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ABSTRACT

A laser anemometry system and method comprising a set of at least
one coherent laser source (101) supplying an incident beam, said beam
being backscattered by a set of particles passing through said incident beam,
mixing means (102), respectively associated with a laser source, for mixing
said backscattered beam and a reference beam, said reference beam being
the duplication of said incident beam, creating an interferometry wave,
conversion means (103), respectively associated with a laser source,
converting said wave into an electrical signal, the instantaneous intensity of
which is proportional to the instantaneous power of said wave, first
determination means (104), respectively associated with a laser source, for

determining a time-frequency diagram of said electrical signal.
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Laser anemometry system and method

The present invention relates to a laser anemometry device. It applies in
particular to the computation of the speed of an aircraft relative to the surrounding
air, also called air speed. This computation is performed by determining the speed
of the surrounding particles and naturally present in the atmosphere.

Laser anemometry systems that use the backscattering of a Gaussian
laser beam on the particles surrounding the system to detect the air speed of an
aircraft are known. These systems present a laser beam whose focal point is
spatially highly localized and they are designed to detect only the presence of
particles passing through said focal point. This technical feature makes it possible
to obtain an accurate local air speed measurement even when the air surrounding
the aircraft exhibits a speed gradient. These systems present two drawbacks
which emerge in particular conditions of seeding of the air with particles.

The first is the possibility of detecting large particles, because of their high
backscattering section, even if they do not pass through the focal point. In this
case, the measurements can be falsified by virtue of the speed gradient and of
the inherent inertia of the large particles.

The second drawback is an unavailability of speed information when no
detectable particle passes through the focal point of the laser beam.

The present invention notably aims to remedy these problems by using a
set of processing operations applied to the measurements of the backscattered
beams in order to obtain the speed that would be expected of a virtual particle
passing through the focal point of the laser beam.

According to one aspect of the invention, a laser anemometry system is
proposed which comprises a set of at least one coherent laser source supplying an
incident beam, said beam being backscattered by a set of particles passing through
said incident beam. The system also comprises mixing means, respectively
associated with a laser source, for mixing said backscattered beam and a reference
beam, said reference beam being the duplication of said incident beam, creating an
interferometry wave. The system further comprises conversion means, respectively

associated with a laser source, converting said wave into an electrical signal,
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the instantaneous intensity of which is proportional to the instantaneous power of said
wave and first determination means, respectively associated with a laser source, for
determining a time-frequency diagram of said electrical signal. Finally, the system
comprises second determination means, respectively associated with a laser source,
for determining spots of said diagram, each spot being a set of connected points of
said diagram, having exceeded a detection threshold, computation means,
respectively associated with a laser source, for computing an average of the
frequency, a duration and a slope characterizing the trend of the frequency as a
function of time in the time-frequency diagram, respectively associated with a spot,
and third determination means for determining the air speed from all or part of said
averages of the frequency, said durations and said slopes. Furthermore, the third
determination means for determining the air speed are suitable for computing a
Doppler frequency, said Doppler frequency being the average of all or part of said
averages of the frequency respectively associated with spots for which one of the
following conditions is met;

- said duration is less than a first duration threshold,

~ the multiplication of said duration by said slope is less than a second threshold,

— said multiplication of said slope by the square of said duration is less than a

third threshold.

In the case where the time-frequency diagram used corresponds to a
spectrogram of the electrical signal, the detection threshold is typically between 8 and

14 dB, with 12 dB as the preferred value. The reference level (0 dB) is the average
level expected in the absence of particles.

This device therefore makes it possible to determine the speed of the aircraft,
based on the set of particles intersecting the laser beam. It is also possible to use the
device even when no particle passes through the focal point of the laser.

The fact that one of the following three conditions is met:

- said duration is less than a first duration threshold,

CA 2810783 2019-07-08
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— the muiltiplication of said duration by said slope is less than a second
threshold,
- said multiplication of said slope by the square of said duration is less than
a third threshold,
makes it possible to determine that the particle is a particle that

has intersected the laser beam at a distance from the focal point (or distance
from the “waist”) less than a distance threshold (typically z,, =z, =5mm for

a Gaussian beam with a radius at the focal point equal to @, =50um).

For this, use is made of the relationships between the distance
from the focal point (that is to say the coordinate z,, referenced relative to
the focal point, at which the particle intersects the beam) and the
characteristics of duration, slope and frequency variation of the
corresponding spot in the time-frequency diagram:

2.0(zy) _ 2wyq]z2 + 22

duration =
trans Vlfans ‘ZR
2
slope —_ ~ trans -
z
Azyl 1+ (i)
Zy
, w,V,
Af = slope.duration = 0" irans z
z
Azp |1+ (R)
ZO
no;

with, by definition, z, =

and knowing that the radius of the Gaussian laser beam at the

2
coordinate z has the value w(z)=0, 1+(2—J
Zr

V... is defined as the projection of the speed of the particle

concerned in the plane orthogonal to the axis of the laser beam,

A is the wavelength of the laser.

Different methods can be used to select the particles intersecting
the beam in proximity to the focal point:
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A first method consists in selecting the spots for which the duration
is less than a duration threshold estimated by taking into account the
estimation of the transversal speed ¥V, _ from the Doppler speed and an
assumed orientation of the speed of the particle relative to the beam. In

practice, the relationship linking the distance from the focal point (or absolute
value of the coordinate z,) to the duration is strictly increasing such that the

selection of the particles for which |z,| < z,,, is equivalent to the selection of

2 2
2.0y Zin + 2k

trans -Z R

the particles for which duration < duration(z,,,, ) =

The first duration threshold is deduced from the equation

20,422 +22
first _duration _threshold = _0\[_‘"3"__—__"_ 1 or

trans Z R

242.

ﬁrst_duration_threshold=—wo by considering z,, =z,. This threshold

trans

will thus have the value 1.4 ps for @, =50um and 7,

trans

=100m/s.

A second method consists in selecting the spots for which the
frequency variation Af = duration.slope is less, as an absolute value, than a

frequency variation threshold estimated by taking into account the estimation
of the transversal speed V,__ from the Doppler speed and an assumed

trans
orientation of the speed of the particle relative to the beam, the orientation of
the speed of the particie relative to the laser beam can, for example, be
estimated from the orientation of the air speed vector relative to the
measurement axis and a possible local aerodynamic field compensation
term).

In practice, the relationship linking the distance from the focal point
to the absolute value of the frequency variation is strictly increasing.
Selecting the particles such that |z,| < z,,, is therefore equivalent to selecting
4V

trans

the spots for which [Af] < Af (2, ) =
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The second frequency variation threshold is deduced from the

4' I/Yram'
or

equation second threshold As =

second_threshold ds = Ao by considering z_,, =z,. It will thus have the

.0, 2

approximate value 1.8 MHz for @, =50um and V,, =100m/s.

A third method consists in selecting the particles for which
z, <z, . the coordinate z, of the particle being estimated for each spot
detected, from the following equation (which results from a combination of
the preceding equations) which offers the benefit of not requiring any

assumed orientation of the speed of the particle relative to the beam.
_ slope-duratior?- 1 -z,?

Zy >
8w,

slope- duratior? - w*- w,*

8-4

Having estimated z, from the preceding equation, the thresholding

orevenZ; =

consists in selecting the particles for which |zo|<z,mm with, for example,
z... =Z,. 1his also amounts to selecting the particles for which:

slope - duration? < third _threshold.slope - duration? = % or,
by considering z,_, =z,, 0
third _threshold.slope- duration® = 8
/4
or even third _threshold Af - duration= %
This third threshold is computed from the following equation
third _z‘hreshola’.s'lope-duratz’on2 =§7[_%—§,n;ﬂ in which A represents the

0

wavelength of the laser, ©0 represents the radius of the beam at its focal
point, zmax corresponds to the maximum distance to the focal point as a
function of the desired spatial selectivity.
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This technical feature therefore makes it possible to improve the
accuracy of the laser anemometer by using only the speed information
provided by the particles that are most representative of the air speed.

According to one embodiment, the third determination means 107
for determining the air speed are suitable for determining parameters of a
theoretical curve, such that the points of a graph, of which the first axis
represents a frequency and the second axis represents either a slope or a
frequency variation, and containing a set of points, each point being
respectively associated with one of said spots and each point having as
coordinates, according to the first and the second axis respectively, the
average of the frequency and the slope or the frequency variation of said
spot, converge the most with said curve and the determination a Doppler
frequency, said Doppler frequency corresponding to a singularity on said
theoretical curve.

A singularity of the curve slope = g(f) or of the curve Af =g(f)

should be understood to mean a very characteristic point which corresponds
both to the zero crossing of the curve and to a steep slope of the curve.

According to one embodiment, the third determination means for
determining the air speed are suitable for determining said Doppler frequency
by the use of a linear regression from said graph.

According to one embodiment, the third determination means 107
for determining the air speed are suitable for determining said Doppler
frequency by correlation between said theoretical curve and said graph.

These two features offer the advantage of being able to improve
the air speed determination performance levels in particular atmospheric
conditions for which no particle is detected at the focal point.

According to one embodiment, the computation means 106 are
suitable for using the following relationships:
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_Pu(f’t)
A0 = //ﬁﬂgﬁ”%#ﬁ

m, = ”Pu(f,t) tdf dt

spot

m, = [[B.(f.0) fdf ar

spot

ol = [P0y df dt—m]
spot

Py =[RSty e fdf dt—mm,
spot

slope = sz

1

duration = 4«/50‘,

in which spor is the set of points of one of said spots, P,(f,f) is the value of
the time-frequency graph for the frequency f and the time ¢, m, is the

average of the frequency of said spot, slope is the slope of said spot and
duration is the duration of said spot.

This technical feature makes it possible to improve the
computation of the slope of the spots and thus improve the accuracy of the
determination of the air speed.

According to one embodiment, said computation means 106 are
suitable for determining the slope of one of said spots by using a linear
regression on said spot.

This technical feature makes it possible to improve the
computation of the slope of the spots and thus improve the accuracy of the
determination of the air speed.

Advantageously, the laser anemometry method comprises the
following steps:
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a step of transmission of an incident beam by at least one coherent
laser source, said beam being backscattered by a set of particles
passing through said incident beam,

a mixing step, respectively associated with a laser source, for mixing
said backscattered beam and a reference beam, said reference beam
being the duplication of said incident beam, creating an interferometry
wave,

a conversion step, respectively associated with a laser source,
converting said wave into an electrical signal, the instantaneous
intensity of which is proportional to the instantaneous power of said
wave,

a first determination step, respectively associated with a laser source,
for determining a time-frequency diagram of said electrical signal.

Furthermore, it also comprises the following steps:

a second determination step, respectively associated with a laser

source, for determining spots of said diagram, each spot being a set of

connected points of said diagram, that have exceeded a detection

threshold,

a computation step, respectively associated with a laser source, for

computing an average of the frequency, a duration and a slope,

respectively associated with a spot,

a third determination step for determining the air speed from all or part

of said averages of the frequency, of said durations and of said

slopes. Furthermore, the third determination step 107 for determining

the air speed is suitable for computing a Doppler frequency, said

Doppler frequency being the average of all or part of said averages of

the frequency respectively associated with spots for which one of the

following conditions is met:

o said duration is less than a first duration threshold,

o the multiplication of said duration by said slope is less than a
second threshold,

o said multiplication of said slope by the square of said duration is
less than a third threshold.
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The invention will be better understood and other advantages will
become apparent on reading the detailed description, given as a nonlimiting
example, and with the use of the figures in which:

— Figure 1 presents a first embodiment of the device according to
one aspect of the invention

— Figure 2 presents the instant for which the distance, between the
particle concerned and the measurement axis, is minimum
according to a cross section in the plane z=z,

— Figure 3 presents the instant for which the distance, between the
particle concerned and the measurement axis, is minimum
according to a cross section in the plane y =y,

— Figure 4 presents a first embodiment of the module 107 for
determining the air speed

- Figure 5 presents the location of the angles of the different laser
sources

- Figure 6 presents a second embodiment of the module 107 for
determining the air speed

— Figure 7 presents a third embodiment of the module 107 for
determining the air speed.

The present invention relates to a laser anemometry device. This
invention is of interest in the context of air trave! in order to accurately know
the speed of an aircraft relative to the air mass surrounding that aircraft.

The device as presented in Figure 1 comprises a coherent laser
source 101 transmitting an incident laser beam. This laser beam has a focal
point. In their movement, particles intersect the laser beam. These particles
then provoke a backscattering of the laser beam. The device comprises a
mixing module 102 for mixing the backscattered beam and a reference
beam. This reference beam is the duplication of the incident beam, this
mixing module creates an interferometry wave. A conversion module 103
then makes it possible to convert the interferometry wave into an electrical
signal, the instantaneous power of which is proportional to the instantaneous
power of the interferometry wave and the average frequency of which is
proportional to the projection of the speed of the particle along the axis of the
laser beam.



10

15

20

25

CA 02810783 2013-03-28

10

The amplitude of the electrical signal s(t) resulting from the
passage into the beam of a particle driven at a speed V is expressed thus:

2

2.v2 (e~ ) 2y, 2. t-t,)
s(t)=2S8 POLPSR.exp(———"“”S (t t") J.cos 2r EV {-t)+ frans ,( ) +0,

*(z) A { (ZRH 2
Azy|1+| 22
Zy

in which:
—~ § is the sensitivity of the detector
- P, is the local oscillator power

- P, is the power of the backscattered signal coupled in the fibre:

4.7 .P.S 2
P =— 4e L exp - 42_)/0 ]
w0 (z,) @ (z,)
— Ais the wavelength of the laser
— P is the transmitted laser power

- S, is the effective backscattering section of the particle at the

wavelength concerned
- w(z) is the radius of the Gaussian laser beam defined by

z
o(z) = o, /1 +(—J2
Zp

-, is the radius of the Gaussian laser beam at the focal point (waist)
- V..., is defined as the projection of the speed of the particle concerned in

trans

the plane orthogonal to the axis of the laser beam
~ Vg 18 the projection of the speed V' of the particle concerned on the

axis of the beam such that vV, > +V_*-r

long trans

g COMresponds to the Doppler frequency

— The term -2—V
A

— The instant ¢, is the instant for which the distance to the particle
concerned to the measurement axis is minimum, as illustrated in Figure 2
showing a cross section in the plane z=z, and in Figure 3 showing a
cross section in the plane y=y,.

A module 104 makes it possible to determine a time-frequency
diagram of the electrical signal. This diagram is produced by typically using a
time window of Gaussian form and of a length aligned on the expected
duration of the spots given the speed and the diameter of the beam. These
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parameters are also dependent on conditions of installation of the
anemometer on the carrier.
For a waist radius: @, =50um, the range of variation of the

duration of the signal will be of the order of 200 ns to 20 ps.

This diagram presents a set of spots corresponding to the
passages of the different particles in front of the incident beam. A module
105 is used to separate and locate each spot. A spot consists of a set of
connected points of the time-frequency diagram that have exceeded a certain
fixed threshold typically lying within the interval [8;14 dB] with 12 dB as the
preferred value in the case where the time-frequency diagram corresponds to
the spectrogram of the electrical signal, the reference level 0dB
corresponding to the average level expected in the absence of particles. For
all or part of the spots, a computation module 106 is used to compute the
average of the frequencies of the points of the spot and also to compute the
slope of the spots, as well as their duration and their frequency variation. This
slope represents the trend of the frequency as a function of time in the time-
frequency diagram. These parameters can in particular be obtained by the
following relationships:

— Pu(f’t)
hiro= ﬁIPu(f,t)ftdfdt

m = [[P.(f.t)rdf ar

spot

m, :HP,,(f,t) fdf di

spot

o = [[P.(f.t) 1 df dt—m?

spot

o= f[Pf ) fdf di-mm,

spot

pl,f
2
]

duration = 42c,

slope =

in which spot is the set of points of one of said spots, P.(f,t) is
the value of the time-frequency graph for the frequency f and the time, ¢,
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m, is the average of the frequency of said spot, slope is the slope of said

spot and duration the duration of said spot.

A module 107 is used to determine the air speed of the system
from all or part of the average of the frequencies, the slopes and the
durations computed by the module 106. It can, for example, determine a
Doppler frequency corresponding to the average of all or part of the averages
of the frequency associated respectively with a spot. Finally, the air speed is
computed from the Doppler frequency by relationships known to the person
skilled in the art.

These different modules can be produced on one or more generic
processors coupled to memory making it possible to save the intermediate
data, but also on dedicated processors, programmable logic arrays of FPGA
or PLD type, or any other type of device making it possible to perform the
determinations described, the different modules being able to share the
computation and memory resources.

Figure 4 presents an embodiment in which the module 107 for
determining the air speed comprises two submodules. The first submodule
201 is used to select the spots most representative of the speed at the focal
point. This selection is made as a function of the duration and the slope of
each spot. The spots selected are the spots for which one of the following
conditions is met:

— said duration is less than a first duration threshold,

— the multiplication of said duration by said slope is less than a second
threshold,

— said multiplication of said slope by the square of said duration is less than
a third threshold.

The verification of one of the preceding three conditions makes it
possible to determine that the particle is a particle that has intersected the

laser beam at a distance to the focal point (or distance to the waist) less than
a distance threshold (typically z, =z, =5mm for a Gaussian beam with a

radius of the focal point equal to @, =50um).

The relationships used for this are the relationships between the
distance to the focal point (that is to say the coordinate z,, referenced

relative to the focal point, at which the particle intersects the beam) and the
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characteristics of duration, slope and frequency variation of the
corresponding spot in the time-frequency diagram:

20(z,) 20,475 + 2,

14

trans trans *
2

duration =
ZR

*" trans >
Az, .{1+[Z—R) :|
2y

Af = slope.duration =

slope =

40,7,

trans

2
Azgail +(Z—RJ
Z()

2
with, by definition, z, = 7 -;’o

and knowing that the radius of the Gaussian laser beam at the

2

z
coordinate z has the value o(z) =, 1+(—]
2R

V_.. is defined as the projection of the speed of the particle

concerned in the plane orthogonal to the axis of the laser beam,

2 is the wavelength of the laser.

Various methods can be used to select the particles intersecting
the beam in proximity to the focal point:

A first method consists in selecting the spots for which the duration
is less than a duration threshold estimated by taking into account the
estimation of the transversal speed V, . from the Doppler speed and an

assumed orientation of the speed of the particle relative to the beam.
The first duration threshold is deduced from the equation

2.0y 22 + 25
first _duration _threshold = —>- Y™ "% or
ZRr

242 FoN

trans

will thus have the value 1.4 ys for @, =50um and V,_,_=100m/s.

rans

first _duration _threshold =

, by considering z_, =z,. This threshold

A second method consists in selecting the spots for which the
frequency variation Af = duration.slope is less, as an absolute value, than a

frequency variation threshold estimated by taking into account the estimation
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of the transversal speed V___ from the Doppler speed and an assumed

orientation of the speed of the particle relative to the beam, the orientation of
the speed of the particle relative to the laser beam can, for example, be
estimated from the orientation of the air speed vector relative to the
measurement axis and a possible local aerodynamic field compensation
term).

The second frequency variation threshold is deduced from the

4V,
equation second _threshold Af = o , or

2
o, 1+[2—"J
Zmax
4V

—— by considering z,, =z,. It will thus have

0,2

the approximate value 1.8 MHz for w, =50um and V. =100m/s.

rans

second _threshold _Af =

A third method consists in selecting the particles for which
z, <z, ., the coordinate z, of the particle being computed for each spot
detected, from the following equation (which results from a combination of
the preceding equations) which offers the benefit of not requiring any

assumed orientation of the speed of the particle relative to the beam.
_ slope-duratior?-A-z,?

z
0 2
8-w,

slope- duratior? - * - @,?

8-1
Having estimated z, from the preceding equation, the thresholding

orevenZy =

consists in selecting the particles for which |z| <z, Wwith, for example,
z.. =z,. This also amounts to selecting the particles for which

max r

8-A-
third _threshold.slope - duration® < ——ﬁ , or, by considering
n ° 0)0
: . 8
z =z third _threshold.slope- duratior? < — or even
max re /4
third _threshold Af - duration < 8 ‘
V4

Then, a Doppler frequency is determined by the submodule 202.
This Doppler frequency corresponds to the average of the average
frequencies supplied by the module 106 for the spots previously selected by
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the submodule 201. Finally, the air speed is computed from the Doppler
frequency by relationships known to the person skilled in the art. Thus, for
each measurement axis, the speed along that axis is computed from the

corresponding Doppler frequency using the following relationship:

Vy \ =2F,

axis 1 2 Doppler _i *

The 3 components of the air speed vector are deduced

from the N measurements (where N>3 is the number of measurement axes,
that is to say non-coplanar laser beams, used) by a matrix computation
resulting from the application of an aigorithm of least squares type.

If H is the observation matrix defining the orientation of the

measurement axes in the coordinate system linked to the carrier
c0s®,.cosA; sin®,.cosA; sinA,
cos®,.cosA, sin®,.cosA, sinA,

cos®,.cosA, sin®,.cosA, sinA,

The location of the different angles is presented in Figure 5.

4

v,

VX
v, =[H’.HF.H’ and the air speed is defined by its
v,

Vv

modulus T4S = V2 +¥? +¥2 and the angles of incidence 404 = arctan(%z—],

X

and of side slip SS4= arctan[cos AOA.KL) .

X

Figure 6 presents another embodiment of the system in which the
module for determining the air speed 107 comprises two submodules. The
first submodule 301 is used to determine the parameters of a theoretical
curve in order for this theoretical curve to converge closest to the points of
the time-frequency diagram. This determination is made by linear regression.
A second submodule 302 is used to determine a singularity in said theoretical
curve and the frequency of this singularity corresponds to the Doppler
frequency representing the air speed of the system and for which the
theoretical curve exhibits a singularity.
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The submodule 301 for determining parameters by linear

regression uses at least one of the theoretical relationships linking the slope
and duration characteristics with the coordinate z, of the point of intersection

of the particle and of the laser beam, as defined in the following equation:

2V,
slope = ————"= 2.0, .,/zg +zh

z 2 | and duration=
Azi1+| & 2R
Zz

trans

In these relationships, z, represents the distance between the
focal point of the incident beam and the point at which the particle intersects
the incident beam, A is a parameter of the system, ¥, is the projection of

the speed of the particle concerned in the plane orthogonal to the axis of the
2

laser beam and z, has the value z, = ”’f:" in which wg, the radius of the

beam at the focal point, is a parameter of the system which characterizes the
length of the focal area.

This submodule also wuses different parametric models
representing the relationship between z, the distance between the focal
point of the incident beam and the point at which the particle intersects the
incident beam, and g <, the Doppler frequency of the beam backscattered by
the particle. The parametric models are, for example:

z=a+bf,,

Z=a+bf;, +cfd2 or
fi=a+fr+p’

The linear regression method will make it possible to compute the
parameters a, b and ¢ of the different parametric models.

In the case of the use of the parametric model z = a + bf,

Each spot i is characterized by the average of the frequencies f,
of the points of the spot, the slope slope, and the duration duration, of said

spot and the distance Z; of the passage of the particle (corresponding to this
spot) relative to the focal point. The value of Z, is obtained by one of the

foliowing four relationships:
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— Solved by duration
> (duration..V .zk.jz_ 2

1" trans

i

2.0,
- Solved by frequency variation
oo (1.z2.47)

‘ (4'0’0'V wrans )2 - (’LZRM )2
— Solved by slope

Vtrans2 i- I/trans4 _piz'lz
zZ. =
' pi-A
— Solved by slope and duration (with no assumed transversal
rans)

speed V,

. 1 2,792, 2
;= slope, - duration?- n*- w,

‘ 8-

In order to stabilize the computation, a quality factor can be
associated with each spot to take account of the inaccuracy as to the
determination of the duration and/or of the slope in the computation of z.

In order to perform the linear regression, making it possibie to
obtain the coefficients « and b of a straight line of equation z=a +bfd, the

matrix representation Z = F".X is used. In this representation:

4 _lfl_
RE2 _ 17,
‘= = ;: |and X =[ab]
[ ZN 1/ ]

The estimation of the value of the vector X is obtained by a linear
regression performed over NV spots. The weighted least squares method is
used and, to avoid giving too much weight to the noise-affected values, the
matrix 7 is introduced:
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0 0
0~ O
W =
0 0
| 0 0 ry|

By using the weighted least squares method, it is then found that

the estimation of the value of the vector X has the value:
X=(FWWFY'FW'Z .

It is known that the air speed of the system corresponds to the
speed of a particle passing through the focal point of the laser beam. it is
therefore necessary to find the Doppler frequency which corresponds to the
frequency of a particle passing the focal point, therefore for which
z=a+bf;=0. This Doppler frequency therefore has the value

Jf, =—alb in which a and b are the coefficients of the vector X . Finally,

the air speed is computed from the Doppler frequency by relationships known
to the person skilled in the art.

The measurements performed for each laser beam make it possible to
determine the projection of the speed vector along each of the corresponding
axes. The modulus TAS and the angles AOA and SSA (TAS, true air speed,
is the modulus of the air speed vector, AcA standing for angle of attack and
SSA standing for side slip angle define its orientation. If the air speed vector
is considered to be defined in Cartesian coordinates by its 3 components Vx,
VYy, Vz in a coordinate system linked to the carrier where, by convention, the
axis x points forwards, y to the right and z downwards, then
TAS =V + V7 +V} , AOA= arctanL—gZ—) , SS4= arctan(cos AOA'LI:Y_J) defining

X X

the air speed vector are deduced therefrom through an algorithm of least
squares type.

In the case of the use of the parametric model z = a+bf, +cf,

In this variant, a term is added in the parametric model between z
and f,. This term is used to model the fact that the speed gradient is not

constant (the profile of slope as a function of frequency is dissymmetrical).
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The linear regression is then carried out by using the following
matrix relationship:

Z=F.X
EX 1 £, flz
_| % _|1/e 5

in which 2 = : ,F‘_ D and X =[abec].
B _lfoNZ_

The estimation of the value of the vector X is obtained by a linear
regression carried out over NV spots. The weighted least squares method is
used and, to avoid giving too much weight to the noise-affected values, the
matrix ¥ is introduced:

[, 0 .. O]
W - 0 r, O
0 . 0
0 .. 0 ry,

By using the weighted least squares method, it is then found that

the estimation of the vector X is:
X=(FEWWE)'F'w'z.

The parameters a, & and ¢ correspond to the coefficients of the
vector X . The Doppler frequency then corresponds to the frequency for
which the particle passes the focal point, therefore for which
z=a+bf, +cf] = 0. This Doppler frequency £, is that of the two roots of

the second degree equation @ +bf, +cf; =0 in which 4, b and ¢ are the

coefficients of the vector X which belongs to the frequency domain delimited
by the extreme values of the discrete set (f,, ... , f,) (this set is therefore

the Doppler frequencies of the N spots cited previously). Finally, the air
speed is computed from the Doppler frequency by relationships known to the
person skilled in the art.

In the case of the use of the parametric model f, =a + fz + ;zz
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In this variant, the linear regression is then carried out by using the
following matrix relationship:

F,=ZX
_f;ﬂ —1 Z] le_
1 lz, 222

inwhichFZ: . ,Z_ c andX=[a,B}/]
—fN_ _IZNZNZ_

The estimation of the value of the vector X is obtained by linear
regression which is therefore carried out over N spots. The weighted least
squares method is used and, to avoid giving too much weight to the noise-
affected values, the matrix # is introduced:

0 .0 -
W 0 r, O
0 . 0
[0 .. 0 ry

By using the weighted least squares method, it is then found that
the estimation of the vector X is:

X =(Z'W'WZ)'Z'W'F,.

The parameters «, # and y correspond to the coefficients of the
vector X. The Doppler frequency then corresponds to the frequency for
which the particle passes the focal point, therefore for which z=0_ This
Doppler frequency is therefore f, =«a. Finally, the air speed is computed
from the Doppler frequency by relationships known to the person skilled in
the art.

These different modules can be produced on one or more generic
processors coupled to memory making it possible to save the intermediate
data, but also on dedicated processors, programmable logic arrays of FPGA
or PLD type, or any other type of device making it possible to perform the
determinations described, the different modules being able to share the
computation and memory resources.
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Figure 7 presents another embodiment of the module for
determining the air speed 107 in which the linear regression submodule 302
present in Figure 3 is replaced by a correlation submodule 401.

In a first variant, the submodule 401 for determining parameters by
correlation uses the theoretical relationship linking the slope and the point of
intersection of the particle and of the laser beam z, as defined in the
following equation:

2V, 2

trans

p=- 7= Veans 8(2).
l.z.lil + (ﬁ?—) :l
V4

In this relationship, £ represents the slope of the spot, z the

distance between the focal point of the incident beam and the point at which
the particle intersects the incident beam, A is a parameter of the system,

V,.ans is the projection of the speed of the particle considered in the plane

orthogonal to the axis of the laser beam.

This submodule also uses a parametric model representing the
relationship between z, the distance between the focal point of the incident
beam and the point at which the particle intersects the incident beam, and
f,. the Doppler frequency of a beam backscattered by the particle. The
parametric model is, for example:

z=a+bf, +cf].

The correlation method will make it possible to compute the
parameters a, b and ¢ of this parametric model. The following matrix
relationship is defined:

Z=GX
(Pl g(z)
_| P2 _| &(z,) _ 2
inwhichZ— . ,G_ . andX—[V"“’”] .
_pN_ _g(zN)_

The estimation of the vector X is then defined by the equation:

X=Gz
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in which:

G =(G'G)y'G".

The likelihood criterion is then defined as the sums of the residues squared
between Z and GX:

A2 . 112
©(a,b,c)=|Z-GX| =|(d-GG")z] .

We then seek to minimize this likelihood criterion. By development, the
following is obtained:

®(a,b,c)= ”Z”2 —®'(a,b,c)
with:
®'(a,b,c) =(G'Z2)' (G'G)Y (G'2).

It is therefore possible either to search for the value of the triplet
(a,b,c) which minimizes ®(a,b,c) or else the values which maximize

@'(a,b,c) . Different methods are known to the person skilled in the art such
as, for example, the gradient method which makes it possible to rapidly
converge towards a local minimum in the three-dimensional space (a,b,c). It
is also possible to perform a systematic scan of an area of the space thought
to contain the minimum, possibly complemented by the gradient method to
refine the search.

The Doppler frequency then corresponds to the frequency for
which the particle passes the focal point, therefore for which

2 —
a+bfy+df; = 0. Knowing the value of %8¢ it is possible to find the
value of the roots of the following second degree equation

2 —
a+bf,+cfy = 0. The Doppler frequency then corresponds to the root
which belongs to the frequency domain delimited by the extreme values of

the discrete set (fl, - f .N) (this set is therefore the Doppler frequencies of
the N spots cited previously). Finally, the air speed is computed from the
Doppler frequency by relationships known to the person skilled in the art.

In a second variant, this correlation module can also compute the
parameters a, b and c, such that the set of the points (p;, f,) representing

the average of the frequency and of the slope of the different spots is as
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close as possible to a theoretical curve of equation:

2V,
p== e =V s 1)

2 ZR 2
z<a+hf+64")l+[a+af+ch)

As in the preceding case, the least squares method is applied. The
following matrix relationship is defined:

Z=HX
[ Ch(f)
P2 h(f3) 2
nwhich 2| . |, =] . andXz[V”“'“] .
| O | _h(fzv)_

This amounts to the same problem as the first variant because h(f))=g(z).

In a third variant, the submodule 401 for determining parameters

by correlation uses the theoretical relationship linking the frequency variation
Af and the coordinate z of the point of intersection of the particle and of the

laser beam, as defined in the following equation:

40,V
Af = slope.duration = Do roms

= trans g(Z) "

2
zZ
R
Azp |1+ 2R

Zy

In this relationship Af represents the frequency variation of the
spot, z the distance between the focal point of the incident beam and the
point at which the particle intersects the incident beam, A is a parameter of
the system, V.,.ns is the projection of the speed of the particle considered in
the plane orthogonal to the axis of the laser beam and z, is a parameter of
the system.

This submodule also uses a parametric model representing the
relationship between z, the distance between the focal point of the incident
beam and the point at which the particle intersects the incident beam, and
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f,, the Doppler frequency of a beam backscattered by the particle. The
parametric model is, for example:
z=a+bf, +cf].

The correlation method will make it possible to compute the
parameters a, b and ¢ of this parametric model. The following matrix
relationship is defined:

Z=GX
P [ g(z)
| P2 & (z;) _ 2
in which £ = : ,G_ : andX"[V‘"‘"-’:| :
| Pw | _g(ZN )_

The estimation of the vector X is then defined by the equation:

X=Gz
in which:

G =(G'G)'G".

The likelihood criterion is then defined as the sums of the residues squared
between Z and GX ;

A 12 . 2
®(a,b,c) = "Z - GX|| =|ud-G6"z] .

We then seek to minimize this likelinood criterion. By development, the
following is obtained:

d(a,b,c) = “Z "2 - ®'(a,b,c)
with:
®'(a,b,c) =(G'Z)' (G'GY(G'2).

It is therefore possible either to search for the value of the triplet
(a,b,c) which minimizes ®(a,b,c) or else the values which maximize ®’(a,b,c).
Different methods are known to the person skilled in the art such as, for
example, the gradient method which makes it possible to converge rapidly
towards a local minimum in the three-dimensional space (a,b,c). It is also
possible to perform a systematic scan of an area of the space thought to
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contain the minimum, possibly complemented by the gradient method to
refine the search.

The parameters a, b and ¢ correspond to the coefficients of the
vector X . The Doppler frequency then corresponds to the frequency for
which the particle passes the focal point, therefore for which

a+bf, +cf; =0. Knowing the value of a, b and c, it is possible to find
the value of the roots of the following second degree equation
O=a+bf, +cf;. The Doppler frequency then corresponds to the
smallest, the greatest, the most... root of said second degree equation.

Finally, the air speed is computed from the Doppler frequency by
relationships known to the person skilled in the art.

In a fourth variant, this correlation module can also compute the
parameters a, b and ¢, such that the set of the points (4Af,, f,) representing
the average of the frequency and of the slope of the different spots is as

close as possible to a theoretical curve of equation:
4.0,V s

Azg [1 + (Z—RJ
Zy

As in the preceding case, the least squares method is applied. The
following matrix relationship is defined:

Af = slope.duration =

Z} = I/trmmh(-f) :

Z=HX
~p1 1 Ph(fi) 1
P h(f>)
in which Z= ;2 , H= : and X= [V”""sz] .
| Py | _h(fN )_

This amounts to the same problem as the third variant because A(f)) = g(z,).

These different modules can be produced on one or more generic
processors coupled to memory making it possible to save the intermediate
data, but also on dedicated processors, programmable logic arrays of FPGA
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or PLD type, or any other type of device making it possible to perform the
determinations described, the different modules being able to share the
computation and memory resources.
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A laser anemometry system comprising:
a set of at least one coherent laser source supplying an incident beam, said
beam being backscattered by a set of particles passing through said incident beam;
mixing means, respectively associated with a laser source, for mixing said
backscattered beam and a reference beam, said reference beam being the duplication
of said incident beam, creating an interferometry wave;
conversion means, respectively associated with a laser source, converting said
wave into an electrical signal, the instantaneous intensity of which is proportional to the
instantaneous power of said wave;
first determination means, respectively associated with a laser source, for
determining a time-frequency diagram of said electrical signal;
second determination means, respectively associated with a laser source, for
determining spots of said diagram, each spot being a set of connected points of said
diagram, having exceeded a detection threshold:;
computation means, respectively associated with a laser source, for computing
an average of the frequency, a duration and a slope characterizing the trend of the
frequency as a function of time in the time-frequency diagram, respectively associated
with a spot; and
third determination means for determining the air speed from all or part of said
averages of the frequency, of said durations and of said slopes, said third determination
means also being suitable for computing a Doppler frequency, said Doppler frequency
being the average of all or part of said averages of the frequency respectively associated
with spots for which one of the following conditions is met:
said duration is less than a first duration threshold,
the multiplication of said duration by said slope is less than a second
threshold,
said multiplication of said slope by the square of said duration is less than
a third threshold.

CA 2810783 2019-07-08
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2. The laser anemometry system according to claim 1, in which the third
determination means for determining the air speed are suitable for determining
parameters of a theoretical curve, such that the points of a graph, of which the first axis
represents a frequency and the second axis represents either a slope or a frequency
variation, and containing a set of points, each point being respectively associated with
one of said spots and each point having as coordinates, according to the first and the
second axis respectively, the average of the frequency and the slope or the frequency
variation of said spot, converge the most with said curve and the determination of a
Doppler frequency, said Doppler frequency corresponding to a singularity on said
theoretical curve.

3. The laser anemometry system according to claim 2, in which the third
determination means for determining the air speed are suitable for determining said
parameters through the use of a linear regression from said graph.

4. The laser anemometry system according to claim 2, in which the third
determination means for determining the air speed are suitable for determining said
parameters through the use of a correlation between said theoretical curve and said
graph.

5. The laser anemometry system according to any one of claims 1 to 4, in which
said computation means are suitable for using the following relationships:

CA 2810783 2019-07-08
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_R(FY
= ﬁj B fidf

spot
m, = [[P.(f.0) tdf at
spot
m,=[[P(f) faf ar

o = [[B(f) P df di—m]
pot

o =[[P(f )t fidf dt-mm,
spot

slope = ﬂt_{_

t

duration = 4«/50',

in which spot is the set of points of one of said spots, £.(/>9is the value of the time-
frequency graph for the frequency f and the time 1, m, is the average of the frequency
of said spot, slope is the slope of said spot and duration is the duration of said spot.

6. The laser anemometry system according to any one of claims 1 to 4, in which
said computation means are suitable for determining the slope of one of said spots by
using a linear regression on said spot.

7. A laser anemometry method comprising the following steps:

a step of transmission of an incident beam by at least one coherent laser source,
said beam being backscattered by a set of particles passing through said incident beam;
a mixing step, respectively associated with a laser source, for mixing said
backscattered beam and a reference beam, said reference beam being the duplication

of said incident beam, creating an interferometry wave;

a conversion step, respectively associated with a laser source, converting said
wave into an electrical signal, the instantaneous intensity of which is proportional to the
instantaneous power of said wave;

a first determination step, respectively associated with a laser source, for

determining a time-frequency diagram of said electrical signal;

CA 2810783 2019-07-08
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a second determination step, respectively associated with a laser source, for
determining spots of said diagram, each spot being a set of connected points of said
diagram, that have exceeded a detection threshold;

a computation step, respectively associated with a laser source, for computing an
average of the frequency, a duration and a slope characterizing the trend of the
frequency as a function of time in the time-frequency diagram, respectively associated
with a spot; and

a third determination step for determining the air speed from all or part of said
averages of the frequency, of said durations and of said slopes, said third determination
step also being suitable for computing a Doppler frequency, said Doppler frequency
being the average of all or part of said averages of the frequency respectively associated
with spots for which one of the following conditions is met:

said slope is less than a first slope threshold,
the multiplication of said duration by said slope is less than a second
threshold,

said multiplication of said slope by the square of said duration is less than
a third threshold.

CA 2810783 2019-07-08
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