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ABSTRACT

This work covers many research aspects of model-based and data-
driven control techniques for permanent magnet synchronous mo-
tor drives, suitable for both isotropic motor, such as Surface Perma-
nent Magnet (SPM), and anisotropic motors which are interior per-
manent magnet (IPM) and synchronous reluctance machines (SyRM).
On one hand, the research interest on model-based algorithms for
electric drive applications is constantly growing. On the other hand,
the interest in data analysis is constantly growing and this leads to
an increasing attention towards data-enabled methods in all branches
of science and engineering. This revolution has a significant impact
on the control engineering too. Data-driven control design consists
in synthesizing a controller using the data collected on the real sys-
tem, without defining and identifying a parametric model for the
plant. Improvements in the computational power and the develop-
ment of dedicated hardware solutions are making these complemen-
tary methods, that serve the same purpose, suitable for fast-dynamic
industrial applications. The thesis is structured as follows. The first
part gives the background knowledge needed to develop the top-
ics covered in the following. This comprehends an introduction to
the machines and drives, and some basic-concepts of model-based
and data-driven control theory. The framework of optimization based
algorithms is considered. In particular, the Continuous-Set (CS) ap-
proach to Model Predictive Control (MPC) is investigated, which is
stated as a quadratic programming (QP) problem type, where feasi-
ble system constraints are included directly in the optimization prob-
lem. The second part deals with two aspects of MPC: the offset-free
formulation in presence of model uncertainties is addressed, and a
custom and efficient QP solvers for electric drives applications is pre-
sented, where usually limited computational hardware is available.
Finally, the data-driven control of electric machines is investigated,
with particular attention on the comparison of performance and com-
putational aspects with respect the model-based approach.
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SOMMARIO

Il lavoro di tesi copre molti aspetti di ricerca sulle tecniche di controllo
basate sul modello e sui dati, applicate agli azionamenti dei motori
sincroni a magneti permanenti, adatti sia ai motori isotropi, come il
motore a magneti permanenti superficiali, sia ai motori anisotropi
che, ovvero a magneti interni e macchine a riluttanza. Da un lato,
I'interesse della ricerca sugli algoritmi basati su modelli per appli-
cazioni agli azionamenti elettrici & in costante crescita. Dall’altro lato,
I'interesse per 'analisi dei dati e in costante crescita e questo ha por-
tato a una crescente attenzione verso algoritmi basati sui dati, in
tutti i rami della scienza e dell’ingegneria. Questa rivoluzione sta
avendo un impatto significativo anche sull’ingegneria del controllo.
La progettazione di controllori cosi detti "data-driven" consiste nel
sintetizzare un controllore utilizzando i dati raccolti sul sistema reale,
senza definire o identificare un modello parametrico per l'impianto.
I miglioramenti nella potenza di calcolo e lo sviluppo di soluzioni
hardware dedicate stanno rendendo entrambe metodi adatti ad ap-
plicazioni industriali con elevate dinamiche.

La tesi e strutturata come segue. La prima parte fornisce al-
cune conoscenze necessarie per sviluppare gli argomenti trattati
nel seguito. Questo comprende un’introduzione alle macchine e
agli azionamenti, e alcuni concetti di base della teoria del controllo
basata sul modello e dai dati. Vengono considerati poi algoritmi
basati sull’ottimizzazione. In particolare, viene studiato l'approccio
Continuous-Set (CS) al Model Predictive Control (MPC), che & visto
come un tipo di problema di programmazione quadratica (QP), dove
i limiti di ingresso e uscita del sistema sono inclusi direttamente nel
problema di ottimizzazione. La seconda parte si occupa di due aspetti
dell’MPC: viene affrontata la formulazione senza offset in presenza
di incertezze del modello, e viene presentato un solutore QP per-
sonalizzato ed efficiente per applicazioni agli azionamenti elettrici,
dove solitamente & disponibile una limitata potenza di calcolo. Infine,
viene studiato il controllo data-driven applicato ai motori elettrici,
con particolare attenzione alle prestazioni e agli aspetti computazion-
ali.
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INTRODUCTION

1.1 THE IMPORTANCE OF RESEARCH

Research and innovation proved to be among the most powerful of European
policies to boost the Union’s economies and competitiveness at the global
scale. With its ability to drive growth, to create up to 320.000 new highly
skilled jobs by 2040 and to leverage approximately 11 euro of additional
investments for each euro invested at the European level, the Research and
Innovation (R&I) policy is an engine of the green and digital transitions on
the continent and stairways to ‘the future we want’.

These words are included in the Development Goal (DG) Research
and innovation strategy plan 2020-2024 [1], which will contribute to
all six headline ambitions® of the von der Leyen* Commission, as well
as contributing to a modern, high performing and sustainable Euro-
pean Commission. The DG will deliver important parts of the recov-
ery plan for Europe based on climate, digital, health and resilience.

In this enormous plan, which involves not only the European Com-
munity but it strictly requires the collaboration with all the other
countries, it emerges that on g March 2021, the Commission presented
a vision and avenues for Europe’s digital transformation by 2030. This
vision for the EU’s digital decade evolves around four cardinal points:
skills, governments, business and infrastructure. Among the key goal,
it is highlighted that it is expected that more than 75% of EU com-
panies will make use of Cloud/Artificial Intelligence (Al)/Big Data
technologies. Thus, data represent the central point around which
new technologies will be developed. This innovation process that is
radically changing the way of life, can be pursued only with research,
which has the fundamental role of exploring and developing new
technologies and pave the way for the future of human society and
our planet.

1.2 THE FUTURE OF POWER ELECTRONICS

The technology of power electronics has practically attained maturity
after five decades of dynamic evolution. In the future, there will be

the European Council’s strategic agenda for 2019-2024 set the work of the European
institutions around six headline ambitions for Europe for this period: a European
Green Deal, a Europe fit for the digital age, an economy that works for people, a
stronger Europe in the world, promoting our European way of life, a new push for
European democracy.

Ursula von der Leyen is the President of the European Commission from 2019 to
2024.



INTRODUCTION

tremendous emphasis on power electronics applications in the areas
of industrial, residential, commercial, transportation, aerospace, and
electric utility systems [2].

With the development towards Industry 4.0, the requirement for
“Smart-Systems” and autonomy in industry drives and automation
demands higher levels of intelligence from the power electronic sys-
tems used to facilitate correct power flow. With an estimated €36
billions predicted to be spent on inverters and drive systems in 2022,
academic and industrial research and development identifies the
power electronic inverter as being the critical driver for Industry 4.0
in the coming years [3]. The development of power electronic build-
ing blocks has led to the ability to rapidly prototype and develop
industry motor drives for a wide range of applications and power
levels, but for true autonomy to be possible, the power electronic in-
verter must now be developed as a “Smart” unit, capable of not only
adapting its operation to any electrical supply/load fluctuations, but
also be self-configurable to account for changes in operational condi-
tions. Such conditions include the ability to adapt to required circuit
topology changes, whether customer-requested (application based)
or because of fault conditions/damaged components (protection and
reliability based). Improvements in efficiency may also be achieved
through software-defined control of the topology and switching
states of the semiconductor switches, whilst further modularity im-
provements may be incorporated with the ability to autonomously
add/remove sensors and actuators to increase data collection and
functionality of the system.

Two other drivers for the development of power electronics had
been clearly identified for the new decade: CO, reduction to stop
the climate change and digitalization. Thus, as previous said, in the
coming decades it is expected to see increasing emphasis on very
high-specialized research and developments in system modulariza-
tion, analysis, modeling, real time simulation, design and experimen-
tal evaluations. Power electronics will have increasing impact not
only in global industrial automation and high efficiency energy sys-
tems, but also on energy conservation, renewable energy systems,
and electric/hybrid vehicles. The resulting impact in mitigating cli-
mate change problems due to man-made environmental pollution is
expected to be considerable [2].

1.3 CONTRIBUTION OF THE THESIS

Together with power electronics development, a fundamental factor
in industrial automation is the electromechanical conversion, where
electric drives, consisting of an electric motor supplied by a frequency
converter, play a major role. Efficiency and performance depict the
essential and unavoidable targets in up-to-date projects. Both the
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goals can be achieved using Permanent Magnet Synchronous Mo-
tor (PMSM). They have been adopted in high dynamic applications
since the 1980s, when rare—earth magnetic materials and low-cost
electronics devices were introduced in the market. The main features
of PMSM are the high torque and power density and the high ef-
ficiency. Their relatively high production cost is one of the reasons
that limited their diffusion. Nevertheless, nowadays their strengths
are overcoming their limitations and they are gaining new attentions.
In particular, car manufacturers are choosing PMSM for their electric
and hybrid cars. In fact, the special features for adjustable-speed op-
eration which distinguish PMSMs from other classes of AC machines
were already shown in the very early 1986 [4]. The Global electric mo-
tor market report, a recent research by Allied Market Research, has
revealed that the global electric motor market size was $96,968 mil-
lion in 2017, and is projected to reach $136,496 million in 2025. [5].
Thus, the vehicle market, which has a great impact in society, even
for non-experts or non-engineers, can be the "engine" of the new in-
dustrial revolution, allowing electric motors to be a central key point
in the digital revolution in all other industries.

The rise in demand for superior and efficient machine in any
industrial sector, requires the development of a suitable and high-
performance control unit. In this thesis, two complementary ap-
proaches are investigated for accomplishing these requirements.
On one hand, model-based control is explored. In particular, the
paradigm of Model Predictive Control (MPC) is deeply investi-
gated for controlling synchronous motors. MPCs strategies have
been investigated for two decades as advanced control method for
power electronics applications. The basic concept of MPC combines
optimization-based techniques and plant model. The future plant
dynamic is estimated by means of models and the actions (inputs)
on the plant are computed by optimizing a certain performance ex-
pression. The idea of MPC was introduced in chemistry industries,
where the higher computational effort with respect to standard con-
trollers was possible thank to the usually relatively slows dynamics
of the system [6], [7]. Improvements in the computational power
of modern Digital Signal Processor (DSP)s and the development of
dedicated hardware solutions are making these algorithms suitable
for industrial implementations, representing a promising strategy
for electric drives applications [8],[9]. In particular, for the above-
mentioned challenges of high penetration of electrical technologies
in many industrial sectors, the importance of finding custom solution
for the specific applications will require high-level of competences,
strong mathematical background and the ability of adapt different
existing mathematical tools for satisfying a specific requirement. In
this scenario, the deployment of advanced control algorithms will be
of paramount of importance. Furthermore, model-based control ap-
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proaches such MPC requires much more computational effort with
respect standard Proportional-Integral-Derivative (PID) controllers.
This fact sounds in contrast with standard controller hardware that
is used for power converters, with a limited amount of memory
and computational speed (up to some hundreds of MHz). For these
reasons, the thesis will focus on computational aspects of MPC algo-
rithms, proposing a fast method that enables the control strategy to
be implemented even in low-cost DSP platforms.

On the other hand, a different approach is investigated, spurred
by the ongoing digital revolution. The growing importance of data in
the digital area is investigated in the field of electric drives. In this
direction, data driven control methods are analyzed. This paradigm
represents the counterpart of model-based methods, which exploit
a model of the system to design a controller. Conversely, The data-
driven approach, aims to build a control algorithm using only col-
lected input and output data from the system to be controlled. These
strategies go to the direction of the aforementioned smart-inverter,
where automatic procedures can be designed to self-build the control
of the motor without having knowledge of its parameters, geometry
or structure.

These two different approaches, which are deeply investigated,
highlighting the computational aspect of the presented strategies.

1.4 OUTLINE OF THE THESIS

In the following, the contents of the each Chapter are briefly de-
scribed:

CHAPTER 2 In this chapter, fundamentals components governing an
electrical drive are presented. The PMSM working principles are
reported. The basic transformations from stationary to rotating
reference frame and vice versa of a three-phase system of quan-
tities are defined, together with the power converter description
and modulations strategies;

CHAPTER 3 This part introduces the basic theory concepts of model
predictive control as a quadratic programming optimal control
problem, with a brief overview of main strategies adopted in
electric drives;

CHAPTER 4 In this chapter it is presented some fundamental con-
cepts of the investigated data-driven approach to control. In
particular, the behavioral system theory is briefly described

CHAPTER 5 This chapter deals with a presentation of some model or-
der reduction techniques, which will be useful to join the data-
driven control method with a proposed fast quadratic program-
ming solver.
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CHAPTER 6 In this chapter, the MPC paradigm is applied to the cur-
rent control of synchronous motor drives. The intent is to com-
pare the velocity form and the MPC with disturbance observer.
A theoretical analysis of the MPC coupled with disturbance ob-
servers and the equivalence between these formulations and the
velocity form is presented.

CHAPTER 7 This chapter presents an effective method for solving
MPC for the current control loop of synchronous motor drives
with input constraints. The related quadratic programming
problem requires an iterative solver to find the optimal solu-
tion. The solver is deeply illustrated, showing its feasibility for
real-time applications in the microseconds range by means of
experimental tests.

cHAPTER 8 This chapter exploits the concept presented in Chapter 4
with the aim of proposing a potential transition from model-
based towards data-driven optimal control strategies. As start-
ing point, the MPC paradigm is considered. The, a complete
data-driven approach, named Data EnablEd Predictive Control
(DeePC) is presented. The theory behind these techniques is re-
viewed and design applied for the first time to the design of
the current controller of synchronous permanent magnet motor
drives.

CHAPTER 9 The aim of this chapter is to propose a method for en-
abling the real-time implementation of the DeePC control algo-
rithm, exploiting the Quadratic Programming (QP) solver for-
mulation presented in Chapter 7 and the model order reduction
method presented in Chapter 5.






PERMANENT MAGNET SYNCHRONOUS MOTORS

The fundamental equations of a permanent magnet synchronous mo-
tor are presented. Linear current-flux relations are considered. Then,
the three-phase power converter is introduced, together with the con-
cept of space vector modulation.

2.1 ELECTRIC DRIVES

An Electrical Machine (EM) is a machine which at least one source
of energy ( received or delivered ) are of electrical nature. In particu-
lar, the interest of this work is concentrated on those machines that
convert the electrical energy into mechanical energy (and vice versa):
they are called electro-mechanical machines. In the most cases, these
machines use magnetic field to convert the electric energy into me-
chanical one, exploiting the physical principle described by Faraday’s
law. This principle is known as electro-mechanical energy conversion. An
electric drive is defined as a drive that uses an electric actuator, i.e. a
electric machine, usually in operation from motor, in which a conver-
sion of energy from electric to mechanical takes place. In the past,
EMs were usually employed as motor or generator at nearly constant
speed, imposed by the grid frequency. The introduction of the concept
of electric drives raised from the necessity of controlling the EMs for
industrial applications. The control of these devices is performed by
manipulating measured quantities, i.e. voltages, currents, speed and
rotor position. This opportunity is made possible thank to the pres-
ence of a particular equipment that interposes the source of electrical
energy (usually the grid) and the drive, which are the static converter
with a power electronics devices (such as diodes, thyristor, transis-
tor etc..). A principle scheme of the physical system is presented in
Figure 2.1, where the scheme of a common control architecture is re-
ported. The double arrow represents the energy direction, which in-
stantaneously can flow from the electric energy source to the load and
vice-versa. The saturation block considers the physical limits, avoid-
ing overstressing the system.

2.2 PERMANENT MAGNET SYNCHRONOUS MACHINES

In this section the development of the mathematical model of a
Permanent Magnet Synchronous Motor (PMSM) in the stator and ro-
tor reference frame is derived. The permanent magnet synchronous
motor is a three phase EM with windings displaced 120° electrical
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Figure 2.1: Scheme of electric drives with a common control architecture.

degrees in space. Since in general a PMSM is a non-linear, strong cou-
pling system, electromagnetic relations are very complicated. In order
to simplify the mathematical model of PMSM, some assumptions are
made as follows:

Assumption 1 Three-phase stator windings are symmetrical and difference
of each phase is 120° electric angle;

Assumption 2 Magnetic saturation, eddy current loss and hysteresis loss
are neglected;

Assumption 3 No load EMF of stator windings is sine wave;

Assumption 4 Stator winding current produces only sine distribution of
magnetic potential in the air gap, ignoring the high-order harmonic of mag-
netic field;

Assumption 5 Conductivity of permanent magnet is zero.

Previous assumptions help to derive an electro-mechanical model of
the machine, whose complexity is a trade-off between the accuracy
of the model and computational complexity. The coordinate transfor-
mations of three-phase magnitudes commonly used in the study and
design of control strategies in PMSM is shown in Figure 2.2.

0, and w, denote respectively the angular mechanical position and
velocity of the rotor respect to the reference on the phase a on the
stator. The machine sketched in Figure 2.2 has a single pole pair for
simplification, but making use of a general number of pole pairs p,
the electrical rotor position and speed id computed as follow:

ee - pem

We = pwm

(2.1)
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Figure 2.2: Stator (xf3) and rotor (dq) reference frame applied to a PMSM.

2.2.1 Stator Reference Frame

In general, a physical three phase winding system distributed with
120° between each phase can be simplified with a linear transforma-
tion, leading to a two phase system 90° shifted (see Appendix A).
The transformation from three-phase to two-phase quantities can be
written in matrix form as':

Sa
sel 3lo % =2 (2.2)
C

Socﬁ = Tabc/ocﬁsabc

where Sg, Sy, S¢ denote a general signal in the original 3-phase refer-
ence frame, while S, Sg are the two-phase orthogonal components
after the transformation. The choice of the constant % in (2.2) is in-
tended for maintaining unaltered the signal’s magnitude across the
transformation, although from a power perspective, in order to be
consistent, the constant need to be added as a reciprocal factor. The
inverse relationship is written as:

Sa 1 0
¢ 2 2

Sabe = Tcx[ﬂ»/abcscxﬁ

Transformation (2.2) and (2.3) are also known as Forward and Inverse
Clarke-transformations.

Here it assumed that the windings are star connected and the system is balanced, i.e.
the zero sequence component is null.

11
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2.2.2  Rotor Reference Frame

The idea of the rotor reference frame transformation is to attach the
rotating time-dependent signals in the xf3- coordinate, to a system
which forms a rigid body with the machine rotor. In order to obtain
this, the variables are transformed into a reference frame rotating at
the electrical angular speed we, thus fundamental frequency signals
component and inductances will no longer depend on rotor position,
becoming constant quantities. Since the transformation arises in an
ideal context, where all the original signals are purely sinusoidal, the
relationship between rotor and stator reference frames is described as
follow:

Sa| | cos® sinO| |Sq
Sq —sin® cosO| [Sp (2.4)
Saq = Tap/dqSap
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