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(57) Abstract: Wind turbine blade comprising at least one deformable trailing edge section having a plurality of actuators consecut -
ively arranged substantially downstream from one another and a control system for controlling the actuators, wherein a downstream
end of one actuator is connected by a substantially rigid link with an upstream end of the next actuator and the plurality of actuators
comprises an upper actuator being mounted above a chord line of the blade section and a lower actuator being mounted below a
chord line of the blade section. Wind turbines comprising such a blade and methods of controlling loads on a wind turbine blade are
also described.
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Wind turbine blade

This application claims the benefit of European Patent Application
13382022.5 filed on January 21, 2013 and U.S. Provisional Patent
Application Ser. No 61/804, 074 filed on March 21, 2013.

The present application relates to wind turbine blades comprising at least one
deformable trailing edge section and wind turbines comprising such blades. It
further relates to methods of controlling loads on such wind turbine blades.

BACKGROUND ART

Modern wind turbines are commonly used to supply electricity into the
electrical grid. Wind turbines generally comprise a rotor with a rotor hub and
a plurality of blades. The rotor is set into rotation under the influence of the
wind on the blades. The rotation of the rotor shaft drives the generator rotor
either directly (“directly driven”) or through the use of a gearbox. The gearbox
(if present), the generator and other systems are usually mounted in a nacelle
on top of a wind turbine tower.

Pitch systems are normally employed for adapting the position of the blades
to varying wind conditions. In this respect, it is known to rotate the position of
each blade along its longitudinal axis in such a way that lift and drag are
changed to reduce torque. This way, even though the wind speed increases,
the torque transmitted by the rotor to the generator remains substantially the
same. Using pitch systems may be particularly suitable for adapting the wind
turbine blade to a varying wind speed. However, the control of the pitch
systems may be rather slow and may not be suitable to react to a sudden
wind gust or any other high rate changing wind conditions.

Some systems change the aerodynamics of a wind turbine blade by providing
the blade with a trailing edge flap hinged to a main body. However, deflecting
the aerodynamic surface about a hinged point may lead to flow separation
which may cause abrupt aerodynamic changes thus decreasing load
alleviation and reducing efficiency of the wind turbine.

Document W02004/088130 describes the control of aerodynamic forces
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substantially instantaneously and locally along the blades of a wind turbine
rotor by continuous variation of the airfoil geometry in the leading edge region
and trailing edge region along part or the whole blade span. It further
describes the use of smart materials or mechanical actuators integrated in a
deformable material changing the outer geometry in the leading and trailing
edge region and thereby changing the blade section aerodynamic forces.

SUMMARY

It is an object of the present disclosure to provide an improved blade allowing
variation of airfoil geometry.

In a first aspect a wind turbine blade is provided. The blade comprises at
least one deformable trailing edge section having a plurality of actuators
consecutively arranged substantially downstream from one another and a
control system for controlling the actuators, wherein a downstream end of one
actuator is connected by a substantially rigid link with an upstream end of the
next actuator; and the plurality of actuators comprises an upper actuator
being mounted above a chord line of the blade section and a lower actuator
being mounted below a chord line of the blade section.

According to this aspect, at least one upper actuator and at least one lower
actuator are provided inside the trailing edge section. This ensures at least
two degrees of freedom to the control system. Furthermore, the fact that two
consecutive actuators are connected to each other by a rigid link ensures a
leverage effect between them. The actuators may thus reinforce each other,
or at least partially cancel one another’s effects. The blade’s trailing edge
shape may thus be widely changed upon activation of the actuators. This
modifies the aerodynamic surface of the blade so that it can be used to e.g.
mitigate the loads acting on the blades. All this may be achieved without
excessively complicating a wind turbine blade structure.

In some embodiments, at least one upper actuator may be mounted close to
an inner surface of a suction side of a skin of the blade trailing edge section
and at least one lower actuator may be mounted close to an inner surface of a
pressure side of a skin of the blade trailing edge section. Mounting the
actuators close to opposite inner surfaces of the blade’ skin improves the
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shape of the deflected trailing edge and the leverage action between
consecutive actuators can be increased. In some of these cases, the at least
one upper actuator may be mounted directly to the inner surface of the
suction side of the blade skin and the at least one lower actuator may be
mounted directly to the inner surface of the pressure side of the blade skin.

In some embodiments, the rigid links connected to the upstream end of the
actuators may be mounted substantially perpendicular to the blade skin. This
way, the aerodynamic profile may be changed in a very smooth manner, e.g.
reducing or avoiding local bulging of a profile.

Another aspect provides a wind turbine comprising at least one blade
substantially as hereinbefore described.

A further aspect provides a method of controlling a wind turbine blade
substantially as hereinbefore described, the method comprising activating at
least one upper and/or at least one lower actuator such that a structural
shape of the blade trailing edge changes in at least two degrees of freedom,
e.g. flap angle and chord length.

Additional objects, advantages and features of embodiments of the present
invention will become apparent to those skilled in the art upon examination of
the description, or may be learned by practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
Particular embodiments of the present invention will be described in the
following by way of non-limiting examples, with reference to the appended

drawings, in which:

Figure 1 shows a cross-sectional view of a wind turbine blade according to an
embodiment;

Figures 2a-2d show cross-sectional views of wind turbine blades according to
other embodiments; and
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Figure 3 shows a cross-sectional view of a wind turbine blade according to
yet another embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

Figure 1 shows a cross-sectional view of a wind turbine blade 10 having a
skin 11. The blade section may comprise a deformable trailing edge portion
12 and a substantially non-deformable portion 13. Figure 1 shows two states
of the blade section: an initial shape indicated by dotted lines 12a where the
trailing edge is non-deformed and a deformed shape indicated by solid lines
where the trailing edge portion 12 is deformed.

The deformable trailing edge may extend on the total length of the blade or it
may extend on at least one section of the blade, e.g. on substantially one
third of the total length, in particular the portion closest to the tip of the blade.
In other cases, a plurality of deformable trailing edge sections may also be
provided.

A spar box 14 may be arranged inside the substantially non-deformable
portion 13 of the blade in order to maintain the distance between an inner
surface of a suction side 15 of the blade and an inner surface of a pressure
side 16 of the blade. The spar box 14 may support wind loads acting on the
blades, and in particular the blade bending loads. A rigid structure 17 may
further be arranged inside the substantially non-deformable portion 13 of the
blade. Such a structure 17 may support at least in part the loads derived from
the deformable trailing edge 12 and may have a substantially C-shaped
cross-section, the upper and lower parts of the C supporting the blade skin.

The embodiment shown in figure 1 may comprise five piezoelectric actuators
P1-P5 arranged inside the trailing edge portion 12. Actuators P1, P3 and P5
may be mounted below a chord line A-A of the blade cross-section thus being
lower actuators and actuators P2 and P4 may be mounted above the chord
line A-A of the blade thus being upper actuators. According to this
embodiment, the lower actuators may be mounted substantially tangential to
an inner surface of a pressure side 16 of the blade skin and the upper
actuators may be mounted substantially tangential to an inner surface of a
suction side 15 of the blade skin.
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Rigid links 20-23 may further be provided for connecting each actuator to the
next consecutive actuator. It should be understood that the rigid links may be
structural elements, e.g. beams, having a sufficient stiffness such as not to
deform, in particular under the influence of the actuators.

In figure 1, rigid link 20 may connect a downstream end (arrow D) of actuator
P1 with an upstream end (arrow U) of actuator P2, rigid link 21 may connect a
downstream end of actuator P2 with an upstream end of actuator P3, rigid link
22 may connect a downstream end of actuator P3 with an upstream end of
actuator P4 and rigid link 23 may connect a downstream end of actuator P4
with an upstream end of actuator P5. Furthermore, an upstream end of
actuator P1 may be connected to the rigid structure 17 provided in the non-
deformable portion 13 and a downstream end of actuator P5 may be
connected to the blade skin at the trailing edge end 18 by a relatively rigid
structure 24.

In addition, skin areas 19 of the trailing edge portion 12 that are not
supporting the actuators P1-P5, the rigid links 20-23 or the rigid structure 24
may be made of a relatively flexible material. This ensures deformability and
smoothness of the blade surface upon actuation of any actuator. Elastic or
elastomeric materials are example of materials conferring the needed
flexibility so that cracks due to fatigue loads are reduced. The rest 191 of the
blade skin may be made out of any known composite material typically used
in wind turbine blades construction in order to maintain blade’s high rigidity
and resistance to fatigue and wear while not compromising its weight.

In an alternative example, the skin areas supporting the rigid links may be
made from the same relatively flexible material (see figure 2d), since the rigid
links may give sufficient support by themselves.

A control system for controlling the actuators may also be provided. In the
example illustrated in figure 1 the control system may apply an electrical field
on the piezoelectric elements so as to generate a mechanical strain
(deformation) on the surface (blade skin) on which the actuators are being
mounted. Based on the reverse piezoelectric effect, each actuator converts
the input signal received from the control system into an internal mechanical
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deformation of the piezoelectric element thus deforming the surface of the
blade on which it is mounted. The rigid links ensure a combined effect
between the actuators. Loads acting on the blade may thus be easily
compensated by adapting the shape of the blade.

In the example of figure 1, many combinations of piezoelectric activation may
be possible: each of the piezoelectric elements may be deformed in an
upwards manner, a downwards manner or may be maintained in the default
neutral position. Using the plurality of actuators, a very large number of
combinations of flap angle and/or chord length of the blade may be available
to adjust lift (and drag and pitch moment) to adapt to changing wind loads.

As used herein the chord line is the imaginary straight line defined between
the leading and trailing edge when the flap angle is zero. Considering a sign
convention in which a minus sign is used for deformation of the trailing edge
towards the suction side and a plus sign is used for a deformation of the
trailing edge towards the pressure side, the following cases are only some of
several possible combinations available for the embodiment of figure 1:

Case 1: actuators P1, P3 and P5 may be deformed towards the pressure side
and actuators P2 and P4 may be deformed towards the suction side, then the
flap angle may be substantially maintained but the chord length may be
extended. The lift coefficient may thus be slightly modified with a larger chord
length. This may provide higher lift.

Case 2: actuators P1, P3 and P5 may be deformed towards the suction side
and actuators P2 and P4 may be deformed towards the pressure side, then
the flap angle may be substantially maintained and the chord length may be
reduced. The lift coefficient may thus be slightly modified with a shorter chord
length. This may provide lower lift.

Case 3: actuators P1, P3, P4 and P5 may be deformed towards the suction
side and actuator P2 may be deformed towards the pressure side, the flap
angle may thus be reduced while the chord length may be only slightly
modified. The lift may be lowered.

Case 4: actuators P1, P3, P4 and P5 may be deformed towards the pressure
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side and actuator P2 may be deformed towards the suction side, the flap
angle may thus be increased while the chord length may be only slightly
modified. The lift may be increased.

Case 5: only actuator P1 may be deformed. In this case, the deformable
trailing edge may act substantially as a hinged flap.

Case 6: all actuators may be deformed towards the pressure side. In this
case, the chord length may remain substantially the same and the lift may be
increased.

Clearly, many other options are available.

In general for blades having a positive angle of attack, actuating the trailing
edge portion towards its positive position (pressure side) increases the lift.
The loads on a blade may thus be increased, but this may be acceptable
and/or desirable, in accordance with circumstances (e.g. sudden temporary
decrease in wind speed). The increase of the lift increases the aerodynamic
torque of the rotor. Furthermore, actuating a trailing edge portion towards its
negative position (suction side) decreases the lift. The decrease in lift
reduces the aerodynamic torque and the loads on the blade in general.
Deforming the trailing edge towards suction side may thus be used to
counteract e.g. temporary high loads on a blade (sudden wind gusts).

Figures 2a-2d show alternative embodiments. The same reference numbers
will be used for matching parts.

The alternative illustrated in figure 2a differs from that of figure 1 in that inner
areas 30 of the blade trailing edge portion 12 may be filled with a material
with a honeycomb structure. This kind of material may be relatively
lightweight and display a desirable anisotropic behavior: it may be relatively
stiff in a direction substantially perpendicular to the chord line, i.e. it is stiff so
as to maintain the airfoil thickness and not deform under aerodynamic
pressure. At the same time, it may be more flexible in a direction substantially
parallel to the chord line, thus allowing proper movement of the actuators. In
other implementations, instead of a honeycomb structure material, other kinds
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of lightweight materials having such anisotropic properties so as to permit an
internal structural behavior may also be used.

The alternative illustrated in figure 2b differs from that of figure 2a in that the
rigid links 20-23 may be mounted substantially perpendicular to the blade
skin at their end 20u, 21u, 22u and 23u connecting upstream ends U of
actuators P2-P5. By having the rigid links substantially perpendicular to the
skin of the blade, the aerodynamic profile may be deformed in a smoother
manner, e.g. local bulging may be avoided or reduced.

The alternative illustrated in figure 2c differs from that of figure 1 in that those
inner areas 31 of the blade trailing edge portion 12 which are immediately
next to the flexible material used for skin areas 19 of the trailing edge portion
may comprise a honeycomb structure material (or similar) lying over the
flexible material. The skin surface may thus be particularly stiff to withstand
aerodynamic loads, but more easily allow deformation of the skin in a
direction perpendicular to that. If e.g. the most upstream lower actuator is
activated, the rigid link between this actuator and the consecutive upper
actuator will move axially. An anisotropic material such as the one described
may be particularly suitable.

The alternative illustrated in figure 2d differs from that of figure 2a in that
actuators P2-P4 although being respectively upper or lower actuators as
explained in connection with figure 1, are not mounted tangential to the blade
skin but they may be horizontally mounted in between two rigid links, i.e. P2
may be mounted in between rigid links 20 and 21, P3 in between rigid links 21
and 22 and P4 in between rigid links 22 and 23a. With this internal structure,
a suction side 15 of the blade skin along almost the whole trailing edge 12
may be made of a substantially flexible material 19’ (with the exception of the
trailing edge end 18 and the area on which structural element 24 rests) and a
pressure side 16 of the blade skin along almost the whole trailing edge 12
(with the exception of the areas on which actuators P1 and P5 and rigid link
20 rest) may also be made of a flexible material 19”. Furthermore, the
alternative illustrated in figure 2d may comprise inner areas 30 of the blade
trailing edge portion 12 that may be filled with a honeycomb structure material
as explained above in connection with figure 2a.
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Contrary to previous examples, the rigid links are not supported by “normal”
skin material i.e. any known composite material typically used in wind turbine
blades construction. Because of the rigidity of the links, no stiff skin material
is needed and thus manufacture of the blade may be simplified. Alternatively,
the rigid links may be supported by normal skin material.

Figure 3 shows a cross-sectional view of a wind turbine blade 10’ according
to another embodiment. The same reference numbers will be used for
matching parts.

The embodiment of figure 3 may comprise two piezoelectric actuators P1' and
P2’ that may be arranged respectively below (lower actuator) and above
(upper actuator) a chord line (not shown) of the blade section. In this case a
substantially rigid element in the form of a rigid beam 17" may emerge from
the spar box 14 towards the trailing edge end 18. In order to arrange both
actuators P1’ and P2’ substantially downstream from one another, the lower
actuator P1’ may be mounted in between such a rigid beam 17" and a rigid
link 20’ connecting a downstream end D1 of actuator P1’ with an upstream
end U2 of actuator P2’ and a downstream end D2 of actuator P2’ may be
connected to a further structural element 24’ connected to the trailing edge
end 18. In this case inner areas 30’ of the blade trailing edge portion 12 may
also be filled with a honeycomb structure material. Furthermore, the blade
skin of almost the whole trailing edge portion 12 may be made of a flexible
material 19” with the exception of the trailing edge end 18 and that area on
which structural element 24’ rests.

As explained above, the basic principle lies on having at least two actuators
arranged substantially downstream from one another and connected to each
other by a substantially rigid link conforming an internal structure arranged
inside a trailing edge portion of a blade section such that upon activation of
any of the actuators a structural shape of the trailing edge portion changes.

Although the actuators described are piezoelectric elements, it should be
understood that other type of actuators having a substantially instantaneously
lineal behavior such as bistable elements or mechanical actuators such as
pneumatic or hydraulic cylinders may also be foreseen. Furthermore, other
combinations and/or quantity of actuators are also possible as long as there
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are at least two actuators, one being an upper actuator and the other being a
lower actuator. This way, whenever three or more actuators are being used a
substantially zig-zag shape can be defined.

Although only a number of particular embodiments and examples of the
invention have been disclosed herein, it will be understood by those skilled in
the art that other alternative embodiments and/or uses of the invention and
obvious modifications and equivalents thereof are possible. Furthermore, the
present invention covers all possible combinations of the particular
embodiments described. Thus, the scope of the present invention should not
be limited by particular embodiments, but should be determined only by a fair
reading of the claims that follow.
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CLAIMS

1. Wind turbine blade comprising at least one deformable trailing edge
section having

a plurality of actuators consecutively arranged substantially
downstream from one another and a control system for controlling the
actuators,

wherein a downstream end of one actuator is connected by a
substantially rigid link with an upstream end of the next actuator and the
plurality of actuators comprises an upper actuator being mounted above a
chord line of the blade section and a lower actuator being mounted below a
chord line of the blade section.

2. Wind turbine blade according to claim 1, wherein the actuators are
alternatingly upper and lower actuators.

3. Wind turbine blade according to any of claims 1 or 2, wherein the
actuators are linked such that upon activation of at least one upper and/or at
least one lower actuator a structural shape of the blade trailing edge section
changes in at least two degrees of freedom.

4. Wind turbine blade according to claim 3, wherein the actuators are linked
such that upon activation of at least one upper and/or at least one lower
actuator at least one of a flap angle and a chord length of the blade is
changed.

5. Wind turbine blade according to any of claims 1-4, wherein at least one
upper actuator is mounted close to an inner surface of a suction side of a skin
of the blade trailing edge section and at least one lower actuator is mounted
close to an inner surface of a pressure side of a skin of the blade trailing edge
section.

6. Wind turbine blade according to claim 5, wherein the actuators are
mounted substantially parallel to the blade skin.
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7. Wind turbine blade according to any of claims 1-6, wherein the rigid links
connected to the upstream end of the actuators are mounted substantially
perpendicular to the blade skin.

8. Wind turbine blade according to any of claims 1-7, wherein the actuators
are selected among a group consisting of piezoelectric elements, bistable
elements and pneumatic or hydraulic actuators.

9. Wind turbine blade according to any of claims 1-8, wherein the
deformabile trailing edge section extends on one third of the total length of the
blade, towards a tip of the blade.

10. Wind turbine blade according to any of claims 1-9, wherein the
deformable trailing edge section spans on a range between 30% and 40% of
the chord line of the blade section.

11. Wind turbine blade according to any of claims 1-10, wherein at least
portions of a skin of the blade trailing edge section, not supporting the
actuators, nor the rigid links, are made of a relatively flexible material.

12. Wind turbine blade according to claim 11, wherein substantially the whole
blade trailing edge section skin is made of a relatively flexible material.

13. Wind turbine blade according to any of claims 11-12, wherein at least
inner areas of the blade trailing edge section next to the flexible material are
filled with an anisotropic material.

14. Wind turbine blade according to claim 13, wherein the anisotropic
material is a honeycomb structure.

15. Wind turbine comprising at least one blade according to any of claims 1-
14.

16. Method of controlling loads on a wind turbine blade according to any of
claims 1-14, wherein the method comprises activating at least one upper
and/or at least one lower actuator such that a structural shape of the blade
trailing edge section changes in at least two degrees of freedom.
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