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Abstract: Urban Air Mobility (UAM) is an advanced air transportation system for
passengers and cargo that emerged in the last few years with the aim of moving part of
urban transportation into the third dimension. Vertical Take-Off and Landing aircraft
(VTOLs) are central to the UAM concept, because of their capability to operate within
restricted areas and provide sustainable air transportation by addressing critical issues
affecting modern society. While most of the research efforts have been dedicated to the
conceptualization of multiple configurations and the analysis of conventional rotorcraft
dynamics, a systematic approach for comparing different layouts and the definition of a
modular tool for evaluating flight dynamics properties were still missing. To fill in this
gap, this work aims to select, study, and evaluate the potential of a VTOL candidate,
by providing a clear methodology to assess mission performance and stability charac-
teristics. Starting from customer needs and project requirements, a set of analytical
frameworks, based on momentum theory and semi-analytical models, are developed for
designing propulsion systems and preliminary concepts. As a first step of the methodol-
ogy, these tools are employed in the analysis of hybrid-electric powertrains, revealing that
the optimization of the propulsion system must be aligned with the objective scenario
in which the aircraft will be deployed. The second step is represented by a conceptual
design study conducted by evaluating the endurance and range of three rotary wing con-
figurations, i.e. a conventional helicopter, a multirotor, and a side-by-side helicopter: the
analysis confirmed that the former remains the most efficient rotary wing layout, while
a general discussion on the qualitative properties (design simplicity, societal acceptance,
safety, noise..) of each VTOL, revealed that side-by-side rotors provide a more suitable
balance between performance and inherent advantages. The core part of the thesis is
focused on this last configuration and provides a flight dynamic analysis carried out on
a small-scale prototype. The aircraft dynamics is described with two original modeling
approaches: a 14 degrees of freedom (dof) analytical model and an advanced, 24 dof,
numerical framework. While the first one is mainly adopted for steady-state computa-
tions and for evaluating the stability properties at variable forward flight conditions, the
second provides deeper insights into the effect of rotor dynamics on rigid body stability
and allows for cross-validation of the results. The identification of rotorcraft poles with
the analytical approach verified the presence of standard aircraft dynamics, with slightly
unstable phugoid and dutch-roll modes. The stability of these two oscillatory poles re-
quires thorough investigation, as high forward speeds or unexpected center of gravity
locations could result in dangerous lateral and longitudinal divergences. The numerical
approach quantifies the beneficial effect of flap and lead-lag dynamics and addresses the
negative influence of longitudinal inflow coupling. The manuscript converged on the
side-by-side helicopter as a viable candidate for future UAM services among the con-
sidered layouts. The performance and dynamic properties revealed the potential of this
configuration in a UAM context but also highlighted dangerous instabilities connected
to specific flight conditions and rotor couplings. The innovative simulation platform and
numerical tools developed in this study contribute to establishing a systematic research
methodology that can be adapted for future evaluations of alternative VTOL configu-
rations, the development of advanced control systems, and the execution of numerical
simulations within a safe and controlled environment.

Keywords:
Urban Air Mobility, Flight Dynamics, Performance analysis, conceptual design,
Simulation and modeling
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Abstract (Ita.): La Mobilità Aerea Urbana (UAM) è un sistema avanzato di trasporto
aereo per passeggeri e merci, nato negli ultimi anni con l’obiettivo di trasferire parte del
trasporto urbano nella terza dimensione. Gli aeromobili a decollo e atterraggio verticale
(VTOL) sono centrali nel concetto di UAM grazie alla loro sostenibilità e capacità di
operare in aree congestionate. Nonostante la ricerca si sia finora dedicata principalmente
a studi di design concettuale e dinamica di velivoli convenzionali, un approccio sistem-
atico per confrontare diversi layout e un metodo per valutarne le proprietà dinamiche
sono ancora carenti in letteratura. Al fine di colmare questa lacuna, questo lavoro si
propone di selezionare, studiare e valutare il potenziale di un candidato VTOL, fornendo
una metodologia per analizzare prestazioni di missione e stabilità. Partendo da esigenze
della clientela e requisiti di progetto, vengono sviluppati una serie di strumenti basati
sulla teoria del momento e modelli semi-analitici per progettare sistemi di propulsione e
design preliminari. Come primo step della metodologia, questi strumenti vengono imp-
iegati per l’analisi di sistemi di propulsione ibridi-elettrici, rivelando che l’ottimizzazione
del sistema di propulsione deve essere allineata allo scenario operativo in cui l’aeromobile
verrà impiegato. Il secondo passo consiste in uno studio di design concettuale che val-
uta autonomia e range di tre configurazioni ad ala rotante: un elicottero convenzionale,
un multirotore e un elicottero side-by-side. L’analisi ha confermato la maggior effi-
cienza del primo, mentre una discussione generale sulle proprietà qualitative (semplicità
costruttiva, accettazione sociale, sicurezza, rumore, ecc) di ciascun VTOL ha evidenzi-
ato come una configurazione con rotori side-by-side offra un equilibrio più adeguato tra
prestazioni e vantaggi intrinseci. La parte centrale della tesi si concentra su quest’ultima
configurazione e fornisce un’analisi della dinamica del volo effettuata su un prototipo in
scala. La dinamica del velivolo è descritta attraverso due approcci di modellazione: un
modello analitico a 14 gradi di libertà (dof) ed uno numerico a 24 dof. Mentre il primo
viene principalmente utilizzato in condizioni di trim e per valutarne la stabilità in volo
rettilineo, il secondo offre una visione più approfondita dell’effetto della dinamica dei
rotori sulla stabilità del corpo rigido e consente una parziale validazione dei risultati.
L’identificazione dei poli del velivolo con approccio analitico ha verificato la presenza
di dinamiche note per gli aeromobili, con modi oscillatori leggermente instabili come il
fugoide e il dutch-roll. La stabilità di questi due poli deve essere attentamente calibrata,
poichè un volo rettilineo ad alta velocità e/o la posizione del baricentro possono indurre
pericolose divergenze laterali e longitudinali. L’approccio numerico quantifica l’effetto
benefico delle dinamiche di flappeggio e brandeggio ed evidenzia l’influenza negativa
dell’accoppiamento tra inflow longitudinale e stabilità dell’elicottero. La tesi converge,
tra le configurazioni considerate, sull’elicottero side-by-side come candidato valido per i
futuri servizi UAM. Le prestazioni e le proprietà dinamiche hanno rivelato il potenziale
di questa configurazione nel contesto UAM, ma hanno anche evidenziato instabilità peri-
colose legate a specifiche condizioni di volo e accoppiamenti dei rotori. La piattaforma
di simulazione e gli strumenti numerici sviluppati in questo lavoro contribuiscono alla
definizione di una metodologia di ricerca sistematica, adattabile a valutare configurazioni
VTOL alternative, progettare sistemi di controllo avanzati e condurre simulazioni nu-
meriche in un ambiente sicuro e controllato.

Parole chiave:
Urban Air Mobility, Dinamica del volo, Analisi delle prestazioni, Design concettuale,
Simulazione e modellazione
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Notation

A State matrix

A1, A2 Constant coefficients for
coupled flap and lead-lag
dynamics

A1, A2 Viterna’s post-stall lift
curve coefficients

AB , AR, Aλ Rigid body, rotor and in-
flow state matrices

AR Blade’s aspect ratio

Ar Rotor disc area

aw Wake contraction factor
due to shrouds

B Control matrix

B1, B2 Viterna’s post-stall drag
curve coefficients

BB , BR, Bλ Rigid body, rotor and in-
flow control matrices

c Chord

Cb
0, C

c
0 Battery and cell nominal

capacity

C1, C0 Coupling coefficients of
the partially decoupled
flap and lead-lag dynamic
equations, in the numerical
modeling approach

Caero =
[CT CLw CMw ]

Aerodynamic coefficients
vector, where CT is the
thrust coefficient while
CLw and CMw are re-
spectively the rolling
and pitching moment
coefficients

CD2
, CD1

Pre-stall drag curve coeffi-
cients

CDmax
Maximum airfoil drag coef-
ficient

CL, CD Lift and drag coefficients

CL0
, CD0

Blade lift and drag coeffi-
cients at zero angle of at-
tack

CLs , CDs Blade lift and drag coeffi-
cients at stall angle of at-
tack

CLα
Lift coefficient curve’s
slope in pre-stall region

Cm,x, Cm,y, Cm,z Fuselage moment coeffi-
cients

Cpr Profile power coefficient

CT Thrust coefficient

C-rate Battery discharge rate

D Coupling term of the sec-
ond order ODE of the cou-
pled flap-lead-lag dynam-
ics, in the numerical mod-
eling approach

Df Fuselage drag

dD, dL Infinitesimal drag and lift
of the blade section

DL Disc loading

DoD battery Depth of Discharge

E Excitation of the second
order ODE of the partially
decoupled flap and lead-lag
dynamics, in the numerical
modeling approach

e0 Total hinge offset

Eb Battery energy capacity

Ed Battery energy density

eF , eL, eP Flap, Lag and Pitch hinges
offsets

f , fv Equivalent flat plate
frontal and vertical drag
area

F = [X Y Z] Total external force: in-
cludes aerodynamic, cen-
trifugal and inertial contri-
butions

F a, F i, F c Respectively: aerody-
namic, inertial, and
centrifugal forces in body
f.o.r.

F f , F g Fuselage and gravitational
forces in body f.o.r.

g Acceleration of gravity

h Altitude

H1, H2, H3 Analytical flap dynamic
modeling matrices
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[H Y T ]HW Aerodynamic force in the
hub-wind frame of refer-
ence (horizontal, lateral
and thrust) in the analyt-
ical modeling approach

Ii Identity matrix of dimen-
sions i× i

I Rotorcraft Inertia matrix

Ixx, Iyy, Izz Inertia moment wrt xB , yB
and zB axes

Iyz, Ixz, Ixy Inertia product wrt xB , yB
and zB axes

is, ic Longitudinal and lateral
hub incidence angles

k Hybrid powertrain control
factor

K1, K0 Constant matrices of
the partially decoupled
flap and lead-lag dynamic
equations, in the numerical
modeling approach

kCD,1, kCD,0 Correction coefficients for
drag curve continuity

kCL,1, kCL,0 Correction coefficients for
lift curve continuity

kind Induced power factor

Ksβ , Ksξ Spring restraint coeffi-
cients due to flap and
lead-lag, respectively

Ktβ , Ktξ Pitch-flap and pitch-lead-
lag coupling ratios

Kv Velocity ratio between the
inlet and the outlet of the
shroud

lt Distance between main
and tail rotor centers

[L M Q]HW Aerodynamic moment in
the hub-wind frame of ref-
erence (rolling, pitching,
and torque) in the analyti-
cal modeling approach

LHV Lower Heating Value

m0 Empty mass

M = [L M N ] Total external moment: in-
cludes aerodynamic, iner-
tial and spring restraint
contributions

Ma, M i, M s Respectively: aerody-
namic, inertial and spring
restraint moments in body
f.o.r.

mb Battery mass

mbl Blade mass

mc Battery cell mass

me Motor mass

mFC Fuel cell mass

Mf Fuselage moment in body
f.o.r.

mh Mass of the hydrogen line

mH2 Hydrogen mass

mH2res Hydrogen mass reserve

mH2,residual Residual hydrogen mass

mp Maximum payload

mto Maximum take-off mass

MTOW Maximum take-off weight

Nb Number of blades

Nc Number of blades’ configu-
rations

ncp, ncs Number of parallel and se-
ries cells

Pb Battery power

PBSE , PBSR Power at the best specific
endurance and best spe-
cific range

PFC Fuel cell power

PFCmax
Maximum Fuel cell power

PM , PT Main and tail rotor power

Pmax Maximum motor power

PP , Ps Parasite and systems
power

Psh Power at the main shaft

Ptot Total Power

Q− F Excitation term of the sec-
ond order ODE of the cou-
pled flap-lead-lag dynam-
ics, in the numerical mod-
eling approach

R Rotor radius

r = [rx ry rz] Local blade section posi-
tion wrt hub-body frame of
reference
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Rn−m Rotation matrix from the
generic ”m” to the ”n”
frame of reference

rc Blades’ root cutout

rCP Center of Pressure position
wrt body axes frame of ref-
erence

Re Reynolds number

rG Blade center of gravity lin-
ear coordinate from flap
hinge

rHB Hub position wrt body
axes frame of reference

rk Duct lip radius

rs Blade section linear coordi-
nate from flap hinge

Sf , Ss, St Equivalent flat-plate fuse-
lage surfaces

sls Specific load factor

SoC Battery state of charge

SP Specific Power

T Main rotor total thrust

Tc Cruising time

TBSE , XBSR Best specific endurance
and best specific range

Td Rotor thrust due to shroud

Tem Emergency landing time

Tt Tail rotor thrust

Ttot Mission duration

U = [u v w] Relative wind velocity ex-
pressed in body axes frame
of reference

U∞ = |U | Wind velocity magnitude

Û = U/U∞ Velocity versor

UBSE , UBSR Best specific endurance
and range velocities

Uv Vertical speed

UED Useful Energy Density

V a Aerodynamic velocity at
the blade section

V g Gust velocity in hub-body
f.o.r.

V i Inertial velocity of the
blade section

vi Induced inflow velocity

vih =
√

MTOW
2ρAr

Induced inflow velocity at
hover

vnom Nominal voltage

VT Tip speed

x Generic state of the state
vector

x State vector

x̂, ŷ, ẑ Unit vectors perpendicular
to the frontal, side and top
surfaces of the fuselage ap-
proximation

Xtot Mission range

[xB yB zB ] Body axes frame of refer-
ence (f.o.r.)

[xbl ybl zbl] Local blade frame of refer-
ence (f.o.r.)

[xHB yHB zHB ] Hub-body frame of refer-
ence (f.o.r.)

[xHW yHW zHW ] Hub-wind frame of refer-
ence (f.o.r.)

[xG yG zG] Center of gravity (CG)
coordinates in body axes
f.o.r.

Zi×j Zeros matrix of dimensions
i× j

Greek symbols

α Blade’s angle of attack

αf Fuselage angle of attack

αs Airfoil stall angle of attack

αT Angle of attack of the tip-
path plane

β Flapping angle

βf Fuselage sideslip angle

β = [a0 a1 b1] Vector of tip-path plane
coordinates, thus coning
angle (a0), longitudinal
(a1) and lateral (b1) disc
tilt angles

βw Rotor sideslip angle

Γ Rotor sense of rotation (−1
for clockwise, 1 for coun-
terclockwise)

δx Generic small perturbation

δ Blade’s tip clearance

δf Blade’s tip clearance factor
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ηDC DC-DC controller effi-
ciency

ηm Electric motor efficiency

ηM , ηT Main and tail rotor trans-
mission efficiency

ηFC Fuel cell efficiency

ηξ Inertial force coefficient

θbl Local twist angle

θw Linear twist angle

λi Induced inflow ratio in the
analytical modeling ap-
proach

λ Total inflow ratio in the
analytical modeling ap-
proach

λ = [λ0 λs λc] Induced inflow ratio com-
ponents: uniform (λ0), lat-
eral (λs) and longitudinal
(λc) inflows in the numeri-
cal modeling approach

λm Normal induced inflow due
to the effect of rotor thrust

µ = [µx µy µz] Advance ratio

ξ Lead-lag angle

ξ = [ξ0 ξc ξs] Rotor center of gravity co-
ordinates: collective (ξ0),
advancing (ξc) and regres-
sive (ξs) lead-lag

ξin, ξout Inlet and outlet drag factor
of the shroud

ρ Air density

σ Solidity ratio

τ Control vector

[ϕ θ Ψ] Euler’s angles (roll, pitch,
yaw)

ψ Blade’s azimuthal position

ψ = [ψ1 ψ2 ψ3] Blades configuration

ψθ Swashplate phase angle in
the local twist definition

Ω Rotor angular velocity

ω = [p q r] Angular velocity in body
axes

Superscripts

0 Trim condition

(1), (2) Main rotor 1, and 2

B Body frame of reference

b Referred to the battery

bl Local blade frame of refer-
ence

c Referred to single cell

HB Hub-body frame of refer-
ence

HW Hub-wind frame of refer-
ence

e Referred to the electric mo-
tor

f , s, t Frontal, side and top
equivalent flat-plate areas
of the fuselage

fp Referred to flat plate
regime

p, i Profile and induced power

post Referred to post-stall
regime

TPP Tip-path plane frame of
reference

TPPw Wind tip-path plane frame
of reference

β Referred to the flap dy-
namics

ξ Referred to the lead-lag
dynamics

Rotor controls

θ0 Collective pitch control

A1s Lateral cyclic control

B1s Longitudinal cyclic control

∆B1s Differential longitudinal
cyclic control
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Chapter 1

Introduction

1.1 State of the art of Urban Air Mobility

The global population reached 8 billion in 2022, with an average growth rate of approxi-
mately 1% per year in the last decade [1]. It was estimated by the Department of Economics
and Social Affairs of the United Nations that 55% of the registered population (4.4 billion) is
currently living in urban areas, a data that is expected to grow up to 70% in 2050 [2] (Figure
1.1). By assuming a constant growth rate, the world’s inhabitants should reach approximately
10.7 billion in 2050, with 7.5 of them living in metropolitan regions. The overpopulation of cities
is an alarming phenomenon that lies at the basis of many problems affecting modern societies.
The increase in vehicle density is proportional to the number of traffic jams, leading to a degra-
dation of the air quality, noise pollution, and climate change. The actual infrastructure capacity
is put under pressure by the higher demand for public services and the constant need for ren-
ovation and maintenance. Overpopulation is also a factor in the reduction of life quality and
possible rise of informal settlements in and around urban environments. The inevitable prospect
of overpopulation makes a profound renewal of the urban and regional transport system, as well
as infrastructure and services, necessary. Advanced Air Mobility (AAM) is a new concept of air
transportation, which aims at moving part of the actual transportation methods into the third
dimension. AAM promotes the emerging aviation markets and supports the next generation of
sustainable aircraft: Unmanned Aerial Systems (UAS), autonomous vehicles, and Vertical Take-
Off and Landing (VTOL) are the main characters of the AAM vision. Urban Air Mobility (UAM)
is a branch of the AAM concept, which focuses on providing services for passengers and cargo in
and around densely populated areas. According to the definition provided by the European Union
Aviation Safety Agency (EASA), ”UAM is a new safe, secure and more sustainable air trans-
portation system for passengers and cargo in urban environments, enabled by new technologies
and integrated into multimodal transportation systems” [3].

Overpopulation:

❖ Climate change

❖ Vehicle density

❖ Low air quality

❖ Noise pollution

Figure 1.1: Urban Air Mobility in modern societies: critical issues and population growth
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2 1. INTRODUCTION

The main objective of UAM is to integrate aviation methodologies into urban environments,
providing a faster, cleaner, and more efficient transportation method, enhancing connectivity
between urban centers and regional areas, and impacting positively the global society. The
services provided by UAM range from private air taxis to short- and long-range commuters, as
well as last-mile delivery, cargo and medical transport, emergency services, and access to remote
areas [4]. Adopting a UAM ecosystem in modern society would significantly reduce the average
travel time and impact the amount of traffic congestion, which is responsible for noise pollution
and low air quality. It has been estimated that 15 to 40 minutes could be saved on average on a
standard city travel time and more than 70% of time could be saved for emergency and medical
delivery [3]. Preis et al. [5] carried out an extensive analysis of the potential benefits in terms of
time and energy savings of an efficient UAM ecosystem integrated into urban environments. In
their study, the feasibility and actual advantage of different VTOL configurations were analyzed
at a conceptual level by considering an entire fleet over thousands of UAM trips. It is concluded
that UAM can potentially provide several advantages in those terms, but the effective gains are
strictly related to the proposed mission.

Urban Air Mobility has the aim of promoting safety and security, and reduce the risk of
fatal accidents. To this extent, Cokorilo [6] reviewed the main safety challenges linked to UAM,
highlighting how technology innovation and safety rules play a fundamental role in guaranteeing
the maximum level of safety during air transportation. Vehicle communication and advanced air
traffic management systems will be fundamental to this goal. It was stated that 68% of aircraft
accidents are caused by human factors: according to that, automation will play a crucial role in
guaranteeing safety standards [7].

Sustainability is of primary importance. In 2022, the International Energy Agency (IEA)
[8] affirmed that the transportation industry accounted for 23% of the global greenhouse gas
emissions, having a great impact on climate change. Since UAM introduces new means of trans-
portation, zero-carbon impact is a key requirement for aircraft operating in this context. A
huge research effort is dedicated to studying new propulsion systems, such as hybrid and electric
configurations, with the aim of providing an alternative to classical fossil fuel-based powertrains
associated with significant CO2 emissions. A consistent part of this thesis will be dedicated to
this topic.

Urban Air Mobility will have a significant impact on the global market as well [9]. It is
expected that 90000 jobs will be generated by 2030 by UAM [3] and global investments could
create a $1.5 trillion market by 2040 [10]. The NASA market study on Urban Air Mobility
(UAM) [11] explores the potential economic impact of integrating UAM services, focusing on
three primary markets: Airport Shuttle, Air Taxi, and Air Ambulance. The study estimates
that in an unconstrained scenario, where regulatory, weather, and infrastructure challenges are
minimized, the total available UAM market in the U.S. could reach from $2.5, in the near term,
to $500 billion in a longer timescale. Key findings include:

• Economic Viability: The Airport Shuttle and Air Taxi services are identified as the most
viable near-term markets, with significant potential for growth as infrastructure develops
and costs decrease;

• Barriers to Adoption: High initial service costs, regulatory hurdles, public perception
issues, and technological limitations (e.g., battery performance for eVTOLs) present major
obstacles. Additionally, adverse weather conditions and air traffic management challenges
could affect UAM operations.

• Infrastructure Needs: Expansion of vertiports and integration with existing transportation
networks are critical for UAM scalability. Initial operations may rely on existing heliports
and airports.

• Long-term Outlook: The market could expand with advancements in automation, bat-
tery technology, and favorable regulatory changes. Public acceptance and environmental
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concerns, such as noise and emissions, will play a key role in the long-term success of
UAM.

Overall, NASA highlighted the potential for UAM to revolutionize urban transportation but
underscored the need for coordinated efforts between industry stakeholders, regulatory bodies,
and the public to address the existing challenges [12].

When discussing Urban Air Mobility, it is more appropriate to refer to a UAM ecosystem.
The general vision of UAM includes not only the aircraft providing services but also specific
players and frameworks that enable the entire system to work properly. Some of these players
are summarised in Figure 1.2

VTOLs

Regulatory
Framework

Vertiports & 
Infrastructures

Community
integration

Air traffic
management

Service providers 
& Operators

Travel time

• Reduction of traffic jams
• 15’ to 40’ avg. travel time saved
• 70% time saved for emergencies

Impact on the market

• 90,000 job created by 2030
• $1.5 trilion market by 2040
• Significant impact on global markets

Improve safety

• Lower risk than road transport
• Automation and VTOLs connection
• Safety corridors for UAM and ATM

Sustainability

• Electric/hybrid propulsion systems
• Zero local CO2 emissions
• Low environmental impact

Air Taxi

Public transport

Emergency management

Medical Services

Cargo

Last-mile delivery

Access to remote areas

Figure 1.2: The Urban Air Mobility ecosystem: players, services and advantages.

• VTOLs: Vertical Take-Off and Landing aircraft are the major enabling factor for UAM.
The whole ecosystem orbits around VTOLs and users’ needs, with single players contribut-
ing to allow aircraft to operate in urban environments in the safest and most efficient way.
This player will be further analyzed later in this Section.

• Infrastructures and vertiports: An extensive infrastructure network is essential for the
successful integration of UAM services. UAM operations are carried out within special-
ized takeoff and landing facilities known as Vertiports, which provide charging, refueling,
maintenance, and passenger handling services [13]. They can be further classified into
vertihubs, vertipads, and standard vertiports based on their size and functionality (see
Figure 1.3). Vertihubs are larger facilities located in central, high-traffic areas, serving as
major transit points with multiple landing pads, passenger terminals, and maintenance
stations. Vertipads, on the other hand, are smaller, single-landing sites designed for quick,
on-demand services in decentralized or remote locations, offering minimal infrastructure.
Standard vertiports fall between these two, supporting moderate traffic with basic ser-
vices. Together, these infrastructure components form an integrated network that enables
efficient, safe, and scalable UAM operations, connecting urban centers and regional ar-
eas. Private companies like Skyport, are collaborating with public entities and industrial
partners to create vertiport networks in strategic locations [14].



4 1. INTRODUCTION

(a)  Vertipad (b)  Vertiport (c)  Vertihub

Figure 1.3: Conceptual design of different sizes’ vertiports. [13]

• Air traffic management: air traffic management plays a crucial role in UAM ecosystems.
Even if UAM operations will be carried out at relatively low altitudes and within urban
and high-density regions, the integration with commercial aviation and UAS services will
be fundamental to guarantee the maximum level of safety and efficiency [15]. In this
context, the Federal Aviation Administration (FAA) released in 2023 the UAM concept of
operations (ConOps) to support the development of new UAM ecosystems [16]. In their
vision, UAM services will be carried out within specific ”corridors” that enables an high
density of complex operations. Aircraft must have the capability to communicate with each
other, avoiding collisions without the need of an external air traffic controller, both in a
piloted and an autonomous version. The introduction of remotely piloted and autonomous
vehicles would certainly ease this task. Bauranov et al. [17] analyzed different airspace
concepts to manage AAM traffic in urban environments, categorizing them according
to safety, social, system, and aircraft parameters. They concluded that extensive ground
infrastructures and further technological developments are fundamental to guarantee basic
services and aircraft separation. [14].

Figure 1.4: UAM ecosystem illustration from NASA ATM-X project [18]
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• Service providers: these entities and companies are responsible for enabling UAM op-
erations and proper user experience. They include aircraft operators, air traffic and fleet
management services, infrastructure developers, digital platform providers, navigation and
surveillance services, energy providers, maintenance services, entities that guarantee com-
pliance with safety standards, certifications, etc. Additionally, service providers facilitate
integration with existing urban transportation networks and support critical infrastruc-
ture like vertiports and charging stations. By delivering reliable and efficient services, they
help build public trust, enhance operational efficiency, and drive the adoption of UAM,
making them a vital component in the growth of this emerging market [19].

• Regulatory framework: the development of a solid regulatory framework for a UAM
ecosystem is essential to ensure safety, service efficiency, airworthiness, noise levels, and
environmental impact. The primary focus areas of current regulations include establish-
ing design standards, defining operational requirements, managing air traffic, and setting
pilot certification criteria [20]. Regulatory bodies are also working on guidelines for verti-
port infrastructure and the integration of eVTOLs into both controlled and uncontrolled
airspace. In 2022 EASA released the world’s first specifications for vertiport design (PTS-
VPT-DSN), offering detailed descriptions of the physical characteristics of a vertiport, the
necessary obstacle clearance zones, visual guidance systems etc. [21]. The FAA (Federal
Aviation Administration) is the largest transportation agency in the United States, direct-
ing all aspects related to civil aviation in the country and over surrounding international
waters. The FAA emits the FARs (Federal Aviation Regulations), which govern all avi-
ation activities in the U.S., including Unmanned Aircrafts Systems (UAS) and VTOLs.
The applicable parts for UAM are Parts 23, 27, 29, 33, 35, 61, 135. On the other hand,
EASA is the European authority responsible for civil aviation safety, regulation, and certi-
fication. In 2019 it published the first complete set of dedicated technical specifications in
the form of a Special Condition (SC) for VTOL aircraft, to establish the standards for the
type certification of this type of product [22]. The special condition has been lately up-
dated and the latest issue was released in 2024. The most relevant technical specifications
for UAM are CS-23, CS-27, CS-29, CS-36, CS-P, CS-E, CS-VLR, and CS-UAS (which is
specific for UAS). Lately, in 2023, EASA published 4 Means of Compliance (MOCs) [22]
to address the applicants’ requests for clarification on the objectives and standards set
in the Special Condition for VTOL. Apart from several definitions, the two MOCs pro-
vide further specifications for the following aspects of VTOL vehicles for UAM: handling
qualities, structural design, flight loads, risk analyses etc.

• Community integration: the integration of the community in UAM is probably the
most complicated aspect of the ecosystem. It is fundamental to work on a solid societal
acceptance of the users and citizens integrated into the environment where UAM operates
[23]. According to the EASA survey on this matter [24], safety, noise, and emissions are
the major concerns for European citizens. On the other hand, the solutions of UAM to
reduce travel time, traffic jams, and air pollution were seen as attractive perspectives. The
adoption of design features to address these criticalities is mandatory: ducted rotors, sus-
tainable propulsion systems, low-noise rotors, and certified structures are some examples.
In addition, social equity is another topic of concern: current on-demand aviation services
are seen as expensive solutions dedicated to users with higher incomes and business trav-
elers [25]. The objective of making UAM affordable to the majority of the population is
another crucial point that involves an in-depth analysis of business models, operating and
maintenance costs, and design optimization. Social equity is also one of the key findings of
Shaheen’s work on societal barriers to the adoption of UAM [26]. In the work, the authors
highlighted how familiarity with UAM and classical aviation may decrease the general
concern about safety and efficiency. A similar analysis was carried out by Çetin et al. [27]
on the topic of drones and UAS flying at low altitudes. While VTOLs are expected to fly
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through hypothetical corridors below general aviation, services such as last-mile delivery
and cargo are provided by smaller aircraft that interact with ground activities.

The main characters of the UAM ecosystem are the Vertical Take-Off and Landing (VTOL)
aircraft. Usually denoted as eVTOL or hVTOL (electric and hybrid VTOL), these vehicles are
characterized by the ability to take off, land, hover, and fly vertically with the adoption of specific
devices such as rotors and propellers. This allows operating in confined spaces, where the high
urban density demands versatile and compact transportation solutions. VTOL aircraft can bypass
road congestion, reduce travel times, and connect urban centers with remote locations. It plays
a critical role in the development of efficient, sustainable, and accessible urban transportation
networks. By leveraging innovative propulsion technologies, VTOLs also contribute to reducing
noise and emissions, aligning with the sustainability goals of future UAM systems. VTOLs can
be classified by their lift and thrust production systems: while the lift force sustains the aircraft
weight during flight, thrust devices provide the necessary force to cruise and maneuver. These
two forces can be generated by the same system or by separate ones.

• Multirotor: in this category, a set of fixed propellers with variable RPM control provides
both lift and thrust during all flight phases. Multirotor are characterized by a rather simple
mechanical design and large disc loadings, which make them suitable for hovering flight
and less efficient in cruise [28]. Some examples of multirotor VTOLs are the Volocopter
VoloCity [29], the EHang AAV [30] and the AIRBUS CityAirbus technology demonstrator
[31]. Drones and small UAS fall into this category as well. Their role in a UAM ecosystem
is fundamental for services such as goods delivery, cargo transportation, and inspections.

(a) (b) (c)

Figure 1.5: Multirotor VTOLs: Volocopter VoloCity (a) [29], EHang AAV (b) [30], hexacopter
drone (c) [32]

• Helicopters: conventional helicopter can be included in the VTOL definition. As a mat-
ter of fact, the classical helicopters are the very first example and mostly adopted case of
aircraft capable of hover and vertical flight. Even if their mechanical design is more com-
plicated than a multirotor, the higher efficiency and different control methods have made
this configuration the very first UAM rotorcraft. Apart from their military application,
helicopters are widely used in a large amount of UAM applications such as emergency
and rescue, business transportation, inspections, cinema, security, and private uses. Heli-
copters are characterized by a set of rotors providing both lift and thrust, controlled with
a constant RPM and variable pitch system. While the conventional layout is characterized
by a single main rotor with an anti-torque system mounted on the tail, tandem helicopters
such as the Boeing CH-47 Chinook, side-by-side or coaxial configurations are also included
in this category.
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(a) (b) (c)

Figure 1.6: Helicopter VTOLs: Leonardo AW139 (a) [33], Boeing CH-47 Chinook (b) [34], Kamov
Ka-27 (c) [35]

• Lift+cruise: this category adopts three separate systems for producing lift and thrust at
different flight phases. A set of vertical propellers is adopted for producing lift during hover,
take-off, landing, and vertical flight, while one or more horizontal propellers are adopted for
producing thrust during cruise. Lift+cruise is equipped with fixed wings and aerodynamic
surfaces to produce lift during the cruise and control the vehicle like a normal fixed-wing
aircraft when flying at a high enough speed. With respect to the tiltrotor and tiltwing
categories, lift+cruise have fixed wings and fixed propellers, which operate only during
specific flight phases and transition periods. The propellers have a fixed pitch and they
are controlled with a variable RPM control system. The aircraft is then controlled with
a proper mix between aerodynamic surfaces and propellers RPM. Examples of lift+cruise
VTOLs are the recently revealed AIRBUS NextGen [36], the Uber Elevate eCRM concepts
[37] and the experimental Wisk 5th Generation [38] (”Kitty Hawk”).

(a) (b) (c)

Figure 1.7: Lift+cruise VTOLs: AIRBUS NextGen (a) [36], Uber Elevate eCRM-003 concept (b)
[39], Wisk 5th Generation ”Kitty Hawk” [38]

• Tiltrotors: together with the helicopter, this is one of the most well-established VTOL
configurations, and probably one of the most promising for future UAM transport. In this
layout, two separate systems are used to provide lift and thrust at different flight phases.
In particular, a set of tilting rotors is used in vertical flight to provide lift and thrust, while
during a cruise a fixed-wing generates the necessary lift. The rotors can be either fixed
or variable pitch and can operate at both constant or variable RPM. The characteristic
of this vehicle is the capability of tilting the rotors to adapt the layout for hovering and
cruise phases, where in the latter case rotors provide only thrust. The aircraft is controlled
with a mix of rotor controls and aerodynamic surfaces, which is adapted for the actual
flight phase. While they have been already adopted for a lot of military purposes (see for
example the Leonardo AW609 [33] or the Boeing V-22 Osprey [40]), in the last few years
tiltrotors are gaining popularity in civil applications due to their VTOL characteristics
and average efficiency in both hover and cruise. Even if the tilting mechanism brings with
it several complexities, this particular design has been exploited by important companies
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all over the world to propose their conceptual design and first prototypes. Examples of
tiltrotor are the Archer VTOL [41], the Vertical Aerospace VX4 [42], the Joby S4 [43] or
the Wisk 6th Generation [44].

(a) (b) (c)

Figure 1.8: Tiltrotor VTOLs: Vertical VX4 (a) [42], Leonardo AW609 (b) [33], Joby S4 (c) [43]

• Tiltwings: similar to tiltrotors, the tiltwings provide lift and thrust with two separate
systems, a set of rotors or propellers and a set of fixed wings. What differentiates this con-
figuration is the mechanism that rotates the rotors together with the wings. Tiltwings are
also called ”vectored thrust” since they provide propulsive forces with a set of distributed
rotors along the blades. The Lilium Jet [45] and the Dufour Aero2 [46] are examples of
this VTOL type.

(a) (b)

Figure 1.9: Tiltwing VTOLs: Lilium Jet (a) [45], Dufour Aero2 (b) [46]

In the last few years, the Vertical Flight Society (VFS) has created a detailed list of the designed
and conceptualized VTOLs over history. The directory can be found in Ref. [39], along with
datasets and additional information.

1.2 Objectives and motivation

Urban Air Mobility is emerging as a transformative solution to urban congestion, offering a
third dimension to transportation that aims to enhance mobility efficiency, reduce emissions, and
improve safety. The integration of VTOLs within urban environments presents several techno-
logical and operational challenges, ranging from vehicle design to infrastructure development and
regulatory considerations. Due to the growing interest in this new transportation perspective,
conceptual design, performance studies, and state-of-the-art analyses have become the main top-
ics around which researchers and engineers have focused their energies in the last few decades.
The analyses of Long et al. [9] and Cohen et al. [25] have provided a broad view of the con-
ceptual UAM ecosystem, while Rothfeld [47] described the current state of the art of UAM
technologies and the potential impact on modern societies. In parallel with the review studies
about current technologies, the first step in the UAM research was provided by the conceptual
design and performance studies carried out by Johnson. These works had the aim of providing
preliminary results on the capabilities of multiple VTOL configurations, by studying their power,
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endurance, and range along specific mission scenarios. In Ref. [48], Johnson et al. designed and
compared different conceptual VTOLs by analyzing the performance of electric, hybrid, and tur-
boshaft propulsion systems. Power requirements, payload, and range capabilities are estimated
on a regular UAM mission scenario [49]. Similar analyses were conducted by Kadhiresan et al.
[50] and Palaia et al. [51], but without converging to a unique solution for UAM transport. The
methodology behind these studies is mostly based on scaling design methods which allow to deter-
mination of the constructive parameters of different VTOLs. As a result, the performance studies
compare rotorcraft having different architectures, payload capabilities, and propulsion systems.
This approach leads to meaningful results on the specific aircraft designed but does not provide
a clear answer on which configuration, or propulsion system, has to be selected when designing
a VTOL to satisfy specific mission requirements. Similarly, Bacchini and Cestino [28], analyzed
with an analytical approach the theoretical performance of multiple VTOLs available on the mar-
ket, assessing which are the optimal configurations for specific missions, but without providing
a solid design methodology that allows comparing VTOLs of similar characteristics. Despite
these efforts, there is still little agreement on the optimal configuration for UAM operations, as
mission-specific constraints play a significant role in determining the most suitable aircraft layout.
Previous works have highlighted that the selection of an appropriate VTOL strongly depends on
the operational scenario, with trade-offs existing between efficiency, safety, and sustainability. In
addition, while numerous studies have assessed these trade-offs from a performance perspective,
very few have examined them from a flight dynamics and control standpoint. Following the com-
pletion of the preliminary analysis stages, research efforts of the last few years are increasingly
directed toward addressing specific and detailed aspects of VTOL design, such as structural de-
sign, aerodynamics, control, and flight dynamics. These aspects are critical for transitioning from
theoretical and preliminary studies to practical, refined, and efficient VTOL solutions. For the
sake of this thesis, flight dynamics is the aspect with the major interest. Research studies on
this topic, applied specifically to VTOLs designed for the UAM are quite scarce and most of the
efforts have been dedicated to classical configurations such as conventional helicopters [52]–[55],
multirotor [56]–[59], and a few studies on tiltrotor or alternative layouts [60]–[63]. Alternative
designs are relatively underexplored from this point of view and it is still unclear which of them
provides the most promising results in terms of performance and flight dynamics characteristics.

The absence of a systematic approach to designing, comparing, and selecting an optimal
VTOL configuration, combined with the limited flight dynamics studies on alternative designs,
has prompted the formulation of specific research questions to address these research gaps. First,
what are the main users’ needs that a VTOL must satisfy to become a viable UAM transport
solution? And what are the technical requirements correlated with these customer needs? Once
the project requirements are established, the research methodology in this work initially focuses
on the propulsion system type and aircraft configuration, as these are the primary factors influ-
encing VTOL performance at the conceptual design stage, as highlighted in Johnson’s studies.
Considering a baseline configuration, how do different propulsion system architectures influence
the overall performance and operational feasibility of a UAM rotorcraft? Which of the analyzed
powertrains is suitable for a specific transportation service? These questions are fundamental to
setting the basis of a conceptual design methodology constructed around a specific sustainable
VTOL that ranges around the performance of that specific propulsion system. In this context,
what are the main requirements to design different but comparable VTOLs starting from an ini-
tial benchmark? And among the considered ones, which one mostly suits with the UAM mission
objectives both from a performance and a qualitative point of view? The evaluation of these
inquiries with an analytical and systematic approach leads to the selection of a specific VTOL
configuration that satisfies most of the requirements set by the industrial partner and the cus-
tomer’s needs. Advanced modeling and simulation are then required to characterize the VTOL
from a flight dynamics point of view and to build up a numerical platform for testing and eval-
uating the capabilities under specific flight conditions. The first research question to address
is what are the key mathematical tools required to evaluate VTOL trim, stability, and flight
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dynamics properties in realistic urban environments? Considering the different tools developed
in this study, what are the main differences between them? And in which cases an advanced
modeling approach is required to capture specific dynamic behaviors? In order to characterize
the rotorcraft dynamics, which are the trim solutions at specific flight conditions, and which are
the most critical instabilities arising from the analysis?

Considering the current state of the art of UAM and flight dynamics of alternative VTOL
configurations, the above-mentioned research questions are still unresolved. For this reason, the
thesis has the aim of studying, selecting, and evaluating viable candidates for specific UAM
scenarios from a performance point of view and then focusing on its inherent flight dynamics
properties. The work can be organized into three main objectives, strictly connected by the
methodology and global aim of the thesis:

1. Evaluate the performance of multiple sustainable propulsion systems in a UAM context
(fuel cell hybrid and battery-electric), and select a specific powertrain for conceptual de-
sign;

2. Compare different (rotary wing) VTOL configurations at a conceptual design stage and
select a viable candidate for UAM services. The selection is made according to both
quantitative and qualitative factors;

3. Develop and apply original mathematical tools for the simulation and study of the selected
rotorcraft’s trim, stability, and flight dynamics characteristics.

The expected output is a numerical platform, suitably developed for a specific configuration, that
can be adapted for simulating UAM missions and studying the VTOL behavior. This thesis
contributes to the scientific community by developing a systematic methodology for evaluating
VTOL flight dynamics, integrating conceptual design and performance studies. By advancing
the understanding of alternative VTOL designs, this research enhances the ability to design,
model, and simulate, rotorcraft for UAM, promoting the development of the next generation of
sustainable urban air transport solutions.



Chapter 2

Methodology

2.1 Methodology description

As already mentioned in Section 1.2, the objective of this thesis is to perform an in-depth
analysis of the performance, capabilities, and flight dynamic characteristics of a potential can-
didate for Urban Air Mobility services. The methodological framework is structured into steps
that integrate design considerations, analytical modeling, numerical simulations, and performance
analyses. Each step builds upon the previous one, ensuring a systematic approach to achieving
the research objectives. The flow chart in Figure 2.1 depicts this process. The analysis starts
with an in-depth study of the current state of the art of Urban Air Mobility worldwide. Latest
technological advancements and innovative configurations are considered as well as the current
state of the regulations governing this new transportation sector. This initial stage of the method-
ology has the objective of providing a clear vision of the environment within which the adopted
solutions will be deployed, understanding their limitations and principal research gaps to satisfy.
In the second stage of the technical work, a set of requirements is defined by considering mission
objectives and customer needs integrated with the ”House of Quality” technique. A baseline
configuration is selected at this stage, in order to carry out the following analyses. For the sake
of this work, a conventional helicopter configuration is selected.Conceptual design and perfor-
mance analysis are then required to define the potential candidate and its general characteristics
for fulfilling UAM services. In particular, the propulsion system and configuration are the main
arguments to discuss. The powertrain architecture is analyzed at first since this is the main fac-
tor that affects the aircraft’s performance. A finite number of sustainable candidates is selected
among all propulsion system solutions and analyzed with suitable models. Endurance, range,
and power requirements are estimated for the baseline configuration with different propulsion
layouts along specific UAM mission scenarios, properly designed to meet customer needs. The
aim of the analysis is to select the powertrain configuration that will be adopted for the rest of
the work. The second stage of the performance analysis is the conceptual design and comparison
of alternative VTOL configurations: starting from the baseline design, different solutions are pro-
duced at a conceptual design stage, and their performance are computed along one specific UAM
mission. A qualitative discussion on societal acceptance, noise emissions, safety, and design sim-
plicity follows the calculations and allows for selecting one among the analyzed cases. Chapter 3
develops this part of the methodology. For the sake of this work, three plug-in hybrid helicopters
powered by hydrogen fuel cells and a full battery-electric one are compared along three UAM
mission scenarios with an analytical modeling approach. A similar mathematical framework is
employed to design and compare the performance of three VTOL configurations: a conventional
helicopter, a multirotor, and a side-by-side VTOL. Both quantitative results and intrinsic ad-
vantages are evaluated for selecting a battery-electric side-by-side configuration as representative
for the next phases of this thesis. As soon as this step is completed, an in-depth modeling and
simulation campaign is conducted to study the trim, stability, and flight dynamics characteristics

11
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of the selected VTOL. According to the requirements set for the mathematical frameworks, a
simulation platform is developed: fuselage, shrouds, and blades’ aerodynamics are modeled with
semi-analytical, numerical, and experimental datasets.

• Set project requirements
• Identify customer needs

Requirements and 
project constraints

(Section 2.2)
• Technologies
• Configurations
• Regulations
• Services

State of the art
(Chapter 1)

❖ CHOOSE POWERTRAIN 
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• Analytical modeling
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• Propulsion system design 

methodology
• Mission performance

Propulsion system (Section 3.2)
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Performance analysis and 
Conceptual design (Chapter 3)

• Modeling (loads, inflow, flap)
• Trim
• Linearization

Main rotor: analytical approach
(Section 4.3)

Flight dynamics modeling
(Chapter 4)

❖ SET MODEL REQUIREMENTS

• OpenVSP model
• Integrated OpenVSP model

Fuselage (Section 4.5)

• Modeling (loads, inflow, flap, lead-lag)
• Trim
• Linearization

Main rotor: numerical approach
(Section 4.4)

• Experimental data extended 
with analytical models

• Semi-experimental model

Shrouds (Section 4.7)

• Trim and Stability
• Effect of numerical modeling approach
• Rotor dynamics
• Simulation platform and control system

Simulation results
(Chapters 5 & 6)

• Concluding remarks and future works

Conclusions
(Chapter 7)

Blade’s aerodynamics (Section 4.6)

Modeling methods 
and state of the art

(Section 2.3)

Select powertrain 
solution (Section 3.2.7)

Baseline configuration
(Section 2.1)

Figure 2.1: Flow chart of the project methodology

Concerning the main rotor, two different approaches are adopted: analytical and numerical. An
analytical modeling approach is employed for describing a simplified mathematical framework
based on a reduced number of degrees of freedom, where the rigid body dynamics is integrated
with first-order uniform inflow dynamics and second-order flap dynamics. A numerical mod-
eling approach is employed for developing an advanced mathematical framework, based on a
higher number of degrees of freedom where the rigid body dynamics is integrated with first-order
nonuniform inflow dynamics, second-order flap, and second-order lead-lag dynamics. This second
approach requires advanced trim and linearization techniques that are suitably developed for this
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thesis. Chapter 4 develops this stage of the methodology, proposing 14 and 24 dof analytical and
numerical models, developed for a small-scale side-by-side helicopter. The modeling section has
the aim of providing a solid simulation platform for VTOLs and producing insights about their
trim, stability, and dynamic properties. Trim curves are studied together with static stability and
effects of forward speed and center of gravity position are accounted. In addition, the comparison
between the modeling approaches provides fundamental remarks about the necessary degrees of
freedom for modeling and replicating VTOL flight dynamics. Rotor dynamics and rotor stability
are computed as well, by addressing the issues of rigid body and rotor dynamic coupling with
a 38-state-space linear representation. The methodology ends up with concluding remarks and
future works.

2.2 Requirements and project constraints
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General requirements and project constraints adopted for selecting the most suitable aircraft
for UAM services are summarised in this Section by adopting an essential tool of the Qual-
ity Function Deployment (QFD) methodology [64]: the House of Quality (HoF). This technique,
reported in Figure 2.2, enables the systematic translation of customer needs into technical require-
ments, grading the product’s specifications by their level of importance and technical difficulty.
In this section, a HoQ analysis for an electrical VTOL designed for Urban Air Mobility (UAM) is
presented, ensuring alignment between user expectations and engineering solutions. The target
users are civilian passengers adopting an air taxi service to travel in and around urban areas: the
customer needs and their level of importance can change if different targets are selected.

The analysis begins by identifying the key customer needs and their importance level in
agreement with the current state of the art [11], [24] and recent surveys on the population. It was
observed that the main property that a UAM vehicle must have is the capability to perform fast
and sustainable urban transportation while maintaining high levels of safety. These and other
customer needs, are translated into the most relevant technical requirements at the top of the
diagram, while the core of the chart is filled with the relationships between customer expectations
and technical design choices. At the bottom side, the level of importance, the technical difficulty,
and the technical objectives are listed. The latter are selected according to the industrial stan-
dards, specifications for certifications, and the current state-of-the-art of lightweight helicopters
and general VTOLs. VTOL capabilities, residual controllability, ducted rotors and sustainability
of the propulsion system are intrinsic characteristics that a VTOL should possess to be aligned
with the general view of a UAM ecosystem. A zero local CO2 emissions propulsion system must
be implemented and suitably designed to guarantee reasonable performance and compete with
more classical turbine-powered layouts. The aircraft size, its BSE (Best Specific Endurance)
speed, payload capabilities, and range performance are set up in agreement with the industrial
partner of this work. Regarding the acceptable noise level, although this work does not focus
on analyzing the noise emissions of specific configurations, an indicative value is provided as a
technical objective. The Federal Aviation Administration (FAA) and the European Union Avia-
tion Safety Agency (EASA) define noise certification standards for rotorcraft based on guidelines
established by the International Civil Aviation Organization (ICAO). These standards, outlined
in ICAO Annex 16, Volume I [65], specify the maximum permissible noise levels for various air-
craft categories, including lightweight helicopters, using the Sound Exposure Level (SEL) metric.
The maximum allowable noise level depends on multiple factors, such as aircraft type, maximum
takeoff weight, number of engines, and flight conditions. According to ICAO regulations, for a
light helicopter with a maximum takeoff mass not exceeding 788 kg, the noise limit is set at 82 dB
SEL, measured on the ground at a reference point 150 meters below the flight path. The efficiency
of the rotorcraft is measured through the Energy consumed per passenger-kilometer, which is a
metric that captures the overall energy efficiency of the aircraft, considering both aerodynamic
efficiency and propulsion system performance. The benchmark for this technical requirement is
set according to the current state-of-the-art of eVTOLs operating in UAM ecosystems. The study
by Sripad and Viswanathan [66] suggests that the energy consumption of eVTOLs designed for
urban missions ranges between 0.08 kWh/pax-km to 0.75 kWh/pax-km depending on mission
phases and the efficiency of the rotorcraft. Similarly, Shamiyeh et al. [67] set up performance
standards for energy consumption of different VTOLs calculated along standard UAM scenarios,
ranging from 0.3 to 1.2 kWh/pax-km in lift+cruise and multicopter layouts. For the sake of
this work, the performance benchmark is set at 0.8 kWh/pax-km, calculated along the reference
mission reported in Section 3.3.5.

From the analysis of the HoQ chart, several key insights emerge. The possibility to take off
and land vertically is of course a fundamental requirement for UAM and this comes in a negative
correlation with most of the technical specifications. Indeed, VTOL means adopting rotors, which
are noisy devices that are more power-demanding than fixed wings to lift the same payload. Safety
ranks among the highest-priority customer needs and this strongly correlates with both residual
controllability and ducted rotors. While the first one is necessary for maneuverability in case
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of failure, the second property guarantees protection for both direct and external users, while
impacting the noise emissions of the aircraft. Maintaining low energy consumption across all
flight phases is a critical factor for ensuring the economic viability of an urban VTOL. Energy
consumption per passenger-kilometer directly influences the operational costs and, consequently,
the feasibility of the business model for UAM services. This parameter exhibits strong correlations
with key performance indicators such as time savings, payload capabilities, and the ability to
perform both urban and regional routes. Efficient energy management is essential for optimizing
mission endurance and maintaining competitive operational costs. However, a major challenge
arises from the negative correlation between energy consumption and other essential aircraft
characteristics. Specifically, larger aircraft, higher payload capacities, and increased cruise speeds
tend to increase energy consumption, necessitating careful trade-offs in design choices. Speed was
found to have medium importance, suggesting that while faster transit is beneficial, operational
feasibility (noise, energy consumption, and performance) may limit maximum cruise speeds.

The House of Quality analysis provides valuable insights into the design trade-offs necessary
for an efficient and customer-centric VTOL. By systematically evaluating the correlations between
customer requirements and technical specifications, it is possible to set up the requirements for a
well-balanced configuration that meets urban mobility needs. Future iterations of the HoQ could
integrate cost models and lifecycle analysis to further refine this balance.

2.3 Introduction to performance analysis methods

The analysis of the performance at a conceptual design stage of aircraft for UAM is critical
for defining the vehicle’s mission profile, energy requirements, and operational feasibility. A
significant research effort was dedicated to this topic, with various approaches that were developed
with the aim of providing a preliminary and fast overview on the capabilities of different VTOLs.
The most common approaches are summarized below.

• Analytical methods: these are simplified analytical frameworks based on basic aerody-
namic principles and they are adopted to estimate performance metrics, such as power
requirements, lift and drag. These methods often employ blade element and momentum
theories or actuator disk concepts to approximate the physical behavior of the rotors and
the aerodynamic loads [68]. Analytical methods are useful for quick estimates and initial
comparisons between design configurations, as they involve relatively simple calculations
that provide valuable insights into performance trade-offs [69].

• Semi-analytical methods: these are analytical models extended by incorporating em-
pirical data from existing rotorcraft. These are beneficial for increasing the accuracy
without requiring a full numerical analysis and are commonly used in sizing and early
design estimation [70], [71].

• Numerical methods: numerical simulations, such as Computational Fluid Dynamics
(CFD) and Finite Element Methods (FEM), allow for more detailed estimations by sim-
ulating airflow around the rotor blades and structure. This approach captures complex
aerodynamic effects like rotor wake interactions, turbulence, and three-dimensional flow
characteristics that are not easily modeled by simpler methods. Although highly compu-
tationally demanding, simulations provide more reliable data for advanced design stages
[72], [73].

• Flight Dynamics simulations: rotorcraft dynamics can be modeled by adopting ordi-
nary differential equations that describe the evolution of the aircraft loads in time. This
method is usually adopted to evaluate stability, control, and maneuverability properties, as
well as performance characteristics. Programs like FLIGHTLAB [74], custom MATLAB-
based models [75] of NASA’s CAMRAD software [48], often simulate the aircraft response
to control inputs, predicting behavior in realistic operational scenarios. This methodology
will be further discussed in Chapter 4.
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• Experimental campaign: while this method provides clear evidence of the performance
of small- and full-scale models, it is typically the most resource-intensive approach. A sub-
stantial investment in terms of time, setup organization, hardware costs, and realization
is required. Conducting experimental tests involves the fabrication of a physical platform,
which means that an advanced design stage must be achieved prior to testing. Further-
more, ensuring similarity between the physical model and the final design is essential, both
for small- and full-scale prototypes, to obtain meaningful and reliable results [76], [77].

In this work, an analytical approach is adopted (see Section 3.2.2): this allows for providing
a large number of results with a fast and preliminary approach. The analytical framework is
particularly suitable for this step of the methodology because of its simple adaptation to different
configurations and powertrain solutions. The technical methods for performance analysis and
conceptual design are reported in Chapter 3, as well as the main results and principal findings.

2.4 Introduction to flight dynamics modeling and requirements

Developing a mathematical model that accurately represents the dynamic behavior of the
rotorcraft under specific flight conditions is a critical precursor to achieving an optimal design
for UAM platforms. While physical prototyping and flight testing remain essential in the final
validation of a configuration, these steps are both highly expensive and time-consuming. There-
fore, simulation plays a fundamental role in bridging the gap between conceptual design and the
realization of a physical demonstrator, enabling early-stage evaluations and refinements. The
performance analysis conducted in Chapter 3 provided the motivations for selecting the side-
by-side configuration and estimating its performance for targeted mission scenarios. However,
flight dynamics modeling goes beyond this initial analysis by examining the rotorcraft response
to pilot commands and environmental conditions, thus offering deeper insights into the stability
and handling qualities of the rotorcraft. Over the past five decades, substantial research efforts
have been dedicated to enhancing the accuracy of mathematical models for rotorcraft flight dy-
namics [78]–[80]. Different modeling approaches were developed and categorized based on their
increasing levels of complexity. The most traditional method involves an analytical formulation of
rotor non-linearities using blade elements and momentum theory [54]. A more advanced modeling
technique adopts numerical methods to compute the rotor loads and to integrate the dynamics
of the flexible blades in a mathematical framework based on the blade element motion [81], [82].
This approach enables an integral, non-linear representation of rotorcraft forces and moments,
providing a more detailed understanding of the interactions between rotor and airframe dynamics.
Multi-body dynamics is a third modeling approach. This type of models considers the rotorcraft
as a system of interconnected bodies with a specific number of degrees of freedom, capturing
the complex interactions between different components. This approach is exemplified by the
widely recognized flight dynamics simulation software, FLIGHTLAB [74], [83], [84]. The most
sophisticated modeling technique involves coupling computational fluid dynamics (CFD) with
computational structural dynamics (CSD). This hybrid method provides a high-fidelity represen-
tation of the aerodynamic and structural phenomena affecting the rotorcraft, offering improved
accuracy in predicting rotor loads and performance under varying operational conditions [85].
All of these methods have their pros and cons, with different levels of accuracy and computa-
tional costs. While the analytical approach may lack fidelity in the case of specific rotor dynamic
behaviors, the CFD technique requires high computational costs and computing times.

The simulation platform developed in this work provides a versatile tool for multiple appli-
cations, including:

• Studying the trim and stability characteristics of the helicopter;
• Analyzing dynamic behavior under specific flight conditions;
• Designing control systems based on the rotorcraft dynamics;
• Training pilots and gathering feedback on handling qualities;
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• Refining the rotorcraft design and study the effect of specific design features on the rotor-
craft behavior.

These capabilities underscore the importance of a robust simulation platform, which can signif-
icantly accelerate the development process while reducing the costs and risks associated with
prototyping and flight tests. The primary objective of this stage is to conduct a detailed trim and
stability analysis of the side-by-side helicopter configuration. To achieve this, both analytical and
numerical modeling approaches are necessary. These models will be complemented by algorithms
to compute trim conditions and linearize the dynamics for open-loop stability assessment. The
motivation for employing two distinct modeling approaches is multifaceted. The analytical model
offers a fast and preliminary-oriented tool for analyzing the trim and stability characteristics of
the rotorcraft. This approach adopts well-established methodologies that are both robust and
validated at a low level of accuracy. Conversely, the numerical approach provides a more detailed
and innovative method, introducing higher levels of complexity and enabling deeper studies of the
rotor dynamic features. Given that the side-by-side helicopter configuration has still not been ex-
tensively studied, the use of two different models allows for cross-validation of the results, thereby
providing greater confidence in the accuracy of the simulation. Additionally, this comparative
approach has the aim of defining the necessary level of complexity that should be introduced for
specific tasks of the simulation platform: indeed, it is recognized that introducing higher levels of
complexity increases computational demands. The latter may not always be justified depending
on the specific objectives of the study and ensuring that the computational resources are used
efficiently for the overall goals of the study.

Both approaches must agree with the following requirements. Different levels of complexity
can be added to a simulation model to capture multiple rotorcraft behaviors. Starting from a
very simple material point description, one can include in the mathematical framework a more
detailed description of each part composing the rotorcraft dynamics. For the sake of this work,
a minimum level of complexity is set by the technical requirements of the numerical modeling
approach: both the mathematical representations described in this manuscript must agree with
the constraints in Table 2.1.

Description Requirement
Rigid body representation min. 6 dof
Rotor dynamics Include blade flexibility effects
Inflow contribution Include inflow dynamics

Table 2.1: Simulation models: technical requirements



Chapter 3

Performance analysis and conceptual
design

In this Chapter, a performance analysis and conceptual design study are presented. The propul-
sion system architecture is investigated at first: the performance of three plug-in hybrid and one
battery-electric powertrain system, ideally installed on a conventional helicopter, are evaluated
along three specific UAM scenarios. Later, two alternative VTOL configurations (side-by-side
helicopter and multirotor) are designed starting from the baseline layout and compared both
from a quantitative and a qualitative point of view. The objective of this Chapter is to analyze
the performance of VTOLs in a UAM context and select a specific configuration that can become
a viable solution for future UAM services.

3.1 Baseline configuration

The most classical VTOL configuration is the helicopter, which does not satisfy all the re-
quirements listed in Figure 2.2, but can be used as a reference configuration for conceptual design
and performance analysis. The rationale behind this choice lies in the extensive data available in
the literature regarding this configuration. In addition, technical datasets and preliminary per-
formance analysis were available to the authors for validation of the results and comparison with
experimental evidence. In the present study, a lightweight turbine-powered helicopter (Figure
3.1) with a Maximum Take-Off Mass (mto) of 762.8 kg, and a maximum payload of 175 kg (2
passengers), is employed as a starting layout. In its original setup, the helicopter was powered by
a PBS TS100 turboshaft engine fed by a fuel tank of 170 L capacity, and the total mass of the
propulsion system (engine, fuel, tank, and auxiliary components) was 287.5 kg. Technical data
are provided by de Angelis et al. [86] and summarised in Table 3.1.

Figure 3.1: Illustrative example of a 2-seat lightweight helicopter [87].
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Description Symbol Value
Maximum Take-Off Mass [kg] mto 762.8
Empty mass (no powertrain, payload, and fuel) [kg] m0 300.4
Maximum payload [kg] mp 175
Disc loading [kg/m2] DL 12.97
Equivalent flat plate drag area [m2] f 0.295
Equivalent vertical flat plate drag area [m2] fv 0.295
Distance between main and tail rotor centers [m] lt 4.4
Rotors Main Tail
Number of blades Nb 2 2
Radius [m] R 3.7 0.57
Blade aspect ratio AR 19.5 4.75
Solidity ratio σ 0.0327 0.0382
Tip speed [m/s] VT 210.3 182.8

Drag coefficient (Cd = Cd0t + ktC
2
l )

Cd0
0.008 0.008

k 0.008 0.008
Transmission efficiency η 0.9 0.9

Table 3.1: Helicopter data

3.2 Propulsion system

3.2.1 Overview and aim of the study

A first step towards selecting a suitable VTOL for UAM services is the definition of an analytical
framework to estimate the performance of different platforms. As outlined in Section 2.2, a
primary requirement for future UAM vehicles is the sustainability of their propulsion systems.
The aviation industry is a significant contributor to global CO2 emissions: according to the
latest report of the International Energy Agency (IEA) [8], in 2022 the transportation industry
accounted for 23% of the global greenhouse gas emissions, and its impact on the climate change is
substantial. The aviation sector contributes to 10% of this industry [88] and is expected to grow
further in the near future due to the emerging branch of Urban Air Mobility. The integration of
VTOLs in urban environments, although promising for reducing ground traffic congestion, could
further increase aviation’s environmental footprint unless sustainable technologies are adopted.
For UAM to become a viable alternative for public transportation, sustainable propulsion systems
are essential. Estimating the efficiency, range, and endurance of different powertrain solutions at
a conceptual design stage, is fundamental for engineers and researchers to better understand the
potential performance of VTOLs for UAM.

This section applies the case study presented in Table 3.1 to propose a conceptual design for
four distinct propulsion system configurations: a battery-electric system and three hybrid layouts
incorporating hydrogen fuel cells of different capacities. In the redesigned configuration, the heli-
copter must retain its Maximum Take-Off Mass and match the speed and climbing performance
of the original model, while being integrated into a proposed zero-emission UAM ecosystem. The
motivation for selecting these two types of propulsion systems among all possible alternatives
is linked to the sustainability and reliability requirements set in Section 2.2. Fuel cell hybrid
and battery electric design are well-established technologies, already adopted for a wide range of
applications which guarantee available datasets, tested layouts, and zero impact on the local CO2

emissions.
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3.2.2 Model description

The analytical framework adopted to compute the power required by the helicopter in steady
flight conditions is reported in this section. The mathematical formulation was described by
Mazzeo et al. [89] and is here reported for this work. The model, inspired by Avanzini et al. [68],
is based on the general momentum and blade element theories [78]. The total power required at
the main shaft (Psh), i.e. the power delivered by the electric motor, is computed for both forward
and vertical flight as a sum of the main and tail rotor contributions (PM and PT ), the parasitic
power due to fuselage drag (PP ) and additional power required by auxiliary systems (Ps, assumed
to be negligible in this study) such as avionics and conditioning. In particular

Psh =
PP + PM

ηM
+
PT

ηT
+ Ps (3.1)

where ηM and ηT are the main and tail rotor transmission efficiencies (Table 3.1). Concerning
the forward flight condition, PP is proportional to the fuselage drag (Df ) computed by means of
an equivalent flat plate area f (Table 3.1), as

PP = DfU∞ =
1

2
ρfU3

∞ (3.2)

where U∞ is the forward speed and ρ the atmospheric density.

The terms PM and PT in Equation 3.1 include both the profile (P p
M/T ) and the induced

(P i
M/T ) powers, that for a generic rotor are:

PM/T = P p
M/T + P i

M/T where

{
P p
M/T = ρArCpr(ΩR)

3

P i
M/T = kindTvi

(3.3)

where T is the thrust produced by the considered rotor, which is, according to a simple 1 dof
model,

T =
√
MTOW 2 +D2

f for the main rotor, while Tt =
Pp + PM

U∞lt
(3.4)

for the tail. MTOW is the maximum take-off weight, thus mtog, with g as the acceleration
of gravity. The induced speed vi and profile power coefficient Cpr are computed numerically
according to momentum theory (see Leishman [90]), as:

vi
√

(vi − U∞ sinαT )2 + (U∞ cosαT )2 =
T

2ρAr
(3.5)

where αT is the angle of attack of the rotor plane, thus αT = sin−1(−Df/T ). On the other hand,
Cpr depends on the aerodynamic coefficients of the rotor blades and is expressed as

Cpr =
σC̄D

8
(1 + 4µ2 +

5

8
µ4) where


C̄D = Cd0 + kC̄l

2

C̄L = 6
CT

σ(1 + 1.5µ2)

CT =
T

ρAr(ΩR)2

(3.6)

where µ is the rotor advance ratio, while the mean lift and drag coefficients (C̄L and C̄D) depend
on the rotor thrust coefficient CT . The induced power factor kind (i.e. the ratio between the
induced and ideal power according to momentum theory) is an empirical coefficient that accounts
for various aerodynamic dissipation effects, including blade tip losses and nonuniform inflow. For
the sake of simplicity, it is kept constant and equal to 1.25.

In vertical flight conditions, the model is modified by considering the incoming vertical flow
occurring in steady climbing and descending phases. In particular, the parasitic power is

PP =
1

2
ρfV U

2
V |UV | (3.7)
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where fV represents the equivalent vertical flat plate area (Table 3.1), and UV is the climbing/de-
scending speed. For the sake of simplicity, the contribution of the induced speed to the vertical
drag is neglected. On the other hand, the air density ρ is computed for each phase of flight ac-
cording to the mathematical representation of the International Standard Atmosphere. The main
and tail rotor powers are computed with the same expression as in forward flight (Equation 3.3),
with the exception of the induced power contribution to the main rotor one, which is estimated
as

P i
M = kindT (UV + vi) (3.8)

In this case, the semi-analytical model implemented by Johnson [78] is used to estimate the in-
duced speed vi within wake, vortex, and windmill brake regions for both climbing and descending
phases. In particular

vi
vih

=
1

2

−UV

vih
+

√
4 +

(
UV

vih

)2
 if

UV

vih
≥ −1 (3.9)

vi
vih

= 0.3727

(
UV

vih

)3

− 1.9907
UV

vih
if − 2 <

UV

vih
< −1 (3.10)

vi
vih

= −1

2

UV

vih
−

√(
UV

2vih

)2

− 1 if
UV

vih
< −2 (3.11)

(3.12)

where vih is the induced speed at hover.

In order to supply the power at the shaft, the electric motor has to require from the fuel
cell/battery system the total power

Ptot =
Psh

ηm
(3.13)

where ηm is the electric motor efficiency, which is assumed to be constant, and equal to 0.887. This
is the average value between climbing and cruising conditions of the selected motor (0.93, from
Ref. [91]), multiplied by the motor’s controller efficiency (assumed 0.95). The total power curve
in steady forward flight for the selected helicopter, resulting from the above-described model, is
reported in Figure 3.2. The helicopter requires, at the shaft level, approximately 120 kW to hover
at 100 m altitude and 56 kW at the minimum power condition, which occurs when the helicopter
cruises at 115 km/h.

As soon as the power required by the electric motor is known, the endurance and range of
the helicopter at different flight conditions depend on the propulsion system and energy storage
carried onboard. To estimate the performance, a simplified mathematical representation of the
fuel cell system and the battery discharge is provided. The fuel cell system is represented using
a performance curve that reflects typical PEM fuel cell characteristics. This curve, adapted from
the data in Ref. [92], provides a reasonable approximation of fuel cell behavior and is illustrated
in Figure 3.3. The fuel cell achieves a peak efficiency of 60% at 20% of its rated power, while at
maximum power output, its efficiency is 50%.
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Figure 3.2: Helicopter’s power curve at variable forward speed and 100 m of altitude

The hydrogen consumption, denoted as ∆mH2
is computed by integrating the fuel mass rate over

time:

∆mH2 =

∫ t+∆t

t

PFC

ηFCLHV
dt with ηFC = f

(
PFC

PFCmax

)
(3.14)

where t and ∆t are the current time and time interval, PFC is the power supplied by the fuel
cell, ηFC is its efficiency, and LHV stands for the Lower Heating Value of hydrogen. For the
battery model, given limited experimental data, an ideal discharge model is used for simplicity.
The State-of-Charge (SoC) variation over a time period is approximated as follows:

∆SoC = −
∫ t+∆t

t

Pb

Eb
dt (3.15)

where Pb and Eb are the battery power and energy capacity, respectively. The power distribution
between the battery (Pb) and the fuel cell (PFC) is governed by a control strategy that will be
discussed later in Section 3.2.5.

Figure 3.3: Fuel cell system efficiency at required power: data adapted from Ref. [92]
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3.2.3 Mission scenarios

Three distinct mission scenarios are designed to evaluate and compare the performance of various
propulsion systems. While an experimental campaign would ideally be conducted to gather data
on realistic duty cycles (see for example Boukoberine et al. [93]), a simplified methodology is
employed here due to the lack of empirical data specific to this transport category. The study
includes a standard flight cycle and two representative UAM routes: an urban and a regional
mission. The standard scenario is designed to be achievable by all propulsion configurations,
while the urban and regional missions are intended to test the capabilities of one propulsion
system over the other. All three mission scenarios include five consecutive flight phases:

• vertical climbing at 4 m/s from the ground (0 m a.s.l.) to the cruising altitude;
• hovering at cruising altitude;
• steady cruise performed at the maximum endurance speed of the helicopter (i.e. UBSE =

32.8 m/s);
• hovering at cruising altitude;
• vertical descending at 4 m/s down to the ground.

Specific data of each flight phase, including power and energy mission parameters, are reported
in Table 3.2 for a single route. For the sake of this study, it is assumed that the eVTOL does not
consume energy during the ’drop and go’ phases. In Table 3.2, the ”low-power” phases correspond
to cruising segments, while ”high-power” defines hovering, climbing, and descending stages. Al-
though these vertical climb and descent phases demand more power compared to conventional
takeoff and landing maneuvers with a specified ramp angle, they offer a closer representation of
eVTOL operations in an urban air mobility context, where these vehicles are expected to function
within restricted urban areas. This approach also yields conservative performance estimates for
high-power phases of the helicopter. Figure 3.4 plots power and altitude profiles for the standard
mission as a representative example. In this study, the standard mission serves as a baseline for
designing and comparing the performance of various propulsion systems. The urban mission sim-
ulates a route from G. Marconi Airport in Bologna, Italy, to the Bologna train station, adopting
the helicopter as an air shuttle between two strategic hubs. Due to the higher percentage of time
spent performing high-power phases, this mission exhibits the highest weighted average power
requirement among all scenarios. On the other hand, the regional mission reproduces a journey
from Bologna Airport to the Modena train station, representing an intercity air taxi service within
the region. This mission emphasizes cruising, resulting in a lower weighted average power than
the urban mission but demanding significantly higher energy to complete. Figure 3.5 displays the
routes for both urban and regional missions on a map.

Figure 3.4: Standard mission profile: altitude (left axis), and power required (right axis).
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Standard Urban Regional
Payload [kg] 175 (2 pax.) 175 (2 pax.) 175 (2 pax.)
Range [km] 50 6 30.8
Cruising altitude [m] 500 100 200
Hovering before cruise [s] 120 30 30
Hovering after cruise [s] 120 30 30
Total Duration [min] 34.7 4.9 18.3

Total energy required [kWh] 43.2 7.1 21.5
Weighted average power [kW] 77.1 86.6 70.9
Minimum power [kW] 60.4 60.7 60.8
Maximum power [kW] 154.7 155.6 155.8
Low-power phases [%] 75.7 62.5 85.4
High-power phases [%] 23.3 37.5 14.6

Table 3.2: Propulsion system design: mission profiles

BOLOGNA

30.8 km @200 mMODENA

6 km @100 m

Figure 3.5: Illustration of urban (blue) and regional (orange) scenarios on a map [89]

While a comprehensive analysis would need to account for both energy consumption and
emissions, it is clear that the eVTOL significantly reduces travel time compared to car transport
in both urban and regional contexts. In the urban mission, a car takes approximately 20 minutes
to travel from Bologna Airport to the Bologna train station, whereas the eVTOL could reduce
this time by over 75%. Similarly, for the regional mission from Bologna Airport to Modena train
station, which typically takes about 40 minutes by car, the eVTOL would provide a time savings
of around 50%, not including the ”drop and go” phases.

3.2.4 Propulsion system design

A plug-in fuel cell/battery hybrid powertrain is proposed in three different configurations, com-
paring their performance against a purely battery-electric system. The hybrid powertrain archi-
tecture, shown schematically in Figure 3.6, includes an electric motor linked to both the main
and tail rotors by a system of gearboxes and transmissions, and two ”energy delivery lines”. The
motor is fed by a battery and a fuel cell connected in series. This allows either one or both
systems to sustain the power demand and recharge the battery when the helicopter enters into
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low-power phases of flight. In contrast, the battery-electric configuration is simpler, relying on a
single battery pack to power the motor.

Figure 3.6: Schematic visualization of the plug-in hybrid propulsion system [89]

All propulsion configurations are designed to replace the helicopter’s original turboshaft en-
gine and fuel tank. Key design criteria include maintaining the electric powertrain within the
original system’s mass (287.5 kg) and ensuring it can support the rotorcraft through the standard
mission profile (detailed in section 3.2.3). Table 3.3 summarizes the technical requirements for
each configuration. Each component was sized based on commercial data and/or scaling methods,
as discussed further in this chapter.

Electric motor
The H3X HPDM-250 electric motor [91] is an ultra-high power density motor drive for high-
performance and aerospace applications. Its total mass is 21.6 kg, and it provides a peak power
of 250 kW and a continuous power of 200 kW.

Fuel cell
A scaling approach is used to design the fuel cells and hydrogen tanks, with their power/energy
capacity and size based on specific power and energy density reference values. Research on the
state-of-art of hydrogen PEM fuel cells revealed that a conservative power-to-mass ratio of 0.6
kW/kg is consistent with recent studies [94], [95] and aligned with the U.S. Department of Energy
(DOE) 2025 target [96].

Description Requirement
Total mass of the propulsion system 287.5 [kg]
Completion of a reference mission Standard mission
Electric motor type H3X HPDM-250
Battery cell type OXiS high-power Li-S
Battery pack nominal voltage 226.8 v (motor voltage in cruise)
Maximum Depth of Discharge (DoD) 60%
Minimum State of Charge (SoC) 30%
Minimum battery pack capacity ∆SoCstd(climb + hover) > SoClim

Fuel Cell Max. Power to mass ratio (PFCmax/mFC) 0.6 [kW/kg]
Hydrogen storage system gravimetric capacity 5.5 %
Safety Limit (SoClim, mH2lim) Emergency landing phase

Table 3.3: Propulsion system design: technical requirements
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Hydrogen storage
For hydrogen storage, a compressed gas system is selected and sized to achieve a system gravi-
metric capacity of 5.5% (mass percentage of hydrogen fuel with respect to the total mass of the
system given by tank and fuel), as defined by the DOE 2025 technical target [97]. According
to this value, the hydrogen tank mass is approximately 17.2 times the weight of the onboard
hydrogen fuel, mH2

.

Battery
Data on the battery cell selected in this study [98] are summarized in Table 3.4. This battery cell
is characterized by a good balance between energy density and discharge rate, making it highly
suitable for aerospace applications, although it has a relatively limited charging rate. Conven-
tional Li-Ion and Li-Po batteries can achieve even higher discharge rates but at the expense of a
generally lower energy density. Across all configurations, the battery pack is designed to match
the nominal voltage requirements of the electric motor during cruise, with its capacity tailored
according to the propulsion system type. The individual cells act as ”building blocks” for the
battery pack, arranged in series and parallel to achieve the desired specifications. The capacity
of the battery pack in the battery-electric setup enables the helicopter to complete a standard
mission and attain a 50 km maximum range. On the other hand, in the plug-in fuel cell hybrid
system, the battery pack capacity is determined by balancing contributions from both power
sources: the battery and hydrogen fuel cell. Additionally, a conservative Depth of Discharge
(DoD) of 60% is used in all cases for estimating the State-of-Charge (SoC).

Parameter Value
Chemistry Li-S
Nominal voltage [V] 2.1
Nominal capacity [Ah] 19
Max discharge rate [-] 6C
Max charge rate [-] 0.25C
Weight [g] 141
Energy density [Wh/kg] 283

Table 3.4: Battery cell data

A powertrain configuration where both the hydrogen and battery lines are capable of sustain-
ing the helicopter along all flight conditions is not feasible, as their power/energy characteristics
are not suitable for carrying the helicopter alone during the whole mission. Therefore, the pro-
posed hybrid approach is conceived such that:

• the fuel cell provides a maximum power that is high enough to meet the requirements for
the cruise phase while allowing the recharge of the battery at the maximum rate;

• the battery compensates power peak requests in the high-power segments;
• the battery capacity must be large enough for the aircraft to complete the first two flight
phases of the standard mission (climbing from 0 to 500 m and 2 minutes hovering) without
dropping below the safety limit;

• the helicopter must carry enough hydrogen to complete the minimum range of the standard
mission and maximize the endurance.

According to the above-mentioned approach, and the technical requirements 3.3, three hybrid
configurations plus a battery-electric one are designed. Their data are reported in 3.5. The
number of battery cells in series defines the nominal voltage, which is a fixed parameter determined
by the electric motor. For this reason, the battery packs are designed by tuning only the number
of parallel modules. ”Hybrid 70” consists in a 70 kW fuel cell coupled with a storage system for
4.9 kg of hydrogen. The fuel cell size corresponds to the minimum one that has a power high
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enough to recharge the battery at the maximum rate of charge when the helicopter is cruising in
the standard scenario. ”Hybrid 80” mounts an 80 kW fuel cell coupled with 4 kg of hydrogen
storage. This size approximately matches the weighted average power of the standard mission,
but cannot be exploited for recharging the battery faster due to the limited battery charge rate.
”Hybrid 90” has a 90 kW fuel cell and 3 kg of hydrogen storage. This system has an oversized
power with respect to the previous two. The hydrogen reserve (mH2res) represents the minimum
quantity of hydrogen that must remain in the tank to ensure that the hydrogen pressure meets the
requirements for fuel cell functionality. This reserve is not accessible for flight, and it is determined
by calculating the mass of hydrogen at a conservative pressure of 10 bar (room temperature, 20◦)
within a tank designed for a nominal pressure of 350 bar.

Battery-Electric Hybrid 70 Hybrid 80 Hybrid 90
Powertrain mass [kg] 280.5 287.1 287.3 285.6
Useful battery energy [kWh] 44.0 10.3 10.3 10.3
Useful fuel energy [kWh] - 68.3 55.7 41.8
Tot. useful energy on board [kWh] 44.0 78.6 66.1 52.2
Battery Pack
Configuration [-] 108s17p 108s4p 108s4p 108s4p
Battery pack Capacity [kWh] 73.3 17.2 17.2 17.2
Nominal Capacity [Ah] 323 76 76 76
Nominal Voltage [V] 226.8 226.8 226.8 226.8
Mass [kg] 258.9 60.9 60.9 60.9
Depth of Discharge 60% 60% 60% 60%
Hydrogen Line
Fuel cell rated power [kW] - 70 80 90
Fuel cell system mass [kg] - 115.5 132.0 148.5
Average Fuel cell efficiency - 45% 45% 45%
H2 capacity [kg] - 4.9 4 3
H2 tank empty mass [kg] - 84.2 68.7 51.6
Reserve H2 [kg] - 0.17 0.14 0.11
DC/DC efficiency [-] - 0.93 0.93 0.93

Table 3.5: Propulsion systems design parameters

To make some practical considerations on the different propulsion systems, two parameters
are defined: the Useful gravimetric Energy Density (UED, expressed in kWh/kg) and the Specific
Power (SP , expressed in kW/kg) related to the battery and hydrogen lines (subscripts H2

and b)
and the whole system (subscript tot). In particular

SPb =
EbC-rate|dmax

mb

SPH2 =
PFCmax

mh

SPtot =
mbSPb +mhSPH2

mb +mh



UEDb =
EbDoD

mb

UEDH2 =
LHVmH2ηDCηFC

mh

UEDtot =
mbUEDb +mhUEDH2

mb +mh

(3.16)

where Eb is the battery pack capacity, C-rate|dmax is the maximum discharge rate of the battery,
mb is the battery mass, ηDC and ηFC are respectively the reference average DC/DC controller
and fuel cell efficiency, while mh is the mass of the hydrogen line (converter, fuel cell, storage
system, and fuel). The computed values are reported in Table 3.6.



28 3. PERFORMANCE ANALYSIS AND CONCEPTUAL DESIGN

Battery-Electric Hybrid 70 Hybrid 80 Hybrid 90

Battery line
SPb 1.7 1.7 1.7 1.7
UEDb 0.17 0.17 0.17 0.17

Hydrogen line
SPH2 - 0.34 0.39 0.44
UEDH2 - 0.33 0.27 0.21

Total
SPtot 1.7 0.65 0.69 0.73
UEDtot 0.17 0.30 0.25 0.20

Table 3.6: Specific power and useful gravimetric energy density of the electric and hybrid config-
urations.

It is quite clear that the battery exhibits significantly higher specific power when compared
to the fuel cell. On the other hand, the hydrogen option provides greater energy density values
in hybrid configurations than those achievable with a battery-electric system. For instance, the
”Hybrid 70” configuration nearly doubles the UED realized by the battery-electric model, while
the ”Hybrid 90” configuration has the highest SP among all hybrid designs, but also the minimum
amount of energy stored. This is because the mto remains constant, therefore, if the helicopter
utilizes a more powerful fuel cell, the quantity of hydrogen and the corresponding tank size must
be decreased.

3.2.5 Power distribution strategy

The hybrid propulsion system configuration requires an energy management strategy to define
the power distribution between the fuel cell and the battery during each flight phase. A control
factor k defines the amount of power delivered by the battery and hydrogen lines, such that:

k = 1− ηDC
PFC

Ptot
and Pb = kPtot (3.17)

where ηDC is the efficiency of the DC/DC controller, assumed to be constant and equal to 0.93.
The rule-based control strategy (Figure 3.7) is divided into two branches, depending on the power
required by the rotorcraft:

• Ptot > PFCmax
: the battery is discharged and sustain the electric motor together with the

fuel cell (k > 0);
• Ptot < PFCmax

: the fuel cell can provide enough power to both sustain the helicopter alone
and recharge the battery pack (k < 0).

The fuel cell operates across a predefined set of constant-power operating points, depending on the
battery SoC and the Ptot/PFCmax

ratio. For the sake of this work, the definition of the operating
points is based on an heuristic approach, and the energy management strategy proposed in this
study does not rely on the application of optimization tools. According to this, as long as the
battery SoC is higher than a predefined limit (SoCFC,max), the fuel cell is regulated by the
piece-wise linear function (fcontrol) depicted in Figure 3.8). Otherwise, if SoC < SoCFC,max,
PFC is set to the maximum value. The feedback on the SoC has the aim of saving battery when
the state of charge becomes too low, to the detriment of higher fuel consumption. In Figure
3.8, the parameters x1 = 2, x2 = 1, y1 = 1, y2 = 0.8 and y3 = 0.7 are user-defined. During
low-power phases, the battery can be either charged or discharged to maintain the level of SoC
within two target levels (SoCmax and SoCsust). With this approach, the battery is charged in the
initial part of the low-power segment and then maintained at SoC levels within the user-defined
bounds. Similarly to the high-power phases, when the battery is discharged, the fuel cell power
is regulated by Equation 3.19, while the charging phase is set at the PFC,charge level. This is

PFC,charge = min

[
PFC,max ,

Ptot − Pb|cmax

ηDC

]
(3.18)
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where Pb|cmax= EbC-rate|cmax is the battery power at the maximum rate of charge. Even if with a
lack of physical meaning, in this analysis the battery power is defined as negative during battery
charge phases. On the other hand, PFC is limited by both its maximum level and the maximum
rate at which the Li-S battery cells can be charged.

t

Figure 3.7: Scheme of the control strategy implemented on the hybrid powertrain [89]

Figure 3.8: Piece-wise linear control function for the fuel cell power output [89]
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During the high-power phases, the fuel cell power follow the equation:

PFC,discharge =

{
fcontrol(Ptot) if SoC > SoCFC,max

PFC,max if SoC < SoCFC,max
(3.19)

Further, during the flight, the controller constantly evaluates the mass of hydrogen, ∆mH2(Tem),
and battery energy, ∆SoC(Tem), that are required to complete a standard emergency landing
of a total duration of Tem. This consists of performing 2 minutes of hovering at the current
altitude h and then descending to the ground (set at 0 meters for the sake of simplicity) at 4
m/s of vertical speed. The emergency landing time depends on the altitude at which the landing
procedure starts. For this reason, two lower boundaries are set for the hydrogen mass (mH2lim)
and the battery SoC (SoClim): in case one of these two limits is reached, the helicopter is running
out of energy in one of the two propulsion lines and the mission is interrupted. Indeed, for safety
reasons, the helicopter must carry enough energy on board to perform, at any time, a safe landing
from the current altitude. The parameters for the feedback control are summarised in Table 3.7.

Feedback Value Description
SoCmax 90 % Maximum battery SoC
SoCmin 30 % Minimum battery SoC
SoCsust 70 % In the low-power phase, whenever the SoC hits this limit while decreas-

ing, the battery charge phase is activated
SoCFC,max 65 % In battery discharge phases, it is the level of SoC below which the fuel

cell is set at PFCmax

SoClim - Emergency limit for SoC. It is computed as SoCmin +∆SoC(Tem)
mH2lim - Emergency limit for mH2 . It is computed as mH2res +∆mH2(Tem)

Table 3.7: Control strategy feedback parameters

Regarding the helicopter’s safety protocols, it’s important to note that in hybrid configu-
rations, neither the fuel cell nor the battery can independently support the helicopter during
high-power flight phases. However, system redundancy is an inherent advantage of hybrid con-
figurations, and in the case of an emergency descent, a suitable ramp angle can be selected to
help the powertrain sustain the vehicle. In addition, while assessing the helicopter performance
in this specific scenario is beyond the scope of this study, it is crucial to highlight that due to
its mechanical design, the helicopter can always rely on the autorotation maneuver to perform a
safe emergency landing without the need for an active propulsion system.

3.2.6 Results

The performances of the helicopter are studied, and the results of the four propulsion systems
(designed in Section 3.2.4) are compared over the three mission scenarios (see Section 3.2.3). The
initial test assesses the maximum range achievable in the standard scenario, by extending the duty
cycle shown in Figure 3.4 and progressively increasing the cruising distance until the helicopter
starts an emergency landing. The maximum range and residual battery SoC are reported in
Figure 3.9, where the latter is

SoCresidual = SoC(T )− SoCmin (3.20)

and T is the total duration of the mission. Among the configurations, ”Hybrid 70” achieves the
greatest range at BSE speed, covering 116 km, which is more than twice the range of the battery-
electric configuration (50 km). As anticipated, due to the smaller hydrogen storage, ”Hybrid
80” and ”Hybrid 90” achieve shorter distances (93 km and 65 km, respectively), yet still exceed
the range of the battery-electric design. All three hybrid setups complete the mission with a
comparable SoCresidual, proving that, as soon as the battery can power the vehicle through the
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initial climb and hover phases, the maximum range can be extended by increasing the mass of
hydrogen carried onboard.

Figure 3.9: Maximum range on the extended standard mission (left), and residual battery SoC
(right), for different powertrain layouts.

The second test is conducted along the urban and regional missions. In these scenarios,
the helicopter repeats a single route until it runs out of energy and starts an emergency landing.
This approach aims to determine the number of trips the rotorcraft can complete before requiring
refueling or battery charging. The results are summarized in Table 3.8 and the residual amount
of hydrogen is given by

mH2,residual = mH2(T )−mH2res (3.21)

Battery-Electric Hybrid 70 Hybrid 80 Hybrid 90
Urban Scenario
# Routes [-] 5.7 4.9 5.9 7.1
mH2,residual [kg] - 2.9 1.6 0.13
SoCresidual [%] 0.0 0.0 0.0 0.0
Regional Scenario
# Routes [-] 1.8 3.5 2.9 2.1
mH2,residual [kg] - 0.0 0.0 0.0
SoCresidual [%] 0.0 10.6 29 29.5

Table 3.8: Rotorcraft performance results in the urban and regional scenarios

Considering the urban scenario, the battery-electric helicopter demonstrates significant per-
formance by completing 5 trips between the airport and the train station, which is the same
amount of ”Hybrid 80” and one more than ”Hybrid 70”. Even if by carrying a lower amount
of energy than the hybrid configurations, the low-range/high-power mission aligns well with the
strengths of a battery-electric powertrain. Indeed, ”Hybrid 70” and ”Hybrid 80” ends up the
mission with 2.9 kg and 1.6 kg of unused hydrogen because of the battery depletion. In these
cases, the fuel cells cannot adequately support the battery to meet the motor power demands,
as they are undersized for the mission’s average power requirements. Additionally, the limited
charging rate of the Li-S battery cells, combined with the short cruising time (and thus limited
battery recharging opportunity), accelerates battery drain. Conversely, ”Hybrid 90” achieves
the highest number of trips, completing seven journeys with just 0.13 kg of residual hydrogen.
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Its larger fuel cell enables it to deliver higher power during intense phases, preserving battery
SoC and achieving a better balance between hydrogen and battery energy utilization. Figure
3.10 shows the battery SoC profiles for each design during the urban mission. The pink line
indicates the safety threshold below which the helicopter initiates an emergency landing, contin-
uously monitored throughout the mission to ensure descent occurs with the minimum necessary
battery charge. When the battery SoC reaches this threshold, the mission is interrupted, and
the helicopter descends following the standard emergency protocol. The system implements a
charge-sustaining behavior at low-power, but, due to the limited duration of the cruise phases,
the batteries are never fully replenished. Therefore, the range and endurance differences among
the hybrid designs are primarily influenced by powertrain performance during high-power phases,
where battery depletion occurs. Higher-power fuel cells are advantageous in these phases, con-
serving battery energy and extending both range and endurance. Figure 3.11 shows the power
profiles for both fuel cell and battery systems. The energy management strategy keeps the fuel
cell running at a nearly constant power output in the ”Hybrid 70” configuration, as it is under-
sized relative to the mission requirements. Conversely, in configurations with a larger fuel cell,
such as ”Hybrid 90,” the power output aligns more effectively with the demands of each flight
phase, resulting in more efficient energy utilization. The urban mission specifically aims to stress
the battery line more than the hydrogen branch, making the SoC the main limiting factor. By
preserving battery energy through the use of a more powerful fuel cell like in ”Hybrid 90”, a
more suitable balance is achieved. This trade-off enables comparable or greater ranges than the
battery-electric design.

The regional mission was analyzed in a similar way. This scenario demands a longer range
than the urban mission but with a lower average power requirement, favoring powertrains with
higher UED. Specifically, ”Hybrid 70” completes 3 full regional trips, outperforming the other
two hybrid configurations (even if ”Hybrid 80” comes close to finishing a third trip) and the
battery-electric one, which completes only a single route (Table 3.8). For this scenario, battery
SoC is no longer the limiting factor for hybrid designs; instead, each mission ends when fuel runs
out, leaving a substantial amount of energy unused in the battery. This trend is evident in Figure
3.12, where none of the hybrid designs reach the battery’s safety threshold. ”Hybrid 70” delivers
the best performance in terms of residual SoC, completing 3.5 travels with only 10 % of unused
SoC, while ”Hybrid 80” and ”Hybrid 90” left around 30% of the total energy. Finally, Figure
3.13 shows the power distribution between battery and fuel cell. Given that the regional mission
predominantly involves low-power operations (mainly cruising), the fuel cell maintains an almost
constant power output across all three hybrid configurations. Among the four options, ”Hybrid
70” appears to be the most suitable configuration for regional operations, as the near-complete
utilization of onboard energy and the steady operation of the fuel cell suggest it is a well-balanced
configuration for this type of transportation.
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(a)

(c) (d)

(b)

Figure 3.10: Battery SoC in the urban scenario. The grey region indicates the allowed DoD of
the battery (from 90% to 30%) while the grey dashed lines represent the end of the single routes.
a) Battery-electric; b) Hybrid 70; c) Hybrid 80; d) Hybrid 90

(a)

(c) (d)

(b)

Figure 3.11: Power output profiles in the urban scenario. The grey dashed lines represent the
end of the single routes. Battery-electric (a), Hybrid 70 (b), Hybrid 80 (c), Hybrid 90 (d)
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(a)

(c) (d)

(b)

Figure 3.12: Battery SoC in the regional scenario. The grey region indicates the allowed DoD of
the battery (from 90% to 30%) while the grey dashed lines represent the end of the single routes.
a) Battery-electric; b) Hybrid 70; c) Hybrid 80; d) Hybrid 90

(a)

(c) (d)

(b)

Figure 3.13: Power output profiles in the regional scenario. The grey dashed lines represent the
end of the single routes. a) Battery-electric; b) Hybrid 70; c) Hybrid 80; d) Hybrid 90
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3.2.7 Conclusions on the propulsion system

In this section, different propulsion systems for a lightweight helicopter were evaluated in an
Urban Air Mobility context. The design approach replaces the original turboshaft engine with a
sustainable powertrain by considering mass and performance constraints and adopting a suitable
energy management strategy. In particular, 3 plug-in hybrid fuel cell systems and a full battery-
electric design are compared along 3 mission scenarios. Key findings are:

• Both hybrid and battery-electric powertrains perform well in specific missions. The
battery-electric system offers higher power density, making it ideal for short-range mis-
sions, while the fuel cell acts as an effective range extender for longer distances.

• As expected, the configuration with the highest UED reaches the maximum range in
the standard mission but the same is not valid for all the UAM scenarios. ”Hybrid 70”
outperforms the other layouts in the regional travels whereas an oversized fuel cell (”Hybrid
90”) proves more effective in urban missions, allowing a better exploitation of the energy
onboard. In the latter case, the battery-electric helicopter reaches a remarkable number
of routes.

• The best hybrid powertrain configuration depends on mission type. Short-range, high-
power missions benefit from a larger fuel cell, while regional, low-power missions favor a
smaller fuel cell paired with ample hydrogen storage.

• Optimal performance is achieved when all onboard energy is utilized by the end of a
mission. Such a condition is unlikely to be verified in any situation by the hybrid layout,
where either the battery capacity or the hydrogen mass cannot be fully exploited.

Considering a UAM scenario, the choice for the best propulsion system depends on the specific
mission that the rotorcraft has to complete. For the sake of this thesis, urban missions are the
prevalent goal for the studied cases, and the selection must fall between a battery-electric de-
sign and a hybrid configuration with an oversized fuel cell. While the second surely provides
better performance, the first one brings inherent advantages linked to the simplicity of its ar-
chitecture and the capability to perform experimental tests on small-scale models. Following in
this manuscript, different VTOL configurations will be compared and an extensive mathematical
representation of their flight dynamics will be performed. This requires validation through testing
and simulations and for this reason, a battery-electric architecture is selected from now to the
end of the thesis.

3.3 VTOL Configuration study

3.3.1 Overview and aim of the study

The analysis presented in Section 3.2, highlights the potential capabilities of hybrid and battery-
electric helicopters in urban and regional scenarios. However, a large variety of rotorcraft config-
urations can populate a reliable and efficient UAM ecosystem. It then becomes crucial to select
the optimal layout not only in terms of flight performance but also by considering qualitative
aspects such as societal acceptance and its impact on the community. In this section, both a
quantitative and qualitative analysis of the positive and negative aspects of rotary wing VTOLs
is carried out to propose a suitable candidate for UAM services in the future. At first, VTOLs
can be classified between rotary and mixed-wing configurations: while the first ones always rely
on one or multiple rotors to produce both lift and thrust, the second category includes all the
VTOLs that use a fixed-wing to provide lift during forward flight phases and a set of rotors to
provide thrust in forward flight and enable VTOL capabilities at low speed. This second cate-
gory includes tilt rotors, tilt wings, vectored thrust, and lift+cruise VTOLs. Those will not be
included in this study since they are not purely rotary wing configurations and enable VTOL
capabilities by passing through a transition time between forward and hovering flight conditions.
For the sake of this study, three main categories of rotary wing VTOLs are investigated, i.e. the
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classical helicopter, the side-by-side helicopter, and the multirotor. The general characteristics of
these VTOLs are here summarised.

(a) (b) (c)

Figure 3.14: Examples of rotary wing VTOLs. a) Curti Zefhir [99] conventional helicopter; b)
McDonnell XHJD-1 Whirlaway [100] side-by-side helicopter; c) Volocopter Volocity [29] multiro-
tor

Conventional helicopter
The conventional helicopter, often referred to as the single-rotor helicopter, represents the most
widely adopted rotorcraft configuration, largely employed nowadays and in the past for most of
the air transport which requires VTOL capabilities. Lift and thrust forces are both generated
by a large main rotor which sustains the rotorcraft weight and provides the propulsive power to
perform vertical and in-plane maneuvers. The main rotor torque is counteracted by a secondary
rotor, generally placed on the tail of the helicopter, that is used to perform yaw maneuvers,
thus rotations around the vertical axis. Classical helicopters are generally controlled by a system
of swashplate and pitch links [101], [102] which allow the variation of pitch angle in each rotor
blade and realize collective, lateral cyclic and longitudinal cyclic pitch controls. The collective
pitch increases the main rotor thrust, while the lateral and longitudinal cyclic create rolling
and pitching moments to tilt the helicopter for forward and lateral motion. The yaw motion is
instead controlled by the tail rotor collective pitch angle. Both the main and tail rotors operate
at constant angular speed, meaning that pitching, rolling, and yawing moments are generated
only by the variation of the blade’s pitch angles. Its history dates back to the early 20th century,
with significant advancements occurring during the 1930s. Among the earliest examples of a
fully operational single-rotor helicopter is the VS-300, designed by Igor Sikorsky in 1939. This
prototype set the foundation for modern rotorcraft technology, introducing key innovations such
as collective and cyclic pitch control, which allowed for precise maneuvering and stable hovering
flight. In the context of UAM, the conventional helicopter offers a proven, reliable platform for
short-range and medium-range missions. Although its larger rotor diameter can pose challenges
in densely populated environments, its high aerodynamic efficiency and range make it a valuable
asset for UAM operations [103].

Side-by-side helicopter
Dual-rotors are a particular category of helicopters made by arranging a couple of counterrotating
rotors in tandem or side-by-side layout. In this case, the tail rotor is not necessary and the
rotorcraft can be controlled simply by a proper mixing of the single rotor controls. Each rotor
operates at constant RPM and is provided by collective and cyclic pitch controls. One of the
most common examples of dual-rotor helicopters operating in tandem configuration is the Boeing
CH-47 Chinhook developed in the 60s for the U.S. Army. Several studies can be found in the
literature related to this vehicle, both with an experimental [104]–[106] and a numerical approach
[107]–[109]. Although this configuration is highly accepted as a proper solution for a wide range
of operations, especially related to heavy lift duties, it is known that it presents some criticalities
related to the stability and aerodynamic properties of the two rotors. According to Newman [103],
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the presence of aft and rear rotors may induce potential mode couplings between longitudinal
and lateral dynamics that can be detrimental to the rotorcraft’s controllability. In addition,
when the rotorcraft assumes a nose-up attitude during landing operations, the rear rotor may fall
directly into the downwash of the aft one and induce pitch instability. A solution to reduce this
effect can be found by rearranging the rotors in a side-by-side layout, with the longitudinal axis
perpendicular to the rotor-rotor one. For these reasons, only the side-by-side configuration will be
considered as a viable dual-rotor solution for UAM transport. Over the years, this configuration
has periodically emerged as an alternative in various aviation projects. Its history started in
the early 1930s, with one of the first prototypes built in Germany between the First and Second
World Wars. The rotorcraft is known as the world’s first operating helicopter with a system
of collective and cyclic pitches and is named Focke-Wulf Fw 61. The rotorcraft was meant to
operate as a military vehicle for observation, transport, and medical evacuation. Even if the
configuration experienced intermittent development through the mid-20th century, research on
side-by-side helicopters has gained momentum in recent years with the growing interest in the
UAM concept and alternative VTOL design. The need for compact, efficient, and relatively quiet
rotorcraft for intra-urban transport has prompted renewed investigations into the performance
and flight dynamics of this configuration [110], [111]. The NASA Advanced Air Mobility (AAM)
program focuses on the future of urban and regional aviation and includes studies on different
VTOL configurations, including side-by-side rotorcraft. Their research highlights the potential
benefits of lateral rotor placement in dense urban environments. Johnson et al. conducted several
performance analysis and conceptual design studies to define optimal configurations for UAM
purposes [48], [49]. In their studies, the side-by-side helicopter has intermediate performance
between multirotor and lift+cruise configurations, partially confirming the conclusions drawn at
the end of Section 3.3.5 in this work.

Multirotor
The last rotary-wing configuration analyzed in this study is the multirotor. Unlike the previ-
ous two, the multirotor operates by varying the angular speed of the rotors while maintaining a
constant blade pitch. This approach is widely employed in commercial drones due to its ability
to significantly reduce both the mechanical system’s complexity and the aircraft’s empty weight.
Control of the individual rotors’ rotational speeds is used to generate the moments required
for maneuvering flight, enabling pitch, roll, and yaw movements. For instance, in a quadro-
tor, differential rotor speeds between the front and rear rotors create moments about the lateral
axis, resulting in pitching maneuvers. Similarly, lateral rotor speed variations and rotor torque
adjustments are used to produce rolling and yawing maneuvers. The origins of multirotor tech-
nology can be traced back to the early 20th century, with pioneering concepts such as Etienne
Oehmichen’s quadrotor and De Bothezat helicopter in 1922. However, the configuration gained
attention only in the 21st century, driven by advancements in electric propulsion and lightweight
materials. Today, multirotor are commonly associated with commercial drones and unmanned
aerial systems (UAS), offering exceptional maneuverability in a rather simple design and pro-
viding services such as last-mile delivery, surveillance, and aerial photography. Multirotors are
an essential component of the UAM vision: companies like EHang [30] and Volocopter [29] have
developed prototypes specifically designed for UAM operations, demonstrating their potential for
providing safe and efficient short-range urban transport. Their widespread use in commercial
and recreational applications has also contributed to their societal acceptance, making them a
key focus of ongoing research studies. In addition, this configuration is considered a promising
candidate for short-range missions due to its compact size, minimal infrastructural requirements,
and ability to operate in highly constrained urban environments [28].

3.3.2 Conceptual design methodology

In order to study the performance of different configurations, a proper design methodology has
to be defined. The battery-electric helicopter presented in Section 3.2 is adopted as a baseline
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configuration for designing two alternative rotary wing eVTOL layouts: a side-by-side helicopter
and a hexacopter drone (Figure 3.15).

Figure 3.15: Rotorcraft’s conceptual design illustration [112]

The technical requirements for the conceptual design are:

• a maximum take-off mass of 760 kg;
• two passengers of payload (175 kg);
• a maximum size of the rotorcraft not exceeding 7.6 m;
• battery discharge limit of SoC = 30%;
• max. hovering throttle at 500 m: 65%;
• objective endurance: 50 min;
• same structure and fuselage;

Adopting the same fuselage in the three cases guarantees equivalent aerodynamic loads and
constant weight and volumes. The methodology is summarised here:

• Side-by-side helicopter: the rotors are designed from the required maximum width, and
the rotor angular speed was derived by keeping the same blade tip speed as the single-rotor
configuration. The rotor blades maintained the same aspect ratio and a constant airfoil
along their span;

• Multirotor: a specific motor + propeller system is selected [113] to operate at variable
RPM. For the sake of this study, a hexacopter was considered, as the more classical
quadrotor brings some criticalities in safety and residual controllability. While the constant
RPM machines (helicopter and side-by-side) can rely on the autorotation maneuver in
case of engine failure [114], drones implement safety measures through the redundancy
of their rotors. Residual controllability of the system in case of engine failure is only
guaranteed with systems having a minimum of six rotors, while in the case of a two-
rotor failure, only if these two are not adjacent. It is straightforward the reason why the
quadrotor configuration is directly neglected in this study and hexacopters are considered
as representative of their VTOL category.

The helicopter’s blades are scaled as mbl =
mbl0

R0
R, where the subscript 0 refers to the heli-

copter’s baseline design. A scaled set of Nr electric motors is selected for the single and dual
rotor layout. In particular, linear scaling is applied by considering the set of commercial motors
produced by EMRAX (Kamnik, Slovenia) [115] (Figure 3.16). EMRAX produces a family of
electric motors properly designed for aeronautical and high-power-density applications. Their
relatively low weight and high-power characteristics make them an excellent candidate to sustain
UAM vehicles and perform AAM services [116]. In addition, the different motor sizes designed
with the same technology, and the availability of their technical datasets [117], make this product
very suitable for analytical scaling, as proposed in this work. The scaled motors are selected by
fixing the required maximum power for hovering (65% throttle at 500 m altitude) and computing
the equivalent weight with a second-order polynomial interpolation (see Figure 3.16). A similar
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approach is applied for the derivation of the specific load factor and the equivalent power/RPM
curves. Rotorcraft design specifications are summarized in Table 3.9.

Figure 3.16: EMRAX motors scaling curves [112]

Helicopter Side-by-side Multirotor
Max. take-off mass mto [kg] 760 760 760
Empty mass m0 [kg] 301.2 299.4 306.3
Payload mass mp [kg] 175 175 175
Motor mass me [kg] 74.4 23.1 11
Battery mass mb [kg] 209.4 239.4 212.7
Tail rotor yes no no
Max. width L(R) [m] 7.6 (3.8) 7.6 (1.9) 4.8 (0.8)
Electric motor
Type Scaled Scaled Commercial
Number of motors Nr 1 2 6
Maximum motor power Pmax [kw] 183.5 110.8 45
Specific load factor sls [RPM/Vdc] 1.22 6.08 16.4
Main Rotor
Number of blades Nb - 2 2 2
Rotor radius R [m] 3.8 1.9 0.8
Chord c [m] 0.195 0.098 0.08
Angular velocity Ω [RPM] 528.5 1057 1000 ÷ 2500
Tip speed VT [m/s] 210 210 170 ÷ 420
Disk loading DL [kg/m2] 16.8 25.8 48.5
Blade’s drag coeff. Cd0

, k - 0.008, 0.008 0.008, 0.008 0.008, 0.008

Table 3.9: Rotorcraft conceptual design specifications

3.3.3 Battery design methodology

The battery pack is designed by adopting the following methodology. The battery cells are
arranged in a series and parallel layout in order to:

• maximize the total capacity;
• match the motor’s voltage in the hovering situation;
• adhering to the maximum take-off mass requirement.
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Figure 3.17 depicts a typical battery pack arrangement on the left. An iterative procedure is
required, since every time the total number of cells is changed, the overall weight of the system
changes accordingly, and with it the electric motor power demand. It is worth mentioning that,
the number of cells in parallel (ncs) defines the battery pack capacity, while the number of cells
in series defines the battery voltage (ncp). The methodology is depicted in Figure 3.17 on the
right. The algorithm looks for the best combination of ncs and ncp to match the nominal voltage
of the battery (V b

nom) with that of the motor (V e
nom) to maintain the rotorcraft in a hover. The

rotorcraft power demand is computed at every iteration with the analytical model described in
Section 3.3.4, while the characteristic power curve of the electric machine links the power required
at the shaft Psh and the rotational frequency of the motor RPM . An electrical motor’s specific
load speed sls is a metric that links voltage and frequency. At each iteration, the number of cells
in series and parallel is computed as

ncs = round

(
V e
nom

V c
nom

)
(3.22)

nnewcp = noldcp + floor

(
mto −mto(n

new
cs , noldcp )

ncsmc

)
(3.23)

where mto(n
new
cs , noldcp ) is the total weight computed with a battery having the new ncs and the

ncp computed in the previous iteration.

Figure 3.17: Battery pack design (left); Algorithm for battery pack design (right) [112]

In this sense, the ncs tends to match the nominal voltages, while ncp is used to fill up the
remaining available mass and maximize the capacity, and thus the endurance. At every iteration,
the mass of the rotorcraft is updated with the ”new” battery cell arrangement, where the battery
mass is mb = nnsncpmc, its nominal voltage is V b

nom and the nominal capacity is Cb
0. In Figure

3.17, the ”empty mass” m0 is the mass of the rotorcraft without payload and electric propulsion
system (the rotor mass is included), while the mass occupied by the motors is Neme. The
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algorithm stops when both the requirements for voltage error and variation in the number of
series cells are achieved. The silicon anode battery (Si-A) cells produced by Amprius (Fremont,
United States) [118] are selected for this study since they offer an improved energy density with
respect to traditional lithium-ion (Li-Ion) batteries. This technology guarantees the maximum
energy density currently available on the market, with an acceptable limit regarding the maximum
discharge rate exploitable from the pack. Further descriptions of Amprius batteries and silicon
anode technology can be referred to in the works of Feng [119] and Tang [120]. Table 3.10 reports
the battery cell details.

Battery Type: Silicon Anode (Amprius Technologies [118])
Nominal voltage V c

nom 3.7 V
Nominal capacity Cc

0 3.8 Ah
Max. discharge rate Crate 3 C
Energy density Ed 425 Wh/kg
Cell mass mc 33 g

Table 3.10: Battery cell parameters

Table 3.11 reports the battery pack designs produced by applying this methodology. The
available space in each vehicle was different because of the different motor and rotor weights;
therefore, the side-by-side helicopter is the rotorcraft with the highest energy carried onboard,
while similar battery packs are produced for the helicopter and the multirotor, with a different
cell arrangement.

Helicopter Side-by-Side Hexacopter
Pack design nncs × ncp [-] 171× 37 113× 64 102× 63
Battery mass mb [kg] 209.4 239.4 212.7
Nominal voltage V b

nom [v] 632.7 418.1 377.4
Nominal capacity Cb

0 [Ah] 140.6 243.2 239.4
Ideal energy E [kwh] 89.0 101.7 90.4

Table 3.11: Battery packs design

3.3.4 Mathematical modeling

The analytical model to evaluate the power demand of each configuration is derived from the
one presented in section 3.2.2. For the side-by-side helicopter, the main rotor is split into two
separated ones, with negligible interaction and such that each of them provides half of the required
thrust. The total power required by the rotorcraft is the sum of the single rotor power (equation
3.3), the parasite power due to fuselage drag, and the system power, such that

Psh =
PP +Nr(P

i
M + P p

M )

ηM
+ Ps (3.24)

The side-by-side and classical helicopter work at constant rotor angular speed, thus the same
modeling approach can be adopted for both configurations. On the other hand, the multirotor
works with variable RPM control and fixed collective pitch, meaning that the rotor’s angular speed
depends on the flight condition. For preliminary performance analysis, Ω in equations 3.3 and 3.6
can be determined by the experimental thrust-RPM curve provided by the commercial electric
motor coupled with high-performance propellers [113]. Similarly to the side-by-side helicopter
case, the total thrust is distributed between the single rotors, each of them rotating at the specific
RPM derived by the characteristic curve.
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The battery is modeled with a constant-power battery discharge model extrapolated from
the experimental study conducted by Avanzini et al. [70]. In their work, a series of tests on
Li-Po batteries were carried out to determine the overall duration t, depending on the battery
capacity Cb

0, the number of cells Nc = ncsncp, and the constant battery discharge power Pb. An
exponential model was implemented as

t = α(Nc, Pb)C
b
0 (3.25)

where α is a function of the power and the number of cells. The values of α were obtained in
experiments for variables Pb and Nc and interpolated by applying a variable separation method.
Nevertheless, the interpolation adopted by Avanzini has the criticality of diverging when the
number of cells increases and it could not be applied in this case. As such, an alternative
interpolation method is proposed:

α(Nc, Pb) = a(Nc)P
b(Nc)
b + c(Nc) (3.26)

where 
a(Nc) = 4.129Nc − 0.2241

b(Nc) = −1.003

c(Nc) = −0.03244N−1.43
c + 3.161 · 10−4

(3.27)

so a(Nc), b(Nc), and c(Nc) are, respectively, linear, constant, and exponential functions of Nc. In
order to scale the results to the Si-A batteries employed in this study, a simple linear proportion
is performed using the nominal voltage of the cells, to the experimental values of α, namely αexp,
such that

α = αexp
V c
nom(Si−A)

V c
nom(Li− Po)

. (3.28)

The experimental data are reported in Figure 3.18.

c

c

c

c c

c

c

c

Figure 3.18: Experimental α values and small N interpolation [112]

3.3.5 Performance analysis

The performance of the three rotorcraft configurations is studied in terms of the power required,
maximum endurance, range, and performance on the standard mission scenario described in
Section 3.2.3. The power curves for each configuration at variable forward speed are reported
in Figure 3.19. The plot provides the envelope of power curves from an empty (mp = 0 kg)
to a maximum load condition, showing the variation of power for different payloads. Different
considerations can be made from this plot. In general, the multirotor design is the highest power-
consuming configuration, with a hovering power in a fully loaded layout of 180.2 kW. The dual
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rotor configuration is a compromise between the others, requiring 140.9 kW to keep a steady
hovering condition, while the helicopter’s hovering power is 117.5 kW. Considering low-speed
conditions (below the minimum power speed) the helicopter is the most efficient configuration, as
it requires a minimum power to hover and perform forward flight in both empty and fully loaded
layouts. Low-speed regimes are governed by the induced power, which is directly proportional to
the disk loading, defined as the ratio between the thrust and the rotor-swept area (DL = T/Ar).
A larger disk loading leads to low power efficiency at low speed. At flight regimes above the
minimum power, the slopes of the side-by-side, and helicopter curves, merge until the first one
becomes lower. It is known, indeed, that single-rotor layouts are suitable for low-speed operations,
while a larger number of rotors brings advantages at higher speeds [121]. The plot also highlights
the power sensibility to a weight variation of each configuration. The parameter ∆Ph is the power
difference between a fully loaded and an empty configuration in hover and decreases with the disk
loading. The envelope of the multirotor is larger than the others, indicating large power variations
with variable loads. This effect is generally linked to two factors: the subdivision of the lifting
surface, hence the increase of disk loading in a multirotor machine, and the lower efficiency of
the variable RPM system. The latter is an important criticality of this system since the propeller
design can be optimized to operate only at one specific flight condition, and becomes highly
inefficient as soon as the rotorcraft changes speed or payload. However, being this effect connected
to the variation of the induced power factor which is, for the sake of simplicity, kept constant and
equal for the three configurations, the power jump highlighted in this Figure is mostly related to
the disk loading effect. In general, from a power-required point of view, the more classical single-
rotor configuration remains the best choice for an efficient UAM service operated with rotary wing
layouts. Rotorcraft performance are also evaluated with their theoretical maximum endurance
and range, computed by applying the battery discharge model described in Section 3.3.4 and
reported in Figure 3.20. While for the best specific endurance (subscript BSE) condition, the
helicopter is undoubtedly the best configuration, from a maximum range perspective, the side-
by-side and helicopter achieve similar results. The multirotor design described in this work has
the main advantage of reducing the overall maximum width of the configuration, but on the other
hand, it has the highest hovering power and a very limited maximum endurance. Best specific
endurance and range parameters are summarised in Table 3.12.

Figure 3.19: Power curves in a fully loaded and empty configuration.
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Figure 3.20: Endurance and range at variable forward speed and VTOL configurations

Helicopter Side-by-Side Multirotor
Hovering power ratio Ph/(NrPmax) 64 % 64 % 67 %
Hovering efficiency MTOW/Ph [N/kW] 6.5 5.4 4.2

Best specific

endurance

PBSE [kw] 74.1 99.4 141.7
TBSE [min] 62.1 53.5 34.5
UBSE [km/h] 72.2 83.1 94.0

Best specific range
PBSR [kw] 89.6 120.5 174.2
XBSR [km] 92.2 91.2 66.7
UBSR [km/h] 107.1 122.3 139.8

Table 3.12: Endurance and range performance parameters

It should be highlighted that the maximum endurance and range described in Figure 3.20
consider a rotorcraft operating at a constant speed and consuming the maximum available energy.
However, in a realistic scenario, vertical flight and hovering phases must be considered. Figure
3.21 represents the battery state of charge (SoC) during the standard UAM mission designed
in Section 3.2.3 for the three cases. The SoC is constantly decreased with a quasi-linear trend
during the different phases of the mission. The higher the power demand, the higher the rate of
discharge, and thus the steeper slope in that range. The helicopter is the rotorcraft that achieves
the maximum endurance during the mission, followed by the side-by-side and the multirotor.
Concerning the range, the helicopter and side-by-side reach similar values. Indeed, while the
first is more suitable for low-speed operations, the second configuration has higher UBSR. The
multirotor has the worst performance in the analysis and very limited endurance capabilities.
The mission results are reported in Table 3.13. It is highlighted that all the designs satisfy the
maximum discharge rate limit of 3C imposed by Si-A technology for the entire duration of the
mission. The energy consumed per passenger-kilometer is computed as a parameter to evaluate
the efficiency of the configuration along the standard mission. It was mentioned at first in the
house of quality analysis in Section 2.2, where the metric was strictly correlated with the cost
efficiency of the transportation system. In this case, the parameter is calculated as the total energy
consumed during the mission, divided by the number of passengers and total range achieved. In
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particular

Epax−km =

Nph∑
i=1

Pi∆ti

2Xtot
(3.29)

where Pi and ∆ti are the power and time interval of each phase of flight, and Nph is the number
of flight phases that are included in the mission. As expected, the helicopter configuration reaches
the minimum value, confirming that a single rotor layout remains the most efficient rotary wing
VTOL, while the side-by-side helicopter fits into the benchmark set in the house of quality.

Figure 3.21: Standard mission SoC of different VTOL configurations

Parameter Heli. SbS. Multi.

Discharge rate in hover C-rateh [C] 1.32 1.39 1.99

Discharge rate in cruise C-rateBSE [C] 0.83 0.98 1.57

Discharge rate in climbing C-ratecli [C] 1.60 1.62 2.30

Discharge rate in descending C-ratedes [C] 1.11 1.21 1.85

Total mission duration Ttot [min] 47 41 26

Cruising time Tc [min] 39 33 18

Range Xtot [km] 46.4 45.6 28.7

Energy consumed per
passenger-kilometer

Epax−km

[
kWh

pax− km

]
0.6 0.8 1.2

Table 3.13: Endurance and range performance parameters in the standard mission scenario

3.3.6 Qualitative discussion

Introducing air mobility services for citizens within urban environments requires evaluating dif-
ferent aspects beyond that of rotorcraft performance. The impact of VTOLs on society has to
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be assessed in a qualitative discussion as well as the inherent characteristics in terms of design
simplicity, noise, and safety.

Considering the typical architecture of the analyzed cases, multirotor, as well as side-by-side
helicopters, are symmetric machines. This means that they do not require a tail rotor to keep the
rotorcraft steady and do not suffer from induced moments generated by the aerodynamic load
distribution in steady flight conditions. In the helicopter case, for example, during a forward
flight, the main rotor blades experience different relative wind velocities when advancing and
retreating from the flight direction, creating a lift gap between the lateral sides of the rotor disc.
This asymmetry creates a rolling moment which has to be counteracted by the blade’s natural
flapping motion [122] together with the tail rotor effect. It is straightforward to highlight that
asymmetric rotor configurations bring to the whole design a higher level of complexity in terms
of flight dynamic properties and mechanical systems, which are as well related to a higher empty
weight. The empty mass ratio, defined as the mass of the rotorcraft without payload, cargo,
and energy storage (fuel or batteries in case of a fully electric vehicle) divided by its maximum
take-off weight, is strictly related to the design simplicity of the rotorcraft. Table 3.14 shows some
examples of helicopters, dual rotors, and multirotors evaluated with their empty mass ratio. Data
are taken from the following references: as helicopters are taken typical light and medium weight
models such as the one described by de Angelis et al. [86], the Robinson R22 and R44 [87], [123];
for the dual-rotor configuration are considered the side-by-side helicopters designed by Johnson
et al. [48], [49] and the well-known, heavy-lift, tandem helicopter Chinhook CH47 [34]; for the
multirotor configuration, vehicles of different sizes are compared, including the commercial VTOL
E-Hang 184 [28], the heavy lift drone FB3 produced by Flying Basket [124] and the quadrotor
designed by Kadhiresan and Duffy in [50].

Helicopter Dual-Rotor Multirotor
Zefhir 0.55 Johnson’s SbS (1) 0.48 E-Hang 184 0.47
R22 0.62 Johnson’s SbS (2) 0.55 FP3 0.41
R44 0.69 CH47 0.49 Quad. 0.55
Average 0.59 Average 0.51 Average 0.47

Table 3.14: Empty mass ratio of different rotorcraft.

On average, due to the complexity of its systems, the helicopter configuration is the one
with a higher empty mass ratio, meaning that for a fixed maximum take-off weight, a smaller
space can be reserved to payload and energy storage. The latter is indeed an indicator of the
maximum endurance achievable by the rotorcraft and a trade-off between battery/fuel on board
and number of passengers is generally performed. Even if the side-by-side helicopter merges two
helicopter rotors together, the overall complexity of the system can be considered lower. Indeed,
no transmission has to be implemented for the tail and the rotors operate semi-autonomously
(generally, a drive belt connects them). Finally, as already mentioned, the multirotor is the
simplest configuration and allows to reserve of a larger ”mass fraction” to the payload and battery.
However, although its design complexity is lower than the other two configurations, the multirotor
presents some criticalities in the power efficiency at variable flight conditions (Section 3.3.5), and
some safety and societal acceptance considerations have to be made.

A fundamental aspect is the confidence that a UAM ecosystem generates in its direct users.
An extensive analysis of the societal acceptance of UAM operations was conducted by the Euro-
pean Aviation Safety Agency (EASA) in 2021 [24], with the consulting firm McKinsey & Com-
pany. Based on thorough research, literature review, local market analysis, surveys, and inter-
views, the study inspects the major concerns and expectations of European citizens concerning
UAM: a generally positive attitude was observed, as it was seen as a new attractive solution to
reduce travel time, traffic jams, and urban pollution. On the other hand, safety and security were
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the major concerns, together with noise and environmental impact. To this extent, the three
configurations considered in this study present different characteristics. The constant RPM and
variable collective pitch system adopted by helicopters and side-by-side, guarantee the capability
of performing an autorotation maneuver in case of propulsion system failure [114]. The autoro-
tation is a condition where zero power is required by the rotor and the VTOL can descend with
a controlled vertical speed. The energy to drive the rotor comes from the relative airflow passing
through the rotor during the descent phase and allows it to produce a sufficient thrust to limit
the vertical speed of the rotorcraft [90]. Autorotation is a maneuver that can be used to recover
the VTOL to the ground in case of an engine failure or transmission problems and requires a
variable collective pitch to be performed. An additional level of safety can be introduced in the
side-by-side configuration by operating the two rotors semi-autonomously. Indeed, when each
rotor is driven by a specific motor, the redundancy of the system guarantees that, whenever one
of the two fails, the other one can drive both of them to a safe landing. Multirotors, instead,
implement safety measures through the redundancy of the rotors. Residual controllability of the
system in case of one rotor failure is guaranteed only with systems having a minimum of six
rotors, while in the case of two rotors failure, only if these two are not adjacent.

Safety and societal acceptance can be improved by implementing shrouded rotors as well.
The design of ducts protecting and isolating the rotors would be a fundamental requirement for
VTOLs operating in a UAM ecosystem. The latter would avoid the presence of open rotors and
even improve blade aerodynamic efficiency at the cost of increased take-off mass [90]. Indeed,
the presence of rotating blades near future passengers is of major concern for the safety of both
the professional and nonprofessional public. Safety procedures for boarding and disembarking
would be fundamental to avoid collision with rotating propellers and dangers related to the
inflow velocity produced by the rotors. However, while this solution is not practical on classical
helicopters with a single main rotor, and of difficult implementation in multirotors, side-by-side
configurations can provide a perfect fit with this measure. An example of a side-by-side helicopter
with ducted fans is proposed by SAB s.r.l. in a small-scale prototype [75].

A final aspect to be considered for selecting the most suitable configuration for UAM services
is the noise generated by the VTOL. The acoustic footprints generated by single or multiple
rotors can be evaluated by adopting analytical [125], [126], numerical [127]–[129] or experimen-
tal methods [130], [131]. Smith et al. [132] compared multirotor noise characteristics with an
increasing number of rotors and variable disc loading. A general observation was that for higher
disk loadings, the overall noise levels increased significantly. The latter leads to conclusions on
the optimal number of rotors for minimizing the acoustic levels. Considering a constant maxi-
mum take-off weight and a fixed maximum width, operating with a single, larger, main rotor,
would be beneficial for the overall noise produced by the VTOL. Multirotors and side-by-side
have generally higher disk loadings than helicopters [50], requiring larger power during low-speed
flight phases and producing stronger noises. An additional drawback of these configurations is
the noise generated by the aerodynamic interaction of the rotors with the fuselage and the rotors
themselves. Most of the side-by-side helicopters studied in the literature, present two overlapped
and intermeshing rotors. An acoustic prediction of the background noise generated by side-by-
side rotors in hovering conditions, with different levels of overlap, was conducted by Sagaga et
al. [111] by employing numerical simulations. It was found that the noise level, which is mainly
related to the tip vortex interactions between the two rotors, can be decreased by reducing the
level of overlap between the two rotors. Nevertheless, the rumor intensity still remained above
the maximum threshold set by Uber for air taxi services in a UAM ecosystem (67 dB at 500 ft
altitude [133]. Considering the rotor-fuselage interaction, this is strictly inevitable in a classical
single-rotor configuration, while it can be avoided in multiple rotors VTOLs (see Refs. [134] and
[135]). This would increase the total width of the rotorcraft but avoid the impact between the
fuselage and the rotor inflow. In general, the overall noise produced by a specific VTOL depends
on several factors such as the number of rotors and their rotational speed, the fuselage design, the
presence of ducts, and the relative location, and thus interaction, between the rotors themselves.
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A unique solution to which of the three analyzed configuration produces higher noise disturban-
ces cannot be found at a conceptual design stage and requires advanced investigations on more
realistic design. However, if neglecting the aerodynamic interactions between rotors and fuselage,
and the tail rotor contribution, it can be concluded that a single-rotor design can provide lower
disturbances to citizens and users with respect to multiple rotors restricted to the same width.

3.3.7 Configuration selection

The considerations made in this section can be summarised in Table 3.15. All the qualitative and
quantitative aspects are evaluated by assigning a grade (A, B, C) to the respective configuration.
According to the analysis, the side-by-side helicopter is selected as a reference configuration for
future services in an Urban Air Mobility ecosystem. From a design point of view, it represents
a trade-off between classical helicopters and multirotor, merging the better performance of a
constant RPM system with the design simplicity of a symmetric machine. The house of quality
developed in Section 2.2 is recalled to verify whether all the technical objectives are satisfied.
Concerning the design parameters, the three configurations are designed in order to satisfy the
maximum size and payload capabilities set in the HoD, while the minimum speed at BSR and
range capabilities are satisfied as well at the best specific range condition. The three layouts
are electrically driven and guarantee VTOL capabilities and residual controllability due to their
inherent design concept. Safety and security were the major users’ concerns about VTOLs and
the side-by-side helicopter satisfies both redundancy requirements and the capability to perform
emergency maneuvers in case of failure. Ducted rotors improve safety for external users and
increase the level of societal acceptance by covering the rotating blades. Finally, the energy
consumed per passenger-kilometer is calculated on the standard mission scenario, completed at
the best specific endurance speed, highlighting that only the multirotor does not fit into the
initial requirement. This can be translated into higher operational costs and lower efficiency
of this rotorcraft system with respect to the other two. From a noise level point of view, the
satisfaction of the technical objective has not been fully proven, as an in-depth noise assessment
of the system was out of the scope of this work. In general, the side-by-side configuration is
theoretically less efficient than a classical helicopter, but its performance should be re-evaluated
by considering the low level of aerodynamic interactions occurring by placing the main rotors out
of the fuselage boundaries.

Helicopter Side-by-side Multirotor
Performance A B C
Design simiplicity C B A
Empty mass fraction C B A
Societal acceptance B A C
User’s safety B A C
Fail safe B A C
Noise A* B* C*

Table 3.15: Configuration’s grade. The * symbol means that the property has to be re-evaluated
at an advanced design stage



Chapter 4

Side-by-side helicopter flight dynamics
modeling

This Chapter focuses on the flight dynamics modeling of a small-scale side-by-side helicopter,
the configuration identified as a viable candidate for Urban Air Mobility (UAM) services in the
previous sections. The Chapter aims to propose two different main rotor modeling approaches
(analytical and numerical) and provide suitable trim and linearization routines. The mathematical
frameworks are complemented with the fuselage, shrouds, and blade aerodynamics models.

4.1 Case study

The case study for the development of a flight dynamics simulation model is a small-scale
side-by-side helicopter (Figure 4.1) available at the University of Bologna and produced by SAB
Group S.R.L. Rotorcraft’s data are summarised in Table 4.1. The fuselage is a lightweight carbon
fiber structure, symmetric with respect to its longitudinal plane, and designed to allocate two
22000 mAh Li-Po batteries underneath.

Figure 4.1: Small-scale side-by-side helicopter, courtesy of SAB Group S.R.L.

Two custom-made electric motors are placed at the very end parts of the upper beam, which
connects the main rotors. Those are two identical helicopter rotors, counter-rotating and oper-
ating at constant angular speed to avoid the need for a tail rotor or other anti-torque systems.
The rotors are assembled on the two sides of the central body with zero overlap and minimum
aerodynamic interference with the fuselage. Two shrouds surround each rotor, to improve safety,
noise, and aerodynamic properties. As already mentioned in Section 3.3.6, all of these proper-
ties make the VTOL a perfect candidate to operate in a UAM ecosystem. The presence of the
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shrouds improves the societal acceptance and safety for both external citizens and direct users,
especially during embarking/disembarking procedures, while bringing a beneficial effect on the
overall thrust produced (see Section 4.7). The positioning of the rotors is optimal to reduce the
rotor-rotor and rotor-fuselage aerodynamic interactions, thus minimizing the level of noise.

Description Unit Symbol Value
Maximum Take-Off Mass kg mto 20.62
Inertia moment wrt xB kgm2 Ixx 3.532
Inertia moment wrt yB kgm2 Iyy 2.222
Inertia moment wrt zB kgm2 Izz 5.342
Inertia product wrt xB kgm2 Iyz 0
Inertia product wrt yB kgm2 Ixz -0.052
Inertia product wrt zB kgm2 Ixy -0.001
Rotors
Airfoil name NACA0015
Sense of rotation Γ ± 1
Number of blades Nb 3
Radius m R 0.505
Mean Chord m c 0.051
Solidity ratio σ 0.0964
Angular velocity rpm Ω 2400
Total Hinge offset (0F ) m e0 0.075
Flap Hinge offset (LF ) m eF 0.0075
Lag Hinge offset (PL) m eL 0.045
Pitch Hinge offset (0P ) m eP 0.0225
Blade mass kg mbl 0.1613
Blade center of gravity wrt the hub m rG 0.224
Spring restraint coefficient due to flap Nm/rad Ksβ 162
Spring restraint coefficient due to lag Nm/rad Ksξ 0
Pitch-Lag coupling ratio Ktξ 0
Pitch-Flap coupling ratio Ktβ 0
Blade twist coefficient rad θw 0
Longitudinal incidence angle rad is 0
Lateral incidence angle rad ic 0

Hub position of the MR1 wrt body axes m r
(1)
HB [0 -0.645 0.066]

Hub position of the MR2 wrt body axes m r
(2)
HB [0 0.645 0.066]

Table 4.1: Small-scale side-by-side helicopter data

The rotors are semi-rigid, with lead-lag hinges and blade flapping due to the blade’s flexibility.
A classical swashplate system with three equispaced pitch links is used to control the collective
pitch and lateral/longitudinal cyclic controls of each rotor. A suitable control mix is adopted to
reduce the over-actuation of the VTOL from 6 single rotor controls to 4 global controls, which
allows the pilot to operate the system as a classical helicopter configuration. In particular, the
main rotor 1 (MR1, superscript (1)) is referred to as the right-hand side clockwise rotor, while
the main rotor 2 (MR2, superscript (2)) is referred to as the left-hand side counterclockwise rotor.
The global collective pitch (θ0) is used to control the vehicle along the vertical axis and it is a
constant value in the two rotors. Similarly, the global lateral cyclic control (A1s) is adopted to
control the lateral motion and rolling moment of the rotorcraft and it is actuated by the same
value in the two rotors. The longitudinal motion and pitch moment are actuated by a global
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longitudinal cyclic, which is represented by the average value between the two rotors. Finally,
the yaw motion of the VTOL is controlled by a differential longitudinal cyclic such that each
tip-path plane is rotated to create a yawing moment. In mathematical terms, the global controls
and their relationships are

θ0 = θ
(1)
0 = θ

(2)
0 A1s = A

(1)
1s = A

(2)
1s (4.1)

B1s =
B

(1)
1s +B

(2)
1s

2
∆B1s =

B
(2)
1s −B

(1)
1s

2
(4.2)

4.2 Modeling scheme

The side-by-side helicopter is modeled under the hypothesis of a rigid body moving in a flat
and non-rotating Earth under the action of propulsive, aerodynamic, and gravity effects. The
rigid body motion is governed by the 6 first order ordinary differential equations

mtoU̇ = −mtoω ×U + Fg + F (4.3)

Iω̇ =M − ω × Iω (4.4)

(4.5)

where the external forces and moments are provided by the main rotors and fuselage contributions.
The overall structure of the mathematical frameworks is depicted in the open-loop block diagram
in Figure 4.2. Pilot inputs, which may be preceded by a control system in closed-loop dynamics,
are processed by a control mixer, which distributes the inputs to individual rotor commands.
These rotor commands, along with the current rotorcraft state, determine the forces and moments
generated by the two main rotors as well as the fuselage. Each rotor’s dynamics are modeled
separately, incorporating blade flexibility and inflow models. The forces and moments produced
by the rotors are corrected to account for the contribution of the rotor shrouds and combined with
the aerodynamic forces acting on the fuselage. These cumulative forces and moments serve as the
external inputs required to solve the equations of motion, determining the helicopter’s attitude
and velocity over time. The simulation model is time-dependent, and specific input signals can
be supplied to simulate various maneuvers and flight conditions.

MR1 MR2

Fuselage

Duct Duct

Force & Moment

Rotor Dyn. Inflow Dyn.

Force & Moment

Rotor Dyn. Inflow Dyn.

+

6 D.o.f. Equations of Motion

Control Mix

F M

STATE

STATE

PILOT INPUT

Figure 4.2: Side-by-side helicopter simulation model scheme
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As already mentioned, two distinct modeling approaches have been developed for the main rotor
contributions. The first is a low-complexity, analytical framework characterized by a reduced
number of degrees of freedom and simplified rotor dynamics. The second is a high-complexity,
numerical model based on a blade element method, which computes the contribution of each
rotor blade over time. This introduces additional degrees of freedom and allows for the analysis
of specific blade designs, as well as the study of rotor dynamics phenomena such as flapping, lead-
lag motion, and nonuniform inflow, and their effects on the rigid body stability of the rotorcraft.

4.3 Main rotor: analytical modeling approach

4.3.1 Overview of the model

In this section, an analytical modeling framework for the main rotor forces and moments is
described. This approach leads to the definition of a 14 dof (degrees of freedom) model, made of
14 nonlinear ordinary differential equations:

• 6 equations for the first-order rigid body motion (Section 4.2);
• 6 equations for the second-order main rotor flapping (3 for each rotor, stated in Section
4.3.5);

• 2 equations for the first order, uniform dynamic inflow (1 per each rotor, stated in Section
4.3.4.

The rotor angular velocity is kept constant and the analysis will focus on flight conditions that are
generally operated at constant RPM, thus excluding the autorotation procedure. The model was
validated by comparing the trim and stability results with the formulation provided by Talbot
[54] on a small-scale helicopter configuration. The side-by-side layout was developed afterward
with an identical main rotor modeling approach.

4.3.2 Frames of reference

The mathematical framework adopts three main frames of reference (f.o.r.), as shown in Figure
4.3. The first one is the right-handed body f.o.r. ([xB yB zB ]). In this work, whenever the f.o.r.
of a vector is not identified, it is implied that the vector is represented in the body frame. This is
centered in the center of gravity (CG) and coherent with the rotorcraft attitude: the lateral axis
yB is directed towards the right-hand side rotor, while zB is directed towards the underneath of
the vehicle.

,

,

,

,

,

,

,HW

,HW

ww

,

,HW
,HW

,HW

HW

Figure 4.3: Coordinate systems of the analytical modeling framework
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The second f.o.r. to be described is the hub-body frame ([xHB yHB zHB ]). This f.o.r. is
centered on the main rotor center of rotation, with the vertical axis zHB directed downwards and
parallel to the rotor shaft. The horizontal axis xHB is instead perpendicular to the rotor shaft
and pointed towards the nose of the rotorcraft. The lateral axis is defined differently in the two
rotors, generating a right-handed f.o.r. in the counterclockwise rotor (MR2) and a left-handed
one in the clockwise (MR1) (see Figure 4.3). The third f.o.r. to be defined is the hub-wind
frame of reference ([xHW yHW zHW ], along with the aerodynamic forces are computed with the
analytical expressions. This f.o.r. is similar to the hub-body one but rotated with the sideslip
angle created by the freestream velocity (βw).

4.3.3 Main rotor

The analytical framework to describe the main rotor loads is based on the formulation proposed
by Talbot [54]. The two rotors are identical, with the only differences related to their location
and sense of rotation. For the sake of simplicity, in this section, the framework is presented for a
generic Γ-rotating rotor which, as already mentioned in Section 4.3.2, requires two different hub-
body frames depending on the sense of rotation of the rotors. Following the method proposed
by Choi et al. [136], the wind and angular velocities in hub-body frames for a generic rotor are
expressed as (considering that no incidence is applied to the rotors)

ωHB =

Γ 0 0
0 1 0
0 0 Γ

ω and UHB =

1 0 0
0 Γ 0
0 0 1

U + ωHB × rHB (4.6)

where Γ = 1 is used for the right-handed counter-clockwise rotor, Γ = −1 for the left-handed
clockwise one, and rHB is the rotor hub position with respect to the body f.o.r. Similarly, the
lateral cyclic control input has to be corrected when expressed in the hub-body frame specific for
a Γ-rotating rotor, such that

A1s|HB= ΓA1s|B (4.7)

The values of ωHB , UHB and the cyclic control of each rotor are needed to evaluate the total
force and moment created by the main rotors at specific flight conditions. This force and moment
are modeled by assuming a constant and unique value around one rotor revolution and rigid
blades. The analytical expression of the loads in the hub-wind frame can be found in Ref. [54],
and the components are: H, Y , T , L, M , and Q. These loads are analytical functions of the
rotor design, the flight condition, the pilot control, the blades flapping, and the local inflow
velocity (see Sections 4.3.5 and 4.3.4), and they include aerodynamic, inertial and centrifugal
contributions from the rotor blades. In the rotor design dependency, are included as well the
average aerodynamic coefficients of the blades, which are described in Section 4.6, and the effect
of the shrouds (Section 4.7). The total main rotor force and moment vectors, represented for the
j -th rotor in the hub-wind frame, are

F (j),HW = [H Y T ](j),HW and M (j),HW = [L M Q](j),HW (4.8)

The loads are rotated from hub-wind to body f.o.r. by means of the following transformation:

F (j) =

cos is 0 − sin is
0 1 0

sin is 0 cos is

 cosβw sinβw 0
−Γ sinβw Γ cosβw 0

0 0 1

F (j),HW (4.9)

M (j) =

cos is 0 − sin is
0 1 0

sin is 0 cos is

Γ cosβw Γ sinβw 0
− sinβw cosβw 0

0 0 Γ

M (j),HW + r
(j)
H × F (j),HW (4.10)

where βw = atan2(v
HB , uHB). The total external force and moment generated by the main rotors

of the side-by-side helicopter modeled with the analytical approach, plus the fuselage contribution
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are

F = Ff + F (1) + F (2) (4.11)

M =Mf +M (1) +M (2) (4.12)

4.3.4 Inflow

The rotor inflow is the airflow induced by the rotor at the disc level, which contributes to the
dynamic pressure of the blades and the generation of the aerodynamic loads. Modeling the rotor
inflow is a fundamental aspect of the mathematical framework and requires ODEs to define its
dynamics. For the sake of this Section, the inflow is modeled with a first-order ODE, describing
a uniform, nonlinear, induced inflow ratio, derived from general momentum theory [78]. In
particular

λ̇i =
3π

4

(
CT

2
− λi

√
µ2 + λ

)
where the total inflow ratio λ = λi +

wH

ΩR
(4.13)

and the uniform, time-dependent, rotor-induced velocity is defined as vi = λiΩR.

4.3.5 Flap dynamics

The blade’s flapping dynamics describe the vertical bending of the blades subjected to the aero-
dynamic, centrifugal, and inertial forces on the hinge that connects the blades’ root to the rotor
shaft. The flapping angle of the i -th blade βi is approximated by the tip path plane (TPP)
representation described by the first harmonic of the Fourier expansion. In particular

βi = a0 − a1 cosψi − b1 sin(ψi) (4.14)

where the time-varying coefficients a0, a1, and b1 follow the second-order dynamics law developed
by Chen [137], [138] and ψi describes the azimuthal position of the i -th blade. The TPP dynamics
is expressed as

β̈ +H1β̇ +H2β = H3 where β = [a0 a1 b1]
T (4.15)

and the expression of matrixes H1, H2 and H3 can be found in Ref. [138] with a different notation.
a0, a1, and b1 are the coning angle, longitudinal, and lateral tip-path plane coefficients.

4.4 Main rotor: numerical modeling approach

4.4.1 Overview of the model

In this Section, a numerical model for the main rotor forces and moments is described. This
approach leads to the definition of a 24 dof mathematical model, made of 24 ordinary differential
equations:

• 6 equations for the first-order rigid body motion
• 12 equations for the second-order main rotor dynamics, including flap and lead-lag motion
• 6 equations for the first-order, non-uniform dynamic inflow.

Similarly with the analytical representation, the rotor angular frequency is kept constant and
the analysis will focus on flight conditions generally operated at constant RPM. The numerical
modeling approach introduces a higher level of complexity in the mathematical framework but
also allows for more accurate studies. Each blade is modeled separately, with its design changing
from section to section and the loads numerically integrated along the span. Specific blade and
airfoil design can be performed with this approach, as well as studying vibrations, particular
chord distributions, non-conventional blade designs, and unbalanced rotors. However, as already
mentioned, this approach brings different complexities into the formulation, and dealing with a
numerical approach in flight dynamics requires the formulation of suitable trim and linearization
methodologies. To this extent, three major issues were identified:
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1. the single-blade representation of the rotor dynamics leads to a loss of physical meaning
when developing linear state-space representations;

2. the rotor dynamics formulated with a Lagrangian approach on the single-blade produces
a high level of coupling between flap and lead-lag dynamics, and the two effects cannot be
isolated;

3. the presence of complex, nonlinear terms derived by numerical integration, makes the
linearization process impractical with an explicit version of the equations, thus additional
approximations should be applied.

In order to study the trim, stability, and flight dynamics properties of the rotorcraft, a linearized
state space representation must be produced and the three issues addressed by implementing a
set of guidelines. The implementation of the numerical model aims also at isolating the effects
of the single rotor dynamics and studying their influence on rigid body stability. This secondary
goal arises whenever an analytical representation such as the one presented in Section 4.3 becomes
unable to predict the rotorcraft behavior under specific flight conditions. The idea of comparing
the two models is indeed carried out to validate the two representations and define whether one
or the other is more suited for specific studies.

The mathematical framework and trim methodology were initially validated by comparing
the results with the Taamallah [55] formulation for a classical helicopter configuration. The lin-
earization methodology and results were instead compared with the analytical modeling approach.

4.4.2 Frames of reference

Five main frames of reference are defined in the numerical representation, as shown in Figures
4.4 and 4.5. The body f.o.r. is defined in the same way as in Section 4.3.2, while the two hub-
body f.o.r. are both right-handed and centered on each rotor center of rotation. A third f.o.r.
is defined in this framework, the local blade f.o.r., identified by the superscript bl. This frame
is specifically centered on the center of pressure of each blade section and it is rotated (starting
from the hub-body directions) with the typical angles of the blade, thus its azimuthal position
ψi, local twist θbl, flap βi and lead-lag angles ξi. Figure 4.5 shows the positive direction of each
angle, with respect to a clockwise rotor. The rotation from the hub-body to the local blade f.o.r.
is made of a sequence of rotations that starts from a constant rotation matrix (RHB0−HB and
RHB−HB0

) and subsequently rotate the frame of the specific angle at that hinge. Considering
Figure 4.5, the P hinge is the local pitch one, F stands for flapping, and L for lead-lag. The
rotation matrix from a generic frame/hinge m to another one n is represented by the notation
Rn−m. In particular,

RHB−bl = Rbl−F · RF−L · RL−P · RP−HB0 · RHB0−HB (4.16)

and

Rbl−HB = RHB−HB0 · RHB0−P · RP−L · RL−F · RF−bl (4.17)

where

RHB0−HB =

 0 1 0
−1 0 0
0 0 1

 and RHB−HB0
=

0 −1 0
1 0 0
0 0 1

 , (4.18)

Rbl−F (βi) = RF−bl(−βi) =

1 0 0
0 cosβi − sinβi
0 sinβi cosβi

 , (4.19)

RF−L(ξi) = RL−F (−ξi) =

 cos ξi Γ sin ξi 0
−Γ sin ξi cos ξi 0

0 0 1

 , (4.20)
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RL−P (θbli) = RP−L(−θbli) =

 cos θbli 0 −Γ sin θbli
0 1 0

Γ sin θbli 0 cos θbli

 , and (4.21)

RP−HB0
(ψi) = RHB0−P (−ψi) =

 cosψi −Γ sinψi 0
Γ sinψi cosψi 0

0 0 1

 . (4.22)

On the other hand the rotation between hub-body and body f.o.r. is regulated by the lateral (ic)
and longitudinal (is) incidence angles. In particular

RHB−B(is, ic) = RB−HB(−is,−ic) =

 cos is 0 − sin is
sin ic sin is cos ic sin ic cos is
cos ic sin is − sin is cos ic cos is

 (4.23)

Two additional f.o.r. have to be defined in this approach. The first one is the tip-path plane
(TPP) rotor coordinate system, identified by the superscript TPP , and whose xTPP and yTPP

axes lay on the plane connecting the three blade tips. The TPP plane is the equivalent of the
rotor disc, tilted according to the blades’ flapping coefficients (see Section 4.4.5), and the rotation
from hub-body to TPP is

RTPP−HB =

cos a1 0 − sin a1
0 cos b1 Γ sin b1

sin a1 −Γ sin b1 cos a1 cos b1

 (4.24)

By rotating the TPP towards the wind speed direction, the wind-tip-path plane rotor coordinate
system is obtained (superscript TPPw). Considering the sideslip angle at the tip-path plane

βw = arctan

(
vTPP

uTPP

)
where UTPP =

uTPP

vTPP

wTPP

 = RTPP−HBRHB−B [U + ω × rHB ]

(4.25)

the rotation matrix from TPP to TPPw is

RTPPw−TPP =

 cosβw sinβw 0
− sinβw cosβw 0

0 0 1

 (4.26)
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Figure 4.4: Coordinate systems of the numerical modeling framework
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Figure 4.5: Blade’s frame of reference in a P-L-F sequence rotor [139]

4.4.3 Main rotor

Describing the main rotor loads with a numerical model requires a blade element approach: each
blade is divided into a finite number of sections, each of them governed by 2D aerodynamics,
whose infinitesimal contributions are integrated along the blade span. The main rotor forces are
divided into three contributions: aerodynamic (Fa), inertial (Fi), and centrifugal (Fc). The main
rotor moments are provided by their aerodynamic (Ma), inertial (Mi), and flap hinge stiffness
(Ms) components. Considering the single-blade contribution of a Γ-rotating rotor (where Γ = 1
for a counter-clockwise rotor and Γ = −1 for a clockwise rotor), the aerodynamic force in the
hub-body frame of the i -th blade (subscript i) is computed as

Fai

HB =

∫ R−e0

rc

RHB−bl(dL
bl + dDbl)drs (4.27)

where the infinitesimal force given by the sum of lift and drag (dL and dD), rotated from local
blade to hub-body frame of reference, is integrated along the blade span, from the root cutout to
the blade tip. The infinitesimal lift and drag contributions are computed as

dLbl =
1

2
ρ|Va|2CL(α,Re)c

Γ sinα
0

− cosα

 , (4.28)

dDbl =
1

2
ρ|Va|2CD(α,Re)c

−Γ cosα
0

− sinα

 (4.29)

where CL and CD are the aerodynamic lift and drag coefficients of the specific blade section
subjected to a Reynolds number Re and an angle of attack α. The modeling approach for
airfoil’s aerodynamics is described in Section 4.6, while α and Re are computed from the relative
aerodynamic velocity at that specific blade section. In particular

α = arctan

(
Va,z
Va,x

)
and Re =

|Va|c
ν

(4.30)
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where ν is the kinematic viscosity of air. Va
bl = [Va,x Va,y Va,z] is the relative wind speed observed

by the blade section at a radial location rs of the i -th blade at the azimuthal coordinate ψi. It is
a combination of inertial Vi and inflow vi (see Section 4.4.4) velocities, plus the gust contribution

Vg. Estimating Va
bl requires the knowledge of the rotor flap and lead-lag angles, the location of

their hinges, and the flight condition. In particular

Va
bl = Rbl−HB

Vi
HB −

 0
0
vi

− Vg
HB

 (4.31)

The formulation of the inertial velocity Vi
HB = [Vi,x Vi,y Vi,z] was inspired by Taamallah [82],

and is here reported for a generic rotor (superscript (j) is here omitted for the sake of simplicity):

Vi,x = u+Ω(sinψi[eL + eP + cos ξi(eF + rs cosβi)]− cosψi[cos θbli sin ξi(eF + rs cosβi)

+ rs sinβi sin θbli ]) + ξ̇i(eF + rs cosβi)[cosψi sin ξi − sinψi cos θbli cos ξi]

+ β̇irs[cosψi cos ξi sinβi + sinψi(cos θbli sin ξi sinβi − cosβi sin θbli ]

+ θ̇bli sinψi[sin θbli sin ξi(eF + rs cosβi)− rs sinβi cos θbli ]

+ q (zH − rs cos θbli sinβi + (eF + rs cosβi) sin ξi sin θbli)

− r(yH − Γ cosψi(cos θbli sin ξi(eF + rs cosβi) + rs sinβi sin θbli)

+ Γ sinψi(eL + eP + cos ξi(eF + rs cosβi)))

(4.32)

Vi,y = v +ΩΓ((eL + eP ) cosψi + rs sinψi sinβi sin θbli

+ (eF + rs cosβi)(cosψi cos ξi + sinψi cos θbli sin ξi))

− ξ̇iΓ(eF + rs cosβi)[cosψi cos ξi cos θbli + sinψi sin ξi]

+ β̇irsΓ(cosψi cos θbli sin ξi sinβi − cosψi cosβi sin θbli − sinψi cos ξi sinβi)

+ θ̇bliΓ cosψi[sin θbli sin ξi(eF + rs cosβi)− rs sinβi cos θbli ]

− p(zH − (rs cos θbli sinβi − (eF + rs cosβi) sin ξi sin θbli))

+ r(xH − (cosψi(eL + eP + cos ξi(eF + rs cosβi)) + sinψi(cos θbli sin ξi(eF + rs cosβi)

+ rs sinβi sin θbli)))

(4.33)

Vi,z = w + ξ̇i cos ξi sin θbli(eF + rs cosβi)− β̇irs(cosβi cos θbli + sinβi sin ξi sin θbli)

+ θ̇bli [rs sin θbli sinβi + (eF + rs cosβi) sin ξi cos θbli ]

+ p(yH − Γ cosψi(cos θbli sin ξi(eF + rs cosβi) + rs sinβi sin θbli)

+ Γ sinψi(eL + eP + cos ξi(eF + rs cosβi)))− q(xH − cosψi(eL + eP + cosψi(eF + rs cosβi))

− sinψi(cos θbli sin ξi(eF + rs cosβi) + rs sinβi sin θbli))

(4.34)

The local twist angle θbli is instead the parameter where the pilot controls enter into the com-
putation. It is a time-dependent parameter, specific for the i -th blade of the j -th rotor, which
changes according to the blade’s location, the pilot controls, and the design of the blades. It is
determined as

θ
(j)
bli

= θ
(j)
0 +A

(j)
1s cos(ψi + ψθ) +B

(j)
1s sin(ψi + ψθ) +

rs
R
θw −Ktξξi −Ktββi (4.35)

where the parameter ψθ is used to consider the swashplate’s phase angle in the local twist def-
inition. Additional force contributions are the inertial and centrifugal components, which are



4. MAIN ROTOR: NUMERICAL MODELING APPROACH 59

modeled as, respectively,

Fii
HB = mblηξ ξ̈i

Γ cosψi

− sinψi

0

 , and Fci

HB =
1

2
mbl(ΩR)

2

Γ sinψi

cosψi

0

 (4.36)

where ηξ = R− eP − eL.

The aerodynamic moment in the hub-body frame of the i -th blade is computed as the integral
of the infinitesimal moment contributions at each blade section (rs), given by the cross product
between the section position vector with respect to the hub center r and the aerodynamic force.
In mathematical terms

Mai

HB =

∫ R−e0

rc

r × [RHB−bl(dL
bl + dDbl)]drs (4.37)

where r = [rx ry rz] and

rx = − cosψi(eL + eP + cos ξi(eF + rs cosβi))− sinψi(cos θbli sin ξi(eF + rs cosβi) + rs sinβi sin θbli)

ry = −Γ cosψi(cos θbli sin ξi(eF + rs cosβi) + rs sinβi sin θbli) + Γ sinψi(eL + eP + cos ξi(eF + rs cosβi))

rz = −rs cos θbli sinβi + (eF + rs cosβi) sin ξi sin θbli
(4.38)

Additional moments come from the flap hinge stiffness and inertial contributions and depend on
the rotor disc tilt coordinates a1 and b1 (see Section 4.4.5). Those are respectively

Msi

HB =
1

1− e0
R

NbKsβ

2

Γb1a1
0

 , and Mii
HB =

Nb

2
mble0rGΩ

2

Γb1a1
0

 (4.39)

Finally, the total external force and moment in the body f.o.r. applied by the j -th rotor is
computed by the sum of the contributions of each blade plus the moment derived by the cross
product between the rotor hub position and the external force. In particular,

F (j) = RB−HB

Nb∑
i=1

(Fai

HB + Fci

HB + Fii
HB) (4.40)

M (j) = rHB × F (j) +RB−HB

Nb∑
i=1

(Mai

HB +Msi

HB +Mii
HB) (4.41)

The two rotors share the same design and operate at equal and constant angular speed; their
only differences are their location with respect to the rotorcraft’s CG and the sense of rotation.
The total external force and moment acting on the VTOL, expressed in body f.o.r., are

F = F (1) + F (2) + Ff (4.42)

M =M (1) +M (2) +Mf (4.43)

4.4.4 Inflow

The dynamics of the rotor inflow, modeled in the numerical framework, follows a different ap-
proach than the one presented in the previous Sections. In particular, a nonuniform dynamic
inflow is described by a set of three first-order ODEs, describing the time-dependent inflow ratio
coordinates λ = [λ0 λc λs]. In particular, considering a generic rotor, the inflow velocity ad a
specific blade section (rs, ψi) is

vi = ΩR
(
λ0 + λs

rs
R

sinψi + λc
rs
R

cosψi

)
(4.44)
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where λ0, λc and λs are respectively the uniform, lateral and longitudinal inflow ratios. The
dynamics of λ is described by the Peters-Ha [140] formulation of the well-known Pitt-Peters
inflow model, and is here reported as arranged for the sake of this paper. In particular

M λ̇ = −Ω(L1L2)
−1λ+ΩCaero (4.45)

where

M =


8

3π
0 0

0
16

45π
0

0 0
16

45π

 , L1 =


1

2
0 −15π

64

√
1− sinαT

1 + sinαT

0
4

1 + sinαT
0

15π

64

√
1− sinαT

1 + sinαT
0

4 sinαT

1 + sinαT


(4.46)

and L2 =



G
√
(λm − µz)2 + µ2

xy 0 0

0
µ2
xy + (2λm − µz)(λm − µz)√

(λm − µz)2 + µ2
xy

0

0 0
µ2
xy + (2λm − µz)(λm − µz)√

(λm − µz)2 + µ2
xy


(4.47)

The rotorcraft advance ratio defined at the rotor disc is

µ =

µx

µy

µz

 = RTPP−HBRHB−B
U

ΩR
and µxy =

√
µ2
x + µ2

y (4.48)

while λm is the normal induced inflow due to the effect of the rotor thrust coefficient CT . It is
computed by solving the nonlinear equation

λm =
2CT√

µ2
xy + (λm − µz)2

(4.49)

The value of L1 depends on the angle αT , which is the angle of attack of the tip-path plane, with
respect to the incoming flow, and it is computed, given the advance ratios, as

αT = arctan
|λm − µz|

µxy
(4.50)

Finally, the known term of equation 4.45, depends on the aerodynamic coefficients of the
thrust (CT ), rolling (CLw) and pitching moments (CMw) written in the wind-tip-path plane
coordinate system. In particular, considering the j -th rotor

F TPPw,(j) = RTPPw−TPPRTPP−HBRHB−BF
(j) (4.51)

MTPPw,(j) = RTPPw−TPPRTPP−HBRHB−BM
(j) (4.52)

The thrust (T ) is the third component of F TPPw , while the rolling (Lw) and pitching moments

(Mw) are respectively the first and second component of MTPPw . The vector

Caero = [CT CLw CMw ] and (4.53)

CT =
T

ρA(ΩR)2
, CLw =

Lw

ρA(ΩR)2Lref
and CMw =

Mw

ρA(ΩR)2Lref
(4.54)

where Lref is a reference length for moments normalization.
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4.4.5 Flap and lead-lag dynamics

The numerical modeling approach described in this section accounts for an additional rotor dy-
namic feature. While the blades’ flapping has already been described by the analytical framework
(Section 4.3.5), the rotor lead-lag motion is taken into account on an advanced modeling stage.
The blades’ lead lag describes the in-plane motion of the blades around the lag hinge due to the
equilibrium between aerodynamic and centrifugal forces. The full rotor dynamics is described
by a system of second-order ordinary differential equations derived with a Lagrangian method
by Tamallah [55] for the P-L-F (Pitch-Lag-Flap) small-scale helicopter rotor. The system has
6 degrees of freedom for each rotor and describes the coupled flap and lead-lag dynamics in a
rotating frame of reference. In particular, for the i -th blade

β̈i =
1

A1
(−Dβ

i ξ̇i +Qβ
i − F β

i )

ξ̈i =
1

A2
(−Dξ

i β̇i +Qξ
i − F ξ

i )

(4.55)

where A1 =
mbl(R− e0)

2

3
and A2 = mbl

(
e2F + 2eF rG +

(R− e0)
2

3

)
are constants which depend

on the blade’s inertia. The terms Dβ
i and Dξ

i are non-linear coupling terms whose expression
can be found in Ref. [82] and is specific for the i -th blade. Similarly, Qi − Fi is the excitation
of each ODE and represents the generalized force that creates the flapping and lead-lag motion
[82]. A numerical approach such as the one described in this section, eliminates the need for
complex algebraic expansions of the blade’s nonlinear structural dynamics, but it also requires a
methodology for in-place linearization and trim analysis. It has been observed that the flap-lag
equations derived in this form present some criticalities. Three major issues can be identified:

1. The single-blade representation of the rotor dynamics is suitable for the rotorcraft simu-
lation, but leads to a loss of physical meaning when developing linear state-space repre-
sentations;

2. Rotor dynamics obtained by a Lagrangian approach on the single-blade representation,
produce a high level of coupling between flap and lead-lag dynamics;

3. The presence of complex, nonlinear terms derived by numerical integration, makes the
linearization process impractical with an explicit version of the equations.

The first step for addressing the criticality number 1, is to transform equation 4.55 in a non-
rotating frame, by describing the rotor flap and lead-lag angles with the Coleman representation
for a 3-bladed rotor [141]. In particular, for the i -th blade,

βi = a0 − a1 cosψi − b1 sinψi

β̇i = ȧ0 − ȧ1 cosψi − ḃ1 sinψi + a1Ωsinψ − b1Ωcosψ

β̈i = ä0 − ä1 cosψi − b̈1 sinψi + (a1Ω
2 − 2ḃ1Ω− b1Ω̇) cosψi + (b1Ω

2 + 2ȧ1Ω+ a1Ω̇) sinψi

ξi = ξ0 − ξc cosψi − ξs sinψi

ξ̇i = ξ̇0 − ξ̇c cosψi − ξ̇s sinψi + ξcΩsinψ − ξsΩcosψ

ξ̈i = ξ̈0 − ξ̈c cosψi − ξ̈s sinψi + (ξcΩ
2 − 2ξ̇sΩ− ξsΩ̇) cosψi + (ξsΩ

2 + 2ξ̇cΩ+ ξcΩ̇) sinψi

(4.56)
where the tip-path plane dynamics is described by the coned-shaped rotor coordinates, i.e. the
coning angle a0 and the lateral and longitudinal flap coordinates a1 and b1. The motion of the
rotor center of gravity is instead described by the lead-lag coordinates in the non-rotating frame,
i.e. the collective ξ0, and the advancing/regressive lag, ξc and ξs. By substituting equations 4.56
into equations 4.55, the rotor dynamics can be then expressed in the following form:{

β̈ = −Kβ
1 β̇ −Kβ

0 β + Cβ
1 ξ̇ + Cβ

0 ξ +E
β

ξ̈ = −Kξ
1 ξ̇ −Kξ

0ξ + Cξ
1 β̇ + Cξ

0β +Eξ
(4.57)
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where β = [a0 a1 b1] and ξ = [ξ0 ξc ξs] are, respectively the vector of tip path plane and rotor
center of gravity coordinates. The expression of the K, C, and E terms is derived manually and
reported below. In particular, K0 and K1 are constant matrices (at each time step) derived from
the frame transformation, while C0 and C1 are representative of the level of coupling between flap
and lead-lag dynamics. Those matrixes are highly non-linear, and an explicit transformation from
a rotating to a non-rotating frame was not feasible. Eβ and Eξ are instead the excitation of the
second order ODE, represented by the flapping and lead-lag moments computed with numerical
integration. The mathematical formulation of the K terms, considering the same transformation
applied for flap and lead-lag, is

Kβ
1 = Kξ

1 =

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

−1 0 2Ω sinψ1 −2Ω cosψ1

0 2Ω sinψ2 −2Ω cosψ2

0 2Ω sinψ3 −2Ω cosψ3

 (4.58)

Kβ
0 = Kξ

0 =

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

−1 0 Ω2 cosψ1 + Ω̇ sinψ1 Ω2 sinψ1 − Ω̇ cosψ1

0 Ω2 cosψ2 + Ω̇ sinψ2 Ω2 sinψ2 − Ω̇ cosψ2

0 Ω2 cosψ3 + Ω̇ sinψ3 Ω2 sinψ3 − Ω̇ cosψ3

 (4.59)

Similarly, for the coupling and forcing terms C and E, the formulation is equivalent for flap and
lead-lag, but with a different expression of the internal coefficients

Cβ
1 =

1

A1

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

−1 −Dβ
1 0 0

0 −Dβ
2 0

0 0 −Dβ
3

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

 (4.60)

Cβ
0 =

1

A1

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

−1 −Dβ
1 0 0

0 −Dβ
2 0

0 0 −Dβ
3

0 Ω sinψ1 −Ωcosψ1

0 Ω sinψ2 −Ωcosψ2

0 Ω sinψ3 −Ωcosψ3

 (4.61)

Cξ
1 =

1

A2

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

−1 −Dξ
1 0 0

0 −Dξ
2 0

0 0 −Dξ
3

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

 (4.62)

Cξ
0 =

1

A2

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

−1 −Dξ
1 0 0

0 −Dξ
2 0

0 0 −Dξ
3

0 Ω sinψ1 −Ωcosψ1

0 Ω sinψ2 −Ωcosψ2

0 Ω sinψ3 −Ωcosψ3

 (4.63)

Eβ =
1

A1

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

−1 Qβ
1 − F β

1

Qβ
2 − F β

2

Qβ
3 − F β

3

 (4.64)

Eξ =
1

A2

1 − cosψ1 − sinψ1

1 − cosψ2 − sinψ2

1 − cosψ3 − sinψ3

−1 Qξ
1 − F ξ

1

Qξ
2 − F ξ

2

Qξ
3 − F ξ

3

 (4.65)

The subscripts 1, 2 and 3 are used to identify the single blade.

The second criticality related to this formulation arises when solving the system of rotor
dynamic equations. The system in equation 4.57 represents the rotor dynamics in a non-rotating
frame and can be solved with classical numerical methods [142]. However, to fundamentally
understand the effects of isolated rotor dynamics on the overall stability of the rotorcraft and
identify the major responsible for dangerous instabilities, a highly coupled system such as the one
reported above is not suitable, being the flap and lead-lag effects highly influenced by each other.
To this extent, a partially decoupled solution must be found. To do so, the dynamic is solved with
a Simulink scheme depicted in Fig. 4.6. At each time-step, t, the flap and lead-lag equations are
solved separately by approximating the coupling and forcing terms with value of rotor flap and
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lead-lag coordinates at the previous time-step (t−∆t). In the algorithm, ψ = [ψ1 ψ2 ψ3] is the
vector of single blade’s azimuthal coordinates used to compute the constant matrixes (K0 and
K1). With the same azimuthal positions and the single blade flap and lead-lag angles, derived
from the inverse Coleman transformation, the C0, C1 and E terms of the equations are computed
and used to solve the dynamics. The algorithm allows for solving the rotor equations with a
partial decoupling so one or the other dynamics can be excluded by simply cutting off its branch
and isolating its effect on the overall system.

The third criticality will be addressed by the linearization process, described in Section 4.9.2

i i

ii

Figure 4.6: Simulink algorithm to partially decouple and solve rotor dynamics in a non-rotating
frame of reference [139]

4.5 Fuselage modeling

The fuselage aerodynamic loads are included in a separate block and represented with a con-
tinuous, analytical, model. Several approaches can be adopted to characterize the forces and
moments generated by the airframe under freestream conditions, each having different accuracy
and computational costs. The most common methods are based on computational fluid dynamics
and experimental testing [143], [144]. However, while in the second case, a wind tunnel facility
would be needed, the first one requires very high computational costs and the capability to setup
numerical simulations to solve the full Navier-Stokes equations. In general, a critical require-
ment for modeling the fuselage loads is to provide an analytical representation that is continuous
around a 3D space, and numerically stable when implemented in a Matlab routine. Two differ-
ent methods are presented in this thesis, both providing a fast and complete estimation of the
aerodynamic loads around the airframe of the rotorcraft.

Method 1: Open VSP model
This method is based on the equivalent flat plate area definition: the fuselage is approximated
by an equivalent parallelepiped, having a specific frontal, lateral, and upper surface (S), each
characterized by a drag coefficient (CD). It is assumed that the fuselage does not produce any
lift force and the parasite drag provides its unique aerodynamic contribution. The approximation
can be considered reliable as soon as the airframe behaves as a bluff body, thus the contribution of
the lift is negligible with respect to the drag. With such an approximation, the aerodynamic force
of the fuselage follows the direction of the relative airspeed. Figure 4.7 depicts the fuselage flat
plate approximation, with x̂, ŷ and ẑ representing the versors perpendicular to each surface and
Û the versor of the airspeed. The total drag is the sum of the contributions from each flat plate,
while the aerodynamic moment produced by the fuselage was determined by placing the center
of pressure (CP) in an arbitrary position. According to different analyses, it was observed that a
positive pitching behavior of both tiltrotor [145] and multirotor [146] configurations at variable
αf was present. Nonetheless, even if a comprehensive aerodynamic analysis would be required,
for the sake of the simplicity of this method, and based on the symmetry planes characterizing the
vehicle, it is assumed that the aerodynamic force is applied ahead of the center of gravity (CG),
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along the longitudinal axis. Under this assumption, the fuselage contributes only to pitching and
yawing moments, respectively, in response to varying angles of attack and sideslip (αf and βf ).

Figure 4.7: Equivalent flat-plate fuselage approximation. The fuselage angle of attack αf and
sideslip βf are depicted [75]

This hypothesis is in agreement with the fuselage modeling approach presented by Padfield
(see pp. 148 of Ref. [147]), where the fuselage moment contribution was reduced to its pitching
moment due to αf , rolling and yawing moments due to βf . According to flat-plate aerodynamic
theory, the center of pressure (CP) is assumed to be located at one-third of the fuselage’s depth,
corresponding to 0.26 meters ahead of the CG. In particular

F f = −(F f
f + F t

f + F s
f )Û

Mf = rCP × F f

where



F f
f =

1

2
ρU2

∞S
fCf

DÛ · x̂

F s
f =

1

2
ρU2

∞S
sCs

DÛ · ŷ

F t
f =

1

2
ρU2

∞S
tCt

DÛ · ẑ

(4.66)

For a preliminary analysis, the values of the equivalent surfaces and drag coefficients are computed
by adopting the panel method implemented in the software OpenVSP (Release 3.34.0), using a
simplified geometry. The geometry and the body frame of reference are depicted in Figure 4.8,
while the values of the coefficients are reported in Table 4.2. OpenVSP is an open-source software
based on low-order aerodynamic models. The reliability of these models for the evaluation of
aerodynamic loads around bluff bodies was discussed by Zhu et al. [148]. In their work, the
authors compared different methods to compute the aerodynamic loads around the fuselage of
the Eurocopter DGV rotorcraft, including panel methods, CFD, and experimental results. An
overall good agreement was observed between the models even if an underestimated drag comes
out at low Reynolds numbers from the panel method, because of the inviscid approximation. In
general, the model is concluded to be suitable for isolated fuselages.

Frontal Lateral Top/Bottom
S [m] 0.3426 0.2065 0.8034
CD 0.3854 0.6356 0.1645

Table 4.2: Reference surfaces and drag coefficients of the equivalent flat plate approximation
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Figure 4.8: Side-by-side helicopter geometry approximation with OpenVSP [75].

Figure 4.9: OpenVSP aerodynamic loads estimation at |U |= 20 m/s

The first methodology presented in this Section, based on the OpenVSP estimations, pro-
duces the aerodynamic load estimation reported in Figure 4.9, where F f = [Fx Fy Fz] and
Mf = [Mx My Mz]. The loads are periodic and symmetric, due to the symmetry planes
characterizing the rotorcraft. It is assumed that the angle of attack does not affect the lat-
eral force, and the sideslip does not change the vertical component. In addition, the zero-lift
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approximation leads to a zero vertical force component at αf = 0. Considering the moment
estimation, this model is quite rough and simplistic, since the center of pressure is kept constant
for each flow condition and always aligned with the center of gravity. This approximation leads
to Mf (αf , βf ) = [0 My(αf ) Mz(βf )], where the moment about the x-axis remains always zero.
Even if this methodology is coherent with the physical direction and the order of magnitude of
forces and moments, it provides a quite rough and simplistic view of the aerodynamics around
the fuselage. In order to improve the accuracy of these loads, an advanced modeling approach is
proposed in this Section.

Method 2: integrated Open VSP model
This method integrates the Open VSP results, with the numerical evidence produced by Amadio
[149] and Pantieri [150] in their thesis, adopting CFD tools to estimate the fuselage forces and
moments at specific flight conditions. The results of their work are reported in Figure 4.10, and
compared with the integrated Open VSP model presented in this Section. The latter is an ana-
lytical representation based on the one presented in method 1 and corrected to fit with the CFD
results. The first observation made by comparing method 1 with CFD, was that the aerodynamic
forces were initially underestimated. The reason for that is probably traceable to the zero-lift
assumption and the approximation of drag due to only its parasite component. In addition, the
estimation of moments, even if coherent with signs and magnitude, does not reproduce the trend
highlighted by the CFD. The CP is placed in a reasonable position only for specific flight con-
ditions, and for a variable attitude, the curves follow a different fashion. For these reasons, an
integrated VSP model (iVSP) is developed by modifying the results from method 1, to reach a
better agreement with the CFD results. Concerning the forces, the drag coefficients reported in
Table 4.2 are corrected with empirical factors. This allows to keep the continuous trend of forces
in method 1 but reach a better agreement with CFD. In particular, the integrated VSP drag
coefficients (|i) are

Cf
D|i= 1.5Cf

D Cs
D|i= 1.7Cs

D Ct
D|i= 4.5Ct

D (4.67)

where the frontal and side drag coefficients are increased, respectively, of 50% and 70%, while
the most underestimated factor was the top drag. On the other hand, a different approach was
followed for integrating CFD into the moment calculation, as the estimation of the center of
pressure is a complicated task that strictly depends on the flight condition. Due to the symmetry
planes of the rotorcraft, the aerodynamic moments of the fuselage are periodic functions of αf

and βf with period 2π, which are symmetric with respect to the origin and can be approximated
by an analytic trigonometric function. To this extent, the theory of the Fourier series is recalled
[151]. A periodic function f(x) of period 2π, can be approximated by a series of sine and cosine
components cut at the N number of harmonics. In general

f(x) ≈ a0 +

N∑
n=1

(an cos (nx) + bn sin (nx)) (4.68)

where a0 is the average value, while an and bn are the Fourier coefficients for cosine and sine
terms, respectively, and they are calculated as follows:

a0 =
1

2π

∫ π

−π

f(x)dx (4.69)

an =
1

π

∫ π

−π

f(x) cos (nx)dx (4.70)

bn =
1

π

∫ π

−π

f(x) sin (nx)dx (4.71)

(4.72)
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The integrals are computed numerically with a trapezoidal method [152], by using the CFD
results extended along a 2π period and by considering the symmetry planes of the rotorcraft. As
already mentioned by Padfield [147], the most relevant moments around rotorcraft fuselage are
the ones considered in this study, i.e. My(αf ), Mx(βf ), and Mz(βf ). These are computed as

Mx(βf ) =
1

2
ρ|U |2Sf lrefCm,x(βf ) (4.73)

My(αf ) =
1

2
ρ|U |2SslrefCm,y(αf ) (4.74)

Mz(βf ) =
1

2
ρ|U |2StlrefCm,z(βf ) (4.75)

(4.76)

where lref = 1 m, and the coefficients Cm,x(βf ), Cm,y(αf ), and Cm,z(βf ) are approximated
with the above mentioned Fourier series approach. In particular, Cm,x(βf ) is approximated by a
Fourier series cut at the N = 7 harmonic, while Cm,y(αf ) was cut at the N = 6 harmonic and
Cm,z(βf ) at the N = 9. The results of the integrated VSP model are reported in Figure 4.10,
compared with the CFD outcomes. The model has in general a good agreement with the numerical
analysis, it is analytical and continuous and provides a reliable estimation of the fuselage loads.

Figure 4.10: OpenVSP vs CFD geometry approximation at |U |= 20 m/s
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4.6 Blade’s aerodynamics

Modeling the blade’s aerodynamic loads is fundamental for developing reliable flight dynamics
models. Both the analytical and numerical representations of the main rotor deal with the 2-
dimensional aerodynamics of the airfoil and characterize the section characteristics through its
lift and drag coefficients, respectively CL and CD. For the sake of the mathematical frameworks
developed in this work, the algorithm for the computation of the aerodynamic coefficients must
satisfy the following requirements:

1. the model must be defined and continuous around the entire interval of angles between
−180◦ and +180◦;

2. the model must be simple and robust, allowing a fast computation while running flight
simulations;

3. the model has to be numerical and not symbolic, to be able to solve the equations of
motion with different approaches;

4. the dependency with the Reynolds number and angle of attack has to be considered;
5. the model has to be sufficiently reliable and work also on stall regimes,

Computational fluid dynamics is certainly the most common and widely used method, involving
numerical algorithms to solve the Navier-Stokes equations around the 2 or 3-dimensional profiles
[153], [154]. However, even if this methodology would provide quite accurate estimations and reli-
able results, it does not satisfy the requirements of simplicity and robustness needed in this work.
The need for long computational times and the dependency of the results from the convergence
of the routine, make it a not viable solution. Alternative, simpler, methods such as panel method
[155], vortex lattice [156] or strip theories [157] can be considered. However, again, these theories
do not fully match all the requirements set for this part, being not fully reliable around stall
conditions and requiring more complex, and computational demanding, implementations than
the one proposed in this work.

For these reasons, the aerodynamic loads of the airfoil adopted in this flight dynamics model,
are extrapolated from experimental look-up tables provided by Abbott [158] for a NACA0015
airfoil, and extended with the Viterna equations [159] on a continuous set of angles of attack (α,
also called AoA) and Reynolds number (Re). In particular, the domain is divided into 3 regimes:

1) pre-stall, which goes from α = 0◦ to α = αs, where αs is the stall angle of attack identified
as the AoA at which the airfoil reaches the maximum CL, also named CLs . In this regime,
the CL is assumed to follow a linear trend until reaches the stall conditions and the CD

has a quadratic dependency with the CL.
2) post-stall, which goes from α = αs, to α = 90◦. Viterna equations are applied in this

regime;
3) flat plate regime, which goes from α = 90◦, to α = 360◦, where it is assumed that the

airfoil behaves as a flat plate.

The equations provided by Viterna guarantee an analytical and very simple continuous model that
can be tuned with several parameters including the Reynolds number dependency and different
airfoil characteristics. In particular, the adopted system is the following:

Pre− stall regime :

CL = CLαα+ CL0

CD = CD2
C2

L + CD1
CL + CD0

if α ∈ [0◦, αs] (4.77)

Post− stall regime :


CL = kpostCL,1

[
A1 sin 2α+A2

cos2 α

sinα

]
+ kpostCL,0

CD = kpostCD,1

[
B1 sin

2 α+ B2 cosα
]
+ kpostCD,0

if α ∈ [αs, 90
◦]

(4.78)
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Flat plate regime :

CL = kfpCL,1 [2 sinα cosα] + kfpCL,0

CD = kfpCD,1

[
2 sin2 α

]
+ kfpCD,0

if α ∈ [90◦ 360◦] (4.79)

where

A1 =
B1

2
, A2 = (CLs

− CDmax
sinαs cosαs)

sinαs

cos2 αs
, (4.80)

B1 =
CDmax

2
, B2 =

(CDs
− CDmax

sin2 αs)

cosαs
. (4.81)

The constant coefficients kpostCL,1, k
post
CL,0, k

post
CD,1, k

post
CD,0, k

fp
CL,1, k

fp
CL,0, k

fp
CD,1, and kfpCD,0 are used

to guarantee continuity of the model. They are evaluated for every different Re, and they are
the result of the system imposing continuity on the stall point and the α = 90◦ condition. In
particular, it is solved 

CL(αs)|pre = CL(αs)|post = CLs

CD(αs)|pre = CD(αs)|post = CDs

CL(90
◦)|post = CL(90

◦)|fp = 0

CD(90◦)|post = CD(90◦)|fp = CDmax

(4.82)

where it is assumed that the airfoil produces zero lift and its maximum drag when α = 90◦.
The dependency from the Reynolds number is instead included into the parameters tuning the
Viterna equations. While it is fixed that the airfoil behaves as a flat plate in all Re conditions,
and its maximum CD is independent of the incoming flow, the low AoA and post-stall parameters
are influenced by Re. In particular, an analytical interpolation of these parameters is provided
to guarantee simplicity and continuity, and

CLα = CLα(Re) = 2.18 · 10−7Re+ 4.96 (4.83)

CL0
= CL0

(Re) = 0 (4.84)

CLs
= CLs

(Re) = −24.34Re−0.33 + 1.63 (4.85)

CD0 = CD0(Re) = 412.6Re−0.89 + 0.004 (4.86)

CDs
= CDs

(Re) = 0.056 exp(−1.70 · 10−7Re) (4.87)

CD2 = CD2(Re) = −1.13Re+ 0.021 (4.88)

CD1
= CD1

(Re) = 1.39 · 10−9Re+ 5.67 · 10−4 (4.89)

According to Viterna [159], a simple estimation of the maximum drag coefficient in flat plate
regimes is CDmax

= 1.11 + 0.018AR.

The result of this modeling approach is reported in Figure 4.12. Lift and drag coefficients are
calculated with a continuous model that replicates with a simple and robust analytical framework,
the trend of the aerodynamic forces around a 2 dimensional airfoil. The stall angle of attack
increases with the Reynolds number, as well as the CLs. On the other hand, the minimum drag
condition in the pre stall regime, which is the CD0 , has an inverse behavior with respect to
Re. The interpolation described in equation 4.89, is depicted in Figure 4.11, compared to the
experimental data from Abbott [158].
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Figure 4.11: Lift and drag coefficient parameters: interpolation at variable Reynolds number

Flat platePost - stallPre- stall

Flat platePost - stallPre- stall

Figure 4.12: Lift and drag coefficient curves at variable angle of attack and Reynolds number
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4.7 Shroud modeling

The side-by-side helicopter analyzed in this work has two shrouded rotors. The effect of the
shroud on the generation of the airloads is taken into account by extending momentum theory to
the analysis of a ducted fan. It has to be highlighted that this modeling approach does not take
into account the aerodynamic interaction between the shroud and the surrounding flow, which
would become of major importance when considering forward flight conditions. Computational
fluid dynamics or wind tunnel tests can be performed in order to take those aspects into account.
For the sake of this study, only the effect of the shroud on the rotor thrust was considered, by
assuming an isolated and fixed rotor. To this extent, Kruger [160] showed that the presence of
a duct surrounding the rotor can benefit the overall performance by decreasing the amount of
power required to produce the needed thrust. Leishman [90] quantified this effect analytically by
introducing a wake contraction factor aw in the computation, such that

T = THW + Td where
Td
T

= 1− 1

2aw
. (4.90)

Td is an additional thrust contribution that arises from the presence of the duct and depends on
the geometry of the shroud itself. Accurate estimation of aw is a challenging task from both a
numerical and an experimental point of view. Different analyses can be found in the literature for
improving the accuracy of fan-in-fin tail rotor models or ducted fans [161], [162] and an extensive
aerodynamic study would be required. However, for the sake of this study, an analytical and
simple model is preferred. Bourtsev et al. [163] presented a semi-analytical model derived from
experimental tests to connect the shroud geometry to its theoretical contraction factor. Different
types of inlet/outlet were considered, as well as the ”lip” radius (rk) and the blades’ tip clearance
(δ). The wake contraction factor is

aw =
1

2

(
1 + δf

[
Kv

2
+

(ξin + ξout)

2Kv
− 1

])−1

(4.91)

where δf = 1 − 109
δ

R

√
δ

R
, ξin is evaluated as a function of the lip radius according to the

experimental data provided by Bourtsev et al. [163], and ξout is equal to zero.
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4.8 Trim

4.8.1 Analytical model trim routine

The trim condition of an aircraft is the equilibrium state at which the rotorcraft accelerations are
reduced to zero. A trim solution can be found per each flight condition, revealing the attitude
and controls necessary to keep the rotorcraft at a certain steady-state condition. Considering the
analytical representation of the main rotor, an iterative algorithm based on the Newton-Raphson
method [164] is implemented to compute the trim solutions of the vehicle at different velocities.
Equation 4.92 reports the full set of 16 dynamic equations of the analytical framework, which is
solved in a steady-state condition by setting its first and second-order derivatives equal to zero.
For the sake of simplicity, the angular rates are kept zero as well, thus p = q = r = 0, computing
trim solution for variable forward and lateral speed. The system has 16 equations because the
rotorcraft is over-actuated, meaning that the six controls operating on the two rotors are mixed
to be reduced to the global four. The two additional equations accounts for the control mix law,
and close the system of ODEs with 16 unknowns:

mtoU̇ = −mtoω ×U + Fg + F

Iω̇ =M − ω × Iω[
β̈ +H1β̇ +H2β −H3

](1)
= 0[

β̈ +H1β̇ +H2β −H3

](2)
= 0[

λ̇i −
3π

4

(
CT

2
− λi

√
µ2 + λ

)](1)
= 0[

λ̇i −
3π

4

(
CT

2
− λi

√
µ2 + λ

)](2)
= 0

A
(1)
1s = A

(2)
1s

θ
(1)
0 = θ

(2)
0

where



U̇ = ω̇ = ω = 0;

β̈
(1)

= β̇
(1)

= 0;

β̈
(2)

= β̇
(2)

= 0;

λ̇
(1)

i = 0;

λ̇
(2)

i = 0;

(4.92)

and the vector of unknowns is[
a
(1)
0 a

(1)
1 b

(1)
1 a

(2)
0 a

(2)
1 b

(2)
1 λ(1) λ(2) θ

(1)
0 A

(1)
1s B

(1)
1s θ

(2)
0 A

(2)
1s B

(2)
1s θ ϕ

]T
(4.93)

The first six equations describe the dynamics of the rigid body. In steady state conditions, those
are reduced to a sum of external forces and moments, plus the gravity contribution, equalized to
zero. The gravity force, applied to the rotorcraft CG, thus not generating any moment in body
f.o.r., is

F g = mto

 −g sin θ
g sinϕ cos θ
g cosϕ cos θ

 (4.94)

The second six equations are the steady-state tip-path plane dynamics, while the following two
are for the inflow. The yaw angle ψ is equal to zero, while the last two equations are additional
relations added to close the system: a constraint on the control mix is set, such that the two
rotors operate at the same collective pitch and lateral cyclic, both commanded by the pilot input
(see Section 4.1). The solutions for the trim are reported in Section 5.1.1.

4.8.2 Numerical model trim routine

Computing the trim conditions with a numerical modeling framework is not as straightforward
as in the case of the analytical model and requires a nonconventional, innovative, approach. The
system of 26 equations describing the full dynamics of the rotorcraft is described in equation 4.95,
where the rigid body accelerations, angular rates, and unsteady rotor dynamics are set to zero.
Two additional relations describing the control mix are included to close the system, as already
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mentioned in Section 4.8.1. The full set of equations to be solved is

mtoU̇ = −mtoω ×U + Fg + F

Iω̇ =M − ω × Iω

A
(1)
1s = A

(2)
1s

θ
(1)
0 = θ

(2)
0

β̈
(1)

=
[
−Kβ

1 β̇ −Kβ
0 β + Cβ

1 ξ̇ + Cβ
0 ξ +E

β
](1)

β̈
(2)

=
[
−Kβ

1 β̇ −Kβ
0 β + Cβ

1 ξ̇ + Cβ
0 ξ +E

β
](2)

ξ̈
(1)

=
[
−Kξ

1 ξ̇ −Kξ
0ξ + Cξ

1 β̇ + Cξ
0β +Eξ

](1)
ξ̈
(2)

=
[
−Kξ

1 ξ̇ −Kξ
0ξ + Cξ

1 β̇ + Cξ
0β +Eξ

](2)
[
M λ̇

](1)
=
[
−Ω(L1L2)

−1λ+ΩCaero

](1)[
M λ̇

](2)
=
[
−Ω(L1L2)

−1λ+ΩCaero

](2)

where



U̇ = ω̇ = ω = 0;

β̈
(1)

= β̇
(1)

= 0;

β̈
(2)

= β̇
(2)

= 0;

ξ̈
(1)

= ξ̇
(1)

= 0;

ξ̈
(2)

= ξ̇
(2)

= 0;

λ̇
(1)

= 0;

λ̇
(2)

= 0;

(4.95)

The higher complexity of the equations and time-dependency of the results, make the application
of classical numerical methods highly impractical and the results do not fully satisfy the zero-
acceleration condition. The system of equations cannot be solved with a symbolic routine, since
the blade element decomposition requires numerical integration to obtain the rotor forces and
moments. In addition, it was observed that the trim solution is not unique per each flight
condition, with the rotor loads being dependent on the azimuthal location of the blades. Having
a single-blade representation of the rotor disc leads to a dependency between the rotor dynamics
and the current blades’ configuration (ψ), while the tip-path plane and rotor CG coordinates
depend on the blade location at which the numerical algorithm has started. Flap wobbling and
rotor vibrations are observed such that β and ξ change during one revolution. For these reasons,
a general solution to the trim problem that keeps the rotorcraft in a real steady-state equilibrium
cannot be found if considering a unique blade setup. In order to find a solution that minimizes
the average rotor accelerations, the trim has to be computed based on an average rotor force
and moment in a Nc number of blade symmetric configurations. For example, by setting the
parameter Nc = 3, the trim is solved as an average between the equispaced blade configurations
depicted in Figure 4.13.

Figure 4.13: Blade configurations for a clockwise rotor with Nb = 3 and Nc = 3 [139]



74 4. SIDE-BY-SIDE HELICOPTER FLIGHT DYNAMICS MODELING

Considering ψ0 = [ψ1 ψ2 ψ3]0 the vector containing the initial position of each blade, the
k -th configuration can be computed as

ψk = ψ0 + k
2π

NbNc
where k = 0, 1, 2, ...Nc − 1; (4.96)

The trim algorithm is depicted in Figure 4.14. The solution to the problem is found by iteratively
solving the steady-state flap-lag equations, the steady-state 6 dof equations of motion (EoM)
coupled with control mix relations, and the non-uniform steady-state inflow. It was observed
that to help the convergence of the algorithm, the solution of the entire system should be split
into an internal and an external loop: in general, the internal loop iteratively solves the EoM and
steady-state inflow for fixed rotor coordinates, while steady rotor dynamics is updated within an
external routine. Each block of nonlinear equations is solved with a Newton-Raphson method.
The algorithm works as follows:

a) the algorithm starts with an initial condition of the 26 unknowns (6 tip-path plane coor-
dinates, 6 rotor CG coordinates, 6 inflow coefficients, 2 collective pitch, 4 cyclic controls,
roll, and pitch attitudes);

b) the rotor dynamic equations are solved for an Nc finite number of equispaced blades’
configurations and the disc tilt and rotor CG coordinates are derived for each of them. At
this stage, the system of equations 4.57 is solved in a steady-state condition, for the vector
of unknowns [

a
(1)
0 a

(1)
1 b

(1)
1 a

(2)
0 a

(2)
1 b

(2)
1 ξ

(1)
0 ξ(1)c ξ(1)s ξ

(2)
0 ξ(2)c ξ(2)s

]
(4.97)

c) the average value of βk and ξk is computed;
d) Knowing the average rotor coordinates and the initial condition for the inflow and rotor-

craft’s state, the main rotor loads are computed with equations 4.40 and 4.41. Again, this
computation is repeated for Nc blade configurations.

e) the average main rotors forces and moments are computed;
f) with the average rotor disc tilts, CG coordinates and main rotor loads, the system of

steady-state equations of motion, coupled with the two control mix relations, is solved
(first 8 equations in system 4.95). The vector of unknowns in this block is[

θ
(1)
0 A

(1)
1s B

(1)
1s θ

(2)
0 A

(2)
1s B

(2)
1s θ ϕ

]
(4.98)

g) with the new average state obtained at stage f), and the average rotor coordinates, the
steady inflow dynamics for the two rotors is solved. The system is reported for a single
rotor in equation 4.45, with the vector of unknowns being[

λ
(1)
0 λ(1)c λ(1)s λ

(2)
0 λ(2)c λ(2)s

]
(4.99)

h) the internal loop that solves EoM and inflow is repeated until the following stopping
criteria (maximum relative error between the rotorcraft state, inflow, and controls at each
internal iteration) is satisfied:

errint = max

[
|SIii − SIii−1|

|SIii|

]
≤ tolerance (4.100)

where SIii is the current vector of solutions (state, inflow, and controls) at the internal
iteration ii, and SIii−1 is the one at the previous iteration.

i) once the internal loop has converged, the rotorcraft state is updated and a new external
iteration is started with the steady rotor dynamic equations. The external loop is re-
peated until a stopping criteria (maximum relative error between the TPP and rotor CG
coordinates at each external iteration) is satisfied:

errext = max

[
|SEei − SEei−1|

|SEei|

]
≤ tolerance (4.101)
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where SEei is the vector of solutions of the external loop (tip-path plane and rotor CG
coordinates) at the external iteration ei, and SEei−1 is the one at the previous iteration.

The results at a variable forward speed are reported in Section 5.2.2

(1/2)

(1/2)

(1/2)

(1/2) (1/2) (1/2)

Figure 4.14: Iterative algorithm for trim computation with numerical modeling approach [139]

4.9 Linearized state-space model

4.9.1 8-states linearized model

The flight dynamic properties of an aircraft are defined by the open-loop stability assessed by
linearizing its dynamics around a steady-state condition. From an experimental perspective,
the stability of a system can be characterized by post-processing specific flight test data with
identification tools [165], [166]. However, in case of a lack of empirical evidence, the mathematical
framework can be adopted to study the analogous characteristics from a numerical perspective
[62], [167], [168]. In this work, the open-loop stability of the system is studied by employing
a numerical methodology: the ordinary differential equations describing the flight dynamics of
the system are linearized around a specific trim condition and reduced to a linear state-space
representation of the system behavior. An 8-state model can be obtained by linearizing the 6
d.o.f. rigid body equations of motion and the Euler angle definition (the heading angle Ψ is
neglected as it does not affect the dynamics of the rotorcraft), which are

mtoU̇ = −mtoω ×U + F g + F

Iω̇ =M − ω × Iω

ϕ̇ = p+ q sinϕ tan θ + r cosϕ tan θ

θ̇ = q cosϕ− r sinϕ

(4.102)

where F = [X Y Z] and M = [L M N ] are the excitation of the system, and include the
aerodynamic loads of both the rotors and the fuselage contribution. Considering the state vector

x = [u w q θ v p ϕ r] and the control vector τ = [θ0 A1s B1s ∆B1s] (4.103)
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the system can be reduced to the linear form

ẋ = AB−Bx+BB−Bτ (4.104)

where AB−B is the 8 × 8 state matrix and BB−B is the 8 × 4 control matrix [147]. To do so,
small perturbation theory and Taylor’s theorem for analytic functions can be applied. Each state
is described as a perturbation from its trim condition (identified by superscript 0), thus, for a
generic state x, x = x0 + δx, where δx is a small perturbation. The excitation is approximated
by Taylor’s theorem cut at the first-order derivative such that a generic force/moment F can be
expressed as its trim value (F 0) plus a sum of contributions from each state and control variable,
such that

F = F 0 + F uu+ Fww + ...+ FB1s
B1s + F∆B1s

∆B1s (4.105)

where the first-order derivative about a generic perturbation δx of the state x is computed nu-
merically with a central finite difference formula as

F x =
∂F

∂x

∣∣∣
x0

=
F (x0 + δx)− F (x0 − δx)

2δx
(4.106)

The first-order derivatives computed with this formula, describing the behavior of a specific
load around a trim condition, are called ”stability derivatives”, and they provide fundamental
information about the stability and dynamics of the system. The value of the perturbation is
chosen by performing a convergence check on the derivatives to not affect their computation.
In particular, 10% of the forward velocity is chosen for the forward speed perturbation, 0.1
m/s is used for the other two components while a perturbation of 0.01 rad/s is applied to the
angular velocities and 0.1 degrees for the attitude and control angles. The stability derivatives are
computed manually by perturbing the dynamic system implemented in a Simulink environment
and by recording the perturbed loads. On the other hand, by substituting the small perturbation
description in equations 4.102, the linearized version around a trim condition with no angular
rates (p0 = q0 = r0 = 0) is described by the system

u̇ = −w0q − gθ cos θ0 + v0r +Xuu+Xww + ...+X∆B1s
∆B1s

ẇ = u0q − gθ cosϕ0 sin θ0 − v0p− gϕ sinϕ0 cos θ0 + Zuu+ Zww + ...+ Z∆B1s
∆B1s

q̇ =Muu+Mww + ...+M∆B1s∆B1s

θ̇ = q cos θ0 − r sin θ0

v̇ = −gθ sinϕ0 sin θ0 + pw0 − ru0 + Yuu+ Yww + ...+ Y∆B1s
∆B1s

ṗ = L′
uu+ L′

ww + ...+ L′
∆B1s

∆B1s

ϕ̇ = p+ q sinϕ0 tan θ0 + r cosϕ0 tan θ0

ṙ = N ′
uu+N ′

ww + ...+N ′
∆B1s

∆B1s

(4.107)

from which the state and control matrices can be easily derived. The force derivatives (X, Y , and
Z) are normalized with mto, while the pitching moments (M) are normalized with the inertia
moment with respect to the pitch axis Iyy. The lateral-directional derivatives L′ and N ′ are
normalized and coupled as

L′
xi

=
IzzLxi

+ IxzNxi

Ic
(4.108)

N ′
xi

=
IxzLxi

+ IxxNxi

Ic
(4.109)

where Ic = IxxIzz − I2xz. The dynamic stability of the system can be assessed by considering the
eigenvalues of the state matrix A, while the identification of the main dynamic modes through
the eigenvectors analysis. The methodology presented in this Section, is applied to the analytical
modeling approach.
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4.9.2 38-states linearized model

The linearization process for the analytical framework has been described in Section 4.9.1, and
produces an 8-state linear representation of the side-by-side helicopter flight dynamics. In this
Section, a methodology for linearizing the numerical model with highly-coupled body-rotor-inflow
dynamics is described. The method produces a 38-state-space representation of the side-by-side
helicopter flight dynamics, including the effects of the blade’s flexibility in the calculation of the
open-loop stability. The core motivations for developing an alternative linearization methodology
are substantially two:

• The presented methodology allows us to address the third criticality related to the numer-
ical modeling approach, highlighted in Section 4.4.5: the presence of complex, nonlinear
terms derived by numerical integration, makes the linearization process impractical with
an explicit version of the equations. The system of equations describing the rotor dynamics
contains coupling and forcing terms that are highly nonlinear and do not allow obtaining
an explicit version such as the one adopted in the analytical representation;

• One of the objectives for developing an advanced modeling approach, with higher degrees
of freedom, is to analyze the isolated effects of rotor dynamics on the rigid body stability.
To this extent, a higher number of states have to be included in the linear representation,
in order to be able to isolate the coupling effects and study the system stability.

The system of 38 ordinary differential equations describing the rigid body motion, rotor, and
inflow dynamics is 

mtoU̇ = −mtoω ×U + Fg + F

Iω̇ =M − ω × Iω

ϕ̇ = p+ q sinϕ tan θ + r cosϕ tan θ

θ̇ = q cosϕ− r sinϕ

β̇
(1)

= [dβ]
(1)

β̇
(2)

= [dβ]
(2)

ḋβ
(1)

=
[
−Kβ

1 dβ −Kβ
0 β + Cβ

1 dξ + Cβ
0 ξ +E

β
](1)

ḋβ
(1)

=
[
−Kβ

1 dβ −Kβ
0 β + Cβ

1 dξ + Cβ
0 ξ +E

β
](2)

ξ̇
(1)

= [dξ]
(1)

ξ̇
(2)

= [dξ]
(2)

ḋξ
(1)

=
[
−Kξ

1dξ −Kξ
0ξ + Cξ

1dβ + Cξ
0β +Eξ

](1)
ḋξ

(2)
=
[
−Kξ

1dξ −Kξ
0ξ + Cξ

1dβ + Cξ
0β +Eξ

](2)
[
M λ̇

](1)
=
[
−Ω(L1L2)

−1λ+ΩCaero

](1)[
M λ̇

](2)
=
[
−Ω(L1L2)

−1λ+ΩCaero

](2)

(4.110)

where the first 8 equations represent the rigid body motion plus the Euler angle definition. The
second-order flap and lead-lag dynamics are described in a non-rotating frame of reference in
equation 4.57, with a set of 6 equations per each rotor, are reduced to 24 first-order ODE by
applying a separation of variables. In particular, dβ = [ȧ0 ȧ1 ḃ1] and dξ = [ξ̇0 ξ̇c ξ̇s] are the
variables added to reduce the second to first order ODEs. Again, the system of equations is
linearized and reduced to the form

ẋ = Ax+Bτ (4.111)
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where A and B are the full state and control matrices, while in this case the state and control
vectors, x and τ , are

x =
[
u w q θ v p ϕ r β(1) β(2) dβ(1) dβ(2) ξ(1) ξ(2) dξ(1) dξ(2) λ(1) λ(2)

]
(4.112)

τ = [θ0 A1s B1s ∆B1s] (4.113)

Similarly to Section 4.9.1, small perturbation theory and Taylor’s theorem are applied to the full
set of dynamic equations to reduce system 4.110 into the linear system 4.111. Manual linearization
is applied to the equations of motion and the stability derivatives of rigid body forces and moments
are computed with the central finite difference formula, with respect to the full set of states in
equation 4.113.

However, as already mentioned, rotor dynamics equations are in an implicit version, with
coupling and forcing terms containing a nonlinear dependency with the states and numerical
integration. To this extent, small-perturbation theory is only applied to the terms that are explicit

in the equation above, while both forcing (Eβ and Eξ) and coupling (Cβ
0 , C

β
1 , C

ξ
0 and Cξ

1) terms
are linearized by means of Taylor’s theorem. A new set of stability derivatives is introduced with
such a method, describing the level of coupling between flap and lead-lag, and flapping/lead-lag
moments perturbed by each state. The state matrix A will indeed be a function of the trim
condition and the full set of stability derivatives, including classical rigid body derivatives, the
coupling body-rotor-inflow ones, and the term related to flap and lead-lag forcing and coupling.
The general structure of the A matrix is

A =

 AB(8× 38)
AR(24× 38)
Aλ(6× 38)

 =

 AB−B(8× 8) AB−R(8× 24) AB−λ(8× 6)
AR−B(24× 8) AR−R(24× 24) AR−λ(24× 6)
Aλ−B(6× 8) Aλ−R(6× 24) Aλ−λ(6× 6)

 (4.114)

where AB , AR and Aλ are respectively the linearized version of the rigid body, rotor, and inflow
dynamics, and they are composed by a set of 3 sub-matrices for each of them. Considering,
for example, the rigid body dynamics, AB−B represents the 8-state linear model described in
Section 4.9.1, while AB−R and AB−λ represent the coupling effect of the flap, lead-lag and inflow
dynamics on the body motion. On the other hand, AR−B for example, represents the coupling
effect of the rigid body motion on the rotor dynamics (flap and lead-lag). AB−R (and similarly
AB−λ) is made by the stability derivatives derived by the total forces and moments, perturbed
with a flap or lead-lag perturbation, i.e.

AB−R =


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· · ·
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· · · N
ξ
(1)
0

· · ·


(4.115)

The flap and lead-lag dynamics, instead, are represented by the linearized version of the rotor
dynamics equations, i.e. AR. This matrix is made of pure rotor-rotor dynamics (AR−R) plus the
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coupling effects of body and inflow on the rotor itself. The structure of this matrix is

AR =

Z24×8

Z6×6 I6 Z6×6 Z6×6

−Kβ
0 −Kβ

1 Cβ,0
0 Cβ,0

1

Z6×6 Z6×6 Z6×6 I6

−Kξ
0 −Kξ

1 Cξ,0
0 Cξ,0

1

Z24×6

+



Z6×1 · · ·[
Cβ

0x
ξ0 +Eβ

x

](1)
· · ·[

Cβ
0x
ξ0 +Eβ

x

](2)
· · ·

Z6×1 · · ·[
Cξ

0x
β0 +Eξ

x

](1)
· · ·[

Cξ
0x
β0 +Eξ

x

](2)
· · ·


(4.116)

where Cβ,0
0 and Cξ,0

0 are the coupling coefficients of flap and lead-lag equations evaluated in the

trim condition, while Cβ
0x
, Cξ

0x
, Eξ

x and Eξ
x are the stability derivatives of the coupling and forcing

terms, computed with respect to the generic perturbed state x as mentioned by equation 4.106.
Symbols Zi×j and Ii represent, respectively, a zero matrix of dimensions i × j and an identity
matrix of dimensions i× i. All of those terms are derived for both main rotor 1 and 2, thus they
are structured as, for example,

Kβ
0 =

[
Kβ(1)

0 Z3×3

Z3×3 Kβ(2)

0

]
(4.117)

It can be observed that AR is split, for the sake of clarity, into two matrixes: the first one depends
exclusively on the trim condition, while the second depends on the stability derivatives. It is
indeed a 24× 38 matrix and the general notation applied for both terms is with the x perturbed
state in the last subscript. In addition, β0 and ξ0 are the flap and lead-lag coordinates at trim,
considering the average solution found in the trim section. In general, in the j -th column of this
matrix the derivatives are computed for the i -th perturbed state and for the rotor indicated by
the superscript. A similar methodology is applied to the inflow dynamics to derive the linearized
version of the inflow equations represented by matrix Aλ.



Chapter 5

Results on the side-by-side helicopter
flight dynamics

5.1 Flight dynamics with analytical modeling

5.1.1 Trim

(a) (b)

(c) (d)

Figure 5.1: Trim conditions with an analytical modeling approach. a) Power and control inputs
at variable forward speed; b) Power and control inputs at variable lateral speed; c) Rotorcraft
attitude at variable forward speed; d) Rotorcraft attitude at variable lateral speed.

80
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Section 4.8.1 described the numerical process for computing the trim conditions with an analytical
modeling approach. The results are summarised in Figure 5.1. Subfigures a) and c) report the
rotorcraft control inputs, power, and attitude at variable forward speed in a range of 0 to 20 m/s.
As expected, the aircraft assumes a pitch-down attitude to move forward, together with a positive
longitudinal cyclic control input. B1s is the average value of the longitudinal cyclic applied in the
two rotors and mixed with the control mixer described in Section 4.1. It is noted that, according
to the mathematical model, a positive longitudinal cyclic is intended to be a ”push effort” on the
stick by the pilot, while the right-handed body axes system defines the attitude signs. The case
study absorbs approximately 1.6 kW at hover and remains in a neutral condition with 8.2◦ of
collective pitch applied in both rotors. It has a minimum power of 1.2 kW at 12 m/s of forward
speed.

From a lateral movement perspective, the trim is computed from 0 to 10 m/s on both sides.
The aircraft has symmetric behavior, decreasing the power required with the speed, and applying
a lateral cyclic control in the direction of the motion. A small correction from the differential
longitudinal cyclic control (∆B1s) is applied to counteract the yawing moment generated by the
fuselage with the center of pressure in a forward position with respect to the CP. The rCP position
in front of the CG generates an unstable moment about the z-axis when the rotorcraft is subjected
to a sideslip angle. The rotorcraft assumes a rolled attitude by lowering the main rotor placed in
the direction of the motion.

5.1.2 Stability analysis at variable forward speed

The flight dynamic properties of the side-by-side helicopter are described by the eigenvalues and
eigenvectors of the state matrix obtained from the linearized equations of motion (equations
4.107). The system poles are indeed representative of the natural responses of the aircraft to
small disturbances around an equilibrium point. These poles provide crucial insights into the
stability, controllability, and dynamic behavior of the vehicle and correspond to specific flight
dynamics modes. Poles having a negative real part describe a stable dynamic mode, while a non-
zero imaginary part is representative of an oscillatory response. Mode participation quantifies
how the state variables (e.g., pitch angle, roll rate) contribute to a particular mode, enabling a
deeper understanding of the dynamics and how design changes or control inputs influence stability
and performance. Analyzing these poles is essential for ensuring safe and predictable behavior
across a range of flight conditions, particularly for advanced rotorcraft configurations in complex
operational scenarios like Urban Air Mobility.

The linearized equations of the analytical modeling approach account for 8 states participating
in the 8 system poles representing the rigid body dynamics on a complex plane. For the sake
of this work, the poles are identified through eigenvectors and frequency analysis and classical
aircraft nomenclature is adopted. Mode participation in the system poles is represented in Figure
5.2 at a forward speed of VN = 5 m/s, to show the dynamic behavior of the rotorcraft under
specific state perturbations. In addition, Figure 5.3 represents the poles’ frequency at variable
forward speed. The system is characterized by four longitudinal poles and four lateral poles,
identified by the participation of longitudinal (u, w, q, and θ) and lateral (v, p, ϕ, and r) states.
From a longitudinal perspective, the rotorcraft behavior is defined by a high-frequency (around
3.7 rad/s at hover) stable and real pole, participated mainly by the vertical speed and pitch
rate. This pole is referred to as short-period dynamics, which is a fast and well-damped motion
involving the aircraft’s pitch angle and pitch rate. An oscillatory and slightly unstable phugoid
mode is instead identified by its low frequency (0.6 rad/s at hover) and a major contribution
from the forward and lateral speed, and the pitch angle. The phugoid refers to a slow oscillatory
motion characterized by coupled changes in airspeed and altitude. Longitudinal dynamics is also
characterized by a stable and low-frequency pole, referable to a heave subsidence mode due to the
prominent contribution of the vertical speed. The heave subsidence mode is indeed a fundamental,
non-oscillatory motion associated with vertical (heave) movement. It represents the rotorcraft’s
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response to disturbances or control inputs that affect its vertical velocity and primarily involves
the rotor’s thrust dynamics.

Short Period Roll

Dutch-rollPhugoid

Heave subsidence Spiral

Figure 5.2: Module of the system eigenvectors at VN = 5 m/s

Figure 5.3: Frequency of the main rotorcraft dynamics, at variable forward speed.
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Similarly, the lateral dynamics at low speed is characterized by a couple of oscillatory and
low-frequency Dutch-roll poles and a couple of real stable eigenvalues at low and high frequency,
representing a roll and spiral behavior. Dutch-roll dynamics is a characteristic oscillatory motion
of an aircraft involving the coupled yawing and rolling motions and it arises due to the interaction
between lateral-directional stability characteristics. Dutch-roll is typically participated by the
lateral speed, coupled with bank angle, roll, and yaw rates. Similarly, spiral dynamics is a
slow, unstable motion in which the rotorcraft gradually rolls and yaws in a coordinated manner,
potentially leading to an increasing bank angle and eventual loss of control if left to diverge.
Spiral is typically participated by the lateral speed and the yaw rate. The fast and stable lateral
pole is instead representative of the roll dynamics: typical state participations are the roll rate
and bank angles. Roll dynamics play a critical role in lateral stability and maneuverability. A
well-damped roll mode ensures that the rotorcraft responds predictably to control inputs and
external disturbances. The lateral and longitudinal poles are summarised in Table 5.1 at different
forward speed conditions.

VN = 0 m/s VN = 5 m/s VN = 10 m/s VN = 20 m/s
Short Period -3.705 -3.831 -4.219 -5.6251
Phugoid 0.044± 0.604i 0.010± 0.590i 0.048± 0.578i 0.457± 0.271i
Heave subsidence -0.530 -0.540 -0.574 -0.491
Roll -3.632 -3.970 -4.563 -5.181
Dutch-roll 0.032± 0.485i 0.076± 0.384i 0.320 , 0.173 1.272 , -0.089
Spiral -0.040 -0.127 -0.508 -1.239

Table 5.1: Rotorcraft poles computed with the analytical modeling approach at different forward
speed

The evolution of the rigid body poles is represented on a complex plane in Figure 5.4, with
the forward speed that varies from hovering (0 m/s, plain markers) to 20 m/s (empty markers).
In addition, the mode participation retrieved from the system’s eigenvectors is represented in
Figure 5.5 at a variable forward speed. From this plot, it can be observed how the contribution
of the rigid body states to the rotorcraft dynamics changes with the speed.

An increased forward speed has a beneficial effect on the high-frequency modes, as the short
period and roll dynamics increase their damping and stability. Both of them maintain the con-
tribution of the respective angular rate and body velocity (q and u in the short period and p and
v in the roll) as a fundamental part of the mode participation, even if the vertical speed arises
in the short period. A similar behavior is observed in the stable spiral mode, which increases
its damping and maintains the contribution of lateral speed, angular rate, and forward speed.
Heave subsidence is the less affected pole from a stability perspective, even if the dynamics of this
mode change with the increase of forward speed, which becomes a major contributor in the heave
participation plot. The oscillatory poles are the most affected ones. The phugoid increases its
damping ratio and decreases its natural frequency, evolving the poles closer to the real, unstable,
axis. On the other hand, an increase of forward speed may become highly detrimental for the
dutch-roll dynamics. The oscillatory and slightly unstable poles evolve closer to the real axis,
until at around 9 m/s, they become a couple of lateral divergences. This behavior can lead to
dangerous instabilities in the system when the forward speed becomes high enough to decouple
the complex conjugate Dutch-roll dynamics. The mode participation at this point becomes quite
confusing, and both lateral and longitudinal states contribute to the unstable behavior.
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Figure 5.4: Evolution of the rigid body poles at variable forward speed, from 0 m/s (plain markers)
to 20 m/s (empty markers).

Short period Phugoid

Dutch-roll

Heave subsidence

Roll Spiral

Figure 5.5: Mode participation of the rigid body poles at variable forward speed.

5.1.3 Stability analysis at variable center of gravity

This section elaborates on the effect of the CG location on vehicle stability. The side-by-side
prototype considered in this work is designed by locating two 6s battery packs on the longitudinal
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axis of the rotorcraft. By shifting the batteries along their cases, it is possible to move back and
forth the center of gravity of the whole system and alter its stability properties. It then becomes
important to address the effects of moving the CG in order to draw conclusions on the optimal
location for the batteries and understand how the rotorcraft behaves when its center of mass is
shifted with respect to the nominal position. A schematic view of the rotorcraft is provided in
Figure 5.6, to define the variation of center of gravity ∆CG with respect to the nominal position.
A positive ∆CG refers to a center of mass shifted forward along the longitudinal body axis xB .

Figure 5.6: Schematic representation of the ∆CG definition [75]

Figures 5.7 and 5.8 show the effect of a variable center of gravity on the rigid body poles at,
respectively, hover and VN = 5 m/s. Considering the hovering case, ∆CG has a minimum effect
on the high-frequency poles, i.e. short period and roll, while it can be crucial for the stability of
the low-frequency dynamics, and in particular for the lateral poles. As can be observed in Figures
5.7, both a positive and negative shifting of the cG have the effect of moving the phugoid modes
toward the real axis, impacting the already slightly unstable oscillatory mode and transforming
it to a divergence. A similar behavior is observed on the heave subsidence mode, but with the
final result of improving its stability and damping. On the other hand, the stability of spiral
and dutch-roll strictly depends on the CG position, with an inverse effect on the two dynamics.
Indeed, when the CG is shifted backward (∆CG < 0), the spiral mode tends to become unstable,
while the dutch-roll frequency decreases and the poles move towards a stable configuration. In
the most retreated layout considered in this study (∆CG = −0.2 m, see Table 5.2) the dutch-roll
becomes stable, while the spiral becomes unstable. However, spiral dynamics tends to be slow
and progressive and the motion divergence becomes significant after a long time. Its stability
depends on the balance between lateral and directional stability, and in this case the retreated
location of the CG enhance the unstable directional effect of the fuselage. Nevertheless, a slightly
unstable spiral does not lead to seriously dangerous situations and its divergence can be easily
corrected with stability augmentation systems. In general, for stable hover, it is recommended to
shift the CG backward and avoid unstable lateral oscillations.

∆CG = −0.2 m ∆CG = 0 m ∆CG = 0.2 m
Short Period -3.472 -3.705 -3.472
Phugoid 0.372 , 0.346 0.044± 0.604i 0.365 , 0.352
Heave subsidence -1.628 -0.530 -1.628
Roll -3.523 -3.632 -3.454
Dutch-roll −0.133 + 0.370i 0.032± 0.485i 0.089± 0.635i
Spiral 0.146 -0.034 -0.393

Table 5.2: Rotorcraft poles computed with the analytical modeling approach at different center
of gravity locations, in hovering conditions
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Figure 5.7: Evolution of the rigid body poles at variable CG location, from ∆CG = −0.2 m
(plain markers) to ∆CG = 0.2 m (empty markers), in hovering condition.

In forward flight, the evolution of the poles changes. Figure 5.8 reports the rigid body poles
at variable CG locations at VN = 5 m/s, while Table 5.3 summarises the cases of ∆CG = −0.2,
0, and 0.2. A similar trend with respect to the hovering case is observable in the roll, spiral, and
dutch-roll poles: the ∆CG < 0 condition leads to a slightly unstable spiral and a stabilization
of the oscillatory modes. On the other hand, longitudinal dynamics evolves differently with
respect to the hovering case. The phugoid remains unstable for all the CG configurations, and it
becomes real, thus divergent, with a very much retreated CG. The main difference occurs with
the short period and heave subsidence mode. Both of them remain stable for the entire CG
range, but moving the CG forward has the effect of reducing the short period frequency and
increasing the heave subsidence one. At ∆CG = −0.1 m, these two poles merge into a couple
of high-frequency, complex conjugate and oscillatory modes, which increase their frequency with
the backward location of the CG. It is evident from Figure 5.9, that the mode participation in
the heave subsidence at ∆CG < 0, gradually becomes closer to the short period one, with the
contribution of the pitch angle θ and rate q that arises as soon as the CG is shifted backward.

∆CG = −0.2 m ∆CG = 0 m ∆CG = 0.2 m
Short Period −2.599 + 2.417i -3.831 -5.407
Phugoid 0.477 , 0.091 0.010± 0.590i 0.488± 0.704i
Heave subsidence −2.599− 2.417i -0.540 -0.253
Roll -3.809 -3.970 -3.832
Dutch-roll −0.186 + 0.731i 0.076± 0.384i 0.001± 0.595i
Spiral 0.220 -0.127 -0.183

Table 5.3: Rotorcraft poles computed with the analytical modeling approach at different center
of gravity locations, at VN = 5 m/s
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Figure 5.8: Evolution of the rigid body poles at variable CG location, from ∆CG = −0.2 m
(plain markers) to ∆CG = 0.2 m (empty markers), at VN = 5 m/s.
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Figure 5.9: Mode participation of the rigid body poles at variable CG location and VN = 5 m/s.

Finally, Figure 5.10 reports the frequency of the rigid body poles at variable CG locations in
the cases of hovering (left) and VN = 5 m/s. Concerning the hovering case, the heave subsidence
mode is the one that experiences the largest frequency variation, with a symmetric trend for
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positive and negative ∆CG. Dutch-roll frequency gradually increases by moving the CG forward.
On the other hand, in forward flight heave and short-period modes merge with a negative enough
CG location, while the phugoid frequency is generally higher with the CG in a forward location.

Figure 5.10: Rigid body poles frequency at hovering (left) and VN = 5 m/s.

5.2 Flight dynamics with numerical modeling

5.2.1 Overview of the analysis

In this section, the flight dynamics characteristics of the side-by-side helicopter are studied with
the numerical modeling approach (see Section 4.4) at hovering conditions. The objective is
to provide an in-depth analysis of the stability and dynamic properties of the rotorcraft, by
introducing different degrees of complexity in the modeling approach and understanding how the
separate dynamic features affect the rigid body stability. In addition, cross-validation with the
analytical model is provided by comparing the trim and stability outcomes. The only hovering
condition will be taken into account in this study.

The methodology is summarised here:

1. Trim calculation at variable forward speed and comparison with the analytical modeling
results;

2. Definition of a standard, lowest complexity, modeling configuration and comparison with
the analytical approach:

• Uniform and dynamic inflow (λ = [λ0 0 0] in both rotors);
• Uniform flap dynamics (β = [a0 0 0] in both rotors);
• Lead-lag neglected (ξ = [0 0 0] in both rotors).

3. Starting from this condition, different levels of complexity are included, and their effects on
the rotorcraft stability (system poles and eigenvectors) are highlighted. At first, complete
flapping dynamics is considered in both models (β = [a0 a1 b1]), then the lead-lag
effect (ξ = [ξ0 ξc ξs]), and finally, the influence of a dynamic, non-uniform inflow (λ =
[λ0 λs λc]).
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5.2.2 Trim

Figure 5.11: Trim results for the numerical modeling approach (black) compared with the ana-
lytical results (red).

Similarly to the results reported in Section 5.1.1 for the trim conditions computed with the ana-
lytical main rotor modeling approach, this Section shows the steady state solutions of rotorcraft
dynamics described with the numerical modeling approach. Figure 5.11 compares the trim so-
lution at variable forward speed, computed with the algorithm for the numerical model and the
results from the analytical representation. The two models have a very good agreement on the
controls applied to fly forward, with a small discrepancy on the collective pitch. Figure 5.11
right, reports the aircraft trimmed attitude at variable advancing speed, and the result is that
with a numerical modeling approach, the aircraft tends to pitch more. In general, in the absence
of experimental evidence, the computation of trim solution with two different models allows for
partially validating the two representations in steady conditions.

5.2.3 Rotorcraft stability: flap dynamics

Figures 5.12 and 5.13 report the rigid body poles and their frequency affected by uniform and
non-uniform flap dynamics in both the analytical and numerical modeling frameworks. These
two plots provide several information regarding the flight dynamic properties of the side-by-side
in hover, the comparison between modeling approaches, and the effect of lateral and longitu-
dinal disc tilts on rigid body stability. The black/red colors identify the numerical/analytical
framework, while the empty/plain markers distinguish between the standard condition and the
first level of complexity introduced in the computation (complete flap dynamics). The symbols
identify the poles. The mode identification is made through eigenvector analysis and by recalling
classical aircraft nomenclature for low- and high-frequency modes. The frequency of the poles
is represented in Figure 5.13, highlighting a clear difference between six low-frequency modes
and two higher-frequency ones. Two couples of oscillatory dynamics identify slightly unstable,
low-frequency phugoid and dutch-roll modes. The low-frequency behavior is also characterized
by stable spiral and heave subsidence. From the high-frequency point of view, a couple of stable
short-period and roll dynamics are reported.
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Complete

Flap

Uniform

Figure 5.12: Rigid body poles affected by lateral and longitudinal disc tilts, according to the
numerical (black markers) and analytical (red markers) frameworks

Numerical - Complete Flap
Numerical - Uniform Flap
Analytical - Complete Flap
Analytical - Uniform Flap

Figure 5.13: Frequency (ω) of the rigid body poles affected by lateral and longitudinal disc tilts

Considering the standard condition (empty markers in the plot, β = [a0 0 0]), the two models
provide similar results, even if with some differences in the frequency estimation. It appears that
the frequency of both the oscillatory modes (phugoid and dutch-roll) and the high-frequency
poles (roll and short period) is underestimated by the analytical model with respect to the more
refined numerical one. A substantial difference is obtained in the phugoid and short-period modes,
whose ω value is almost doubled and tripled in the numerical model. Similarly, the Dutch-roll
has a halved frequency when the rotorcraft is described by an analytical approach. However,
although with a scaling factor in the frequency estimation, the two models at a standard level of
complexity agree on the overall stability of the rotorcraft, both of them predicting the slightly
unstable oscillatory modes and the mode participation of the 8 rigid body dynamics. Table 5.4
summarises the poles and their frequency at a standard level of complexity. The relative error is
computed as the relative discrepancy between frequencies in the two models with respect to the
more refined one (numerical), as

err% = 100
ωnum − ωana

ωnum
(5.1)
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Analytical Numerical Relative error
Pole Frequency Pole Frequency

Short Period -0.33 0.33 -0.96 0.96 66%
Phugoid 0.08± 0.22i 0.24 0.08± 0.22i 0.42 43%
Heave subsidence -0.53 0.53 -0.52 0.52 2%
Roll -1.41 1.41 -1.80 1.80 22%
Dutch-roll 0.02± 0.11i 0.11 0.06± 0.25i 0.26 58%
Spiral -0.07 0.07 -0.12 0.12 40%

Table 5.4: Rigid body poles and frequencies at standard level of complexity

The first dynamic feature included in the computation is the complete, second-order, flapping
dynamics, (solid markers in the plot, β = [a0 a1 b1]) which introduces the effect of the lateral
and longitudinal disc tilts on the rigid body. The two models behave similarly, with the tip-path
plane dynamics affecting the oscillatory poles by increasing their frequency and adding lateral
and longitudinal damping to the high-frequency ones (short period and roll). Overall, the lateral
and longitudinal disc tilts have a beneficial effect on the rotorcraft stability, moving all the poles
towards the negative real axis. Short period and roll frequencies are directly linked to the lateral
and longitudinal damping derivatives Mq and L′

p [147] which are reported in Table 5.5 for the
two cases, together with the rotor disc coordinates with a perturbed pitch rate q. The rotorcraft
reacts to a disturbance in angular rate with a damping moment around the perturbed axis. The
different modeling approach to the flap dynamics leads to different disc tilts which are directly
proportional to the damping derivative. Indeed, the flap hinge stiffness and inertial moments
described in Equation 4.39 are proportional to a1 and b1 which are, for a small perturbation of
pitch rate (the same happens with a perturbation of roll rate p), different in the two models (see
Table 5.5). The discrepancy is, in absolute values, quite small, and the disc tilts maintain the
same order of magnitude, as well as the damping derivatives. The relative discrepancy between
short-period frequencies is reduced with respect to the standard case, where the numerical model
almost tripled the analytical one, while here doubles the lower order framework. In addition,
the relative error between the two models in the oscillatory modes is very much improved, with
only 16% and 5% on the phugoid and dutch-roll modes. Short period and spiral have also
decreased their relative errors by approximately 20%; the only dynamic mode that increases the
discrepancy between analytical and numerical approaches is the roll. Table 5.6 summarises the
poles, frequencies and relative errors between the two frameworks with complete tip-path plane
dynamics.

Analytical Numerical
Mq [deg] -3.60 -7.22
L′
p [deg] -3.57 -5.83

a0(∆q) [deg] 0.55 0.53
a1(∆q) [deg] -0.0041 -0.0047
b1(∆q) [deg] 0.0103 0.0144

Table 5.5: Stability derivatives with complete flap dynamics. The tip-path plane coefficients are
provided with a pitch rate perturbation of ∆q = 0.01 rad/s
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Analytical Numerical Relative error
Pole Frequency Pole Frequency

Short Period -3.70 3.71 -7.26 7.26 49%
Phugoid 0.04± 0.60i 0.61 0.01± 0.52i 0.52 16%
Heave subsidence -0.53 0.53 -0.52 0.52 2%
Roll -3.63 3.63 -5.84 5.84 38%
Dutch-roll 0.03± 0.48i 0.49 0.02± 0.46i 0.46 5%
Spiral -0.04 0.04 -0.06 0.06 38%

Table 5.6: Rigid body poles and frequencies with complete flap dynamics

5.2.4 Rotorcraft stability: lead-lag dynamics

The effect of lead-lag dynamics on the rigid body stability is analysed in this Section. The
mathematical representation of rotor dynamics and the linearization methodology presented for
the numerical modeling approach, allow to partially decouple the flap and lead-lag dynamics in
a nonlinear system of second-order ODEs. Figure 4.6 illustrated the algorithm for neglecting the
lead-lag effect on both the rigid body and the rotor dynamics itself.

Figure 5.14 reports the rigid body poles in the cases with and without blades’ lead-lag motion.
The poles and their frequencies are also reported in Table 5.7. Low-frequency dynamics are the
less affected by the lead-lag, with a small stabilizing effect observed on the oscillatory modes
(phugoid and dutch-roll) and a very small influence on the frequency of these poles (Figure 5.15).
The roll and short period are instead more affected by the presence of the lead-lag, and the
frequency of these two stable and real dynamics moves, respectively, from 5.8 to 10.7 rad/s and
from 7.2 to 15 rad/s. The reason why this higher level of modeling complexity affects the high-
frequency poles is related to the coupling between the tip-path plane and the rotor center of
gravity. The lead-lag angle is not directly responsible for an additional load acting on the blades
but affects the value of the lateral/longitudinal disc tilt. Table 5.8 reports the values of flap and
lead-lag coordinates with a pitch rate perturbation ∆q = 0.01 rad/s, together with the lateral
and longitudinal damping derivatives, affected by lead-lag. It is observed that, while b1 is similar
in the two cases, a1 significantly changes in the case of coupled lead-lag dynamics. The latter
is directly proportional to the absolute value of hinge stiffness and inertial moments computed
by Equation (4.39) and increases the longitudinal damping Mq when the lead-lag is ”on”. The
same process occurs with a roll rate perturbation p, and L′

p. In addition, the small variation
in oscillatory poles can be linked to the variation in the coning angle, which is, in the case of a
lagging rotor, larger.

Lead-Lag OFF Lead-Lag ON
Pole Frequency Pole Frequency

Short Period -7.26 7.26 -15.0 15.0
Phugoid 0.01± 0.52i 0.52 0.003± 0.53i 0.53
Heave subsidence -0.52 0.52 -0.52 0.52
Roll -5.84 5.84 -10.7 10.7
Dutch-roll 0.02± 0.46i 0.46 0.008± 0.50i 0.50
Spiral -0.06 0.06 -0.04 0.04

Table 5.7: Rigid body poles and frequencies affected by lead-lag
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Figure 5.14: Rigid body poles affected by dynamic lead-lag, according to the numerical framework

Figure 5.15: Frequency (ω) of the rigid body poles affected by dynamic lead-lag

Lead-Lag OFF Lead-Lag ON
Mq [-] −7.2 −15
L′
p [-] −5.8 −10.7

a0 [deg] 0.53 0.69
a1 [deg] −0.0047 −0.023
b1 [deg] 0.0144 0.0125
ξ0 [deg] 0 1.56
ξc [deg] 0 −0.065
ξs [deg] 0 0.009

Table 5.8: Stability derivatives with the effect of lead-lag dynamics. The rotor CG coefficients
are provided with a pitch rate perturbation of ∆q = 0.01 rad/s

5.2.5 Rotorcraft stability: inflow dynamics

The inflow dynamics is described by a system of first-order ODEs and its distribution around
the rotor disc can be either modeled as uniform (λ = λ0, like in the analytical framework)
or non-uniform (λ = [λ0 λs λc], like in the numerical framework). In this Section, the effect
of a non-uniform inflow distribution on the rotorcraft flight dynamics is studied by comparing
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the two approaches applied to the numerical modeling framework. Figure 5.17 shows the rigid
body poles in the cases of uniform and non-uniform dynamic inflow. It is observed that the
presence of lateral and longitudinal inflow components has an effect on the short period, dutch-
roll, and phugoid dynamics. Considering the first one, an increase in the longitudinal damping is
observed, linked to the mode coupling between the short period and longitudinal inflow λc. The
mode participation of these poles is depicted in Figure 5.18, where the coupling between rigid
body modes and inflow states is highlighted. A similar coupling effect that is highly detrimental
for the longitudinal stability of the rotorcraft, is the one between the longitudinal inflow and
the phugoid mode. Even with a small participation, the longitudinal inflow contribution has the
effect of shifting the phugoid poles from a pure oscillatory, slightly unstable, situation, to a couple
of real stable/unstable poles of similar frequency, as shown in Figure 5.16. This is effectively a
dangerous coupling that transforms a low-frequency oscillatory mode, into a divergence. On
the other hand, the dutch-roll stability remains unchanged although its frequency decreases by
about 50% (see Table 5.9). Coupling with both lateral and longitudinal inflows is observed in the
dutch-roll and roll poles as well, although without significant changes in the lateral stability. It
is assumed that, being the configuration symmetrical with respect to the longitudinal plane, the
effects of the lateral inflows of the two rotors balance themselves.

Figure 5.16: Frequency (ω) of the rigid body poles with a uniform and non-uniform dynamic
inflow

Figure 5.17: Rigid body poles with a uniform and non-uniform dynamic inflow
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Figure 5.18: Rigid body eigenvectors, coupled with lateral and longitudinal inflow components

Unifrom inflow Non-uniform inflow
Pole Frequency Pole Frequency

Short Period -15.0 15.0 -20.2 20.2
Phugoid 0.003± 0.53i 0.53 -0.55/0.52 0.52/0.55
Heave subsidence -0.52 0.52 -0.45 0.45
Roll -10.7 10.7 -9.78 9.78
Dutch-roll 0.008± 0.50i 0.50 0.003± 0.22i 0.22
Spiral -0.04 0.04 -0.04 0.04

Table 5.9: Rigid body poles and frequencies with uniform and non-uniform inflow modeling

5.2.6 Rotor dynamics

Section 4.9.2 presented a linearization methodology to produce a 38 state-space representation
of the side-by-side helicopter flight dynamics, including the rigid body, rotor, and inflow modes.
Considering the state matrix A (Equation (4.114)), the out-of-diagonal terms describe the cou-
pling between these three dynamics, while AB−B , AR−R, and Aλ−λ are the pure linearized
motion. This section focuses on the analysis of the rotor-rotor modes: it is noted that under
hovering conditions, no significant differences are observed between MR1 and MR2, and no no-
table coupling effects are present. For this reason, the results depicted from now on are related
to a generic rotor. The study is based on the numerical framework and includes fully coupled
second-order flap-lead-lag dynamics, along with a first-order non-uniform inflow model. For each
rotor, 12 oscillatory and stable poles are computed, including 6 associated with flap dynamics
and 6 with lead-lag dynamics. Figure 5.19 shows the coupled collective, advancing, and regressive
modes on the complex plane, while their corresponding frequencies and damping ratios are listed
in Table 5.10. The results indicate that the system exhibits stable collective flap dynamics at
the rotor’s angular frequency, along with pairs of advancing and regressive modes characterized
by identical real parts and imaginary components located at ±Ω with respect to the collective
mode. A similar trend is observed for the lead-lag dynamics, which is a stable high-frequency
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dynamic with greater damping compared to the flap. The significant damping of the lead-lag
dynamics is attributed to the spring damping coefficient (KDξ

) adopted in this model, as detailed
in Table 4.1. The identification of the rotor poles was achieved through the eigenvector analysis.
The collective modes are characterized by the main contribution of the collective flap and lead-
lag coefficients (a0 and ξ0), while the advancing and regressive modes are mainly related to the
rotor disc tilt and non-uniform lead-lag coefficients (a1, b1, ξc, and ξs). As showed in the mode
participation plots (Figure 5.20), a strong coupling between rotor dynamics is quite evident and
the identification of the flap and lead-lag poles requires further discussions. Indeed, even if with
a strong participation of the lead-lag states, the flap poles can be identified by the frequency of
the collective mode (close to Ω) and the advancing/regressive poles located at approximately 0
and 2Ω. Coupling with rigid body modes (mainly p and q) is also present in the regressive flap.
In addition, Figure 5.21 depicts the mode participation of the uniform inflow poles (also plotted
in Figure 5.19). These poles demonstrated strong coupling with the collective flap and lead-lag
dynamics, as well as with the rigid body modes. Notably, one of the inflow poles exhibited a con-
tribution from the roll rate (p), while the other showed coupling with the heave velocity (w). This
behavior aligns with the characteristics of the side-by-side rotor configuration, where variations
in inflow can induce both heave and roll motions.movement.

Pole Frequency [rad/s] Damping [s]
Uniform Inflow (w coupling) −55.7 55.7 -
Uniform Inflow (p coupling) −57.6 57.6 -
Collective Flap −34± 265i 267 0.12
Regressive Flap −34± 15i 37 0.9
Advancing Flap −34± 518i 519 0.07
Collective Lead–lag −223± 607i 647 0.34
Regressive Lead–lag −223± 356i 420 0.53
Advancing Lead–lag −223± 859i 887 0.25

Table 5.10: Rigid body poles and frequencies affected by lead-lag

Figure 5.19: Main rotor poles in the complex plane
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Figure 5.20: Mode participation of the rotor-coupled poles.
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Figure 5.21: Mode participation of the uniform inflow poles.



Chapter 6

Additional research and future works

6.1 Future works

The analysis of side-by-side helicopters and, more broadly, VTOL configurations for Urban
Air Mobility (UAM) is not concluded with the outcomes of this thesis. Several enhancements
can be applied to the current mathematical models, particularly in the areas of fuselage loads,
blade aerodynamics, and the effects of shrouds. Addressing these aspects in greater detail will be
essential to further improve the accuracy of the existing formulations. Advanced Computational
Fluid Dynamics (CFD) tools and experimental testing will play a pivotal role in refining the
aerodynamic load predictions for these structures.

Special attention should be given to the aerodynamic effects of shrouds. At this stage, the
contribution of shrouds is incorporated through a simplified semi-analytical model, which does
not account for aerodynamic interactions in forward flight. This limitation should be addressed,
as the presence of a duct surrounding the rotor can significantly alter the flow characteristics,
particularly during forward flight operations. Investigating this phenomenon in greater detail will
enhance the understanding of the interaction between shrouded rotors and the surrounding flow
field.

Future work should also focus on the development of an advanced control system to improve
stability and enable the piloted operation of the aircraft in realistic scenarios. A preliminary
control architecture is proposed in Section 6.2 of this thesis. Once a fully functional closed-
loop simulation model is developed, the framework can be tested in software-in-the-loop (SIL)
or hardware-in-the-loop (HIL) environments. A comprehensive description of these architectures
and their role as intermediate steps between simulations and experimental testing is provided in
Section 6.3, along with an outline of a typical experimental setup.

Finally, validating the simulation results through experimental evidence will be a critical step.
To this end, the construction and testing of a physical prototype will be required. Such an exper-
imental campaign will provide valuable data on the flight performance, handling qualities, and
dynamic behavior of the aircraft. These properties can be evaluated using appropriate pole and
derivative identification methods. The insights gained from the experimental campaign, combined
with the capabilities of a validated simulation model, could pave the way for the development of
a full-scale prototype. This final stage would enable testing in real urban scenarios, advancing
the understanding and applicability of side-by-side helicopters within the UAM ecosystem.

98
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6.2 Preliminary control system design

In this Section, a theoretical control system design is proposed for the side-by-side helicopter
modeled using the numerical approach. It is worth mentioning that the proposed layout is pre-
liminary and it has the only aim of stabilizing the rotorcraft at trim and following quite simple
step maneuvers. A deeper analysis of the controllability properties would be necessary to pro-
pose a more realistic and optimized control system, with detailed requirements and performance.
The actual design generally has low performance, and its tuning and layout are based only on
empirical knowledge and a trial-and-error approach. However, its definition provides meaning-
ful insights into the main problems that occur when controlling such a configuration and the
dynamics behavior of side-by-side VTOLs.

Rotorcraft
DynamicsAttitude 

controller
Velocity

controller des

Pilot

Pilot

[ ]
[ ]p q r

[ ]

[ ]VN VE VZ

State

,

Figure 6.1: Control system

The control system is structured as depicted in Figure 6.1: the inner loop is an attitude
controller, which aims at minimizing the error between a desired set of Euler angles and the actual
rotorcraft state. The feedback branch is retrieved from the aircraft dynamics modeled with the
numerical approach, while the target attitude can be either provided by the pilot or as the output
of the outer loop. In particular, this is a classical PID controller that uses the feedback from the
aircraft’s attitude and angular rates to provide the swashplate controls necessary to follow the
objective values. Figure 6.2 reports the PID structure of the pitch, roll, and yaw rate controls,
where the subscript des identifies the desired values, the constants K, P , I, D are the control
system’s gains, N is the filter’s constant and e is the error between the desired and the actual
value. The control action is limited with a saturation block: the aim of this block is to avoid
uncontrolled angular accelerations when the aircraft is subjected to quick inputs. It also limits
the range provided by the controls on the swashplate. The controller commands the pitch and
roll angles with feedback on the respective angular rates, providing the longitudinal and lateral
cyclic commands as a function of the angular difference. Considering the roll angle controller and
ignoring the filter dynamics, the output dynamics is, in the frequency domain,

A1s(s) = Pϕ(Kϕeϕ − p) +
Iϕ
s
(Kϕeϕ − p) +Dϕp (6.1)

which is, in the time domain,

A1s(t) = PϕKϕeϕ(t)− Pϕϕ̇+ Iϕ

∫ t

0

[Kϕe(τ)− ϕ̇]dτ +Dϕϕ̇ (6.2)

An equivalent function can be derived for the pitch angle controller. On the other hand, the
differential longitudinal cyclic control is determined by a yaw rate controller, and its dynamics in
the frequency and time domain is

∆B1s(s) = Prer +
Ir
s
er +Drr (6.3)
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and

∆B1s(t) = Pre(t) + Ir

∫ t

0

e(τ)dτ +DrΨ̇ (6.4)
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Figure 6.2: Attitude control system

The outer loop is a velocity controller: lateral and longitudinal speeds are commanded by
the pilot and the controller provides the necessary acceleration for minimizing the error. The
yaw rate control ∆B1s is left unconnected from the velocity loop, as well as the collective pitch
θ0, is left free to be managed directly by the pilot to control the vertical velocity. The layout
of the velocity control system is reported in Figure 6.3, with a similar structure to the yaw rate
control. The lateral and longitudinal accelerations (alat and alon) computed by the controller are
translated into desired angles as

θdes = arctan

(
−alon

g

)
and ϕdes = arctan

(
alat
g

cos θdes

)
(6.5)

while the lateral and longitudinal velocities are computed from the inertial velocity rotated with
the heading, thus  VlonVlat

Vvert

 =

 cosΨ sinΨ 0
− sinΨ cosΨ 0

0 0 1

VNVE
Vv

 (6.6)
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Figure 6.3: Velocity control system

Setting up the PID controller gains is a fundamental part of control system design. While
at an advanced stage different systematic approaches can be applied, such as the Ziegler-Nichols
method or the analysis of closed-loop poles [169], for the sake of this work an heuristic method is
preferred. The system is fed by a set of step inputs of different entities, starting from the steady
hover condition, and the gains are tuned in order to satisfy three main requirements:

1. Percentage error at regime (10 sec) < 5% of the target;
2. Maximum overshoot tolerance < 10% of the target;
3. Time delay at 90 % of the target < 1 second;

In particular, requirement 1. sets the maximum acceptable discrepancy between the actual and
the desired signals after 10 seconds from the step input. Requirement 2. fixes the maximum
overshoot limit for the actual signal, while requirement 3. imposes that the actual signal reaches
90% of the target step in less than 1 second. The gains are selected with a trial and error approach,
in order to fulfill the three requirements. The values are summarised in Table 6.1, together with
the saturation limits. Targets and requirements are selected empirically, with the only intention
of proving the correct functioning of the control architecture and the dynamic behavior of the
rotorcraft. The targets, in particular, do not reflect the aircraft performance neither in terms of
controllability nor in terms of handling qualities or maximum speed/rate.

K P I D
Pitch angle controller 6 -0.20 -0.25 0.01
Roll angle controller 6 0.1 0.25 0
Yaw rate controller - 1.15 0.05 -0.2
Lon. Velocity controller - 1.8 0.25 -0.01
Lat. Velocity controller - 2.5 0.2 -0.01
Roll control saturation Min. = −30◦; Max. = 30◦

Pitch control saturation Min. = −40◦; Max. = 40◦

Yaw rate control saturation Min. = −5◦; Max. = 5◦

Table 6.1: Control system gains
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The attitude controller is tuned at first, by neglecting the outer loop and feeding the system
with a set of step inputs on the roll and pitch angles, respectively 4 deg and 10 deg, and the
yaw rate. For the latter, two different simulations are performed: a step input of 5 deg/s, and a
finite step of 5 deg/s for 5 seconds, which has the aim of rotating the heading of the rotorcraft of
25 deg in 5 seconds. As a matter of fact, the yaw control is a criticality of this rotorcraft. The
adopted control mix which applies a differential longitudinal cyclic pitch to change the heading
of the rotorcraft guarantees quite low responsiveness on the yaw control. While it is true that
this would represent a viable and simple solution for preliminary analysis, a deeper study on the
controllability properties and optimization of the control mix would be required to improve the
heading control. In addition, a strong roll/yaw coupling limits the controller capabilities and
highlights the necessity to reexamine the control method. The simulation results are reported
in Figures 6.4, 6.5, 6.6, and 6.7, while the compliance with the fixed requirements is provided
in Table 6.2. Concerning the Pitch and Roll performance, the system behaves similarly: the
dynamics follows the step input, reaching the 90% of the target in approximately 0.3 seconds,
keeping the regime error very low and the overshoots contained in the limit. However, it is worth
mentioning that the rolled attitude generates an uncontrollable yaw rotation, which is hardly
stabilized by the yaw rate controller. The latter indeed represents the major criticality of the
design. Even if the controller follows a desired step input, the yaw rate does not reach the target
in an accepted time: the target set is a very small yaw rate and nevertheless the system reacts
with 1.5 seconds delay with respect to the 90 % target value, not fulfilling the requirement 3.
(highlighted in red in the Table). Pushing the gains above the selected value is not an option,
since an unstable behavior has been observed in that case. However, a finite step simulation is
tested as well, with the aim of reaching 25 degrees of heading in 5 seconds. The system reacts
to the input by following the step, and reaches the 90% of the target with 0.66 seconds of delay
with respect to the input, maintaining the error at regime within the limits.

Target Error at regime Max. Overshoot Time delay
Pitch angle sim. 10◦ step 0.17 % 3.6 % 0.29 s
Roll angle sim. 4◦ step 0.95 % 2.5 % 0.28 s
Yaw rate sim. 5◦ step 3.01 % 3.5 % 1.51 s
Yaw angle sim. 25◦ in 5 sec (finite step) 1.17 % - 0.66 s
Lat. velocity sim. 2 m/s step 1.37 % 2.38 % 0.98 s
Lon. velocity sim. 3 m/s step 2.25 % 6.05 % 1.14 s s

Table 6.2: Attitude control system performance: the % are computed with respect to the target
step, while the time delay is intended as the delay to reach 90% of the target value

With the fixed gains in the attitude controller, the outer loop is tuned with the same approach.
The system is fed by a couple of step inputs on the lateral and longitudinal velocity, respectively
2 m/s and 3 m/s. The simulation starts at hover and the rotorcraft accelerates in order to
achieve the target speed within one second. The simulation results are depicted in Figures 6.8
and 6.9, and the compliance with the requirements is reported in Table 6.2. Both targets are
reached with acceptable overshoots and errors at regime, while the longitudinal controller does
not match requirement 3 on the maximum time to reach 90% of the objective speed. This limits
the longitudinal acceleration: it is observed that increasing either the proportional and integral
gains leads to a longitudinally unstable behavior, with the rotorcraft that reaches the target
before diverging in the pitch angle. Setting the target on the speed and tuning the controller to
match requirement 3 means setting a desired acceleration. It is noticeable from this study that
the longitudinal control, as well as the masses and inertia of the system, should be revised if the
aircraft is required to perform higher accelerations.
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The control system design presented in this Section is preliminary, but still provides mean-
ingful information on the characteristics of the side-by-side helicopter. A general difficult tuning
of the control parameters is highlighted, being the rotorcraft subjected to possible divergences
when the controller gains are pushed too much. In addition, both pith and roll coupling with the
yaw angle makes the rotorcraft directionally critical also during forward and lateral movements.
Heading control requirements are not totally fulfilled, and the responsiveness of the yaw rate com-
mand appears to be limited. This suggests that both the control mix strategy and the heading
controller architecture must be revised. Similarly, lateral and longitudinal velocity responsiveness
is bounded by the appearance of unstable behaviors. This is not necessarily a limit in the rotor-
craft acceleration performance, but suggests that a more detailed controllability analysis should
be carried out to implement a more aggressive control strategy.

Figure 6.4: Pitch angle controller: step input of 10 deg

Figure 6.5: Roll angle controller: step input of 4 deg
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Figure 6.6: Yaw rate controller: step input of 5 deg/s

Figure 6.7: Yaw rate controller: finite step input of 25 degrees in 5 seconds

Figure 6.8: Lateral velocity controller: step input of 2 m/s
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Figure 6.9: Longitudinal velocity controller: step input of 3 m/s

6.3 Hardware-in-the-loop (HITL) simulation setup

Simulation plays a crucial role in the development and validation of complex systems, control
logics, and flight dynamics models [170]. Among all simulation techniques, Software-in-the-Loop
(SITL) and Hardware-in-the-Loop (HITL) are the most widely used [171]–[175]. These methods
are fundamental for studying aircraft’s flight dynamics, as they offer an initial understanding
of its behavior and stability across a range of conditions. By conducting simulations within a
controlled and well-defined environment, these techniques help mitigate risks and significantly
reduce the costs associated with physical testing. SITL simulation involves testing both aircraft
dynamics and control system algorithms within a virtual environment. In this method, the soft-
ware is tested with simulated inputs and outputs, allowing for the evaluation of the aircraft’s
performance without the need for physical hardware. SITL is often used in early development
stages to verify the logic and functionality of control systems, detect software bugs, and verify
the physical accuracy of a dynamic model. On the other hand, HITL is a more refined sim-
ulation technique that allows for taking into account hardware dynamics and some real-world
uncertainties. HITL extends SITL with the integration of physical components, such as sensors,
actuators, or controllers, into the testing loop. The hardware interacts with a real-time simulated
environment, enabling the analysis of both flight systems’ behavior and their integration with the
software.

Figure 6.10: Hardware-in-the-loop setup
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HITL bridges between purely numerical simulations and experimental campaigns: the control
system architecture can be tested on real flight controllers, and the agreement between the com-
putational burden and hardware capabilities can be assessed. A further extension of the HITL
setup, is the Pilot-in-the-Loop simulation technique, which integrates a human operator into the
feedback loop. The pilot interacts with the system through a user interface (e.g., flight con-
trols, vehicle cockpit, or VR/AR systems), and its inputs influence the simulated environment.
The system provides real-time feedback, allowing the operator to experience and react to spe-
cific scenarios. The operator of the PITL plays an active role in the system, while the software
and hardware components emulate real-world physics and control dynamics. In this section, a
HITL/PITL setup is proposed for testing flight control laws on an advanced autopilot system.
The architecture is a HITL configuration but with the possibility to integrate VR systems and
pilot controls to extend it to a PITL. This is currently an ongoing project, and the objectives
of this section are limited to the theoretical presentation of the architecture. A more specific
analysis of flight control system results gathered on a simplified HITL setup can be found in Ref.
[176]. Figure 6.10 shows the adopted hardware, while the general system’s architecture is de-
picted in Figure 6.11. The setup includes: a host computer running MatLab & Simulink (Release
R2023a, in agreement with the latest Speedgoat software version), XPlane (Version 11.55) as a
visualization tool, and QGround Control (Version 4.0) as a virtual ground station, a PixHawk
6X flight controller coupled with PX4 flight stack firmware, and a Speedgoat performance real-
time target machine. In addition, the simulation setup is integrated with physical pilot controls
(Thrustmaster Hotas Warthog and Thrustmaster TPR pedals), and virtual reality goggles (Meta
Quest Pro) for a more immersive piloting experience.

The host computer is the core of the architecture and manages the communication between
the real-time machine and the flight controller, as well as the integration of the external hardware.
The connection with the Speedgoat is made with an ethernet cable and controlled by the Simulink
Real-Time tool [177]. This external computer is used for running the aircraft flight dynamics on
a separate machine with respect to the host computer and for synchronizing the simulation in
real-time. An external monitor is connected to the Speedgoat for monitoring target variables.
On the other side of the architecture, the host computer communicates with the PixHawk 6X,
exchanging data on the aircraft state and control outputs. The connection is made through a
serial port and controlled by the QGround Control station. This communicates with the PixHawk
firmware in a ”Monitor and Tune” mode, while the control algorithms are generated using the
Matlab embedded coder [178].
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Figure 6.11: Hardware-in-the-loop architecture

Data visualization is made through the flight simulation software XPlane: this high-resolution
videogame allows for exchanging data via UDP (User Datagram Protocol) port and visualizing the
aircraft state in a virtual world. In addition, XPlane enables the wireless/USB-C connection with
virtual reality goggles, for a 360◦ representation of the flight simulation and aircraft geometry.
The pilot input is provided by a set of external hardware, connected from a USB-A port to the
host computer, and read by the suitable Simulink blocks (see the Aerospace Toolbox [179]).

The host computer manages the PITL/HITL simulation with the Simulink scheme provided
in Figure 6.12. To communicate with the PixHawk controller, the setup adopts the UAV Toolbox
Support Package for PX4 Autopilots (see Ref [180]) and its uORB Read and uORB Write blocks:
these two blocks exchange massages by creating Simulink nonvirtual buses that correspond to spe-
cific input/outputs of the controller. The data are exchanged by simulating the signal of distinct
sensors, such as the GPS (for positions and velocity), the accelerometer (for linear accelerations),
the magnetometer (for the aircraft’s attitude), and the gyroscope (for the aircraft’s angular rates).
Similarly, uORB blocks are used for transferring pilot inputs from the host computer to the flight
controller. The PixHawk elaborates the aircraft’s state and desired attitude/velocities/rates with
the implemented feedback loop (see Figure 6.13) and sends the control action (i.e. the main rotor
swashplate controls) back to the host. UDP protocols are used for exchanging data to/from the
Speedgoat machine: the control action is re-directed to the real-time target which computes the
aircraft state according to the rotorcraft flight dynamics model (see Figure 6.14). This is built
on the Speedgoat computer with the Simulink Real-Time tool and provides the aircraft state at
each time step of the simulation. Target plot blocks are used to represent sensible data on the
external monitor.
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Figure 6.14: Simulink code built on Speedgoat performance real-time target machine

The PITL/HITL architecture outlined in this appendix is designed to serve as a simulation
benchmark for future flight dynamics and control applications. While its full capabilities are
still under validation, the communication between individual components has already been suc-
cessfully tested independently. Specifically, the interactions between the host computer, flight
controller, and real-time target machine have been confirmed to function correctly and syn-
chronously. The next phase of this research involves assessing the flight performance calculations
executed on the external real-time machine. Although the behavior of the side-by-side helicopter
in a Software-in-the-Loop setup has been thoroughly evaluated in this thesis, it remains to be val-
idated whether the integration with a real-time system yields comparable results. Furthermore,
the flight control law described in Section 6.2 must be implemented on the external hardware,
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with the tuning parameters verified within the HITL framework. Once these steps are completed,
the HITL architecture will be utilized as a physical platform for evaluating the flight performance
of various vehicles. This platform will provide critical insights into the capabilities, handling
qualities, and control characteristics of multiple VTOL configurations, thereby contributing to
the development of advanced solutions for Urban Air Mobility.



Chapter 7

Conclusions

Urban Air Mobility (UAM) is an emerging aviation sector aimed at addressing critical societal
challenges such as climate change, traffic congestion, safety, and efficiency. The growing demand
for sustainable transport solutions, driven by the alarming increase of greenhouse gas emissions,
has motivated significant research efforts in this field. Despite advancements in conceptual de-
sign and performance analyses of Vertical Take-Off and Landing (VTOL) aircraft, a definitive
solution for UAM transport remains elusive. This thesis focuses on the modeling and simulation
of a side-by-side helicopter configuration as a candidate VTOL for UAM applications. The pri-
mary objective is to define and justify the aircraft selection and perform a detailed analysis of
its performance, trim, stability, and flight dynamic properties. The work is divided into three
sub-goals: addressing the aircraft performance with different propulsion systems, providing a con-
ceptual design and performance assessment of similar rotary wing configurations, and developing
a numerical platform for flight dynamic simulations.

The first part of the thesis is dedicated to the performance analysis and conceptual design
of generic VTOL layouts, with a particular focus on the propulsion system and configuration
selection. An analytical framework was developed for a preliminary assessment of the power
requirements at specific flight conditions: the model is based on the actuator disc and momentum
theories and is adapted for considering either single or multirotor configurations. The propulsion
system’s performances are investigated on a conventional helicopter, by providing 3 plug-in hybrid
(fuel cell and battery) systems and a full battery-electric layout. The powertrains are carefully
designed by considering power and mission requirements, selecting suitable components, and
including residual energy parameters for a safe landing. The hybrid configurations are named:
Hybrid 70, which means a 70 kW fuel cell, coupled with a 10.3 kWh battery and 4.9 kg of hydrogen
stored onboard; Hybrid 80, composed of an 80 kW fuel cell, a similar battery pack, and 4.0 kg
of hydrogen onboard; Hybrid 90, with an oversized fuel cell providing 90 kW, the same battery
pack and 3 kg of hydrogen stored. On the other hand, a battery-electric design is produced with
a 44 kWh Li-S battery which aims at maximizing the endurance of the helicopter by increasing
the total capacity. The four powertrains are compared along three mission scenarios, reproducing
the travel between strategic locations (urban and regional missions) and a standard scenario for
rotorcraft design (standard mission). The latter is used to define the minimum requirements for
the four configurations, and to identify the maximum range achievable by each of them: more than
100 km are reached by Hybrid 70, while approximately 90 km and 60 km are reached at maximum
by Hybrid 80 and Hybrid 90. The battery-electric reaches the minimum mission requirement of
50 km, but achieves considerable performance in the urban scenario, where it outperforms Hybrid
70 and matches Hybrid 80 with 5 routes completed. Hybrid 90 has the optimal outcomes in the
urban mission, where the oversized fuel cell allows this rotorcraft to perform more than 7 travels.

110
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On the other hand, a Hybrid 70 is the only configuration able to complete more than 3 regional
routes, where low-power phases are dominant. Key findings from this study are here summarised:

1. While the battery-electric is designed to achieve the 50 km range, it is clear that a suitably
sized fuel cell can be adopted as a range extender for low-power duties. Considering the
three hybrid configurations, the highest range can be achieved by maximizing the hydrogen
stored, thus reducing the fuel cell power as much as possible.

2. The optimal powertrain design is strictly related to the specific mission scenario: high-
power missions with short ranges and frequent vertical flights, require powertrains with
high specific powers, thus, with an oversized fuel cell or a large battery. On the contrary,
mission scenarios with long cruise phases, call for large useful energy densities.

3. The battery electric design shows decent performance in all mission scenarios, with good
performance in high-power duties where the very high specific power of the battery pack
can be much better exploited.

4. In a UAM context, urban missions are predominant, requiring rotorcraft with high spe-
cific power to perform such operations efficiently. The choice of propulsion system narrows
down to either a battery-electric design or a hybrid configuration with an oversized fuel
cell. Considering the objectives of this thesis, along with the inherent advantages of a
battery-electric powertrain (such as design simplicity, cost-effectiveness, and availability,
particularly for small-scale models), this latter solution is chosen as the reference propul-
sion system for this work.

Once the electric powertrain is selected, various rotorcraft configurations are evaluated to
identify the most suitable layout for Urban Air Mobility (UAM) operations in densely populated
areas. For this study, three rotary-wing VTOL configurations are considered: a conventional
helicopter, a side-by-side helicopter, and a multirotor. The goal is to develop preliminary de-
sign concepts that meet minimum performance criteria and are comparable in their capabilities.
Similarly to the previous analysis, the conventional helicopter serves as the reference configura-
tion from which the side-by-side and multirotor designs are derived by adjusting specific design
parameters. A detailed battery design methodology and specific battery discharge models are
provided at this stage. The performance of the three rotorcraft are compared in terms of power
at different flight conditions, theoretical endurance and range on the standard mission profile. As
expected, the conventional helicopter is the most efficient configuration and reaches the highest
performance: at the best specific endurance speed, it achieves more than 1h of flight, against the
53 minutes of the side-by-side and the 34 min of the multirotor. On the other hand, both single
and dual rotor layouts provide similar maximum range (around 90 km), while the multirotor only
66 km. Even if it is evident that from a performance point of view, the single rotor configuration
with low disc loadings has the optimal results, the selection of a configuration for UAM services
must include qualitative aspects that are relevant for the impact on the society. The key findings
from the configuration selection process are summarised here:

1. The rotorcraft performance at hover and low-speed regimes (below the minimum power)
is directly proportional to the disc loading of the configuration. Being the maximum size a
fixed parameter in the design methodology, a single rotor configuration allows for reducing
the total power required by the system, leading the helicopter to outperform the other two
configurations.

2. From a design point of view, the variable RPM system of the multirotor and the sym-
metry in the side-by-side helicopter make these two vehicles mechanically simpler than a
conventional helicopter, a property which is fundamental in UAM to reduce the empty
mass ratio and to increase the available space for energy storage.

3. Societal acceptance is of primary importance: citizen’s confidence in a VTOL configura-
tion is determinant for the development of a solid UAM market and the spread of UAM
technologies in urban areas. From this point of view, safety, noise, and sustainability are
the primary concerns of future users.
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4. While the helicopter configuration can always rely on an autorotation maneuver in case
of engine failure, multirotors implement safety measures through the redundancy of their
systems, and residual controllability is guaranteed in case of failure of a single engine. The
side-by-side helicopter potentially merges these two characteristics and includes ducted
rotors in its design, resulting in the safest configuration among the three.

5. Even if a deeper analysis would be required to assess the noise levels produced by each con-
figuration, it is highlighted how an outboard position of the main rotors and the avoidance
of rotor-rotor and rotor-fuselage interactions can substantially reduce the noise impact.

According to the performance analysis and qualitative discussion carried out in this part, the
side-by-side helicopter is selected as a reference vehicle for future UAM services.

The second part of the thesis is dedicated to the modeling and simulation of the side-by-side
helicopter flight dynamics, and the analysis of its trim and stability properties. The objective of
this study is to characterize the flight dynamics of the rotorcraft and provide a methodology for
modeling with different levels of complexity. Two different mathematical models are developed
for this goal: the idea is to provide meaningful insights, not only on the characteristics of the
rotorcraft but also on the necessary modeling approach for different tasks. In addition, in the
absence of experimental evidence and profound literature knowledge on this particular configura-
tion, a comparative approach between different frameworks would allow for a cross-validation of
the results, and generate a greater confidence in the accuracy of the simulation. The analysis is
divided into two separate steps. The first one is to develop an analytical framework, with a low
level of complexity, that allows for studying the steady-state solutions at variable flight conditions
and the stability properties in forward flight and variable center of gravity. The second step is
instead to develop a numerical framework with an advanced modeling approach: the aim is to
employ this model to study the effects of rotor dynamics on rigid body stability. Fuselage loads,
shroud effect, and blade’s aerodynamics are modeled separately.

The analytical model has 14 degrees of freedom and is based on 16 nonlinear ODEs: 6 for the
rigid body dynamics, 6 for a second-order main rotor flapping, 2 for a first-order uniform inflow,
and 2 for taking into account the control mix relations. It is named ”analytical” because of the
formulation of the main rotor forces, moments, and rotor flap equation coefficients, which are
based on nonlinear equations defined on a rotor disc in a non-rotating frame of reference. The
steady-state solutions of the rotorcraft dynamics are computed with a Newthon-Rapson method,
while an 8-state-space linearized model is produced with a manual linearization algorithm. The
trim and stability of a small-scale model are studied with the analytical framework: at trim, the
rotorcraft absorbs around 1.5 kW in hovering conditions, while requiring around 9 degrees of
collective in both rotors and around 1.2 kW at the best specific endurance speed of 12 m/s. Key
findings are summarised here:

1. In general, the side-by-side helicopter controlled with the proposed control mix, behaves
as a conventional helicopter without the need for a tail rotor: typical trim curves are
obtained, showing how a positive longitudinal cyclic control can be applied to increase the
rotorcraft speed and pitch down attitude. Similarly, the lateral cyclic is coupled with the
pedal command to move the rotorcraft laterally.

2. Even if without considering the aerodynamic interactions at forward flight, the effect of
the shrouds is taken into account on the production of thrust, reducing the main rotor
collective for specific flight conditions.

3. The side-by-side helicopter flight dynamics is characterized, showing multiple similarities
with conventional helicopters. Eigenvector analysis provided a clear view of the poles map
at different conditions: rotorcraft stability is characterized by a couple of high-frequency,
stable, and real poles, defining converging roll and short-period dynamics. Two couples of
low-frequency, slightly unstable, oscillatory poles define the phugoid and dutch-roll modes,
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while spiral and heave-subsidence dynamics are present at a very low frequency and stable
location.

4. Forward flight stability is assessed: the longitudinal speed has a positive effect on the high-
frequency modes (i.e. roll and short period) and a negative influence on the low-frequency
oscillatory poles, creating a dangerous later-directional divergence from the dutch-roll.

5. The position of the CG is fundamental for the stability of the system, and so is the location
of the batteries. At hover, the dutch-roll can be stabilized by moving the CG backward
enough. On the contrary, such an adjustment should be carefully calibrated since the
phugoid mode might become an unstable divergence. Similarly, in forward flight, the
backward location of the CG helps the lateral mode to become stable, and an optimal
location at -0.1 m is found: in this situation, the dutch-roll is stable, while the phugoid
is still a low-frequency oscillatory mode. Short period and heave subsidence merge into a
couple of oscillatory, high frequency, and stable poles.

The ”take-home message” of this study, beyond the mathematical results, is that an analytical
modeling approach can be adopted for studying the trim and stability properties of a specific
VTOL configuration and derive considerations on its design and behavior at different flight con-
ditions. What is missing from this analysis, is the influence of rotor parameters on the overall
stability of the system, and the effect that an advanced modeling approach has on the results.
Whenever a particular behavior arises, a more detailed mathematical framework may provide
additional motivations for its origins and developments. Validation is another theme: in the
absence of experimental evidence, a cross-comparison with a higher complexity model, can pro-
vide an increased confidence in the results produced with this approach. For these reasons, an
advanced modeling methodology is proposed in this thesis.

The numerical model has 24 degrees of freedom and the system’s dynamics is described by
a set of 26 ODEs: 6 for the rigid boy motion, 12 for the main rotor dynamics (i.e. 6 for the
second order flap, and 6 for the second order lead-lag), 6 for the first order nonuniform inflow
dynamics and 2 for taking into account the control mix relations. The model is numerical,
meaning that the single blades are divided into a finite number of sections, each of them governed
by 2D aerodynamics and having its own position and orientation in time. The aerodynamic
loads are integrated along the span, creating a system of forces and moments represented in a
rotating frame of reference. A similar approach is also applied to the rotor dynamics, with the
blade’s flapping and lead-lag angles computed through generalized moments equilibrium. This
approach brings with it several criticalities, related to the time-dependency of the loads, their
numerical integration, and the non-linearity of the equation: because of them, a specific trim and
linearization procedure was developed. For the first one, an iterative algorithm with two separate
loops is adopted, while for the second a linearization methodology is proposed to produce a 38-
state-space representation of the rotorcraft flight dynamics. The results and important outcomes
produced with this framework are summarised here:

1. A comparison with the analytical model contributed to gaining confidence in the steady
solutions at variable forward flight and the stability picture of the case study. In steady
conditions, the aircraft modeled with a numerical framework behaves similarly to the an-
alytical representation. At the lowest level of complexity, both the mathematical models
agree on the low-frequency, oscillatory, and unstable poles, while a considerable discrep-
ancy is observed in their frequency.

2. Considering the effect of flap dynamics, the lateral and longitudinal disc tilts are added
at the first step of the analysis, showing how this rotor feature contributes to the increase
of the roll and short period frequency, and the oscillation of both dutch-roll and phugoid.
The relative discrepancy between the two models at this stage, is quite well improved.

3. Lead-lag dynamics is an additional level of complexity: it is observed that this rotor
dynamics has a beneficial effect on the stability of the high-frequency poles, while it is
quite low effective on the low-frequency ones. Flap and lead-lag coupling is essential to be
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addressed at this stage, since the effectiveness of the lead-lag on the rigid body modes is
directly related to its coupling with the rotor disc tilt.

4. The inflow model is another factor that has a strong influence on the stability outcomes.
It is observed that a nonuniform inflow modeling provides different results with respect
to the simpler uniform case. The coupling between rigid body and longitudinal inflow
component generates a shifting of the phugoid modes from a slightly unstable oscillatory
location to a more dangerous longitudinal divergence.

5. The pure rotor dynamics is studied with this model as well. The analysis revealed the
presence of a collective flap oscillating at approximately the angular frequency of the
rotor and a couple of advancing/regressive modes. Similarly, a collective lead-lag with its
advancing/regressive modes is also present at a higher frequency. Inflow poles characterize
the response of the rotorcraft to an inflow perturbation, confirming, as expected by the
side-by-side arrangement, its coupling with both heave velocity and roll rate.

In general, the development of a numerical model has contributed to the partial validation of the
analytical results and provided an advanced, modular, tool for simulation and flight dynamics
analysis. The framework contains a higher number of degrees of freedom and allows for considering
additional rotor features. With the single-blade representation, it is possible to perform a detailed
rotor and blade design, without considering a unique and uniform disk like in the analytical one.
The responsible for the longitudinal instability has been identified in the longitudinal inflow
component, even if a complete validation is still required.

To the best of the author’s knowledge, the original contributions provided by this thesis to
the scientific community are:

1. The evaluation of sustainable propulsion systems in a UAM context, complemented by a
detailed electrification methodology of a conventional rotorcraft (see Ref. [89]);

2. The comparison methodology between different VTOL configurations: while multiple con-
ceptual design studies have already been developed, a unique procedure for designing
comparable rotary wing VTOLs starting from a baseline layout was still missing (see Ref.
[112]);

3. The characterization of side-by-side helicopter flight dynamic properties: even if some of
the methods adopted are well-established ones, their application to an innovative side-by-
side configuration remained unexplored (see Ref. [75]);

4. The trim and linearization methods, and the resulting outcomes, are innovative and specific
for a high-complexity numerical modeling approach (see Ref. [139]).

To conclude, this thesis presents a comprehensive study of a side-by-side helicopter, identified
as a viable candidate for future Urban Air Mobility (UAM) services. The work begins with a
thorough review of the current state of UAM technologies, systems, and the motivations driving
this transformative aviation sector. From this foundation, various VTOL candidates were evalu-
ated through a detailed performance analysis and conceptual design study, ultimately converging
on a single configuration. Starting from the analysis of different propulsion systems, and mov-
ing on to alternative rotorcraft configurations, the thesis provided and employed mathematical
tools to identify the most promising candidate, both from a quantitative and a qualitative point
of view. The side-by-side helicopter emerged as the optimal choice for this study. To analyze
its unique flight dynamic characteristics and stability, two distinct modeling frameworks were
developed. These frameworks enable a deeper understanding of the effects of design and model-
ing features on the aircraft’s open-loop behavior, providing insights into its stability and flight
dynamics properties. The thesis’ contribution to the scientific community is represented by the
tools and methodologies developed for the analysis, design, and simulation of VTOL aircraft in
the context of UAM, as well as the results of the specific case study. The developed frameworks
not only address the unique challenges of the side-by-side helicopter configuration but also lay the
groundwork for broader studies on VTOL performance and flight dynamics. By advancing the
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understanding of these innovative rotorcraft, this research supports the realization of a solid UAM
ecosystem that has the potential to transform modern societies, enhance urban connectivity, and
address critical challenges.
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