POLITECNICO
MILANO 1863

SCUOLA DI INGEGNERIA INDUSTRIALE

E DELLINFORMAZIONE

EXECUTIVE SUMMARY OF THE THESIS

Structural redesign, simulation, control, and state estimation of an

eVTOL UAV

LAUREA MAGISTRALE IN AERONAUTICAL ENGINEERING - INGEGNERIA AERONAUTICA

Author: MARCO MARCHESI
Advisor: PRor. MARCO LOVERA
Co-advisor: NicoLO BATTAINI, MARTA MANZONI

Academic year: 2023-2024

1. Introduction

In recent years, vertical take-off and landing
(VTOL) vehicles have gathered significant inter-
est within the aeronautical community, thanks
to their ability to combine the benefits of rotary-
wing aircraft, which do not require a runway,
with the flight efficiency typical of fixed-wing
aircraft. Various configurations and sizes of
VTOL vehicles exist, tailored to different appli-
cations. Notably, the concept of a last-mile de-
livery electric flying vehicle has gained popular-
ity among delivery companies. Larger-scale so-
lutions are under investigation too. For instance,
Lilium has initiated the certification process for
its electrical VTOL (eVTOL) vehicle, designed
to transport passengers over several kilometers.
The potential applications for such vehicles are
both extensive and diverse.

Background

This thesis builds on the precedent work of
five theses, which developed an eVTOL at
the Aerospace Systems and Control Labora-
tory (ASCL) at Politecnico di Milano. Start-
ing in 2019: Battaini [4] studied the preliminary
design; Martello [6] worked on the realization

of the actual machine and the development of
the first Simulink simulation environment; Mar-
tinelli |7] worked on the first flight tests and the
development of the controllers for Multi-Rotor
(MR), Fixed-Wing (FW) and transition modes;
Bara [3| continued the flight test campaign and
addressed the problem of control reversal; Ab-
bate [1] worked on enhancing the capabilities of
the eVTOL exploiting the redundancy of the ac-
tuators on the machine. Two weeks before my
engagement in the project a crash happened, the
conditions of the vehicle are shown in Figure 1.

Figure 1: eVTOL conditions at the beginning of
this work.

The vehicle showed several problems in the at-



Executive summary Marco Marchesi

titude controllability in MR mode, especially
in yaw. The high inertia and relatively small
torque applied by the rotors made the yaw
maneuvers challenging, especially when coupled
with roll maneuvers.

Moreover, the simulation environment was com-
prehensive but had a drawback: multiple ver-
sions of the same simulator were born through
the years and started to diverge.

Thesis objectives

The first objective of this thesis was to redesign
the fuselage to make it easier to repair in case of
accidents and less expensive. Furthermore, the
previous version of the machine encountered is-
sues with the batteries and propulsion system,
making it necessary to modify both, for im-
proved power and reliability. Consequently, the
testbed had to be upgraded and rebuilt in sight
of the new test campaign.

Achieving autonomous flight is likely the most
challenging goal for future iterations of this
VTOL. It requires integrating a variety of sen-
sors not present in the current version. Further-
more, the challenge increases considering that
autonomous flight at ASCL is usually imple-
mented in slower vehicles, namely multicopters.
Developing such systems requires a reliable state
estimation process, so the first iteration of a
full-state estimator, an Extended Kalman Filter
(EKF), has been developed to serve as a foun-
dation for future advancements in the field.

As stated in the background section, the
Simulink simulator, developed to support the
model-based design of controllers, had diverged
through the years. Its architecture required re-
organization to facilitate parallel work and im-
prove the use of version control systems, such as
Git.

Lastly, the controllability problem in MR mode
was addressed by exploring different configura-
tions and solutions.

2. Hardware modifications

The fuselage had to be rebuilt after the acci-
dent. This was taken as an opportunity to test
a new propulsive system capable of operating at
a higher voltage of 24V, as in previous work is-
sues were faced with voltage drop in batteries
working at 14.8V [7]. The propulsive system in-
cludes batteries, motors, propellers, Power De-

livery Boards (PDB), and Electronic Speed Con-
trollers (ESC). In this version of the eVTOL, the
batteries, motors, propellers, and ESCs were up-
graded from the previous design. A summary of
these modifications is provided in Table 1.

| Component | VO V1 |
g;m}f;eyne Turnigy
Battery P Nano-Tech
Panther 4.0 40 35C
75C )
Vertical KDE2315XF- g;(\fOTOR
motors 2050 KV1300
Vertical ESC UAS | F45A-32bit
motors ESC | 99+ 3-65
Vertical GF7042 HQ70403
propellers
T-MOTOR
Horizontal KDE2315XF- AM480 3D
motors 965 KV650
Horizontal 1033MR, APC12x6
propellers
Horizontal ESC  UAS
motors ESC | 35+ AMG6A

Table 1: Summary of the propulsive system
hardware modifications.

Instead of being a 3D-printed monolith, the
new fuselage is composed of a carbon plate
at which 3D-printed components are mounted
through screws and an aerodynamic fairing with
no structural function. A landing gear was also
developed to protect the aerodynamic fairing
from landing impacts. The manufacturing of all
components and the subsequent integration pro-
cedure resulted in the final assembly, as shown
in Figure 2.

Figure 2: eVTOL fully assembled.



3. Simulink simulator

The Simulink simulator was modified to make it
more compatible with the use of Git. In prece-
dent theses, this necessity was not evident, as
only one person at a time was working on it.
This aspect became relevant during my thesis
as multiple people were involved in developing
features simultaneously. Furthermore, the pres-
ence of multiple simultaneous simulator versions
intensified the problem. For these reasons, a
unified simulation environment in Simulink was
developed and uploaded to a dedicated repos-
itory. The architecture of the simulator was
also modified. All the configuration files are
now organized in different categories, namely
data, configuration, preProcess, and postProcess,
to facilitate the user interface. Additionally,
features were converted into wvariants, allowing
users to switch between different versions of a
feature, such as selecting various controllers, di-
rectly from the Matlab configuration files.
Several issues were addressed, such as the range
of validity of the aerodynamic model, the inte-
gration timestep, and the propulsive look-up ta-
bles. Some disconnected features, such as wind,
which caused problems in the latest versions of
the simulator, were resolved and re-established.
As one of the objectives was the development of
an EKF, the simulation of the sensors [5] is in-
troduced, and their models are illustrated in de-
tail. In particular, the simulated sensors are an
accelerometer, a gyroscope, a magnetometer, a
GPS, a barometer, a Pitot, and an aerodynamic
angle sensor.

4. Case study: roll-yaw control-
lability

The MR mode for the eVTOL presented some
issues of roll and yaw controllability. In particu-
lar, this problem is caused by the high ratio be-
tween the thrust coefficient Kt and the torque
coefficient Kqg of the propellers, which leads to
bad conditioning of the mixer matrix . The
mixer matrix links the angular velocity of the
propellers to the forces and moments produced
on the whole aircraft. The row containing the
coefficients relative to the yaw moment is only
dependent on Kq, which is four orders of magni-
tude smaller than Kt. During a yaw maneuver,
the controller adjusts the angular velocities of

the propellers based on the inverse of the mixer
matrix, resulting in a yaw maneuver requiring
four orders of magnitude more effort compared
to other maneuvers. This is problematic, as the
controller is either saturated by the yaw maneu-
ver, with a resulting lack of controllability for
other maneuvers, or the yaw moment requested
by the controller must be artificially saturated
by the designer, which leads to a lack of control-
lability around the yaw axis. Given that adding
servo actuators is not feasible for this vehicle due
to geometric and electrical constraints, a fixed-
axis inclination for the vertical propellers is pro-
posed instead. This solution should drastically
reduce the ratio between the rows of the mixer
matrix, allowing for lower control effort during
all maneuvers. To efficiently study the effects
of the rotor axis inclination, a procedure to au-
tomatically compute the mixer matrix is devel-
oped. The proposed solution is firstly studied on
the original propulsive system, as the problem
was highlighted for that configuration, and suc-
cessively tested on the new propulsive system.
The results suggest that a 10-degree external in-
clination is enough to significantly improve the
performances (Figure 3) at the cost of a slight
increase in the control effort (Figure 4).

Yaw angle comparison
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Figure 3: Comparison of the yaw response at

different rotor inclination angles.



Figure 4: Comparison of the average throttle at
di erent rotor inclination angles.

In addition, the e ects of the symmetry of the
motors relative to the Center of Gravity (CG)
were investigated, as a symmetric con guration
slightly reduces the gap between the angular
rates of the rotors. Finally, the results are tested
and validated on the new propulsive system.

5. Extended Kalman Filter

The implemented EKF is intended as a baseline
for future developments. The objective was to
create a fully coupled model that integrates rota-
tional and linear dynamics, using only Simulink
blocks to ensure code generation capabilities.
The EKF equations, the utilized dynamic model,
and the models for the sensors are proposed in
discrete time, to comply with the nature of com-
puters. The general state-space form for a non-
linear model in discrete time [2], [9], [8] is

Xk = k 1(Xk nuk 1k D+we 13 (1)
where X is the state at time k, u is the input,

is the nonlinear model depending onx and
u, and w is a zero-mean, Gaussian-distributed
process noise. The general sensor measurement
model is

Z = hi(Xk) + Vk; (2)

where z is the measure,h is a general nonlin-
ear function of the state x, and v is a zero-
mean, Gaussian-distributed process noise, dif-
ferent from w. Given these de nitions, the EKF
uses a prediction-correction scheme to estimate
the states

R( )= k 1’ 1(+) juk 1) (3)
Pe( )= Fk 1Pc 1(+) F, + Qx 1 4
() ="x () + Kieg: (%)
Pk =[ 1 KyxHlPe( Il KiHil™ + KReKy  (6)

K= Pi( JHE HPe( IHY + R o)

where % is the estimated state, P is the covari-
ance of the estimate errorQ is the process noise
covariance, R is the measurement noise covari-
ance, e is the innovation, namely the di erence
between the real output of the sensorz and its
estimate h(®), and K is the Kalman gain. The
notation uses () for the prediction and (+) for
the correction step. The performances of the
Iter are evaluated by comparing the estimate
with the real state in the simulation. The qual-
ity of the estimate of the linear dynamics de-
pends on the estimate of the rotational dynam-
ics, which presents some issues. In particular,
the attitude estimation is inaccurate, as shown
in Figure 5.

Figure 5: Euler angles estimation. The yaw and
roll angles show evident inaccuracy.

This is re ected in the estimate of the accelera-

tion, as shown in Figure 6, and in the velocity

estimate (Figure 7), as it is a direct propagation

of the body acceleration. However, the position
is estimated correctly (see Figure 8), as the GPS
and the barometer are used to directly update
the estimate.
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