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DESCRIPTION

[0001] The present invention concerns a method of adjusting a pitch angle of a rotor blade of
a rotor of a wind turbine. It also concerns a pitch angle adjustment system for that purpose.

[0002] Wind turbines extract energy from wind with their rotor blades. While an airflow, i.e. the
wind, passes over a rotor blade a lift force is created, which lift force is a result of a pressure
difference between a suction side and a pressure side. From these lift forces there results a
rotational movement of the rotor which comprises those rotor blades, which rotational
movement is then used to generate power. That power output is then fed for instance into a
utility grid. Depending on the wind speed the exiractable energy changes. Modern up-to-date
wind turbines operate relatively closely to the Betz limit (i.e. the theoretical maximum portion of
rotational energy which can be extracted from a given wind at a given speed) under normal
operating conditions. Generally, it is the aim to optimize wind turbine operation such that the
most of extractable energy under given boundary conditions (such as wind speed, load,
lifetime of the wind turbine and/or of parts thereof, noise, wear etc.) can be supplied.

[0003] State-of-the-art wind turbines feature a pitch system with which each rotor blade can
be rotated around its longitudinal axis. With pitching the blade its pitch angle and as a
consequence its so-called angle of attack can be changed and adjusted to achieve optimum
operation for given conditions, for instance rotational speed of the rotor, tip speed of the rotor
blades and wind speed.

[0004] The lift force and energy extracted from the wind increases with an increase of the
angle of attack until a critical angle of attack is reached. Thereby, the angle of attack is the
angle between the chord line of the rotor blade and the direction of the inflowing air arriving on
the rotor blade.

[0005] A stall will occur if the angle of attack is further increased beyond the critical angle of
attack, which is called the "stall angle" throughout this description.

[0006] When the rotor blade stalls, the airflow over the rotor blade separates from the rotor
blade and a turbulent airflow dominates on the suction side of the rotor blade. The stall may
cause an abrupt loss of lift on the rotor blade and thus an abrupt loss of extracted energy from
the wind. In addition, unwanted loads are exerted on the wind turbine and unwanted, often
considerably loud sounds are generated.

[0007] The occurrence of such stall (i.e. the stall angle) is also dependent on the condition of
the blade, namely on its wearing condition and its soiling condition. For a typical wind turbine
profile the surface condition can be influenced by dents, cracks and eyes (all of which are
caused by ageing and thus wearing) and by accumulation of ice (icing) and/or of dust and dirt
(i.e. by soiling).
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[0008] The soiling and/or ice accumulation on a rotor blade can make the occurrence of a stall
of the rotor blade more likely. That means a stall on a soiled and/or iced rotor blade can occur
at an angle of attack at which a clean rotor blade will still operate smoothly. In one approach to
this problem,

[0009] EP 2 559 894 A1 describes a way of reacting to the unexpected power loss which
arises when ice builds up on the rotor blade's. A second approach is proposed by EP 2 075
462 A2 wherein the pitch angle is controlled according to detected stall conditions. Worn rotor
blades can also be a problem. Under fixed conditions a worn, iced or soiled rotor blade thus
stalls at a lower angle of attack than a proper, i.e. unworn, iceless and clean, rotor blade. The
problem with this is that the wearing, icing and soiling conditions of a rotor blade is not
completely predictable or determinable and can vary. For instance, after a rain shower dirt
might have been washed off the rotor blade and a stall would occur at a relatively high angle of
attack. The determination of soil accumulation on the blade with sensors is however complex,
expensive and not a matured enough technology. Consequently, wind turbines cannot be
operated at their very optimum performance:

To avoid an unwanted stall the wind turbine is normally run conservatively within a high security
margin of about 1° to 2° of the angle of attack to always compensate for a possibly soiled, iced
or worn blade and the stall conditions due to those factors. This implies a power loss of about
1% to 2% due to the security margin. Operation of the wind turbine with such a pitch strategy
normally avoids stalls and their unwanted effects. However, this pitch strategy also leaves
potential for improved energy extraction as the wind turbine is not run at its full potential i.e. at
its optimum angle of attack given the circumstances available for each rotor blade.

[0010] Fig. 1 shows a wind turbine 1 according to the state of the art: It comprises a number
of rotor blades 3 of a rotor 9 which rotor 9 is connected to a nacelle 7. The nacelle 7 is
positioned on top of a tower 5 which tower 5 is firmly connected to the ground 11. The ground
11 may be a monopile 11 installed offshore but also an onshore ground 11.

[0011] When the rotor 9 is rotated due to the incoming wind, its rotational movement is
transferred into the nacelle 7 via a drivetrain (not shown). In the nacelle 7, there are positioned
a gearbox and a generator (not shown) which latter generates electric power from the
rotational movement. Alternatively, a generator can also be positioned in a transition zone of
the wind turbine between the rotor and the nacelle; the generator then being realized as a
direct drive generator, which implies that no gearbox is necessary.

[0012] Fig. 2 shows one rotor blade 3 of the wind turbine 1. It extends from a blade root 15 to
a blade tip 13 and has a leading edge 17 and a trailing edge 19. The wind during wind turbine
operation hits the rotor blade 3 at the leading edge 17 and flows along the profile of the rotor
blade in the direction of the trailing edge 19.

[0013] Fig 3 shows an airfoil of the rotor blade 3 at the cross-section of Fig. 2 along a section
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line Il - lll. The line 21 going through both the leading edge 17 and the trailing edge 19 is the
so-called chord line 21, which represents the main (i.e. maximum) cross-sectional extension of
the rotor blade 3. Wind hits the rotor blade 3 at a certain direction WD at an angle a to the
chord line 21. This angle a is generally referred to as the angle of attack a. The angle of attack
a can be varied indirectly by varying the pitch angle of the rotor blade 3, i.e. by pitching the
rotor blade 3 around its longitudinal axis, i. e. the axis that runs from the blade root 15 to the
blade tip 13. Therefore, the angle of attack a is dependent (amongst other factors such as
wind speed, and rotational speed of the rotor) on the pitch angle: by rotating the rotor blade 3
in the counter-clockwise direction in Fig. 3, the value of the angle of attack a is reduced,
whereas by pitching the rotor blade 3 in the clockwise direction in Fig. 3, the value of the angle
of attack a is increased.

[0014] The rotor blade 3 can be divided into a suction side Su and into a pressure side Pr, the
suction side Su being on the one side of the chord line 21 and the pressure side Pr being on
the other side of the chord line 21. Which side of the chord line 21 is the suction side Su und
which side is the pressure side Pr depends on the angle of attack a. The side of the rotor blade
3 to which the angle of attack a is directed can be considered the pressure side Pr whereas the
side of the rotor blade 3 from which the angle of attack a faces away can be considered the
suction side Su. A lifting force F is generated due to the influence of the wind, i. e. due to
suction forces on the suction side Su and to pressure forces on the pressure side Pr. Thereby,
the lifting force F arises from a pressure gradient (or pressure difference between the suction
side Su und the pressure side Pr according to Bernoulli's principle. The lifting force F forces the
rotor blade 3 to force the rotor 9 to rotate around its rotational axis.

[0015] There is, however, a limit to that system, namely a critical angle of attack. This can be
observed in Fig. 4. Over the angle of attack a the lift coefficient Cl is depicted in the
diagramme. Two lines L4, Ly refer to a behaviour of a soiled rotor blade (L4) and of a clean

rotor blade (L) both being rotor blades of the same age and thus wearing conditions and both

not being covered by ice. Thus, the two rotor blades essentially only differ with respect to their
soiling conditions. It can be observed that the lower curve L4 of the soiled rotor blade reaches

its maximum value of lift coefficient Cl4 at a lower angle of attack ayax1 than the upper lift curve
Lo of the clean rotor blade. Rather the clean rotor blade's maximum value of lift coefficient Cl,
is higher than Cl4 and is reached at a higher angle of attack apa¢o. In both curves L4, Lo, it can
be observed that shortly after having reached the angles of attack Opax1 / Omaxe the lift

coefficient Cl drops down quite rapidly. That means that the stall angle is reached very early
after the angles of attack apax1 / Gmaxe at which the maximum lift coefficient Cly, Clo can be

measured. In other words - the soiled rotor blade stalls at a lower angle of attack than the
clean one.

[0016] Certainly, a very soiled rotor blade, a very worn rotor blade or a very iced rotor blade or
indeed a combination of a soiled and iced, a soiled and worn and/or an iced and worn rotor
blade can even lead to a situation in which the security gap indicated above may not be
enough. Therefore, it is highly desirable to have a possibility of finding out more precisely the
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state of a rotor blade of a wind turbine with respect to the three mentioned factors, i.e. soiling,
icing and wearing.

[0017] Itis then an object of the present invention to provide a possibility of adjustment of the
pitch angle of a rotor blade in a refined manner. In particular, this adjustment is preferably
more reliable with respect to a danger or risk of when a stall angle will be reached.

[0018] This object is met by the method according to claim 1 and by the pitch angle
adjustment system according to claim 13.

[0019] According to the invention, the above-mentioned method comprises the following
steps:

a0) reducing the rotational speed of the rotor below a speed limit;

a) varying the pitch angle of the rotor blade during wind operation of the wind turbine from a
starting angle to reach a limit angle at which the rotor blade starts to stall,

b) deriving a safe angle dependent on the limit angle,

c) operating the rotor blade at the safe angle or an angle lower than the safe angle.

[0020] The method thus makes use of a deliberate determination of a limit angle at a given
time of measurement, this measurement comprising step a). Thereby, the "limit angle" is such
pitch angle (or angle which is dependent on the pitch angle) which represents a certain
predefined threshold limit of the rotor blade. Examples of possible limit angles will be given
below.

[0021] The method according to the invention thus makes possible a very exact and up-to-
time measurement of the limits of the wind turbine operation in general, in particular of the
stalling limits of the rotor blade(s). That measurement is taken during operation of the rotor of
the wind turbine. Thus, such limit angle value represents directly or indirectly the state of the
rotor blade(s) at that given moment in time. A more precise adjustment of the pitch angle,
possibly with a much smaller safety margin (by a more exact adjustment of the safe angle),
can be the result which then leads (given a relatively "normal" blade) to an increase of power
production (of an estimated 0,4% to 0,8%) and/or (given a very soiled/iced/worn blade) to an
even greater reduction of pitch angle for safety purposes. Furthermore, knowing that the
turbine is operated safely below stall, can impact the optimum blade and profile design giving
additional improved efficiency of the turbine.

[0022] Accordingly and in analogy with the method according to the invention, the pitch angle
adjustment system of the above-mentioned kind comprises according to the invention:

1. a) a pitch variator which in operation varies a pitch angle of the rotor blade during wind
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operation of the wind turbine from a starting angle to reach a limit angle at which the
rotor blade starts to stall,

2. b) a measurement sensor realized to acquire a limit measurement signal when the limit
angle has been reached,

3. ¢) an analyzation and derivement unit realized to derive a safe angle dependent on the
limit angle.

[0023] The pitch variator thus carries out step a) of the method according to the invention and
later step c) of the same method. During step a) the measurement sensor acquires the limit
measurement signal which represents the limit angle. The analyzation and derivement unit
carries out step b) of the method according to the invention.

[0024] Any of the components of the pitch angle adjustment system, in particular the pitch
variator, and the analyzation and derivement unit, may each and possibly all of them be
realized as software components on a processor, but also as hardware components or as a
combination thereof.

[0025] Therefore, the invention also concerns a computer programme product directly
loadable into a processor of a programmable pitch angle adjustment system comprising
programme code means to conduct all steps of the method according to the invention when
the computer programme product is executed on the pitch angle adjustment system.

[0026] Further, the invention also concerns a wind turbine with a rotor comprising a number of
rotor blades. This wind turbine is equipped with a pitch angle adjustment system according to
the invention. Thereby, the wind turbine can be equipped with the pitch angle adjustment
system right from the start, i.e. when assembled, but it can also be re-equipped with it even
later, i.e. after a previous start of operation.

[0027] Particularly advantageous embodiments and features of the invention are given by the
dependent claims, as revealed in the following description. Features of different claim
categories may be combined as appropriate to give further embodiments not described herein.

[0028] According to a preferred embodiment of the invention, the operational value of the
wind turbine comprises a power output of the wind turbine under a predefined operational
condition of the wind turbine. A limit angle in that case can be that pitch angle at which the
highest power output of the wind turbine has been reached. Once that occurs, it definitely does
not make any sense to pitch the rotor blade further. This way it can be guaranteed that the
pitch angles of the rotor blade(s) are adjusted optimally.

[0029] As for the predefined operational condition, this may include a predefined number of
operational parameters such as wind speed and/or rotational speed of the rotor so that it is
guaranteed that the operational condition is a condition for wind turbine operation which



DK/EP 2857677 T3

delivers representative and reproducable measurement results.

[0030] This embodiment may imply that an overall operational (maximum) value of the wind
turbine is derived which thus generalizes the behaviour of all rotor blades of the wind turbine.
However, it can also be realized such that the pitch angle of only one rotor blade is varied at a
time so that a very exact operational value relating to that very rotor blade can be acquired.
One advantage of this embodiment lies in the fact that the power output is measured anyway
so that no additional measurements need to be made.

[0031] The "stall angle" can be defined as that critical angle of attack at which a first indication
of a stall can be observed, i.e. measured. Such indication can for instance be considered if the
lift force decreases only slightly and not abruptly (as would be the case during a stall) or if the
stall only indicates itself rather than already occurs. In general, any decrease of lift after
reaching a maximum lift value can be indicative of a stall and the angle of attack at which that
decrease of lift is measured can be defined as the stall angle.

[0032] With this embodiment, the behaviour of the rotor blade (individually or together with
other rotor blades of the rotor) in the wind with respect to stalls is measured directly and thus
very exactly. Thus, such stall angle value represents the state of the rotor blade at that given
moment in time. A more precise adjustment of the angle, possibly with a much smaller safety
margin (by a more exact adjustment of the safe angle), can be the result which then leads
(given a relatively "normal” blade) to an increase of power production (of an estimated 0,4% to
0,8%) and/or (given a very soiled/iced/worn blade) to an even greater reduction of pitch angle
for safety purposes.

[0033] When comparing the two above-described embodiment, it becomes clear that the one
involving the stall angle as a limit angle is predominantly safety-orientated (i.e. it aims at
avoiding a stall by setting the safe angle lower than the determined stall angle) whereas the
second embodiment is mainly output orientated. These two embodiments can also be
combined, whereby it is highly preferred in such case that the stall angle is considered to be
the limit angle if the angle with the highest power output is above the stall angle. This also
applies for other limit angles than a limit angle dependent on the power output - in order to put
safety first, if the stall angle is known this stall angle is preferably used to determine the
maximum possible limit angle in the context of the method according to the invention. This
measure follows safety principles and also the principle to avoid any unnecessary disturbance
to the environment of the wind turbine.

[0034] Step a0) is performed under a predefined maximum speed limit of a rotation speed of
the rotor - such speed limit may for instance define the predefined operational condition
mentioned above). This means that for example the method step a) may take place only when
the wind turbine operates under relatively low wind conditions at which the rotor does not reach
its peak speed but rather a lower speed below a threshold rotational speed value, which speed
value is defined as the predefined maximum speed (limit). Alternatively or additionally, the
rotational speed can be intentionally reduced by means of a suitable braking mechanism. This
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measure helps to keep the noise generated by a stall at the stall angle at a desired minimum
and/or helps to keep loads on the rotor blade(s), the rotor and the wind turbine's other
mechanical and electrical components (such as the drivetrain, a gearbox, the generator, the
nacelle and the tower) as low as desired in order to avoid additional wearing of any of these
components. In other words, the rotational speed limit serves as a safety and noise-preventing
measure. Such speed limit measures are also necessary because exactly measurable stalls
might not occur at very high rotational speeds. Further, noise reduction of wind turbines is a
very important issue in order to comply with legal regulations of their operation and in particular
in order not to disturb inhabitants of houses where wind turbines are relatively close to
residential areas.

[0035] As outlined above, the limit angle, in particular the stall angle, is influenced by
temporary factors, in particular soiling and icing. Therefore, a limit angle value acquired at a
certain point of time may not be valid for all too long and may need to be adapted to new
soiling and icing conditions - and on the long run also to new wearing conditions of the rotor
blades. It is therefore highly preferred that step a) is repeated at given time intervals,
preferably at least twice a day. Preferably steps b) and c) follow each repetition of step a). This
repeated verification of the limit angle serves to adapt the safety angle in case it is considered
necessary due to a changed limit angle. Again, this measure is both a safety measure and a
measure by which a better power output can be achieved.

[0036] The repetition can be carried out at regular intervals such as at a given time of a day,
week and/or month. In addition or alternatively, it can be advantageous if step a) is repeated
after an appearance of a specific operational condition of the wind turbine. In particular such
specific operational condition may comprise critical occasions during the operation of the wind
turbine (and the rotor blade), i.e. occasions after which it may be expected that the rotor
blade's condition (soiling, icing, wearing) becomes worse, i.e. that the limit angle might be a
reduced one in comparison with the last determination. But also (additionally or alternatively)
such operational conditions may comprise occasions after which it may be expected that the
rotor blade's condition (again with respect to soiling, icing, wearing etc.) becomes better, i.e.
that the limit angle might be an increased one in comparison with the last determination.

[0037] For instance, the specific operational condition can comprise a standstill of the rotor or
a predefined number of standstills and/or an appearance of a specific weather condition, in
particular precipitation.

[0038] As for the occasion of a standstill, it may be expected that when the rotor of the wind
turbine starts to rotate again, the above-mentioned conditions of the rotor blade might have
changed. In addition, after a standstill the rotor first rotates comparatively slowly such that its
rotational speed does not exceed a certain limit such as the speed limit mentioned above.

[0039] As for precipitation, this may lead (depending on the temperature and wind) to icing of
the rotor blades or - on the other hand - to a cleaning effect when rain washes down dust and
dirt from the rotor blade so that soiling is reduced substantially. In both cases, a re-
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determination of the limit angle of the rotor blade may be necessary in order to be able to re-
adjust the safe angle.

[0040] The method according to the invention can be used solely for the purpose of
determination of a suitable safe angle. However, it also has another positive effect which can
be used, namely an indirect determination of the state or status of the rotor blade. It is thereby
preferred that a status parameter value representing a status of the rotor blade is derived from
the limit angle. The determined limit angle can thus be used as a representation of the current
status of the rotor blade. In order to derive a status parameter value representing one
particular status parameter, it may be advantageous to take into account a number of
additional factors in the form of other parameter values such as an age of the rotor blade, a
long-term behaviour value of the limit angle, weather conditions or the like. For instance, under
weather conditions which may lead to ice on the rotor blade, a status parameter value
concerning soiling and/or wearing of the rotor blade may not be accurate as the rotor blade
might simply be covered with ice.

[0041] According to two different variants which can be applied solely or combinedly, the
status parameter value is derived such that it (first variant) comprises a material condition
parameter value representing a material condition state of the rotor blade and/or (second
variant) such that it comprises a soiling parameter value representing a soiling state of the
rotor blade. The material condition parameter value is preferably determined in the long run,
i.e. over a time period of at least a month, preferably at least three months, most preferred at
least a year. This way, short-time effects such as those due to soiling and/or icing can be
levelled out. Therefore, the material condition parameter value is preferably derived from a
long-term behaviour value of the limit angle. In contrast, the soiling parameter value may
already be derived in a comparison between two successive cycles of the method according to
the invention, but certainly also over a longer period.

[0042] Upon the status parameter value being beyond a certain predefined threshold value,
an alarm signal is preferably generated. If the threshold value refers to a status parameter
value which is desiredly as high as possible (such as a status parameter value referring to
cleanness of the rotor blade and/or to low wear of the rotor blade), the alarm is preferably only
generated if the status parameter goes below that threshold value. In contrast, if the threshold
value refers to a status parameter value which is desiredly as low as possible (such as a status
parameter value referring to soling of the rotor blade and/or to wear of the rotor blade), the
alarm is preferably only generated if the status parameter goes above that threshold value.

[0043] Such alarm signal can indicate the necessity of an exchange and/or a repair of the
rotor blade, possibly at the next inspection. The alarm signal can also be used to trigger a
cleaning process, preferably an automatic cleaning process, of the rotor blade. This alarm
signal then preferably refers to a soiling parameter value going beyond a predefined threshold
value.

[0044] As for the safe angle which is determined in step b) of the method according to the
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invention, that is preferably derived from the limit angle by subtracting from the latter a safety
margin angle. Such safety margin angle serves to cover all those circumstances due to which
the limit angle is reduced before a new determination of the limit angle by means of the
method according to the invention. However, as the method according to the invention is a
more exact determination of the limit angle than a mere preassumption, the safety margin
angle can still be smaller than the safety margin according to the state of the art. It is thereby
preferred that the safety margin angle is at least 0,5°. On the other hand, it is preferably not
higher than 2°, most preferred not higher than 1°. This helps to increase the overall power
output and still leaves enough margin for a safe operation of the wind turbine.

[0045] In this context it may also be mentioned that the safety margin angle may also by
determined by taking into account one, several or indeed all of the following determinating
factors represented by representative parameter values of these factors: the air density, the
wind shear and veer, the air humidity, the air pressure, and air turbulences, i.e. environmental
factors which have an effect on the behaviour of the rotor blades.

[0046] The safety margin angle may also be adjusted in dependence of an age value and/or a
status parameter value of the rotor blade. That means that depending on the age (and thus a
preassumed higher wear) of the rotor blade and or directly depending on the status of the rotor
blade which status is represented by the status parameter value, the safety margin angle may
be varied. As a preferred rule, the older the blade and/or the worse its condition (with respect
to the above-mentioned status parameter values - i.e. the lower the limit angle) the higher is
the safety margin angle selected. Such adjustment of the safety margin angle in dependence
of the status parameter value may also be carried out in a self-learning system circle in which
the system automatically learns after steps a0) to c) have been repetitively carried out, which
safety margin angle is necessary at which status parameter value to represent a safe enough
overall control of the pitch of the rotor blade.

[0047] Most wind turbines comprise rotors with a plurality of rotor blades, for example the
rotor blade depicted in Fig. 1. In this context it need be mentioned that there are several
strategies of how to deal with individual rotor blades in a rotor with several rotor blades when
determining the limit angle (in particular when the limit angle comprises a stall angle).

[0048] Afirst approach is to adjust the pitch angle of each rotor blade individually according to
the method according to the invention. That also means that the limit angle for each rotor
blade is determined individually.

[0049] A second approach is to determine individually the limit angles of each of the rotor
blades and then to derive one safe angle for all rotor blades of the rotor, whereby the lowest
limit angle of all rotor blades determines the safe angles of them all.

[0050] A third approach is to take one rotor blade as representative for all rotor blades of the
rotor and to adjust the pitch angles of all rotor blades in dependence of the safety angle of the
representative rotor blade.
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[0051] Generally, it is preferred that the limit angle is determined over a period of time during
which the rotor blade goes through at least one full rotation cycle, i.e. during which the rotor
has rotated along at least 360°. This helps to account for operational influences such as wind
shear and a change of the angle of attack during the rotation cycle. Which approach is chosen
depends on experience and on a cost benefit assumption: the first approach is the most
accurate one, however implies that different rotor blades may be pitched at different angles to
the wind which may have adverse effects, also concerning power output of the wind turbine.
The second approach is less accurate but leads to an overall pitch angle which may be very
effective. The last approach in which preferably the oldest or the most worn of all rotor blades
is used as the reference, may be less effective concerning power output but also implies the
least effort.

[0052] Other objects and features of the present invention will become apparent from the
following detailed descriptions considered in conjunction with the accompanying drawings. It is
to be understood, however, that the drawings are designed solely for the purposes of
illustration and not as a definition of the limits of the invention. They are not necessarily drawn
to scale.

Fig. 1 shows a front view of a wind turbine according to the prior art,
Fig. 2 shows a front view of one of the rotor blades of the wind turbine of Fig. 1,
Fig. 3 shows a cross-sectional view of the rotor blade of Fig. 2,

Fig. 4 shows a diagram showing the lift coefficient behaviour of two wind turbine blades
according to the prior art,

Fig. 5 shows in a schematic block diagram two embodiments of pitch angle adjustment
systems according to the invention,

Fig. 6 shows a diagram of an adjustment of the angle of attack of a rotor blade using a method
according to the invention,

Fig. 7 shows two power output curves, one of a wind turbine according to the state of the art
and one of a wind turbine according to an embodiment of the invention,

Fig. 8 shows a schematic block diagram of steps of an embodiment of the method according to
the invention,

[0053] Figs. 1 to 4 have already been explained above with reference to the prior art.

[0054] Fig. 5 shows a block diagram of two embodiments of pitch angle adjustment systems
33, 33' according to the invention:

A rotor blade 3 of a wind turbine 1 such as the ones depicted in Figs. 1 to 3 is equipped with
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such pitch angle adjustment systems 33, 33'. The first pitch angle adjustment system 23
comprises a pitch variator 25, a measurement sensor 27 and an analyzation and derivement
unit 29. The pitch variator 25, the measurement sensor 27 and the analyzation and derivement
unit 29 are all connected to a pitch adjustment actuator 33 via one common or via several
interfaces (not shown). The second pitch angle adjustment system 33' comprises all the
components of the first pitch angle adjustment system 23 plus the pitch adjustment actuator
33.

[0055] The pitch adjustment actuator 33 adjusts the pitch angle. It is driven by the pitch
variator 25 which gives pitch orders PO to it. Thereby, the pitch variator 25 varies the pitch
angle of the rotor blade during wind operation of the wind turbine 1 from a starting angle to
reach a limit angle, in this case a stall angle at which the rotor blade starts to stall.

[0056] In return, the pitch adjustment actuator 33 generates measurement data MD which are
handed over to the measurement sensor 27. These measurement data MD represent the lift
force, represented by the lift coefficient Cl of the rotor blade 3 as described with reference to
Figs. 3 and 4. From those measurement data MD the measurement sensor 27 generates a
limit measurement signal SMS - here a stall measurement signal SMS - once the limit angle
has been reached. From this stall measurement signal SMS, i.e. from the information that the
stall angle has been reached at a certain pitch angle, the analyzation and derivement unit 29
generates a safe angle SPA which it hands over to the pitch adjustment actuator 33.

[0057] The pitch adjustment actuator 33 is ordered not to exceed the safe angle SPA during
normal operation. Thus, it operates the rotor blade at the safe angle SPA or at an angle from
the safe angle SPA away from the limit angle, i.e. an angle lower than the safe angle SPA.

[0058] Fig. 6 shows in a diagramme the adjustment behaviour of the pitch angle adjustment
systems 33, 33' in more detail. Over the time t there is depicted the angle of attack a of the
rotor blade 3 which is (amongst others) dependent on the pitch angle of the rotor blade 3.

[0059] Initially, at a first point of time ty the rotor blade 3 is pitched such that the rotor blade 3
has a starting angle of attack ag. It is then pitched towards a (first) stall angle aq at which the
rotor blade 3 starts to stall. This occurs at a second point of time t4. The pitch angle adjustment
systems 33, 33' then reduces the angle of attack a by a safety margin angle Aq to a (first) safe
angle a3 which is the stall angle aq minus the safety margin angle Ay. The rotor blade 3 is
pitched at this safe angle a3z or below until step a) of the method according to the invention is
repeated at a third point of time ty, after a preferably predefined time span A;, which is for
instance half a day. Then, the angle of attack a is again at the point of time ty increased to a
(second) stall angle ap, which is in this case lower than the previous (first) stall angle a4. This
new (second) stall angle ay is reached at a fourth point of time t3. This reduction in amount of

the stall angles aq, ay is for instance due to soiling of the rotor blade 3. Accordingly, from the
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fourth point of time t3, the angle of attack a is again reduced by the safety margin angle A4 to a
(second) safe angle a4 which is the new (second) stall angle a, minus the same safety margin
angle Ag. The rotor blade 3 is then pitched at this second safe angle a4 or below until step a) of

the method according to the invention is repeated yet again.

[0060] Such procedure is carried out under a specific condition, in particular under a specific
wind speed. It may be repeated at different wind speeds in order to receive a series of safe
angles at different wind speeds. Alternatively and/or additionally the soiling or wear status
parameter value of the rotor blade 3 can be determined from the stall angles a4, oo (cf. below

with reference to Fig. 8), from which also a series of safe angles for different wind speeds can
be calculated.

[0061] Fig. 7 shows two power curves Cq, Co of a wind turbine 1, the first power curve Cy

representing the electric power output P (unscaled) over the wind speed v in m/s when the
wind turbine 1 is operated according to the state of the art. The second power curve Cs

represents the electric power output P (unscaled) over the wind speed v in m/s when the pitch
angles of the rotor blades 3 of the wind turbine 1 have been adjusted according to an
embodiment of the method according to the invention. It can be observed that due to the
method according to the invention the rotor blades 3 are pitched such that the corresponding
second power curve Co rises steeper and thus reaches faster a maximum power output Pq,0: In

comparison with the first power curve C4, the maximum power output P4, is reached at a wind
speed v which is 2 m/s lower, namely at a wind speed vy of about 10 m/s in comparison with a
wind speed vq of about 12 m/s when regarding the first power curve C4. Fig. 7 may also be

used as a reference for another embodiment of the method according to the invention. As
described above, as the limit angle a4, as of the rotor blade 3 a stall angle a4, as can be used.

[0062] However, it is also possible to use the angle at which the wind turbine 1 shows the
maximum power output P4, as the limit angle.

[0063] Fig. 8 shows a block diagram of an embodiment of the method Z according to the
invention, for which reference is made to Fig. 6, in particular to the process up to the first
reduction of the pitch angle a.

[0064] In a first, optional step Y, the rotational speed of the rotor 9 of the wind turbine 1 is
reduced to or below a speed limit SL. Then, in a second step X, the pitch angle, i.e. the angle
of attack a is varied during wind operation of the wind turbine 1 from the starting angle gg to

reach the stall angle a¢ at which the rotor blade 3 starts to stall. In a third step W the safe angle
ap is derived from the stall angle a1, namely by subtracting the safety margin angle Ag from the
stall angle a4. This safety margin angle Aq may be predefined in an optional additional step R.
In a fourth step V the rotor blade 3 is operated at the safe angle a3 or an angle below that safe

angle az. Further, in an optional additional step U a status parameter value SPV is derived
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from the stall angle a¢. The status parameter value SPV represents a status of the rotor blade

3, for instance its soiling state and/or its icing state and/or its wear. A further optional step T
includes the generation of an alarm signal AS if the status parameter value SPV is beyond a
certain predefined threshold. This alarm signal may in a further optional step S lead to an
automatic cleaning process of the rotor blade 3, for instance if the status parameter value SPV
represents a soiling state and/or an icing state which can be improved by cleaning.

[0065] The dotted lines from step V and step U indicate that the method according to the
invention is preferably carried out repetitively, as explained with reference to Fig. 6. In a
second round, the same procedure as outlined above is done once again, therefrom resulting
the second stall angle as and the second safe angle a4. It can also be observed that the status

parameter values can be used for the definition of the safety margin angle Ay in step R after
the first repetition of the method Z.

[0066] Although the present invention has been disclosed in the form of preferred
embodiments and variations thereon, it will be understood that numerous additional
modifications and variations could be made thereto without departing from the scope of the
invention.

[0067] For the sake of clarity, it is to be understood that the use of 'a’ or 'an' throughout this
application does not exclude a plurality, and 'comprising' does not exclude other steps or
elements.
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Patentkrav

1. Fremgangsmade (2) til justering af en pitchvinkel (a) af en rotorvinge (3) af
en rotor (9) af en vindmglle (1), omfattende falgende trin:

a0) at reducere rotationshastigheden af rotoren (9) til under en hastigheds-
greense (SL);

a) at aendre (X) pitchvinklen af rotorvingen (3) under vinddrift af vindmellen (1)
fra en startvinkel, til der nas en greensevinkel omfattende en stall-vinkel (a1,
a2), ved hvilken rotorvingen (3) begynder at stalle,

b) at udlede en sikkerhedsvinkel (as, a4) athaengigt af graensevinklen (a1, az2),
c) at styre rotorvingen (3) ved sikkerhedsvinklen (as, as) eller en vinkel, der er
mindre end sikkerhedsvinklen (as, as).

2. Fremgangsmade (Z) ifglge krav 1, omfattende et trin med at sendre pitch-
vinklen af rotorvingen (3) under vinddrift af vindmgllen (1) fra en startvinkel, til
der nas en greensevinkel, ved hvilken en afgivet effekt (P) nar en maksimal
afgivet effekt (P112).

3. Fremgangsmade ifglge krav 1 eller 2, hvor stall-vinklen (a1, az) omfatter en
vinkel, ved hvilken en reduktion af opdrift males efter opnaelse af en maksimal
opdriftsveerdi.

4. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor trin
a) udfgres under en foruddefineret maksimal hastighedsgraense (SL) for en
rotationshastighed af rotoren (9).

5. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, som gen-
tages med givne tidsintervaller, fortrinsvis mindst to gange om dagen.

6. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, som gen-
tages efter forekomst af en specifik driftstilstand for vindmellen (1).

7. Fremgangsmade ifelge krav 6, hvor den specifikke driftstilstand omfatter en
stilstand og/eller forekomst af en specifik vejrsituation, isaer nedber.
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8. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor en
statusparameterveerdi (SPV), som repraesenterer en status for rotorvingen (3),
udledes af stall-vinklen (a1, a2).

9. Fremgangsmade ifglge krav 8, hvor statusparameterveerdien (SPV) udle-
des, saledes at den omfatter en materialetilstandsparameterveerdi, der reprae-
senterer en materialetilstandsstatus for rotorvingen (3), og/eller saledes at den
omfatter en tilsmudsningsparametervaerdi, der repreesenterer en tilsmuds-
ningsstatus for rotorvingen (3).

10. Fremgangsmade ifglge krav 9, hvor der, nar statusparameterveerdien
(SPV) er over en vis foruddefineret taerskelveerdi, genereres et alarmsignal
(AS), hvilket alarmsignal (AS) fortrinsvis anvendes til at udlgse en renggrings-
proces (S), mest foretrukket en automatisk rengeringsproces, af rotorvingen

(3).

11. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor, i
trin b), sikkerhedsvinklen (as, a4) udledes af stall-vinklen (a1, a2) ved at subtra-
here en sikkerhedsmarginvinkel (Aq) fra stall-vinklen (a1, a2).

12. Fremgangsmade ifglge krav 11, hvor sikkerhedsmarginvinklen (Aq) juste-
res afheengigt af en aldersveerdi og/eller en statusparametervaerdi (SPV) for
rotorvingen (3).

13. Pitchvinkeljusteringssystem (33') for en rotorvinge (3) af en vindmelle (1),
konfigureret til at udfere alle trin i en fremgangsmade ifglge krav 1.

14. Computerprogramprodukt, som kan indlaeses direkte i en processor af et
programmerbart pitchvinkeljusteringssystem (33') omfattende programkode-
midler til at udfere alle trin i en fremgangsmade (Z) ifalge et hvilket som helst
af kravene 1 til 12, nar computerprogramproduktet eksekveres i pitchvinkelju-
steringssystemet (33').

15. Vindmglle (1) med en rotor (9) omfattende et antal rotorvinger (3) og med
et pitchvinkeljusteringssystem (33') ifalge krav 13.
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DRAWINGS

FIG 1
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FIG 2 PRIOR ART
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FIG 4 PRIOR ART
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FIG 6

FIG 7
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FIG 8
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