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Abstract

In this thesis is analyzed a multi-purpose rotor model for a real time flight simula-
tor. The discussion starts with writing the elementary aerodynamic forces acting
on the single blade through the definition of each parameter involved. During the
formulation of these elementary forces every speed contribution is considered,
starting from the rotation induced speed, the flight speed, the aircraft’s rotations
induced speed, and the inflow. What is more, a third order taper and twist laws
are adopted to make the most complete and realistic the model. In order to main-
tain an acceptable computational speed for the real-time application and to make
the treatment as explicit and linear as possible the major part of mathematical
passages are made in symbolic using the software Maple. The numerical inte-
gration of the forces and moments is realized with a numerical method in order
to increase the efficiency of the code reducing the simulation time per frequency.
Later, it is analyzed and solved the flapping equation of each blade, considering
all the contributions of accelerations and moments acting on the hinge (Coriolis,
rotational and translational speeds and accelerations, the hinge spring stiffness,
the gravity force..). In this second order system’s solution is also highlighted
the results obtained with two different time integration methods, analyzing their
limits, advantages and disadvantages. This dynamic, as it is solved for each
blade, needs the introduction of two states for each one, that will be solved in
the following treatment of the trim not developed in this thesis. Once solved
the flapping dynamic, all the forces and moments acting on the hub of the rotor
are evaluated, and subsequently the stress acting on the center of gravity of the
aircraft are computed taking into account all the inertial contributions. In order
to validate the model stress and flapping results, geometrical and physical data
are taken from XV-15 tilt-rotor and UH-60 helicopter . For the inflow contribu-
tion the dynamic model proposed by Pitt Peter is adopted, and its formulation
is proposed and explained later in this work. This model is built for a tilt-rotor
flight simulator application, but it is shaped with the idea to be easily adaptable,
in fact, just with changing different setting parameter it is possible to simulate
other several typologies of rotors. Since a real time simulation model is already
developed at the University of ZHAW (Winterthur, Switzerland), it was possible
to incorporate the developed model into it and test its performance by means of
flight simulator tests conducted by the institute in collaboration with pilots with
hundreds hours of flight time behind them.
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Nomenclature

α Aerodynamic blade element’s incidence (rad)

α0 Zero lift profile incidence (rad)

αs Aerodynamic disk’s incidence (rad)

β Flapping angle (rad)

β0 Fourier’ constant coefficient (rad)

βh Side-slip angle (rad)

βm Longitudinal nacelle’s angle (rad)

β1c Fourier’ lateral coefficient (rad)

β1s Fourier’ longitudinal coefficient (rad)

χ Disk’s skew angle (rad)

β̈ Flapping angular acceleration (rad/s2)

∆t Temporal step (s)

∆x Radial element’s length (m)

δ Bramwell’ profile drag coefficient (n/d)

β̇ Flapping angular speed (rad/s)

θ̇ Unsteady angular speed’s effect (rad/s)

u̇h Speed’s time variation along x-hub (m/s2)

v̇0 Pitt/Peters inflow’s constant component derivative (1/s)

v̇h Speed’s time variation along y-hub (m/s2)

v̇1c Pitt/Peters inflow’s lateral component derivative (1/s)

v̇1s Pitt/Peters inflow’s longitudinal component derivative (1/s)

ẇh Speed’s time variation along z-hub (m/s2)
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ẋ States derivative’s vector

ε Blade’s hinge offset factor (n/d)

γ Lock number (n/d)

λ Bramwell’ mean inflow ratio (n/d)

λ0 Inflow’s constant component (n/d)

λ1c Lateral cyclic inflow’s component (n/d)

λ1s Longitudinal cyclic inflow’s component (n/d)

λzh Dimensionless inflow along z-blade (n/d)

µ Advancing ratio (n/d)

µz Vertical ratio (n/d)

Ω Rotor’s angular speed (rad/s)

φ Euler roll angle (rad)

φ Inflow blade angle (rad)

Φm Lateral nacelle’s angle (rad)

ψ Azimuth angle (rad)

ρ Density (kg/m3)

σ Rotor solidity (n/d)/dynamic system’s parameter = −ζwn

θ Euler pitch angle (rad)

θ0 Collective (without considering twist) (rad)

θcoll Incidence contribution due to the θ0, A1 and B1 (rad)

θtwist Twist angle (rad)

~̇Wh Hub’s angular speed time variations of the hub (rad/s2)

~a′ Acceleration vector of a point in the mobile system (m/s2)

~ab Total acceleration vector expressed in the blade system (m/s2)

~ah Acceleration vector of a point expressed in the hub system (m/s2)

~atr Translational acceleration vector (m/s2)

~d Vector hub center-hinge (m)
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~gg Gravitational acceleration contribution expressed in the aircraft body sys-
tem (m/s2)

~gh Gravitational acceleration contribution expressed in the hub system (m/s2)

~M Aircraft’s pitching moment vector (Nm)

~rchxb Vector hub center-radial point of the blade (m)

~rtot Vector center of gravity of the aircraft-rotor center (m)

~V ′ Speed vector of a point in the mobile system (m/s)

~Vλ Vector inflow’s speed expressed in the blade system (n/d)

~Vb Body aircraft’s speed vector (m/s)

~Vh Hub’s speed vector (m/s)

~VpqOb Vector speed induced in a blade point expressed in the blade system
(m/s)

~VpqOh Vector speed induced on the blade point expressed in the hub system
(m/s)

~Wh Hub’s angular speed vector (rad/s)

~X Aircraft’s longitudinal force vector (N )

ζ Dimensionless damping

A Rotor Area (m2)

a Sound speed/Clα (1/rad)

A,B,C,D Dynamics system’s matrices

A1 Lateral cyclic (rad)

a1 Bramwell’ longitudinal flapping coefficient (rad)

a1 Tustin’ denominator z coefficient

a2 Tustin’ denominator independent coefficient

az Total acceleration along z-blade (m/s2)

ayb Inertial acceleration along y-blade (m/s2)

az1 Total acceleration β component (m/(rads2))

az2 Total acceleration independent component (m/s2)
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azb Inertial acceleration along z-blade (m/s2)

B1 Longitudinal cyclic (rad)

b0 Tustin’ numerator z2 coefficient

b1 Tustin’ numerator z coefficient

b2 Tustin’ numerator independent coefficient

c Blade element’s chord/Dynamic system’s damping

c∗ Equivalent chord’s length in the scaled model (m)

c.g. Aircraft’s center of gravity

c.r. Rotor center

c0 Chord distribution’s constant coefficient (m)

c1 Chord distribution’s 1st order coefficient (n/d)

c2 Chord distribution’s 2nd order coefficient (1/m)

c3 Chord distribution’s 3rd order coefficient (1/m2)

Ct Thrust coefficient (n/d)

Cla Aerodynamic rolling moment’s coefficient (n/d)

Cma Aerodynamic pitching moment’s coefficient (n/d)

CD Disk’s drag coefficient (n/d)

Cd Drag coefficient (n/d)

Cd+ Hoerner’ Cd function for positive incidence (n/d)

Cd− Hoerner’ Cd function for negative incidence (n/d)

Cd0 Zero lift drag coefficient(n/d)

ch Hub center

CL Disk’s lift coefficient (n/d)

Cl Lift coefficient (n/d)

Cl+ Hoerner’ Cl function for positive incidence (n/d)

Cl− Hoerner’ Cl function for negative incidence (n/d)

Clα Cl gain compared to α0 (1/rad)
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Cp Power coefficient (n/d)

Cpid Ideal power coefficient (n/d)

CQ Power coefficient (n/d)

df Generic elementary force (N )

dfa Elementary blade element’s force along z-blade (N )

dfa1 Elementary force’s along z-blade β̇ component (Ns/rad)

dfa2 Elementary force’s along z-blade β component (N/rad)

dfa3 Elementary force’s along z-blade constant component (N )

dl Elementary blade element’s lift (N )

dm Elementary blade element’s flapping moment (Nm)

dm1 Elementary flapping moment’s β̇ component (Nms/rad)

dm2 Elementary flapping moment’s β component (Nm/rad)

dm3 Elementary flapping moment’s constant component (Nm)

dna Elementary blade element’s moment along z-blade (Nm)

dq Elementary blade element’s force along y-blade (N )

e Dimensional hinge offset (m)

e Output’s vector

ethap Rotor efficiency (n/d)

F Generic force (N )

f Frequency (1/s)

Fβ Flapping dynamics system’s forcing

FM Figure of Merit (n/d)

g0 Earth gravitational’s constant = 9.80665m/s2

ghz Gravitational acceleration’s z-hub component (m/s2)

H Aircraft’s longitudinal force (N )

h Vertical rotor distance center of gravity of the aircraft-rotor center/z-body
coordinate (m)

hc Aircraft’s longitudinal force coefficient (n/d)
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I Identity matrix

Iβ Blade’s flapping inertia (kgm2)

Iβ∗ Equivalent flapping inertia in the scaled model (kgm2)

k Dynamics system’s stiffness/temporal instant

K1 Hinge’s misalignment: tan(δ3) (n/d)

Kβ Spring flapping stiffness [Nm/rad]

kCd+ Hoerner’ Cd constant for positive incidences (n/d)

kCd− Hoerner’ Cd constant for negative incidences (n/d)

kCl+ Hoerner’ Cl constant for positive incidences (n/d)

kCl− Hoerner’ Cl constant for negative incidences (n/d)

Lg Aircraft’s rolling moment (Nm)

Lh Rotor moment’s along x-hub (Nm)

lm Must length (m)

M Blade flapping integrated moment (Nm)

m Dynamics system’s mass

M1 Integrated flapping moment’s β̇ component (Nms/rad)

M2 Integrated flapping moment’s β component (Nm/rad)

M3 Integrated flapping moment’s constant component (Nm)

Mβ Blade’s mass inertia (kgm)

Mβ∗ Equivalent mass inertia in the scaled model (kgm)

Ma Aerodynamic flapping moment (Nm)

mb Blade’s mass (kg)

mb∗ Equivalent blade’s mass in the scaled model (kg)

Mg Aircraft’s pitching moment (Nm)

Mh Rotor moment’s along y-hub (Nm)

Mt Additional blade’s torque moment (Nm)

Mtip Mach speed in the tip section = V tip/a (n/d)
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N Number of instants computed in a rotor round (n/d)

nb Number of blades (n/d)

Ng Aircraft’s yaw moment (Nm)

Nh Rotor moment’s along z-hub (Nm)

Na Aerodynamic integrated blade moment along z-blade (Nm)

Na1 Integrated moment’s along z-blade β̇ component (Nms/rad)

Na2 Integrated moment’s along z-blade β component (Nm/rad)

Na3 Integrated moment’s along z-blade constant component (Nm)

p Aircraft’s roll angular rate (rad/s)

ph Hub’s rolling angular speed (rad/s)

phi Euler roll angle (rad)

Q Aerodynamic integrated blade force along y-blade (N )

q Aircraft’s pitch angular rate (rad/s)

qh Hub’s pitch angular speed (rad/s)

R Blade’s radial extension (m)

r Radial blade’s coordinate (m)

R∗ Equivalent radial extension in the scaled model (m)

rh Hub’s yaw angular speed (rad/s)

rq Aerodynamic blade’s radial position (m)

rcg Blade center of gravity’s radial position (m)

S Centrifugal force of blade (Nm/rad)

T Temperature (K)/generic temporal instant (s)

t Simulation time (s)

t0 Twist distribution’s constant coefficient (rad)

t1 Twist distribution’s 1st order coefficient (rad/r)

t2 Twist distribution’s 2nd order coefficient (rad/r2)

t3 Twist distribution’s 3rd order coefficient (rad/r3)
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tround Time for a rotor round (s)

theta Euler pitch angle (rad)

u Input vector/aircraft’s axial speed

uh X-axis hub’s speed component (m/s)

V Blade element’s total speed intensity (m/s)

v Aircraft’s lateral speed (m/s)

v0 Pitt/Peters inflow’s constant component (n/d)

vh Y-axis hub’s speed component (m/s)

vm, vt Mass flow parameters (n/d)

VP Blade’s perpendicular speed (m/s)

VT Blade’s tangential speed (m/s)

v1c Pitt/Peters inflow’s lateral component (n/d)

v1s Pitt/Peters inflow’s longitudinal component (n/d)

Vtip Blade tip speed due to Ω -> Ωr (m/s)

V tot Total aircraft’s speed intensity (m/s)

w Aircraft’s vertical speed (m/s)

w Dynamic system’s pulsation (1/s)

wh Z-axis hub’s speed component (m/s)

wn Dynamic system’s natural pulsation (1/s)

x States vector/Aircraft’s axial position coordinate

X1 First peak’s height (rad)

X2 Second peak’s height (rad)

xb X-axis blade system’s coordinate (m)

xg X-axis aircraft body system’s coordinate (m)

Xh Rotor’s force along x-hub (N )

xh X-axis hub system’s coordinate(m)

xr X-axis rotor system’s coordinate (m)
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xuo Unsteady aerodynamic’s contribution offset

y Aircraft’s lateral position coordinate (m)

yb Y-axis blade system’s coordinate (m)

yg Y-axis aircraft body system’s coordinate (m)

Yh Rotor’s force along y-hub (N )

yh Y-axis hub system’s coordinate (m)

yr Y-axis rotor system’s coordinate (m)

z Laplace’ coordinate

zb Z-axis blade system’s coordinate (m)

zg Z-axis aircraft body system’s coordinate (m)

Zh Rotor’s force along z-hub (N )

zh Z-axis hub system’s coordinate (m)

zr Z-axis rotor system’s coordinate (m)

[L] Pitt/Peters’ gain matrix (n/d)

[M ] Pitt/Peters’ apparent mass matrix (n/d)

[Tβ] βm nacelle transformation matrix (n/d)

[Tφ] φ nacelle transformation matrix (n/d)

[TAH ] Disk-hub transformation matrix (n/d)

[Thr] Hub-rotor transformation matrix (n/d)

[Trb] Rotor-blade transformation matrix (n/d)

14



Chapter 1

Introduction

The present work is developed in order to solve one of the most complicated
problems in the aeronautical field, the rotor system. In these systems, two or
more blades are put into rotation around an axes with the aim to create forces
and moments in order to sustain the aircraft. The blades of a rotor, which adopt
an aerodynamic shape similar to the wings of an airplane and is born in accor-
dance with the same principle, are inserted into a rotating mechanism. That
allows the aircraft to flight in all directions, but especially at a fixed point, in fact,
the rotation of the blades produces an upward thrust that overcomes the weight
of the aircraft. By varying the blade’s incidence angle, known as the pitch angle,
the helicopter climb or lose height and by varying it cyclically is created a differ-
ential lift between the front and rear blades during the rotation according to the
direction of flight desired. The first ideas on the concept of the rotating wing date
back to the time of Leonardo da Vinci, who, as shown in the following figure,
already outlined the idea in one of his various sketches, Ref. [22].

Figure 1.1: Leonardo da Vinci rotor sketch

In particular, the present work is focused on helicopters and tilt-rotors, even if
the rotor model can be easily specialized for turbo-propellers airplane engines
also. Most modern helicopters and tilt-rotors use one of the following main rotor
types: rigid, semi-rigid and articulated.
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1.1 Rigid rotor

Figure 1.2: Rigid rotor model

The rigid rotor is one of the three main rotors types used in modern helicopters.
A rigid rotor system has two or more main rotating blades. They are mechan-
ically simple, but technologically complicated, as the stresses during operation
must be absorbed only by the material from which the blades are made not hav-
ing any hinge. In these configurations, the blades flap upwards or downwards
due to their flexibility. The blades tilt up or down independently of each other to
compensate for the asymmetric lift. In addition, the blades can independently
change their angle of attack during rotation. What is more, unlike an articulated
rotor, the rigid one adopt no joints. This type of rotors are the most expen-
sive produced because of their complexity. In fact, they are normally made of
composite material and titanium and have a tendency to cause a relatively un-
even stroke. However, these rotors withstand ground resonance and require less
maintenance than other rotor systems.

1.2 Semi-Rigid rotor
A semi-rigid rotor allows two different movements: flapping and changing the
angle of incidence. This system normally consists of two blades rigidly con-
nected to the rotor hub. The blades tilt up or down all at once, like a swing, to
compensate for the asymmetric lift. The blades are also able to change their
angle of attack solidly during rotation. The hub is in turn connected to the ro-
tor shaft by a tilting hinge ("teetering hinge"). This structure allows the blades
to "flap" as they swing: when one blade swings downwards, the other swings
upwards. The rotation along the longitudinal axis is allowed through the con-
necting rods controlled by the oscillating plate, which control the variation of the
angle of incidence according to what is required by the flight controls. The rotor
system is also sprung to compensate for the Coriolis force, delay and advance
of the main rotor blades caused by the oscillation of the center of gravity with
respect to the axis of rotation. Semi-rigid rotor systems require relatively little
maintenance, but their upward and downward displacement characteristics can
generate hub’s oscillations.
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Figure 1.3: Robinson R-22 semi-rigid rotor

1.3 Articulated rotor

Figure 1.4: UH-60 articulated rotor

The articulated rotor has two or more main rotor blades that tilt up or down in-
dependently of each other to compensate for asymmetric lift. Each blade is con-
nected to the rotor hub by a hinge, called a "flapping hinge", which allows free
and independent upward or downward oscillations. The hinge can be placed at
different distances from the center of the rotor and there can be more than one of
these. The position is chosen by each manufacturer on the basis of factors that
improve stability and control. The blades are also connected to the rotor by a
vertical hinge called "retreat hinge" or "delay hinge" or also "swing hinge" ("drag
or lag hinge") which allows each blade to move forward or backward along the
plane designed by the disc of the rotor, independently of the others. Normally,
shock absorbers are installed to avoid excessive movement in this direction. The
purpose of this hinge-damping system is to absorb the accelerations and decel-
erations ("Coriolis effect") of the blades during rotation. The blades of the fully
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articulated rotors can also rotate along their axis, that means changing the an-
gle of incidence with the purpose to generate the lift necessary for the support
of the aircraft. The production and maintenance of fully articulated rotor systems
is more expensive than semi-rigid rotors. However, these systems are less af-
fected by low gravity conditions and hub oscillations. In addition, these rotors are
also less affected by ground resonance. The UH-60 articulated rotor is selected
as a representative example of reference and is used for the validation of the
rotor model as it is shown later.

1.4 Functions and machines
As a matter of facts, the employment of these type of aircraft (helicopter and tilt-
rotors) grown up quite fast in the last decades, in fact, the flexibility and the high
amount of functions which distinguishes them from a classical aircraft led to a
notable development of these machines. Among the most meaningful examples
of aircraft the following machines deserve to be mentioned.

1.4.1 XV-15 Tilt rotor

Figure 1.5: Bell/Boeing XV-15 prototype in helicopter mode

The Bell XV-15 is a tilt-turn-over convertiplane. Designed in the 1970s by the
US company Bell Aircraft Corporation under the designation Model 301, it is
considered to be the first successful tilt-rotor. The goodness of the project led
to the development of the subsequent Bell-Boeing V-22 Osprey and Bell-Agusta
BA609, the first two series-produced tilt-rotors at a time when the interest for
the development of this type of aircraft was truly strong especially for their great
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maneuverability near the ground (VTOL). It was modernized and improved com-
pared to its predecessor, the XV-3, in order to meet FAA standard requirements
and to provide better performances. The XV-15 has a bidirectional tail and a
cantilever wing with rotating gondolas at the ends, each housing a turbo pro-
peller driving a large propeller/rotor. The wing also incorporated flaps/ailerons
and flaps; an advanced device was the system for increasing stability and con-
trol. Two were built; the first made an initial stationary flight in May 1977, while
the second completed the full transition tests in July 1979. Since the University
of ZHAW has a flight simulation model of the XV-15 already developed, but still
not properly working for some issue connected to the previous rotor model, as
shown in Ref. [1] it was possible to perform most of the validation tests on this
aircraft. For these reasons, this particular tilt-rotor is the reference for the rotor
model developed in the present work.

1.4.2 UH-60 Blackhawk

Figure 1.6: UH-60 Blackhawk helicopter

The Sikorsky UH-60 Black Hawk is an ’heavy’, single rotor, multi-role or as-
sault twin-turbine helicopter manufactured by the US company Sikorsky Aircraft
Corporation since the 1970s. Derived from the civilian version Sikorsky S-70
is currently still in service in many armed forces worldwide in its most recent
versions. UH-60 has four main blades and tail rotors, and is powered by two
General Electric T700 turbo-shaft engines. The main rotor is fully articulated
and has elastomeric rotor head bearings. The tail rotor is tilted and has a rigid
cross-head. The helicopter has a long, low-profile shape to meet the army’s
demands for transportation on board a C-130 Hercules. It can carry 11 people
with equipment, lift 2,600 pounds (1,200 kg) of cargo internally or 9,000 pounds
(4,100 kg) of cargo (for UH-60L / M) externally by slinging. The Black Hawk
helicopter series can perform a wide range of missions, including tactical troop
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transport, electronic warfare, and aero-medical evacuation. A new version is
currently being developed that will take the name UH-60M and will extend the
service life of both UH-60A and UH-60L until at least the 2020s. Towards the
end of the eighties the design was updated with the introduction of the UH-60L
(first production model 89-26179) with greater power and increased payload fol-
lowing the passage of the General Electric engines to the 701C model. The
variant under development has further enhanced engines capable of delivering
increased power and payload as well as technologically advanced avionics and
flight control systems. Since a lot of data on this aircraft is available in literature,
this aircraft is also chosen as a reference point for the experimental validation of
this work.

1.4.3 V-22 Osprey

Figure 1.7: V-22 tilt-rotor

Another example of tilt-rotor is the Bell V-22, which is among the rare examples
currently in use. It is equipped with a three-blade prop-rotors. One of the special
features of this aircraft is its ability to fully rotate the nacelles (90◦) in just twelve
seconds, thus making a truly rapid transition between helicopter and airplane
mode. Its operating range is around 3900 Km and 954 km is the radius of ac-
tion. The aircraft is equipped with relatively small wings, at the end of which
are horizontally hinged the gondolas of turbine engines that move large diame-
ter propellers as a function of load-bearing rotors, and dual-drift tail spikes. The
engines are two Allison turboprop engines with 4970 hp of power on the shaft,
power that can be pushed up to 5920 hp in case of emergency with an engine
out of use. The three-blade rotors have a diameter of 11.58 m and blades in
resin reinforced with fiberglass and graphite that develop a total bearing area
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of 24.30 square meters. In addition, the two rotors shaft are interconnected to
avoid the consequences that would occur in the event of failure of one of them.
The wings, which are thick enough to support the rotor lift applied to the end,
are specifically designed for low speed flight and allow a minimum speed in hor-
izontal flight of 74 km/h. The rotor blades can be folded up by means of an
automatic system and, in the Navy and Marine versions, the entire wing can be
rotated until it is parallel to the fuselage, to facilitate stowage on board ships.
The structure is made mainly of composite materials in epoxy resin reinforced
with carbon fibers which, at the same weight, increase the mechanical and en-
vironmental resistance compared to a metal structure. Also, part of blades are
made in composite materials. In order to increase the aircraft’s ability to with-
stand adverse shocks, the steering, electrical and hydraulic systems are triple
and completely independent. Furthermore, the Osprey is the only aircraft in the
world equipped with an alarm system against the so-called ’Vortex Ring State’,
which occurs when a helicopter descends at a speed higher than that impressed
on the air by the rotor blades and which manifests itself with a sudden, total and
difficult to recover loss of lift with catastrophic consequences. A 17.4 m long
aircraft with a wingspan of 17.4 m and a height of 6.73 m. When empty, the
aircraft has a mass of 15032 kg but can be equipped up to a weight of 23892 kg
in case of vertical take-off, and 27442 kg with a take-off in airplane mode. In this
mode its peak speed reaches 510 km/h; while the vertical climb rate is 5.5 m/s.
As altitude the tangency reaches 7620 m, 3400 m with only one engine running.
The unit cost: 89 million US dollars in 2005.

1.4.4 Dufour Aerospace tilt-wing concept

Figure 1.8: Dufour Aerospace tilt-wing concept

Another interesting example of a rotor application is the model of the Dufour
Aerospace, a Swiss company, in collaboration with the University of ZHAW. The
aircraft is still under development and it is designed to be electrically motor-
ized and the most compact and efficient in order to accomplish short-to-medium
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range missions. Its compact design and low emissions make it the ideal aircraft
for future short-distance air transport, especially within inhabited areas. The
main targets are the urban transportation but also for revolutionize mountain,
rural transport and medical aid.

1.4.5 Bell V-280
A more recent and optimized version of the V-22 is the V-280, which is capable of
a cruising speed of 520 km/h, with a top speed of 560 km/h, a range of 3900 km)
and an effective range of action of 1480 km. The MTO weight is around 14000
kg. The fuselage is visually similar to that of the UH-60 Black Hawk medium
lift helicopter. Another improvement is the adoption of a ’V’ tail that allows to
save weight considerably, even if the aeroelastic control system of the rearing
itself must be adapted to avoid instability phenomena such as the flutter, that
are more frequent with this type of structure.

Figure 1.9: V-280 tilt-rotor

The wings are made of a large cell carbon core. The helicopter is designed
to carry four crew members and 11 troops. It will feature two spacious 1.83 m
side doors for convenient entry and exit of armed forces. The V-280 helicopter
is equipped with triple redundant fly-by-wire flight control system for precision
aircraft handling and improved safety. The system helps to reduce the workload
of pilots and weight of the aircraft while minimizing the maintenance costs as
compared to traditional flight control systems. The aircraft will offer greater fuel-
efficiency, resulting in smaller logistical footprint compared to other aircraft.
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Chapter 2

Development of the mathematical
model

In order to realize a model that meets all the requirements of the real time sim-
ulation, it is appropriate to realize a new mathematical model starting from the
aerodynamic and mechanical principles that govern the problem. Therefore, the
first step is the definition of the reference systems, mobile and rotating, with the
respective rotation matrices; that allows the passage from one triad to another.
Later, it is appropriate to define all the speed contributions acting on the blade:

• Speeds flight and wind contributions

• Inflow contribution

• Kinematic speeds due to the rotations of the aircraft around its axes

• Speed due to the rotational speed of the rotor

Once the resulting aerodynamics are calculated with the blade element theory,
before obtaining the total loads at the hub, it is opportune to estimate all the
accelerations contributions acting at the center of gravity of the blade in order
to obtain the inertial, gravitational and centrifugal loads also; then, these are
added to the aerodynamic ones previously found. Therefore, all of the following
accelerations are taken into account:

• Centrifugal

• Gravitational

• Accelerations due to Coriolis contributions

• Due to translational accelerations of the body

• Due to rotational accelerations of the body

Once all the estimated contributions are added, through the rotation matrices, it
is possible to obtain the forces and moments acting on the hub reference system
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attached to the aircraft. Finally, it is appropriate to take into account the position
in space of the nacelle, with its angles and reference distances from the center
of gravity of the aircraft, in order to obtain the loads transmitted by the rotors to
the aircraft reference system.

2.1 Assumptions
The main aim of this work is to maintain as much as possible the truthfulness
of the model and at the same time to comply with the requirements of real-
time. For this particular reason, a trade-off between the level of detail of the
model and its performance must be carried out. Thus, according to [11] and
previous works such as [3] and [16], the rotor dynamics is limited to the only
flapping degree of freedom, therefore lead-lag dynamics and torsion dynamics
are neglected. On the other hand, the model implements the full, second-order
flapping dynamics of each blade with no approximation to reduce the order of
the tip-path-plane dynamics and a full calculation of the air-loads along the blade
span as function of the azimuth position. Therefore, it is appropriate to make the
following assumptions:

• Air-loads are expressed by exploiting the Blade Element Theory and inte-
grating symbolically along each blade span; therefore, no numerical inte-
gration must be performed during the simulation, but mere algebraic cal-
culations must be computed at each time step.

• The blade section’s aerodynamics is expressed with no approximation about
low angles and therefore extended to large inflow angles (which are gen-
erally typical for prop-rotors and propellers, [12]).

• The blade section’s aerodynamic data are derived from conventional 2-D
analysis based on equipotential methods for the linear part and then ex-
panded for large angles of attack exploiting the semi-empirical formulation
proposed by Hoerner in [13], where the coefficients are calibrated to match
the trends of the experimental data. This method allows to properly tune
the airfoil characteristics to better suit the real blade and reproduce stall
and post-stall behaviours.

• Each blade is considered rigid in bending and torsion, an equivalent spring
is placed at the flap hinge and it can be properly tuned to reproduce the
behaviour of different rotor designs (rigid, fully articulated, hinge-less, gim-
bals rotors).

• The blade twist distribution is expressed using a third-degree polynomial
which can be tuned to well suit prop-rotor as well as conventional rotor
designs.

• The chord distribution is also introduced using a third-degree polynomial
so that a wider range of blade designs can be implemented.
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• The approximation of small flapping angles β is used only in the mathe-
matical formulation of the flapping dynamics. This assumption is needed
to express the flapping dynamic analytically and it is believed to be ac-
ceptable based on previous literature [4] and safety limitations of tilt-rotor
designs (XV-15 flapping is limited within ±12 degrees, as reported in [6]).

• The effect of β̇ on the sectional angle of attack is assumed to be small and
therefore linearized with a first order Taylor approximation to preserve the
analytic formulation of the flapping dynamics. Therefore this term of aero-
dynamic incidence is simplified as β̇r

Ω(e+r) by neglecting, for this term only,
the effect of the hub components of velocities (considerably smaller than
the Ω(e + r) contribution in the most aerodynamically significant sections
of the blade) which might now lead to singularities in the model for blade
stations close to the hub at which, in some translational flight regimes, the
denominator might become zero.

• In the formulation of the speeds acting on the blade, the yaw’s angular rate
(rh) is neglected as not meaningful in comparison to the others terms, in
accordance with Ref. [4] again.

• Terms in β̈ and the Coriolis contribution due to β̇ are also considered small
and neglected only when calculating the accelerations acting on the blade,
as also referred in [4].

• To simplify the resolution of the flapping dynamics, in the mathematical
treatment the term drag, Cd, is considered independent from the contribu-
tion in β̇, as it is small compared to the other terms of the aerodynamic
incidence.

• A dynamic inflow model is implemented based on Pitt-Peters formulation
[5], as shown later;

• An analytic formulation of the tip loss factor is implemented according to
what shown in [18].

• All the aeroelastic effects acting on the blade and of the rotor structure are
neglected not to further increase the computational load.

• The rotational speed acceleration Ω̇ is considered equal to zero, consider-
ing the rotor working always with the same value of Ω, assumption valid for
the the major part of the mission of helicopter and tilt-rotor.
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2.2 References systems and rotating matrices
During the mathematical treatment it is appropriate to take into account three
main reference systems: one attached to the aircraft centered in the hub sys-
tem, another rotating with the rotor and a system attached to the blade also
rotating, as reported in Ref. [19] and [9]. The body reference system for calcu-
lating the loads acting on the center of gravity of the aircraft is also considered
below in the body-hub moments transportation.

Figure 2.1: Reference systems adopted

In figure above are shown the three reference systems adopted with their orien-
tation in the space. The subscript ’h’, respectively, indicates the hub reference
system, ’r’, the rotor system and ’b’ the blade system. The last one is centered
in the flap hinge, instead, the previous have their origin in the center of the hub.
The rotor system is turning around the zr generating the azimuth angle, which
origin is fixed as indicated in the figure. The value of this angle is easily com-
puted as ψ = Ωt, where t is the current simulation time. The blade system,
instead, is turning around yb axes of the flapping angle β. In order to pass from
a reference system to another the following rotational matrices are used:

• Rotational matrix center of hub reference system-rotor system:

Thr =

−cos(ψ) sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 −1

 (2.1)
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• Rotational matrix rotor system-blade system:

Trb =

 cos(β) 0 −sin(β)
0 1 0

sin(β) 0 cos(β)

 (2.2)

Also, it is important to consider two other transformation matrices, which take
into account the two nacelle’s angles:

• φm:

Tφ =

1 0 0
0 cos(φm) sin(φm)
0 −sin(φm) cos(φm)

 (2.3)

Figure 2.2: V-22 φm nacelle angle

• and βm:

Tβ =

 cos(βm) 0 sin(βm)
0 1 0

−sin(βm) 0 cos(βm)

 (2.4)

Figure 2.3: V-22 βm nacelle angle
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Thanks to these last two rotation matrices it is possible to pass form a vector
in the body reference system directly to the hub reference system. In fact, con-
sidering a generic vector ~fb, it can be transported in the hub reference system
thanks to the relation:

~fh = [Tβ][Tφ]~fb (2.5)
After that, since the length of the must (lm) is known as its distance from the
body x-axis, it is possible to pass the quantities from the body reference system
to the hub one.

2.3 Speeds and aerodynamic incidence
In order to elaborate the definition of the aerodynamic incidence and then all
the forces and moments acting on each blade it is necessary to define all the
contributions of tangential and transverse speed to the blade as predicted by the
’Blade element theory’:

Figure 2.4: Speed and forces acting on the blade element

Introducing the speed components due to the translation of the aircraft and to
the wind in the hub reference system as:

~Vh = [uh, vh, wh] (2.6)

Therefore, the speeds felt by the blade due to the latter contribution in the blade
system after the transformation assume the shape:

~Vb =

∣∣∣∣∣∣∣
vhsin(ψ)− uhcos(ψ)
uhsin(ψ) + vhcos(ψ)

−wh

∣∣∣∣∣∣∣ (2.7)
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To define the contribution of the body angular speeds it is introduced the vector
distance center of the rotor - flap hinge in the rotor system:

~d = [e, 0, 0] (2.8)

Also, the vector center of the hub-point of the blade in the hub system is:

~rchxb =

∣∣∣∣∣∣∣
−(e+ r)cos(ψ)
(e+ r)sin(ψ)

0

∣∣∣∣∣∣∣ (2.9)

Once defined the angular speeds of the aircraft in the center of gravity system
as ~Wh = [ph, qh, 0] disregarding the rh contribution as announced before, it is
possible to find the speed induced in a point of the blade by ph , qh and Ω in the
center of gravity system:

~VpqOh =

∣∣∣∣∣∣∣
Ω(e+ r)sin(ψ)
Ω(e+ r)cos(ψ)

(e+ r)[phsin(ψ) + qhcos(ψ)]

∣∣∣∣∣∣∣ (2.10)

Which, when transformed into the blade system, becomes:

~VpqOb = [Thr]~VpqOh =

∣∣∣∣∣∣∣
0

Ω(e+ r)
−(e+ r)[phsin(ψ) + qhcos(ψ)]

∣∣∣∣∣∣∣ (2.11)

Then the dynamic inflow distribution along the blade from the Pitt/Peters Model
is considered:

λzh = λ0 + r

R
λ1ccos(ψ) + r

R
λ1ssin(ψ) (2.12)

And, the dimensional speed due to the inflow in the blade system takes the
following form:

~Vλ =

∣∣∣∣∣∣∣
0
0

−λ0 − r
R
λ1ccos(ψ)− r

R
λ1ssin(ψ)

∣∣∣∣∣∣∣ (2.13)

Adding all the contributions, the perpendicular speed acting on the blade can
be written as:

VP = [qh(e+ r)R− Vtiprλ1c] cos(ψ) + [ph(e+ r)R− Vtiprλ1s] sin(ψ)
R

+

+ R(−Vtipλ0 + wh)
R

+

+ xuo[A1Ω sin(ψ)−B1Ω cos(ψ)]

(2.14)

The last term of Eq. (2.14) is a first-order contribution which introduces an ap-
proximated unsteady component which is connected to θ̇ through the offset xuo,
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according to the formulation derived from Theodorsen’s theory and reported by
Johnson in [14]. Furthermore, the effect of the hub’s rotational (ph,qh, 0) and
translational rates (uh,vh, wh) are also taken into account. Instead, adding the
translational speed contributions and the rotational speed allows to find the com-
plete definition of the tangential speed acting on the blade (considering Ω posi-
tive in counterclockwise direction as in Fig. 2.1) which takes the following form:

VT = sin(ψ)uh + cos(ψ)vh + Ω(e+ r) (2.15)

Before enunciate the aerodynamic incidence of each blade element the collec-
tive, the lateral and longitudinal cyclic contributions are defined as:

θcoll = θ0 − A1cos(ψ)−B1sin(ψ) (2.16)

And the twist law of the third order as anticipated before:

θtwist = t3r
3 + t2r

2 + t1r + t0 (2.17)

Finally, adding the misalignment of the hinge K1 = tan(δ3) and the zero lift inci-
dence, is now possible to define the aerodynamic incidence as:

α = θtwist + θcoll −K1β + arctan(Vp
Vt

)− α0 −
β̇r

Ω(e+ r) (2.18)

And then explicating the terms:

α = K1β + θ0 − A1 cos(ψ)−B1 sin(ψ) + t3r
3 + t2r

2 + t1r + t0 + arctan(Vp
Vt

)− α0+

− β̇r

Ω(e+ r)
(2.19)

Where the term β̇r
Ω(e+r) is not considered in the arcotangent to facilitate the res-

olution of the flapping equation that follows. In fact, as announced in the initial
hypotheses, for this term, Taylor’s first order approximation is still valid. While,
since all the other contributions of speed are contained in the arcotangent, and
the denominator Ω(e + r) can never be zero, all the possible discontinuities that
can be obtained if these other terms would also be approximated with Taylor, are
avoided. In fact, if this approximation wouldn’t be made, in certain conditions of
translated flight, where along the blade in some azimuth positions and for par-
ticular distances from the root, there could be values of tangential velocity close
to zero, and therefore, discontinuities and malfunctions of the model would be
recorded.
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2.4 Aerodynamic forces and moments
Since, the aerodynamic incidence for each station of the blade is defined, is now
possible to define the elementary forces and moments. First, however, it is nec-
essary to make explicit the third order chord law as:

c(r) = c3r
3 + c2r

2 + c1r + c0 (2.20)

Also, the tilt angle of the total speed felt by the blade is evaluated as:

φ = atan(Vp
Vt

) (2.21)

Where the perpendicular and tangential speeds are defined in Eq. (2.14 , 2.15).

Therefore, the elementary aerodynamic lift can be written as:

dl = 1
2ρV

2c(r)Clααdr (2.22)

The elementary aerodynamic moment around yb as:

dm = 1
2ρV

2c(r)[Cd sin(φ) + Clαα cos(φ)]rdr (2.23)

The elementary aerodynamic force along zb as:

dfa = 1
2ρV

2c(r)[Cd sin(φ) + Clαα cos(φ)]dr (2.24)

The elementary aerodynamic force along yb as:

dq = 1
2ρV

2c(r)[Cd cos(φ)− Clαα sin(φ)]dr (2.25)

The elementary aerodynamic moment around zb as:

dna = 1
2ρV

2c(r)[Cd cos(φ)− Clαα sin(φ)]rdr (2.26)

Since in the definition of incidence the linearity in the terms in β and β̇ is pre-
served, and all the definitions of elementary forces and moments maintain the
linearity in these terms. Then, manipulating the equations collecting these two
terms, is possible to reach the generic form for each contribution:

df = df1β̇ + df2β + df3 (2.27)

After replacing the definition of incidence, speeds and the law of taper is possible
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to specify the terms in β , β̇ and the independent one of the collected form.
Therefore, the aerodynamic moment along yb, which is useful for the resolution
of the second order flapping dynamics, is related to the terms:

dm1 = −
ρ(V 2

t + V 2
p )r(c3r

3 + c2r
2 + c1r + c0)cos(φ)Clα

2Ω(e+ r)

dm2 = −1
2[ρ(V 2

t + V 2
p )r(c3r

3 + c2r
2 + c1r + c0)cos(φ)ClαK1]+

dm3 = 1
2{ρ(V 2

t + V 2
p )r(c3r

3 + c2r
2 + c1r + c0)[Cdsin(φ)+

+ Clαcos(φ)(t3r3 + t2r
2 + t1r + t0 − A1cos(φ)−B1sin(φ)+

+ atan(Vp
Vt

)− α0 + θ0)]}

(2.28)

And the elementary aerodynamic moment can be expressed as:

dm = dm1β̇ + dm2β + dm3 (2.29)

A similar shape is obtained for all other aerodynamic forces and moments, omit-
ted for brevity. Therefore, is possible to find the elementary aerodynamic force
along zb as:

dfa = dfa1β̇ + dfa2β + dfa3 (2.30)

The elementary aerodynamic force along yb as:

dq = dq1β̇ + dq2β + dq3 (2.31)

The elementary aerodynamic moment around zb as:

dna = dna1β̇ + dna2β + dna3 (2.32)

As method of integration along the blade, the numerical method of the trapezoids
over a number of ’n’ intervals, at the discretion of the user, is chosen. Therefore,
resuming the generic function in Eq. (2.33):

df = df1β̇ + df2β + df3 (2.33)

That, after using trapezoids, becames:

F = ∆x
2 [df(x1) + 2df(x2) + 2df(x3) + ...+ 2f(xn) + f(xn+1)] (2.34)

Then, by replacing the collected form in Eq. (2.33) is found that:
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Figure 2.5: Trapezoids rule

F = ∆x
2 [df1(x1)β̇ + df2(x1)β + df3(x1) + 2(df1(x2)β̇ + df2(x2)β + df3(x2)) + 2...+

+ df1(xn+1)β̇ + df2(xn+1)β + df3(xn+1)]
(2.35)

And collecting again the terms in β̇ and β the following form is reached:

F = ∆x
2 [β̇(df1(x1) + 2df1(x2) + 2...+ df1(xn+1)) + β(df2(x1) + 2df2(x2) + 2...+

+ df2(xn+1)) + (df3(x1) + 2df3(x2) + 2...+ df3(xn+1))]
(2.36)

Which can be resumed as follow:

F = F1β̇ + F2β + F3 (2.37)

Following the same procedure for all aerodynamic contributions is found that the
aerodynamic moment along yb can be expressed as:

M = M1β̇ +M2β +M3 (2.38)

The integrated aerodynamic force along zb as:

Fa = Fa1β̇ + Fa2β + Fa3 (2.39)

The integrated aerodynamic force along yb as:

Q = Q1β̇ +Q2β +Q3 (2.40)

The integrated aerodynamic moment around zb as:

Na = Na1β̇ +Na2β +Na3 (2.41)
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2.5 Accelerations contributions
In order to define all the accelerations contributions acting on the center of grav-
ity of each blade, the following kinematic equation (in accordance with Ref. [17])
is solved:

~ah = ~atr + ~a′ + ~Wh ∧ ( ~Wh ∧ ~rchxb) + ~̇Wh ∧ ~rchxb + 2 ~̇Wh ∧ ~V ′ + ~gh (2.42)

In Eq. (2.42) all translational components, relative accelerations, centrifugal and
Coriolis components are considered. The vector ~rchxb is already defined in Eq.
(2.9). Instead, the vector containing the rotational rates in the hub reference
system remains to be defined as:

~Wh = [ph, qh, rh] (2.43)

And the vector containing the rotational accelerations of the body reported in the
hub reference system:

~̇Wh = [ṗh, q̇h, ṙh] (2.44)

The vector ~atr, instead, represent the translational speed variations of the body
reported in the hub reference system, and it is expressed as:

~atr = [u̇h, v̇h, ẇh] (2.45)

Moreover, ~V ′ , contains the speeds due to the rotation of the blade (speed of a
point influenced by the rotation) expressed in the hub reference system, and is
calculated as follows:

~V ′ = [Thr][Trb][0,Ω(rcos(β) + e), 0] (2.46)

Instead, ~a′ , contains the accelerations due to the centripetal component and
the Ω̇ contribution which is still not considered in the model as we assumed to
treat a constant rotor speed Ω. Again, this vector is oriented in the hub reference
system, and is written as:

~a′ = [Thr][Trb]

∣∣∣∣∣∣∣
−Ω2[e+ rcos(β)]cos(β)

Ω̇[e+ rcos(β)]
Ω2[e+ rcos(β)]sin(β)

∣∣∣∣∣∣∣ (2.47)

Finally, it is important to consider also the effects of the gravitational accelera-
tion, that influence also the flapping dynamics. Considering the definition of the
gravitational contribution in the body reference system as:

~gg =

∣∣∣∣∣∣∣
g0sin(θ)

g0cos(θ)sin(φ)
g0cos(θ)cos(φ)

∣∣∣∣∣∣∣ (2.48)
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Where φ and θ in Eq. (2.48) represent the Euler angles useful in that case to
consider a different orientation in space between the ground system and the
aircraft system, and g0 on Earth is equal 9.80665 m/s2. Then, to find the contri-
bution due to gravity in the hub reference system the following transformation is
used:

~gh = [Thr][Trb]~gg (2.49)

The accelerations in the blade system are find summing up all the contributions
listed above and switching from the hub system to the blade one:

~ab = ([Tβ][Tφ])−1~ah (2.50)

2.6 Flapping dynamics solution
Before obtaining the aerodynamic contributions, it is necessary to know the val-
ues of β and β̇ , both included in the definition of aerodynamic incidence. There-
fore, in the first place, it is opportune to solve the second order flapping dynamic
to know instantaneously the position of each blade in order to project the forces
and the moments in the opportune way later on.

Figure 2.6: Simplified blade flapping sketch

Considering the problem of the second order flapping of the blades where the
characteristic equation assumes the form:

mβ̈ + cβ̇ + kβ = Fβ (2.51)

Therefore, by replacing the inertial and aerodynamic effects for the individual
blade is found that:

mβ̈ + cβ̇ + kβ = (M1β̇ +M2β +M3)−mbrcg(ghz + az) (2.52)
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Figure 2.7: Flapping forcing contributions

While for the acceleration, after the simplification of small betas and collecting
the terms in β is defined as:

azblade
= az1β + az2 (2.53)

Where:

az1 = −[(p2
h − q2

h)cos(ψ)2 − 2sin(ψ)phqhcos(ψ) + (qh + rh − Ω)(Ω + qh − rh)]rcg+
+ (−p2

h + q2
h)ecos(ψ)2 + [2sin(ψ)ephqh + u̇h]cos(ψ)− v̇hsin(ψ)+

+ e[p2
h + (rh − Ω)2]

(2.54)

And:

az2 = 2rcg(rh − Ω)[cos(ψ)ph − sin(ψ)qh] + {−e[(2Ω− rh)ph + q̇h]cos(ψ)+
− e[(rh − 2Ω)qh + ṗh]sin(ψ)− ẇh}+
− rcg[(phrh + q̇h)cos(ψ) + sin(ψ)(−qhrh + ṗh)]

(2.55)

Replacing the forcing just described in the equation Eq. (2.53) is found that:

m = Iβ

c = −M1

k = Kβ −M2 +mbaz1rcg

F = M3 −mbaz2rcg −mbghzrcg

(2.56)

Where in the contributions that force the dynamics there is the independent term
of the forcing moment M3, previously evaluated in Eq. (2.38), with the gravi-
tational and inertial contributions. While, in the damping term (c) there is the
aerodynamic contribution M1 previously collected, that multiplied β̇ always in
Eq. (2.38). Instead, the contribution M2 that is linked to β goes to aggregate in
the definition of the mass (k) of the system.
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Referring to Eq. (2.56), Iβ is the blade’s flapping inertia, Kβ, the equivalent
flapping spring stiffness, rcg, the distance of the flapping hinge from the center
of gravity of the blade, mb, the blade mass and gzh

is the gravity contribution.
Depending on the type of rotor, these contributions may vary considerably. In
fact, for an articulated rotor, ideally the Kβ, is close to zero, in fact, the blade
should be free from constraints. The situation is completely opposite for a rigid
rotor where the stiffness of the equivalent spring rises to truly high values and
essentially corresponds to the bending resistance of the material of which the
blade is made. Moreover, for the rigid rotor there is no real flapping hinge, then
even the position of the offset hinge becomes virtual; and the latter can vary
greatly the results in the validation phase. The same applies to the semi-rigid
rotor, which also does not have a flap hinge. However, it must be specified that in
several cases in the articulated rotor there are also dampers to reduce vibrations
and flapping oscillations; these vary the equivalent stiffness value. Naturally, the
shape, the dimensions and the material of the blade influence Iβ and the mass
of the system.

2.7 Pitt/Peters Inflow Dynamics
The model elaborated by Pitt and Peters is a three states model of dynamic
inflow governed by a differential equation of the first order, where it is assumed
the trend of the dimensionless inflow formulated as follows:

λ = λ0 + r

R
λ1ccos(β) + r

R
λ1ssin(β) (2.57)

Therefore, in the definition a constant term, λ0 and two periodical contributions,
λ1s and λ1c, are considered. However, this particular formulation is not defined
directly in λ, but rather in ν, in fact, the complete formulation of the Pitt/Peters
model is expressed as:

ν̇0
ν̇1s
ν̇1c

 = −[M ]−1[L]−1


ν0
ν1s
ν1c

+ [M ]−1


Ct
Cla
Cma

 . (2.58)

The semi-empirical matrices [M ] and [L] are respectively the apparent mass
matrix and the static gain matrix, as introduced in [5] and reported below in Eq.
(2.59) and (2.60). In these formulation ’χ’ represents the ’wake skew angle’,
while vm and vt are the mass flow parameters, functions of the advance ratio
and static inflow coefficient. Instead, Ct, Cl and Cm are respectively the coeffi-
cients of thrust, rolling moment and pitching moment of the equivalent rotor disk
generated by the rotation of the blades.

[M ] =


128
75π 0 0
0 − 16

45π 0
0 0 − 16

45π

 (2.59)
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[L] =


1

2vt
0 15

64vm
tan χ

2
0 − 4

vm(1+cosχ) 0
15

64vm
tan χ

2 0 − 4 cosχ
vm(1+cosχ)

 (2.60)

Where the variables contained in the static gain matrix are:

Figure 2.8: Disk rotor inflow sketch

•
χ = arctan( µ

λ0 − µz
) (2.61)

•
vt =

√
µ2 + (λ0 + µ2

z) (2.62)

•
vm = µ2 + (λ0 + µz)(2λ0 + µz)

vt
(2.63)

Where:

•
µz = −wh

Vtip
(2.64)

•

µ =

√
u2
h + v2

h

Vtip
(2.65)

In order to connect the variables λ and ν the following relations are used:
ν0 = λ0

ν1s = λ1scos(βh) + λ1csin(βh)
ν1c = λ1ccos(βh)− λ1ssin(βh)

(2.66)
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Where βh = atan( vd

ud
) is the side-slip angle of the entire actuator disk system. In

order to find the speeds contributions in the disk actuator system, the following
transformation matrix is used:

Figure 2.9: Hub-disk reference system transformation

Therefore, after solving the the system of equations in three unknowns, is pos-
sible to find: 

λ0 = ν0

λ1c = ν1ssin(βh) + ν1ccos(βh)
λ1s = ν1scos(βh)− ν1csin(βh)

(2.67)
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2.8 Projection and sum of loads
Once solved the flapping and inflow dynamics, it is possible to focus on the blade
and on the hub reference systems in order to sum up all the forces and moments
transferred by each blade to the hub and then finding the resulting contributions
adding up the effects of each blade.
Once the number of blades is selected by the user, the generic single blade is
considered in its starting position, ψi(t = 0) , after which, in order to project the
loads in a suitable way, it is necessary to take into account the two characteristic
angles that define the position of the blade in time in the hub reference system,
ψ and β , respectively azimuth and flapping angle of the single blade:

Figure 2.10: Forces and Moments on the single blade

In accordance with the conventions adopted, as shown in the Fig. 2.10, the
forces transferred by a single blade to the hub can be expressed as:

Xhi = (Fai −mbazbi)sin(βi)cos(ψi)−mbaxbicos(βi)cos(ψi)− (Qi +mbaybi)sin(ψi)+
+mbgxh

(2.68)
Yhi = −(Fai −mbazbi)sin(βi)sin(ψi)−mbaxbicos(βi)sin(ψi)− (Qi +mbaybi)cos(ψi)+

+mbgyh
(2.69)

Zhi = −[(Fai −mbazbi)cos(βi)−mbaxbisin(βi)−mbgzh] (2.70)
Where:

ψi = Ωt+ 2π
nb

(i− 1) (2.71)
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Instead, the moments transferred to the hub by a single blade are defined as:

Lhi = sin(ψi)[Zhie−Kββi]−Mticos(ψi) (2.72)

Mhi = cos(ψi)[Zhie−Kββi] +Mtisin(ψi) (2.73)

Nhi = Qi[rqicos(βi) + e] + ([Tbr]~abi)ymb[rcgcos(βi) + e] (2.74)

Where rq identifies the radial position of the overall pressure center of the blade,
and it is measured as:

rqi = Nai

Qi

(2.75)

It is possible to calculate the distance in the Eq. (2.75), already having at dis-
posal from the integrals seen above both the aerodynamic moment along z-
blade transmitted through the hinge of the single blade (Nai), and the aerody-
namic force, Qi, along the yb-axis that generates it.
Instead, Mt represent an additional contribution due to a torque that arises be-
cause of the vertical offset between the center of gravity of the blade and the
flapping hinge. It is calculated as:

Mti = mbrcgsin(βi)(aybi + Qi

mb

) (2.76)

This moment is transferred through the hinge because of the hypothesis made
that the blade is considered free only to flap, while the moments along the axes
xb and zb are bound.
In order to find the overall forces and moments acting on the hub, it is sufficient
to add the contributions due to each individual blade:

Xh =
nb∑
i=1

Xhi Lh =
nb∑
i=1

Li (2.77)

Yh =
nb∑
i=1

Yhi Mh =
nb∑
i=1

Mi (2.78)

Zh =
nb∑
i=1

Zhi Nh =
nb∑
i=1

Ni (2.79)
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2.9 Body-Hub moments transportation
Once calculated the stresses acting on the hub it is opportune to find those that
are the loads acting on the center of gravity of the aircraft; to realize this, it is
necessary to consider the vector that unites center of gravity and the hub of the
respective rotor, and then, is also necessary to consider nacelle angles. The
reference scheme used for the transportation is reported in Fig. 2.11.

Figure 2.11: Body-Hub transformations

The forces acting on the hub are reported unchanged between the hub and
the center of gravity, considering the aircraft as a rigid body. For the moments,
instead, it is necessary to take into account those additional moments that arise
because of the presence of the arm (~rtot) that connects the forces acting on the
hub to the center of gravity. Therefore, once defined nr, as the number of rotors
present in the aircraft, the moments transmitted to the center of gravity can be
made explicit as:

Lg =
nr∑
i=1

Lhi − (~rtot)ziYhi + (~rtot)yiZhi (2.80)

Mg =
nr∑
i=1

Mhi + (~rtot)ziXhi − (~rtot)xiZhi (2.81)

Ng =
nr∑
i=1

Nhi − (~rtot)yiXhi + (~rtot)xiZhi (2.82)
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Chapter 3

Implementation of the Rotor
Model

3.1 Model structure and Time sequence
During the implementation on MATLAB/Simulink R© the same sequence of oper-
ations presented in the mathematical model is maintained:

Figure 3.1: Rotor Model resolution flowchart

Once defined the initial conditions, equal to 2nb + 3: β and β̇ for each blade, and
the three states of the inflow: λ0 , λ1s and λ1c. It is opportune to define a se-
quential logic, in order to make the model work at best. Since the calculation of
forces and moments is a function of β and β̇ values, it takes place downstream of
the resolution of the flapping dynamics. The latter, in turn, is a function of the in-
flow dynamics, which appears in the definition of the aerodynamic incidence and
then in the forcing of the system. Therefore, once known the initial conditions,
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it is possible to solve the flapping dynamics, in order to calculate the forces and
the moments, and therefore the coefficients Ct , Cla and Cma, that are necessary
for the following resolution of the inflow dynamics. All this cycle is repeated for
each temporal instant of the simulation in the discrete domain.
It is possible to see how the structure previously presented in the flowchart in
Fig. 3.2 is reflected in the implementation in Simulink R©:

Figure 3.2: Rotor Model Simulink implementation

It is possible to notice the presence of a further block (’Tip-path plane’) coming
out from the flap block. It deals with mediating the angles of the blades on the
round in order to define the mean cyclics flapping: β0, β1c and β1s that, according
to the approximation of Fourier truncated at the 1st order, make up the relation:

β(ψ) = β0 + β1ccos(ψ) + β1ssin(ψ) (3.1)

β0, β1c and β1s are useful for the projections from the Hub system to the actuator
disk one as seen in Fig. 2.9 used for the resolution of the Inflow dynamic, as
shown below.
As seen in the downstream of the rotor block represented in Fig. 3.3, there are
conversion blocks useful to pass from the quantities in the center of gravity ref-
erence system of the aircraft to the one centered in the hub. While, upstream it
is appropriate to have a block that allows to move from the forces and moments
at the center of the hub to those directly transmitted to the center of gravity of
the aircraft, in order to proceed directly to the resolution of the motion equations
of the aircraft considering it as punctual and centered in its center of gravity. The
implementation of these blocks is represented in the following figure:
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Figure 3.3: Rotor Model and Conversions blocks

3.2 Flapping dynamics implementation
Also, the implementation of the flapping dynamics follows the steps set out
above in the mathematical treatment. However, it is interesting to see with which
method it is chosen to proceed for the integration in time of the second degree
dynamics in question. In the first approach, for the temporal integration, a sim-
ple method such as the ’forward Euler is adopted; but later, since the results are
not satisfactory, for reasons shown below, passing to a higher order method of
integration (Tustin) is necessary.
The discrete system that is analyzed in the formulation of the flapping is a dy-
namic one and, therefore, is described by the following equations:

ẋ(t) = Ax(t) +Be(t)
u(t) = Cx(t) +De(t)

(3.2)

Where the variable x(t) indicates the states, ẋ(t) its derivative, u(t) the outputs
of the system and e(t) the inputs. Let T be the sampling period of the digital
control system. By integrating Eq. (3.2) between two sampling times kT and (k
+ 1)T is obtained that:

xk+1 − xk = A
∫ (k+1)T

kT
x(t)dt+B

∫ (k+1)T

kT
e(t)dt (3.3)

Knowing the values of the integrated function in kT and (k+1)T, the integrals in
Eq. (3.3) can be approximated using the convex combination:

xk+1 − xk = A[(1− α)xk + αxk+1]T +B[(1− α)ek + αek+1]T (3.4)

Where it is used the approximation:∫ (k+1)T

kT
f(t)dt ' [(1− α)fk + αfk+1]T (3.5)

At the generic sampling time:

uk = Cxk +Dek (3.6)
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Adopting the Z-transformed of Eq. (3.4):

X(z) =
[

1
T

z − 1
αz + 1− αI − A

]−1

BE(z) (3.7)

Then, transforming Eq. (3.6) and exploiting Eq. (3.7) the following bond ap-
proximate between the Z-transformed signal input and the Z-transformed of the
output is obtained:

U(z) =
{
C

[
1
T

z − 1
αz + 1− αI − A

]−1

B +D

}
E(z) (3.8)

It follows that Eq. (3.8) can be seen as the transfer function of the continuous
time domain Rc(s) estimated at:

s = 1
T

z − 1
αz + 1− α (3.9)

Different approximations are possible depending on the value of α. The approx-
imations used in practice are:

• Forward Euler:
s = z − 1

T
(3.10)

• Backward Euler:
s = z − 1

Tz
(3.11)

• Tustin’ method:
s = 2(z − 1)

T (z + 1) (3.12)

3.2.1 Forward Euler and Tustin methods
To develop a rotor model as efficient as possible, a comparison is made between
two particular methods of integration over time, the Forward Euler and the Tustin
method.
To analyze the various methods of integration, in time in this case, passing from
the time domain to that of the frequencies is necessary.
Therefore: x(s) = L (x(t))

x(s)s2 = L (ẋ(t)) + IC
(3.13)
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And, then the system of Eq. (2.53) can be written as:

x(s2m+ sc+ k) = F (3.14)

Now it is possible to define the transfer function as:

H(s) = F

s2m+ sc+ k
(3.15)

The implementation of the Euler method is simply described by the following im-
age:

Figure 3.4: Forward Euler scheme

To implement the Tustin’ method, instead, it is necessary to replace the Eq.
(3.12) in the Eq. (3.15), in order to collect the following formulation:

H(s) = b0z
2 + b1z + b2

z2 + a1z + a2
(3.16)

Then, picking up the terms in the case of Tustin is found that:

b0 = T 2

kT 2 + 2cT + 4m a1 = −(−2kT 2 + 8m)
kT 2 + 2cT + 4m

b1 = 2T 2

kT 2 + 2cT + 4m a2 = kT 2 − 2cT + 4m
kT 2 + 2cT + 4m

b2 = T 2

kT 2 + 2cT + 4m

(3.17)
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The reference Tustin’ scheme is represented as:

Figure 3.5: Franklin Powell Tustin’ method implementation scheme (Ref. [8])

Therefore, the Simulink R© model for the resolution of the flapping dynamics, is
built as follow:

Figure 3.6: Simulink Tustin’ implementation for the flapping dynamics
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3.2.2 Results and conclusions
To compare the results returned by these two different methods, a characteristic
condition of the XV-15 aircraft (Ω = 589rpm) is taken: the Hover a sea level in a
standard day atmospheric condition.
And the response in terms of flapping of each rotor blade is analyzed. After that,
as reference result, the one obtained with a high sampling frequency, 10KHz,
with Tustin’ method, is assumed. In fact, it is widely considered sufficient to de-
scribe this particular dynamics. Then, decreasing the sampling frequency, the
following results are obtained.

Figure 3.7: 1st comparison Tustin-Euler

In the figure above the trends of the flapping dynamics obtained with 10 KHz of
Euler and Tustin, and 1 KHz of Euler are shown. It is possible to see, first of all,
that there is only one blade represented, in fact, in this particular condition, the
Hover, each blade, once reached the condition of regime, occupies the same
position in every instant. For this reason this particular flight condition is chosen,
in fact, in that way it is sufficient to represent the performance of a single blade to
analyze the behavior of the entire rotor model. Moreover, from the graph above
is also possible to notice that the results at 10KHz are perfectly superimposed,
and this is a sign that the Euler dynamic at 10 KHz is also representative with
this sampling frequency. Finally, it is shown how just by lowering the sampling
frequency to 1KHz with the Euler method is already possible to notice a mean-
ingful deviation from the reference dynamic. For this reason, the Euler 1KHz
dynamics is not considered reliable and rather onerous from the computational
point of view.
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Figure 3.8: 2nd comparison Tustin-Euler

From the figure above, a profound difference between the two methods is already
notable. In fact, it is shown that at 500 Hz the Tustin’ method still truly faithfully
represents the flapping dynamics, superimposing itself on the reference curve.
Euler method, on the other hand, demonstrate its weakness by showing oscilla-
tions much wider than the real ones. This proves that the dynamics is too fast
for this method at 500 Hz.

Figure 3.9: 3rd comparison Tustin-Euler

In the figure above it is shown how Tustin’ method works surprisingly even at
200 Hz and still almost completely overlaps the reference. This highlights the
power of the method. Instead, if the Euler method would be chosen, it may be
problematic keeping the real time requirements, because of the aim to faithfully
represent the flapping dynamics and therefore solving the other blocks; in fact,
truly high sampling rates would be necessary in that case, and the whole code
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would be slower.
For these reasons, and especially for the great savings in computational terms,
it is decided to use and implement the method of Tustin in the model.
Proof of this can be shown considering a dynamic system of the classical sec-
ond order not forced governed by the equation:

β̈ + 2ζwnβ̇ + w2
nβ = 0 (3.18)

Moving to the frequency domain, replacing the appropriate transfer functions for
Euler and Tustin of Eq. (3.10) and (3.12), and then with solving in ’z’ the equa-
tion of second degree for a wide range of frequencies is found that:

Figure 3.10: Forward Euler-Tustin wn and ζ comparison

From the figure above it is possible to notice, once again, the substantial differ-
ence between the two methods. In fact, is possible to see that when the sampling
frequency decreases, the Euler method shows a much lower damping than the
reference one observed for the reference frequency at 10KHz, therefore, the am-
plified oscillations previously observed are triggered. Tustin’ method, instead, up
to 200 Hz remains faithful to the real dynamics, and then it appears a consistent
error but always considerably less than the one obtained with the Euler method.
However, it is interesting to note, that a sampling rate of 100 Hz would still not
be sufficient even with the Tustin’ method. In fact, in the upper graph it is shown
that, although the wn of the system is still well represented, the damping is not,
and there is a risk to find a solution not faithful to reality. Therefore, a sample
time of at least 200 Hz (the one adopted) is necessary to have a reliable solution
and at the same time a computational efficient model.
In order to find the damping for this type of dynamic system, useful to process
the previous graph, is possible to proceed graphically:

51



Figure 3.11: XV-15 Hover flapping dynamics (Ω = 589rpm, Sea Level)

Where:
σ = − ln(X1/X2)

T2 − T1
and σ = −ζwn (3.19)

Once found σ, ζ can be derived by the simple relationship:

ζ =
√√√√ 1

w2

σ2 + 1
(3.20)

And therefore:

wn = w√
1− ζ2 (3.21)

Where w = Ω = 589 rpm. Therefore, collecting this data for the comparison
between Tustin and Euler seen above is found that:

Case X1[rd] X2[rd] T1[s] T2[s] w[rd/s] f [Hz] σ[−] ζ[−]
10KHz (Tus) 0.374 0.138 0.1553 0.2577 61.359 9.766 -9.736 0.157
1KHz (Eu) 0.494 0.219 0.1550 0.2570 61.600 9.800 -7.975 0.128
500Hz (Eu) 0.671 0.365 0.1540 0.2560 61.600 9.800 -5.969 0.097

Table 3.1: 10KHz (Tus), 1KHz (Eu) and 500Hz (Eu) data comparison

It is possible to notice how from considering data related to the forward Euler
emerges that the dimensionless reference damping for the case analyzed of
Hover is equal to 0.15672 and, by reducing the sampling frequency, the results
of the same parameter vary greatly proving what saw previously.

52



3.3 Aerodynamic implementation
In order to implement a complete rotor model, it is advisable to enter the data
concerning the complete aerodynamic polar. In fact, during the rotation, the
blade, near the root finds incidences even close to 90◦ as the tangential speed
can be almost zero. Moreover, during the advancement phase it is possible to
have some points of the blade where the speed imposed by the Ω angular rate
is cancelled by the component due to the translation (uh and vh) of the aircraft.
Therefore, in these points it is necessary to have aerodynamic values of the
blade not included in the canonical linear tract of the aerodynamic polar, usually
defined between −20◦ and 20◦. For these reasons, it is necessary to extend the
profile aerodynamic, and to realize it the approximation of Hoerner is chosen, as
announced before (Ref. [13]).

3.3.1 XV-15 Aerodynamics
The characteristic aerodynamic profile of XV-15 rotor blades is the NACA 64-
208:

Figure 3.12: NACA 64-208, XV-15 aerodynamic profile

Figure 3.13: Cl-α NACA 64-208, XV-15
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In the figure above two curves are represented: that of the Cl and that of the
Clα. In the definition of aerodynamic contributions, the Cl, in the mathematical
treatment is expressed as:

Cl = Clα(α− α0) (3.22)

The Clα therefore, instead of representing the real derivative and therefore the
slope of the curve, consists in a gain of Cl with respect to the incidence of zero
lift (in this case, α0 = −1◦). Its trend is the one described by the dotted curve;
while the other curve represents the trend of the Cl. In the latter, is possible
to distinguish the classic linear tract around reduced incidences, followed by the
stall; and then, because of Hoerner’ assumptions (hypothesis of flat plate), the
curve assumes the trend defined by the functions:

Cl+ = kCl+sin(α)cos(α)
Cl− = kCl−sin(α)cos(α)

(3.23)

Where Cl+ and Cl− are respectively the functions that describe the previous and
the next traits to the linear tract. While k+ and k− are chosen according to the
type of profile analyzed. In this case it is used:

kCl+ = kCl− = 1.9 (3.24)

Figure 3.14: Cd-α NACA 64-208, XV-15

Instead, for the trend of Cd, represented in the figure above, the classic parabolic
trait in the values of reduced incidences is notable. Once out of this field of
incidence, it is evident that there is a sudden increase in the Cd up to a maximum
recorded at α = 90◦ where the profile exposes its maximum frontal section to the
flow. The Hoerner’ function used to describe the Cd trend is:

Cd+ = kCd+sin(α)2

Cd− = kCd−sin(α)2 (3.25)
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Where, in that case:
kCd+ = kCd− = 1.5 (3.26)

3.3.2 UH-60 Aerodynamics
As far as the aerodynamics of the other aircraft used to validate the model is
concerned; the UH-60, own the SC 1095 as blade’s characteristic profile, for
which α0 = −1.125◦. It shows the following shape:

Figure 3.15: SC 1095, UH-60 aerodynamic profile

In that case the following performances are obtained:

Figure 3.16: Cl-α SC-1095, UH-60

Where:
kCl+ = 3

kCl− = 2.5
(3.27)

Instead, for the drag coefficient, Cd, the following trend is found:
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Figure 3.17: Cd-α SC-1095, UH-60

Where:
kCd+ = kCd− = 1.1 (3.28)

3.4 Tip loss and Mach correction Factors
To complete the discussion on lift and drag coefficients the effects of losses at
the tip and the effects due to Mach number must also be considered. To simplify
the treatment and not slowing down the code, it is decided to use general poly-
nomial laws considered valid for each type of aerodynamic profile and for each
type of blade. These laws are simply represented by corrective factors, which,
depending on the radial position of the station analyzed or on the Mach acting
on that station, apply a corrective coefficient to the parameter in question.
From the figure below is possible to see the first meaningful correction that takes
place within the model to all those aerodynamic forces integrated and evaluated
along the blade. These, in fact, approaching toward the tip of the blade are af-
fected by the effects of extremities of all the lifting surfaces. In the final sections,
therefore, it is necessary to take into account these phenomena. To describe
these losses, multiplicative factors are used; these varies along the opening of
the blade with the trends represented in the following images. Every curve is
represented in a dimensionless form so that it can be applied to each type of
blade. It is notable that at the tip of the blade the multiplicative tip loss coefficient
is zero. In fact, at the tip of the blade where the loss effects are truly intense, all
the aerodynamic forces are brought around zero, as reported in Ref. [18].

56



Figure 3.18: Tip Loss Factor Law

From the following figures, instead, it is possible to observe the trend of the cor-
rection factors with Mach. In fact, it is known that when this parameter changes,
the lifting and drag coefficient changes considerably. Also, a reference dimen-
sionless curve is used, which represent a generic correction in accordance with
the trends found in Ref. [20].

Figure 3.19: Clα Mach correction factor

As far as the drag coefficient is concerned, the correction represented by the
following graph is used. In fact, it undergoes a sudden increase for Mach num-
bers higher than the Drag Rise value. As it is possible to notice from the trend the
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Cd0 is unaltered until the equal Mach number is inferior to 0.70-0.72, in accord
to Ref. [20].

Figure 3.20: Cd0 correction factor

3.5 Multiblade trasformation
To obtain the angles on which the whole disk is oriented, useful for defining the
rotation matrix indicated in Fig. 2.9 , it is necessary to define the coefficients
of the Fourier transform truncated at the first order. As announced before, this
development is defined as:

β(ψ) = β0 + β1ssin(ψ) + β1ccos(ψ) (3.29)

In order to find the Fourier coefficients in question, the following equations need
to be solved:

β0 = 1
π

∫ π

−π
β(ψ)dψ

β1s = 1
π

∫ π

−π
β(ψ)cos(ψ)dψ

β1c = 1
π

∫ π

−π
β(ψ)sin(ψ)dψ

(3.30)
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These formulations in the discreet become:

β0 = 1
Tnb

N∑
i=1

βi∆T

β1s = 2
Tnb

N∑
i=1

βisin(ψi)∆T

β1c = 2
Tnb

N∑
i=1

βicos(ψi)∆T

(3.31)

Where N is the number of points evaluated for each blade in a round time. For
example at a sample time of f = 1KHz, with a round angular speed of 589rmp =
61.68rad/s is found that:

tround = 2π
Ω = 0.1019s

N = troundf = 101.9
(3.32)

3.5.1 Simulink R© implementation
To implement this scheme on Simulink R© a vector of the maximum size prede-
fined previously is created, that accumulates the values of betas along the round.
Naturally, this vector at the end of each lap is overwritten for the next calculation.
The structure implemented is the following:

Figure 3.21: Multiblade tranformation Simulink R© structure

Above it is shown in detail how the delay continuously sum up the contribution
of each blade. What is more, in the Matlab R© function is contained the operation
of overwriting for each element of the vector:
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Figure 3.22: Multiblade tranformation Simulink R© structure detail

In this case, N=128 as the maximum size of the vector is adopted, that for
Ω = 589rmp and for a sampling frequency of 200Hz (the one chosen to adopt,
being satisfactory with Tustin as demonstrated above). Moreover, in order to face
higher rotational speeds like those of the turboprop, it is sufficient to increase the
maximum size in the initialization file.

3.5.2 Results
Once the coefficients are found, it is possible to verify the functionality of the
implementation by comparing the real trend of the flapping dynamics of the blade
with the one extracted from the approximation of Fourier of Eq. (3.29). During
this test both XV-15 rotors, left and right, are analyzed. The flight conditions
chosen to conduct this particular test is the following:

Ω = 589 [rpm]
uh = 30 [m/s]
vh = wh = ph = qh = rh = 0
u̇h = v̇h = ẇh = q̇h = ṗh = ṙh = 0
ρ = 1.225 [kg/m3]
T = 288.15 [k]

(3.33)

And the following controls are applied:

θ0 = 6 [deg]
A1 = 0 [deg]
B1 = 4 [deg]

(3.34)

For this test the single rotor as isolated is considered, in a similar way to what
is done in a test rig by providing him with inputs and monitoring its outputs. In
particular, it is interesting to monitor the trend of the flapping angle for any blade,
and then comparing it with the trend proposed by Fourier, in order to be able to
understand if the average angles on the lap are correct and reliable.
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Therefore, the following results are found:

Figure 3.23: Multiblade tranformation coefficients

From figure above is possible to see the parameters obtained with the Fourier
approximation for both rotors of XV-15.

Figure 3.24: Multiblade tranformation comparison

Instead, from the previous figure is possible to notice how the trends of the
Fourier transform of Eq. (3.29) and the real flapping are practically superim-
posed. This proves that the transform coefficients are correctly obtained, and
therefore, they can now be adopted for the disk orientation required in the rotor
model implementation.
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Chapter 4

Results and Validation

4.1 XV-15 test and validation

4.1.1 Rotor inputs
In order to use the rotor model, it is necessary to insert in the initialization file
not only the aerodynamic data relative to the characteristic profile of the blade,
shown in the aerodynamic section, but also all those values useful to define the
mathematical model, in accord to Ref. [6] and [7]. In particular, for this aircraft
the following twist law is adopted:

Figure 4.1: XV-15 Blade twist
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Where the polynomial coefficients are:

t3 = 0.0084 [rad/r3];
t2 = −0.0136 [rad/r2];
t1 = −0.2608 [rad/r];
t0 = 0.7260 [rad];

(4.1)

Instead, for the taper law, a constant value is considered for the entire blade, in
fact, for tilt-rotors, it is truly common not to find a tapering. Therefore:

c3 = c2 = c1 = 0.0;
c0 = 0.3556 [m];

(4.2)

While the remaining parameters useful to define the XV-15’s rotor are:

Iβ = 138.97 [kgm2]
Mβ = 76.9 [kgm]
mb = 40.37 [kg]
nb = 3 [n/d]
rcg = Mβ/mb = 1.905 [m]
K1 = −tan(δ3) = −0.2679 [n/d]
e = 0 [m]
Kβ = 1.7504e+ 04 [Nm/rad]
R = 3.14 [m]

(4.3)

4.1.2 Results and validation

Figure 4.2: XV-15 rotor in Langley test center
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In this case, the reference data set is derived from a series of experimental tests
conducted at the NASA Langley Research Center on several prop-rotor designs,
as reported by Harris in [12]. Precisely, the original layout of the XV-15 is con-
sidered, also in accordance with the reference data found in [6] and used for
the development of the overall tilt-rotor simulation model. Among what provided
in [12], all reference data are selected at equal Mach Number measured at the
Blades’ tip (Mtip), in environmental conditions referred to sea level on a stan-
dard day. As shown below, both coefficients of thrust and power predicted by
the model match the reference data for the hover condition with a rather mean-
ingful degree of fidelity. To validate the model, the characteristic parameters of
each rotor are studied. In particular, it is analyzed how the traction coefficient,
the power coefficient and the figure of merit vary with the collective, in order to
realize a complete comparison with the data provided by NASA.

Figure 4.3: XV-15 rotor Cp-Ct curve in Hover conditions

From the figure above, it can be seen that the power levels are satisfactorily
respected by the rotor model as the traction coefficient increases. In fact, it is
shown how the continuous line, that represents the results returned by the ro-
tor model, rather faithfully superimposes its trend to the one of the experimental
data represented by the circular points. This is closely related to the aerody-
namic values entered in the initialization file, treated and shown previously in the
aerodynamic section. In fact, the power coefficient is nothing more than a value
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connected to drag (and therefore the Cd) acting on each section of the blade.
Instead, the traction coefficient is closely linked to the lifting capacity coefficient
(Cl). Since each blade is divided into a substantial number of stations (15 in
that particular case), and each of them can be subject to a truly variable aero-
dynamic incidence depending its azimuth position and on the flight condition, it
can be easily understood that it is extremely important to define precisely and
consistently the trends of the aerodynamic coefficients with the incidence. Oth-
erwise, it would not be possible to obtain a result faithful to reality.

Figure 4.4: XV-15 Ct-Collective curves in Hover conditions

From the figure above it is possible to see another meaningful response of the
rotor, that is the variation of the traction coefficient with the collective.
Again, it is shown how the trend predicted by the rotor model follows the exper-
imental results of NASA. This result, is truly important for the purpose of truth-
fulness of the model in question, in fact, if there was no such correspondence,
a possible test pilot trying the flight simulator would find levels of traction truly
different from those expected and it could be difficult for him to fly the machine,
not to mention that the model would not be representative.
In the following image, instead, it is shown the trend of the figure of merit as a
function of the collective scaled for the solidity of the rotor. The figure of merit is
a number used to calculate the performance or the actual efficiency of a rotor,
and is defined as:

FM = Cpid
Cp

(4.4)
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Where:

Cpid =
√
Ct3

2 (4.5)

The optimal Figure of Merit’s value for a rotor should be equal to one, but this
value is never achievable because both the aerodynamic resistances and other
factors such as friction not allow it. However, a FM value between 0.75-0.80 is a
satisfactory result, even if its overall value can be influenced by the aerodynamic
flow coming from the anti-torque rotor where present. It seems paradoxical but
a rotor is much more efficient in hover with a maximum take-off weight because
the induced flow is greater.

Figure 4.5: XV-15 rotor FM-Ct
σ

curve in Hover conditions

In this case, for the XV-15, FM values are considerably high, this is due to the fact
that rotors of this type of aircraft, having speeds closer to those of the turboprop,
but being considerably larger, maintains a higher efficiency than usual going up
to values of 0.9 as shown below. What is more, from the figure above it is pos-
sible to notice how the trend found with the rotor model faithfully represents the
experimental results again. This is another positive result which further validates
the rotor model, at least for this phase of flight of the aircraft in question.
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RUN Vtip[fps] Mtip Coll[deg] CT CP IdealCP FM CT/CP
14.0000 768.4000 0.6904 8.0000 0.0110 0.0011 0.0008 0.7540 10.1900
14.0000 768.4000 0.6903 9.0000 0.0120 0.0012 0.0009 0.7470 9.6500
14.0000 768.0000 0.6899 10.0000 0.0130 0.0014 0.0010 0.7357 9.1200
14.0000 767.7000 0.6896 11.0000 0.0140 0.0016 0.0012 0.7236 8.6600
15.0000 768.7000 0.6904 2.0000 0.0056 0.0004 0.0003 0.6921 13.1000
15.0000 768.4000 0.6902 4.0000 0.0074 0.0006 0.0004 0.7641 12.5700
15.0000 768.4000 0.6901 6.0000 0.0092 0.0008 0.0006 0.7849 11.5700
15.0000 768.4000 0.6899 7.0000 0.0101 0.0009 0.0007 0.7866 11.0700
15.0000 768.4000 0.6898 8.0000 0.0111 0.0010 0.0008 0.7881 10.6000
15.0000 768.0000 0.6896 9.0000 0.0120 0.0012 0.0009 0.7858 10.1300
15.0000 769.0000 0.6903 -7.1000 -0.0003 0.0002 0.0000 0.0184 -1.4000
15.0000 769.0000 0.6903 -6.5000 0.0002 0.0002 0.0000 0.0112 1.0600
15.0000 769.0000 0.6903 -4.5000 0.0014 0.0002 0.0000 0.2015 7.5600
15.0000 769.0000 0.6903 -2.5000 0.0026 0.0002 0.0001 0.4162 11.5000
15.0000 769.0000 0.6900 -0.5000 0.0038 0.0003 0.0002 0.5508 12.7000
15.0000 769.4000 0.6904 3.5000 0.0069 0.0006 0.0004 0.7385 12.5400
15.0000 769.4000 0.6901 5.5000 0.0087 0.0007 0.0006 0.7710 11.7100
15.0000 769.0000 0.6899 6.5000 0.0097 0.0009 0.0007 0.7762 11.1600
15.0000 769.0000 0.6899 7.5000 0.0106 0.0010 0.0008 0.7832 10.7800
15.0000 769.0000 0.6898 8.5000 0.0115 0.0011 0.0009 0.7833 10.3200
15.0000 768.7000 0.6896 9.5000 0.0125 0.0013 0.0010 0.7792 9.8400
15.0000 769.7000 0.6904 -7.2000 -0.0003 0.0003 0.0000 0.0129 -1.0800
15.0000 769.7000 0.6904 -7.0000 -0.0004 0.0002 0.0000 0.0216 -1.5800
15.0000 769.7000 0.6904 -1.0000 0.0034 0.0003 0.0001 0.4971 12.0700
15.0000 769.4000 0.6904 1.0000 0.0047 0.0004 0.0002 0.6160 12.6600
15.0000 769.4000 0.6902 3.0000 0.0064 0.0005 0.0004 0.7036 12.4300
15.0000 769.4000 0.6899 5.0000 0.0084 0.0007 0.0005 0.7630 11.7900
15.0000 769.4000 0.6898 6.0000 0.0093 0.0008 0.0006 0.7770 11.4000
15.0000 769.0000 0.6896 7.0000 0.0104 0.0009 0.0007 0.7868 10.9300
15.0000 768.7000 0.6896 8.0000 0.0112 0.0011 0.0008 0.7866 10.5100
15.0000 770.0000 0.6904 5.5000 0.0088 0.0008 0.0006 0.7636 11.4900
15.0000 769.7000 0.6903 6.5000 0.0098 0.0009 0.0007 0.7736 11.0700
15.0000 769.7000 0.6902 7.5000 0.0107 0.0010 0.0008 0.7827 10.6900
15.0000 769.4000 0.6900 8.5000 0.0116 0.0011 0.0009 0.7771 10.1900
15.0000 769.4000 0.6900 9.5000 0.0126 0.0013 0.0010 0.7785 9.8000
15.0000 769.0000 0.6899 10.5000 0.0134 0.0014 0.0011 0.7633 9.3200
15.0000 769.0000 0.6899 11.5000 0.0143 0.0016 0.0012 0.7440 8.8000
15.0000 768.7000 0.6897 12.5000 0.0151 0.0018 0.0013 0.7171 8.2700
16.0000 771.3000 0.6903 8.0000 0.0108 0.0010 0.0008 0.7938 10.8000

Table 4.1: XV-15 Hover Flight test-Part 1, Ref. [12]
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RUN Vtip[fps] Mtip Coll[deg] CT CP IdealCP FM CT/CP
16.0000 771.0000 0.6899 10.0000 0.0127 0.0013 0.0010 0.7818 9.8200
16.0000 770.7000 0.6896 12.0000 0.0143 0.0016 0.0012 0.7428 8.7900
22.0000 762.8000 0.6902 9.0000 0.0123 0.0012 0.0010 0.7989 10.2000
22.0000 762.5000 0.6900 10.0000 0.0133 0.0014 0.0011 0.7908 9.7100
22.0000 762.1000 0.6899 11.0000 0.0140 0.0015 0.0012 0.7690 9.1900
22.0000 762.1000 0.6896 12.0000 0.0148 0.0017 0.0013 0.7420 8.6400
23.0000 764.8000 0.6903 2.0000 0.0059 0.0004 0.0003 0.7172 13.2200
23.0000 764.4000 0.6900 4.0000 0.0077 0.0006 0.0005 0.7890 12.7400
23.0000 764.1000 0.6899 6.0000 0.0095 0.0008 0.0007 0.8051 11.6600
23.0000 764.1000 0.6897 7.0000 0.0106 0.0010 0.0008 0.8064 11.0900
23.0000 764.1000 0.6896 8.0000 0.0115 0.0011 0.0009 0.8045 10.6300
23.0000 764.8000 0.6900 -7.0000 0.0002 0.0002 0.0000 0.0060 0.6900
23.0000 764.8000 0.6900 -5.0000 0.0015 0.0002 0.0000 0.2166 7.8500
23.0000 764.8000 0.6899 -3.0000 0.0026 0.0002 0.0001 0.4078 11.3900
23.0000 764.8000 0.6898 -1.0000 0.0037 0.0003 0.0002 0.5507 12.8300
23.0000 764.4000 0.6897 1.0000 0.0051 0.0004 0.0003 0.6667 13.1700
23.0000 764.4000 0.6896 3.0000 0.0067 0.0005 0.0004 0.7427 12.8000
25.0000 767.4000 0.6903 -3.0000 0.0021 0.0002 0.0001 0.3342 10.3900
25.0000 767.4000 0.6902 -1.0000 0.0031 0.0003 0.0001 0.4879 12.3100
25.0000 767.4000 0.6901 1.0000 0.0045 0.0003 0.0002 0.6123 12.9300
25.0000 767.1000 0.6900 3.0000 0.0059 0.0005 0.0003 0.7005 12.8800
25.0000 767.1000 0.6898 5.0000 0.0080 0.0007 0.0005 0.7655 12.1300
25.0000 767.1000 0.6897 6.0000 0.0087 0.0008 0.0006 0.7531 11.4000
25.0000 767.1000 0.6897 6.0000 0.0088 0.0008 0.0006 0.7597 11.4400
25.0000 766.7000 0.6896 7.0000 0.0100 0.0009 0.0007 0.7946 11.2500
25.0000 768.4000 0.6901 11.0000 0.0136 0.0014 0.0011 0.7780 9.4200
25.0000 758.2000 0.6900 12.0000 0.0142 0.0016 0.0012 0.7445 8.8300

Table 4.2: XV-15 Hover Flight test-Part 2, Ref. [12]
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4.1.3 XV-15 Rotor Efficiency

Figure 4.6: Bell XV-15 in airplane mode

Since this type of aircraft is able to rotate the nacelles, turning into an aircraft
mode similar to a real turboprop, it is appropriate to develop some tests on its
efficiency. Therefore, by inserting in the rotor model an angle of nacelles (βm)
equal to 90◦, XV-15 switched to the airplane mode in order to monitor the trend
of the rotor efficiency (Ctµ

Cp
) as the flight speed and the collective varies. In par-

ticular, three particular conditions are evaluated.
Also, in the following figure it is shown that with varying the collective, the max-
imum efficiency point shifts towards higher advancing ratios, as is the case of
traditional turboprops. Moreover, it is also interesting to notice that as the col-
lective increases not only the curves move to the right, but the efficiency also
undergoes a slight increase, so it is worthwhile, in airplane mode, to keep high
values of collective. These two phenomena are due to the fact that elevated
collectives guarantee a higher inflow at the same flight speed, therefore the inci-
dences along the blade increase and consequently also the traction (more than
the Cp as shown in Fig. 4.3) and therefore the efficiency.
It can also be noticed that the efficiencies for these type of rotors are quite el-
evated. In fact, compared to a traditional turboprop, where the efficiencies see
their peak around 0.8 as shown below, the propellers of a tilt-rotor have a larger
extension, this means that the losses of separation at the tip of the blade are
reduced. Furthermore, the angular speeds of a tilt-rotor are higher than those of
traditional helicopters, as previously announced, but lower than those of a real
turboprop. This, allows to contain the effects due to the achievement of the crit-
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Figure 4.7: XV-15 rotor efficencies

ical Mach at the blade’s tip reducing once again the losses and increasing the
efficiency in comparison with a standard turboprop. As proof of this, it is also
possible to observe the data collected by Nasa, Ref. [15], about the typical effi-
ciencies of tilt-rotor so far built, where:

Figure 4.8: Tilt-rotors efficencies

The graph above no longer has the advancing ratio (mu) on the axis of the ab-
scissas but the traction coefficient scaled for its solidity. However, it can be
clearly seen that even for experimental NASA data, for this type of aircraft there
are considerable efficiencies. While, as previously mentioned, for conventional
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turboprops the maximum efficiency are no higher than 0.8, as it is shown the
following image.

Figure 4.9: Turboprop efficencies

4.2 XV-15’s longitudinal cyclic response
In order to further validate the model, it is also verified whether the response to
the cyclic commands is reliable or not. To realize this purpose, tests are carried
out to vary the longitudinal cyclic (B1). The following test are performed:

• Hover

• Advanced flight: 30 m/s

• Advanced flight: 30 m/s and side-slip angle (5 deg)

• Advanced flight: 40 m/s

• Advanced flight: 50 m/s

The conditions for simulations in this case are:

• Sea level Standard atmospheric conditions

• Coll = 6 deg

• LatCycl (A1) = 0 deg

• p = 0 rad/s

• q = 0 rad/s
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As reference for this validation, simplified formulas obtained from Bramwell are
used, Ref. [2], which require the following additional rotor data for the treatment:

ε = 3e/(2R− 2e) = 0
σ = 0.0891
lock(γ) = ρacR4/Iβ = 3.63

(4.6)

Therefore, in the following graphs are represented the x-axis force Xh (H), the
pitch moment (M) in the non-rotating reference system centered in the hub and
the response of the rotor command in terms of flapping (b1c). As reported in
Ref. [2] the Bramwell’s formulation used are:

hc = −[1/4µδ + a1Clα(1/6θ0 + 3/8λ+ 1/8µa1)− µθ0λa/4)]
H = ρΩ2R2Aσhc

M̄ ≈ −X̄hR + 0.5Sea1

(4.7)

Where:

S = mbr
2
cgΩ2 [Nm/rad]

δ = 0.007− 0.0216αs + 1.1α2
s [n/d]

λd = V/Vtipsin(αs)− λ0 [n/d]

a1 = 2µ
1− µ2/2(4/3θ0 − λ)− 1 + 1.5µ2

1− µ2/2 B1−
16q
γΩ −

p
Ω

1− µ2/2 [rad]

A = πR2 [m2]

(4.8)

As it is shown in results, the trends and orders of magnitude are respected in
most cases. In addition, the responses in terms of H-load and flapping (b1c) are
overlapping several times. In some graphs, however, a different pitch response
and sometimes even longitudinal load (H) not superimposed can be observed.
This could be due to the fact that among the approximations made by Bramwell
there is the one of not twisted blade, an assumption that is not easily negligible
in a case like this of XV-15, where the values of twist are remarkable, as shown
in Fig. (4.1). Moreover, there could be also an inaccuracy in the value inserted
of Kβ in the rotor model, which affects the flaps and therefore the rotor loads.
In addition, the Bramwell’ model does not consider the ’tip loss factor’, and the
effects of Mach on the Cl and Cd coefficients. These, could also be meaningful
effects, in fact, because of the high rotational speed of the blades (589 rpm), Mtip

could reach high values, especially in advanced flight where the translational
contribution of speed on the blade is notable. Therefore, also these contributions
can be the cause of the various deviations in the graphs of the rotor model from
the reference. For these reasons, the comparison with Bramwell is used purely
as a reference for orders of magnitude and trends, and a perfect overlap of
curves cannot be always expected.
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Figure 4.10: XV-15 Hover
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Figure 4.11: XV-15 in advanced flight uh = 30m/s
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Figure 4.12: XV-15 in advanced flight uh = 30m/s, 5deg of side-slip angle
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Figure 4.13: XV-15 in advanced flight uh = 40m/s
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Figure 4.14: XV-15 in advanced flight uh = 50m/s
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4.3 UH-60 test and validation
To enrich the validation, after demonstrating the satisfactory performance in sim-
ulating the rotor of the XV-15, a rotor of completely different scale is analyzed. In
this case the model is scaled, due to the fact that the Langley wind tunnel is not
large enough to accommodate a rotor of large size. But, a scaled model implies
aerodynamic similarities as shown later. In fact, the real rotor of the UH-60 has
the task of supporting what is a ’heavy’ helicopter, requiring all its 8.177 meters
in radius of the rotor, in accord to Ref. [10]. In addition, the speeds are consider-
ably lower, in fact the nominal 258 rpm of the main rotor is less than half of what
seen for the XV-15. Moreover, this type of aircraft, being fully articulated, has
values of resistance at the blade flapping almost zero ideally, unlike the XV-15
which is characterized by a semi-rigid rotor. Then, the stiffness of the flap hinge
in the reality is not zero because of the presence of mechanical dampers. For
these reasons, several input parameters that are shown later vary considerably
compared to the rotor previously analyzed. Therefore, the main objective of this
second analysis is to validate the rotor model for the widest range of types and
sizes. In fact, once the model is validated even for a rotor that is a extremely
different from the previous one, it is reasonable to suppose that satisfactory re-
sults can be obtained even for those rotors that are equipped with intermediate
parameters or similar to those analyzed.

Figure 4.15: UH-60 Black Hawk scaled rotor in Langley Wind Tunnel
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4.3.1 Rotor inputs
Therefore, for this type of aircraft it is appropriate to create a new initialization
file. First of all, the data regarding the aerodynamics of the correct profile seen
previously in the relative section have to be insert. After that, the real twist law of
the blade is again approximated with a third degree polynomial, as it is possible
to see in the following figure:

Figure 4.16: UH-60 Blade twist law

Where the polynomial coefficients are:

t3 = 0.001 [rad/r3];
t2 = −0.0144 [rad/r2];
t1 = −0.0259 [rad/r];
t0 = 0.1508 [rad];

(4.9)

Instead, for the taper law of the blade, a constant value is considered for the
entire blade, in fact, in this particular aircraft a constant chord distribution along
the blade is chosen by designers. Therefore, the polynomial coefficients for the
polynomial chord distribution are:

c3 = c2 = c1 = 0.0
c0 = 0.57 [m];

(4.10)
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While the others parameters useful to define the rotor of the UH-60 are:

Iβ = 2500 [kgm2]
Mβ = 380 [kgm]
mb = 95 [kg]
nb = 4 [n/d]
rcg = Mβ/mb = 4 [m]
K1 = −tan(δ3) = 0 [n/d]
e = 0.368 [m]
Kβ = 0 [Nm/rad]
R = 8.177 [m]
α0 = −1.25 [deg]

(4.11)

4.3.2 Equivalence of the scaled model
For the UH-60 case, the reference data set are derived once again from experi-
mental tests conducted at NASA Langley Research Center and reported in [21],
where all data are acquired with equal Mtip. What reported in this paper is re-
ferred to tests conducted on a scaled rotor model (due to the reduced width of
the wind tunnel) where all geometric and environmental factors are adapted to
ensure the Reynolds numbers similarity and the validity of the comparison per-
formed. As shown in the following steps, in order to achieve the aerodynamic
equivalence between models of different sizes, the higher attention must be paid
to all correlations. In fact, if only one parameter is inserted in an inconsistent
way, there is the risk of obtaining incorrect results. Therefore, in order to grant
the model scaling similarity, the following mathematical passages are done. Set-
ting the test conditions at Langley, Virginia (Sea Level), and the rotational speed
of the scaled model:

ρ = 1.225 [kg/m3]
a = 340 [m/s]
Ω = 68.06 [rad/s]

(4.12)

As the Mtip parameter is fixed during the test, with Mtip = 0.65, the following
relation can be written:

Mtip = ΩR?

a
(4.13)

And with this parameter is possible to find the equivalent extension of the blade
that has to be insert in the initialization file:

R? = Mtipa

Ω = 3.247 [m] (4.14)

Once the new radial dimension characteristic is found, the blade chord is scaled
for the same amount:

c? = c
R?

R
= 0.2263 [m] (4.15)
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At this point, also other input parameters of the rotor should be corrected. The
new mass of the blade is easy to obtained, in fact, the mass per unit of length is
known and equal to 13.92 kg/m:

m?
b = 37.74 [kg] (4.16)

To find the new flapping moment of inertia of the blade, the calculation is more
complex. Therefore, the area of the scaled profile of the blade is calculated
using the trapezoid method, knowing the position in space of those points which
outline the shape of the profile, available on many airfoil tools. Once obtained
the area, the blade is assimilated to a rectangular trapezoid whose moment of
inertia of interest is formulated as follows:

Figure 4.17: Blade’s simplified scheme

Since the equivalent area is calculated with the trapezoids, it is now possible to
obtain the size ’B’, considering the long side of the section of the rectangle (C)
equal to the chord (c?), and matching the areas. Since the prism extension (L) is
equal to R?, it is now possible to obtain the new moment of inertia:

I?β = 1000 [kgm2] (4.17)

Also, considering the center of gravity of the scaled blade positioned in the same
radial position as the percentage of the original blade is possible to find:

r?cg = 1.5884 [m]
M?

β = 59.9462 [kgm]
(4.18)

Even hinge offset is always considered to be 5% of the blade extension:

e = 0.05R? = 0.1623 [m] (4.19)
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4.3.3 Results and Validation in Hover
Once set the initial conditions, the following results for the Hover condition are
found:

Figure 4.18: UH-60 Ct-Collective curve

Also in this case it can be seen how the trend of the traction coefficient, with the
collective command, reflects the results obtained in the experimental tests. In
fact, the continuous curve (of the rotor model) is perfectly superimposed on the
experimental points. This first result, shows us again that the inserted aerody-
namics, the law of twist, and the other parameters that affect the aerodynamics
of the blade are inserted accurately. From following figure, it is shown that even
the power levels with varying the traction coefficient, and therefore the collec-
tive, are respected. This means that also the aerodynamic curve of the drag
coefficient is inserted in a faithful way, at least for all the incidences recorded
in the Hover condition. Instead, the last figure shows the trend of the figure of
merit with the traction coefficient scaled for the solidity of the rotor. Therefore,
also for the UH-60 the trend returned by the model of the rotor is satisfactorily
superimposed on the results obtained experimentally. Moreover, it is interesting
to notice that the maximum value of figure of merit obtained is inferior to 0.8,
and therefore lower than the values recorded for the XV-15. Moreover, as it is
notable the rotor of the UH-60 is truly different from the tilt-rotor one analyzed
before, and, in particular, analyzing this last trend, it results less efficient in its
complex.
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Figure 4.19: UH-60 Cp-Ct curve

Figure 4.20: UH-60 FM-Ct
σ

curve
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Run A1 B1 θ0 CT CQ
1292 -.3 -.1 2.0 .00142 .00015
1293 -.4 .1 4.0 .00234 .00019
1294 -.5 .1 6.0 .00357 .00026
1295 -.5 .2 7.9 .00483 .00036
1296 -.6 .3 9.9 .00620 .00049
1297 -.6 .1 12.0 .00761 .00066
1298 -.8 .3 13.9 .00912 .00085
1299 -.7 .0 15.9 .01059 .00111
1300 -.6 .3 14.0 .00923 .00087
1301 -.5 .4 11.9 .00779 .00067
1302 -.6 -.1 10.0 .00635 .00051
1303 -.6 .0 7.9 .00493 .00038
1304 -.5 .4 5.9 .00372 .00027

Table 4.3: UH-60 Hover Flight test, Ref. [21]

The rotor, for the UH-60’ case, is also validated using an existing model (TDA)
developed at the University of Meryland. The software in question is the result of
a research made by Giorgio Guglieri, full professor in ’Flight Mechanics’ at Po-
litecnico di Torino. The software is already validated, and therefore constitutes a
further reliable source of comparison for the model discussed here. In particular,
the trend of the traction coefficient with the variation of the collective is visualized
again, and in this case also, positive results are found, as shown in the following
trend:

Figure 4.21: UH-60 Ct-Collective TDA Comparison
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The tests performed in this case refer to a flight condition at 5250 ft altitude. From
the figure above, therefore, is possible to observe how the two curves overlap in
a more than satisfactory way, proving again that the model has the necessary
potential to be useful for flight simulation.

timeSim[ms] θ0[deg] Cp λ(TDA) Ct (TDA)
1.3 10.651 0.0 0.0 0.000387
67.9 10.785 0.00006 0.005477 0.000450
701 11.985 0.00072 0.01897 0.001128
1791 13.345 0.00164 0.02864 0.002053
2791 14.562 0.00255 0.03571 0.002972
3791 15.696 0.00346 0.04159 0.003889
4791 16.773 0.00438 0.04679 0.004803
5791 17.799 0.00529 0.05143 0.005714
6791 18.8 0.00620 0.05567 0.006622
7791 19.7 0.00711 0.05962 0.007528
8791 20.615 0.00803 0.06336 0.008430
9791 21.498 0.00894 0.06685 0.009328

Table 4.4: UH-60 TDA Test Results

85



4.4 UH-60 in Advanced Flight
Once the Hover condition is analyzed, it is also necessary to evaluate the be-
haviour of the rotor model in advanced flight, in fact, the Hover condition is only
one of the many possible flight modes for this type of aircraft.
Therefore, it is necessary to obtain meaningful answers also during the phase
of translated flight, in order to make the simulation model as complete and re-
liable as possible. For these reasons, the power coefficient with varying of the
advancing ratio for the UH-60 are analyzed. To realize this, experimental data
collected in Ref. [21] are used. Again, these data are obtained with the same
model of the rotor reduced in size. The data obtained from NASA experiments
are not satisfactory numerous as far as the advanced flight phase of flight of the
UH-60 is concerned. In particular, the conditions analyzed are:

uh[m/s] wh[m/s] θ0[deg] A1[deg] B1[deg] αs[deg]
34.695 0 7.90 4.00 2.10 0.00
46.722 0 10.30 3.40 2.70 3.30
58.955 0 8.10 3.90 4.10 -0.10
80.955 0 16.30 4.50 6.40 8.80

Table 4.5: UH-60 Advanced Flight test input, Ref. [21]

Where αs is derived as uh, wh and b1s are known, from the simple relationship:

αs = b1s+ atan(−wh
uh

) (4.20)

Figure 4.22: Disk inclination αs
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Therefore, in the following figure, is shown in the trends of the power coeffi-
cient (Cp) as a function of the advancing ratio, found by the experimental data
and by the rotor model. The curves aren’t perfectly superimposed in that case,
but the trend is analogous. In addition, the percentage error is acceptable.
This first result shows how the power regimes are respected even during ad-
vanced flight. Therefore, once again, this proves that the aerodynamic data,
concerning the drag coefficient (Cd), are entered accurately because of the strict
correlation between Cd and Cp mentioned before. Furthermore, this result leads
to think that if the power levels required by the aircraft are well described by the
model in question, the rotor model may be useful not only for the purpose of flight
simulation, but also during the planning of a mission and for other design/testing
phases such as the estimation of consumption and of the traction levels of a new
rotor concept.

Figure 4.23: UH-60 Cpow-µ curve

[n/d] Test1 Test2 Test3 Test4
mu 0.150 0.202 0.255 0.350
CL 0.00654 0.00653 0.00652 0.00652
CD 0.00 0.31e-3 0.03e-3 0.84e-3
Cp 0.27e-3 0.32e-3 0.23e-3 0.65e-3

Table 4.6: UH-60 Advanced Flight test results

87



4.5 UH-60’s longitudinal cyclic response
As seen above for the XV-15 also for the UH-60’ case is necessary to evaluate
the result in terms of loads in response to a cyclic command in order to further
enrich the validation. In that case, the flight condition analyzed are:

• Advanced flight: 40 m/s

• Advanced flight: 50 m/s and side-slip angle (5 deg)

• Advanced flight: 60 m/s

And the simulation condition adopted are:

• Sea level Standard atmospheric conditions

• Coll = 9 deg

• LatCycl (A1) = 0 deg

• p = 0 rad/s

• q = 0 rad/s

Again, the following additional useful rotor data are needed:

ε = 3e/(2R− 2e) = 0.0707
σ = 0.0888
lock(γ) = ρacR4/Iβ = 5.3922
S = mbr

2
cgΩ2 = 2.5517e+ 05 [Nm/rad]

(4.21)

As already shown above, the Bramwell’s formulations used for the comparison
are, [2]:

hc = −[1/4µδ + a1Clα(1/6θ0 + 3/8λ+ 1/8µa1)− µθ0λa/4)]
H = ρΩ2R2Aσhc

M̄ ≈ −X̄hR + 0.5Sea1

(4.22)

Moreover, for the validation of the moment (M), since the arm connecting the
center of gravity of the helicopter and the hub is not known, it is decided to
consider the rotor isolated as in the test rig by centering the center of gravity on
the rotor. Therefore, the pitch moment shown in this case is only represented by
the second component in the definition of the Eq. (4.22) unlike the XV-15 where
e = 0, and only the effect of the first term exist. In the XV-15, in fact, the distance
between the center of gravity and the hub is known from Ref. [7].
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Figure 4.24: UH-60 in advanced flight uh = 40m/s
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Figure 4.25: UH-60 in advanced flight uh = 40m/s, 5deg of side-slip angle
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Figure 4.26: UH-60 in advanced flight uh = 50m/s
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Figure 4.27: UH-60 in advanced flight uh = 60m/s
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4.6 XV-15 Flight simulator testing

4.6.1 Introduction to the simulator
Once validated, the rotor model and the XV-15 simulation model already imple-
mented are combined in order to meet the requirement for which it is created,
real-time flight simulation. To get an overview, the overall model of a flight sim-
ulator has the function of processing all those data regarding the aircraft (rotor,
aerodynamics, landing gears, inertia,..) and the surrounding environment (wind,
flow density, pressure, temperature,..) in order to extract the overall forces and
moments acting on the structure. In this way, for each temporal instant in which
the discrete domain is divided (lower than the human eye’s minimum perception),
the speeds and accelerations of the aircraft are evaluated. Therefore, through
the calculation of the Euler angles it is possible to represent on the screen, by
means of an advanced graphic interface, the position, the speeds and all the
data visualized by a pilot in a real cockpit. Thanks to the state-of-the-art flight
simulator available to the University of ZHAW (Winterthur, Switzerland), several
flight tests were carried out with the help of helicopter pilots with hundreds of
hours of flight time. This, gave us a further and meaningful contribution for the
validation of the rotor model and the entire flight simulator model. In fact, the aim
is to have a feedback from the pilot on how much the aircraft is similar to the real
version with respect to handling qualities. This was realized through appropriate
tests that are presented in the following graph.

Figure 4.28: ZHAW flight simulator cockpit
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Figure 4.29: ZHAW flight simulator graphic

The whole system is designed and integrated by the ZAV’s personnel and by the
students of ZHAW and it is being improved constantly since 2011. This Simulator
is now used for educational activities, research as well as for industrial purposes
together with partner companies (Pilatus Aircraft Ltd. used of the ReDSim for
the development of PC-24). As shown in the images, the cockpit of the simulator
is equipped with configurable displays, created for applications on fixed-wing
aircraft. However, it is also possible to use it for helicopter flight simulation, in
fact, the right seat is actually used for flying in this second mode through the
installation of the cyclic control stick and the introduction of the collective for the
helicopter control. In addition, this particular simulator is equipped with a control
handling system. In order to make the flight mission as truthful as possible, there
are three graphic projectors working on a curved screen, as shown in the figure
above. This, in order provide the pilot a better perception of the depth and three-
dimensionality of the image, making the flight mission as real as possible. In
addition, the maps that are loaded into memory and on which the aircraft can
move, are real area of Switzerland, and shows not only runways and landing
ones, but also with landmarks such as: mountains, antennas, houses and trees
that are truly useful to carry out different validation maneuvers such as hover,
vertical and horizontal repositioning, as well as the classic take-off and landing,
as it is shown below.
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4.7 XV-15 flight simulator test in helicopter mode
The first flight test was performed in order to carry out the maneuvers already
mentioned above; the aim is to verify as fully as possible the operation of the XV-
15 in helicopter mode. Therefore, thanks to the collaboration of the experienced
pilot Davide Buscetti, the following maneuvers are carried out. The flight time
of this test is approximately around 20 minutes, during which the pilot has the
time to become familiar with the aircraft by repeating the different maneuvers
several times. This, allows the pilot to make a concrete judgment on the flight
quality of the aircraft. All operations with their respective time instants and any
pilot comments are recorded as follows.

4.7.1 Flight test time sequences
All the flight phases described below are listed in chronological order with the
simulation time at which the event is recorded next to them. In addition, as
anticipated, where the pilot released a comment, it is reported faithfully.
Flight simulation time sequences:

1. Centering on the track on the ground (timeSim: around 40 sec)

2. Take-Off (timeSim: around 70 sec)

3. Uniformly accelerated flight up to 60 kts -> the pilot records stable flight
above 50 kts (timeSim: from 70 sec to 140 sec)

4. 180 degree turn (timeSim: around 150 sec)

5. Speed reduction up to 30 kts -> the pilot still records stable flight (timeSim:
from 160 sec to 180 sec)

6. Speed reduction up to 15 kts -> the pilot works more with pedal to keep the
aircraft stable (timeSim: form 180 sec to 241 sec)

7. Attempt to hover -> strong pitch oscillation -> Hover failed, the pilot gives
collective and takes speed to stabilize the aircraft (timeSim: from 270 sec
to 300 sec)

8. 180 degree turn and 2nd Hover approach (timeSim: from 330 sec to 380
sec)

9. Speed reduction for 2nd hover attempt (timeSim: from 380 sec to 410 sec)

10. Hover succeeded (timeSim: from 410 sec to 420 sec)

11. Acceleration and fast 180 deg turn (timeSim: around 450 sec)

12. Speed reduction and 3rd hover approach (timeSim: from 460 sec to 500
sec)
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13. Hover succeeded (timeSim: around 520 sec)

14. Acceleration and 180 deg turn (timeSim: around 570 sec)

15. Speed reduction for 4th Hover-> the pilot notes that the pitch control and
pedal have to be improved (timeSim: around 580 sec)

16. Hover failed (timeSim: around 630 sec)

17. Acceleration and uniform straight flight at 50 kts (timeSim: from 650 sec to
670 sec)

18. Turning at 180 deg (timeSim: around 680 sec)

19. Speed reduction (timeSim: from 709 sec to 780 sec)

20. Hover succeeded (timeSim: around 783 sec)

21. Hover again (timeSim: around 811 sec)

22. Repositioning near antenna (timeSim: from 840 sec to 860 sec)

23. Slow cross repositioning (timeSim: around 890 sec)

24. Approach over the ’X’ and hover succeeded over (timeSim: from 927 sec
to 965 sec)

25. Repositioning near the antenna and hover succeeded-> the pilot works
constantly with the pitch control to hold the Hover (timeSim: from 980 sec
to 1014 sec)

26. Light pitch oscillation (timeSim: from 1059 sec to 1108 sec)

27. Horizontal repositioning on the track (timeSim: from 1147 sec to 1178 sec)

28. Horizontal repositioning (timeSim: from 1214 sec to 1232 sec)

29. Landing near the ’X’ (timeSim: around 1316 sec)

As can be seen from the sequence described above, the flight test ended without
fatal failures. However, the aircraft is not fully stable as can be deduced from
some failed maneuver attempts. Therefore, what follows is a detailed analysis of
the results collected during the test, realized in order to understand what is the
nature of the instabilities in question and what is their entity. Moreover, the main
purpose remains that of verifying if the simulation model is faithful representing
or not to the reality; also for this reason a more in-depth analysis of the data is
requires. This is especially possible thanks to the experience of the pilot.
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4.7.2 First overview of results

Figure 4.30: Translational speeds and roll rate

The figure above shows the trends of the translational speeds and the angular
rate around the rolling axis (p) during the whole test. In particular, From the
areas where the axial velocity (u) is constant, it can be seen that the pilot is
conducting the aircraft or in a 180 deg turn at a constant speed or in uniform
straight flight after an acceleration. What is more, the areas where a peak in
the ’p’ rate is recorded indicate the phases where the pilot is making a turn. In
this particular test, only 180 deg turns are realized in order to approach several
times the track and the references to test in detail the hover and the repositioning
maneuvers. In addition, it is notable that the translational velocity ’v’ oscillates
and the vertical rate ’w’ are << u.
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From the figure below, in fact, it is possible to notice the pitch instability shown
by the aircraft at low speeds just mentioned. In particular, from the graphs in
question, it is evident how the phases where the aircraft approaches the
condition of hover (u ->0) correspond precisely to a significant increase in
oscillations in terms of angular rate around the pitch axis (q).

Figure 4.31: Flight test results: translational speeds and pitch rate

These oscillations are so strong that they do not allow the pilot to reach Hover
conditions until after a few attempts. In fact, it is difficult for him to stop the
phenomenon by compensating only with the longitudinal cyclic. This happens
because of the high inertia of the aircraft along this axis; that, at low rates is
problematic to control especially considering that it is not possible to increase
the collective to have a more effective the longitudinal cyclic command without
leaving the hover condition. However, when the amplitude of the oscillations
becomes too meaningful, rising the collective and thus moving away from the
condition of Hover is the only possible solution for the pilot to regain control of
the aircraft. Therefore, several 180 deg turns are made to approach again the
references and try to bring the aircraft into hover through a new, slow and gradual
deceleration until this flight condition is satisfactorily achieved.
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4.7.3 Take-off
The first meaningful maneuver that deserves an in-depth analysis is the take-off.
In this case, the pilot doesn’t chose to take-off through the classic vertical take-
off maneuver that sees the helicopter only ascending from the point of departure.
However, the type of take-off applied is called ’rolling take-off’. To realize it, the
pilot acts on the longitudinal cyclic and on the lateral control simultaneously in
order to give an axial speed to the aircraft along the runway. This allows the
aircraft to take advantage from the load-lifting effect of the wings as well as the
traction of the two rotors to facilitate the take-off maneuver.

Figure 4.32: Speeds and position during take-off

The figure above shows how the rolling take-off phase, which begins around the
70th second, generates oscillations in the angular rates of roll and pitch (p and
q) in order to increase the axial speed (u) and then the wing effect of the aircraft.
In fact, it is possible to see how the latter speed grows considerably during the
take-off phase. This acquired axial velocity is translated into a component x
variation of the position vector as shown in the 1st curve.
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4.7.4 Hover condition
Analyzing the time range between the 951 sec and the 980 sec, it is notable how
Hover’s attempt is satisfactory. In fact, enlarging the trends is found that:

Figure 4.33: Translational speeds in hover

Therefore, from the figure above it can be seen how in this range of time all
the three translational rates are truly law, except for an oscillation of the ’v’ rate
which starts around the 965 sec. Naturally, it is not possible to see the flat speed
curves coinciding with the null value. However, this can be considered a posi-
tive result. As proof of this, the following figure shows how the vector position
remains almost unchanged in this time range:

Figure 4.34: Vector position’s components in hover
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However, as previously announced, not all attempts of hovering during the test
are successful. From the following image, in fact, are shown the rotational and
translational speeds related to a period of time of the test during which the pilot
is forced to escape from the hover condition because of a meaningful instability
in the pitch axis that is unmanageable for him.

Figure 4.35: Pitch instability in hover

As a proof of this, from the figure above it is clear that during the hover attempt
the amplitude of the oscillations in terms of pitch angular speed (q) increases
considerably, until the pilot, in order not to lose totally the control of the aircraft,
is forced to rise the collective and evade in a translated flight maneuver. In fact,
it is shown how, once out of the hover condition, in the range of time where the
axial speed (u) increases, the oscillations in question are brought back to lower
values. However, it should be noticed that this instability is not necessarily due
to an error during the implementation or in the mathematical model. In fact,
aircraft of this type with such high moments of inertia enter in the category of
the most difficult machines to pilot, especially without an stability augmentation
(with which the model is not yet equipped). This is why the use of tilt-rotors is
not yet widespread in the civil aeronautic, as well as for their high structural and
constructive complication. Therefore, according to the pilot, who is specialized
in helicopter flight, the model could represent the real aircraft in a satisfactory
way despite this problem.
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To see even more of this pitch instability, the Euler angle are shown in the fol-
lowing image.

Figure 4.36: Euler angles during pitch instability in Hover

How it is notable, the oscillation in terms of pitching and rolling Euler angles
(theta and phi) are quite intense, and they extend until the amplitude value of 10
deg.

4.7.5 Straight and level flight
Another meaningful phase of flight where the handling qualities of the aircraft are
tested is the uniform straight flight. In fact, it is essential for any aircraft to be able
to flight through long phases of the mission in this mode. Therefore, it is clear
how important is the validation of the aircraft’s response to external commands
and disturbances even during this maneuver. Again, below, the behaviour of the
translational and rotational speeds during this phase are first analyzed.
In the following graph is possible to see that the uniform straight flight phase be-
gins around the 80th sec. It is interesting to notice how, during the acceleration
phase before reaching the desired condition, the stability of the aircraft grows
steadily. In fact, at low speed, high oscillations in the angular rates (p,q and
r) are notable, which are gradually dumped as the axial velocity (u) increases.
Also, it can be seen that the machine at high speed is more stable than at low
rates, as expected. This, is due to the fact that with increasing of speed all the
aerodynamic control surfaces of the tilt-rotor (ailerons, rudder, tail,...) becomes
more and more effective. Following the curves of the angular rates for all the
duration of maneuver, shows how there is a peak (around the 150th second)
where appears a slight instability, understandable as 180-degree turn match.
Once completed the uniform straight flight phase, a deceleration is performed in
order to approach the hover and the repositioning maneuver. It is evident that
the deceleration is truly gradual. In fact, the slope of the curve is considerably
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Figure 4.37: Translational and rotational speeds in uniform straight flight

lower compared to the acceleration phase. This long approach executed by the
pilot is successful because it allows him to conduct the aircraft up to low speed
without losing the stability gained previously, allowing him to approach in the
best possible way the subsequent phases of flight.
From the curves of the Euler angles represented below, for the same temporal
interval of the mission, it can be seen how the straight and level flight phase is
conducted in a stable way except for that period of time mentioned above where
a short but intense peak in the attitude angle around the pitch axis (theta) is no-
table; that occurs during the turn as witnessed by the variation of the roll angle
(phi) in the same range of time, Fig. 4.38. Moreover, as previously announced,
during the acceleration phase, it is notable a damping of the oscillations not only
of the angular rates, but consequently of the Euler angles also, which constantly
decrease their amplitude. While, during the remaining part of the maneuver it is
shown how the angles of trim are maintained at values around zero, oscillating
with reduced and controlled amplitudes even in the phase of deceleration and
approach to the following maneuvers. Finally, it can be noted, that once reached
the condition of hover (around 300 second), the amplitude of the oscillations
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starts growing again. In fact, visualizing the data shown in the previous section
of ’First overview of results’, is possible to see how this straight flight phase is
followed by the first attempt of hover, ended with negative result. This is be-
cause the pilot, at the beginning of the test, is not yet completely aware of the
pitch instability of the aircraft, and therefore he has to deal with strong oscilla-
tions for his authority on the command at those speed. Therefore, he is forced to
increase the power and evade in a new phase of translated flight to avoid losing
completely control of the aircraft.

4.7.6 180-degree turn

Figure 4.38: Euler angles curves in uniform straight flight

It is also interesting to analyze in detail, the first turn performed with a positive
result. As previously announced, it is carried out during the first phase of uniform
straight flight (around 150 sec), to approach again the runway where there are
the various references useful for subsequent maneuvers. Below are shown the
trends of the translational and rotational rates with the angles of Euler recorded
during the maneuver.
From the quantities represented in the graphs is possible to see how the turn is
executed at constant speed, in fact, there is no considerable variation in the axial
speed (u) except for some slight oscillation. Moreover, it is interesting to observe
the trends of the angular rates. Here, it is shown how the roll speed increases
while the aircraft is changing its initial attitude toward the correct angle as the
curve of Euler angle ’phi’ testifies. In addition, a slight instability on the pitch
axis arises again, but it is well managed by the pilot in this case. Instead, once
the turn attitude is reached, the angular roll speed (p) is dumped and set at a
constant value, reducing completely its oscillations. Naturally, later there is an
increase in the yaw rate (r), which also greatly reduces its oscillations during the
maneuver. During this range of time, as expected, the roll angle (phi) is almost
constant. At the end of the turn (around 160th second), when the aircraft returns

104



to its initial attitude, it is shown how the angular speeds are dumped and they
return to oscillating around the zero value in view of the deceleration and of the
approach to the following maneuvers.

Figure 4.39: Euler angles and speed rates during 180-deg turn

4.7.7 Lateral repositioning
Another maneuver performed evaluated, is the horizontal repositioning. It con-
sists in a translation of the aircraft at a constant altitude between two precise
reference points. Therefore, the following figure shows the results of this ma-
neuver in terms of translational and rotational speeds again. In particular, in
the trends two consecutive horizontal repositioning maneuvers in opposite di-
rections are notable. It can be seen that while the two translational speeds ’u’
and ’w’ tend to be zero, the horizontal speed assumes meaningful values due
to the fact that the aircraft is mainly moving along y-axis. Therefore, once the
desired point is reached (around the 1180th second), a repositioning maneu-
ver along the positive y-axis begins, which also ends successfully (around the
1240th second). As proof of the stability of the maneuver, can be noticed that
the trends of the angular rates although still oscillatoring, they maintain values
sufficiently small. This maneuver is particularly meaningful, as it is essential for
the pilot to understand if is able or not to conduct the aircraft in a stable manner
and along a well-defined trajectory even at low speeds. This could be especially
important in those missions where the flight and landing spaces are tight.
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Figure 4.40: Horizontal positioning’s translational speeds and rotational rates

It is also interesting to understand how the XV-15 and other tilt-rotors act on the
lateral position. In fact, having the lateral cyclic blocked, they use a difference
between the collectives of the two rotors thus creating a delta between the two
thrust and therefore a rolling moment.

Figure 4.41: Euler angles during horizontal positioning

To better visualize this phenomenon, the figure above shows the trend of the
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Euler angle around the rolling axis (phi). It is evident that during the repositioning
phase, the latter is maintained at mean values other than zero and then reversed
when starts the second phase. Naturally, for each of the two relocation there is
a periodic trend of the sign of the angle in question, this is because to stop
the aircraft at the desired point of arrival the pilot provides a command in the
opposite direction to the initial one. Instead, the other Euler angle in the figure
(theta) shows how, in this case the pitch instability is still present, but well kept
under control by the pilot throughout the maneuver. In fact, the trends prove that
the amplitude is well controlled, except for the change of direction where there
is a slight increase in the phenomenon.

4.7.8 Longitudinal repositioning
Another maneuver performed to evaluate with the pilot the flight qualities of the
model, is the longitudinal repositioning. Again, it consists in a translation of the
aircraft at a constant altitude between two precise reference points, but along
the x-axis of the aircraft in that case. Therefore, the following figure shows the
results of this maneuver again in terms of translational speeds and the variation
of the x-coordinate.

Figure 4.42: Translational speeds and x-position during longitudinal positioning
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Unlike the horizontal positioning maneuver, in this case, it is possible for the pilot
to act directly on the longitudinal cyclic without having to play on any differential
between the two rotors. Therefore, from the figure above it is possible to see
how the speeds tending to the zero value in this maneuver are ’v’ and ’w’. While,
it is possible to notice that the axial velocity ’u’, undergoes first an increase, and
then it decreases due to a deceleration in order to end the maneuver with a hover
near the reference landmark. The trend of the maneuver can also be followed
in the curve of the component x of the vector position represented above. The
graph shows how an increase in the axial speed ’u’ corresponds to a reduction
in component ’x’ (positive oriented towards the tail of the aircraft). After that, the
reduction of speed to settle the arrival point, manifests itself in a change of slope
in the course of the same x-component until it settles at a constant value once
reached the phase of hover next to the reference.

Figure 4.43: Euler angles during longitudinal positioning

Also, for this maneuver it can be seen how the longitudinal cyclic control trans-
lates into a change of attitude of the aircraft. Specifically, during the longitudinal
translation, it is shown an increase in the pitch angle (theta), which then de-
creases during the deceleration phase. The pitch oscillations seen above are
substantially more stable in this maneuver. Instead, the fact that the values of
the angle in question start from negative values is because the center of gravity
of the aircraft is located more towards the tail with respect to the traction axis in
this case. Therefore, a negative pitch moment is created during the advance-
ment phase. Moreover, from the angle of roll (phi) represented in the same
graph is shown how the maneuver results stable, in fact, it is maintained around
zero. To conclude, it is remarkable that even this maneuver is stable and suc-
cessful, although the pilot must always compensate a lot on the pitch axis to
stabilize the aircraft, as is possible to read in the comments listed before in the
time sequence.
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4.7.9 Landing
The mission ends with a landing near the reference (antenna) after the reposi-
tioning and hover maneuvers. In the following image, the trends of the trans-
lational and angular rates, together with the Euler angles recorded during this
maneuver, are analyzed again in detail.

Figure 4.44: Euler angles and speeds during landing

From the trends of the translational speeds it can be seen that the moment of
the ’touch-down’ is easily recognizable, in fact, the slight and rapid oscillation in
the curve of the rate of climb ’w’ testifies it. This particular step is created by
the slight rebound of the aircraft in contact with the ground, which consequently
causes a reversal of the sign in the speed considered. At the same time is pos-
sible to see how, in the trend of the angular rate ’p’ there is an intense oscillation.
In fact, as it is shown in the trend of Euler angle, ’theta’, the pilot finds himself
approaching the landing with a considerable instability in the pitch axis, and he
tries to alleviate through the use of the longitudinal cyclic. In addition, in the mo-
ment of contact with the ground there is a strong negative peak in the roll rate.
Finally, it is interesting to note that at the end of the maneuver, when the aircraft
is completely stopped, the pitch angle (theta) is set at negative values. This in-
clination of the bow towards the ground is due to the fact that in this aircraft the
front carriage is lower than the rear ones for construction reasons. In the last
instant of recording all the curves assume a flat course because the aircraft is
completely stopped and the test comes to the end.
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Chapter 5

Conclusions, developments and
applications

In conclusion, it is analyzed the rotor model developed in this thesis work from
a general point of view. As can be seen from the mathematical treatment, the
model is built to be as simple and efficient as possible. To realize it, several
approximations are made. In fact, for the moment, as shown before, a ’almost-
stationary’ aerodynamics is used, the ’tip loss factor’ and the Mach correction
laws are still simplified. However, for each of these assumptions, the validity
and the law impact on the results is verified with care. In addition, it is also
possible to implement the contribution related to Ω̇, which as seen above, at
the moment isn’t considered yet in the mathematical treatment. Moreover, to
optimize the model even more in the near future, it would be possible to insert
some development, as the inclusion of more unstable aerodynamic terms, as
well as a more elaborate ’tip loss factor’ model, such as the one proposed by
Glauert for instance. Moreover, through the right experimental data it would be
possible to correct with Mach the coefficients of the profile adopted, Clα and Cd,
by means of a law no longer generic. A further development that it would be
interesting to undertake, with the experimental data available, is the inclusion of
complete aerodynamic polar for the aerodynamic profile, without having to re-
sort to the approximations made by Hoerner anymore. What is more, with the
increase of the computational capacities of the processors, in the future it should
be possible to increase also the order of the polynomials that describe the twist
and the distribution of the chord along the blade. Therefore, it would also be
possible to increase the number of points in which each blade is divided for the
numerical integration with the trapezoid method of aerodynamic loads, refining
the results even more. Moreover, it is possible to insert the lag hinge, resolving
this dynamic parallel to the flapping one, in order to obtain even more precise
results and highlight phenomena such as ’ground resonance’ that otherwise do
not appear. In addition, it could also be interesting to introduce the aeroelastic
effects of the blade, which in reality, in some circumstances, generate significant
contributions to the local blade element and therefore to the loads generated by
the rotor. These improvements could be done always provided that the real-time
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requirement is met.
From a practical point of view, the processed rotor model returns satisfactory
responses as shown in the validation chapter. In fact, the loads extracted in re-
sponse to flight commands and external conditions are faithful to experimental
ones in most cases. These positive results allowed us to start with confidence
the flight simulator tests with the professional pilot. It shall also be remarked
that, before these test could be performed on the simulator, a lot of time was
spent on the integration between the new rotor model and the already existing
XV-15 model, in order to match all the outputs desired by the latter and the in-
puts required by the new model.
The data extracted from the tests at the ZHAW University Simulator (RedSim)
are the proof that this implementation phase is carried out with care. In fact,
from these tests, where it was possible to perform the different maneuvers listed
above in the ’XV-15 flight simulator test in helicopter mode’ section, the simula-
tion model of the aircraft revealed to be ’manageable’ according to the pilot opin-
ion. Naturally, the different failed hover attempts and the remarkable instability
recorded along the pitch axis still leave much space for further investigation and
analysis of the model’s functionality. In addition, further tests are planned for the
XV-15 in airplane mode with the associated maneuvers in this new condition. In
fact, for reasons of time, the validation of the high advance flight rotor model (in
airplane mode) is still rather lacking. In fact, at the moment, only the efficiencies
of the propeller are verified with the variation of the advancing ratio as shown in
Fig. 4.7. This is also due to the choice made together with all the collaborators
to realize first of all a simulation model able to faithfully represent the helicopter
and tilt-rotor in this mode and then extend it in the future, through a solid vali-
dation, also to the next mode. This last potential, together with the remarkable
fidelity to real time and to experimental data, make this work different from many
already present in literature. The peculiarity of the real time achieved by the
model is due to the discretization method adopted in the resolution of the flap-
ping dynamics (Tustin), which allowed us to make meaningful steps forward. For
these reasons, it is believed that the model, represent an interesting contribu-
tion to research and flight simulation, and can therefore be adopted in numerous
analyses of existing and future aircraft. In addition, the model is implemented
with a view to make it easy and quick switching from one aircraft simulation to
another. In fact, through a special interface, represented by a Matlab R© script, it
is possible to insert all the data belonging to the rotor (number of blade, exten-
sion, aerodynamic data...), after which, the model adapts all its calculations and
therefore the results accordingly. This possibility of parameter’s management al-
lowed us to perform a large number of tests in a short time. Therefore, the model
could also be interesting for those who need to realize a large number of test on
their prototypes in a short period of time obtaining reliable results anyway.
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