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Abstract:

Lidar (Light detection and ranging) is a well ediglied measurement method for the
prediction of atmospheric motions through veloatgasurements. Recent advances in 1.5um
Lidars show that the technology is mature, offereag ease of use and is reliable and
compact. A 1.5um airborne Lidar appears to be adgwendidate for airborne in-flight
measurement systems: it allows to measure remotelyside aircraft aerodynamic
disturbance, an absolute air speed (no need diraabn) with a great precision and in all
aircraft flight domain.

In the frame work of the EU AIM2 project, Onerakkdss consisted in the development and
testing of a 1.5um anemometer sensor for in-flgdpeed measurements. Objective of this
work is to demonstrate that the 1.5um Lidar sertsor increase the quality of the data
acquisition procedure for the aircraft flight testtification.

This paper presents the 1.5um anemometer sensarcatdetl to in-flight airspeed
measurements and describes the flight tests pesbsuccessfully onboard the Piaggio P180
aircraft. Lidar air data have been graphically caneg to the air data provided by the aircraft
Flight Test Instrumentation (FTI) in the referericeame of the lidar sensor head. Very good
agreement of True Air Speed (TAS), Angle Of Sige$AOS) and Angle Of Attack (AOA)
was observed.
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1. Introduction

Calibration of air data sensor of aircraft requicesnbersome procedures including specific
equipment and dedicated flight tests. Such caldmafiight tests are often long and costly.

Although several techniques have been developed thee years, the most direct and

probably the most accurate way to directly obtd&ie torrection factors is to compare the
aircraft air data measurements with optically dedivmneasurements obtained non-intrusively
from the free stream region in front of the airtr&falibrations of the pitot static system and
vanes using a laser anemometer have an increasatheg compared with those obtained
with conventional techniques, such as using a toemt, tower-fly-by, or a pacer aircraft

[1]. Laser anemometer allows a precise and rem@asarement of air speed, derived from
light scattering, just outside the range of thewvfldisturbance from the aircraft: it is able to

give the velocity in real time with no in-flight ldaration using autonomous onboard

equipment and without a priori assumptions on theoaphere.

Due to recent progress in fibre lasers and amgifid.5um fibre Lidar technology is
becoming a serious candidate for lightweight, cothpaye safe airborne anemometer probes
[2]. Such anemometer probes for true air speed uneaents with high velocity precision
have already been flight tested [3], [4]. In 20D3LHEC, a 3 axes wind Lidar was built and
flown on board a Dauphin helicopter [5]. It was idatked to True Air Speed measurements at
medium range (30-100 m), away from rotor flow pdyaiions. The volume of the optical
head was 1 litre, the processing rack around 288sliThe original architecture has brought
consistent progress in all fibre Lidar technolog@fis device has been flight tested up to
9000ft altitude.

The 1.5 pum Lidar presented in this paper has besmloped in the framework of the
European project AIM2 which aims at developing pduleand airborne techniques to reduce
duration and cost of flight tests. Its design issdsh on the latest fiber components
commercially available today.

This paper describes the design, manufacture atetehe 1.5um anemometer Lidar sensor
for in-flight airspeed measurement on Piaggio Pdi8fraft. The objective was to demonstrate
that airspeed measurement by Lidar technique eebkatihe quality of the data acquisition

process during flight test certification [6], [7].

2. Lidar anemometer description

1.1 Lidar anemometer functional presentation

Lidar technique measurement is based on Doppldt dbtermination of a light wave
obtained from a single frequency laser that issmfd on natural atmospheric aerosols (Mie
scattering). The aerosols are the wind field trder be analysed. The frequency shift is
proportional to the air velocity and is detectea wan interferometer measuring the beat
frequency between the backscattered wave from aleraand a reference wave (local
oscillator). Coherent mixing enables the recovdrthe backscattered wave phase. This phase
contains the radial velocity information (along tlaser line of sight). It also enhances the
detection sensitivity thanks to the optical prodoicthe signal beam with the reference beam
which enables small target signal amplificationrd§uired, the true air speed in three axes
can be derived from multi axes sensing. This capdréormed using 3 beams or more or a
scanning device [8].



Lidar capability to measure True Air Speed (TAShgke Of Sideslip (AOS) and Angle Of
Attack (AOA)) should meet the following operatiomatjuirements for certification process:

* TAS dynamic: 50m/s Vx <200m/s

* TAS accuracy<lm/s

* Angle dynamic: -20€ AOS< +20° ; -2°< AOA < +15°
* Angle accuracy: 0.5°

* Measurement frequency: 16 Hz.

The Lidar sensor measures the aircraft true aiegpgeojected on its laser axes. A Lidar
configuration with 4 axes is chosen to access dynawaluation of the True Air Speed
(TAS) vector, the angle of Sideslip (AOS) and thegke Of Attack (AOA) in maneuver and
to provide measurements reliability due to reduglaf the fourth axis: The 4 Lidar axes are
time multiplexed by a fiber optical switch.

By switching the laser beam along 4 different dimts (Figure 1), the Lidar system
measures 4 airspeed components respectively V1Y¥2and V4. The laser axes are chosen
to obtain the 3 components of speed vector Vx, Wg ¥z in the Sensor Head reference
frame (close to aircraft frame) so as to fulfillcacacy and measurement dynamics
requirements. The 3 components of the speed vent®rderived using a least square
approach:

¥ V; sinfcosa; cosfdcosa; sina;
X TR AVA sindcosa, cosfcosa, sina,

Vy|=\M'M) M M= . :

v V, -sindcosa,; cosdcosa,; Ssina,
z V, -sinfcosa, cosfcosa, sina,

Angles are chosen:
* To minimize airspeed error (more angle is opengtieeless error)
* To allow a measurement in an homogenous volume
* To respect the dynamics of the Lidar measurement

These considerations lead to the choice of thevatg values:
a1 =45° 0, = 0% 03 =40°,04 = -5°; 0 =25°

= The error on airspeed vector components is depemaethe error per axis (noted stdaxis),
and is equal to: stdVx = 1,35 stdaxis, stdVy, #0stdaxis stdVz = 1,25 stdaxis

The larger error is given by the airspeed compokenwhich yields a requirement on the
precision equal to 0.2m/s and a maximal precisemegis of stdaxis=0.15m/s.

= AOA, AQS are then deduced from full air speed oeetith a good precision inferior of

0.5 poa=tan'(vv,) pos=tan'ly, /{7 +; )



Figure 1: Definition of axes geometry.

1.2 Lidar anemometer design and build

1.5 um technology is the baseline design becausigedbreakthrough of Erbium doped fiber
lasers. In fact, fiber lasers are compact and dekw eye safe beam with a narrow spectrum
and spatial features adapted to coherent anemaniMtmgover, the 1.5 um radiation draws
benefit from the telecommunications technological’elopments: it allows the design of
reliable and compact fiber optical architectured ases low noise fast detectors and efficient
fiber components. Other advantages can be obtdioadthe use of optical fibers: firstly, it
enables the separation of the sensor optical hemad €lectronics and signal processing
hardware; secondly it enables to simplify the impatation and the cost because the system
adjustments are easier. The Lidar dedicated tbghtftests is an all fiber system built with of
the shelf components.

Lidar implementation in aircraft was studied us@gTIA models of the P180 cabin provided
by Piaggio. The first cabin window on the left sioiethe aircraft was modified to insert a
glass window suited to the 4 axes Lidar emissidre §eneral structure of the Lidar and its
implementation in the aircraft are illustrated agufe 2.

v" The driving unit composed of 4 racks which are catifge with aeronautic constrains
(laser rack, optical/electronical detection rackwpr rack and PC rack) and are
located in a bay provided by Piaggio.

v' The Sensor head which is precisely positioned wedpect to the aircraft reference
frame. The 4 Lidar beams are sent through an dgreale glass window to probe the
atmosphere and measure the true air speed.
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Figure 2: Lidar general description

The Lidar sensor has been designed to meet that figgt requirements in term of
airspeed measurement (data rate, TAS precision) ianderm of aircraft installation
constraints. Figure 3 shows the Lidar anemometgeny.

Sensor Head:4 lidar Axes

Laser unit rack

Electronical-optical detection rack

HMI PC rack

Power supply rack

Figure 3: AIM2 Lidar system



3 LIDAR flight tests on board the P180 Prototype

3.1 Lidar Flight tests description

Lidar anemometer has to be evaluated in flight asfarence system to perform air data
calibration. The Lidar sensor will be able to meadhe aircraft true airspeed (TAS) and tests
procedures have been defined by Piaggio so aseogtatic error, AOS and AOA. During all
tests, air data from the previously calibrated raitcboom were recorded for flight data
analysis and comparison with the Lidar data.

3.2  Description of Lidar signal processing

The first step of signal processing focuses on tealpdata sequentially acquired from the
four beams of the Lidar. A power spectral denstgomputed every 2.6us and to improve the
signal to noise ratio each spectrum is averagetgusBms of signal acquired on each Lidar
axis. Figure 4 on the right handside shows an elawipthe recorded four averaged spectra
(colour codes corresponding to the Lidar axes hosva on the left handside). An averaged
spectrum consists in a white noise floor and aaigreak. The Doppler frequency shift

(proportional to the radial wind speed) is estiddtem each Lidar axis averaged spectrum.
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Figure 4: Recordings of power spectral densities



The output of the signal processing second stetharéour Doppler frequencies (or the radial
wind speeds), computed every 100 ms in order t® itato account the time required to switch
from an axis to another. Time series are displaye#ligure 5.

Max Frequency (Hz)

Lidar axis orientation in the aircraft reference Temporal evolution of frequency peak fdopix, onteagis
frame (Doppler frequency
Figure 5: Doppler frequencies time series.

The final step of signal processing is to convke Lidar radial wind speeds into a 3D air
speed vector in the aircraft reference frame, asvslon Figure 6 right (beams colour code is
on the left handside).

Vit-Avion-AIM2-2014-02-24--14-58-18-073-00293-FFT1024

Speed (m.s‘l)

Aircraft reference frame Vx, Vy, Vz VX, Vy, Vz Air speed reconstruction in the airdregference
frame

Figure 6: Reconstruction of the airspeed components



1.3 Lidar installation and adjustment onboard P180

Figure 7 presents the Lidar installation on board P180. §less window integrated by
Piaggio in the first cabin window has been chosen ifs optical qualities (planarity,
transmission), size and thickness compatibles agtlonautic and Lidar constrains.

Laser rack

Optical/ Electronical
detection rack

Rackable PC

T

Power rack Sensor Head §/| *

Fa ’

Figure 7 : Lidar anemometer installation on boardg®.

The Sensor head orientation must be known withcaaracy better than 0.5° in the aircraft
reference frame in order to meet the AOA and AO&iescy requirements: its position has
been adjusted in terms of distance and alignmehbanzontality of the sensor head has been
checked using specific procedures.

1.4 Lidar anemometer flight tests results

Results presented in this chapter are an illustmadf Lidar data measured during steady flight
tests and dynamic flight tests allowing comparisbetween Lidar and Flight Test
Instrumentation (FTI). It should be noted that opnbw this comparison is graphical, and
reconstruction is done in the reference frame efltidar. The graphical comparison is based
on 6 graphics for each test:

The top left figure shows the radial wind speedtanh Lidar axes.

The top center figure shows the 3 components ofl wpeed measured by the Lidar.
The top right figure shows the altitude given byl.FT

The 3 bottom figures compare Lidar data (red) ahlddata (blue & green) for TAS,
AOA and AOS.
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Accuracy checks of the LIDAR

» LIDAR anemometer results in accuracy check: Mudtigiround tracks for airspeed

error.
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Figure 8: Multiple ground track for airspeed error.

The test (Figure3) consists in 3 steady flights done at the same@@ed (150 kts in this
case), but with 3 different bearings.

Parameters are almost constants, as expectedtheitbxception of AOS having sub hertz
oscillation of 1 degree in amplitude. This behawall often be encountered in the next
comparisons, but the effect was not perceptiblelénthe aircraft.
The agreement between both systems is within dnginements.



Use of LIDAR in dynamic calibration

> LIDAR anemometer results in dynamic calibrationllB®@oaster for AOA Pull up
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Figure 9: RollerCoaster for AOA Pull up.

In this test (Figure 9), the aircraft performs dl pgp maneuver at 2.5 g. The maneuver starts
at 15s, and the AOA rises, and the pull up en@5stand AOA decreases.

Despite being synchronized with GPS time, the LIDi&RImost 1s ahead of FTI.
Again, the agreement between both systems is wili@mequirements.
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> LIDAR anemometer results in dynamic calibrationvélAcceleration.
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Figure 10: Level Acceleration.
The aircraft accelerates in straight line from 138 to 260 kts. The agreement between

LIDAR an FTl is still within 0.5° for AOA/AOS and fn.s* for TAS, with a better agreement
at high values of AOA (Figure 10).
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» LIDAR anemometer results in dynamic calibratioratRurn left for AOS .
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Figure 11: Flat turn left for AOS.
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In this maneuver (Figure 11), the aircraft entars iflat turn using its rudder, thus increasing
AOS. The agreement between LIDAR an FTI is stilthivi 0.5° for AOA/AOS and 1 m’s
for TAS. The 1s advance of LIDAR over FTl is stiisible.
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3.  Analysis

An All-fiber 1.5 pm CW coherent laser anemometes haen developed in the framework of
the European project AIM2 and air qualified foribedtion of Piaggio aircraft air data system.

Flight tests were performed successfully onboaedRlaggio P180. During 3 hours of flight
tests, 40 LIDAR data sets have been recorded fampaoison with aircraft Flight Test
Instrument (FTI) data. For all recordings, Lidar data have been graphically compared to
the air data provided by the a/c Flight Test Instentation. This analysis has been done in the
reference frame of the Lidar sensor head. Very gagetement on TAS, AOA and AOS
variations were observed. A slight bias on AOA &S was observed but it remains below
the 0.5° specification. Assuming perfect calibmataf the FTI, the bias value is the result of
two sources of error: 1- the precision of the meata adjustment of the Lidar sensor head
with respect to the aircraft reference frame, 2 timcorrected position of the Lidar sensor
head reference frame with respect to the aircexitre of rotation used for the data analysis.
The latter should be compensated for in furthea daialysis.

It should also be mentioned that a lack of Lidaiadaas observed momentarily during flight
tests over the sea, but due to the small numb#éigbt tests conducted up to now, it is not
possible to conclude on Lidar measurement avaitgbHurther analysis and an extension of
the flight campaign would be required in order tmyide statistics on the Lidar data
availability [9].

4, Conclusion

From these results, we conclude that fiber Lidahm@logy has matured enough to provide a
powerful technique for aircraft certification andparticular for onboard anemometry probes
calibration (pitot, AOA, AOS). One main asset of tidar sensor is that it allows an absolute
measurement of true air speed away from airfrant@dgaamic perturbations and can
significantly reduce the cost of certification pedcires.
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