMM-UM (France), Brainlab (Germany)

My role: Participant.

Publications (since 2007)

International journals

[J1].

[32].

[33].

[J4].

[J5].

A. Shehu Tijjani, A. Chemori and V. Creuze, "Saturation-Based Adaptive Track-

ing Control of Underwater Vehicles: From Theoretical Design to Real-Time Ex-
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Chapter

Control of Complex Robotic Sys-
tems

In this chapter, some of my research activities are detailed. They concern the topic of motion
control of complex robotic systems. They are classi ed in ve elds in robotics, including (i)
Control of rigid parallel kinematic manipulators (PKMs), (ii) Control of cable-driven parallel
robots (CDPRS), (iii) Control of tethered autonomous underwater vehicles, (iv) Control of
n-actuated bio-inspired underwater vehicles, and (v) Control of rehabilitation wearable
exoskeletons. Several contributions have been proposed for each area; however, only one
contribution per area is detailed.

Contents
3.1 Introduction . . ... ... ... 69
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3.7 Conclusion . . . . . ... 127

B Introduction

Nowadays, robotic systems are more and more complex. The complexity in a robotic system
may come from several sources, including (i) a complex structure (high number of degrees
of freedom, exibility, singularities, friction e ects, complex design, small/big workspace,
etc) (ii) its dynamics (highly non linear dynamic model, coupled dynamics, unknown and/or
time-varying parameters, etc), (iii) its actuation system (under-actuation or over-actuation,
complex actuation, actuation with unilateral constraints, control input saturations, etc),

69
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(iv) interaction with its environment (internal and external disturbances, unknown/unusual
environment, varying operating conditions, etc), and (v) real-time constraints (i.e. computing
time, sample time, etc). These systems are gaining more and more attention from both
academic and industrial communities. Besides, their control problems cannot be considered
as a simple task due to the above mentioned challenges, that should be taken into account
during the control design stage to ensure the desired performances.

Within this context, my research has focused on the development of new control schemes
(mainly adaptive, robust or predictive) and their real-time application to complex robotic
systems. These activities can be split up into ve areas of research in robotics, namely (i)
Control of rigid parallel kinematic manipulators (PKMs), (i) Control of cable-driven parallel
robots (CDPRs), (iii) Control of tethered autonomous underwater vehicleév) Control
of n-actuated bio-inspired underwater vehiclesand (v) Control of rehabilitation wearable
exoskeletons | have also worked on two other areas (under-actuated mechanical systems
and humanoid robots) which will not be presented in this manuscript. Besides, it is worth
noting that one of the strengths of my research activities is that they are characterized by
both theoretical and experimental aspects. Indeed, these activities can be considered as an
interface between the theoretical (fundamental) aspects of automatic control and the practical
(experimental) aspects of robotics. Another strength of my activities lies in the fact that all
the proposed contributions have been systematically validated through real-time experiments
in LIRMM or in other research laboratories in France or abroad. For each of the previous
focused areas various contributions have been proposed; however, | propose to present just
one recent sample contribution per area. In the sequel all the ve areas will be presented,
where the formulation of the control problem is rst introduced as well as a brief state of the
art, the proposed control solution is then detailed, before introducing the obtained real-time
experimental results.

WA Control of rigid parallel kinematic manipulators
(PKMs)

Context and control problem formulation

Parallel kinematic machines (PKMs) are robotic devices consisting of a xed base and a
moving platform connected by two or more link sets. Currently, the study of this type of
systems has generated a major interest within both research and industrial communities.
This interest has been stimulated by the signi cant advantages of PKMs compared to their
traditional serial counterparts, with respect to some speci c industrial tasks requiring high
accelerations, high precision or both. Some of these advantages include higher sti ness owing
to the closed kinematic chains, higher acceleration capabilities, and improved load capacity
compared to serial manipulators [295].

However, to fully exploit their potential and to get the most of their capabilities, a long
path is still to be covered. In addition to mechanical design, calibration and optimization of
the structure, e cient control development may play an essential role in improving the overall
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performance of PKMs. However, PKMs are known for their highly complex nonlinear dynamics
which increases considerably when operating at high accelerations leading to mechanical
vibrations [248], [68]. Moreover, uncertainties are abundant in such systems due to model
simpli cations, the wear of the components of the robot and the variations of the environment.
Furthermore, singularities, small workspace, sensor noise, coupled dynamics, and actuation
redundancy in some mechanisms [128,200] give rise to complex and challenging control issues.
Therefore, the developed control schemes should take into account all the above mentioned
issues which will be a very challenging task.

The motion control problem of PKMs has been studied a lot in the literature.Indeed, several
control solutions have been proposed and experimented. The proposed control strategies
include PID control [56], nonlinear PD control [259], nonlinear PID control [69], sliding mode
control [151], adaptive control [258], computed torque control [257], robust control [148],
predictive control [289], etc.

However, despite the various proposed control solutions in the literature, the topic of
control of PKMs remains an open problem. During my career, | was interested by three main
applications of PKMs, including (i) high-speed pick-and-place tasks, (ii) waste sorting tasks
and (iii) machining tasks. | contributed to the topic of control of PKMs, for these applications,
by proposing several approaches, including (only selected contributions published in journals):

High-order sliding-mode control [234]

Robust integral of the sign of the error (RISE) control [77] [76] [74] [28] [228]
Direct compensation adaptive law (DCAL) control [26]

L , adaptive control [36]

Dual-space control [247]

Model predictive control (MPC) [57]

Nonlinear adaptive control [249]

Optimal control [119]

In this section, | propose to detail just the contribution proposed in [234]. Interested

readers can explore my other publications for more details about the other contributions.

Background on conventional super-twisting SMC for robotic
manipulators

Main concept of sliding mode control

Consider the Single-Input-Single-Output (SISO) second order nonlinear uncertain system:
X = f(Xexa5t) + g(X15 %45 1) (3.1)

wherexy; x; are the system states withx, being the output, is the scalar control signalf (:)
represents the unknown bounded uncertainties and perturbations, such thgt(:)j L with
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L being a positive constant, andy(:) 6 O is the known nonlinearity. Assuming thatg(:) is

positive and invertible for all t, the state-space presentation of (3.1) can be written as follows:
8
SX1= Xz

“ X2 = u+ f(xt) (3.2)

wherex =[x1;X,]" is the state vector andu is the control input, such that = g (x;t)u.

The SMC objective is to design a control signal(x1; X,) that drives the state variables to
zero as time goes to in nity in the presence of uncertainties and perturbatiorfqdx;t) [267].
It is all about inserting a nonlinear discontinuous term into the controller responsible for
rejecting the disturbances, driving the state variables to a sliding surface in a nite time, and
keeping them on the surface thereafter in the presence of the bounded disturbances. A new
variable in the state space representing the sliding surface is de ned as follows:

S= X+ CX1 (3.3)

wherec is a positive constant. The above sliding surface results with the desired compensated
dynamics, x; + ¢x; = 0, that can lead to the asymptotic convergence of;;x, ! 0 without
any e ect of the disturbance functionf (x;t). Applying some Lyapunov function techniques
(V= %52) to the sliding surface dynamics, the required rst-order SMC signal and the nite
time of the reaching phase can be derived respectively as follows [267]:

u= CXo sign(s) (3.4)

1=2
g 2V (S0 (3.5)
wheret, denotes the time of reaching phases, is the sliding variable value at timet = 0,
= L + p is the control gain, and is a positive constant related to the reaching time.

The high-frequency switching of the introduced signum function leads to a switching
control signal, zigzag behavior, due to the discrete-time nature of the control implementation.
This phenomenon, known as chattering, is undesirable for practical implementations since it
can harm the actuators, the mechanical parts, and the control accuracy.

The second-order super-twisting SMC algorithm can solve this issue of chattering by
producing a continuous control signal. Moreover, it has an exact nite-time convergence of
the sliding variable and its derivative, as well as a high accurate asymptotic convergence of
the state variables.

Super-twisting sliding mode control

The super-twisting SMC algorithm is given as follows [161]:
8
Su=  kyjsjzsign(s) + w

Cw= kesign(s) (3:6)

wherek;; k, are positive control gains. The time derivative of the sliding surface yields:

s= kljsj%sign(s) + w+ f(X;t)+ cxo (3.7)
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The Lyapunov candidate that proves the asymptotic stability is given as follows [196]:

1

==-T 3.8
v=35TpP (3.8)
where = [jsjzsign(s) w]" and
1
o dka+ k2 kg
P= T 2

is chosen to be a positive de nite matrix.
Following a similar manner as in [196], the expression of the time derivative of the Lyapunov
function leads to:

1

\L= TQ +

fOGt) ot
2jsj*=2 F

j5ii=2

(3.9)

whereF =[2k, + % 417 and
|

. 2kt kZ kg
Q - kl k]_ l

Knowing that the bounded perturbation satis esf (x;t) jsit*?, with  being a positive
constant, it can be shown that

1

T
iS5 Q (3.10)
where
0 1
Q:ﬁ@2k2+k§ (F2+ k)  ki+2 ,
2 ki+2 1

The global asymptotic stability is achieved when/ is negative de nite, which means
Q > 0. Thus, the control feedback gains should satisfy the following conditions:

ki > 2
S5ki+4 2 3.11
2(ks  2)
Furthermore, it can be shown that the states converge to zero in nite-timé, as in (3.5)
1=2 1=2
with = W’ such that in f ()9, maxf(:)g are the minimum and maximum eigen

values of the matrix (:) respectively.
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Conventional super-twisting SMC for robotic manipulators

The inverse dynamic formulation of robotic manipulators can be expressed in joint space as
follows [268]:

M(ag+ C(q;Qa+ G(@+ 4= (3.12)

where M (q) is the total mass and inertia matrix of the robot, C(q;q) is the Coriolis and
centrifugal forces matrix, G(q) is the gravitational forces vector, 4 represents the vector of
the external disturbances, uncertainties, and non-modeled phenomena, ands the control
input vector.

Assuming that 4 is bounded, the conventional ST-SMC algorithm can be designed for
robotic manipulators as follows [133]:

= M(Q(f+ st smc) (3.13)

wheres = & e, with being a positive control gain such that the tracking error is de ned as
e=qd @i st swmc Isthe control law given in (3.6), ands = e+ e being the sliding surface.
One of the main drawbacks of this control structure is the lack of dynamic compensation (it
includes only the inertia matrix), which may decrease the dynamic performance of a robotic
manipulator.

The control design of the ST-SMC approach, taking into account the nonlinear dynamics
within a computed torque formulation, can be expressed as follows [67, 194]:

= M(@(f+ st swc)* C(g;Qaq+ G(q) (3.14)

The above computed torque control, based on the ST-SMC algorithm, needs an exact
dynamic model to obtain good tracking performances. It relies totally on the measured joint
positions and estimated joint velocities and accelerations. This can make it more sensitive to
measurements noise, since the dynamic model is computed using the measured and estimated
signals. Moreover, the computed-torque ST-SMC algorithm computes the dynamic term in an
online mode using the measured and estimated trajectories. Obviously, the computed-torque
ST-SMC algorithm can be computationally heavy, especially that the dynamic model of
PKMs is known with its high nonlinearity and complexity. Thus, with computationally heavy
dynamic models, this controller may face signi cant limitations in real-time implementations.

Proposed Feedforward super-twisting SMC for robotic ma-
nipulators

To avoid all the above mentioned issues of conventional super-twisting algorithm, we propose
to replace the computed-torque-based form with a feedforward super-twisting sliding mode
control. The proposed controller takes the advantages of the standard ST-SMC algorithm,
such as robustness towards disturbances, accurate convergence in the presence of external
disturbances, and continuous control input. It also inherits the advantages of the feedforward
dynamic term such as compensating for the structured nonlinearities, insensitivity towards
measurement noise, and computation-e ciency.
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Control design

This section provides a step-by-step derivation of the proposed feedforward ST-SMC algorithm.
The standard sliding surface of a super-twisting SMC algorithm can be given as follows:

s=e+ e (3.15)

with e= ¢y qbeing the tracking error, and being a positive de nite diagonal matrix of
the control feedback gains.

Combining the de ned sliding surface (3.15) and the dynamic system (3.12) leads to the
following equation:

M(o & s+ _e +C(q:Qa+ G+ «= (3.16)

Let us now de ne an auxiliary reference velocity trajectory = gy + e, shifted from the
actual desired one by e. Then, (3.16) can be rewritten as follows:

M(gf M(gs+ C(a;Qat G+ 4= (3.17)

whereps is the corresponding shifted desired acceleration. The sliding surface dynamics can
be obtained from (3.17) as follows:

s=M + M(gF + C(g;Qa+ G+ 4 (3.18)

Thus, the control input can be chosen in a way having an exact compensation for the
nonlinearities of the dynamic model, as well as theoretical compensation for the disturbance
term. The conventional model-based super-twisting SMC control is de ned as follows:

= M(q #+ szsj%sign(s)+ w + C(q;qq+ G(q)

w = K3sign(s)

(3.19)

whereK ,; K3 are two positive de nite diagonal matrices. Note that the control law in (3.19)
is in the form of computed torque control, based on the super-twisting algorithm.

The proposed feedforward ST-SMC algorithm comprises three main parts: (i) the feedfor-
ward term, (ii) the super-twisting algorithm, and (iii) a feedback term added to insure the
stability of the system. The resulting control equation of the proposed control law is given as
follows:

= M(ty)eu+ C(h; )% + G()
+ K1s+ Kyjsjzsign(s) + w (3.20)
w = K3sign(s)

whereK ; is a positive de nite diagonal matrix of the control feedback gains.
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Stability analysis

In order to establish the stability analysis of the proposed controller, some preliminaries
should be introduced. Equation (3.12) inherits some properties for its dynamic terms that
are useful in designing the control schemes. Some of these properties can be summarized as
follows [142, I

Property 1 The mass and inertia matrix and its inverse are symmetric, positive de nite,
and bounded above and below as follows:

m1 jj M(@)jj m (3.21)
wherejj:jj is the second norm of a matrixm; and m, are two positive constants.
Property 2 The Coriolis and centrifugal matrix is bounded as follows:

IC(a;Qii  Kejidi (3.22)
whereK ¢, is a positive constant andj:jj the second norm of a vector or a matrix.

Now, the stability analysis is addressed in the following theorem.

Theorem 1 Assuming that the desired velocity is upper bounded, the joint position and
velocity tracking errors €= ¢y g, €) of a robotic manipulator of dynamic model (3.12),
with bounded disturbances, follow a local asymptotic convergence under the feedforward super-
twisting sliding mode control given by (3.20), with the proper choice of ;K1; K, and K3
such thatdet(Q) > 0 and
1 kCquJM khl

Km
Moreover, the local asymptotic stability is achieved in a nite time of a maximum value

Kn,

1
T = 22200 \wheres, = ep+ & is the initial value of the sliding variable, is a positive
constant depending on the control feedback gains K ;K ,; K3 and the disturbance's upper
bound.

For the detailed proof, please refer to the paper in Appendix C.

Real-time experimental results

Description of SPIDER4 PKM

SPIDERA4 robot is a Delta-like redundantly actuated parallel manipulator designed and fabri-
cated at LIRMM with the cooperation of TECNALIA, a research and innovation organisation
located in Spain. The intention behind this platform is to perform machining operations with
high dynamic performance, high precision, and dexterity.

SPIDER4 PKM structure consists of a xed-base holding four high-torque actuators, each
linked to a rear-arm through a revolute joint (cf. Fig. 3.1). The reference frameQy; Xp; Yo; Zn},
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attached to the xed-base, is illustrated in Fig. 3.1. Two parallel rods forming a forearm are
connected to each rear-arm, as well as to the traveling-plate by means of universal joints. The
traveling-plate (also referred to as the nacelle) is allowed to move along three translational
axesx;y and z. Additional independent serial wrist mechanism (actuated with two motors)
Is attached to the nacelle, o ering two more rotational movements for the machining spindle
around the axes of the motorsvi; and M, as illustrated in Fig. 3.1. Thus, SPIDER4 robot

is a 5-DOF redundant parallel manipulator with one degree of actuation redundancy. It is
worth to mention that the overall dimensions of SPIDER4 with the tooling are 4600 mm
in length, 2500 mm in width and 2400 mm in height. In this work, we are concerned only
with the parallel structure of SPIDER4 PKM proposing control solution for the trajectory
tracking problem of the nacelle in the workspace. Consider = [X;y;z]" as the Cartesian
position vector of the nacelle andj=[o; &b; &s; ]" as the joint position vector, representing
the con guration of the actuated joints. For more details about SPIDER4 parallel robot, the
reader can refer to [78] [76].

Figure 3.1: A schematic view of SPIDER4 parallel robot includingl : Fixed-base, 2 :
Actuator, 3 : Rear-arm, 4 : Forearm, 5 : Nacelle, 6 : Serial wrist mechanism, 7 : Spindle.

Experimental testbed of SPIDER4 PKM

The real-time experimental platform of SPIDER4 robot is shown in Fig. 3.2. The parallel
structure of SPIDER4 robot consists of four TPM high-torque rotary motors responsible for
generating the three translational motionsx;y and z at the level of the nacelle. A gearbox
with a gear ratio of 22 is merged seamlessly to the motor forming one compact versatile unit.

The peak torque that can be delivered by one motor, after the gear transformation, reaches
up to 3100 Nm. The maximum speed for each motor after the gear can reach up to 189 rpm.
The overall structure provides at the traveling-plate level a maximum speed @m=s and a
maximum acceleration of 4 G.
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Figure 3.2: View of the SPIDER4 parallel robot experimental platform.

The control program of SPIDER4 robot is established within Matlab/Simulink environment
from MathWorks. Using the library of B&R automation studio, a target for Simulink tool
compiles the code and automatically converts it to C/C++ language, which can be accessible
from Automation Studio software provided by B&R. The reference trajectory generation
process is done using the numerical control programming language named G-code (Geometric
Code), used mostly in CNC machines (Computer Numerical Control machines).

The overall program is then downloaded to an industrial control PC (APC910) from B&R
responsible of communication with the motion control system. The operational clock cycle
of its processor is 2.5 KHz, leading to a sampling period of 0.4 ms. The motion control of
SPIDERA4 robot consists of X20 modules and inverter modules named ACOPOS multi system,
the new drive generation from B&R Perfection in Automation.

Obtained results: Robustness towards speed changes scenario

In this scenario, the speed of the robot's nacelle is increased to 15240 mm/s, following the
reference trajectory. The intention behind this scenario is to test the performance of the
proposed controller at high-speed motions when the nonlinearity e ects of parallel manipulators
increase considerably. The results of the standard PIDFF and the proposed FF-ST-SMC
controllers are shown in the sequel. The conventional CT-ST-SMC algorithm has produced a
lot of mechanical vibrations in this scenario and it was harmful to operate the robot overall
the whole trajectory.

The Cartesian tracking errors for both controllers are depicted in Fig. 3.3. The proposed
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Figure 3.3: Scenario 2: Evolution of the Cartesian tracking errors of both controllers on
SPIDERA4 parallel robot.

Figure 3.4: Scenario 2: Evolution of the control input torques of both controllers on SPIDER4
parallel robot.

FF-ST-SMC controller performs better than standard PIDFF in terms of precision. The
dynamic error is reduced considerably by the proposed controller, compared to the PIDFF
control law as well as the static error.

The evaluations of the performance indices of both controllers are summarized in Table
3.1. Remarkable improvements are obtained by the proposed controller, compared to the
standard PIDFF. The RMSE in Cartesian space is reduced by 44.3 %, while that of joint space
is also reduced by 38.4 %. The disturbance-rejection and high nonlinearities compensation at
high-speed motions are veri ed by the proposed FF-ST-SMC approach.

The evolution of the control input torques, generated by the two controllers, is plotted in
Fig. 3.4. The control signals show a good behavior within the admissible limit of the motors.

Last but not least, the real-time experiments on SPIDER4 robot of the proposed feedfor-
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ward ST-SMC have shown a good global performance at low and high dynamic operating
conditions, compared to the standard feedforward PID controller.
More experimental results are available in the paper in Appendix C.

Control of cable-driven parallel robots (CDPRS)

Context and control problem formulation

Cable-Driven Parallel Robots (CDPRS) represent a subclass of parallel kinematic manipulators
in which rigid links are replaced by cables. They consist mainly of a mobile platform driven
by cables, which transmit the forces generated by winches. Accordingly, the platform motion
is managed controlling the winch motors.

The main components of a Cable-Driven Parallel Robot (CDPR) are cables, winches and
a mobile platform. Each cable has one end attached to the platform and the other one wound
on a drum. Each one of these drums is coupled to a motor, composing the winches. Figure
3.5 depicts a CDPR and highlights these main elements. Altogether, the cables transmit the
torques applied on the drums so that the platform motion may be driven by the actuation of
the motors.

CDPRs have several advantages compared to rigid link robots. Since the rigid links
are replaced by cables that may present a large length wound on the drums, the mobile
platform may be displaced over a large workspace. A few examples among the numerous
robots that take advantage of this feature are the well knowiskycam[62] and large-scale
radio telescopes [153, ]. Moreover, the use of cables may be very e cient to handle
heavy payloads, rendering the application of CDPRs favorable for the handling of heavy
objects [5, 99].

The combination of a large workspace with the reduced visual interference obtained using
cables instead of rigid links makes cable-driven parallel mechanisms a pertinent solution for
haptic devices [113, , : ]. Rehabilitation is a typical application of such solutions.

As a subclass of parallel robots, CDPRs typically present their actuators xed to the
inertial base. In addition, the inertia of the moving links may be drastically reduced using
cables instead of rigid links. As a result, several works focused on the capability of CDPRs to
reach high velocities and accelerations [65,126, ,310]. Forinstance, the FALCON prototype

Table 3.1: Scenario 2: Control performance evaluation of both controllers on SPIDER4 parallel
robot.

RMSEs [mm] RMSE; [deq]

Standard PIDFF 0.92064 0.08421
Proposed FF-ST-SMC 0.5127 0.0519
Improvements 44.3 % 38.4 %
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Figure 3.5: HRPCable prototype and its CAD view.

is able to generate 13 m/s of maximal velocity and 43 g of maximal acceleration [139].
Similarly, motion simulators may take advantage of the high dynamic capabilities obtained
with the architecture of CDPRs [193].

In contrast to these advantages, CDPRs also have important drawbacks. The cable
elasticity may introduce undesired vibrations [16,17,22,294]. Similarly, substantial degradation
of the positioning precision may be obtained when neglecting cable elongation [255]. Moreover,
the cable tensions should be kept su ciently high in order to avoid the presence of slack cables,
which not only may lead to the malfunctioning of the winches but also degrades positioning
accuracy.

Whereas rigid links may transmit both compression and tensile forces, cables can only
operate in tension. Considering this limitation, the Wrench Closure Workspace (WCW)
de ned in [100] is the set of poses of the platform for which any wrench can be generated at
the platform by tightening the cablesA mobile platform pose within the WCW is said to
be fully-constrained. It is interesting to note that many CDPRs present nonexistent WCW.
This is the case of thesuspendedCDPRs. Since every cable force applied on the platform is
directed upwards, this type of CDPR can not generate a force directed downwards. Therefore,
suspended CDPRs rely on the gravitational forces in order to constraint the platform. In
contrast, if the WCW represents a substantial part of the robot workspace, the CDPR is
classi ed asfully-constrained While suspended CDPRs may have superior payload capacity,
fully constrained CDPRs typically present better precision, sti ness and dynamic capabilities.
It is worth noting that a fully-constrained CDPR necessarily presents a number of cables
greater than the number of Degrees of Freedom (DoF) of the mobile platform. This actuation
redundancy yields some challenges for control design.

Conversely, the platform pose cannot be determined geometrically for CDPRs with less
cables than DoF. In addition to the kinematic model, a static or dynamic model should be
considered in order to determine the platform pose. Accordingly, such robots are classi ed as
under-constrained CDPRs. This class of CDPRs was studied, for instance, in [1,52]. In spite
of the interesting research subjects devoted to under-constrained CDPRs, this thesis does not
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deal with this kind of robot.

Dynamic Modelling of CDPRs

This section presents the continuous dynamic model of a CDPR consisting of aDoF mobile
platform driven by m cables, wheren 6 m. An example of a 6-DoF CDPR driven by 8 cables

is depicted in Figure 3.5. As for most of the typical applications of MPC in robotics, the
control scheme proposed in Section 3.3.3 is based on a discrete-time system. Accordingly, a
discrete-time CDPR dynamic model based on its continuous counterpart is also presented.
The platfoirm pose is given by the vector-valued functiox : R! R", so that x(t) =

JORENON ! is the pose vector containing both the platform positiorp(t) and orientation

(t) at instant t. These vectors are written with respect to the xed reference fram®,, as
depicted Figure 3.5. Typically, (t) consists of Euler angles. The dependence on time is
dropped leading to the shorthand notationx whenever there is no risk of confusion. The
same shorthand notation is used for other vector-valued and matrix-valued functions in the
remainder of this paper. The common dot notation is used to refer to the time derivatives, so
that dx=dt = x_and d®x=dt? = x.

The vector-valued Lunction c 'R !iT R™ represents the vector of cable tensions in
function of time (t) = (t) ::: n(t) . Each cable force is applied on the corresponding
attachment point of the mobile platform (see Figure 3.5). The mobile platform equations of
motion can be obtained with the Newton-Euler formalism, which, neglecting cable distributed
mass, leads to the following dynamic model

h

M) x+ C(x;x)x = g(x)+ W(X) ¢ (3.23)

whereM (x) is the mass matrix,C(x;x) is the vector of Coriolis and centripetal forcesg(x)
is the vector of gravitational forces andV (x) is the wrench matrix. Details on the continuous
dynamic model (3.23) are discussed in the paper in Appendix C.

Based on the nonlinear continuous-time systeif8.23), it is necessary to de ne the discrete-
time dynamic model that will be used in Section 3.3.3. This discrete-time model is written
in terms of sequences of vectors, which are denoted with bold (non-italic) lowercase letters
followed by () (such as, for instances( )). The set of sequences of vectors with dimension
and in nite number of elements is denoted a§". More precisely,

S =1fs():No! R"™g; (3.24)

with Ng = N[f Og the set of non-negative integers andll the set of strictly positive integers.
Accordingly, the k' vector of a sequence() 2 S is denoted ass(k) = s, 2 R".
Consider the sequences of vectoxg ); x(); x() 2 S" andy() 2 $*" de ned as

X(k) = X = X(to+ k 1)

x(K) = xx = x(to+ k 1)

x(k) = X, = x(to+ k 1) (3.25)
A .

T
y(K) =y = Xp Xg
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for all k 2 Np, an initial time ty and a sampling period t. Without loss of generality, since
the continuous system(3.23) is time-invariant (according to the de nition in [143, Chapter
1]) the initial time is considered to bety = 0. The subsequent time instants are denoted as
th= tt,=2 t:iiitk=k t,fork2 Np.

Similarly, considering a digital control approach, the continuous-time representation. of
the actual cable tensions is considered piece-wise constant and given by its discrete counterpart

()2 S", ie.:
(Ky= k= c(t); fork t<t 6 (k+1) tandk2 No: (3.26)

Typically, every cable tension vector y; 8k 2 Ng should satisfy min 6 « 6 max, for
constant min; max 2 RT and RT = fv 2 R™jv > Og. The set of admissible cable tensions
U RT is thus de ned as

Consider a sequence of feasible cable tensior(s) 2 S™ represented by an in nite number
of vectorsf ¢; 1;:::9. For a given time instantk 2 N, special attention will be devoted
to the nite sequence of cable tension$ ; k+1;:::; k+n, 19, With a positive integer hp.
Accordingly, the following set of truncated sequences with a nite number of feasible cable
tension vectors is introduced:

UP = ():Neksn, 1! U ; (3.28)

where,Np,.n, = fi 2 Nojny 6 1 6 nyg, for givenng;n, 2 No.

In order to de ne a discrete-time dynamic model based 0(8.23), variablesxy+; and Xy+1
should be computed based on knowxy, xx and . The following discrete-time dynamic
system is considered:

Z—ﬁ—# . Bﬁ’k) 4
_otr 0 .
Yl = g YT M (k) TW(x) K
2 0 3 (3.29)

5
tM(xy,) * g();k) C (Xk; X)Xk
V4

v(y«)

or, using a more compact notation,

Yier = y(Yks k)= Ay + B(yk) «+ v(Yk) (3.30)

with  y(yk; «) denoting the transition mapping that represents the discrete-time dynamic
model. Details on the deduction of this model are given in the paper in Appendix C.

The transition mapping in (3.30) can be used in the prediction step of an NMPC scheme.
For a stateyy 2 R?", the sequence oh, 2 N future states is predicted for a known sequence
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Figure 3.6: Block diagram of a position tracking control scheme integrating the proposed
NMPC.

of future cable tensions () 2 UEP by using the transition mapping  recursively. More
precisely,
Y 0 Oryk) = Yk
Yerer =Y @Y= y(Yis «)
Yee2 =Y () (YK) =y (Ykets k1) (3.31)

Ykrhy =Y () Npi¥Yk = 'y Ykehy 15 kehp 1

where the statey () (j; y«) represents thei™ term of the sequence of predicted future states

Yy )(;Yy«) resulting from the application of the cable tensions () 2 UE" taking as initial
state y. The strictly positive integer h,, is called prediction horizon

Although the domain of , may be de ned asR> R™, a proper CDPR operation should
be constrained to a limited set of cable tensions. For this reason, the set of feasible cable
tensionsU is used instead oR™. Similarly, a constrained set of platform poses and velocities
should be de ned. The setyY R?" is thus de ned as the set of all admissible stateg 2 R?"
within which the controller is able to operate. The de nition of Y should use tools related to
the computation of the workspace of CDPRse.g.[71, 88, , ,213]. More details on this
matter are discussed in the paper in Appendix C. The se{ R" is de ned as the plr?jection

of the setY on the space of platform poses,e. X=fx2R"j9x2R" : x" xT 2 Yg.
In summary, the domain of , is dened asY U.

Proposed NMPC for CDPRs Position Tracking

The block diagram in Figure 3.6 outlines an overall position tracking control scheme integrating
the NMPC strategy proposed in this paper. Based on the desired and estimated platform
motions (Xq( ); Xg() 2 S" and x(); x() 2 S, respectively), the NMPC scheme (block (a))
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de nes a set of desired cable tensiong( ) 2 S™. The cable tension control in block (d) is
responsible for generating these cable tensions by means of desired motor veloaities
described in [240] and [242]y4 is computed applying a feedforward ternus; related to the
platform velocity in addition to a Pl feedback correction based on the error between the actual
cable tensions and the desired ones. In addition, the authors showed in [242] that this simple
non model-based control scheme leads to small tension tracking errors even in the presence
of friction. The actual platform pose and velocity are estimated based on the measured
motor positions and velocities. Blocks (b) and (c) correspond to the kinematic modeling of
the CDPR and can be implemented using well-known methods,qg. [190, , ]. Note
that the NMPC in block (a) is independent of blocks (b), (c) and (d) and thus independent
of cable properties €.g elasticity) and friction at the winches and routing pulleys.

The predicted platform velocity x¢; is obtained within the NMPC block applying (3.30)
with  4(k).

The NMPC scheme introduced in this section is consistent with the standard formulation
of NMPC schemes without terminal conditions [103]. In accordance with the de nition
of receding horizon MPC schemes [188], the proposed NMPC strategy solves an Optimal
Control Problem (OCP) at each controller cycle such that a cost functional is minimized while
satisfying system constraints. Since no terminal condition is used, the cost functional, denoted
by Jn, :No Y UE” I R for agivenk 2 Ny, consists of a sum of individual costs associated
to each sampling time within the prediction horizonh, 2 N. The function that computes
these individual costs is calledgtage costand is denoted by : Ng Y U! R. Therefore,
for an instant k 2 N, actual stateyy 2 Y and sequence of cable tensiong ) 2 UE", the cost
functional is given by

1
In, (K yii () = kY 06 YK ke (3.32)
j=0

Algorithm 1 summarizes the common implementation of NMPC schemes without terminal
conditions applying the notations used in this paper. Algorithm 1-(b) de nes the control
policy  :No Y ! U, which computes the vector of desired cable tensiong, (k;yy) at
instant k 2 Ng and for stateyy 2 Y. This vector is computed based on the minimization of the
cost functional J,,. The computation of J,, applies the discrete-time systen¢3.30) in order
to predict the h, future states, as in(3.31). The cost functional J,,, is computed considering
a given stage cost (which will be de ned later in this section). The control policy ¢, is used
in Algorithm 1-(a) such that the minimization of Jy, is solved at each controller cycle with
updated estimations of the states. As main output, the NMPC scheme de nes a set of desired
cable tensions 4(k) to be applied in the time intervalt 2 [k t; (k+1) t). These outputs
are used as setpoints for the cable tension control in block (d) shown in Figure 3.6. The
numerical procedure used for the minimization aly,, is discussed in the paper in Appendix C.

The de nition of a pertinent stage cost is a crucial step in the design of a stable and
e ective NMPC scheme. In order to meet the theoretical requirements necessary to guarantee
stability and obtain appropriate performances, one should seek some particular properties of
the stage cost. Postponing the formal developments on this matter to Section 3.3.4, some key
properties are sketched in the next paragraphs to explain the rationale used in the design of
the proposed OCP.
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Algorithm 1 NMPC Algorithm

(a) Overall NMPC Implementation

1: Setk  O;
2: loop
3 Estimate the actual statesy, using a

forward kinematic model,
4 Set desired cable tensionsy(k) tb (K; Yk)

valid fort2 [k t; (k+1) t);
Setk k+1;
end loop

(b) Control policy - computation of the desired cable tensions
h [
Inputs: X X} "= yk 2 Y and k 2 No;

Output: ¢ 2 U,

1: function  p(K;yk)
22 Find ()2 Uy that minimizes Jn, k;yi; ()

3: and satis es constraints (3.38b);
4. Set ¢ K = (k),

5: return fb -

6: end function

Typically, NMPC schemes penalize states and control inputs with respect to traesired
behavior of the systemThe following de nition rigorously formulates such desired behavior.
De nition 1  Consider the sequen%esd() Xg() 2 S“ of desired poses and velocities, respec-

tively, and y4() 2 S, with y4(k) = Xqg(k)T )gd(k)T , the desired trajectory. The sequence
yq( ) is calledfeasible if there exists a sequence of nominal desired cable tensiopg( ) 2 S
such that, fory, = y4(0),

Y wO(Kiyo) = ya(k) 2 Y and (k) 2 U (3.33)

for all k 2 N. Moreover, each vector of ,q( ) is considered to have minimal 2-norm such
that, for everyk 2 N,
@ 2UjW xg(k) na(k)=W xq(k)
andk k< k ng(k)k:

A desired trajectory y4() 2 S that does not satisfy the aforementioned conditions is
called unfeasible .

(3.34)
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As indicated in (3.34) each vector of 4( ) presents minimal 2-norm. Indeed, the mini-
mization of the 2-norm of the vector of cable tensions is widely used in the state-of-the-art
control schemesge.g. [101, , ]. This choice leads to continuous cable tension while
minimizing the energy consumption [101].

The cost functional of a typical NMPC scheme should be null for state and cable tensions
equal to the desired trajectory and nominal desired cable tensions, respectively, and strictly
positive if the state is not equal to the desired one. More precisely, the stage cost function
should satisfy (see [103, Section 3.3])

(
(kiy; )=0ify=yqk) and = nq(k);
“(k;y; )>0ify6 yj(k): ‘ (3.35)

Aiming at a stage cost satisfying(3.35), “(k;y; ) could be d& ned as a sum of weighted
norms such asky yq(k)kk, + k nd(K)kg , with kvkx = ~ vT Kv, for any vectorv
and positive de nite matrix K. Nevertheless, in order to obtain ,4( ), one would need to
solve the tension distribution problem along the whole trajectory beforehand, using a tension
distribution algorithm. The nominal wrenches to be applied on the platform should then
be computed based on the nominal inverse dynamics. Therefore, these wrenches could not
be updated in the controller real-time operation. Due to the incidence of disturbances and
modeling uncertainties, the wrench computed with the nominal inverse dynamics can be
ine cient for the tracking control. Furthermore, the desired trajectory should be feasible in
the sense that there exists a sequence of cable tension distributiondrable to generate this
trajectory.

Conversely, the proposed NMPC scheme is able to de ne in real time the optimal cable
tension distribution without xing a desired wrench. For this purpose, the following stage
cost is proposed:

(ky; )= ky o ya(kkg, ko wolxy; )Kg (3.36)

whereK, = diag(k,) and K = diag(k ), with constant weighting vectorsk, 2 R?" and

k 2 RT. The term k wo(Xy; )KZ represents the Wrench Equivalent Optimality (WEO)

with respect tox, and . The WEO is a non-negative measure that evaluates whether the

wrench generated by can be generated by an alternative set of cable tensions with smaller

2-norm at the posex,. More precisely, for giverx 2 X and 2 U, the vector-valued function
wo - X Ul U denotes thewrench equivalent optimalWE-optimal) cable tensions, de ned

as

wo(X; ) =arg n;lin k %2 (3.37a)
sSt:W(x) =W(x) ° (3.37b)
min © 06 max (3.370)

In words, wo(X; ) is the vector of cable tensions with minimal 2-norm that is able to
generate the same wrench as at the posex. Therefore, for givenk 2 N; y 2 Y and 2 U,
the term k wo(Xy; k& =0 has minimal 2-norm ( = o(Xy; )). Otherwise,
k wo(Xy; )K&Z > 0, indicating that there exists a wo(Xy; ) 2 U generating the same
wrench (thanks to (3.37b)) withk wo(xy; )k< k k.
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Accordingly, for given time instantk 2 No and stateyy 2 Y, the OCP solved in Algorithm 1-
(b), which corresponds to the minimization ofd,, (k;y«; ()) with respectto (), can be

written as
1

min " k+R YOG YR ke (3.382)
()ZUkp jZO
stiy () Yk 2Y 8] 2 Ny, (3.38b)

with the stage cost’ de ned in (3.36). Note that Ny, is considered in(3.38b) while the
summation in (3.38a)is taken fromj =0 to h, 1 since(3.31)is used in order to predict
future states up toyw+h, = Y () hpiYxk = y Yk+n, 15 k+h, 1 and (3.38b) ensures that
all these predicted future states are feasible.

According to the de nition of the proposed stage cost ir{3.36), it is worth highlighting
that (3.37)is an optimization problem nested within the main problen{3.38). More precisely,
the proposed OCP can be classi ed as a bilevel optimization problem (see [66,272]), in which
the lower level minimization(3.37) is embedded within the upper leve(3.38). In practice, the
solution of the upper level problem(3.38) cannot be decoupled from the solution of the lower
level (3.37) and each iteration on the numerical solution of3.38) should consider updated
values of the WE-optimal cable tensions computed according {8.37). For further details on
the numerical solution of (3.38), refer to the paper in Appendix C.

Note also that, as a consequence of (3.34) and (3.37),

k wo(Xd(k); nd(k)) nd(k)kK + kyd(k) yd(k)kKy =
" Kiya(k); na(k) =08k2N

and conditions(3.35) are satis ed with the stage cost(3.36). Thereby, the minimal 2-norm
tension distribution is performed when solving the OCR3.38) , i.e., the cable tension
distribution is implicitly performed in real time within the OCP.

In order to exemplify the advantage of this approach, considde 2 N, y, 2 Y and a
sequence of cable tensiond() 2 UE" that generates an optimal trajectoryy ..,(;y«) =

(3.39)

%o |
KYisj  Ya(K+])kg, (3.40)

j=1

is minimal. A sequence of WE-optimal cable tensions () de ned such that

K+ j = wo(kaﬂ. ; Ak+j); 8j 2 NO;hp 1 (3-41)
presents minimal 2-norm and generates the very same optimal trajectogy ,(;yk). In
accordance with De nition 1, if yx = yq(k) and yq() is feasible, ,; = na(k+ j) for all

J 2 Nopn, 1, J(kiyk; () =0 and the resulting tracking error is null. The use of the WEO

in the stage cost(3.36) is thus consistent with the minimization of the tracking errors in the
sense that WE-optimal cable tensions are able to generate the desired trajectory with null
tracking errors. Furthermore, in case of disturbances, modeling uncertainties and unfeasible
Yd( ), the proposed OCP formulation is still able to nd an optimal trajectoryy ,(;Y«)
with minimal tracking error and WE-optimal cable tensions ().
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Stability Analysis

This section analyzes the stability of the closed-loop system

Yier =y Yo (K Yk) (3.42)

obtained with the discrete-time system(3.30) and the NMPC control policy ¢, introduced
in Algorithm 1-(b) and (3.38).

The following theorem addresses the stability of NMPC schemes without terminal condi-
tions.

Theorem 2 Consider the NMPC Algorithm 1 with prediction horizonh, 2 N and minimal
time-varying stage cost satisfying

i(ky ya(k)k) 6 © (kjy) 6 2(ky  ya(k)k)

3.43
8k2Nandy2Y,; ( )

for suitable ;; 2 K . Suppose that, for allyy 2 Y, there exist a feasible () 2 U}, real
C<1 and 2 (0;1) satisfying

kG Y YR & 6C T (kv (3.44)

for all k; j 2 N. Then, the nominal closed-loof3.42) is uniformly asymptotically stable on
Y provided thath, is su ciently large.

The detailed proof of Theorem 2 is presented in the paper in Appendix C.

Real-time experimental results

The NMPC scheme proposed in Section 3.3.3 was implemented on the HRPCable prototype
(Figure 3.5) leading to the experimental results detailed in the present section. HRPCable is
a 6-DoF CDPR fully-constrained by eight cables. The robot is essentially built with Beckho
components typically used in industry. Each winch is equipped with a servo drive AX5112,
a motor AM8061 and gear train AG2210. An industrial PC C6920 equipped with an Intel
2.4GHz i7 core processor communicates with the servo drives through EtherCAT protocol.
Cable tensions are measured with load pins Sensy 5300 1T SL positioned in the axes of the
routing pulleys. The platform is a cube with length equal to 1 m and total masm, = 23 kg.

Apart from the mechanical components, the presented experimental results were obtained
using the industrial software TwinCAT [21]. This software is not compatible with libraries
commonly used for matrix manipulation. For this reason, the proposed NMPC scheme was
developed from scratch. The environment in which the controller was implemented proves the
applicability of the proposed solutions in the industry. Appendix C presents details on the
numerical implementation of the control algorithm introduced in Section 3.3.3. The results
presented in this section also use the kinematic model and cable tension control (blocks (b),
(c) and (d) in Figure 3.6) introduced in [241] and [242], respectively.



90 CHAPTER 3. CONTROL OF COMPLEX ROBOTIC SYSTEMS

Table 3.2: Summary of comparative errors between LMPC and NMPC regarding the robustness
against payload uncertainties.

RMS (SD) Maximum error
TE OE TE OE
LMPC 4.66 (3.46) mm| 0.52 (0.40) | 12.37 mm| 1.05
NMPC 3.92 (2.82) mm| 0.31 (0.23) | 7.83 mm | 0.63

[Improvement| 16.0 (18.3) % | 40.7 (42.4) %| 36.7% | 40.0%)

Robustness against payload uncertainties

CDPRs are often used in order to handle relatively heavy payloads. Typically, the weight of
such payloads are not precisely known. Therefore, the tracking accuracy under the incidence
of payload uncertainties is a crucial aspect to be considered in the analysis of CDPR position
tracking control.

Accordingly, in addition to the presented pick-and-place trajectories, the robustness against
payload uncertainties of the proposed NMPC scheme was evaluated using the experiment
illustrated in Figure 3.7. An additional payload of 15.1 kg was used, representing 65.6% of
the mobile platform mass.

The obtained results are depicted in Figure 3.8. The same procedure was performed using
the LMPC proposed in [240], leading to the comparison of Figure 3.9. Table 3.2 shows that
substantially better tracking errors were obtained with the NMPC scheme.

More experimental results are available in the paper in Appendix C.

Figure 3.7: lllustration of the robustness test.

W Control of tethered autonomous underwater vehi-
cles

Context and control problem formulation

The marine/underwater environments pose technical, scienti c, and economic challenges
in accessing most of their deeper oors [61], [40]. Despite these environments covering
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Figure 3.8: Experimental results obtained with the NMPC scheme in the experiment
evaluating the robustness against payload uncertainties.

approximately 71% of the earth as well as supporting approximatel90% of the life forms,

the issues, mentioned above, associated with the environments make them highly unknown
to humans [301]. Therefore, exploration and exploitation of the underwater in a sustainable
approach should result in huge bene ts from various resources of the environments [291],
which are vital for enhancing the quality of human life. To have access to the resources of this
strategic and resource-based environment, all its problems need to be faced with sophisticated
and cutting-edge technologies, such as using intelligent systems [127]. Indeed, these systems
will help in exploring the majority of the underwater environments, which remain presently
unknown to humans. Even though several attempts have been made to access some areas,
especially deeper regions, of the underwater environments using divers as well as manned
submersibles (e.g. submarines), these conventional methods present signi cant safety issues to
both the vehicles and the humans during deep-underwater missions. One of the main reasons
for the inaccessible nature of the deeper sides of the underwater environments lies mainly in the
hash geographical characteristics of the regions, which include poor visibility, extreme pressure,
low temperature, high depth, unstructured terrain, etc. [130], [308]. All these challenges
emphasize the necessity of fully autonomous systems equipped with cutting-edge/intelligent
capabilities to explore and exploit underwater environments [270].

In view of the above-mentioned requirement, many research communities in the domain of
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Figure 3.9: Tracking errors of the LMPC and NMPC schemes in the experiment testing the
robustness against payload uncertainties.

robotics proposed deploying robots to explore and exploit the underwater environment. This
leads to the evolution of a new era of robots called unmanned underwater vehicles/robots
(UUVs) [300]. Consequently, the discovery and exploitation of deep-oceans/seas areas in
addition to the activities of maritime industries have recorded signi cant progress for the
last two decades [120]. This success has been mainly achieved in the robotic community due
to the e ectiveness, reliability, and exibility demonstrated by UUVs in helping humans to
execute several underwater operations successfully. Moreover, these kinds of vehicles have
the capacity to extend some of the intelligent actions of a human to highly unknown and
unstructured underwater environments. In line with this philosophy, UUVs have been used
predominantly in a variety of underwater applications [282]. Some of the applications of
the UUVs include inspection and maintenance of marine structures, scienti ¢ investigation
of marine environments/environs and their ecosystems, exploration and exploitation of
subsea mineral deposits, surveillance and control of maritime borders, mine countermeasures,
etc. [285], [163]. Based on these fascinating applications and more of the UUVs, in addition
to their capabilities to operate in other sensitive undersea environments like iced regions [48],
they have motivated a vast number of interdisciplinary research works aiming to investigate
as well as e ciently utilize the subsea [201]. Furthermore, executing underwater operations
using UUVs are cost-e ective and safer when compared to the traditional techniques, where
divers or submarines are deployed.

In spite of all the success and the advancement in the UUVs technology, several problems
are faced during day-to-day underwater missions using the vehicles [149]. For instance, UUVs
face many challenges in terms of communications, robust perception and sensing, reliable
autonomy, etc. A reliable autonomous control scheme design is one of the persisting issues
concerning autonomous vehicles' technology in general, including UUVs as pointed out by [14].
It is worth noting that various marine operations, like high-quality deep-sea surveys [207], are
possible through one or combination of motion scenarios such as high precision path following,
target tracking, dynamic positioning, and trajectory tracking of the vehicles [152], [208]. Hence,
it is essential to design a high precision control scheme that can autonomously guide these
vehicles for successful marine tasks. However, unlike the autonomous systems prevalent in-air
and structured environments, this new wave of autonomous systems (or UUVs) are operating
in highly unknown and unstructured environments, where the UUVs depend only on their
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onboard sensors, computational algorithms, and actuators. Furthermore, the hydrodynamics
e ects, ocean loads (e.g. currents and waves), and coupled system's states complicate the
behavior of UUVs [166]. For all these reasons, the vehicles are characterized by highly complex
dynamics [20, ]. Thus, the control system design for such vehicles becomes one of the
most critical parts when building new UUVs [299]. Although one can notice signi cant
advancement in terms of UUVs control technology from the literature [44], still designing
reliable autonomous control algorithms for UUVs to track a prede ned trajectory remains a
nontrivial task [256].

| contributed to the topic of control of autonomous underwater vehicles by proposing
several approaches, including (only selected contributions published in journals):

L ; adaptive control [179]

Saturation-based nonlinear PID control [50] [109] [51]

Adaptive nonlinear state-feedback control [152]

Robust adaptive sliding mode control [283]

Saturation-based adaptive tracking control [287]

Adaptive Generalized Super Twisting Algorithm (GSTA) [106]
Saturated (Super Twisting Algorithm) STA-based sliding-mode control [105]
Adaptive high-order sliding-mode control [104]

Time-delay high-order sliding-mode control [111]

Robust integral of the sign of the error RISE-based control [284] [25]
STA-based Adaptive disturbance observer [110] [107]
Observation-based nonlinear control [108]

In this section, | propose to detail just the contribution proposed in [284]. Interested readers
can explore my other publications for more details about the other contributions.

Vehicle Description and Modelling

Vehicle Description

The proposed CDO-SRISE control scheme (designed in Sections Il and 1V) was implemented
and tested in real time using a holonomic underwater vehicle namégonard ROV, available

at LIRMM, University of Montpellier, CNRS. Although the technical features ofLeonard
underwater vehicle are described in [112] and [285], we propose revisiting them to clearly
demonstrate one of the critical issues addressed in the present work. The vehicle is equipped
with six independent propellers, which provide thrust to the vehicle when operated in either
the autonomous or shared control mode (i.e., with a human pilot in the loop)Note that

all the proposed contributions in this study are validated in real-time on the Leonard vehicle
operating autonomously.In addition, the positions of the center of buoyancy and gravity were
exploited to passively stabilize both the roll () and pitch (#) angles of the vehicle around
zero (i.e., # 0). Consequently, this property reduces the energy consumption of the
vehicles. In spite of the above feature, which may result in some simpli cations of the control
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Table 3.3: Main Technical Speci cations oLEONARD Underwater Vehicle.

Components Speci cations/Descriptions
Attitude Sensor .15Sparkfun MPU 9250, MEMS 9-ax_es gyrometer,
accelerometer and magnetometer microprocessor.
Depth Sensor Pressure sensor MS5803-02BA.
Dimensions 75cm (L) 55cm (W) 45cm (H).
Sampling Periods Attitude sensor = 40ms and Depth sensor = 50ms.
Dell Latitude E6230 Intel Core 17 - 2.9 GHz,
Computing Resource 16 GB of RAM, 64 bits Windows 10 OS,
Microsoft Visual C++ 2015.
Floatability 9N.
Mass 28kg.
Maximal Depth 100m (range depending on the depth sensor).
Power Consumption 24V, 600W.
Tether 50m in pool con guration.
.156-Seabotix BTD150 continuous thrust 2.2kgf each
Thrusters . .
with Syren 10 drivers.

law design, in this study, we focus on designing the proposed algorithms for all six degrees of
freedom (DOF) to stabilize the vehicle autonomously. The vehicle was also equipped with
depth and attitude sensors, as shown in TABLE 3.3. It is worth noting that these sensors
have di erent sampling frequencies and this is a critical issue a ecting the observer/control
algorithm performance, as discussed previously in Section I. The following sections show how
this study addresses this issue.

Vehicle Modelling

The mathematical representation of underwater vehicles with six degrees of freedom is shared
in terms of kinematics and dynamics. This mathematical representation can be achieved
by assigning two reference frames to the vehicle, as shown in Fig. 3.10. The reference
frames facilitate the navigation and control of the vehicle and are usually named based on
the SNAME (Society of Naval Architects and Marine Engineers) standard [285]:

1. The Earth- xed or inertial reference frameRe, is usually located at/near the water
surface;
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2. The Body- xed or vehicle reference framer,, is generally xed at the center of volume
of the vehicle.

The kinematics and dynamics of the underwater vehicle are as follows.

Kinematics

The three dimensional (3D) kinematic formulation relating the time derivatives of the vehicle's
position and orientation in R with respect to its linear and angular velocities irRy is expressed
as follows:

_=J() (3.45)

where =[ 1 J]" =[xyz # ] 2 R®!is the vector of position and attitude,

=[uvwpq1 2 R® !denotes the linear and angular velocities vector, ant{ ) 2 R® ©
is the 3D transformation matrix from Re to Ry, as illustrated in Fig. 3.10. Furthermore,
matrix J( ) is formulated as follows [36]:

" #
Ji(2) O3
J( )= 3.46
O 0,5 302 (5:49)
whereJ;( ,) and J,( ,) are expressed as
2 3
Cc# cs#s Sc cs#c +sSs
Ji( 2) = gs C# SSH#S +cCC SS#HC cS (3.47)
S# CH#S CHC
2 3
1 st#¢ ct#
B =80 ¢ s £ (3.48)

0 s=c# c=c#

with cx?, sx?, and tx” denoting cosx’, sinx?, and tan x? functions respectively, withx” 2
f;# o

Remark 1 : The kinematics formulation in (3.45) may not be de ned in some cases, due to
a possible singularity inJ( ), especially when the vehicle is operating at a pitch angleclose

to

The real-time experiments conducted in this study considered the case in which the desired
pitch was designed to be su ciently far from the neighborhood off = 5. Thus, the matrices

J( ) and[J( )] ! exist and are bounded.

Dynamics

The dynamics of underwater vehicles, in accordance with the formulation proposed in [S6],
can be written as follows in theRy, reference frame:

M_+C() +D() +@()= +!(1) (3.49)

whereM 2 R® ¢ is the inertia matrix, including both rigid-body and added massC( ) 2 R® ©
is the Coriolis and centripetal matrix,D( ) 2 R® © is the damping matrix,g( ) 2 R® ' is
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Figure 3.10: lllustration of the coordinate systems.

the vector of gravity and buoyancy, 2 R® ! is the vector of the control inputs produced by
the thrusters, and! (t) 2 R® ! is a time-varying vector representing the disturbances. The
techniques for estimating these dynamic parameters in (3.49) are described in [285].

It is noteworthy that the matrices M and C of our vehicle dynamics in (3.49) are partially
known, whereasD is uncertain. These uncertainties are mainly due to the unmodeled
hydrodynamic e ects. Hence, it is necessary to consider these uncertainties in the vehicle
dynamics (3.49). Although the dynamics of underwater vehicles are decomposed into nominal
and uncertain parts from the literature, not all of the aforementioned uncertainties are
considered. Accordingly, we rewrite (3.49) as follows:

M?_+C7() +D°() +@’()= +!7(1) (3.50)

whereM = M+ M?C=C?’+ C’D =D’+ D?g= g+ @’ which can be
generalized afM?; C?; D?; g’g being the nominal part (i.e., the true unapproximated
value) andf M? C? D% ¢d’g the uncertain part (i.e., unknown part). The time-
varying disturbance! (t) in (3.49) is combined with the uncertainties and expressed as
17(t) = M?_ C?() D?( ) g’( )+ ! (t). The dynamics (3.50) are also
transformed and rede ned in frameR, based on (3.45) as follows:

M?()e +C7(; ) _+D°(; )_+@()= "()

I (3.51)

whereM?( )=J T( )M?J ();

C’(; )=3 TO)C() M2 () )HI ()
D’(; )=3 T()D?( ) () 9°()=I "()g’( )
()Y=D T(); and '?(t)=D T( ) ?(1):
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Furthermore, the dynamic terms (3.51) satisfy
Property P1 : The inertia matrix M?( ) is symmetric positive de nite and satis es [285]:
k K2 TM?() = TM?()T ( )k K, where 2 R., is a positive constant,
() 2 Rso is a non-decreasing positive functiork k is a standard Euclidean norm of a
vector and matrix, and 2 R® ! (vehicle's trajectory).
Property P2 : The matrix C?(; ) can always be parameterized a€’(; )= C?(; )";8; 2
R6 1[ ]
Property P3 : The damping matrixD?(; ) is strictly positive [36], i.e., TD?(; ) >
0,8; 602RS L
Property P4 : The vectorg®( ) is continuous and bounded, if and are bounded [36].
Property P5 : The inherent actuators' saturation bounds the vehicle thrusters' velocity by a
positive constant [285], i.e., ?( )i ?, wherei = 1,6, ]j = absolute valueand ?2 Rsg
is a known positive constant.
To simplify the autonomous control algorithm design for underwater vehicles, the following
assumptions were considered.
Assumption A1 : The disturbance vectot ?(t) is assumed to be bounded [117], i.d.’(t);
2 withi=T,6and 2 R.,.
Assumption A2 : In the conducted real-time experiments, our vehicle moves at a low speed
( 0:5ms ! [24]). Hence, the e ects of Coriolis and centripetal forces are neglected [255].
Therefore, based on assumptioA2, the dynamics (3.51) can be rewritten as follows:

e= MPO)LP_Amat(O)] FPO)+TO)] M)+ _ D ) @'()] (352

Next, we can express (3.45) and (3.52) in a state-space form to facilitate the design of the
proposed observer introduced in Section IV. To this end, the following state variables are
de ned.

() = 2(t) = _ (3.53)

By substituting (3.53) into (3.45) and (3.52), the state-space representation of the underwater
vehicle can be obtained as follows:

_(t) =R ) (t) + BB (t)U(t) + D (t) (354)

where () = [ ilT(t)T AT, ) =17+ _ D?(; )_ (). ut)y= ?(), D=
O 6 M7()]*,

# " #

05 6 ls 6 05 s . )

A = b ,and B = - . Finally, dynamics (3.54) can be
(t) Os s [M( )] 1 (t) [M( )] 1 y, ay ( )
rewritten as follows:
(=K ()+ B pu(t)+ D *(t) (3.55)

"0 | # "0 #

whereA= °° °° B =B, D= °°, 2()=[M7()] @) 2

066 066

|66
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Proposed Observation-based S *RISE feedback control

Control Law Design

This section presents the design of the proposed BISE for trajectory tracking. Although

the RISE feedback control proposed in [21] provides good performance, several challenges are
encountered when implementing such a control scheme in real time on low-cost underwater
vehicles. First, the vehicle used to implement the control in [81] is equipped with various
sensors (including DVL, GPS receiver, and sonar) that the controller can exploit. However,
not all of these sensors are available for underwater vehicles (especially low-cost vehicles)
because of their high cost. In addition to the static feedback gains in the control scheme
structure, the inherent saturations of the vehicle's mechanical actuators are not taken into
account. Furthermore, the authors of [81] proposed adding a dynamics-based feedforward
term to the system dynamics to improve the control scheme performance; however, obtaining
accurate dynamics remains a challenging task.

Guided by the above issues and inspired by [32], we propose redesigning the RISE control
scheme of [31] to address these problems. First, the static feedback gains are transformed into
saturation-based nonlinear gains in the RISE feedback controller proposed in [81] to avoid
overestimation or underestimation of the gains within the admissible limits of the actuators.
This step is followed by a critical challenge in introducing saturation limits in robust terms
without a ecting their ability to learn the disturbances. To this end, we propose redesigning
the robust term of the RISE controller in [81] using the well-known super-twisting algorithm.
Following that, we replace the algorithm's static gain with a saturation-based nonlinear gain
to improve its robustness. Furthermore, a smooth hyperbolic tangent function is used in
the proposed SRISE control scheme instead of the conventional sign function, which deals
with any discontinuity that may arise in this approach. The proposed SRISE controller is
designed as follows:

Let us rstconsider 4(t) and (t) as the desired and actual vehicle trajectories, respectively,
which are de ned as follows:

a(t) = [Xa(t); ya(t); za(t); a(t); #a(t); (DI
(t) = [x(t); y(t); z(t); (0);#(t); (O

The desired trajectory satis es the following assumption.

Assumption A3 : The time derivatives of 4 (i.e., _4; ; 4) are assumed to be smooth
and bounded by design.

The vehicle-tracking errore;(t) and its rst-time derivative are de ned as follows:

et)= o) (1); e()= 4t (1) (3.57)

where _4(t) and _(t) are the rst time derivatives of 4(t) and (t), respectively,e;(t) =
[enn(t); ena(t);  ew(t)]T, anden(t) = [en(t);ena(t); et

We can now design a measurable auxiliary tracking erras(t) using a smooth bounded
function of ey(t), as follows:

(3.56)

&(t) = e(t)+ tanh[ey(t)] (3.58)
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where = diagf 1; 2; ; 69 > O, de nes the rate of convergence o&(t), e (t) =
[en1(t);en(t); ;ex(t)]"; and tanh is a hyperbolic tangent function.

Based on the closed-loop stability guarantee (cf. stability analysis subsection), the proposed
S* RISE control law can be designed for the six degrees of freedom of the vehicle as follows:

=2'( ) (K( )+||)ez(t) (K(to)+”)ez(to)

, (3.59)
+ ['( )+ )]0I

where' () and' ?( ) are the robust terms of the proposed*RISE control scheme, 2 R® !
is the control input vector, | 2 R® © is the identity matrix, and J( ) 2 R® © is de ned by
(3.45). The second term{K(to) + 1)ex(to) in (3.59), ensures that (to) = 0, wheret, is the
initial time.
And if we consider a scalar case 6f( ) and' ?( ), the following expressions are formulated
for'i( )and' 7( ):

"l )=(K<()+1) i()tanh[ey( )]

2

()= B() 5 tanh [exi( )]+ 5eni( ) (3.60)
T ot 1= T

where ;; > 0and o > O are positive design constants an&;(); Bi(); and () are the
parameters of the proposed controller. Furthermore, the parameters in (3.59) (3.60) are
formulated as follows.

8
“koi€i(t) UV if en(t) > g

: ()‘é koi §i* 7 i ei(t)
2 ibe if be> 4
Bi()= 3 12 if be =16 (3.61)
. bRe= &i(t) tanh[ezFL(t)]
IR R
©0 g if ey(t) 3
where in (3.61),koi; i; oi; 1 2i; 1i; 2i,» and 3 are the positive design constants for the

proposed controller's parameters.

Remark 2 : The proposed SRISE assumes continuous state measurements, which may not
be the case for real-life applications. Hence, we propose to resolve this issue by designing a
new observer, as introduced in Section IV.

Closed-loop Stability Analysis

To analyze the stability of the closed-loop dynamics of the proposed BISE control law, we
designed another auxiliary lter-tracking error e,(t) as follows:

€(t) = &)+ ( )tanh[ey(t)] (3.62)
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wheree,(t) is the auxiliary lter-tracking error, whereas the remaining terms in (3.62) have
been de ned previously. In this stage, it is necessary to make the following remarks to
highlight our contributions.

Remark 3 : The error term e,(t) is not used in the proposed *‘RISE control scheme since
it depends on the inaccessible state, namely the acceleratt@h). Indeed, the terme,(t) is
designed to facilitate the stability analysis.

The vehicle open-loop tracking error dynamics can be computed by multiplying (3.62) by
M?( ) as follows:

h i
M?( )ea(t) =NMI°( ) e(t)+ ( )tanh[ey(t)] (3.63)
Substituting (3.51) into (3.63) and using (3.57) (3.58), we obtain

M?(ea(t) =FFa+S+1°(t)  7() (3.64)

h
whereFq = [M?( )+ g+ D’( ¢; o) g+ 9°( 9] 2R° *andS= M?()*+D’(; )_+g°()
Fq+ M?()[ex(t) + ()tanh[ex(t)]] 2 R® ! are auxiliary functions,! *(t)= 1 7(t), qisa
vector of the desired velocities, and can be computed from (3.45).

The resulting closed-loop error system can be obtained by considering the time derivative of
(3.64), which results in

M’(ea(t)= M ()es(t)+ Fa+ S+L7(1) () (3.65)
Injecting the rst-time derivative of the proposed S RISE control law into (3.65) yields

) h
M’(e(t) = M'()es(t)+ B+ S+L7(1) ' °(t)

+K(Jea(t) + (K ) + N ex(t) + (ko + 1) () tanh [ex(t)] 260
whereky 2 R® ¢ denotes a diagonal matrix withky; i = 1,6 elements. By introducing
Ng2 R® *andN 2 R® ! de ned by

Ng= Eg+ L7(t) andN = ;M?( Je.t) + S (3.67)
we can rewrite (3.66) as

MOe® = M Oe)+ N+My 1) e 5.68)

K()ext) K()e(t) ko( )tanh(ey(t)]

Note that (3.67) is structured such that the terms to be upper-bounded by constants can
be isolated from state-dependent terms [52]. Based on this observation and the properties
P1 P5, the termsNg4 and N can be upper bounded as follows [298]:

N  (krak)krak; kNgk  sand Ng (3.69)
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where ; 2 R.p and ; 2 R, are positive constants and 2 R, is a strictly increasing
function ofkr,k. The term r, is designed as follows:

f. = tanhT [ex(t)]; tanhT [ez(t)];e;(t)iT (3.70)

In the following, we state the main theorem of this analysis

Theorem 1 : The trajectory (t) of an underwater vehicle whose nonlinear-coupled-uncertain
dynamics are described by (3.51), under the proposed BISE controller in (3.59), is bounded
and converges uniformly asymptotically to the desired trajectory 4(t), despite the in uences
of parametric uncertainties and external disturbances, provided that the parameters of the
proposed controller are designed such that:

[ERN
=

q ——
ra(0) < ! (2+6Kmin) 5 min > é; min = é;
1 (3.71)

min

1
Kmin > é; and Bmin > 1t 2

whereBnmin; Kmin; min 2 R>o are obtained from the argument8in,  Bi() Bmax; Kmin
Ki() Kmax, and nin i() max, respectively. Moreover, the term®8;( );Ki(); ()
are designed in (3.61), is de ned in (3.58), and is derived subsequently.

The detailed proof of this Theorem is presented in the paper in Appendix C.

Real-time experimental results

In the proposed experimental scenario, the robustness of the proposed control scheme will be
demonstrated. To this end, the idea lies in the integration of parametric variations in robot
dynamics without changing its physical structure. To introduce a variation in the matrix
M?() of the robot dynamics (3.51) without changing its physical con guration, we propose
the following: First, a thread of known length and negligible mass is tied from one end at
the base of the robot and from the other end to a payload representid§s of the robot's
weight. When the robot reached the maximum depth@3m), the payload touched the oor

of the testing pool. This resulted in a sudden change in the matrix froM?( )+ M?()

to M?(), as shown in Fig. 3.11. It is worth noting that this enables the assessment of the
robustness of all three autonomous control algorithms towards a reject variation in the matrix
M?() of the robot's dynamics, as well as their e ciency in real-life tasks. Therefore, this
can be interpreted as the task of carrying tools/samples by the robot from the surface to a
deep-sea area (or seabed). Once the payload was well attached, the robot tracked the desired
time-varying trajectories, as shown in Fig. 3.12 (top). As the robot moved down to a depth
of approximately 0:25m, the attached load canceled out its e ect on the robot because it
suddenly lay on the oor of the testing pool. This change causes both the proposetR8SE
and standard RISE controllers to deviate from the desired depth; however, the proposed
CDO-S" RISE controller smoothly rejects this e ect in less than2s. Both the proposed
S"RISE and standard RISE controllers oscillate around the desired depth for approximately
3s and4:5s, respectively, before neutralizing the e ect, as shown in Fig. 3.12 (top-left plot).
Furthermore, the oscillations of both controllers lead to a coupling e ect on yaw tracking,
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Figure 3.11: lllustration of parametric variation for case 1of scenario 2.

Figure 3.12: Obtained experimental results of the proposed schemes compared to RISE [31]
for scenario 2ease 1(robustness case).

as shown in Fig. 3.12 (top right plot). When the desired depth reaché&s2m, the load
becomes suspended again, and changes back to the maliX( ) to its initial value. Despite
this variation, the proposed CDO-S RISE control scheme smoothly keeps the robot very close
to the desired trajectories, as depicted in Fig. 3.12 (middle). The bottom plot in Fig. 3.12
shows the evolution of control inputs versus time.

More real-time experimental results are available in the paper in Appendix C.
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Control of n-actuated bio-inspired underwater ve-
hicles

Context and control problem formulation

The vastness of the underwater domain, with its intricate terrains and unpredictable dynamics,
has always posed challenges for exploration and research. While e ective in many scenarios,
traditional propeller-driven Autonomous Underwater Vehicles (AUVs) often fall short when
navigating complex environments such as coral reefs, shipwrecks, or underwater caves. The
limitations of these conventional AUVs have led to a growing interest in alternative propulsion
mechanisms, particularly those inspired by nature [187,288].

Inspired by these biological principles, Fin-actuated AUVs have emerged as a promising
alternative to traditional AUVs [217, ]. Through millions of years of evolution, marine
animals have developed e cient locomotion mechanisms that allow them to navigate diverse
underwater terrains with remarkable agility. Observing these creatures, it becomes evident
that their ns play a pivotal role in their movement. While aerial creatures like birds and
insects use apping motions to generate thrust and lift, certain aquatic species predominantly
employ n apping to produce thrust. This has spurred a surge of interest in the design and
control of n-actuated robotic systems [97, : , ].

Biomimetic ns o er several advantages, unlike propellers, which can be environmentally
harmful and less e cient in intricate environments. Firstly, they provide better locomotion
e ciency, allowing the AUV to cover longer distances with the same energy expenditure [305].
Secondly, n-actuated AUVs are environmentally benign, reducing the risk of damaging
delicate underwater ecosystems or harming marine life. This is particularly crucial in areas
like coral reefs, which are biodiversity hotspots and highly susceptible to external disturbances.

However, the transition from propeller-driven to n-actuated AUVs is not straightforward.
The dynamics of n propulsion are inherently di erent and more complex. Understanding
these dynamics is crucial for designing e cient n-actuated AUVs. Moreover, the control
mechanisms for these AUVs need to account for the unique challenges posed by n propulsion,
such as ensuring stability while navigating with oscillating ns.

Unlike traditional AUVs, which are typically designed to be either fully actuated or
over-actuated, n-actuated vehicles o er a unique advantage; they can utilise the ns not only
for thrust generation but also for thrust vectoring, allowing for motion control in multiple
DOF with fewer actuators. However, this advantage comes with complex challenges due to
the need for precise control of both thrust magnitude and direction using the limited number
of n actuators. E ectively managing these challenges requires the development of specialised
control allocation methods tailored to the unique characteristics of n-actuated vehicles.

While several studies have addressed the control allocation problem for motion control in
AUVs [136], these investigations have predominantly focused on propeller-based actuation
systems. These studies have proposed various methodologies, such as direct control allocation
[70,204], daisy chaining [3,47], and real-time optimisation using constrained linear or quadratic
programming [43, : : ]. Recent advancements in AUV designs with tiltable thrusters
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have also explored control allocation techniques to manage actuation redundancy [15, 135].
For instance, research has demonstrated the e cacy of pseudo-inverse control allocation
methods with prede ned tilting angles for stable hovering performance in propeller-based
AUVs [135]. Decomposing the nonlinear force input term of tilting thrusters into horizontal
and vertical directions and using pseudo-inverse and null-space solutions has proven e ective
in minimising thrust force [15]. However, it is essential to acknowledge that control allocation
methods developed for propeller-based actuation systems may not directly apply to n-
actuated vehicles. Unlike xed thrusters, ns require rotation to change the thrust direction,
leading to delays and disturbances in control response. While tiltable thrusters need a
similar amount of rotation, they do not create the same amount of disturbances due to the
di erence in geometry compared to ns, which create a signi cant amount of drag when
rotated. Additionally, tiltable thrusters can theoretically produce thrust throughout the
rotation, while thrust generation is halted during rotation for n-based actuation. These
characteristics of n actuation necessitate the development of tailored control allocation
approaches that account for the speci ¢ characteristics of n-actuated vehicles. It is thus
hypothesised that a minimisation of necessary n rotations and an intelligent choice of the
number of actuators contributing to each DOF are crucial for successful trajectory tracking.

Beyond control allocation, regarding motion control, the control of turtle-like n-driven
vehicles has mainly been manual or without feedback. A considerable focus has been on
open-loop gait generation, with several works emphasising the use of CPGs for this purpose
[ ’ ’ ’ ’ ]

In the realm of feedback-based control, Geder et al. explored a model-free control framework
speci cally for heading or depth control [96]. Licht et al. [165] delved into attitude control
tailored for various turning manoeuvres. Siegenthaler et al. [269] employed a model-free
angular rate controller to stabilize forward swimming. However, these solutions predominantly
addressed a single Degree of Freedom (DOF) at a time, often relying on more straightforward
model-free control frameworks that may not guarantee robustness or provable stability.

The challenges of path following and trajectory tracking, essential for monitoring tasks,
remain relatively understudied for the AUV types under consideration. Some works, such
as [210] and [211], have delved into modelling and model-based control of the Aqua AUV for
trajectory tracking control, but again, these studies often address only a single DOF at a time.
Giguere et al. [98] presented a multi-DOF control approach for the Aqua AUV, employing
PID and PI controllers. Their method, while e ective, required the tuning of 45 control
parameters.

Fin-based actuation's inherent agility and versatility have not been fully leveraged in
existing solutions. Smallwood and Whitcomb [271] highlighted the potential advantages of
adaptive model-based control approaches over xed model-based controllers. While adaptive
model-based control for 6-DOF tracking has been extensively studied for standard propeller-
driven AUVs [13,85,290], the common orientation representations for such frameworks, which
often rely on Euler angles, contain singularities. This has led to the exploration of quaternion-
based controllers, which o er a singularity-free representation of 3D orientation [37, ]
However, achieving global asymptotic stabilization with continuous-time state feedback
remains a challenge [39].

In this context, Basso et al. [19] introduced a hybrid adaptive control approach, which
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was experimentally validated using a BlueROV2. This work adapted their framework to test
two control tasks for an under-actuated n-actuated AUV with only four actuators. The
challenges posed by n actuation, such as the need for precise control of thrust magnitude and
direction with limited actuators, necessitate innovative control allocation methods tailored to
n-actuated vehicles.

| contributed to the topic of control of n-actuated bio-inspired underwater vehicles by
proposing several approaches, including (only selected contributions published in journals):

Fault-tolerant control allocation [221]
Inverse-model intelligent control [220]
A low-cost visual and acoustic sensor fusion control [219]

Priority-based control [236]

In this section, | propose to detail just the contribution proposed in [219]. Interested readers
can explore my other publications for more details about the other contributions.

WA U-CAT n-actuated Biomimetic AUV

U-CAT (cf. Figure 3.13) is an autonomous biomimetic underwater robot developed within the
European Union 7th Framework project ARROWS (Archaeological Robot Systems for the
World Seas). As opposed to other bio-inspired underwater vehicles, the four- nned design of
this vehicle is motivated solely by the end-user requirements and environmental constraints of
the tasks in shipwreck inspection. Among others, it should closely video-inspect underwater
objects. To ful ll the needs of shipwreck inspection for archaeological applications, U-CAT has
been developed with the following main design requirements: (i) The main interest is the video
footage from the interior of the shipwreck to identify objects of interest, (ii) The robot has to
penetrate in con ned spaces, accordingly, it should be small and highly maneuverable, (iii)
The vehicle must also be capable of silent motion in order to not disturb the bottom sediments
that would make visual observations impossible, (iv) The vehicle has to be untethered as
the cable would signi cantly constrain the vehicle motions inside the wreck, (v) The cost of
the vehicle has to be a ordable for archaeologists with a limited budget. U-CAT has been
speci cally designed to meet all these end-user requirements of underwater archaeologists.
Consequently, a 4- ipper design was emerged to control its six DOFs.

The four motors actuating the ns are oriented as illustrated in Figure 3.14. This
con guration allows the robot to be holonomic. The ns were designed to point outwards
to have more force generated in surge direction, as control in sway direction is only used for
slow and precise movements within con ned spaces. Moreover, the robot's center of mass is
positioned slightly below its center of buoyancy, which makes U-CAT naturally stable in roll
in pitch. The four independently driven ippers are used to achieve a high maneuverability in
six DOFs, as illustrated in Figure 3.15. Further technical speci cations about U-CAT are
detailed in Table 3.4.
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Figure 3.13: View of U-CAT bio-mimetic AUV operating in real conditions in Rummu Lake

in Estonia. The ippers ( exible green parts) are made of Silicon and actuated with Brushless
DC (BLDC) motors.

Table 3.4: Main technical speci cations of the U-CAT robot

Technical speci cation | Speci cation / Description

Attitude sensor MPU-6050 IMU

Depth sensor GEMS 22CS Series Pressure Sensor
Batteries 4x HP Compaqg NX8200 8cell batteries
Maximal speed (surge) 0.25 m/s

Maximal depth 100m

Autonomy 6 hours

Mass 19 Kg

Dimensions 560mm 329mm 258mm

Fins' material Zhermack Elite Double 22

Proposed solution: A low-cost approach based on visual and
acoustic sensor fusion

This section delves into the intricate challenge of robustly tracking divers in dynamic un-
derwater environments using the U-CAT autonomous underwater vehicle. The motivation
for this investigation stems from the inherent complementarity of acoustic and vision-based
object detection methods. By fusing visual and acoustic signals, we aim to circumvent the
limitations of each sensing modality, o ering a more comprehensive and accurate tracking
solution, especially in challenging open water conditions.

The work presented herein, building upon the foundational studies in [136], seeks to
harness the strengths of both visual and acoustic signals captured using cost-e ective sensors.
The diver is visually detected through a digital camera employing a streamlined embedded
DNN. In contrast, acoustically, the diver's relative orientation is ascertained by tracking
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Figure 3.14: De nition of the four ns and illustration of their initial con guration in hover
mode.

a pinger they carry using an array of economical hydrophones. This fusion enhances the
system's robustness and ensures successful tracking irrespective of the diver's position within
the camera's eld of view.

When juxtaposed with existing methodologies, the distinct advantage of this approach lies
in its heightened resilience and accuracy in diver tracking. This is achieved without escalating
costs, as the proposed solution leverages relatively low-cost sensors. The culmination of this
research is implementing the proposed diver tracking scheme on the underwater robot U-CAT,
with its e cacy being rigorously tested in an open water environment.

Visual detection using DNN

The down-scaled DNN model, tiny-YOLOvV3 [218], is employed for visual detection. This
model was chosen because it provides fast (approximately 20 fps) and reliable detection, even
on resource-constrained systems like the U-CAT's Jetson TX2 embedded computer. The
implementation was facilitated using the Robot Operating System (ROS).

The visual detection concept aims to centre the detected object within the image. The
errorsEc and Ey between the centres and widths of the two boxes are computed as:

"x # "X #

— Cc m

Ec= V" (3.72)
Ew =W, W (3.73)

This approach facilitates three DOF tracking control. The di erence between the two
boxes' centresEc de nes the desired depth and heading orientation of the robot, while the
di erence in their widths E\, determines the desired distance between the robot and the
target.



108 CHAPTER 3. CONTROL OF COMPLEX ROBOTIC SYSTEMS

Figure 3.15: lllustration of how the four independently driven ippers are used to separately
actuate the six DOFs of the robot.

Acoustic Detection

The acoustic detection employs &onotronics EMT-01-3 Pinger operating at 9.6kHz as a
beacon. This beacon emits a short burst signal every second. The received signal by each
hydrophone is ampli ed and Itered. The phase shift for each hydrophone is then used to
compute the relative yaw angle to the robot, denoted by .

The yaw angle of the pinger with respect to the robot is represented by quaternio@s
and Q . The shortest angle between these two quaternions is given byQ, which is then
converted back to the desired yaw angle. This yaw angle error is further converted to pixel
coordinates error, denotedEp, using the function ( ';a ) such that:

8
30 if x<a

( x;a) = _ImageWidth f x> a (3.74)
T ImageWldth (_x 4+ 1) ;otherwise ;(a6 0)

The function remaps the measured pinger orientation into an image's X-coordinate
pixel based on a user-de ned angle.

Data-fusion scheme

The data-fusion scheme employed is based on the Kalman lter [138]. The state and
measurement vectors are de ned as:
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Figure 3.16: Block diagram of the proposed tracking control scheme: The entire tracking
scheme runs online on U-CAT's embedded computer using ROS.

Xt = [Xe; Yo, We; z]" (3.75)
Yi = [ X Yis Wi Zim; Xp]" (3.76)

Here, X, is the state vector at timet, with x; and y; representing the estimated pixel
coordinates of the target.w; is the estimated width of a bounding box containing the target,
while z; denotes the estimated depth of the robot.Y; is the measurement vector, where
(Xm; Ym) and Wy, represent the position coordinates and width of the detected bounding box
by the camera. Z,, is the measured depth of the robot using the onboard pressure sensor,
and X, is the image coordinates of the detected heading measured by the hydrophones array.

The estimated state vectorX; is then used to compute the tracking errors:

E, = Xo X (3.77)
Ey=Ye Wi (3.78)
Ew=W. W (3.79)
E; = Zdesired Z (3.80)

Control scheme

In our e orts to ensure the diver remains centred within the camera's eld of view, a three
degrees of freedom (3-DOF) control scheme, encompassing surge, heave, and yaw, was
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Figure 3.17: Visual detection: The goal is to centre the detected box at the centre of the
image.

employed. The foundation of this control strategy is a fuzzy logic Mamdani controller [185].
This controller ingests the tracking errors and their variations as inputs, subsequently producing
a force vector 2 R® ! as its output, where =[ ,; ,; |

The output generated by the controller is then transformed into n oscillation zero-
directions and amplitudes through the wrench driver, leveraging the empirical control allo-
cation method delineated in [238]. However, due to the inherent high coupling in U-CAT's
actuation across its various DOFs, a straightforward control allocation doesn't yield a perfect
decoupling. To address this, a priority management strategy was introduced in [237]. This
strategy was further expanded to the 3-DOF control in our work, where Gaussian membership
functions were utilized to modulate the control of each DOF based on the speci c control
objective. Given U-CAT's inherent stability in roll and pitch, these DOFs were not considered
in the current control scheme.

For a more details of the proposed approach, the reader is referred to the annexed paper
in Appendix C.

Real-time Experimental results and discussion

To validate the proposed control scheme, a series of experiments were conducted near a
small harbour in Banyuls-Sur-Mer, France 42 28" 52.0 N, 3 08' 10.0 E). These experi-
ments spanned four distinct scenarios, each designed to underscore the importance of sensor
complementarity in diver tracking and to demonstrate the e cacy of the proposed tracking
control scheme. This section provides an overview of the experimental setup for each scenario,
followed by a detailed presentation and discussion of the results obtained.
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(@) (b)

Figure 3.18: Underwater images from U-CAT's camera in open water conditions (a) Frame
example where visual detection is unsuccessful due to poor visibility conditions. (b) Frame

example where the diver is successfully detected when close enough.

Experimental scenarios

1. Visual tracking (Scenario 1): U-CAT relied solely on visual guidance to track

the diver. The primary objective was to gauge the robustness of the proposed vision
detection and tracking algorithm under real-world operating conditions.

. Acoustic tracking (Scenario 2): In this scenario, U-CAT was tasked with tracking
the diver using only acoustic sensing. This test aimed to evaluate the performance of
acoustic sensing, which utilised an array of three hydrophones and a pinger for diver
tracking.

. Data-fusion based static tracking (Scenario 3): This scenario tested the proposed
data-fusion tracking scheme's capability to track a stationary target. The robot au-
tonomously detected and tracked a pinger attached to a coloured waterproof light source,
initially positioned outside its camera's eld of view. A simple colour segmentation
detector was employed for visual detection. This scenario was repeated thrice, with
U-CAT starting from di erent initial positions relative to the target.

. Data-fusion based dynamic tracking (Scenario 4): This scenario assessed the
e ciency of the proposed diver tracking algorithm. A diver, equipped with a pinger,
was instructed to move freely in open water at a depth of two meters. This depth was
chosen to facilitate reliable top-view monitoring of both the diver and the AUV using a
static camera. The scenario was replicated three times, with the diver starting from
di erent initial positions relative to the robot.
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Figure 3.19: Visual tracking (Scenario 1): experimental results describing visual detection
and estimation using the camera to track the diver.

Visual tracking

As depicted in Figure 3.19, the AUV successfully tracked and centred the detected target
within the image frame. However, after approximatel\8 seconds, the diver exited the camera'’s
eld of view. Consequently, the robot continued tracking based on the last detected position
but failed to relocate the target. Field experiments often present challenges such as turbid
waters and poor visibility due to light scattering and absorption. Such conditions can lead to
visual detection failures, as Figure 3.18 illustrates. This underscores the need for an auxiliary
sensor to complement visual tracking, ensuring consistent diver detection even when visual
cues are compromised.

Figure 3.20: Acoustic tracking (Scenario 2): experimental results for tracking the diver
based on acoustic signals only.
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Acoustic tracking

In this scenario, the diver, equipped with a pinger, began a few meters away from the robot
and remained stationary throughout the experiment. Given the absence of distance feedback
using the acoustic method, U-CAT continued its movement even after reaching the diver's
vicinity. Figure 3.20 reveals that the remapped detected relative heading was predominantly
on the image's left side. This behaviour can be attributed to the robot's continuous circling
around the diver upon reaching him. The gure also highlights the noisy nature of the acoustic
data, likely due to re ections, emphasising the necessity of a complementary visual sensor for
e cient diver tracking.

Data-fusion based tracking

Two distinct scenarios, static and dynamic tracking, were explored to assess the performance
of the proposed control tracking scheme. Scenario 3 focused on tracking a static object initially
outside the camera's FOV, while Scenario 4 evaluated the solution's e cacy in dynamically
tracking a diver.

Static tracking (Scenario 3)

For this experiment, a target was positioned approximately 6 meters away from U-CAT.
The robot advanced towards the target, exhibiting slight oscillations to the left and right
due to acoustic detection re ections. After nearly 40 seconds, the robot aligned itself to
face the target. Figure 3.22 demonstrates that the robot subsequently centred the target
within the camera’'s frame using visual feedback. Given that both the target and the AUV
operated at the same depth, the target was almost already centred on the Y-axis. Any minor
vertical deviations from the camera's centre were corrected using visual feedback. Notably,
the proposed tracking scheme successfully detected and tracked a static target initially outside
the camera’'s FOV. Figure 3.22 further indicates that the desired width of the target within
the camera's frame was maintained, ensuring a consistent relative distance to the target. This
underscores the robustness of combining both visual and acoustic measurements for object
tracking.

To quantify the performance of the proposed approach, Table 3.5 presents the error
between the target's camera location and the camera’s centre for the three scenarios. The
results indicate that once the target was visually identi ed, it was predominantly kept at
the camera frame's centre. This highlights the robustness and repeatability of the proposed
method, enabling the detection and tracking of an object initially distant from the robot, a feat
unachievable with vision-only methods. The results also demonstrate the robot's capability
for station-keeping when tracking a static object.

Dynamic tracking (Scenario 4)

In this scenario, the proposed control approach was tested for actively tracking a diver. The
diver, equipped with a pinger, moved freely in a 2D trajectory at a constant depth. Given
U-CAT's relatively slow swimming velocity, the diver was instructed to move at a slow pace.
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Table 3.5: Scenario 3: RMSE between the camera's centre and desired width, and the object

pixels location and its width.

Test 1 Test 2 Test 3
RMSE (in pixels) Facing right to the | left to the
the target target target
RMSE X 42 67 72
RMSE Y 17 20 21
RMSE Width 12 15 8

Figure 3.21: U-CAT illustrative diver tracking trajectory: description at di erent times.

As illustrated in Figure 3.23 the proposed solution enabled tracking of the moving diver for
over 8 minutes. The target exited the camera's eld of view multiple times, but its location
was consistently recovered. The synergy of the proposed approach facilitated rapid orientation
towards the diver, ensuring he remained centred in the camera's image.

As shown in Figure 3.21, U-CAT accurately tracked the target throughout the experiment.
The results underscore the robustness of the proposed approach, validated across various
scenarios, with the AUV operating in open waters under poor visibility conditions and subject
to acoustic re ections and noise.

Table 3.6 presents the tracking performance in terms of the error between the desired
and feedback position of the diver within the camera's frame. Given the diver's primary
horizontal movement, the more signi cant errors are along the image's X-axis. Both errors in
the Y-axis and width are minimal, considering the diver maintained a constant depth and
moved relatively slowly. This indicates that the diver was primarily centred on the camera,
even after exiting its FOV multiple times.

The results also highlight that the proposed controller facilitates 3D tracking motion,
despite the high coupling in U-CAT's actuators. However, it's worth noting that the proposed
tracking algorithm is limited to 3DOF tracking.

More details about the experimental results are available in the paper in Appendix C.
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Table 3.6: Scenario 4: RMSE between the camera's centre and desired width, and the object
pixels location and its width.

Testl Test 2 Test 3
RMSE (in Pixels) | Diver initially close | Diver initially away Shorter experiment
from the robot from the robot
RMSE X 119 124 106
RMSE Y 37 28 33
RMSE W 24 19 31

Figure 3.22: Data-fusion based static tracking (Scenario 3): experimental results describing
static target tracking based on the proposed data-fusion scheme where the AUV started facing
the target.

Control of rehabilitation wearable exoskeletons

Context and control problem formulation

With recent medical advances, life expectancy is continually increasing. The average worldwide
life expectancy has risen from 52 years in the 1960s to 72 years in 2017. With global policies
encouraging the birth-planning program and the use of contraceptive methods in most
countries, the number of people over 65 has surpassed the number of children under 5 years
according to a study conducted in 2018. Indeed, the number of elderly persons is steadily
increasing and the aging of the world population is becoming one of the crucial challenges
of this era. The ageing of the population involves an increase in the deterioration of the
motor skills and thus a rise in the number of dependent people. According to the World
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Figure 3.23: Data-fusion based dynamic tracking (Scenario 4): Diver starting close to the
robot.

Health Organization, the world population aged 60 years and older is expected to reach
a total of 2 billion by 2050 while it used to be equal to 900 million in 2015. Each year,
an increasing number of people are diagnosed with a disability that prevents them from
performing independently normal and smooth movements. The same organization states that
around 15% of the population lives with some form of disability and that from2% to 4% of
them are facing signi cant di culties in daily tasks [59]. The number of population su ering

from knee impairments, such as muscle weakness, paralysis, pain and gait disorders keeps
growing with the aging of the population and the spreading of diseases like stroke, spinal
cord injury and osteoarthritis [60]. This population with a weakened muscle strength is not
able to walk as frequently as normal, and may also lose its stability during walking. Even
the simplest daily living tasks, such as sit-to-stand and stand-to-sit, for instance, become a
real challenge for people with motor impairment. Consequently, the aging of population and
the physical deterioration of elderly people have become a global socioeconomic problem [59].
This issue brings considerable attention on how to provide assistance for this population
as well as for people with lower and/or upper limb pathologies in their daily life, especially
concerning mobility and autonomy [195].

One of the best remedies for reduced mobility is rehabilitation. Conventional intensive
therapies are usually done in clinical centres to help people in recovering their voluntary
movements. The problem with these therapies is that they are e ective only when they are
intensive [239]. Furthermore, repetition is a key in this case, allowing the brain to reprogram
the motion sequence. Therefore, it is a time and money consuming process and requires the
strength of both patient and therapist. Indeed, the same therapeutic movements should be
repeated several times during a long period of time. However, intensive long-term rehabilitation
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therapy is not always an option due to the high cost and the lack of enough quali ed sta. To
reduce the burden on care services, many initiatives have been set up to promote research on
developing assistive care technologies. With recent technological advances, physical assistive
robotics is emerging as a promising solution for developing systems to facilitate and improve
the daily life conditions for people with reduced mobility. In particular, wearable robots have
gained a great attention in the last decade for applications related to rehabilitation, assistance
and human capabilities augmentation. This kind of devices, known as wearable robots
or exoskeletons, are mechatronic systems, equipped with sensors and actuators, embodied
by the human upper and/or lower limbs covering the following functions: (i) augmenting
physical human capabilities at upper/lower limbs, (ii) assisting people with reduced mobility
for achieving daily living activities and (iii) automating rehabilitation of human joints and
muscles to regain and improve the control of the wearer limbs [239]. This great attention
to wearable robots can be explained by their ability to reproduce repetitive tasks needing
strength and robustness. They are able to perform autonomously these tasks, faster than
therapists, with a better level of accuracy, without getting tired and without the need to

a third party person. As a consequence, they may allow to reduce of the patient fatigue.
Additionally, they are not restricted to clinical spaces and have more availibility than the
medical sta. They enable long training sessions with good consistency and measurements
for the user, to accurately track the desired gait patterns, which may accelerate the process
of rehabilitation [60].

When it comes to control of rehabilitation devices, di erent control schemes have been
proposed in the literature. Classical proportional derivative (PD), proportional-integral (PI)
and proportional-integral derivative (PID) controllers are widely used in literature, either
alone or combined with other schemes. The bipedal locomotion system with four degrees of
freedom named Hybrid Assistive Limb (HAL), is an exoskeleton developed to assist elderly
and paraplegic people, in their daily tasks to perform basic activities, like sit-to-stand and
stand-to-sit. Its movements are based on the detection of the human intention using EMG
(Electromyography) sensors. By using oor reaction force sensors, it calculates the wearer's
center of pressure in order to ensure his dynamic stability. Each joint of HAL exoskeleton is
driven by a (PD) controller. For the tracking control in swing phase, the gait pattern of a
healthy person is used as a reference in the control architecture, and in landing and support
phase, it uses a constant control value [273] [189]. Another example of exoskeletons is the
RoboKnee. It is a single degree of freedom lower limb exoskeleton, acting on the knee joint,
designed to assist human locomotion. It allows the wearer climbing stairs and performing
deep knee bends while carrying a signi cant payload in a backpack. The intention of the user
is detected through the knee joint angle and the ground reaction forces. RoboKnee employs
a hierarchical control strategy, using a straightforward mid-level force generation scheme
based on a positive force feedback ampli cation, coupled with a low-level PD-based force
control loop. This exoskeleton detects the wearer's intention and assists its thigh muscles
when performing exion/extension movements by evaluating vertical ground reaction forces.
The controller here aims at amplifying the human torque when the desired trajectory is not
de ned [214] [12].

Various other control schemes have also been proposed in the literature. One of the early
and most famous examples of wearable robots designed to increase the abilities of healthy
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people is the BLEEX [312]. This lower limb motorized exoskeleton prototype was designed
to reduce the metabolic consumption, risk of back and legs injuries and to increase the
capabilities of soldiers, re- ghters and rescuers when transporting heavy loads over long
distances and in di cult situations. Its actuation is performed at the hip, knee and ankle,
and force sensors are xed under the soles of both feet. This exoskeleton, with seven degrees
of freedom (DoF) at each leg, adopts a hybrid hydroelectric portable power supply [137].
Its controller, described in [140], uses the inverse dynamics of the exoskeleton in a positive
feedback controller.

Active orthoses are wearable robots designed to assist and rehabilitate disabled people by
assisting the de cient joints to partially recover their natural movements. The Lokomat is
one of the famous treadmill-based exoskeletons designed for rehabilitation purposes. Itis a
driven gait orthosis that automates or assists walking movements, allowing greater e ciency
of treadmill training and reducing the physical demand from therapists. This therapeutic tool,
controlled by DC motors at the knee and hip, is used to treat patients with cerebrovascular
accident, spinal cord injury, traumatic brain injury, Parkinson disease or multiple sclerosis.
In [134], a rst-order sliding mode controller (SMC) was proposed to control this therapeutic
tool. The application of Lokomat is limited to the clinical training sessions whose duration
and desired models are adjusted according to the individual needs of each patient [30]. The
ReWalk is another example of active lower limb orthosis, developed to allow paraplegics to
stand up, sit down and walk without an external support. The patient chooses the activity
to be perform from a wireless remote control worn on the wrist. The ReWalk hip and knee
joints are powered and controlled to follow prede ned trajectories [79]. The user's stability
during walking is ensured by crutches. This device, controlled by DC motors at the joints,
can be customized and sized for each patient [140]. Although some of the aforementioned
controllers provide fairly satisfactory performances, none of them provides optimal control
and robustness, enables minimizing energy consumption or taking into account the constraints
imposed by the controlled system.

| contributed to the topic of control in rehabilitation robotics by proposing several
approaches, including (only selected contributions published in journals):

Deep reinforcement learning for human postural study [265]
MediaPipe-based approach for human rehabilitation motions [155]

A home-based upper- and lower-limb telerehabilitation platform [154]
Assistive explicit model predictive control framework [131]

Human-like Balance Recovery with model predictive control [263] [262]
RISE-based adaptive control knee joint rehabilitation [266]

In this section, | propose to detail just the contribution proposed in [131]. Interested readers
can explore my other publications for more details about the other contributions.

Proposed MPC-based control framework

In this work the proposed control scheme is depicted in the block diagram of Figure 3.24.
The main components of this control architecture are detailed in the forthcoming sections.
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Figure 3.24: Block diagram of the proposed control framework.

Description and modelling of EICOSI active orthosis

EICOSI active orthosis is a single DoF prototype adopted in this study to assist the wearer
at the knee joint level for exion/extension movements in a sitting position and during a
walking activity. Fig. 3.25 shows the subject (a) in a sitting rehabilitation position and (b)
walking on a treadmill while wearing the actuated orthosis. EICOSI comprises two segments
attached separately to the wearer's thigh and shank using appropriate braces. The shank-foot
of the wearer is considered as the single rigid segment, and it freely moves around the knee
joint. The orthosis is driven using an EC-4pole Maxon 200W motor controlled by an ESCON
50/8 driver. A real-time communication with FPGA card is established. To guarantee an

e cient and portable system, as well as relatively high output torque, a compact transmission
system is designed using a gear motor, ball screw, transmission belt, and cable drive. The

reduction ratio from the motor to the 4oint side is 264:1. The actuation s%/stem can delgler.%
torque up to 18N:m, which Is estimated using a current sensor. The motor is equipped wit

an incremental encoder to measure its angular position, which is used to compute the knee
joint angle. The angular velocity and acceleration are obtained by numerical derivatives ( rst
and second-order respectively) of the angular position. The thigh angle is measured using
an IMU (inertial measurement unit: MTw Awinda by Xsens®) attached to the thigh brace,
rather than the user's shank, to obtain less noise from ground interaction, and facilitate the
measurements at the sitting position. The experiments were performed using the LabView
software. This active orthosis enables its user to perform exion/extension movements with a
relative angle ranging from0 to 135, where the latter corresponds to the maximum knee
joint-orthosis exion and the former to the full knee joint-orthosis extension. For dynamic
modelllgﬂlg, the application of Newton's second law gives:

J*= = e+ g f I, where ¢, n, g, and ¢ represent the exoskeleton torque,
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Figure 3.25: Images of the subject wearing the EICOSI exoskeleton (a) in a sitting rehabilita-
tion position, and (b) walking on a treadmill.

human torque, gravitational toque, and friction torque, respectively. The latter primarily
comprises static and viscous frictions, expressed Bsign( (t)) + B((t)), whereA and B
respectively represent the coe cients of static and viscous friction torques of the entire system,
including the human leg and the exoskeleton. It is noteworthy that the adopted friction model

Is advantageous because it is linear in its parametefs and B. | represents the lumped
torque triggered by the other body segments and the eventual external forcek.s the inertia

of the human lower limb wearing the active orthosis. The wearer's shank and the embodied
actuated orthosis system can be dynamically modeled by the following second-order equation:

J*= Tgsin( ) Asign) B(J+ o+ n (3.81)

where , _, and ® represent the angular position, velocity, and acceleration of the entire lower
part system (including the wearer's shank and the active orthosis lower part), respectively,
and - are the angular position and velocity of the upper part (including the wearer's thigh
and the upper part of the orthosis [222]), respectively. In this work, we are interested in the
application of the proposed MPC-based framework on EICOSI orthosis, both in a sitting
rehabilitation position and for a walking activity. The human gait cycle can be categorized
into two di erent phases as illustrated in Fig. 3.26. The stance phase, accounting f60% of
the cycle, during which the foot is placed on the ground, and the swing phase, accounting for
40% of the cycle, during which the foot is no longer in contact with the ground. In the swing
phase, the lumped torque| can be expressed by the following equation [129]:

= msdsl (*u(t)cog (1)) £(B)sin( (1)) (3.82)
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Figure 3.26: lllustration of the walking cycle of the lower limb while wearing the exoskeleton,
and with the generated walking trajectory (for both reference and abnormal gaits).

wheremg, Iy, and ds represent the lumped mass of the human shank and the corresponding
orthosis segment, human thigh length, and length of the human shank part from the knee
joint center to the center of mass of the shank-foot, respectively. In addition, and °; are the
velocity and acceleration of the upper part, respectively. For the stance phase, the contact
forces with the ground are considered external perturbations. Because the studied active
orthosis has only one degree of freedom, and does not include an ankle actuator, the ground
does not interact directly with the exoskeleton; hence, the reaction forces could be considered
as external disturbances to the system. In this case, the e ect of the ground contact can be
considered within the torque estimated by the proposed NDO.

Dynamic identi cation of parameters

The proposed control framework (cf. Fig. 3.24) includes a nonlinear state feedback and an
MPC, both of which are model-based control strategies. Consequently, the dynamic model
of the system is signi cantly bene cial in the performance of the proposed control scheme.
To minimize modeling errors, an identi cation process is performed as follows. We ask the
subject to wear the exoskeleton, stay in a sitting position, and be passive (i.e. not generating
any voluntary movement) during the identi cation process. Because the human-orthosis is

considered to be a single system, we assume thaf |; +, and *; are zero and that = .
Hence, the inverse dynamic model can be represented by the following equation:

e=J°* Tgcos()+ Asign()+ B — (3.83)
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which can be reformulated as a ne in the parameters:

0 1

g Tg

_ h _ R Ag
()= cos((t)) sign(L(t)) L) *(t) B 5 (3.84)

J

= (1P
H .

with  T(t) = cos( (t)) sign((t)) t) ‘(t)l and P = [Ty A B J]". The identi cation

algorithm is based on the adoption of the inverse model (3.84), which is linear in the
dynamic parameters of the system. It enables the estimation of these parameters, providing
either a measurement or an estimation of the joint torque,, as well as the joint position

, velocity -, and acceleration®. Let us dene T =[ ¢(1) «(2) ::: <], and =
[ T(1) "(2) ::: T(n)]", with n as the number of samples. The parameters of our system,
i.e Tg, A, B, and J are computed by minimizing the error:

"= () (P (3.85)

via the optimization of the following cost function:

X
(P)= rll "2(t): (3.86)

t=1

The optimal parameters can be obtained by zeroing the terrﬂ#. Computing P =

( T) ' TT, facilitates the identi cation of the studied system parameters [293]. Di erent
series of various tests were performed using a basic proportional controller while applying
chirp signals as inputs. For each test, a di erent amplitude was used. This enables us to
obtain the system response to several amplitudes and frequencies. Each parameter has been
computed as the average of the obtained values from di erent tests, and are summarized in
TABLE 3.7.

Table 3.7: Identi ed parameters of EICOSI orthosis for the three participating subjects.

Parameter Symbol S1 S2 S3
Static friction coe cient (N:m) A 2:.0082 12067 07613
Viscous friction coe cient N:m:s:rad ! B 1:713 3238 24539
Inertia Kg:m? J 0:4325 02594 02525
Gravity torque (N:m) Ty 9:4199 104741 34379

Input-to-state feedback linearization

The proposed MPC approach is a discrete-time controller based on a linear model of the
system. However, the studied active orthosis has a continuous nonlinear model; therefore, it
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should be linearized and discretized to integrate it into the MPC controller. The approximated
linearization of the EICOSI system (3.81) is not feasible owing to the existence of the term
sign( -, which gives it a highly nonlinear feature. Consequently, we propose the use of an
exact input-to-state linearizationapproach, which can transform the nonlinear model into an
equivalent linear alternative via a change of variables and a suitable nonlinear feedback. Let
us consider the nonlinear state feedback:

e= (X)+ (X)v (3.87)

By selecting the adequate control input ¢, this approach facilitates the emergence of a linear
input-output map between the linearized inputv and the output y. For the sitting position,
we set: 8

3 (X)= Tgcos()+ Asign( )+ B(9

5 xX)=1J

TX=Exax] = I

The nonlinear state feedback, can then be expressed as:

e(t) = Tgcos()+ Asign()+ B(9) n+ Jv: (3.88)
For the standing position, we set:
8
3 (X)=Tesin( )+ Asign)+ B()  n+
, (0=

X=[xex]"=[ I
which leads to the following linearizing control input:
()= Tgsin( )+ Asign()+ B(9) n+ 1+Jv (3.89)

Introducing the control input (3.88) (for sitting rehabilitation, with = 5 ) or (3.89) (for
walking activity) into the dynamics (3.81) results in the following closed-loop (inner loop in
the proposed framework of Fig. 3.24) linearized model:

8
3 X1= X2

B>32=v (3.90)
. y: Xl

Because the expression of the position reference trajectory; is known, then the velocity
and acceleration reference trajectorieses and °ief , respectively can be easily computed using
successive time derivatives. For the aim of stability analysis, the de nition of the following

state errors are required: | |

X=X Xt = :; = iy (3.91)
- e

X = ‘et =V Vier =V With Vg = et (3.92)
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The obtained linear system (3.90) can now be discretized using Euler's method and a sampling
period Ts, which leads to the following discrete state-space representation:

( X(k+1)= AX(k) + Bwk)

#K) = Cx(K) (3.93)
! !
: _ 1 T _ 0 _ :
with A = 0o 1 ° B = T ,and C = 1 0. Owing to the exact feedback
S

linearization and the system discretization, the formulation of the MPC problem can now be
easily de ned, as introduced in the following section.

Proposed MPC for EICOSI orthosis control

Here, we propose the control of EICOSI orthosis using an MPC (blo¢k ) in the proposed
framework of Fig. 3.24), to track the reference trajectory while smoothing the orthosis behav-
ior. After identifying the system parameters, linearizing, and discretizing its dynamics, we
can apply the proposed MPC approach to the studied lower-limb active orthosis as explained
hereafter. The associated optimization problem can be expressed:

V() = min (Gv] Hw i X TR 0+ 3X(TYX(K)

X(0) = X(K) (3.94)
X(k+i+1)= AX(k+ i)+ Bwk+i) for k 0O
wWk+i)= CX(k+i) for k 0O
Iterating the state-space (3.93) over the prediction horizon gives:
0 1 0 1 0 1o 1
X(k+1) A B0 0 k)
X(k+2 A2 o : k+1
a e )E:E;Ex(kﬁ AB B % i) g (3.95)
. . o 0 .
X(k+ N) AN AN 1B AB B ‘o(k+ N l)
which can be rewritten in a more compact form as:
X1 ke = Px X(K) + Hxw (3.96)

The rst constraint in (3.94) is imposed by the mechanical stops of the exoskeleton. The
second constraint is imposed by the physical limit of the actuator in terms of maximum
speed. The angular speed of the knee joint is related to the motor angular speed. Accordingly,
knowing the range of the motor, the equivalent range of the knee joint speed can be computed.
Knowing that the reference trajectory is priori known and bounded in terms Ofief ; +ef , and

*ref » the third constraint is discussed hereafter. Because the proposed control framework
includes two control loops (an inner loop based on a nonlinear state feedback control law
and an outer loop based on the proposed MPC/EMPC controller), we designed our EMPC
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controller considering the constraints on the control input . In this study, the constraints on
the linearized input have been computed based on those imposed g@nUsing the relationship
between these two variables expressed in (3.87), to maintainwithin its admissible values, we
have to ensure that the right-hand side of this equation satis es these bounds. By imposing
constraints on the angular position and velocity, and becausg and |, are nite-valued
torques, the constraints on the linearized input, which forces, not to exceed its admissible
values, can be deduced. Regarding the e ect of the choice of these constraints on the cost
function, it is noteworthy that altering each of these limits will change the size of the search
space of the optimization problem. Accordingly, small limits will reduce the search space
and may lead to sub-optimal solutions, or even in extreme cases, to an unfeasible problem.
However, dealing with an important number of varying parameters may cause discomfort to
the wearer or a physical saturation. In summary, tuning is performed based on a compromise
between the closed-loop desired performance and the physical limits of the system (in terms
of joint position, speed, acceleration, and motor torque). In the proposed cost functidf(k)
(3.97), all the target performances are gathered and expressed mathematically. Speci cally
in this study, we attempt to reduce the tracking position error, as well as smoothen the
EICOSI response by reducing the chattering phenomenon and the tracking velocity error.
This approach was also selected because it helps to ensure guaranteeing an optimal trajectory
tracking, even in the presence of parametric uncertainties originating from the identi cation
process, and in the presence of external disturbances emerging from the interaction between
the wearer and/or the ground. The weighting matrice$) and R in (3.97), are related to the
state tracking errors and the acceleration, respectively whil®; is related to the terminal
constraint. The cost function (3.97) was selected to meet our expectations in terms of tracking
performance, as well as realize the closed-loop stability of the studied system. Initially, we set
some conditions on the cost function tuning parameters, then we selected those that allow
the desired performance to be achieved while satisfying these conditions:
Wy 1
V (k) = (K X(k+ i) k3 + kw(k + i) k&)

i=0

+ X(k+ N)TQf (N)X(k+ N) (3.97)
This cost function can be re%zelsented in a compact form as:
V (k) = [(X(k+i);Hk+1i))+ F(X(k+N)) (3.98)

i=0
By substituting X (k+i)= A'X (k) + P J'zé AlBw 1 into (3.98) and (3.94), we obtain the
following equation :

V (k)= min(;kaHw kt X(K)TFw )
(3.99)

VWA AR 00

+ ;X'(k)TYX'(k)
st Gw . W+EX(K)

whereH; F;G;E;Y and W are easily obtained fromQ; R; Qs and (3.98) and (3.94). The
constraints imposed by the system are omitted while calculating the MPC solution. This
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facilitates a signi cant reduction in computation time, and thus enables its real-time validation
even with a small sampling period. In this case, the optimal control sequence is obtained by
zeroinggrady, , V (k).

Proposed EMPC for EICOSI orthosis control

Here, we consider the entire optimization problem as expressed in (3.99) (while considering the

constraints imposed by the system). Let us considet = X X . ¢ ! as the parameter
vector of the problem in (3.99), which will be considered as a multi-parametric quadratic
programming problem. Based on the Karush-Kuhn-Tucker (KKT) conditions for optimality,
the authors of [18] proved that the optimizer functionw, | (x) is piecewise a ne and continuous
over the set of feasible parameters. They also veri ed that the corresponding optimal value
V (k) is continuous, convex, and piecewise quadratic. The algorithm of EMPC begins by
selecting an arbitrary starting parameter vectorX ( such as the origin. It then solves the QP
problem to obtain the optimal solutionw(X y) and identify the subset of all active constraints
represented byGw(X)= SX'+ W, as well as the subset of inactive constraints represented by

GyX) Sx+W.

Real-time experimental results

Sitting position with two rehabilitation modes

In this rst case, we ask subject S1 to wear the exoskeleton and to perform a movement
of exion/extension while sitting, without any interaction with the ground. This 20-s
rehabilitation exercise is divided into two di erent parts. During the rst 10-s, the wearer is
asked to provide an assistive force by following the reference trajectory displayed on the laptop
screen in real-time. During the last 10-s, he is asked to resist towards the desired trajectory
by providing a resistive e ort in the opposite direction. All the generated desired trajectories
are presented in real-time on a laptop screen in front of the wearer while the change between
the di erent phases is indicated by a beep. Only one gait cycle data per assistive/resistive
phase and per controller (PID/MPC/EMPC) was cropped and all of them were concatenated
together in Fig 3.27. This Figure clearly demonstrates that both MPC and EMPC exhibit
better performances than PID controller in terms of position and velocity tracking. It can
be noted that during the assistive scenario (rst 10-s), the three controllers succeeded in
tracking the desired trajectory. When comparing the results of the three controllers with
respect to the resistive scenario, it can be demonstrated that both MPC and EMPC exhibited
better tracking performances than PID while preserving a relatively smooth motion. The
PID controller was unable to reach the peak values of the reference trajectory and exhibited
a poor tracking performance.

More experimental results are available in the paper in Appendix C.
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Figure 3.27: Obtained results using PID, MPC, and EMPC controllers in a sitting position
while exerting an assistive e ort during the rst 10-s and a resistive e ort during the last 10-s.

W& Conclusion

This chapter has been dedicated to my main research activities on the topic of control of
complex robotic systems. The complexity in these systems may come from several sources,
such as (i) a complex structure (high number of degrees of freedom, exibility, singularities,
friction e ects, complex design, small/big workspace, etc) (ii) its dynamics (highly non linear
dynamic model, coupled dynamics, unknown and/or time-varying parameters, etc), (iii) its
actuation system (underactuation or overactuation, complex actuation, actuation, unilateral
constraints, control input saturations, etc), (iv) interaction with its environment (internal
and external disturbances, unknown/unusual environment, varying operating conditions, etc),
and (v) real-time constraints (i.e. computing time, sample time, etc).

During my career | proposed several contributions in terms of control of complex robotic
systems. They can be classi ed depending on the area of research in robotics into ve main
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axes, including : (i) Control of rigid parallel kinematic manipulators (PKMs), (ii) Control

of cable-driven parallel robots (CDPRs)(iii) Control of tethered autonomous underwater
vehicles (iv) Control of n-actuated bio-inspired underwater vehiclesand (v) Control of
rehabilitation wearable exoskeletongor each of these areas | selected one of the contributions
that | detailed in this chapter. The journal papers associated to the selected contributions
are annexed in Appendix C.



Chapter

Conclusion and perspectives

This chapter, close the manuscript with some concluding remarks to summarize my main
contributions and introduce the main future perspectives as a proposed research project.

Contents
4.1 Conclusion . .. ... 129
4.2 Future directions (Research project) . . . . . ... ... ... ... 131

/S Conclusion

Robotics was initially and for a long time guided by needs in industry. Indeed, the early years
of robotics was largely focused on robot manipulators, used mainly for simple and repetitive
tasks for automation. The link between Automatic control and robotics is strong. Indeed,
control theory has enabled solutions to fundamental problems in robotics, and problems in
robotics have motivated the development of new control schemes within control engineering
community.

The early robot control systems were designed to control independently each axis of
the robot as a Single-Input-Single-Output (SISO) linear system. Linear automatic control
theory was then extensively used in this basic solution, where the coupling dynamics between
the di erent axes of the robot were often neglected and the robot model was signi cantly
simpli ed. However, the progress of robotics and automation as well as their associated
innovative applications has required the consideration of more and more complex tasks needing
the development of new theoretical advances in di erent control elds (nonlinear, robust,
predictive, adaptive, etc.), which has consequently enabled more sophisticated applications.

The complexity in a robotic system may come from several sources, including (i) a
complex structure (high number of degrees of freedom, exibility, singularities, friction e ects,
complex design, small/big workspace, etc) (ii) its dynamics (highly non linear dynamic
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model, coupled dynamics, unknown and/or time-varying parameters, etc), (iii) its actuation
system (underactuation or overactuation (i.e. actuation redundancy), complex actuation,
actuation unilateral constraints, control input saturations, etc), (iv) interaction with its
environment (internal and external disturbances, unknown/unusual environment, varying
operating conditions, etc), and (v) real-time constraints (i.e. computing time, sample time,
etc). These systems are gaining more and more attention from both academic and industrial
communities. However, their control problems cannot be considered as a simple task due to
the above mentioned challenges, that should be taken into account during the control design
stage to ensure the desired performances.

Within this context, my research has focused on the development of advanced nonlinear
control approaches (adaptive, robust and predictive) and their application to complex robotic
systems. These activities can be split into ve areas of research in robotics, which have been
be detailed in chapter 3, namelly (1)Control of rigid parallel kinematic manipulators (PKMs),

(2) Control of cable-driven parallel robots (CDPRs)(3) Control of tethered autonomous
underwater vehicles(4) Control of n-actuated bio-inspired underwater vehiclesand (5)
Control of rehabilitation wearable exoskeletons have also worked on two other areas (under-
actuated mechanical systems and humanoid robots) which have not been presented in this
manuscript. Besides, it is worth noting that one of the strengths of my research activities
is that they are characterized by both theoretical and experimental aspects. Indeed, these
activities can be considered as an interface between the theoretical (fundamental) aspects
of automatic control and the practical (experimental) aspects of robotics. Another strength
of my activities lies in the fact that all the proposed contributions have been systematically
validated experimentally on robots at LIRMM or in other research laboratories in France
or abroad. Indeed, various contributions has been proposed for each of the ve above areas;
however, | chosen to present just one recent sample contribution per area in Chapter 3.
Interested readers can explore my publications to see further contributions.

For the topic of Control of rigid parallel kinematic manipulators (PKMs), | detailed, in
section 3.2, a recent contribution based on a novel feedforward super-twisting sliding mode
controller for robotic manipulators. For the topic concerningControl of cable-driven parallel
robots (CDPRSs), the detailed contribution, in section 3.3, is about a nonlinear model predictive
control scheme dedicated to CDPRs. The topi€ontrol of tethered autonomous underwater
vehicles presented in section 3.4, has been demonstrated through a continuous discrete
time observer (CDO) combined with a saturated super-twisting RISE (S+RISE) control
scheme. For the topic ofControl of n-actuated bio-inspired underwater vehiclesn section
3.5, a control method based on visual and acoustic signals data fusion measured by low-cost
sensors is proposed for diver tracking. Finally, the topic d€ontrol of rehabilitation wearable
exoskeletonsn section 3.6 is illustrated through a novel model predictive control framework
dedicated to assistive and rehabilitation purposes.
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Future directions (Research project)

Control of high-precision parallel robots in the presence of
measurement delays and exibility

The parallel robotics market is growing, with their use becoming more widespread in several
sectors. Nowadays many elds, such as optics, space, research or defense, require high-
performance positioning and motion simulators with six degrees of freedom. Hexapods,
parallel robots equipped with six identical actuators, make it possible to position and simulate
complex movements with many advantages compared to their serial counterparts, such as
precision, load capacity, stability and dynamic performance.

The company SYMETRIE (https://symetrie.fr/), one of our best industrial collaborators,
has been developing for more than 20 years a wide range of hexapods and other PKMs to meet
the most speci ¢ needs of the market. Divided into two categories, its catalog includes very
high precision positioning robots on the one hand, and robots generating dynamic movements
(motion simulators) on the other hand. SYMETRIE works for both manufacturers and
research laboratories, exporting more than 60% of its robots worldwide. The diversity of their
applications makes it possible to successfully integrate the mature and recognized hexapod
technology into many environments, even the most extreme (humid, clean, vacuum, etc.). To
this end, the issues to be addressed range from mechanical design to the control engineering,
including testing, metrology and quali cation strategies.

In order to achieve very high performances in terms of precision and stability, there exists
hexapods of speci ¢ design equipped with encoders integrated absolute linear high resolution
in its actuators. These encoders provide precise joint length information which complements
that of the motor encoders (in the case of direct current motors) or the last positions of the
motors (in the case of stepper motors). The ZONDA hexapods (cf. Figure 4.1) are able to
typically achieve a resolution of less thai®:1 m in translation and O:1rad in rotation, and a
repeatability of 0:25m , thanks to the combination of these two sensors.

However, their control is more complex, and can lead to oscillatory instabilities, depending
on the load placed on the hexapod's moving platform. These undesirable phenomena, partly
linked to the servo-control, appear once the hexapod has been assembled. They are also linked
to the model and structure of the robot, including the payload, whose natural frequency can
be quite low (of the order of5 to 6 Hz), and to the delay between the position measurements
of the motor encoder and the linear ruler.

Indeed, these two sensors are used to close two di erent control loops: one in position,
which uses the linear encoder and one in speed, which uses the motor's state feedback. The
actuators, equipped with signi cant gear ratios to achieve the required resolution performances,
are impacted by lack of sti ness and training clearances, which induces delays between the
control signals sent to the motors and the actual movements measured by the encoders located
at the leg level.

If the hexapod technology (also called Stewart platform or Gough-Stewart platform) and
the foundations of parallel kinematic machines have been laid since the 1960s, the control of
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Figure 4.1: View of ZONDA PKM, equipped with a dual-feedback measurement system
(¢ SYMETRIE).

these systems remains no less complex [27] [244] [225]. The precisions required by industrial
applications and research activities are increasingly restrictive and must now call on advanced
control schemes [57], [77], [27], [29],. To this end, explicit knowledge of the dynamic model is
essential [76], [191], [159]. The model can take into account the internal exibilities of the
robot's structure [168], [49].

From a control point of view, several approaches have been proposed in the literature for the
control of rigid parallel robots. Among others, we can cite: classic PID type approaches [245],
adaptive approaches [28], robust approaches [73], sliding mode approaches [234], predictive
approaches [57], intelligent approaches [74], etc. However, few works in the literature have
dealt with the control of exible parallel robots [199], [198]. Finally, several works have dealt
with the problem of control of time-delay systems [302], [64]. However, there is no work that
has addressed the problem of controlling parallel robots in the case of multiple feedbacks with
measurement delays and exibility of the robot's structure and/or joints.

The objective within this research topic is to develop new advanced control solutions,
compatible with implementation on a real-time kernel, to improve the precision and stability
of PKMs equipped with two position sensors on each actuator. The proposed control solutions
should be robust enough for a wide range of load variations and external disturbances. This
is the topic of a forthcoming industrial PhD (CIFRE) we are preparing with the company
SYMETRIE.
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Control of autonomous underwater robots for inspection in
rough seas

O shore, human diving is prohibited around unanchored vessels without redundant dynamic
positioning systems. However, their hulls require regular inspection, and ROVs (Remotely
Operated Vehicles) are used to carry out this surveillance (hull inspection by video and
thickness probe). These remotely operated underwater robots o er the advantage of avoiding
human exposure to the risks of diving, and exempt the vessel from the constraints of
professional o shore diving (hyperbaric chamber, hyperbaric doctor, hyperbaric operations
manager, rescue divers, etc.). Launching and retrieving robots is also simpler than for divers.
O shore vessels don't always have dedicated access systems for divers, so an in atable has to
be deployed into water, again with risks for humans, as most vessels are not optimized for
this type of operation.

The use of robots is also advantageous for the inspection of o shore wind energy systems
(cf. illustration of Figure 4.2, such as oating wind turbines, an industry that is increasing
in Occitanie region. Because they are not subject to hyperbaric constraints, the robots
can make repeated dives in a single day, at any depth, without tiring. Nevertheless, the
human element remains present throughout operations, since ROVs are remotely operated by
human operators. Although they are equipped with numerous automatic steering systems
(auto-pro ling, auto-cap, etc.), the robots remain permanently under the control of their pilot,
who analyzes live video and data acquired by the robot (sonars, sensors, etc.).

Figure 4.2: lllustration of wind farms in a rough sea.

Robotized inspections, like diver inspections, are nevertheless limited by weather conditions,
and in particular by sea state (waves and swell). Thus, while operations pose no problem in
calm seas (force 0 to 2 on the Douglas scale), they become more complicated in light seas
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(force 3), and very di cult in rough seas (force 4, with wave heights of betweef:25 and 2:5
meters). This is because the robots are constantly being moved by water's mass movements
close to the surface, and their pressure sensors, used to measure and control their depth,
produce noisy data due to variations in water column height (caused by waves). This degrades
the robot's stability, and can disrupt or prevent a successful inspection. It can also result in
collisions with the inspected structure, which can damage the structure or the robot itself.
The control schemes used in existing industrial robots are, for most of them, conventional
PID controllers. They are unable to compensate for large disturbances caused by rough seas,
and may even be destabilized. Various academic studies have led to the development of
more advanced controllers (robust [284] [283], adaptive [107] [106], predictive [95], sliding
mode [111] [104], nonlinear [108], saturated [105], etc.), often focusing on precision, speed
and adaptability, and neglecting the rejection of strong pseudo-periodic disturbances. This
is probably due to the technical di culty of producing this type of disturbance repeatedly

in laboratory tanks, or due to the di culty of accessing rough marine areas with laboratory
prototypes.

In this context, | will be interested in the development control schemes, for the computer-
assisted piloting of underwater robots carrying out inspections in rough seas (water mass
movements and disturbance of immersion depth measurement). The increased stability will
signi cantly facilitate the work of the human operator in charge of piloting the vehicle, and
will make it possible to increase the weather range during which ships or wind turbines can be
inspected. This last point applies to all locations, but is particularly critical for wind farms
in the Atlantic, North Sea or Baltic, where the number of days available for inspection is
very limited. This is the topic of the thesis of Raissa Benazouz that | am co-supervising with
Vincent Creuze.

Optimal path planning and control design for a ship traction
system by kite

Nowadays, due to the global warming, the need to reduce Carbon dioxide (CO2) emissions is
essential. Moreover, the recent increase in oil prices heavily a ects transportation industries,
and particularly maritime industry. This has led to the search for alternative solutions and
especially renewable energy. Indeed, the investigation of new renewable energy resources
to replace fossil fuels, is receiving an increasing attention within research and industry
communities.

In order to achieve a wind propulsion system for ships (as illustrated in Figure 4.3, a
towing kite tracking a dynamic trajectory is the best candidate. This concept is illustrated in
Figure 1. One of the rst studies about kites to produce energy was conducted by Loyd in
1980 [171]. More recently several studies have been conducted in the literature [72] [53] [160].
In most wind conditions, a dynamic motion of the kite along an eight-shaped trajectory can
provide enough traction force to tow a ship. This can be explained by the fact that the
aerodynamic forces are proportional to the square of the apparent wind speed seen by the
kite system, and consequently strong wind can generates strong traction forces. This concept
can be highly bene cial for any ship because of its economic and environmental e ciency.
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Figure 4.3: lllustration of the principle of ship propulsion system by kite € Beyond The
Sea).

However, with increasing size, classical empirical design methods are too slow and the
cost of prototypes could be very high. To design an automatic pilot for a kite system, it
would be rst necessary to develop an appropriate model representing the dynamics of the
system. Then, to optimize the kite's reference trajectory to maximise the traction force.
Finally a controller should be designed to follow the optimal trajectory. In this context,
the work will be focused on the study and optimization of reference paths [157], that the
sail (kite-type [6], [23]) should follow in order to maximize aerodynamic traction based on
the boat's course progression [41] and environmental conditions. The optimization of the
propulsive energy should take into account the energy consumption of the kite control motors
(electric winches).

Indeed, the aim will be rst to study the energy consumption and energy e ciency of energy-
consuming and energy-producing components of the system under varying environmental
conditions. Thus, the energy analysis should consider, for given environmental conditions
over a credible time horizon:

the route de nition as a sequence of sail courses during this time horizon, corresponding
to the validity of the environmental condition forecasts. This step will require the
development of simpli ed yet relevant dynamic models [41] corresponding to di erent
sail courses (including ship and kite system),

the energy cost of each maneuver,

the energy capacity (mechanical traction energy in the desired direction) of the planned
path,
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the sea states, currents, and winds, and
the model of the kite control actuator, i.e., the electrical winch.

Accordingly, based on the current system objective (heading), an algorithm for optimal
planning [157] will establish di erent sail courses and planned paths for the kite, minimizing
energy expenditure and maximizing aerodynamic traction [4]. It should be noted that
validating the consumption/production models of the di erent system components will likely
require the installation of di erent sensors on the system (ship, cables, and kite) to monitor
current performance against expected performance. The concepts developed in the optimal
planning part [157] will be integrated into a control architecture [297] [307] that should be
developed to ensure the tracking of the optimal trajectory. Finally, the proposed solutions
(including optimal path planning and control design) will be validated in real-time on the
experimental platform developed at the University of Montpellier (UM) within BPI France
KIWIN project. This is the topic of the thesis of Kenza Khedache that | am co-supervising
with Loic Daridon and Kostia Roncin.
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1. Guilhreme Sartori-Natal : "Control of parallel robots: Towards very high accelerations"
Financement . Ministere de I'Enseignement Supérieur et de la Recherche
Dates . Octobre 2008 Novembre 2012
Encadrement % . 70 % (Francois pierrot 30%)
Publications . 2 articles de journaux [247, ] et 5 articles de conférences inter-
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Financement :  Ministere de I'Enseignement Supérieur et de la Recherche
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4. David Galdeano : "Contribution to Whole-Body Control of Humanoid Robots: From
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Concept to Real-Time Validation"
Financement . Projet Européen Hephaestus
Dates : Juillet 2017 Octobre 2020
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11. Ghina Hassan (Cotutelle France/Liban) : "Control of a Cable Driven Parallel Robot
for High-Speed Pick-and-throw tasks in Selective Sorting"
Financement : Université Libanaise, Liban
Dates : Octobre 2018 Décembre 2022
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Dates : Octobre 2018 Décembre 2023
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functional assistance with a wearable robot of lower limbs',soutenue en septembre 2015
Ana Lucia Maubecin  (Chemori 100%) : 'Trajectories generation and control of parallel
robots for pick-and-place tasks',soutenue en septembre 2014

Mahdi Abid (Chemori 100%) : 'Advanced control of parallel robots for machining applica-
tions', soutenue en septembre 2014
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20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Juan José Pena Martinez  (Chemori 100%) : 'Nonlinear robust control of underactuated
mechanical systems : Real-time application to the inertia wheel inverted pendulum’soutenue
en juin 2014.

Javier Grande Rodriguez  (Chemori 100%) : 'Sliding mode control of an underwater vehicle
. Application to the modi ed AC-ROV', soutenue en juin 2013

Meriem Zhioua (Chemori 100%) : 'Trajectories generation and control of high speed, high
precision parallel robots', soutenue en septembre 2012

Moussab Bennehar (Chemori 100%) : 'From human walking to humanoid walking : trajec-
tories generation and control', soutenue en septembre 2012

Abdelmoumen Derbal  (Chemori 100%) : 'ZMP-based control architecture for SHERPA
robot', soutenue en septembre 2011

Khaoula Brahim  (Chemori 100%): '‘Analysis and modeling : From wheeled inverted pendu-
lum to the automated wheelchair', soutenue en avril 2011

Nahla Touati (Chemori 100%) : 'Design of predictive/adaptive control strategies for the
inertia wheel inverted pendulum’, soutenue en septembre 2012

Souhila Bacha (Chemori 100%) : 'Design and implementation of a pattern generator for
dynamic walking in humanoid robotics', soutenue en septembre 2010

David Galdeano (Chemori 70%, S. Krut 30%) : 'Trajectories generation for dynamic walking
of SHEPRA biped robot', soutenue en juillet 2010

Zeineb Zarrouk (Chemori 80%, P. Poignet - LIRMM 20%) : 'Adaptive Force Feedback
Control for 3D Compensation of Physiological Motion in Beating Heart Surgery', soutenue en
juin 2010.

Lisa Simoussi (Chemori 50%, D. Galdeano 50%) : 'Trajectories generation for dynamic
walking of a humanoid robot', soutenue en septembre 2014

Ines Douania (Chemori 50%, S. Krut - LIRMM 50%) : 'A predictive control design for
stabilization of the inertia wheel inverted pendulum’, soutenue en juillet 2008

Sébastien Le Floch (Chemori 100%) : 'ZMP-based trajectories generation and control of
SHERPA biped robot', soutenue en juin 2008

Sihem Mallek (Chemori 50%, P. Poignet - LIRMM 50%) : 'Control of a CD player for
biological data reading’, soutenue en juillet 2008

Nabil Haddad (Chemori 50%, S. Krut - LIRMM 50%) : 'Limit cycle generation in the
control of the inertia wheel inverted pendulum’, soutenue en juin 2007

Activité d'enseignement

Enseignement en France

Cours deLogiciel (16h TP) en L3 Professionnelle a I''UT de Montpellier, durant les années
académiques 2006/2007, 2007/2008.

Cours d'Automatique (32h TP) en DUT a I'lUT de Montpellier, durant les années académiques
2006/2007, 2007/2008.

Cours Robotique avancéd32h TP) en M2 EEA a I'Université Montpellier 2, durant les années
académiques 2007/2008, 2008/2009, 2009/2010, 2010/2011.
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Cours Modélisation de processug9h CM, 6h TD) en L3 Professionnelle a I''UT de Montpellier,
durant les années académiques 2008/2009, 2009/2010.

Cours Systéemes Non Linéaireg(15 CM, 16.5h TD) en M1 EEA a I'Université Montpellier 2,
durant I'année académique 2008/2009.

Cours Calcul Scienti que (10h TP) en L3 Professionnelle & IUT de Montpellier, durant I'année
académique 2009/2010.

Cours Systemes Discretg9h TD) 1ére année a Polytech Montpellier, durant I'année académique
2010/2011.

Cours Systemes Linéaireg4.5h TD, 12h TP) 1ére année a Polytech Montpellier, durant I'année
académique 2010/2011.

Cours Automatisme (10.5h CM, 10.5h TD) 2éme année a Polytech Montpellier, durant I'année
académique 2010/2011.

Cours Systémes Linéaires(15h TD, 15h TP) L3 EEA a I'Université Montpellier 2, durant
l'année académique 2010/2011.

Module doctoral IATEX (15h CM) Doctorants de I'Université Montpellier 2, durant les années
académiques 2011/2012, 2012/2013.

Cours Commande des Robots Manipulateur§l2h CM, 17h TP) M2 EEA students a |'Université
Montpellier 2, durant les années académiques 2011/2012, 2012/2013, 2013/2014, 2014/2015.
Cours Algébre et Probablité(21h CM) léere anée a Polytech Montpellier, durant les années
académiques 2011/2012, 2012/2013, 2013/2014, 2014/2015.

Cours Automatique des systemes actionéd 3.5h CM, 7.5h TD, 15h TP) 2éme année a Polytech
Montpellier, durant les années académiques 2011/2012, 2012/2013, 2013/2014.

Cours Introduction a I'Automatique (9h CM, 9h TD, 9h TP) M2 a I'Ecole Nationale de
I'Aviation Civile (ENAC), durant I'année académique 2013/2014.

Cours Commande Avancée des Systemes Dynamiquéh CM) M2 ScTIC a I'Université Paris-
Est Créteil, durant les années académiques 2014/2015, 2015/2016, 2016/2017, 2017/2018.
Formation Matlab/Simulink (20h CM) Agents CNRS, MCF et doctorants de l'université
de Montpellier (formateur interne), durant les années académiques 2015/2016, 2019/2020,
2020/2021.

Formation IATEX (20h CM) Agents CNRS, MCF et doctorants de I'université de Montpellier
(formateur interne), durant I'année académique 2014/2015.

Cours Robhotique pour La mécatroniqug8h CM, 2h TD, 8h TP) M2 Mécatronique a I'ESIGELEC
(Rouen), durant les années académiques 2016/2017 2023/2024.

Cours Autonomous Underwater Robotics(12h CM, 1.5h TD, 6h TP) M2 Robotique a I'EIGSI
(La Rochelle), durant I'année académique 2023/2024.

Enseignements a l'étranger

Course Advanced Robotics(15h CM, 12h TP) for M2 students at University of Constantine
(Algeria) durant I'année académique 2011/2012.

Course Advanced Robotics(12h CM, 12h TP) for M2 ARTI students at ESTI Engineering
School (Tunisia) durant I'année académique 2011/2012.

Course Introduction to Control of Robot Manipulators (6h CM, 2h TD, 3h TP) for M2 & PhD
students at King Abdullah University of Science and Technology - KAUST (Saudi Arabia)
durant I'année académique 2012/2013.
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Course Humanoid Robotics(18h CM) for PhD students, ENIT Engineering school (Tunisia)
durant I'année académique 2015/2016.

Course Matlab/Simulink for scienti ¢ computing (20h CM) for PhD students, ENIT Engineer-
ing school (Tunisia) durant I'année académique 2015/2016.

CourseMaodelling and motion control of marine vehicles(12h CM) for M2 students at Huazhong
University of Science & Technology (China) durant I'année académique 2017/2018.

Course Modelling and Advanced Control of Robots(15h CM, 2h TP) for PhD students at
ENSIT Engineering school (Tunisia), durant I'année académique 2017/2018.

CourseMotion Control of Marine Vehicles (7.5h CM) for M2 & PhD students at King Abdullah
University of Science and Technology - KAUST (Saudi Arabia) durant I'année académique
2017/2018.

Course Robot Control (10h CM, 3h TP) for M2 & PhD students at China University of
Petroleum (China) durant I'année académique 2017/2018.

Course Advanced control of underwater robots(15h CM) for PhD students, ENIT Engineering
school (Tunisia) durant I'année académique 2017/2018.

Two lectures (3h CM) in the Master Course Modeling and control of robots (TTK4195) for
M2 students at Norwegian University of Science and Technology - NTNU (Norway) durant les
années académiques 2017/2018, 2018/2019.

Course Advanced Robotics(20h CM, 6h TP) for M2 & PhD students at ENSIT Engineering
school (Tunisia), durant I'année académique 2018/2019.

Course Control of Mechanical Systems: Theory and Application(16.5h CM, 1.5h TP) for M2
& PhD students at Tohoku University (Japan), durant I'année académique 2019/2020.
Course Modelling and Control of Robot Manipulators (16h CM) for PhD students at ENSIT
Engineering school (Tunisia), durant I'année académique 2019/2020.

One lecture (2h CM) in the course em Linear Systems for Undergraduate students at La Salle
University (Mexico) durant I'année académique 2020/2021.

Two lectures (3h CM) in the course Robot Control for M2 & PhD students at Tohoku University
(Japan), durant I'année académique 2023/2024.

Responsabilités scienti ques

1. Responsabilité de projets :

2023 - 2024 : Projet PHC PARROT "Design and Advanced Control of a Biomimetic
Amphibious Robot", collaboration avec Centre for Biorobotics - TALTECH (Estonie),
budget LIRMM : 6.3 Ke.

2022 - 2024 : Contrat CIFRE "Commande robuste/adaptative pour I'amélioration des
performances des robots a structure paralléle de haute précision", entreprise : SYMETRIE,
budget LIRMM : 40 K e.

2022 - 2023 : Projet MUSE KIM Sea & Coast ROBOTURTLE "Low energy and
silent actuation of a ROBOT inspired by sea TURTLES", collaboration avec Centre for
Biorobotics - TALTECH (Estonie), budget LIRMM : 23 K e.

2022 - 2023 : Projet Dé clé Robotique Centrée sur I'Humain NORNAV-AUV "Nonlinear
Robust Navigation Control of Small Autonomous Tethered Underwater Vehicles", budget
LIRMM : 6 K e.
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2019 - 2022 : Contrat industriel de collaboration de recherche PICKAT "Control of
a CDPR for high-speed pick-and-throw tasks in waste sorting"”, entreprise : Tecnalia,
budget LIRMM : 45 K e.

2019 : Projet PHC AURORA "Computational Tools for Robotic Systems with Dy-
namic Constraints: Case Studies in Dynamic Manipulation”, collaboration avec NTNU
(Norvége), budget LIRMM : 4.5 Ke.

2017 - 2020 : Projet CNRS PRC iREHAB "Modelling of Human Intention during Gait
Rehabilitation”, collaboration avec CSIR-CSIO (Inde), budget LIRMM : 21 K e.

2016 - 2018 : Contrat CIFRE "Commande d'un véhicule sous-marin a propulseurs
orientables”, entreprise : SUBSEA TECH, budget LIRMM : 15 Ke.

2016 - 2017 : Contrat industriel de collaboration de recherche OIS "Commande et
localisation d'un robot nettoyeur de coque", entreprise : Ocean Innovation System,
budget LIRMM : 30 K e.

2015 - 2016 : Projet PHC PARROT "Control of U-CAT Biomimetic Underwater Robot
for Shipwreck Archeological Inspection”, collaboration avec Centre for Biorobotics -
TALTECH (Estonie), budget LIRMM : 8 K e.

2013 - 2014 : Contrat de consulting industrial Kietta "Commande de véhicles de surface",
entreprise : Kietta, budget LIRMM : 15 K e.

2010 - 2011 : Contrat industriel de collaboration de recherche evoM "Analyse et modéli-
sation : du pendule inversé sur deux roues au fauteuil roulant automatisé”, entreprise :
evoM, budget LIRMM : 5.2 Ke.

2. Participation a des projets :

2022 - 2026 : Projet BPI France KIWIN "Development of an automated ship aerodynamic
traction system by kite", coordinateur : Beyond the sea, budget UM (LIRMM/LMGC) :
931 Ke.

2022 - 2023 : Contract industriel DIGICUTO (prestation de service) : "Amélioration
des performances d'une plateforme d'aide a la chirurgie dentaire robotisée", entreprise :
DIGICUTO, budget LIRMM : 9.5k e.

2017-2020 : Projet Européen HEPHAESTUS "Highly automatEd PHysical Achieve-
ments and PerformancES using cable roboTs Unique Systems"”, coordinateur : Techalia
(Espagne), budget LIRMM : 447 Ke.

2016 : Projet CNRS PEPS CyberComp "Langage a base de Composants Tolérants aux
Fautes pour les Systemes Cyber-Physiques”, budget LIRMM : 13 &.

2016 - 2017 : Projet ARPE Région Languedoc-Roussillon-Midi-Pyrénées PilotPlus
"Improved pilot interface for underwater robots", budget LIRMM : 30 K e.

2015 - 2019 : Projet ANR SEAHAND "Main marinisée mobile pour la saisie robuste en
environnement sous-marin", budget LIRMM : 68 Ke.

2015 - 2017 : Projet ARPE Région Languedoc-Roussillon-Midi-Pyrénées PRADA "Etude
et commande d'un actionneur a haute performance pour les robots paralléles”, budget
LIRMM : 45K e.

2011 - 2012 : Contrat industriel de collaboration de recherche Ste-ROV "Suivi de paroi
a distance et orientation constante, référencé stéréovision, pour un tres petit véhicule
sous-marin de type AC-ROV", entreprise : Tecnalia, budget LIRMM : 60 Ke.

2012 - 2014 : Projet ARPE Région Languedoc-Roussillon MiniROV "Vehicule sous-marin
L2ROV", budget LIRMM : 45K e.
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2011-2013 : Projet Européen ECHORD PRADA "Parallel robot with adaptive dynamic
accuracy", coordinateur : Tecnalia (Espagne), budget LIRMM : 109 ke.

2011 - 2015 : Projet ANR ARROW "Robots Rapides et Précis avec un large Espace de
Travail Opérationnel”, budget LIRMM : 428 K e.

2011 - 2012 : Projet industriel de collaboration de recherche Easy-ROV "Control of a
mini underwater vehicle", entreprise : Tecnalia, budget LIRMM : 28 Ke.

2011 - 2012 : Projet PHC Galilée "ldenti cation des parameétres mécaniques et esti-
mation des variables cinématiques et dynamiques du systéme postural et locomoteur”,
collaboration avec Sapienza Universita di Roma (ltalie), budget LIRMM : 7.6 Ke.

2009 - 2013 : Projet ANR R2A2 "Robot humanoide hydRaulique: Amélioration de
I'Autonomie énergétique via la conception et la commande"”, budget LIRMM : 97 ke .
2007 : Projet CNRS CD-Player "Pilotage d'un lecteur CD, pour l'acquisition et le
stockage de données transportables”, budget LIRMM : 10 K.

2007 - 2011 : Projet ANR SHERPA "SHERPA : Robot bipéde bio-inspiré pour le
Transport”, budget LIRMM : 430 K e.

2008-2012 : Projet Européen FP7 ARAKNES "Array of Robots Augmenting the KiNe-
matics of Endoluminal Surgery" , coordinateur : Scuola Superiore Sant'/Anna (ltalie),
budget LIRMM : 1 M e.

2006 - 2009 : Projet ANR 100G "Objectif 100G", budget LIRMM : 424 Ke .

2006-2009 : Projet Européen FP6 "Accurate Robot Assistant”" (AccuRobAs), coordinateur
. Karlsruher Institut of Technology (Allemagne, budget LIRMM : 304 k e.

Voir plus de détails sur ces projets en Sect. 2.7.
3. Comités techniques de sociétés savantes :

IEEE Senior Member (depuis 2017), et em Member (depuis 2011).

Membre du Comité Technique de I'lFAC TC 1.2 sur Les systémes adaptatifs et d'apprentissage
(2020 - présent).

Membre du Comité Technique de I'FAC TC 4.2 sur Les systémes mécatroniquef2011 -
présent).

Membre du Comité Technique de I''FAC TC 7.2 sur Les systémes marineq2011 -
présent).

Membre du GDR MACS (Modélisation, Analyse et Conduite des Systémes dynamiques
Membre du GDR Robotique.

Organisation d'événements scienti ques

1. Ecoles d'été :
Au cours de ma carriere, j'ai co-organisé (initiateur et organisateur principal) d'une école d'été
sur la robotique paralléle. Cette école a été organisé en trois éditions (PKM'16, PKM'18 et
PKM'20), la derniere édition a été annulée au dernier moment a cause de la pandémie du
COVID-19. J'ai également co-organisé récemment une école d'été au CINVESTAV, Mexigue
sur la commande des systemes robotiques complexes.

2. Workshops internationaux :
Au cours de ma carriére, j'ai aussi co-organisé plusieurs workshops, en FrancRécent advances
in Marine Robotics', ) et a l'international ( 'Rehabilitation & Wearable Robotics' et 'Indo-French
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Workshop on Robotics for Rehabilitation' en Inde, 'Motion Control of Biomimetic Autonomous
Underwater Vehicles'a Oman, 'Thai-French workshop on Industrial Robotics' en Thailande,
'‘Marine robotics' a trois reprises, durant European Robotics Forum (ERF) en France, Autriche
et Slovénie).

3. Sessions invitées :
Au cours de ma carriére, j'ai co-organiseé plusieurs sessions invitées en conférences internationales
(‘Mathematical Robotics' a I'lFAC-WC 2020, 'Robotics for Rehabilitation' a IEEE RoMAN
2019, Predictive control & CIFA 2008 et CIFA 2010).

4. Comité de programme :
Au cours de ma carriere, j'ai participé a des comités de programme (IPC/TPC) de plusieurs
conférences internationales.

Voir plus de détails concernant les activités récapitulées ci-dessus en Sect. 2.4.

Dissémination et rayonnement

1. Publications :
Au cours de ma carriére, j'ai publié 63 articles de revues internationales, 90 articles de
conférences internationales avec comité de lecture, 3 articles de conférences nationales, 1 livre,
13 chapitres de livre et un brevet (voir la liste détaillée en Sect. 2.8).

2. Keynotes/Pléniéres dans des conférences internationales :
Au cours de ma carriére, j'ai donné 37 présentations invitées (Keynote/pléniére) dans des
conférences internationales (Voir liste détaillée en Sect. 2.6.1).

3. Mobilités (Chercheur invité) :
Durant ma carriére, j'ai e ectué des mobilités dans di érents laboratoires de recherche. J'ai
fait en tout plus de 40 séjours (Voir liste compléte en Sect. 2.5).

4. Séminaires invités :
Durant ma carriere j'ai été invité dans d'autres laboratoires de recherche (en France et a
l'international) pour donner des séminaires sur mes activités de recherche. J'ai donné en tout
87 séminaires (Voir liste complete en Sect. 2.6.2).

5. Conférences de vulgarisation scienti que :
Tout au long de ma carriere, j'ai été invité a donner des conférences grand-public a plusieurs
occasions, en France et a I'étranger (voir liste compléte en Sect. 2.6.3). J'ai également participé
a des reportages télévisés ou podcasts.

6. Expertise de projets :

European Research Council (H2020, Brussels, European Union);

Agence Nationale de la Recherche (ANR), France ;

Association Nationale de la Recherche et de la Technologie (ANRT), France ;

Projet de recherche de la région Centre-Val de Loire, 2016 et 2022, France;
Programme RFI Atlanstic de la région Pays de la Loire, 2020, France;

National Science Center (NSC), 2016, Pologne;

Prix des meilleures théses - GDR MACS, 2018, France;

Projets Initiatives de Recherche a Grenoble Alpes (IRGA) 2021 et 2023, Université
Grenoble Alpes, France;

Natural Sciences and Engineering Research Council of Canada (NSERC), 2019 et 2020,
Canada;
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National Council of Science and Technology (CONACYT), 2019, Mexique.
7. Animation scienti que :

Animateur (en collaboration avec Sorin Olaru, SUPELEC) du Groupe de travail Com-
mande prédictive non linéairedu GDR-MACS (2007 2011).

Animateur des séminaires périodiques de I'équipe DEXTER du département Robotique
du LIRMM (2009 2015).

8. Activité éditoriale :

Technical editor, IEEE/ASME Transactions on Mechatronics (01/2024 - présent).

Associate editor, Frontiers in Robotics and Al (05/2022 - présent).

Editorial board member, International Journal of Modelling, Identi cation and Control,

Inderscience publishers (01/2019 - présent).

Review editor, Frontiers in Robotics and Al (2015 - 04/2022).

Guest editor pour quelques numéros spéciaux.

Associate editor, IEEE/RSJ IROS 2018-2020, 2022-présent.

Associate editor, IEEE RO-MAN 2019-présent.

Associate editor, IFAC WC'17, IFAC CAMS'18,22.
Voir liste détaillée en Sect. 2.2.

9. Révisions d'articles :

Pendant ma carriere j'ai révisé plus de 250 articles, pour les Conférences internationales avec
comité de lecture telles que IEEE ICRA, IEEE/RSJ IROS, IEEE CDC, ACC, ECC, IEEE
EMBC, IFAC WC, ICAR, etc. ainsi que pour les Revues scienti ques internationales telles que
IEEE Transactions on Robotics, IEEE Transactions on Automatic Control, Automatica, |IEEE
Transactions on Control Systems Technology, IEEE/ASME Transactions on Mechatronics,
IEEE RA-L, IEEE L-CSS, Robotics and Autonomous Systems, International Journal of
Robust and Nonlinear Control, Robotica, Advanced Robotics, et IEEE Trans. Control
Systems Technology. Robotica, etc.

10. Participation a des jurys de thése:

Au cours de ma carriere, j'ai participé en tant qu'examinateur aux jurys de 15 théses de
doctorat (7 en France et 8 a |'étranger : Japon, Inde, Australie, Tunisie, Liban).

AW Mémoire

Activités de recherche (Chapitre 3)

Apres mon postdoctorat a Gipsa-lab (anciennement LAG : Laboratoire d'Automatique de Grenoble),

j'ai été recruté au CNRS et a ecté au Laboratoire d'Informatique, de Robotique et de Microélectron-
ique de Montpellier (LIRMM, UMR 5506, CNRS - Université de Montpellier) en tant que chargé

de recherche CNRS en novembre 2006. Ce manuscrit résume mes travaux de recherche e ectués
depuis mon arrivée LIRMM dans I'équipe DEXTER (Conception et commande de robots pour la
manipulation) du département robotique (2007-présent). Ma recherche, au cours de ces derniéres
années, a porté sur le développement d'approches de commande avancées non linéaires (adaptatives,
robustes et prédictives) et leur application aux systémes robotiques complexes. La complexité de ces
systémes se manifeste souvent a travers di érents aspects, tels que (i) la dynamique fortement non
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linéaire, (ii) le sous-actionnement, (iii) la redondance d'actionnement, (iv) les parametres incertains
et/ou temps-variant, (v) la présence de perturbations externes, etc. Ces activités se déclinent en 5
axes de recherche en robotique, qui seront développés par la suite a savoir: (3 commande des
robots paralléles rigides (2) la commande des robots paralléles a cableg8) la commande des robots
sous-marins autonomes(4) la commande des robots sous-marins bio-inspirégt (5) la commande des
robots portables (exosquelettes) de rééducatiod'ai également travaillé sur deux autres applications
(les systémes mécanigues sous-actionnés et les robots humanoides) qui ne seront pas présenté dans
ce manuscrit. Un des points forts de mes activités de recherche est qu'elles sont caractérisées par un
aspect a la fois théorique et expérimental. En e et, ces activités peuvent étre considérées comme
étant une interface entre les aspects théoriques (fondamentaux) de l'automatique et les aspects
pratiques (expérimentaux) de la robotique. Un autre point fort de mes activités réside dans le fait
gue toutes les contributions proposées sont sont systématiquement validées expérimentalement sur
des robots au LIRMM ou dans d'autres laboratoires de recherche en France ou a l'étranger. Les
travaux présentés dans le manuscrit sont regroupés suivant les cinq axes précédents et seront résumeés
dans la suite.

Commande des robots paralleles rigides : La popularité des robots paralleles (dits PKM:
Parallel Kinematic Manipulators ou Parallel Kinematic Machines) s'est considérablement accrue
lors des derniéres décennies. Cette popularité a été stimulée par les nombreux avantages gu'o rent
ces robots par rapport a leurs homologues sériels concernant certaines applications industrielles
nécessitant de fortes accélérations, une bonne précision ou les deux a la fois. Toutefois, a n d'exploiter
pleinement leur potentiel et de tirer le meilleur de leurs capacités, plusieurs problémes liés a ces
robots restent a résoudre. En plus de la conception mécanique, I'étalonnage et I'optimisation
de la structure, le développement d'une approche de commande e cace, robuste et performante
joue un rdle primordial dans I'amélioration des performances globales du robot. Cependant, la
commande des robots paralleles est souvent considérée dans la littérature comme un challenge en
raison (i) de leur dynamique fortement non linéaire qui s'accroit lorsque de fortes accélérations
sont sollicitées, conduisant a des vibrations mécaniques, (ii) de leur espace de travail réduit, (iii)
de la présence des singularités dans ce dernier, (iv) des incertitudes et variations paramétriques
et (v) de la redondance d'actionnement (présente dans certains mécanismes). Par conséquent, les
stratégies de commande dédiées aux robots paralléles doivent tenir compte de tous ces enjeux et
challenges, a n qu'elles soient capables de répondre aux exigences croissantes en termes de précision
et de rapidité. A titre d'exemple, pour des applications de pick-and-place, la recherche de temps
de cycles trés courts impose évidemment d'atteindre des temps de déplacements trés courts, mais
également des temps de stabilisation trés courts surtout aux points d'arréts, et en n, de garantir
une robustesse par rapport aux performances au regard de variation des conditions d'utilisation
du robot. Cependant, si I'on souhaite monter en cadences (vitesses et accélération), le temps de
stabilisation aux points d'arrét argumentera naturellement a cause des vibrations mécaniques. Ce
phénomeéne est principalement dd, entre autres, a l'utilisation des corps Iégers (parallélogrammes)
choisis dans le but de réduire la masse et l'inertie des parties en mouvement. Ceci peut étre décrit
par un dilemme 'rapidité/précision’ qu'il faut résoudre a travers le développement d'approches

de commande sophistiquées et non pas par un simple compromis entre les deux éléments de ce
dilemme. Pour ce théme de recherche, trois applications principales ont été abordées, a savoir (i)
les taches de pick-and-place pour I'emballage en agroalimentaire, (ii) l'usinage de pieces, et (iii)
le tri sélectif de déchets. Plusieurs approches de commande, issue des techniques de commande
robuste non linéaire, adaptative ou prédictive ont été proposées. La stabilité des nouvelles approches
de commandes proposées a été quasi-systématiquement prouvée par des technigues basées sur la
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théorie de Lyapunov. Toutes les solutions de commande proposées ont été implémentées et validées
expérimentalement en temps réel (dans di érentes conditions opérationnelles) sur des prototypes
de robots paralleles disponibles principalement au LIRMM. Les contributions proposées ont été
systématiquement comparées avec d'autres solutions de la littérature a n de montrer leur apport
par rapport a I'état de l'art.

Commande des robots paralléles a cables : Les robots paralléles & cables sont principalement
constitués d'une base, d'une plate-forme mobile, de céables reliant en paralléle la plate-forme a la
base et d'un ensemble de treuils ou d'enrouleurs instrumentés. Autrement dit, un robot paralléle &
céables est un type particulier de robot paralléle qui utilise des liaisons exibles (i.e. des cables) pour
connecter les actionneurs a la plate-forme mobile. La base est généralement xe et chaque cable
est attaché a une des extrémités de la plate-forme appelé point d'attache. L'autre extrémité est
enroulée sur un tambour a l'aide de d'un des treuils. Ces derniers sont généralement solidaires de
la base. lls permettent d'ajuster les longueurs des cables et par conséquent changer la position et
I'orientation de la plate-forme mobile du robot. D'autre part, lI'ajustement des tensions au hiveau
des cables modi e le torseur d'e orts appliqué sur la plate-forme mobile. Des poulies peuvent
étre utilisées pour guider les cables du tambour jusqu'a son point de sortie ou il s'étendra de la
base xe a la plate-forme mobile. Les robots paralléles a cables disposent de plusieurs propriétés
avantageuses. A titre d'exemple I'utilisation de cables réduit considérablement la masse et l'inertie
des éléments mobiles. Un robot & cables peut aussi étre réalisé avec un faible colt et sera aisément
transportable et recon gurable. Les robots paralléles a cables constituent donc une solution tout

a pertinente pour des applications impliquant de grandes dimensions. A c6té des ces avantages
des robots a cables, on trouve malheureusement quelques challenges liés a (i) la raideur limité des
cables, (ii) les problemes de collision entre les cables ou entre les cébles et leur environnement,
et (iii) les contraintes unilatérales dues au fait que les cables ne peuvent que tirer la plate-forme.
Pour certains robots a cables, I'application peut aussi imposer une redondance d'actionnement, ce
qui va engendrer plus de complexité. Par ailleurs, dans le cas de certaines applications (cas de
robots de grande taille par exemple) les masse et élasticité des cables du robot ne peuvent plus
étre négligeables et il faut dans ce cas les modéliser. Pour toutes ces challenges, la modélisation,
la conception et surtout la commande des robots a cables peut s'avérer une tache trés complexe
nécessitant le développement d'approches de commandes assez sophistiquées a n de garantir les
performances désirées de fonctionnement du robot tout en assurant la sécurité de son utilisation.
Dans ce contexte je me suis intéressé au probleme de commande pour le suivi de position des robots
paralléles a cables pour des applications de construction (cadre du projet européen Hephaestus).
L'objectif principal était de développer une solution robotique pour l'installation de modules de
panneaux vitrés sur les facades de batiments. Une exigence principale est que le robot fonctionne
en toute sécurité a proximité des contraintes du modele mathématique du systéme. Par ailleurs
les stratégies de I'état de I'art de commande ne répondaient pas a cette exigence car elles ne sont
pas en mesure de considérer les contraintes du systeme comme partie intégrante du contrbleur
principal. La commande prédictive étant I'une des rares approches capable de gérer explicitement
les contraintes (sur la commande, sur la sortie ou sur I'état du systéme). Dance ce contexte deux
types de commande prédictive ont été développées, a savoir une commande prédictive linéaire et
une commande prédictive non linéaire pour le suivi de trajectoires de référence des robot a cables.
Les approches de commande proposées ont été expérimentalement validées sur le robot HRPCable
du LIRMM dans di érentes conditions opérationnelles et comparées avec d'autres solutions de la
littérature pour démontrer leur supériorite.

Commande des robots sous-marins autonomes Les robots sous-marins de type ROV (Re-
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motely Operated Vehicle), AUV (Autonomous Underwater Vehicle), ASV (Autonomous Surface
Vehicle), Glider, ou bioinspiré sont de plus en plus utilisés aussi bien dans le domaine de I'o shore
(inspection pétroliére, etc), que dans le domaine militaire (minage, surveillance des cétes, etc) et
de recherche scienti que (climatologie, archéologie, océanographie, etc). Les principaux thémes de
recherche associés a la robotique sous-marine comportent principalement (g localisation, (ii) la
perception, (iii) la communication, (iv) la coordination de ottilles et (v) la commande Une des
applications potentielles de ces robots concerne l'inspection sous-marine d'infrastructures immergées
(coques de bateaux, barrages hydrauliques, piles de ponts, pipeline, etc). Si l'on s'intéresse, pour de
telles applications, a la commande de véhicules sous-marins, nous seront certainement confrontés
a une multitude de challenges qu'il faut gérer et des contraintes qu'il faut tenir compte lors de

la conception des lois de commande. Ces challenges sont principalement dus a (i) la dynamique
du systeme fortement non linéaire et fortement couplée, (ii) le comportement temps-variant de
cette dynamique, sujet a des e ets hydrodynbmiques, (iii) des incertitudes paramétriques, (iv) des
perturbations externes (environnement marin, vagues, courants, etc.), et (v) des coordonnées non
mesurables, etc. Les véhicules sous-marins sont des systémes non linéaires pour lesquels plusieurs
paramétres du modeéle sont peu connus ou inconnus a priori (termes de la matrice d'amortissement
hydrodynamique, masses ajoutées, etc.) et sont susceptibles de varier au cours d'une mission
( ottabilité lorsque la salinité varie, ramassage ou largage d'échantillons, etc.). De plus, certains

e ets ne peuvent étre intégrés correctement au modéle (e et de lI'ombilical, e ets d'écoulements
tourbillonnaires, etc.). En n, le véhicule est souvent soumis a des perturbations fréquentes (courants,
vagues, etc.). Ces termes mal connus et ces perturbations ont un e et plus ou moins important
sur le véhicule en fonction de leur in uence relative. Sur les petits véhicules sous-marins (robots
voiliers, mini-ROV, mini-AUV, etc.) les approches de commande traditionnellement utilisées sur
les véhicules a forte inertie ne su sent pas a garantir des performances acceptables, c'est-a-dire,
principalement, un retour rapide autour de la consigne en cas de perturbation (par exemple un choc)
et un fonctionnement peu sensible aux variations des paramétres du systéme (variation de la charge
embarquée, variation des caractéristiques d'un moteur, etc.). Il est alors nécessaire de mettre en
oeuvre des techniques de commandes robustes et ou adaptatives capables de s'adapter a la variabilité
et a l'incomplétude du modeéle dynamique, mais aussi aptes a rejeter correctement les perturbations
externes que le véhicule peut subir pendant la mission. Dans ce contexte mes travaux de recherche
ont contribué aux développement d'approches de commandes avancées (non linéaires, robustes,
adaptatives) pour résoudre le probléme particulier de la commande des véhicules sous-marins a
faible inertie et fort rapport puissance/inertie. Pour cela un modéle dynamique est indispensable
aux développement de ce types de lois de commande. L'analyse théorique de stabilité des nouvelles
approches de commandes proposées a été quasi-systématiquement faite en se basant sur la théorie de
Lyapunov. Les solutions de commande proposées ont été systématiquement implémentées et validées
expérimentalement en temps réel (dans di érentes conditions opérationnelles) sur des prototypes
de robots sous-marins disponibles principalement au LIRMM. Les contributions proposées ont été
systématiquement comparées avec d'autre solutions de la littérature a n de montrer leur supériorité
par rapport a I'état de l'art.

Commande des robots sous-marins bio-inspirés : Les AUV traditionnels a propulsion par
hélice ont été essentiels pour les applications sous-marines, mais leurs limitations en matiére d'agilité
deviennent de plus en plus évidentes. Une solution alternative serait & base d'AUV actionnés
par nageoires, qui s'inspirent des principes de locomotion de la vie marine. A titre d'exemple les
opérations sous-marines concernant le suivi robuste et précis des plongeurs reste une tache critique et
loins d'étre résolue. En e et, les méthodes existantes nécessitent souvent de meilleures conditions de
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visibilité et peuvent étre colteuses. Un systéme de suivi des plongeurs qui tire parti des avantages en
termes d'agilité et de sécurité des AUV a nageoires est introduit pour surmonter ces limitations. En
intégrant de maniere synergique les données visuelles et acoustiques provenant de capteurs a faible
codt, le systéme atteint une précision de suivi améliorée, le rendant a la fois rentable et sOr pour
les opérations impliquant des plongeurs. D'autre part nous sommes intéressé a une lacune dans la
littérature actuelle concernant la dynamique de locomotion des AUV a nageoires. Plus précisément,

il manque des modeéles qui relient les parameétres d'actionnement des nageoires a la poussée générée
pouvant étre facilement inversés a des ns de contréle. Un modéle dynamique non linéaire est proposé
pour capturer représenter la relation entre la poussée de la nageoire et ses paramétres d'oscillation.
Empiriquement validé, ce modele sert de fondement pour développer un modéle inverse, o rant
une approche novatrice du contrdle du véhicule. La précision de contrdle est un aspect critique des
opérations AUV. Les AUV traditionnels rencontrent des dé s pour atteindre un contrdle a six degrés

de liberté (6-DDL), en particulier lorsqu'ils sont limités par un nombre restreint d'actionneurs. Une
nouvelle méthode de contrdle & 6-DDL adaptée aux AUV a nageoires est proposée. Cette méthode
permet des mouvements sous-marins complexes, atteignant un contréle a 6-DOF avec seulement
guatre actionneurs, ce qui représente une avancée signi cative dans le domaine. En n dans le but
de développer une commande tolérante aux fautes en robotique sous-marine va au-dela de l'intérét
académique; elle est cruciale pour les missions réelles. Compte tenu des conditions sous-marines
di ciles et imprévisibles, les défaillances des actionneurs ne sont pas rares. Une seule défaillance de
nageoire peut gravement entraver les capacités opérationnelles du véhicule. Pour cela une solution
de commande tolérante aux pannes congu spéci quement pour les AUV & nageoires est proposée. La
solution proposée est validé expérimentalement sur le robot U-CAT dans le cadre d'une collaboration
(these en co-tutelle) avec TalTech en Estonie.

Commande des robots portables (exosquelettes) de rééducation : Le vieillissement de la
population a I'échelle mondiale est un phénomene en constante augmentation. 1l se traduit en
général par des dé ciences et des troubles du systéme neuro-musculo-squelettique et en particulier,
par une perte de la force musculaire qui altére le processus du maintien postural et augmente les
risques de chutes et de fractures. Une telle évolution a également une incidence sur les gestes de
la vie quotidienne d'ou la perte progressive d'autonomie, qui se répercute sur la qualité de vie
des personnes agées. Avec les avancées technologigues récentes, la robotique apparait comme une
solution prometteuse pour développer des systéemes d'assistance permettant d'améliorer I'autonomie
des personnes a mobilité réduite ou dgées dans l'accomplissement d'activités physiques du quotidien

. se lever, s'asseoir, marcher, monter des escaliers, etc. De nos jours, plusieurs travaux de recherche
dans ce domaine sont menés a travers le monde pour le développement de robots portables ou
d'exosquelettes en tant que dispositifs d'aide a la mobilité pour augmenter les capacités motrices des
sujets porteurs, ou comme auxiliaires de rééducation neuro-musculaire. Ces dispositifs trouvent leurs
applications aussi bien chez les personnes agées que chez des personnes accidentées ou handicapées.
La commande des systémes robotiques portables constitue un domaine de recherche d'actualité avec
pleins de challenges, compte tenu de la complexité du systéme locomoteur humain. A titre d'exemple
le systéeme Porteur-exosquelette-environnement est trés complexe a modéliser. Le modéle dynamique
doit comprendre la dynamique de l'exosquelette, la dynamique de I'humain (un exosquelette est
généralement développé pour une population de personnes qui ont généralement des paramétres
dynamiques et de corpulence trés variés, de cela en découle des incertitudes sur les parametres du
modeéle de I'humain) et l'interaction entre les deux, aussi bien gu'avec l'environnement du porteur.

En e et, l'interaction, entre I'humain et le sol pendant la locomotion, est un phénomene trés complexe

a modéliser. En plus de tous ces aspects, viendra un autre aspect primordial qu'il faut aussi prendre
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en compte dans le développement d'approches de commande et qui concerne la sécurité du porteur,
en interaction directe avec une structure mécanique articulée qu'est I'exosquelette. Le but de mes
travaux dans cet axe était de développer des approches de commandes assistives avancées an
d'aboutir a un contrdle su samment n et sécurisé de l'interaction physique entre le porteur et
I'exosquelette, tout en respectant les contraintes imposées par le systtme locomoteur humain en
termes de mouvements naturels et d'une interaction lisse avec I'environnement et cela dans un con-
texte d'assistance ou de rééducation. Dans ce contexte deux contributions on été proposées, a savoir
une commande robuste adaptative et une commande prédictive implicite. Les solutions proposées
ont été implémentées et validées expérimentalement en temps réel sur le prototype d'exosquelette
de genou EICOSI, disponibles au LISSI-UPEC a Paris. Les contributions proposées ont été aussi
systématiquement comparées avec d'autres solutions de la littérature a n de montrer leur apport
par rapport a I'état de I'art.

Projet de recherche (Chapitre 4)

Durant les années a venir, j'envisage de continuer a développer des approches de commande pour
les systéemes robotiques complexes en explorant plus de verrous scienti ques/technologiques. Je
m'intéresserai particulierement aux axes suivants:

Commande des robots paralléles de haute précision en présence de exibilité et retards

de mesure: Le marché de la robotique a structure parallele est en pleine croissance, leur emploi se
démocratisant dans tous les secteurs (I'optique, le spatial, le naval, etc.). Les hexapodes, robots
paralléles équipés de six actionneurs identiques, permettent de positionner et simuler des mouvements
complexes avec de nombreux avantages par rapport aux robots sériels, tels que la précision, la
capacité de charge, la stabilité et les performances dynamiques. A n d'atteindre des trés hautes
performances en termes de précision et de stabilité, certain robots paralléles sont dotés de codeurs
linéaires absolus intégrés de haute résolution dans ses actionneurs. Ces codeurs fournissent une
information de longueur articulaire précise qui vient compléter celle des codeurs moteurs. Les
hexapodes de ce type peuvent atteindre une résolution inférieure au dixieme du micromeétre. En
revanche, leur pilotage est plus complexe pouvant engendrer des instabilités oscillatoires, en fonction
de la charge placée sur le plateau mobile de I'nexapode. Ces phénomeénes indésirables liés en partie
a l'asservissement apparaissent une fois I'hexapode assemblé. Ils sont aussi liés au modéle et a la
structure du robot, incluant la charge utile, dont la fréquence propre peut étre assez basse (de I'ordre
de 5 a 6 Hz), et au retard qu'il existe entre la mesure de position du codeur moteur et celle de la
régle linéaire. Les actionneurs, dotés de réductions importantes pour atteindre les performances de
résolution requises, sont impactés par des mangues de raideur et des jeux d'entrainement, ce qui
induit des retards entre les consignes envoyées aux moteur et les mouvements e ectifs mesurés par
les codeurs localisés au niveau de la tige. Si la technologie de I'hexapode et les bases des robots a
structure paralléle sont posées depuis les années soixante, le pilotage de ces systémes n'en reste pas
moins complexe. Les précisions requises par les applications industrielles et les activités de Recherche
sont de plus en plus contraignantes et doivent maintenant faire appel a des techniques avancées de
contréle/commande. Pour cela, une connaissance explicite du modéle dynamique est requise. Le
modéle peut tenir compte des exibilités internes du systéme. Du point de vue commande, plusieurs
approches ont été proposées dans la littérature pour l'asservissement des robots paralléles rigides.
En revanche, il n'y a pas de travaux qui ont traité le probléeme de commande des robots paralléles
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dans le cas de multiples feedbacks avec des retards de mesure et de dynamique de exibilité de la
structure et/ou des articulations. Ce qui me motive a développer des solutions de commande dédiées.

Commande des robots sous-marins pour l'inspection en mer agitée : Au large, la plongée
humaine est interdite autour des navires non ancrés ne disposant pas de redondance des systémes
de positionnement dynamique. Pour autant leurs coques ont des besoins réguliers d'inspection
et I'on a recours a des robots sous-marins de type ROV pour procéder a cette surveillance. Ces
véhicules sous-marins téléopérés présentent I'avantage d'éviter I'exposition de I'hnumain aux risques
de la plongée. La mise a I'eau et la récupération des robots sont également simpli ées par rapport a
celles des plongeurs. En e et, les navires o -shore ne disposant pas toujours de systemes d'accés
dédiés aux plongeurs, il est nécessaire de mettre a I'eau un pneumatique, avec la encore des risques
pour I'humain, la plupart des navires n'étant pas optimisés pour ce type d'opération. Le recours aux
robots est également avantageux pour l'inspection des systémes éoliens o -shore. Les inspections
robotisées, au méme titre que le sont les inspections par plongeur, restent malgré tout limitées par
les conditions météorologiques. Ainsi, si les opérations ne posent aucun probleme par mer calme,
elles se compliquent par mer peu agitée, et deviennent trés di ciles par mer agitée. Les robots
sont en e et déplacés par les mouvements de masse d'eau pres de la surface, et leurs capteurs de
pression, utilisés pour mesurer et asservir leur profondeur, produisent des données bruitées par
les variations de la hauteur de colonne d'eau. Cela a pour e et une diminution de la stabilité du
robot, susceptible de perturber ou d'empécher l'inspection. Cela peut également avoir pour e et
des collisions avec la structure inspectée, pouvant endommager la structure ou le robot. Les lois
de commande utilisées dans les robots industriels existants sont, pour la plupart, des correcteurs
classiques de type PID. lls ne sont pas a méme de compenser les perturbations d'une mer agitée,
voire risque d'étre déstabilisés. De nombreux travaux académiques ont permis le développement de
commandes plus avancées (adaptatives, robustes, etc.), se concentrant le plus souvent sur la précision,
la rapidité et I'adaptativité, et négligeant le rejet de fortes perturbations pseudo-périodiques. Dans

ce contexte, je m'intéresserai au développement d'algorithmes de commande pour le pilotage assisté
par ordinateur des robots sous-marins e ectuant des inspections en mer agitée.

Plani cation optimale et commande des systemes de traction de navire par kite : La
nécessité de réduire les émissions de CO2 et la hausse des prix du pétrole a ectent toute les
industries du transport et en particulier l'industrie maritime. Cela a conduit & la recherche de des
systémes de propulsion plus économes en énergie pour les navires. Pro ter de I'énergie éolienne
avec l'utilisation des kites, comme source de propulsion alternative, peut s'avérer une solution trés
prometteuse. Dans ce contexte, les travaux concernent I'étude et I'optimisation des chemins de
référence que la voile (de type kite) devra suivre de maniére a maximiser la traction vélique en
fonction de I'enchainement des allures du bateau et des conditions environnementales. L'optimisation
de I'énergie de propulsion prendra en compte la consommation énergétique des moteurs de régulation
du kite (treuils électrigues). Le but sera dans un premier temps d'étudier les consommations et
rendements énergétiques des organes consommateurs et producteurs d'énergie du systéme en fonction
des conditions environnementales. Ainsi, I'analyse énergétique doit considérer, pour des conditions
environnementales données et prévues sur un horizon temporel crédible. Ainsi, en fonction de
I'objectif courant du systéme (cap), un algorithme de plani cation optimale permettra d'établir les

di érentes allures et chemins plani és pour le kite permettant une dépense énergétique minimale
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et une traction véliqgue maximale. Il faut noter que I'établissement de la validation des modeles
de consommation/production des di érents organes du systéme va trés certainement nécessiter
l'installation de di érents capteurs sur le systeme (bateau, cables et kite) a n de superviser/monitorer

les performances courantes par rapport a celles attendues. Les concepts développés dans la partie
plani cation optimale seront ensuite intégrés dans une architecture de commande en assurer le suivi
par les lois de commande dédiées qui seront dévelopées.
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Appendix

Real-Time Experimental Platforms

In the following, a summary of the experimental platforms | used in validation of the proposed
theoretical developments in terms of control of complexe robotic systems is presented. They
are classi ed in ve research elds in robotics, including (i) Parallel Kinematic Manipulators
(PKMs), (ii) Cable Driven Parallel Robots (CDPRS), (iii) Underwater Robots, (iv) Humanoi
robots and Exoskeletons, and (v) underactuated mechanical systems.

Underwater robots :

From left to right : AC-ROV, L2ROV/Leonard (at LIRMM), LIRMIA2 (at LAFMIA,
Mexico) and U-CAT(at Centre for Biorobotics - TUT, Estonia)

Parallel Kinematic Manipulators (PKMs) :

From left to right : PAR2, VELOCE, DUAL-V, R4, ARROW, Spider4 (at LIRMM),
and DELTA (at EPFL, Switzerland).
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Cable-Driven Parallel Robots (CDPRS) :

From left to right : COGIRO and PICKABLE (at Tecnalia), and HRP-Cable (at
LIRMM)

Humanoid robots and exoskeletons :

From left to right : SHERPA, HOAP3 and NAO (at LIRMimanoid robots, and
EICOSI (at LISSI - UPEC, France) exoskeleton.

Underactuated mechanical systems :

From left to right : Inertia wheel inverted pendulum (at LIRMM), and Butter y robot
(at NTNU, Norway).

Multiple videos, illustrating the obtained real-time experimental results of my research
activities, are available on my YouTube ChanneRobot Control at the following link :

https://www.youtube.com/AhmedCHEMORI_RobotControl
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