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Abstract

This paper dealswith the devel opment of a smart
multi-hole probe for aircraft air data sensing.
The system aims at the calculation of static and
total pressures, the angle-of-attack and the
angle-of-sidedlip starting fromthe elaboration of
the pressure measurements on holes. The probe
is characterized by fault-tolerant capabilities
with respect to the loss of pressure data, and it is
developed as an embedded system including
MEMS sensors and a control electronics for
multiple reconstructions of flow measurements.
The basic idea for the reconstruction algorithm
isthat, for typical aircraft envelopes, flow angles
aresmall (<15° for both attack and sideslip), and
the shape of the pressure field around the
stagnation point of a hemispherical body is
essentially independent from the flow angles.
Thus, once characterised the flow at the aircraft
installation for zero angles of attack and sidedlip,
the reconstruction can be performed by
minimising the errors between the five pressure
measurements on the probe tip and the
predictions of a set of models imposing different
locations of the stagnation point. The geometry
of the probe is designed and validated by CFD
simulations, with the basic objective of enabling
the algorithmto reconstruct the flow angles even
in case of a pressure data loss. The work
describes the initial phases of the system
development, from the conceptual phase, up to
the manufacturing of a first prototype used for
the wind tunnel tests.

1 Introduction

A digital fully-integrated multifunction probe for
air data sensing play a key role for the application
of the fly-by-wire technologies in the modern
flight control system. Actually, accurate
measurements of airspeed and flow angles allow
to implement essential flight control functions,
such as the stall protection, the envelope
protection, and the aircraft control laws
reconfiguration.

In this context, this work aims at the following

objectives:

* to design an innovative multi-function air
data probe with integrated electronics, which
will be capable, starting from the elaboration
of pressure and temperature measurements
on holes, to reconstruct:

O static pressure

total pressure

total air temperature

flow angles, i.e. Angle-of-Attack

(AoA) and Angle-of-Sideslip (AoS)

 to develop innovative reconstruction
algorithms, for increasing the outputs’
accuracy;

* to develop health-monitoring algorithms,
capable to detect and isolate the critical
faults (e.g. hole occlusions, pressure sensor
faults), and to assure fault-tolerant
operation;

* to use novel technologies and materials for
the probe manufacturing (3D printing),
aiming to reduce size.
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Fig. 1. Multi-function air data probe: (a) longitudinal section; (b) tip holes definition.

(d)

Fig. 2. Multi-function air data probe: (a) probe tip with seal; (b) PCB with MEMS sensors; (c) cabled
tip; (d) complete assembly of the prototype.

e a Multi-Function Probe Control Unit

o (MFPCU), which
2 System Description o regulates the electrical power input
The proposed multi-function air data system is for the system components
essentially composed of (Fig. 1.a): o acquires the sensors’ measurements
« a multi-hole probe, with five cross-arranged o implements health-monitoring
holes on the probe head (assumed to be glgorlthms ‘
aligned with the aircraft longitudinal axis) o 1mpl§ments the . ?GCOHSU'UCUOH
and a set of eight circumferential holes on algorithms for providing values of
the probe side; Static Pressure (SP), Total Pressure
+ a sensors’ system composed of MEMS (TP), Total Air Temperature (TAT),
pressure transducers at the probe holes, AoA and AoS.
thermistors and Relative Humidity (RH) The basic idea underlying the system architecture
sensors at the probe bottom vane, and a definition is that the air entering the probe holes
triaxle accelerometer, used to compensate must be directly led to the sensors, in order to
for probe displacements due to airframe remove long pipes that increase the probe weight.
flexibility; This led to the need of small channels in the body

of the probe tip, which should also house the
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sensors’ unit. The MEMS sensors, chosen to
minimise size and weight, are equipped with
integrated temperature sensor for thermal
compensation of the pressure measurement.
Five MEMS sensors measure the pressures at the
probe head holes, i.e. (Fig. 1.b):

* “North” pressure (Pnorth)

* “South” pressure (Psouth)

o “West” pressure (Pwes)

* “East” pressure (Peast)

* “Front” pressure (Prront)
while other two sensors are used to acquire the
Uncorrected Static Pressure (USP), i.e. the
pressure an inner chamber where the air entering
at eight circumferential holes located on the
probe side is merged.
The multi-function probe is characterized by an
integrated architecture with sensing and
electronic units inside the probe body, to
optimize the design in terms of size and weight,
Fig. 2.

3 Multi-function probe design

3.1 Probe modules

The structural parts manufacturing has been
obtained by 3D printing technique, with ABS
powder as basic material. The probe is composed
of four main modules (Fig. 3):
* Tip, housing the five pressure transducers to
sense the pressure at the tip holes
» Satic, housing two pressure transducers,
each one devoted to sense the pressure of a
stagnation chamber linked to the eight
circumferential holes
» Support, housing the PCB powering the
system components and implementing the
reconstruction  and  health-monitoring
algorithms;
« Bottom, housing the thermistors and RH
sensors to sense the outside temperature and
the humidity via circumferential holes.
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Fig. 3. Probe modules.

The tip module allows to install the pressure
transducers as close as possible to the tip holes to
eliminate connecting tubes and to enhance the
sensors accuracy. Each hole is connected with a
dedicated channel carved in the probe body,
which terminates on transducer side with a little
chamber for creating the required “dead
volume”. The pressure transducers will be
welded on a specific PCB) and a seal will avoid
pressure losses that could cause asymmetric
behaviours, Fig. 2.a-c.

3.2 Aerodynamic design

The aerodynamic design of the probe has been
strongly coupled with the reconstruction and
health-monitoring functions development, by
shaping the probe modules in order to obtain:

* low sensitivity of the tip pressure field
around the stagnation point with respect to
airflow direction (Fig. 4, Fig. 5 and Fig. 6);

* low sensitivity of the static pressure value at
the measuring points with respect to airflow
directions and speed;

* low sensitivity of the Outside Air
Temperature (OAT) at the measuring points
with respect to airflow directions and speed;

* minimum drag for the support module.
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Fig. 4. Examples of probe tip shapes:
(a) hemispherical; (b) spherical.
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Fig. 5. CFD analysis: (a) hemispherical tip; (b) tip reference frame.
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Fig. 6. CFD analysis: (a) spherical tip; (b) tip surface pressure for different AoA and AoS.

4 Algorithms’ design

4.1 Reconstruction algorithm

The conventional approach to the air data
reconstruction is based on the use of polynomial
calibration functions, which receive as inputs the
pressure measurements and directly provide as
outputs the flow angles [1][2][3][4][5][6]-
Alternative approaches with neural networks
have also provided good results [10], but
airworthiness certification concerns discourage
the use of these techniques. The use of
polynomial calibration functions, though
convenient in terms of computational resources,
requires an extensive calibration activity
[7][8][9], in which the complete range of the

airflow angles must be tested, with strong impact
on development costs.

The proposed approach starts from the basic idea
that, for small values of AoA and AoS (i.e. the
typical working ranges for aircrafts), the pressure
field around the stagnation point of a
hemispherical or spherical probe tip is essentially
independent from the flow angles (Fig. 6.b).
Thus, the reconstruction can be performed by
using an unique 2D calibration function (Cp 4p),
referred to the pressure field at zero airflow
angles.

The calibration function (Cp ¢, Eq. (1)) provides
the tip pressure coefficient as a function of the tip
surface coordinates defined around the
stagnation point (Fig. 5).

Cpeip(x,2) = co + C19 X + Co1 Z + €9 X2 + -

(1)
+C02 Z2 + C30 x3 + Co3 Z3



The reconstruction is based on an iterative loop,
in which, at each step, guess values of AoA and
AoS are imposed, and the errors between the tip
holes’ pressures and the calibration function
predictions are calculated. The iteration ends
when the pressure errors are minimised.

In particular, the flow angles reconstruction
receives as inputs the estimated values of Static
Pressure (SP) and Total Pressure (TP), derived
from a conventional polynomial technique, Eqs

2)-(3)

PNorth - PSouth

C =Cqg+Cyq ———————— -
PSP s0 s1 Pcentre —_USP (2)
+c Pyest — Prast
2
° Peentre — USP
PN th _PS th
Cprp =Cro tCr1 ﬁ‘*‘
centre (3)

i PWest - PEast
T2
Pcentre — USP

where Cs), Csi, C, CTo, CT1 and Cr2 are polynomial
coefficients (depending on Mach number), while
Cp sp and Cp rp are the pressure coefficients of
the static pressure and total pressure, defined in

Egs. (4)-(5).

_ USP—SP A
PSP Peentre — USP ( )
Peentre — SP
Cprp = —e 5
pre Peentre — USP ( )

Thus, once known:

» the coordinates of the five holes in the tip
reference system X, Vi, Zyn (Where m =
North, South, Front, etc.);

* the pressure coefficients at holes Cpm

o Pn—SP ©)
Pm=Tp—sp

* the polynomial coefficients (¢ ¢y, C20, - )
of the Cp ¢;p function referred to zero airflow
angles;

the reconstruction algorithm evaluates the angles
AoA and AoS for which the coordinate
transformation of the tip reference system
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implies the minimisation of the pressure errors
with respect to the CPr;p function.

Finally, the algorithm also evaluates the TAT by
elaborating the OAT measurement from the
thermistor in the bottom module vane together
with the estimation of the dynamic pressure
derived by TP and SP.

4.2 Health-monitoring algorithm

A specific health-monitoring algorithm has been
developed for each output of the multi-function
probe.

Concerning the SP value, considering that the
static pressure is characterised by a very slow
dynamics, a cross-lane monitoring technique is
applied with four measurements: the two MEMS
sensors outputs at current step and their values at
previous step. A similar concept is also applied
to the OAT measurement, by using the two
thermistors and RH sensors in the stagnation
chamber of the bottom module.

A different approach has been used for the tip
pressure measurements. Since the iterative loop
for the reconstruction of AoA and AoS can be
performed with three only tip holes’
measurements, different flow angles estimations,
obtained with different sets of measurements, can
be compared for health-monitoring purposes. By
considering all the combinations of three
measurements, ten sets are obtained and ten
couples of AoA and AoS are available, Table 1.

Elaborated measurements
Reconstruction | Front | North | South | West East
set ID
AoA;, AoS: [ ] [ | ]
AoA;, AoS; [ ] | ]
Ao0A3z, AoS3 | [ ] [
A0A4, A0S, n [ ] ]
A0As, AoSs n [ ] [ ]
AoAg, AoSg [ ] ] ]
AoA;, AoS; n ] ]
AoAg, AoSg [ | n ]
AoA, A0Sq [ | n ]
AoA;g, AoS1o | ] ]

Table 1. AoA and AoS reconstructions with
groups of three tip holes’ measurements



When the system is completely operative (no
fault), the algorithm defines five groups, each
one composed of four couples (AoA, AoS) that
exclude a specific tip hole measurement, Table 2.
For example, the group “NorthFault” is
composed of all the four couples (AoA, AoS) that
can be obtained without using the pressure
measurement of the hole “North”.

Reconstruction group Reconstruction sets ID
NorthFault (AoA7, AoS7), (AoAg, AoSs),
(AoAg, A0Sg), (A0A10, A0S10)
SouthFault (AoA4, A0S,), (AoAs, AoSs),
(AoAs, AoSs), (A0A1o, A0S10)
WestFault (AoA;, A0S;), (AoAs, AoSs),
(AOA4, AOS4), (AOAg, AOSQ)
EastFault (AoA1, AoS;), (AoAs, AoSs),
(AOAs, AOSs), (AOAg, AOSs)
FrontFault (AoA1, AoS;), (AoA,, AoS,),
(AOAG, AOSG), (AOA7, AOS7)

Table 2. Reconstruction groups definition

Once defined the reconstruction groups, the
algorithm performs two monitoring functions in
parallel: one acting on AoA, and the other on
AoS. Each of the two monitoring function
operates as follows:

* the four AoA (AoS) values of each group are
set in increasing order;

+ the differences between the two extreme
values and the mean one is calculated;

+ if both differences are lower than a fixed
threshold, no pressure fault is detected in the
group, otherwise pressure fault is detected in
the group;

» the fault isolation is then performed by
identifying the only reconstruction group in
which no fault is detected

For example, if a fault is related to the

measurement of the “North” tip hole, the fault

causes a threshold crossover in all groups
except the one named “NorthFault”, because
this is the only group for which the
reconstruction is performed without the
“North” tip hole (Table 1 and Table 2).
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Conclusions

A digital fully-integrated multi-function probe
for air data sensing has been developed in the
work. The probe design is based on an innovative
multi-hole architecture in which the air entering
the probe holes is directly led to a PCB with
MEMS sensors by means of short channels
obtained in the body of the probe itself via 3D
printing manufacturing. Innovative
reconstruction and health-monitoring algorithms
have been developed for increasing accuracy and
assuring fault-tolerant operations. The proposed
health-monitoring strategy 1is capable of
detecting and isolating a pressure fault (sensor
fault, hole occlusion, etc.), by operating multiple
reconstructions of the flow angles values on
subsets of measurements. The probe design has
been carried out with an interdisciplinary
approach, by harmonizing aerodynamic
concerns, the acquisition/elaboration data issues,
and the structural manufacturing. A first probe
prototype has been manufactured to verify the
capabilities and the performances of the system,
and low-speed wind tunnel tests are planned to
verify the potentialities of the proposed solutions.

References

[1] Haering E A. Airdata Measurement and Calibration,
NASA Technical Memorandum 104316, NASA
Dryden Flight Research Center, Edwards, California,
United States, December 1995.

[2] Lawford J A and Nippress K R. Calibration of Air-
Data Systems and Flow Direction Sensors.
AGARDograph 300 Flight Test Techniques Series,
NATO Science and Technology Organization, Vol. 1,
1983.

[3] Krishna H S and Singh K P. Computation Curves for
Air Data System, Defence Science Journal, Vol. 52,
N. 1, January 2002, pp. 65-71.

[4] Haering E A. Airdata Calibration of a High-
Performance Aircraft for Measuring Atmospheric
Wind Profiles, NASA Technical Memorandum
101714, 1990.

[5] Calia A, Galatolo R, Poggi V, Schettini F. Multi-hole
probe and elaboration algorithms for the
reconstruction of the air data parameters, Proceedings
of the IEEE International Symposium on Industrial
Electronics (ISE), Cambridge, UK, 2008.

[6] CerviaF, Denti E, Galatolo R and Schettini F, Air Data
Computation in Fly By Wire Flight Control Systems”
Journal of Aircraft, Vol. 43, N. 2, April 2006, pp. 450—
455.



[7] Schettini F and Di Rito G. Novel Approach for Angles
Calibration of Air-Data Systems with Inertial
Measurements. Journal of Aircraft, 2017.

[8] Schettini F, Di Rito G, Denti E and R. Galatolo. Wind
identification via Kalman filter for aircraft flow angles
calibration. Proceedings of the 2017 |EEE Metrology
for Aerospace (MetroAeroSpace), Padova, Italy, June
2017.

[9] Schettini F, Di Rito G, Galatolo R and Denti E. Sensor
Fusion Approach for Aircraft State Estimation using
Inertial and Air-Data Systems. Proceedings of the
2016 |IEEE Metrology for Aerospace
(MetroAeroSpace), Firenze, Italia, June 2016.

[10]Calia A, Denti E, Galatolo R and Schettini F. Air Data
Computation Using Neural Networks. Journal of
Aircraft, Vol. 45, N. 6, November/December 2008,
pp- 2078-2083.

[11]Calia A, Poggi V and Schettini F. Air Data Failure
Management in a Full-authority Fly-by-Wire Control
System. Proceedings of the |EEE International
Conference on Control Applications, Munich,
Germany, 2007.

[12]Calia A, Galatolo R, Denti E and Schettini F.
Fault-tolerant procedures for air data elaboration,
Proceedings of the 25th International Council of the
Aeronautical Sciences (ICAS), Hamburg, Germany,
2006.

Copyright Statement

The authors confirm that they, and/or their company or
organization, hold copyright on all of the original material
included in this paper. The authors also confirm that they
have obtained permission, from the copyright holder of any
third party material included in this paper, to publish it as
part of their paper. The authors confirm that they give
permission, or have obtained permission from the
copyright holder of this paper, for the publication and
distribution of this paper as part of the ICAS proceedings
or as individual off-prints from the proceedings.

Contact Author Email Address
o.dirito@dia.unipi.it

SMART FAULT-TOLERANT AIR-DATA SENSOR FOR

AIRCRAFT FLOW ANGLES MEASUREMENT



