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editorial
Vertical Flight is an expression that has now entered the common language, as we encounter it more and more 
frequently than in the past. If you have ever wondered what the reasons are, this issue of POLARIS Innovation 
Journal provides you with comprehensive and interesting answers on this.
Over the last thirty years, Leonardo worked intensely to establish itself as a global leader in Vertical Flight. The 
evolution and diversification of our products has been mainly driven by the advent of new digital technologies, 
as well as by greater attention to environmental factors and by the increasingly challenging requirements of 
users - both civil and military.

To go flying fast between two far locations, or taking off and landing on rather small surfaces while carrying 
out hovering maneuvers. Until now, performing all these tasks had only been possible by using a helicopter, in 
its traditional configuration, well known and consolidated in its broad lines.
Today, to carry out those tasks, Leonardo aims at offering a broader spectrum of rotary-wing vehicles featuring 
significantly different physical configurations, which are identified as Vertical Take Off and Landing (VTOL) 
aircraft. The VTOL acronym is inclusive of helicopters, but it also identifies a wider family of vehicles that 
includes tiltrotors such as the AW609, the Rotary Unmanned Air Vehicles (R-UAV) such as the AWHero, as well 
as the new generation of manned or unmanned rotorcraft that in the foreseeable future will enable flying across 
large urban areas, thus achieving the so-called Advanced Air Mobility.

Thanks to the implementation of Artificial Intelligence, Autonomous Flight capabilities, Electrification and 
Cyber Resilience, nowadays we can think of helicopter as of the Smart Helicopter as it has become a highly 
evolved machine, even by comparing it with machines of the near past.
The convergence of factors that include new design techniques based on the Digital Twin paradigm, use of new 
materials, new hybrid/electric propulsion concepts, improved aerodynamics and acoustics, is greatly contributing 
to enhance the sustainability of both the production and the operation of vertical flight aircraft. This, of course, is 
carried out by always taking into account reliability, performance, costs and comfort for end users.

Leonardo presented these and further innovations at the 79th edition of the Annual Forum & Technology 
Display of the Vertical Flight Society (VFS), held on May 16th -18th, 2023 in West Palm Beach, FL, USA. There, 
capabilities of our Company and its calling for technological innovation, were presented and demonstrated.
The VFS Forum is one of the most important world conferences on Vertical Flight, whose comprehensive 
program covers all the advances in the field of Vertical Flight. It is attended by universities, research centers, 
OEMs, suppliers and software houses operating in the sector of vertical flight. Over 200 works in different 
Technical Sessions were discussed during the VFS Forum. Such Technical Papers are specialist documents in 
which industry experts present the latest theories and breakthroughs across all technology domains of vertical 
flight. The highlight is the Nikolsky Lectureship award that was established in 1981. Itis awarded to an individual 
who has a highly distinguished career in vertical flight aircraft research and development and is also skilled 
at communicating his technical knowledge and experience. In 2021 Fabio Nannoni, the temporary technical 
director of Leonardo’s Helicopters Division, was awarded and selected to give such a prestigious lecture.

The VFS Forum also includes Special Sessions in which leaders of “industry, government and academia, gain 
perspective on the future of vertical flight technology”. In such a “Straight Talk from the Top” on a variety of 
topics, it is possible to receive some insights regarding advanced rotorcraft, Advanced Air Mobility (AAM) 
and electric VTOL, from leaders of the major rotorcraft manufacturers, managers of military rotorcraft 
programs and other civil and defense decision makers in government and industry.
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The Technology Display, which is part of the scenery for the VFS Forum, is the world’s leading international 
exposition on vertical flight technology, where top manufacturers, service providers, defense agencies, 
universities and research and development organizations showcase their latest innovations about vertical 
flight technologies such as:

The VFS international forums give us also the opportunity to take stock of the innovation activities carried 
out in Leonardo, because the number of competitors who attend our presentations and the interest shown 
by them, provide us an indirect feedback on the value of the papers presented by our company. At the 2023 
edition, Leonardo presented nine papers on the main themes of the VTOL domain.
This POLARIS issue presents six of those themes that go ranging from Machine Learning techniques and 
analysis of the parameters collected on a production helicopter - for example to reconstruct the type of 
maneuvers executed - to methodologies for evaluating the correspondence between experimental data and 
numerical predictions, in this case for the loads generated by the rotor of a tiltrotor.

An article concerns the convertiplane (a.k.a. tiltrotor) and the new challenges civil aviation must deal with, 
both for design and certification of various new functions or devices, such as the “Power Lever” which 
merges the functions of multiple flight controls into a single inceptor.
Other topics concern the improvement - since the very earliest design stages - of the Human/Machine 
Interface, where the peculiarities of the convertiplane in terms of mutual interaction between the rotors’ 
wakes and the vehicle close to the ground bring together new complexity, also linked to the specific 
configuration of those aircraft.

I wish to conclude by reporting with great satisfaction to all the readers that Giuseppe Bucciaglia, one of 
our authors, was awarded the “Lichten Award runner up” prize during the conference. This prize is reserved 
for those who, despite having just recently joined our industrial sector, have already started to share their 
work in international meetings.
Congratulations, therefore, to the many of our young people who today are already designing and 
implementing the innovations of the future, and enjoy reading!

Head of Aircraft System Design
Luca Medici

Leonardo delegates participating in The Vertical Flight Society’s 80th Annual Forum & Technology Display
Left picture: (left to right - top to bottom) Michele Zilletti, Federico Pellegrino, Stefano Mazzetti, Giuseppe Bucciaglia, 

Enrico Sabatino, Federico Porcacchia, Davide Prederi. Right picture: Nathaniel Albuck
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An Innovative Helicopter Tailplane Design: 
the ORIGAMI Concept

Stefano Melone, Luca Medici, Riccardo Bianco Mengotti, Alessandro Scandroglio, 
Gabriele Giuseppe Campanardi, James Simon Barber, Pierantonio Andreoli, Marco Bordin,
Federico Del Grande, Stefano D’Agosto, Raffaele Marmo

Leonardo - Helicopters Division

The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).

Winner of the 
Product Results category

POLARIS

Figure 1 - Helicopter tailplane (AW169)

Nowadays, numerical modelling and simulation are essential in the development and certification of new aircraft 
in order to increase safety and lower costs. Modelling and simulation activities can be divided in three main phases: 
model building, model correlation and model usage. In this paper, the focus is on model correlation; in particular, 
for what concerns the estimation of rotor loads using the Leonardo Helicopters in-house comprehensive code, 
i.e. GyroX. The work presents a summary of an extensive correlation activity performed on the AW609 proprotor 
and it highlights the modelling key ingredients to consider for accurate load prediction across the conversion 
corridor. Precisely, the choice of the rotor aerodynamic model, the effects of hub center accelerations and the 
wing interference are addressed in the correlation process. Furthermore, a metrics is proposed and used to 
quantify the correlation error between analytical predictions and experimental data coming from flight tests, in 
order to have a better and immediate comparison between the different model set-ups.

Modelling and simulation are more and more widely 
used in the development and certification of new 
aircraft in order to increase safety and reduce costs. The 
design process of a new aircraft is a challenging task 
and demands for the interaction of many disciplines, 
such as flight mechanics, aerodynamics, structural 
dynamics, loads and aeroelasticity.  For what concerns 
rotor aeromechanics, today the most used simulation 
tools are comprehensive aeroelastic codes. Generally, 
these tools exploit a finite element beam formulation 
for the representation of the structural dynamics of 
the rotor blade coupled with mid-fidelity numerical 
methods for the aerodynamic representation, e.g. table 
look-up methods with corrections for unsteadiness, or 
even singularity methods based on potential theory. 
In this framework, Leonardo Helicopters has its own in-
house aeroelastic software, i.e. GyroX, which is meant to 
condensate all of the previous disciplines, and hence it is 
aimed to represent a fast and reliable numerical tool for 
aeroelastic and aeromechanical simulations of complex 
rotorcraft configurations.

GyroX gathers more than 20 years of experience in 
rotorcraft simulations and paves the way towards a multi-
comprehensive tool for aircraft design and analysis. 
Modelling and simulation activities can be divided in 
three main phases: model building, model correlation 
and model usage. This paper focuses on model 
correlation, showing a summary of an extensive rotor 
loads correlation activity between flight tests data of the 
AW609 proprotor and analytical predictions obtained 
using the aeroelastic tool GyroX. Many correlation 
activities on rotor loads were presented in several papers 
in the past. Valuable and recent examples can be [1] and 
[2]. However, the proposed work features the following 
main strengths with respect to papers already present 
in literature.  First, it is based on experimental data 
recorded during the flight campaigns of the AW609 
tiltrotor. Another peculiarity of the paper is the focus 
on modelling elements to include in the simulation in 
order to obtain the desired accuracy of the prediction all 
along the conversion corridor. Finally, the paper tries to 
overcome the arbitrary rating of the level of correlation 
(resulting in sentences like “well correlated”, “reasonable 
correlation”, etc.) proposing metrics capable to quantify 
the correlation error.

INTRODUCTION

05

Correlation and Accuracy
Quantification of Proprotor Loads
between Predictions of Comprehensive 
Aeroelastic Software and Experimental Data

Giuseppe Bucciaglia, Andrea Duina, Davide Prederi

Leonardo - Helicopters Division
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A brief description of the AW609 proprotor is provided in this section. 
The 3-bladed proprotor has a diameter of 26.0 feet, the blades have a high non-linear twist and squared tips. The 
proprotor is stiff in plane with a gimballed hub and flexible yoke. The rpm varies between the VTOL/CONVERSION 
mode and the AIRPLANE mode. Figure 1 shows an image of the proprotor system.

Exploiting the capabilities of GyroX software, the rotor 
structure is represented with beam finite elements and 
all the rotating components are included in the model, i.e. 
control chain circuit, hub and blades. Figure 2 shows the 
AW609 proprotor structural model.
From the aerodynamic point of view, the user can choose 
among different aerodynamic modelling techniques, 
such as lifting lines, thin vortex lattices and thick surface 
panels for solid bodies as depicted in Figure 3. 
Within this work, the model chosen to represent the rotor 
aerodynamics is a lifting line with a paneled wake, which 
can be prescribed as a helicoid or set free to naturally 
evolve during the simulation.
Procedures of the GyroX solution can be either in the 
time domain or in the frequency domain (exploiting the 
harmonic balance method). The latter approach is used 
in order to obtain the results presented in this paper. In 
this way, each simulation is a snapshot of a specific time 
slice of a maneuver. The setup makes use of the above 
explained rotor model, where the experimental flight data 
are imposed in terms of:
•	 environmental conditions
•	 flight airspeed
•	 load factor
•	 aircraft attitude (i.e. angle of attack and sideslip)
•	 nacelle angle
•	 rotor rpm
•	 rotor commands (i.e. collective and cyclic inputs).

The need for useful metrics to quantify the level of 
correlation of rotor loads between analytical predictions 
and data recorded during flight tests has led to the 
development of an index called CEPS (Correlation 
Error for Periodic Signal). This index provides the 
numerical evaluation of the correlation error and gives 
an immediate feedback among the results obtained with 
the different models set-ups. In literature, it is possible 
to find some indices that evaluate the level of correlation 
between signals. Two examples can be found in [3] and 
[4]. However, these tools do not take into account some 
aspects that can be relevant for rotor loads correlation.

1 – AW609 Proprotor

 2 – Structural model of the AW609 proprotor

3 – Aerodynamic models available in GyroX simulations
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Considering steady flight conditions characterized 
by time-constant rotor commands, aircraft and rotor 
speed, aerodynamic attitudes and angular rates, the 
resulting rotor loads are periodic functions of the 
rotor azimuth. Therefore, it is possible to compare 
the loads azimuthal-history obtained with the so-
called snapshot analysis in the frequency domain, 
with the corresponding experimental flight data in 
one rotor revolution. Because both the numerical 
prediction and the experimental data are periodic 
signals, also the Fourier coefficients can be directly 
compared in terms of harmonic amplitudes and 
phases.

The CEPS is based on the following basic hypothesis:
•	 Steady flight condition, in order to have periodic signals;
•	 Already processed measurement error, therefore 

the experimental signal can be used as a reference 
to estimate the simulation error;

•	 Loads time history approximated by using a 
certain number of harmonics.

The CEPS is reported in equation (1). It provides a 
global non-dimensional correlation error made up 
of four different sub-components: the error on the 
mean value (ε0), the error on the harmonic amplitudes 
(εa), the phase error (εψ) and the distortion error (εd), 
that is related to the different wave forms between 
the two signals. Figure 4 shows an example for each 
of these four types of error.

Based on the application of CEPS in several 
correlation activities performed on different kinds 
of rotorcrafts, the following rating scale can be 
used to evaluate the level of correlation achieved 
(see Figure 5).

Three steady level flights at different nacelle angles 
(covering the entire conversion corridor) are chosen for 
the correlation activity. In this way, all the peculiarities 
of the different flight modes can be analyzed. Table 1 
summarizes the selected conditions.

A fundamental aspect to obtain a properly estimation 
of rotor loads in helicopter mode condition is related to 
the selection of the aerodynamic model. 

4 – Example of the sub-components of the CEPS

5 – CEPS rating scale

Table 1 – Flight conditions selected for the correlation activity

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).

25 

Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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Figure 1 - Helicopter tailplane (AW169)
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 Indeed, as shown by the results that follow, when flight velocity is low, the wake remains close to the rotor 
plane and its influence must be evaluated more precisely. 
Therefore, the usage of lifting line for the body discretization with a free panel wake (LLFW - Lifting Line 
Free Wake) increases the accuracy of the analytical prediction with respect to a lifting line with a prescribed 
panel wake (LLPW - Lifting Line Prescribed Wake) model.
Figure 6 shows the azimuthal history between the experimental data and the analytical predictions of the 
blade beam bending at 20% of the rotor radius, whereas the CEPS values and its sub-components are 
reported in Table 2.
From these data, it can be inferred that the LLFW leads to a better beam bending correlation, with CEPS 
reduction of about 30% w.r.t. the LLPW. In accordance with the CEPS rating scale reported in Figure 5, 
using LLFW the beam bending correlation can be rated between good and fair, whereas using LLPW the 
correlation can be graded between fair and poor. Looking at the sub-components of the CEPS, it is possible 
to observe that the LLFW model allows to reduce the error on the harmonic amplitudes, the phase error and 
the distortion error. On the contrary, the error on the mean value is not affected by the aerodynamic model.

The performed correlation activity allows 
confirming the need to take into account hub center 
accelerations in order to properly estimate rotor 
loads. Taking advantage of the GyroX capabilities, in 
this snapshot simulation, the rotor is shaken in its 
plane and out of it, with the accelerations recorded 
during this flight condition. 
Of course, using hub center accelerations recorded 
in flight, the simulation is not completely predictive. 
Therefore, in the future it could be useful to 
develop a pylon model in order to predict also hub 
center accelerations. The results below show the 
comparison of the experimental data with the 
analytical prediction obtained by applying or not the 
hub center accelerations. 
Figure 7 shows the azimuthal history between the 
experimental data and the analytical predictions 
of the blade chord bending at 20% of rotor radius, 
whereas CEPS values and its sub-components are 
reported in Table 3.
It is possible to observe that the introduction of 
hub center accelerations leads to a better chord 
bending correlation, with CEPS reduction of about 
20%. Referring to the CEPS rating scale reported in 
Figure 5, the correlation is fair, both considering or 
not the hub center accelerations. 
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Conversion mode condition

 6 – Azimuthal history of blade beam bending moment 
t 20%R – flight condition 1

7 – Azimuthal history of blade chord bending moment
at 20%R – flight condition 2

Table 2 – CEPS values for blade beam bending moment
at station 20%R – flight condition 1
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When not applying hub center accelerations the rating 
is close to the poor region, but with the introduction of 
hub accelerations the rating moves towards the good 
region. Looking at the sub-components of the CEPS, 
the introduction of hub center accelerations reduces 
the harmonic amplitude error and the distortion error. 
On the contrary, the phase error gets slightly worse, 
whereas the error on the mean value is unaffected by 
the introduction of the hub center accelerations.

The second contribution is related to the thickness of the 
wing and it is a sort of blockage effect.
In the following, the correlation results obtained by 
considering the 3D aerodynamic model of the wing 
combined with the symmetry plane (in order to recover 
the influence of the other half wing and rotor) are 
compared with the results of the isolated rotor simulation 
and the experimental flight data.
Figure 9 shows the set-up of the analysis with 3D wing 
and symmetry plane. Figure 10 shows the azimuthal 
histories of the experimental data and the analytical 
predictions of the blade chord bending at 20% of rotor 
radius, whereas CEPS values and its sub-components 
are reported in Table 4.
The introduction of the wing reduces the error on 
harmonic amplitudes and the distortion error, whereas 
the error on the mean value and the phase error are 
approximately unchanged. The resulting reduction of the 
CEPS is around 15%.

The blade airfoil is rotating ahead of the leading edge of the wing and so it undergoes the inductive effect of the wing 
itself, which is producing a large amount of lift and so it features large inductive power. Indeed, the blade experiences a 
down-wash which decreases the angle of attack of its airfoils as it passes close to the suction side of the wing, whereas 
the blade experiences an up-wash with consequent increase of the angle of attack as it passes close to the pressure 
side of the wing. 

The analyses performed show that in airplane mode conditions the rotor-wing interference cannot be neglected 
because it is the fundamental source of two basic physical phenomena. 
The first one is related to the lift of the wing and the second one is related to the thickness of the wing. The effect of 
a lifting-only wing is sketched in Figure 8. 

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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Figure 1 - Helicopter tailplane (AW169)
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Airplane mode condition
Table 3 – CEPS values for blade chord bending moment

at station 20%R – flight condition 2

10 – Azimuthal history of blade chord bending moment
at 20%R – flight condition 3

8 – Rotor-wing aerodynamic interference 9 – Isolated rotor + 3D wing + symmetry plane
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The present work is a summary of an extensive 
correlation activity performed on the proprotor of the 
AW609. The focus is on the most important ingredients 
for rotor loads predictions that need to be included in 
the simulations. Furthermore, a metrics called CEPS 
is here proposed, to evaluate the accuracy of the 
analytical predictions w.r.t. the data measured during 
experimental flights and to quantify the improvements 

in the correlation due to the investigated modelling elements. 
The main conclusions on the rotor loads correlation 
task are highlighted below:

1.	 A lifting line with a free wake panel model should 
be preferred to a prescribed paneled wake for flight 
conditions at low advance ratio, in order to better 
catch the aerodynamics interactions between wakes 
and bodies.

2.	 The simulations confirm that the introduction of 
hub center accelerations impacts the accurate 
estimation of rotor loads.

3.	 The performed analyses show that in airplane mode 
the rotor-wing interference effects are a relevant 
source of oscillatory loads.

4.	 The CEPS metrics shows the capability to quantify 
the correlation error. Moreover, it also allows to 
identify the weight of each sub-component (error on 
the mean value, error on the harmonic amplitudes, 
phase error and distortion error) contributing to the 
global error.

5.	 The CEPS metrics is essential to identify the 
improvements of the correlation when the differences 
are limited or when the inference from results, such 
as the azimuthal history, may be misleading.

CONCLUSIONS

Giuseppe Bucciaglia: giuseppe.bucciaglia@leonardo.com
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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Figure 1 - Helicopter tailplane (AW169)
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The Flight Condition Recognition (FCR) plays a fundamental role in monitoring the usage of helicopters, as 
the usage spectrum determines the lifecycle and replacement of its components. Automated FCR capabilities 
are realized through algorithms that enable to detect the aircraft manoeuvers by appropriately processing the 
on-board sensors measurements. This allows monitoring the actual usage thanks to the reconstruction of the 
real usage spectrum, which enables customizing maintenance operations and condition-based maintenance 
strategies. However, designing an effective automatic FCR system is a challenging task, due to the complex 
machine dynamics that characterize the different flight regimes. In this work, we show how to optimize a machine-
learning based approach to the FCR design by exploiting a multi-strategy time-series segmentation framework, 
which combines two supervised learning approaches that leverage sliding windows and stacking ensembles to 
produce reliable estimates of the flown regimes. This approach is validated on a large experimental dataset of 
nearly 500 labelled flights from two helicopter models, demonstrating the effectiveness of the proposed strategy 
in predicting the different manoeuver types, and its improvement over a single-strategy approach.

The definition of the real usage spectrum of a helicopter 
is a fundamental task to understand the fatigue loading 
conditions that a helicopter has been subjected to 
during its lifetime. The Flight Condition Recognition 
(FCR) provides indeed a reliable indicator of the real 
usage of helicopters, supporting the definition of 
improved maintenance plans, with replacement times 
and inspection intervals tailored to helicopters actual 
usage, thus enabling condition-based maintenance 
schedule [1][2][3]. The latter overcomes the limitations of 
a time-based maintenance plan defined at design time, 
based on an ideal usage spectrum that does not always 
match the actual one. In this way, by avoiding untimely 
maintenance interventions, clear advantages in terms 
of both safety and cost reduction can be reached [4]. 
For these reasons, the development of efficient and 
accurate regime recognition algorithms has always 
been a high-priority and challenging task [5].
Multiple approaches have been indeed proposed over time to

classify the manoeuvers performed by an aircraft 
by appropriate processing of on-board sensors 
measurements. Until the recent past, the most common 
approach for FCR was to use deterministic models 
relying on rules and thresholds established by domain 
experts based on a-priori known physical models [6]
[7]. However, those approaches show some clear 
limitations. First of all, they require a manual and time-
demanding continuous refinement of the employed 
rules and thresholds that end up being highly 
dependent on the helicopter model, which affects the 
generalization capabilities. Moreover, those kinds of 
algorithms work on one dimension (i.e. one signal) at 
a time, therefore they often feature some grey areas 
where the employed rules overlap, so that regimes 
cannot be always properly distinguished.  Finally, 
those algorithms are typically not scalable with the 
number of signals recorded by on-board sensors. To 
overcome such limitations, Machine Learning (ML)

INTRODUCTION AND MOTIVATION

Optimizing Automatic Flight Condition 
Recognition througha Multi-Strategy
Machine-Learning Based Approach

Eugenia Villa1, Francesco Zinnari1, Giovanni Coral1, Gabriele Cazzulani1, Mara Tanelli1, Andrea Baldi2, 
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The final objective of this work is to optimize the time-
series segmentation algorithm proposed in [10], to 
design an automatic and efficient methodology to 
reconstruct the usage spectrum of a helicopter during 
its entire flights. The algorithm takes as input the time-
series recorded by on-board HUMS sensors during real 
flights and provides as output the regime performed 
by the aircraft at each time-step. 
As shown in Figure 1, two main challenges arise: first 
of all, in complete flights, regimes are seamlessly 
performed, thus the start and end points of each regime 
are a-priori unknown. Besides, different regimes (as 
well as different instances of the same regime) can 
be characterized by significantly different duration in 
time, so that the algorithm must efficiently manage 
the recognition of regimes with different duration.

To this end, we propose a multi-strategy supervised approach that exploits a large set of labelled Load Survey 
Flights. This enables to learn performed regimes based on available HUMS signals that use a sliding window 
approach to automatically segment the flight time-series, namely to identify starting point and duration of 
each regime from full flight data. The algorithm has been developed by exploiting a large experimental dataset 
of nearly 500 labelled flights from two helicopter models collected during Load Survey operations. The set of 
measurements obtained from the on-board sensors is the same for both the helicopters. 
Besides parameters for flight identification, it includes 4 pilot commands, 3 signals for each aircraft engine, 2 
measured ground speeds, 6 attributes related to flight dynamics angles, 6 attributes representing speeds and 
accelerations, 4 attributes describing environmental conditions.
Figure 2 shows the number of manoeuvers available for each macro-class in the design set. These aggregations 
have been defined with the support of domain experts, so that once the algorithm correctly recognizes the macro-
classes, it is easy to further reconstruct specific spectrum conditions by exploiting simple deterministic models 
applied to relevant signals. In this way, we enable a one-to-one correspondence with the fatigue spectrum. After 
an accurate exploratory data analysis and data cleaning stage, a peculiarity characterizing our dataset has 
emerged, as shown in Figure 3. Manoeuvers feature indeed high variability in time duration, between classes as 
well as within the same class.

PROBLEM SETTING AND DATASET DESCRIPTION

VERTIFLIGHT TECHNOLOGIES IN LEONARDO
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Tilt-Rotor technologies and System Integration

techniques have been recently proposed to automatize the FCR task. This approach features the main advantage 
of being automated, easily adaptable to different aircraft configurations, and scalable along with the number 
of available measurements.  However, the works in which the ML approaches are applied to FCR, are still few 
and limited. The most part of them employ supervised algorithms such as Neural Networks or Decision Tree 
Classifiers, to recognize a restricted set of regimes that do not include the whole usage spectrum of the aircraft 
[4][8]. Thus, their results cannot be considered reliable enough. Similarly, [9] shows how to use a Markovian 
approach to recognize a wider set of flight conditions, but it has been tested only on a limited set of simulated 
flight data, which makes the results again not completely reliable.
Finally, in [10] the FCR task is solved in a single-strategy time-series segmentation framework based on stacking 
ensemble learning on multiple sliding windows. The proposed algorithm is validated on a large experimental 
dataset with 53 flight regimes, showing accuracy of 97%.
In this work, we show how the ML-based approach proposed in [10] can be optimized by exploiting a multi-
strategy time-series segmentation framework. The proposed methodology, therefore, combines two supervised 
learning approaches that leverage sliding windows and stacking ensembles to produce reliable estimates of 
the flow regimes. The second additional strategy is introduced to increase the robustness to the variability in 
manoeuver duration. The approach is validated on a large experimental dataset of nearly 500 labelled flights 
from two helicopter models, demonstrating the effectiveness of the proposed strategy in predicting the different 
manoeuver types, and its improvement over a single-strategy approach. (see Video in [11])

1 – The FCR algorithm applied on an entire real flight.
The start and end points of each regime are a-priori unknown 

and their duration is variable
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THE SINGLE-STRATEGY APPROACH: AN OVERVIEW

 4 – Sliding window approach

2 – Number of instances in the whole dataset 
for each of the 53 macro-classes considered

3 – Distribution of manoeuvers’ duration 
for the considered 53 macro-classes
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tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
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MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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As we already mentioned, particular attention should be posed to this aspect since it can strongly affect the 
algorithm’s capability of recognizing manoeuvers over an entire free flight The optimized methodology proposed 
in this work specifically aims at improving the capability of the ML-based algorithm to efficiently deal with 
manoeuvers of different duration.

Relying on the same dataset described in the previous 
section, in [10] the authors propose a ML-based single-
strategy approach for the FCR task. Since we want to 
show how this approach can be improved by integrating 
it within a multi-strategy framework, it is essential to 
provide a brief description of its key aspects.  After a 
smart split of the data into stratified flights train and 
test sets, the single-strategy approach trains a Random 
Forest (RF) classifier on a relevant set of statistical 
features extracted from each manoeuver instance 
belonging to the training set. The considered features 
are statistical descriptors of the input time series, such as 
mean, standard deviation, maximum and minimum.  They 
are computed for both the available signals and their time 
derivatives, thus providing a comprehensive description 
of the aircraft dynamics over the considered time-interval. 

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
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Hence, given the start and end point of the instance and the correspondent extracted statistical features, the 
obtained RF model is initially able to recognize the performed manoeuver. 
However, since in a real full flight the start and end points of each instance are not known, a sliding-window 
approach is adopted.  Specifically, a window of fixed size slides over the record of the entire flight, the 
correspondent statistical features are extracted from the windowed time series, and, by applying the previously 
trained RF model to each window, the predicted manoeuver prediction is obtained. Figure 4 summarizes the key 
aspects of such a sliding-window approach. 
In order to enable the recognition of manoeuvers of different duration, 4 different window sizes are employed, 
specifically of 8, 16, 32, 64 seconds. Predictions obtained in the four scenarios are then aggregated through a 
second level supervisor. The structure of the overall single-strategy pipeline is shown in Figure 5. Despite its good 
overall performance, a drawback of this approach is that the RF model is actually trained on statistical features 
extracted from the full manoeuvers that may present different time-duration, while it is applied on full flights by 
partitioning the data over the aforementioned 4 time-windows, which are used to extract the features based on 
which the model takes its decisions.  Thus, it may happen that features and models may be mismatched. The idea 
of devising an additional strategy, thus, aims to overcome this problem by optimally learning regimes of different 
duration by constructing different models over the 4 time-windows (see Figure 6).
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5 – Key steps of strategy 1: a ML-based model is trained on statistical features extracted from entire manoeuvers
 and then applied on feature extracted from 4 sliding windows of different size to obtain 4 correspondent predictions. 

The final prediction is obtained from the previous through a supervisor model

6 – Key steps of strategy 2: 4 ML-based models are trained on statistical features extracted from sliced manoeuvers 
with window size of 8, 16, 32, 64 s and then applied on feature extracted from 4 sliding windows

 of correspondent size to obtain 4 predictions. The final prediction is obtained from the previous through a supervisor model

7 – The optimized multi-strategy approach exploits both strategies to obtain through a final supervisor the final predictions
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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8 – The 53 macro-classes recognized by the first level classifier of the multi-strategy approach 
are then split into sub-categories through simple rule-based models (second level classifier) 

in order to obtain a one-to-one correspondence with the usage spectrum

9 – Heatmap of predicted probability distributions over time. Darker markers denote higher probability 
that a given regime was executed during the considered time interval
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in the sliding windows, by exploiting models trained on features vectors extracted from the same window sizes. 
The combination of the two strategies in the multi-strategy approach leads to increase in performances with 
respect to both the strategies if considered separately. For this reason, we decided to exploit both of them, to 
reach final accuracy of over 97% and F1-score of 97% in the first classification level. 

In addition to the final predictions obtained from 
the supervisor at each time step, the optimized FCR 
algorithm also provides the output shown in Figure 
9. Here, the heatmap of predicted probability over 
each macro-class in time is reported: darker markers 
indicate a higher probability that in the considered 
time interval a specific regime has been executed. This 
type of output is particularly useful to complement 
final predictions as it allows domain experts to 
understand the confidence level of such predictions 
and to eventually identify unclear classifications 
which may correspond to mixed regimes. The latter is 
also supported by the additional classification layer 
introduced in the multi-strategy scheme. Indeed, it 
enables a one-to-one correspondence of the obtained 
output and the real usage spectrum, while reducing the 
number of classes considered in the first classification 
level, hence reducing the risk of over-fitting.
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Table 1 – Performance metrics with different strategies
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The multi-strategy ML-based approach combines the 
approach in [10] with an additional learning strategy 
that constructs different models over windowed data, 
and then uses these dedicated models on the features 
extracted by each time window on full flights. 
To do so, 4 different RF models are trained on 
manoeuvers appropriately sliced into the 4 fixed 
size windows. The size of these windows obviously 
matches the size of the windows employed to slice 
the full flight. Thus, we obtain 4 distinct RF models, 
trained on windows of size 8s, 16s, 32s, 64s, that are 
applied to the feature extracted from sliding windows 
of the correspondent size. The 4 predictions obtained 
by these first-level classifiers are then aggregated 
through a second level classifier consisting of a 
multivariate logistic regression on the probability 
distribution over the 53 macro-classes. The overall 
pipeline of the second strategy is shown in Figure 6. 

In order to maximize the performance of the overall 
FCR algorithm, we decided to exploit both the 
strategies, aggregating their outputs through a 
final supervisor that allows us to obtain the final 
predictions, as shown in Figure 7. 
Finally, to have a one-to-one match with the usage 
spectrum, we introduce multiple deterministic models 
that, based on the predicted macro-class, can create 
correspondent sub-categories matching the regimes 
that belong to the spectrum.
Being simple uni-variate models, they do not require 
any manual tuning and do not lead to overlapping 
classes as in the entirely rule-based approaches 
previously proposed in the literature. Figure 8 shows 
the complete pipeline of the optimized multi-strategy 
FCR algorithm.

We now present the results obtained with the optimized multi-strategy FCR algorithm, highlighting in particular 
the role of the second strategy in improving the final predictions. Due to the unbalance in the different regimes 
representation in the data, we evaluate the performance by employing macro-averaged metrics such as accuracy, 
precision, recall and F1-Score.  
By computing the metrics independently of each class and then taking their average, the macro-averaged 
indicators treat each class equally, overcoming the class unbalance. Table 1 shows the results obtained with: 
strategy-1, strategy-2 and with the multi-strategy approach on 150 test flights. The results demonstrate that 
strategy-2 singularly recognizes the considered macro-categories with higher F1-score compared to strategy-1. 
This is due to the enhanced capability to deal with different manoeuvers duration and to recognize relevant trends

OPTIMIZED MULTI-STRATEGY FCR ALGORITHM

RESULTS AND DISCUSSION



This paper demonstrates the effectiveness of a multi-
strategy ML-based approach in solving the FCR 
problem. The proposed algorithm aggregates - through 
a final supervisor - two main strategies: the first is 
trained on entire manoeuvers and embeds the statistical 
features characterizing the considered macro-class, 
while the second, trained on sliced manoeuvers, 
embeds the statistical features characterizing the slice 
of the considered size. Hence, both contribute to the 
correct recognition of flight regimes. Specifically, the 
second strategy introduced in this work improves the 
recognition of regimes with variable duration. 
The multi-strategy approach is able to correctly classify 
the considered macro-classes with F1-score of 97.05%, 
improved with respect to both the single strategies.
Besides, given the massive amount of real-life data

employed to test the proposed methodology, the 
presented results prove the robustness of the multi-
strategy approach for FCR. 
Furthermore, the proposed approach is flexible and 
scalable. It enables the recognition of real usage 
spectra for multiple helicopter models, as far as data 
are available for training. 
It can be easily re-trained if more or different 
measurements are available from on-board signals. 
Finally, this efficient way to solve the challenging 
FCR task by providing actual and reliable usage 
monitoring of the helicopter components, enables the 
definition of customized maintenance plans, tailored 
to the helicopters actual usage, thus the transition to 
a condition-based maintenance schedule, allowing 
safety improvements as well as cost reductions.

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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Modern powered lift aircraft are highly integrated systems that require careful design to guarantee the highest 
degree of safety and reliability in accordance with existing airworthiness standards. The next generation of 
powered lift aircraft focuses heavily on reducing pilot workload through fully Fly by Wire control systems. The 
following article presents design features unique to the AW609, developed to comply with the regulations 
outlined within the certification basis. Given its tenure within the industry, the AW609 can be used as 
a case study to show the development of and rationale for safety standards and Means of Compliance, by 
demonstrating that powered lift aircraft with advanced flight control functions designed for crew workload 
alleviation provides an equivalent level of safety to existing transport category rotorcraft standards. The article 
provides the reader with examples of how regulations have been reflected in the design solutions. 

Leonardo Helicopters has collaborated with the 
Federal Aviation Administration (FAA) to address the 
unique safety concerns associated with advanced 
flight control functions required from a Powered Lift 
(PL) Aircraft (A/C), by publishing over twenty Method 
of Compliance Issue Papers, effectively evolving 
airworthiness standards for the AW609 Certification 
Basis. To successfully decrease the pilot workload and 
increase the overall safety, automated functions must 
be carefully designed and implemented, ensuring 
proper crew situational awareness, especially for non-
standard operating conditions such as full or partial 
system/subsystem failures [2].
The methods of compliance necessary to guarantee 
adherence to regulations and certification standards 
must be clearly defined. Means of compliance (MoC) are 
the detailed design methods employed in practice to 
demonstrate compliance with regulatory requirements. 
It is essential to clarify the difference between the 
two. A Means of Compliance is the precise strategy 
employed to satisfy airworthiness requirements and 
safety regulations whereas a Method of Compliance is 
the plan orchestrated to demonstrate how feasible

a means of compliance is, such as a ground test, flight 
test, etc.  For example, a Means of Compliance could 
be creating a control loop that compensates for wind in 
hover. The corresponding Method of Compliance could 
be a flight test in which the centre of gravity must remain 
within a circle of 5-foot radius. The following article 
takes a dive into the Fly-by-Wire (FBW) Flight Control 
System (FCS) design features that are implemented 
as a Means of Compliance to unique PL and FBW FCS 
regulations specifically pertaining to the AW609.FBW 
FCS aircraft can be categorized by their fully electronic 
control infrastructure operated by a computer. This is 
the essential component in reducing pilot workload. 
Figure 1 depicts certain flight phases during which 
increased crew workload is more common whether it 
be a direct result of system/subsystem malfunction or 
atmospheric disturbances. 
Advanced flight controls are employed to automate 
various in-flight tasks with the intent of reducing the 
pilot workload and improving comfort for passengers. 
With more room to work, pilots can direct their 
attention to the more difficult aspects of flying such 
as flight planning, navigation, communication with Air 
Traffic Controllers, monitoring weather conditions, 
fuel management, emergency procedures, etc. 
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The AgustaWestland AW609 is an entirely FBW 
tiltrotor (TR) that is poised to change the face of 
civil aviation. It can lift off vertically, and by tilting 
its nacelles forward, can convert to fly forwards; 
providing a speed and range advantage over 
conventional helicopters while simultaneously 
offering accessibility and manoeuvrability 
advantages over conventional airplanes. Specifically 
pertaining to the AW609, the FBW design consists of 
a triple-redundant system operating on a two out of 
three structure. Three flight control computers (FCC) 
run the same control algorithm simultaneously. 

A unique challenge arises in defining the certification 
basis [1]. As most certification bases are adopted and 
adapted from those of pre-existing A/C, the AW609’s 
cutting edge design puts it at a disadvantage. The 
appropriate combination of existing airworthiness 
regulations must be chosen, while new special 
requirements must be clearly defined, which ensure 
that the tiltrotor’s workload reduction capabilities 
are certified. There is a level of safety established 
in the pre-existing applicable sections of existing 
airworthiness regulations that must be met. 

Terms for a brand-new certification basis must be agreed 
upon, between the industry and regulators, to facilitate 
the AW609’s certification and set the example for all 
the emerging tiltrotor A/C. Regulations applicable to 
airplanes cannot simply be merged with those applicable 
to rotorcraft. A new set of regulations must be constructed 
to bridge the gap between the increased manoeuvrability 
provided by a helicopter and the increased range and 
airspeed provided by an airplane. The AW609 certification 
basis is a G-1 Issue paper developed under the 21.17(b) 
special class regulation [3]. 

The FCCs process signals and create the appropriate commands if - and only if - at least two out of the three 
computers return identical results.The AW609 is an example of a highly integrated PL aircraft that alleviates 
crew workload with unique capabilities, including: 
•	 thrust power management (via tactile cueing),
•	 full time rotor speed governor including                                                                                                                                        

automatically controlled variable RPM,
•	 auto-trim,
•	 attitude hold,
•	 turn coordination,
•	 flapping limiting,
•	 nacelle synchronization,
•	 automatic nacelle control,
•	 control margin awareness,
•	 conversion protection,
•	 stall warning, and “envelope protection”                                                                                                                                      

through active control and cueing like: 
Rate-Of-Descent (ROD), Vortex-Ring-State (VRS),
 VCON, VMIN and Sideslip. 

Automated functions must be carefully designed to ensure proper crew situational awareness, especially for 
non-standard operating conditions, including system failures. 
Across four prototypes, the first-of-its-kind A/C has flown 2,000+ hours in development and “show 
compliance” flights. In doing so, it has passed major structural and fatigue tests, critical safety flight tests, 
vendor component qualification and system safety assessments. The AW609 is designed to meet rigorous 
FAA commercial transport A/C requirements that provide an additional level of safety above and beyond part 
23 and 27 requirements. The AW609 is designed for Category A performance operations, making use of both 
vertical and short take-off and landing methods (V/STOL). It is equipped to maintain safe operation at all 
weather conditions. Figure 2 highlights some of the AW609’s capabilities. 

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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Aircraft Characteristics

Certification Basis

1 – AW609 Flight Phases Categorized by Required Pilot 
Workload and Flight Operation

2 – AW609 Characteristics and Capabilities
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The G-1 issue papers establish the airworthiness and environmental requirements necessary to achieve FAA 
Type Certification. The Part 21.12(b) of the FAA’s Title 14 specifies that for, “special classes of aircraft for which 
airworthiness standards have not been issued… the applicable requirements will be the portions of those other 
airworthiness requirements contained in Parts 23, 25, 27 and 29 found by the FAA to be appropriate for the 
aircraft and applicable to a specific type design” [7][8] and [10]. 
To avoid any ambiguity, the AW609 certification basis includes new Tiltrotor (TR) airworthiness requirement 
criteria, i.e. §TR.XX. These newly generated requirements address the unique design and performance aspects 
specific to the tiltrotor. Some TR airworthiness criteria consist of combined and/or modified regulations from 
parts 23, 25, and 29, while others are entirely new requirements that are necessary to provide the appropriate 
level of safety for the AW609.

3 – AW609 Certification Basis Makeup

4 – AW609 Power Lever Functions

The initial Type Certificate application was submitted 
in February 1996, but it had been not accepted for 
another 6 months after revisions had been made that 
have led to the third version of the application. 
The Certification basis acts as a living document, 
with adjustments being made constantly as the 
FAA continues to learn more about the design and 
characteristics of the A/C. As it currently stands, the 
certification basis includes regulations from parts 
25 and 29, as well as the new tiltrotor airworthiness 
criteria. Figure 3 portrays the contributions from each 
part as a quantity first, followed by a percentage. 
With such similar requirements, redundancy can be 
common. In those cases in which redundancy occurs, 
the most conservative requirements is applied.

The AW609 Thrust Power Management System (TPMS) 
is a highly integrated portion of the FCS responsible 
for the engine and rotors. The A/C is equipped with 
two Pratt and Whitney PT6C-67/A engines designed 
to operate at all nacelle angles. Engine control and 
rotor control laws are contained within the FCCs and 
operate through electronic interfaces with these 
respective components.
The pilot controls power by using a Power Lever, 
designed similarly to a helicopter’s collective stick. 
Figure 4 shows a diagram that explains the operation 
of the power lever. 
A power lever has been implemented in the design as it is

Contrary to the traditional mechanically linked flight controls that provide direct control in all attitudes and 
manoeuvers, an FBW FCS relies on a flight control computer to process signals from the pilot inceptors and generate 
electrical signals to command the aircraft. The PL aircraft at hand requires an advanced FBW FCS to translate pilot 
inputs into engine power and rotor speed, to effectively control moments about all the three vehicle axes.
Traditional FCS aircraft disengage or downgrade the level of control when certain limits are exceeded, but it is 
not possible to completely disengage an A/C FCS, given the premise of an FBW system. However, specific system 
failures could degrade the FCS. To adhere to §TR.34 & §TR.38, the effects of its design on the system or on the pilot’s 
ability to recover the FBW A/C within the normal flight envelope, must be shown. §TR.34 & §TR.38 pertain to A/C 
failure states and avoidance of hazardous flight conditions, respectively, and mandate that the effect of the FCS 
design on recovery ability must be shown.

Thrust Power Management System
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this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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A power lever has been implemented in the design as it is difficult to get in and out of the right seat with a V-22 
style thrust control lever in place [4]. Additionally, adopting helicopter controls design can allow for reduced 
pilot training requirements and better alignment to the §TR.779 & §TR.1309. The §TR.779 defines requirements 
for cockpit controls design, while the §TR.1309 requests rotorcraft equipment and systems to be installed to 
ensure safety and reliability under any conditions. 
The tiltrotor’s propulsion system is of high importance for operation and safety of the aircraft, as it provides 
both lift and manoeuvrability through the drive train.
The AW609 TPMS faces a unique challenge as it is designed to meet part 25 and 29 requirements. Part 25 
pertains to regulations set on transport category airplanes, while part 29 correlates to the FAA’s policies on 
transport category rotorcraft [9][11].

This is challenging, because helicopters typically 
use different means to control the rotor speed. In 
helicopters, the pilot commands the blade collective 
pitch and the system commands engine power 
to maintain the desired rotor speed. However, in 
turboprop A/C, the pilot controls the engine by acting 
on the throttle command, and the governing system 
adjusts the required pitch to control the propellor 
speed. Applying this configuration to helicopters 
would result in sluggish airframe response. Testing 
of various strategies during AW609 development 
indicates that high loads result from mild inputs 
and the over-torquing/windmilling is difficult to 
prevent. The §TR.33 requires that the upper and lower 
operating boundaries of powerplant-generated loft or 
thrust must be identified.
Figure 5 shows a simplified TPMS response scheme 
implemented in the AW609 FCCs. A torque loop is 
added to the scheme to prevent a static instability 
that would occur when trying to control both the 
available and the required power by using the rotor 
speed. In airplane mode, rotor speed is controlled 
only via the blade pitch angle and torque is controlled 
by the engine power. In helicopter mode, the two 
control variables are combined. This scheme provides 
an optimal combination between characteristics of 
helicopter and airplane. 
Figure 6 depicts the regular engine (Torque Command 
and Regulation System) and rotor control loop of the 
AW609 FCC. The combination of rotor speed and 
torque control reduces the workload during One 
Engine Inoperative (OEI) operation, particularly for 
transport operations [5], in response to the §TR.53 & 
§TR.85 which define requirements for take-off and 
balked landing, respectively.
The control scheme shown in Figure 6 allows for 
predictable control sensitivity, reduced transmission 
over-torque, automatic OEI compensation in all flight 
modes as requested by §TR.38, and the ability to 
“set and forget” torque which significantly reduces 
the workload when converting, and automatically 
compensates for rotor inflow and altitude changes 
on torque. The engine control laws oversee managing 
and displaying engine states, while executing the 
engine’s control functions.

The system increases the power lever friction when 
commanding high symmetric torque to cue the pilot 
when power is beyond the engine limits. This specific 
design functions as a MoC with the §TR.1309.
The engine torque limiting function restricts each 
engine torque based on the flight mode and preserves 
the drive train lift during all-engine operative modes, 
by setting a limit requested in §TR.38. The torque 
limiting is disabled when the engine torque sensors 
fail and it has limited authority to ensure the A/C 
effects meet the safety criteria outlined in §TR.1309. 
The Engine Temperature Limiting function limits 
the engine temperature, according to the current 
flight mode. The function has authority limits to 
prevent from hazardous effects of erroneous sensor 
operation and is disabled upon detected failure 
aligning with §TR.33, §TR.38 & §TR.1309.
The Engine Load Sharing Function allows the pilot 
to match the engine torque or the temperature, to 
optimize the performance without compromising the 
ability to attain maximum engine power within limits, 
effectively satisfying §TR.38. The Load Sharing is 
deactivated in case of failure of either sensors or the 
interconnected drive shaft (ICDS), to prevent from 
hazardous effects, as it is directed by §TR.1309.
The Engine Failure Detection Function generates a 
power-off condition that informs avionics to provide 
a cockpit warning and to enable OEI limit displays in 
accordance with §TR.34, §TR.38 & §TR.1309.

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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6 – Simplified TCRS Schematic

7 – Rotor RPM Command Logic

Automatic control of rotor speed as a function of flight condition serves to reduce the pilot workload. This 
technology would allow the crew to shift their focus away from managing physical aspects of the A/C, to the 
mission management, including propulsion system failure conditions.
The rotor speed governor function reduces workload for power off operations such as nacelle reconversions, 
per §TR.143 which requires that the A/C must be safely controllable and manoeuvrable during steady flight and 
appropriate manoeuvres. The governor automatically reduces the collective pitch to maintain the rotor speed, 
thus relieving the pilot from the need to react to an engine failure, by reducing the power lever to enter VTOL 
mode or Airplane Mode.  The envelope protection function provides a means to keep the rotor speed (Nr) within 
the design limits and it is designed to satisfy the Nr Over/Under-speed Protection requirements, as discussed 
in §TR.38. The cockpit displays indicate the rotor speed operation limits to the pilots and provide a WARNING 
when they are violated, aligning with §TR.1309.
Airplane Mode refers to the A/C configuration with nacelles on the downstop (0° nacelle angle) and rotors 
at 84% of their nominal rotor speed. The AW609 FCS includes a sensor that detects when the nacelles are 
positioned horizontally.
All other flight modes, with nacelles tilted at various angles (0° to 95°) and the rotor at 100% or 102% the 
nominal rotor speed, are referred to as VTOL/Conversion Mode (VCON). This relationship is shown in Figure 7.

The PL A/C introduce a unique safety consideration 
pertaining to rotor speed command and control. 
Failure of this system could compromise the thrust 
generation and vehicle controllability, thus it could be 
a catastrophic event. Human error, including errors by 
flight crew, contributes to more A/C accidents than 
any other single factor.  Such errors can be induced by 
poorly designed human-machine interfaces that cause 
inappropriate crew reactions, particularly during flight 
conditions that demand for increased workload and 
in emergency scenarios. Airworthiness regulations, 
design criteria, and MoCs need to be established 
for PL A/C with automated flight controls, to ensure 
operational safety in normal and improbable flight 
conditions, including failure modes.

The TPMS can temporarily disable the Full Time Rotor 
Speed Governor, to allow rotor speed to drop under the 
intended reference speed in specific conditions, adhering 
to §TR.34. The limits on the collective pitch command are 
enforced on the Collective Governor that computes the 
desired collective blade pitch value to maintain a specified 
RPM/Torque reference. The lower limit allows the pilot to 
maintain some authority on the collective pitch when the 
governor works against him and tries to accelerate the 
rotor by lowering the blade pitch.
In cases in which the system detects the power degraded 
situation - like: OEI, All Engines Inoperative (AEI), fuel 
contamination or engine ingestion - the lower Collective 
Governor limit can be overridden by the pilot through a 
rapid, large power lever movement. This provides added 
safety margin by cushioning a hard landing in a power-
limited emergency [6].

VERTIFLIGHT TECHNOLOGIES IN LEONARDO
Flight Condition Recognition, Simulation, System Design,
Tilt-Rotor technologies and System Integration

Full Time Rotor Speed Governor
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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The Nacelle angle control provides continuous 
control in/near helicopter mode (95° to 75°) at a 
fixed rate. The capability to command conversion 
rates of ±8 degree/s for any nacelle position in 
helicopter mode is provided. When approaching 95 
degrees, the command is reduced to 1 degree/s. 
The nacelle manual trim control allows the pilot 
to set any nacelle angle between 75° and 95° in 
a smooth and predictable manner. Nacelle angle 
control provides semi-automatic detents (75°, 50°, 
downstop) for converting at pre-programmed fixed 
rates of ±3 degree/s. The nacelle angle control 
function operates smoothly such that the nacelles 
stop at each detent and wait for another nacelle 
switch command to initiate further nacelle motion.

A tiltrotor has new forms of envelope restrictions 
that are introduced by its moving nacelles. The 
AW609 uses various techniques to cue the pilot to 
the A/C operating envelope. A conversion corridor 
represents the protection control laws that are 
intended to allow the pilot to easily keep the A/C 
within the nacelle vs. airspeed limits. 
Flying the tiltrotor within airspeed limits helps to 
reduce the fatigue and increase lifespan of the rotor 
system components. Figure 9 portrays the nacelle 
control scheme and conversion corridor definition 
in power ON modes. Considering the conversion 
corridor boundaries, the lower and upper limit 
speeds in VTOL/Conversion mode are called VMIN and 
VCON as it is prescribed by §TR.11. This is a relatively 
new concept for civil A/C, but a proven one that the 
V-22 community is already familiar with. 

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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9 – Nacelle Control and Conversion Corridor – Power ON

8 – Nacelle Wheel

In accordance with §TR.53 through §TR.85, the Nacelle Angle positioning is ensured by the nacelle angle 
control. These requirements are primarily concerned with flight performance, during which the nacelle control 
is crucial. The requirements specify the absolute minimum standards for performance in each flight scenario. 
The nacelle wheel and its location on the power lever is shown in Figure 8.

The Nacelle angle control provides a high-speed emergency reconversion mode that over-rides detents. The 
Emergency Reconvert Function requires a single action to command nacelles to 95 degrees, unless it were 
inhibited by the conversion protection. The Nacelle angle control stops the commanded motion when nacelles 
are commanded in the direction opposite to current motion. The command nacelle angle is changed at a rate 
schedule selected to give Satisfactory Handling Qualities for conversion and reconversion. The Nacelle angle 
control limits the nacelle angle to above 75 degrees when on the ground with rotors turning, and provides bang-
bang nacelle rate control at 2 deg/sec when on the ground with low rotor RPM. In control theory, the bang-bang 
control (hysteresis, 2-step or on-off control) provides feedback to the system and enables rapid transitions 
between the two states. The quick transitions enabled by the implementation of such control strategies is 
especially important in systems in which the response time must be shortened as much as possible.
During the conversion to the downstop, the rate of change of the nacelle position command is reduced to 1 
degree/s within 2 degrees of the downstop.

Nacelle Control

Airspeed Definition
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Flying below VMIN or above VCON induces large flapping angles on the gimbaled proprotor system, which can lead 
to higher temperatures of the elastomeric bearings and to reduced life spans. 
With engines operating, the FCS sends VCON to the avionics processor for display and over-speed aural warning, 
which is required by §TR.38 on the avoidance of hazardous flight conditions. A power-off operating speed has 
been established, as per §TR.1505, to allow AEI reconversions and high speed autorotation. All-engines-out 
logic causes the FCS to switch, sending the power-off airspeeds in accordance with §TR.34 in the event of any 
critical propulsion system failures.

The nacelle conversion protection Control Laws structure relies on the limitation of the nacelle rate applied 
to the command. The limits are such that in normal operations the nacelle command would never exceed the 
Computed Airspeed (CAS) vs Nacelle Angle envelope known as the conversion corridor. These limits directly 
correspond to both §TR.33 and §TR.38. Figure 10 shows the conversion protection scheme outlined by the 
control algorithm.

The AW609 Certification Basis for FAA Type Certification Project #TC3419RC-R is an evolution of the initial 
certification basis which was released in September 2007 under “Proposed Airworthiness Standards, Request 
for Comments’ which encompassed a mix of new tiltrotor requirements and existing regulations from Parts 
23,25, and 29. 

This logic prevents the pilot from tilting the nacelles forward too early and losing lift from the rotor system (by 
tilting the thrust vector forward) before there is any lift being generated from the wing surfaces. Autoflaps and 
longitudinal control processing is designed to minimize pilot workload to remain within the conversion corridor 
during nacelle transition maneuvers.
As per §TR.34 on the failure of critical propulsion systems, conversion protection is disabled when the FCS 
reverts in DIRECT mode or the Power Off situation is detected. The Control Laws operating in the DIRECT mode 
provide a system which is adequate for continued safe flight and landing. This mode is entered only following 
a failure which prevents operation in the NORMAL mode. Transition from NORMAL to DIRECT mode may occur 
automatically as a function of detected system failures or manually by the pilot in the event of an undetected 
failure by switching the “FCS AUG” switch to the OFF position. The Control Laws detect the Power Off when any 
two out of the left engine, right engine or Interconnected Drive Shaft fails.

The conversion protection function limits the nacelle 
rate in the direction that, based on the desired 
nacelle angle and airspeed, could bring the A/C into 
a dangerous flight condition. The upper limits are 
chosen with respect to the potential of structural 
damages, while the lower limit selection is due to 
the possibility of sustaining the level flight in that 
condition. Areas outside the conversion corridor allow 
for nacelle movements in only one direction, as it is 
detailed in Figure 10. The commanded nacelle rate is 
not sharply brought to zero at the edge of the corridor, 
but it linearly fades to null as a function of airspeed. 
While the airspeed is approaching the intended 
limit, the system produces visual and audio cues to 
increase the pilot awareness. Note that when the 
pilot moves the A/C back into the conversion corridor, 
i.e. accelerates or decelerates sufficiently, then the 
nacelles will start moving forward or aftward again 
without prompting from the pilot. In the area below 
45kts and 75deg, conversion forward is not allowed 
at any time. 
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The previous proposal was culminated over 20 years of industry development led by the FAA, which started as 
an interim airworthiness requirement for powered lift A/C called ‘Part XX’ and evolved through a collaborative 
effort. The recent update includes modifications to address the updated part 25 airworthiness requirements and 
the unique §TR.XX airworthiness criteria provided to AWPC. The updates address special conditions deemed 
appropriate by the FAA based on over 2000 hours of flight test, thousands of hours of simulation, and extensive 
collaboration between industry and the FAA. The process and results described in this paper are mature. The 
current version of the AW609 certification basis is undergoing final reviews and approvals for public release in 
2023 as the G-1 Issue Paper for Project #TC3419RC-R.

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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The purpose of this paper is to report the results of the evaluation conducted on Automated Robotics for Testing 
Optimization (ARTO), an automated system designed to perform integration tests requiring interaction with 
the cockpit. The system features two key elements: the robotic manipulator that acts on cockpit panels and 
displays, and the Computer Vision that collects the visual information. The methodology followed during the 
activity addressed different System Engineering technical processes, starting from the architectural design of 
the system, up to the validation in a representative testing environment. For the validation environment of ARTO, 
TXT E-Tech, and Leonardo Helicopters have chosen the LHD Next-Gen Civil Tiltrotor-Technology Demonstrator 
(NGCTR-TD) Avionics Full Scale Integration Rig (FSIR). The results collected during this activity include several 
KPIs, significant in terms of accuracy and test operation efficiency.

This section introduces the Automated Robotics for 
Testing Optimization (ARTO) solution, developed to 
enhance the integration testing and the procedures 
automation.
Within the aerospace industry, integration testing is 
one of the steps that compose the system development 
life-cycle, well depicted by the V-model [1]. In general, 
the V-model is used for the complex systems design 
& development, through physical levels of solution 
description, and physical realization of system 
elements, along with their integration to create higher 
physical level system elements, [1].
For the integration testing of an avionic system, many 
different scenarios must be executed and validated by 
the user running the test, and either with the current 
state of the art of integration testing, test executors 
make several repetitive actions [14].
The test sets of safety-critical systems are long lasting 
and involve repetitive tasks for the operator.

Meanwhile the system is under test, the laboratory 
cannot be used for other purposes, which decreases 
the asset’s availability for other stakeholders. 
Moreover, with distributed offices, the on-site testing 
could be constricting when the execution of test 
procedures requires at least one person physically 
attending in the laboratory [2].
ARTO addresses the abovementioned problem by 
automating the repetitive procedures in which human 
interactions are required, to increase efficiency, 
reduce costs and enable working remotely from 
different locations.
The system consists of four main subsystems: 
Robotics, Image & Audio Processing (Computer Vision), 
Framework, and User Interface. ARTO is designed to 
be installed in a generic cockpit, whether it is located 
in a real helicopter/aircraft or a testing laboratory, with 
the aim to enable the key technology of automatizing 
human procedures for relevant purposes.
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As shown in Figure 1 and detailed in Figure 2, the four 
main subsystems implemented are: Graphical User 
Interface (GUI), Framework, Robotics and Computer 
Vision (CV).
All subsystems are implemented and integrated within a 
Robot Operating System (ROS), that consists of a set of 
software libraries and tools designed for building robot 
applications. This robotic middleware uses a graph-based 
architecture to divide tasks among multiple nodes that 
are managed as individual processes that communicate 
through messages, services, or actions [11]. 

As described in [3], the Robotics subsystem is 
composed by a robot that interacts with the cockpit and 
stimulates the system under test. The main features 
that the Robotics subsystem shall satisfy are:
•	 The robotic arm does not represent a threat to 

humans who share the working environment with it;
•	 The robotic arm is capable of operating on the 

touchscreens, push buttons and levers;
•	 The robotic arm is designed to be easily installed and 

removed from the cockpit, allowing the cockpit to be 
reconfigured quickly for other needs or for maintenance.

The Framework is the software that manages the 
connection among all the subsystems [4]. The main 
features the Framework subsystem shall implement are:
•	 Initiate the subsystems;
•	 Manage the subsystems and their integration;
•	 Distribute tasks to different subsystems;
•	 Execute tests;
•	 Notify each subsystem of a test execution;
•	 Manage the results.

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
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MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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As the robot must be safe both for the humans who operate it and for the environment, a cobot (collaborative 
robot) has been evaluated, since it has been developed precisely for this purpose. The final choice was the ABB 
(ABB Asea Brown Boveri Ltd) GoFa™ CRB 15000 launched in 2021, that requires no specialized training to use 
and is light enough to be moved and installed on-site easily.
The first integration studies have been conducted in RobotStudio, a software developed by ABB that allows 
developers to create a digital representation of the robot and its operational environment as shown in Figure 
3. It has been used to simulate different scenarios and test the system’s capabilities in a safe and controlled 
digital environment [5].

The Computer Vision subsystem aims to replace the verification step performed manually by test engineers. 
The subsystem is composed of a camera and software module used to analyse information from the cockpit 
elements. The main features the Computer Vision subsystem shall implement are:
•   Recognize the buttons, levers, or knobs to operate;
•   Recognize if a certain indicator is displayed in the field of view of the camera;
•   Recognize if a button has been correctly pushed.

The installation provisions include the base used to install the robot, the tool applied to the robotic arm and the 
hardware connections. The base provision has been designed to be installed on the cockpit pilot seat rails, as 
shown in Figure 4 (left).
This has been done in order to allow for quick installation with minimum impact on the cockpit (only seat removal 
is required), at the same time allowing precise positioning of the robotic arm, and optimal position in terms of 
reachability of displays, buttons and levers.

About the hardware, A Raspberry Pi 4 single-board 
computer [13] has been chosen, equipped with a 
Camera Module and suited with several software tools 
to allow the extraction, packaging, and broadcasting 
of images, thus providing a real-time stream of data 
packets to the image processing algorithms embedded 
in the Framework. The software developed includes 
a pre-processing phase, aimed to enhance quality 
of the frame and to reduce noise, also performing 
various image operations such as colour filtering, 
morphological manipulation, and smoothing.
The final goals of object detection, recognition, and 
tracking have been achieved through implementation 
of Template Matching algorithms ([6]) and Hough 
Circle Transform (HCT) method [7][12], used to detect 
circles in an image by eroding and removing the 
elements of the Region Of Interest (ROI) [8].

The tool applied to the robotic arm has been optimised 
for pressing operation on a touch-screen display and a 
pulling operation on the landing gear lever. 
With reference to Figure 4 (right), the tip of the green 
section is aimed to press the touchscreen displays, 
hence it has been covered with soft rubber material 
in order to avoid potential damage to the screens, 
whereas the yellow part is designed to pull and raise 
(or lower) the landing gear lever.

The GUI allows the user to manage the functions of 
ARTO and lets the operator to design, execute, and 
collect/review the results of the specific test.
The main features the User Interface subsystem shall 
implement are:

•	 Intuitive and easy-to-use interface to create, save, 
and load test scenarios;

•	 Real-time feedback on the status of every 
subsystem during test execution;

•	 Error handling and reporting features for efficient 
debugging and problem-solving.
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This position has allowed for proper reachability of all the real equipment installed in the cockpit main zones, 
shown in Figure 5. The Instrument Panel (Zone 1) features a flight deck with three wide-format landscape 
touchscreen displays, along with control panels for Engine and Fire Extinguishing Control Systems. 
In addition, the Cockpit Display System also includes dedicated cockpit controls for cursor manipulation, data 
setting alphanumeric entry and controls for commonly used functions.
Control panels include Cursor Control Panels (CCPs), one Multifunction Keypad Panel (MKP) and one Display 
Mode Control Panel (DMCP) installed within the side areas (Zone 2), along with the Active Inceptors.
At first, only the CV has been tested, then only the Robotics subsystem separately, and at the end all the 
subsystems integrated. The executed tests are described hereinafter.

The operational capabilities of ARTO have been 
validated within a laboratory environment, and used 
for actual aircraft vehicle testing activity. Such 
laboratory environment is the LHD Next-Gen Civil 
Tiltrotor-Technology Demonstrator (NGCTR-TD) 
Avionics Full Scale Integration Rig (FSIR) environment, 
as described in [3] that includes real the Electrical, 
Avionics and Flight Control systems, including actual 
hydraulics, along with testing capabilities for all of 
these systems.
It is worth noting that the NGCTR development 
program has received funding from the Clean Sky 
2 Joint Undertaking (JU) under grant agreement No 
945542. The JU receives support from the European 
Union’s Horizon 2020 research and innovation program 
and the Clean Sky 2 JU members other than the Union.
In particular, the Cockpit Mock-up environment 
included within the laboratory, has been used for the 
evaluation, by installing the ARTO Robotic Arm in lieu 
of the pilot seat in the middle of the cockpit.

The Computer Vision has been tested as standalone 
in this test, aimed to detect the landing gear status 
indicators depicted in Figure 6: Up&Locked (left side), 
Transition (center) and Down&Locked (right side). 

Moreover, other two customized indicators have 
been tested, which in this paper are indicated as Fail 
Status 1 and Fail Status 2. In addition to the Landing 
Gear Indicators recognition, another test has been 
performed, aimed to recognize the navigation source 
menu (example shown in Figure 7).

This latter test consisted in detecting and recognizing 
the exact position of the setting, depicted by a cyan 
circle in the menu, as well as the correct number of 
frames in which the indicator was active (i.e. it didn’t 
detect false positives or false negatives).

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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A complete test has been made with the Crew Alerts Window: the scope was to open it through the dedicated 
touch control on the screen, and close it with the vertical bar. Moreover, the CV had to detect if the window was 
expanded or collapsed. This has been achieved by using Template Matching algorithm. Moreover, the complete 
test (including robot gestures and automatic verification) has been started using the GUI.

The last test performed was a user test. Namely, a test engineer has been instructed to set a test with ARTO and 
to execute it for the first time. Setting, execution time and tester opinion have been gathered as a qualitative 
measure of efficiency of the system.

Tests results show high consistency among the different features to recognize by the Computer Vision algorithm. 
The aggregated KPIs are then resumed in Table 2. The average FPS rate processed by the algorithms is about 14.4 
with a minimum of 12.4 FPS and a maximum of 21.3 FPS. The overall accuracy and precision of the recognition 
is extremely satisfactory, also at lower matching percentage.
This latter value is an indicator of how the algorithm is resilient to noisy input images, and how good is the 
threshold fixed for the template matching algorithm.

Computer vision results are expressed using the 
notation in Figure 8, where TP, FP, TN, and FN refer to 
each processed frame, containing the indicator or not.
Moreover, the following KPIs have been recorded for 
the Computer Vision module test results [9][10]:

•	 Accuracy: 

•	 Precision: 

•	 Average Matching: expressed in percentage of 
matchings found over the Region Of Interest

•	 Frames per Second: evaluated by the algorithm, 
an indicator of the processing speed.

The results about the recognition tests: Landing Gear 
status indicators, Navigation Menu, Expanded Alert 
Window (named as Window 1) and Collapsed Alert 
Window (named as Window 2) are reported in the 
following Table 1.
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Touch control push and detection 

User Test 

RESULTS

8 – CV Results Notation

Table 1 - Results for CV recognition test Table 2 - Aggregated KPIs for CV recognition test
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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Figure 1 - Helicopter tailplane (AW169)
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THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map

POLARIS
Other KPIs measured with the Reachability Test and the 
Navigation Source Menu Test are related to the robotic 
arm. The cobot has been demonstrated itself being able 
to reach all the displays and push buttons within Zone 
1 and Zone 2 as it can be seen in Figure 9 (and related 
video in [16]) and Figure 10, without any interference 
with other existing items installed in the cockpit.

About the robot operation on the touchscreen, the 
implemented gesture resulted in an average number 
of 9 ‘missing clicks’ every 50 touches. Such missing 
clicks resulted in the grip touching a display area 
very close to the interactive one, but missing the 
target hotspot or not pressing enough to trigger the 
interactive area.
Finally, an ‘User Test’ has been performed, asking 
an experienced test engineer to implement a test 
procedure using ARTO for the first time. Such tests 
has highlighted how the execution time involving the 
tool is slower than when executed by a human operator.
Nevertheless, the time required to write and prepare 
a test procedure using ARTO, is largely lower with 
respect to the conventional test preparation method, 
as shown in Table 3. (see video in [17])

At the conclusion of the evaluation activity of ARTO 
within the laboratory environment of NGCTR-TD, it 
can be stated that the Technology Readiness Level 
(TRL) reached by the system is TRL 5. The main 
achievements can be depicted in 3 areas:
•	 Main capabilities;
•	 Demonstrated Usability by a typical operator;
•	 Negligible impact on the installation inside a cockpit.
The two fundamental capabilities that have been 
analysed with the several tests conducted on the 
representative environment, are the recognition of 
the pilot screen indicators and the robot handling 
capabilities to act on the different panels. For this 
area, it can be stated that the system has sufficient 
functionalities implemented to execute the tests in the 
scope of the activity.

The results of the test conducted with a test engineer 
using the system for his/her first time, were concluded 
with positive outcome in terms of the set-up of the 
system and test management.  This evaluation will be re-
conducted with future implementation and increase in 
test procedure complexity. The choice of the installation 
proved to be a good compromise between repeatable 
centring of the manipulator position and the use of a fixed 
cockpit element, namely the seat guides. This has allowed 
to easily reposition the system even by a single non-trained 
operator. Of course, the system features also some limits. 
In the first instance, the number of indicators that can be 
recognized correctly by the Computer Vision is limited, 
therefore the type and number of symbols identifiable 
shall be increased accordingly with the number of the test 
procedure that will be covered by ARTO.

CONCLUSIONS

Table 3 – User Test KPIs

9 - Reachability test on Left and Right Display

10 - Reachability test on Zone 2 (Keyboard)
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Several future growth capabilities of the system have 
been identified for each subsystem, to increase the 
capabilities of ARTO.
The first function the Framework should be able to 
support, is the aural signal recognition that would 
enable ARTO to cover integration tests requiring 
sound verification. Moreover, the Framework should 
be able also to receive the coordinates of the external 
environment from the Computer Vision subsystem, 
to process them, and to send them to the robotic 
subsystem. This would eliminate the initial calibration 
procedure of the robotic system during installation 
and initialization, and result in a more precise gesture 
execution. The timing between the Computer Vision 
camera and the Framework subsystem could be 
improved as well, to make more efficient and faster 
automated tests involving both Computer Vision and 
gestures. Concerning the robotic arm, the gripping 
tool is identified as an improvement area, to ensure the 
soft pencil tip does not change its shape or position 
after prolonged usage.
Another improvement that will be analysed, to 
efficiently reduce the time in test execution, is the 
robotic gestures speed, while maintaining the safety 
limitations to avoid any human injuries. Also about this 
point, another improvement will be teaching the robot 
entire trajectories, instead of the sole coordinates.
Then, obstacles should be recognized with the use of 
Computer Vision, and avoided accordingly. Finally, a 
force sensor could be installed between the robot and 
the tool, to further verify that the gesture has been 
completed and to avoid missing click.
About Computer Vision, quality of the camera will be 
upgraded to reduce the video noise. Having a cleaner 
image to start with, would reduce the need of using 
computationally heavy image enhancing techniques. 

This should allow improvements both in speed and 
precision of the already existing and future algorithms.
Especially, an immediate improvement consists 
in recognizing automatically the edges of the 
screen and the Region Of Interest (ROI), without 
any manual calibration at each time. Other code 
improvements include also the automatic calibration 
of the image pre-processing steps (such as masking 
and morphological operations) according to the 
environment or lab conditions.Moreover, in order to 
better test and select CV algorithms, a comparison 
between Template Matching (kept as the benchmark) 
and other techniques will be performed. For example, 
in the Cockpit Display System environment, many 
textual indicators are used and need to be tested to 
verify their right behaviour. For instance, the Optical 
Character Recognition (OCR) could enhance text 
indicators detection.
The OCR is already being developed, using Google’s 
“Tesseract OCR”, and is currently being tested on 
other indicators not discussed in this paper. Although 
promising, the tests so far have been run on high-
quality images, and thus they are only partially 
indicative of a real scenario. Moreover, since the CDS 
uses a particular font, in a particular domain, the 
development of customized OCR software is being 
taken into consideration. 
Another solution that is under development consists 
in applying a Convolutional Neural Network (CNN) 
capable of recognizing both complex indicators (with 
their associated status) and ROIs [3]. Other Deep 
Learning techniques, related to CNNs that will be 
investigated and tested, include the VGG (Very-deep 
Geometric Group), U-Net and MobileNet, all of which 
represent state-of-the-art architectures in terms of 
accuracy and versatility.
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Secondly, the robotics procedures will be optimized in terms of time of execution and gripper design; 
also in this case, the test procedure will be the driver. In the following section, the details of these future 
improvements are outlined.

Vincenzo Taumaturgo: vincenzo.taumaturgo@leonardo.com
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THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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Figure 1 - Helicopter tailplane (AW169)
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The paper aims at the synthesis of a ground effect model suited for real time pilot in the loop and design trade-
off analyses of tilt-rotor like configurations. The process, based on the outcomes of dedicated Computational 
Fluid Dynamics (CFD) high fidelity simulations, is related to the determination of analytical model corrections 
to apply to tiltrotor aeromechanic model suited for out of ground effect conditions. The impact of the 
proposed modelling approach on the vehicle trim attitudes and bare aircraft stability is then assessed. Finally, 
effectiveness of the control laws synthetized out of ground effect is assessed in ground effect comparing bare 
aircraft vs closed loop system root locus. Stability margins evaluated through disk based approach are used to 
investigate robustness of the control laws.

The incoming Next Generation Civil Tilt Rotor-Technology 
Demonstrator (NGCTR-TD) first flight has highlighted 
the need of including into the aeromechanic modelling 
approach the characteristic phenomenology exhibited 
by the side-by-side rotors configuration in ground effect. 
As highlighted by literature works, the effect of complex 
aerodynamic interactions between the rotor wakes, 
nacelles, fuselage, wing, and ground consistently alter 
the rotorcraft performances and dynamic response. In 
these conditions, the rotor blowdowns turn out to be 
trapped between fuselage, wing, nacelles, and, ground 
producing an “air cushion” that reduces the power 
required to hover, see [1][2]. 
On the other hand, such condition is usually characterized 
by reduced rotorcraft stability features, especially 
concerning the lateral directional axis. The macroscopic 
effect consists of a reduction of the rotorcraft “Roll 
Stiffness”, see [3]. Indeed, a perturbation of the aircraft 
roll attitude (and its consequent induced lateral velocity) 
alters the initial symmetry of the “air cushion”, [4].  The 
consequence is the production of differential starboard 
and port rotorcraft forces that result in a roll moment 
directed as the roll attitude changes. 

In this regard, aeromechanic models capable of 
describing the complex aerodynamic interactions 
between the different components of the aircraft itself 
and the surrounding environment, i.e. ground, town 
walls, roofs etc. as well as heli decks become crucial 
for vendors to be owned.  Indeed, the difficulty or 
impossibility to perform flight tests in such conditions 
with the possible damage of expensive prototypes 
requires the massive use of both offline and real 
time simulations with the pilot in the loop, [5]. In this 
context, the paper proposes a process aimed at the 
synthesis of analytical relations that are representative 
of the phenomenology described above, once being 
characterized by dedicated CFD analyses. 
The effects of the proposed modelling approach are 
then assessed by considering the modification of 
steady rotorcraft attitude and  pilot inputs in ground 
effect. The root locus obtained by varying the rotorcraft 
altitude from out to in ground effect conditions 
highlights the impact of ground proximity on the bare 
aircraft stability. Finally, effectiveness of the control 
laws synthetized out of ground effect in ground effect 
is assessed both in terms of closed loop system root 
locus features and of robustness by the means of disk-
based stability margins. 
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In the framework of the aerodynamic evaluation of the prop-rotor Hovering In Ground Effect (HIGE) performances, 
dedicated 3D-CFD analyses have been carried out for an isolated rotor. The prop-rotor aerodynamic behaviour 
in terms of specific thrust distribution in and out of ground effect that is highlighted in Figure1 reveals how the 
presence of the ground alters the rotor induction on the blade span.

Specifically: i) a reduction of the local Angle of Attack (AoA) on the outer blade stations, highlighted by a 
loss of thrust on the blade tip region; ii) increase of the inner blade sections AoA, due to the lower induction 
provided by the tip vortex (reduced downwash on the sections included by the tip vortex core helicoid). The 
latter contribution is usually the dominating one in standard helicopter configurations, as it provides beneficial 
effect of rotor performances in HIGE.

Concerning the longitudinal airframe response, a sensitivity analysis on the non-dimensional ground distance 
h/D, namely the ratio between symmetric rotor hub altitudes above ground and rotor diameter, has been carried 
out. The major outcome is the airframe download reduction, due to the “cushion” effect, see Figure 3 (a), whose 
characterization is done by considering the airframe download coefficient defined as by (1), being Fz the airframe 
download while T is the rotor thrust.

However, the characteristic high prop-rotor blade twist 
necessary to provide satisfying performances in both, 
airplane and VTOL mode, makes the former contribution 
the prevalent one. In these conditions, the inner rotor 
blade sections experience very high AoA in Hovering in 
of Ground Effect (HIGE) conditions being close to stall, 
see Figure 2. Overall, at constant collective deflection, 
the prop-rotor configuration shows slight diminished 
rotor thrust in HIGE with respect to HOGE conditions. 
In addition to the isolated prop-rotor behaviour, the 
effect of rotor wakes-airframe interactions in HIGE 
conditions has been characterized.

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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1 – Isolated rotor sectional blade force distribution as function 
of the nondimensional sectional spanwise positions (r/R)

 2 – Pressure contour and wall shear stress lines on the suction 
side of an isolated rotor in hover out of ground effect (top)

and in ground effect (bottom) at the same rotor pitch

3 – Velocity magnitude contour of the in ground effect
NGCTR-TD a) levelled (left), b) with a roll angle (right)

HIGH FIDELITY AERODYNAMICS

(1)



In order to correlate the outcomes of isolated 
aeromechanic prop-rotor model with the high fidelity 
aerodynamic performance dataset, a user defined 
scheduling of inflow correction parameter has been 
defined, see [6]. This approach is based on the hypothesis 
of constant rotor power and allows to adjust the 
predicted rotor thrust by tuning the induced velocity with 
a coefficient, namely k. By recasting the constant power 
hypothesis between HIGE and HOGE conditions, using 
the inflow correction parameter to relate the induced 
velocity in and out of ground effect the ratio between 
thrusts reads:

From the CFD aeroloads, breakdown force and moment 
contributions in HIGE conditions are available for 
each rotorcraft components, namely: wing, nacelles, 
fuselage and tail. The modelling approach is based on 
the scheduling of delta vertical forces ΔZi   and pitching 
moments ΔMi between CFD data and the outcomes of 
standard aeromechanic model implementation in HOGE 
as follows:

In (3) e (4) the subscript i represents the i-th airframe 
component i.e. wing, nacelle, tail and fuselage. In order 
to widen the applicability of such corrections to different 
rotorcraft speeds and gross weights, the following two 
hypotheses are applied: 
•	 The airframe download decays exponentially with 

the horizontal rotorcraft speed as by the constant k3   
(suggested by [4]);

•	 The airframe download correction is proportional to 
the ratio between rotor actual thrust and the reference 
one at which the CFD data have been obtained.

In (2) Vgr is the horizontal rotor speed, k1 and k2 are 
coefficients accounting for the effect of rotor height 
over ground and rotor horizontal speed, respectively. 
The function k1 (h/D) is obtained by imposing in (2) Vgr=0 
and the ratio THIGE/THOGE (h/D) as provided by CFD data, 
whereas k2 is taken from literature outcomes, [4].
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In this section the synthesis of analytic models based on the outcome of the former aerodynamic analyses is presented.

In order to model the lateral axis airframe aerodynamic response in ground effect, an approach similar to the 
one proposed by [4] has been chosen. Specifically, an additional rolling moment in ground effect has been 
implemented as follows 

AEROMECHANIC MODELLING

As shown in Figure 3 (b), considering a positive attitude 
(wing-starboard down) the rotor wake closer to the 
ground turns out to be rapidly washed out towards 
the opposite side, which leads to an appreciable 
suction on the bottom of both the starboard wing and 
nacelle walls. 
On the other hand, the port side experiences a 
completely different situation. Indeed, the rotor port 
wake and the one coming from the starboard side 
interact with each other, leading to a local over pressure. 
The difference on the integral Fz between the port and 
the starboard forces returns a roll moment, which leads 
the aircraft to further increase the roll attitude, thus 
providing positive value to the Roll Stiffness ∂L/∂φ 
(unstable behaviour).

Remarkable increase in the airframe download 
coefficient has been found in ground effect, despite, 
as demonstrated in the former section, the NGCTR-TD 
rotor does not provide, as the conventional helicopter 
rotors do, any increase in thrust at a fixed pitch as far as 
the ground distance is decreasing. Thus, the download 
reduction is mainly attributed to the airframe. 
A further finding is the presence of increased pitch up 
moment that is generated by the rotor wake development 
after having impacted the ground surface. 
In order to characterize the lateral directional 
airframe aerodynamic response to ground surface 
in terms of Roll Stiffness, a sensitivity analysis has 
been performed at different aircraft roll settings 
considering constant symmetric non-dimensional 
ground distance h/D.
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HIGE TRIM CONDITIONS AND BARE AIRCRAFT STABILITY

Trim conditions

Bare Rotorcraft Stability Assessment

The polynomial shape function in (5) has been taken from [4] and scaled in order to match the symmetric NGCTR-
TD rotors non dimensional height over ground at touch-down. The exponential decay coefficient k4 in (5) is the 
same of that proposed by the literature reference, whereas α is such to provide the same value of Roll Stiffness 
predicted by CFD results in hover conditions at the considered h/D.

The effects of modelling HIGE conditions as proposed in the former section are inhere assessed in terms of:
•	 Rotorcraft attitudes and pilot inputs in steady conditions;
•	 Bare aircraft Linear Time Invariant (LTI) model root locus.

The following results only focus on HIGE conditions, being those the most impacting in terms of trim conditions 
and stability features modifications. As shown by previous studies (not inhere reported), a substantial weakening 
effect of the highlighted ground effect phenomenology is induced by the horizontal rotorcraft speed, due to the 
rotor wakes convection behind the rotorcraft.

As depicted in Figure 4, the rotorcraft pitch attitude 
decreases as the proximity to the ground increases, 
whereas the roll angle remains null due to the assumed 
null value of A/C center of gravity butt line. 
For tiltrotor configurations, the effect of diminished 
pitch angle as closing the gap with the ground is 
known and mainly due to the rotor wake impingement 
on the tail, see [4].
In terms of collective pilot inputs, an initial increase 
as the distance from ground decreases is required to 
compensate for the rotor loss of thrust. 
Then, below a certain h/D, the download reduction 
of the airframe in ground effect (cushion effect) is 
responsible for the diminished value of the collective 
that is required to balance the rotorcraft. Longitudinal 
lever position turns out to be less than in HOGE 
conditions (stick aft), due to the rotor wakes impingent 
on the tail via ground surface.

The assignment of mode shape to each eigenvalues is based on the Modal Participation Factor (MPF) 
computation, see [7]. The root locus changes from HOGE to HIGE conditions accounting for all the ground effect 
contributions as defined above are highlighted in Figure 5. Changes with respect to HOGE are substantial since 
all system poles are affected by the presence of ground. 

Specifically, it can be noticed that:
•	 The longitudinal dynamics is only slightly affected by the ground effect. Specifically, the phugoid mode is 

stabilized and increases in frequency as h/D decreases. Moreover, heave and pitch subsidence couple into 
the short period whose frequency increases as h/D decreases;

The analyses are carried out by considering the eigenvalue problem associated to the reduced 8x8 state matrix 
of LTI (Linear Time Invariant) model, whose state vector is x=[φ,θ,u,v,w,p,q,r], being the elements roll and pitch 
attitude, linear velocities and angular body rates, respectively.
The mentioned LTI model is obtained by a proper model reduction (matched DC gain method, higher order 
dynamics residualization) of the full order model considering all the states describing the dynamics of the 
vehicle, see [6].

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).

Winner of the 
Product Results category

POLARIS

Figure 1 - Helicopter tailplane (AW169)

37

4 – Rotorcraft pitch and roll attitudes, longitudinal stick
and collective lever position
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Then, different control laws configurations are applied and the augmented A/C stability is assessed for each 
one, in terms of natural frequency and damping characteristics of the aperiodic lateral directional unstable 
eigenvalue. Finally, the robustness of CLAWs designed in HOGE, with respect to the model uncertainties 
introduced by the HIGE conditions, is assessed by the means of stability margins analysis through the disk-
based approach, [8].

This section discusses the dynamic stability of the 
NGCTR-TD when the flight control system (FCS) 
loop closure is applied to the linearized bare A/C 
dynamics in hovering, at different height from ground. 
The section is organized as follows: first, an a-priori 
evaluation of how the alteration of reference HOGE 
model, due to the ground effect, will impact the closed-
loop performance, before applying the actual CLAWs, 
is performed applying the ν-gap metric, see [8]. 

AUGMENTED AIRCRAFT
STABILITY ASSESSMENT

6 - Ground effect mostly affected bare A/C modes frequency 
and damping trends as function of h/D, comparing each 

considered modelling configuration

5 – NGCTR-TD Root locus, of 8x8 state matrix from HOGE 
(black) to HIGE, (green is the wheel touchdown)

7 – a) On the left Lφ,
b) On the right Mθ; derivatives at hover

•	 The lateral-directional axis is the most 
affected by the ground proximity. Specifically, 
the Dutch roll shows substantial change of 
frequency and damping whose characteristics 
are function of the different value of h/D. 
The behavior of aperiodic modes is instead 
more linear, showing from HOGE increasing 
frequency up to reaching a maximum value for 
a given h/D followed by a frequency reduction 
till to the touch-down.

A further assessment about the previously 
discussed bare A/C modes frequency and damping 
alteration due to ground effect is depicted in 
Figure 6. The contributions breakdown shows the 
effect of: 
•	 only lateral;
•	 only longitudinal;
•	 only rotor thrusts;
•	 all corrections applied.

This confirms that the biggest contribution to the 
stability features modifications comes from the 
lateral dynamics correction. 
Observing the roll subsidence and generic aperiodic 
lateral-directional mode frequency trend with the 
h/D the shape of Lφ derivative, shown in Figure 7 (a), 
can be easily recognized. The longitudinal dynamics 
correction affects mostly the phugoid mode: its 
frequency and damping variation with h/D recall 
the Mθ derivative, see Figure 7 (b), while the rotors 
thrust correction implies mainly a Dutch-roll mode 
damping reduction as h/D decreases toward the 
touchdown. This suggests that Lφ and Mθ derivatives 
are responsible for the most significant rotorcraft 
stability modifications in ground effect conditions.
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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The baseline Control Laws (CLAWs) design and synthesis is performed within a subset of HOGE Linear Time 
Invariant models take as reference. As a first instance, the CLAWs parameters scheduling as a function of the 
height from ground was not deemed necessary for basic control functions. Therefore, the effect of the ground 
is managed by the control system as a bare A/C model uncertainty, with respect to which the control system 
robustness has to be verified. 
From this point of view, it is useful to carry out a preliminary verification by using the ν-gap metric. The metric 
quantifies the distance between two dynamic systems in closed loop, without considering any control system. In 
the present case the dynamic systems are represented by the bare aircraft linear time invariant model (A/C LTI) 
in HOGE and each HIGE model at different h/D. The metric values satisfy 0 ≤ ν-gap ≤ 1. Values close to 0 imply 
that any controller stabilizing HOGE model also stabilizes the HIGE one with similar closed-loop gains, it runs 
viceversa if ν-gap tends to 1.

In Figure 8 the ν-gap worst-case for each h/D (peak 
value along frequency) is shown, representing the 
worst-case drop in closed-loop performance. The 
Lφ derivative Figure 7 (a) trend can be found when 
observing the ν-gap as a function of h/D in cases with 
only lateral dynamics correction and all corrections 
applied, with a peak close to one (maximum expected 
closed-loop performance drop respect to HOGE) at the 
same h/D where the A/C rolling moment correction due 
to ground effect is maximum. The ν-gap considering 
only longitudinal dynamics and rotors thrust correction 
remains below 0.1, confirming the very low alteration of 
closed-loop performance respect to HOGE; similarly for 
the longitudinal dynamics correction cases the ν-gap 
behaviour recall the Mθ derivative, see Figure 7 (b).

The complementary sensitivity transfer function 
of a negative feedback loop F(s), namely the closed 
loop system transfer functions, is defined from the 
considered LTI bare aircraft model G(s) and controller 
C(s) by the following equation:

•	 Normal mode configured Hands-On/Feet-On: 
together with the SAS also the attitude control 
loops are active, but when pilot hands and feet are 
acting on commands the attitude hold function on 
roll/pitch/yaw angle is disabled;

•	 Normal mode configured Hands-On/Feet-Off: respect 
to the previous the pilot feet are off the pedals, hence 
the attitude hold function on yaw angle is enabled, 
roll/pitch attitude hold function is disabled; 

•	 Normal mode configured Hands-On longitudinal/ 
Hands-Off lateral/Feet-Off: respect to the previous 
the pilot hands are off the lateral command, hence 
the attitude hold function on roll and yaw angle are 
enabled, pitch attitude hold function is disabled.

From the previous FCS configurations, the level of 
control augmentation is progressively incremented. 
An easier way to capture the effect of the described 
progressive increment of control low actions on the 
closed loop system, is the migration of the generic 
lateral-directional aperiodic mode on the Gauss plane 
as a function of h/D, changing the FCS setting, is 
presented in Figure 9.

In order to get closed loop stability features the F(s) 
transfer function is converted into state-space form 
and state matrix eigenvalues are analysed, using the 
Modal Participation Factor technique [7], to identify the 
modes shape.
The plant transfer function G(s) herein considered 
concerns the LTI bare aircraft model from HOGE to 
HIGE conditions whereas the following four different 
FCS configurations are considered for the present 
analysis, namely:
•	 Direct mode: implementing a basic Stability 

Augmentation System (SAS) on the three axis 
angular rates with only damping effect (no 
integral terms);

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map

POLARIS
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Closed-loop A/C Dynamic Stability Analysis

8 – ν-gap metric between HOGE bare A/C model and HIGE 
as function of h/D, for each considered ground effect modelling

(6)



INNOVATION AWARD 2021
the Innovation that kept going in the toughest of times

0240

Observing the damping subplot, the lower value (-1) 
indicates instability, while the upper (+1) the stability. 
Hence, the mode is stabilized for all the h/D only 
when the CLAWs are set to Normal mode with roll/yaw 
attitude hold On. 
Conversely, it is stable, except in a certain h/D region, 
for the Normal mode with yaw attitude hold On (roll 
hold Off) and always unstable in case of Normal mode 
with roll and yaw attitude hold disabled and Direct 
mode. From the frequency subplot of Figure 9 it is 
possible to recognize again the same trend of the Lφ 
derivative along h/D (Figure 9).

In the present work it was preferred to adopt the 
disk-based stability margins method instead of the 
canonical loop at time approach since it considers a 
concurrent perturbation on both gain and phase and on 
all the channels of the control system at the same time. 
Hence it provides a stronger guarantee of closed-loop 
stability than the classical gain and phase margins. 
For each combination of bare A/C hovering model G 
and controller C corresponding to considered CLAWs 
settings, the evaluation of disk-based stability margins 
with changing height from ground was performed by 
defining the complementary sensitivity function with 
respect to the process output (sensors) as:

and the complementary sensitivity function respect to 
the process input (commands) as:

The coloured regions indicate company internal gain and 
phase margin requirements for the FCS design: white 
is the desired positioning, yellow the adequate and red 
the non-compliance. Therefore, the augmented A/C 
in hovering is compliant with stability margins design 
requirements whatever is the height from ground. 

The MIMO control system open-loop transfer functions 
on which disk-based margins are computed are: i) 
sensors opening (SNS)  L(s)=G(s)C(s) and commands 
opening (CMD)  L(s)=C(s)G(s). 
As depicted in Figure 9, the closed loop system is 
stable at any h/D when Normal mode configured Hands-
On longitudinal/ Hands-Off lateral/Feet-Off CLAWs 
configuration is adopted. In this conditions the disk-
based gain/phase margin analysis is meaningful, since 
it provides phase and gain margins of a stable closed 
loop system. Figure 10 and Figure 11 depict the minimum 
disk-based gain and phase margins (in sensors and 
commands opening cases respectively) as function of 
the frequency at which the minimum occurs. 
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9 – Generic lateral-directional aperiodic mode frequency
and damping as a function of h/D

10 – Minimum disk-based gain/phase margins (sensors opening) 
as function of frequency, hovering condition changing h/D

11 – Minimum disk-based gain/phase margins (commands opening) 
as function of frequency, hovering condition changing h/D

Stability Margins Analysis

(7)

(8)



The result assesses the robustness of the controller design on the HOGE model to the ground effect disturbances 
on the bare A/C dynamics. However, it is evident a reduction of stability margin in HIGE with respect to the 
nominal HOGE condition, by a consistent amount: at the worst h/D, for the command opening case, both gain 
and phase margins result close to fall in the not compliance region.

Concluding, the new process adopted (considering an optimized and integrated approach between different 
topics) has permitted to improve the model accuracy, with possibility not only to have a smart approach for pilot-
in-the-loop simulations, but also to investigate design choices to strengthen the safety of flight for novel platform.

The paper dealt with the synthesis and assessment of 
a ground effect model for tiltrotor-like configurations 
suitable for real time pilot in the loop analyses. 
Dedicated CFD analyses, carried out on the NGCTR-TD 
tiltrotor configurations have highlighted the following 
phenomenology related to the interactions with the 
ground surface:
•	 Prop-rotors providing diminished thrust when 

entering in ground effect conditions due to 
portions of stalled rotor blades close to the root;

•	 Rotors wake impingement on tail via ground altering 
the longitudinal set of forces and moments;

•	 Rotors wake impingement on the fuselage belly and 
wings via ground altering the aerodynamic lateral 
forces and moments in presence of roll attitude.

On the basis of these outcomes analytic models have 
been derived and implemented in the aeromechanic 
model to account for the mentioned phenomenology. 
Then, the assessment of the bare aircraft trim and 
dynamic stability in ground effect shown the following 
main outcomes:
•	 The rotorcraft trim attitudes and pilot inputs are 

consistently affected by the ground surface. 
Specifically, pitch attitude and longitudinal stick 
positions monotonically decrease (pitch down 
and stick aft) when entering in ground effect due 
to the rotor-wake impingement on the tail. The 
beneficial effect of the reduced wing download in 
ground effect is appreciable on the collective lever 
position only after a preliminary phase, at higher 
h/D, where the rotor diminished thrust plays the 
major role. 

•	 Longitudinal stability is affected by the presence 
of ground showing a slight stabilizing effect on 
the phugoid mode. 

•	 Lateral stability is strongly affected by the 
presence of ground. The effect is due to the 
positive feedback induced by the roll angle on 
the rolling moment produced by the rotors wake 
impingement on the rotorcraft belly and wings. 
Similar, although weaker, is the effect induced 
by the rotor diminished thrust in ground effect. 
All the lateral poles are consistently affected, 
the Dutch roll showing diminished damping and 
natural frequency as well as the aperiodic modes 
showing increased natural frequency values.

Finally, the impact of the modelled ground effect 
on the control laws synthesis and the augmented 
NGCTR-TD dynamics have been assessed. The most 
critical bare A/C mode of IGE hovering dynamics is 
the unstable generic aperiodic lateral-directional one 
(modal participation on φ, p, v, r states in decreasing 
order). The basic FCS configuration with angular 
rates dampers only (SAS) is not able to obtain its 
stabilization: it was strictly needed to add also attitude 
control loops and enable both bank and heading hold 
functions to meet the ADS-33 Lv1 dynamic stability 
requirements. The stability margins of the designed 
control loop for the HOGE condition is assessed by 
means of disk-based methodology: the compliance 
with gain/phase margins design requirements is 
achieved for each height from ground, demonstrating 
an adequate robustness of the controller to the 
ground effect disturbances, without the introduction 
of CLAWs parameters scheduling as a function of 
the height from ground. Nevertheless, a significant 
reduction of stability margins in HIGE respect to the 
nominal HOGE condition was experienced: at the 
worst h/D, both gain and phase margins resulted close 
to fall in the not compliance stability margins region, 
proving the strong ground effect impact on tilt-rotor’s 
hovering lateral-directional dynamics.

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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Figure 1 - Helicopter tailplane (AW169)
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horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
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(Figure 3).
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Figure 1 - Helicopter tailplane (AW169)

The tiltrotor drive system is a complex and coupled system with different torsional dynamics compared 
to conventional helicopters. It is designed to guarantee safety and reliability and tested for the effects of its 
dynamics and loads on component sizing. Components such as the final reduction stage in the rotor gearbox are 
most impacted by such dynamics and must withstand all peak loads due to novel control strategies and torsional 
dynamics. In this paper, a gear contact analysis model is coupled with a validated torsional dynamics model of a 
tiltrotor interconnected drive system. The coupled model predicts component-level loads in the interconnected 
drive system originating from its torsional dynamic behavior. A dynamic overload factor relating the peak dynamic 
and static loads is analytically assessed, and it is shown to exceed conventional predictions in the case of an 
asymmetrically loaded interconnected drive system.

The drive systems of tiltrotors and multi-rotor powered 
lift aircraft with mechanical interconnects exhibit unique 
torsional dynamic behavior [1]. The dynamic interactions 
in the drive system result in component level loads that 
must be determined from either a costly test program 
and/or through development of novel analytical methods 
that could reduce the cost of testing and validation. This 
paper describes the development of a framework that 
can be used to analyze component level design loads in 
the drive system originating from this unique torsional 
dynamic behavior of interconnected drive systems.
The focus of this paper is the final reduction planetary 
stage of a tiltrotor drive system similar to the AW609 
tiltrotor aircraft (see Figure 1). Previously, Haidar et al. in 
[2] presented the drive train torsional stability analysis 
and certification test campaign for the AW609 tiltrotor. 
There, the analytical predictions were correlated with 
flight test measurements thus validating the model. 
The AW609 is a nine-passenger civil tiltrotor designed 
for all-weather operations at flight speeds ranging from 
hover to 275 kts. The flight envelope includes altitudes 
up to 25,000 ft (7,620 m).

This is then followed by a test program that is used 
to further validate the safety of the design. While 
the aircraft and sub-system level tests validate the 
functionality, structural integrity, performance, 
and serviceability, the measurement of loads on 
individual gear stages is generally omitted. Whereas 
in component or subassembly level tests, the 
interactions resulting from unique torsional dynamics 
of the drivetrain are not included.

INTRODUCTION
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1 – AW609 tiltrotor aircraft in flight



The dive train dynamics model, developed in [2], is a 
system of lumped mass inertial elements connected 
by stiffness elements (torsional springs). Each element 
models the physical properties of each stage of the 
tiltrotor drive system from the engine input to the rotor, 
and the interactions between each reduction stage. 
The original intent for this model was to demonstrate the 
dynamic stability within the system, however the model 
is valuable also for its ability to simulate the dynamic 
loading to each subsystem. The basic drive system 
elements and cross-coupling of the two rotor torques via 
an inter-connecting shaft system are shown in Figure 2.
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A drivetrain torsional dynamics model is extended with a detailed dynamic load distribution and contact analysis 
model for the planetary gear stage. The dynamics models are presented in this section, and the coupling scheme 
between them is detailed.

A detailed model is used for the planetary stage in 
the prop-rotor gearbox (PRGB) node of the lumped 
parameter torsional dynamics model. The gearbox 
consists of 3 reduction stages of which the final stage 
is a planetary gear train (PGT). An overview of the 
planetary gear train is provided in Figure 3 with the 
state variables, θ, for each of the dynamic components 
in the PGT stage. At the center of the planetary gear 
system is an external spur gear known as the “sun 
gear”. The sun gear interacts with several spur gears, 
anywhere from 3 to 8, spaced along its circumference, 
and these are referred to as “planet gears”.

MODEL DEVELOPMENT

Therefore, a method for accurately predicting the dynamic loads at component level in tiltrotors is required to 
(a) capture peak loads and system excitations during asymmetric maneuvers for structural design and sizing, 
and (b) optimize the phasing (angular spacing) of the planet gears for uniform load sharing between all planet 
gears. Investigation of planet load sharing and phasing is an active area of research, especially for jet engines 
and wind turbine power gearboxes (see [3] [4] [5] and [6]). 
Work done by Beinstingel et. al in [7] establishes a 13 DOF torsional dynamics model of a test setup that 
includes motor and generator (load) and couples the planetary stage torsional dynamics with a larger system 
dynamics model. These systems, however, are characterized by a single (or multiple) rotors on a single axis. 
This is the key difference with tiltrotor (or multicopter) drive system architecture; the tiltrotor drive system 
is a multiple input (engine torque), and multiple output (rotor torque) system should impacts how individual 
dynamic components are designed. The tiltrotor drive system planetary stage, like most helicopter planetary 
gearboxes, is constituted by spur gears. The input is at the sun gear, and the output is at the carrier which 
is splined to the rotor mast. The ring gear is fixed to the gearbox housing. There are multiple planets in the 
planetary stage, and the usual design practice is to assume equal load distribution for all planet gears. 
This assumption will not be true if the planet gear phasing is offset or there are assembly or manufacturing 
deviations. Furthermore, the effect of input and output torque fluctuations that arise from asymmetric 
maneuvers must be addressed. This work aims to establish the overload factor that originates from the dynamic 
load distribution analysis, and an optimal angular phasing of the planetary gear meshes to suppress tonal 
noise from the gearbox while ensuring a uniform load sharing between the planets.
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2 – Lumped tiltrotor drive train model

3 – Details of the Planetary gear stage of the PRGB node



Gear Mesh Contact Model

These planet gears rotate around the sun gear while mounted to a carrier which connects them to one another. 
The planet gears simultaneously mesh with an internal gear which is concentric with the sun gear, called the 
ring gear. The power transmission through these systems can vary depending on which of these components is 
fixed in place. In the system explored in this study, the ring gear is fixed making the sun and carrier the power 
input and output, respectively.

An accurate gear tooth contact analysis (TCA) that can interface with the dynamics model is critical to 
understand the loads on the gear teeth. An in-house gear contact analysis tool is developed with the capability 
to (1) generate or import the precise microgeometry of the gear teeth, (2) position the gears in space, (3) apply 
a torque load, and (4) carry out the gear contact analysis.
The primary function of the tool is to predict load distribution on multiple gear teeth in contact using a strain 
energy-based formulation. Profile/lead modifications, initial separation of the gear teeth surfaces, errors, and 
misalignments are accounted for. The approach used for calculating load distribution is described in [10] and [11]. 
It is possible to analyze both internal and external gear meshes for spur and helical gears with misalignments 
and/or profile modification. 

In Figure 5, all planet gear meshes are in phase, however depending on the number of teeth, sequential and 
counter phasing can be achieved for planetary gear trains with 4 or 6 planets. Sequential or counter phasing 
of the planets results in a phase difference between time-varying mesh stiffness functions of each planet 
gear interfaces ([15]). This phase difference affects the dynamic response of the PGT, and its effects on the 
dynamic overload factor is explored in this paper. After the gear geometry is generated, the contact points are 
determined using a fast, nearest neighbor search algorithm.

The PGT dynamics model is based on the mathematical 
system of equations described by Öztürk in [8] and 
adapted by Albuck et al. in [9]. A schematic of the model 
is presented in Figure 4. Like the dynamics model for 
the larger tiltrotor drive train, the components of the 
PGT are modeled as lumped masses. 
Parallel springs and dampers are used to model 
the tooth interactions between components along 
their lines of action. These elements are nonlinear, 
time-varying, and highly sensitive to gear profile 
modifications and misalignments. Thus, there is a 
need for a gear mesh contact model.

In this work, the macro- and micro-geometry, with profile 
and lead modifications, are generated from production 
drawing data. Once the load distribution is calculated, 
closed form formulae are used to calculate the deflection 
of the gear teeth, such as described in [12]-[14]. The 
gear surface point cloud generated by the in-house tool 
using the inputs from the production drawing is shown 
in Figure 5. Complete 3D geometry of the gear profiles 
along with the tip relief and end reliefs is generated. 
Alternatively, a point cloud can be imported for further 
processing and analysis. The tool can generate gear teeth 
accurately and position them into contact to represent 
actual assembly. Therefore, different mesh phasing 
configurations can be simulated, and it is possible to 
implement the planetary gear kinematics in the tool and 
understand how the contact conditions evolve at each 
interface over a period of gear meshing, tmesh.

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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4 – Diagram of planetary gear train model

5 – Gear surface point clouds and contact points determined 
from the nearest neighbor search algorithm



For a gear with n number of teeth, the mesh cycle 
characteristics will be repeated n times in a single 
rotation of the gear. Therefore, the excitations in the 
system caused by changes in the contact conditions 
happen at very high orders of the input speed. 
For the planetary gear set analyzed in this work, 
the gears have spur teeth with a linear tip relief and 
parabolic end relief. A sample of the results from the 
mesh cycle contact simulation are plotted in Figure 6. 
Here, the periods of single tooth contact are shown in 
terms of normalized contact load and mesh stiffness.

The load peaks when the single tooth is carrying the 
entire mesh load, while the stiffness drops to 60% 
of its maximum value as the contact progresses. To 
demonstrate the mesh cycle, contact stress contours 
on the gear teeth are visualized in Figure 7 and Figure 
8 as two gears rotate and Tooth #3 goes through its 
mesh cycle.

The Figures provide information on the number of teeth 
in contact as well as the relative length and thickness 
of the contact lines. The contact stress intensity is 
shown on a color scale ranging from blue to red. Note 
that due to the end reliefs on the gear face width, the 
contact stress intensity decreases towards the end of 
the gear face. 
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The individual, detailed models are coupled in a 
framework that is presented in Figure 9. To arrive to 
the component-level mesh loads, the tiltrotor drive 
train torsional dynamics model is first simulated, and 
the PRGB loads are determined. The PRGB loads are 
then applied at the sun gear and planetary carrier in 
the planetary gear train dynamics model. 
The time-varying mesh stiffnesses of the bodies in 
contact, which where determined using the gear mesh 
contact analysis model, is applied in the PGT dynamics 
model. The simulations of the coupled system are 
performed via a 4th order Runge-Kutta numerical 
integration algorithm.
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6 – Periodic load and mesh stiffness
of a single planet tooth

7 – Contact stress on Tooth #3 at start of contact 
and with two teeth coming into contact

 8 – Contact stress on Tooth #3 at single tooth contact 
(100% of load) and at end of contact

9 – Scheme to evaluate dynamic mesh loads 
in tiltrotor drive system

This approach has been successfully implemented in past works to determine contact points such as in [16] 
and allows for the use of dense point clouds without any compromise in speed. This method of contact point 
determination is robust when considering gears that may be misaligned or displaced from their original 
position due to torsional vibrations. 
Next, the contact simulation is performed for one complete mesh cycle of a single tooth at different instances 
of time to determine how the load share of a single tooth evolves as it goes through the mesh cycle.



Coupled Model

The results of the analysis using the described models are presented in this section. Results from simulations 
of the coupled torsional and gear contact dynamics are presented for three cases with different gear phasing 
configurations: counter phased, sequentially phased, and in-phase gears.
The phasing of the planet gears affects when the mesh stiffness cycle (see Figure 6) begins for each gear 
relative to one another. With any offset in phasing, the gears come into contact at the interfaces either in unison 
or at a time offset. Importantly, this affects the instantaneous load sharing between the gears and the dynamics 
of the gear train.
For the simulations, a drive train load case was selected to highlight the asymmetric loading condition that can 
arise in interconnected drive trains in multi-rotor aircraft such as tiltrotors. In this case, the left and right rotors 
are excited by an equal pulse load that is 180 degrees out of phase across the rotors as shown in Figure 10.

The frequency content of the predicted mesh load 
is analyzed, and the loads at the gear harmonics are 
presented in Figure 16. The configuration – specifically 
the phasing of the gears – had an impact on the predicted 
loads in this high frequency domain. The in-phase gear 
configuration had dramatically reduced loads in the 
1st harmonic with comparable loads on the remaining 
harmonics. Mitigating loads at these high frequency 
harmonics can prolong component life, increase safety, 
and reduce noise. 
Finally, an overload factor is presented for all gear phase 
configurations in Figure 17. 
This factor is calculated by dividing the maximum 
dynamic mesh load by the static load, and this is done 
at each gear interface. In steady state conditions, the 
overload factor is constant, but increases under the 
asymmetric torque loading.

The drive train torsional dynamics model predicts the 
torsional response of the drive train as shown in Figure 
11. The asymmetric pulse is effective at exciting torsional 
dynamics in the drive train. The pulse induces drive train 
oscillations that decay, and the coupled model then 
predicts the response of the planetary gearbox as shown 
in Figure 12.
With gear torsional responses (displacements) and 
mesh stiffnesses known, the interface mesh loads are 
calculated. The sun/planet interfaces are presented in 
Figure 13, Figure 14, and Figure 15 for counter phased, 
sequentially phased, and in-phase gears, respectively. 
The figures contain an enlarged section of the steady-
state response to showcase the high frequency content 
of the signal. Note that the responses of some gears are 
not visible since they are identical in some cases when 
sharing a phasing.

THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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10 – Rotor torque input
(asymmetric pulse)

13 – Mesh load at sun/planet interface
 with counter phased gears

11 – Drive train response
at rotor

14 – Mesh load at sun/planet interface
 with sequentially phased gears

12 – Gear response
at subcomponents

15 – Mesh load at sun/planet interface
with in-phase gears
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The torsional dynamics of the drive train and the asymmetric loading evidently contribute to the mesh load at 
the interfaces.

A coupled planetary gear train and tiltrotor drive system dynamics model was developed with accurate gear mesh 
stiffness from a contact analysis model. The torsional dynamics interactions between an interconnected multi-
rotor drive train and its subcomponents were analytically evaluated for the first time.
Planetary gear stages with counter phased, sequentially phased, and in-phase planet gears were studied.
Subcomponent peak dynamic loads were determined in the case where the rotors are subject to asymmetric 
torque such as in maneuvers with differential collective pitch or gust. 
Results demonstrate a dynamic load factor 2.3 times the design load. This load amplification must be considered 
when designing gears for static strength. A guidance can be established on phasing relationships of the planets 
to reduce the dynamic load factor and gear noise.
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THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).

25 

Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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The ORIGAMI concept is an innovative design of the helicopter tailplane aerodynamic tips. The driver behind 
this project is the improvement of stability of the aircraft at high-speed while also paying attention to the 
low-speed regime characterized by strong interactional phenomena. The design focuses on the horizontal 
tailplane and, in particular, on its outermost sections: the winglets. The ORIGAMI winglet design is a cluster of 
features optimized for efficient aerodynamic design and for an easier, more straightforward retrofit solution 
aimed to replace the conventional tips while preserving the main tailplane body. This is a key design point for 
the concept’s applicability to other helicopter variants, thus avoiding the complete tailplane redesign. After 
the integrated design phase and the flight test verification, the ORIGAMI design has received the EASA 
certification and is now installed on all new configurations of the AW169 product line. It is also protected by an 
International Patent application.

MOTIVATIONS
In a conventional helicopter configuration, the 
horizontal tailplane is the sole fixed lifting surface 
(Figure 1). Like on any fixed-wing aircraft, it 
provides the proper aerodynamic contribution to 
the longitudinal stability at high-speed both in the 
case of pilot control inputs and in case of external 
perturbations (e.g., atmospheric gusts).

Nevertheless, the peculiarity of the helicopters is 
to spend most of their operative lifetime at very 
low-speed regimes. At these regimes, the wake 
shed by the main rotor impinges the tailplane 
generating a download force that causes an 
annoying and limiting pitch-up effect (Figure 2), 
impacting helicopter handling qualities and pilot 
workload. This characteristic clearly results in 
conflicting tailplane design requirements: a larger 
tailplane would improve the stabilization at 
high-speed. 

Similarly, a smaller one would reduce the impact of the 
interactional phenomena at a low-speed regime. Several 
complex tailplane design solutions have been approached 
in the past for some specific helicopter configurations to 
manage this type of conflict. For example, this is the case 
of the tiltable tailplane designed for the Sikorsky UH-60 
“Black Hawk” helicopter, whose tailplane is tilted upward 
(in a feathering position) at low-speed regimes, thus 
alleviating the pitch-up while it is tilted back to the 
levelled position in high-speed forward flight conditions 
(Figure 3).
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THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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THE SURROGATE MODELS
One of the most valuable features of the GIC is its 
capacity to generate one hazard map in a few minutes. 
In fact, classic hydraulic modelling can take some days 
and multiple runs to produce such a map. This is clearly 
not compatible with emergency events, where a flash 
flood could even be exhausted in two hours.
In order to reduce computational times, a surrogate 
model based on machine learning (AI) algorithms has 
been implemented into the GIC.

Surrogate models are simple analytical models that 
are used to map input data to output data when the 
actual relationship between the two is unknown or 
computationally expensive to evaluate[2]. In this case, 
a Principal Component Analysis (PCA) process [3] has 
been applied: each image is turned into a set of 
eigenvalues, both the inputs and outputs, to reduce 
the excessive computational grid. Based on the 
eigenvalue sequences and then how the rainfall is 
proceeding, the AI estimates what the model output 
should be in the future.

This technique allows for providing real-time 
scenarios and one-hour flood forecasts using 
real-time precipitation RADAR data with a good level 
of accuracy[4]-[6].

The result is a hazard map where each pixel is 
classified with three levels of hazard (HIGH, MEDIUM, 
and LOW) according to a combination (Figure 1) of the 
flow velocity and flow depth obtained as the output of 
the model. The spatial resolution of the maps is 20x20 
meters. The other main characteristics of the models 
are reported in Table 1.
The hazard maps are generated in ASCII file and then 
converted in Geotiff format projected in EPSG 32620 
(WGS 84 / UTM 20N). 

In order to avoid false alarms, the map is 
automatically overlapped with a land use map, 
eliminating the areas with no human settlement or 
significant assets at risk nearby. If the resulting 
hazard maps contain significant clusters of critical 
areas, the GIC generates the alarm. It is automatically 
made available to its Web-GIS interface, where the 
pixels are represented with different colours 
according to their hazard level (Figure 2).
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Figure 1 – Flooding hazard level according
to the flooding velocity and depth 

calculated by the model

*The run time has been calculated using a computer
with a .3 GHz CPU and 32 GB RAM

Table 1 – Main features of early warning system
surrogate models 

Figure 2 – Example of flooding hazard map
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