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Underactuated mechanical systems. Topics in motion planning, motion representation, AI, learning and feedback control methods 
Lecturers:  
· Anton Shiriaev, Professor (Norwegian University of Science and Technology, Norway)
· Sergey Gusev, Associate Professor (St. Petersburg State University, Russia) 
· Maksim Surov, Researcher (Norwegian University of Science and Technology, Norway)
· Anders Robertsson, Professor (Lund University, Sweden) 
· Leonid Freidovich, Associate Professor (Umea University, Sweden)
Summary: 
The course allows MS and PhD students, researchers and robot developers systematically exploring several topics and directions of modern robotics and nonlinear control theory related and critical to developing scalable methods for performing and analyzing agile movements of dynamically constrained systems. Modeling, motion planning and motion control methods for such systems become important for describing problem settings for automating various labor-intensive tasks such as grasping, manipulating or handling of external objects performed nowadays in industry and service applications primarily by humans. Similarly physics and design driven constraints are known to dominate in developing aggressive maneuvers for flying machines or in searching and controlling gaits of walking robots etc.  
In examples, most of dynamic constraints are case specific or linked to scenarios of work of mechanisms. Meanwhile, some constraints are generic and can be simultaneously present in describing behaviors of quite distant nonlinear mechanical systems. Constraints due to underactuation provide examples of such generic structural features. They appear due to system designs and literally mean an excess of a number of degrees of freedom of the system (representative for a searched movement) over a number of actuators available and used in the system (for performing the movement). For this situation, the dynamics of non-actuated variables portray dynamic constraint written as a continuum set of equalities, which a movement of the system must obey, and which are parameterized by a time interval the motion is defined. These non-integrable relations can be irrelevant for some tasks. For instance, underactuation constraints might have a negligible effect in local regulating a steady-state position of a drone. Similarly, the constraint can be often ignored in process of planning and controlling of some of slow motions of a flying machine. Meanwhile, the constraints become dominant and should be considered in planning and performing its agile maneuvers. 
The lectures and the exercises provide the background and problem settings to the subject exploiting generic and scalable arguments for modelling, representing and analyzing behaviors of nonlinear systems, which can be further extended and applied for controlled mechanical systems.  The development is well illustrated by solving a series of comprehensive examples of increased complexity. Furthermore, the underlying thread of the lectures and exercises is put on formalization of motion planning, orbital and Zhukovsky stabilization and stability analysis assignments and on approaches for solving difficult tasks for the concrete and original experimental robotic set-up  ̶  the so-called “Butterfly robot” developed by the team. The robot helps to illustrate the importance, the applicability and the usefulness of introduced math concepts, and numeric, learning, AI and adaptive computational procedures for planning, performing and analyzing demanding non-prehensile manipulation tasks.
Topics covered in the course
The material is organized around four complimentary themes that help gradually enter and explore the subject:
1. Introduction to Underactuated Mechanical Systems: Background concepts, algorithms and computational tools for modelling mechanical systems with holonomic and non-holonomic constraints, modeling contact conditions for rolling and sliding bodies; problem settings and challenges for motion planning, for motion control and stability analysis for a nonlinear dynamic system in a vicinity of its non-trivial behavior, examples.
2. Motion and Trajectory Planning for Underactuated Systems: Servo-constraints, nested representation and motion generator of a robot behavior; Lyapunov lemma for presence of center by linearization; properties of zero dynamics of feedback constrained mechanical systems; the analytic and computational steps in parametrizing agile behaviors; AI-tools in searching feasible behaviors; challenges, open problems and examples.
3. Motion Control for Underactuated Systems: Transverse dynamics for a solution of a nonlinear dynamic system; Poincare stability test; Andronov-Vitt-Demidovich theorem; Leonov lemma; moving Poincare section, transverse coordinates and transverse linearization for a motion of a controlled mechanical system subject to dynamic constraints; numerical methods for controlling transverse linearization based on LQR and Differential Periodic Riccati  Equation (DPRE); hybrid transverse linearization for a motion of mechanical systems with impact forces; challenges, open problems and examples. 
4. Organization and running experiments for the case study: Modelling, identification, model-based planning and feedback control for performing non-prehensile manipulation of a passive disc on a hand of the "Butterfly robot."
List of lectures and problem-solving sessions with syllabus
Lecture 1: Introduction to underactuated systems. (2 academic hours) 
The lecture is focused on exploring several examples of underactuated nonlinear controlled mechanical systems and steps in computing their structural features such as their passive subsystems (the so-called zero dynamics).  The arguments are followed by examples of planning feasible forced behaviors of that underactuated systems consistent with dynamics constraints illustrating challenges of the tasks for the case studies. The lecture gives a brief introduction to the “Butterfly robot” (design, components, software, and experiments), which is used throughout the course emphasizing challenges and approaches for motion planning and motion control in searching realizable behaviors of underactuated systems.
Lecture 2: Classical tools for analysis of nonlinear second order systems. (2 academic hours)
The lecture introduces to participants classical concepts of stability of a motion due to Lyapunov and due to Poincare and illustrates their difference and features in robotic applications. Then, it discusses the analytic result – the so-called Lyapunov lemma on presence of a center of a second order system by linearization – which extensions will be found critical for motion planning and analysis of zero dynamics for dynamically constrained systems. As another important analytic result, which extensions will be later used for controller designs and for analysis of the closed loop systems, the lecture discusses the classical arguments of Poincare for deriving exponential orbital stability of a cycle of a second order system by analyzing linearization of the transverse variable for that cycle.  
Lectures 1 and 2 are followed by the first problem-solving session (2 academic hours plus homework) that helps participants to practice and master the arguments by solving a series of examples on the topics presented. It includes tasks aimed at computing the first return Poincare map and its linearization for a set of parametrically defined second order dynamic systems and tasks aimed at characterizing local features of phase portraits of nonlinear second order systems taking advantage of arguments of the Lyapunov lemma. 
Lecture 3: Modeling constrained mechanical systems. (2 academic hours)
The lecture equips participants with classical parts of analytical mechanics presenting   arguments and methods aimed at developing dynamic models of nonlinear mechanical systems exposed to holonomic, non-holonomic and unilateral constraints including those that appear in describing dynamics of rolling and sliding rigid bodies. The material is organized and complimented by a series of examples of increased complexity.   
Lecture 4: Stability of nonlinear mechanical systems. (2 academic hours)
The lecture introduces participants to classical arguments of analytical mechanics developed for analysis of stability of simplest motions such as an equilibrium based on Lagrange-Dirichlet and Grobman-Hartman theorems formulated for a nonlinear mechanical system subject to holonomic constraints. Several conceptual examples brought into considerations illustrate a power and limitations of the statements. The lecture includes also some of arguments of Hill on analysis of a periodic solution for the restricted three body problem emphasizing importance of motion dependent changes of coordinates and their linearization for recovering properties of transverse dynamics.   
Lectures 3 and 4 are followed by the second problem-solving session (2 academic hours plus homework) that helps participants to explore and master the arguments by completing examples proposed on lectures and by solving a new set of tasks on developing dynamics of a rolling of a passive disc on different shapes of a robot hand including the shape of the “Butterfly robot” and taking into account unilateral constraint, models of friction and possible sliding of the disc along its motion. 
Lecture 5: Transverse linearization for nonlinear systems. (2 academic hours)
The lecture is focused on discussion of the concepts of transverse dynamics, moving Poincare section, transverse coordinates and their linearization for a given solution of a nonlinear system. It makes participants aware of relevant results of Zhukovsky, Andronov, Vitt, Demidovich, Zubov and Leonov on analysis of dynamics of a nonlinear autonomous system in a vicinity of its non-trivial solution and of obstacles for developing stabilizing feedback controllers for achieving orbital or Zhukovsky asymptotic stability of the motion by linearization. Theoretical background is illustrated by examples including feedback controlled mechanical systems suggested by Fradkov, Furuta, Astrom, Spong, Formalsky and others and developed for stabilizing different levels of system’s energy in robustly performing swing-up strategies for pendulum-like mechanical set-ups.  
Lecture 6: Motion planning for underactuated systems: case studies. (2 academic hours). The lecture discusses a number of examples of motion planning assignments for underactuated mechanical systems subject to holonomic or non-holonomic constraints.  Explored mechanical systems include examples with one or two passive degrees of freedom. The motion planning tasks are formulated as a search of agile behaviors, which are to be concatenated from several motion primitives each induced by a feedforward part of the controller.  The examples are either to make a point-to-point movement of mechanical system with one passive degree of freedom avoiding a forbidden area or an obstacle; or to perform a rolling of a disc or a coin along a geometric path on a horizontal by controlling only two degrees of freedom out of four variables of the system; or to perform an aggressive maneuver of a passive spherical pendulum by enforcing a motion of a puck on horizontal plane, the pendulum is put on etc. 
Lectures 5 and 6 are followed by the third problem-solving session (2 academic hours plus homework) that helps participants to explore and master the arguments by completing examples proposed on lectures and by solving a new set of tasks on developing a library of rolling motions of a passive disc of the hand of the “Butterfly” robot consistent with unilateral and non-sliding constraints; and constraints imposed on actuator dynamics. 
Lecture 7: Motion representations for underactuated systems. (2 academic hours).
The lecture is focused on discussion of alternative formats of representation of a forced motion of a controlled mechanical system. As shown, the so-called nested representation of a motion given by a set of kinematic servo-constraints becomes particularly instrumental for handling dynamic constraints due to underactuation. It allows expressing the zero dynamics of an underactuated mechanical system in the form of one or several low dimensional subsystems that are integrable. Various properties of that dynamic subsystem (including extension of Lyapunov lemma, symbolic form of the first integral, generalized passivity relation etc.) are derived and illustrated by complementary examples by re-analyzing previously considered and solved assignments of motion planning. The lecture provides the link of the nested representation with the settings of AI and learning methods for recovering functionalities of robotic systems.
Lecture 8: Orbital stabilization for underactuated mechanical systems. Part I. (2 academic hours). The materials of the lecture provide the discussion of constructive methods that can be used for deriving transverse coordinates for a given forced motion of underactuated mechanical system and for regulating these quantities to zero by feedback controller design. As presented, the nested representation of the forced motion admits computing several sets of transverse variables and their linearization along the nominal motion analytically. The explicit format of transverse linearization extends the original results and computations previously done by Urabe, Hauser and Leonov and allows converting the assignment of orbital stabilization of motion of nonlinear mechanical system into the assignment of stabilization of the origin of transverse linearization. The last task can be approached by methods developed for controlling and stabilizing linear time-varying (LTV) control systems presented and discussed in the next lecture. The lecture is complimented by analysis of effect of impact forces that leads to new hybrid linear control system that approximates the transverse dynamics of the hybrid nonlinear mechanical system in a vicinity of such motion. 
Lectures 7 and 8 are followed by the fourth problem-solving session (2 academic hours plus homework) that helps participants to explore and master the arguments by completing examples proposed on lectures and by solving a new set of tasks on developing transverse coordinates and transverse linearization for each of the previously found rolling motions of a passive disc of the hand of the “Butterfly” robot. 
Lecture 9: Steps planning and in performing non-prehensile manipulation of a passive disc on a hand of the "Butterfly robot." (2 academic hours). 
The lecture summarizes the step on modeling, motion planning, motion representation and motion control done for searching realizable behaviors of the passive disc rolling on the hand of the “Butterfly robot.” It gives introduction to the components of the robot, software and algorithms used for signal processing, identification and control. The lecture illustrates different choices of transverse variables and their linearization used for achieving orbital stabilization of the preplanned non-prehensile manipulation via solving LQR for the linear time-varying control system. The lecture is complemented by discussion of results of simulation and by experiments on the robotic set-up. 
Lecture 10: Orbital stabilization of a cycle of underactuated system via LQR and DPRE for transverse linearization of its transverse dynamics. Part II (2 academic hours).
The lecture describes the settings and analytical results for stabilization of the origin of a linear control system with periodic coefficients by solving the Linear Quadratic Regulator (LQR) optimal control problem and by computing positive definite periodic solution of associated matrix Differential Periodic Riccati Equation (DPRE). Theoretical background is complemented by presentation and comparison of two numerical algorithms that can be used for computing the optimal feedback controller for the examples. Here the first method is based original arguments of Yakubovich via approximating a stable invariant subspace of a linear Hamiltonian system associated with DPRE, and where the second method is based on original arguments of Gusev via using LMI technique for point-wise approximation of a maximal solution of the DPRE.  
Lectures 9 and 10 are followed by the fifth and six problem-solving sessions (4 academic hours in total) dedicated to work in groups on the robotic set-up (2 academic hours) and to work on personal laptops (2 academic hours) for running exercises on computing linear state feedback controllers both for test examples and for the transverse linearization of the dynamics of the “Butterfly robot” along the preplanned behavior.  
Equipment
Participants are expected to have personal computers for running lab exercises.  
Audience
MS and PhD students, researchers, teachers and engineers interested in control engineering technologies for robotic applications.
History
The course has been suggested and taught in parts at several universities in Russia and internationally including the following
· 2019: Kафедра прикладной механики и управления, МГУ, РФ, со-организатор: проф. А.М. Формальский
· 2019: Department of automatic control, Lund University, Sweden, co-organizers: Dr. Anders Robertsson, Dr. Rolf Johansson.
· 2019: Институт робототехники, Университет Иннополис, РФ, со-организатор: доцент А.С. Климчик
· 2018: Departamento de Ingenieria, de Control y Robotica, Division de Ingenieria Electrica, Facultad de Ingenieria, UNAM, Mexico. co-organizer: Dr. Leonid Fridman
· 2018: Dutch Institute of Systems and Control (DISC), Utrecht, The Netherlands, co-organizers: Dr. A. Pogromsky, Dr. Henk Nijmeijer
· 2018: School of Electrical Engineering, Royal Institute of Technology (KTH), Sweden, co-organizer: Dr. Karl Henrik Johansson
· 2018: Doctoral school in Information Technology and Electrical Engineering, Universita degli Studi di Napoli Federico II, Italy. co-organizers: Dr. Fabio Ruggiero, Dr. Bruno Siciliano
· 2018: I2S doctoral school, Laboratoire dInformatique, de Robotique et de Microelectronique de Montpellier (LIRMM), Montpellier University and the French National Center for Scientific Research (CNRS), France. co-organizer: Dr. Ahmed Chemori.
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