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CONTROL METHOD FOR A WIND TURBINE

Field of the invention

The present invention relates to a strategy for controlling and regulating the different controllable
parameter of a wind turbine during operation with a view to reduce extreme loads acting on

the wind turbine components.

Background

Most modern wind turbines are controlled and regulated continuously with the purpose of
ensuring maximum power extraction from the wind under the current wind and weather,
while at the same time ensuring that the loads on the different components of the wind
turbine are at any time kept within acceptable limits. Desirably, the wind turbine may also be
controlled to account for fast local variations in the wind velocity - the so-called wind gusts,
and take into account the dynamic changes in the loads on the individual blades due to e.g.
the blades passing of the tower, or the actual wind velocity varying with the distance to the

ground (the wind profile).

For this purpose a number of parameters are collected and monitored by the controllers in a
wind turbine, such as the current wind speed and direction, the wind shear and turbulence,
the rotational speed of the rotor, the pitch angle of each blade, the yaw angle, information on
the grid system, and measured parameters (e.g. stresses or vibrations) from sensors placed

e.g. on the blades, the nacelle, or on the tower.

Based on these and following some control strategy the optimal control parameters of the
turbine in order to perform optimally under the given conditions are determined. The
methods of controlling the current performance, and thereby the power production and the
load situation of the wind turbine, include for instance pitching of the blades, adjusting any
other active aerodynamic devices for changing the aerodynamic surfaces of the blades such
as flaps or vortex generating means, adjusting the power, and/or adjusting the rotational
speed of the rotor. These parameters are here and in the following referred to as controllable

parameters.

The above-mentioned address power production, but not the thrust force exerted on the
rotor. That is, the nominal operating points inherently ensure that the thrust force is kept
within design limits at the stationary operating points but problems inherently arise when
dynamic effects are considered. For instance due to the generator speed-based pitch control

being quite a slow-acting system, gusty wind conditions can lead to events where the pitch
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controller is not able to follow the steep slopes of the wind speed. In effect, the rotor will
accelerate away from the stationary operating point, eventually exceeding the overspeed
limit and thus initiating an emergency shutdown. Such emergency shutdowns will, in some

cases, cause load problems due to negative thrust being applied on the rotor.

Excessive loads can, however, also occur during the rotor acceleration /eading to the
overspeed situation. This is basically caused by the fact that the controller of the operational
parameters of the wind turbine such as the pitch controller is either not designed to react on
fast changing wind conditions or is not fast enough to compensate for the increased wind
speed. Therefore, the thrust coefficient is not lowered fast enough to compensate for the
increased wind speed. As a result, the tower is deflected backwards with the result of

excessive bending moments in the tower base.

Further, sudden or abrupt changes in the wind conditions such as drops in the wind speed
and large wind direction changes etc., may, if the control strategy of the wind turbine is not
determined or executed fast enough, result in very high and unacceptable loads and
moments in some of the components of the wind turbines, e.g. in the tower due to an
undesirable pitching of one or more of the blades, or in the gears due to erroneous
adjustments of the power. Such loads may be of considerable sizes and may in the worst
case scenario in the extreme situations or over time lead to fatal damage of the turbine.
Irrespective that the probability for such extreme situations arising be minimal, the possible
implications are unacceptable, creating the need for fail-safe control methods capable of

preventing these possibly rare but extreme eventualities.

Examples of extreme wind load conditions are prescribed in the IEC 61400 code and
comprise among others the Extreme Operating Gust (EOG) load case, the Extreme Coherent
gust with Direction change (ECD) load case, the Extreme Direction Change, the Extreme
Coherent Gust (ECG), and the Extreme Wind Shear (EWS) load case.

Known controlling systems comprise using a measured or estimated wind speed and/or
detecting the wind direction using a wind vane directly to determine the controllable
parameters. However, such systems have in some situations and especially in extreme wind
conditions turned out to be too slow or too inaccurate to detect the wind load condition
changes in due time for the turbine to perform optimally, and may therefore be insufficient

and in some cases even inadequate to protect the turbine.
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Summary of the invention

It is therefore an object of embodiments of the present invention to provide a control method
for a wind turbine which obviate or reduce some of the above mentioned problems in known

controlling methods.

It is a further object of the invention to provide a control method which in a simple and
effective way may react faster and more reliable to changes in the wind load conditions,

especially to sudden or large changes in the wind direction, wind shear, and/or wind speed.

A further object of embodiments of the present invention is to provide a control system or a
control method capable of taking dynamic effects of the wind such as gusts or turbulence into

account in the controlling of the operational parameters of wind turbine.

In accordance with the invention this is obtained by a method of controlling a wind turbine
having a rotor with pitchable wind turbine blades and a generator for producing power, the
method, comprising the steps of:

- determining a control signal for a controllable parameter of the wind turbine;

- estimating at time intervals at least one operational parameter representing a loading
on the wind turbine exerted by the wind,

- determining a variation parameter reflecting a variation of the operational parameter

over time,

- controlling the wind turbine according to the control signal only if the variation

parameter is below an alert threshold, and

- controlling the wind turbine according to a modified control strategy if the variation

parameter is above the alert threshold.

The control method according to the invention hence comprises a control signal supervision
strategy for avoiding severe or extreme load situations on a wind turbine, where an
operational parameter representing a loading on the wind turbine exerted by the wind is
determined at each time step, and the variations in time hereof are used as a basis for
deciding whether the wind turbine should be controlled differently, for instance stopping the
turbine if some alert threshold is exceeded.



10

15

20

25

30

WO 2011/042369 PCT/EP2010/064666

By the operational parameter representing a loading on the wind turbine rotor exerted by the
wind is meant that there is a one to one relationship between the operational parameter and
the loading on the wind turbine rotor, such that changes in the loading are directly reflected

in corresponding changes in the operational parameter.

In an embodiment of the invention the step of estimating the operational parameter
comprises estimating at least one of a rotor power coefficient, a torque coefficient and a

thrust coefficient of the wind turbine.

The hereby obtained control method is advantageous in acting as a system detecting and
reacting on large changes or variations in the wind load conditions in a simple yet effective
way, which wind condition changes may otherwise lead to severe or even extreme load
situations in different wind turbine components such as the tower, the blades, the generator,
the gears etc. In worst case scenarios such extreme loads may result in fatal damage of the
wind turbine, as e.g. ultimately result in breaking of the tower, and are therefore
unacceptable. The supervision according to the control method ensures in a simple yet
effective manner that the risk of extreme load situations and loads leading to fatigue damage
is greatly reduced or even avoided by overruling the controlling otherwise decided on, and by
following a modified control strategy instead in the case of large variations in the rotor
power, torque, and/or thrust coefficient found to reflect large changes in the wind load
conditions, e.g. by de-rating, shutting down the wind turbine completely, or increasing the

pitch reference.

The hereby obtained control method is further advantageous in providing a control scheme
for a wind turbine reducing the tower vibrations and the extreme tower loads, especially the

extreme bending moments near the tower base.

The control method is further advantageous in acting as an event based system in that the
turbine may be controlled unaffected according to its conventional control strategy (typically
with a view to maximizing the energy production of the turbine), unless the current loading
and/or change in loading of the wind turbine dictates the controlling to be advantageously

modified.

The wind load conditions may include average and/or absolute wind speed, wind shear, wind
direction, in particular relative to the rotor plane, areas of wind shade, wind field variations,

turbulence factor etc.
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It is an advantage of the method of the present invention that it can be readily applied to
existing wind turbines without the requirement of additional components or hardware

equipment.

As briefly mentioned in the introduction, the controllable parameter may for instance
comprise the individual or collective pitching of the blades, the yaw, or coning of the rotor,
the rotational speed of the rotor, the power, the generator speed, or some adjusting
parameters for any other active aerodynamic devices for changing the aerodynamic surfaces

of the blades such as flaps or vortex generating means.

The control signal may comprise a power or torque reference signal for controlling the

rotational speed of the wind turbine rotor by changing the power or torque.

The control signal may alternatively or additionally comprise a pitch reference signal for
controlling the pitching of the blades of the wind turbine. The pitch reference signal may
comprise the value of the pitch reference for each individual wind turbine blade, and/or the
value of the collective pitch reference, so that the control method may be performed on each
of the individual blade pitch references and/or on the mean (the collective pitch reference) of

these.

The step of determining a control signal for a controllable parameter may be performed in the
same or in different controllers and based on input from various sensors such as load sensors
on the blades or rotor shaft, accelerometers in the nacelle, anemometers etc. The control
signal (e.g. a pitch reference ) may in this way be determined by the controller according to
other control strategies taking into account for instance the tilt-yaw control of the turbine,
the adjustment of the pitch yielding the maximal power output for the given wind speed,
individual pitching taking the wind shear and/or the tower shadow into account, pitching to

adjust the rotational speed, or to decrease the tower vibrations etc.

The estimating of the one or more operational parameters representing a loading on the wind
turbine may comprise estimating or measuring any parameter representing the incoming
wind power or the blade load level, such as measuring the stresses or strains on the blades,
measuring the deformation of the blades, measuring the acceleration of the rotor, the
generator speed, the generator power, the distance between the blade and the tower, and/or

the acceleration of the nacelle or the tower.

In a further embodiment of the invention the step of estimating the operational parameter
comprises estimating at least one of a rotor power coefficient, a torque coefficient, and/or a

thrust coefficient of the wind turbine.
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Alternatively or additionally, the estimating of the operational parameter may comprise
estimating the thrust force on the rotor, and/or a thrust limiter pitch angle expressing the
minimum pitch angle for maintaining the thrust on the wind turbine below or at a maximum
allowable thrust level. The thrust limiter pitch angle (also referred to in the following as the
minimum pitch limit) may therefore be determined as the pitch angle ensuring that the thrust
force is below a specified limit. The thrust expresses the axial force on the wind turbine rotor
from the wind and transferred from the rotor blades and the rotor to the nacelle and directed
along the axis of rotation of the rotor. The thrust may be positive or negative at different
times during the operation of the wind turbine and may be determined as a function of the

wind speed, the pitch angle of the rotor blades, and the rotor (or generator) rotational speed.

By the proposed control method is obtained that the initiating of the modified control may be
independent of the current pitch and indifferent to the currents loads on the wind turbine.
Rather, the modified control strategy is initiated in dependence on the sudden changes or

abnormal fluctuations in the wind load situation.

The minimum pitch limit value of the pitch reference value may be determined as a function
of the power produced by the rotation of the rotor and a rotational speed of the rotor. As it
can be shown that the pitch angle for a given thrust value and a given rotor rotational speed
is a linear function of the rotor power, the minimum pitch limit value of the pitch reference
value may be determined from these relationship and as a function of the variation
parameter either directly or indirectly by first determining the thrust value as the maximum
allowable thrust level from the variation parameters. The minimum pitch limit value may
hence be determined readily and fast for instance from a set of predetermined curves or
equations yielding the above mentioned relationship between the minimum pitch and the

rotor power for different rotor rotational speeds and thrust levels.

Alternatively or additionally, the maximum allowable thrust on the rotor may be determined

as a function of the variation of e.g. the turbine blade loads or the rotor acceleration.

The minimum pitch limit value of the pitch reference value may be estimated to generally
increase for increasing maximum allowable rotor thrust and for increasing rotor or generator
power and for increasing rotational speed of the rotor. The minimum pitch limit may be
estimated to depend linearly or piecewise linearly on the maximum allowable rotor thrust, the

rotor or generator power, and/or the rotor rotational speed.

Alternatively or additionally, the maximum allowable thrust on the rotor may be determined
as a function of a mean wind speed on the rotor. The maximum allowable thrust may be

based on sets of thrust curves or data sets and as a function of the mean wind speed and
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variations of e.g. blade loads and/or rotor acceleration. These curves or data sets may be
determined off-line from the linkage between the estimated fatigue load, the wind speed and
the maximum allowable thrust, and may be obtained e.g. from numerical simulations. The
curves or data sets may be established during the design and construction of the wind
turbine such as to yield the desired power production by the wind turbine and over the
desired life time. The curves or data sets may optionally be updated during operation of the
wind turbine. The wind speed used may be a measured or an estimated wind speed and may
be a mean wind speed for instance determined as the average wind speed over the rotor

area or as the average between a maximum and a minimum wind speed.

Alternatively or additionally the maximum allowable thrust may be determined from
predetermined look-up tables yielding an effective and fast method for establishing or

estimating the maximum allowable thrust.

In an embodiment of the invention, the maximum allowable rotor thrust may be estimated to
generally decrease by increasing variation of the operational parameter and by decreasing
wind speeds. The maximum allowable rotor thrust may be estimated to depend linearly or
piecewise linearly on the variation of the operational parameter and/or the wind speed. In a
more simple estimation of the maximum allowable rotor thrust, the variation of the
operational parameter may be estimated to be independent of the wind speed, such that the
maximum allowable rotor thrust may be estimated as a function of the variation of the

operational parameter only.

The angular acceleration of the rotor may be determined by means of sensors measuring the
speed of the high speed shaft on the generator side of the gear. The blade loads may be
measured by means of strain gauges or optical fibres placed on or in one or more of the wind
turbine blades for instance in the root of the blade.

The time intervals at which the operational parameter and its variation are determined may
vary according to need and can for instance be determined continuously or at varying interval
lengths dependent for instance on the turbulence conditions, on the current wind direction,

on the ambient temperature etc.

According to an embodiment of the invention, the variation of an operational parameter
representing a loading on the wind turbine and thus directly related to the thrust level on the
rotor and the tower such as e.g. the variation of the thrust limiter pitch, the rotor power,
torque, and/or thrust coefficients of the wind turbine are used to determine which control
strategy should be employed. This is advantageous in that such parameters are characteristic

of the wind turbine and are found to reflect changes in the wind load conditions, such as
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turbulence, gusts, abrupt changes caused by weather front passages, wind shear, and wind

direction changes with or without simultaneous changes in the wind speed.

A possible explanation for the advantage in using the rotor power, torque and/or thrust
coefficients may be that these coefficients comprise less noise as they reflect the total rotor
power, torque, or thrust averaged spatially and not only in a single or a few spatial points.
The coefficients hence are not disturbed by local fluctuations to the same degree as e.g. wind
vane measurements and are further not averaged over time whereby they may reflect the
changes in the wind load conditions earlier or faster. Measurements of the wind directions
from a wind vane on the contrary will fluctuate due to the rotor and nacelle movements, are
will therefore need to be filtered resulting in a delay, adding to make a wind turbine control
based hereon slower. A control method based directly on the measured or estimated wind
speed may similarly be inaccurate and unsuitable, as the controlling is then based on the
wind speed in one point in space only and as changes to this one parameter may not reflect

similar changes in the overall wind speed.

Furthermore, the control method according to the invention is advantageous as the changes
in the operational parameter (e.g. the thrust limiter pitch, the rotor power, torque, or thrust
coefficients) may be detected very early time wise compared to conventional supervision
methods based on e.g. wind vane and direct wind speed measurements. Thereby the wind
turbine control method may react faster to sudden or extreme changes in the wind load
conditions, which may give the time needed for the chosen control strategy to actually be
effectuated on the wind turbine in time to avoid the undesirable high loads and moments
otherwise resulting from yaw-errors, even for large wind turbines where the control may be

relatively slow due to the very long blades, heavy components etc.

The control method according to the invention is further advantageous in leaving the wind
turbine control unaffected during normal operation, whereby the normal operation mode is
left undisturbed and the power produced by the wind turbine is not unnecessarily reduced in

non-critical wind load conditions.

Further, the control method according to the invention is advantageous in taking into account
the derivatives and the second order effects of the loads on the wind turbine rotor and
therefore accounts for situations where the turbulence is high but where the mean thrust

may be acceptable anyhow.

It is an advantage of the method of the present invention that it can be readily applied to
existing wind turbines without the requirement of additional components or hardware

equipment.
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In addition to the controlling of the blade pitch, other controllable parameters of the turbine
may be controlled simultaneously or in parallel such as e.g. the yaw or coning of the rotor,
the rotational speed of the rotor, the power, the torque, the generator speed, or some
adjusting parameters for any other active aerodynamic devices for changing the aerodynamic

surfaces of the blades such as flaps or vortex generating means.

The modified control strategy may in one embodiment of the invention comprise stopping or
de-rating the wind turbine whereby the undesirable large loads otherwise resulting from the
severe wind load conditions are effectively and in a simple way avoided and prevented. A de-
rating control strategy may e.g. include a reduction of the power reference, a reduction of
the rotational speed, collective blade pitching out of the wind (optionally combined with
individual pitching of the blades) or a combination of any of these control schemes. Stopping
may be achieved e.g. gradually or step wise slowing the turbine down to a halt, or by

pitching the blades completely out of the wind.

Further, the modified control strategy may comprise controlling the wind turbine according to
the control signal prior to the most recent control signal, whereby the wind turbine is
controlled in a safe mode and the undesirable extreme loads otherwise resulting from the
severe wind load conditions are effectively prevented without largely influencing the

productivity of the wind turbine.

In a further embodiment, the modified control strategy comprises adding a modification
parameter to the value of the control signal. Hereby is obtained that the control signal may
be modified fast and dynamically reducing the effective thrust force exerted on the rotor and
the tower effectively. The modified control strategy is further advantageous in that the tuning
or adjusting of the control signal is only activated when needed - generally at high
turbulence thereby avoiding peak loads on especially the blades and the tower. Further, in
these situations when the modified control strategy is activated, the wind turbine is not
simply stopped or de-rated but instead controlled in a manner to reduce the fatigue and

damage on the rotor while maintaining a power production of the wind turbine.

The control signal may as also previously mentioned comprise a pitch reference signal for
controlling the pitching of the blades of the wind turbine, and the modified control strategy
may comprise increasing the value of the pitch reference signal. By increasing the pitch of
the turbine blades the aerodynamical thrust on the rotor and the tower and thereby the blade

moments, the tower tilt and bending moments are directly and effectively decreased.

The modification parameter may be a predetermined constant or may be a function of the

value of the operational parameter at the time when controlling according to modified control
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strategy. This operational parameter may be the one used for activating the control strategy.
The modification parameter may further be a function of the value of another operational
parameter. Hereby may be obtained that the control signal such as e.g. the pitch may be
modified in an amount depending on for instance the current wind load conditions. In this
way the control signal may be changed more abruptly in more severe wind load conditions
leading to higher and more critical loads on the wind turbine components.

The rotor power coefficient expresses how efficiently the wind turbine converts the wind
energy into power and is given as the ratio of the power extracted by a wind turbine to the
power available in the wind stream. The torque coefficient may be expressed in terms of the
rotor power coefficient divided by the blade tip ratio.

The operational parameter such as the rotor power coefficient, the torque coefficient, and the
thrust coefficient of the wind turbine may be determined from a pitch angle of one or more of
the wind turbine blades, from the generator speed, the rotor speed, and/or the rotor or

generator power.

Similarly, the thrust limiter pitch may be determined from the rotor or generator power, from

a given maximum allowable thrust and the rotational speed of the rotor or generator.

Further, the operational parameters may be determined from the wind speed either as
estimated or as measured directly. Also, the operational parameters may partly be
determined by looking up in predetermined tables. The operational parameters including the
thrust limiter pitch, rotor power coefficient, the torque coefficient, and the thrust coefficient
may hence in most cases be determined from already available information with no need for

additional sensors on the wind turbine.

In an embodiment of the invention the variation parameter is determined by filtering the at
least one operational parameter such as the thrust limiter pitch, the rotor power coefficient,
the torque coefficient, and the thrust coefficient of the wind turbine. Hereby a variation
parameter expressing the time wise variation of one or more of the coefficients is obtained
which may be realised in existing control systems by simple means optionally by upgrading of
existing systems and without the need for additional measurements. Different types of filters
may be employed such as fast and slow low pass filters, 1* or higher orders filters, a Kalman
filter or by the application of Fast Fourier transformation.

Alternatively or additionally the variation parameter reflecting a variation of the operational

parameter may be determined as a function of the mean value and/or the standard deviation
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and/or the variance of the parameter, from a rain flow count algorithm, or by similar data

processing measures reflecting the fluctuation of the parameter over time.

In a further embodiment of the invention the variation parameter is determined as a function
of the difference between a fast and a slow low pass filtered operational parameter, such as
the thrust limiter pitch, the rotor power efficiency, torque coefficient, and/or thrust
coefficient. Therefore, an effective measure for the time dependent variation of the one or

more parameters in question is obtained by a simple algorithm.

The variation parameter in this way reflects a sudden or abrupt change of the coefficient in
question. Such variation parameter expressing the time wise variation of the operational
parameter may be realised in existing control systems by simple means optionally by

upgrading of existing systems and without the need for additional measurements.

In an embodiment of the invention the variation parameter is determined as a function of a
pitch angle of one or more of the wind turbine blades, the acceleration of the wind turbine
tower and/or the drive train speed of the wind turbine. Hereby the variation parameter may
be tuned to more effectively reflect the changes in the wind load conditions, for instance with
the purpose of tuning the variation parameter to e.g. avoid exceeding the alert threshold
during normal operation of the wind turbine to a higher degree of certainty, or to tune the
variation parameter to reflect specific changes in wind load conditions, e.g. be more sensitive
to extreme wind direction changes than to extreme wind speed changes etc. For example,
the variation parameter is more sensitive (and therefore more prone to cause a modified
control strategy to be initiated) the more the blades are pitched into wind in which case an
abrupt wind load condition change would also cause higher tilt and yaw moment than for

blades pitched more out of the wind.

In an embodiment, the variation parameter could also be chosen to increase with value of the
absolute or mean wind speed. Hereby a control method is obtained which in some situations
reacts more promptly to large variations in the wind load conditions, where the possibility of
the variation parameter exceeding the alert threshold is larger, and the wind turbine
therefore is more likely to be controlled differently e.g. more conservatively, stopped or de-
rated. This may for instance be advantageously at higher wind speeds, where the risk of
unacceptable large or extreme loads and moments on the wind turbine is correspondingly

higher than at lower wind speeds.

In an embodiment of the invention, the alert threshold is a predefined constant, may depend

on the most recent control value, and/or may be a function of the wind speed.
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The alert threshold may optionally be a function of the other parameters such as the current
wind speed, a turbulence factor, acceleration measurements on the nacelle or the blades, the
blade loads, the power production, the generator speed, or the current pitch of the blades,
whereby the control method which in some situations reacts more promptly to large
variations in the wind load conditions is obtained. In this way a control method where a
modified control such as stopping or de-rating of the turbine is more likely could be applied in
situations where the consequences of the large changes in wind conditions are more severe,

for instance at higher wind speeds.

The present invention relates in another aspect to a control system for a wind turbine having
a rotor with pitchable wind turbine blades and a generator for producing power, the control

system configured to perform the steps of:

determining a control signal for a controllable parameter of the wind turbine;

- estimating at time intervals at least one operational parameter representing a loading

on the wind turbine exerted by the wind,

- determining a variation parameter reflecting a variation of the operational parameter

over time,

- controlling the wind turbine according to the most recent control signal only if the

variation parameter is below an alert threshold, and

- controlling the wind turbine according to a modified control strategy if the variation

parameter is above the alert threshold.

Hereby a control system for a wind turbine is obtained which is capable of being controlled
according to the previous control methods and with the advantages derived there from and

as described in relation thereto.

Finally, the present invention relates in another aspect to a wind turbine having a rotor with
pitchable wind turbine blades and a generator for producing power and comprising a
measuring unit placed in relation to the rotor such as to measure at time intervals at least
one operational parameter representing a loading on the wind turbine rotor exerted by the
wind, the wind turbine further comprising a control system according to the above comprising
a controller for determining a control signal for a controllable parameter of the wind turbine,
a processor for determining said at least one operational parameter as measured by the

measuring unit, and for determining a variation parameter reflecting a variation of said
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operational parameter over time, and where the controller is further configured for controlling
the wind turbine according to the control signal only if the variation parameter is below an
alert threshold, and according to a modified control strategy if the variation parameter is

above the alert threshold.

The advantages of such wind turbine have already been described above in relation to the
control method according to the embodiments.

The estimating of the one or more operational parameters representing a loading on the wind
turbine may according to an embodiment of the invention comprise estimating or measuring
the blade loads on one or more of the wind turbine blades. For instance, the blade loads may
be measured in the root of each of the blades yielding a measure of the blade flapwise

bending moments.

The variation parameter may then be determined as a function of the variation of the one or
more blade loads such that the controlling of the wind turbine is modified if large drops in the
blade loads are detected. As an example, the variation parameter may be determined by
taking the highest blade load value occurring in the just passed time period such as for the
last 5-10 seconds and subtracted the current load value. In case this load drop value exceeds
a certain level or alert threshold the control strategy for the wind turbine is modified,
Additionally or alternatively, the combined (i.e. the added) load drop for all the turbine

blades may be considered as the variation parameter.

If activated, the modified control strategy may be upheld for a certain time such as for
approximately 10-20 seconds, and/or may be upheld as long as the variation parameter is
above the alert threshold.

As previously mentioned, the modified control strategy may comprise stopping or de-rating
the turbine, or may comprise adding a modification parameter to the value of the control
signal.

According to an embodiment a value is added to the individual pitch references, which value
is proportional to the change in blade load for that particular blade. In this way the pitch
reference is enlarged when the blade load is increasing. Assuming that a larger pitch angle
leads to a reduced blade load, this proposed modified control strategy may result in the
changes in the blade load being dampened.

According to a further embodiment, the individual pitch reference may be kept constant for

some time (e.g. approximately 10-20 seconds).
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Brief description of the drawings

In the following different embodiments of the invention will be described with reference to

the drawings, wherein:

Fig. 1 generally illustrates a wind turbine,

Fig. 2 illustrates a general control system of a wind turbine according to the present

invention,

Fig. 3 shows wind parameters as a function of time during an extreme wind direction change
and correspondent rotor efficiency and tilt moments for a wind turbine during a control
strategy according to prior art,

Fig. 4 shows the same extreme wind load case as in figure 3,

Fig. 5 shows power, rotor power coefficients, and tilt moments resulting from a control
strategy according to an embodiment of the invention and compared to the results from a

conventional control strategy,

Fig. 6 illustrates the rotor power coefficient and filtered values hereof during a time series

with normal production,

Fig. 7 is a flow-chart illustrating an embodiment of the control method,

Fig. 8 shows the minimum acceptable pitch angle 6,,, as a function of the rotor power P, at

four different rotational speed w and for a given constant maximal thrust,
Fig. 9 shows wind speed, the pitch modification parameter, the resulting pitch, and tower
bending moment during a gust and resulting from a control strategy with and without pitch

modification according to an embodiment of the invention, and

Fig 10 shows the same parameters as in figure 9 during a time series with a fluctuating wind.

Detailed description of the drawings
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As shown in figure 1, a wind turbine 90 comprises a tower 92, a nacelle 94 at the tower top,
the nacelle housing machine components, such as gearbox, generator etc. (not shown). At
one end of the nacelle, a hub section 96 supports a plurality of wind turbine blades 10. The
rotor of the wind turbine includes the blades and possibly other rotating parts such as the
hub section 96. One or more measuring units 12 may be provided on the hub section 96, in
or on the nacelle, in one or more of the blades 10, and in the tower 92. The measuring
unit(s) 12 is/are arranged to measure one or more operational parameters representing a
loading on the wind turbine rotor exerted by the wind, such as an acceleration of a
component of the wind turbine, a load of a component of the wind turbine, a deflection of a
component of the wind turbine, or a rotational speed of a component of the wind turbine. The
load measurement may e.g. be a torque measurement at the hub or a stress in the blade
root and carried out by suitable means, such as strain gauges, optical fibres etc. The
acceleration measurement may be performed by means of an accelerometer arranged within
the hub section, on the nacelle, or on the main shaft. The deflection measurement may be
performed e.g. by an angle measurement device. The rpm measurement may conveniently
be performed on the main shaft of the turbine or on a rotatable part within the hub section,
to measure the rotational speed of the rotor. Alternatively, it may be performed by an

instrument, which is independent of access to the main shaft of the wind turbine.

Figure 2 generally illustrates a control system of an embodiment of a wind turbine according
to the invention. The wind turbine comprises one or more controllers such as a nacelle-hosed
controller 18 within the nacelle 94 and a hub-sided controller 14 and in communication with
each other via an interface between the stationary and the rotating parts. The controllers 14,
18 receive input from the set of sensors or measuring units 12 placed in different parts of the
wind turbine such as in the nacelle, in the blades or the tower. The measuring units 12 may
provide input data to the nacelle-housed controller 18 related to e.g. power output of the
wind turbine, wind direction, wind velocity and/or other parameters. The hub-sited control
circuitry 14 receives input data from a plurality of measuring units 12 arranged to measure
e.g. loads on the blades 10 (i.e. blade bending), blade oscillation, rpm, acceleration, velocity
or load of the tower 92 and/or other parameters. The sensors 12 may be provided for
individual purposes, or some of them may replicate others. For example, two of the sensors
12 may be provided for measuring blade load, whereby one of the sensors 12 is provided to
take over if the other fails. The control system comprises a pitch controller for determining
the pitch reference value for controlling the pitch of the blades 10. The input from the
measuring units 12 is processed in a processor in one or more of the controllers to yield the
operational parameter (such as the thrust coefficient or the minimum pitch limit value) and
the variation parameter, and thereby determine whether or not a modified control strategy

should be followed which is then communicated to the pitch controller. The pitch controller is
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then configured to optionally modify the otherwise decided pitch reference and control the

pitch of the turbine blades accordingly.

Figure 3 shows at the two uppermost curves the absolute wind speed V¢, 101 and the wind
direction ay,;,¢, 102 as a function of time ¢, 103 during a wind load condition case. This
specific case illustrates the wind parameters during an Extreme Coherent gust with Direction
change load case (ECD) as prescribed in the IEC 61400 code which comprises a range of
extreme wind load conditions typically considered in the design of a wind turbine to assure its
structural integrity. As can be seen from the curves, the wind direction 102 and speed 101

changes rather abruptly from around t=20 s and the following 10 seconds.

The two lowermost curves show the rotor power coefficient Cp, 104 and the tilt moment M,
105 for a pitch regulated variable speed wind turbine with a conventional yaw system based
on wind vane measurements during and resulting from the extreme wind speed and direction

change.

The rotor power coefficient Cp is defined as the ratio of the actual power output of the
turbine to the power present in the free stream of a fluid flowing through the same cross-

sectional area:

C = P

p

1,
—pVi4
5P

where P is the rotor power, p is the air density, Vis the wind speed, and A is the rotor swept

area.

The rotor power coefficient Cp, 104 can hence be calculated and estimated continuously
based on the wind speed and the produced rotor power by the wind turbine as known by a
person skilled in the art. The wind speed may be measured e.g. through a nacelle mounted
anemometer (mechanical based or ultrasonic), or may be estimated e.g. through hub or

blade mounted pressure probes.

The rotor power coefficient may be determined at the same time as determining an estimate

for the wind speed from the below equation:

1 o, R
f)= EPAR Cp (B’R—)VSSI_PROT =0,

est
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This method involves the measurements of the pitch angle@ , the rotor speed ®,, and the

rotor power P,,, (generator output estimated mechanical and electrical drive train losses

plus acceleration power). The wind speed may then be found by solving the equation in an

iterative process as the rotor power coefficient in each iteration step may be determined from

®p
N

look-up tables as a function of the pitch and the tip speed ratio A = (and hence as a

function of the current wind speed estimate).

The rotor torque coefficient CqQ is related to the rotor power coefficient as:

C, =AC,,

where A is the tip-speed ratio of the turbine. The control method according to the invention
and as described in details in the following may hence in general be based equally well on the

rotor torque coefficient instead of on the rotor power coefficient.

The tilt moment M;; , 105 is a load moment about an axis which is substantially
perpendicular to a longitudinal direction defined by the tower construction of the wind
turbine, and substantially perpendicular to an axis defined by a main axle of the drive train of
the wind turbine. From figure 3 it appears that very high loading (considerably higher than

during normal operation) occurs around t=34 s and later.

The high tilt moments may arise for instance due to the generator speed-based pitch control
being a relatively slow-acting system unable to follow the steep slopes of the wind speed, or
not being designed to react on fast changing wind conditions. Therefore, the thrust coefficient
may not be lowered fast enough to compensate for the increased wind speed. As a result, the
tower is deflected backwards with the result of excessive tilt moments and bending moments
in the tower base. Further, a tilt-yaw controller on the wind turbine may not react fast
enough to be able to compensate for the abrupt change in the wind direction resulting in
unbalanced loads and moments, and stationary yaw errors leading to the wind turbine being
stopped. Similarly, the yaw moments of the hub (i.e. a load moment about an axis which is
substantially parallel to and coinciding with a longitudinal direction defined by the tower
construction of the wind turbine) may be excessive in extreme wind conditions as described

here.
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In the load case shown in figure 3, a yaw error supervision according to known methods,
where any wind direction changes are detected from wind vane measurements, is seen to
trigger the alarm causing the stopping of the wind turbine to be initiated at around t = 33 s,
110. As can be seen from the lowermost moment curve this is however too late to avoid the
large tilt moments My, firstly as the tilt moments are already excessive at this time, and

secondly as the stopping process in itself takes some time to take effect.

However, the change in the wind condition parameters can be seen from figure 3 to be
reflected in the rotor power coefficient Cp 104 already from around t=21s, 120, where the
coefficient starts decreasing. This effect is exploited in the controlling method according to an
embodiment of the invention to improve the operation of the wind turbine, as will be

described in more details in the following.

According to one embodiment of the invention, the controlling strategy of the wind turbine is
modified in case a variation parameter Avar being a function of the rotor power coefficient
and reflecting a variation hereof over time becomes larger than some alert threshold 7. The
variation parameter Avar may in one embodiment be determined as the difference between

the slow and the fast low pass filtered rotor power coefficient; Avar = Cpsjon- CPrast-

As long as the variation parameter does not reach or exceed the alert threshold, the control
and operation of the wind turbine is not altered, and the wind turbine is controlled as
otherwise determined and according to the control signals received from the one or more
controllers, such as power or torque reference signals for controlling the rotational speed of
the wind turbine rotor, or pitch reference signals for controlling the pitching of one or more of
the wind turbine blades. The modified control strategy initiated by the variation parameter
exceeding the alert threshold may for instance comprise stopping the wind turbine (e.g. by
braking or pitching the blades out of the wind according to some stopping strategy), or de-
rating the turbine. A de-rating control strategy may e.g. include a reduction of the power
reference, a reduction of the rotational speed, collective blade pitching out of the wind
(optionally combined with individual pitching of the blades) or a combination of two or three
of these control schemes. Alternatively or additionally the modified control strategy may
comprise adding a modification parameter to the control signal such as for instance

increasing the pitch by a certain extra amount.

This strategy is illustrated in figure 4 showing the earliest part of the same wind load case as
in figure 3, with the wind speed V,;,4, 101 and wind direction a,;,s, 102 as a function of time
t, 103. One of the curves below show the rotor power coefficient Cp, 104 in a solid thick line
as also shown in figure 3, and resulting from the wind load condition parameters during

normal operation of the wind turbine and estimated or calculated directly or indirectly from
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the wind turbine power and wind speed as previously described. In a thinner dashed line is
shown the rotor power coefficient filtered with a fast low pass filter Cpr.s;, 201, while the
dotted line 202 shows the rotor power coefficient filtered with a slow low pass filter and
minus an alert threshold; (Cpsow-T), 202. In this embodiment the alert threshold T is a
predefined constant equal to 7= 0.15.

According to one embodiment of the invention, the controlling of the wind turbine is modified
in case a variation parameter Avar being a function of the rotor power coefficient and
reflecting a variation hereof over time becomes larger than some alert threshold 7. The
variation parameter Avar is in one embodiment and as illustrated in figure 4 determined as
the difference between the slow and the fast low pass filtered rotor power coefficient; Avar =

Cp slow™ CP fasts

Under these wind conditions illustrated in figure 4, the variation of the rotor power coefficient
in time causes the modified control strategy to be initiated att = 25 s, 210, where the curve
of the fast filtered Cprs, 201 drops below the curve of the slow filtered value Cps,,, minus the
fixed value of the alert threshold 7, 202, whereby the variation parameter Avar hence

becomes larger than the alert threshold, Avar >T.

The filtering applied on the rotor power coefficient is in this case a 1* order recursive low
pass filter with a user specified time constant:

A
1—ﬂ +Yn—t
T T

Y

filta — Y

filt,n—1

,where T [s]is the filter time constant, At [s] = sampling time step, Y, is the signal to be
filtered and Yg, is the filtered signal and n is the sample step number. The speed of the filter
(fast or slow) is determined by the magnitude of the time constant. In this embodiment the
slow averaging is done using a first order low pass filter on Cp with a time constant of 30 s.

The fast averaging is done using the same filter with a time constant of 1 s.

In other embodiments the time dependent variation of the rotor power coefficient may be
determined by applying other types of filters such as filters of higher order, a Kalman filter or
by the application of Fast Fourier transformation. The time dependent variation may further
be determined as a function of the standard deviation and/or a mean value of the operational

parameter.
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The time intervals at which the operational parameter and its variation are determined may
vary according to need and can for instance be determined continuously or at varying interval
lengths dependent for instance on the turbulence conditions, on the current wind direction,

on the ambient temperature etc.

The alert threshold which in the shown examples of figure 4-6 is preset to a constant of
T=0.15 may be chosen e.g. from simulations that is obtained from the wind turbine that is
not stopped or de-rated neither too early i.e. under non-critical wind load conditions, nor too

late to avoid any extreme loads and moments on the wind turbine components.

The alert threshold may be chosen as a function of parameters directly or indirectly indicating
the severity of the wind load condition or load conditions of the turbine, such as for example
the current wind speed and wind direction, a turbulence factor, or e.g. current loads or
moments in some of the wind turbine components, or the current pitching or pitching history.
For instance, an alert threshold T may be used depending on the current pitch of the blades.
In case the blades are pitched more into the wind, a relatively sudden change in the wind
load conditions would cause higher loads on the rotor blades than if the blades were initially
pitched out of the wind. Therefore, an alert threshold T could advantageously be expressed
as a function of the pitch such that the control strategy of the wind turbine would be more
likely to be altered or modified (a lower T) e.g. by stopping or de-rating, when the risk of

intolerable loads caused by changes in the wind conditions is higher.

Figure 5 shows, from the top, the wind speed 101, the electrical power on the generator side
P 301, rotor power coefficient Cp 104, and the tilt moment M, 105 as a function of time ¢,
103, and during the same wind load condition of wind speed and direction change as
previously illustrated in the figures 3 and 4. The dashed thick lines 302 for the power, rotor
power coefficient, and tilt moment show the parameters without the control method
according to the present invention resulting in high tilt moments occurring even though a
yaw error supervision according to prior art causes stopping of the wind turbine to be
initiated around £=33 s, 110. The solid thin lines 303 show the simulated results resulting
from the control method according to one embodiment of the invention as described above,
and where the use of the time dependent variation of the rotor power coefficient as an
indicator for a large change in the wind conditions causes a modified control strategy to be
initiated around t=25 s, 310, from where the turbine is stopped. The stopping based on the
rotor power coefficient is hence initiated 8 seconds earlier than by the conventional control
method based on yaw error supervision from wind vane measurements. As can be seen from
the figure, the stopping is thereby initiated sufficiently early to avoid the otherwise resulting

large tilt moments.
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Figure 6 shows a time series with normal production and with the control method
implemented according to the above. The wind speed 401 and the wind direction 402 as a
function of time are shown in the two first curves, which wind load conditions result in the
rotor power coefficient by the solid (grey) line in the lowermost curve 403. In a black dashed
line is shown the rotor power coefficient filtered with a fast lowpass filter Cpr.s:, 404 and
which is nearly coinciding with the unfiltered Cp. The dotted line 405 shows the rotor power
coefficient filtered with a slow lowpass filter and minus an alert threshold; (Cpsow-T) Similar to

the curves in figure 4.

It can be seen from figure 6 that under these wind conditions, the variation parameter Avar
= Cpsiw- Cprase does not exceed the alert threshold T, i.e. the curve of the fast filtered Cpr.,
404 does not come below the curve of the slow filtered value Cps,, minus the fixed value of
the alert threshold 7, 405, although it is close around t=450 s, 410. Thus, the modified
control strategy of e.g. stopping or de-rating the wind turbine is not triggered during this
normal operation of the wind turbine, which is advantageous as the power production of the

wind turbine is hence not lowered unnecessarily.

As previously mentioned, the variation parameter Avar may alternatively or additionally be
determined based on the rotor torque coefficient of the wind turbine due to its direct

relationship to the rotor power coefficient via the tip-speed ratio A.

In a further embodiment of the invention, the variation parameter Avar is determined based
on the estimated thrust force Fr on the wind turbine rather than, or in addition to the rotor
power coefficient. The thrust Fr may be determined or estimated from the wind speed, the
pitch angle and the rotor or generator rotational speed. In general it may be shown that the

thrust decreases with increasing pitch angles.

Similarly, the variation parameter Avar may be determined based on the thrust coefficient of
the wind turbine rather than, or in addition to the rotor power coefficient. The thrust
coefficient C; is the relative speed of each blade and the angle of attack that produces the lift

from each blade and is defined as:

F
C, =—"

I

1 e
—pV4
P

where Fris the aerodynamic thrust on the rotor, p is the air density, Vis the wind speed, and
A is the rotor swept area. The thrust may e.g. be estimated from the rotor power, the rotor

and/or generator speed, the pitch of the blades, and optionally based on look-up tables.
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From figure 6, it can be seen that the rotor power coefficient Cp seems to be sensitive not
only to the wind direction changes but also to the variation in the wind speed. The rotor
power coefficient in general seems to fluctuate more at lower wind speeds. A similar effect is
seen on the thrust coefficient. The variation parameter Avar may therefore in embodiments of
the invention also be expressed as a function of other sensor signals or measured parameters
such as the current wind speed, the pitch of the blades, the drive train speed, or the
acceleration of the nacelle. Thereby a better tuning of the variation parameter may be
obtained and a higher confidence that the modified control strategy is not initiated during

normal operation of the wind turbine

According to an embodiment of the invention, the operational parameter may be chosen as
the pitch limit 8,,, ensuring that the thrust on the wind turbine is below a specified maximum
allowable limit F; .. The pitch limit therefore is similar to e.g. the aerodynamic thrust which
represents the loading on the wind turbine as exerted by the wind. This pitch limit is also
referred to as the thrust limiter pitch. It can be shown that the pitch angle 6,,, , 800 for a
given thrust value may be expressed as a linear function of the rotor power P, 810 as
illustrated in figure 8. Here, the minimum pitch 800 corresponding to a certain fixed
maximum allowable thrust is shown as a function of the rotor power P, 810 and for 4
different values of rotational speed of the rotor w, 801, 802, 803, 804. The rotor rotational
speed increases for increasing pitch at a given rotor power. Such relationship may be
determined for different values of rotor thrust F; .« from which a minimum pitch limit 6,,,
800 may then be determined based on information of the generator power Pyenerator,810 and
the rotational velocity of the rotor w, 801-804 by interpolation. The rotor power may be

determined from data on the generator power and the rotor rotational speed.

As outlined above, a thrust limiter pitch may be determined such that a certain maximum
acceptable and allowable thrust is not exceeded. The maximum rotor thrust F; .., may be set
at a predefined and/or constant level. Alternatively or additionally, the maximum rotor thrust
F: max May be variable and determined continuously or for certain time periods as the
maximum acceptable thrust under the given wind conditions in order not to cause too high
wear and fatigue on the wind turbine thereby reducing its life time while on the same time
obtaining the desired power production over time. The maximum allowable rotor thrust F; .«
may be determined from look-up tables or curves which have been predetermined e.g.
during the designing of the wind turbine from simulations and in dependence of e.g. the
current mean wind speed, the variation of the turbine blade loads, and/or the variation of the

rotor acceleration.

The variation parameter Avar may be determined as the difference between the current

value of the operational parameter (i.e. the thrust limiter pitch in this embodiment), and the
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sum of the mean value and a constant times the standard deviation of the operational
parameter: Avar = Bpin — Omin, avg - KBmin, sta, Where k may be some predetermined constant.
The variation parameter in this way reflects a sudden or abrupt change of the operational
parameter expressing whether the thrust limiter pitch angle deviates or changes significantly

relative to previous values.

The variation parameter may in an embodiment be determined only as a function of the
standard deviation or the mean value of the thrust limiter pitch, or may be determined e.g.
as the difference between the change in the operational parameter in two successive time

steps and the standard deviation (optionally times a constant).

In case the repeatedly estimated variation parameter becomes larger than the alert
threshold, Avar >T, the modified control strategy is initiated. The modified control strategy
may comprise adding a pitch contribution A6 (a modification parameter) to the pitch

reference.

Alternatively or additionally, the modified control strategy may imply adding a pitch
contribution to the thrust limiter pitch, which may be used as the resulting pitch reference, in
the cases where the otherwise determined pitch reference is below the thrust limiter pitch
8- By such modification to the pitch, the turbine blades are pitched out of the wind fast and
hence effectively reducing the effective thrust force exerted on the rotor and thereby on the

tower.

This modification strategy of only increasing the thrust limiter pitch in the specific situations
of large and sudden changes to the operational parameters has proven advantageous over
other strategies trying to increase the dynamics of the thrust limiter action (for example by
implementing a lead compensator on the thrustlimiter pitch angle) in that the noise in the
thrust limiter pitch by the proposed method is kept at a relatively low level. This is
particularly advantageous in turbulent wind load conditions and during gusty wind events
where the thrust limiter is highly active (i.e. the pitch reference is often modified to the
minimum pitch limit), as an increase in the noise may otherwise result in increased fatigue
loads on pitch system, blades and tower. In comparison hereto the proposed control method
is advantageous as it has no influence on the normal thrustlimiter operation, but will add

dynamics to the thrustlimitation during extreme events.

The modification parameter added to the control signal value may be tuneable for example
depending on the current wind speed, such that the blades may be pitched out of the wind
faster at higher wind speeds where the tower bending moments would otherwise be relatively

higher than at lower wind speeds.
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Figure 9 shows a time series with, 901 and without, 902 the control method implemented
according to the above and during a simulation of a wind gust. The wind speed 101 as a
function of time t is shown in the first curve, which wind load condition results in the pitch
reference 9, 500 (the control signal) and the tower bottom bending moments M, 904 as
shown in the two lowermost curves with (dotted lines 901) and without (solid lines 902)

implementing the modified control strategy according to the invention.

As described previously, the proposed control method only actively affects the control
signal(s) such as the pitch reference in the situations where the large and sudden changes to
the operational parameter such as the thrust limiter pitch or thrust coefficient are detected. It
can be seen from figure 9 that the proposed control method of modifying the pitch is not
active in the first time period until approximately t~12 s, as the pitch reference 500 for the
two different control methods are here the same. At the time t~12 s large variations in the
thrust limiter pitch (not shown) causes a change in pitch A8, 903 (modification parameter) to
be added to the otherwise determined pitch reference. This modification of the pitch
reference results in considerably lower tower bottom bending moments as can be seen from
the lowermost curve although the modified control strategy is only active and the pitch
reference is modified for a very short period of time of around 12 s <t< 14 s. Further, as can
be seen from the curve showing the modification parameter A8, 903 the pitch in this
embodiment is modified by a tuneable or variable parameter, where the pitch is initially
increased by 6° and thereafter by a exponentially decreasing amount over the following time

period of approximately one second.

Figure 10 illustrates the same parameters as in figure 9 resulting from a simulation of the
wind turbine behaviour during a time series of extreme turbulence with significant but
constant level of wind fluctuations. Although the wind fluctuation magnitudes in this test run
are considerable, the fluctuations are not out of the ordinary in the present situation and
therefore do not result in sudden or abrupt changes in the thrust limiter pitch which is here
used as the operational parameter, and therefore the control strategy is not activated at any
times (A6=0). This illustrates how the proposed strategy is advantageously only reacting in on

out of the ordinary situations and not merely on fluctuations.

The control method according to the invention is illustrated step-by-step in the flowchart in
figure 7 and as applied to a pitch control parameter. As before, the principle is however the
same for other controllable parameters such as for control signals comprising the power
reference etc. In each time step and for each sample, a new control signal 8 is received from
another controller or determined locally, 500. Similarly information is received or obtained on
the current rotor or generator power P and other wind turbine parameters such as the tip

speed ratio, the wind speed Vwind, etc, 501. From these parameters the current operational
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parameter is then determined which as previously discussed is a parameter representing the
loading on the wind turbine such as e.g. the thrust F;, the thrust limiter pitch 6,,,, the rotor
power coefficient C,, rotor torque coefficient Cg, and/or the thrust coefficient Cr, 502. The
variation parameter Avar reflecting a variation of the operational parameter is then
determined 504 e.g. from the standard deviation and/or the variance or mean of the
parameter, from a rain flow count algorithm, by filtering, or by similar data processing
measures reflecting the fluctuation of the parameter over time. The variation parameter may
alternatively or additionally also be determined as a function of other current parameters
such as the current pitch angle, the wind speed, the drive train speed Vadrive, the blade loads,
tower acceleration acc etc., 505. In case the variation parameter Avar does not exceed the
alert threshold T (which may be a predefined constant or a function of current operating
conditions such as the current wind speed) the wind turbine is controlled according to the

control signal 8 500 without any intervention 510.

If, on the other hand, the variation parameter Avar exceeds the alert threshold T, the present
control strategy is overruled and the wind turbine is controlled according to a modified
control strategy, 520. The modified control strategy may as previously mentioned for
instance involve stopping the wind turbine, slowing the wind turbine down, or continue to
control the wind turbine according to the previous or an even earlier control signal. The
modified control strategy may likewise comprises increasing the thrust limiter pitch 6,

and/or the pitch reference 6, 500 by certain amount A®6.

The control method may involve storing the information on the operational parameter such
as the rotor power coefficients and/or thrust coefficients optionally together with information
on the associated control signals in a control history. Therefore, there is a possibility of
letting the variation parameter Avar be a more complex function of the operational
parameters, and control signals in the control history, such as depending on for instance the

second derivatives or higher of the parameters .

While preferred embodiments of the invention have been described, it should be understood
that the invention is not so limited and modifications may be made without departing from
the invention. The scope of the invention is defined by the appended claims, and all devices
that come within the meaning of the claims, either literally or by equivalence, are intended to

be embraced therein.
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Claims

1. A method of controlling a wind turbine having a rotor with pitchable wind turbine blades

and a generator for producing power, the method comprising the steps of:

- determining a control signal for a controllable parameter of the wind turbine;

- estimating at time intervals at least one operational parameter representing a loading

on the wind turbine exerted by the wind,

- determining a variation parameter reflecting a variation of said operational parameter

over time,

- controlling the wind turbine according to the control signal only if the variation

parameter is below an alert threshold, and

- controlling the wind turbine according to a modified control strategy if the variation

parameter is above the alert threshold.

2. A method of controlling according to claim 1, where the modified control strategy

comprises at least one of stopping and de-rating the wind turbine.

3. A method of controlling according to claim 1, where the modified control strategy

comprises adding a modification parameter to the value of the control signal.

4. A method of controlling according to claim 3, where the control signal comprises a pitch
reference signal for controlling the pitching of the blades of the wind turbine, and the

modified control strategy comprises increasing the value of the pitch reference signal.

5. A method of controlling according to claim 3 or 4, where the modification parameter is a

predetermined constant.

6. A method of controlling according to any of the preceding claims, where the step of
estimating the operational parameter comprises estimating a thrust limiter pitch angle,
wherein the thrust limiter pitch angle comprises the minimum pitch angle for maintaining the

thrust on the wind turbine to be equal or below a maximum allowable thrust level.
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7. A method of controlling according to any of the preceding claims, where the step of
estimating the operational parameter comprises estimating at least one of a rotor power

coefficient, a torque coefficient and a thrust coefficient of the wind turbine.

8. A method of controlling according to any of the preceding claims, where said at least one
operational parameter is determined from at least one of a rotor speed, a generator speed of

the wind turbine, and the wind speed.

9. A method of controlling according to any of claims 7-8, where said at least one of the rotor
power coefficient, the torque coefficient, and the thrust coefficient is determined from a pitch

angle of one or more of the wind turbine blades.

10. A method of controlling according to any of the preceding claims, where the variation
parameter is determined as a function of the difference between a fast and a slow low pass

filtered operational parameter.

11. A method of controlling according to any of the preceding claims, where the variation
parameter is determined as a function of at least one of the mean value and the standard

deviation of operational parameter.

12. A method of controlling according to any of the preceding claims, where the variation
parameter is determined as a function of a pitch angle of one or more of the wind turbine
blades, of the acceleration of the wind turbine tower, and/or of the drive train speed of the

wind turbine.

13. A method of controlling according to any of the preceding claims, where the alert

threshold is a predefined constant.

14. A method of controlling according to any of the preceding claims, where the alert

threshold is a function of the wind speed.

15. A control system for a wind turbine having a rotor with pitchable wind turbine blades and

a generator for producing power, the control system configured to perform the steps of:

- determining a control signal for a controllable parameter of the wind turbine;

- estimating at time intervals at least one operational parameter representing a loading

on the wind turbine exerted by the wind,
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- determining a variation parameter reflecting a variation of said operational parameter

over time,

- controlling the wind turbine according to the most recent control signal only if the

variation parameter is below an alert threshold, and

- controlling the wind turbine according to a modified control strategy if the variation

parameter is above the alert threshold.

16. A wind turbine having a rotor with pitchable wind turbine blades and a generator for
producing power and comprising a measuring unit placed in relation to the rotor so as to
measure at time intervals at least one operational parameter representing a loading on the
wind turbine rotor exerted by the wind, the wind turbine further comprising a control system
according to claim 15 comprising a controller for determining a control signal for a
controllable parameter of the wind turbine, a processor for determining said at least one
operational parameter as measured by the measuring unit, and for determining a variation
parameter reflecting a variation of said operational parameter over time, and where the
controller is further configured for controlling the wind turbine according to the control signal
only if the variation parameter is below an alert threshold, and according to a modified

control strategy if the variation parameter is above the alert threshold.
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