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Résumé

Cet article discute les problemes liés a I’égalisation de
la réponse dynamique des anémometres, et en partic-
ulier celle des anémométres ¢ moulinet. Des modeles
non-linéaires 3 multi-phase sont proposés pour corriger
certains comportements non-linéaires de ce type de
capteurs. Leurs performances et leurs limitations sont
illustrées et discutées par la suite.

1 Introduction

Cup anemomenters are part of the classical instrumen-
tation used for obtaining measurements of wind speed
and direction, and usually designed to monitor only
characteristics of horizontal air flow. They are simple,
sturdy and only require a modicum of maintenance,
which make them suitable for operation under extreme
meteorological conditions (i.e. strong winds). Howev-

er, their response may be far from ideal mainly due’

to either faulty calibration, off-azis response, nonzero
starting threshold and overspeeding. ’

The problem of faulty calibration is that the smal-
1 residual differences between the tunnel wind speed
and the rate of rotation of the anemometer may be
severely amplified in a turbulent flow. The off-axis
response is the ratio of the measured wind speed at d-
ifferent angles of attack to the measured wind speed at
zero angle of attack.. The starting threshold is the low-
est wind speed at which a rotating anemometer starts
turning and producing a measurable signal, and ideal-
ly, should be zero. Finally, overspeeding is caused by
the nonlinear response of these anemometers to fluc-
tuating winds, which is faster for an increase than for
a decrease in wind speed of equal magnitude. Friction
in the bearings and inertia are the sources of these two
latter nonlinearities.
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In this paper we discuss the problem of equalizing the
nonlinear dynamic response of some wind speed sen-
sors, in particular the so called cup anemometers. We
propose piecewise nonlinear models to correct some of
the nonlinearities typical in these sensors and thus con-
trol their response. The performances and limitations
of one such a model will be illustrated on real wind
speed data.

2 Calibration of Cup Anemome-
ters ’

The rate of rotation of the cups is adjusted in a steady
laminar wind produced at a wind tunnel [1]. The cali-
bration equation for a cup anemomenter can be easily
derived from its equation of motion:

I+ dQ/dt = T(v1,0,7Q) - Ty (1)

where I denotes the moment of inertia, r the cup-arm
radius, 7" is the torque exerted by the wind field on the
instrument, v; and v, are respectively the horizontal
and vertical components of the wind speed, and Ty is
the frictional torque produced at the bearings.

It has been suggested on geometrical grounds that:

T(v1,vg,782) = av? f(rQ /vy, va/v1); (2)

where a depends on the dimensional and geometrical
parameters of the anemometer and of the density of
the air.

Now, a linear approximation of f(.) and a quadrat-
ic approximation for Ty such as Ty =~ ayvy +
agvq? yields a linear calibration function after making
T(vi,ve,72) = Ty

V1 = Vg +crQ (3)

where ¢ = (¢o — ag/fe) is called the calibration fac-
tor, cg is the calibration factor for the frictionless case,
and v, = a1/(Ba — az) is called the apparent starting
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speed, which differs in general from the starting thresh-
old. Both ¢ and v, depend on the cup-wheel geometry
through the parameter 3. In practice, the linear cal-
ibration formula is only valid for values of v; higher
than a starting threshold v,.

3 Dynamical Behaviour

Calibration in the wind tunnel according to equa-
tion (3) is not enough to control the dynamic be-
haviour of a cup anemometer when exposed to fluctu-
ating winds. The dynamic response of a cup anemome-
ter can be studied by integrating the first order nonlin-
ear differential equation which results from replacing
the torene T'(.) with its Taylor series expansion around
an equilibrium point (vy0, ve0, £20). We can express the
solution of this equation as:

Q= g(vi,0), (veo, S2t0) = (V105 020, %0)  (4)
where 6 is a parameter vector encoding the pysi-
cal characteristics of the anemometer. The first-
order component in the Taylor series expansion for
the torque T'(.) can explain the linear dependencies
between 2, and v,, and the damping of the high-
frequency fluctuations. But the asymmetry of the
response to these fluctuations can only result from
higher-order components. This asymmetry manifests
itself in the different time of response of the anemome-
ter for increasing and decreasing steps in wind ampli-
tude. The latter phenomena, known as overspeeding,
causes an overestimation of the mean wind speed mea-
sured in turbulent flow if the sensor was calibrated in
laminar flow. The nonlinear nature of this overestima-
tion, which distinguishes it from being due to faulty
calibration, shows itself in its dependency with respect
to the turbulence intensity. Indeed, it can be shown [2]
that the relative overspeeding about the mean value of
the horizontal wind speed v,0 can be approximated by:

AQfvio & (0 [vi)T; (5)

where J is a monotonically increasing function of the
weight and dimensions of the anemometer, and o,,?
denotes the variance of the horizontal wind speed com-
ponent. The first factor on the right is the square of
the turbulence intensity, defined as Oy, [V10-

4 Anemometer Equalization

Equalizing the dynamic response of an anemometer is
not an easy task. First, since we do not know the true
wind flow v,, we may think of using the response of a

sophisticated anemometer with high performances as
a reference. However, it is not possible to establish
an absolute reference for all atmospheric conditions
and for all responses, since any anemometer is subject
to its own limitations. Fortunately, these limitation-
s are often different in nature and therefore we may
use the responses of sensors behaving differently un-
der identical flow conditions in order to infer part of
the dynamics of one sensor. This is called transfer
model building, and one of its applications is to pre-
dict the behaviour of one instrument from a projec-
tion (generally, nonlinear) of its dynamics onto those
of another instrument, which we suspect to perform
poorly when subject to the same flow conditions. The
transfer model establishes the way in which this pro-
jection is carried out, and has to be estimated with
both sensors being synchronized and operating under
identical conditions. The reference could be provided
by any anemometer not exhibiting the particular fea-
ture which we want to correct in the response. The
second and more crucial problem is that, even if a cer-
tain sensor seems to be appropriate as a reference for
dealing with a particular feature, we have little guid-
ance as to the suitability of this reference for different
atmospheric conditions than those at which the mod-
el was established. Nevertheless, if the dynamics are
well behaved with respect to varying turbulence con-
ditions and assuming that proper compensations are
provided for eventual drifts in atmospheric variables
such as temperature, it may be possible to capture the
evolution of the estimated transfer model for chang-
ing turbulence settings. For that, time records of the
responses of the sensors are required for a sufficiently
wide spectrum of flow conditions.

4.1 Problem Formulation

Let c; be the vector containing the time series of hori-
zontal wind speed measurements provided by our cup
anemometer, and let r; be that provided by an appro-
priate reference. Both sensors are assumed to be syn-
cronized, and closely spaced so as to avoid any mean-
ingful lag in the responses, but without causing mutual
obstruction of the incoming air flow.
We are interested in inferring r; from ¢, or equiva-
lently, in compensating for the undesirable trends in
¢, which we assume to be lacking in the reference r;.
That is, we look for an equalizing transformation h(.)
such that:

ry = h(c) + € (6)

where ¢, contains, ideally, a series of i.i.d. random
variables. A first simplification comes from consider-
ing only zero-memory transformations h(.) such that
7y = h(¢g)+¢€. On the other hand, each time series can



be expressed in terms of a particular transformation of
the underlying wind flow vy:

Ty = F(Vt,er) (7)
ct = F(Vhac) (8)

The parameter vector § embodies, on the one hand, the
dimensions, geometry and other physical constraints of
the sensor, as well as the characteristic constants of the
signal conditioning circuitry in the translator, and, on
the other hand, the dependencies of the anemometer
performances on external variables (i.e. temperature,
humidity, etc).

Our aim is to estimate the functional form of the con-
ditional expectation £[r; | ¢;], and to do that we re-
mark that the function F(v,,6,) can be expanded in a
Taylor series around the point 6. in parameter space:

20 | g

F(Vtver) - F(Vt796)+(97'_06)l( o6

The first partial derivative of F(.,.) appearing in the
previous equation measures the sensivity of the re-
sponse with respect to changes in the parameters
about those values for which there is perfect matching
between the outputs of both sensors. All derivatives
can be regarded as the parameters of our model, and
our task consists in estimating their functional forms.

If we assume that the parameter mistmaches are
small enough so that we can neglect higher-order
derivatives, the coarsest equalization we may think
about is given by:

F(vi,8,) = F(vi,60) + (6, — 6,YC  (10)

where C is a vector constant. This model is unsat-
isfactory in practice, and a more sensible assumption
would be that the first partial derivative of F(.,.) be
proportional to F(vy,0.). This is realistic as far as the
overspeeding is concerned, since the amount of over-
estimation in the mean wind speed tends to be larger
for strong gusts. Although this preliminary model can
explain the overestimation in mean wind speed caused
by the overspeeding phenomena, it may not be able to
forecast its evolution for different turbulence statistics.
A better approximation will account for the dependen-
cy of C with respect to the turbulence intensity, which,
according to (5), is linear to first order. Therefore we
may write:

o?

©=Cogld

(11)

where Cg is a vector constant, and o2 is the vari-
ance of the horizontal wind speed measured by the cup
anemometer about the mean value &[r]. Our experi-
mental plots show that the overestimation for given

1409

turbulent conditions does not obey to a linear depen-
dence rule with regards to all (horizontal) wind speed
amplitudes. Indeed, the linear fit for medium to large
amplitudes cannot always be extrapolated to the range
of small amplitudes, and a piecewise linear or polyno-
mial fit seems more appropriate. For that we only need
to consider for Cgy a non-constant value of the type

Co =14 b F(vi,60c) + ba(F(vi, ) + -+ (12)

for a polynomial fit. Another possibility would be to
split our model into a piecewise linear fit:

F(v,0:) = F(vi,0.) + Coo o2, (6, —0.) F(vy,6.) (13)
for F(v;,0.) > t., and
F(vi,0,) = F(ve,0.)+ Coro) (6, —6.) F(vy,6.:) (14)

for F(vy,60.) < t., and where Cyy and Cy; are scalar
constants.

In any case, the previous models only apply for those
readings beyond a starting threshold, which can be
estimated by isolating those time instants at which
the cup anemometer measurements vanish but not the
reference’s. The most important limitations of these
models arises from the implicit dependence of (6, —¥6.)
on variables which are exogenous to the anemometer,
such as temperature, and also from the dependence of
F(.,.) on the flow characteristics through vy, one as-
pect of which is the turbulence intensity. These depen-
dences impair the forecasting ability of the model, and
thereby the equalization performances obtained when
used to control the anemometer dynamics. A refine-
ment of these models could be achieved by analyzing
and modeling the way in which the wind speed read-
ings of the two anemometers are affected by changes
in the atmospheric conditions.

4.2 Results

In this section we illustrate the anemometer equaliza-
tion problem on real data. The model was inferred
from synchronized paired data obtained from a Son-
ic anemometer (used here as reference) and a nearby
Lambrecht cup anemometer, and was used to equalize
the readings of the latter at a different time period.
The Sonic apparatus, which rely on the dependence
of the transit time of a sonic pulse on the transmit-
ting medium, was selected as a reference because of
its avoidance of inertial sensing components. The da-
ta consisted of wind speed averages at every ten min-
utes, and was divided into two blocks corresponding to
consecutive time periods. The second time period is
characterized by the presence of a storm, which causes
relatively large values for the averages as compared to
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the scatter diagram of the Sonic data plotted against
the Lambrecht’s. The slope in this plot clearly differs
from unity, which explains the mean wind speed over-
estimation. Figure 1.2, which plots the Sonic minus
Lambrecht data against the Lambrecht’s, reveals that
the overestimation only shows up at speeds beyond a
certain threshold. This nonlinearity was replicated in
a bi-phase model [3], with a polynomial regime for s-
mall speed values, and a linear regime for medium to
large speed values (figure 1.3). Figure 1.4 shows the
residuals after detrending figure 1.2 with this model.
Figure 2 corresponds to the second time period, which
we use to test the previous model. As shown in figures
2.1 and 2.2, the range of speed values is larger than
in the previous block. The forecasting ability of the
model is shown in figure 2.4, where the residual trend
observed at the end of the data reveals that the over-
estimation is likely to increase rnonlinearly and faster
for large speed values. But more data at this range
of large amplitudes would be needed in order to infer
properly this diverging behaviour from linearity.
Finally, figure 3.1 shows clearly the overestimation of
the mean wind speed in the Lambrecht data corre-
sponding to an interesting interval of the second time
period. The results after equalizing the Lambrecht
readings with the model inferred from the first block
of data are shown in figure 3.2. The standard devia-
tion of the Sonic minus Lambrecht data, estimated for
the whole second time period, drops from 0.2863 to
0.0862 after correction, which means a gain of 10.4dB.
The previous model is only valid for wind speed values
beyond the starting threshold, which was estimated to
be around 0.3m/sec.
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Figure 1: Inference of a two-regime model for

anemometer equalization.

Fig 2.2

0.5
of ]
o5} -
) T S i .
15)
2 i H 04 H i
0 s 18 15 20 0 s 10 15 20
Fig. 2.3 Fig. 2.4
Figure 2: Model testing.
15 T T T
Lambrechy(%) :
10} ... Somie() e G
W"‘“f $14(G-L}=0.2863
ol ; H ; H
4 10 20 30 40 50 60 70 80 90 100
Fig. 3.1
1s . , .
Lambrechi(*) /.J\,\/\;\ : :
Lol SO . \ : EM
SUW(G-L}=0.0862;

0 10 20 30 40 50 0 70 80 90 100
Fig. 3.2

Figure 3: Comparison of wind speed data before and
after equalization.



