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Abstract—Nowadays, some alternative methods exist for the
replacement of physical vanes (or probes) for aerodynamic angles
(angle of attack and sideslip) with synthetic solutions. The results
are promising and there is a growing interest for the industry in
this particular solution. However, a lack of methods has been ob-
served to estimate their performance and to compare them. The
MIDAS project, funded in the Clean Sky 2 frame, will provide
the aerospace community with an innovative modular digital air
data system (ADS) based on synthetic sensors for aerodynamic
angles. To meet the system requirement specifications given by
the project leader, a method of uncertainty estimation must be
implemented. This paper proposes a method of estimation of
the overall uncertainty based on a consolidated metrological
procedure. This method holds a certain degree of generality
because it can be applied to different kinds of architecture of
the synthetic sensor. In this paper, it has been applied to the
preliminary design of the synthetic sensor of the MIDAS air
data system and the results have been reported as example.

Index Terms—synthetic sensor, neural network, metrology,
uncertainty propagation, flight safety

GLOSSARY

ADAHRS Air Data, Attitude and Heading Reference System
ADS Air Data System
AOA Angle of Attack
AOS Angle of Sideslip

MIDAS Modular and Integrated Digital Probe for SAT
Aircraft Air Data System

MLP Multilayer Perceptron

NN Neural Network

PAI Piaggio Aero Industries S.p.A.

SAT Small Aircraft Transportation

TAT Total Air Temperature
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I. INTRODUCTION

During the last decades, technology and regulations brought
to the significant reduction of the aircraft incidents and
accidents caused by technical reasons. However, the flight
safety still remains an important topic and recent tragedies
demonstrate that the physical probes can suffer from exposure
to the external agents. The main system addressed by this
paper is the ADS (Air Data System), which needs to measure
physical quantities that are inherently external to the aircraft.
Several research groups proposed solutions to the problem
of the estimation of the aerodynamic angles. Some of them
are based on explicit mathematical models [1]–[5] whereas
others are based on machine learning techniques [6]–[15].
Unfortunately, to the authors’ knowledge, there is a lack of
metrological theory behind these estimators. One of the first
questions arising on this topic concerns the possibility of
ensuring the nominal functioning of the algorithm. However,
a design flow that must be followed during the design of
a synthetic sensor still does not exist. According to com-
mon aeronautical procedures, a set of checkpoints should be
defined in order to obtain a reliable design. On the other
hand, the second question usually regards the possibility to
compare the output of a virtual sensor with the traditional
AOA (Angle of Attack)/AOS (Angle of Sideslip) vane. This
aspect highly influences the first lack of design flow. In fact, a
design procedure can be properly defined only when a set of
metrological procedures is identified and used as a reference.
This paper shows a preliminary analysis based on consolidated
metrological procedures that allow to obtain an uncertainty
value that is comparable and repeatable. The general nature
of this method is one of its advantages. In fact, it can be
applied to different architectures of synthetic sensor, without
being strictly related to the one shown in this paper.

This paper focuses on the EU project MIDAS (Modular and
Integrated Digital Probe for SAT Aircraft Air Data System).
The MIDAS project is funded under Clean Sky 2 to design
a modular and integrated digital air data system for the
SAT (Small Aircraft Transportation) segment. Sec. II provides
a general description of the MIDAS ADS. The method is
described in Sec. III. The sensitivity analysis reported in
Sec. IV is based on the preliminary design of the synthetic



sensor showed in [16]–[19].

II. STRUCTURE OF THE MIDAS SYNTHETIC ESTIMATION

The MIDAS ADS schematics is shown in Fig. 1. It mainly
consists of two protruding probes and a synthetic (or virtual)
sensor. The external probes are a Pitot-Static probe and a TAT
(Total Air Temperature) probe. The synthetic sensor allows to
complete the so-called air triplet with the evaluation of AOA
and AOS. This preliminary design has been already described
in [16] and [18].

Fig. 1. High-level schematic of the MIDAS ADS.

The synthetic sensor is currently based on the Smart-
ADAHRS (Air Data, Attitude and Heading Reference System)
algorithm that can be disentangled in two main steps:

1) an initial evaluation of the AOA or AOS
2) the evaluation of a correction ∆α (respectively ∆β) to

fill the gap between α̂ (respectively β̂) and the real value
α (respectively β).

The correction is evaluated by a NN (Neural Network)
properly trained to conduct a sort of calibration of the initial
evaluation. The architecture selected is a fully-connected feed-
forward MLP (Multilayer Perceptron) corresponding to the
map in (1)

[∆α,∆β]
T

= fV S (TAS, α̂, nx, ny, nz, θ, φ, p, q, r,

δe, δa, δr, δth,∆th, δhs)
(1)

where TAS is the true airspeed, nx, ny , nz are the accel-
erations measured by the accelerometers respectively in XB ,
YB and ZB axes, θ, φ are the pitch angle and the roll angle
respectively, p, q, r are the body angular rates, α̂ is the initial
estimation for the AOA, δe is the elevator deflection, δa is the
aileron deflection, δr is the rudder deflection, δth is the throttle
command, ∆th is the difference between the torque on the left
and right propellers and δhs is the horizontal stabilizer angle.

Loosely speaking, the MLP contains a set of values called
weights used to conduct a series of nonlinear combinations of

the input signals. The training operation is mainly related to
the optimization of the weights such that an overall metric,
evaluated on the entire training set, is minimized. A huge
literature exist on this subject and more details on the ap-
plied architecture can be found in previous research [20]. In
details, in this work a single hidden layer with 24 neurons
is trained with the Levenberg-Marquardt rule. As a result of
this optimization process based on a single error value, the
local estimation error can be unacceptable. For this reason,
the sensitivity analysis is important because it can provide
indications on the local capability of the synthetic sensor to
estimate the desired flight parameter.

III. NONLINEAR UNCERTAINTY PROPAGATION

Mathematically speaking, in this case the MLP is a function
of several variables whose elements of the codomain can
be both scalar numbers or vectors. Thanks to its structure,
if the training is conducted properly, it can represent any
function in a given hypercube of definition and hence it can
become strongly nonlinear. For this reason, the analysis of the
sensitivity of the function cannot be conducted truncating the
Taylor series to the first order and linearizing the function.

In metrology there is a common procedure in these cases.
The function is tested with a Monte Carlo simulation using a
Gaussian distribution on the input variables and analysing the
distribution of the output around the nominal values. From a
metrological standpoint, uncertainties are often given in terms
of coverage factor k = 2, equivalent to 2σ for non-Gaussian
distributions, which expresses a 95 % confidence interval in
the measurement once all relevant sources of uncertainty are
considered. For this reason, a coverage factor k equal to 2 has
been considered in this work, assigning the expanded uncer-
tainty value to half of the interval between F (x) = 0.97725
and F (x) = 0.02275, where F stands for the cumulative
density function of the error around each nominal point.
Piaggio Aerospace, in quality of project leader, required that
the uncertainties of the final estimation on AOA/AOS would
depend on the value of the aerodynamic angles itself. As can
be seen from Fig. 2, the AOA/AOS envelope has been divided
in 2 regions, a primary zone with

E1 = {α, β ∈ R | 0° < α < 15°,−5° < β < 5°} (2)

and a secondary zone with

E2 =

{
(α, β) ∈ R2 | A

(
α
β

)
≤ b
}
\ E1 (3)

where

A =


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Fig. 2. Primary and Extended zone as defined in the system specification
from PAI

However, any pair (α, β) can represent several flight condi-
tions. For sake of clarity, it is not specified, for instance, if the
flight is stationary or there is a linear or angular acceleration.
For this reason, the resultant distribution of uncertainty values
will be analyzed statistically, if there are enough points (here
corresponding to different flight instants) to define a distribu-
tion. The dispersion of the uncertainty value is also of great
importance. In fact, if several fight conditions are grouped
inside the same α, β bin, it is interesting to study if the flight
condition has an effect on the final uncertainty. Statistically
speaking, it must be checked if the expanded uncertainty at
a given pair (α, β) is biased from the flight mechanics point
of view. Finally, the obtained charts are compared with the
estimation error, to try to understand if the classical approach
gives at least an estimation of the uncertainty.

Due to the structure of the estimator, this analysis is
repeated twice. In fact, although the expanded uncertainty is
metrologically important, the effect of the NN on the initial
estimation can greatly help the design of the virtual sensor.

A total number of 6 charts per estimated parameter are
obtained, as reported in TABLE I.

TABLE I
ANALYSIS RESUME

∆α− (∆α)nom,
∆β − (∆β)nom

Expectation Expanded
uncertainty value

(k = 2)

Dispersion of the
expanded

uncertainty
α− (α)nom,
β − (β)nom

Expectation Expanded
uncertainty value

(k = 2)

Dispersion of the
expanded

uncertainty

IV. RESULTS

This section shows some preliminary results of the analysis.
The data has been provided by the project leader based

on the Consortium requirements. The origin of the data is
an high-fidelity flight simulator, which considers delays and
noises of the system. Following the methodology described
in Section III, a synthetic sensor for AOA has been analysed.
Fig. 3 and 4 allow a series of important observations. First of
all, the expanded uncertainty is not compatible with the project
specification in every zone of the AOA/AOS. In particular,
the region with α < 5° and β < −5° is characterized by
higher uncertainty. The same reasoning can be conducted for
β ≈ 0° and 5° < α < 8°. Second, the expected value of
the distributions around each nominal point is close to 0° for
AOA, which represents a certain degree of radial symmetry
of the nonlinear function. The same value is slightly higher
for the AOS estimator. Third, the dispersion of uncertainty
due to different flight condition is generally lower than 1° for
both estimators with peak at 3° for AOA and 4° for AOS.
This means that the given uncertainty could not be considered
valid for any flight condition at the given (α, β) pair. Actually,
further research must be conducted on this aspect. In fact,
this dispersion might be solved using a bigger data-set. This
consideration is also supported by the concentration of this
behaviour in some particular regions of the envelope. Last,
the architecture of the virtual sensor as sum of two terms does
not affect the final results and the major source of uncertainty
comes from the NN, as expected. In fact, there are very few
differences between the columns of Fig. 3 and Fig. 4.

V. CONCLUSIONS

Nowadays, a growing interest in the synthetic sensors for
AOA/AOS is observed. Unfortunately, in literature a very few
example of them considers a metrologically valid sensitivity
analysis. To lead to the definition of a reliable design process
for synthetic sensors, a set of metrological procedures must
be adopted. This paper proposes the application of a classical
method for the estimation of the expanded uncertainty of
a nonlinear estimator. The method has been applied to the
estimators for both AOA and AOS designed for the certifiable
MIDAS probe, resulting from a Clean Sky 2 project. As
expected, the obtained uncertainty values demonstrate the fact
that the simple estimation error is not enough for the complete
definition of the performance of the sensor. Some regions
on the AOA/AOS showed an higher uncertainty, suggesting
a redefinition of the training set. Moreover, the standard
deviation of the expected uncertainty has been given, showing
a certain bias of the results. This effect comes from the project
specifications, which required to join every flight condition
corresponding to a given pair (α, β) in the same point of the
chart. Further research must be conducted to understand if this
bias can be reduced using bigger data-sets or not.
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Fig. 3. Results for the AOA estimator on the AOA/AOS envelope

REFERENCES

[1] K. Wise, “Flight Testing of the X-45A J-UCAS Computational
Alpha-Beta System,” in AIAA Guidance, Navigation, and Control
Conference and Exhibit, no. August. Reston, Virigina: American

Institute of Aeronautics and Astronautics, aug 2006, pp. 1–14. [Online].
Available: http://arc.aiaa.org/doi/10.2514/6.2006-6215

[2] G. Hardier, C. Seren, P. Ezerzere, and G. Puyou, “Aerodynamic model
inversion for virtual sensing of longitudinal flight parameters,”



(a) (b)

(c) (d)

(e) (f)

Fig. 4. Results for the AOS estimator on the AOA/AOS envelope

in 2013 Conference on Control and Fault-Tolerant Systems
(SysTol). IEEE, oct 2013, pp. 140–145. [Online]. Available:
http://ieeexplore.ieee.org/document/6693835/

[3] T. A. Johansen, A. Cristofaro, K. Sorensen, J. M. Hansen,

and T. I. Fossen, “On estimation of wind velocity, angle-of-
attack and sideslip angle of small UAVs using standard sensors,”
in 2015 International Conference on Unmanned Aircraft Systems
(ICUAS). IEEE, jun 2015, pp. 510–519. [Online]. Available:



http://ieeexplore.ieee.org/document/7152330/
[4] F. De Vivo, A. Brandl, M. Battipede, and P. Gili, “Joseph covariance

formula adaptation to square-root sigma-point kalman filters,” Nonlinear
Dynamics, vol. 88, no. 3, pp. 1969–1986, 2017. [Online]. Available:
https://doi.org/10.1007/s11071-017-3356-x

[5] F. De Vivo, M. Battipede, P. Gili, and A. Brandl, “Ill-conditioned
problems improvement adapting joseph covariance formula to non-linear
bayesian filters,” in WSEAS Transactions on Electronics, W. Press, Ed.,
vol. 7, 2016, p. 18–25.

[6] T. J. Rohloff, S. A. Whitmore, and I. Catton, “Air data sensing from
surface pressure measurements using a neural network method,” AIAA
Journal, vol. 36, no. 11, pp. 2094–2101, 1998.

[7] P. A. Samara, G. N. Fouskitakis, J. S. Sakellariou, and S. D.
Fassois, “Aircraft angle-of-attack virtual sensor design via a functional
pooling narx methodology,” in 2003 European Control Conference
(ECC). IEEE, sep 2003, pp. 1816–1821. [Online]. Available:
https://ieeexplore.ieee.org/document/7085229/

[8] A. Lerro, M. Battipede, and P. Gili, “System and process for measuring
and evaluating air and inertial data,” 2013, patent No. EP3022565A2.

[9] M. Battipede, P. Gili, A. Lerro, S. Caselle, and P. Gianardi, “De-
velopment of neural networks for air data estimation: Training of
neural network using noise-corrupted data,” in 3rd CEAS Air & Space
Conference, 21st AIDAA Congress, 2011, pp. 1–10.

[10] M. Battipede, M. Cassaro, P. Gili, and A. Lerro, Novel Neural
Architecture for Air Data Angle Estimation. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2013, pp. 313–322. [Online]. Available:
http://dx.doi.org/10.1007/978-3-642-41013-0 32

[11] M. Battipede, P. Gili, and A. Lerro, Neural Networks for Air Data
Estimation: Test of Neural Network Simulating Real Flight Instruments.
Berlin, Heidelberg: Springer Berlin Heidelberg, 2012, pp. 282–294.
[Online]. Available: http://dx.doi.org/10.1007/978-3-642-32909-8 29

[12] A. Lerro, M. Battipede, P. Gili, and A. Brandl, “Advantages
of neural network based air data estimation for unmanned aerial
vehicles,” International Journal of Mechanical, Aerospace, Industrial,
Mechatronic and Manufacturing Engineering, vol. 11, no. 5, pp. 1016
– 1025, 2017. [Online]. Available: http://waset.org/Publications?p=125

[13] ——, “Survey on a neural network for non linear estimation of aerody-
namic angles,” in Proceedings of the 2017 Intelligent Systems conference
(IntelliSys), vol. 1. IEEE, 2017, pp. 929–935.

[14] A. Lerro, M. Battipede, A. Brandl, P. Gili, A. L. M. Rolando, and
L. Trainelli, “Test in operative environment of an artificial neural
network for aerodynamic angles estimation,” in 28th Society of Flight
Test Engineers European Chapter Symposium (SFTE-EC 2017), 2017,
pp. 1–12.

[15] A. Brandl, M. Battipede, P. Gili, and A. Lerro, “Sensitivity analysis
of a neural network based avionic system by simulated fault and
noise injection,” in 2018 AIAA Modeling and Simulation Technologies
Conference. American Institute of Aeronautics and Astronautics, 2018.
[Online]. Available: https://doi.org/10.2514/6.2018-0122

[16] A. Lerro, M. Battipede, P. Gili, M. Ferlauto, A. Brandl, A. Merlone,
C. Musacchio, G. Sangaletti, and G. Russo, “The clean sky 2 midas
project - an innovative modular, digital and integrated air data system
for fly-by-wire applications,” in 2019 IEEE 5th International Workshop
on Metrology for AeroSpace (MetroAeroSpace), June 2019, pp. 714–719.

[17] A. Merlone, G. Coppa, C. Musacchio, A. Lerro, M. Battipede, and
P. Gili, “The h2020 midas project, inrim activities on temperature probe
characterization,” 2019.

[18] A. Lerro, A. Brandl, M. Battipede, and P. Gili, “Preliminary design
of a model-free synthetic sensor for aerodynamic angle estimation for
commercial aviation,” Sensors, vol. 19, no. 23, 2019.

[19] ——, “A data-driven approach to identify flight test data suitable to
design angle of attack synthetic sensor for flight control systems,”
Aerospace, vol. 7, no. 5, p. 63, may 2020. [Online]. Available:
https://doi.org/10.3390%2Faerospace7050063

[20] A. Lerro, M. Battipede, P. Gili, and A. Brandl, “Aerodynamic
angle estimation: comparison between numerical results and operative
environment data,” CEAS Aeronautical Journal, Sep 2019. [Online].
Available: https://doi.org/10.1007/s13272-019-00417-x


