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(57) Abstract: Wind turbine blade (10) including adjustable lift-regulating means (12, 13, 15, 17, 19, 21) arranged on or at the
rface of the wind turbine blade (10), said lift-regulating means being provided with activating means by means of which they can

& be adjusted and thus alter the aerodynamic properties of the blade (10). The lift-regulating means (12, 13, 15, 17, 19, 21) and the
& activating means are adapted and arranged such that by activation of the activating means, the lift can be reduced in a zone extending
& i the longitudinal direction of the blade (10) from a first position adjacent the blade tip (14) to a second position between the first

position and the blade root (16) and this second position is variable in the longitudinal direction of the blade (10) by adjusting the

=

activate means. The lift-regulating means are formed of at least one flexible flap (12, 13, 15, 17, 19, 21). The invention further
relates to a wind turbine rotor including such wind turbine blades, to a wind turbine and to a method of controlling the wind turbine.
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Title: wind turbine blade with lift-regulating means.

Technical Field

The invention relates to a wind turbine blade provided with adjustable lift-regulating
means arranged on or at the surface of the wind turbine blade and extending in the
longitudinal direction of the blade, and with activating means by means of which the
lift-regulating means may be adjusted to change the aerodynamic properties of the
blade, the lift-regulating means and the activating means being adapted and arranged
such that by activation of the activating means the lift can be reduced in a zone ex-
tending from a first position adjacent the blade tip to a second position between the
first position and the blade root, and this second position being variable in the longi-
tudinal direction of the blade by activating the activating means. The invention fur-
ther relates to a wind turbine rotor including such wind turbine blades, to a wind tur-

bine and to a method of controlling such a wind turbine.

Modern wind mills, also called wind turbines or wind engines, are used to produce
electricity. They are often very large structures with blades of up to and in excess of
60 metres and made from fibre-reinforced polymer shells. These wind turbines are
provided with control devices which may prevent a overloading of the wind turbine
and the blades at wind gusts and high wind speeds. Such control devices can also be
used to brake the turbine and bringing it to a complete halt, if the wind speed be-
comes too high. In addition to these devices the turbine may comprise a braking de-

vice arranged in communication with the main shaft of the wind turbine.

The control devices may be formed of pitch-controlled blades mounted such on the
hub that they are able to turn about the longitudinal axis. The blades may thus be
continuously adjusted to provide the lift rendering the desired power. In so-called
stall-controlled wind turbines the blades are fixedly mounted on the hub and thus
unable to turn about their longitudinal axis. The stall properties of the blades are

used to reduce the aerodynamic lift and thus the power output.
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Backeround Art

US 6.361.275 (Wobben) discloses a wind turbine, wherein the pitch angles of each
wind turbine blade can be adjusted independently such that corrections for varying
wind speeds in the swept area of the wind turbine blades can be made. The wind
speed often increases with the distance to the surface of the ground and it may thus
be advantageous to adjust the lift power of the blades such that the load on the blade
is substantially uniform during its entire rotation. However, this solution may also be

used to compensate for other types of variations in the wind speed in the rotor plane.

The wind turbine according to US 6.361.275 is, however, encumbered by the draw-
back that the adjustment cannot be made particularly fast, the conventional pitch hy-
draulics of the blade being used for this purpose. The hydraulics is not adapted for
fast and almost instantaneous movements since a wind turbine blade, whose dead lo-

ad may exceed 10 tons, has a comparatively large inertia.

As mentioned above, particularly at large wind turbines, eg offshore wind turbines,
the wind speed may vary greatly locally in the area swept by the rotor. The rotor may
have a diameter of more than 120 metres for which reason the wind speed may vary

greatly due to local wind gusts and turbulence both in height and width.

In WO 97/01709 (Bonus Energy A/S) reference is made to wind turbine blades with
active, adjustable flaps for changing the aerodynamic properties of the blade.

US 4.692.095 discloses a wind turbine blade according to the preamble to claim 1.
According to a first aspect, the object of the invention is to provide a wind turbine

blade of the modern, aerodynamic type with improved regulating properties to en-

hance the adjustment of the wind turbine to various wind conditions.
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Description of the Invention

In accordance with the invention, this object is attained in that the lifi-regulating
means of the wind turbine blade stated in the introduction are formed of at least one
flexible flap extending in the longitudinal direction of the blade and being adjustable
by means of one or more activating means to allow the lift-altering setting thereof to
be changed gradually in the longitudinal direction of the flap. As a result a particu-
larly smooth and gradual change in the lift of the blade is obtained in a simple man-

ner.

The wind turbine may operate at high wind speeds as the lift from the blade tip and
inwards can be reduced as the wind speed increases. As a result, the turbine is opera-
tional at wind speeds above the so-called "cut-out wind speed" at which the turbine
otherwise would have been stopped due to an excessive load. These options make it
possible to provide a wind turbine with longer blades than usual, said blades being
relieved of the load as the wind speed increases, whereby the operating range of the
wind turbine as regards wind speed is increased. A considerable advantage is that the
bending moment to which the blade root is subjected can be reduced. The forces act-
ing on the outermost portion of the blade adjacent the blade tip have a comparatively
heavy impact on the bending moment at the blade root for which reason it is advan-

tageous to reduce the lift in the outermost portion of the blade.

According to an embodiment, the lifi-regulating means of the blade may be formed
of at least two flaps displaced in relation to each other in the longitudinal direction of

the blade. This is a particularly simple embodiment.

According to particularly simple embodiment the flap(s) is/are fixedly supported
along a line in the longitudinal direction of the blade and flexibly shaped. This is a
particularly simple and secure way of providing the flap, the use of mechanical hinge

members thereby further being avoided.
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The activating means may for instance be driven by hydraulics, electromagnetism,
pneumatics or piezoelectric fibres. Especially a piezoelectric activating means is ca-
pable of activating a flap at a significantly higher rate than the rate at which for in-
stance a hydraulic activating means operates. The rate of the above type of piezo-
electric activating means is practically instantaneous enabling a fast adjustment of
the aerodynamic properties of the blade. Furthermore, it is easy and mechanically
simple to install piezoelectric activating means, the only installation required is the
supply of power to each or to a series of activating means. Such a solution is thus

without mechanical elements and is in practice maintenance-free.

According to an embodiment the flap may be shaped as a stall-generating flap adja-
cent the leading edge of the blade, when activated said flap altering the stall proper-
ties of the blade. Such means promote the stall tendency of the blade, ie. the forma-
tion of separated air flows on the aerodynamic suction side of the blade, whereby the

lift is reduced.

According to a preferred embodiment the blade includes load sensors arranged in or
on the blade, said sensors measuring the loads on the blade in form of for instance
wind pressure or strain. These sensors may suitably be used to adjust the lift-

regulating means.

According to an advantageous embodiment, the wind turbine blade includes a con-
trol system with a control unit communicating with the activating means and the
load sensors such that the control unit can activate the activating means and thus ad-
just the flap(s) in accordance with the measurements made by the load sensors. Such
a wind turbine blade may thus be "automatically controlled" in that it per se adapts

its lift according to the load and thus requires no external control.

According to a particularly advantageous embodiment of the wind turbine blade, the
control system thereof may be adapted such that it may be linked with other corre-

sponding wind turbine blades on the same wind turbine to allow activation of the ac-
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tivating means on the basis of the load measurements from one or more of the other
blades. As a result, for instance when the turbine is hit by a wind gust, the blade may
more easily attain optimum lift properties based on the load data received from an-
other blade before it is subjected to the loads to which the other blade just has been
subjected. In a typical situation the blades are subjected to higher wind speeds when
they are in the upper portion of the rotor plane during their rotation than when they
are in the lower portion of the rotor plane. A blade may thus receive date from an
upwardly facing blade and make adaptation before it per se reaches its upward posi-
tion during rotation. At yaw errors, ie when the nacelle is not adjusted in the opti-
mum manner in relation to the wind direction, the blades are also subjected to loads,
which vary according to their position in the rotational plane. Such varying loads

may also be compensated by means of the blade according to the invention.

A second aspect of the invention relates to a wind turbine rotor having a number of
such wind turbine blades, preferably three, said rotor comprising a central control
system with a control unit, eg. built-in in the rotor hub, and connected with the load
sensors and flap(s) of each blade to allow the control unit to adjust the flap(s) of one
or more of the other blades based on the load measurements from each blade and/or

the setting of the flap(s) of each blade.

The invention also relates to a wind turbine comprising the above wind furbine bla-

des or the above rotor.

Finally the invention relates to a method of controlling such a wind turbine, wherein
the second position between the first position and the blade root is varied in the lon-
gitudinal direction of the blade by adjusting the activating means on the basis of the

measured loads or measured wind speeds.

The method is particularly suitable for controlling a wind turbine having pitch-
controlled blades and wherein the rotational speed of the blades is kept substantially

constant.
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Brief Description of the Drawings

The invention is explained in greater detail below with reference to the drawing il-

lustrating embodiments of the invention and in which
Figure 1 shows a wind turbine,

Figure 2 is an isometric view of a part of an area of a blade profile provided with re-

gulating means according to an embodiment,

Figure 3 is an isometric view of a part of an area of a blade profile according to a se-

cond embodiment,

Figure 4 is a cross-sectional view through a wind turbine blade with regulating

means according to the invention,
Figure 5 is a diagrammatic view of a wind turbine rotor with a control system,
Figure 6 is a side view of a wind turbine blade,

Figure 7 is a graph showing the lift of a wind turbine blade profile as a function of
the distance to the blade root, and

Figure 8 is a graph as the one shown in fig. 7, the lift being here reduced in a zone

along an outer portion of the blade.

Best Modes for Carrying Out the Invention

Figure 1 illustrates a conventional modern wind turbine with a tower 4, a nacelle 6
and a rotor including a hub 8 and three blades 10 extending therefrom. The blades 10

may be provided with lift-regulating means, which by activation of the activating
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means at high wind speeds can gradually reduce the lift of the blade in a zone ex-
tending from the blade tip 14 to a position between the blade tip and the blade root
16. As a result, at high wind speeds the blade 10 is relieved in a zone extending from
the blade tip 14 and inwardly towards the root 16 such that a wind turbine 2 with a
given blade 10 can remain in operation at higher wind speed than usual. The inven-
tion also renders it possible to provide a wind turbine 2 with longer blades 10' than
usually, said blades merely being relieved by the lift-regulating means at increasing
wind speeds and thus at increasing loads such that an overloading of the turbine and

the blade is prevented.

Figure 2 is a sectional view of a blade profile, various embodiments of the lift-
regulating means in form of two adjustable flaps 12 adjacent the trailing edge 22 of
the blade being shown on the aerodynamic suction side 20 and a single compara-
tively long stall-generating flap 13 on the suction side of the blade adjacent the lead-
ing edge 23 of the blade. The shown flaps are integrally formed with the blade ma-
terial and connected along fixedly-supported edges 25. Not-shown activating means
are provided on the lower face of the flaps 12, 13. When these activating means are
activated the flap is pushed upwards to change the surface profile of the suction side
20. The activating means may for instance be in form of hydraulic, pneumatic,
electromagnetic or piezoelectric means (actuators). It is advantageous that the
activating means are able to react relatively fast, especially if the flaps have to be
adjusted one or more time for each rotation of the wind turbine blade. Piezoelectric
activating means based on piezoeleciric fibres are especially interesting. Such means

are virtually maintenance-free due to the lack of parts being worn caused by friction.

The two flaps 12 along the trailing edge 22 may each be provided with a single acti-
vating means. The flap 13 positioned adjacent the leading edge 23 of the blade is
fixedly supported to the blade along two edges 25, 26 and provided with an activat-
ing means in one end. Due to the flexibility of the flap material the flap 13 renders a
gradually increasing lift-reducing effect in the direction of the end of the flap 13 be-
ing furthest to the right in Figure 2. The flap 13 may, however, also be fixedly sup-
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ported only along the long edge 25 and be provided with activating means in both
ends. In contrast to the flaps 12 adjacent the trailing edge 22 of the blade which pri-
marily alter the lift of the blade without generating stall, the flap 13 may have a stall-
generating effect by ensuring when activated that the air flow is separated over the

suction side 20 of the blade and thus reducing the lift of the blade.

Figure 3 illustrates a second embodiment, wherein a plurality of small flaps 17, 15 is
provided along the trailing edge 22 of the blade and adjacent the leading edge 23 of
blade. As a result a more accurate adjustment of the lift properties of the blade is ob-
tained. The non-shown activating means may be of a simple type adjustable in two
or three step or step-less. If a plurality of small flaps 15, 17 as used, as shown in Fig-
ure 3, simple on/off activating means may optionally be used. For obtaining a
gradually reduced lift in the direction from the blade tip, a first area with a number
of flaps adjacent the blade root may have inactivated activating means, an area
between the first area and the blade tip may have a number of flaps of which every
other flap is activated, and a third area adjacent the blade tip, where all flaps are
activated. As a result three zones are obtained, in which a first zone has unchanged
lift, a second zone has partially reduced lift and a third zone adjacent the blade tip
has heavily reduced lift.

As evident in figure 4, which is cross-sectional view of a blade profile, the active
flaps 19, 21 may be arranged on the pressure side 18 and/or on the suction side 20 of
the blade profile. By placing active flaps 21 on the pressure side 18 and specifically
at the trailing edge 22 of the blade on the pressure side it is possible to adjust the
blade 10 to an optimum lift at varying wind speeds. It is thus possible at increasing
wind speeds to make adjustments by means of the flaps 21 on the pressure side 18 of
the blade for reducing the lift. The lift may further be reduced with the flaps 19 on
the suction side 20 of the blade adjacent the leading edge 23 of the blade by generat-
ing stall on the suction side 20 of the blade.

Figure 5 is a diagrammatic view of a rotor with a hub 8 and three wind turbine bla-



10

15

20

25

30

WO 2004/099608 PCT/DK2004/000294

9
blades 10 extending from the hub 8. Each blade 10 is provided with a control system

including an electronic control unit 3 connected to the activating means of the lift-
regulating means 12, 13, 15, 17, 19, 21. The control unit 3 is further connected to lo-
ad sensors 5 measuring the load on the wind turbine blade. The load sensors 5 may
for instance be strain gauges mounted on the inner face of the blade shell or a brac-
ing interconnecting the inner faces of the blade shell and thus measures the strain
caused by the wind load. Optionally pressure gauges measuring the wind pressure on

the blade may be used as load sensors.

As evident in figure 5, the control units 3 of each blade 10 may be interconnected
such that data about the load on a first blade 10 or the flap setting thereof is transmit-
ted to the other blades 10. As a result the flaps 12 thereof can be adjusted to the wind
action to which they are subjected when they adopt the position of the first blade 10

during rotation.

The control systems of the blades may be interconnected in such a manner that a sin-
gle control unit 3 controls all of the lift-regulating means of the blades 10. This con-
trol unit 3 may be placed in one of the blades, in the hub, in the nacelle, in the tur-

bine tower 4 or outside of the turbine.

Figure 6 is a side view of a wind turbine blade. Figure 7 shows a graph diagram-
matically illustrating the lift L of the blade as a function of the distance X from the
blade root. The lift of the blade thus increases gradually along the blade and de-
creases to 0 at the blade tip.

Figure 8 illustrates a situation in which the lift-regulating means 12, 13, 15, 17, 19,
21 are activated along an outer zone of the blade. In this zone the lift has been re-
duced to nearly 0. The length of this zone is adjustable depending on the wind load,
the abrupt transition can be moved inwards towards the blade root - to the left in fig-
ure 8 - or outwards towards the blade tip - to the right in figure 8. The lift-regulating

means and the activating means may be formed and/or adjustable such that the lift is
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gradually reduced in the direction towards the blade tip. By using a number of step-
wise adjustable flaps, the graph in the activated zone may be shaped as a flight of

steps.

In addition to wind speed registrations and strain measurements, power output data

from the generator in the nacelle may also be used to adjust the flaps.

Wind predictions may also be performed using the solution described in WO
98/42980, in which the wind speed at a certain distance in front of the wind turbine
is measured by means of laser equipment. This method is advantageously combined
with the flaps described above, the blades thus being "ready" when the predeter-

mined wind situation occurs in the rotor plane.

The method of adjusting the aerodynamic properties of the blades described above
makes it easier - particularly with pitch-controlled wind turbines - to maintain a sub-
stantially constant rotational speed even if the wind turbine is affected by wind gusts,
eg due to turbulence, and other variations in the wind speed. Furthermore, the load
on the blades is significantly more uniform in that variations in the speed profile of
the wind can be part of the regulating parameters such that corrections for wind
variations in the rotor plane can be made. It is also possible to make corrections for

the wind shade exerted by the wind turbine tower on the rotor.

The invention may be used in connection with stall-controlled wind turbines with a
constant speed of revolution and in connection with wind turbines with a varying
speed of revolution. The invention is, however, particularly advantageous when used
to operate pitch-controlled wind turbines with a substantially constant rate. The cost
of the expensive electric components required for converting the alternating current
of varying frequency generated by wind turbines with variable rotational speed to an

alternating current of constant frequency is thus saved.
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Claims

1. Wind turbine blade (10) including adjustable lift-regulating means (12, 13, 15,
17, 19, 21) arranged on or at the surface of the wind turbine blade and extending in
the longitudinal direction of the blade, and activating means by means of which the
lift-regulating means (12, 13, 15, 17, 19, 21) can be adjusted and thus alter the aero-
dynamic properties of the blade (10), the lift-regulating means (12, 13, 15, 17, 19,
21) and the activating means being adapted and arranged such that by activation of
the activating means, the lift can be reduced in a zone extending in the longitudinal
direction of the blade (10) from a first position adjacent the blade tip (14) to a sec-
ond position between the first position and the blade root (16) and this second posi-
tion being variable in the longitudinal direction of the blade by adjusting the activat-
ing means characterised in that the lift-regulating means are formed of at least one
flexible flap (12, 13, 15, 17, 19, 21) extending in the longitudinal direction of the
blade (10) and being adjustable by means of one or more activating means to allow
the lift-altering setting of the flap to be changed gradually in the longitudinal direc-
tion of the flap (12, 13, 15, 17, 19, 21).

2.  Wind turbine blade (10) according to claim 1, characterised in that the lift-
regulating means are formed of at least two flaps (12, 15, 17) being displaced in rela-
tion to each other in the longitudinal direction of the blade (10).

3. Wind turbine blade (10) according to claim 1 or 2, characterised in that the
flap(s) (12, 13, 15, 17, 19, 21) is/are fixedly supported along a line (25) in the longi-
tudinal direction of the blade (10).

4. Wind turbine blade (10) according to one of the preceding claims, characterised
in that the activating means are driven by hydraulics, electromagnetism, pneumatics

or piezoelectric fibres.

5. Wind turbine blade (10) according to one of the preceding claims, characterised
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in that the flap is a stall-generating flap (13, 15, 19) adjacent the leading edge (23)
of the blade (10).

6. Wind turbine blade (10) according to one of the preceding claims, characterised
in that it comprises load sensors (5) arranged in or on the blade and measuring wind

loads in form of for instance wind pressure or strain.

7. Wind turbine blade (10) according to claim 6, characterised in that it comprises
a control system with a control unit (3) connected with the activating means and the
load sensors (5) such that the control unit may activate the activating means and thus
adjust the flap(s) (12, 13, 15, 17, 19, 21) in accordance with the measurements made
by the load sensors (5).

8. 'Wind turbine blade (10) according to claim 7, characterised in that the control
system is adapted such that it can be linked with other corresponding blades (10) on
the same wind turbine (2) to allow activation of the activating means on the basis of

the load measurements from one or more of the other blades (10).

9. Wind turbine rotor (8, 10) with a plurality of wind turbine blades (10), preferably
three, according to claim 8, said wind turbine rotor including a central control sys-
tem with a control unit, eg built-in in the rotor hub (8), and connected with the load
sensors (5) and ﬂ;'ctp(s) (12, 13, 15, 17, 19, 21) of each blade (10) to allow the control
unit to adjust the flap(s) (12, 13, 15, 17, 19, 21) of one or more of the blades (10) ba-
sed on the load measurements from each blade (10) and/or the setting of the flap(s)
(12, 13, 15, 17, 19, 21) of each blade (10).

10. Wind turbine (2) comprising wind turbine blades (10) according to one of the

claims 1-8 or a rotor according to claim 9.

11. Method of controlling a wind turbine (2) according to claim 10, wherein the se-

cond position between the first position and the blade root (16) is varied in the
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longitudinal direction of the blade (10) by adjusting the activating means on the ba-

sis of the measured loads or measured wind speeds.

12. Method according to claim 11 for controlling a wind turbine, in which the bla-
des (10) are pitch-controlled and in which the rotational speed of the blades (10) is

kept substantially constant.
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