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DESCRIPTION

Background of the invention

[0001] The present invention relates to a wind turbine blade comprising a blade body and lift-regulating means adapted for
movement in relation to the blade body by an actuation means controlled by an actuation controller, wherein the actuation
controller controls a setting of the lift-regulating means based on an input from a sensor.

[0002] Ancther aspect of the invention relates to a method for regulating the lift of a wind turbine blade and controlling the load
on a blade.

[0003] Modem wind turbines have grown considerably in size over the last decades, and at present have blades with a length of
up to 100 m, and even longer blades can be anticipated in the future. Wind turbine blades are typically arranged in sets of three
on a hub to constitute a rotor. The rotor is in turn connected to a main shaft arranged in a nacelle on top of a tower. As an

example a rotor having blades of 100 m sweeps a rotor area of more than 31,000 m?.

[0004] With increasing size the loads on the structure, for example the blades, increase considerably. One reason is that the
energy received by the wind turbine increases with the square of the increase in blade length. Further the wind speed will not be
constant all over the rotor, and the blades will be subject to more variance of the wind with increased size of the blades. Local
variance of the wind at different positions of the rotor area are due to wind shear, i.e. lower wind speed near the ground than
higher up, turbulence, wind shade, tower shadow etc. All these factors increase fatigue loads and extreme loads on the wind
turbine.

[0005] Over the years a lot of investigations have been made to improve aerodynamic properties of the blades and different
approaches on regulation of wind turbines have been proposed. For example it is now standard to be able to regulate the pitch of
the blades. There is, however, still room for improvement.

[0006] By enabling reduction of loads of the wind turbine, it is possible to significantly lower the cost of power production using
such wind turbines. Controlling the loads of the wind turbine will render it possible to decrease the cost of components, as these
components will have fewer restraints on the strength, because the components may be protected from overloading and fatigue.
Controlling of loads of the wind turbine will moreover provide for even larger wind turbines than today, resulting in higher power
output. Furthermore controlling of loads of the wind turbine will enable closer interspacing between wind turbines in wind turbine
parks, which is of major importance to the economy of wind turbine parks.

[0007] Different attempts have been made to alleviate the loads on the blades, such as by having blades with variable geometry.
For example WO 2004/088130 A1 discloses a wind turbine blade having a variable geometry. The blade comprises a deformable
leading edge and/or trailing edge. The deformation is controlled by monitoring blade inflow measurements, flow pressures, strain
gauges and accelerometers.

[0008] Another example can be seen in WO 2004/074681 A1, which relates to a method of controlling aerodynamic load of a
wind turbine based on local blade flow measurement. The blades comprise a movable trailing edge flap.

[0009] WO 2004/099608 A1 upon which the pre-amble of claims 1 and 10 is based discloses a wind turbine blade with active
flaps. The flaps can be adjusted by means of activating means and thus alter the aerodynamic properties of the blade. Strain
gauges mounted on the inner face of the blade shell or a bracing interconnecting the inner faces of the blade shells measure the
loads on the blades and are used to adjust the flaps.

[0010] These ideas have, however, not found way into commercial wind turbines. It is assumed that the high complexity of the
above systems, and hence expected high price and lack of robustness of the systems, is a hindrance to commercial use of the
above ideas.

[0011] An object of the invention is to provide a wind turbine blade with fast-responding lift-regulating means.

The invention
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[0012] According to the invention this object is obtained by a wind turbine blade according to claim 1 and a method according to
claim 10. In the blade according to the invention the sensor is a force sensor adapted for sensing force from a wind flow acting on
the lift-regulating means. By means of the invention it is achieved that the sensor senses the force from the wind flow acting
directly on the lift-regulating means, not on the blade in general, which means that inertia effects are limited and hence response
time lag is considerably reduced. Compared to sensors for local wind speed measurements, such as pitot-tubes or built-in
pressure sensors in the blade, force sensors are very robust Moreover the price of the force sensors is comparatively low.
Further the arrangement of the sensor at the lift-regulating means facilitates installation and maintenance, and may even enable
retrofitting of lift-regulating means according to the invention on existing blades.

[0013] According to an embodiment the sensor is a strain or pressure gauge, which are a particularly robust and cheap kind of

Sensors.

[0014] According to an alternative embodiment, the sensor is a piezo-electric array. Such a piezo-electric array may provide
more detailed information on the force, and hence a more precise regulation, which will further reduce the loads on the blades. A
piezo-electric array may further double as both actuator means and sensor means at the same time.

[0015] The lift-regulating means according to the invention may be arranged at any suitable position of the wing, and it may take
any suitable form. According to an embodiment, however, the lift-regulating means is a trailing edge flap. A trailing edge flap
allows for considerable alleviation of the loads on a wind turbine blade, and is less prone to failure compared to a leading edge
flap.

[0016] It should be understood that the flap may be an integral part of blade, and may even form the entire trailing edge portion
of the blade from a root area to a position at or near the blade tip. According to an embodiment, however, the flap comprises a
plurality of individually movable flap segments. Hereby adjustment can be precisely adapted for the momentary load situation at
any part of the blade.

[0017] To provide a substantially continuous adjustment of the load of the blade from hub to tip, the flap segments may be
arranged side-by-side in the length-wise direction of the blade.

[0018] Although some beneficial effect may be provided with lift-regulating means covering only a relatively small portion of the
blade length, it is suggested that lift-regulating means are arranged along a substantial part of the length of the blade, such as
more than quarter of the blade length. Hereby is achieved that a significant adjustment of the lift can be provided.

[0019] According to an embodiment the lift-regulating means is adapted for providing a substantially continuous shape change in
the longitudinal direction of the blade. Hereby gradual changes can be provided, and the risk of noise generation may be
significantly reduced. The continuous shape change may be provided by a plurality of flap segments covered by a common outer
skin of a flexible material, such as rubber.

[0020] In an embodiment the actuation controller is adapted for receiving data relating to one or more of the following
parameters: wind speed, wind shear, speed of wind flow locally in at least one position on one or more blades, blade vibrations,
weather conditions such as density of the air, turbulence, rain and snow, power consumption of the actuation means, actual blade
load, and blade load history.

[0021] By wind shear is to be understood the difference of the wind speed over the area swept by the rotor. It is e.g. often seen
that the wind speed is higher at the top of the rotor plane than at the bottom due to the grounds and objects on the grounds
resistance to the moving air.

[0022] By the term "blade load history" is to be understood that e.g. a condition monitoring system, a main wind turbine controller
or other could - based on historic observations of the blade load - conclude that the loads on the blade would have to be reduced
for the blade to last until the next maintenance call, for the blade to last a given period of time or other.

[0023] By providing the actuation controller with further data it is possible to regulate the loading of the blade more precisely for
a given situation, as other parameters can be taken into account.

[0024] In an aspect of the invention the lift-regulating means is connected to the blade by means of at least one hinge allowing
the lift-regulating means to move in relation to the blade and wherein the sensor is adapted to sense a torque acting on the lift-
regulating means around the hinge.
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[0025] Hinging the lift-regulating means on the blade body is advantageous in that the hinge is a simple and durable way of
allowing the lift-regulating means to move in relation to the blade body.

[0026] Furthermore, it allows for a simple an accurate way of sensing the force from a wind flow acting on the lift-regulating
means in that this can very precisely be measured as the difference in the torque acting on the lift-regulating means around the
hinge.

[0027] Another embodiment relates to a wind turbine comprising a wind turbine blade as outlined above. Awind turbine fitted with
a wind turbine blade according to the invention will be able to operate in higher winds, and hence exploit the wind energy better.
Further the wind turbine will be subjected to less stress and strain, so the life expectancy will be longer, as will the mean time
between failures, which is an important parameter for the economy of wind turbines, as maintenance is costly due to the often
remote sites.

[0028] In a further embodiment of the wind turbine, the actuation controller of one blade is adapted for receiving input from an
actuation controller of another blade of the wind turbine. Hereby it is possible to operate the lift-regulating means of a blade even
if the sensor is faulty, as data from an actuation controller of another blade of the wind turbine can be used. Further data from
different actuation controllers can be used for assessment of the data quality, so it can be detected whether a sensor is faulty.
Another advantage is that the actuation controller can take into consideration the data of a blade in a "future" position, i.e. in a
position in which the blade in question will come shortly later. Hereby local flow phenomena like tower shadow etc. can be taken
into account in advance.

[0029] The present invention will provide significant advantages on any type of wind turbine, such as stall-regulated wind
turbines. According to an embodiment, however, the wind turbine comprises a pitch control adapted for receiving input from an
actuation controller of one or more of the blades. Hereby the pitch control can take the necessary action to pitch the blade if, for
example, the actuation controller of the lift-regulating means indicates an excessive loading of the blade.

[0030] The lift of a wind turbine blade may be regulated by a method comprising the steps of

¢ monitoring a force from a wind flow acting on the lift-regulating means by means of at least one sensor,
e providing an output signal from the sensor in correspondence to the force, and
o controlling a setting of the lift-regulating means in relation to the blade body on a basis of the output signal from the sensor.

[0031] Hereby a particularly simple and robust method for regulating the lift of a wind turbine blade can be achieved. Inertia
effects are limited and hence response time lag is considerably reduced. Compared to sensors for local wind speed
measurements, such as pitot-tubes or built-in pressure sensors in the blade, such sensors regarding loading may be very robust.
Moreover the price of the sensors is comparatively low. Further the arrangement of the sensor at the lift-regulating means
facilitates more simple installation and maintenance, and may even enable retrofitting of lift-regulating means according to the
invention on existing blades.

[0032] In an aspect of the invention the method further comprises the steps of

¢ delivering the output signal from the sensor to a actuation controller, and
e controlling a setting of the lift-regulating means in relation to the blade on the basis of an input from the actuation
controller, wherein said input is established on the basis of the output signal from the force sensor.

[0033] Providing the sensor signal to an actuation controller which in turn controls a setting of the lift-regulating means is
advantageous in that an actuation controller enables a more complex control of the setting of the lift-regulating means e.g. the
setting of the lift-regulating means can be controlled on the basis of other parameters than the output signal from the sensor, the
relationship between the sensor output and the setting of the lift-regulating means could be controlled in a non-linear fashion or
other.

[0034] In an aspect of the invention the method further comprises the steps of

¢ providing a set-point signal to the actuation controller from a wind turbine main controller, and
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s controlling the setting of the lift-regulating means directly or partly on a basis of a difference between the output signal from
the sensor and the set-point signal.

[0035] This is advantageous in that it hereby is possible to control the setting of the lift-regulating means directly or partly on the
basis of a superior load control strategy and thereby make the control of the lift-regulating means a part of a greater strategy to
dampen oscillations, control different wind turbine loads or other. The wind turbine main controller could e.g. be the controller
controlling the operation of the rotor including pitching of the blades, it could be an overall controller controlling the overall
operation of the entire wind turbine or it could be any other kind of superior controller in the wind turbine or controlling the wind
turbine from a remote location.

[0036] In an aspect of the invention the method further comprises the steps of

e delivering the output signal from the sensor to a wind turbine main controller, and
s controlling a setting of the lift-regulating means in relation to the blade on the basis of an input from the main controller,
wherein said input is established on the basis of the output signal from the force sensor.

[0037] Making the wind turbine main controller control the settings of the lift-regulating means is advantageous in that no extra
controllers would have to be installed in the wind turbine and in that it enables that the lift-regulating means in a simple way could
be controlled on the basis of other parameters than the force from the wind acting on the lift-regulating means.

[0038] In an aspect of the invention the method further comprises the step of controlling a setting of a first lift-regulating means
located on a first blade, on the basis of an input from a first actuation controller, wherein said input is additionally established on
the basis of an output signal from an second actuation controller, wherein said second actuation controller controls a second lift-
regulating means located on a further blade.

[0039] Controlling the settings of the lift-regulating means additionally on the basis of the output of an actuation controller in
another blade is advantageous, in that a more uniform load of the wind turbine can be achieved and in that the experience of a
first controller could be sheared with a following controller to enable that a given load situation was anticipated and thereby
handled better.

[0040] In an aspect of the invention the blade comprises more than one lift-regulating means each controlled by an independent
actuation controller and wherein the method further comprises the step of checking an overall consistency of at least two of the
independent actuation controllers to ensure that the lift-regulating means are coordinating reactions.

[0041] Checking the overall consistency of at least two of the independent actuation controllers is advantageous in that it
hereby, in a simple way, is possible to fail check the different controllers and lift-regulating means and in that it is possible to
prevent one lift-regulating mean from malfunctioning if sudden local changes in the force sensed by the force sensor occurred
e.g. caused by a local turbulence phenomenon, by local icing, by local blade surface irregularities, bird strikes or other.

[0042] Another aspect of the invention relates to a method for controlling the load on a wind turbine blade, said method
comprising the steps of:

providing lift-regulating means adjustable by an actuator, providing a controller for controlling the actuator based on input from a
sensor, and employing a control strategy for adjusting the lift-regulating means based on input from the sensor regarding loading
of the lift-regulating means.

[0043] According to an embodiment, the sensor input relates to pressure distribution on the lift-regulating means. Hereby a very
precise determination of the loading of the lift-regulating means can be achieved.

[0044] According to an alternative embodiment, the sensor input relates to power consumption of the actuator, such as by using
a power transformer to measure the power consumption of the actuator for the lift-regulating means. Hereby a very robust
determination of the loading of the lift-regulating means can be achieved.
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[0045] According to another alternative embodiment, the sensor input relates to measured strain by a strain-gauge at the lift-
regulating means. Hereby a very robust determination of the loading of the lift-regulating means can be achieved.

[0046] According to another alternative embodiment, the sensor input relates to measured load by a load cell at the lift-
regulating means. Hereby a very robust determination of the loading of the lift-regulating means can be achieved.

Figures

[0047] In the following an embodiment of the invention will be described in more detail with a view to the accompanying drawing,
in which

Ei

g. 1 illustrates a common wind turbine,

Fi

g. 2 is a graph showing pressure distribution at different angles of attack,

Ei

g. 3 illustrates pressure distribution at different flap angles,

Ei

g. 4 illustrates lift values at different flap angles,

Ei

g. 5 is a rough sketch showing a prior art blade with flaps,

Fi

g. 6 is a rough sketch of a section of a blade showing the principle according to the invention,

Fi

g. 7 illustrates pressure forces as function of angle of attack and flap angle,

Fig. 8 is a schematic sectional view showing a detail of a trailing edge of an alternative embodiment of the blade according to the
invention,

Fig. 9 is an isometric view of an embodiment of the blade according to the invention,

Fig. 10 illustrates an ideal wind turbine power curve and an embodiment of a real power curve,
Fig. 11 illustrates an embodiment of a control system for a wind turbine according to the invention,
Fig. 12 shows schematically lift vs. angle of attack for various flap angles,

Fig. 13 shows schematically flap hinge moment vs. angle of attack for various flap angles,

Fig. 14 illustrates a velocity contour plot of airfoil at 8° angle of attack and flap angle -20°,

Fig. 15 illustrates a velocity contour plot of airfoil at 8° angle of attack and flap angle +20°, and

Fig. 16 illustrates a pressure contour plot of airfoil at 18° angle of attack and flap angle -20°.

Detailed description

[0048] A common type of modem wind turbine 10 is shown in Fig. 1. The wind turbine 10 comprises a tower 11 with a nacelle 12
on top. The wind turbine 10 comprises a rotor made up of three blades 1 having a root 17 thereof mounted on a hub 13. The
wind will actuate the blades 1 of the rotor to thereby make the rotor turn as indicated by the arrow. The hub 13 is connected to a
shaft (not shown) in the nacelle 12, and normally the shaft is connected to a generator (not shown) for producing electrical power.
The shaft may be connected to the generator through a gear. The blades 1 of the wind turbine 10 of Fig. 1 are pitch-regulated
and can hence be turned about the longitudinal axis thereof. To effect this the blades 1 are connected to the hub 13 through a
pitch bearing 14, and means are provided for pitching the blades, such as an electromotor, a hydraulic motor or mechanical
means, e.g. a piston. Each blade 1 comprises a leading edge 15, a trailing edge 16, a root 17 and a tip 18.

[0049] Each blade 1 is subject to a force by the wind. The force on the blade 1 is the sum of local force contribution at local
airfoils, i.e. cross sections of the blade 1. The force on the airfoil is a function of the angle of attack a onto the local airfoil section.
The angle of attack o causes a certain pressure distribution (negative on the suction side and positive on the pressure side)
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producing a lift force. The pressure distribution is normally denoted (Cp) and lift force, being the integral of Cp, with (CL).

[0050] Figure 2 shows two pressure distributions at two different angles of attack a. The pressure distribution relating to the
largest angle of attack a is shown in solid.

[0051] The pressure distribution and consequently the lift force can also be changed with the flap angle 8. Figure 3 shows such
an example. The pressure distribution relating to the flap angle B shown is drawn in solid line. In Figure 4, the corresponding set
of lift values C|_is shown for different flap setting in the context of angle of attack a.

[0052] Fig. 5 is a rough sketch illustrating the principle of a prior art wind turbine blade 1 according to WO 2004/074681 A1. The
wind turbine blade 1 comprises a blade body 2 and a movable trailing edge flap 7 adjusted by an actuator 4 controlled by a
actuation controller 5 based on measurements from a flow sensor 26 at the leading edge 15 of the blade 1. It is the angle of
attack a, detected with a 5-hole pitot tube and computed into the airfoil surface, which is used as the primary input for regulating
the lift coefficient on the airfoil section. i.e. changing the loading on the entire turbine blade 1. The normal position of the flap 7 is
shown with a dotted line, whereas an adjusted position of the flap 7 is shown with a solid line.

[0053] A wind turbine blade 1 according to the invention is illustrated in the rough sketch of Fig. 6. The blade 1 comprises a
blade body 2 and lift-regulating means 3, which is here illustrated as a trailing edge flap 7. The position of the flap 7 is adjusted
by an activation means, here in the form of a linear actuator 4. As in Fig. 2 the normal position of the flap 7 is shown with a dotted
line, whereas an adjusted position of the flap 7 is shown with a solid line.

[0054] In the embodiment shown, the flap 7 is schematically illustrated with a flap hinge 19 to connect to the blade body 2. The
flap 7 is further connected to the actuator at a flap connection point 20, and the actuator is in turn connected to the blade 1 at an
anchor point 21. It will be clear to the skilled person that this is only an example and e.qg. that different types of activation means
could be provided, such as an electric linear actuator, a hydraulic linear actuator, a screw spindle etc. Further a piezo-electric
array 9 could be used, as will be discussed in more detail below. The position of the flap 7 is controlled by a actuation controller 5
based on data from a force sensor 6 adapted for sensing force acting on the flap 7. In the illustrated embodiment the sensor 6 is
a strain gauge on the actuator 4. The actuation controller 5 could include signal processing means, means for data processing
and an actuator power control.

[0055] According to this embodiment a robust way to detect the angle of attack a is provided, namely by identifying that the
pressure forces acting upon the flap surface is a function of the angle of attack a and the flap angle (3. For small angle of attack a
and small flap angles (3 this is linear functions, which is illustrated in figure 7. For larger angles this is more complex functions.
Thus, knowing the flap angle B by adjusting the actuator and measuring the force upon the flap, which again is induced by the
pressure distribution acting upon the flap, the angle of attack a can be deducted. Hereby forces acting on the flap can be mapped
to the angle of attack a. The angle of attack a provides a particularly suitable parameter as input to a control strategy, since the
angle also uniquely determines the local blade loading from aerodynamic forces. To provide the best possible picture of the load
situation, all load data is collected, from each flap sensor 6 and from each blade 1. According to an over all load reduction
strategy laid out in the actuation controller the flap position is re-adjusted in order to minimize the loading on the blade 1 and
turbine structure while maintaining or even increase the power output.

[0056] It is important to notice, for application purpose as described here within it may not be strictly necessary to know the angle
of attack q, it is only described here for illustration purposes.

[0057] Aerodynamic force loading 22 on the trailing edge flap 7 is shown schematically in Fig. 6. This loading 22 will be
dependent on the position of the trailing edge flap 7 as discussed above. Hereby the loading of the blade in general may be
adjusted to the particular flow field and possible transient flow situations, to thereby reduce the loading on the blade 1.
Aerodynamic force loading 22 of the trailing edge flap 7 will be directly measured by the sensor 6 on the actuator 4. Data from the
sensor 6 is fed to the actuation controller 5 through a sensor wire 24. In turn the actuation controller 5 evaluates the data from
the sensor 6 and based on the evaluation sends a control signal to the actuator 4 through the actuator control wire 23 for
possible adjustment of the position of the trailing edge flap 7.

[0058] As will be evident to the skilled person, the lift-regulating means 3 may be any type of flap and may be different from the
movable trailing edge portion illustrated in Fig. 6 and discussed above. For example the lift-regulating means 3 may be a thin,

surface type flap, which may be embedded in a recess of the blade 1.

[0059] In Fig. 8, which is a schematic, cross-sectional view of a trailing edge portion of a blade 1, an alternative embodiment of
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the invention is shown. The blade 1 comprises a blade body 2 and a separate, deformable trailing edge flap 7. The flap 7 may be
made of a flexible material to be deformable. In the illustrated embodiment the flap 7 is connected to a mounting block 25. Further
a sensor 6 is positioned to bridge between the blade body 2 and the mounting block 25 to sense the relative movement of the
trailing edge flap 7 with regard to the blade body 2. Again the sensor 6 is connected to a actuation controller for evaluation of the
sensed data and possible adjustment of the flap 7.

[0060] An embodiment of the invention is seen in Fig. 9, which is a sketch in isometric view of a part of a wind turbine blade 1.
The blade 1 comprises a trailing edge 16 with a trailing edge flap 7. The flap 7 is connected to the blade body by a flap hinge 19
to be movable up and down. In the illustration actuators (not shown) are provided at four positions in the longitudinal direction of
the blade 1 for adjusting the position of the flap 7 at respective positions. The aerodynamic force loading 22 at the respective
positions are measured by force sensors (not shown), and the data evaluated by a common actuation controller 5, which will send
actuator control signals through actuator control wires 23 to adjust the individual actuators. As shown the trailing edge flap 7 may
form a continuously varied curve in the longitudinal direction of the blade 1. This embodiment will have a relatively low noise
generation, as all adjustments give rise to smooth changes of the shape of the trailing edge 16.

[0061] In an alternative embodiment, the sensors 6 are pressure sensors positioned on the trailing edge flap 7 of a wind turbine
blade 1. Signals from the pressure sensors are distributed to the data collection means 28 through signal lines 27. The signal
lines may be plastic tubes to communicate the pressure at the pressure sensors to the data collection means 28. The position of
the pressure sensors at the flap 7 is relatively protected, and may allow for retrofitting on existing blades 1.

[0062] In an alternative embodiment, the sensors 6 are piezoelectric diaphragms positioned on the trailing edge flap 7 of a wind
turbine blade 1 to measure dynamic pressure. Signals from the pressure sensors are distributed to the data collection means 28
through electric signal lines 27 to communicate the pressure at the piezoelectric diaphragms to the data collection means 28.

[0063] As mentioned above it is conceivable to employ a piezo-electric array 9. A piezo-electric array 9 could be used as
actuator and/or force sensor. By means of piezo-electric arrays or actuators it is possible to provide materials which change
shape when subjected to an electric current. An advantage of piezo-electric arrays 9 is that they are practically maintenance-free.

[0064] It is envisaged that with the wind turbine blade 1 according to the invention, it will be possible to significantly reduce
fatigue and extreme loading. In particular it is expected that blade bending moments can be reduced by 25%, tower bending
moments by 15% and yaw/tilt moment also by 15%. Further it is expected that the wind turbine blade 1 according to the invention
will make it possible to operate wind turbines 10 in higher wind, as loading of the blade may be alleviated by adjustment of the lift-
regulating means 3. This would significantly lower the cost of energy produced by the wind turbine 10, as the wind energy
increases significantly with increasing wind speed.

[0065] The control strategy may be developed by means of aero-elastic calculations emulating wind field and the turbine
structure or simply by means of practical experience converted into control schemes, say by means of fuzzy logics and neural
networks. Forces acting on the flap 3 have been mapped to the angle of attack a. The angle of attack a provides the primary
parameter as input to a control strategy, since the angle a also uniquely determines the local blade loading. All the load data is
collected, from each flap sensor 6 and from each blade 1. According to an overall load reduction strategy laid out in the actuation
controller 5 the flap position can be re-adjusted in order to minimize the loading on the blade 1 and turbine structure while
maintaining or even increasing the power output.

[0066] As will be clear to the skilled person the above description presents only some of the possible embodiments and a variety
of different alternatives and supplemental details are indeed possible. As an example pneumatics or hydraulics could be used for
changing the shape of the blade, such as-the trailing edge 16, for example by introduction of hydraulic oil in elastic chambers of
the blade 1 for deformation thereof.

[0067] Further the actuation controller 5 may be a central controller for all blades 1 and hence not positioned in individual blades
1. Communication with the actuation controller 5 could be performed using by wireless communication, whereby delicate wiring
systems are avoided.

[0068] Although the illustrated embodiment relates to a wind turbine 10 having three blades 1, the skilled person will realize that
any other number of blades 1 may be used, such as one, two or more than three.

[0069] Optimization may be used to in such a way to minimize the number of lift-regulating means 3 over the span of the blade 1,
but still maximize the load alleviation potential. Hence the invention is not restricted to any particular number of lift-regulating
means 3 or actuators 4.
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[0070] Fig. 10 illustrates an ideal wind turbine power curve 29 and an embodiment of an actual real power curve 30.

[0071] In the illustrated graph the axis of abscissa shows the wind speed v and the axis of ordinate shows the wind turbine output
power P. The ideal wind turbine power curve 29 is the curve the wind turbine output power P ideally should follow at a given wind
speed to maximise the efficiency of the wind turbine but due to fluctuations in the wind speed, turbulence, latency in turbine
regulation system and other the actual power curve 30 will oscillate around the ideal curve 29.

[0072] It is evident that the quicker the wind turbine 10 can adapt to a new wind speed situation the smaller the fluctuations
around the ideal curve 29 will become and the more efficient the wind turbine is. A traditional pitch control system will have to
constantly measure the wind speed, power output, loads or other and subsequently rotate the entire wind turbine blade 1 to adapt
to a new wind speed, power or load situation, whereas the lift-regulating means 3 according to the present invention more quickly
will adapt the blade 1 to the new wind speed situation and thereby reduce the actual power curves 30 fluctuations around the
ideal power curve 29, thus increasing the overall efficiency of the wind turbine 10.

[0073] Fig. 11 illustrates an embodiment of a control system for a wind turbine 10 according to the invention.

[0074] In this embodiment the wind turbine 10 comprises a main controller 32 which among other communicates with a power
controller 36 for controlling the power output of the wind turbine 10 to a utility grid 34, a pitch controller 31 for controlling the pitch
angle of the individual wind turbine blades 1 and one or more actuation controllers 5 for controlling the lift-regulating means 3 in
response to the force of the wind acting on the flaps 3. The lift-regulating means 3 could e.g. additionally receive a set-point
signal from the main controller 32 or from the pitch controller 31 whereby the setting of the lift-regulating means 3 is controlled
directly or partly on a basis of the difference between the output signal from the force sensor 6 - measuring the force of the wind
acting on the flaps 3 - and the set-point signal.

[0075] In another embodiment of the invention the lift-regulating means 3 could be controlled by another wind turbine main
controller such as the pitch controller 31 or the main controller 32.

[0076] Fig. 12 shows schematically lift Cl vs. angle of attack a for various flap angles 3 and fig. 13 shows schematically flap hinge
moment CMi.e. the force of the wind acting on the lift-regulating means 3 expressed as the resulting moment around a flap hinge
19 vs. angle of attack a for various flap angles 8.

[0077] For both figs. 12 and 13 the x marked graph is with flaps at +20°, the ¢ marked graph is with flaps at +10°, the A marked
graph is with flaps at +0°, the o marked graph is with flaps at -10° and the o marked graph is with flaps at -20°.

[0078] All the measurements on which the graphs in figs. 12 and 13 are based was performed on a wind turbine blade 1 with a
Risoe B1-18 profile and where the lift-regulating means 3 constitutes approximately 10% of the entire chord length of the blade 1.
The chord length being the direct distance between the leading edge 15 and the trailing edge 16 of the blade 1 i.e. substantially
the width of the blade 1.

[0079] In Figure 12, the corresponding set of lift coefficient values Cl is shown for different flap settings in the context of angle of
attack a. For a negative flap angle B of the flap deflected downwards, the lift is increased. For a positive flap angle B of the flap
deflected upwards, the lift is decreased. Values are obtained from Computational Fluid Dynamics (CFD) simulations of an airfoil at
a flow condition of Reynolds number of 6 million.

[0080] In Figure 13, the corresponding set of flap hinge moment coefficient CM values is shown for different flap settings in the
context of angle of attack a. This illustrates that the flap hinge moment CM is a function of the angle of attack a and the flap angle
. Thus, knowing the flap angle B by adjusting the actuator and measuring the flap hinge moment CM, which is induced by the
pressure distribution acting upon the flap, the angle of attack a can be deduced. Hereby, flap hinge moment CM can be mapped
to the angle of attack a.

[0081] Fig. 14 illustrates a velocity contour plot of airfoil at 8° angle of attack a and flap angle -20°, fig. 15 illustrates a velocity
contour plot of airfoil at 8° angle of attack a and flap angle +20°, and fig. 16 illustrates a pressure contour plot of airfoil at 18°
angle of attack a and flap angle -20°.

[0082] These results were obtained from Computational Fluid Dynamics (CFD) simulations at a flow condition of Reynolds
number of 6 million. The plots highlight the difference in the air flow around the airfoil due to the different flap angles (3, especially
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near the trailing edge 16 of the airfoil. From these results, the lift coefficient Cl and flap hinge moment coefficient CM were
calculated for different angles of attack a and flap settings B and plotted in the graphs in figure 12 and figure 13.

List
[0083]
1.

Wind turbine blade
2.

Blade body
3.

Lift-regulating means
4.

Actuator
5.

Actuation controller
6.

Sensor
7.

Trailing edge flap
8.

Linear actuator
9.

Piezo electric array
10.

Wind turbine
11.

Tower
12.

Nacelle
13.

Hub
14.

Pitch bearing
15.

Leading edge
16.

Trailing edge
17.

Root
18.

Tip
19.

Flap hinge
20.

Flap connection point
21.

Actuator anchor point
22.

Aerodynamic force loading
23.

Actuator control wire
24.

Sensor wire
25.

Mounting block



DK/EP 2222955 T3

26.

Flow sensor
27.

Signal line
28.

Data collection means
29.

|deal power curve
30.

Actual power curve
31.

Pitch controller
32.

Wind turbine main controller
33.

Gearbox
34.

Utility grid
35.

Electrical converter
36.

Power controller
P.

Wind turbine power output
V.

Wind speed
Cl.

Lift coefficient
a.

Angle of attack
CM.

Flap hinge moment coefficient
B.

Flap angle
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Patentkrav

1. Vindmgllevinge (1) omfattende et vingelegeme (2) og opdrift-regulerende
organ (3,7) indrettet til bevaegelse i forhold til vingelegemet (2) med mindst et
aktiveringsorgan (4) styret af en aktiveringskontroller (5), hvor
aktiveringskontrolleren (5) styrer en indstilling af det opdrift-regulerende organ
baseret pa et input fra en sensor (6),

hvor sensoren (6) er en kraftsensor (6) indrettet til at registrere en kraft fra en

vindstrgm der indvirker p& det opdrift-regulerende organ (3,7),

10 kendetegnet ved at sensoren er anbragt ved det opdrift-regulerende organ eller

15

20

25

30

pa aktiveringsorganet til at registrere kraften fra vinden der indvirker direkte pa

kun det opdrift-regulerende organ.

2. Vindmgllevinge (1) ifglge krav 1, hvor det opdrift-regulerende organ (3, 7) er
en bagkantsflap (7).

3. Vindmgllevinge (1) ifglge krav 2, hvor flappen (7) omfatter en flerhed af

individuelt beveegelige flapsegmenter.

4. Vindmgllevinge (1) ifglge et hvilket som helst af de foregdende krav, hvor det
opdrift-regulerende organ (3, 7) er indrettet til at tilvejebringe en i det vaesentlige
kontinuerlig formaendring i leengderetningen pé vingen (1).

5. Vindmgllevinge (1) ifglge et hvilket som helst af de foregdende krav, hvor
aktiveringskontrolleren (5) er indrettet til at modtage data der vedrgrer et eller
flere af fglgende parametre:

vindhastighed (v),
vindforskydning,

vindstrgmhastighed lokalt ved mindst en position pa en eller flere vinger

(1),

vingevibrationer,
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2

vejrbetingelser sésom luftdensitet, turbulens, regn og sne,
aktiveringsorganets (4) energiforbrug,

faktisk vingebelastning, og

vingebelastningshistorie.

6. Vindmgllevinge (1) ifglge et hvilket som helst af de foregdende krav, hvor det
opdrift-regulerende organ (3, 7) er forbundet med vingen (1) ved hjaelp af mindst
et hangsel (19) der muliggar at det opdrift-regulerende organ (3, 7) bevasger sig
i forhold til vingen (1) og hvor sensoren (6) er indrettet til at registrere et
drejningsmoment der indvirker pa det opdrift-regulerende organ (3, 7) rundt om
hangslet (19).

7. Vindmgllevinge (1) ifglge et hvilket som helst af de foregdende krav, hvor
sensoren omfatter et ekstensometer, sdsom et ekstensometer pa
aktiveringsorganet (4), en trykmaler, en piezo-elektriske opstilling eller en
effekttransformer til at méle stremforbruget af aktiveringsorganet (4).

8. Vindmglle (10) omfattende en vindmgllevinge (1) ifglge et hvilket som helst af
de foregaende krav, hvor aktiveringskontrolleren (5) af en vinge (1) er indrettet
til at modtage input fra en kontroller af en anden vinge (1) af vindmagllen (10).

9. Vindmglle (10) ifglge krav 8, hvor vindmgllen (10) omfatter en pitchkontroller
(31) indrettet til at modtage input fra en aktiveringskontroller (5) af en eller flere
af vingerne (1).

10. Fremgangsmade til at styre belastningen p& en vindmgllevinge, hvilken

fremgangsmade omfatter trinnene:
- at tilvejebringe et opdrift-regulerende organ justerbart med en aktuator,

- at tilvejebringe en kontroller til at styre aktuatoren baseret p& input fra

€n sensor, og
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at anvende styringsstrategi til at justere det opdrift-regulerende organ baseret pa

input fra sensoren,

kendetegnet ved at

sensoren er anbragt ved det opdrift-regulerende organ eller pa aktiveringsorganet
5 til kun at registrere kraften fra vinden der indvirker direkte p& det opdrift-

regulerende organ.

11. Fremgangsmade ifglge krav 10, hvor fremgangsmé&den endvidere omfatter

trinnene

10 e at levere outputsignalet fra sensoren (6) til en aktiveringskontroller (5),

0g

¢ at styre en indstilling af det opdrift-regulerende organ (3, 7) i forhold til
vingen (1) p% basis af et input fra aktiveringskontrolleren (5), hvor inputtet

er etableret pd basis af outputsignalet fra kraftsensoren (6).

15 12. Fremgangsmade ifglge krav 10, hvor fremgangsmé&den endvidere omfatter

trinnene

« at levere outputsignalet fra sensoren (6) til en vindmgllehovedkontroller,

0g

¢ at styre en indstilling af det opdrift-regulerende organ (3, 7) i forhold til
20 vingen (1) pé’] basis af et input fra hovedkontrolleren, hvor inputtet er

etableret pd basis af outputsignalet fra kraftsensoren (6).

13. Fremgangsmade ifglge et hvilket som helst af kravene 10 til 12, hvor
fremgangsmaden endvidere omfatter trinnet at styre en indstilling af et forste
opdrift-regulerende organ (3, 7) placeret pa en fgrste vinge (1), pa basis af et

25 input fra en fgrste aktiveringskontroller (5), hvor inputtet er yderligere etableret
pa basis af et outputsignal fra en anden aktiveringskontroller (5), hvor den anden
aktiveringskontroller (5) styrer et andet opdrift-regulerende organ (3, 7) placeret

pa en yderligere vinge (1).

30 14. Fremgangsmade ifglge et hvilket som helst af kravene 10 til 13, hvor vingen

(1) omfatter mere end et opdrift-regulerende organ (3, 7) hver styret af en
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uafhaengig aktiveringskontroller (5) og hvor fremgangsmaden endvidere omfatter
trinnet at tjekke en samlet ensartethed af mindst to af de uafhaengige
aktiveringskontrollerere (5) for at sikre at det opdrift-regulerende organ (3, 7)

koordinerer reaktionerne.
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