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Marco C. Campi

The Scenario Approach: Data Science for Systems,
Control and Machine Learning

Department of Information Engineering
University of Brescia, Italy
http://marco-campi.unibs.it/
marco.campi@unibs.it

Simone Garatti

Dip. di Elettronica, Informazione e Bioingegneria
Politecnico di Milano, Italy
https://garatti.faculty.polimi.it/
simone.garatti@polimi.it

Abstract of the course
Data science is a fundamental ingredient of modern engineering. In this
course, we present the “scenario approach”, an emerging methodology in
data-driven decision making, and discuss how it can be applied to machine
learning, and data-driven system and control design. Special emphasis will
be given to the scenario generalization theory, a powerful tool to make
reliable decisions and exert control on out-of-sample cases (risk).
A gradual introduction of all the ensuing aspects will allow for an easy
understanding of the material delivered in the course, while virtually no
prior knowledge is required to attend it.

Topics:

-

Scenario approach
Data-driven design
Risk evaluation
Application to systems, control and supervised learning
Presentation of open problems that offer an opportunity for research
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Nicola Bastianello

KTH, Stockholm, Sweden
https://nicola-bastianello.it

Multi-Agent Optimization and Learning:
Resilient and Adaptive Solutions

Ruggero Carli

University of Padova, Italy
carlirug@dei.unipd.it
http://automatica.dei.unipd.it/peo
ple/carli.html

Luca Schenato

University of Padova, Italy
schenato@dei.unipd.it
http://automatica.dei.unipd.it/peo
ple/schenato.html

Abstract of the course

Recent technological advances have spawned a number of applications – ranging from decentralized
learning to smart grids and IoT – in which the control of multi-agent decision-making systems is of
central importance. In this context, many engineering problems can be cast as optimization and learning
problems over networks of cooperating agents. The course will provide a thorough introduction to the
solution methods that have been developed to tackle these challenging scenarios, as well as an overview
of current trends and advanced topics. During the first part of the course, specific emphasis will be given
to the challenging set-up of networks with asynchronous operations and faulty communications,
leveraging both gradient- and non-expansive operator-based approaches. The second part will then
discuss the application of these methods to learning in decentralized scenarios, and their translation to
online problems, which are characterized by time-varying objectives and constraints.

Outline:

1. Introduction and motivating examples (smart grids, decentralized learning, sensor networks)
2. Consensus and distributed optimization
• The consensus algorithm: standard, accelerated, push-sum/ratio, …
• Consensus-based distributed optimization: gradient tracking and Newton
3. Non-expansive operators and distributed optimization
• Non-expansive operators for optimization: background, operator-based algorithms (proximal
gradient, ADMM, primal-dual, …)
• Application to asynchronous and lossy networks: a stochastic operators approach
4. Advanced topics
• Federated learning: background, links to distributed optimization, current trends
• Online distributed optimization (prediction-correction, control-theoretical approaches)
• Current trends: data-driven optimization, privacy, human-in-the-loop
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Stabilization of PDEs: application on transport and
parabolic equations

Swann Marx

LS2N-CNRS, Nantes, France
https://sites.google.com/site/swamarx
Swann.marx@ls2n.fr

Christophe Prieur

GIPSA-lab-CNRS, Grenoble, France
http://www.gipsa-lab.grenoble-inp.fr/~christophe.prieur/
Christophe.prieur@gipsa-lab.fr

Abstract of the course
Partial differential equations (PDEs) are powerful tools for modeling complex systems with various
applications in electrical engineering, fluid mechanics and nuclear fusion. Controlling PDEs requires
sophisticated and many tools. The purpose of this course is to give an overview of the main stability
conditions and control design techniques for such infinite-dimensional systems. All types of PDEs will be
considered during the classes as parabolic, elliptic and hyperbolic equations, but the focus will be done on
linear dynamics by including boundary control or boundary output. Among the different control objectives,
design of stabilizing output feedback controllers is one of the key problems that will be solved during the
classes for various systems. To achieve such objectives, various methodologies, depending crucially on the
class of equations considered, will be considered during the courses: spectral decomposition, method of
the characteristics, Lyapunov functionals and backstepping. Comparisons with existing classical methods for
finite-dimensional systems will be drawn all along the courses.

Topics:

-

Partial differential equations
Transport equations
Reaction diffusion equations
Lyapunov functionals
Backstepping method
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Frank Allgöwer

Institute for Systems Theory and Automatic Control
University of Stuttgart, Germany
https://www.ist.uni-stuttgart.de
allgower@ist.uni-stuttgart.de

Nonlinear and Data-driven
Model Predictive Control

Matthias A. Müller

Institute of Automatic Control
Leibniz University Hannover, Germany
https://www.uni-hannover.de
mueller@irt.uni-hannover.de

Abstract of the course
Model predictive control (MPC), also called receding horizon control, is a very successful and widely applied
modern control technology. Its basic idea is as follows: at each sampling instant, the future behavior of the
system is predicted over some finite horizon using some prediction model, and an open-loop optimal
control problem is solved to determine the optimal input trajectory over this time horizon. Then, the first
part of this optimal input is applied to the system until the next sampling instant, at which the horizon is
shifted and the whole procedure is repeated again.
The main advantages of MPC and the reasons for its widespread success include (i) guarantees for closedloop satisfaction of hard input and state constraints, (ii) the possibility to directly include the optimization of
some performance criterion in the controller design, and (iii) its applicability to nonlinear systems with
possibly multiple inputs.
In recent years, significant progress has been made in establishing various guarantees of nonlinear model
predictive controllers such as closed-loop stability, robustness, and performance. The goal of this course is
to give an introduction to the field of nonlinear model predictive control, covering both basic results as well
as current research topics such as economic and distributed MPC. Also, purely data-driven predictive
control schemes that do not use a (parametric) model of the system will be discussed. The lectures will be
accompanied by programming exercises.

Topics

- Stability in MPC with terminal constraints
- Stability and performance in MPC without terminal constraints
- Robust MPC
- Economic MPC
- Data-driven MPC
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Networked Model Predictive Control
for Multi-Vehicle Decision-Making
Bassam Alrifaee

Head of Cyber-Physical Mobility Group
RWTH Aachen University, Germany
https://www.embedded.rwthaachen.de/doku.php?id=en:forschung:
mobility
alrifaee@embedded.rwth-aachen.de

Course Description:

This course combines theory of Networked Model Predictive Control (Net-MPC) with practical exercises in the
Cyber-Physical Mobility Lab (CPM Lab, an open-source platform for networked and autonomous vehicles).
In the theory part, this course first presents the required basics for Net-MPC: vehicle models and an
introduction to MPC and optimization. Then, we will discuss three strategies for Net-MPC: centralized,
cooperative, and non-cooperative. We focus on distributing the control problem of multi-agent systems
coupled via objective function or constraints using Distributed MPC (DMPC). The course will further discuss
the application of Net-MPC to the decision-making problem in a multi-vehicle system, which prepares the
participants for the practical lab work.
In the practical part, we will apply the Net-MPC strategies to vehicle platooning in the CPM Lab. The
participants get to know the requirements of an experimental platform for a multi-vehicle system and learn
how we met these requirements in the CPM Lab. We designed the lab to support rapid functional
prototyping. It consists of 20 model-scale vehicles for experiments and a simulation environment. Software
developed in simulations can be seamlessly transferred to experiments without any adaptions. Additionally,
experiments with the 20 vehicles can be extended by unlimited additional simulated vehicles. The CPM Lab
allows researchers as well as students from different disciplines to see their ideas turning into reality. The
CPM Lab is completely designed and developed by the Cyber-Physical Mobility Group at RWTH Aachen
University.

Course Outline:

• Introduction to the course
• Vehicle models
• Control engineering and optimization: MPC, convex optimization, nonconvex optimization
• Networked MPC: Centralized MPC, Distributed MPC, cooperative and
non-cooperative approaches
• Software architectures and testing concepts: Service-oriented
architecture, in-the-loop testing of networked systems
• Case study: Vehicle platoon
• Presentation of participants about the practical work
The Practical part is approximately half of the course and uses MATLAB.
Students should bring their laptops.

Supplementary materials:

Photos, videos, and a short
description of the CPM Lab can be
found here:
https://cpm.embedded.rwthaachen.de/
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Stability and Stabilisation of Time-varying Systems,
Focus on Formation and Consensus Control

Abstract
Time-varying systems appear in diverse engineering disciplines,
such as Robotics and Electrical Engineering; notably in the context
of tracking control, but also in set-point stabilisation problems of
autonomous (nonholonomic) vehicles, for which smooth set-point
controllers must be time-varying.

Antonio LORIA

CNRS, France
antonio.loria@cnrs.fr

While for many physical systems, intuitive model-based control
designs that exploit structual properties, such as passivity, are
often eficacious, the formal stability analysis of such systems via
Lyapunov's direct method is complex because the closed-loop
dynamics is time-varying and energy-based Lyapunov functions are
often non-strict (their derivative is negative semidefinite).
In this course we will study alternative methods to that of
Lyapunov’s and which do not rely on constructing strict Lyapunov
functions. We will learn many easy-to-apply statements for
systems with particular structures, such as passive systems and
cascades. Such structures may often be constructed via the control
design. In particular, passivity-based model-reference adaptive
control will be properly revisited.
We will see how these powerful simple statements may be used to
establish strong properties of stability and robustness for
networked systems, notably in scenarii of consensus and
formation control of multi-agent vehicles.

Outline of the course
• Revision of the fundamentals
(uniform stability, robustness, theorems by Lyapunov, Barbashin-Krasovskii)
• Passivity-based control and analysis of passivity-based controlled systems
(tracking control of mechanical systems)
• On persistency of excitation
(Passivity-based adaptive control, stabilisation and tracking control of nonholonomic vehicles)
• Cascaded nonlinear time-varying systems
(Consensus over directed graphs, separation principle for nonlinear systems)
• Formation control, consensus and tracking, of multi-agent vehicles
See also: https://l2s.centralesupelec.fr/en/u/loria-antonio/
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Debasish Chatterjee

Systems and Control, IIT Bombay
www.sc.iitb.ac.in/~chatterjee

Constrained Discrete Optimal Control
on Lie Groups

Ravi Banavar

Systems and Control, IIT Bombay
www.sc.iitb.ac.in/~banavar

Outline

Constraints are inherent in any control design problem, and incorporating constraints upfront during the
design stage is a challenging task. The course will expose the participants to constrained discrete optimal
control techniques for mechanical and aerospace systems using models derived from the discrete
mechanics approach. The underlying configuration manifold of many mechanical systems is a Lie group.
An extension of Boltyanski’s Discrete Maximum Principle (DMP) (restricted to Euclidean spaces) to Lie
groups will be presented as the central tool to solve these problems. The DMP on Lie groups yields
necessary conditions for an optimal control history that appears as a two-point boundary value problem.
Techniques to solve such two-point boundary value problems will be discussed.

Topics:

• Tools from convexity (5 hours):
• Introduction to basic mathematical tools in convexity - convex sets, convex hulls, covering
sets, separating hyperplanes, separation of convex cones
• Discrete mechanics (5 hours):
• The motivation and need to adopt the discrete mechanics approach in obtaining discrete
models of mechanical systems; the variational approach to deriving a discrete integrator for a
mechanical system; the Lagrangian and Hamiltonian viewpoints and relevant mathematical
objects.
• Discrete Maximum Principle on Lie Groups (7 hours):
• Boltyanski's Maximum Principle for discrete dynamical systems with constraints on Euclidean
spaces; the solution procedure; the extension to Lie groups and the Maximum Principle on Lie
Groups.
• Numerical techniques (4 hours):
• Two numerical schemes to solve the two-point BVPs will be discussed - the multiple shooting
technique and the Stochastic Approximation algorithm.

Course website: https://sites.google.com/iitb.ac.in/eeci-cdoclg/home
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Hybrid Control Systems
Course Overview:

Hybrid dynamical systems, when broadly understood, encompass
dynamical systems where states or dynamics can change continuously
as well as instantaneously. Hybrid control systems arise when hybrid
control algorithms — algorithms which involve logic, timers, clocks, and
other digital devices — are applied to classical dynamical systems or
systems that are themselves hybrid. Hybrid control may be used for
improved performance and robustness properties compared to
classical control, and hybrid dynamics may be unavoidable due to the
interplay between digital and analog components of a system.
The course has two main parts. The first part presents various
modeling approaches to hybrid dynamics, focuses on a particular
framework which combines differential equations with difference
Ricardo G. Sanfelice
equations (or inclusions), and present key analysis tools. The ideas are
Department of Electrical
illustrated in several applications. The second part presents control
and Computer Engineering
design methods for such rich class of hybrid dynamical systems, such as
University of California, Santa Cruz, USA supervisory control, CLF-based control, invariance-based control, and
https://hybrid.soe.ucsc.edu
passivity. A particular goal of the course is to reveal the key steps in
ricardo@ucsc.edu
carrying over such methodologies to the hybrid dynamics setting. Each
proposed module/lecture is designed to present key theoretical
concepts as well as applications of hybrid control of current relevance.

Course Outline:
•

•

•

•

Part 1: Introduction, examples, and modeling.
- Theoretical topics: hybrid inclusions; solution concept, existence, and
uniqueness.
- Applications: hybrid automata, networked systems, and cyber-physical
systems.
Part 2: Dynamical properties.
- Theoretical topics: continuous dependence of solutions, Lyapunov stability
notion and sufficient conditions, invariance principles, and converse
theorem.
- Applications: synchronization of timers and state estimation over a network.
Part 3: Supervisory control, uniting control, throw-catch, and eventtriggered control.
- Theoretical topics: logic-based switching, uniting control, throw-and-catch
control, supervisory control, and event-triggered control.
- Applications: aggressive control for aerial vehicles, control of the
pendubot, obstacle avoidance, control of robotic manipulators.
Part 4: Synergistic control, CLF-based control, invariance-based control,
passivity-based control, and hybrid model predictive control
- Theoretical topics: synergistic control, control Lyapunov functions,
stabilizability, Sontag-like universal formula for hybrid systems, selection
theorems, invariance and invariance-based control, passivity-based control,
and hybrid model predictive control.
- Applications: control for DC/DC conversion and for mechanical systems
with impacts.

References available at
https://hybrid.soe.ucsc.edu
/biblio
and 2021 Princeton
University Press book
“Hybrid Feedback Control”.

2023
International Graduate School on Control
www.eeci-igsc.eu
M09 – BERLIN
03/04/2023-07/04/2023

Port-Hamiltonian Systems and
Physics-Based Control

Abstract of the course:

Multiphysics systems involve components from different physical
domains (mechanical, electrical, hydraulic, chemical,...). They arise
abundantly in modern engineering, with examples ranging from
electrical motors, generators, turbo engines, to fuel cells, and many
more. A systematic framework for the modeling of multi-physics
systems is offered by port-Hamiltonian systems theory. This theory is
based on the interconnection of physical systems via energy flows
(the 'lingua franca' of all physical systems). It has a strong foundation
in the geometric theory of mechanical systems (classical Hamiltonian
systems), as well as in electrical network theory. Port-Hamiltonian
modeling does not only yield a unified approach to the modeling of
complex, nonlinear, multi-physics systems, but also provides a natural
starting point for their control. By identifying the underlying physical
structure of the systems it leads to ‘natural’ control strategies, often
with a clear interpretation and an inherent robustness. PortHamiltonian theory includes passivity theory, but goes beyond.
The main part of this course will treat the main paradigms of portHamiltonian systems modeling and control, illustrated by examples
from different physical domains. Energy conversion and harvesting
are among the most important current problems in modern
engineering. The last part of the course will be devoted to recent
contributions to a theory of energy conversion and efficiency of multiphysics systems based on their port-Hamiltonian formulation.

Arjan van der Schaft

Bernoulli Institute for Mathematics,
Computer Science and AI,
University of Groningen, Netherlands
a.j.van.der.schaft@rug.nl

Teaching schedule:

• The main part of the course deals with the basics of port-Hamiltonian systems modeling and control, and will be taught using the
lecture notes: Port-Hamiltonian Systems Theory: An Introductory
Overview (A.J. van der Schaft, D. Jeltsema), NOW Publishers 2014
(The pdf version of this book will be made available to the
participants.)
• The last part of the course, about energy conversion in multi-physics
systems, will be based on recent papers by the lecturers.
The teaching program includes two tutorials, where the theory will be
applied to a number of simple, but illustrative, examples.

Dimitri Jeltsema

Balanced Energy Systems,
HAN University of Applied Sciences,
Arnhem, Netherlands
d.jeltsema@han.nl

2023
International Graduate School on Control
www.eeci-igsc.eu
M10 - PARIS-SACLAY
11/04/2023-14/04/2023

Emilia Fridman

Time-Delay and Sampled-Data Systems

School of Electrical Engineering
Tel Aviv University, Israel
https://www.eng.tau.ac.il/~emilia/
emilia@eng.tau.ac.il

Pierdomenico Pepe

Dipartimento di Ingegneria e Scienze
dell’Informazione e Matematica
University of L’Aquila, Italy

http://www.disim.univaq.it/main/home.php?users_username=pierdomenico.pepe

pierdomenico.pepe@univaq.it

Abstract of the course
Time-delay appears naturally in many control systems. It is frequently
a source of instability although, in some systems, it may have a
stabilizing effect. A time-delay approach to sampled- data control,
which models the closed-loop system as continuous-time with
delayed input/output, has become popular in networked control
systems (where the plant and the controller exchange data via
communication network). The beginning of the 21st century can be
characterized as the "time-delay boom" leading to numerous
important results. The aim of this course is to give an introduction to
systems affected by time-delays, in both the linear and the nonlinear
framework. The emphasis of the course is on the Lyapunov-based
analysis and design for time-delay, sampled-data and networked
control systems.

Topics
Models of systems with time-delay and basic theory. Sampled-data and networked-control systems. LTI
systems with delay: characteristic equation. Stability and performance analysis. Direct Lyapunov
approach: Krasovskii and Razumikhin methods. An LMI approach to stability and performance. Control
design: predictor-based control, LQR problem, LMI-based design. Stabilization by using delay. Systems
with saturated actuators. Discrete-time delay systems. Networked control systems: a time-delay
approach. A time-delay approach to averaging-based control. Nonlinear retarded systems with inputs:
basic theory, stability, input-to-state stability. Stabilization by means of control Lyapunov-Krasovskii
functionals. Universal stabilizers. Sampled-data stabilization of nonlinear retarded systems.
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Alessandro Astolfi

CAP Group, EEE Department
Imperial College London, United
Kingdom
a.astolfi@imperial.ac.uk

Static and Dynamic Optimisation

Giordano Scarciotti

CAP Group, EEE Department
Imperial College London, United
Kingdom
g.scarciotti@imperial.ac.uk

Thulasi Mylvaganam

Department of Aeronautics,
Imperial College London, United
Kingdom
t.mylvaganam@imperial.ac.uk

Abstract

Optimisation is a cornerstone of science and engineering: we are constantly striving to find the “best”
solution to a variety of problems. In this IGSC, starting from a “static perspective” we consider tools to
formulate and solve general constrained and unconstrained optimisation problems. Necessary and
sufficient conditions of optimality and basic optimisation algorithms are covered in a mathematically
rigorous manner. We then consider more advanced topics, including convex optimisation and multiobjective optimization, from an applications-driven mindset. The relevance of the theory to a variety
of practical domains, such as fitting, finance, classification, biology and advertising is explored, and
solutions implemented*. We then consider the “dynamic perspective”, by turning our attention to
dynamical systems and the question of how to design control laws to optimise one or more
performance criteria. Such problems, termed dynamic optimisation problems, include optimal control
and differential games, and are (with a few exceptions) notoriously difficult to solve in practice.
We consider the two main approaches to characterise their solutions, i.e. dynamic programming and
Pontryagin’s minimum principle. In addition to a review of the classical theory, we outline various
systematic strategies to construct approximate solutions, at relatively low computational cost.
*Basic knowledge of Python is required for this part. If in doubt, please email Dr Scarciotti who can suggest online recourses to get you up to speed quickly.

Course outline
•
•
•
•
•
•
•
•
•

Introducing to optimisation
Necessary and sufficient conditions of optimality
Basic optimisation algorithms
Convex optimisation
Multi-objective optimisation
Use of CVX to pose and solve practical optimisation problems.
Introduction to dynamic optimisation
Classical theory of dynamic optimisation
Computationally-efficient strategies to solve dynamic optimisation problems
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Nonsmooth Dynamical Systems:
Analysis, Applications, Stability, and Control

Bernard Brogliato

INRIA Grenoble, France
www.inrialpes.fr/bipop/people/brogliato/
bernard.brogliato@inria.fr

Aneel Tanwani

LAAS – CNRS, Toulouse, France
http://homepages.laas.fr/atanwani/
aneel.tanwani@cnrs.fr

Topics:

-

Mathematical Models
Applications ranging from optimization to networks
Numerical analysis techniques
Stability analysis of constrained systems
Control design with nonsmooth dynamics

copyright; see http://www.siam.org/journals/ojsa.php

Modelling of various phenomenon and description of engineering
algorithms requires the use of set-valued maps to accurately capture
the nonsmooth phenomenon in these systems. In this course, we will
study different classes of mathematical models motivated by their use
in practical applications such as nonsmooth optimization, dynamical
systems with impacts and friction, electrical and mechanical
components, and analysis of networked systems. We will cover the
fundamentals from set-valued and variational analysis, and use them
for description of mathematical models. Connections between
different models will be explored. We provide discretization
algorithms which are used for simulation of these systems, and
numerical analysis techniques to analyze the existence of solutions.
For certain classes of constrained systems, we study stability
conditions based on Lyapunov functions and look at some classes of
algorithms for numerical computation based on semidefinite
programming. From design perspective, we also study some control
design problems along with their numerical implementation, where
the control or the plant may be nonsmooth.

Downloaded 02/20/20 to 140.93.2.102. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

Abstract of the course

SIAM REVIEW
Vol. 62, No. 1, pp. 3–129

c 2020 Society for Industrial and Applied Mathematics

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited.
Dynamical
Systems Coupled with
Monotone Set-Valued Operators:
Formalisms, Applications,
Well-Posedness, and Stability⇤

Bernard Brogliato†
Aneel Tanwani‡
Abstract. This survey article addresses the class of continuous-time systems where a system modeled
by ordinary di↵erential equations is coupled with a static or time-varying set-valued operator in the feedback. Interconnections of this form model certain classes of nonsmooth
systems, including sweeping processes, di↵erential inclusions with maximal monotone righthand side, complementarity systems, di↵erential and evolution variational inequalities,
projected dynamical systems, and some piecewise linear switching systems. Such mathematical models have seen applications in electrical circuits, mechanical systems, hysteresis
e↵ects, and many more. When we impose a passivity assumption on the open-loop system,
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LMIs for Optimization and Control

Didier Henrion

LAAS-CNRS, Univ. Toulouse, France
Czech Tech. Univ. Prague, Czech Rep.
http://homepages.laas.fr/henrion
henrion@laas.fr

Abstract of the course
LMIs, linear matrix inequalities, have been studied extensively since the 1990s in connection with
Lyapunov techniques for ensuring stability and performance of linear and nonlinear control systems.
This approach to systems control constantly benefits from developments and improvements of
efficient interior-point primal-dual algorithms for conic optimization by the mathematical programming
community.
Recent achievements of real algebraic geometry have provided powerful results for the representation
of positive polynomials as sum-of-squares (SOS) and its dual theory of moment problems. Many
difficult nonlinear nonconvex optimization and control problems can now be solved numerically and
efficiently by moment-SOS LMI hierarchies, with mathematically sound convergence guarantees and
explicit certificates of global optimality. Our public-domain Matlab package GloptiPoly, developed since
2002, implements many of these techniques and ideas.
The main purpose of this course is to introduce the basic concepts of this general methodology and
detail its application for solving nonlinear nonconvex optimal control problems with polynomial data.
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Introduction to Nonlinear Systems & Control
Abstract of the course
This is a first course in nonlinear control with the target
audience being engineers from multiple disciplines
(electrical, mechanical, aerospace, chemical, etc.) and
applied mathematicians. The course is suitable for practicing
engineers or graduate students who didn’t take such
introductory course in their programs.
Prerequisites: Undergraduate-level knowledge of differential
equations and control systems.

Hassan Khalil

Dept. Electrical & Computer Engineering
Michigan State University , USA
http://www.egr.msu.edu/~khalil/
Email: khalil@msu.edu

Outline
•
•
•
•
•
•
•
•
•
•
•

Introduction and second-order systems (phase portraits; multiple equilibrium points; limit cycles)
Stability of equilibrium points (basics concepts; linearization; Lyapunov’s method; the invariance
principle; region of attraction; time-varying systems)
Perturbed systems; ultimate boundedness; input-to-state stability
Passivity and input-output stability
Stability of feedback systems (passivity and small-gain theorems; Circle & Popov criteria)
Normal and controller forms
Stabilization (linearization; feedback linearization; backstepping; passivity-based control)
Robust stabilization (sliding mode control; Lyapunov redesign)
Observers (observers with linear-error dynamics; Extended Kalman Filter, high-gain observers)
Output feedback stabilization (linearization; passivity-based control; observer-based control;
robust stabilization)
Tracking & regulation (feedback linearization; sliding mode Control; integral control)
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Arthur J. Krener

Naval Postgraduate School
ajkrener@nps.edu

Explicit Methods for the Control and Estimation
of Systems Modeled by PDEs

Miroslav Krstic

U. of California, San Diego
krstic@ucsd.eduu

Rafael Vazquez
U. of Seville
rvazquez1@us.es

Summary of the course
Over the past several decades there has been major progress in the theory of control and estimation of
systems described by partial differential equations. But explicit methods for computing the desired
controllers and estimators has been less well-developed. In this course we shall present two methods for
explicitly computing controllers and estimators for systems described by both linear and nonlinear PDEs.
The first method is called backstepping. Its main feature is that the control and estimator gains are defined
through integral equations so they are easily computed numerically or symbolically to any desired level of
accuracy. Backstepping has had great success on a wide variety of problems.
A newer approach, sometimes called completing the square, is particularly useful for problems with point
actuation and point sensing. It leads to elliptic PDEs that are satisfied by the controllers and estimators.
These PDEs can be explicitly solved using Fourier series to any desired degree of accuracy, Both these
methods can be applied to linear and nonlinear systems.
This course will introduce the participants to both methods, their symbolic and numerical implementations.
No prior knowledge of control of PDEs is assumed, just familiarity with finite dimensional linear and
nonlinear control. Familiarity with the heat, wave and beam linear PDEs and Fourier series will also be
helpful. Students are encouraged to bring laptops with MATLAB installed.

Topics

Riccati PDEs for control and estimation; Lyapunov stability for PDEs; boundary control and estimation of
parabolic (reaction-advection-diffusion) PDEs under both distributed and point actuation, filters and
observers with distributed and point sensing; wave and beam PDEs; first-order hyperbolic PDEs; systems
with delays.
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Alessandro De Luca

Control of Soft and Articulated Elastic Robots

Sapienza University of Rome
http://www.diag.uniroma1.it/deluca
deluca@diag.uniroma1.it

Cosimo Della Santina

TU Delft
http://cosimodellasantina.eu
c.dellasantina@tudelft.nl

Abstract of the course
Humans and other animals still substantially outperform classic robots in performance, reliability, and
efficiency. Interestingly, their physical characteristics differ substantially from those of robots. Elastic tendons,
ligaments, and muscles enable animals to interact robustly with the external world and perform dynamic
tasks. On the contrary, traditional robots have generally been very stiff and heavyweight. Therefore, robotics
researchers have departed from the as-stiff-as-possible principle in favor of lightweight and compliant
structures. Taking inspiration from the natural example, elastic and soft components are included in the robot
design, yielding flexible joint or flexible link robots and, more recently, articulated and continuum soft robots.
The latter are entirely made of continuously deformable elements, bringing them close to invertebrate
animals. This recent explosion of new robotic concepts opened up the avenue of developing effective control
strategies to manage the soft body, a nonlinear mechanical system with a large – possibly infinite – number
of DOFs and, as a result, also a large degree of underactuation from the control point of view. This course
aims at introducing such control challenge. We will review established results in the field, introduce the most
recent advances, and discuss interesting open issues.

Topics
§
§
§
§
§

Introduction to robotics beyond rigid robots
Flexible joint and articulated soft robots: dynamic model, structural properties, control
Flexible link robots: dynamic model, structural properties, control
Modelling soft robots: Constant curvature, strain discretization, general form of equations
Controlling soft robots: shape regulation (general case and subclasses), shape tracking, and task-space
control
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Multi-Agent Control under Spatiotemporal Logic
Constraints

Lars Lindemann

University of Southern California
https://sites.google.com/view/larslindemann/
main-page

Dimos V. Dimarogonas

KTH Royal Institute of Technology
https://people.kth.se/~dimos/

Abstract of the course

Multi-agent control systems are found in manufacturing, transportation, and multi-agent robotics, e.g., drone fleets
for surveillance and tracking. These complex systems are in many cases safety-critical, e.g., avoiding collisions,
while they should accomplish sophisticated system specifications, e.g., surveilling different areas in certain time
intervals. The formal methods community has proposed spatiotemporal logics by extending Boolean logic with
temporal modalities to express such spatial and temporal system requirements. Over the past decade, a new
community has formed that works at the intersection of formal methods and control theory to design control
algorithms to satisfy spatiotemporal logic specifications. Arguably, the biggest challenge in formal methods for
multi-agent control is of computational nature as existing techniques are not scalable. This course introduces
scalable feedback control design techniques to tackle these computational bottlenecks. Our first goal is to provide
an in-depth introduction to signal temporal logic (STL), and to discuss how feedback control laws, based on control
barrier functions and funnel control, can be designed to satisfy a global (i.e., collaborative) multi-agent STL
specification. We then discuss how decentralized control laws can be derived so that each agent can calculate its
control input locally, and how the case of local (i.e., individual) and potentially adversarial specifications can be
dealt with.

Course outline:

Course outline

Part III: Decentralized control
Part I: Preliminaries
• Decentralized control under global specifications
• Introduction to signal temporal logic (STL)
• Decentralized control under individual agent specifications
• Control barrier functions and funnel control
Part IV: Miscellaneous
Part II: Feedback control for spatiotemporal logics
• Encoding STL specifications into control barrier functions• Timed automata for planning under STL specifications
• Applications and future research directions
• Encoding STL specifications into funnels
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Learning to control

Summary of the course

Simone Formentin

Dept of Electronics, Information
and Bioengineering
Politecnico di Milano, Italy
https://formentin.faculty.polimi.it
simone.formentin@polimi.it

In the 1990’s, the Russian scientist Vladimir Vapnik used to say
“when solving a problem of interest, do not solve a more general
problem as an intermediate step. Try to get the answer that you
really need, but not a more general one”. In automatic controls,
engineers often spend most of their time to devise a good model
of the system, in order to use it as a basis for controller design.
In particular, it is estimated that 75% of the time devoted to a
control project is dedicated to modeling. In the era of big data,
where large datasets are available for the most diverse
applications, it is reasonable to foster a change of rationale, so
that experimental measurements can be directly mapped onto
control laws, without going through a costly and time-consuming
modeling step.
In this course, we will give an overview of “direct” learningbased control design methods. More specifically, wellestablished linear techniques as well as recent results on
nonlinear systems and receding-horizon schemes will be
presented and discussed in detail. It will be also shown that, in
some situations, such “model-free” solutions may outperform
standard model-based design, thus unveiling the potential of
future research. The course will end with a close examination of
the open problems in the field.

Outline:
• Major limitations of model-based control design using black-box models
• Identification for control: what is worth learning?
• Direct learning of control laws from data: overview and taxonomy
• Iterative (IFT, iCbT) and noniterative (VRFT, CbT) parametric methods
• From model-free reinforcement learning to direct data-driven predictive control
• Stability and formal guarantees
• Applications: mechatronics, robotics, finance
• Open research challenges
The course includes MATLAB sessions: students are required to bring their own laptop.
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An overview on observer design methods
for nonlinear systems

Daniele Astolfi

LAGEPP – CNRS, Lyon, France
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Mines Paris - PSL
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Summary of the course

The purpose of this course is to give an overview of the main design techniques of asymptotic
observers for nonlinear dynamical systems. The goal of such algorithms is to solve an online state
estimation problem, namely, to reconstruct online the full state of a dynamical process from past
partially observed data. After studying some detectability-based necessary conditions to ensure
convergence of the estimate toward the state of the system, the rest of the course will consist in
presenting the main families of observers depending on the type of observability properties they
require. This includes Riemannian observers, Kalman and Kalman-like observers, high-gain and
homogeneous observers/differentiators, and Kazantzis/Kravaris-Luenberger observers. We will show
that each class of observer relies on transforming the plant's dynamics into a particular normal form
and how each observability condition guarantees the invertibility of its associated transformation and
the convergence of its observer. The most important and informative proofs will be detailed, and the
advantages/drawbacks of each design discussed. Finally, we will discuss some implementation
aspects and open problems, such as left-inversion problems, state constraints, tuning and
performance, output sampling, as well as the combination of observers and control for output
feedback.

Outline
•
•
•
•
•
•

Introducing the observer problem
Observers from detectability conditions
Observers from observability gramian (Kalman and Kalman like)
Observers from differential observability (High-Gain and Homogeneous observers)
Observers from distinguishability : KKL design
About the implementation of an observer
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Dynamical modeling, estimation, and control of open
quantum systems

Abstract of the course
Quantum control is an emerging research subject with an
increasing role in technologies related to high precision metrology,
quantum simulation, quantum information processing and
communication. Its development requires to reconsider how
measurement, control, and interactions fundamentally affect a
system, for instance, the intrinsic invasive character of
measurements. This course starts with the structure of Stochastic
Master Equation (SME) underlying the dynamics of open quantum
systems subject to measurement back-action and decoherence. It
shows how to exploit such SME to derive feedback schemes in the
aim of stabilizing either quantum states or quantum subspaces
related to quantum information protection and processing. The
level will be of that a graduate course intended for a general control
or applied mathematics audience without any prerequisites in
quantum mechanics.

Nina Amini

CNRS, L2S, Paris-Saclay
Nina.amini@centralesupelec.fr

Outline
The course contains two main parts:
-Stochastic master equations: discrete-time and continuous-time
formulation illustrated by the Haroche photon box (wave function,
density operator, Kraus maps, qubit, quantum harmonic oscillator,
martingales, super-martingales, positivity preserving numerical
schemes).
-Feedback stabilization: Markovian feedback, quantum-state
feedback, control Lyapunov function for QND measurements,
quantum filtering, simulation case-studies based on qubits and
quantum harmonic oscillators.

Pierre Rouchon

LP-ENS, Mines Paris, Inria,
Université PSL
Pierre.rouchon@minesparis.psl.eu
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Abstract

Control and learning problems in modern cyber-physical network systems often require the solution of
constrained optimization problems as a fundamental building block. Optimization problems arising in this
context are typically large-scale, i.e., involve a large number of decision variables and/or constraints.
Moreover, these problems are logically and/or spatially distributed in the sense that the computing units
have only partial knowledge of the entire problem. These features call for a special computational paradigm
in which agents in a network want to cooperatively obtain an optimal solution to the problem by means of
local computation and neighboring communication only. This course will provide an introductory,
theoretical foundation for distributed optimization and a set of challenging applications in learning and
control with selected, state-of-the-art distributed algorithms. Typical setups arising in big-data analytics or
deep learning will be addressed. Moreover, scenarios from cooperative robotics, as task allocation and
surveillance, will be posed and solved as constraint-coupled and aggregative optimization problems over
networks. All the algorithms will be presented and discussed by pursuing a control theoretic perspective.
The methodological part of the course will be supported by practical sessions devoted to the numerical
implementation of the presented distributed methods.

Course Outline

• Introduction to distributed optimization with illustrative examples borrowed from learning and control
• Introduction to distributed optimization algorithms using Python and toolboxes
• Decision making for data analytics and deep learning over networks as consensus-optimization problems
• Cooperative robotics as constraint-coupled and aggregative optimization problems over networks
• Numerical implementation of distributed algorithms for distributed optimization
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Learning-Based Predictive Control

Abstract
Learning-based Model Predictive Control (MPC) provides advanced control
systems with the capability to exploit real-time collected information to
improve performance in face of uncertainty, at the same time maintaining
high safety standards. This is a crucial requirement of next generation
control applications, such as autonomous passenger cars, or autonomous
aerial, marine and ground drones for civil applications. In established
industrial systems, such a capability can also bring significant benefits,
reducing commissioning time and cost, and the effects of product/process
variability.
After a brief review of fundamentals of MPC, the course presents an
overview of existing learning-based MPC methods, followed by a deep-dive
into theory and applications of selected techniques for different problem
settings. These include stochastic and unknown-but-bounded uncertainty,
and reactive techniques. A discussion on advanced topics and active
research directions concludes the module.

Melanie N. Zeilinger
ETH Zurich, Switzerland
mzeilinger@ethz.ch

Outline of the course
I. Review of (learning-based) MPC
1. Fundamentals of MPC
2. Classification of learning-based extensions
II. Set membership methods in MPC
1. Introduction to set membership estimation
2. Model learning with guarantees
3. Adaptive MPC via on-line set membership identification

Lorenzo Fagiano

Politecnico di Milano, Italy
lorenzo.fagiano@polimi.it

III. Stochastic methods in MPC
1. Stochastic model learning
(Bayesian linear regression/Kalman Filtering/GPs)
2. Stochastic MPC based on scenario optimization
IV. Model predictive safety filters
1. Invariance-based safe learning
2. Nominal predictive safety filter
3. Robust extensions
V. Advanced topics and research directions

Lukas Hewing

Sener Aerospace, Spain
lukas.hewing@aeroespacial.sener
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Output feedback stabilisation and regulation
for nonlinear systems

Abstract

The problem of output regulation, the design feedback control laws so as
to asymptotically track/reject exogenous inputs, is one of the defining
problems in control theory. In the case of linear systems, the problem was
solved in full generality several decades ago by introducing the celebrated
"internal model principle”. The latter claims that asymptotic regulation is
achieved in presence of plant parameter variations “only if the controller
utilizes feedback of the regulated variable, and incorporates in the
feedback path a suitably reduplicated model of the dynamic structure of
the exogenous signals which the regulator is required to process”. The
extension of the design techniques developed in the linear setting to
nonlinear systems hides many control challenges making the nonlinear
output regulation theory still an open research field.
The aim of this course is to give a broad overview of nonlinear regulation
theory. After reviewing the linear results, we introduce the nonlinear
problem in terms of set stabilisation, highlighting the differences to the
linear case and the issues arising with loss of linearity. In particular, we
discuss the fragility of robustness to nonlinear perturbations and the
“chicken-egg” dilemma arising in the design of the feedback control law
and of the internal model. We then discuss a solution methodology of
minimum-phase SISO normal forms based on high-gain stabilisation, smallgain theorems, and nonlinear Luenberger theory. Furthermore, we discuss
adaptive design solutions able to robustify the regulator with respect to
uncertainty in the plant and the exogenous signal generator. Finally, we
conclude the course by connecting regulation theory to incremental
passivity, showing how the latter property can be exploited for
systematically design internal model-based regulators.

Lorenzo Marconi

DEI - University of Bologna,
Bologna, Italy
lorenzo.marconi@unibo.it
www.unibo.it/sitoweb/lorenzo
.marconi

Topics

1. Output regulation theory and the internal model principle for linear
systems
2. The "chicken-egg" dilemma and the robustness issue arising with
nonlinearity
3. Fundamental notions of nonlinear regulation theory: steady state,
regulator equations, zero dynamics, and internal model property
4. Nonlinear set-stabilisation problem: robust and weak minimum phase,
high-gain stabilisation, and nonlinear small-gain theorems.
5. Regulator design for nonlinear systems via nonlinear Luenberger theory
6. Elements of adaptive regulation
7. Remarks on robust approximate regulation: robust harmonic rejection
for nonlinear systems
8. Regulator design for incrementally passive systems

Michelangelo Bin

DEI - University of Bologna,
Bologna, Italy
michelangelo.bin@unibo.it

