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A B S T R A C T

The purpose of this work is the implementation and the description of a real-
time flight simulation model of the Bell Aircraft Corporation XV-15 Tilt-Rotor
Research Aircraft. The model is developed in the Matlab/Simulink® environ-
ment and is integrated with the ReDSim of the ZAV (Centre for Aviation) at
ZHAW (Zurich University of Applied Sciences), in Winterthur, Switzerland. The
RedSim is a research and development flight simulator employed for educational
and industrial applications. The author carried out all the activities as part of an
Exchange Program between ZHAW and Politecnico di Torino from September
2020 to November 2020. The first part of the author’s work has been focused on
the reviewing of the XV-15 aerodynamic model, in terms of both its mathemat-
ical formulation, which is described in report CR-166536, A mathematical model
for real-time flight simulation of a generic tilt-rotor aircraft, S. W. Ferguson, 1988, and
its implementation in the Simulink environment. Several modifications have
been made to the existing aerodynamic model: the most notable were the wing-
pylon subsystem’s induced aerodynamics and the rotor wake at the vertical sta-
bilizer. In addition, all the reference systems of the aerodynamic model have
been rethought by the author in order to be more simple and suitable. After
the reviewing, it has been possible to trim the flight simulation model and to
validate the data with both the GTRS model, with the data from NASA Report
CR-166537, Development and validation of a simulation for a generic tilt-rotor aircraft,
by Samuel W. Ferguson, 1989, and the initial model, thus without any modifica-
tion on the aerodynamic subsystem, in order to assess whether the model was
improved. A second validation was made with several flight test data in airplane
mode always presented by Report CR-166537. The third part of the activity was
implementing some contributes, which were not already present in the model:
ground effect, side-by-side effect, jet thrust and landing gear drag. Lastly, a
series of pilot-in-the-loop tests took place at the RedSim in order to assess the
performance and handling-qualities of the simulated aircraft.
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1 I N T R O D U C T I O N

1.1 the research for a new v/stol aircraft
Nowadays, airports are usually placed quite distant from city centres, especially
in densely populated areas. This reduces the time gained using air transport
instead of other means such as rail and road. Moreover, with the ever-increasing
demand for the transfer of goods and people worldwide, delays and air traffic
congestion have become a serious and urgent problem, partially solved with heli-
copters, used by people also for small movements alternatively to cars. However,
for long movements, the helicopter has limitations of speed and range, bringing
the necessity for something new.

Figure 1.1: V-22 Osprey in Helicopter, Conversion and Airplane Mode, from Left to
Right, Ref. [1]

The tilt-rotor was the result of the challenge of finding an aircraft type that
meets both the hover and cruise-mode performance criteria. It belongs to Vertical
and Short Take-Off Landing (V/STOL) aircraft1, and its peculiarities are:

• in helicopter mode, the prop-rotors operate like conventional helicopter
rotors, generating lift and enabling the aircraft to helicopter-like hovering,
Vertical Take-Off Landing (VTOL) and low-speed capabilities;

1 Several configurations belong to this category, but few of these have reached production and are
currently deployed as military aircraft.

2



1.1 the research for a new v/stol aircraft 3

• in airplane mode, the prop-rotors tilt 90 deg forward, acting like large-
diameter propellers and producing thrust, while the wing produces the
main part of the lift. Therefore, the aircraft can operate as a conventional
propeller-driven airplane and achieve similar cruise speed, range, and effi-
ciency.

Due to these attitudes, it has the pros of a helicopter, therefore the V/STOL
ability, which is essential in hostile environments or simply in a town, and the
possibility to reach speeds similar to an airplane. Moreover, the mission range is
much greater than a helicopter one, allowing longer non-stop missions. Indeed,
it is possible to see in Figure 1.2 the range’s comparison between Bell 525, blue
circle, and Bell-Boeing V-22, black circle.

Figure 1.2: Range Comparison between Bell 525 and Bell-Boeing V-22, Ref. [2]

However, it has also cons since it is much less maneuverable than a helicopter2,
and it has a lower hovering capability due to its greater disk load Figure 1.3.
Moreover, it costs currently 3− 400% more than a helicopter, and several addi-
tional operating and maintenance costs shall be considered due to its mechanical
complexity and the coexistence of both aircraft and helicopter designs.

The tilt-rotor has been studied since the II World War, but in the ’50s, the
tilt-rotor and tilt-wing concepts began in earnest. In fact, requirements in terms
of hover duration and performance, low-speed maneuvering, agility, and speed
and range, after the War, were beyond current helicopter capabilities, resulting
in the August 1950 initiation of the joint U.S. Army and U.S. Air Force Conver-
tiplane Program. On this occasion, the tilt-rotor concept made its first appear-
ance with the XV-3 tilt-rotor aircraft (submitted by the Bell Helicopter Company).
The XV-3 stood as a chance to demonstrate tilt-rotor potential to overcome sev-
eral limitations or deficiencies, which the current helicopter design used to in-
volve. Bell Aircraft presented the Bell Model 200 in response to the 1951 Convert-
ible Aircraft Program Request for Proposal (lately designated XV-3 by the Army
and Air Force), after extensive research and development activity led by Robert
Lichten (previously principal at Transcendental, a company that initiated the

2 Since the very beginning, the tilt-rotor also showed some stability problems.
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Figure 1.3: Disk Load Comparison between Different Rotor-Aircraft, Ref. [3]

prop-rotor research and development culminated in two prototypes, the Model
1-G and Model 2). Due to the currently limited analysis capabilities offered by
the available analytical methods combined with experimental data, dynamicists’
ability to understand and resolve the dynamic instability cause was quite prim-
itive. In subsequent flight tests, a full tilt-rotor conversion was achieved, and
it was able to reach a speed of 155 kts before incurring into aeroelastic insta-
bility. After 13 years of tests, a total of 110 full conversions were performed
during 125 flight hours and the XV-3 project demonstrated the ability of the tilt-
rotor concept to perform conversions from airplane to helicopter modes safely,
even though it still highlighted several problems concerning the handling, in
ground effect hovering instability, poor control responses at low-speed, all as-
pects that also led to several crashes and fatigue failures during wind tunnel
tests. In 1966, Bell paid Haviland Platt for all rights to the convertible aircraft
patent and continued developing tilt-rotor technology autonomously. The XV-
3 final prototype has a two-bladed prop-rotor mounted on a shaft assembly at
each wing-tip. Each prop-rotor can be converted over a range of 90 deg, and
they are powered by a Pratt and Whitney R-985-AN-1 radial engine mounted
in the fuselage. The empennage is a conventional one, plus a ventral fin below
the rudder, while the landing gear is a skid type. To increase the stiffness of
the wing, fuselage-to-wing tip struts were incorporated. The cockpit contains
helicopter-like controls: a collective pitch stick with a twist-grip throttle, a cyclic
control stick, and rudder pedals. When the aircraft converts, the collective pitch
automatically increases, while the longitudinal cyclic controls are mechanically
reduced to meet the required operative range. Neither stability augmentation
nor lateral cyclic prop-rotor controls are installed.
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1.2 development of the xv-15
The XV-15 Tilt-Rotor Research Aircraft, originally referred to as Bell Model 301,
was developed by Bell Helicopter Textron starting from the early ’70s, in the con-
text of a joint program between the U.S. Army and NASA, aimed at providing
a new proof-of-concept tilt-rotor technology demonstrator. It represented a sig-
nificant evolution from its predecessor, the XV-3, with a different empennage3

configuration, an innovative transmission based on gears with herringbone4 tooth
configuration, a more powerful gas turbine power-plants5, fuel cells, and a state-
of-the-art flight control system.

(a) XV-15 in Airplane Mode (b) XV-15 in Conversion

(c) XV-15 in Helicopter Mode

Figure 1.4: XV-15 in Different Flight’s Configurations, Ref. [4]

The aircraft is a 17.4 m wide, 12.8 m long, and 4.7 m height machine, with
two 3.81 m (12.5 ft) radius, three-bladed prop-rotors, and a design gross weight
of 5896 kg (13 000 lb). This was the result of two requirements. Firstly, it had

3 XV-3 had a T configuration, while XV-15 a H one.
4 It was possible with the electron beam welding technology, new at the time.
5 A variant of the Lycoming T53-L-13B was used instead of Pratt and Whitney PT-6. Cons of this

change were the need to redesign the nacelle configuration and the transmission interface and
increasing engine weight and fuel consumption.
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to be large enough to demonstrate performance, acoustics, handling-qualities,
and flight- and structural-dynamics properly of this vehicle class. Secondly, it
had to be small enough to be accommodated in the test section of NASA Ames
40 ft× 80 ft wind tunnel for aerodynamics, loads, and systems performance eval-
uations.

The wing is non-tapered, with a span of 10 m, a chord of 1.6 m, and a for-
ward sweep angle of 6.5 deg, required to obtain proprotor-to-wing clearance in
airplane mode flight.

Moreover, to reduce the hover performance loss caused by the down-force due
to the rotor wake on the wing, the flaps can be lowered to three preset deflection
positions. At the same time, the ailerons can also be deflected down when the
flaps are set, even though the displacement is limited to two-thirds of the flap
position. Such surfaces are referred to as flaperons and are triggered at high
speeds.

The tail is different from XV-3, and it has an H configuration, with two verti-
cal fins and one horizontal fin: this change was made to improve the aircraft’s
stability. Both the tail and the wing are shown in Figure 1.5.

More information about the engines and their development, the free-turbine
architecture and its operation in the event of power loss, controls, flight control
system, flight characteristics, and conversion, even in case of a total electrical
failure, can be found in Ref. [3], in Appendix A.

Figure 1.5 shows a summary of the main components of XV-15.

Figure 1.5: General Layout and Major Components of the XV-15 Tilt-Rotor Research
Aircraft, Ref. [3]
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1.2.1 The Role of Flight Simulation

Flight simulation is a fundamental aspect in the development of a new aircraft
as well as for pilot training: given that the very purpose of an aircraft’s devel-
opment is to make it fly and perform its missions as required, being able to
simulate how that aircraft behaves appears essential to evaluate every major de-
cision that the design team makes. Indeed, flight simulation brings a consistent
improvement in the project in terms of budget savings, time, and safety. On
the other hand, flight simulation requires a mathematical model that has to as-
sure the right grade of fidelity and software integration, which have to comply
with specific standards that refer to the simulation’s specific purpose. Therefore,
flight simulation requires considerable efforts in terms of engineering develop-
ment and involves several areas of expertise, going from basic mechanics to
electronics.

1.2.2 ReDSim ZHAW

The ZHAW Research and Didactics Simulator (ReDSim) is a flight simulator
developed within the ZAV Centre for Aviation and operative since March 2011.
The whole system was designed and integrated by ZAV personnel and ZHAW
students.

Thanks to the cockpit-like internal layout, a visual system with a 180-degree
field of view, and a control loading system that simulates various feedback feel
forces on pilot control, the flight simulator provides an immersive and highly
realistic experience. ReDSim is used for research and educational activities, as
well as for industrial purposes together with partner companies. It is meant
to be a universal platform, providing an interface with a wide range of aircraft
models, from conventional fixed-wing airplanes to Unmanned Aerial Vehicles
and Rotor-craft, such as conventional helicopters.

(a) ReDSim Layout (b) ReDSim Picture

Figure 1.6: ZHAW RedSim, Ref. [5]

A tilt-rotor simulation model is also available in the ReDSim, based on the
original Bell/NASA XV-15 model described in Ref. [6]. The development of
the model was initiated in 2018 by Federico Barra, who reconstructed the whole
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Generic Tilt-Rotor Simulation (GTRS) model from report CR-166536 and adapted
it for the Simulink environment of the ReDSim. All the activities carried out
by Barra, including the first series of validation activities, are described in his
Master’s Thesis, Ref. [7]. Then, the rotor model was developed and renewed by
two other Master’s Thesis students from Politecnico di Torino: Simone Godio
and Anna Abà. In particular, the definitive rotor model can be found in her
Master’s Thesis work, Ref. [8], and the main points were also published in Ref.
[9]. The last part still to be developed is the aerodynamic one, which is the
present work’s aim.

1.2.3 Why XV-15

Reliable flight simulation models are not easy to obtain. They require a consider-
able effort in terms of mathematical modelling and aerodynamic data processing:
both activities involve a great deal of time, expertise, and economic resources.
Nevertheless, flight simulation models play a crucial role in handling-qualities
prediction as well as flight control law design of highly complex systems, such
as convertiplanes. Although many publications have been produced so far about
tilt-rotors, especially related to the XV-15 and the V-22 aircraft, sources describ-
ing mathematical models for specific real-time flight simulation applications are
limited, with the first substantial attempts of developing a GTRS model for real-
time flight simulation traced back to the XV-15 Tilt-Rotor Research Aircraft, Ref.
[6]. It is believed to have been further modified and extensively improved and
currently employed for flight simulation of the V-22 Osprey aircraft of both the
U.S. Army and U.S. Navy. Anyway, it has the greatest database of aerodynamic
data for a tilt-rotor model, and, as explained in Ref. [6], several tests were ac-
complished to have data for the rotor wake-aircraft interaction.

1.3 current industrial developments

1.3.1 V-22 Osprey

(a) V-22 Taking-Off from a US Navy Carrier (b) V-22 in Airplane Mode

Figure 1.7: Bell V-22, Ref. [2]
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Bell V-22 Osprey, Figure 1.7, was developed by Boeing Vertol and Bell Helicopter
Textron and currently stands as the only operating tilt-rotor. It can be used both
for military and civilian purposes. In fact, it can perform across the full range of
military operations, refuel6 common tanker aircraft, carry shipments on-board7,
and fast response in case of evacuation and recovery. The last utilising frontier
is VIP transport, which Bell considers a lot with special internal design.

In all purposes, the tilt-rotor seems a great compromise, thanks to his abilities
as V/STOL aircraft joined to the greater range and velocities that can reach. Fig-
ure 1.8 shows a trip comparison between the V-22 and two competitors: the V-22

can complete the mission in a row, while competitors need at least one stop.

Figure 1.8: Comparison between Helicopters and V-22 During a Mission, Ref. [2]

The first V-22 built to production debuted in service in 1999, and eleven units
were produced by the end of 2000. Despite registering a few incidents and a
major crash (on December 11, 2000), in 2013, the Bell-Boeing V-22 project was
awarded five-year U.S. Naval Air System Command (NAVAIR) contract for the
supply of 99 more units. Today, more than 200 Ospreys have been produced and
are currently in service with the Marine Corps, U.S. Air Force, and Navy, with
a total of more than 185000 flight hours. Japan ordered five units for its Self
Defence Forces in 2015, becoming the first V-22 export customer. In Ref. [2], it is
possible to find the specifications of V-22.

1.3.2 AW 609

The AW 609, Figure 1.9, is a tilt-rotor developed by Augusta Westland. It is
smaller than V-22 Osprey even though it is thought for the same purposes. Its
specifications can be found in Ref. [10].

6 This capability was proven during the trans-Atlantic crossing by US Marine and Air Force crews.
7 The shipboard compatibility was an essential requirement for the development.
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(a) AW 609 in Airplane Mode (b) AW 609 in Conversion

(c) AW 609 in Helicopter Mode

Figure 1.9: AW 609, Ref. [10]

Figure 1.10 shows an important skill of the AW 609: the flight altitude is
greater than a helicopter one, allowing to fly above the weather, therefore with-
out limitation when it is bad. This is possible because it is the first pressurized
rotor-craft seeking certification, a characteristic which comes with several com-
plex implications, as no new helicopter category has been certified since 1946.

Figure 1.10: Flight Altitude Comparison between AW 609 and a Generic Helicopter, Ref.
[10]

The development of this aircraft was highly conditioned by an incident that
occurred in 2015 in Italy, during a flight test, where the AW 609 experimented
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a dutch roll out of the flight envelopment, which brought the aircraft over its
structural limits. On the other hand, this multi-purpose tilt-rotor is a highly
innovative machine, exploiting several state-of-the-art technologies such as a
triple-redundant, fully fly-by-wire flight control system, and a mostly composite
airframe.

1.3.3 V-280 Valor

V-280 Valor, Figure 1.11, is a tilt-rotor developed in cooperation between Bell
Helicopter Textron and Lockheed Martin, which is part of the future vertical lift
(FLV) program that supports the U.S. Army. Indeed, it is mainly thought for
military purposes, with an eye on maneuverability.

(a) Bell V-280 in Helicopter Mode (b) Bell V-280 in Airplane Mode

Figure 1.11: Bell V-280 in Flight, Ref. [2]

It can reach a speed of 280 kts, with a combat range of 500/800 nm. It is
interesting to compare this range with the UH-60 Black Hawk one: Figure 1.12

shows that V-280 has a range that is greater than the double.

Figure 1.12: Range Comparison between V-280 and UH-60 Black Hawk, Ref. [2]

All aircraft’s specifications can be found in Ref. [2]
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1.3.4 Electric Tilt-Rotor

Faster transfer of goods, people and information, environmental pollution reduc-
tion, and traffic congestion are some of the major challenges for modern society
transportation systems. As told, tilt-rotors, with their unique operational flexi-
bility, have the potential to be absolute protagonists in this scenario. Therefore,
it came the necessity to develop all-electric propulsion aircraft. An increasing
number of aerospace companies invest time and resources to develop new and
all-electric tilt-wing and tilt-rotor concepts.

One of the major companies involved in the development of electric aircraft is
Airbus, as also demonstrated by the civil transport sector. Regarding tilt-rotor,
the most notable is the A3 Vahana, an all-electric, self-piloted tilt-wing whose
goal is increasing the company knowledge base concerning convertible, fully au-
tonomous aircraft, as well as proving the capability of these vehicles to be a cost-
comparable replacement for traditional short-range urban transport. Vahana’s
design started in 2016, while flight tests began in 2018, with the first successful
conversion achieved in May 2019. Its major pros are quietness8, time-saving9,
emissions-free, and autonomy10. More information about this revolutionary air-
craft and its first conversion video are available in Ref. [11].

Figure 1.13: Airbus A3 Vahana During Its First Flight at One of the A3 Facilities in the
Silicon Valley, Ref. [11]

Not only tilt-rotors are developed in electric, but an interesting tilt-wing is be-
ing developed by the Swiss company Dufour Aerospace. It aims to revolutionize
urban and rural transport by providing a faster and more efficient alternative to
conventional means, such as cars. A special attention is dedicated to mountain
regions, where transport can be difficult and slow: in Ref. [12], it is shown an
interesting comparison for transport between Zermatt and Milan, where more
than three hours are necessary by car, while Dufour’s tilt-wing needs just 22 min-
utes to connect them, with consequential save of time, money and emissions.

8 Nowadays, acoustic problems are as important as emissions. Indeed, noise pollution is one of
the greatest challenges for future mobility.

9 Up to four times faster than a car.
10 It is self-piloted with smart sensors.
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Figure 1.14: Rendering of the Electric Tilt-Wing Aircraft Being Currently Developed by
Dufour Aerospace, Ref. [12]

1.3.5 UAV Tilt-Rotor

The market of small electric unmanned vehicles (UAV) is in constant growth and
represents another context in which convertible concepts can gain a prominent
position. Currently, the UAV industry is still strongly conditioned by limited
battery duration and long recharging times, and only by increasing vehicle per-
formances, the full potential of these machines can be exploited. Tilt-wing and
tilt-rotor designs offer flexibility, performances, and operational capabilities that
are desirable for unmanned aircraft. Therefore, convertible technology is be-
ing investigated for several missions such as search and rescue, monitoring and
surveillance, surveying and mapping, smart farming, entertainment and media,
law enforcement, and many more. The application of tilt-rotor technology to
military UAVs has also been considered.

An early example is the Eagle Eye Unmanned Aerial Vehicle, developed by
Bell Helicopter in the late 1990s. Its prototype crashed in 2006, and Bell could
not get enough interest or money to keep the program going.

Figure 1.15: Bell Eagle Eye Tilt-Rotor UAV
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R E V I E W A N D D E V E LO P M E N T O F T H E
M AT H E M AT I C A L A E R O DY N A M I C
M O D E L

The main part of the author’s activity at ZHAW School of Engineering was
reviewing and developing the Aerodynamic Mathematical Model of the XV-15

Tilt-Rotor, presented in Ref. [6], and called GTRS model.
In this part, the author reviewed the model already implemented in Simulink.

Finding references in literature to validate the aerodynamic data was not easy
since those present in Ref. [6] were collected in Ames wind tunnel.

Moreover, some issues occur also with units of measure:

• geometric coordinates were provided in inches, while geometric lengths in
feet: a division by 12 is necessary to pass from [in] to [ f t]. All moments are
referred to feet;

• aerodynamic coefficients were often dimensional. Therefore, forces and
moments have to be calculated in [lb] and [lb · f t] to avoid any conversion
error.

Due to the lack of references and the reasons mentioned above, only a previous
version of the GTRS model, presented in Ref. [13], could be used for comparison.

Regarding the equations, the majority was similar to the basic aerodynamic
ones for lift, drag, side force, and roll, pitch, and yaw moment. Thus, it was pos-
sible to compare them with many references to assess whether they were right
or not. However, some equations were not referable to a theoretical framework
since they were semi-empirical formulation specially derived for the XV-15 (for
instance, the induced aerodynamics equations for the wing-pylon presented in
Section 2.5.1).

2.1 overview
The Aerodynamic Model was developed by Ferguson, Ref. [6], and it is divided
into four main parts:

• Fuselage Subsystem;

• Horizontal Stabilizer Subsystem;

• Vertical Stabilizer Subsystem;

• Wing-Pylon Subsystem.

14
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It aims to calculate forces and moments to obtain the overall aerodynamic
forces and moments for each part. Once it is done, they are added to rotor forces
and moments and the aircraft’s weight, obtaining the aircraft’s total forces and
moments.
To accomplish this, it is important first to establish reference systems. The possi-
bilities were many, but different things had to be taken into account:

• aerodynamic data: a multitude of data was available in Ref. [6], so the ref-
erence system for the aerodynamic part had to fit them whenever possible;

• rotor model: many inputs were from the rotors, as their wake significantly
impacted aerodynamics. The model is different from Ferguson’s one, and
it was developed at ZHAW in previous work, Ref. [9]. The coordinates
system is different from the GTRS Model, and it is shown in Figure 2.1;

Figure 2.1: Rotor Axes System

• reference system for geometric distances, Figure 2.21, very important for
the arms used for the moments’ calculation, and defined on the contrary
of body axes;

Figure 2.2: Station Line, Water Line and Butt Line, Ref. [14]

1 It shows a generic aircraft, but the coordinates system is the same for the GTRS Model.
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• aircraft body axes, Figure 2.3: they were set for both translation and rota-
tion speeds, Euler’s angles, and rotor forces and moments, and hence, not
modifiable;

Figure 2.3: Body Axis System, Ref. [15]

• aircraft wind axes: aerodynamic forces and moments were calculated in
wind axes. Therefore, they had to be transformed into body axes. There is
no general convention for wind axes, as is explained afterwards.

After thinking about different solutions, it was decided to calculate rotational
matrices using current systems, not to have problems with aerodynamic tables,
to rearrange rotor’s wake signs in input for the aerodynamic model, and to
calculate the arms in c.g. axes, taking into account the fact that coordinates were
on the contrary of body axes.

Changing the rotor model’s current reference systems was avoided consider-
ing that it was thought and set in previous work with much effort. Moreover, it
was optimized for the tilt-rotor and the fact that forces and moments are sym-
metric in the two rotors. Therefore, it was not reasonable to touch it, but it
seemed easier to understand how inputs arrive in the aerodynamic system and
to adjust the equations.

Geometric distances were already implemented in the iniac routine. Changing
them would have been longer. It would have been easier to forget to change
some lengths while adjusting the arms’ calculation was much easier.

Lastly, a difference occurs in forces wind axes and moments wind axes. There-
fore, special attention should be paid to this. As a general rule, forces along X
and Z are considered positive in the direction they act (each example, the lift
positive upward). In contrast, forces along Y and moments are considered posi-
tive in a wind coordinate system concord to aircraft body axes. However, some
exceptions may occur, and they will be thorough in the following sections.

2.1.1 Rotation Matrix for Forces

To rotate wind axes into body axes is necessary to calculate a rotation matrix for
both angles of attack and sideslip, then it is sufficient to multiply them.
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(a) Angle of Attack Rotation for Forces (b) Sideslip Angle Rotation for Forces

Figure 2.4: Forces Rotation from Wind into Body Axes

First of all, it is possible to calculate the rotation matrix for α, by referring to
Figure 2.4a, where α is a generic angle of attack, positive anticlockwise.

[Rα] =

cos α 0 − sin α

0 1 0
sin α 0 cos α

 (2.1)

Similarly, the sideslip matrix is calculated by referring to Figure 2.4b, where β

is a generic angle of sideslip, positive clockwise.

[Rβ] =

 cos β sin β 0
− sin β cos β 0

0 0 1

 (2.2)

As explained in Ref. [16], it is possible to multiply [Rα] · [Rβ], obtaining:

[R′] =

cos α cos β cos α sin β − sin α

− sin β cos β 0
sin α cos β sin α sin β cos α

 (2.3)

Finally, X and Z have to be reported in the body axes coordinates system, as
they are on the contrary2, by multiplying the following matrix:

[Rπ] =

cos π 0 0
0 1 0
0 0 cos π

 (2.4)

The definitive rotation matrix for forces is:

[RF] = [Rπ] · [R′] =

− cos α cos β − cos α sin β sin α

− sin β cos β 0
− sin α cos β − sin α sin β − cos α

 (2.5)

2 Note that the body axes convention is shown in Figure 2.3.
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(a) Angle of Attack Rotation for Moments (b) Sideslip Angle Rotation for Moments

Figure 2.5: Moments Rotation from Wind into Body Axes

2.1.2 Rotation Matrix for Moments

To calculate the rotation matrix for moments, it is possible to refer to Figure 2.5,
obtaining:

[Rα] =

cos α 0 − sin α

0 1 0
sin α 0 cos α

 (2.6)

and

[Rβ] =

cos β − sin β 0
sin β cos β 0

0 0 1

 (2.7)

Hence, the rotation matrix for moments is:

[RM] =

cos α cos β − cos α sin β − sin α

sin β cos β 0
sin α cos β − sin α sin β cos α

 (2.8)

which does not need further modifications, given that wind and body axes are
concords in this case.

2.1.3 Rotation Matrix from Body to Wind Axes

This matrix is used only once, but it can be important for further development.
The procedure is the same used before, but when the matrices for α and β are
known, they have to be multiplied in the opposite order.

By referring to Figure 2.6, it is possible to calculate [Rα] and [Rβ].

[Rα] =

 cos α 0 sin α

0 1 0
− sin α 0 cos α

 (2.9)
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(a) Angle of Attack Rotation (b) Sideslip Angle Rotation

Figure 2.6: Rotations for Transformation from Body into Wind Axes

[Rβ] =

 cos β sin β 0
− sin β cos β 0

0 0 1

 (2.10)

Then, it is possible to obtain the rotation matrix for transformation from body
to wind axes:

[RW ] = [Rα] · [Rβ] =

 cos β cos α sin β cos β sin α

− sin β cos α cos β − sin β sin α

− sin α 0 cos α

 (2.11)

2.1.4 Geometric Coordinates

Concerning geometric coordinates3, as previously said, the system was not changed
for the water line (along Z) and the station line (along X), Figure 2.2. Since they
are contrary to X-Body and Z-Body, arms cannot be calculated as the difference
between any coordinate and the c.g., but a minus sign is required before using
the cross product for the moments. For instance, let’s calculate the arm between
the fuselage c.p. and the c.g. along X: this is normally SLF − SLCG, but due to
the system coordinate, it shall be calculated as SLCG − SLF. A small scheme is
shown in Figure 2.7.

Instead, the butt line (along Y) is positive for both Y-Body positive and nega-
tive, as shown in Figure 2.2. This would have brought several problems to the
vertical stabilizer subsystem. For this reason, the decision was to consider the
butt line positive only for Y-Body positive, which was the perfect solution to
have as few problems as possible for the vertical stabilizer, and only one coor-
dinate had to be changed. Arms for the butt line can be calculated like usual,
hence the difference between any coordinate and the c.g. (for instance, the arm
along y for the fuselage can be calculated as BLF− BLCG). This is contrary to the

3 Note that all coordinates are provided in inches, while all lengths in feet, as explained before.
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Figure 2.7: Arm Calculation’s Example

station and water line convention, but it was the best solution for the different
subsystems.

2.2 fuselage model
In Figure 2.8, there is a summary of vectors and angles involved in the fuselage
subsystem and their conventions. αF, the fuselage angle of attack, and VT, the
total velocity are the most important for the fuselage.

Figure 2.8: Wing and Fuselage Vector Diagram, Ref. [6]

The fuselage subsystem consists mainly of some aerodynamic tables, which
provide aerodynamic coefficients for the fuselage and allow the calculation of
fuselage forces and moments. These coefficients are dimensional:

• force coefficients are in [ f t2], therefore already multiplied for a reference
surface;

• moment coefficients are in [ f t3], therefore already multiplied for a refer-
ence surface and a reference length.
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This is because data comes from the wind tunnel: the model was in scale
[1 : 1], probably the best solution to have those coefficients was a wind tunnel
balance, which provides loads4, while coefficients can be calculated only with
some pressure sensors. However, due to the fuselage’s dimension, too many
were necessary to obtain reliable coefficients.

Data is provided for both angles of attack and sideslip. Thus, there are nine
tables in total: Lα, Dα, Mα, Lβ, Dβ, Yβ, lβ, Mβ, and Nβ. When a coefficient
depends on α, it is meant for β = 0◦, while when it depends on β, it is meant
for α = 0◦. Only lift, drag, and pitch coefficients depend on α and β, as the
lateral-directional ones have a negligible contribution from the angle of attack.

To comprehend the coefficients’ calculation (Equation 2.12, 2.13, and 2.14),
which contribute to fuselage loads, it is necessary to point out some considera-
tions.

CDFuselage = Dα cos β2
F + Dβ + DBF0 + DLANG (2.12)

CLFuselage = Lα cos β2
F + Lβ + LBF0 + LLANG (2.13)

CMFuselage = Mα cos β2
F + Mβ + MBF0 (2.14)

• Given that aerodynamic data comes from the wind tunnel, coefficients for
lift, drag, and pitch contain the constant term and the first-order term of
the expansion5. This means that the constant term, which is the same6

for α and β coefficients, is added twice, and therefore has to be subtracted
once. To aim this, three more coefficients are implemented, LBF0, DBF0, and
MBF0

7, and they are added in force and moment coefficients calculation.

• Coefficients for α are calculated for β = 0◦, therefore with the flow that wet
all the fuselage surface, but when there is sideslip, the flow wet only the
projected surface and cos β appears in the equation to take this into account
(the square is because a surface is projected, so it is bidimensional).

• DLANG and LLANG, respectively, fuselage extra-drag coefficient and fuse-
lage extra-lift coefficient, are added to fit experimental data or take into
account some interference effects not specified, as the author thinks.

To get the correct coefficients, αF and βF are table inputs in the Simulink model.
They are calculated as follows8 by referring to Figure 2.9:

αF = arctan
(

W
U

)
(2.15)

βF = arctan

 V

U
√

1 + W2

U2

 (2.16)

4 Divided for the dynamic pressure, they return the aerodynamic coefficients.
5 For instance, it is possible to see CL as CL = CL0 + CLαα + ...
6 Indeed, it is possible to calculate the constant term for α = β = 0◦.
7 The coefficients are the opposite of the expansion’s constant term, and hence, they are added.
8 As explained in Section 2.1.1, α is positive anticlockwise, β is positive clockwise. U, V and W are

the velocities of aircraft’s c.g. in body axes with respect to the air, respectively along x, y and z.
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Figure 2.9: Angles of Attack and Sideslip Conventions

Finally, coefficients can be multiplied for the dynamic pressure, qF = 1
2 ρV2

T , to
obtain forces and moments in wind axes. Given the rotation matrices previously
calculated, Equation 2.5 and 2.8, they are transformed into body axes9:

XF
YF
ZF

 =

− cos α cos β − cos α sin β sin α

− sin β cos β 0
− sin α cos β − sin α sin β − cos α


DF
Y′F
LF

 (2.17)


lF

MF
NF

 =

cos α cos β − cos α sin β − sin α

sin β cos β 0
sin α cos β − sin α sin β cos α


l′F

M′F
NF

 (2.18)

To consider the moments generated by forces, arms are calculated between
fuselage c.p. and aircraft c.g., with the conventions explained in Section 2.1.410.
Then, they are multiplied to respective forces with a cross product.

lXF = SLCG − SLF (2.19)
lYF = BLF − BLCG (2.20)

lZF = WLCG −WLF (2.21)
lFForces

MFForces

NFForces

 =


lXF
lYF
lZF

×


DF
Y′F
LF

 (2.22)

As the author thinks, this is the best way to get aerodynamic forces and mo-
ments without errors. Then, all contributes have to be summed, and they go as
output in the subsystem, which calculates total forces and moments.

Complete equations are provided in Appendix A, while tables and graphs are
provided in Appendix B. The following subsystems have the same basic idea.
Therefore, the same concepts will not be explained again.

9 Forces and moments with ’ are in wind axes.
10 In the model, they are divided by 12 to convert from inches to feet. This happens for all coordi-

nates, and therefore, it will no longer be specified.
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2.3 horizontal stabilizer model
The horizontal stabilizer subsystem is similar to the fuselage subsystem: the
main idea is to calculate the angles of attack and sideslip, allowing for the aero-
dynamic coefficients and the stabilizer loads estimation.

Figure 2.10: Horizontal Stabilizer Vector Diagram, Ref. [6]

Figure 2.10 shows angles and vectors to the horizontal stabilizer, particularly
the angle of attack, the incidence and the elevator angle. The angle of attack is
positive anticlockwise: the convention in the figure is wrong.

2.3.1 Angle of Attack Calculation

Firstly, it is important to define the velocities to the horizontal stabilizer, as it is
downstream of the rotors and the wing. Moreover, it has a great arm with the
c.g., hence the contribute of angular speeds can not be neglected. In this case,
equations were changed from the GTRS model to comprehend the problem better
and be sure about signs.

Arms are calculated with conventions explained in Section 2.1.4:

lXH = SLCG − SLH (2.23)
lYH = BLH − BLCG (2.24)

lZH = WLCG −WLH (2.25)

lYH is calculated for generality since it is null.
To take into account angular velocities, it is sufficient to calculate the cross

product between angular speeds and arms (−→ω ×−→r ) and add the contributes to
the aircraft’s linear velocity (from Equation 2.26 to Equation 2.28).

The last contribution is the rotor wake: in output from the rotor subsystem,
there is the induced speed at the horizontal stabilizer in two components, along
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-X body and -Z body11. These are added to the previous contributes, and the
complete equations are the following:

UH = U + UiR|H + q · lZH (2.26)

VH = V + r · lXH − p · lZH (2.27)
WH = W + WiR|H − q · lXH (2.28)

Given the velocities, it is possible to obtain the aerodynamic angles. Different
contributes have to be considered: the stabilizer’s incidence, the angle of attack
due to the velocities, and the downwash. The last one is calculated in the wing-
pylon subsystem with a table of data obtained in wind tunnel tests. Instead, the
incidence is in input, and it is a geometric parameter.

The GTRS model calculates two different angles for drag and lift:

αHD = −iH + arctan
(

WH

UH

)
+ εW/H + Keτeδe (2.29)

αHL = −iH + arctan
(

WH

UH

)
+ εW/H, i f MN < 0.2 (2.30)

αHL = −iH + arctan
(

WH

UH

)
+ εW/H + Keτeδe, i f MN ≥ 0.2 (2.31)

The different angles of attack are positive anticlockwise, exactly as the fuselage
ones, while the incidence angle is positive clockwise.

The lift angle of attack is different for MN < 0.2 and MN ≥ 0.2, and in the
second case, the elevator effect is taken into account. Indeed, it has an additional
term where the elevator angle, the elevator effectiveness and a mach factor ap-
pear. The reason for this difference is not explained, but the hypothesizes are
two:

• compressibility effects: they are normally negligible for MN < 0.3, but as
the flow accelerates around the horizontal stabilizer, this condition is also
reached with a freestream MN smaller than 0.3;

• at low velocities, the elevator’s effect is negligible for the lift, while it is not
for the drag.

The difference brings a discontinuity in the results between MN < 0.2 and
MN > 0.2, which is not physical. An example is shown in Figure 2.11

12, red and
black lines.

Unlike the model developed in ZHAW, GTRS model results have not a discon-
tinuity. Therefore, the author searched for another solution to have a continuous

11 Induced velocity vectors arrive directly at the horizontal, while aircraft velocities are meant as
relative to the horizontal. That is why they are summed instead of being subtracted. The same
considerations are also valid for the vertical stabilizer and the wing-pylon.

12 The result will be explained in Chapter 3.
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Figure 2.11: Discontinuity Due to the Horizontal Stabilizer’s Lift Angle of Attack

function. After several searches, no data was found in literature. Even the pre-
vious model, wrote by Bell Helicopter Company in 1973, Ref. [13], was not
helpful since the only difference was a sign in the equation, which would not
have solved the problem.
In the end, the best solution seemed to change the additional term in order to
have a continuous function, and the new equation became:

αHL = −iH + arctan
(

WH

UH

)
+ εW/H + (1− Ke)τeδe, i f MN ≥ 0.2 (2.32)

Ke for MN = 0.2 is equal to 1, so the function is continuous. The result is shown
in Figure 2.12.

Figure 2.12: Results with the New Horizontal Stabilizer’s Lift Angle of Attack

The idea came from some data that shows the elevator effect on the lift for
different aircraft: for the ones with a size comparable to the tilt-rotor, the effect
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is to increase CLα for 0.3 ≤ MN < 0.8. The new function for αHL brings the same
results, and the tilt-rotor cannot reach the transonic condition.

For consistency, since αHD = αHL|MN≥0.2, also αHD was modified:

αHD = −iH + arctan
(

WH

UH

)
+ εW/H + (1− Ke)τeδe (2.33)

2.3.2 Sideslip Angle Calculation

Given the previous section’s velocities, the sideslip angle calculation is already
prepared:

βH = arctan

 VH√
U2

H + W2
H

 (2.34)

2.3.3 Dynamic Pressure

The angle of attack calculation already considers the wing-pylon wake, through
downwash factor, the rotor wake, via induced velocities, and the angular veloci-
ties. Further contributing factors have to be considered for the dynamic pressure
since interference effects like the wing-body blockage obstruct the flow.

First of all, the total velocity, which contributes to the dynamic pressure at the
horizontal stabilizer, has to be defined:

V2
THq

= (U
√

ηHS + q · lZH)
2 + (W

√
ηHS − q · lXH)

2 (2.35)

ηHS is a factor that depends on αF, βM and VT: it considers the wing-body
blockage by decreasing the aircraft speed.

The rotor induced velocities do not contribute to the total speed for the dy-
namic pressure. However, they act by modifying the angle of attack, which will
change lift and drag coefficients. The reason may be found in the calculation
of lift and drag coefficients in the wind tunnel: probably it was difficult to sim-
ulate the rotor wake, and coefficients were calculated only with the freestream
contribute and normalized for that.
When the velocity is known, it is possible to calculate the dynamic pressure:

qH =
1
2

ρKHNUV2
THq

(2.36)

KHNU is the dynamic pressure loss, necessary when detailed wind-tunnel data
is not available for mapping horizontal stabilizer dynamic pressure losses due
to angle of attack, sideslip and airspeed, as it happens in the GTRS model13.

13 It is explained in Ref. [6]
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2.3.4 Loads Calculation

With the angles of attack, it is possible to obtain lift and drag coefficients from
tables provided by the model, which allow calculating lift and drag with the
aerodynamic equations (L = 1

2 ρV2cLS, D = 1
2 ρV2cDS).

Unlike the fuselage subsystem, coefficients are non-dimensional. Therefore,
the stabilizer surface is necessary, and it is an input of the model. The coefficients
came from the wind tunnel for angles up to stall, while for angles above stall,
they are extrapolated from Ref. [17].

CLH, Figure 2.13, is a function of the angle of attack and the elevator angle,
which is considered positive clockwise, as shown in Figure 2.10.

Figure 2.13: CLH Table for MN = 0− 0.2

The figure shows that CLH is greater when δe is greater. This was contrary to
the same graph provided in Ref. [13] and a graph reported in the introduction
of Ferguson’s Model, Ref. [6]. However, it seems correct since the elevator’s
positive deflection generates an increase of lift, increasing, in turn, the lift on the
horizontal stabilizer.

There is a further effect on lift coefficient due to Mach Number: as well as for
MN = 0− 0.2, data is provided for MN = 0.4− 0.5− 0.6, but only for δe = 0 ◦

and for a smaller range of angle of attack.
The first limitation is easily explainable: at higher velocities, the elevator effect

is negligible in lift calculation.
Instead, understanding why data at higher Mach is provided just for a limited

range is more laborious: α is defined as the arctangent of the ratio between W
and U. For MN = 0.2, airspeed at sea level equals ' 135 kts. For instance, let’s
consider a longitudinal speed of ' 100 kts: to have an angle of attack of ' 20 ◦,
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a vertical speed of ' 45 kts is necessary14. At higher Mach, a higher vertical
speed is needed to have great α. For these reasons, it is useless to provide data
for greater ranges15 since they are conditions where the tilt-rotor cannot fly.

Besides, data for −8◦ < α < 12◦ is not provided: this happens because it is
the linear range for the lift coefficients, therefore, in Simulink, it is possible to
obtain the desired one at any angle of attack, without further information.

CDH, instead, is a function of the angle of attack and the Mach Number, as
shown in Figure 2.14.

Figure 2.14: CDH Table

As for the lift coefficient for MN > 0.2, data is provided for a small range of
angles: the reasons are the same explained before.

Given the coefficients, it is possible to calculate the loads:

LH = qHSH
[
CLH + CLHβ ·min (15, |βH|) cos βM

]
(2.37)

DH = qHSHCDH (2.38)
M′H = qHSHcH (CMH0 + CMHAαHL) (2.39)

Equation 2.37 considers the lift due to the angle of attack and the loss of lift
due to the sideslip angle. In Ferguson’s model, there is a further contribute due
to the acceleration along z, but it was not possible to implement it in Simulink
because it generates an algebraic loop. However, the contribution is negligible.

Finally, it is possible to transform loads from wind axes to body axes with
rotation matrix previously calculated, Equation 2.5 and 2.8. Then, they go in
output at the summation of forces and moments subsystem.

14 Note that VT is ' 135 kts for the example, and therefore, MN = 0.2.
15 As MN increases, the data range is smaller; thus, for MN = 0.5− 0.6, data is even less.
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A further output is the angle of attack for the horizontal stabilizer:

αH = arctan
(

WH

UH

)
+ εW/H (2.40)

The incidence is not involved in the calculation, and αH goes as input to the
vertical stabilizer subsystem16, where it is needed to transform loads from wind
to body axes.

Complete equations are provided in Appendix A, while tables and graphs are
provided in Appendix B.

2.4 vertical stabilizer model
One of the peculiarities of the XV-15 is the vertical stabilizer: common aircraft
normally has one fin, while the tilt-rotor two. Thus, the vertical stabilizer model
divides the two fins, calculating loads for both. In this way, it is possible to take
into account the different contributes of rotor wakes at the two fins and the
asymmetric loads in a maneuver. Before sending the outputs to the summation
subsystem, loads for the two fins are summed together as if they were a single
subsystem.

Figure 2.15 shows a summary of vectors and angles at the vertical stabilizer, in
particular the sideslip angle, positive clockwise, and the rudder angle, positive
anticlockwise. Moreover, it shows the position of the fins.

Figure 2.15: Vertical Stabilizer Diagram, Ref. [6]

16 An angle of attack for the vertical stabilizer is not defined in the model.
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2.4.1 Geometric Distances

As explained in Section 2.1.4, some problems occur with the butt line. The easiest
way to solve them was to decide a positive direction: the most suitable choice
was a butt line positive versus the right rotor, which is concord with the Y-Body
axis. This may seem a contradiction, since the station line and water line are
opposite to their respective body axes, and the tern between the three lines is
left-handed, but two were the advantages:

• just one coordinate had to be changed: the butt line for the left fin;

• the rotor wake at the vertical stabilizer was easier to implement and com-
prehend with this choice.

Given this preamble, it is possible to calculate geometric distances for each17 fin:

lXV(j) = SLCG − SLV(j), j = 1, 2 (2.41)
lXV(j) = BLV(j)− BLCG, j = 1, 2 (2.42)

lZV(j) = WLCG −WLV(j), j = 1, 2 (2.43)

In the GTRS Model, the right fin’s vertical stabilizer’s water line is reported
wrong since it is negative, unlike the left one. The water line must be the same
for both fins, as shown in Figure 2.2.

2.4.2 Rotor Wake

As the horizontal stabilizer, the vertical stabilizer is downstream of the rotors.
Therefore, it is important to implement the wake. To aim this, some considera-
tions are necessary:

• the rotor wake may hit only one fin, so it is necessary to implement differ-
ent induced velocities for the left and the right ones. The GTRS model does
not take this into account, and it considers only one induced velocity for
both fins, which turns out to be always null at a careful study;

• the rotor induced velocity is an output of rotors subsystem, so it is known;

• the sideslip angle has great importance in the rotor wake and has to be
compared with the angles between rotors and fins.

It is not difficult to model rotor wake with these assumptions. However, it is
laborious, especially for calculating angles in18 Figure 2.16.

17 j = 1 for the right fin, j = 2 for the left one.
18 Only angles which connect rotors to the right fin are represented since the ones for the left fin

are similar. The picture is taken from Ref. [18], and the author modified it with PowerPoint to
show the angles.
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Figure 2.16: Rotor Wake’s Angles at the Vertical Stabilizer

Firstly, some distances are necessary19, along x and y, in order to obtain angles
between the lines that connect rotor tips and vertical fins and X− Body axis:

• coordinate of right rotor external tip20 along y:

BLRTIPe = BLSP + R (2.44)

• coordinate of right rotor internal tip along y:

BLRTIPi = BLSP − R (2.45)

• coordinate of left rotor internal tip along y:

BLLTIPi = −BLSP + R (2.46)

• coordinate of left rotor external tip along y:

BLLTIPe = −BLSP − R (2.47)

19 It is not important if they are calculated in [in] or [ f t], as they will be part of a ratio, but units
must be consistent.

20 BLSP is the butt line of the shaft pivot, hence adding or subtracting the radius, it is possible to
obtain the tip coordinates. The shaft pivot and vertical fins are symmetrical to the fuselage line
in Figure 2.15.
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• distance between a generic fin and the shaft-pivot along x21:

lX|RV(j) = SLV(j)− SLSP + lm sin βM, j = 1, 2 (2.48)

The best way to proceed is to organize all those coordinates and lengths in
matrices and then calculate the needed angles.
Let’s define:

• [T] as the matrix with the y-coordinates of the rotor tips:

[T] =
[

BLRTIPe BLRTIPi BLLTIPi BLLTIPe

BLRTIPe BLRTIPi BLLTIPi BLLTIPe

]
(2.49)

• [B] as the matrix with the y-coordinates of the vertical fins:

[B] =
[

BLV1 BLV1 BLV1 BLV1
BLV2 BLV2 BLV2 BLV2

]
(2.50)

• [S] as the matrix with distances between the fins and the shaft-pivot:

[S] =
[

lX|RV1 lX|RV1 lX|RV1 lX|RV1
lX|RV2 lX|RV2 lX|RV2 lX|RV2

]
(2.51)

It is possible now to define the matrix with the angles defined previously:

[γRV ] = arctan
(
[T]− [B]

[S]

)
(2.52)

The arctangent function returns the correct angles only when the butt line
is defined as explained previously. Otherwise, it is possible to define different
conventions, but distances entering the arctangent must be defined as positive,
or angles will be different from expectations. First row’s angles of [γRV ]’s matrix
are shown in Figure 2.16.

To get the correct induced velocities at each fin, the transposed matrix of [γRV ]
is necessary. [γRV ]

′ is a 4× 2 matrix: the first column is referred to the right fin,
while the second to the left, instead the first and the second row are referred to
the right rotor, the third and the fourth row to the left rotor. Therefore, defining
a for cycle that studies the different cases and separates the two fins is possible.

Let’s explain what happens for the right rotor. For the left, the procedure will
be the same. In three cases, the rotor wake does not hit the fin:

• the sideslip angle is greater than γRV(1, 1), so the right rotor wake passes in
the middle of the two fins; this condition is implemented as γRV(1, 1) < βF
and when it is verified the induced velocity at right fin is set to a null value
for both components;

21 The last addendum of the equation will be explained in Section 2.5.
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• the sideslip is smaller than γRV(2, 1) but greater than γRV(3, 1). Therefore,
the right rotor wake passes external to the right fin while the left rotor
wake passes in the middle of the two fins; this condition is implemented
as γRV(3, 1) < βF < γRV(2, 1) and when it is verified the induced velocity
is set to zero;

• the sideslip is smaller then γRV(4, 1). Thus, the left rotor wake passes
external to the right fin; this condition is implemented as βF < γRV(4, 1),
and when it is verified, the induced velocity is set to zero.

In all the other cases, the induced velocity equals the rotor subsystem’s output.
The cycle is repeated for the left fin with similar considerations.

2.4.3 Velocities at the Vertical Stabilizer

Given the induced velocities, it is possible to calculate the fin’s total velocities.
The contributes are:

• the rotor induced velocities;

• the linear velocities of the aircraft c.g.;

• the contribute of angular velocities, which is not negligible since the arm
between the vertical stabilizer and the c.g. is great. As for the horizontal
stabilizer, this contribution is calculated with the cross product between
angular velocities and arms, calculated in Section 2.4.1.

It is possible to sum22 them and to obtain the three components of velocities for
each fin:

UV(j) = U + UB|RV(j) + q · lZV(j)− r · lYV(j), j = 1, 2 (2.53)

VV(j) = V − p · lZV(j) + r · lXV(j), j = 1, 2 (2.54)
WV(j) = W + WB|RV(j) + p · lYV(j)− q · lXV(j), j = 1, 2 (2.55)

2.4.4 Sideslip Angle

While studying the vertical stabilizer, it is important to remember that the role of
the ”angle of attack” is taken place by the sideslip angle and that the ”lift” acts
in the y axis as a side force, while no forces act along z23. Therefore, the vertical
stabilizer has a significant role in lateral-directional stability.

The angle of attack at the vertical stabilizer is αH, which is the same as the hor-
izontal stabilizer, without considering the horizontal incidence in the calculation.
It is important to define this to transform loads from wind to body axes.

22 Conventions were described in Section 2.3.1.
23 Actually, there is a certain force along z, but its contribution is negligible. Moreover, the horizon-

tal stabilizer generates lift for the tail, creating a complete set of loads.
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Instead, the angle of sideslip is calculated with the velocities defined in Sec-
tion 2.4.3:

βV(j) = −iV(j) + arctan

(
VV(j)√

UV(j)2 + WV(j)2

)
+

−1
2

bW

UV(j)

(
∂σ

∂p
p +

∂σ

∂r
r
)
− lXV(j)

UV(j)
∂σ

∂βF
β̇, j = 1, 2

(2.56)

The rotor wake effect, the angular velocities, the roll and yaw rate correction
and the sidewash factor are considered in the sideslip angle calculation. The last
addendum is changed of sign since the arms are calculated differently from the
GTRS.

For the drag, another sideslip angle is necessary, where the rudder angle is
taken into account since it gives a great contribution to drag (the contribute to
side force is negligible):

βVD(j) = βV(j) + Krτrδr, j = 1, 2 (2.57)

2.4.5 Dynamic Pressure

The dynamic pressure is calculated in the same way for the vertical and horizon-
tal stabilizer. Assumptions are the same as Section 2.3.3. ηVS and kβVS tables are
shared.

qV(j) =
1
2

ρKVNU{ [U
√

ηVS + q · lZV(j)− r · lYV(j)]2 +

+ [V
√

ηVS − p · lZV(j) + r · lXV(j)]2 +

+ [W
√

ηVS + p · lYV(j)− q · lXV(j)]2}, j = 1, 2

(2.58)

2.4.6 Loads Calculation

The procedure is the same used for the horizontal stabilizer. The only difference
is that instead of calculating the lift, the side force is obtained.

Coefficients are non-dimensional. Thus, the vertical stabilizer surface is nec-
essary, and it is in input. In Ref. [6], the surface in Appendix B is wrong: it
is reported as 20.25 ft2 instead of 25.25 ft2. The right value can be found in Ap-
pendix D in the same reference or Ref. [13].

The side force coefficients depend on δr, βV and MN. As happened for the
horizontal stabilizer, coefficients for MN > 0.2 are provided only for a small
range of β, and the reasons are the same. Besides, data for −8◦ < β < 8◦ is
not provided since it is the linear range for the side force coefficient. Figure 2.17

shows CY for different rudder angles, and it is possible to see that when δr grows,
CYV grows. Figure 2.15 shows that the rudder rotation is positive anticlockwise.



2.4 vertical stabilizer model 35

Figure 2.17: CYV Table

This time, the table’s output is not the searched CY, but further algebra is
necessary:

CYV(j) =CYVi|δr=0

[
Kβr

(
1− ∂σ

∂βF

)]
+

+
[
CYV(j)|δr − CYV(j)|δr=0

]
, MN ≤ 0.2, j = 1, 2

(2.59)

CYV(j) = CYV(j)|δr=0

[
Kβr

(
1− ∂σ

∂βF

)]
+ aV(j)Krτrδr, MN > 0.2, j = 1, 2

(2.60)

The formula may be different for non-compressible and compressible cases24.
A new factor, kβr, is introduced to consider the sidewash due to the rotors.

This occurs because sideslip angles are usually small, and therefore, this in-
terference can be important in the calculation, while it was negligible for the
horizontal stabilizer.

When velocities are higher, the rudder’s contribution is important and is taken
into account for MN > 0.2, also multiplied for his effectiveness. This time, the
difference was made in the coefficient calculation, unlike the horizontal stabilizer
subsystem, where it was made for the angle of attack.

A parenthesis is necessary for the kβr table. In Ferguson’s model, Ref. [6],
there is a value that is not comparable with the others. The one provided from
the model is in Table 2.1.

24 The division is set to MN = 0.2 since the stream accelerates around the fins.
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Table 2.1: kβr Table Provided by GTRS Model

kβr, [−] Sideslip Angle, βF, [deg]

Velocity, VT, [kts] 0 ±5 ±10 ±15 ±20 ±25 ±30

0 1 1 1 1 1 1 1
20 1 1 1 1 1 1 1
40 -0.5 0.25 0.8 1.25 1.5 1 1
60 0.2 0.4 0.8 1.1 1.4 1 1
80 0.5 0.6 0.8 1 1.2 1 1

100 0.75 0.8 0.8 1 1 1 1
120 1 1 1 1 1 1 1
350 1 1 1 1 1 1 1

This brings a ”V” trend of loads for increasing airspeed, as shown25 in Fig-
ure 2.18 for red and blue points.

(a) X Force (b) Pitching Moment

Figure 2.18: Vertical Stabilizer’s Loads at Different Airspeed

The logical consequence is to think that the minus was a print error, so the
value was changed, and the new one is shown in Table 2.2. Indeed, there is no
reason to change the drag coefficient’s sign with speed since the force acts in the
same26 direction if β remains the same. Besides, the drag is proportional to V2.

The loads’ trend, yellow points in Figure 2.18, is now growing. Moreover, ana-
lyzing eigenvalues, at 40 kts, there was an unstable pole, while with the value in
Table 2.2, it disappeared. The eigenvalues could be validated with the Panfield,
Ref. [19], and Celi, Ref. [20], and therefore, it is reasonable that the change in
Table 2.2 is correct.

The drag coefficient table, shown in Figure 2.19, is a βV and MN’s function.

25 The results will be explained in Chapter 3.
26 The sidewash factor is always positive. Therefore, the sign depends on CDY and Kβr.
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Table 2.2: Modified kβr Table

kβr, [−] Sideslip Angle, βF, [deg]

Velocity, VT, [kts] 0 ±5 ±10 ±15 ±20 ±25 ±30

0 1 1 1 1 1 1 1
20 1 1 1 1 1 1 1
40 0.5 0.25 0.8 1.25 1.5 1 1
60 0.2 0.4 0.8 1.1 1.4 1 1
80 0.5 0.6 0.8 1 1.2 1 1

100 0.75 0.8 0.8 1 1 1 1
120 1 1 1 1 1 1 1
350 1 1 1 1 1 1 1

Figure 2.19: CDV Table

On the other hand, the drag coefficient, which contributes to the loads, is
obtained with some algebra:

CDV(j) = CDV(j)|δr

[
Kβr

(
1− ∂σ

∂βF

)]
, j = 1, 2 (2.61)

Known the coefficients, it is easy to obtain loads:

Y′V(j) = −CYV(j)qV(j)SV(j), j = 1, 2 (2.62)
DV(j) = CDV(j)qV(j)SV(j), j = 1, 2 (2.63)

A minus is necessary for the side force, considering that there is an exception
to the general rules about axes explained in Section 2.1. Indeed, the side force
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coefficient is positive when β is positive, which means that the side force is cal-
culated positive for a y−wind opposite to Y− Body. Thus, a minus is necessary
for the calculation of the side force. Otherwise, it is possible to rearrange the CY
table, but it is a laborious process due to the dependence on the rudder angle,
making it insufficient to change the signs.

There is an error in the drag calculation in Ferguson’s model: the minus is not
correct, as it is already counted in the rotation matrix.

After calculating loads in wind axes, it is not possible to transform them into
body axes, as shown in previous subsystems. However, forces along Z are set
to zero, as previously explained. This is necessary to avoid the creation of lift
due to the vertical stabilizer at great αH, which is not physical since it is already
counted in the horizontal stabilizer.

Complete equations are provided in Appendix A, while tables and graphs are
provided in Appendix B.

2.5 wing-pylon model
The Wing-Pylon Subsystem is significant in the aerodynamic model. As it hap-
pens for all aircraft, the wing is the most important body for aerodynamics: in
helicopter mode, when dynamic pressure is low, the wing is important for in-
duced forces, while in airplane mode, it generates the main part of the lift being
the dynamic pressure higher.

Figure 2.20: Wing Vector Diagram, Ref. [6]

Figure 2.20 shows a representation of angles and vectors at the wing-pylon:
the downwash angle, important for the horizontal stabilizer, the induced velocity
from the rotor, and the flap angle, which is positive clockwise, as happened for
the elevator angle, besides the angle of attack.

To better comprehend the wing-pylon model, defining the considered con-
tributes is important since they can be divided into smaller subsystems.

induced aerodynamics It is the aerodynamic contribute generated by the ro-
tor’s induced velocity. These loads are important in helicopter mode and
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at low speeds. There are not many theories available in literature27, and
therefore, Ferguson’s Model provides in Ref. [6] a semi-empirical flow
chart developed with experimental data. However, the source is neither
specified in Ref. [6] nor in the previous version, Ref. [13].

freestream aerodynamics It is the aerodynamic contribute generated by the
freestream. It affects the wing’s part not influenced by the induced aero-
dynamics, and it is relevant at high airspeed, hence, when the dynamic
pressure is high. This part of the wing-pylon model is similar to the hori-
zontal and vertical stabilizer subsystems.

wing-pylon interference drag This drag contribution is caused by the in-
terference between the rotor’s pylon and the wing.

spinner and pylon drag They are the drag contribute due to the spinner and
the pylon. The induced velocity of the rotors generates them, and they are
present both in helicopter and airplane mode, unlike the induced aerody-
namics.

Being the different parts clear, it is possible to analyze more in detail each sec-
tion.

2.5.1 Induced Aerodynamics

The induced aerodynamics is generated by the rotor induced velocity. It is
mainly a down-force, but there is also a small contribution to drag.

The resultant down-force is the reason why, during a hover maneuver, the
flaps are lowered to the maximum: the flow is over a smaller portion of the
wing’s surface, decreasing the down-force as a consequence.

Since rotors’ wake generates the induced forces, they depend on the aircraft’s
speed, and the wing’s portion affected by the wake decreases as the speed in-
creases, being the wake deflected. Hence, a model that allows the calculation of
the affected area and the forces’ application point in different flight conditions
is necessary.

As explained in the previous section, this model is organized as a flowchart,
precisely aiming at the application point of forces and the induced forces’ af-
fected surface calculation for both semi-wings. The flowchart’s source is not
specified, and not all the variables introduced in it are neither explained nor
clear. Despite this, it is understandable that the induced model is comprehen-
sive, considering many situations.

Some of the variables introduced by the model are shown in the top view of
Figure 2.21, but no further description is provided. Instead, the front view shows
the theoretical approximation of the wing loads: the portion under the rotor
wake generates a down-force. In contrast, the part affected by the freestream
generates lift.

27 Due to its particular rotor-wing configuration.
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Figure 2.21: Induced Aerodynamics’ Scheme, Ref. [6]

However, the model generates a discontinuity in the forces application point’s
coordinate, and therefore in the induced forces arm, Figure 2.22a and 2.22b, in
the affected area, Figure 2.22c, and, as a consequence, in the induced forces and
moments, Figure 2.22d, 2.22e and 2.22f. More trim points are calculated near the
discontinuity to highlight it.

Finding the error was not easy since some variables were not clear, the source
was not specified, and no validation data was provided.

Therefore, several attempts were made. First, the author was concentrated
on solving the coordinates’ discontinuity: this was possible by changing some
equation in the flowchart, where the norm was used to calculate variables where
lengths in the same axis were involved, Figure A.1, A.2 and A.3. This was
not clear, as the norm is normally used for lengths in different axes, so it was
changed with the difference of absolute28 values, and the result was to delete
the coordinates’ discontinuity, Figure 2.23. Moreover, the mobile coordinates29,
Figure 2.23a, was smaller than the wing chord, and it tends to the null value set
by the GTRS model when the induced forces are zero, further reasons to think
that the correction was right.

However, these modifications made the tilt-rotor uncontrollable at the simula-
tor; therefore, it was clear that it was not the right way.

After this attempt, the author concluded that the continuity in the application
point’s coordinate was not necessary. When this runs out of the wing, it is
not more of interest since it loses meaning. The important is that forces are
continuous and tend to zero at high airspeed since the rotor wake no longer
affects the wing. The moments will be continuous as a consequence.

To aim this, the model was compared with the one in Ref. [13], which is
less complete but shares some equations with the GTRS. It came out that some

28 As an instance,
√

R2
WXK − X2

TEK became |RWXK| − |XTEK|.
29 The meaning will be explained later when equations will be shown in detail.
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(a) Mobile Coordinate’s Discontinuity
(b) Arm between Forces Application Point and

c.g. Discontinuity

(c) Affected Ares’s Discontinuity (d) Induced Force along X Discontinuity

(e) Induced Force along Z Discontinuity
(f ) Wing-Pylon’s Pitching Moment Discontinu-

ity

Figure 2.22: Induced Forces’ Discontinuity

(a) Mobile Coordinate’s Continuous
(b) Arm between Forces Application Point and

c.g. Continuous

Figure 2.23: Continuity for the Induced Forces’ Arm



2.5 wing-pylon model 42

equations were different, so they were changed in the Simulink model. As a
result, forces and moments are now continuous, as shown in Figure 2.24. Trim
points were thickened where the wake is near the trailing edge.

(a) Mobile Coordinate
(b) Arm between Forces Application Point and

c.g.

(c) Surface (d) Induced Force along X

(e) Induced Force along Z (f ) Pitching Moment of Wing-Pylon

Figure 2.24: Induced Forces’ Application Point and Affected Area

Figure 2.24a and 2.24b show that the mobile coordinate and the induced forces’
arm have still a discontinuity. As told before, these quantities lose meaning when
the wake is out of the wing because induced forces are null, Figure 2.24d and
2.24e. Moreover, the discontinuity is caused by the fact that XK is set to zero by
the model when the induced forces are zero. As a consequence, the arm has a
discontinuity.

Even though there are no validation data, it is possible to conclude that the
results are realistic. The affected area is a decreasing, continuous function that
tends to zero while the wake runs outside the wing, Figure 2.24c. In hover and at



2.5 wing-pylon model 43

(a) Affected Area (b) Induced Forces’ Arm

Figure 2.25: Affected Area and Induced Forces’ Arm with Airspeed

low speeds, it is comparable to the product30 R · cw, as shown in Figure 2.25a. It
remains approximately constant up to' 20 kts since the rotor wake is completely
above the wing until the wake’s front reaches the leading edge (a situation like
Figure 2.25b). Then it suddenly decreases to zero, being the wake’s front behind
the leading edge.

The arm grows for negative values, Figure 2.24b: it is the expected behaviour
since the application point moves backwards if the speed grows, as shown in
Figure 2.26

31. Furthermore, the arm has a length, in absolute value, comparable
to the wing chord32 when the application point is near the trailing edge. As the
affected area, the induced forces’ arm is approximately constant until ' 20 kts.
For higher speeds, it grows faster since the wake is running outside the wing,
being its front behind the leading edge.

(a) Application Point of Forces in Hover (b) Application Point of Forces for V > 0

Figure 2.26: Induced Forces’ Application Point and Affected Area Layout

Additionally, Figure 2.26 shows the mobile coordinate XK.

30 R is the rotor radius, cW the wing chord.
31 The figure is taken from Ref. [18], and it was modified by the author using PowerPoint.
32 cW = 5.25 ft
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Application point of forces and affected area

The aim is to calculate the application point of forces and the affected area as
told previously. Let’s see the equations in detail. First of all, some information
about the wing has to be implemented33. Note that the two semi-wings are
treated separately since loads can be non-symmetrical in a maneuver or lateral
flight:

• Angles for the wake velocities’ transformations:

G = arctan
(

cos φM sin βM

cos βM

)
, [rad] (2.64)

SG = sin G, [ND] (2.65)
CG = cos G, [ND] (2.66)

ZL = lm cos φM · CG, [ f t] (2.67)

• Velocities at the wing (K=R for the right semi-wing, K=L for the left one):

UWK = −U −Wi|RWK · SG, [ f t/s] (2.68)

WWK = −W + Wi|RWK cos φM · CG, [ f t/s] (2.69)

VWR = V + Wi|RWK sin φM · SG, [ f t/s] (2.70)

VWL = −V + Wi|RWK sin φM · SG, [ f t/s] (2.71)

Equation 2.68 is reported wrong in the GTRS model since SG is multiplied
to the linear velocity U, which does not depend on the nacelle angle.
When the ratio between UWK and WWK, or the ratio between VWK and WWK,
is greater than 100, a limitation is made to the ratio. This is implemented
because when the ratio is so high, the rotor wake is outside the wing. The
complete equations are provided in Appendix A.

• Wing geometry information (K=R for the right semi-wing, K=L for the left
one):

ε = SLWTE − SLSP, [ f t] (2.72)

XTEK = −ε− lmSG− UWK

WWK
ZL KRW , [ f t] (2.73)

XLEK = cW + XTEK, [ f t] (2.74)

YTIPK = ZL

tan φM −
VWK√

U2
WK + W2

WK

sign(WWK)

 , [ f t] (2.75)

RWXK = RWK

√(
UWK

WWK
sin φM

)2

+

(
CG− UWK

WWK
SG cos φM

)2

, [ f t]

(2.76)

33 Special attention is necessary for the units of measure.
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RWYK = RWK

{(
VWK

WWK
SG cos φM − SG sin φM

)2

+

+

cos φM +
VWK sin φM√
U2

WK + W2
WK

sign (WWK)

2} 1
2

, [ f t]

(2.77)

δK = arctan

( UWK
WWK

sin φM

CG− UWK
WWK

cos φMSG

)
+

+ arctan

 VWK sin φM

sign (WWK)
√

U2
WK + W2

WK

 , [rad]

(2.78)

FRWK =
RWYK

RWXK
, [ND] (2.79)

SDELK = sin δK, [ND] (2.80)
CDELK = | cos δK|, [ND] (2.81)

It is important to keep the conventions as above since the procedure may
calculate a wrong arm if they are changed.
A problem in the units of measure of RWXK and RWYK occurs since Fergu-
son’s model reports RWK as non-dimensional. Actually, it is in [ f t], being
the right rotor contraction ratio that is a modification of the rotor radius.

Some of those vectors are shown in Figure 2.21, in the top view. After defin-
ing these quantities, it is possible to start the procedure to calculate the forces’
application point and the affected area. The procedure is described in Ref. [6],
while the complete equations are provided in Appendix A, from Figure A.1 to
Figure A.6. This section will explain how the model works in order to under-
stand it from a physical point of view and the differences introduced with the
model of 1973.

The model takes into account the situations which explanations follow. Af-
fected areas and x and y mobile coordinates (which allow defining the forces’
application point, and therefore the arm) are set to zero when:

• βM > 30◦: the rotors are sufficiently inclined that the wake does not affect
the wing;

• U < 0: when the aircraft is moving backwards, the rotor wake runs outside
the wing. The situation is taken into account by comparing34 X1K and X2K,
and when X1K ≥ X2K (Figure A.2), the coordinates and the area are set to
zero. However, this condition can be verified only if the airplane is going
backwards;

• the y-component of the wake is strong enough to slope the wake outside
from the wing. This is verified when YTIPK > 0 (Figure A.2);

34 The variables are introduced in the flowchart. Even in the next points, some variables are im-
plemented in the flowchart. Their meaning is not clear, but following the chart is reasonable to
understand the significance.
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• the aircraft speed is sufficiently great to slope the wake outside the wing.
This condition is verified when XTIPK > X1K

∨
XTIPK > X2K (Figure A.3).

In helicopter mode, this happens for CAS ' 39 kts, very close to the hypo-
thetical speed of 40 kts provide by Ref. [6].

In all the other cases, the coordinates and the affected area are defined. More-
over, as shown in Figure 2.24c, the surface tends to zero at higher speeds and,
consequently, the forces. This is exactly what we expect from the model: by
increasing the speed, a decreasing portion of the wing is under the wake, and
this tends to a null value when the wake runs outside the wing. The behaviour
is shown qualitatively in Figure 2.26.

When it is possible to define the induced forces, the flowchart comes out with
one of the five possible procedures depending on the case. As the area interested
by the wake is greater, as the procedure’s flag is greater and more contributes
are summed iteratively.

Lastly, the equations which were changed are presented35:

XAK = XAK +
1
2

XA1K +
1
3

FRWKSDELK

(
C3

2K − C3
1K

)
− 1

2
YTIPK

(
C2

2K − C2
1K

)
(2.82)

XAK = XAK +
1
2

XA1K +
1
3

FRWKSDELK

(
C3

2K − C3
1K

)
−YTIPK

(
C2

2K − C2
1K

)
(2.83)

YAK =YAK + FRWK

[1
2

XA1KSDELK +
1
6

FRWK

(
S2

DELK − C2
DELK

) (
C3

2K − C3
1K

)
+

+
1
2

(
R2

WYKC2
DELK −Y2

TIPK

)
(C2K − C1K)

]
(2.84)

YAK =YAK + FRWK

[1
2

XA1KSDELK +
1
6

FRWK

(
S2

DELK − C2
DELK

) (
C3

2K − C3
1K

)
+

+
1
2

(
RWYKRWXKC2

DELK −Y2
TIPK

)
(C2K − C1K)

]
(2.85)

Complete equations are shown in Appendix A.
Implementing Equation 2.83 and Equation 2.85, it was possible to remove the

discontinuity and to have the desired trend for loads, shown in Figure 2.24.
In output from the procedure, there are:

• SiWK in [ f t2], which is the area affected by the rotor wake;

• XAK in [ f t3], divided by the area, returns XK, a mobile coordinate used
to calculate the station line of the application point of forces. It is imple-
mented to consider that the application point changes depending on the
flight conditions, and it is shown in Figure 2.26;

35 Equation 2.82 and Equation 2.84 are in Ferguson’s model, Equation 2.83 and Equation 2.85 are
implemented on Simulink



2.5 wing-pylon model 47

• YAK in [ f t3], which divided by the area, returns YK, a mobile coordinate
used to calculate the butt line of the application point of forces. It is shown
in Figure 2.26.

The water line coordinate is not calculated since the wing section is thin, and
therefore, distances along z are much smaller than distances along x and y.

Finally, with the mobile coordinates is possible to define the application point36,
and therefore to calculate the arms:

XiWR = XR + SLCG − SLWTE − XTER (2.86)
YiWR = −YR − BLCG + BLSP + YTIPR (2.87)
XiWL = XL + SLCG − SLWTE − XTEL (2.88)
YiWL = YL − BLCG − BLSP −YTIPL (2.89)

These equations, in Ferguson’s model, have some errors:

• the length in output from the procedure are in f t, while the coordinates are
in in: a 12 factor is needed in the model in order to have all in quantities
in [ f t], but this is not considered in Ref. [6];

• in Equation 2.89, the minus before the butt line of the shaft-pivot is correct
since it is defined only positive, but the left rotor has a negative butt line.
Nevertheless, the butt line of the c.g. has to be subtracted from the shaft-
pivot, while in Ref. [6], it is summed. The calculation of the arms and
conventions were treated in Section 2.1.4.

Total Velocity, Angle of Attack, Sideslip Angle and Dynamic Pressure Calculation

It is possible to calculate the total velocity, the angle of attack, the sideslip angle,
and the dynamic pressure in the same way used for the horizontal and vertical
stabilizer. The difference is that the contribution of the angular velocities is
negligible. The right and the left semi-wing are treated separately, and as output,
there will be loads for both without summing them.

VTiWK =

√(
U + UiB|RWK

)2
+
(

W + WiB|RWK

)2
(2.90)

αiWK = arctan

(
W + WiB|RWK

U + UiB|RWK

)
(2.91)

βiWK = arctan

 V√(
U + UiB|RWK

)2
+
(

W + WiB|RWK

)2

 (2.92)

qiWK =
1
2

ρV2
TiWK (2.93)

The dynamic pressure introduced in Equation 2.93 is different from zero, even
when the aircraft is in hover since there is the rotor wake’s contribution.

36 The application point is obtained with different equations for left and right semi-wing.
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Lift and Drag Calculation

To obtain the lift and the drag, it is necessary to get the aerodynamic coefficients.
They are provided in tables from the model, and they are wind tunnel data for
angles below stall, while for angles above stall, they are extrapolated from Ref.
[17].

Both CLWPK and CDWPK are a function of αiWK, δF, βM and MN. As usual,
for higher Mach Number, coefficients are provided for a small range of angle of
attack, while in the linear range, they are not specified. Moreover, the coefficients
are greater for greater flap angles37, as it happened for the horizontal stabilizer.

With the coefficients in output, it is possible to calculate the loads:

LiWPK = qiWKSiWKCLWPKKFW (2.94)
DiWPK = qiWKSiWKCDWPKKFW (2.95)

KFW is a coefficient that takes into account flap deflection. It is calculated as
follows:

KFW = KFW0 + KFWDFδF (2.96)

In the reference model, the equation is wrong since it is reported in this way:

KFW = KFW0 − KFWDFδF (2.97)

In fact, KFWDF is already negative, and when the flaps are lowered, the induced
loads have to decrease since the surface wet by the wake decreases. With Equa-
tion 2.96, it is possible to obtain the desired result.

Given each semi-wing loads, it is possible to transform them into body axis
with the rotation matrix, Equation 2.5. Furthermore, it is possible to calculate
the moments due to forces. Complete equations are provided in Appendix A,
while tables are provided in Appendix B.

2.5.2 Freestream Aerodynamics

The aerodynamics due to the freestream is the second contribution of the wing-
pylon subsystem described. Unlike the induced aerodynamics, this contribution
is always present, and its importance grows with the airspeed.
Angles and vectors for the freestream aerodynamics are shown in Figure 2.27.
Moreover, the same shows a comparison between the wing outside and under
the rotor wake.

Besides the angle of attack due to the freestream, αF, there is also α′F|W , which
is due to the composition between the freestream and the rotor induced veloci-
ties. The figure shows −α′F|W because its rotation is represented clockwise, but
it is positive anticlockwise: that is the minus’s reason. In addition, it is possible
to see the flap angle and its convention (positive clockwise).

37 The convention of flap angle is shown in Figure 2.20.
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Figure 2.27: Freestream Aerodynamics Vectors, Ref. [6]

Area of the Wing in Freestream Flow

As explained in Section 2.5, the rotor wake contribution affects a portion of the
wing. Hence, just the remaining part is affected by the freestream. Certainly,
when the wake is outside the wing, all the area is affected by the freestream.
This is taken into account by the following equation:

SWFS = SW − (SiWL + SiWR) (2.98)

where SW is the total wing area, which is known, and SWFS is the portion of the
area affected by the freestream, while SiWL and SiWR are calculated as explained
in the previous section.

Wing Freestream Dynamic Pressure

The dynamic pressure is calculated as usual:

qWFS =
1
2

ρ
(

U2 + W2
)

(2.99)

Unlike the horizontal and vertical stabilizer, the angular velocities’ contribution
is negligible. Since the wing is not downstream of the rotor, no losses function
has to be implemented.

Freestream Angle of Attack

The freestream angle of attack is calculated as follows:

αWFS = αF − KXRW XRW

 CRFR + CRFL[
max

(
0.15, µR+µL

2

)]2

 (2.100)
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The equation considers a certain interference between the wing and the rotor,
which modifies the angle of attack. This is a function of the rotor force coefficient,
both left and right, and of the advance ratio, both left and right. KXRW is a
coefficient that considers the rotor-wing equation, while XRW is a function with
the same aim.

In the way that CRF and µ are defined, they are always positive. Since the
wake is directed downward, there is a minus after the fuselage angle of attack.
Therefore, when induced velocities are composed with the freestream velocities,
the result is a smaller angle of attack. It is possible to understand this in Fig-
ure 2.27. The max function at the denominator is used to avoid divisions by
zero.

This equation brings an important result: the induced forces may be zero in
several cases, but even when this occurs, the rotor wake acts by modifying the
angle of attack. Therefore, there is also an influence due to the rotor, which is
taken into account with the angle of attack.

Freestream Loads in Wind Axis

Now that the angle of attack and the dynamic pressure are already defined, it is
possible to obtain the loads due to the freestream.

LWP = qWFSSWFSCLWPFS − qWFSSWCLδa|δa| (2.101)
DWP = qWFSSWFSCDWPFS (2.102)
M′WP = qWFSSWcWCmWP (2.103)

Y′WP = qWFSSW

[
CYββF +

bW

2U
(
CYp pw + CYrrw

)]
(2.104)

l′WP =qWFSSWbW

[
ClββF +

bW

2U
(
Clp pw + Clrrw

)]
+

+SWbW

[(
qiWR + qiWL

2

)
(Clδa δa)

] (2.105)

N′WP =qWFSSWbW

[
CnββF +

bW

2U
(
Cnp pw + Cnrrw

)]
+

+SWbW

[(
qiWR + qiWL

2

)
(Cnδa δa)

] (2.106)

Let’s analyze the equations:

• the equation for lift, 2.101, considers the lift due to the freestream, sub-
tracting the loss lift due to the aileron’s lowering. The lift coefficient is the
same used for the induced aerodynamics: the way the load is generated
is different, but the geometry of the wing is the same, and there is no
reason to have different coefficients;

• the drag equation, 2.102, is the classic aerodynamic one. The drag coeffi-
cients are the same as the induced aerodynamics, for the identical reason
explained above;
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• the pitching moment equation, 2.103, uses the total wing surface instead
of the freestream one. It is probably an approximation since the pitching
moment is not calculated for the induced aerodynamics38. The pitching
moment coefficient is provided in a table from the model, and it is a func-
tion of the mast angle βM and the flap angle δF. The coefficients are wind
tunnel data for angles up to stall, while for angles above stall, they are
extrapolated from Ref. [17];

• the side force equation, 2.104, takes into account the side force coefficient
and the effect of the angular velocities in wind axis, which transforma-
tion from body into wind axis is made by using the rotation matrix, Equa-
tion 2.11. The calculation of the coefficient is presented in Appendix A,
and they are calculated using equations for stability derivatives from Ref.
[21]. Data is provided by wind tunnel whenever possible;

• the yawing and rolling moment equations, Equation 2.106 and 2.105, are
similar to the side force equation. Unlike the pitching moment, the refer-
ence length is the wing-span bW . Furthermore, it is also considered the
effect of the induced velocities. Equations coefficients calculation is pro-
vided in Appendix A. As for the pitching moment, all the lateral loads are
multiplied for the total wing area, probably because they are not consid-
ered in the induced aerodynamics.

Loads in wind axis have to be transformed in body axis with the rotation
matrix, Equation 2.5 and 2.8, then they go as output to the summation of forces
and moments subsystem.

2.5.3 Downwash Factor

The downwash factor contributes to the angle of attack at the horizontal sta-
bilizer. It considers the flow’s deflection due to the wing’s presence, which
decreases the tail’s angle of attack. It is calculated as follows:

εW/H = εW/HOGE

 1√
1−M2

N

 (2.107)

εW/HOGE is provided in a table from the model, and it is a function of the
freestream angle of attack αWFS, the mast angle and the flap angle. The data
comes from the wind tunnel for angles of attack up to stall. It is corrected with
the Prandtl-Glauert equation, which takes into account compressibility effects
that depend on the mach number.

A certain error may occur in the downwash data due to the blocking effect of
the wind tunnel walls, especially when flaps are open, as explained in Ref. [22].

38 However, it is considered the pitching moment caused by lift and drag.
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2.5.4 Wing-Pylon Interference Drag

The wing-pylon interference drag is generated because the wing is not ”clean”,
but the rotors’ pylon occupies a portion. It is calculated as follows:

DPYLN = DPYINT

(
qiWL + qiWR

2

)
(2.108)

DPYINT is the drag interference coefficient. It is provided as a table in [ f t2], and
therefore, it is already multiplied for a surface since data comes from flight tests,
and they were obtained as forces, as explained in Ref. [23].

This equation is a correction or addition to the model in order to account for
extra drag due to wing-pylon interference39.

Given the interference drag in wind axis, it has to be transformed in body axis
with the rotation matrix in Equation 2.5. Moreover, this load contributes to the
moments due to the arm between the wing-pylon and the c.g..

2.5.5 Spinner Drag

The rotor wake generates the spinner drag, but, unlike the induced forces, this
contribution is always present since the spinner, being close to the rotor, is al-
ways affected by the rotor wake. Firstly, velocities contributing to angles and
dynamic pressure have to be defined. Let’s start with the calculation of the
average40 induced velocities in body axis:

UiSP =

(
WiL + WiR

2

)
sin βM (2.109)

WiSP = −
(

WiL + WiR

2

)
cos βM (2.110)

Then, the total velocity in mast axes (the axes along the pylon and its perpendic-
ular one) and the dynamic pressure:

UMSP = U cos βM + W sin βM (2.111)

WMSP = −
(

WiL + WiR

2

)
−U sin βM + W cos βM (2.112)

VTSP =
√

U2
MSP + V2 + W2

MSP (2.113)

qsp =
1
2

ρV2
TSP (2.114)

39 Extract from Ref. [6]
40 The two rotors are considered as one, and all quantities are calculated as the average of the

two. It is an approximation: it is possible to divide the two for further precision. Besides,
Equation 2.110 has a minus since WiSP is positive downward, and hence it generates a negative
angle of attack by referring to conventions shown in Figure 2.9. The angle of attack is calculated
in Equation 2.117.
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The equations can be verified from Figure 2.28.

Figure 2.28: Vectors for Average Velocities in Mast Axes

Finally, it is possible to define the spinner angle of attack:

αSPN = arctan


√

U2
MSP + V2

|WMSP|

 , [deg] (2.115)

In this case, speeds along x are at the numerator, while the ones along z are at
the denominator: this is due to its definition in mast axes and not in body axes.
Furthermore, since UMSP is elevated with a square and WMSP is in absolute
value, it is not important which direction is considered positive. However, it is
important in order to define a convention to choose correct signs for the different
contributes.

All quantities are now available for the spinner drag calculation:

SD = 2qsp

[
(SD/q)βM=90◦ + (SD/q) sin3 αSPN

]
(2.116)

The spinner drag coefficients were determined from wind-tunnel test data of the
full-scale XV-15 rotor and pylon, and they are provided in [ f t2]. (SD/q)βM=90◦

represents the drag of the spinner when the conversion angle is 90◦. The variable
drag portion of the spinner drag equation, which depends on the mast angle, is
added to this coefficient. A factor 2 before the dynamic pressure takes into
account the presence of two spinners, one for each rotor. It is possible to split
the two contributes for further precision, but this is necessary only if the two
rotors are in a non-symmetrical position.

Then, it is possible to transform the drag from mast to body axis using the
following angles (αSP is positive anticlockwise, βSP clockwise):

αSP = arctan
(

W + WiSP

U + UiSP

)
, [rad] (2.117)

βSP = arctan

 V√
(U + UiSP)

2 + (W + WiSP)
2

 , [rad] (2.118)
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Where U + UiSP = min (0.15, U + UiSP), to avoid division by zero, and the rota-
tion matrix is the one in Equation 2.5.


XSD
YSD
ZSD

 =

− cos αSP cos βSP − cos αSP sin βSP sin αSP
− sin βSP cos βSP 0

− sin αSP cos βSP − sin αSP sin βSP − cos αSP


SD
0
0

 (2.119)

Given the spinner drag in body axes, it is possible to calculate the moments due
to this:

lSD = −YSD (WLCG −WLSP − lm cos βM) (2.120)

MSD =XSD (WLCG −WLSP − lm cos βM) +

−ZSD (SLCG − SLSP + lm sin βM)
(2.121)

NSD = YSD (SLCG − SLSP + lm sin βM) (2.122)

These equations are of great interest due to the arms’ calculation since the posi-
tion of the forces’ application point depends on the nacelle angle. The arms
are calculated by referring to Figure 2.29

41.

Figure 2.29: Moments’ Arms Due to Spinner Drag

2.5.6 Pylon Drag

The pylon drag allows the calculation of additional drag during sideslip. The
drag due to forward flight is already taken into account in the wing-pylon drag
coefficient, as specified in Ref. [6].
It is calculated as follows42:

41 Note that in the figure, arms are calculated with station line and water line conventions. All
signs have to be changed to transform them into body axes, as explained in Section 2.1.4. The
equations are already reported into body axes system.

42 PLAT: P=Pylon, LAT=lateral.
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DPLAT = 2qPLATSPLATKPLAT (2.123)

Where:

•

SPLAT = SPYL

∣∣∣∣∣∣ V√
U2

MSP + V2

∣∣∣∣∣∣ (2.124)

is the lateral projection of the pylon surface: it is the portion of the pylon
which is wet by the flow due to the sideslip;

• KPLAT is the pylon lateral drag coefficient, and it is non-dimensional. It is
a function of αPYL that is equal to αSPN;

• qPLAT is the dynamic pressure, and it is equal to qSP;

• a factor 2 is necessary to consider the presence of two pylons. As for
the spinner drag, it is possible to separate the two contributes, but it is
necessary only if pylons are in a non-symmetrical position.

To convert the drag into body axis, it is possible to use Equation 2.5, while the
angles involved are calculated in Equation 2.117 and Equation 2.118.

2.6 forces and moments summation model
This subsystem is implemented to join all aerodynamic loads, before summing
them with rotor loads, engine loads, landing gear loads, and gravity loads.

All forces and moments calculated in the previous sections are in input here,
and they are vectorially summed, which mean component for component.

After forces are converted from [lb] to [N], while moments are converted from
[lb · f t] to [N · m], hence, the total aerodynamic loads are in output in [N] or
[N ·m], while the aerodynamic loads of each subsystem are in output in [lb] or
[lb · f t].

Indeed, all the model is based on [lb] and [ f t] as units of measure because data
was supplied in this way. It is not possible to convert every table or equation
in [N] and [m] because some coefficients are non-dimensional and may be calcu-
lated in a certain measurement system. Hence, it is not possible to use them in
a different one or covert them.

To sum up, the best way is to make all the calculations in with the provided
system and to convert loads only at the end.



3 VA L I DAT I O N A N D R E S U LT S

The second part of the author’s activity at ZHAW was the validation of trim
points in different flight configurations. Unlike aerodynamic tables, it was pos-
sible to find lots of data for this purpose, especially about the performance of a
generic tilt-rotor aircraft from the GTRS model. On the other hand, it was possi-
ble to find also some flight test data. The greatest part was found on Ref. [23],
while the others were in various NASA papers cited afterwards. This part of the
work aimed to assess the simulation model’s accuracy and reliability and verify
and quantify the effects of all the modifications introduced by the author and
described in the previous chapter.

First of all, it is necessary to define what a trim point is and how it is obtained.
A trim point is a static point of equilibrium in a certain flight condition. It is
unknown whether the equilibrium point is stable, unstable, or neutral, since a
linear analysis would be required to verify this, Section 3.4.

The trim XV-15 model’s trim is operated using a dedicated Matlab routine,
called trimac and developed by Pierluigi Capone of ZHAW. The routine con-
tained in this function is based on a rotor-craft trim strategy called periodic
shooting, Ref. [24], in which the initial conditions and controls necessary for
a trimmed solution are found by integration through one rotor revolution to
obtain errors, followed by an iteration of the Newton-Raphson algorithm.

All parameters necessary for the trim are set in the TrimLinSim.dat file, then
read by trimac.m. It is even possible to give parameters, like airspeed, altitude
and nacelle incidence, from the Matlab’s Command Window when calling trimac.
A simulation of one rotor revolution is performed in a dedicated Simulink model,
model trim.mdl, at each iteration. All the states, 42 for the ZHAW-Polito model,
and the aircraft model’s input signals are set directly by the trim function. When
convergence of the Newton-Raphson algorithm is achieved, all the parameters
which identify the aircraft trim condition are saved in the variable Par.

In the TrimLinSim.dat, defining the desired accuracy with a tolerance factor
and whether to use or not an initial guess is also possible. This was very useful
during the trim calculations because it significantly saved time. Nonetheless, it
may be important to find a trim condition when convergence cannot be achieved
in a row.

3.1 comparison with gtrs model
The first validation was against GTRS Model, Ref. [23]. Trim data was provided
for different conditions, in helicopter, airplane and conversion mode. Data are

56
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presented in tables, like the one in Figure 3.1. They have to be copied by hand
in a Matlab script. Therefore, the work was long, and some errors may have
occurred during transcription.

Figure 3.1: Trim Data Example from Ref. [23]

The different trim conditions for which data is supplied are shown in Table 3.1.

Table 3.1: Trim Conditions for GTRS Model, Ref. [23]

Test Nacelle Rotor Flap/Flapp. Altitude True Airspeed
Page Incidence RPM Position

[deg] [rpm] [deg] [ f t] [kts]

A003 90 589 40/25 Sea Level Standard 0:20:100

A024 75 589 40/25 Sea Level Standard 40:20:120

A042 60 589 20/12.5 Sea Level Standard 80:20:140

A057 30 589 20/12.5 Sea Level Standard 100:20:160

A072 0 589 20/12.5 Sea Level Standard 120:20:180

A087 0 589 0/0 Sea Level Standard 140:20:220

A105 0 517 0/0 Sea Level Standard 140:20:220

A132 0 517 0/0 12000 Standard 140:20:220

The station line of the c.g., provided without the effect1 of the nacelle angle, is
301.2 in for all conditions, while the gross weight is 13 000 lb.

1 While tilting the nacelles, the c.g. changes since the rotors c.g. is moving.
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Three cases are shown in this section, one in helicopter mode (A003), one
in airplane mode (A105), and one in conversion (A042). Complete plots are
provided in Appendix C.

The following quantities will be analyzed during the presentation:

angle of attack It is the angle of attack of the aircraft (αF), and in a static
condition, like the trim, it equals the pitch attitude since the flight path
angle is null.

longitudinal stick It controls both the longitudinal flapping of rotors and
the elevons deflection.

rotor forces and moments in the longitudinal plane They are the forces
along X − Body and Z− Body, and the pitching moment, of the rotor. The
lateral-directional ones are not reported since they shall be null for a trim
point.

aerodynamic forces and moments in the longitudinal plane They are
the total loads of the aerodynamic subsystem. Therefore, they comprehend
the fuselage, horizontal and vertical stabilizer and the wing-pylon. The
lateral-directional shall be null, as explained above.

flapping angles Or rotor multi-blade coordinates (β0, β1S and β1C). They
result to be the same for left and right rotor since, for a trim condition,
loads are symmetrical in the longitudinal plane. β1C and β1s are changed
of sign respect the GTRS model due to different conventions.

root collective pitch θ0 It acts on the blades’ pitch, resulting in a power
change. It shall be varied using the collective lever in helicopter mode and
the collective governor in airplane mode, at a selected RPM which shall be
maintained.

other contributes When necessary, other quantities will be presented to ex-
plain some results.

3.1.1 Helicopter Mode

Results in helicopter mode are shown from Figure 3.2 to 3.5. The blue crosses
show GTRS data, while red diamonds show the initial model2 results, without
the work presented in Chapter 2. Finally, yellow circles show the results after
the aerodynamic review. This division will be valid for all conditions and plots
shown in this part.

Figure 3.2 shows that the angle of attack has a difference of ' 1 deg between
the GTRS and ZHAW-Polito Model, and the trend is improved after the updates.
Similarly, the longitudinal stick shows a better matching after the modifications,
reducing a previous offset.

2 The model developed in ZHAW will be called ZHAW-Polito.
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Figure 3.2: Angle of Attack and Longitudinal Stick, Test A003

Figure 3.3 shows a comparison for both X− Force of aerodynamics and rotors.
The summation of all forces for a trim condition has to be null, and the difference
between the rotor forces and the aerodynamic forces is the gross weight. The
correlation between aerodynamic drag3 is fine, with a small error. At the same
time, the rotor’s thrust has an offset due to a small error in the angle of attack,
which brings an error in the transformation of the gross weight.

Figure 3.3: Rotor and Aerodynamic X Force, Test A003

3 It is on body axis. Therefore, when there is drag, it is negative. The same happens for the lift.
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Along Z − Body, Figure 3.4, it is possible to see that both aerodynamics and
rotors still have an offset. The reason can be a small error in the angle of attack.
It is interesting to study the aerodynamic force along Z:

• at low velocities, it is directed downward, due to the induced aerodynam-
ics;

• as the speed increases, the induced aerodynamics becomes lower, while
the dynamic pressure grows: both cooperate in generating lift;

• at very high speed, the induced aerodynamics is null, while Z− Force de-
creases, returning downward at ' 100 kts because the angle of attack drops
and the aircraft keeps pitching down. This is a significant consideration, as
it is even a pilot’s feeling during simulations4.

Figure 3.4: Rotor and Aerodynamic Z Force, Test A003

In Figure 3.5, it is shown that the root collective pitch has an offset compared
to the GTRS results.

Figure 3.5: Root Collective Pitch, Test A003

4 Results of simulations will be presented in Chapter 5.
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Figure 3.6 shows flap angles: β1S is almost the same after the aerodynamic
review. Instead, comparing β1C, there is an offset between red and yellow points,
but both do not match the GTRS.

Figure 3.6: Rotor Disk Flapping Angles, Test A003

3.1.2 Conversion Mode

Conversion mode results are shown from Figure 3.7 to 3.10 for a nacelle inci-
dence of 60 deg. The presented quantities have still an offset compared to the
GTRS results, but trends are more similar.

Figure 3.7: Angle of Attack and Longitudinal Stick, Test A042
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The errors are probably generated by an offset of the angle of attack: looking
at the aerodynamic table, it is possible to see that a difference of ' 1◦ can even
generate a difference of ' 10% in aerodynamic loads.

Figure 3.8: Rotor and Aerodynamic X Force, Test A042

A final consideration can be made regarding forces along Z: while in heli-
copter mode, especially at low speeds, almost all the lift is generated by the
rotors, in conversion mode, it is split between rotors and aerodynamic surfaces.
This is one important characteristic of the tilt-rotor. During the conversion from
helicopter to airplane mode, the lift is ”transferred” from the rotor to the wing
(during conversion from airplane to helicopter mode, it happens the contrary).

Figure 3.9: Rotor and Aerodynamic Z Force, Test A042
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Figure 3.10: Root Collective Pitch, Test A042

Figure 3.11: Rotor Disk Flapping Angles, Test A042

3.1.3 Airplane Mode

Results in airplane mode at sea level are shown from Figure 3.12 to 3.16.
Figure 3.12 shows that the angle of attack has an error of ' 1◦, decreasing as the
speed increases. Instead, the longitudinal stick has an offset. The stick can move
in the range (-4.8;4.8); therefore, the percentage error is less than 5%.

Figure 3.13 and 3.14 show that aerodynamic and rotor loads have still an offset.
In airplane mode, the lift is mostly generated by the wing. In the ZHAW-

Polito model, the wing generates more lift than the gross weight. Therefore, the
rotor generates a down-force.

Flap angles and collective pitch, Figure 3.15 and 3.16, have still an offset com-
pared to GTRS results. Due to the differences in the rotor model between ZHAW-
Polito Model and GTRS, the β1C and β1s signs has been changed compared to
this in Ref. [23]. The root collective pitch is underestimated, like in airplane and
conversion mode.
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Figure 3.12: Angle of Attack and Longitudinal Stick, Test A105

Figure 3.13: Rotor and Aerodynamic X Force, Test A105
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Figure 3.14: Rotor and Aerodynamic Z Force, Test A105

Figure 3.15: Rotor Disk Flapping Angles, Test A105

Figure 3.16: Root Collective Pitch, Test A105
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3.1.4 General Considerations

A great effort during the activity was made to solve the problems in aeroplane
mode results, especially the fact that the wing generates more lift than the gross
weight. Although the changes in the angle of attack calculation at the horizontal
stabilizer, explained in Section 2.3.1, nothing was solved. Indeed, changing the
angle of attack at the horizontal stabilizer results in a change in the longitudi-
nal stick but not in the loads.

Explaining a reason for this phenomena is not simple: the trim procedure
is iterative, and therefore, it is not possible to say, each example, whether the
angle of attack brings an overestimation of loads or vice-versa5. Apart from an
error in the transcription of results in Ref. [23] for this configuration, another
possibility is that there are more trim points, and the ZHAW-Polito model misses
some constraints. The last option, which comes from results in Figure 3.3, is that
the ZHAW-Polito model has greater precision in transforming body axes’ gross
weight.

3.2 comparison with flight test data
The second part of the validation involved some flight test data in airplane mode,
always provided by Ref. [23].

Figure 3.17: Flight Test Data Example, Ref. [23]

Data is available in graphs as Figure 3.17, so Plot Digitizer was used in order to
read the points. Trim conditions, instead, are reported in tables. From the flight
test, only some quantities were reported: the longitudinal command, the elevator
command, the pitch attitude and the corrected power. Hence, the comparison
was possible only for those.

Since data was read with Plot Digitizer, it is possible a certain error in the
reading, and during the comparison, it is necessary to take this into account.
Moreover, plots are created with an old technique, as the report was written in
1989, and some errors in the axis proportions may occur.

5 The same consideration is valid also for helicopter and conversion mode.
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Airplane mode

The trim conditions for the aeroplane mode’s flight test are summed up in Ta-
ble 3.2. Airspeed is not reported, but it is possible to see them in the figures’
x-axis, like Figure 3.17. This time, speeds are calibrated, so there is no correction
due to compressibility or altitude, unlike the TAS.

Table 3.2: Trim Conditions for Flight Test Data in Airplane Mode

Flight Test Gross Weight c.g. for iN = 90◦ Altitude
[lb] [in] [ f t]

129B 13219 299.3 8402

132A 13219 299.3 12033

132B 13219 299.3 17070

157A 13934 299.6 9879

157B 13934 299.6 20149

158A 13934 299.6 14879

196C1 13997 300.0 9533

196C2 13997 300.0 13810

197A 13997 300.0 18786

Test 129A, 132A and 132B are part of a test group made with the XV-15 Ship
Number (S/N) 703 in Ref. [23], and they were located in NASA Arc.. The others
are part of another group made with the XV-15 S/N 702, and they were located in
BHT. It is important to remark this because the model developed at ZHAW fits
the first group, while it has a small offset with the second. One test for the first
group and two for the second group, in order to cover a wide range of speeds,
are reported in this section, while all the graphs are reported in Appendix C.

Figure 3.18: Longitudinal Stick and Elevator Angle, Test 132A
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Figure 3.19: Pitch Angle and Corrected Power, Test 132A

Figure 3.20: Longitudinal Stick and Elevator Angle, Test 157A
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Figure 3.21: Pitch Angle and Corrected Power, Test 157A

Figure 3.22: Longitudinal Stick and Elevator Angle, Test 196C2
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Figure 3.23: Pitch Angle and Corrected Power, Test 196C2

As told before, it is possible to see that data from Test 132A, the first set, are
fitted by the ZHAW-Polito model better than GTRS. Indeed, as admitted in Ref.
[23], the GTRS model fits better test from S/N 702, while it does not fit as well test
from S/N 703.

The ZHAW-Polito model has an offset for test 157A and 196C2, and the rea-
sons may be several6:

• some small differences in the aircraft configuration between the two sets of
data;

• a problem in the lecture of data with plot digitizer;

• differences in flap position, which is not specified;

• a problem with the graphs’ scale, which brings a wrong lecture.

The last point, in particular, seems reasonable. In fact, comparing, for instance,
the top plot with the bottom plot in Figure 3.18, something does not add up
since, between the longitudinal stick and the elevator, there is just a transmission
ratio. However, the trend is different and, while the elevator angle is matched,
the longitudinal stick is not. The same appears in Figure 3.20. Therefore, it is
possible to think that several problems may have occurred in the extrapolation
and transcription of the data, as admitted for the longitudinal stick of S/N 703

and for which is also provided with a correction7.

6 Excluding left errors in the ZHAW-Polito model.
7 The result is shown in Figure 3.24
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Figure 3.24: Longitudinal Stick of Test 132A with the Correction Provided by Ref. [23]

Certainly, noticeable is that the ZHAW-Polito model gives results close to the
flight test for different altitude, airspeed, gross weight and c.g. positions. Fur-
thermore, results compared to the flight test are better than those compared with
the GTRS model8 in the previous section.
On the other hand, it is difficult to say why the ZHAW-Polito model fits better
one group of data, while the GTRS the other9. Some possible reasons are:

• different rotor model, which can have a great impact on the results as
explained in Ref. [23];

• differences between the ZHAW-Polito and GTRS model;

• a different configuration between XV-15 S/N 702 and S/N 703, which is
assumed to be the same in Ref. [23], but without being sure;

• an error in the reading of data;

• instrumentation errors, which are admitted for the longitudinal stick of
XV-15 S/N 703 tests;

• the sensibility to longitudinal stick position to the downwash factor: a
difference of 0.5 deg of downwash can bring a difference of ±2% in the
stick position.

To sum up, it is possible to evaluate the model implemented at ZHAW. How-
ever, it is not possible to quantify the exact error due to the many unknown
variables present and ”some confusion10 in flight test data”.

8 Especially the Power, which was strongly underestimated.
9 It is interesting to report that.

10 Ref. [23] report these exact words.
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Helicopter Mode

Flight test data is also provided for one helicopter condition, Table 3.3.

Table 3.3: Trim Conditions from Flight Test Data in Helicopter Mode

Flight Test Gross Weight SLCG iN Altitude
Number [lb] [in] [deg] [ f t]

159C 13400 299.7 85 -

Data for flaps and altitude are not specified, so there is uncertainty in the
results. This is a possible explanation of the difference with the flight tests since,
especially the altitude, may change the power results.

As it happens for the airplane mode, Ref. [23] provides some useful informa-
tion about flight test in helicopter mode:

• since the XV-15 is a proof of concept tilt-rotor and not a helicopter, there is
a shortage of data in this mode, while lots are available in airplane mode
because it is the biggest fraction of the flight time;

• the helicopter mode is where the conversion begins or ends and, due to
this, it is a critical evaluation task;

• except for the previous results for iN = 85◦, data in helicopter mode are
confusing.

For these reasons, these evaluation data should be taken with caution11.

Figure 3.25: Longitudinal Stick and Elevator Angle, Test 159C

11 Extract from Ref. [23].
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Figure 3.26: Pitch Angle and Corrected Power, Test 159C

3.3 other validation data
Some longitudinal pitch data are provided from Ref. [22] for different nacelle
incidences and both the GTRS model and Flight Tests. Conditions are shown
in the legend of the figure, but no information was supplied for the c.g., the
altitude and the gross weight, hence they were set in this way:

Table 3.4: Trim Conditions Set for the Map

SLCG Gross Weight Altitude

300 in 13 000 lb 0 ft

Analyzing Figure 3.27, ZHAW-Polito Model shows more accurate than the
GTRS model, compared to flight tests, in all conditions except helicopter mode.
Reasons may be several: some correction in the aerodynamic part explained in
the previous chapter and a more detailed rotor model.

In helicopter mode, data seems to fit worse: actually, for the same conditions,
flight tests report more than one trim point. It is reasonable that some diffi-
culties12 occurred while obtaining data, and hence, it is not easy to assess the
models’ accuracy.

Lastly, comparing Figure 3.27 with Figure 2.11 shows that the change in the
horizontal stabilizer’s lift angle of attack allows a better matching in the data.

This map is significant since it covers a wide range of conditions, showing the
ZHAW-Polito model’s goodness and reliability.

12 The same was explained in the previous section.
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Figure 3.27: Longitudinal Stick Map
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3.4 comparison of eigenvalues
The last part of the validation consisted of the comparison of eigenvalues. In Ref.
[19], there are some results in helicopter mode, while in Ref. [20], there are both
values for the model developed by Celi and from flight test data.

As explained in the previous section, with the trimac.m routine is possible
to find an equilibrium point without knowing whether it is stable, unstable or
neutral.

Another routine is necessary to aim at the last point, and it is called linac.m.
It operates by giving some commands to the aircraft exiting the equilibrium
condition found with the trim and linearising its answer. In output, there are the
poles, which eigenvalues describe the trim point’s dynamic stability.

There is an eigenvalue for every state of the trimac.m routine, but just the nine
of the flight mechanics will be compared. To obtain these, it is necessary to
condense all the states, except Euler’s angles13, longitudinal and angular veloc-
ities14 and the aircraft position15, with the already implemented function scond.
Given these, it is necessary to delete ψ, x and y to obtain nine states, with the
already implemented function sdel.

The conditions for the comparison are shown in Table 3.5.

Table 3.5: Conditions for Eigenvalues Comparison

Nacelle Incidence Airspeed
[deg] [kts]

90 Hover

No data about c.g., gross weight and flap angles were provided in the ref-
erences, and therefore, they are set arbitrary: SLCG = 300 in, GW = 13 000 lb,
while flaps are set to 75 deg.

Results in hover are summarized in Table 3.6.

Table 3.6: Eigenvalues Comparison in Hover

ZHAW-POLITO Padfield Celi Flight Test

0.17689± 0.43916i 0.1471± 0.4208i 0.1483± 0.4616i 0.2681± 0.5132i
0.11224± 0.31085i 0.1356± 0i 0.0579± 0.2321i 0.1868± 0.4061i
−0.006085 + 0i 0.0064± 0.3120i −0.0033 + 0i 0 + 0i
−0.14976 + 0i 0 + 0i 0 + 0i
−0.18447 + 0i −0.681 + 0i −0.1312 + 0i −0.102 + 0i
−0.53662 + 0i −0.7904 + 0i −0.7892 + 0i −1.23 + 0i
−0.61257 + 0i −1.1426 + 0i −1.1861 + 0i −1.32 + 0i

13 φ, θ and ψ
14 U, V, W, p, q and r
15 h, x and y
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The table shows that there are two complex conjugate couples of unstable
poles. For the first complex couple, the imaginary part matches for mathematical
models, while a difference of ' 10% is present in the real part. Instead, the
Padfield model provides a real eigenvalue for the second couple, while Celi has
real and imaginary parts smaller than ZHAW-Polito ones.

In this case, it is essential to know flaps, c.g. and gross weight. For instance,
with a gross weight of 13 400 lb and SLCG = 299.7 in, eigenvalues are more simi-
lar to Celi’s model. Moreover, also being in ground effect has a great impact.

For these reasons, the comparison should be taken with caution.



4 N E W I M P L E M E N TAT I O N S I N
S I M U L I N K

The last part of the activity carried out in ZHAW by the author was implement-
ing some contributes, which were not yet in the model.

4.1 ground effect
The first contribution developed by the author was the ground effect.

In Ref. [6], the ground effect’s contribution is calculated in a flow chart to-
gether with the inflow model. However, this was not usable since the rotor’s
inflow model was changed from the one presented in the reference and the
ground effect model was not adaptable.

In fact, the rotor dynamic inflow was modelled according to the formulation
introduced by Pitt and Peters1, and it is presented in a previous work carried
out in ZHAW, Ref. [9].

For this reason, it was necessary to search for a new way to implement the
ground effect, despite the shortage of data available in literature. Many papers
deal with the ground effect, but the majority presents Bennet’s theory, which was
thought for helicopters, while nothing was found for the tilt-rotor. Moreover, no
modifications of Pitt and Peters inflow model In Ground Effect (IGE) are available
in literature.

Therefore, to implement the ground effect, Bennet’s theory was used, but some
considerations and modifications were necessary to suit the tilt-rotor.

4.1.1 The Physical Problem

The ground effect problem was explained by Leishman in Ref. [27].
It is present when there is the ground or a boundary that constrains the rotor

wake development. The hover case has to be divided from the forward flight
near the ground since its physic is different.

Hovering Near the Ground

Consider a rotor hovering near the ground: the ground must be a streamline
to the flow, and therefore, the rotor slipstream tends rapidly to expand as it ap-
proaches the surface. This phenomenon is shown in Figure 4.1, and it alters the

1 Ref. [25], and [26].

77
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slipstream velocity, the induced velocity in the plane of the rotor and, therefore,
rotor power and rotor thrust.

Figure 4.1: Behaviour of a Hovering Rotor’s Wake, Ref. [27]

Even though the problem has long been recognized, it is still not fully under-
stood, and the only theory which seems to respect flight test data is the one
developed by Bennet with the method of images. The theory relates the thrust
IGE and Out of Ground Effect (OGE) with a function which depends on the rotor
radius R, the distance between the rotor and the ground z, the advance ratio µ

and the inflow λ: [
TIGE

TOGE

]
P=COST

=
1

1− ( R
4z)

2

1+
(

µ
λi

)2

(4.1)

In hover, the expression is simply a function of the ratio between R and z, since
µ = 0: [

TIGE

TOGE

]
P=COST

=
1

1−
( R

4z
)2 (4.2)

Figure 4.2 shows that Bennet’s equation fits really good the flight test data for a
ratio z/R > 0.5.

Furthermore, the ground effect can be seen as an increase of thrust for constant
power. For a ratio z/R > 2, its contribution is negligible.

Since for a constant power λIGECTIGE = λOGECTOGE , Equation 4.1 also relates
the inflow IGE and OGE. This consideration is important for implementing the
ground effect in Simulink.

Forward Flight Near the Ground

The effects of ground effect during a forward flight are also important, even
though weaker than in hover. Moreover, the physics of the flow is much more
complicated. Figure 4.3 shows the rotor wake configurations in a forward flight,
depending on the speed.
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Figure 4.2: Comparison between Flight Test Data and Bennet’s Equation, Ref. [27]

Figure 4.3: Flow’s Behaviour for a Rotor in Forward Flight Near the Ground, Ref. [27]

A flow recirculation region is formed upstream of the rotor near the ground,
at low forward speeds, Figure 4.3 subfigure b. This phenomenon has negligible
effects on performance, but it can be dangerous if small objects in the ground
can hit the rotor. For higher forward speeds, the recirculation develops into a
small vortical flow region between the ground and the helicopter and around
the leading edge of the rotor, Figure 4.3 subfigure c. These results are confirmed
in both wind-tunnel tests and flight operations. When speed is sufficiently high,
the phenomenon disappears, Figure 4.3 subfigure d, since the wake goes down-
stream of the rotor. Ground effect is usually considered negligible for an advance
ratio greater than 0.1 or V∞ > 2VH. Equation 4.1 already takes into account the
forward-moving by considering the rotor wake angle with the ratio between µ

and λ.
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Similar information for the forward-moving near the ground can be found in
a paper published by NASA and wrote in Ames Research Center, Ref. [28]. The
problem is not studied in detail as in Figure 4.3, but it is clearly explained that
as the forward speed increases, the rotor’s wake is rapidly swept rearward and,
as a result, the effect of the ground is rapidly reduced.

Equation 4.1 was also used to modify Patt and Peters inflow model in joint
work between Delft and National Aerospace Laboratory of Netherlands, Ref.
[29].

Considering the tilt-rotor, Ref. [6] explains that the ground effect is negligible
in helicopter mode if the forward speed is greater than 40 ft s−1.

4.1.2 Differences between Helicopter and Tilt-Rotor

When the ground effect’s problem was clear, some considerations were necessary
before implementing it since Bennet’s equation was thought for a helicopter and
not for a tilt-rotor. Therefore, differences between the two aircraft had to be
clarified in order to understand whether Equation 4.1 was suitable or not for the
XV-15 tilt-rotor:

• the helicopter has one main rotor, while the tilt-rotor two: this was not a
big issue since it was possible to implement the equation for both the rotors.
Apart from the distance between the rotor and the ground, no other lengths
nor information for the position of the rotor are considered in Equation 4.1,
and therefore, it was assumed that the butt line and station line position
are negligible;

• the helicopter is a rotor aircraft, while the tilt-rotor is a rotor-wing aircraft.
Therefore, the influence of the wing has to be considered;

• the helicopter and the tilt-rotor have a difference in the disk load2 at equal
thrust: helicopter’s rotor radius is greater, and therefore, the disk load is
smaller;

• the helicopter’s rotor cannot tilt, while the tilt-rotor nacelles can. Therefore,
the contribution of the nacelle incidence has to be added.

Furthermore, Bennet’s equation considers the power constant, and hence, there
is another approximation.

It was complicated to find articles that write about these problems in literature,
and therefore, the author had to make do with the limited, available data.

Bennet and Cheeseman provide some important information about their equa-
tion in Ref. [30], which was not proper for the tilt-rotor, but it helped in the work.

Disk Load

They estimated the effect of blade loading3 coefficient on the ground effect at a
given forward speed or altitude, at constant power. They show that for a wide

2 It is the ratio between the rotor load and the rotor area.
3 It is proportional to the disk load.
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range of blade loading coefficient, the ground effect does not change consider-
ably for different altitudes, Figure 4.4a, and advance ratios, Figure 4.4b.

(a) Ground Effect with Blade Loading at a
Given Height

(b) Ground Effect with Blade Loading at a
Given Speed

Figure 4.4: Ground Effect with Blade Loading in Different Flight Conditions, Ref. [30]

The same results were also obtained for a quad-rotor in Ref. [31], Figure 4.5.

Figure 4.5: Ground Effect at Different Disk Load for a Quad tilt-rotor, Ref. [31]

Therefore, it is reasonable to think that Equation 4.1 can be used for the tilt-
rotor without further correction due to disk load.

Wing-Rotor Combination

The wing area affects the ground effect in two ways:

• the wing is a constraint similar to the ground, and therefore, it creates itself
a contribution to ground effect, with the difference that is closer to the rotor
than the ground, Figure 4.6;
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Figure 4.6: Partial Ground Effect Due to the Wing, Ref. [32]

• if there is some recirculation of the inflow under the wing, it can create a
certain upward force.

In Ref. [30], Bennet and Cheeseman present some experimental results for
wing’s interference. They are shown in Figure 4.7.

Figure 4.7: Ground Effect for a Wing-Rotor Combination, Ref. [30]

It is shown that until the ratio between the wing area and the rotor area is
smaller than 0.157, the wing’s interference is negligible. For greater ratios, fur-
ther correction is necessary. Studying the XV-15 tilt-rotor, it is possible to calcu-
late the requested ratio. Indeed, the rotor radius is known, and the area can be
calculated with the circle’s area formula:

R = 12.5 ft (4.3)

A = πR2 = 490.63 ft2 (4.4)
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The wing area which interests the rotor can be overestimated by considering
a rectangle with dimensions the wing chord and the rotor radius:

cW = 5.225 ft (4.5)

S = cW · R = 65.31 ft2 (4.6)

Therefore, the ratio is:

S
A

= 0.133 < 0.157 (4.7)

In conclusion, since the ratio is also overestimated, Equation 4.1 does not need
further corrections for the wing’s interference.

Nacelle Angle Effect

The last difference is the possibility of tilting nacelles. No papers were found in
literature about this contribution. However, it was not difficult to arrange Equa-
tion 4.1 since the ratio between µ and λ takes into account the rotor wake’s angle.
Therefore, to consider nacelle incidence, it is possible to divide the inflow’s con-
tribution into two components dependent on βM, as shown in Figure 4.8. The
inflow’s component, which is on the same axis of the advance ratio, can be
summed to it.

Figure 4.8: Ground Effect with Nacelle Angle

Given this, the ground effect equation that considers the effect of the nacelle
angle is the following:[

TIGE

TOGE

]
P=COST

=
1

1− ( R
4z)

2

1+
(

µ+λi sin βM
λi cos βM

)2

(4.8)

Considering the inflow, the same equation becomes:[
λOGE

λIGE

]
P=COST

=
1

1− ( R
4z)

2

1+
(

µ+λi sin βM
λi cos βM

)2

(4.9)
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4.1.3 Implementation

Finally, it was possible to implement Equation 4.9 in the Simulink model. The
last point was to decide where to calculate the ground effect. The author made
several attempts to aim this, and it turned out that the best solution was to put
it downstream the inflow calculation.

The model calculates a coefficient called KGE, which is the ratio between the
inflow in Equation 4.9, where z = WLSP −WLCG + hm − hmGND is the distance
between the rotors and the ground. It is calculated as the difference between
the water line of shaft-pivot and the water line of c.g.. To this contribute, it is
summed the difference between the aircraft’s4 altitude hm and ground’s altitude
hmGND . Then, the ground effect coefficient multiplies the three states5 of the
inflow.

The same ground effect model is implemented in Simulink for both left and
right rotor as told in the previous section. It is shown in Figure 4.9.

Figure 4.9: Ground Effect Model in Simulink

Ground Effect Results

By calculating the trim point in different flight conditions, it is possible to notice
that the behaviour is the one expected:

• KGE ↓ when the TAS ↑, and at 40 kts KGE ' 1, as expected in Ref. [6];

• KGE ↓ when hM ↑;

• KGE ↓ when βM ↑.

In Figure 4.10 , it is possible to compare trim points IGE and OGE with flight
conditions of test A003, specified in Table 3.1.

4 It is measured from the aircraft c.g..
5 ZHAW-Polito model has the inflow model proposed by Pitt and Peters, which has three states.
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Figure 4.10: Rotor Thrust IGE and OGE

The plot shows that the ground effect is negligible for an airspeed greater than
40 kts. Comparing the rotor thrust reduction in hover and at sea level of the tilt-
rotor with the maximum expected for a helicopter in Figure 4.2, it is possible to
notice that it is smaller: the reason is simple since the rotor radius of a tilt-rotor
is smaller than a helicopter’s one, therefore, for a tilt-rotor the ratio z/R is higher,
resulting in a reduction of ground effect coefficient.

Lastly, the ground effect also impacts the analysis of the eigenvalues. For
instance, let’s consider a hover condition: a summary of eigenvalues is shown in
Table 4.1.

Table 4.1: Eigenvalues Comparison in Hover and IGE

ZHAW-POLITO IGE Padfield Celi Flight Test

0.17571± 0.43174i 0.1471± 0.4208i 0.1483± 0.4616i 0.2681± 0.5132i
0.08483± 0.28437i 0.1356± 0i 0.0579± 0.2321i 0.1868± 0.4061i
−0.097783± 0.67609i 0.0064± 0.3120i −0.0033 + 0i 0 + 0i

0 + 0i 0 + 0i
−0.13659 + 0i −0.681 + 0i −0.1312 + 0i −0.102 + 0i
−0.5611 + 0i −0.7904 + 0i −0.7892 + 0i −1.23 + 0i
−0.60038 + 0i −1.1426 + 0i −1.1861 + 0i −1.32 + 0i

This confirms the consideration made in Section 3.4: to compare the eigenval-
ues is important to know if they are calculated IGE or OGE.
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4.2 side-by-side effect
Another effect that was not considered in the model is the side-by-side: it is the
mutual interference between the two rotors, which results in an additional term
to the inflow.

This time GTRS model was helpful since it provides an expression for the addi-
tional induced velocity due to side-by-side in Ref. [6] that was suitable also for
Pitt and Peters inflow model:

∆ViSS = XSS
ΩRCT

2B2µ
(4.10)

∆ViSS is the extra-induced velocity term added to the induced velocity. It
depends on rotor radius R, the rotational speed of the rotors Ω, the thrust coeffi-
cient CT, the advance ratio µ, and the blade tip loss factor B. All the expression
is multiplied for the mutual induction coefficient XSS, which depends on the
advance ratio, and it is provided in a table from Ref. [6].

Implementing this expression in Simulink, it turned out that the model went
into an algebraic loop due to the thrust coefficient’s presence. To solve this, it is
possible to add both rotors’ thrust coefficient to the states’ matrix, but this was
not changed for lack of time.

Another possibility is supplied from a NASA paper in Ref. [33], which use
a constant coefficient of ' 0.98 that divides the induced velocity. The model
seemed too simple since the coefficient is constant for all flight conditions and
depends only on the ratio6 b/(2R). Moreover, comparing hover cases between
this solution and the GTRS model, it turned out that they give different results.
Therefore, it was decided not to implement it.

It was not possible to found other data in literature. Even Ref. [33] confirms
this lack since the mutual effect of the rotors is a problem that is not studied
enough, being typical only for the tilt-rotor.

4.3 landing gear drag
The landing gear model was already implemented in the ZHAW-Polito simula-
tor. It is a homemade model, and therefore, it is different from the one provided
in Ref. [6]. This model allows the calculation of both main and nose gear’s com-
pression due to the touch with the ground, but the drag was not implemented
yet.

To aim this, one from the landing gear drag models provided in Ref. [6] was
used by the author. Indeed, it suggests two ways to calculate the drag:

• VAX Version: it considers the drag coefficient as a function of the landing
gear’s extension (0% if it is retracted, 100% if extended). The percentage
main and nose gear extension is a function of the present computer frame

6 b is the wing-span, while 2R is the rotor diameter.
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time t, computer cycle time ∆t and total time for the landing gear to extend
TDN or retract TUP;

• Sigma 8 Version: it considers the drag coefficient as a function of the cycle
time of extension and retraction, but it provides different drag coefficients
for the two cases.

Considering that the position of the gear has to be decided a priori since trim
points are static, and that with the simulator is possible to command the exten-
sion of the gear in realtime and that it can manage by itself time, the decision
was to use the VAX version, which does not need distinction whether the landing
gear is in extension or retraction.

4.3.1 Dynamic Pressure

The first quantity that is calculated is the dynamic pressure, which is the same
as the fuselage model:

qF = qLG =
1
2

ρV2
T (4.11)

4.3.2 Landing Gear Drag in Wind Axes

When the dynamic pressure is known, it is possible to calculate the drag for both
main and nose:

DMG = qLG (D0MG + DP0D) (4.12)
DNG = qLGD0NG (4.13)

Where D0MG is the main gear’s drag coefficient, and D0NG is the nose’s drag
coefficient. They both depend on gear extension, as shown in Table 4.2.

Table 4.2: Landing Gear Drag Coefficient

Gear Extension Nose Gear Drag Main Gear Drag
[%] [ f t2] [ f t2]

0 0 0
10 0.28 1.04
20 0.48 1.38
30 0.5 1.5
40 0.62 1.9
50 0.74 2.26
60 0.82 2.54
70 0.9 2.76
80 0.96 2.92
90 1.0 2.98

100 1.0 3.0
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DP0D is the drag coefficient due to the main gear pod, which is different from
zero even if the gear is retracted. All coefficients are dimensional, and they are
provided in [ f t2] since they come from the wind-tunnel.

Given the drag in wind axes, it is possible to transform it in body axes with
the rotation matrix for forces in Equation 2.5, where αLG = αF and βLG = βF.
Then, it is possible to calculate the moments generated by the forces: the arms
are calculated following conventions in Section 2.1.4. Complete equations are
provided in Appendix A.

4.4 jet thrust
The author’s last addition was the jet thrust, so the additional thrust due to
the engines’ jet. A model is supplied in Ref. [6]. However, the rotor model is
different, and Ferguson’s model was not compatible. Therefore, it was necessary
to rearrange it.

4.4.1 Jet Thrust in Wind Axes

The jet thrust, from Ref. [6], can be calculated as:

JTK = KJT1 + KJT2HPENGXEK (4.14)

Where K = L, R whether it is the left or right engine.
KJT1 is a jet thrust coefficient, function of the total velocity, supplied from the

model as a table7. KJT2 is another jet thrust coefficient with similar character-
istics compared to the first. The main difference is in the dimensions: the first
one is on [lb], while the second on [lb/SHP]. Lastly, XEK is a flag that considers
whether the engine is working or not: when XEK = 1, the engine is on, while
when XEK = 0, it is off.

Table 4.3: Jet Thrust Coefficients

VT KJT1 KJT2
[kts] [lb] [lb/SHP]

0 16 0.084
100 −17 0.063
200 −57 0.045
300 −100 0.030

The two engines are treated separately for generality.
The difference with Ferguson’s model was the calculation of HPENG. It uses
a flow-chart to obtain it, but it was necessary to change the calculations since
the models were different. Hence, as power was used a table, that provides the

7 Both coefficients are shown in Table 4.3.
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power in output as a function of the throttle (collective cycle θ0). The table has
data both for XV-15 S/N 703 and S/N 702, but the first set was implemented in
the model since they are more conservative. Data is shown in Table 4.4.

Table 4.4: Jet Thrust Horse Power

XTHK RSHP S/N 703 RSHP S/N 702

[deg] [SHP] [SHP]

42 105 127
45 120 140
50 160 183
55 235 263
60 320 355
65 430 473
70 560 613
75 718 783
80 890 968
85 1070 1160
90 1250 1355
95 1390 1505

100 1520 1645
105 1622 1755

4.4.2 Jet Thrust in Body Axes

The jet thrust previously calculated is in wind axes. Therefore, it has to be
transformed into body axes. To aim this, it is necessary to use the mast angle βM
and the lateral mast tilt φM. This last contribute is not considered by Ferguson.
However, it was added in the ZHAW-Polito model for further precision, which
can be important, especially if one engine is off or in a maneuver or lateral flight.

The transformations for right and left engines are different for the force along
Y ad they are presented in the following equations:

XJTR = JTR sin βM (4.15)
YJTR = JTR sin φM (4.16)

ZJTR = −JTR cos βM cos φM (4.17)
XJTL = JTL sin βM (4.18)

YJTL = −JTL sin φM (4.19)
ZJTL = −JTL cos βM cos φM (4.20)

In order to find the rotation matrix used in these equations, it is possible to refer
to Figure 4.11.
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(a) Jet Thrust in the Longitudinal Plane (b) Jet Thrust in the Lateral-Directional Plane

Figure 4.11: Jet Thrust Transformation from Wind into Body Axes

Rotations due to βM generate the following matrix8:

[RβM ] =

sin βM 0 0
0 1 0
0 0 − cos βM

 (4.21)

Rotations due to φM generate the following matrix for the right9 engine:

[RφM ] =

1 0 0
0 sin φM 0
0 0 cos φM

 (4.22)

By multiplying these matrices, it comes out the complete rotation matrix for the
right engine10:

[RJTR] = [RβM ] · [RφM ] =

sin βM 0 0
0 sin φM 0
0 0 − cos βM cos φM

 (4.23)

Given the forces in body axes, it is possible to calculate the moments due to
jet thrust. Complete equations are provided in Appendix A.

8 The minus in cos βM is necessary since Z− Body is positive downward.
9 For the left rotor, the second row, which describes the rotation along Y, is changed of sign since

the tilt is in the opposite direction.
10 Like for [RφM ], the second row is changed of sign for the left engine



5 S I M U L AT I O N S A N D R E S U LT S

At the end of the validation process, it was important to assess whether the
modifications, previously explained, also improved the flight simulation of the
XV-15. To aim this, some proves were conducted at the ReDSim simulator of the
ZAV Centre for Aviation of ZHAW with the pilot Davide Guscetti. This activity
took place on 17th November 2020.

5.1 general considerations
Before starting with the tests, it is important to point some critical issues:

• the pilot involved in the activity is not a test pilot. He has ever had any
real experience piloting tilt-rotor aircraft. However, he has already tried
the XV-15 at the ReDSim in some previous Master Thesis works at ZHAW
ad he had some time to try the tilt-rotor before starting with the tests;

• the ReDSim cockpit is not thought for a tilt-rotor. Therefore, the visual and
reference points are not optimized for this aircraft. As it will be explained
later, this brought some issues during the tests;

• the number of tests was heavily conditioned by the limited availability of
the pilots and the ReDSim due to the current sanitary emergency.

There was a co-operation between the pilot and the author during the tests. The
first was asked to give feedback during the tests to acquire them and point out
the updated simulation model’s weaknesses and strengths. This information is
collected in flight test cards, which are provided in Appendix D. At the end of
any test, the pilot had to assess the level of handling-qualities of the simulated
aircraft with the Cooper-Harper rating scale, designed by NASA in Ref. [34] and
shown in Figure 5.1.

Besides, during the simulation, it is possible to obtain the data for various
quantities (commands, rotors, aerodynamics), which are useful for assessing
whether the feedback and the pilot’s feeling were correct or not and to analyze
the issues that may occur during the tests.

5.2 pilot-in-the-loop tests
The tests were made both in helicopter mode and in conversion mode. Tests in
helicopter mode were taken from Ref. [35], and the choice fell on:

91
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Figure 5.1: Cooper-Harper Rating Scale, Ref. [35]

• Pirouette

• Vertical Maneuver

• Depart/Abort

These tests were chosen because they were usually used to assess the improve-
ment of the XV-15 tilt-rotor simulator in the previous master thesis works. There-
fore, it could be possible for the pilot to compare these tests with the previous
ones to have a more accurate overview.

Ref. [35] does not supply tests for the conversion and no information about the
right way to do it was found in literature. Hence, the pilot made the conversion
trying to stay inside of the conversion corridor of the XV-15 tilt-rotor, which is
shown in Figure 5.2.

Before starting with the tests, the pilot had some time to familiarize himself
with the aircraft: during this time, he gave some feedback, and at first, it seemed
that the tilt-rotor was much more stable in yaw and hover. The fact that yaw sta-
bility was better gave some important information about the vertical stabilizer’s
modifications, suggesting their correctness. Moreover, the pilot said that a few
months before, the aircraft was stable like that just with SCAS-ON.
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Figure 5.2: Conversion Corridor for XV-15 Tilt-Rotor, Ref. [36]

5.2.1 Helicopter Mode

As told in the previous section, the first part of the tests was made in helicopter
mode and tasks were taken from Ref. [35].

For each test, the reference provides some standards, which aim is to suggest
whether the aircraft succeeded or not in a particular attempt. Standards are di-
vided into Good Visual Condition (GVE) and Degraded Visual Condition (DVE).
Generally, GVE means clear daylight with good cueing and unaided vision. In
contrast, DVE means a night with some illumination level (moon and overcast)
while using the actual mission equipment vision aid. Since the cockpit is not
optimized for the tilt-rotor, the DVE data will be used to evaluate the perfor-
mance. Both GVE and DVE standards are then divided into desired and adequate
performance. Therefore, the aim is to respect DVE standards for the desired
performance.

Every test was tried more than once for several reasons:

• the pilot did need some trial to learn the maneuver involved and to learn
reference points;

• it is possible than one attempt is not good for a human mistake;

• to have as many feedback as possible.

PIROUETTE

The first test was the Pirouette, which preparation is shown in Figure 5.3.
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(a) ADS-33 Description (b) ReDSim Implementation

Figure 5.3: Pirouette Task Preparation

Task Description

The maneuver has to start from a stabilized hover over a point on the circum-
ference of a 100 ft radius circle and at a hovering altitude of approximately 10 ft.
The pilot shall accomplish a lateral translation around the circle, keeping the
rotor-craft’s nose pointed at the centre of the circle and the circle’s circumference
under a selected reference point on the rotor-craft. The lateral ground-speed has
to be maintained essentially constant during the lateral translation. The maneu-
ver shall finish with a stabilized hover over the starting point.

Task Standards

They are shown in Table 5.1.

Table 5.1: DVE Performance Standards for the Pirouette, Ref. [35]

Performance Request Desired Adequate

Maintain a selected reference point on the rotor-craft
within ±X f t of the circumference of the circle

10 15

Maintain altitude within ±X f t 4 10
Maintain heading so that the nose of the rotor-craft
points at the center of the circle within ±X deg

10 15

Complete the circle and arrive back over the starting
point within [sec]

60 75

Achieve a stabilized hover (within desired hover ref-
erence point) within X seconds after returning to the
starting point

10 20

Maintain the stabilized hover for X [sec] 5 5

Task Results

The best attempt results are shown in figures from Figure 5.4 to Figure 5.6.
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Figure 5.4: Height and Position During Pirouette

Figure 5.5: Heading and Lateral Velocity During Pirouette
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Figure 5.6: 3D Position During Pirouette

Figure 5.6 shows the 3D position of the aircraft during the pirouette. In Fig-
ure 5.4, there is the detail of the position in the xy-plane and the height. The pilot
followed almost perfectly the external circumference and respected the height
limitations. Due to very bad reference points from the cockpit, the pilot could
not use a height of 10 ft as suggested from ADS-33 since cones were hidden.
Therefore, he needed to stay higher to have a better reference. The same reason
also explains the difficulty of following a circumference of 100 ft since the pilot
should have stayed above the cones, following them on the side. However, due
to the bad reference, he could not see them, and he had to stay back to have a
better one.

In Figure 5.5, it is possible to see that the pilot could respect the heading limi-
tations. In fact, he noticed that yaw was really better. Moreover, the pilot could
keep an almost constant lateral speed during the maneuver1, and he respected
the limit time of 60 s, being able to complete the task in 48 s. Lastly, he stabilized
the aircraft in hover almost immediately when the maneuver was finished.

Other Attempts and Pilot Considerations

During the simulation, the pilot tried the maneuver several times, both in the
clockwise and anticlockwise direction. Not all the attempts were good: at the
beginning, he had to gain confidence with the maneuver and with reference
points, but he noticed that the aircraft was more controllable, and for this rea-
son, he could move slower during the maneuver. He had much more difficulties
during clockwise attempts since he had to move on the opposite side from his lo-
cation, and he could not follow the cones. Given that the maneuver was success-
ful anticlockwise, there is no other reason for the clockwise maneuver’s failure,
apart from the bad references. Following the Cooper-Harper Rating Scale, the
final evaluation was 3, which corresponds to the handling-qualities first-level.
All the flight test cards are provided in Appendix D.

1 Except for the begin and the end of the maneuver.
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VERTICAL MANEUVER

The second task tried during the simulations was the vertical maneuver. The
preparation suggested by Ref. [35] is shown in Figure 5.7.

Figure 5.7: Vertical Maneuver Task Preparation

Task Description

The pilot shall initiate a vertical ascent of 25 ft from a stabilized hover at an
altitude of 15 ft. When the ascent is complete, the pilot should stabilize the
aircraft for 2 seconds. Then he should descend back to the initial hover position.

Task Standards

They are shown in Table 5.2. Unlike the pirouette, there is also a further differ-
ence in the standards, which depends on the aircraft category. The table refers
to a scout/attack aircraft.

Table 5.2: DVE Performance Standards for the Vertical Maneuver, Ref. [35]

Performance Request Desired Adequate

Maintain the longitudinal and lateral position within
±X f t of a point on the ground

10 20

Maintain start/finish altitude within ±X f t 3 6
Maintain heading within ±X deg 3 6
Complete the maneuver within [sec] 13 18

Task Results

Results of the best attempt are shown in Figure 5.8 and 5.9.
Figure 5.8 shows that the pilot was able to respect limitations in the longitudi-

nal and lateral position, while Figure 5.9 also shows that the heading was within
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Figure 5.8: Aircraft Position During Vertical Maneuver

Figure 5.9: Aircraft Height and Heading During Vertical Maneuver
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the limits. The height was respected both during the hover and at the maximum
altitude. The peak’s hover lasted slightly longer than 2 s, but it was perfectly at
40 ft since the pilot had a good reference point. The maneuver lasted ' 14 s, but
actually, it was shorter since both at the beginning and the end, it is at a constant
altitude. The pilot was able to stabilize in a hover at the end of the task. In
conclusion, the pilot succeeded in this task.

Other Attempts and Pilot Considerations

The pilot tried the maneuver four times since it was easy and the aircraft was
well controllable, especially in yaw. Furthermore, the pilot was able to identify
the best attempt. He evaluated 2 in the Cooper-Harper rating scale, which cor-
responds to the handling-qualities first level. Complete flight test cards are
provided in Appendix D.

DEPART/ABORT

The last maneuver tried in helicopter mode was the depart/abort. The prepara-
tion suggested from Ref. [35] is shown in Figure 5.10.

Figure 5.10: Depart/Abort Task Preparation

Task Description

The maneuver should start from a stabilized hover at 35 ft wheel height and 800 ft
from the intended endpoint. The pilot shall initiate a longitudinal acceleration
to perform a normal departure and shall abort the departure and decelerate to a
hover after reaching a ground-speed of 40/50 kts. At the manoeuvre’s termina-
tion, the cockpit shall be within 20 ft of the intended endpoint. It is not allowed
to overshoot the intended endpoint and move back. The maneuver is not com-
plete until it is within 20 ft of the intended endpoint, even if the aircraft stops
shorter. The acceleration and deceleration phases shall be accomplished in a sin-
gle smooth maneuver, and the maneuver is complete when the pilot is able to
maintain a stable hover.
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Task Standards

They are shown in Table 5.3.

Table 5.3: DVE Performance Standards for the Depart/Abort, Ref. [35]

Performance Request Desired Adequate

Maintain lateral track within ±X f t of a point on the
ground

10 20

Maintain radar altitude below [ f t] 50 75
Maintain heading within ±X deg 10 15
Time to complete maneuver [sec] 25 30

Task Results

Results of the best attempt are shown in Figure 5.11 and 5.12.
Figure 5.12 shows that both height and heading limitations were respected

during the maneuver, unlike the lateral track shown in Figure 5.11. In fact,
the pilot complained about the lack of reference points during the maneuver.
Therefore, he had many difficulties in respecting the lateral track. The results
show that his sensation was right. The maneuver was completed within 25 s,
and Figure 5.11 shows that the deceleration started when the speed was about
50 kts. The maneuver was longer than 800 ft due to bad reference points.

Figure 5.11: Aircraft Position During Depart/Abort
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Figure 5.12: Aircraft Heading and Height During Depart/Abort

Other Attempts and Pilot Considerations

The pilot tried the maneuver several times, complaining about very bad refer-
ence points, which did not allow good attempts. Moreover, he also had to con-
trol the height using the radar, which distracted him from following the track.
However, he noticed a great improvement in the aircraft’s stability and control-
lability during the maneuver since the last time: his final comments were ”it
flights very well” and ”this maneuver can be done really well”. The final eval-
uation following the Cooper-Harper rating scale was 2, which is another time
in the handling-qualities first-level. Complete flight test cards are provided in Ap-
pendix D.

5.2.2 Conversion Mode

After accomplishing the helicopter mode task, the following step was the con-
version attempt.
As told in the previous section, there were no reports in literature about the
correct procedure for the conversion. Therefore, the pilot tried it with the con-
version corridor as the only constraint.

During the helicopter mode flight, the pilot noticed that the ascent/descent
ratio was better, and the manoeuvrability at higher speeds was improved.

Furthermore, he noticed some oscillation in pitch when an airspeed of' 70 kts
is reached, as shown in Figure 5.13, but the aircraft was still maneuverable.
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Figure 5.13: Pitch and Power with CAS

This seems to be caused by the problem reported in Ref. [23]: ”In several
of these cases, results generally compare quite well at 90 deg nacelle incidence up to a
calibrated airspeed of approximately 75 kts. At this airspeed, a strange thing happens
in that the mathematical model predicts a strong nose-up pitching moment as the power
required also increases dramatically. The XV-15 does not seem to exhibit this trend. At
present, this effect is not totally understood, and further investigation will be conducted
in an attempt to explain this discrepancy. Indeed, it is possible to see in Figure 5.13

that the increase in power is also shown from the ZHAW-Polito model 500 SHP,
which corresponds to ' 30% of the initial value.

In addition, it is important to highlight a pilot’s comment that relates power
and pitch. Indeed, he told that the change of power negatively affects the pitch.
This feeling seems to be confirmed2 in Figure 5.13.

From Helicopter to Airplane Mode

The conversion from helicopter to airplane mode was usually3 successful. An
important role was played by flaps, which needed to be lifted to decrease the
drag.

During the conversion, the pilot noticed that lowering the nacelles generated
a pitching down of the aircraft. Therefore, he needed to correct this behaviour.
Moreover, he explained that the auto-trim was a disturbance during the conver-
sion since flight conditions change rapidly.

Plots for conversion from helicopter to airplane mode are shown from Fig-
ure 5.14 to Figure 5.22. There are shown the following quantities as a function
of the simulation time:

2 Simulation time from 40 s to 80 s and 180 s to 200 s.
3 When it was not, there were some problems by switching on and off the auto-trim.
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• Nacelles Mast Angle: during the conversion from helicopter to airplane
mode, nacelles are lowered, and the mast angle goes from 0◦ to 90◦.

Figure 5.14: Mast Angle and Centre of Gravity in H−→A Conversion

• Centre of Gravity: the station line of the c.g. is a function of the nacelle
angle, indeed lowering or lifting them, their c.g. changes of place and so
does the aircraft centre. It is logical to think that the c.g. advances with
them, but as shown in Figure 5.14, the aircraft c.g. steps back a little just
before ending the conversion. This is not an error, but it is a consequence
of the formulas provided in Ref. [6].

• Conversion Corridor: as already told, the only constraint was to remain
inside the conversion corridor during the maneuver. Figure 5.15 shows that
the conversion was successful from this point of view.

Figure 5.15: Conversion Corridor from Helicopter to Airplane



5.2 pilot-in-the-loop tests 104

• Aircraft Commands During the conversion, the longitudinal stick follows
the mast angle trend to balance the pitching down caused by the nacelles
lowering. The collective is lowered to avoid the raise of power caused by
the increasing speed. Pedal and lateral are almost constant.

• Euler’s Angles In Figure 5.17, it is possible to see that the pitch angle
grows: the pilot noticed that during the conversion, the aircraft tend to
pitch down, and therefore, he corrected this effect. The yaw angle always
tends to grow at the end of the conversion: it is probably due to a coupling
with the collective lowering. The roll angle has a strong oscillation at the
end: this is caused by a suddenly grow in the sideslip angle (indeed also
forces suddenly grow, and the lateral command shows an impulse).

Figure 5.16: Commands in H−→A Conversion

Figure 5.17: Euler’s Angles in H−→A Conversion
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• Right Rotor Forces and Moments The force along X increases because the
speed increases, generating more drag, which need to be balanced. Instead,
the up-force along Z decreases4, since while speed increases, the wing’s
contribution became predominant: the lift is transferred from the rotor to
the wing. This is shown in Figure 5.18 for the right rotor, while the left
rotor’s behaviour is identical since the flight condition is symmetrical.

Figure 5.18: Right Rotor Forces in H−→A Conversion

Figure 5.19: Right Rotor Moments in H−→A Conversion

• Power The requested power, Figure 5.20, is almost constant during the
conversion since the collective was lowered to aim this. During another

4 Note that Z-Body is positive downward, and therefore, the lift generated by the rotor decreases.
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conversion, the pilot did not touch the collective. Therefore, the power
quickly grew with airspeed5.

Figure 5.20: Power in H−→A Conversion

• Aerodynamic Forces and Moments The force along X is almost constant,
while along Z, there is a decrease. The consideration made before for the
rotor is still valid, and the lift is transferred from the rotor to the wing
while the speed increases, yet there is also an effect of the pitch that grows.

Figure 5.21: Aerodynamic Forces in H−→A Conversion

5 The power is proportional to V3.
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Figure 5.22: Aerodynamic Moments in H−→A Conversion

• Flap Angle The flaps are lowered in order to decrease the drag. Actually,
the effect is an increase in Mach Number instead of a decrease in drag, as
shown in Figure 5.23.

Figure 5.23: Flaps and Mach in H−→A Conversion

The evaluation given by the pilot for this conversion was 4/5 following the
Cooper-Harper rating scale. The judgment is affected by the fact that the correct
conversion procedure is unknown. The critical points highlighted by the pilot
were the pitch oscillations and the fact that the aircraft is pitched down in heli-
copter mode due to auto-trim, while he would prefer to have a pitch up before
starting the conversion.
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From Airplane to Helicopter Mode

The conversion from airplane to helicopter was a critical task. The pilot tried
several times before succeeding, but he converted it twice in a row when he
learned the procedure. Some reasons which may have caused the conversion to
fail are:

• flaps kept at 0 deg, while they need to be lowered in order to increase the
drag and decelerate the aircraft;

• the aircraft went out of the conversion corridor;

• ascent ratio which did not decrease. A possible explanation was the errors
left6 in the aerodynamic model, which were corrected successively or are
still in the model;

• the power did not decrease, despite the raising altitude and the fact that
the pilot lowered the collective to the minimum.

Results for a successful conversion are shown from Figure 5.24 to Figure 5.32.
The following quantities are shown:

• Mast Angle It passes from 90 deg to 0 deg: due to this conversion, the
station line of the c.g. grows. This is shown in Figure 5.24.

Figure 5.24: Mast Angle and Centre of Gravity in A−→H Conversion

• Conversion Corridor During the conversion, the pilot tried to follow the
conversion corridor. Since it was not displayed, it was not easy to keep the
aircraft in that range, indeed Figure 5.25 shows that sometimes the aircraft

6 For example, the angle of attack for the wing-pylon was still wrong the day of the simulations,
Equation 2.100.
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was outside. This may be one reason for failing the conversion on some
occasions.

Figure 5.25: Conversion Corridor from Airplane to Helicopter

• Commands The collective is always at the minimum because the power
needs to decrease during the conversion, Figure 5.26. At the end of the
conversion, it was lifted from the pilot. He needed to use the pedal and
lateral to control the aircraft due to the coupling.

Figure 5.26: Commands in A−→H Conversion

• Euler’s Angles At the end of the conversion, the yaw angle increases due
to a coupling with the collective, Figure 5.27. The pilot triggered the pedal
to control the aircraft.
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Figure 5.27: Euler’s Angles in A−→H Conversion

• Rotor Forces and Moments Forces along X and Z have an opposite trend
than the conversion from helicopter to airplane mode. Since the drag de-
creases with the airspeed, the rotor generates less force along X, while it
generates more force along Z as the lift decreases.

Figure 5.28: Right Rotor Forces in A−→H Conversion

• Power The power, after an initial increase, decreases with the altitude, Fig-
ure 5.30. This was one of the critical issues: even though the collective
was at a minimum and the aircraft was climbing, the power sometimes did
not decrease as expected, and this may have failed some conversions. At
the end of the conversion, the power increases because the pilot raised the
collective.
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Figure 5.29: Right Rotor Moments in A−→H Conversion

Figure 5.30: Power in A−→H Conversion

• Aerodynamic Forces and Moments Drag and lift decrease with the air-
speed and, therefore, during the conversion. Due to the pitch change, this
behaviour is not shown in Figure 5.31.

• Flaps During the conversion, just one step of flaps was lifted: the result was
a decreasing in mach number, Figure 5.33. Before starting the conversion,
a flap step was triggered to decrease speed and power.
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Figure 5.31: Aerodynamic Forces in A−→H Conversion

Figure 5.32: Aerodynamic Moments in A−→H Conversion

Figure 5.33: Flaps and Mach in A−→H Conversion



5.2 pilot-in-the-loop tests 113

Let’s analyze a failed conversion from airplane to helicopter mode to under-
stand which may have been the problems. Results are shown from Figure 5.34

to Figure 5.38 and may explain the reason for the failing conversion:

• Figure 5.34 shows the conversion corridor: sometimes, the pilot did not
follow it, and therefore, it is a possible explanation for the increasing power
or rotor X force;

Figure 5.34: Conversion Corridor of a Failed Tilt A−→H

• Figure 5.36 shows that flaps were closed during the conversion and that be-
fore the interruption of the test, the mach number suddenly decreased. In
relation with this, as shown in Figure 5.35, both angle of attack and sideslip
suddenly changed, but it is impossible to establish cause and effect;

Figure 5.35: Angle of Attack and Sideslip of a Failed Conversion A−→H
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Figure 5.36: Flap Angle and Mach Number of a Failed Conversion A−→H

• Figure 5.37 shows that the rotor thrust grows, which seems in contradiction
with the decrease in drag with speed and with Figure 5.28. Moreover, in
Figure 5.38, the power increases, unlike Figure 5.30. The pilot noticed this
last point, and he explained that it was impossible to reduce the power,
although the altitude was growing.

Figure 5.37: Rotor Forces of a Failed Conversion A−→H

At the end of all tests, the pilot evaluated 6/7 following the Cooper-Harper
rating scale. Indeed, it was the most difficult task for him, but the evaluation is
affected by a correct procedure’s unawareness. However, he told that the aircraft
is maneuverable and responds well to commands. The most critical issue for
him is the ascent ratio, which is too high in some situations.
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Figure 5.38: Power of a Failed Conversion A−→H



6 C O N C L U S I O N S

6.1 achievements
The author’s main result was a significant improvement of the XV-15 tilt-rotor
simulation model implemented in ZHAW, which is now more reliable and real-
istic. This is testified by:

• the comparison of trim points with the GTRS model in Section 3.1: in all the
tested conditions presented in Table 3.1, it appears to be an improvement
in results compared to those of the initial model, therefore without the
modifications explained in Chapter 2, when compared to the GTRS data
from Ref. [23];

• the comparison of trim points with several flight test data, both in heli-
copter and airplane mode, in Section 3.2: ZHAW-Polito model reliably
predict the behaviour of the XV-15 Tilt-Rotor, as shown by the comparison
with available flight test results, from Ref. [23]. In addition, the longitu-
dinal stick was compared with both flight test data and GTRS results in
helicopter, conversion and airplane mode. Data was provided from Ref.
[22], while results are shown in Section 3.3 and prove the reliability of the
ZHAW-Polito simulation model;

• several piloted simulations in Chapter 5: it is shown that the aircraft is
well controllable and maneuverable in helicopter mode, as testified with
tasks from Ref. [35], and in airplane mode, as confirmed by pilot feedback.
Moreover, the pilot converted the aircraft from helicopter to airplane mode
and from airplane to helicopter mode several times, despite not knowing
the correct procedure. The handling-qualities were evaluated by the pilot
in all tested conditions with a grade from one to ten by referring to the
Cooper-Harper rating scale, Figure 5.1. All the tasks were evaluated with
a grade which falls in Level 1 (levels range from one to three), which is the
highest level in the Cooper-Harper rating scale, apart from the conversions
which were evaluated with a grade in Level 2, even due to the lack of
a reference procedure. Furthermore, the pilot found the model greatly
improved, particularly in hover and yaw, as he often repeated during the
tests.

These results have been obtained with a complete review of the existing aero-
dynamic model, which is now better comprehended, and with an improvement
of it through the definition of reference systems more appropriate to the model,
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both for the loads and the geometric characteristics of the tilt-rotor, the correc-
tion of the wing-pylon induced aerodynamics with Ref. [13] and of the wake at
the vertical stabilizer, which now takes into account the flight during a maneu-
ver or asymmetrical conditions. Beyond these, other changes or corrections were
implemented in the existing aerodynamic model and are presented in Chapter 2.

Further validation was possible with the trimmed model’s eigenvalues in Sec-
tion 3.4, both with flight test data and other mathematical models, from Ref. [19]
and [20].

Besides the corrections and improvements mentioned above, the author imple-
mented some contributes which were not present in the existing model:

• Ground Effect: the correction proposed by Ref. [6] was not adaptable to
the existing inflow model (from Pitt and Peters formulation) of ZHAW-
Polito. Therefore, Bennet’s ground effect equation, Ref. [27], was used. The
main differences between the tilt-rotor and the helicopter were considered,
and modifications were made to Bennet’s Equation, where necessary. The
ground effect prediction is the one expected in different flight conditions,
and the aircraft was maneuverable during the piloted simulations;

• Jet Thrust: this contribute was added with the model presented in Ref. [6],
but it was necessary to adapt it to the ZHAW-Polito rotor model. Unlike
the GTRS, the contribution of the lateral mast tilt (φM) was added for a
further generalization;

• Landing Gear Drag: the landing gear model was homemade in ZHAW, but
it only considered the compression and extension during take-off and land-
ing. Hence, the drag contribute was added with the equations provided by
Ref. [6].

Despite these achievements, some problems still have to be solved in the model.
When trim points are compared with the GTRS model, there are still offsets for
various quantities and, even if some hypothesis were presented in Section 3.1,
the reason is not clear yet. The side-by-side effect that can be implemented
from Ref. [6] and which modelling has already been done by the author has
to be integrated into the model later. Finally, the conversion during piloted
simulations has to be fully understood in order to have a more reliable evaluation
of the handling-qualities during this task. Moreover, the problem on the climb
rate is not yet solved.

6.2 future developments
The various activities carried out with the thesis’s aim highlighted the necessity
to improve some aspects of the model in future work since they exceed this
scope. These points can represent a good starting for planning the next steps:

• due to the shortage of data available in literature, aerodynamic data could
not be fully validated: to aim this, it is possible to prepare some CFD analy-
sis for a full-scale XV-15 or the main aerodynamic components, hence wing,
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horizontal and vertical stabilizer. In addition, it is possible to validate the
same data with homemade wind-tunnel experiments, both for the entire
aircraft or the main aerodynamic bodies;

• the generalization of some aerodynamic contributes (spinner drag, pylon
lateral drag), in order to divide loads of the two rotors for further precision
during a maneuver and lateral flight;

• the implementation of the left contributes: side-by-side effect, side-ward
flight rotor correction and the rolling moment in ground effect;

• a full evaluation of the handling-qualities of an XV-15 tilt-rotor with piloted
simulations with the existing model. In particular, airplane mode and con-
version mode have to be still evaluated with standardized tasks, like the
ones provided in Ref. [35] in helicopter mode;

• the evaluation of the aircraft dynamics with the extrapolation of the eigen-
values in different flight conditions.



A A E R O DY N A M I C M O D E L E Q U AT I O N S

a.1 fuselage

Fuselage Dynamic Pressure

qF =
1
2

ρV2
T (A.1)

Fuselage Forces in Wind Axes

LF = qF

(
Lα|βF=0 cos2 βF + Lβ + LBF0 + LLANG

)
(A.2)

DF = qF

(
Dα|βF=0 cos2 βF + Dβ + DBF0 + DLANG

)
(A.3)

Y′F = qFYβ (A.4)

Fuselage Moments in Wind Axes

l′F = qFlβ (A.5)

MF = qF

(
Mα|βF=0 cos2 βF + Mβ + MBF0

)
(A.6)

N′F = qFNβ (A.7)

Fuselage Forces in Body Axes
XF
YF
ZF

 =

− cos αF cos βF − cos αF sin βF sin αF
− sin βF cos βF 0

− sin αF cos βF − sin αF sin βF − cos αF


DF
Y′F
LF

 (A.8)

Fuselage Moments in Body Axes
lF

MF
NF

 =

cos αF cos βF − cos αF sin βF − sin αF
sin βF cos βF 0

sin αF cos βF − sin αF sin βF cos αF


l′F

M′F
N′F

 (A.9)

Summation of Fuselage Moments in Body Axes

lF = −YF (WLCG −WLF) + ZF (BLF − BLCG) + lF (A.10)
MF = XF (WLCG −WLF)− ZF (SLCG − SLF) + MF (A.11)
NF = −XF (BLF − BLCG) + YF (SLCG − SLF) + NF (A.12)
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a.2 horizontal stabilizer

Geometric Distances between the c.g. and the Horizontal Stabilizer c.p.

lXH = SLCG − SLH (A.13)
lYH = BLH − BLCG (A.14)

lZH = WLCG −WLH (A.15)
(A.16)

Velocities at the Horizontal Stabilizer

UH = U + UiR|H + q · lZH (A.17)

VH = V + r · lXH − p · lZH (A.18)
WH = W + WiR|H − q · lXH (A.19)

Total Velocity at the Horizontal Stabilizer

VHT =
√

U2
H + W2

H (A.20)

Where:

i f UH < 0.01 =⇒ UH = 0.01

in order to avoid division by zero.

Aerodynamic Angles at the Horizontal Stabilizer

αHD = −iH + arctan
(

WH

UH

)
+ εW/H + (1− Ke)τeδe (A.21)

αHL = −iH + arctan
(

WH

UH

)
+ εW/H, i f MN < 0.2 (A.22)

αHL = −iH + arctan
(

WH

UH

)
+ εW/H + (1− Ke)τeδe, i f MN ≥ 0.2 (A.23)

βH = arctan

 VH√
U2

H + W2
H

 (A.24)

Where:

Algorithm A.1: Ke Calculation
1 if |δe| < 15 then
2 Ke = XKe;
3 else
4 Ke = XKe − DKe

(
|δe|−15

15

)
;
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and where:

εW/H = f (αW , βM, δF, MN)

XKe = f (MN)

Dynamic Pressure

qH =
1
2

ρKHNU

[
(U
√

ηHS + q · lZH)
2 + (W

√
ηHS − q · lXH)

2
]

(A.25)

Where:

Algorithm A.2: ηHS Calculation
1 if (U ≥ 0 ∨ |βH < 90|) then
2 ηHS = 1− (1− ηH)KβHS;
3 else
4 ηHS = 1;

and where:

KβHS = f (βF)

ηH = f (VT, αF, βM)

Angle of Attack at the Horizontal Stabilizer

αH = arctan
(

WH

UH

)
+ εW/H (A.26)

Horizontal Stabilizer Forces and Moments in Wind Axes

LH = qHSH
[
CLH + CLHβ ·min (15, |βH|) cos βM

]
(A.27)

DH = qHSHCDH (A.28)
M′H = qHSHcH (CMH0 + CMHAαHL) (A.29)

Where:

CLH = f (αHL, δe, MN)

CDH = f (αHD, MN)

Horizontal Stabilizer Forces in Body Axes
XH
YH
ZH

 =

− cos αH cos βH − cos αH sin βH sin αH
− sin βH cos βH 0

− sin αH cos βH − sin αH sin βH − cos αH


DH
0

LH

 (A.30)
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Horizontal Stabilizer Moments in Body Axes
lH

MH
NH

 =

cos αH cos βH − cos αH sin βH − sin αH
sin βH cos βH 0

sin αH cos βH − sin αH sin βH cos αH


0

M′H
0

 (A.31)

Summation of Horizontal Stabilizer Moments in Body Axes

lH = −YH (WLCG −WLH) + ZH (BLH − BLCG) + lH (A.32)
MH = XH (WLCG −WLH)− ZH (SLCG − SLH) + MH (A.33)
NH = −XH (BLH − BLCG) + YH (SLCG − SLH) + NH (A.34)

a.3 vertical stabilizer

Geometric Distances between the c.g. and the Vertical Stabilizer c.p.

lXV(j) = SLCG − SLV(j), j = 1, 2 (A.35)
lXV(j) = BLV(j)− BLCG, j = 1, 2 (A.36)

lZV(j) = WLCG −WLV(j), j = 1, 2 (A.37)

Matrix of the Butt Line Coordinates of the Rotor Tips

[T] =
[

BLRTIPe BLRTIPi BLLTIPi BLLTIPe

BLRTIPe BLRTIPi BLLTIPi BLLTIPe

]
(A.38)

Matrix of the Butt Line Coordinates of the Vertical Fins

[B] =
[

BLV1 BLV1 BLV1 BLV1
BLV2 BLV2 BLV2 BLV2

]
(A.39)

Matrix of the Distances between the Fins and the Shaft-Pivot

[S] =
[

lX|RV1 lX|RV1 lX|RV1 lX|RV1
lX|RV2 lX|RV2 lX|RV2 lX|RV2

]
(A.40)

Matrix of the Angles between the Station Line and the Line which Connects Rotor
Tips and Vertical Fins

[γRV ] = arctan
(
[T]− [B]

[S]

)
(A.41)



a.3 vertical stabilizer 123

Calculation of Induced Velocities at Each Fin

Algorithm A.3: Rotor Wake at the Vertical Stabilizer Calculation

1 [γRV ] = [γRV ]
′;

2 for j = 1 : 2 do
3 if βF > γRV(1, j) then
4 UiB|RVwake

(j) = 0;
5 WiB|RVwake

(j) = 0;
6 else
7 if (γRV(3, j) < βF ≤ γRV(2, j)) then
8 UiB|RVwake

(j) = 0;
9 WiB|RVwake

(j) = 0;

10 else
11 if βF < γRV(4, j) then
12 UiB|RVwake

(j) = 0;
13 WiB|RVwake

(j) = 0;

14 else
15 UiB|RVwake

(j) = UiR|V ;
16 WiB|RVwake

(j) = WiR|V ;

Velocities at the Vertical Stabilizer

UV(j) = U + UiB|RVwake
(j) + q · lZV(j)− r · lYV(j), j = 1, 2 (A.42)

VV(j) = V − p · lZV(j) + r · lXV(j), j = 1, 2 (A.43)
WV(j) = W + WB|RVwake

(j) + p · lYV(j)− q · lXV(j), j = 1, 2 (A.44)

Total Velocity at the Vertical Stabilizer

VVT(j) =
√

U2
V + V2

V + W2
V , j = 1, 2 (A.45)

Aerodynamic Angles at the Vertical Stabilizer

i f UV(j) < 35 =⇒ UV(j) = 35sign(UV)

βV(j) =iV(j) + arctan

(
VV(j)√

UV(j)2 + WV(j)2

)
+

−1
2

bW

UV(j)

(
∂σ

∂p
p +

∂σ

∂r
r
)
− lXV(j)

UV(j)
∂σ

∂βF
β̇, j = 1, 2

(A.46)

βVD(j) = βV(j) + Krτrδr, j = 1, 2 (A.47)
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Where:

Algorithm A.4: Kr Calculation
1 if |δr| < 15 then
2 Kr = XKr;
3 else
4 Kr = XKr − DKr

(
|δr |−15

15

)
;

and where:

XKr = f (MN)

∂σ

∂βF
= 1−

(
1− ∂σ

∂βF

)
(

1− ∂σ

∂βF

)
= f (αF, βF, βM, δF)

Dynamic Pressure

qV(j) =
1
2

ρKVNU

{[
U
√

ηVS(j) + q · lZV(j)− r · lYV(j)
]2

+

+

[
V
√

ηVS(j)− p · lZV(j) + r · lXV(j)
]2

+

+

[
W
√

ηVS(j) + p · lYV(j)− q · lXV(j)
]2
} (A.48)

Where:

Algorithm A.5: ηHS Calculation
1 if (U ≥ 0 ∨ |βV < 90|) then
2 ηVS = 1− (1− ηV)KβVS;
3 else
4 ηVS = 1;

and where:

KβVS = f (βF)

ηV = f (VT, αF, βM)

Vertical Stabilizer Aerodynamic Coefficients

CYV(j) =CYV|δr=0(j)
[

Kβr

(
1− ∂σ

∂βF

)]
+

+
[
CYV|δr(j)− CYV|δr=0(j)

]
, MN ≤ 0.2, j = 1, 2

(A.49)
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CYV(j) = CYV|δr=0(j)
[

Kβr

(
1− ∂σ

∂βF

)]
+ aV(j)Krτrδr, MN > 0.2, j = 1, 2

(A.50)

CDV(j) = CDV|δr(j)
[

Kβr

(
1− ∂σ

∂βF

)]
, j = 1, 2 (A.51)

Where:

CYV|δr=0(j) = f (βV(j), δr = 0, MN), j = 1, 2

CYV|δr(j) = f (βV(j), δr, MN), j = 1, 2

CDV|δr(j) = f (βVD(j), MN), j = 1, 2

KβR = f (βF, VT)

Vertical Stabilizer Forces and Moments in Wind Axes

Y′V(j) = −CYV(j)qV(j)SV(j), j = 1, 2 (A.52)
DV(j) = CDV(j)qV(j)SV(j), j = 1, 2 (A.53)

Vertical Stabilizer Forces in Body Axes
XV(j)
YV(j)
ZV(j)

 =

− cos αH cos βV(j) − cos αH sin βV(j) sin αH
− sin βV(j) cos βV(j) 0
−0 · cos βV(j) −0 · sin βV(j) −1


DV(j)
Y′V(j)

0


(A.54)

Summation of Vertical Stabilizer Moments in Body Axes

lV = −Σj [YV(j)lZV(j)] (A.55)

MV = Σj [XV(j)lZV(j)] (A.56)

NV = Σj [YV(j)lXV(j)− XV(j)lYV(j)] (A.57)

a.4 wing-pylon

a.4.1 Induced Aerodynamics

Initialization of Values for the Calculation of the Portion of the Wing Being Affected
by the Rotor Induced Velocity

G = arctan
(

cos φM sin βM

cos βM

)
, [rad] (A.58)

SG = sin G, [ND] (A.59)
CG = cos G, [ND] (A.60)

ZL = lm cos φMCG, [ f t] (A.61)



a.4 wing-pylon 126

Velocities at the Wing

UWK = −U −Wi|RWKSG, [ f t/s] (A.62)

WWK = −W + Wi|RWK cos φMCG, [ f t/s] (A.63)

VWR = V + Wi|RWR sin φMSG, [ f t/s] (A.64)

VWL = V + Wi|RWL sin φMSG, [ f t/s] (A.65)

Wing Geometry Information

ε = SLWTE − SLSP, [ f t] (A.66)

XTEK = −ε− lmSG− UWK

WWK
ZL KRW , [ f t] (A.67)

XLEK = cW + XTEK, [ f t] (A.68)

YTIPK = ZL

tan φM −
VWK√

U2
WK + W2

WK

sign(WWK)

 , [ f t] (A.69)

RWXK = RWK

√(
UWK

WWK
sin φM

)2

+

(
CG− UWK

WWK
SG cos φM

)2

, [ f t] (A.70)

RWYK = RWK

{(
VWK

WWK
SG cos φM − SG sin φM

)2

+

cos φM +
VWK sin φM√
U2

WK + W2
WK

sign (WWK)

2} 1
2

, [ f t]

(A.71)

δK = arctan

( UWK
WWK

sin φM

CG− UWK
WWK

cos φMSG

)
+ arctan

 VWK sin φM

sign (WWK)
√

U2
WK + W2

WK

 , [rad]

(A.72)

FRWK =
RWYK

RWXK
, [ND] (A.73)

SDELK = sin δK, [ND] (A.74)
CDELK = | cos δK|, [ND] (A.75)

Procedure

• if βM > 30◦ the procedure is bypassed and the following variables are set
to zero: XK, YK and SiWK;

• if βM ≤ 30◦ the procedure starts. It is shown from Figure A.1 to Figure A.6.
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Figure A.1: Procedure Part 1

Figure A.2: Procedure Part 2
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Figure A.3: Procedure Part 3

Figure A.4: Procedure Part 4
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Figure A.5: Procedure Part 5

Figure A.6: Procedure Part 6
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When F1 is Called:

F1 = F1(C1K, C2K)

SiWK = SiWK + A1K (A.76)
XAK = XAK + XA1K (A.77)

YAK = YAK + XA1KSDELKFRWK (A.78)

When F2 is Called:

F2 = F2(C1K, C2K)

SiWK = SiWK +
1
2

[
A1K + FRWKSDELK

(
C2

2K − C2
1K

)]
−YTIPK (C2K − C1K) (A.79)

XAK = XAK +
1
2

XA1K +
1
3

FRWKSDELK

(
C3

2K − C3
1K

)
−YTIPK

(
C2

2K − C2
1K

)
(A.80)

YAK =YAK + FRWK

[1
2

XA1KSDELK +
1
6

FRWK

(
S2

DELK − C2
DELK

) (
C3

2K − C3
1K

)
+

+
1
2

(
RWYKRWXKC2

DELK −Y2
TIPK

)
(C2K − C1K)

]
(A.81)

Where:

θC1K = arcsin
(

C1K

RWXK

)
(A.82)

θC2K = arcsin
(

C2K

RWXK

)
(A.83)

A1K = RWXKRWYKCDELK
(
sin θC2K cos θC2K − sin θC1K cos θC1K + θC2K − θC1K

)
(A.84)

XA1K = −2
3

FRWKCDELK

[(
R2

WYK − C2
2K

) 3
2 −

(
R2

WYK − C2
1K

) 3
2
]

(A.85)

Affected Area and Arm of the Induced Forces for the Right Semi-Wing

i f K = R:

SiWR = SiWK (A.86)
XiWR = XR + SLCG − SLWTE − XTER (A.87)
YiWR = −YR − BLCG + BLSP + YTIPR (A.88)

Affected Area and Arm of the Induced Forces for the Left Semi-Wing

i f K = L:
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SiWL = SiWK (A.89)
XiWL = XL + SLCG − SLWTE − XTEL (A.90)
YiWL = YL − BLCG − BLSP −YTIPL (A.91)

Where:

XK =
XAK

SiWK
(A.92)

YK =
YAK

SiWK
(A.93)

Total Velocity, Angle of Attack, Sideslip Angle and Dynamic Pressure

VTiWK =

√(
U + UiB|RWK

)2
+
(

W + WiB|RWK

)2
(A.94)

αiWK = arctan

(
W + WiB|RWK

U + UiB|RWK

)
(A.95)

βiWK = arctan

 V√(
U + UiB|RWK

)2
+
(

W + WiB|RWK

)2

 (A.96)

qiWK =
1
2

ρV2
TiWK (A.97)

Lift and Drag in Wind Axes System

LiWPK = qiWKSiWKCLWPKKFW (A.98)
DiWPK = qiWKSiWKCDWPKKFW (A.99)

Where:

KFW = KFW0 + KFWDFδF (A.100)

CLWPK = f (αiWK, βM, δF, MN)

CDWPK = f (αiWK, βM, δF, MN)

Induced Forces in Body Axes
XiWPK
YiWPK
ZiWPK

 =

− cos αiWK cos βiWK − cos αiWK sin βiWK sin αiWK
− sin βiWK cos βiWK 0

− sin αiWK cos βiWK − sin αiWK sin βiWK − cos αiWK


DiWPK
Y′iWPK
LiWPK


(A.101)
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Moments due to Induced Forces in Body Axes

Notation for forces and arms are similar: when ”WP” appears, they are forces,
when just ”W” appears, they are arms.

liWPK = − (YiWPL + YiWPL) (WLCG −WLWP) + ZiWPRYiWR + ZiWPLYiWL
(A.102)

MiWPK = (XiWPL + XiWPL) (WLCG −WLWP)− ZiWPRXiWR − ZiWPLXiWL
(A.103)

NiWPK = YiWPRXiWR + YiWPLXiWL − XiWPRYiWR − XiWPLYiWL (A.104)

a.4.2 Freestream Aerodynamics

Wing Area for Freestream

SWFS = SW − (SiWL + SiWR) (A.105)

Dynamic Pressure

qWFS =
1
2

ρ
(

U2 + W2
)

(A.106)

Angle of Attack

αWFS = αF − KXRW XRW

 CRFR + CRFL[
max

(
0.15, µR+µL

2

)]2

 (A.107)

Where:

XRW = XRW0 + βM (XRW1 + βMXRW2) (A.108)

Longitudinal Loads in Wind Axes

LWP = qWFSSWFSCLWPFS − qWFSSWCLδa|δa| (A.109)
DWP = qWFSSWFSCDWPFS (A.110)
M′WP = qWFSSWcWCmWP (A.111)

Where:

CLWPFS = f (αWFS, βM, δF, MN)

CDWPFS = f (αWFS, βM, δF, MN)

CLδa = f (δF)

CmWP = f (βM, δF)
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Lateral-Directional Loads in Wind Axes

Y′WP = qWFSSW

[
CYββF +

bW

2U
(
CYp pw + CYrrw

)]
(A.112)

l′WP =qWFSSWbW

[
ClββF +

bW

2U
(
Clp pw + Clrrw

)]
+SWbW

[(
qiWR + qiWL

2

)
(Clδa δa)

] (A.113)

N′WP =qWFSSWbW

[
CnββF +

bW

2U
(
Cnp pw + Cnrrw

)]
+SWbW

[(
qiWR + qiWL

2

)
(Cnδa δa)

] (A.114)

Where:

• CYβ = CβCYβ|MN=0

• CYp = CβCLWPFS

(
CYp

CLWP
|MN=0

)
ARW Bc+cos ΛW

ARW+cos ΛW

• CYr = CβCYr|MN=0

• Clβ = CβClβ|CLWP=MN=0 + CLWPFS

(
Clβ

CLWP
|MN=0

)
,

where:

Clβ|CLWP=MN=0 = f (δF, βF, βM)

Clβ

CLWP
|MN=0 = f (δF, βF, βM)

and (outputs must be in radiant since Clβ is in [rad−1]. Hence equations
are multiplied for π/180)

Algorithm A.6: ClββF Calculation

1 if 0 < |βF| ≤ 15◦ then
2 ClββF = ClββF

π
180 ;

3 else
4 if 15◦ < |βF| < 165◦ then
5 ClββF = 15Clβsign(βF)

π
180 ;

6 else
7 if 165◦ ≤ |βF| < 180◦ then
8 ClββF =

[
15Clβ − Clβ (βF − 165◦)

]
sign(βF)

π
180 ;

• Clp = CβClp|CLWP=MN=0

 ∂CLWPFS
∂αWFS(

∂CLWPFS
∂αWFS

)
|CLWP=0

− 1
8

(
CDWPFS −

C2
LWPFS

πARW

)
, where(

∂CLWPFS
∂αWFS

)
|CLWP=0 = f (MN, βF, βM)
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• Clr = CLWPFS

(
Clr

CLWP
|MN=0

)
1+ARW(1−BC)

2

2BC(ARW BC+2) +
∆Clr

∂αWFS
∂δF

δF

∂αWFS
∂δF

δF

• Clδa = Klδa Clδa |
δF=0◦
αWFS<8◦ , where Klδa = f (δF, βM, αWFS)

• Cnβ = CβCnβ|CLWP=MN=0 + C2
LWPFS

(
Cnβ

C2
LWPFS

|MN=0

)
• Cnp = ClpαWFS

(
Knp − 1

)
+ KnpCβBCCLWPFS

Cnp
CLWP
|MN=0

• Cnr =
Cnr

C2
LWP

C2
LWPFS

+ Cnr
CD0WP

CD0WP|CLWP=0,

where CD0WP|CLWP=0 = f (δF, βM, MN)

• Cnδa = Kn0δa +Knδa Clδa CLWPFS , where Kn0δa = f (δF, βM) and Knδa = f (δF, βM).

Some variables of the previous equations are used to take into account com-
pressibility effects:

BC =
√

1−M2
N cos2 ΛW (A.115)

ARW =
b2

w
SW

(A.116)

Cβ =
ARW + 4 cos ΛW

ARW BC + 4 cos ΛW
(A.117)

Freestream Forces in Body Axes
XWP
YWP
ZWP

 =

− cos αWFS cos βWFS − cos αWFS sin βWFS sin αWFS
− sin βWFS cos βWFS 0

− sin αWFS cos βWFS − sin αWFS sin βWFS − cos αWFS


DWP
Y′WP
LWP


(A.118)

Freestream Moments in Body Axes
lWP

MWP
NWP

 =

cos αWFS cos βWFS − cos αWFS sin βWFS − sin αWFS
sin βWFS cos βWFS 0

sin αWFS cos βWFS − sin αWFS sin βWFS cos αWFS


l′WP

M′WP
N′WP


(A.119)

Total Freestream moments in Body Axes

lWP = −YWP (WLCG −WLWP) + ZWP (BLSP − BLCG) + lWP (A.120)
MWP = XWP (WLCG −WLWP)− ZWP (SLCG − SLWP) + MWP (A.121)

NWP = YWP (SLCG − SLWP)− XWP (BLSP − BLCG) + NWP (A.122)
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a.4.3 Wing Wake Deflection at the Horizontal Tail

εW/H = εW/HOGE

 1√
1−M2

N

 (A.123)

Where:

εW/HOGE = f (αWFS, βM, δF)

a.4.4 Wing-Pylon Interference Drag

Wing-Pylon Interference Drag in Wind Axes

DPYLN = DPYINT

(
qiWL + qiWR

2

)
(A.124)

Where:

DPYINT = f (βM)

Wing-Pylon Interference Drag in Body Axes
XiPYL
YiPYL
ZiPYL

 =

− cos αiWAV cos βiWAV − cos αiWAV sin βiWAV sin αiWAV
− sin βiWAV cos βiWAV 0

− sin αiWAV cos βiWAV − sin αiWAV sin βiWAV − cos αiWAV


DPYINT

0
0


(A.125)

Where:

αiWAV =
αiWR + αiWL

2
(A.126)

βiWAV =
βiWR + βiWL

2
(A.127)

Moments due to Wing-Pylon Interference Drag

liPYL = −YiPYL (WLCG −WLSP) + ZiPYL (BLSP − BLCG) (A.128)
MiPYL = XiPYL (WLCG −WLSP)− ZiPYL (SLCG − SLSP) (A.129)
NiPYL = −XiPYL (BLSP − BLCG) + YiPYL (SLCG − SLSP) (A.130)

a.4.5 Spinner Drag

Average Induced Velocity in Body Axes

UiSP =

(
WiL + WiR

2

)
sin βM (A.131)

WiSP = −
(

WiL + WiR

2

)
cos βM (A.132)
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Total Velocity and Dynamic Pressure in Mast Axes System

UMSP = U cos βM + W sin βM (A.133)

WMSP = −
(

WiL + WiR

2

)
−U sin βM + W cos βM (A.134)

VTSP =
√

U2
MSP + V2 + W2

MSP (A.135)

qSP =
1
2

ρV2
TSP (A.136)

Spinner/Pylon Angle of Attack in Mast Axes

αSPN = arctan


√

U2
MSP + V2

|WMSP|

 (A.137)

Spinner Drag in Wind Axes

SD = 2qsp

[
(SD/q)βM=90◦ + (SD/q) sin3 αSPN

]
(A.138)

Angles of Attack and Sideslip for Transformation into Body Axes

αSP = arctan
(

W + WiSP

U + UiSP

)
, [rad] (A.139)

βSP = arctan

 V√
(U + UiSP)

2 + (W + WiSP)
2

 , [rad] (A.140)

Where:

U + UiSP = min (0.15, U + UiSP)

Spinner Drag in Body Axes
XSD
YSD
ZSD

 =

− cos αSP cos βSP − cos αSP sin βSP sin αSP
− sin βSP cos βSP 0

− sin αSP cos βSP − sin αSP sin βSP − cos αSP


SD
0
0

 (A.141)

Moments due to Spinner Drag

lSD = −YSD (WLCG −WLSP − lm cos βM) (A.142)

MSD =XSD (WLCG −WLSP − lm cos βM) +

−ZSD (SLCG − SLSP + lm sin βM)
(A.143)

NSD = YSD (SLCG − SLSP + lm sin βM) (A.144)
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a.4.6 Pylon Drag

Pylon Drag in Wind Axes

DPLAT = 2qPLATSPLATKPLAT (A.145)

Where:

SPLAT = SPYL

∣∣∣∣∣∣ V√
U2

MSP + V2

∣∣∣∣∣∣ (A.146)

KPLAT = f (αPYL)

αPYL = αSPN

qPLAT = qSP

Angles of Attack and Sideslip For Transformation into Body Axes

αPLAT = αSP (A.147)
βPLAT = βSP (A.148)

Pylon Drag in Body Axes
XPLAT
YPLAT
ZPLAT

 =

− cos αPLAT cos βPLAT − cos αPLAT sin βPLAT sin αPLAT
− sin βPLAT cos βPLAT 0

− sin αPLAT cos βPLAT − sin αPLAT sin βPLAT − cos αPLAT


DPLAT

0
0


(A.149)

Moments due to Pylon Drag

lPLAT = −YPLAT (WLCG −WLSP) (A.150)
MPLAT = XPLAT (WLCG −WLSP)− ZPLAT (SLCG − SLSP) (A.151)

NPLAT = YPLAT (SLCG − SLSP) (A.152)

a.5 landing gear

Dynamic Pressure

qLG =
1
2

ρV2
T (A.153)

Angles for Transformation between Wind and Body Axes

αMG = αNG = αF (A.154)
βMG = βNG = βF (A.155)



a.6 jet thrust 138

Landing Gear Drag in Wind Axes

DMG = qLG (D0MG + DP0D) (A.156)
DNG = qLGD0NG (A.157)

Landing Gear Drag in Body Axes Due to the Main
XMG
YMG
ZMG

 =

− cos αF cos βF − cos αF sin βF sin αF
− sin βF cos βF 0

− sin αF cos βF − sin αF sin βF − cos αF


DMG

0
0

 (A.158)

Landing Gear Drag in Body Axes Due to the Nose
XNG
YNG
ZNG

 =

− cos αF cos βF − cos αF sin βF sin αF
− sin βF cos βF 0

− sin αF cos βF − sin αF sin βF − cos αF


DNG

0
0

 (A.159)

Landing Gear Moments Due to the Main

lMG = −YMG (WLCG −WLMG) (A.160)
MMG = XMG (WLCG −WLMG)− ZMG (SLCG − SLMG) (A.161)

NMG = YMG (SLCG − SLMG) (A.162)

Landing Gear Moments Due to the Nose

lNG = −YNG (WLCG −WLNG) (A.163)
MNG = XNG (WLCG −WLNG)− ZNG (SLCG − SLNG) (A.164)

NNG = YNG (SLCG − SLNG) (A.165)

a.6 jet thrust

Jet Thrust in Wind Axes

JTK = KJT1 + KJT2HPENGXEK (A.166)

Jet Thrust in Body Axes

XJTR = JTR sin βM (A.167)
YJTR = JTR sin φM (A.168)

ZJTR = −JTR cos βM cos φM (A.169)
XJTL = JTL sin βM (A.170)

YJTL = −JTL sin φM (A.171)
ZJTL = −JTL cos βM cos φM (A.172)
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Moments Due to Jet Thrust

lJT =ZJTR (BLSP − BLCG) + ZJTL (−BLSP − BLCG) +

− (YJTR + YJTL) (WLCG −WLSP)
(A.173)

MJT = (XJTR + XJTL) (WLCG −WLSP) +

− (ZJTR + ZJTL) (SLCG − SLSP)
(A.174)

NJT = −XJTR (BLSP − BLCG)− XJTL (−BLSP − BLCG) +

+ (YJTR + YJTL) (SLCG − SLSP)
(A.175)



B A E R O DY N A M I C TA B L E S

b.1 fuselage

Figure B.1: Fuselage Lα: Lα → [ f t2], αF → [deg]

140
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Figure B.2: Fuselage Dα: Dα → [ f t2], αF → [deg]

Figure B.3: Fuselage Mα: Mα → [ f t3], αF → [deg]
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Figure B.4: Fuselage Lβ: Lβ → [ f t2], βF → [deg]
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Figure B.5: Fuselage Dβ: Dβ → [ f t2], βF → [deg]

Figure B.6: Fuselage Mβ: Mβ → [ f t3], βF → [deg]
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Figure B.7: Fuselage lβ: lβ → [ f t3], βF → [deg]

Figure B.8: Fuselage Nβ: Nβ → [ f t3], βF → [deg]

Figure B.9: Fuselage Yβ: Yβ → [ f t2], βF → [deg]
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b.2 horizontal stabilizer

Figure B.10: XKe= f (MN): XKe → [ND], MN → [ND]

Figure B.11: KβHS= f (βF): KβHS → [ND], βF → [deg]

(a) αF for ηH

(b) ηH for βM = 0 deg

(c) ηH for βM = 15 deg

(d) ηH for βM = 30 deg

(e) ηH for βM = 60 deg

(f ) ηH for βM = 90 deg

Figure B.12: ηH = f (αF, VT, βM): ηH → [ND], VT → [kts], βM → [deg]. Each column
is referred to a certain αF. Rows depend on VT: from the first to the last
row of each sub-table VT = 0, 20, 40, 60, 80,> 100 kts. For βM > 30 deg, ηH

for VT < 100 kts is not defined, since they are flight conditions out of the
conversion corridor, therefore the single row is referred for VT > 100 kts.



b.2 horizontal stabilizer 146

(a) αHL for CLH , elements along rows

(b) δe for CLH , elements along columns

(c) CLH for MN = 0.4,
−40 < αHL < 40 deg,
δe = 0 deg

(d) CLH for MN = 0.5,
−20 < αHL < 20 deg,
δe = 0 deg

(e) CLH for MN = 0.6,
−20 < αHL < 20 deg,
δe = 0 deg
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(a) CLH for MN = 0− 0.2

Figure B.14: CLH = f (αHL, δe, MN): CLH → [ND], αHL → [deg], δe → [deg], MN →
[ND]



b.2 horizontal stabilizer 148

(a) αHD for CDH

(b) CDH for MN = 0− 0.2

(c) CDH for MN = 0.4, −16 deg < αHD < 16 deg

(d) CDH for MN = 0.5, −12 deg < αHD < 12 deg

(e) CDH for MN = 0.6, −8 deg < αHD < 8 deg

Figure B.15: CDH = f (αHD, MN): CDH → [ND], αHD → [deg], MN → [ND]
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b.3 vertical stabilizer
XKr and ηV are shared with the Horizontal Stabilizer, where they are called XKe
and ηH.

(a) αF for sidewash, along rows

(b) βF for sidewash, along columns

(c) Sidewash factor for βM = 0 deg

(d) Sidewash factor for βM = 30 deg

(e) Sidewash factor for βM = 60 deg

(f ) Sidewash factor for βM = 90 deg

Figure B.16: Sidewash Factor for XFL = 0/0.
(

1− ∂σ
∂βF

)
= f (αF, |βF|, βM, XFL):(

1− ∂σ
∂βF

)
→ [ND], αF → [deg], βF → [deg], βM → [deg]
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(a) αF for sidewash, along rows

(b) βF for sidewash, along columns

(c) Sidewash factor for βM = 0 deg

(d) Sidewash factor for βM = 30 deg

(e) Sidewash factor for βM = 60 deg

(f ) Sidewash factor for βM = 90 deg

Figure B.17: Sidewash Factor for XFL = 20/12.5.
(

1− ∂σ
∂βF

)
= f (αF, |βF|, βM, XFL):(

1− ∂σ
∂βF

)
→ [ND], αF → [deg], βF → [deg], βM → [deg]
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(a) αF for sidewash, along rows

(b) βF for sidewash, along columns

(c) Sidewash factor for βM = 0 deg

(d) Sidewash factor for βM = 30 deg

(e) Sidewash factor for βM = 60 deg

(f ) Sidewash factor for βM = 90 deg

Figure B.18: Sidewash Factor for XFL = 40/25.
(

1− ∂σ
∂βF

)
= f (αF, |βF|, βM, XFL):(

1− ∂σ
∂βF

)
→ [ND], αF → [deg], βF → [deg], βM → [deg]
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(a) αF for sidewash, along rows

(b) βF for sidewash, along columns

(c) Sidewash factor for βM = 0 deg

(d) Sidewash factor for βM = 30 deg

(e) Sidewash factor for βM = 60 deg

(f ) Sidewash factor for βM = 90 deg

Figure B.19: Sidewash Factor for XFL = 75/47.
(

1− ∂σ
∂βF

)
= f (αF, |βF|, βM, XFL):(

1− ∂σ
∂βF

)
→ [ND], αF → [deg], βF → [deg], βM → [deg]

(a) VT for KβR, along rows

(b) βF for KβR, along columns

(c) KβR

Figure B.20: KβR = f (βF, VT): KβR → [ND], βF → [deg], VT → [kts]
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(a) βV for CYV

(b) CYV for δr = −20 deg and MN = 0− 0.2

(c) CYV for δr = −15 deg and MN = 0− 0.2

(d) CYV for δr = 0 deg and MN = 0− 0.2

(e) CYV for δr = 15 deg and MN = 0− 0.2

(f ) CYV for δr = 20 deg and MN = 0− 0.2

(g) CYV for δr = 0 deg, MN = 0.4, −40 deg < βV < 40 deg

(h) CYV for δr = 0 deg, MN = 0.5, −20 deg < βV < 20 deg

(i) CYV for δr = 0 deg, MN = 0.6, −20 deg < βV < 20 deg

Figure B.21: CYV = f (βV , δr, MN): CYV → [ND], βV → [deg], δr → [deg], MN →
[ND]
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(a) βVD for CDV

(b) CDV for MN = 0− 0.2

(c) CDV for MN = 0.4, −16 deg < βV < 16 deg

(d) CYV for MN = 0.5, −12 deg < βV < 12 deg

(e) CYV for MN = 0.6, −12 deg < βV < 12 deg

Figure B.22: CDV = f (βVD, MN): CYV → [ND], βVD → [deg], MN → [ND]
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b.4 wing-pylon

(a) α for CLWP

(b) Flaps for CLWP

(c) CLWP for βM = 0 deg (d) CLWP for βM = 90 deg,
−90 deg < α < 40 deg

Figure B.23: CLWP for MN = 0− 0.2. CLWP = f (α, βM, δF, MN): CLWP → [ND], α →
[deg], βM → [deg], MN → [ND]
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(a) CLWP for MN = 0.4, −20 deg < α < 20 deg

(b) CLWP for MN = 0.5, −16 deg < α < 16 deg

(c) CLWP for MN = 0.6, −16 deg < α < 16 deg

Figure B.24: CLWP for MN 6= 0. For these coefficients, flaps are set to zero since at
high speeds opening the flaps generates drag. Data for βM = 0 deg is not
provided in this case since, in helicopter mode, the tilt-rotor cannot reach
MN = 0.4.

(a) CDWP for MN = 0.4, −24 deg < α < 24 deg

(b) CDWP for MN = 0.5, −20 deg < α < 20 deg

(c) CDWP for MN = 0.6, −16 deg < α < 16 deg

Figure B.25: CDWP for MN 6= 0. For these coefficients, flaps are set to zero since at
high speeds opening the flaps generates drag. Data for βM = 0 deg is not
provided in this case since, in helicopter mode, the tilt-rotor cannot reach
MN = 0.4.
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(a) α for CDWP

(b) Flaps for CDWP

(c) CDWP for βM = 0 deg (d) CDWP for βM = 90 deg,
−90 deg < α < 40 deg

Figure B.26: CDWP for MN = 0 − 0.2. CDWP = f (α, βM, δF, MN): CDWP → [ND],
α → [deg], βM → [deg], MN → [ND]
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(a) βM for CmWP

(b) Flaps for CmWP

(c) CmWP

Figure B.27: CmWP = f (βM, δF): CmWP → [ND], βM → [deg]

(a) α for εW/H

(b) Flaps for εW/H

(c) Downwash factor for βM = 0 deg

(d) Downwash factor for βM = 15 deg

(e) Downwash factor for βM = 30 deg

(f ) Downwash factor for βM = 60 deg

(g) Downwash factor for βM = 90 deg

Figure B.28: εW/H = f (βM, δF, α): εW/H → [deg], βM → [deg], α → [deg]

(a) Flaps for CLδa

(b) CLδa

Figure B.29: CLδa = f (δF): CLδa → [deg−1]
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(a) Flaps for
∂CLWPFS

∂αWFS
|CLWP=0

(b) MN for
∂CLWPFS

∂αWFS
|CLWP=0

(c) βM for
∂CLWPFS

∂αWFS
|CLWP=0

(d) ∂CLWPFS
∂αWFS

|CLWP=0 for MN = 0, Flaps
along columns, βM along rows

(e) ∂CLWPFS
∂αWFS

|CLWP=0 for βM = 90 deg,
δF = 0 deg, MN along columns

Figure B.30: ∂CLWPFS
∂αWFS

|CLWP=0 = f (βM, δF, MN):
∂CLWPFS

∂αWFS
|CLWP=0 → [ND], βM → [deg],

δF → [deg], MN → [ND]

(a) Flaps for
Clβ

CLWP
|MN=0

(b) βM for
Clβ

CLWP
|MN=0

(c) Clβ
CLWP

|MN=0: βM along columns, while the first row is referred to δF = 0 deg and the

second row to δF 6= 0 deg

Figure B.31: Clβ
CLWP
|MN=0 = f (βM, δF):

Clβ
CLWP
|MN=0 → [rad−1], βM → [deg], δF → [deg]

(a) Flaps for Clβ|CLWP=MN=0

(b) βM for Clβ|CLWP=MN=0

(c) Clβ|CLWP=MN=0: βM along columns, while the first row is referred to δF = 0 deg and
the second row to δF 6= 0 deg

Figure B.32: Clβ|CLWP=MN=0 = f (βM, δF): Clβ|CLWP=MN=0 → [rad−1], βM → [deg],
δF → [deg]
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(a) βM for Klδa , along columns

(b) Flaps for Klδa , along rows

(c) Klδa for αWFS = 0 deg (d) Klδa for αWFS = 8 deg (e) Klδa for αWFS = 25 deg

Figure B.33: Klδa = f (βM, αWFS, δF): Klδa → [ND], βM → [deg], αWFS → [deg],
δF → [deg]

(a) βM for Knδa , along columns

(b) Flaps for Knδa , along rows

(c) Knδa

Figure B.34: Knδa = f (βM, δF): Knδa → [ND], βM → [deg], δF → [deg]

(a) βM for Kn0δa , along
columns

(b) Flaps for Kn0δa , along rows

(c) Kn0δa

Figure B.35: Kn0δa = f (βM, δF): Kn0δa → [deg−1], βM → [deg], δF → [deg]
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(a) Flaps for CD0WP |CLWP=0

(b) MN for CD0WP |CLWP=0

(c) βM for CD0WP |CLWP=0

(d) CD0WP |CLWP=0 for MN = 0, Flaps along columns, βM along rows

(e) CD0WP |CLWP=0 for βM = 90 deg, δF = 0 deg, MN along
columns

Figure B.36: CD0WP |CLWP=0 = f (βM, δF, MN): CD0WP |CLWP=0 → [ND], βM → [deg],
δF → [deg], MN → [ND]

(a) βM for DPYNT

(b) DPYNT

Figure B.37: DPYNT = f (βM): DPYNT → [ f t2], βM → [deg]

(a) αPYL for KPLAT

(b) KPLAT

Figure B.38: KPLAT = f (αPYL): KPLAT → [ND], αPYL → [deg]
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c.1 gtrs data

c.1.1 Conversion Mode

(a) Angle of Attack and Longitudinal Stick (b) Rotor and Aerodynamic X Force

(c) Rotor and Aerodynamic Z Force (d) Rotor Disk Flapping Angles

(e) Root Collective Pitch

Figure C.1: Test A024
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(a) Angle of Attack and Longitudinal Stick (b) Rotor and Aerodynamic X Force

(c) Rotor and Aerodynamic Z Force (d) Rotor Disk Flapping Angles

(e) Root Collective Pitch

Figure C.2: Test A057
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c.1.2 Airplane Mode

(a) Angle of Attack and Longitudinal Stick (b) Rotor and Aerodynamic X Force

(c) Rotor and Aerodynamic Z Force (d) Rotor Disk Flapping Angles

(e) Root Collective Pitch

Figure C.3: Test A072
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(a) Angle of Attack and Longitudinal Stick (b) Rotor and Aerodynamic X Force

(c) Rotor and Aerodynamic Z Force (d) Rotor Disk Flapping Angles

(e) Root Collective Pitch

Figure C.4: Test A087
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(a) Angle of Attack and Longitudinal Stick (b) Rotor and Aerodynamic X Force

(c) Rotor and Aerodynamic Z Force (d) Rotor Disk Flapping Angles

(e) Root Collective Pitch

Figure C.5: Test A132
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c.2 flight test

(a) Longitudinal Stick and Elevator Angle (b) Pitch Angle and Corrected Power

Figure C.6: Test 129B

(a) Longitudinal Stick and Elevator Angle (b) Pitch Angle and Corrected Power

Figure C.7: Test 132B

(a) Longitudinal Stick and Elevator Angle (b) Pitch Angle and Corrected Power

Figure C.8: Test 157B
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(a) Longitudinal Stick and Elevator Angle (b) Pitch Angle and Corrected Power

Figure C.9: Test 158A

(a) Longitudinal Stick and Elevator Angle (b) Pitch Angle and Corrected Power

Figure C.10: Test 196C1

(a) Longitudinal Stick and Elevator Angle (b) Pitch Angle and Corrected Power

Figure C.11: Test 197A
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Figure D.1: Flight Test Card 1
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Figure D.2: Flight Test Card 2
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Figure D.3: Flight Test Card 3
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Figure D.4: Flight Test Card 4
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Figure D.5: Flight Test Card 5
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Figure D.6: Flight Test Card 6
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Figure D.7: Flight Test Card 7
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Figure D.8: Flight Test Card 8
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V/STOL Vertical and Short Take-Off Landing . . . . . . . . . . . . . . . . . . 2

VTOL Vertical Take-Off Landing . . . . . . . . . . . . . . . . . . . . . . . . . . 2

L I S T O F A B B R E V I AT I O N S

c.g. Centre of Gravity
c.p. Centre of Pressure
Ref. Reference

183



N O M E N C L AT U R E

(
1− ∂σ

∂βF

)
Vertical Stabilizer Sidewash Factor [ND]

ARW Aspect Ratio [ND]

aV Lift Curve Slope of the Vertical Tail [rad−1]

B Blade Tip Loss Factor [ND]

BC Prandtl-Glauert Compressibility Factor [ND]

BLCG Butt Line of c.g. [in]

BLF Butt Line of the Fuselage c.p. [in]

BLH Butt Line of the Horizontal Stabilizer c.p. [in]

BLLTIPe Butt Line of the External Tip of the Left Rotor [in]

BLLTIPi Butt Line of the Internal Tip of the Left Rotor [in]

BLRTIPe Butt Line of the External Tip of the Right Rotor [in]

BLRTIPi Butt Line of the Internal Tip of the Right Rotor [in]

BLSP Butt Line of the Shaft-Pivot [in]

BLV Butt Line of the Vertical Stabilizer c.p. [in]

BLWP Butt Line of the Wing-Pylon c.p. [in]

bW Wing Span [ f t]

CAS Calibrated Air Speed [kts]

CD0WP|CLWP=0 Aerodynamic Coefficient in the Wing Yawing Moment Equation[rad−1]

CDH Horizontal Stabilizer Drag Coefficient [ND]

CDV Vertical Stabilizer Drag Coefficient [ND]

CDV|δr Vertical Stabilizer Drag Coefficient in Output from the Table [ND]

CDWP Wing-Pylon Drag Coefficient [ND]

cH Horizontal Stabilizer Chord [ f t]

CLH Horizontal Stabilizer Lift Coefficient [ND]

CLHβ Horizontal Stabilizer Lift Coefficient as a Function of Sideslip Angle[deg−1]
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Clp Aerodynamic Angular Coefficient in the Wing Rolling Moment Equation
Due to Pitching [rad−1]

Clp|CLWP=MN=0 Aerodynamic Coefficient in the Wing Rolling Moment Equation[rad−1]

Clr Aerodynamic Angular Coefficient in the Wing Rolling Moment Equation
Due to Rolling [rad−1]

Clr|CLWP=MN=0 Aerodynamic Coefficient in the Wing Rolling Moment Equation[rad−1]

CLWP Wing-Pylon Lift Coefficient [ND]

Clβ Aerodynamic Angular Coefficient in the Wing Rolling Moment Equation
Due to Sideslip [rad−1]

Clβ|CLWP=MN=0 Aerodynamic Coefficient in the Wing Rolling Moment Equation[rad−1](
Clβ

CLWP
|MN=0

)
Aerodynamic Coefficient in the Wing Rolling Moment Equation[rad−1]

CLδa Aerodynamic Coefficient for the Wing Lift Coefficient Reduction Due to
Aileron Deflection [deg−1]

Clδa Aerodynamic Angular Coefficient in the Wing Rolling Moment Equation
Due to Aileron Deflection [deg−1]

Clδa |
δF=0◦
αWFS<8◦ Aerodynamic Coefficient in the Wing Rolling Moment Equation[deg−1]

CMH0 Horizontal Stabilizer Pitching Moment Coefficient at Zero Angle of Attack[ND]

CMHA Horizontal Stabilizer Pitching Moment Coefficient Variation with Angle
of Attack [deg−1]

CmWP Wing-Pylon Pitching Moment Coefficient [ND]

Cnp Aerodynamic Angular Coefficient in the Wing Yawing Moment Equation
Due to Pitching [rad−1](

Cnp
CLWP
|MN=0

)
Aerodynamic Coefficient in the Wing Yawing Moment Equation[rad−1]

Cnr Aerodynamic Angular Coefficient in the Wing Yawing Moment Equation
Due to Rolling [rad−1](

Cnr
CD0WP

)
Aerodynamic Coefficient in the Wing Yawing Moment Equation[rad−1](

Cnr
C2

LWP

)
Aerodynamic Coefficient in the Wing Yawing Moment Equation [rad−1]

Cnβ Aerodynamic Angular Coefficient in the Wing Yawing Moment Equation
Due to Sideslip [rad−1]

Cnβ|CLWP=MN=0 Aerodynamic Coefficient in the Wing Yawing Moment Equation[rad−1]
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(
Cnβ

C2
LWPFS

|MN=0

)
Aerodynamic Coefficient in the Wing Yawing Moment Equation[rad−1]

Cnδa Aerodynamic Angular Coefficient in the Wing Yawing Moment Equation
Due to Aileron Deflection [rad−1]

CRFL Left Rotor Force Coefficient [ND]

CRFR Right Rotor Force Coefficient [ND]

CT Thrust Coefficient [ND]

CTIGE Thrust Coefficient In Ground Effect [ND]

CTOGE Thrust Coefficient Out of Ground Effect [ND]

cW Wing Chord [ f t]

CYp Aerodynamic Angular Coefficient in the Wing Side Force Equation Due
to Rolling [rad−1](

CYp
CLWP
|MN=0

)
Aerodynamic Coefficient in the Wing Side Force Equation [rad−1]

CYr Aerodynamic Angular Coefficient in the Wing Side Force Equation Due
to Yawing [rad−1]

CYr|MN=0 Aerodynamic Coefficient in the Wing Side Force Equation [rad−1]

CYV Vertical Stabilizer Side Force Coefficient [ND]

CYV|δr Vertical Stabilizer Side Force Coefficient in Output from the Table at any
δr [ND]

CYV|δr=0 Vertical Stabilizer Side Force Coefficient in Output from the Table at
δr = 0 [ND]

CYβ Aerodynamic Angular Coefficient in the Wing Side Force Equation Due
to Sideslip [rad−1]

CYβ|MN=0 Aerodynamic Coefficient in the Wing Side Force Equation [rad−1]

Cβ Prandtl-Glauert Compressibility Factor [ND]

DBF0 Fuselage Drag at α = 0◦ and β = 0◦ [ f t2]

DF Aerodynamic Drag on Fuselage (Wind Axis) [lb]

DH Aerodynamic Drag on Horizontal Stabilizer (Wind Axis) [lb]

DiWK Aerodynamic Drag of the Wing Portion Immersed in the Rotor Wake in
Wind Axis, K=R−→Right, K=L−→Left [lb]

DKe Elevator Effectiveness Reduction Factor for Large Elevator Angles [ND]
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DKr Rudder Effectiveness Reduction Factor for Large Elevator Angles [ND]

DLANG Extra Fuselage Drag [ f t2]

DM0G Drag Coefficient of the Main Landing Gear [ f t2]

DMG Aerodynamic Drag on Main Landing Gear [lb]

DN0G Drag Coefficient of the Nose Landing Gear [ f t2]

DNG Aerodynamic Drag on Nose Landing Gear [lb]

DP0D Fuselage Landing Gear Pod Drag [ f t2]

DPLAT Pylon Drag Due to Sideslip [lb]

DPYINT Pylon Interference Drag Coefficient [ f t2]

DPYLN Pylon Interference Drag [lb]

DV Aerodynamic Drag on Vertical Stabilizer (Wind Axis) [lb]

DWP Aerodynamic Drag of the Wing Portion Outside the Rotor Wake in Wind
Axis (Freestream) [lb]

Dα Fuselage Drag Variation with Angle of Attack [ f t2]

Dβ Fuselage Drag Variation with Sideslip Angle [ f t2]

hm Altitude of the Aircraft c.g. [ f t]

hmGND Altitude of the Ground [ f t]

iH Horizontal Stabilizer Incidence [deg]

iV Vertical Stabilizer Incidence [deg]

JTK Jet Thrust in Wind Axes, K=R−→Right, K=L−→Left [lb]

Ke, XKe Elevator Effectiveness Factor [ND]

KFW Rotor Downwash/Wing Equation for Flap Effects [ND]

KFW0 Constant in the Rotor Downwash/Wing Equation for Flap Effects [ND]

KFWDF Slope in the Rotor Downwash/Wing Equation for Flap Effects [deg−1]

KGE Ground Effect Coefficient [ND]

KHNU Horizontal Stabilizer Dynamic Pressure Loss Multiplier [ND]

KJT1 Jet Thrust Coefficient [lb]

KJT2 Jet Thrust Coefficient [lb/SHP]

Klδa Aileron Effectiveness Correction Factor [ND]
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Kn0δa Yawing Moment (Aileron) Coefficient [deg−1]

Knδa Yawing Moment (Aileron) Coefficient [ND]

KPLAT Pylon Lateral Drag Coefficient [ND]

Kr, XKr Rudder Effectiveness Factor [ND]

KRW Rotor Skew Angle Velocity Distribution Factor [ND]

KVNU Vertical Stabilizer Dynamic Pressure Loss Multiplier [ND]

KXRW Constant in the Rotor Downwash/Wing Equation [ND]

KβHS Sideslip Factor on Dynamic Pressure Ratio at the Horizontal Stabilizer[ND]

Kβr Rotor Sidewash Factor on Dynamic Pressure [ND]

KβVS Sideslip Factor on Dynamic Pressure Ratio at the Vertical Stabilizer [ND]

LBF0 Fuselage Lift at α = 0◦ and β = 0◦ [ f t2]

LF Aerodynamic Lift on Fuselage (Wind Axis) [lb]

lF Aerodynamic Rolling Moment on Fuselage (Body Axis) [lb · f t]

l′F Aerodynamic Rolling Moment on Fuselage (Wind Axis) [lb · f t]

LH Aerodynamic Lift on Horizontal Stabilizer (Wind Axis) [lb]

lH Aerodynamic Rolling Moment on Horizontal Stabilizer (Body Axis)[lb · f t]

liPYL Aerodynamic Rolling Moment Due to Pylon Interference Drag (Body Axis)[lb ·
f t]

LiWK Aerodynamic Lift of the Wing Portion Immersed in the Rotor Wake in
Wind Axis, K=R−→Right, K=L−→Left [lb]

liWK Aerodynamic Rolling Moment in Body Axis Due to Induced Forces, K=R−→Right,
K=L−→Left [lb · f t]

lJT Rolling Moment Due to Jet Thrust (Body Axis) [lb · f t]

LLANG Extra Fuselage Lift [ f t2]

lMG Rolling Moment Due to Main Landing Gear Drag (Body Axis) [lb · f t]

lNG Rolling Moment Due to Nose Landing Gear Drag (Body Axis) [lb · f t]

lPLAT Aerodynamic Rolling Moment Due to Pylon Drag During Sideslip (Body
Axis) [lb · f t]

lSD Aerodynamic Rolling Moment Due to Spinner Drag (Body Axis) [lb · f t]

lV Aerodynamic Rolling Moment on Vertical Stabilizer (Body Axis) [lb · f t]
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LWP Aerodynamic Lift of the Wing Portion Outside the Rotor Wake (Freestream)
in Wind Axis [lb]

lWP Aerodynamic Rolling Moment on Wing-Pylon (Body Axis) [lb · f t]

l′WP Aerodynamic Rolling Moment on Wing-Pylon (Wind Axis) [lb · f t]

lXF Fuselage Arm along X Respect to c.g. [ f t]

lXH Horizontal Stabilizer Arm along X Respect to c.g. [ f t]

lX|RV X Arm between the Vertical Stabilizer and the Shaft-Pivot [ f t]

lXV Vertical Stabilizer Arm along X Respect to c.g. [ f t]

lYF Fuselage Arm along Y Respect to c.g. [ f t]

lYH Horizontal Stabilizer Arm along Y Respect to c.g. [ f t]

lYV Vertical Stabilizer Arm along Y Respect to c.g. [ f t]

lZF Fuselage Arm along Z Respect to c.g. [ f t]

lZH Horizontal Stabilizer Arm along Z Respect to c.g. [ f t]

lZV Vertical Stabilizer Arm along Z Respect to c.g. [ f t]

Lα Fuselage Lift Variation with Angle of Attack [ f t2]

Lβ Fuselage Lift Variation with Sideslip Angle [ f t2]

lβ Fuselage Rolling Moment Variation with Sideslip Angle [ f t3]

MF Aerodynamic Pitching Moment on Fuselage (Body Axis) [lb · f t]

M′F Aerodynamic Pitching Moment on Fuselage (Wind Axis) [lb · f t]

M′H Aerodynamic Pitching Moment on Horizontal Stabilizer (Wind Axis) [lb ·
f t]

MH Aerodynamic Pitching Moment on Horizontal Stabilizer (Body Axis) [lb ·
f t]

MiPYL Aerodynamic Pitching Moment Due to Pylon Interference Drag (Body
Axis) [lb · f t]

MiWK Aerodynamic Pitching Moment in Body Axis Due to Induced Forces,
K=R−→Right, K=L−→Left [lb · f t]

MJT Pitching Moment Due to Jet Thrust (Body Axis) [lb · f t]

MMG Pitching Moment Due to Main Landing Gear Drag (Body Axis) [lb · f t]

MN Mach Number [ND]
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MNG Pitching Moment Due to Nose Landing Gear Drag (Body Axis) [lb · f t]

MPLAT Aerodynamic Pitching Moment Due to Pylon Drag During Sideslip (Body
Axis) [lb · f t]

MSD Aerodynamic Pitching Moment Due to Spinner Drag (Body Axis) [lb · f t]

MV Aerodynamic Pitching Moment on Vertical Stabilizer (Body Axis) [lb · f t]

MWP Aerodynamic Pitching Moment on Wing-Pylon (Body Axis) [lb · f t]

M′WP Aerodynamic Pitching Moment on Wing-Pylon (Wind Axis) [lb · f t]

Mα Fuselage Pitching Moment Variation with Angle of Attack [ f t3]

Mβ Fuselage Pitching Moment Variation with Sideslip Angle [ f t3]

NF Aerodynamic Yawing Moment on Fuselage (Body Axis) [lb · f t]

N′F Aerodynamic Yawing Moment on Fuselage (Wind Axis) [lb · f t]

NH Aerodynamic Yawing Moment on Horizontal Stabilizer (Body Axis) [lb ·
f t]

NiPYL Aerodynamic Yawing Moment Due to Pylon Interference Drag (Body
Axis) [lb · f t]

NiWK Aerodynamic Yawing Moment in Body Axis Due to Induced Forces, K=R−→Right,
K=L−→Left [lb · f t]

NJT Yawing Moment Due to Jet Thrust (Body Axis) [lb · f t]

NMG Yawing Moment Due to Main Landing Gear Drag (Body Axis) [lb · f t]

NNG Yawing Moment Due to Nose Landing Gear Drag (Body Axis) [lb · f t]

NPLAT Aerodynamic Yawing Moment Due to Pylon Drag During Sideslip (Body
Axis) [lb · f t]

NSD Aerodynamic Yawing Moment Due to Spinner Drag (Body Axis) [lb · f t]

NV Aerodynamic Yawing Moment on Vertical Stabilizer (Body Axis) [lb · f t]

NWP Aerodynamic Yawing Moment on Wing-Pylon (Body Axis) [lb · f t]

N′WP Aerodynamic Yawing Moment on Wing-Pylon (Wind Axis) [lb · f t]

Nβ Fuselage Yawing Moment Variation with Sideslip Angle [ f t3]

p Body Axis Rolling Rate [rad/s]

pw Wind Axis Rolling Rate [rad/s]

q Body Axis Pitching Rate [rad/s]
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qF Fuselage Dynamic Pressure [lb/ f t2]

qH Horizontal Stabilizer Dynamic Pressure [lb/ f t2]

qiWK Dynamic Pressure of the Wing Portion Immersed in the Rotor Wake[lb/ f t2]

qLG Landing Gear Dynamic Pressure [lb/ f t2]

qPLAT Dynamic Pressure for Pylon Drag Due to Sideslip [lb/ f t2]

qSP Dynamic Pressure in Mast Axis System [lb/ f t2]

qV Vertical Stabilizer Dynamic Pressure [lb/ f t2]

qw Wind Axis Pitching Rate [rad/s]

qWFS Dynamic Pressure of the Wing Portion Outside the Rotor Wake (Freestream)[lb/ f t2]

R Rotor Radius [ f t]

r Body Axis Yawing Rate [rad/s]

RSHP Commanded (Throttle) Referred Optimum SHP on One Engine [SHP]

rw Wind Axis Yawing Rate [rad/s]

RWK Rotor Wake Contraction Ratio, K=R−→Right, K=L−→Left [ f t]

SD Spinner Drag [lb]

SD/q Constant in the variable Drag Portion of the Spinner Drag Equation [ f t2]

SD/qβM=90◦ Constant for Drag of the spinner at 90 degrees of Mast conversion
Angle [ f t2]

SH Horizontal Stabilizer Area [ f t2]

SiWK Wing surface Immersed in the Rotor wake, K=R−→Right, K=L−→Left[ f t2]

SLCG Station Line of the c.g. [in]

SLF Station Line of Fuselage c.p. [in]

SLH Station Line of the Horizontal Stabilizer c.p. [in]

SLMG Station Line of Main Landing Gear [in]

SLNG Station Line of Nose Landing Gear [in]

SLSP Station Line of the Shaft-Pivot [in]

SLV Station Line of the Vertical Stabilizer c.p. [in]

SLWP Station Line of the Wing-Pylon c.p. [in]

SLWTE Station Line of the Wing Trailing Edge [in]
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SPLAT Surface for Pylon Drag Due to Sideslip [ f t2]

SPYL Projected Lateral Pylon Area [ f t2]

SV Vertical Stabilizer Fin Area [ f t2]

SW Wing Area [ f t2]

SWFS Wing surface Outside the Rotor Wake (Freestream) [ f t2]

TAS True Air Speed [kts]

TIGE Thrust In Ground Effect [lb]

TOGE Thrust Out of Ground Effect [lb]

U X-Velocity of the Aircraft c.g. in Body Axis with Respect to the Air [ f t/s]

UH Overall X-Velocity at the Horizontal Stabilizer in Body Axis [ f t/s]

UiBR|WK
Induced X-Velocity at the Wing, in Body Axis, Due to the Rotor, K=R−→Right,

K=L−→Left [ f t/s]

UiR|H Induced X-Velocity at Horizontal Stabilizer, in Body Axis, Due to the
Rotor [ f t/s]

UiR|V Induced X-Velocity at Vertical Stabilizer, in Body Axis, Due to the Rotor[ f t/s]

UiSP Average Induced X-Velocity in Body Axis [ f t/s]

UMSP X-Velocity in Mast Axis System [ f t/s]

UV Overall X-Velocity at the Vertical Stabilizer in Body Axis [ f t/s]

UWK Overall X-Velocity at the Wing in Body Axis, K=R−→Right, K=L−→Left[ f t/s]

V Y-Velocity of the Aircraft c.g. in Body Axis with Respect to the Air [ f t/s]

VH Overall Y-Velocity at the Horizontal Stabilizer in Body Axis [ f t/s]

VHT Total Velocity at the Horizontal Stabilizer in Body Axis [ f t/s]

VT Total Linear Velocity of the Rotorcraft c.g. with Respect to the Air [ f t/s]

VTiWK Total Velocity at the Wing in Body Axis for the Induced Aerodynamics[ f t/s]

VTSP Total Velocity in Mast Axis System [ f t/s]

VV Overall Y-Velocity at the Vertical Stabilizer in Body Axis [ f t/s]

VVT Total Velocity at the Vertical Stabilizer in Body Axis [ f t/s]

VWK Overall Y-Velocity at the Wing in Body Axis, K=R−→Right, K=L−→Left[ f t/s]

W Z-Velocity of the Aircraft c.g. in Body Axis with Respect to the Air [ f t/s]
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WH Overall Z-Velocity at the Horizontal Stabilizer in Body Axis [ f t/s]

WiBR|WK
Induced Z-Velocity at the Wing, in Body Axis, Due to the Rotor, K=R−→Right,

K=L−→Left [ f t/s]

WiK Mast Axis uniform component of Induced Velocity at: K=R−→Right Ro-
tor, K=L−→Left Rotor [ f t/s]

WiR|H Induced Z-Velocity at Horizontal Stabilizer, in Body Axis, Due to the
Rotor [ f t/s]

WiR|V Induced Z-Velocity at Vertical Stabilizer, in Body Axis, Due to the Rotor[ f t/s]

WiR|WK
Induced Velocity at the Wing in Mast Axis Due to the Rotor, K=R−→Right,

K=L−→Left [ f t/s]

WiSP Average Induced Z-Velocity in Body Axis [ f t/s]

WLCG Water Line of c.g. [in]

WLF Water Line of the Fuselage c.p. [in]

WLH Water Line of the Horizontal Stabilizer c.p. [in]

WLMG Water Line of Main Landing Gear [in]

WLNG Water Line of Nose Landing Gear [in]

WLV Water Line of the Vertical Stabilizer c.p. [in]

WLWP Water Line of the Wing-Pylon c.p. [in]

WMSP Z-Velocity in Mast Axis System [ f t/s]

WV Overall Z-Velocity at the Vertical Stabilizer in Body Axis [ f t/s]

WWK Overall Z-Velocity at the Wing in Body Axis, K=R−→Right, K=L−→Left[ f t/s]

XEK Engine Operating Flag, K=R−→Right, K=L−→Left [ND]

XF Aerodynamic X-Force on Fuselage (Body Axis) [lb]

XH Aerodynamic X-Force on Horizontal Stabilizer (Body Axis) [lb]

XiPYL Aerodynamic X-Force Due to Pylon Interference Drag (Body Axis) [lb]

XiWK Arm between the X-Coordinate of the Application Point of Induced Forces
on the Wing and the c.g., K=R−→Right, K=L−→Left [ f t]

XiWPK Aerodynamic X-Force on the Wing Portion Immersed in the Rotor Wake
in Body Axis, K=R−→Right, K=L−→Left [lb]

XJTK Jet Thrust along X-Body, K=R−→Right, K=L−→Left [lb]
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XK Mobile Coordinate for the Definition of the Induced Aerodynamics’ Ap-
plication Point along X, K=R−→Right, K=L−→Left [ f t]

XMG Main Landing Gear Force in X-Body [lb]

XNG Nose Landing Gear Force in X-Body [lb]

XPLAT Aerodynamic X-Force Due to Pylon Drag During Sideslip (Body Axis)[lb]

XRW Rotor Downwash/Wing Function [ND]

XRW0 Constant in the Rotor Downwash/Wing Equation [ND]

XRW1 Constant in the Rotor Downwash/Wing Equation [deg−1]

XRW2 Constant in the Rotor Downwash/Wing Equation [deg−2]

XTHK Engine Throttle Position at the Fuel Control, K=R−→Right, K=L−→Left[deg]

XSD Aerodynamic X-Force Due to Spinner Drag (Body Axis) [lb]

XSS Mutual Induction Coefficient [ND]

XV Aerodynamic X-Force on Vertical Stabilizer (Body Axis) [lb]

XWP Aerodynamic X-Force on the Wing Portion Outside the Rotor Wake (Freestream)
in Body Axis [lb]

YF Aerodynamic Y-Force on Fuselage (Body Axis) [lb]

Y′F Aerodynamic Y-Force on Fuselage (Wind Axis) [lb]

YH Aerodynamic Y-Force on Horizontal Stabilizer (Body Axis) [lb]

YiPYL Aerodynamic Y-Force Due to Pylon Interference Drag (Body Axis) [lb]

YiWK Arm between the Y-Coordinate of the Application Point of Induced Forces
on the Wing and the c.g., K=R−→Right, K=L−→Left [ f t]

YiWPK Aerodynamic Y-Force on the Wing Portion Immersed in the Rotor Wake
in Body Axis, K=R−→Right, K=L−→Left [lb]

YJTK Jet Thrust along Y-Body, K=R−→Right, K=L−→Left [lb]

YK Mobile Coordinate for the Definition of the Induced Aerodynamics’ Ap-
plication Point along Y, K=R−→Right, K=L−→Left [ f t]

YMG Main Landing Gear Force in Y-Body [lb]

YNG Nose Landing Gear Force in Y-Body [lb]

YPLAT Aerodynamic Y-Force Due to Pylon Drag During Sideslip (Body Axis)[lb]

YSD Aerodynamic Y-Force Due to Spinner Drag (Body Axis) [lb]
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YV Aerodynamic Y-Force on Vertical Stabilizer (Body Axis) [lb]

Y′V Aerodynamic Y-Force on Vertical Stabilizer (Wind Axis) [lb]

YWP Aerodynamic Y-Force on Wing-Pylon (Body Axis) [lb]

Y′WP Aerodynamic Y-Force on Wing-Pylon (Wind Axis) [lb]

Yβ Fuselage Side Force Variation with Sideslip Angle [ f t2]

z Distance between the Rotor and the Ground [ f t]

ZF Aerodynamic Z-Force on Fuselage (Body Axis) [lb]

ZH Aerodynamic Z-Force on Horizontal Stabilizer (Body Axis) [lb]

ZiPYL Aerodynamic Z-Force Due to Pylon Interference Drag (Body Axis) [lb]

ZiWPK Aerodynamic Z-Force on the Wing Portion Immersed in the Rotor Wake
in Body Axis, K=R−→Right, K=L−→Left [lb]

ZJTK Jet Thrust along Z-Body, K=R−→Right, K=L−→Left [lb]

ZMG Main Landing Gear Force in Z-Body [lb]

ZNG Nose Landing Gear Force in Z-Body [lb]

ZPLAT Aerodynamic Z-Force Due to Pylon Drag During Sideslip (Body Axis)[lb]

ZSD Aerodynamic Z-Force Due to Spinner Drag (Body Axis) [lb]

ZV Aerodynamic Z-Force on Vertical Stabilizer (Body Axis) [lb]

ZWP Aerodynamic Z-Force on the Wing Portion Outside the Rotor Wake (Freestream)
in Body Axis [lb]

α Angle of Attack [deg]

αF Fuselage Angle of Attack [deg]

αH Horizontal Stabilizer Angle of Attack [deg]

αHD Horizontal Stabilizer Angle of Attack for Drag Equation [deg]

αHL Horizontal Stabilizer Angle of Attack for Lift Equation [deg]

αiWK Angle of Attack of the Wing Portion Immersed in the Rotor Wake [deg]

αPLAT Pylon Angle of Attack Used for Transformation from Wind to Body Axis[deg]

αPYL Pylon Angle of Attack in Mast Axis [deg]

αSP Spinner Angle of Attack Used for Transformation from Wind to Body
Axis [deg]

αSPN Spinner Angle of Attack in Mast Axis [deg]
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αWFS Angle of Attack of the Wing Portion Outside the Rotor Wake (Freestream)[deg]

β Angle of Sideslip [deg]

βDV Vertical Stabilizer Angle of Sideslip for Drag [deg]

βF Fuselage Angle of Sideslip [deg]

βH Horizontal Stabilizer Angle of Sideslip [deg]

βiWK Angle of Sideslip of the Wing Portion Immersed in the Rotor Wake [deg]

βM Mast Angle [deg]

βPLAT Pylon Angle of Sideslip Used for Transformation from Wind to Body
Axis [deg]

βSP Spinner Angle of Attack Used for Transformation from Wind to Body
Axis [deg]

βV Vertical Stabilizer Angle of Sideslip [deg]

[γRV ] Matrix of Angles between the Line which Connects Rotor Tips and Vertical
Fins and the Station Line [deg]

δ Ratio between Air Density and Air Density at Sea Level [ND]

δa Aileron Mean Deflection Angle (+ Right Aileron Up) [deg]

∆Clr
∂αWFS

∂δF
δF

Aerodynamic Coefficient in the Wing Rolling Moment Equation [rad−1]

∂CLWPFS
∂αWFS

Aerodynamic Coefficient in the Wing Rolling Moment Equation [rad−1](
∂CLWPFS

∂αWFS

)
|CLWP=0 Aerodynamic Coefficient in the Wing Rolling Moment Equation[rad−1]

δe Elevator Angle [deg]

δF Flap Angle (Sometimes Flap Position Indicator, in this Case [ND]) [deg]

δr Rudder Angle [deg]

∆ViSS Induced Velocity Due to Side-by-Side Effect [ f t/s]

∂αWFS
∂δF

Partial of Wing Angle of Attack with Respect to Partial of Flap Deflection[rad−1]

∂σ
∂ p̂ Rolling Rate Correction Coefficient to Fin Sideslip Angle [ND]

∂σ
∂r̂ Yawing Rate Correction Coefficient to Fin Sideslip Angle [ND]

εW/H Wing Wake Deflection at the Horizontal Stabilizer (Downwash Factor)[deg]

εW/HOGE Wing Wake Deflection at the Horizontal Stabilizer (Downwash Factor)
without Compressibility Effects [deg]
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ηH Dynamic Pressure Loss Function at the Horizontal Stabilizer [ND]

ηHS Dynamic Pressure Ratio at the Horizontal Stabilizer [ND]

ηV Dynamic Pressure Loss Function at the Vertical Stabilizer [ND]

ηVS Dynamic Pressure Ratio at the Vertical Stabilizer [ND]

θ Pitching Attitude of the Aircraft [deg]

θ0 Root Collective Pitch [deg]

µ Advance Ratio [ND]

µL Left Rotor Tip Advance Ratio [ND]

µR Right Rotor Tip Advance Ratio [ND]

ρ Air Density [slug/ f t3]

τe Elevator Effectiveness [ND]

τr Rudder Effectiveness [ND]

φM Lateral Mast tilt [deg]

Λi Rotor Inflow [ND]

ΛIGE Rotor Inflow In Ground Effect [ND]

ΛOGE Rotor Inflow Out of Ground Effect [ND]

ΛW Wing Quarter Chord Sweep Angle [deg]

Ω Instantaneous Rotor Speed [rad/s]
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