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DESCRIPTION

[0001] A wind turbine, a wind turbine controller, and a method for controlling a wind turbine are disclosed herein. In particular,
the wind turbine, the wind turbine controller, and the method for controlling the wind turbine described herein are adapted to take
rotor blade stall into account.

[0002] By means of their rotor blades, wind turbines capture kinetic energy from wind and convert it into rotational energy of a
rotor shaft. Typically, this rotational energy is used to drive an electric generator, either directly or via a gear box. The amount of
power extracted from the wind depends, inter alia, on the aerodynamic angle of attack between the rotor blade nose and the
incoming air flow. If, for a given wind speed, a certain maximum angle of attack is exceeded, the flow separates at the rotor blades'
surface and vortices form at the blade. This effect is known as stall and limits the aerodynamic power capture. Furthermore, stall
may increase the noise generated by the wind turbine which might be a problem, e.g. when the turbine site is located near
residential areas and particularly during nighttimes.

[0003] JP 2004 293527 describes a wind turbine that is controlled to reduce noise emissions therefrom. The wind turbine
includes a noise measuring device located on the wind turbine tower (8) or remotely therefrom (9).

[0004] EP 2 131 037 describes a wind turbine sound spectrum analysis system that monitors tower-based sound sensors (16,
17).

[0005] WO 2006/090215 describes a high-lift/low solidity wind turbine blade.

[0006] DE 10 2006 028167 A1 discloses a method of operating a device, which has at least one fluid-dynamic buoyancy body;,
such as a wind turbine with rotor blades.

[0007] Various aspects and embodiments of the present invention are defined by the appended claims.

[0008] Various aspects, advantages and features are apparent from the dependent claims, the description and the
accompanying drawings, in which:

Fig. 1 shows a front view of a wind turbine according to an embodiment.

Fig. 2 shows a side view of a wind turbine according to an embodiment.

Fig. 3 shows a schematic diagram of pitch control system according to an embodiment.
Fig. 4 shows a detected noise and/or vibrational signal.

Fig. 5 shows a frequency analysis according to an embodiment.

Fig. 6 shows a front view of a wind turbine according to another embodiment.

Fig. 7 shows a flow diagram of a method according to an embodiment.

Fig. 8 shows a flow diagram of a method according to another embodiment.

[0009] Reference will now be made in detail to the various embodiments of the invention, one or more examples of which are
illustrated in the figures. Each example is provided by way of explanation of the invention, and is not meant as a limitation. For
example, features illustrated or described as part of one embodiment can be used on or in conjunction with other embodiments to
yield yet a further embodiment. It is intended that such modifications and variations are included herewith.

[0010] Fig. 1 shows a front view of a wind turbine 10 according to an embodiment. The wind turbine 10 includes a tower 2 on top
of which a nacelle 6 is mounted. Awind rotor 4 equipped with three rotor blades 8a, 8b, 8c is rotatably mounted to nacelle 6. It will
be understood by those skilled in the art that the embodiments of the present invention may also be applied to wind turbines
having one, two, or more than three rotor blades. Rotor blades 8a, 8b, 8c capture kinetic energy from the wind and urge rotor 4 to
rotate about its rotation axis. While rotating, rotor blades 8a, 8b, 8c define a circular disc 9. The rotational position of a rotor
blade on this disc can be described by an angle a. The angle a may be defined as the angle between the longitudinal axis of the
rotor blade and the vertical tower axis as shown in Fig. 1. Although this is the most straightforward definition of the rotational
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position, also other definitions may be applied in the embodiments of the present invention as long as the rotational position of
the rotor blade(s) can be uniquely determined.

[0011] Further to the above, the wind turbine 10 includes sensors 80a, 80b, 80c disposed at the rotor blades 8a, 8b, 8c,
respectively. Although each rotor blade 8a, 8b, 8c is equipped with a respective sensor 80a, 80b, 80c in the embodiment shown
in Fig. 1, it will be understood by those skilled in the art that in some embodiments of the present invention only one or two rotor
blades will be equipped with sensors. Furthermore, only one sensor 80a, 80b, 80c is shown per rotor blade in Fig. 1 but it will be
understood by those skilled in the art that two or more sensors per rotor blade may be applied in embodiments according to the
present invention. Each sensor 80a, 80b, 80c is adapted to detect an aerodynamic condition of the rotor blade. Typically, the
aerodynamic condition detected by a sensor 80a, 80b, 80c is a stall condition of the rotor blade to which the sensor is associated.
However, also other aerodynamic conditions may be detected by the sensors 80a, 80b, 80c, for example deterioration of the
aerodynamical performance of the rotor blade due to icing, increased surface roughness or fouling.

[0012] In one example, the sensor 80a, 80b, 80c is an acoustical sensor, e.g. a microphone. The microphone is adapted to
capture the noise generated by the rotating blade. For example, the microphone may be integrated in the respective rotor blade
at one or more locations along the longitudinal extension of the blade at a position allowing the detection of noise emission
generated by the rotating rotor blade. In another example, the sensor is a vibration sensor adapted to detect a vibrational
condition of the rotor blade. Like the microphone, also the vibration sensor may be integrated into the rotor blade. Of course, also
a combination of microphones and vibration sensors or even other sensors may be provided to detect the aerodynamical
condition of the monitored rotor blade. Since certain aerodynamical conditions result in a change of the noise generated by the
rotor blade or a change in the vibration behavior of the blade, such aerodynamical conditions may be detected by monitoring the
noise generation and/or vibrational state of the rotor blade. For example, a blade stall may be detected due to a considerable
increase in noise emission and/or due to an increase and/or change in the vibrational condition of the rotor blade. Thus, the
above described sensors provide sensor data allowing to detect such an undesired aerodynamical condition. Furthermore, this
allows counteracting the undesired aerodynamical condition when it is detected, e.g. by controlling the pitch angle of the rotor
blades.

[0013] Fig. 2 shows a side view of a wind turbine 10 according to an embodiment. The wind turbine shown in Fig. 2 includes a
pitch control system 82 which is adapted to control the pitch angle of the rotor blades and, thus, the rotor blades' angle of attack.
In one embodiment, pitch control system 82 is adapted for individual control of each rotor blade 8a, 8b, 8c. In other words, pitch
control system 82 may adjust the pitch angle of each rotor blade 8a, 8b, 8c differently depending on the individual conditions of
the respective rotor blade. As is shown in Fig. 2, the sensors 80a, 80b, 80c are connected to pitch control system 82.
Furthermore, sensors 80a, 80b, 80c are adapted to provide a sensor signal indicative of the detected noise and/or vibration of a
respective rotor blade 8a, 8b, 8c to pitch control system 82. Although only one common pitch control system 82 for all rotor
blades 8a, 8b, 8c is shown in Fig. 2, it will be understood by those skilled in the art that a separate pitch control (not shown) may
be individually provided for each rotor blade 8a, 8b, 8c. In such an embodiment, each of the several pitch controls may be only
connected to the sensor(s) of the rotor blade it controls. However, also in such an embodiment each separate pitch control may
also have input from sensors of other rotor blades so that, e.g. aerodynamical conditions of a trailing rotor blade can be
anticipated from sensor data of a leading blade.

[0014] According to an embodiment, pitch control system 82 is adapted to control the pitch angle of a rotor blade in case a stall
condition of the rotor blade is detected on the basis of the sensor input. As has been described above, a balde stall occurs if the
angle of attack is too large so that the air flow separates at the blade's surface. In order to reduce the blade stall, pitch control
system 82 adjusts the pitch angle of the stalled blade such that the angle of attack is reduced. As a result, also the blade stall is
reduced or even neutralized. Thus, the cooperation of the sensors and the pitch control system according to embodiments can
increase turbine efficiency because losses due to stalled rotor blades are reduced or even completely avoided. Furthermore,
noise emission due to stalled rotor blades can be considerably reduced or even completely avoided by embodiments of the
present invention.

[0015] Next, another embodiment is described with reference to Fig. 2. Therein, it is shown that rotor hub 4 is connected to a
rotor shaft 62 which, in turn, is connected to an electric generator 64 either directly or via a gear box (not shown). On rotor shaft
62, a rotation sensor 66 is mounted, wherein rotation sensor 66 is adapted to detect a rotational position of the rotor hub 4. It will
be understood by those skilled in the art that rotation sensor 66 mounted at rotor shaft 62 is only an exemplary embodiment of a
rotation sensor capable of detecting the rotational position of hub 4. Accordingly, any other rotation sensor capable of detecting
the rotational position of hub 4 may be likewise applied in embodiments of the present invention. As is shown in Fig. 2, pitch
control system 82 is further adapted to receive an input from rotation sensor 66. In other words, pitch control system 82 not only
considers the noise data and/or vibration data provided by sensors 80a, 80b, 80c but also the rotational position of hub 4.
Furthermore, it should be understood that pitch control system 82 may determine the rotational position of each rotor blade 8a,
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8b, 8c from the data provided by rotation sensor 66. Thus, pitch control system 82 may also take into account the rotational
position a of each rotor blade when controlling the pitch angle for this rotor blade. Knowledge of the rotational position a of the
rotor blade may improve stall monitoring and control for this rotor blade for the following reason. Typically, the blade pitch angle
depends on the rotational speed of the wind rotor, and the rotational speed of the wind rotor depends on the incoming wind
speed experienced by the wind rotor. Particularly, the rotational speed of the wind rotor depends on the incoming wind speed with
the disc 9 defining the area covered by the rotating blades 8a, 8b, 8c. However, wind speed is not constant across the disc 9. In
particular, wind speed is higher in the upper area of disc 9 compared to the lower area of disc 9. In other words, wind speed is
lower near to the ground compared with wind speed more distant from the ground, e.g. above nacelle 6. This variation in wind
speed is indicated in Fig. 2 by the different size of the two arrows representing the incoming air flow. Due to this wind speed
variation with height, a certain pitch angle of a rotor blade cannot be ideal for every rotational position a of the rotor blade.
Accordingly, blade stall may occur at some rotational positions a of the rotor blade or even within a whole range of angles a. As
the rotational position of the hub, and thus also of each individual rotor blade, is used to control the pitch angle of the rotor
blades 8a, 8b, 8c wind speed variation can be taken into account by pitch control system 82.

[0016] Fig. 3 shows a schematic diagram of pitch control system 82 according to an embodiment. Therein, pitch control system
82 includes a first input terminal 821 adapted to receive an input from at least one sensor 80a, 80b, 80c disposed at or near a
rotor blade of the wind turbine. This sensor is adapted to detect an aerodynamic condition of the rotor blade as has been
described above. For example, the sensor may be a microphone providing noise data to pitch control system 82. Additionally or
alternatively, the sensor may be a vibration sensor providing vibration data to pitch control system 82. Pitch control system 82
includes a noise/vibration analyzing unit 822 to which the sensor data is provided.

[0017] The operation of the noise/vibration analyzing unit 822 is now described in more detail with reference to Fig. 4. Therein, a
noise signal 100 detected by one of the sensors 80a, 80b, 80c is shown. The signal 100 indicates the variation of the noise
amplitude with time. Higher values of the signal correspond to higher amplitudes of the noise generated by the rotating rotor
blade. Furthermore, a threshold value 110 is shown as a dashed line in Fig. 4. As has been described above, a stall condition or
other undesired aerodynamical conditions manifest themselves as an increase in noise emission. Therefore, a threshold value
110 may be empirically determined which, if exceeded, indicates occurrence of a blade stall or another undesirable
aerodynamical condition. As is shown in Fig. 4, the noise amplitude 100 exhibits several peak values 105 exceeding threshold
110. Therefore, a blade stall may be detected by comparing the actual amplitude value 100 with the threshold value 110. For
amplitude values 105 exceeding threshold value 110, a blade stall is detected.

[0018] According to another embodiment, the amplitude signal may be smoothed. Typically, the smoothing is performed by time-
averaging the amplitude signal to obtain a time-averaged amplitude signal 120 shown in dashed line in Fig. 4. More typically, the
time average of the signal is determined for a specific time period or time window moving along with the signal. This is also often
referred to as a moving average. The advantage of a smoothed signal is that rapid variations in the original amplitude signal are
usually only slowly followed by the smoothed signal. Especially, the smoothed signal 120 exceeds threshold value 110 only if the
rapidly varying actual signal 100 exceeds threshold value 110 for quite some time. This effect is apparent from Fig. 4 where
smoothed signal 120 stays below threshold value 110 even though the actual amplitude signal 100 exceeds threshold value 110
at several points 105. Only when amplitude signal 100 stays above threshold value 110 for quite some time, also the smoothed
signal has a peak 125 exceeding threshold value 110. Using a smoothed signal 120 as the basis for detecting a blade stall may
thus prevent pitch control system 82 from rapidly varying control action due to random short-time events. As will be understood by
those skilled in the art, the time constant of the time average, i.e. the time period over which signal 100 is averaged, may be
selected in accordance with the conditions of an application. By setting this time constant, the inertia of the control can be
adjusted.

[0019] Although the above description mainly referred to noise signals, it will be understood by those skilled in the art that the
same principles also apply to vibration signals. Therefore, a vibration signal may be similarly processed to detect a blade stall.
Thus, blade stall may be detected also on the basis of vibration sensors. Furthermore, if stall detection is based on both noise
and vibration a blade stall may be detected if only one of the variables, i.e. either noise or vibration, indicates a stall condition or
only if both variables simultaneously indicate a blade stall. In the latter case, blade stall event is more certain since two more or
less independent variables indicate the same condition.

[0020] Additionally or alternatively, noise/vibration analyzing unit 822 may be adapted to perform an analysis of the frequency
spectrum of the sensor signal. An example of such frequency analysis is shown in Fig. 5 in which the amplitude levels for several
frequencies or frequency bands are shown in a bar diagram. In one example, a frequency analysis of a vibration signal is carried
out. Thus, the excitation level of certain frequencies like the rotational eigenmodes of the rotor blade can be identified from the
frequency spectrum. Changes in the vibrational frequency spectrum may indicate the occurrence of a certain aerodynamical
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condition, especially the occurrence of blade stall. Likewise, the frequency spectrum of the noise generated by the rotor blade
can be analyzed. For example, tonal noise generated by the rotor blade can be easily detected in the frequency spectrum. Thus,
changes in the acoustical frequency spectrum of the noise may indicate the occurrence of a certain aerodynamical condition,
especially the occurrence of blade stall. It will be understood by those skilled in the art that the frequency spectrum of the sensor
signal can be obtained by well-known methods like fast Fourier transform or the like.

[0021] In view of the above, it should be understood by those skilled in the art that noise/frequency analyzing unit 822 provides
an analysis of the sensor signals at or near the blades, wherein the analysis allows detection of specific aerodynamical
conditions. Now going back to Fig. 3, pitch control system 82 also includes a rotational position analyzing unit 824. Via a second
input terminal 823, rotational position analyzing unit 824 receives input from a rotation sensor adapted to detect a rotational
position of rotor hub 4, e.g. rotation sensor 62 shown in Fig. 2. Rotational position analyzing unit 824 is adapted to determine the
rotational position a of one or more rotor blades 8a, 8b, 8c from the sensor signal. According to another embodiment (not shown),
pitch control system 82 is directly provided with the rotational position a of one or more rotor blades 8a, 8b, 8c. Therefore,
rotational position analyzing unit 824 may be omitted in this embodiment.

[0022] The outputs from noise/emission analyzing unit 822 and from rotational position analyzing unit 824 are provided to a pitch
angle determination unit 825. Therein, the information about the aerodynamical condition of each rotor blade 8a, 8b, 8c and the
information about the rotational position of each rotor blade is combined to control the pitch angle of each rotor blade
accordingly. In particular, if blade stall is detected for one or more rotor blades the pitch angle is controlled so that the angle of
attack of the stalled blades is reduced. When controlling the blade pitch angle, also the rotational position of the blade is taken
into account by the pitch control system 82. Subsequently, pitch angle determination unit 825 outputs a pitch angle control signal
826 which is transmitted to a pitch angle adjustment device (not shown), e.g. an electric pitch motor or a hydraulic pitch system.
The pitch angle adjustment device adjusts the pitch angle according to the pitch angle control signal so that blade stall is reduced
or even compensated. Thus, the cooperation of the sensors and the pitch control system according to embodiments can increase
turbine efficiency because losses due to stalled rotor blades are reduced or even completely avoided. Furthermore, noise
emission due to stalled rotor blades can be considerably reduced or even completely avoided by embodiments of the present
invention.

[0023] Fig. 6 shows a front view of a wind turbine according to another embodiment. Therein, a sensor 80 is mounted on top of
nacelle 6. Typically, sensor 80 is an acoustical sensor for detecting noise emission from the rotor blades. For example, sensor 80
is a microphone. Other than in the above embodiments described with reference to Figs. 1 and 2, microphone 80 is not disposed
directly at the rotor blades 8 but only near the blades. Since microphone 80 is located downstream the rotor blades 8, noise
emission from the blades is well transmitted to microphone 80. The sensor signal provided by microphone 80 can be used to
detect an undesired aerodynamical condition of the rotor blades, e.g. blade stall, so that a pitch control system may counteract
this aerodynamical condition, e.g. by adjusting the pitch angle of the rotor blades accordingly.

[0024] According to a further embodiment, wind turbine 10 may be equipped with a rotation sensor as described above. Thus,
the noise signal detected by microphone 80 can be correlated with the rotational positions of the blades 8. Accordingly, the pitch
control system may base its control also on the rotational position of the rotor blades as described above.

[0025] According to still another embodiment, the nacelle-mounted sensor 80 may be combined with blade-mounted sensors
80a, 80b, 80c as described above. In one example, the nacelle-mounted sensor 80 is a microphone and the blade mounted
sensors 80a, 80b, 80c are vibration sensors. However, it will be understood by those skilled in the art that any combination of
such sensors may be applied in embodiments of the present invention.

[0026] Fig. 7 shows a flow diagram of a control method 7000 according to an embodiment. In a first step 7100, the noise level at
a rotor blade is detected, e.g. by a microphone located at or near the rotor blade. In a next step 7200, the detected noise level is
compared with a threshold value to detect a stall condition of the monitored rotor blade. If the noise level is below the threshold
value, control method 7000 goes back to first step 7100 and measures the noise level. If the noise level, e.g. the amplitude or
time-averaged amplitude, exceeds the threshold value, control method 7000 proceeds to step 7300. In this step, the pitch angle
of the monitored rotor blade is adjusted in order to reduce the blade stall. After adjusting the blade pitch angle, control method
7000 goes back to first step 7100 and again measures the noise level. It will be understood by those skilled in the art that this
control scheme results in an adjustment of the pitch angle until the noise level falls below the threshold again. Furthermore, it will
be understood by those skilled in the art that this control method may be performed independently for each rotor blade.

[0027] It will be further understood by those skilled in the art that the same control scheme may be applied to a sensed vibration
level of the monitored rotor blade. In this case, the pitch angle is adjusted if the vibration level exceeds some predetermined
threshold. Furthermore, it will be understood by those skilled in the art that alternatively or in addition also an analysis of the
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noise and/or vibration frequency spectrum may be performed. Also from such analysis of the frequency spectrum valuable
information about the aerodynamical condition of the monitored rotor blade may be extracted. Therefore, the information
contained in the frequency spectrum may also be used as a basis for detecting blade stall or another aerodynamical condition.

[0028] Fig. 8 shows a flow diagram of a control method 8000 according to another embodiment. The basic control scheme of
method 8000 is similar to control method 7000. In particular, the noise and/or vibration level of the monitored rotor blade(s) is
determined in a first step 8100. In a next step 8200, the detected noise/vibration level is compared with a threshold value to
detect a stall condition of the monitored rotor blade. It should be understood that the threshold may be separately set for noise
and vibrations signals. If the noise/vibration level is below the threshold value, control method 8000 goes back to first step 8100
and measures the noise/vibration level. If the noise/vibration level, e.g. the amplitude or time-averaged amplitude, exceeds the
threshold value, control method 8000 proceeds to step 8300. In one embodiment, both noise and vibration are detected and the
threshold value will be considered as being exceed if only one of noise and vibration exceeds its respective threshold. In another
embodiment, also both noise and vibration are detected but the threshold value will be considered as being exceeded only if both
noise and vibration exceed their respective thresholds. In the next step 8300, the rotational position of the monitored rotor blade
is determined, e.g. by a rotation sensor located at the rotor shaft. In the next step 8400, the pitch angle of the monitored rotor
blade is adjusted in order to reduce the blade stall, thereby taking into account the rotational position of the monitored rotor
blade. After adjusting the blade pitch angle, control method 8000 goes back to first step 8100 and again measures the noise
level. It will be understood by those skilled in the art that this control scheme results in an adjustment of the pitch angle until the
noise/vibration level falls below the threshold again. Furthermore, it will be understood by those skilled in the art that this control
method may be performed independently for each rotor blade. Like in control method 7000, also frequency analysis may be
performed in control method 8000.

[0029] This written description uses examples to disclose embodiments, including the preferred mode, and also to enable any
person skilled in the art to make and use such embodiments.
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Patentkrav

1. Pitchstyringssystem (82) til en vindmglle (10), omfattende en fgrste
inputterminal (821) indrettet til at modtage et input fra mindst en
vibrationssensor (80; 80a, 80b, 80c) anbragt ved eller naer en rotorvinge (8; 8a,
8b, 8c) af vindmgllen (10), hvor vibrationssensoren (80; 80a, 80b, 80c) er
indrettet til at detektere en stallingtilstand af rotorvingen (8; 8a, 8b, 8c), hvor
pitchstyringssystemet (82) er indrettet til at detektere en stallingtilstand af
rotorvingen under anvendelse af input fra vibrationssensoren til at styre
pitchvinklen af rotorvingen p& baggrund af sensorinputtet til at reducere
stallingen; og yderligere omfattende:
en anden inputterminal (823) indrettet til at modtage et input fra en
rotationssensor (62) indrettet til at detektere en rotationsposition (a) af et
rotornav (4) af vindmgllen (10), hvor pitchstyringssystemet (82) er
yderligere indrettet til at detektere en stallingtilstand af rotorvingen under
anvendelse af input fra vibrationssensoren til at styre pitchvinklen af
rotorvingen (8; 8a, 8b, 8c) pa baggrund af inputtet fra den mindst ene
vibrationssensor (80; 80a, 80b, 80c) og rotationssensoren (62) til at

reducere stallingen.

2. Pitchstyringssystemet (82) ifglge et hvilket som helst af de foregdende krav,
hvor vindmgllen omfatter en flerhed af rotorvinger (8a, 8b, 8c) og
pitchstyringssystemet (82) er indrettet til individuelt at styre pitchvinklen af hver
rotorvinge (8a, 8b, 8c).

3. Vindmglle (10) med mindst en rotorvinge (8) fastgjort til et rotornav (4),
vindmgllen yderligere omfattende mindst en vibrationssensor (80) anbragt ved
eller neer rotorvingen, hvor vibrationssensoren (80) er indrettet til at detektere en
stallingtilstand af rotorvingen, hvor pitchvinklen af rotorvingen er styrbar med et
pitchstyringssystem (82) ifglge et hvilket som helst af de foregdende krav, hvor
vindmgllen omfatter et pitchstyringssystem (82) ifglge et hvilket som helst af de
foregdende krav.

4. Fremgangsmade (8000) til at styre en vindmglle (10), omfattende
at detektere (8100,8200) en stallingtilstand af mindst en rotorvinge (8) af en
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2

vindmglle under anvendelse af en vibrationssensor (80) anbragt ved eller naer
rotorvingen, og

at justere (8400) pitchvinklen af den mindst ene rotorvinge for at reducere
stallingen;

at detektere (8300) rotationsposition a af den mindst ene rotorvinge (8) nar
stallingtilstanden detekteres;

hvor justeringen (8400) af pitchvinklen af den mindst ene rotorvinge (8) baseres
pa den detekterede rotationsposition af rotorvingen.

5. Fremgangsmaden (8000) ifglge krav 4, hvor stallingtilstanden detekteres ved
at analysere et vibrationsamplitudesignal af vibrationen detekteret af

vibrationssensoren (80) anbragt ved eller naer rotorvingen.

6. Fremgangsmaéaden (8000) ifglge krav 5, hvor vibrationsamplitudesignalet
analyseret til at detektere stallingtilstanden er et tidsmidlet

vibrationsamplitudesignal.

7. Fremgangsmaden (8000) ifglge et hvilket som helst af kravene 4 til 6, hvor
stallingtilstanden detekteres hvis et sensorsignal indikerende akustisk sta@j
genereret af rotorvingen (8) og/eller en vibrationstilstand af rotorvingen (8)

overskrider en forudbestemt teerskel.
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