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(57) Abrege(suite)/Abstract(continued):
angle of a wind turbine blade 10 Is variable, the apparatus including: a sensor for obtaining a distortion of the wind turbine blade 10;

a load calculating unit 20 having a function expressing a relation between the distortion of the wind turbine blade 10 and a load on
the wind turbine blade 10, for obtaining the load on the wind turbine blade 10 by applying to the function the distortion based on
measurement data of the sensor; and a calibration unit 30 for calibrating the function based on the measurement data of the
sensor obtained In a pitch angle range and a rotational speed range of the wind turbine blade 10 in which a variation between
maximum and minimum aerodynamic torques Is equal to or less than a predetermined value.
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ABSTRACT
An object of the invention 1s to calibrate a load based
on data collected under wide observation conditions and

pr—

promptly calibrate loads of a plurality of wind turbine

blades. There is provided a load measuring apparatus 1
applied to a wind turbine in which a pitch angle of a wind
turbine blade 10 is wvariable, the apparatus 1ncluding: a
sensor for obtaining a distortion of the wind turbilne blade
10; a load calculating unit 20 having a function expressing a

relation between the distortion of the wind turbine blade 10

and a load on the wind turbine blade 10, for obtaining the

load on the wind turbine blade 10 by applying to the function

gy

the distortion based on measurement data of the sensor; and a

calibration unit 30 for calibrating the function based on the
measurement data of the sensor obtalned 1n a pitch angle range
and a rotational speed range of the wind turbine blade 10 1in
which a variation between maximum and minimum aerodynamilc

torques is equal to or less than a predetermined value.
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DESCRIPTION

LOAD MEASURING APPARATUS, METHOD, AND PROGRAM

Technical Field
[0001]
The present invention relates to a load measuring

apparatus, method, and program.

Background Art

[0002]

Generally, in a wind turbine generator, sensors each for
measuring a load applied to a wind turbine blade are attached
to a blade root part and the like, and a load 1s calculated by
processing data measured by those sensors. However, since the
relation between a load applied to each of the wind turbine

blades and a distortion is not constant due to 1ndividual

differences which occur at the time of manufacture of blades

g,

and at the time of attachment of the sensors, there 1s

proposed a method of measuring a load for each wind turbine

blade and calibrating a load value.

Patent Citation 1: U.S. Patent No. 6,940,186

g

Disclosure of Invention

[0003]



CA 02714852 2010-09-10

2

Conventionally, a load on each wind turbine blade is
measured 1n a state where a wind turbine rotor is manually
fixed so as not to rotate (using a lock pin or the like) and

calibration of the load is performed.

10004 ]

yuren.

However, the calibration work has to be performed for

each wind turbine. To perform calibration on all of wind
turbines, the rotors have to be fixed manually. In a case of

a large-scaled wind firm in which hundreds of wind turbine

generators are 1nstalled, enormous work time is necessary. In
addition, since the relation between a load applied to a wind
turbine blade and a distortion varies among wind turbines and

wind turbine blades, the calibration work has to be repeatedly

performed on the wind turbine blades. It takes long time to
move a blade to a predetermined position (angle) by using a
turning motor and fix it, and thus the work is not performed
smoothly. There is consequently a problem such that the work
efficiency is low.

10005]

The present invention has been achieved to solve the

=

above problem, and an object thereof is to provide a load

measuring apparatus, method, and program capable of

efficiently calibrating a load on a wind turbine blade

regardless of observation conditions.

[0006]



CA 02714852 2010-09-10

3

A first mode of the present invention relates to a load
measuring apparatus applicable to a wind turbine in which a
pitch angle of a wind turbine blade is variable, the apparatus
including: a sensor for obtaining a distortion of the wind
turbine blade; a load calculating means having a function
expressing a relation between the distortion of the wind
turbine blade and a load on the wind turbine blade, for
obtaining the load on the wind turbine blade by applying to
the function the distortion based on measurement data of the
sensor; and a calibrating means for calibrating the function
based on the measurement data of the sensor obtained in a
pitch angle range and a rotational speed range of the wind
turbine blade in which a variation between maximum and mihlimum
aerodynamic torques due to wind speeds 1s equal to or less
than a predetermined value.

[0007]

With such a configuration, the calibrating means for
calibrating the function held in the load calculating means is
provided. The calibrating means calibrates the function based
on the measurement data of the sensor obtained in the pitch
angle range and the rotational speed range of the wind turbine
blade 1n which the variation between the maximum and minimum
aerodynamic torques due to wind speeds 1s equal to or less
than a predetermined value. Therefore, the conditions of the

wind speed can be widened.
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[0008]

In the load measuring apparatus, the calibrating means
may calibrate the function based on the measurement data of
the sensor obtained in the pitch angle range and the
rotational speed range of the wind turbine blade 1n which the

aerodynamic torque 1s equal to or less than a predetermined

value.

[0009]

With the configuration, the measurement data of the
sensor obtained in the pitch angle range of the wind turbine
blade 1n which the aerodynamic torque is equal to or less than

a predetermined value 1s used, so that the influence of the

aerodynamlic torque can be 1lgnored.

[0010]

In the load measuring apparatus, the calibrating means
may 1nclude: a table in which the load on the wind turbine
blade in a calm state and a pitch angle and an azimuth angle
of the wind turbine blade are associated with one another; a
load obtaining means for obtaining from the table a load'on
the wind turbine blade corresponding to the pitch angle and

the azimuth angle of the wind turbine blade when the
measurement data 1s obtalined by the sensor; a distortion
calculating means for calculating a distortion of the wind
turbine blade from the measurement data of the sensor; and a

parameter calculating means for calibrating a parameter of the
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function based on the relation between the load on the wind
turbine blade obtained by the load obtaining means and the
distortion calculated by the distortion calculating means.

[0011]

As described above, 1n the table in the calibrating
means, the load on the wind turbine blade in the calm state,
the pitch angle, and the azimuth angle of the wind turbine
blade are assoclated with one another. The load on the wind
turbine blade corresponding to the pitch angle and the azimuth
angle of the wind turbine blade when the measurement data 1is
obtalned by the sensor 1s obtalned from the table by the load
obtaining means. The distortion of the wind turbine blade 1is

calculated from the measurement data of the sensor by the

distortlion calculating means. The parameter of the function

1s calibrated by the parameter calculating means based on the
relation between the load on the wind turbine blade obtained
by the load obtaining means and the distortion calculated by

the distortion calculating means.

[0012]

Since the load is assoclated with the azimuth angle and
the pitch angle in the table in the calibrating means, when
the azimuth angle and the pitch angle upon the measurement
data being obtained are known, the load oh the wind turbine
blade at that time can be easily grasped. Since the parameter

of the function is calibrated based on the relation between
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the distortion of the wind turbine blade calculated based on
the measurement data and the load determined based on the
measurement data, the distortion of the meaSurement data can
be calibratéd with high precision.

[0013]

In the load measuring apparatus, the calibrating means
may obtaln the measurement data of the sensor i1in the calm
state based on the load on the wind turbine blade obtained by

the load obtaining means and the measurement data of the

sensor, and offset-calibrates the measurement data of the
sensor by using the measurement data in the calm state.

[0014]

With the configuration, the measurement data 1n the calm
state included 1n the measurement data of the sensor 1is
obtained and the offset calibration 1s performed thereon, so
that precision of the measurement data can be improved.

[0015]

In the load measuring apparatus, the sensor may include:
a palr of first sensors provided in positions opposed to each
other with the wind turbine blade sandwiched therebetween; and
a palr of second sensors provided in positions opposed to each
other with the wind turbine blade sandwiched therebetween, the
positions different from those of the first sensors.

(0010]

With the configuration, the loads in different directions
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in one wind turbine blade can be measured. For example, when

the first sensors are provided on the inside and backside of a

wind turbiline blade, and the second sensors are provided at the

edge side of the wind turbilne blade, the load applied in the
direction on the feather side of the wind turbine blade and

the load applied 1n the direction on the fine side thereof can

be measured by these sensors.

[0017]

In the load measuring apparatus, the sensor may include:
a palr of third sensors provided in positions opposed to each
other with the wind turbine blade sandwiched therebetween, the
positions different from those of the first and second sensors
and parallel to either of the first and second sensors.

With the configuration, by the third sensors, the
apparatus can be used for measuring information other than a
load.

[0018]

A second mode of the present invention relates to a load

measuring apparatus applicable to a wind turbine in which a
pitch angle of a wind turbine blade is variable, the apparatus
including: a sensor for obtaining a distortion of the wind
turbine blade; a load calculating means having a function
expressing a relation between the distortion of the wind
turbine blade and a load on the wind turbine blade, for

obtalning the load on the wind turbine blade by applying to
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the function thé distortion based on measurement data of the
sensor ; and a calibrating means for calibrating the function
based on respective measurement data of the sensor obtained
when the pitch angle 1s set to minimum and maximum pitch
angles 1n two points of a first azimuth angle and a second
azlmuth angle different from the first azimuth angle by 180

degrees 1in a case where a wind speed 1s equal to or less than
three meters per second.

[0019]

With such a configuration, the calibrating means for
calibrating the function of the load calculating means is
provided. The calibrating means can calibrate the function
based on the measurement data of each of the sensors obtained
when the pitch angle 1s set to the minimum and maximum pitch
angles 1n the two points of the first azimuth angle and the
second azimuth angle different from the first azimuth angle by
180 degrees 1n the case where the wind speed is equal to or

less than three meters per second. Therefore, the function

can be calibrated on the basis of a small amount of

measurement data.

(0020 ]

A third mode of the present invention relates to a load

measuring method applicable to a wind turbine in which a pitch

angle of a wind turbine blade is variable, the method

including: obtaining a distortion of the wind turbine blade:
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providing a function expressing a relation between the
distortion of the wind turbine blade and a load on the wind
turbine blade, and obtainling the load on the wind turbine
blade by applying to the function the distortion based on
measurement data of the sensor; and calibrating the function
based on the measurement data of the sensor obtained in a
pltch angle range and a rotational speed range of the wind
turbine blade 1in which a variation between maximum and minimum

aerodynamic torques due to wind speeds is equal to or less
than a predetermined value.

[0021]

A fourth mode of the present invention relates to a load
measurlng program applicable to a wind turbine in which a
pitch angle of a wind turbine blade is variable, and making a
computer execute: a first process of providing a function

expressing a relation between a distortion of the wind turbine

blade and a load on the wind turbine blade, and obtaining the

load on the wind turbine blade by applying to the function a

distortion based on measurement data of the sensor; and a
second process of calibrating the function based on the
measurement data of the sensor obtained in a pitch angle range
and a rotational speed range of the wind turbine blade in
which a variation between maximum and minimum aerodynamic

torques due to wind speeds is equal to or less than a

predetermined value.
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[0022]

A fifth mode of the present invention relates to a load
measuring method applicable to a wind turbine in which a pitch
angle of a wind turbilne blade 1s variable, the method
including: providing a function expressing a relation between
a distortion of the wind turbine blade and a load on the wind
turbine blade, and obtalining the load on the wind turbine
blade by applying to the function a distortion based on
measurement data of the sensor; and calibrating the function
based on respective measurement data of the sensor obtained
when the pitch angle 1s set to minimum and maximum pitch
angles 1n two polnts of a first azimuth angle and a second

azlmuth angle different from the first azimuth angle by 180

degrees 1n a case where a wind speed is equal to or less than

three meters per second.

[0023]

A s1xth mode of the present invention relates to a load
measuring program applicable to a wind turbine in which a
pitch angle of a wind turbine blade is variable, and making a
computer execute: a first.process of providing a function
expressing a relation between a distortion of the wind turbine
plade and a load on the wind turbine blade, and obtaining the
load on the wind turbine blade by applying to the function a

distortion based on measurement data of the sensor; and a

second process of calibrating the function based on respective
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measurement data of the sensor obtained when the pitch angle
is set to minimum and maximum pitch angles in two polnts of a

first azimuth angle and a second azimuth angle different from

the first azimuth angle by 180 degrees in a case where a wind
speed 1s equal to or less than three meters per second.

[0024]

According to the present invention, there 1s an effect
that a load on a wind turbine blade can be efficlently

calibrated regardless of observation conditions.

Brief Description of Drawings

[0025]

[FIG. 1] Diagram showing a schematilic configuration of an
entire wind turbiline generator according to a first embodiment
of the present invention.

[FIG. 2] Diagram for explalining a blade root part.

[FIG. 3] An example of a cross section in a position of
1.8 meters from the root part of a wind turbine blade.

[FFIG. 4] Diagram for explaining arrangement of a sensor

position seen from the blade root part.

[FIG. 5] Block diagram showing a schematic configuration
of a load measuring apparatus according to the first

embodiment of the present invention.

[FIG. 6] Diagram showiling the relations among aerodynamic

torque, denerator rotational speed, and pitch angle at
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respective wind speeds.

[FFIG. 7] Diagram showing an example of a table of a
calibration unit.

[FIG. 8] Diagram for explalning an azimuth angle.

[FIG. 9] Diagram of an example showing the relation

between distortion and load on the baslis of measurement data.

[FIG. 10] Diagram of an example showing the relation
between load and distortion wavelength 1n the blade root part.
[FFIG. 11A] Diagram showing an example of comparison
between load (in the flap direction) and load 1n a calm state

in a case where calibration is performed with including

gr—

measurement data of a pitch angle i1n the range of a region A

at a wind speed of 8 meters per second.

[FIG. 11B] Diagram showing an example of comparison
between load (in the edge direction) and load in a calm state
1n the case where calibration is performed with including
measurement data of a pitch angle 1in the range of the region A
at a wind speed of 8 meters per second.

[FIG. 12A] Diagram showing an example of comparison.

between load (in the flap direction) and load in a calm state

ln the case where calibration is performed without including
measurement data of a pitch angle 1in the range of the region A

at a wind speed of 8 meters per second.

[FIG. 12B] Diagram showing an example of comparison

between load (in the edge direction) and load in a calm state
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in the case where calibration 1s performed without including

measurement data of a pitch angle i1n the range of the region A

at a wind speed of 8 meters per second.

Explanation of Reference:
[0026]
l: wind turbine generator
7: sensor
20: load calculating unit
30: calibration unit
31: table
32: load obtaining unit
33: distortion calculating unit
34: parameter calculating unit

100: load measuring apparatus

Best Mode for Carrying Out the Invention

[0027]

An embodiment of a load measuring apparatus, method, and

program according to the present invention will be described

below with reference to the drawings.

[0028]

First Embodiment

FIG. 1 1s a diagram showing a schematic configuration of
a wind turbine generator to which a load measuring apparatus

100 according to the present embodiment is applied. A wind
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turblne generator 1 according to the present embodiment is a
wind turbine in which a pitch angle of a wind turbine blade 10
1s varlable.

The wind turbine generator 1 includes, as shown in FIG.
1, a support 2, a nacelle 3 mounted on the upper end of the
support 2, and a rotor head (hub) 4 provided to the nacelle 3

SO as to be rotatable about an almost horizontal axis. To the

rotor head 4, three wind turbine blades 10 are radially
attached about the rotational axis of the rotor head 4. With
the configuration, the force of wind hitting the wind turbine
blade 10 from the rotational axis direction of the rotor head
4 1s converted to power for rotating the rotor head 4 about
the rotatilional axis, and this power 1s converted to electric
energy by a generator.

[0029]

FEach of the wind turbine blades 10 is provided with a
plurality of sensors (sensing units) 7 for obtaining a
distortion of the wind turbine blade 10. The sensor 7 is, for
example, an FBG sensor (Fiber Bragg Grating sensor). The FBG
is an optical fiber sensor in which Bragg grating is formed
and detects a change in grating spacing caused by distortion

and thermal expansion based on a change in wavelength of

reflected light.

The rotor head 4 also has a signal processor (not shown)

for receiving a measurement result in the sensor 7 (sensing
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unit) .

[0030]

Concretely, each wind turbine blade 10 is provided with
first, second, and third sensors. Each of the first, second,
and third sensors has a palr of sensors provided 1n opposite
positions sandwiching the wind turbine blade 10. Preferably,
the first and second sensors are provided so that a straight
line connecting the two sensors constructing the first sensor
and a straight line connecting the two sensors constructing
the second sensor cross almost perpendicular to each other.
The third sensor 1s, for example, a sensor used for
temperature compensation and 1s provided 1n the periphery of
the first or second sensor.

(0031]

FIG. 2 is a diagram for explaining the position of the
sensor 7 (sensing unit) attached to the wind turbine blade.
As shown 1n FIG. 2, 1n the present embodiment, the sensor 7 1is

provided, for example, 1n a position away from the root of the

wind turbine blade 10 by 1.8 meters. The root corresponds to
the border between the wind turbine blade 10 and the rotor

head 4 as shown in FIG. 2. In the present embodiment, the

root will be called the “blade root part”.

[0032]

FIG. 3 1s a cross section in the position away by 1.8

meters from the blade root part of the wind turbine blade 10
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to which the sensor 7 is attached. 1In FIG. 3, a sensor A3 1s
provided on a back side 21 of the wind turbine blade 10, and a

sensor Al 1s provided on a ventral side 22, thereby

constructing the first sensor. A sensor A5 1s provided 1in the

same position as A3, and a sensor A6 1s provided 1n the same
position as Al, thereby constructing the third sensor. A
sensor A2 1s provided 1in the direction of a front edge 23 of
the wind turbine blade 10, and a sensor A4 is provided in the
direction of a rear edge 24, thereby constructing the second
Sensor.

[0033]

FIG. 4 1s a diagram schematically showing arrangement of
the sensors 7 attached to the wind turbine blade 10 viewed
from the blade root part of the wind turbine blade 10. As
shown 1n FIG. 4, 1n the present embodiment, the position where
the sensor Al is provided is defined as HP, the position where
the sensor A3 1s provided is defined as LP, the position where

Che sensor A2 1s provided is defined as LE, and the position

where the sensor A4 is provided is defined as TE. In FIG. 4,

a tilt angle indicates tilt of a plane of rotation of the wind
turbine blade 10 with respect to the vertical axis of a tower.
Such a tilt angle is provided to prevent the wind turbine
blade 10 and the tower from being in contact with each other
even when the wind turbine blade 10 is deformed by a wind

force at the time of operation. The tilt angle may be ignored
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in calculation which will be described later, or may be taken
1nto conslderation.
[0034]

pr—

Next, the configuration of the load measuring apparatus

100 according to the present embodiment will be described in
detalil.

FIG. 5 1s a functional block diagram showing functions of
the load measuring apparatus 100 which are illustrated in an
expanded manner.

As shown in FIG. 5, the load measuring apparatus 100
according to the present embodiment has a load calculating
unit (load calculating means) 20 and a calibration unit
(calibration means) 30.

[0035]

The load calculating unit 20 has a function expressing
the relation between a distortion of the wind turbine blade
and a load on the wind turbine blade 10 and, by using the
distortion based on measurement data of the sensors Al to A6

to the function, obtains the load on the wind turbine blade

10.

[0036]

The calibration unit 30 calibrates the function on the
basis of the measurement data of the‘sensors obtained 1in the
pltch angle range and the rotational speed range of the wind

turbine blade 10 in which a variation between the maximum and
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minimum aerodynamic torques by wlnd speed becomes a
predetermined value or less. It 1s more preferable To use
measurement data of the sensors obtained in a period
satisfying conditions of the pitch angle range and conditions
of the rotational speed range of the wind turbine blade 10 1n
which the aerodynamic torque becomes a predetermined value or

less.

[0037]

pr—

The measurement data of the sensors used for calibration

of the function by the calibration unit 30 will be described
concretely.

FIG. 6 1s a diagram showing changes in aerodynamic torque
by wind speeds (from 4 meters per second to 12 meters per
second of wind speed) while the wind turbine blade 10 1is
changed from a fine side (plitch angle of 21 degrees) to a
feather side (pitch angle of 109 degrees) until the wind
turbine blade 10 is stopped. The pitch angles of 21 degrees
and 109 degrees 1ndicate angles of the wind turbine blade 10
in a case where the position of a blade reference line
determined upon attachment of the wind turbine blade 10 to the
wind turbine rotor 3 1s deflned as 0 angle. The pitch angle

of 0 degree 1s an angle on the blade reference line defined in

a blade cross section, and an angle formed by this line and

the rotor plane 1s a plitch angle.

[0038]
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To obtain FIG. 6, the three wind turbine blades 10 are
simultaneously changed at a velocity of 2.5 degrees per second
1n the range where the pitch angle is 21 degrees to 45
degrees, and at a velocity of 1.0 degree per second in the
range where the pitch angle 1s 45 degrees to 109 degrees, and
measurement data of the three wind turbine blades 10 is
obtained. The wind turbine blades 10 are rotated by changing
the pitch angle and are in an idle state. The idle state is a
state where the wind turbine blades 10 are rotated in a range
of the wind turbine generator 1 not generating power (for
example, a state where the wind turbine blades 10 rotate at a
low speed).

Since similar processes are performed on all of the three
wind turbine blades 10, in the following, description will be

made on one wind turbine blade 10.

[0039]

As shown in FIG. 6, a region A includes a period in which

the wind turbine generator generates power and a period in

"

which an aerodynamic brake as a force for stopping rotation o:

a rotor 1s strongly applied by opening the pitch angle to a
feather side for stop or the like. As shown in FIG. 6, in the
region A, there is applied an aerodynamic torque which varies

according to wind speed. After that, on the right side of the

region A (in other words, in the case where the pitch angle is

larger than 60 degrees and the rotational speed of the
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generator 1s 0 to 300 rpm (at a frequency of 60 Hz)), the

value of torque 1s approximately —-300 kilo-newton-meters or

more at any wind speed, which 1s such a small torque that the
influence of the aerodynamic torque can be ignored.

[0040]

In FIG. 6, the condition of the rotational speed range on
the right side of the region A is 0 to 300 rpm. However, the
present invention is not limited to this condition. The
condition may be set according to frequency. For example, in
a case of 50 Hz, the condition of the rotational speed range
may be set to 0 to 250 rpm.

[0041]

As described above, the calibration unit 30 uses
measurement data obtained 1n the region other than the region
A, that 1s, in the range where the aerodynamic torque does not

depend on wind speed. In other words, used is measurement

data obtalned in the range of 60 degrees to 109 degrees of the

pilitch angle, as the pitch angle in the range where the
variation between the maximum and minimum aerodynamic torques
1s equal to or less than a predetermined value. The reason
for using data in the region other than the region A will be

described later.

(0042}

More concretely, the calibration unit 30 has a table 31,

a load obtaining unit (load obtaining means) 32, a distortion
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calculating unit (distortion calculating means) 33, and a
parameter calculating unit 34.

(004 3]

The calibration unit 30 obtains measurement data of the

e

sensor 7 1n a no—-load state on the basis of the load on the

wind turbine blade 10 obtained by the load obtaining unit 32

g~
—

and measurement data of the sensor 7, and performs off

set

g—

callbration on the measurement data of the sensor 7 by using

the measurement data i1n the no-load state. By this operation,
1n consideration of a measurement error included in the sensor
7 itself, preclsion of the calibration can be improved.

[0044]

In the table 31, the load on the blade root part of the
wind turbine blade 10, the pitch angle of the wind turbine

p—.

blade 10, and the azimuth angle thereof in a calm state (an

ldeal environment condition for calibration) are associated

with one another. For example, the table 31 is provided as a

list (table) shown in FIG. 7, in which stored are values g,

o2, O3, 04, .. of the load on the blade root part associated

with the combination of the azimuth value and the pitch angle

of the wind turbine blade 10.

[0045]

The azimuth angle is, as shown in FIG. 8, an angle formed
by a predetermined reference and the axis of the wind turbine

blade 10 in the plane of rotation of the wind turbine blade
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10, and in the present embodiment, the reference 1is set 1in a
state where the wind turbine blade 10 1s positioned at the
highest position. Therefore, the azimuth angle with the wind
turbine blade 10 being positioned at the highest part of the
wind turbine 1s zero degree, and the azimuth angle with the
wind turbine blade 10 being positioned at the lowest part 1s
180 degrees.

[0046]

In the list (table) as shown 1n FIG. 7, a moment 1n the

blade root part can be obtained by calculating each of moments
by deadweights in the positions of the sensors Al to A4
according to the followlng equation (1) and coordinate-
converting these moments.
M= 9.8 xW x 1l; x sinBecosf3 [Nm] (1)

[0047]

In the equation (1), W denotes the weight of the wind
turk.)ine blade 10, Iy denotes the position of the center of

gravity measured from the blade root part of the wind turbine

blade 10 (which is a known value at the stage of manufacture),

© 1ndicates a function between the azimuth angle and the tilt
angle, and B expresses a function between the pitch angle and

the tilt angle.
[0048]
The load obtalning unit 32 obtains from the table 31 the

load on the blade root part of the wind turbine blade 10
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corresponding to the pitch angle and the azimuth angle of the
wind turbine blade 10 when measurement data is obtained by the

sensor 7.

[0049]

The distortion calculating unit 33 calculates distortion
of the wind turbine blade 10 from the measurement data of the
sensor /. Concretely, the distortion calculating unit 33
extracts a distortion wavelength from the measurement data of
the sensor 7, and converts the distortion wavelength to a
distortion on the basis of a predetermined function. More
concretely, the distortion wavelength data in the measurement
data of the sensor 7 1s converted to a numerical value by a
not-shown signal processor provided at the rotor head 4. The

distortion wavelength obtained as the numerical value is

converted to a distortion €. The distortion &€ is obtained by
the following equation (2).
€ = Pe {(A = Aj) = o(Ar — Ari)} (2)

[0050]

In the equation (2), A denotes measurement data obtained
by the first sensor (second sensor), A; denotes measurement
data 1n the no-load state obtained by the first sensor (second
sensor), Ar denotes measurement data obtained by the third
sensor, Ar; denotes calculation data in the no-load state

obtained by the third sensor, p. indicates a distortion

optical constant (809 pe/nm), and o indicates a Cemperature
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)

compensation coefficient (2. 2). Ay 1s an average value of
measurement data and is obtained by the following equation.
Ai = (Amax + Amin) /2 (3)

[0051]

In the equation (3), Amax denotes the maximum peak value
of data, and A,i, denotes the minlmum peak value.

[0052]

Since a distortion is calculated in each of the sensors
Al and A3 constructing the first sensor as well as each of the
sensors A2 and A4 constructing the second sensor as described
above, four distortions are calculated. Further, by
calculating the difference between the distortions obtained by

the sensors Al and A3 constructing the first sensor, a

distortion & in the flap direction (the HP-LP direction 1n

FIG. 4) of the wind turbine blade 10 1s calculated. By

calculating the difference between the distortions obtained by

the sensors A2 and A4 constructling the second sensor, a

distortion € in the edge direction (the LE~-TE dilirection 1n

FIG. 4) of the wind turbine blade 10 1s calculated.

[0053]

The parameter calculating unit 34 calibrates a parameter

a function on the basis of the relation between the load on

1)

O:
the wind turbine blade 10 obtalined by the load obtalning unit
32 and the distortion calculated by the distortion calculating

unit 33. Concretely, a new function 1s constructed on the
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basis of the relation among distortions €r and € and a load on
the blade root part of the wind turbine blade 10 associliated
with the azimuth angle and the pltch angle at a timing of

obtaining measurement data as original data based on which

distortions € and g are calculated. By using a coefficient of

the new function, the coefficlient of the function in the load
calculating unit 20 is calibrated. One new function is
generated in the flap direction, and another one new function

1s generated 1n the edge direction.

[0054]

For example, to convert the distortion € to a moment in
the poslition of the sensor, the following equation (4) is
used. “d” denotes the inner diameter of the wind turbine
blade 10 1n the mount position (1.8 meters away from the blade
root part) of the sensor 7, L denotes number of the wind

turbine blade 10 (L =1, 2, 3), E denotes Young’s modulus of

the blade material (FRP), I denotes a second moment of area in

the mount position of the sensor, Mgensor denotes a bending
moment (load) 1in the sensor mount position, €;;-; and €, denote
distortions based on the measurement data of the pair of
sensors (the first or second sensor), and €,;-1,0 énd €21,,0 are

initial values of distortions of the first or second sensor.

[Mathematical Expression 1]
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| FY I o a . .
M gonsor ““‘“"'9“{(52 14 ~€27 )=(&2 1 0 TE1 L0 )}xlomé (4)

[0055]

Regarding this moment, when the ratio between a moment
M,.or 1in the blade root part of the wind turbine blade 10 and
the moment Mgensor in the mount position of the sensor 7 (for
example, the position away from the blade root part of the

wind turbine blade 10 by 1.8 m) is set as B (> 1), the

followling equation 1s obtailned.

10050]

[Mathematical ExXpression 2]

M, =BM

Sensor

BEI

““”d "{(531‘4 ~&31 )=(E21-1,06 ~€1L,0 )}XIO'“f'

=a(&2 1,062, )¥100 +b[Nm] (5)

where

El
=22 1 Nm1 (6)

d

BEI -
b= (£2p4,0—&y2,0 X107 [Nm]  (7)

[0057]

As shown in the equation (5), the moment M,..: in the
blade root part 1s expressed as a linear function using
coefficients “a” and “b” as parameters and using distortions

of the pair of sensors (the first or second sensor) as

varlations.
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Consequently, 1n a case of generating a graph of the

moment M,..t+ Wlith a distortion €r or & on the horizontal axis

and the azimuth angle and pitch angle on the vertical axis, by

calculating a gradient “a” and an intercept “b” obtained on

-y

the basis of the linear function, the coefficients “a” and “Db”

can be calculated as parameters.

10058]

A method of forming a graph of the linear function will

be described in the following.

A graph 1s formed by setting the distortion & in the flap

direction and the distortion & in the edge direction in each
of the wind turbine blades 10 on the horizontal axis and
setting the load (moment) M,..+ corresponding to the

distortions &r and &g obtained from the table 31 on the vertical

axls, and the tilt “a” and the intercept “b” are extracted

from the graph. More concretely, a graph shown in FIG. 9 is

g—

generated. On the basis of such a graph, the coefficients “a”

and “b” 1n the case of the flap direction of each of the wind
turbine blades 10 and the coefficients “a” and “b” in the case
of the edge direction are calculated. For example, as a

parameter 1n the flap direction in the first wind turbine

blade 10#1, there are set a = 2.014 x 10° and b = -0.448 x 10°.

Similarly, for each of the wind turbine blades 10#2 and 10%#3,

pr—
p—

the coefficients “a” and “b” in the flap direction and in the

edge direction are calculated.



CA 02714852 2010-09-10

28

[0059]

The parameter calculating unit 34 calculates the

coefficients “a” and “b” as described above and then outputs
them to the load calculating unit 20. With the above, the
parameters of the function of the load calculating unit 20 are
calibrated. By applylng measurement data obtained from the
Sensor to the function of the load calculating unit 20, the
obtalined moment 1n the blade root part is calibrated.

(0060]

Next, the actions of the calibration unit 30 of the load
measuring apparatus according to the present embodiment will
be described. Since processes performed on each of the wind
turbine blades 10 are the same, in the following description,
the processes on one wind turbine blade 10 will be described
as an example.

First, in the present embodiment, the pitch angle is
changed from 60 degrees to 109 degrees, and measurement data

Oof the sensors Al to A6 is obtained. The measurement data is
provided to the load obtaining unit 32 of the calibration unit

30.

[0061]

The load obtaining unit 32 refers to the table 31 and
reads the load on the blade root part associated with the
information on the azimuth angle and the pitch angle of the

measurement data obtained by the sensors Al to A6.
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Subsequently, the load obtaining unit 32 generates a graph

showing the measurement data of each of the sensors on the

vertical axis and the load on the blade root part on the

-

horizontal axis for each of the sensors (see FIG. 10) and,

from the graphs, reads the distortion wavelength when the

value of the load on the horizontal axis 1s “0”. This value
corresponds to measurement data of the sensor in the no-load
state, that 1s, the offset value of each sensor. The charge

obtalining unit 32 outputs to the distortion calculating unit

33, together with the offset values of the sensors,

information on the load on the blade root part read from the
table 31 and data of the sensors when the load 1s obtained.

By obtaining the offset values of the sensors by the charge

obtaining unit 32 as described above, 1n the following
processes, a measurement error 1ncluded 1n the sensor itself
1s calibrated, and thus measurement precision of the load can
be 1mproved.

[0062]

The distortion calculating unit 33 extracts the

distortion wavelengths from the measurement data of the

sensors Al to A6 and, on the basis of the measurement data

calculated by the sensors and the measurement data in the no-

load state, calculates the distortion (deadweight moment) & in

each sensor position by using the equation (2). For example,

a distortion ea; in the sensor Al is obtained by the following
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egquation (2)'.
a1 = Pe{ (Aup — Aupi) — o (Appr = Axpri) } (2) "
[0063]
In the equation (2)’, Ayp denotes distortion wavelength
data of the sensor Al, Aypr denotes distortion wavelength data

of the sensor A5 for temperature compensation mounted in the

periphery of the sensor Al, App; denotes the offset wvalue
(measurement data 1n the no-load state) of the sensor Al, and
Agpri 1lndicates the offset value (measurement data 1n the no-
load state) of the sensor AS.

[0064]

The distortion calculating unit 33 calculates the

distortion € for each of the sensors A3, A2, and A4 by similar

calculating processes. As a result, total four distortions

€r1, €n2, €a3, and &py are calculated. After calculating the

distortions €a; to €x4 for the sensors Al to A4, the distortion

calculating unit 33 outputs the values and information on the

load on the blade root part inputted from the load obtaining

unit 32 to the parameter calculating unit 34.

[0065]
On the basis of the relation between the distortions ga:

to ens for the respective sensors and the information on the

load on the blade root part inputted from the load obtaining
unit 32, the parameter calculating unit 34 calibrates

parameters of a function expressing the relation between the
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distortion of the wind turbine blade 10 and the load on the
blade root part of the wind turbine blade 10.

Concretely, the relational expression between informatlon

on the load on the blade root part of the wind turbiline blade
10 and the distortion of the wind turbine blade 10 1s shown as
the above equation (5). To be concrete, one relational
expression 1s obtained for the first sensor, and another one
relational expression 1s obtalned for the second sensor.
Therefore, two relational expressions are generated for one
wind turbine blade 10. For example, the relational expression

for the first sensor 1s shown as follows.

Myp-zp = af(ea = €a3) x 107° + b [Nm]  (5)°

[0066]

In the equation (5), €a denotes the distortion in the
poslition of the sensor Al calculated on the basis of the

equation (2)’, and g3 denotes the distortion in the position

of the sensor A3 calculated on the basis of a similar

calculation equation.

[00677]

When the difference g€x1—€a3 between the distortions in the

flap direction in the equation (5)’ (the HP-LP direction in

FIG. 4) 1s set on the horizontal axis and Myp-1p 18 set on the
vertical axils, a graph as shown in FIG. 9 is obtained. By

expressing the relation between the distortions gx; to &y and

the 1nformation on the load on the blade root part in the form
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of a graph 1n this way, the 1ntercept and the tilt of the

g

graph can be derived, and the coefficient “a” (tilt) and the
coefficient “b” (intercept) in the equation (5)’ can be
calculated. Two combinations of the coefficients “a” and “b”
in each of the flap direction and the edge direction are
calculated for one wind turbine blade 10.

10068 ]

By repeatedly performing the processes from measurement
by the sensor to calculation of the coefficilients, a plurality
of coefficients is obtalned. By using an average value of the
coefficients, a calibrated relational expression is obtained.
For example, by ellminating the maximum and minimum values,
data 1n which noise suddenly occurs can be eliminated. Even
when data which does not include noise is eliminated, no

influence 1is exerted on calculation of an average value.

[0069]

After obtaining the very reliable relational expression,
in other words, the calibrated relational expression, the load
calculating unit 32 calculates the load on the blade root part
of the wind turbine blade 10 from the measurement data of the

sensors by using the relational expression. In such a manner,
a very reliable load can be calculated.

[0070]

In the present embodiment, data in the region other than

the region A in FIG. 6 is used out of measurement data
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measured by the sensors Al to A6, which is to improve
precision of the calibration. Concretely, upon obtalning the
coefficients “a” and “b”, approximation to a moment obtalned

in the calm state (ideal moment for performing calibration) is

performed. It will be described more concretely with

reference to FIGS. 1l1A and 11B as well as FIGS. 12A and 12B.

[0071]

FIG. 1]1A shows moments 1n the flap direction in the calm

state on the horizontal axis, and moments in the flap

(L

direction in a case of a wind speed of eight meters on th

vertical axis. Similarly, FIG. 11B shows comparison of the

moments in the edge direction. FIGS. 11A and 11B show the
functions obtained in the case of obtaining the coefficients
“a” and “b” by using the measurement data including the region
A, and are compared with the ideal data in the calm state.

The 1deal function of the function in the calm state is
eXpressed as y = X. When the coefficients “a” and “b” are
calculated by using the measurement data including the region
A, v = 0.9701x -31.88 is obtained. When the moment in the calm
state and the moment calculated from the measurement data
including the region A are compared with each other, many
points exist in positions deviated from y = x. It shows that
an error 1n the loads obtained by using the coefficients “a”
and "“"b” calculated while including the measurement data of the

reglon A is larger than that in the loads in the calm state.
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[0072]

On the other hand, similarly to FIGS. 11A and 11B, FIGS.
12A and 12B show moments 1n the calm state on the horizontal
axls and moments 1n the case of a wind speed of eight meters
on the vertical axis, 1n a case of calculating the
coefficients “a” and “b” by using measurement data excluding
the measurement data obtained in the region A in FIG. 6. For
example, as shown in FIG. 12A, 1n the case of calculating the

coefficients “a” and “b” by using the measurement data without

including the region A, y = 0.9968x —-3.322 1s obtained. In the

result of the loads thus obtained, as being obvious from the
graph, the moments 1in the calm state and those in the case of
the wind speed of eight meters almost coincide with each
other. By calibrating the function with the coefficients “a”
and “b” obtained without including the measurement data in the

region A, the load can be more approximated to the load in the

calm state.

[0073]

In the case of obtaining measurement data by the sensors,
1t 1s sufficient to rotate the wind turbine blade 10 at least
once from the azimuth angle of zero degree to 180 degree. One
data file for calibration is generated by rotation of 180
degrees. However, the present 1lnvention 1s not limited to the
number of rotation according to the azimuth angle. In the

present embodiment, one data file for calibration is generated
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by rotation of 360 degrees.

[0074)]

More concretely, by moving the pitch angLe from 109
degrees to 60 degrees or from 60 degrees to 109 degrees, the
rotor starts idling. By moving the pitch angle from 109
degrees to 60 degrees, the rotor 1s rotated at least once, and
thus one data file 1s obtained. Similarly, by moving the
‘plitch angle from 60 degrees to 109 degrees, the rotor is
rotated at least once and thus one data file is obtained.

[0075]

In other words, 1in the present embodiment, in the range
exclusive of the aerodynamic influence, at the time of moving
the pifch angle to the fine side, one data file for
calibration is obtained under the condition that the rotor
rotates at least once. Similarly, at the time of moving the
pitch angle to the feather side, one data file for calibration
1s obtained.

(0076]

In the present embodiment, by performing the pitch angle
operation as described above, ten data files for calibration
are obtained.

Further, 1n the case where calibration data for ten times
(that 1s, the coefficients “a” and “b”) is calculated,
reliability of the coefficients “a” and “b” is preferably

verified by calculating the average value of the data.
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X denotes data for calibration (18 pieces of measurement
data in the calm state and 12 pieces of calibration data (data
in the edge direction and the flap direction of each of the
wind turbine blades 10), and N denotes the number of times of
moving the pitch angle from 109 degrees to 60 degrees and to

109 degrees (one cycle). Y“m” denotes an average value. In

this case, the maximum and minimum data 1s eliminated from 2N

pleces of calibration data files, and an average value of

2(N-1) files 1s obtained. Whether the average value of each

calibration values “a” and “b” satisfies the following range
condition or not is verified. In the case where the average
value satisfies a reference value, the average value of the
calibratlon data 1s set as an on-site parameter.

[0077]
[Mathematical Expression 3]

Average value

2{ N~1) D ¢
p=] 2( fv*‘“l)

Average value

([0078]
Verification of Reference Value
1.7 x 10°< a < 2.7 x 10° (9)

-100 kNm < b < 100 kNm (10)

[0079]

As described above, measurement data is obtained by the
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sensors provided to the wind turbine blades 10 and, on the
baslis of the obtalined data, distortions and loads of the wind
turbine blades 10 are calculated. A function stored 1in the
load calculating unit 20 is calibrated with coefficients of a
new function obtalned from the relation between the distortion
and the load of the wind turbine blade 10 calculated on the
basis of the measurement data. Since a new function is easily
calculated from the measurement data, the coefficients for
calibration can be easlly determined.

[0080]

Used at this time 1s measurement data of the sensor
obtained in the pitch angle range of the wind turbine blade 10
in which the variation between the maximum and minimum
aerodynamic torques is equal to or less than a predetermined
value. Since measurement data in which the influence of the
aerodynamlc torque can be ignored is used, precision of the
calibration can be improved.

By calculating a distortion of a sensor itself and
offsetting 1t, precision of the calibration can be further
improved. Further, measurement data may be obtained in the
pitch angle range of the wind turbine blade 10 (for example,
the range of the pitch angle from 60 degrees to 109 degrees)
in which the variation between the maximum and minimum
aerodYnamic torques 1s equal to or less than a predetermined

value. The measurement data is not limited particularly to
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the azimuth angle. Therefore, measurement data 1in a wilde

range can be used for calibration.

10081]

Since acquisition of measurement data, calculation of a

load and a distortion, and verification of reliability of

calibration data are performed by the load measuring apparatus
100, time required for the calibration work can be shortened,
and the burden on the user can be reduced.

[0082]

In the above-described embodiment, processing performed
by hardware is assumed as the load measuring apparatus.

However, the present invention does not have to be limited to

such a configuration. For example, there may be employed a

configuration for processing by software on the basis of

output signals from the sensors. In this case, the load
measuring apparatus includes a CPU, a main storage such as a
RAM, and a computer-readable recording medium on which a

program for realizing all or part of the processing 1is
recorded. The CPU reads the program recorded on the recording

medium and executes processing/computing of information,

thereby realizing processing similar to that of the above-

described load measuring apparatus.

The computer-readable recording medium is a magnetic

disk, a magnetooptical disk, a CD-ROM, a DVD-ROM, a

semiconductor memory, or the like. It 1s also possible to
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distribute this computer program to a computer via a
communication line and execute 1t by the computer to which the
program 1s distributed.

[0083]

Modifications

In the load measuriling apparatus 100 according to the

present embodiment, the function 1s calibrated on the basis of

vl

measurement data of the sensor obtained 1n the pitch angle

range of the wind turbine blade 10 in which the variation

between the maximum and minimum aerodynamlc torgues is'equal
to or less than a predetermined value. However, the present
invention is not limited to the above. For example, it is
also possible to set the range of the rotational speed of the
wind turbine blade 10 1n place of the pitch angle range and
calibrate the function on the basis of data of the sensor
obtalined in the range of the rotational speed of the wind
turbine blade in which the variation between the maximum and

minimum aerodynamic torques due to wind speeds is equal to or

less than a predetermined value.

10084 ]

Although the number of the plurality of wind turbine

blades 10 1s three in the wind turbine generator 1 according

to the present embodiment, the number of wind turbine blades

10 1s not particularly limited.

[0085]



CA 02714852 2010-09-10

40

In the load measuring apparatus 100 according to the

present embodiment, the number of the sensors attached to one

gr—

wind turbiline blade 10 1s six. However, the number of sensors

1S not particularly limited.

[0086]

In the load measuring apparatus 100 according to the
present embodiment, the table 31 is obtained by calculation by
using the azimuth angle and the pitch.angleﬂ However, the
present invention 1s not limited to the present embodiment.
For example, a table may be provided in advance to the
calibration unit 30.

[0087]

Second Embodiment

Next, a second embodiment of the present invention will
be described.

The difference in the load measuring apparatus of the
present embodiment from the first embodiment is that data is
obtained such that angle data of the azimuth angle and the
pltch angle is limited to predetermined values and wind speeds
are limited to a range in which negative aerodynamic torques
are small. In the following, with respect to the load

measuring apparatus according to the present embodiment, the

points common to the first embodiment will not be described

and different points will be mainly described.

[0088]
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When the wind speed i1s three meters or less, the sensor 7

obtalns measurement data when the pitch angle is set to the

gy

minimum and maximum pitch angles at two points of a first

azimuth angle and a second azimuth angle turned by 180 degrees
from the first azimuth angle.

More concretely, the sensor obtalns measurement data in
the case where the wind speed is three meters or less, the
azimuth angles of the wind turbine blade 10 are 90 degrees and
2710 degrees, and the pitch angles at the respective azimuth
angles are set to 21 degrees and 109 degrees.

[0089]

In the case of measuring data of one wind turbine blade
10, the pitch angles of the other two wind turbine blades 10

are set to, for example, 85 degrees or the like so as to be an

idle state.

[0090]

By using the data measured at two points in positions of

the azimuth angles different from each other by 180 degrees,

as measurement data used for the function calculated by the

parameter calculating unit 34, data of a wide range with

respect to the horizontal axis can be obtained. Thus improved

1s precision in the case of calculating the coefficients “a”

and “b” from small measurement data. Since the parameters can

be calculated from small measurement data, time requlred for

calibration can be shortened.
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0091 ]

Although the embodiments of the present 1nvention have

been described above in detail with reference to the drawings,

concrete configurations are not limited to these embodiments.

Design changes and the like in the range not departing

from

the gist of the present invention are also included therein.
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CLAIMS
1. A load measuring apparatus applicable to a wind turbine
in which a pitch angle of a wind turbine blade 1s wvarilable,
the apparatus comprising:

a sensor for obtailning a distortion of the wind turbine
blade;

a load calculating means having a function expressing a
relation between the distortion of the wind turbine blade and
a load on the wind turbine blade, for obtaining the load on
the wind turbine blade by applying to the function the
distortion based on measurement data of the sensor; and

a callbrating means for calibrating the function based on
the measurement data of the sensor obtained in a pitch angle

range and a rotational speed range of the wind turbine blade

1n which a variation between maximum and minimum aerodynamic
torques due to wind speeds 1s equal to or less than a

predetermined value.

2 . The load measuring apparatus according to claim 1,
wherelin the calibrating means calibrates the function based on
the measurement data of the sensor obtained in the pitch angle
range and the rotational speed range of the wind turbine blade
in which the aerodynamic torque is equal to or less than a

predetermined value.
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3. The load measuring apparatus according to claim 1 or 2,

wherein the calibrating means i1ncludes:

a table in which the load on the wind turbine blade in a
calm state and a pitch angle and an azimuth angle of the wind
turbine blade are assoclated with one another;

a load obtaining means for obtalining from the table a
load on the wind turbine blade corresponding to the pitch
angle and the azimuth angle of the wind turbine blade when the
measurement data 1s obtalned by the sensor;

a distortion calculating means for calculating a
distortion of the wind turbine blade from the measurement data
of the sensor; and

a parameter calculating means for calibrating a parameter
of the function based on the relation between the load on the
wind turbine blade obtained by the load obtaining means and

the distortion calculated by the distortion calculating means.

4. The load measuring apparatus according to claim 3,

whereiln the calibrating means obtains the measurement data of

the sensor in the calm state based on the load on the wind
turbine blade obtained by the load obtaining means and the

measurement data of the sensor, and offset-calibrates the

measurement data of the sensor by using the measurement data

in the calm state.
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5. The load measuring apparatus according to any one of
claims 1 to 4, wherein the sensor 1ncludes:

a palr of first sensors provided in positions opposed tTO
each other with the wind turbine blade sandwilched
therebetween; and

a palr of second sensors provided in positions opposed to

each other with the wind turbine blade sandwilched

therebetween, the positions different from those of the first

Sensors.

0. The load measuring apparatus according to any one of
claims 1 to 5, wherein the sensor i1ncludes:

a palr of third sensors provided in positions opposed to
each other with the wind turbine blade sandwiched
therebetween, the positions different from those of the first

and second sensors and parallel to either of the first and

second sensors.

7. A load measuring apparatus applicable to a wind turbine
in which a pitch angle of a wind turbine blade 1s variable,

the apparatus comprising:

a sensor for obtaining a distortion of the wind turbine

blade;

a load calculating means having a function expressing a

relation between the distortion of the wind turbine blade and
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a load on the wind turbine blade, for obtaining the load on
the wind turbine blade by applying to the function the
distortion based on measurement data of the sensor ; and

a calibrating means for calibrating the function based on
respective measurement data of the sensor obtalned when the
pitch angle 1s set to minimum and maximum pitch angles in two
points of a first azimuth angle and a second azimuth angle
different from the first azimuth angle by 180 degrees in a
case where a wind speed 1s equal to or less than three meters

- per second.

8. A load measuring method applicable to a wind turbine in
which a pitch angle of a wind turbine blade is variable, the
method comprising:
obtalining a distortion of the wind turbine blade;
providing a function expressing a relation between the
distortion of the wind turbine blade and a load on the wind
turbine blade, and obtaining the load on the wind turbine

blade by applying to the function the distortion based on

measurement data of the sensor; and

callibrating the function based on the measurement data of
the sensor obtained in a pitch angle range and a rotational
speed range of the wind turbine blade in which a variation
between maximum and minimum aerodynamic torques due to wind

speeds 1s equal to or less than a predetermined value.
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9. A load measuring program applicable to a wind turbine 1n
which a pitch angle of a wind turbine blade is wvariable, and
making a computer execute:

a first process of providing a function expressing a
relation between a distortion of the wind turbine blade and a
load on the wind turbine blade, and obtaining the load on the
wind turbine blade by applying to the function a distortion
based on measurement data of the sensor; and

pr—

a second process of calibrating the function based on the

measurement data of the sensor obtained in a pitch angle range
and a rotational speed range of the wind turbine blade in
which a varlation between maximum and minimum aerodynamic
torques due to wind speeds 1s equal to or less than a

predetermined wvalue.

10. A load measuring method applicable to a wind turbine in

which a pitch angle of a wind turbine blade is variable, the -

method comprising:

providing a function expressing a relation between a
distortion of the wind turbine blade and a load on the wind
turbine blade, and obtaining the load on the wind turbine
blade by applying to the function a distortion based on

measurement data of the sensor; and

calibrating the function based on respective measurement
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data of the sensor obtained when the pitch angle 1s set to

minimum and maxlmum plitch angles 1n two polnts of a first
azimuth angle and a second azimuth angle different from the
first azimuth angle by 180 degrees in a case where a wind

speed 1S equal to or less than three meters per second.

11. A load measuring progfam applicable to a wind turbine in
which a pitch angle of a wind turbine blade is variable, and
making a computer execute:

a first process of providing a function expressing a
relation between a distortion of the wind turbine blade and a
load on the wind turbine blade, and obtaining the load on the
wind turblne blade by applying to the function a distortion
based on measurement data of the sensor; and

a second process of calibrating the function based on
respective measurement data of the sensor obtained when the
pitch angle is set to minimum and maximum pitch angles in two

points of a first azimuth angle and a second azimuth angle

different from the first azimuth angle by 180 degrees in a

case where a wind speed is equal to or less than three meters

per second.
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FIG. 12A
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