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1 Abstract

The spinner anemometer is a wind sensor,
based on three one dimensional sonic sensor
probes, mounted on the wind turbine spinner,
and an algorithm to convert the wind speeds
measured by the three sonic sensors to hori-
zontal wind speed, yaw misalignment and flow
inclination angle. The conversion algorithm uti-
lizes two constants k1 and k2 that are specific
to the spinner and blade root design and to the
mounting position of the sonic sensors on the
spinner.
The two constants are calibrated by means
of two different test and instrument set-ups.
Both calibrations consider the rotor of the wind
turbine to be stopped during calibration in or-
der for the rotor induction not to influence on
the calibration, so that the spinner anemome-
ter measures ”free” wind values in stopped
condition. The calibration of flow angle mea-
surements is made by calibration of the ratio
of the two algorithm constants k2/k1 = kα.
The calibration of kα is made by relating the
spinner anemometer yaw misalignment mea-
surements to the yaw position when yawing
the wind turbine in and out of the wind sev-
eral times. The calibration of the constant k1
is made by comparing the spinner anemome-
ter wind speed measurement with a free met-
mast or lidar wind speed measurement at hub
height. The present paper describes both pro-
cedures, exemplified and applied to a 500 kW
wind turbine.
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3 Introduction

The spinner anemometer utilizes the flow over
the wind turbine spinner to determine the in-

flow wind conditions on a wind turbine, instead
of traditional wind sensors mounted on the na-
celle top [1]. Not being disturbed by the flow
distortion due to blades and nacelle, it can
provide very accurate measurements of flow
inclination, yaw misalignment, wind speed and
turbulence, which might be used to better con-
trol a wind turbine in order to improve energy
production and reduce fatigue loads.

4 Measurement set-up

The measurement set-up for angular measure-
ment calibrations consists of a wind turbine
equipped with a spinner anemometer, see fig-
ure 1, and a yaw position measurement.

Figure 1: A spinner anemometer with three
sonic sensors on a Nordtank wind turbine

The set-up for wind speed measurement cal-
ibration additionally consists of a hub heigh
horizontal wind speed measurement, which in
this case is a cup anemometer on a up-wind
met-mast. Another option is to use a nacelle
based, or a ground based, lidar. The calibra-
tion of wind speed measurements is made
either in stopped condition or during opera-
tion of the wind turbine. In the latter case the
method in the standard IEC61400-12-2 [6] to
determine the nacelle transfer function (NTF)
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is used. The distance between the hub-height
measurement at the mast or lidar and the wind
turbine shall follow the requirements in the
standard IEC61400-12-1 [7], which states a
distance of 2-4 rotor diameters, preferably 2.5.
The time needed to acquire the measure-
ments for the angular measurement calibra-
tion, in good wind conditions (>6m/s), is a
couple of hours, so this will not hurt much
the wind turbine energy production. The time
needed for the wind speed measurement cali-
bration in stopped condition in good wind con-
ditions (>6m/s) is at least one day. The time
needed for wind speed calibration during oper-
ation is more weeks in order to achieve mea-
surements at high wind speeds (>15m/s).
After mounting of the spinner anemometer, i.e.
mounting of zero wind calibrated sonic sen-
sors (according to the user manual [5]) and
mounting of the conversion box on the spin-
ner, the tilt angle of the rotor shaft, δ, and the
default algorithm constants k1 and k2 are set
equal to 1.0 in the spinner anemometer box.
Then, the procedure for the ”internal calibra-
tion” must be executed, as explained in the
spinner anemometer user manual [5]. This
procedure compensate for individual differ-
ences in the mechanical mounting and char-
acteristics of the three sonic probes, so that
they measure the same mean wind speed over
several rotor rotations. At this point the spinner
anemometer is ready for the calibration proce-
dures to be carried out.

5 Spinner anemometer ba-
sics

The spinner anemometer uses a non-linear
conversion algorithm. If calibrations are made
with linear conversions then some systematic
errors are introduced. These may be signif-
icant, but if the methods described here are
applied, the systematic errors are avoided.

5.1 Calibration methodology

When a spinner anemometer is mounted on
a spinner of a new wind turbine type the spin-
ner anemometer constants are normally not
known. Meanwhile, data can be acquired with
default spinner anemometer constants (for ex-
ample k1,d = k2,d = 1, or use of a good guess

from a similarly shaped spinner), and later be
corrected when calibration correction factors
Fα and F1 have been determined. The sub-
script d refers to values measured with default
calibration coefficients.
The calibration of the first constant, kα =
k2/k1, is made by relating the yaw misalign-
ment to the yaw position when yawing the
wind turbine in and out of the wind several
times. This determines the correction factor
Fα that corrects the default constant kα,d to
the calibrated kα value:

kα = Fα · kα,d (1)

The calibration of the second constant, k1, is
made by comparing the spinner anemome-
ter wind speed with a met-mast or lidar wind
speed. This determines the correction factor
F1 that is used to correct the default constant
k1, d to the calibrated k1 value:

k1 = F1 · k1,d (2)

From these calibrations the second spinner
anemometer algorithm constant k2 can be
found:

k2 = kα · k1 (3)

After determination of the k1 and k2 val-
ues they shall be inserted into the spinner
anemometer conversion box instead of the
default k1,d and k2,d values. It is especially im-
portant that the k2 value is corrected to the
correct ratio of the k1 and k2 values, i.e. that
the kα is correct, because then all angular
measurements are correct, and wind speed
measurements are related linearly.

5.2 Spinner anemometer conver-
sion algorithm

The spinner anemometer algorithm [1] [2]
transforms the measured wind speeds of the
three sonic sensors to horizontal wind speed,
yaw error and flow inclination angle. The basic
equations that relate the three sonic sensor
wind speeds to the wind speed U , the inflow
angle relative to the shaft axis α and the az-
imuth position of the flow stagnation point on
the spinner θ are:
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V1 = U(k1cos(α)− k2sin(α)cos(θ)) (4)

V2 = U

(
k1cos(α)− k2sin(α)cos(θ −

2π

3
)

)
(5)

V3 = U

(
k1cos(α)− k2sin(α)cos(θ −

4π

3
)

)
(6)

Once the coordinate system has been defined,
a number of trigonometric equations trans-
forms the sonic sensor wind speeds into the
spinner anemometer output values Uhor, γ, β;
this is called the direct transformation. The op-
posite, converting back to V1, V2, V3 is called
the inverse transformation.

5.3 Coordinate systems and defini-
tion of angles

The reference system for angles and veloc-
ities is defined as Figures 2, 3 and 4, where
(xn, yn, zn) is the fixed nacelle coordinate sys-
tem, (xs, ys, zs) is the non-rotating shaft coor-
dinate system, (x′s, y′s, z′s) is the rotating spin-
ner coordinate system. The angles are: yaw
misalignment γ, flow inclination angle β, shaft
tilt angle δ, yaw direction γyaw, azimuth posi-
tion of flow stagnation point on spinner θ (rela-
tive to sonic sensor 1), rotor azimuth position φ
(position of sonic sensor 1 relative to vertical).
Positive rotation is clockwise seen from the
front. Zero rotor azimuth position is with sonic
sensor 1 in top position.

xn

zn

U
β

xs

zs

δ

Uhor

Uz,n

Figure 2: Side view
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Figure 3: Top view
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Figure 4: Front view, along the shaft axis

5.4 Direct transformation

The sonic sensor wind speeds V1, V2 and V3
and the rotor azimuth position φ measure-
ments are converted (figure 5) to the spinner
anemometer output parameters, horizontal
wind speed Uhor, yaw error γ and flow inclina-
tion angle β, in a number of steps. This algo-
rithm is the one implemented in the conversion
box of the spinner anemometer.

γ, β, Uhor, φ

V1, V2, V3, φ

Direct

Figure 5: Direct transformation from sonic
sensor wind speeds to spinner anemometer

output values
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The first step in the transformation relates the
sonic sensor wind speeds to the vector wind
speed U , the inflow angle relative to the shaft
axis α and the azimuth position of the flow
stagnation point θ in the rotating spinner co-
ordinate system of figure 4. The inflow angle
relative to the rotor axis is:

α = arctan

(
k1
√
3(V1 − Vave)2 + (V2 − V3)2√

3k2Vave

)
(7)

where the average of the sonic sensor wind
speeds is:

Vave =
1

3
(V1 + V2 + V3) (8)

The module of the vector wind speed is:

U =
Vave

k1 cosα
(9)

And the flow stagnation azimuth position is:

θ = atan2

(
V2 − V3√

3(V1 − Vave)

)
+ π (10)

Where atan2 is a computer function, which
takes care of the singularities of the trigono-
metric function arctan, in relation to the sign
and value of the velocity components along
the axis ys and zs.
The second step transforms the parameters
in the spinner coordinate system to three wind
speed components in the non-rotating shaft
coordinate system.
The third step transforms the three wind com-
ponents in the non-rotating shaft coordinate
system to three wind speed components in a
fixed nacelle coordinate system, where the yn-
axis is horizontal and parallel with the ys-axis,
the xn-axis is horizontal and the zn-axis is ver-
tical, and δ is the shaft tilt angle.
For further details on the equations for the
conversions [3] should be referenced.

5.5 Inverse transformation

The inverse transformation (Figure 6) allows to
calculate the sensor path speeds on the basis
of the spinner anemometer output value, and
the rotor position. This inverse transformation
is necessary to calibrate the measurements

which were made with a non calibrated spin-
ner anemometer. For this purpose an arbitrary
rotor position φ can be assumed, but note that
the calculated values of V1, V2, V3 would not
obviously match those from an actual mea-
surement.

γ, β, Uhor, φ

V1, V2, V3, φ

Inverse

Figure 6: Inverse transformation, from spinner
anemometer parameters to sonic sensors

wind speeds

The first step of the inverse transformation
transforms the spinner anemometer output
parameters Uhor, γ and β to the wind speed
components Ux, Uy and Uz in the nacelle coor-
dinate system.
The second inverse step transforms the wind
speed components in the nacelle coordinate
system to wind speed components in the shaft
coordinate system, and the third inverse step
transforms the wind speed components in the
shaft coordinate system to wind parameters in
the spinner coordinate system in assuming a
constant value for the rotor azimuth position,
for example zero.

6 Calibration of angular
measurements

The calibration of angular measurements of
the spinner anemometer (finding Fα) is made
by yawing the wind turbine, in stopped condi-
tion, several times plus minus approximately
45◦ with respect to the wind direction. Si-
multaneously, measurements of the spinner
anemometer and the nacelle yaw position sen-
sor are recorded at minimum 1 Hz sampling
frequency. Figure 7 shows measured data
from calibration of kα for a Nordtank 500kW
wind turbine by yawing the wind turbine in
and out of the wind. The green points shows
the spinner anemometer measurements. The
scatter of the data is due to natural wind direc-
tion variations.
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Figure 7: Calibration measurements of kα on a 500kW wind turbine. The black line shows yaw
direction of the wind turbine by the yaw position sensor and the green curve shows the not

calibrated yaw misalignment measured by the spinner anemometer.

The calibration consists of finding a value for
the correction factor Fα so that the yaw mis-
alignment indicated by the spinner anemome-
ter effectively corresponds to the yaw misalign-
ment introduced by yawing the wind turbine
in and out of the wind. The measured instan-
taneous yaw direction is extracted from the
average yaw direction to get the reference yaw
direction:

γref = θdir − θyaw (11)

For a calibrated instrument the slope coeffi-
cient, m, of the linear regression between γd
(yaw misalignment with the default value kα,d)
and γref should be equal to one. This con-
straint is used to find the value of the correc-
tion factor Fα with the following iterative pro-
cess:

1. Guess Fα from linear regression be-
tween γ and γref .

2. Set F1 = 1, F2 = F1Fα.

3. Run the inverse transformation (from Ud,
γd, βd, calculate V1, V2, V3, using default
k1,d, k2d, φ =arbitrary).

4. Run the direct transformation (from
V1, V2, V3 , calculate U , γ, β, using
kα = kα,dFα).

5. plot γ vs γref and fit with linear regres-
sion to find a new Fα.

6. check slope m: if m− 1 < tolerance then
save Fα and exit, else go to point 2.

Once the process has finish, the measure-
ments calibrated with the correct Fα should
have a linear regression line with slope equal
one (figure 8). For this specific spinner shape
kα was found to be 0.6881 after 4 iterations
and a tolerance of 0.0001. The iteration is
necessary due to the non-linear spinner
anemometer algorithm. If the iterations is omit-
ted a significant error on the Fα value would
be present.

Figure 8: Calibrated vs reference yaw
misalignment, in 1:1 relation

The time series of the calibrated measure-
ments is shown in figure 9.
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A sensitivity analysis indicates that the accu-
racy of the yaw error measurement is directly
dependent of the accuracy of the calibration
constant kα, and that the uncertainty is a rel-
ative value, being quite small when the yaw
error is small. This is advantageous since
wind turbine yaw misalignment is generally

small. An offset of the yaw position sensor, or
on the mean wind direction θdir will not have
any influence on the calibration since the cal-
ibration only looks at the slope. The spinner
anemometer is always free of offset error, also
when it is not calibrated, thanks to the rotation
of the rotor.

Figure 9: Calibrated yaw misalignment measured by the spinner anemometer and reference
yaw misalignment measured by the yaw position sensor.

7 Calibration of wind speed
measurements

The calibration of wind speed measurements
(finding F1) is made by relating the free hori-
zontal wind speed at hub height, measured by
a cup anemometer on a mast, or by a ground
based or nacelle based lidar, to the horizon-
tal wind speed, measured by the spinner
anemometer, see Figure 10. A plot of the spin-
ner anemometer (not calibrated) wind speed
versus the met-mast wind speed, for the wind
turbine in normal operation is shown in Figure
11.

Umm Uhor

Figure 10: Free wind calibration set-up

Figure 11: Wind speed measured by a non
calibrated spinner anemometer vs met-mast,

during operation and idling.

The calibration of the wind speed measure-
ment is based on the assumption that the
spinner anemometer measures the free wind
speed when pointing into the wind in stopped
conditions. In fact, the body of the spinner,
blades and tower, cause some blocking that
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reduces the wind speed at the spinner, but
the spinner anemometer is calibrated to take
these effects into account. In addition, when
the wind turbine is in operation, the wind
speed at the rotor centre is also reduced by
the rotor induction.
Once the nacelle transfer function is deter-
mined during operation according to the stan-
dard [6] the rotor induction is the only devi-
ation from the free wind speed. The induc-
tion is zero in stopped condition at low wind
speeds and at very hight wind speeds during
operation where the power is regulated. Be-
tween these two extremes the rotor induction
reduces the wind speed at the spinner. Cali-
bration of the F1 factor during operation should
thus be made for very low and very high wind
speeds.
To accomplish a calibration at stopped con-
dition the wind turbine must be stopped until
a sufficient number of ten minutes averaged
measurements are recorded by the met-mast
and the spinner anemometer. The wind tur-
bine should be free to yaw into the wind.
A set of F1 values are determined from the
measurements with equation 12 where:

Ud is the module of the vector wind speed
measured by the spinner anemometer
using the default algorithm constant k1,d

Umm is the free horizontal wind speed mea-
sured at the met-mast in front of the wind
turbine

αd is the inflow angle to the shaft axis mea-
sured with the default constant kα,d.

α is the inflow angle to the shaft axis mea-
sured with the correct calibrated kα.

F1 =
k1
k1,d

=
Udcos(αd)

Ummcos(α)
(12)

In case the angular measurements have been
calibrated and the correct kα = k2/k1 has
been inserted in the spinner anemometer box
the term cos(αd)/cos(α) is equal to 1 and F1

is simply the wind speed ratio. In case both kα
and k1 are calibrated in the same campaign
one could neglect the ratio cos(αd)/cos(α)
since it is close to 1 (a small error is intro-
duced).
The value of F1 is expected to be constant
with respect to the wind speed, see figure 12

for measurements made during stopped condi-
tions on the 500kW wind turbine.

Figure 12: Calibration factor F1 for stopped
wind turbine

The average value of F1 for stopped conditions
is calculated for wind speeds above 5 m/s to
avoid the high turbulence at low wind speeds.
The result is F1 = 0.70. The calibrated mea-
surements during operation with kα = 0.6881
and k1 = 0.70 is shown in figure 13.

Figure 13: Wind speed measured by a
calibrated spinner anemometer with the

spinner anemometer constants kα = 0.6881
and k1 = 0.70 during operation and idling of

the wind turbine

It is seen that the wind speed measurements
at very high and at very low winds speeds cor-
responds very well. This is an indication that
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the calibrations at stopped conditions could as
well be determined during operation.
The deviation seen in Figure 13 is due to the
rotor induction, which reduces the wind speed
at the spinner. When extracting the induction
from figure 13 one gets the induction function.
Using the induction function to provide the
free wind speed from the spinner anemometer
measurements one gets the relation between
the mast wind measurements and the spinner
anemometer wind measurements as shown
in figure 14. The result is that the estimate of
the free wind speed with use of the induction
function is seen to be very accurate.

Figure 14: Free wind speed by NTF and
spinner anemometer vs met-mast, during
operation and idling of the wind turbine

8 Conclusions

From the calibration methods and experiments
presented here it is possible to conclude that:

1. A spinner anemometer can be calibrated
for yaw misalignment measurements by
solely use of a yaw position sensor, and
by yawing the wind turbine in and out
of the wind plus minus 45◦. So, no met
mast or lidar is required.

2. The spinner anemometer, thanks to the
rotor rotation, is offset-free when mea-
suring angles (such as yaw misalignment
and flow inclination), which reduces yaw
misalignment measurement uncertainty
significantly.

3. The calibration of the spinner anemome-
ter for wind speed measurements needs
an additional free wind speed measure-
ment (met-mast or lidar) at a distance
of 2-4 rotor diameters from the rotor.
The calibration can be made during rota-
tion (determining and NTF) or in stopped
condition at relatively high wind speed.

4. The wind speed calibration, determined
by the nacelle transfer function is only
influenced by the induction at the spin-
ner due to the rotor. This induction func-
tion can be determined, and the spinner
anemometer wind speed measurements
can be corrected with the induction func-
tion to find the free wind speed.
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