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The main objective of the PhD Program is to allow a direct, prompt and 
efficient involvement of PhD graduates in academic and non-academic 
research and development bodies. A PhD in Electrical Engineering has 
a solid basic knowledge of applied mathematics and physics. This is 
essential, particularly for handling and understanding advanced tools 
and methods as well as for proper modelling, analysis and design of 
electrical engineering applications, with particular regard to power 
applications. A PhD in Electrical Engineering well knows methods 
and applications in the main disciplines of Basic Electric Circuits 
and Fields, Power Systems, Electrical and Electronic Measurements, 
Converters, Machines and Electrical Drives.

The most important part of the PhD program is the development of the 
research that will be the core of the PhD dissertation. 

The main research areas are:

A) Electric Circuits and Fields: This area is intended to provide the 
basic knowledge of methods in electrical engineering for power 
applications. PhD students are specifically trained to develop critical 
ability and innovative approaches. The training method encourages the 
development of discussion and debate skills in a team environment. 
The main research and training subjects are: Nonlinear networks 
and periodic time-variant networks; Analysis of three-phase and 
multiphase systems; Switching circuits; Electromagnetic field 
equations; Electromagnetic field numerical analysis; Electromagnetic 
compatibility; Design techniques devoted to electromagnetic 
compatibility

B) Power Systems: A PhD in the field of Power Systems deals with the 
following subjects: electrical energy production (e.g., frequency and 
voltage control, protections, renewable energy sources, Dispersed 
Generation, Microgrids); electrical energy transmission (e.g., power 
system analysis, real and reactive power optimization, security 
and stability, integration of renewables); electricity markets (e.g., 
models, ancillary services, regulations); power quality and Smart 

DOCTORAL PROGRAM
IN ELECTRICAL ENGINEERING

Grids (e.g., harmonic distortion, active filters, UPS, 
interruptions and voltage dips, DC distribution).

C) Electric machines and drives: This research 
field is strictly related to the rising demand for 
improved machine and converter performance, in 
terms of low price, efficiency, robustness, dynamic 
response and drive control. This need leads to 
device optimization and better design and testing 
criteria. Moreover, a system approach is required 
for accurate integration of technical and economic 
aspects for final application.
The main subjects in this field are: Use of 
new materials; Novel magnetic structures;  
Methodologies of model development for design 
and operating analysis; Optimization procedures; 
Use of finite elements code, simulation programs 
and environments for device study; Control system 
definition both on the device and system side.

D) Measurements: This research field concentrates 
on the fundamentals of metrology, particularly 
with respect to characterization of modern 
measurement systems based on complex digital 
signal processing structures. Some of the main 
subjects of study are: measurement methodology 
as it relates to power systems, including medium 
and high voltage systems and components, as 
well as both digital and analog signal processing. 
Methodologies and measurement systems 
associated with industrial automation and, in 
particular, microelectronic sensor applications, 
distributed structures and advanced methods and 
algorithms for maintenance-oriented diagnosis of 
complex systems are investigated in detail.

After graduation, PhD are typically employed at:
•	 Major research centres;
•	 R&D departments;
•	 Power generation, transmission and distribution 

firms;
•	 Engineering consultant offices;
•	 Metrology reference institutes and certification 

laboratories;
•	 Process and transport automation areas.

Chair:
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FACULTY BOARD
Name Affiliation

Mussetta Marco (Coordinator) Department of Energy

Berizzi Alberto Department of Energy

Bizzarri Federico Department of Electronics, Information and Bioengineering

Brenna Morris Department of Energy

Castelli Dezza Francesco Department of Mechanical Engineering

Codecasa Lorenzo Department of Electronics, Information and Bioengineering

Cristaldi Loredana Department of Electronics, Information and Bioengineering

D’Antona Gabriele Department of Energy

Di Rienzo Luca Department of Electronics, Information and Bioengineering

Faranda Roberto Sebastiano Department of Energy

Ferrero Alessandro Department of Electronics, Information and Bioengineering

Grassi Flavia Department of Electronics, Information and Bioengineering

Grillo Samuele Department of Electronics, Information and Bioengineering

Grimaccia Francesco Department of Energy

Gruosso Giambattista Department of Electronics, Information and Bioengineering

Iacchetti Matteo Department of Energy

Laurano Christian Department of Electronics, Information and Bioengineering

Leva Sonia Department of Energy

Longo Michela Department of Energy

Merlo Marco Department of Energy

Ogliari Emanuele Department of Energy

Perini Roberto Department of Energy

Piegari Luigi Department of Electronics, Information and Bioengineering

Pignari Sergio Amedeo Department of Electronics, Information and Bioengineering

Toscani Sergio Department of Electronics, Information and Bioengineering

Zaninelli Dario Department of Energy

Companies currently providing scholarships:
•	 A2A SPA
•	 ABB
•	 ARRIVA ITALIA S.R.L.
•	 AUTOGUIDOVIE SPA
•	 ENI SPA
•	 FONDAZIONE POLITECNICO DI MILANO
•	 FREE2MOVE ESOLUTIONS S.P.A.
•	 INPS
•	 NHOA ENERGY
•	 REGIONE EMILIA ROMAGNA
•	 RICERCA SISTEMA ENERGETICO - RSE S.P.A.
•	 EUROPEAN COMMISSION H2020
•	 MINISTRY OF EDUCATION, UNIVERSITY AND 

RESEARCH
•	 POLITECNICO DI MILANO
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The global energy transition 
toward decarbonization is 
fundamentally transforming 
electrical distribution networks. 
As illustrated in Figure 1, the 
traditional paradigm, centralized 
power generation, high-voltage 
transmission through pylons, and 
passive unidirectional delivery 
to end consumers, is being 
replaced by an active, intelligent 
architecture. Distributed energy 
resources, including rooftop 
solar photovoltaics, battery 
energy storage systems (BESS), 
and electric vehicles, introduce 
bidirectional power flows 
across the medium-voltage 
cable network. At the same 
time, a digital layer of sensors 
and analytics connects every 
node to a distribution system 
operator (DSO) control center. 
This transformation creates 
unprecedented operational 
complexity, requiring DSOs to 
shift from reactive maintenance 
toward predictive, data-driven 
operations.
This thesis establishes a 
comprehensive framework for 
distribution grid digitalization 
through temporal-aware 
analytics, demonstrated on real 
operational networks in Italy 
and the Netherlands. The first 
contribution is an automated 
Python framework for parsing 
Common Information Model 

(CIM) files using NetworkX graph 
analysis, generating simulation-
ready models for DIgSILENT 
PowerFactory. Applied to the 
Milan MV network operated by 
Unareti, this reduces model 
generation from weeks to hours 
and enables the downstream 
analytical contributions. The 
second contribution develops 
climate-aware fault prediction 
using Ridge Regression, Random 
Forest, and Polynomial Poisson 
Regression models trained 
on operational fault records 
from the Milan network. By 
incorporating soil temperature 
at 70 cm burial depth, the key 
innovation beyond conventional 
surface meteorology, the best-
performing model achieves 
R²=0.72, with soil temperature 
emerging as the second-ranked 
predictor. This directly links 
the underground cable thermal 
environment, visible at the 
bottom of Figure 1, to fault risk 
during extreme heat events such 
as the 2022 European heatwave.
The third contribution presents 
a four-layer machine learning 
architecture for hourly load 
profile reconstruction, 
corresponding to the prosumer 
houses and distributed 
consumers in Figure 1. Layer 
I applies Locally Linear 
Embedding followed by K-means 
clustering (K=40 domestic, 

K=59 non-domestic) to identify 
consumption archetypes from 
billing data. Layer II employs 
a Random Forest Classifier 
integrating ATECO economic 
sector codes to assign each user 
to a cluster, achieving 94.5% 
accuracy for domestic and 88.0% 
for non-domestic users. Layer III 
uses a Random Forest Regressor 
to estimate user-specific hourly 
standard deviations, enabling 
physically meaningful profile 
reconstruction via a bidirectional 
z-score transformation 
without requiring smart meter 
measurements. Layer IV applies 
a further Random Forest model 
to correct for inter-annual 
temperature differences. 
Validated at the XXV Aprile 
substation in Brescia across 
three MV feeders serving 1,590 
to 2,719 users, the framework 
achieves RMAE below 4.2%, 
substantially outperforming all 
baseline methods.
The fourth contribution 
quantifies the impact of 
energy transition scenarios on 
underground MV cable aging 
using Arrhenius kinetics and 
IEC 60287 thermal calculations, 
directly addressing the cable 
infrastructure depicted at the 
bottom of Figure 1. Applied to 
the Stedin 10 kV network in a 
city across 1,483 cable sections, 
Monte Carlo simulations 

Morteza Aghahadi - Supervisor: Alessandro Bosisio
Tutor: Alberto Berizzi

demonstrate that temporal 
coordination of PV deployment 
enables sustainable 40% 
penetration with zero thermal 
conflicts, while strategic 2 MW 
BESS deployment achieves 
94.7% peak aging reduction. 
The core finding reframes 
infrastructure planning: 
technology deployment 
timing governs infrastructure 
compatibility more 
fundamentally than installed 
capacity alone, providing DSOs 
with an actionable roadmap 
from the reactive centralized 
grid on the left of Figure 1 to the 
intelligent active network on the 
right.

ADVANCED AI AND DATA ANALYTICS FOR POWER 
DISTRIBUTION GRID MANAGEMENT: FROM DIGITAL 
INFRASTRUCTURE TO ENERGY TRANSITION PLANNING

Fig. 1 - Quantitative impact of vehicle variability and the number of transmitters on output parameters in 
a dynamic wireless charging system.
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The decarbonization of the 
transport sector is one of the 
main challenges in the transition 
toward climate neutrality. In 
this context, electric mobility 
requires not only the diffusion 
of Electric Vehicles, but also 
the development of efficient, 
scalable and sustainable 
charging infrastructures. 
This PhD research proposes a 
holistic and multidisciplinary 
framework for the design, 
deployment and optimization of 
charging systems applied to the 
transport sector, considering 
both developed and developing 
countries, as well as urban and 
highway contexts. The work is 
structured around the idea that 
transport electrification cannot 
be addressed through isolated 
solutions. Instead, it requires the 
integration of vehicle modelling, 
charging demand estimation, 
infrastructure siting, renewable 
energy sources, storage 
systems, and innovative charging 
technologies, as reported in 
Figure 1. Starting from this 
perspective, the thesis develops 
a flexible methodological 
framework that can be 
adapted to different territorial 
conditions, mobility services and 
infrastructure constraints.
A first major contribution 
concerns conductive charging 
systems. The thesis proposes 

methodologies for Electric 
Vehicle deployment, charging 
demand assessment, renewable 
integration and Charging 
Station positioning. Different 
electrification scenarios are 
analysed through scalable 
models, including motorway 
applications, suburban services 
in developing areas, and data-
driven approaches for regional 
charging infrastructure 
planning. These models show 
how charging systems can be 
designed not only to satisfy 
users’ needs, but also to reduce 
grid stress and improve the 
sustainability of the overall 
mobility service.
A second major contribution 
concerns Wireless Power 
Transfer systems. The thesis 
investigates innovative wireless 
charging solutions based on 

resonant inductive power 
transfer, combining simulation, 
physical implementation and 
validation. Static and dynamic 
charging architectures are 
analysed in order to assess 
their applicability in urban 
and highway environments. 
In addition, optimization 
algorithms are developed for 
both transmitter positioning 
and receiver coil sizing. This 
allows the quantification of 
the infrastructure required for 
wireless charging deployment 
and provides useful guidelines 
both for decision makers and for 
vehicle manufacturers (Figure 2).
The results show that integrated 
planning is essential to support 
the transition toward sustainable 
mobility. In particular, the 
proposed models demonstrate 
that charging infrastructure 

Cristian Giovanni Colombo - Supervisor: Michela Longo
Tutor: Morris Brenna

design must account for 
technical performance, 
energy efficiency, renewable 
integration, economic impact 
and service scalability. The 
optimization of wireless 
charging receivers further shows 
that power transfer can be 
improved while reducing spatial 
constraints, material use and 
system costs.
Overall, this research contributes 
a decision-support framework 
for the evolution of transport 
electrification. By combining 
conductive and wireless 
charging models, renewable 
integration and optimization 
strategies, the thesis provides 
practical and scalable tools 

to support the development 
of efficient, resilient and low-
carbon transport systems.

OPTIMIZATION ALGORITHMS FOR CHARGING STATIONS 
APPLIED TO THE TRANSPORT SECTOR

Fig. 1 - Holistic framework for the development of sustainable mobility and charging infrastructure 
models. Fig. 2 - Quantitative impact of vehicle variability and the number of transmitters on output parameters in a dynamic wireless charging system.
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This work aims to assess the 
performance of electrical and 
electronic systems in terms of 
Electromagnetic Compatibility 
(EMC) and Signal Integrity (SI), 
with emphasis on 100BASE-TX 
Ethernet networks. Ethernet 
is adopted because it is cost 
effective, reliable, and scalable. 
Since Ethernet communication 
relies on differential signaling to 
suppress common-mode (CM) 
noise, preserving signal balance is 
essential. However, asymmetries 
in the transmission paths (Figure 
1) can produce differential-to-
common-mode (DM-to-CM) 
conversion even in systems 
designed according to EMC 
guidelines, generating unwanted 
emissions and degrading 
performance.
The first part of the research 
therefore focuses on mode 
conversion. It reviews the 
mathematical methods and 
modeling strategies used to 
analyze this phenomenon. 
Modal analysis is presented as 
the fundamental framework for 
investigating CM and differential-
mode (DM) disturbances and 
clarifying the mechanisms 
responsible for mode conversion. 
Within this framework, different 
modal decomposition techniques 
and standard parameters for 
quantifying mode conversion 
are summarized and compared. 

The study also examines 
representative scenarios in which 
mode conversion arises in power 
and communication systems, 
and reviews circuit-modeling 
approaches for its prediction and 
mitigation.
These theoretical foundations are 
then applied to the optimization 
of the Bob Smith (BS) termination 
in 100BASE-TX networks. The BS 
termination is commonly used to 
terminate twisted-pair wires and 
reduce CM interference. Although 
a specific resistance value has 
become a de facto standard, 
there is no clear evidence that 
it is always the best choice. An 
analysis was therefore carried 
out by focusing on CM reflections 
and DM-to-CM conversion at 
the transmission ports of the 
Ethernet driver. A mixed-mode 
S-parameter matrix was used to 
derive an equivalent circuit model 
of the system, and parametric 
analysis combined with multi-
objective optimization (MOO) 
was employed to optimize the 

termination resistance. The 
results confirm the importance 
of providing a return path for 
CM currents and demonstrate 
the effectiveness of the BS 
termination. At the same time, 
they show that no universally 
optimal resistance value 
exists; instead, the best choice 
depends on the specific system 
configuration and application 
requirements. Accordingly, 
the study proposes an optimal 
resistance range rather than a 
single value.

The same design-oriented 
approach is then extended 
to interconnections and 
transmission lines, whose layout 
can significantly affect both 
EMC and SI. In this context, 
an optimization algorithm is 
proposed to determine the 
best arrangement of signals 
in flexible flat cables (FFCs), 
which are widely used when 
compact cabling is required. 
Because the conductors in 

Ludovica Illiano - Supervisor: Sergio A. Pignari
Tutor: Flavia Grassi

Fig. 1 - Conceptual drawing of common causes of mode conversion in electrical/electronic systems. The 
causes are highlighted in red.

FFCs run in parallel and in close 
proximity, electromagnetic 
coupling between adjacent 
lines can become significant. 
Consequently, the allocation 
of signals to the different 
conductors strongly influences 
system performance. Here 
again, the problem is addressed 
through MOO, with the objective 
of minimizing Near-End 
Crosstalk (NEXT) and Far-End 
Crosstalk (FEXT). Validation on a 
simplified FFC system led to the 
identification of Pareto-optimal 
solutions, highlighting the worst 
and best operating conditions. 
The results demonstrate 
measurable improvements in 
EMC and SI and confirm the value 
of the proposed strategy as a 
practical design tool for high-
performance interconnections.
Consistently with this focus on 
design-oriented modeling, the 
research also develops behavioral 
models of electronic components 
for EMC simulations in Fast 
Ethernet applications, with 
attention to Ethernet signals and 
crystal oscillators. In 100BASE-TX 
systems, the physical-layer signal 
is encoded using Multi-Level 
Transmit-3 (MLT-3), which shifts 
spectral energy toward lower 
frequencies. Since inadequate 
design can still lead to EMC and 
SI problems, a behavioral circuit 
model capable of reproducing 

MLT-3 waveforms is essential 
for system-level analysis. By 
adjusting the sampling frequency 
and adding a resistor-capacitor 
(RC) filter, the proposed model 
reproduces the time-domain and 
frequency-domain characteristics 
of a reference MLT-3 signal, 
making it suitable for EMC and 
SI evaluation and optimization. 
In parallel, two behavioral 
models of crystal oscillators are 
introduced for EMC-oriented 
simulations, enabling their 
representation without requiring 
detailed white-box descriptions. 
The models were validated 
through the simulation of four 
oscillators operating at different 
frequencies, providing effective 
tools for preliminary EMC and SI 
assessment.
Overall, the research provides 
methods and models to improve 
EMC and SI in electrical and 
electronic systems, especially 
in Fast Ethernet applications. 
The proposed optimization 
techniques and circuit models 
make it possible to address 
EMC issues from the design 
stages, improving development 
efficiency and reducing the cost 
of redesigning and testing.

HYBRID FULL-WAVE/MTL PREDICTION MODELS FOR 
EMC AND SIGNAL INTEGRITY OF COMPLEX ELECTRONIC 
SYSTEMS
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This thesis addresses one of 
the key challenges of modern 
power systems: the optimal 
management of flexibility in 
distribution networks, in a context 
increasingly characterized by high 
penetration of renewable energy 
sources, storage systems, and 
flexible loads. As these resources 
become widespread, traditional 
approaches for grid planning and 
operation, originally designed for 
passive networks, are no longer 
sufficient. The work focuses 
on supporting Distribution 
System Operators in operating 
active and complex grids, where 
bidirectional power flows, 
variability, and decentralization 
introduce new operational 
constraints, as shown in Figure 1. 
In this framework, flexibility 
emerges as a key resource to 
ensure secure, efficient, and 
cost-effective grid operation. The 
thesis proposes a comprehensive 
set of optimization models 
and methodologies that 
explicitly account for network 
constraints while enabling the 
effective use of flexibility. A first 
contribution is the development 
of linear and mixed-integer 
linear programming models for 
the activation of flexibility in 
both low- and medium-voltage 
networks. These models are 
designed to be computationally 
efficient and suitable for 

integration into market-based 
mechanisms, such as ancillary 
services and local flexibility 
markets, thus covering the gap 
between technical feasibility and 
economic coordination. A second 
major contribution concerns 
network reconfiguration. The 
proposed approach introduces 
the concept of configuration shift 
steps, which explicitly model the 
sequence of switching actions 
required to transition between 
network topologies. This allows 
capturing intermediate states 
and operational constraints, 
improving both the realism and 
the safety of reconfiguration 
strategies compared to 
traditional static formulations. 
Further developments extend 
the modeling framework to 

address additional technical 
aspects that are often neglected 
or oversimplified. These include 
the representation of voltage 
variations and rapid voltage 
changes, the modeling of zero-
impedance branches, and the 
integration of decentralized 
voltage regulation strategies 
based on reactive power control. 
In parallel, the thesis investigates 
the role of battery energy 
storage systems, proposing 
advanced models for their 
optimal operation that explicitly 
consider degradation effects. 
In particular, novel formulations 
are introduced to capture 
battery aging within optimization 
problems while maintaining 
tractability, allowing long-term 
planning analyses. All proposed 

Riccardo Nebuloni - Supervisor: Valentin Ilea
Tutor: Alberto Berizzi

Fig. 1 - The changing landscape of energy systems: from passive to active distribution networks.

models are validated on realistic 
case studies, demonstrating their 
ability to capture the complexity 
of real distribution networks while 
maintaining a practical balance 
between modeling accuracy and 
computational performance. The 
results highlight how flexibility 
can be effectively exploited to 
mitigate network constraints, 
improve voltage profiles, and 
improve overall system efficiency, 
as shown in Figure 2.
Finally, the thesis discusses the 
main assumptions underlying 
the proposed models, such as 
the use of deterministic load 
and generation profiles, and 
outlines possible future research 
directions. These include the 
integration of uncertainty and 
stochastic modeling of renewable 

resources, as well as the 
further development of market 
mechanisms and real-time 
control strategies.

Fig. 2 - Flexibility management in active distribution networks through optimization-based coordination.

OPTIMAL MANAGEMENT OF DISTRIBUTION NETWORKS: 
THE GRID PERSPECTIVE
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This thesis investigates the 
evolution of modern power 
systems, driven by the increasing 
penetration of renewable 
energy sources, energy storage 
systems, and electrified loads 
such as Electric Vehicles (EV). 
As a consequence, traditionally 
unidirectional systems are 
transforming into decentralized, 
bidirectional, and more complex 
infrastructures, while also 
enabling improvements in 
sustainability, operational costs, 
and congestion management. 
In this context microgrids - a 
group of interconnected loads 
and distributed energy resources 
within clearly defined electrical 
boundaries that acts as a 
single controllable entity with 
respect to the grid - emerge as 
promising solutions, particularly 
when coupled with EV charging 
infrastructure.
The work focuses on microgrids 
with high EV penetration and 
structures the analysis around 
three main phases - planning, 
operation, and aggregation – 
to ultimately achieve better 
microgrids.
In the planning phase, the thesis 
addresses the optimal sizing of 
EV charging stations integrating 
renewable generation, battery 
energy storage systems, and 
grid connection capacity. A key 
contribution is the treatment of 

the grid connection point as a 
decision variable and not merely 
as a parameter. Results show that 
currently, in the Italian scenario, 
larger grid connections are 
often economically preferable. 
Nonetheless, sensitivity analyses 
show their advantage decreases 
as costs increase, while storage 
systems will play a growing role 
in handling uncertainty and 
peak demand. In parallel, the 
environmental dimension is 
investigated through a review 
of end-of-life strategies for EV 
lithium-ion batteries. The analysis 
highlights the superiority of the 
reuse options, provided that life 
cycle assessment methodologies 
are applied transparently within 
the most recent European 
regulatory framework, and the 
potential usage of such second 
life battery as stationary storage 
for an EV charging station, 
unlocking a circular business 

model among manufacturers, 
charging point operators and 
technology providers.
In the operation phase, the 
thesis develops advanced energy 
management strategies for 
EV charging stations. A first 
contribution is a robust, real-
time energy management system 
that combines optimization with 
a firmware-level improvement: 
the dynamic reconfiguration 
of charging points through a 
switching matrix. This approach 
enhances flexibility in power 
allocation and improves both 
system performance and user-
related metrics, especially 
under high uncertainty and 
EV penetration. A second 
contribution introduces a 
decentralized control framework 
combining decentralized 
optimization with game-theoretic 
incentive design. By modelling the 
charging station as a leader and 

Riccardo Ramaschi - Supervisor: Sonia Leva
Tutor: Marco Mussetta

EVs as followers, the proposed 
method aligns individual and 
system-level objectives through 
financial incentives. Compared 
to centralized and non-game-
theoretic approaches, it 
achieves competitive economic 
performance with reduced 
computational burden and 
improved scalability.
In the aggregation phase, the 
thesis extends the analysis to 
the coordination of multiple 
microgrids within a Virtual Power 
Plant (VPP). A novel architecture, 
that is here shown in Figure 1,  is 
proposed to manage flexibility 
while preserving privacy, 
structured around exposure, 
optimization, negotiation, and 
dispatch stages. On the one hand, 
a risk-aware negotiation strategy 
is developed, enabling local 
aggregators to decide whether 
to accept VPP remuneration 
based on their willingness 
to accept and uncertainty in 
activation and energy prices. 
On the other hand, the thesis 
proposes a penalty-aware bidding 
strategy that incorporates 
different penalty regimes into 
the optimization problem. By 
embedding reliability risks into 
the decision-making process, 
the model balances profit 
maximization and risk exposure, 
achieving improved reliability and 
economic performance compared 

to benchmark approaches, 
particularly under stringent 
market conditions.
Overall, the thesis provides a 
comprehensive set of tools 
for planning, operating, and 
aggregating microgrids with high 
EV penetration. The thesis goal is 
to offer to multiple stakeholders a 
holistic framework to support the 
transition toward more resilient, 
efficient, flexible, and sustainable 
energy systems. The thesis 
suggests as future work real-
world implementation, expanded 
scenarios, and methods capable 
of addressing deep uncertainty in 
rapidly evolving energy systems.

OPTIMIZING THE OPERATION OF MICROGRIDS WITH HIGH 
ELECTRIC VEHICLE PENETRATION: PLAN, OPERATE AND 
AGGREGATE

Fig. 1 -  Novel VPP architecture composed of four phases, i.e. 1) expose flexibility (blue), 2) optimize 
flexibility (green), 3) negotiate flexibility (orange), and 4) dispatch flexibility (pink). The thesis proposes 
this framework but focuses on 2) and 3).
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The management and control 
of modern power systems is a 
significant challenge. Among 
the main causes are the growing 
penetration of renewable energy 
sources, the rapid expansion 
of electric mobility, and the 
gradual shift from centralized to 
distributed system architectures. 
These trends require advanced 
control and optimization 
strategies capable of coping 
with increased variability and 
unpredictability of the grid. The 
main areas of interest within 
power systems that frame 
the scope of this research are 
illustrated in Figure 1, covering the 
full electricity supply chain from 
generation to end consumption. 
While machine learning adoption 
in the energy sector is growing, a 
significant gap remains between 
the theoretical development of 
advanced techniques and their 
practical application, especially 
in comparison to well-established 
approaches like Model Predictive 
Control. This gap is particularly 
evident in domains such as 
electric vehicle scheduling, grid 
operation, and energy market 
forecasting, where the complexity 
of the problem and the need 
for real-time solutions make 
traditional methods less effective. 
In this context and considering 
the rapid adoption of artificial 

intelligence and machine learning, 
this thesis aims to develop and 
validate machine learning based 
solutions in realistic power 
system environments, focusing 
on three main applications.
The first application concerns the 
optimal scheduling of charging 
and discharging processes for 
electric vehicles. Reinforcement 
learning is used to generate 
effective and realistic control 
policies. The objectives are to 
reduce energy costs, maximize 
revenue from vehicle-to-grid 
services, and prevent network 
overloads. The problem is 
formulated as a Markov Decision 
Process and solved using 
deep RL through actor-critic 
architectures. The model is also 
trained using imitation learning 
on expert data to accelerate 
learning and improve robustness. 
This approach combines the 

efficiency of supervised pre-
training with the adaptability of 
RL fine-tuning, offering improved 
scalability and feasibility for real-
time applications compared 
to conventional MPC-based 
methods. Results over 500 
test trajectories show that 
the learned policies achieve a 
user satisfaction rate above 
96%, with energy costs only 
marginally higher than the optimal 
benchmark, and a computation 
time 60% lower than the 
traditional solver.
The second application addresses 
the optimal power flow problem. 
The goal is to determine the 
network operating point and 
dispatch that minimize costs 
while maintaining acceptable 
voltage profiles and respecting 
all constraints. This problem is 
tackled with a reinforcement 
learning model designed to 
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manage realistic load and 
renewable generation profiles 
in networks with a large number 
of nodes. The approach was 
validated on the IEEE 118-bus 
system, showing that the RL 
agent reaches near-optimal 
operating conditions with only a 
1 to 2% cost gap compared to the 
interior point method benchmark, 
while achieving approximately 
30% reduction in computation 
time. A key contribution 
introduces a verification and 
correction mechanism to ensure 
all constraints are satisfied, 
providing feasible and certified 
solutions. This hard-constrained 
variant achieved a 100% feasibility 
rate across 10,000 test scenarios, 
with zero constraint violations.
The third application focuses 
on forecasting models based 
on neural networks, including 
LSTM, GRU, and hybrid CNN-RNN 
architectures. These models are 
integrated into a Model Predictive 
Control system for microgrid 
management and are used to 
predict electricity market prices, 
providing accurate inputs that 
enhance the effectiveness of 
the MPC controller in defining 
cost-optimal energy trading 
schedules. The best performing 
model, CNN-GRU, achieves a 
MAPE of 11.3% over 1800 hours of 
test predictions, corresponding 
to a 60% improvement over the 

classical SARIMA benchmark. 
When integrated into the MPC 
framework, the neural network-
based forecasts consistently yield 
lower operational costs compared 
to SARIMA across all simulated 
scenarios, while maintaining 
identical computation times.
All proposed approaches have 
been extensively tested on 
standard benchmarks and real 
datasets. The results show that 
machine learning techniques 
can achieve near-optimal 
performance, ensure operational 
reliability, and provide fast 
computations suitable for real-
time scenarios. Overall, the 
thesis offers a comprehensive 
framework for using machine 
learning in the control, planning, 
and forecasting of energy 
systems, contributing to the 
development of intelligent, data-
driven strategies to support the 
transition toward more efficient 
and sustainable electric power 
systems.

Fig. 1 - A schematic of the electricity supply chain.

ADVANCED MACHINE LEARNING TECHNIQUES FOR 
OPTIMIZATION, CONTROL, AND FORECASTING IN MODERN 
POWER SYSTEMS
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Accurate energy metering 
is essential for power grid 
management, load forecasting, 
and trusted revenue metering. 
Energy meters, as measurement 
instruments, are inherently 
prone to anomalies, similar to 
any other continuously operating 
measurement device. The 
presence of such anomalies in 
energy metering can impose 
financial burdens on either the 
consumer or the supplier which 
potentially leads to disputes and 
inefficiencies in billing. Since 
the invention of energy meters, 
continuous advancements have 
been made to improve their 
reliability and minimize the risk of 
anomalous readings. 
This thesis explored data-driven 
approaches for anomaly detection 
with the objective of improving 
energy metering reliability. 
Initially, the study focused on 
the feasibility of Non-Intrusive 
Load Monitoring (NILM) as a 
potential method for detecting 
measurement anomalies. The 
contributions in this area primarily 
focused on data pre-processing 
and feature extraction, both of 
which are critical in enhancing the 
computational efficiency of NILM. 
However, it was ultimately 
concluded that NILM is not 
suitable for measurement 
anomaly detection, as energy 
metering falls under legal 

metrology domain. Thus, 
requiring metrologically traceable 
data. This limitation arises from 
the fact that NILM is inherently 
a data-driven technique, which, 
in its initial stages, relies on 
appliance-level data for training 
and validation. These appliance-
level data are often obtained from 
non-traceable measurement 
instruments in publicly available 
datasets, making them unsuitable 
for energy metering applications 
where metrological traceability is 
a requirement. 
Alternatively, as illustrated in 
Figure 1, this study introduced 
a framework based on 
metrologically traceable energy 
readings which are collected via a 
cloud-based system designed for 
second-generation smart energy 
meters. 

In this context, to guarantee 
measurement conformity and 
traceability, the measurement 
process was not carried out using 
standalone voltage and current 
measurement instruments; 
instead, it was performed by 
conforming smart energy meters 
that operate within the legal 
metrology framework. Using this 
data, the application of machine 
learning techniques for anomaly 
detection in energy metering was 
explored via the procedure shown 
in Figure 2.
This part of the research focused 
on best-practice principles 
in machine learning-based 
classification, with particular 
focus on hyperparameter tuning 
and feature selection analysis. 
Approaches have been developed 
to optimize hyperparameter 
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selection to ensure that 
computational efficiency is 
maintained while improving 
classification performance, 
using the workflow illustrated in 
Figure 3. Additionally, the study 
focuses on how different feature 
combinations influence model 
accuracy and generalization.
Ultimately, this work described 
the performance metrics used to 
evaluate the learning model and 

proceeded with testing different 
feature combinations which were 
extracted from the collected 
power measurement time series. 
The evaluation revealed that 
daily statistical features of power 
measurements, when combined 
with eight-hourly average power 
measurements, consistently 
performed well across all 
the collected data that were 
used in the study. This finding 

demonstrated that including 
statistical features alongside 
features with higher temporal 
resolution enhances the ability 
of the classification model to 
detect anomalies in metrological 
deviations. Finally, the study 
concluded by presenting a 
comparative analysis of the 
tested feature combinations.

DATA-DRIVEN APPROACHES FOR ANOMALY DETECTION IN 
ENERGY METERING

Fig. 1 - Cloud-based data collection, storage and visualization pipeline

Fig. 2 - The implemented pipeline for energy data pre-processing, post-processing and model 
evaluation.

Fig. 3 - The novel hyper parameter selection approach for a Random Forest model.
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