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DOCTORAL PROGRAM  
IN AEROSPACE ENGINEERING

The aim of the course is the acquisition of the high level competences 
that are required to carry out innovative research and/or state of the art 
advanced applications in industries, public or private research centers, 
Universities or public and service companies in the area of aerospace 
engineering, including all the associated fields, with specific attention to 
its interaction with the human operators, the users, the environment and 
the society at large.
The level of the course provides the graduates with the ability to compete 
in a European and international environment.
The course duration is three years, requiring 180 credit points (ECTS), 
including possible study-abroad periods and internships in private or 
public institutions.
The program and credits are divided in two main educational areas:
1)	 Courses for at least 20 credits, on transferable competencies (at least 

10 credits), on themes specific to aerospace engineering disciplines 
(at least 5 credits), and the remainder on topics of choice, to be 
acquired during the first year.

2)	 Development of the Doctoral Thesis (160 credits): the thesis is 
developed within the Department or, in some cases, in other 
institutions, in close contact with the Department.

The research activity starts immediately (40 credits in the first year) and 
is developed in the second and third year (60 credits each) of the doctoral 
program.
If the candidate’s background curriculum lacks some introductory 
knowledge required for the Doctorate, the Faculty Board will ask to 
recover such knowledge, with the assistance of the tutor.
Afterwards, the Faculty Board will verify the overcoming of whatever was 
lacking during the annual meeting of admission to the second year of the 
course.
The course program related to point 1 does not follow a rigid scheme. 
So, besides widening the basic scientific culture of the candidate, it 
takes into consideration also the objectives and the core topics of the 
candidate’s
thesis. The program will also consider general cultural requirements as 
well as what is deemed to be specifically related to the thesis subject, as 
agreed between the candidate and the Faculty Board.

To complete the research activity, a study period in a 
foreign country or in an external institution is allowed 
and strongly recommended. Its duration may range 
from a few weeks up to one and a half years, with an 
average duration of 6 months. The related activities 
are usually carried out in well-known and qualified 
scientific institutions (universities, research centers, 
etc.), and contribute to the cultural and scientific 
achievements of the research.
Due to the amplitude and interdisciplinarity of the 
aerospace sector, the professional skills achievable 
will span a broad area and not cover just a specific 
topic.
The educational goals will create high level specialists 
in the domains of helicopters and rotary wing aircraft, 
fixed wing aircraft, space vehicles and missions, and 
related technologies.
In this context, specific competence can be gained 
either in a single subject or in the integration 
of special subjects such as: Aerodynamics and 
Fluid Mechanics, Structures and Materials, Flight 
Mechanics and Control, and emerging disciplines 
requiring an enhanced multidisciplinary approach 
such as rotary wing aircraft, electric airplanes, 
drones, innovative materials and structures, 
space mission design, space trajectory design, 
space situation awareness, innovative propulsion 
technologies, advanced fluid dynamics, etc.
In this respect, some examples of professional skills 
achieved during the past 35+ years of the doctoral 
program are here reported:
•	 expert in computational and/or experimental fluid 

mechanics, with capabilities to develop methods 
and models for both aerospace applications and 
generic vehicles.

•	 expert in active and passive control of the dynamics 
of aerospace structures, integrating global and 
subsystem design.

•	 expert in design of space missions, mission 
analysis, trajectory optimization, system and 
payload design

•	 expert in active and passive structural safety of 
vehicles, both aerospace and non-aerospace.

•	 expert in vibration and noise control, including 
modeling analysis, system design and 
implementation of specific subsystems.

•	 expert in the dynamics and control of aerospace 

vehicles and related operational missions.
•	 Expert in space situational awareness and space 

traffic management and coordination
•	 expert in integrated design of complex aerospace 

systems, including their missions and overall life 
cycle.

Since its foundation, more than 35 years ago, the 
doctoral course in Aerospace Engineering has 
awarded more than 180 PhDs.

Chair:
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DOCTORAL PROGRAM BOARD
Name Position SSD
Camilla Colombo (Coordinator) Full Prof. IIND-01/C
Alessandro Airoldi Associate Prof. IIND-01/D
Marco Belan Associate Prof. IIND-01/F
Franco Bernelli Full Prof. IIND-01/E
Paolo Bettini Associate Prof. IIND-01/D
Chiara Bisagni Full Prof. IIND-01/D
Stefano Cacciola Associate Prof. IIND-01/C
Andrea Colagrossi Researcher IIND-01/C
Alessandro De Gaspari Associate Prof. IIND-01/D
Fabio Ferrari Associate Prof. IIND-01/E
Gabriella Gaias Associate Prof. IIND-01/E
Antonio Grande Associate Prof. IIND-01/D
Alberto Guardone Full Prof. IIND-01/F
Davide Invernizzi Associate Prof. IIND-01/E
Michèle Lavagna Full Prof. IIND-01/C
Paolo Lunghi Researcher IIND-01/E
Filippo Maggi Full Prof. IIND-01/G
Pierangelo Masarati Full Prof. IIND-01/D
Mauro Massari Associate Prof. IIND-01/E
Marco Morandini Associate Prof. IIND-01/D
Christian Paravan Associate Prof. IIND-01/G
Federico Piscaglia Associate Prof. IIND-01/G
Maurizio Quadrio Full Prof. IIND-01/F
Antonio Raimondo Associate Prof. IIND-01/D
Barbara Re Researcher IIND-01/F
Carlo Riboldi Associate Prof. IIND-01/C
Francesco Topputo Full Prof. IIND-01/E
Riccardo Vescovini Associate Prof. IIND-01/D
Andrea Zanoni Researcher IIND-01/D
Alex Zanotti Associate Prof. IIND-01/F

ADVISORY BOARD
Name Company-Organization Retired (former Chief Technology Officer)
Valerio Cioffi Leonardo Aircraft Division President
Gian Paolo Dallara Dallara Automobili Head of Aircraft Systems Integration
Luca Medici Leonardo Helicopter Division Space Commercial Director
Marco Molina SITAEL Retired (former Technical Director)
Franco Ongaro Leonardo Chief Technology Officer
Matteo Ragazzi Leonardo Helicopter Division Chief Technology Officer
Grazia Vittadini Lufthansa

SCHOLARSHIP SPONSORS

Italian Space Agency

European Space Agency

AVIO

CIRA

D-ORBIT

Dallara

INAF

Infinite Orbits

Leonardo SpA

Lilium

OHB

Telespazio

Thales Alenia Space-Italy
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This thesis presents a 
comprehensive investigation of 
the aerodynamic phenomenon 
of dynamic stall, bridging high-
fidelity computational fluid 
dynamics (CFD) with efficient, 
real-time predictive tools based 
on deep learning. Dynamic stall 
is a transient, highly non-linear 
process that occurs when lifting 
surfaces, such as helicopter rotor 
blades or wind turbine airfoils, 
undergo rapid variations in 
effective angle of attack, delaying 
boundary-layer separation 
beyond the static stall limit. This 
delay results from the unsteady 
interaction between the pressure 
field, the separated shear layer, 
and coherent leading-edge vortex 
structures, producing a large-
scale dynamic stall vortex (DSV) 
that convects downstream. The 
phenomenon is characterized 
by pronounced hysteresis, lift 
overshoots, impulsive pitching 
moments, and rapid drag 
changes, generating severe 
structural loads and vibration 
constraints for rotorcraft and 
advanced air mobility systems. 
Dynamic stall is central to 
applications ranging from Urban 
Air Mobility vehicles in gusty 
urban environments to vertical-
axis wind turbines experiencing 
cyclic incidence variations. 
The objectives of this work are 
twofold: first, to employ advanced 

CFD methods, from Unsteady 
Reynolds-Averaged Navier–
Stokes (URANS) to Wall-Resolved 
Large Eddy Simulations (WRLES), 
to capture stall onset, evolution, 
and recovery; and second, 
to develop physics-informed 
Reduced-Order Models (ROMs) 
using deep learning for accurate 
and efficient load prediction.
The first contribution is a 
systematic evaluation of 
turbulence modeling effects on 
deep dynamic stall prediction. 
A pitching NACA0012 airfoil at 
Reynolds number 135000 and 
reduced frequency 0.1 was 
investigated and benchmarked 
against experimental data. 
Standard URANS models, 
particularly k-omega SST, 
predicted premature laminar 
separation bubble detachment 
and overestimated peak loads. 
Incorporating the gamma 
transition model significantly 
improved boundary-layer 
development and stall onset 
prediction, demonstrating that 
laminar–turbulent transition 
modeling is essential in this 
Reynolds regime. The study 
was extended to hybrid RANS/
LES approaches, including 
Scale-Adaptive Simulation 
(SAS) and Stress-Blended Eddy 
Simulation (SBES). Although 
SBES improved the resolution of 
spanwise structures and vortex 

dynamics compared to URANS, 
all models consistently under-
predicted the stall onset angle 
and overestimated hysteresis 
magnitude. These discrepancies 
highlight fundamental limitations 
associated with RANS-based 
closures, even in hybrid 
formulations, motivating higher-
fidelity approaches.
To address these limitations, a 
dedicated WRLES investigation 
was conducted with emphasis 
on the computational domain’s 
spanwise extent. Simulations 
with span-to-chord ratios of 
0.2, 0.4, 0.8, and 1.2 revealed 
a strong dependence on 
domain width. Narrow domains 
constrained the flow to remain 
artificially two-dimensional, 
preserving unrealistic vortex 
coherence and amplifying lift 
and drag peaks. In contrast, 
larger domains enabled natural 
three-dimensional breakup of 

ROTOR DYNAMIC STALL: FROM HIGH-FIDELITY 
SIMULATIONS TO DEEP LEARNING SURROGATE MODELS

the DSV and development of 
spanwise instabilities, producing 
force histories more consistent 
with experiments. Vorticity 
visualizations confirmed that 
realistic vortex disintegration and 
turbulent reattachment emerged 
only for sufficiently large spans. 
The study establishes a best-
practice guideline recommending 
a minimum span-to-chord ratio 
of 1.0 for accurate LES of deep 
dynamic stall, challenging earlier 
studies performed on narrower 
domains.
Extending from canonical 
airfoils to realistic rotorcraft, 
the thesis includes a combined 
numerical and experimental 
investigation of the MERIT 
rotor in hover. High-speed 
photogrammetry measurements 
of blade deformation were 
integrated into high-fidelity 
URANS simulations using SST and 
transition-sensitive iSST models. 
Numerical predictions agreed 
closely with experimental thrust 
and power in the pre-stall regime 
but deviated significantly post-
stall, reinforcing the limitations 
of RANS-based methods in highly 
separated flows. Although blade 
deformation had limited influence 
on mean performance for the 

relatively stiff rotor tested, it 
increased load fluctuations and 
reduced periodicity, revealing 
asymmetric flow interactions. 
These findings emphasize 
the importance of aeroelastic 
considerations for flexible rotor 
designs.
To reduce the computational 
cost of high-fidelity CFD, the 
second part of the thesis 
develops data-driven surrogates. 
A convolutional neural network 
(CNN) framework was designed 
to predict full spatio-temporal 
distributions of surface pressure 
and skin-friction coefficients 
rather than only integral loads. 
Unstructured CFD data were 
interpolated onto structured 
grids to enable convolutional 
architectures capable of 
capturing local gradients and 
coherent flow features. The 
model demonstrated strong 
generalization, accurately 
reconstructing complex 
hysteresis loops and unsteady 
load histories even when 
trained on limited datasets, 
while achieving substantial 
computational savings compared 
to direct CFD.
Finally, the thesis introduces the 
Physics-Based Flow Matching 
(PBFM) framework, a generative 
modeling strategy that embeds 
physical constraints directly into 
the training process. Because 
dynamic stall is turbulence-
dominated and sensitive 
to initial conditions, this 
approach captures stochastic 
variability beyond deterministic 
surrogates. Physics-based 
residuals, including the ideal 
gas law and wall shear stress 
relations, are incorporated into 

the loss function of a diffusion-
transformer architecture. This 
soft-constrained formulation 
ensures that generated flow 
fields reproduce statistical 
characteristics of the data 
while remaining consistent with 
governing physical principles. 
Benchmark evaluations show that 
PBFM reduces residual errors 
by up to an order of magnitude 
compared to conventional flow 
matching, particularly under 
extrapolation conditions where 
purely data-driven models 
degrade. By predicting multiple 
coupled flow quantities, 
including pressure, density, 
temperature, shear stress, and 
velocity gradients, the PBFM 
framework provides a scalable 
pathway toward uncertainty-
aware aerodynamic prediction. 
Collectively, this work establishes 
rigorous guidelines for high-
fidelity stall simulation and 
delivers physics-consistent AI 
tools for safer and more efficient 
rotorcraft design. 

Fig. 1 - Q-criterion of the dynamic stall vortex 
using WRLES.

Fig. 2 - Illustration of the dynamic stall process 
over a pitching airfoil
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Rotating aerodynamic systems 
often operate in particle-
laden environments, where 
dispersed phases such as water 
droplets, dust, sand, or other 
contaminants interact with the 
surrounding flow and impact 
rotor blades. These interactions 
underpin technologically 
relevant phenomena, including 
ice accretion and particle-
induced erosion, which directly 
affect rotor performance, 
reliability, and lifetime in 
applications ranging from wind 
energy and aviation to industrial 
systems. Accurate prediction of 
particle dynamics around rotor 
blades is therefore a prerequisite 
for reliable modelling of both 
additive and subtractive 
degradation processes.
Despite the widespread use 
of reduced-order numerical 
approaches based on two-
dimensional (2D) blade element 
simulations, the physical 
conditions under which these 
methods yield results consistent 
with full three-dimensional 
(3D) rotor simulations remain 
insufficiently understood. 
Existing studies report 
contradictory conclusions 
regarding the validity of 2D 
approximations, without 
exhaustive physical explanation.
This thesis investigates physics, 
modelling, and numerical 

ON PARTICLE DYNAMICS IN AXIAL ROTOR FLOWS

simulation of particle dynamics 
on rotor blades, to identify 
physically grounded conditions 
for consistency between 2D 
and 3D solutions and enable 
accurate and efficient reduced-
order simulations. The analysis 
is restricted to axial rotor flows, 
which admit a steady-state 
solution, and is extended to a 
selected unsteady configuration.
Steady-state particle 
impingement is analyzed 
on complete rotors, using a 
Lagrangian particle tracking 
in a rotating reference frame, 
and on corresponding 2D blade 
elements. The results reveal the 
existence of two limiting regimes 
governed by a rotor-based, or 
induction, Stokes number in 
addition to the classical section-
based Stokes number. These 
regimes explain previously 
conflicting observations in 
the literature and identify the 

conditions under which 2D 
simulations can reproduce 3D 
dispersed-phase behavior.
Building on this physical 
understanding, a reduced-order 
model is developed to describe 
the response of particles to 
the rotor-induced velocity field 
on a blade element. Then, a 
practical numerical methodology 
is proposed to decouple the 
freestream conditions of the 
carrying and dispersed phases 
in 2D blade element simulations, 
enabling the simulation of 
particles in non-equilibrium with 
the induced velocity field. This 
generalized 2D blade element 
approach for rotor-particle 
interaction, schematically 
presented in Figure 1, enables 
recovering the correct particle 
dynamics characteristics 
within 2D blade element 
simulations without additional 
computational cost.

Francesco Angelo Caccia - Supervisor: Alberto Guardone

Unsteady dispersed-phase 
dynamics are then addressed 
through the development 
of numerical algorithms for 
Lagrangian particle tracking on 
moving and deforming grids, 
including an efficient hybrid 
inertial/non-inertial integration 
strategy and a methodology 
for computing time-resolved 
collection efficiency. The 
framework is validated on a 
pitching airfoil and applied to a 
rotor blade undergoing cyclic 
pitch motion, demonstrating 
how 3D dispersed-phase 
behaviour can be reproduced 
in 2D simulations when particle 

response to induced velocity is 
correctly modelled.
The overall physical 
comprehension is synthesized 
into a non-dimensional 
framework based on the two 
Stokes numbers, which define 
similarity regimes and can be 
used to generalize the results 
across particle types, sizes, 
and rotor scales, as presented 
in Figure 2. Overall, besides 
introducing numerical methods 
that improve the efficiency of 
Lagrangian particle tracking, 
this thesis provides a unified 
physical interpretation of 
particle dynamics on rotor 

blades; identifies the current 
limitations of blade element 
modelling approaches in 
particle-laden flows; and 
overcomes them through 
physically informed modelling.

Fig. 2 -Schematic representation of the regimes encountered by particles immersed in the flow field 
of an isolated section, immersed in the rotor-induced flow field, and the resulting regimes on a rotor 
section.mera tracking system is highlighted with different colors.

Fig. 1 - Schematic representation of the freestream conditions of the carrying and dispersed phases in 
3D and on a 2D blade element.
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Innovative structural 
configurations featuring 
curvilinear stringers and variable 
stiffness skin offer significant 
potential for improved efficiency 
compared to classical designs. 
However, their complex 
geometry and modeling pose 
challenges for traditional 
numerical methods, highlighting 
the need for novel and potentially 
unexplored computational 
approaches. In this context, the 
Virtual Element Method emerges 
as a promising alternative to 
classical methods, owing to its 
flexibility in handling arbitrary 
polygonal elements and its 
ability to simplify both meshing 
and modeling of complex 
geometries.
Despite these advantages, VEM 
still presents several limitations. 
In particular, the method 
relies on a stabilization term 
to handle the non-polynomial 
residual components of the 
trial functions; however, the 
absence of a general formulation 
for this term can affect both 
accuracy and robustness. 
Furthermore, the handling of 
variable coefficients, such as 
those resulting from variable 
stiffness skins, needs further 
investigation. The construction 
of geometrically nonlinear 
terms also presents challenges 
because the trial functions 

NOVEL p-VIRTUAL ELEMENT METHOD FOR THE 
NONLINEAR ANALYSIS OF CURVILINEARLY STIFFENED 
PANELS

are not explicitly known. For 
this reason, the literature on 
geometrically nonlinear analyses 
within the VEM framework is 
relatively scarce compared to 
the linear one.
The objective of this thesis is 
to investigate the geometrically 
nonlinear and postbuckling 
behavior of curvilinearly 
stiffened variable stiffness 
panels using the Virtual Element 
Method in its p-refinement 
version, thus enabling high-order 
approximations. By addressing 
the aforementioned challenges, 
this work aims to develop a 
robust computational framework 
for the accurate modeling of 
advanced aerospace structures. 
The Virtual Element Method 
is employed for the numerical 
analysis of variable stiffness 
plates stiffened by curvilinear 

stringers. The study focuses on 
the p-refinement strategy and 
on the geometrically nonlinear 
analysis. The standard VEM 
formulation is extended to 
account for curved edges, a 
valuable feature for modeling 
curvilinearly stiffened panels 
with complex geometries. 
Including curved edges is 
especially advantageous within 
a p-refinement framework, as 
it enables the use of coarse 
meshes. Overall, the flexibility 
of using general polygonal 
elements with curved edges 
and hanging nodes noticeably 
simplifies the mesh generation 
for the configurations 
considered.
To address the issue of the 
stabilization term, this work 
systematically compares several 
stabilization formulas and 

Paola Pia Foligno - Supervisor: Riccardo Vescovini

self-stabilized formulations 
available in the literature, 
assessing their impact on the 
accuracy of the method across 
different classes of problems.
A novel approach, denoted as 
Variable Coefficient-VEM (VC-
VEM), is proposed to handle 
variable coefficients within 
the VEM framework. This 
formulation differs from those 
available in the literature and 
offers improved flexibility and 
accuracy, particularly for high-
order schemes, compared to 
standard formulations.
The VEM formulation is extended 
to geometrically nonlinear 
analyses. The nonlinear 
contributions, typically non-
computable due to the implicit 
nature of the trial functions, 
are replaced with computable 
approximations that preserve 
the accuracy of the formulation.
The R-functions method 
is employed for the mesh 
generation process. When 
combined with VEM, this 
approach yields a powerful and 
flexible tool for meshing complex 
geometries. Specifically, all 
sub-domains created by the 
presence of the stiffeners are 
meshed independently, and 
hanging nodes are added at the 

interface. This procedure, which 
would be relatively cumbersome 
in a finite element framework, is 
straightforward within the VEM 
framework.
In Figure 1, the VEM framework 
developed in this work is 
illustrated, highlighting its main 
contributions: p-refinement, 
the extension to curved edges, 
the stabilization strategies, 
the treatment of variable 
coefficients, the extension to 
nonlinear analyses, and the 
integration with the R-functions 
theory.
The developed computational 
tool is applied to two main case 
studies. First, a benchmarking 
study is conducted on the 
different stabilization formulas, 
self-stabilized formulations, and 
the proposed VC-VEM approach 
across various problems, ranging 
from the Laplace and general 
second-order elliptic problem 
to Stokes and linear elasticity 
problems. The aim is to assess 
the accuracy and stability of 
the method for different mesh 
topologies within the p-VEM 
framework. In particular, the 
proposed VC-VEM demonstrates 
improved robustness and 
efficiency compared to standard 
VEM.  In the second part, the tool 

is applied to linear and nonlinear 
analyses of variable stiffness 
structures, demonstrating the 
effectiveness and versatility 
of the proposed method in 
analyzing curvilinearly stiffened 
panels. The method proves to 
be very efficient in the presence 
of high-gradient solutions, in 
the nonlinear regime and in 
dealing with complex geometries 
with curvilinear stiffeners. 
Overall, the proposed approach 
ensures both flexibility and 
efficiency in the analysis of 
innovative variable stiffness 
structures in the nonlinear 
regime, demonstrating that the 
VEM is a valuable alternative to 
classical methods. A schematic 
representation is available in 
Figure 2.

Fig. 1 - VEM framework. Fig. 2 - Application of the VEM framework.
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Non-ideal compressible fluid 
dynamics (NICFD) investigates 
compressible flows evolving in 
thermodynamic conditions close 
to the liquid-vapor saturation 
curve, the critical point, and in 
supercritical conditions, where 
the ideal-gas assumption is no 
longer valid. In these regimes, 
the fluid molecular complexity 
strongly influences both the 
thermodynamic and gasdynamic 
behavior of the flow, leading to 
a marked dependence on the 
total thermodynamic state and, 
in some cases, to qualitatively 
non-ideal phenomena such as 
non-monotonic Mach number 
evolution through isentropic 
processes. These effects 
are particularly relevant in 
engineering applications 
involving molecularly complex 
working fluids, most notably 
Organic Rankine Cycle (ORC) 
power systems, where 
supersonic expansions in the 
dense-gas regime are commonly 
encountered. 
This thesis investigates non-
ideal compressible turning 
flows, which are ubiquitous 
in practical devices such as 
nozzles, turbine cascades, 
and diffusers. While non-ideal 
effects have been extensively 
studied in one-dimensional and 
weakly curved configurations, 
the coupling between non-ideal 

NON-IDEAL COMPRESSIBLE FLUID DYNAMICS OF TURNING 
FLOWS

thermodynamics and streamline 
curvature remains less explored. 
The present work addresses 
this gap by analyzing how flow 
turning induced by curved 
geometries affects the evolution 
of non-ideal compressible flows 
as thermodynamic conditions 
vary.
A combined theoretical, 
numerical, and experimental 
approach is adopted. From a 
numerical perspective, two 
tools based on the Method 
of Characteristics and the 
Streamline Curvature method 
are developed and coupled 
with advanced equations of 
state for molecularly complex 
fluids. These tools are used 
for the analysis and design of 
supersonic nozzle flows under 
non-ideal thermodynamic 
conditions and are verified 
through comparisons with 
computational fluid dynamics 
(CFD) simulations and 
experimental data. From an 
experimental standpoint, a new 
schlieren-based diagnostic 
technique is introduced to 
extract quantitative flow 
properties in two-dimensional 
supersonic flows, enabling the 
simultaneous measurement of 
flow direction and Mach number 
from schlieren images and, 
when total conditions are known, 
the reconstruction of the full 

thermodynamic and gasdynamic 
state.
The developed methodologies 
are applied to investigate a set 
of canonical flow configurations 
in which curvature plays a 
central role. Two-dimensional 
compressible flows in radial 
equilibrium are analyzed 
to assess the influence of 
molecular complexity and 
thermodynamic state on the 
Mach number variation normal 
to the streamwise direction. The 
analysis shows that, for selected 
fluids and thermodynamic 
conditions, the Mach number 
may exhibit non-monotonic 
distributions in the radial 
direction. Numerical simulations 
are carried out to investigate 
how uniform parallel flows 
evolve towards planar radial 
equilibrium conditions. Non-
ideal Prandtl-Meyer expansions 
are experimentally characterized 
over a range of turning angles 
and thermodynamic conditions 

Paolo Gajoni - Supervisor: Alberto Guardone

in terms of Mach number and 
static pressure evolution. 
Measurements of the Prandtl-
Meyer function under dense-
gas conditions are retrieved 
from the measured quantities 
and compared to theoretical 
predictions. Finally, asymmetric 
converging-diverging nozzles are 
experimentally investigated as a 
representative example of more 
complex turning flows, in which 
curvature is distributed along 
the geometry and interacts with 
non-ideal thermodynamics over 
extended expansion regions. 
These configurations enable 
the exploration of high levels of 
non-ideality and provide insight 
into the combined effects of 
curvature, thermodynamic state, 
and flow evolution.
In addition, the implications of 
non-ideal thermodynamics on 
streamline curvature and flow 
direction are further examined 
through a dedicated analysis 
of off-design nozzle operation, 

highlighting how variations in 
the thermodynamic state can 
lead to non-uniform and non-
parallel exhaust flows even in 
geometries designed to deliver a 
uniform outflow.
Overall, the results demonstrate 
that non-ideal effects 
significantly influence not only 
the magnitude of flow variables 
but also streamline trajectories 
and flow turning behavior, 
highlighting the importance 
of accounting for the coupling 
between thermodynamics and 
curvature in the analysis and 
design of high-speed flows of 
dense gases.

Fig. 1 - Divergent section of a curved supersonic 
nozzle: schlieren visualization (bottom) vs 
reconstructed contour of the Mach number 
obtained through detection of Mach lines (top).

Fig. 2 - Schlieren visualization of Prandtl-Meyer 
expansion fans in non-ideal thermodynamic 
conditions.
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Introduction
After a long break since the extensive 
Moon exploration in the 60s and 70s, 
the new space race to the Moon is 
in full swing after orbital detection 
of potential lunar ice deposits in 
the permanently shadowed regions 
(PSRs). This critical and potentially 
disruptive discovery provoked an 
exponential growth of interest in 
lunar exploration in the last decade. 
Extremely high costs associated 
with delivering cargo and spare parts 
to the future crewed lunar outposts 
underscore the urgent need to 
develop In-Situ Resource Utilization 
(ISRU) technologies. 
This doctoral research presents 
a comprehensive framework for 
enabling on-demand manufacturing 
of high-performance ceramic 
components on the Moon using 
in-situ mined lunar regolith. 
The study addresses one of the 
central challenges in lunar ISRU: 
the extreme heterogeneity and 
mineralogical complexity of lunar 
soil, which complicates both additive 
manufacturing (AM) processes and 
high-temperature sintering [1]. 
Among various AM methods, Vat 
Photopolymerization (VP) has been 
identified as the most promising 
technique for fabricating precise, 
high-strength ceramic parts within 
controlled environments on a lunar 
base [2]. 
 

VAT PHOTOPOLYMERIZATION BASED ADDITIVE 
MANUFACTURING OF LUNAR REGOLITH CERAMICS FOR 
FUNCTIONAL ISRU APPLICATIONS

Materials and methods
The LHS-1 (highland) and LMS-1 (mare) 
lunar regolith simulants, used for 
the present study, were produced 
by Space Resource Technologies 
(USA). Characterization of the original 
simulants, the fine powders obtained 
after the ball-milling and 3d-printed 
specimens was carried out using a 
set of modern analytical approaches, 
including laser powder diffractometry, 
XRD, DTA-TG, SEM+EDX, UV-Vis 
spectrometry and LFA analysis. The 
obtained results were reported in 
[3]. To test the photopolymerization 
performance of the original reference 
and beneficiated lunar regolith in 
the VP-AM, lunar simulant-infilled 
photocurable resins were prepared. 
The lunar simulant-infilled slurries 
consisted of 70 wt.% of the above-
described milled powders and 30 
wt.% of the photocurable resin. 
Details of the resin composition are 
reported in [4], [5].
VP AM was performed using a Mars 
4 VP-based 3D printer (ELEGOO). 
The manufactured green parts were 
heat-treated in an electrically heated 
furnace in an air atmosphere in 
two subsequent stages: debinding 
(heating rate 2 °C/min) at 600 °C for 
4 h, and sintering (heating rate 2 °C/
min) at 1100-1300 °C for 4 h. Bending, 
compression and microhardness 
tests were performed to access the 
mechanical properties of the sintered 
parts.

Key Findings
A key breakthrough in this work 
was the introduction of preliminary 
magnetic beneficiation (MB) to 
selectively remove iron- and titanium-
rich basaltic phases from the highland 
regolith. This process produced a 
non-magnetic fraction (NM) enriched 
in anorthite. This simple, low-energy 
separation drastically improved UV 
curing performance; compared to 
unrefined lunar highland simulant 
(LHS), the cured layer thickness 
increased from 20 μm to 160 μm, 
while the critical energy dose required 
for polymerization dropped by 9.6 
times. This improvement allowed for 
ten times faster printing and the use 
of thicker layers.
DLP-printed green parts were 
thermally processed at sintering 
temperatures ranging from 1100 
to 1300 °C. The peak mechanical 
performance was observed at 1250 
°C. NM-based green parts, which 
contained 70 wt.% regolith simulant 
and were sintered at 1250 °C, 
achieved 96% of theoretical density, 
with compressive strengths of up to 
585 MPa and flexural strength of 143 
MPa. Several potential applications 
for the obtained materials were 
preliminarily studied, which included 
additive manufacturing of gyroid-
infilled lattice structures, which 
may be utilized as spare parts in the 
life support (filters, catalyst beds) 
and thermal protection (heatshield) 
systems. Some of the produced 

Maxim Isachenkov - Supervisor: Giuseppe Sala

demonstration parts are presented 
in the Rotorcraft aerodynamic flows 
are highly unsteady and coherently 
vortical, posing challenges for 
conventional computational fluid 
dynamics (CFD) methods. Eulerian 
solvers, although robust and versatile 
in resolving near-body viscous effects 
and complex geometries, tend to 
excessively diffuse far-wake vortices 
on practical grids and time steps, 
degrading the prediction of long-
range rotor-rotor and rotor-airframe 
interactions. Conversely, Lagrangian 
approaches preserve vorticity with 
very low numerical dissipation in the 
farfield but may struggle to accurately 
capture pressure distributions, 
viscous effects, and detailed loads on 
lifting and non-lifting surfaces. .
An additional application explored 
in this study was the use of DLP-
printed regolith ceramics as shell 
molds for aluminum casting. 
Complex mold geometries were 
successfully printed and sintered 
from the NM fraction of highland 
regolith simulant. An example of the 
manufactured ceramic mold and 
the obtained Al-cast are presented 
in the Rotorcraft aerodynamic flows 
are highly unsteady and coherently 
vortical, posing challenges for 

conventional computational fluid 
dynamics (CFD) methods. Eulerian 
solvers, although robust and versatile 
in resolving near-body viscous effects 
and complex geometries, tend to 
excessively diffuse far-wake vortices 
on practical grids and time steps, 
degrading the prediction of long-
range rotor-rotor and rotor-airframe 
interactions. Conversely, Lagrangian 
approaches preserve vorticity with 
very low numerical dissipation in the 
farfield but may struggle to accurately 
capture pressure distributions, 
viscous effects, and detailed loads on 
lifting and non-lifting surfaces..
Aluminum casting trials 
demonstrated excellent mold filling, 
dimensional accuracy, and minimal 
surface defects, with the ultimate 
tensile strength of cast aluminum 
reaching 192 MPa, approaching 
the performance of commercial 
casts. This confirms the viability of 
regolith-based ceramics not only as 
structural elements but also as high-
temperature tooling materials for 
in-situ metal fabrication. 
Conclusions
This work has demonstrated a 
complete, experimentally validated 
strategy for transforming raw lunar 
regolith into functional ceramic 
and metal components through 
additive manufacturing, magnetic 
beneficiation, and casting. A 
key technological enhancement 
introduced in this study is the 
implementation of magnetic 
beneficiation (MB) as a VP-AM 
feedstock refinement step. Magnetic 
separation effectively removed Fe- 
and Ti-rich phases from the highland 
regolith, substantially improving 
slurry photo-curability, reducing 
photopolymerization time by 10-fold, 
and enabling the use of thicker layers 
during printing. 

Present thesis establishes a pathway 
for converting unrefined lunar regolith 
into high-performance ceramic and 
metal components through magnetic 
beneficiation, DLP-based AM, and 
rapid casting. This work provides 
a foundation for advancing the 
Technology Readiness Level (TRL) 
of regolith-based manufacturing 
technologies and contributes directly 
to the vision of sustainable, self-
sufficient human operations on the 
Moon. 
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In recent years, unmanned aerial 
vehicles (UAVs) have rapidly 
expanded beyond traditional 
flight missions into increasingly 
complex and interactive 
applications. Tasks such as 
inspection, maintenance, and 
physical interaction with the 
environment demand not only 
precise motion control but also 
the ability to exert controlled 
forces while maintaining a 
steady attitude during contact. 
These emerging requirements 
are pushing conventional 
multirotor platforms to their 
intrinsic limits.
A fundamental limitation of 
standard multirotors lies in 
their underactuated nature: 
propellers generate thrust 
only along a single vertical 
direction, restricting the 
vehicle’s ability to independently 
control position and attitude 
in all spatial directions. To 
overcome this constraint, new 
design paradigms have been 

ANTI-WINDUP CONTROL STRATEGIES FOR FIXED-TILT 
MULTIROTOR UAVS FOR AERIAL INTERACTION

introduced, where propellers 
are arranged in non-coplanar 
configurations to enable multi-
directional thrust generation. 
Among these, fixed-tilt 
multirotor platforms offer a 
compelling trade-off between 
mechanical simplicity and 
enhanced control authority, 
allowing the vehicle to produce 
forces in all directions without 
relying on additional actuation 
mechanisms.
However, this structural design 
choice introduces a critical 
challenge. Since the propeller 
orientations are fixed, the 
capability to generate lateral 
forces becomes inherently 
limited and direction-dependent. 
As a result, during demanding 
operations, particularly those 
involving physical interaction, 
these vehicles can encounter 
actuator saturation, where the 
required control inputs exceed 
the available force capabilities. 
This condition can degrade 

performance and potentially 
compromise stability, posing 
a significant barrier to reliable 
deployment in real-world 
scenarios.

This doctoral research 
focuses on addressing these 
challenges through the study 
of a representative platform, 
ARIES, a fixed-tilt hexarotor 
developed by ANT-X s.r.l., a spin-
off of Politecnico di Milano (Fig. 
1). Designed for aerial inspection 
of external structures, ARIES is 
equipped with a contact-based 
payload, enabling it to physically 
interact with its environment. 
Within this context, the thesis 
investigates the development 
of control strategies that 
ensure safe, stable, and reliable 
operation, even in the presence 
of force limitations that lead to 
actuator saturation.
To address these challenges, the 
thesis adopts an augmentation 
approach based on anti-windup 
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control, extending a baseline 
controller that does not explicitly 
account for actuator saturation 
in its stability guarantees. The 
proposed framework aims to 
preserve nominal performance 
while ensuring safe behaviour 
when saturation occurs. The 
overall control architecture 
of the ARIES platform with 
the proposed anti-windup 
augmentation is illustrated in 
Fig. 2.

Within this context, two anti-
windup control strategies 
are developed for the ARIES 
platform. The first approach 
focuses on the systematic 
design of anti-windup gains 
to minimize performance 
degradation during saturation 
while maintaining closed-loop 

stability. This is achieved by 
formulating the design problem 
as a convex optimization 
program, which is solved using 
semi-definite programming with 
linear matrix inequalities.
To reduce the conservatism 
inherent in this formulation, a 
second strategy is introduced 
based on a shifted-equilibrium 
framework. This approach 
enables the explicit handling of 
asymmetric saturation limits 
and allows a more effective 
exploitation of the available 
actuation capabilities, leading 
to improved performance under 
constrained conditions.

The effectiveness of the 
proposed strategies is illustrated 
in Fig. 3, where the impact 
of actuator saturation on the 
achievable force space is 
highlighted. In the absence 
of compensation, saturation 
leads to a significant deviation 
from the desired unconstrained 
behaviour. The proposed anti-
windup strategies enable 
a recovery of the nominal 
performance with a controlled 
and graceful degradation, 
while preserving closed-loop 
stability. In particular, the 
shifted-equilibrium approach 
demonstrates an improved 
utilization of the available 
actuation limits, resulting in 

enhanced performance under 
constrained conditions.
Overall, the proposed framework 
provides a systematic approach 
for handling actuator limitations 
in fixed-tilt multirotor platforms, 
enabling reliable operation in 
demanding scenarios involving 
physical interaction.

Fig. 1 -  The ARIES platform performing contact-
based inspection of a high-voltage insulator. Fig. 2 - Closed-loop control architecture of the ARIES platform with anti-windup augmentation.

Fig. 3 - Effect of actuator saturation and anti-
windup compensation on the achievable lateral 
force response (axes scaled for confidentiality).
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The ongoing deterioration of 
the space debris problem has 
emerged as a major challenge 
to the safety of operational 
spacecraft and the sustainable 
use of space. Post mission 
disposal (PMD) makes large 
contribution to space debris 
mitigation. However, extra 
propellant consumption 
discourages spacecraft 
operators from implementing 
PMD strategies. Leveraging 
natural perturbation could enable 
lower-cost PMD, but at the same 
time it leads to a more complex 
optimisation problem. This 
research proposes a PMD design 
framework for the increasing 
Highly Elliptical Orbit (HEO) 
missions. Effects of natural 
perturbations are leveraged 
and enhanced by impulsive 
manoeuvres, driving a spacecraft 

LUNI-SOLAR PERTURBATIONS ENHANCED POST MISSION 
DISPOSAL FOR SPACECRAFT IN HIGHLY ELLIPTICAL 
ORBITS

into a trajectory evolving 
naturally to an Earth re-entry. The 
perturbed two-body dynamics of 
spacecraft are given considering 
the Earth oblateness and lunisolar 
gravitational perturbations up to 
the fourth degree of Legendre 
polynomials. A systematic 
algorithm is proposed to average 
a disturbing function over fast 
angles. The disturbing functions 
of J2 and lunisolar perturbations 
are averaged over the orbital 
period of a spacecraft and the 
orbital period of the perturbing 
bodies. The resulting single- and 
double-averaged propagators 
reduce the computational time 
of propagation by one and two 
orders of magnitude, respectively, 
compared with the high-fidelity 
models.
A third averaging is applied to 
the double-averaged disturbing 

functions over the period of 
variation of right ascension 
of the ascending node (RAAN) 
of a spacecraft orbit for the 
convenience of phase space 
analysis. The Laplace plane is 
proposed to be the reference 
plane for the triple-averaged 
dynamics for higher accuracy 
of the triple-averaged model. 
In this way, the triple-averaged 
disturbing functions could be 
used to construct the Hamiltonian 
formulation of the system. Phase 
space analysis is conducted to 
identify numbers and stability of 
the equilibria in different orbit 
regions.
A PMD manoeuvre design 
framework is finally proposed. 
It is composed by a preliminary 
global optimisation followed 
by a further refinement using 
local optimisation. Hamiltonian 
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formulation of the dynamics 
is adopted in the preliminary 
global optimisation to eliminate 
numerical orbit propagation 
from optimisation and thus 
to reduce the computational 
time. Otherwise, numerical 
propagation would have been 
evaluated over and over again in 
optimisation, consuming large 
computational cost, as no initial 
guess is present in the global 
optimisation. The following 
refinement is carried out with the 
double averaged propagators by 
nonlinear programming (NLP). 
Solutions obtained from global 
optimisation are used as initial 
guesses in this local optimisation. 
The proposed two-step 
manoeuvre design framework 
is validated by applying to real 
mission scenarios. The proposed 
framework effectively gives 
results of required manoeuvres 
for PMD, demanding much 
less computational time and 
resources. Better solutions, in 
terms of magnitudes of required 
manoeuvres compared to the 
ones in literature, are found by our 
method, thanks to its integration 
of quick global optimisation and 
accurate local refinement.

Fig. 1 - INTEGRAL mission disposal. (a) Evolution of perigee altitude; (b) Phase space evolution in (e, ω) map.
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Since the beginning of the 
space era the population of 
objects orbiting the Earth has 
continued to increase, driven 
by the growing use of satellites 
both for scientific missions 
and for improving services on 
the ground. On one hand, the 
number of active objects has 
been continuously growing, 
with an acceleration in recent 
years following the introduction 
of large constellations. On 
the other hand, satellites and 
rocket bodies that remain in 
orbit at the end of their mission, 
along with debris generated 
by fragmentations and 
collisions, have also increased 
the background population of 
objects no longer controllable 
from Earth, posing a significant 
threat to on-going and future 
missions. This has led to a 
greater focus on tracking 
these objects (some of which, 
however, are not visible from 
Earth) and on defining and 
improving guidelines to mitigate 
the potential proliferation of 
debris. To ensure the sustainable 
management of space around 
the Earth, detailed analyses are 
required to provide consistent 
and up-to-date information on 
the current state of the space 
environment and its future 
evolution. The increase in the 
number of objects, both active 

ENVIRONMENTAL IMPACT OF SPACE OBJECTS AROUND 
THE EARTH FOR SPACE SUSTAINABILITY ANALYSIS

and inactive, requires enhanced 
monitoring of their potential 
interactions.
The main objective of this 
work is to investigate and 
develop metrics able to perform 
sustainability
analysis of the space 
environment around the Earth.
Within the broader sphere of 
space sustainability, different 
metrics have been defined 
and analysed over the years to 
understand the impact that an 
object (whether active or not) 
has on the space environment, 
often focusing on the study of 
its potential fragmentation. 
The objective is both to 
understand which objects are 
the most dangerous in the 
event of a fragmentation and 
could therefore be selected as 
targets for future active debris 
removal missions, and to assess 
the influence that launching 
a new mission will have on 
in-orbit satellites and the space 
environment as a whole. The 
idea is to include the use of risk 
metrics in the mission design 
phase to evaluate the influence 
an object will have on the 
environment based on specific 
parameters, typically related 
to its location and physical 
characteristics (such as mass 
and cross-sectional area). In 
parallel to this, since near-Earth 

space is not an infinite resource, 
it is necessary to consider not 
only the impact of a mission on 
the environment but also the 
related percentage of space 
utilisation, defining a limit and 
a method for assessing its 
consumption. 
Two main research questions 
have been identified to explore 
this research topic.
The first research question 
deals with the impact, from the 
point of view of space debris, 
that missions have on the space 
environment.
The starting point concerns the 
study of metrics used in Low 
Earth Orbit (LEO) to evaluate the 
risks a new mission will pose 
to current and future ones, to 
improve them and identify their 
weaknesses. The focus is on 
the extension of a debris index 
metric, originally defined for 
the LEO orbital region and to 
assess the impact of a single 
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mission, to other orbital regions 
and any mission architecture 
(e.g., satellite constellations, 
Rotorcraft aerodynamic 
flows are highly unsteady and 
coherently vortical, posing 
challenges for conventional 
computational fluid dynamics 
(CFD) methods. Eulerian solvers, 
although robust and versatile 
in resolving near-body viscous 
effects and complex geometries, 
tend to excessively diffuse 
far-wake vortices on practical 
grids and time steps, degrading 
the prediction of long-range 
rotor-rotor and rotor-airframe 
interactions. Conversely, 
Lagrangian approaches 
preserve vorticity with very 
low numerical dissipation in 
the farfield but may struggle 
to accurately capture pressure 
distributions, viscous effects, 
and detailed loads on lifting 
and non-lifting surfaces.). 
The extension to other orbital 

regions is essential because 
other areas of space are also 
occupied by active satellites and 
therefore require the same type 
of analysis carried out in LEO. 
Secondly, with the proliferation 
of new mission architectures 
(e.g., large constellations), it is 
essential to differentiate and 
study different possibilities to 
apply a sustainability metric to 
the widest possible range of 
scenarios.

The second research question, 
instead, deals with the concept 
of consumed orbital capacity.
The concept of space capacity 
is used in terms of consumption 
to assess the level of risk 
associated with fragmentation 
in orbit. Depending on 
the characteristics of the 
fragmentation, one will tend to 
be more or less dangerous for 
satellites and the environment 
in general. It is therefore 

essential to have a metric that 
allows for assessing, before it 
occurs, how harmful a specific 
fragmentation would be to the 
environment. A model (Figure 2) 
has been developed to identify 
the key parameters that most 
influence the hazardousness of 
fragmentations and to assign 
a corresponding risk level. The 
model incorporates an evolution 
model, a breakup model, and 
statistical methods to compare 
changes in the consumed 
capacity of a population of 
objects over time. 

For both research questions, 
several test cases are defined 
and analysed to assess the 
validity of the models.

Fig. 1 - Total index evolution over time per 
object type considering the deployment of a 
large constellation. Fig. 2 - Risk level evaluation - model workflow.
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In my PhD thesis, the potential of 
hydrogen propulsion in aviation 
is analyzed both from an aircraft 
design and airline operations 
perspectives to support the 
development of a road map 
from preliminary design to entry 
into service of such innovative 
aircraft, highlighting hurdles and 
benefits. This analysis aligns 
with the need to decarbonize 
commercial air transport, given 
its important contribution to 
climate change.
First, a dedicated preliminary 
sizing methodology has been 
developed. The methodology 
accounts for the applicable 
certification requirements 
for aircraft, ensuring that the 
obtained designs can meet 
regulatory requirements 
in terms of performance.  
The methodology can size 
conventional, kerosene-powered 
aircraft as well as hydrogen-
burning jet aircraft, considering 
the input mission requirements 
and, when applicable, including 
the peculiarities linked to the 
switch to hydrogen. Notably, the 
cryogenic tank in the fuselage 
impacts the wetted surface 
and required thrust, while the 
lack of fuel bending alleviation 
modifies the practical definition 
of Maximum Zero Fuel Mass. 
The methodology has been 
validated by performing the 

HYDROGEN-POWERED AVIATION: AIRCRAFT DESIGN AND 
FUTURE OPERATIONAL SCENARIOS

sizing of existing kerosene-
powered jet aircraft and results 
of innovative aircraft have been 
successfully compared with 
existing literature results. The 
assessment covers both short-
medium and long-range aircraft, 
generally showing a decreased 
Maximum Take-Off Mass and an 
increased energy consumption. 
These general results are 
attributed to the peculiarity of 
cryogenic hydrogen, which has 
a high energy-per-mass, but low 
energy-per-volume, enabling 
a reduced aircraft mass at the 
cost of worsened aerodynamics 
given the fuselage elongation 
required to accommodate the 
tank.  In fact, for hydrogen 
jet aircraft, a strong coupling 
between aircraft mass and 
design range arises because 
of the bulky cryogenic tank, 
unlike jet fuel aircraft, where 
wings are generally sized by low-
speed performance and can 
easily accommodate the fuel 
required for the design mission. 
Therefore, a design range 
analysis is performed, showing 
that its reduction improves the 
energy efficiency, while still 
allowing a good coverage of 
European airline networks.
For the operation analysis, the 
preliminary sizing of an in-situ 
airport hydrogen production 
infrastructure, based on an 

electrolyzer, liquefier, ground 
storage tank and refueling 
units, is performed to assess 
the hydrogen price for airlines 
and the impact on the airport 
environment. The results 
include the analysis of the 
scalability of the system and the 
impact on the hydrogen price 
of production levels at lower-
than-designed rates, ensuring 
that preliminary aircraft sizing 
results and the availability and 
price of hydrogen at airports, 
also referring to literature 
results, enable the assessment 
of the fleet transition from jet 
fuel to hydrogen, accounting for 
specificities in performance, 
climate impact and operating 
cost of the legacy, kerosene-
powered, and novel, hydrogen-
powered, sub-fleets. An 
optimizer attributes each city 
pair departing from a reference 
airport to either a traditional or 
innovative aircraft, accounting
for hydrogen availability at 
airports, with the possibility of 
tankering to serve destinations 
that have no hydrogen 
available, if the distance from 
the departure airport is short 
enough to enable a single-
refueling return trip. The 
optimization targets indicators 
such as overall network energy 
intensity, energy cost or CO2 
intensity. The final objective is 
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to obtain the climate-optimal 
fleet transient, which maximizes 
the potential benefits offered by 
hydrogen aircraft. Particularly, 
the climate impact has been 
assessed with the ATR30 
indicator, which accounts for 
the short- and long-term climate 
impact of all the emissions (CO2, 
NOx, SOx, soot and water vapor, 
forming contrails) and is suitable 
for the application to the 
operations of an evolving fleet, 
with an increasing presence of 
hydrogen-powered aircraft. The 
results, which depend on the 
assessed network, show that up 
to 90% of flights can be operated 
by the novel fleet, limited by 
the availability of refueling 
infrastructures, with a reduction 
of the climate impact up to 57%. 
In short, my research shows that 
hydrogen-powered aviation is 
a technically and economically 
viable pathway to a net-zero 
future, which, coupled with other 
activities, such as improved 
efficiency in operations and 
the use of Sustainable Aviation 
Fuels will enable the commercial 
air transport sector to meet its 
commitment of reducing its 
climate impact.
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Low-thrust spacecraft missions 
are playing an increasingly 
important role in deep-space 
exploration, planetary defense, 
and long-duration space 
infrastructure. Applications such 
as asteroid proximity operations 
and solar sail missions place 
stringent demands on guidance, 
navigation, and control systems 
due to strong nonlinear dynamics, 
limited actuation authority, and 
long mission durations. A defining 
characteristic of these missions 
is the presence of significant 
orbit–attitude coupling, where 
translational and rotational 
dynamics interact in a non-
negligible manner and cannot 
be reliably addressed using 
conventional decoupled control 
architectures.

This PhD thesis develops 
integrated control strategies to 
systematically address orbit–
attitude coupling in low-thrust 
spacecraft, with particular 
emphasis on asteroid missions 
and solar sail applications. A 
central contribution of this work 
is the introduction of a unified 
classification framework that 
categorizes orbit–attitude 
coupling into three primary types: 
coupling induced by external 
perturbations, coupling arising 
from spacecraft configuration, 
and coupling driven by mission 
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scenarios. This classification 
provides a coherent perspective 
for understanding the origin, 
manifestation, and control 
implications of coupling effects 
across a wide range of space 
missions.

Building upon this framework, 
the thesis investigates orbit–
attitude coupling with increasing 
levels of complexity through 
a series of focused studies. 
For asteroid missions, where 
microgravity environments and 
irregular gravitational fields 
lead to pronounced coupling 
effects, a barrier-based event-
triggered orbital control strategy 
is proposed to confine the 
spacecraft within a prescribed 
bounded orbital radius. By 
regulating radial velocity through 
intermittent thrusting, the method 
minimizes unnecessary control 
actions while guaranteeing orbital 
safety. To ensure compatibility 
with attitude dynamics and 
actuator limitations, a sigmoid-
based event-triggered attitude 
control law is integrated, providing 
stable thruster alignment 
and efficient use of onboard 
resources.

The thesis further addresses 
underactuated spacecraft 
operating near asteroids, where 
limited attitude control authority 

and large-angle maneuvers 
significantly intensify orbit–
attitude coupling. A hybrid-
triggered control strategy 
is developed to coordinate 
attitude reorientation and 
orbital correction in a structured 
sequence. Finite-time attitude 
control techniques are employed 
to rapidly align the thrust 
direction with the desired orbital 
control axis, after which orbital 
corrections are executed. This 
integrated approach ensures 
precise station-keeping while 
maintaining robustness against 
coupling-induced disturbances.

In solar sail applications, orbit–
attitude coupling is inherently 
strong due to the reliance on 
attitude modulation to generate 
propulsion through solar 
radiation pressure. This work 
investigates solar sail spacecraft 
operating near the Sun–Earth 
L1 point under dual-pointing 
requirements, where the sail 
must simultaneously align with 
the Sun for propulsion and with 
a relay satellite for continuous 
data transmission. An integrated 
orbit–attitude control strategy 
is developed to satisfy these 
competing objectives, accounting 
for solar radiation pressure–
induced forces, gravity-gradient 
effects, and rotational dynamics 
associated with onboard devices.
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Recognizing the high actuator 
redundancy and vulnerability of 
solar sails equipped with large 
numbers of Reflectivity Control 
Devices (RCDs), the thesis also 
develops fault-tolerant control 
strategies to enhance system 
resilience. A rapid inspection and 
repair framework is proposed 
to identify and mitigate partial 
actuator failures, followed by an 
observer-based fault-tolerant 
control approach capable of 
estimating angular velocities 
and maintaining stability under 
reduced actuation capability. 
These methods extend fault-
tolerant control concepts beyond 
conventional spacecraft to the 
unique dynamics of solar sail 
systems.

Extensive numerical simulations 
are conducted across all 
mission scenarios to validate 
the effectiveness, robustness, 
and efficiency of the proposed 
control strategies. The results 
demonstrate that explicitly 
accounting for orbit–attitude 
coupling enables improved 
stability, reduced control 
effort, and enhanced mission 
reliability compared to decoupled 
approaches.

Overall, this thesis establishes a 
comprehensive and adaptable 
framework for integrated 

orbit–attitude control of low-
thrust spacecraft. By unifying 
theoretical modeling, control 
design, and mission-oriented 
considerations, the work 
contributes to advancing 
autonomous, efficient, and 
resilient control solutions for 
future deep-space missions 
involving complex coupled 
dynamics.
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Rotorcraft aerodynamic flows are 
highly unsteady and coherently 
vortical, posing challenges for 
conventional computational 
fluid dynamics (CFD) methods. 
Eulerian solvers, although robust 
and versatile in resolving near-
body viscous effects and complex 
geometries, tend to excessively 
diffuse far-wake vortices on 
practical grids and time steps, 
degrading the prediction of long-
range rotor-rotor and rotor-
airframe interactions. Conversely, 
Lagrangian approaches preserve 
vorticity with very low numerical 
dissipation in the farfield but may 
struggle to accurately capture 
pressure distributions, viscous 
effects, and detailed loads on 
lifting and non-lifting surfaces. 

In this dissertation, a hybrid 
Eulerian-Lagrangian simulation 
framework is proposed, 
leveraging the complementary 
capabilities of a high-fidelity 
unsteady Reynolds-averaged 
Navier-Stokes (URANS) solver, 
ROSITA, and a vorticity-velocity 
Lagrangian solver, DUST. The 
Eulerian domain, including 
rotors, wings, and other solid 
components, is discretized 
in near-body grids, resolving 
boundary layers and unsteady 
loads with ROSITA. In the 
Lagrangian domain, the wake 
shed from these lifting surfaces 
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is evolved by DUST in the form of 
vortex particles, which maintain 
a compact representation 
of vorticity and enable long-
distance wake tracking with 
limited numerical diffusion. 
A bilateral coupling algorithm 
exchanges aerodynamic loads 
and induced velocities between 
the two domains at each coupling 
step, enforcing consistency of 
circulation and guaranteeing 
that the hybrid solution respects 
both near-field and far-field 
physics. The schematic of the 
computational domain is shown 
in Fig.1.

The methodology is validated on 
three benchmark cases: a static 
NACA0015 wing, the Caradonna-
Tung rotor in hover, and the AH-1G 
rotor in forward flight. For each 
configuration, comparisons 
against experimental data and 
against reference simulations 
using the parental solvers alone 
demonstrate that the hybrid 
approach recovers accurate 
aerodynamic loads while 
preserving wake structure over 
multiple rotor revolutions. At the 
same time, the hybrid approach 
achieves significant reductions 
in grid sizes and computational 
costs compared to pure URANS 
simulations with fully resolved 
wakes, confirming its suitability 
as a mid- to high-fidelity design 

and analysis tool.

After validation, the framework 
is applied to aerodynamic 
interaction problems involving 
two basic configurations that 
are representative of emerging 
electric vertical-take-off-and-
landing (eVTOL) concepts. In the 
first study, tandem propellers 
are analyzed under varied 
phase angle offsets between 
the two rotors, as well as 
different rotation directions. The 
simulations show that the rear 
propeller experiences substantial 
losses in thrust and power 
coefficient due to ingestion of the 
wake shed by the front propeller, 
together with pronounced 
unsteady load oscillations linked 
to periodic encounters with tip 
vortices, as shown in Fig.2. By 
introducing phase control, the 
relative azimuthal position of 
the two rotors can be adjusted 
to avoid direct BVI events on 
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the rear blades, leading to a 
noticeable mitigation of unsteady 
forces and a partial recovery of 
mean performance. Moreover, 
counter-rotating configurations 
further decrease unsteady 
fluctuations by altering the inlet 
swirl seen by the rear propeller, 
albeit at the cost of slightly 
increased loading losses. These 
findings provide mechanistic 
understanding and quantitative 
guidance for the arrangement of 
multiple propulsors in tandem 
or closely spaced layouts, where 
noise, vibration, and fatigue 
considerations are crucial.

In the second application, the 
hybrid framework is adapted 
to a partitioned mode that 
decouples bodies into multiple 
sub-computations, among 
which the flow interaction is 
achieved by exchanging induced-
velocity data at prescribed 
physical time step. The mode 
is applied on a propeller-wing 
configuration. The results 
demonstrate that increasing 
the system angle of attack (AoA) 
markedly alters the character of 
the interaction: propeller thrust 
and power rise due to changes 
in local incidence, while the wing 
experiences complex spanwise 

load variations. Intensified tip-
vortex deformation and intricate 
vortex-wing interactions at high 
AOA are captured (see Fig.3), 
demonstrating the mode's ability 
to resolve detailed unsteady 
aerodynamics.

An efficient delta trim 
methodology is also derived 
by tightly coupling the high-
fidelity hybrid solver with mid-
fidelity DUST in a damped 
Newton iteration framework. 
Validation on multiple benchmark 
rotors demonstrates that tight 
coupling enables significant 
computational savings by 
allowing the hybrid solver to 
initialize from mid-level solver 
states, reducing initialization 
revolutions by up to 80%. The 
inclusion of the damping factor 
improves convergence speed 
conditionally, depending on the 
complexity of rotor operating 
conditions. The accuracy of 
the trimmed results is primarily 
governed by the hybrid solver, 
while tight coupling introduces 
minimal deviation. The presented 
work offers an effective tool for 
rotor design and analysis.

Collectively, this work delivers a 
validated hybrid CFD framework 

and a set of analysis tools that 
advance the state of the art in 
rotorcraft aerodynamics. The 
main contributions include the 
formulation and implementation 
of a novel Eulerian-Lagrangian 
solver tailored to rotorcraft 
wakes, detailed numerical 
studies of tandem-propeller 
and propeller-wing interactions 
that clarify key aerodynamic 
mechanisms, and a high-
efficiency trimming algorithm 
that bridges mid-fidelity 
and high-fidelity solvers in a 
tightly-coupled manner. These 
developments provide new 
physical insight and practical 
guidance for the design and 
control of modern eVTOL aircraft, 
and they lay the groundwork 
not only for more accurate and 
efficient hybrid solver, but also 
for the analysis of complex multi-
rotor configurations and coupled 
aeroelastic and aeroacoustic 
phenomena.

Fig. 1 - Schematic of the computational domain
Fig. 2 - Blade-vortex interaction under tandem 
configuration Fig. 3 - Propeller-wing interaction at AOA of 12°
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