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Sammendrag:

The invention relates to a method of controlling a wind turbine having a rotor with pitchable wind turbine
blades and a generator for producing power, where a pitch reference value for the wind turbine blades is
determined, and an operational parameter representing a loading on the wind turbine rotor exerted by the wind
is measured at time intervals. A variation parameter reflecting a variation of the operational parameter over
time is determined and used in the determination of a minimum pitch limit value of the pitch reference value.
The wind turbine is then controlled according to the pitch reference value only if the pitch reference value is
above or equal to the minimum pitch limit value, and otherwise according to the minimum pitch limit value.
The invention further relates to a method of controlling the change in the operational parameter as measured in
two successive time steps is determined and the turbine then being controlled according to a safety control
strategy if the difference between the operational parameter change and the variation parameter is above a
certain alert threshold.

The invention further relates to a control system configured to perform the above control method, and a wind
turbine comprising such system.
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CONTROL METHOD FOR A WIND TURBINE

The present invention relates to a method of controlling a wind turbine having a rotor with
pitchable wind turbine blades and a generator for producing power with the aim of increasing the
energy production while ensuring that the loading on the wind turbine is kept within acceptable
limits.

Background

Most modern wind turbines are controlled and regulated continuously most often 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 sudden increase 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 passing of the tower or the actual wind velocity varying with the distance to

the ground (the wind profile or shear).

To this purpose a number of parameters are collected and monitored by the controllers in a
wind turbine, such as for instance the current wind speed and direction, 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 current
performance, and thereby the power production and the load situation of the wind turbine is
primarily controlled by controlling the pitching of the blades, but may further include
adjusting for instance any different 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.

Wind turbines are traditionally constructed and controlled according to standards and
according to wind maps and incorporating the trade-off of maximizing the annual energy
production by the wind turbine while on the same time ensuring a certain life time of the
turbine i.e. keeping the loads on the different components of the wind turbine within
acceptable limits at all times and over time. Wind turbines are therefore typically designed
according to a certain (high) turbulence but will most often be operating at a lower

turbulence level and may in some conditions be controlled too conservative, while in some
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conditions not conservative enough resulting in undesired fatigue or extreme loads on the

wind turbine components, especially the blades, nacelle and tower.

EP 1988284 discloses a control method for a wind turbine where the rotational speed and the
electrical power output of the wind turbine are reduced depending on a deviation of the wind
speed from the average wind speed, which however not always reflect the actual load

conditions on the wind turbine components.

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 is to provide a control method for increasing the energy
production of the wind turbine. A further object of the invention is to provide a control
method for ensuring that the loads on the turbine are kept within acceptable limits in all wind

conditions.

It is a further object of the invention to provide a control method which in a simple and

effective way may react fast and reliable to changes in the wind load conditions.

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 pitch reference value for one or more of the wind turbine blades;

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

on the wind turbine rotor exerted by the wind,

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

over time,

- determining a minimum pitch limit value of the pitch reference value as a function of

said variation parameter,
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- controlling the wind turbine according to the pitch reference value only if the pitch

reference value is above or equal to the minimum pitch limit value, and

- controlling the wind turbine according to the minimum pitch limit value if the pitch

reference value is below the minimum pitch limit value.

The control method according to the invention hence comprises a control strategy for tuning
the pitch control so as to ensure that the loading on the wind turbine is kept within
acceptable limits by determining at each time step an operational parameter representing a
loading on the wind turbine rotor exerted by the wind, and using the variations in time hereof
as a basis for deciding the minimum pitch limit value being the minimum pitch allowable

under the current wind and load conditions.

The hereby obtained control method is advantageous in acting as a system detecting and
reacting on changes or variations in the load conditions in a simple yet effective way, and in
such a way that the turbine may be controlled unaffected according to its conventional pitch
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 by pitching the blades according to the minimum
pitch thereby reducing the loading on the wind turbine. Hereby both the current loads (in
general understood as referring to both fatigue or instrananeous loads) on different wind
turbine components such as the tower, the blades, the generator, the gears etc may be

maintained low or decreased.

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.

The pitch reference value may comprise the value or values 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 pitch reference value may be preformed in the same or in different
controllers and may be based on input from various sensors such as load sensors on the
blades or rotor shaft, accelerometers in the nacelle, anemometers etc. The pitch reference
value may in this way be determined by the pitch controller according to other pitch control
strategies taking into account for instance the tilt-yaw control of the turbine, the adjustment
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of the pitch yielding the maximal power output for the given wind speed, individual pitching
taking the wind shear and/or the tower into account, pitching to adjust the rotational speed,
or to decrease the tower vibrations.

The measuring of the one or more operational parameters representing a loading on the wind
turbine may comprise 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.

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.

The operational parameter may in a first step be filtered by e.g. a high pass filter in order to
derive the high frequency content of the operational parameter such as e.g. the blade loads.
The high frequency content of the operational parameter has the advantage that they are
nearly only turbulence driven, i.e. the dependency of the actual control setting of the wind

turbine is limited.

The variation parameter reflecting a variation of the operational parameter may be
determined as e.g. the standard deviation and/or the variance of the parameter, may be
determined from a rain flow count algorithm, by filtering the operational parameter, or by
similar data processing measures reflecting the fluctuation of the parameter over time.
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.

As the operational parameter represents a loading of the wind turbine, the variation

parameter may represent the fatigue load or the damage rate on the wind turbine.

In case the operational parameter comprises a measure of the loads in the blade root, the

variation parameter may represent the fatigue load in the blade root.
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In case the operational parameter comprises the acceleration of the rotor, the variation
parameter may represent the rotor acceleration power expressing the necessary power
used/generated by the rotor inertia to accelerate/decelerate as measured.

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.

According to the invention, the variation parameter (e.g. the rotor acceleration power and
blade load flucturations) is used to determine the minimum pitch limit value of the pitch
reference which sets a minimum value for the blade pitch, and which is applied in the pitch
control overruling the otherwise determined pitch reference value if this is not larger than or

equal to the determined minimum pitch limit value.

Hereby is obtained that the pitch controlling is tuned according to the prevailing wind

conditions.

The proposed control method does not change the pitch reference of the blades directly but
rather indirectly by the setting of a minimum pitch limit, thereby yielding a less conservative
control method. The wind turbine may in this way in some situations of benign weather
conditions where the traditional control has otherwise proven too conservative increase the

power production.

A further advantage of the proposed method is that the tuning or adjusting of the pitch 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.

A further advantage of the control method according to the invention is that the minimum
pitch limit value is dynamic and is repeatingly modified or updated both under low and under
high turbulence, thereby in some situations allowing an increased power production and in

other situations actively limiting the pitch.

Further, the underlying pitch control may not need to apply as conservative safety factors in
determining the pitch reference value, as the setting of the minimum pitch limit value
according to the proposed control method may ensure that the controller reacts to potential

critical wind and load conditions before they evolve and become critical.
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Similarly, the proposed control method is advantageous in reducing the risk of exceeding the
design loads of the wind turbine, because the controller is more conservative in load
situations which are outside what the turbine has been designed for.

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.

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 different active aerodynamic devices for changing the

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

According to an embodiment of the invention, the minimum pitch limit value is determined
such as to reflect the minimum pitch for maintaining the thrust on the rotor at a maximum
allowable thrust level. 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.

The proposed control method may thus allow higher maximum rotor thrust when the wind
conditions are benign (e.g. low turbulence) thereby allowing the turbine to generate a higher
energy production, while on the same time decreasing the maximum allowable thrust in

harsh wind conditions in order to decrease the loading on the turbine.

According to the invention, the control method further comprises the step of determining a
power produced by the rotation of the rotor and a rotational speed of the rotor, and
determining the minimum pitch limit value of the pitch reference value as a function of said
power and said 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
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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.

In a further embodiment of the invention, the method further comprises the step of
determining a maximum allowable thrust on the rotor as a function of the variation
parameter, and determining the minimum pitch limit value of the pitch reference value as a
function of the maximum allowable thrust. As mentioned above, the minimum pitch limit
value of the pitch reference value may hereby be obtained from a set of predetermined
curves or look-up tables, as the empirical relationship between the minimum pitch and the
variation parameter optionally by means of the maximum allowable thrust may be

determined beforehand.

In an embodiment of the invention, 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.

In a further embodiment of the invention, the method further comprises the step of
determining a mean wind speed on the rotor, and determining the maximum allowable thrust
as a function of the mean wind speed. 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 the variation
parameter. 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.
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In an embodiment of the invention, the maximum allowable rotor thrust may be estimated to
generally decrease for increasing variation of the operational parameter and for 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.

In an embodiment of the invention, the step of measuring the operational parameter
comprises measuring a sideways, axial, and/or angular acceleration of the rotor, measuring a
distance between a wind turbine blade and the wind turbine tower, an acceleration of the
tower or the nacelle, and/or a rotational speed of the generator or rotor. These examples of
operational parameters all provide a measure which may be obtained relatively easy and
exact without the need for any advanced measuring equipment and which provides a simple
yet direct measure reflecting the loading on the wind turbine as exerted by the wind and
which may therefore be advantageous in determining a fatigue or damage rate of the wind

turbine and thereby a maximum allowable thrust limit.

In an embodiment of the invention, the variation parameter is determined as the standard
deviation of the operational parameter and/or by filtering the operational parameter. Hereby
is obtained a variation parameter expressing the time wise variation of the operational
parameter which may be realised in existing control systems by simple means optionally by

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

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, hereby
by a simple algorithm obtaining an effective measure for the time dependent variation of the
operational parameter in question. The variation parameter in this way reflects a sudden or

abrupt change of the operational parameter.

In an embodiment of the invention, the control method may further comprise the steps of
determining the change in the operational parameter as measured in two successive time

steps, and overruling the preceding control and controlling the wind turbine according to a
safety control strategy if the difference between the operational parameter change and the

variation parameter is above an alert threshold.

In addition to the relatively slowly adaptive algorithm as previously described which relatively

slowly adjust the maximum rotor thrust according to the prevailing stationary or near
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stationary wind conditions, is hereby is obtained a fast reacting algorithm which will fast
modify the control strategy according to a safety strategy in case the loads and thereby the
wind conditions are detected as not stationary. By the proposed method, the control
algorithm examines whether the operational parameter behaves as expected based on the
information from the already derived variation parameter and reacts instantly if the
operational parameters deviates too much from its expected value. Such deviation is then
taken as a sign of a sudden change in the wind conditions and a precautionary action is taken
by applying the safety strategy immediately. By such fast reaction the wind turbine control
may be modified so quickly that any high loads especially on the tower or the turbine blades
may be avoided, and that the wind turbine need not be shut down but instead may continue

to be in an operating and power producing mode.

The safety control strategy may according to embodiments of the invention comprise
increasing the minimum pitch limit value, and/or setting the maximum allowable thrust to a
pre-defined value. The safety control strategy hereby by simple means sets a more
conservative control (pitch) which may be effectuated fast thereby only affecting the power

production minimally while still avoiding any extreme load situations.

In an embodiment of the invention the alert threshold is a predefined constant. The alert
threshold may alternatively depend on the most recent minimum pitch limit value, and/or
may optionally be a function of the wind speed. The alert threshold may further optionally be
a function of other parameters such as e.g. 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 is obtained that the control method in some
situations reacts more promptly to large variations in the wind load conditions. In this way a
control method where a safety control strategy is more likely to occur 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 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 pitch reference value of one or more of the wind turbine blades;

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

on the wind turbine rotor exerted by the wind,
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- determining the change in the operational parameter as measured in two successive
time steps,

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

over time,

- controlling the wind turbine according to the pitch reference value only if the
difference between the operational parameter change and the variation parameter is

below or equal to an alert threshold, and

- controlling the wind turbine according to a safety control strategy if the difference
between the operational parameter change and the variation parameter is above the
alert threshold.

The advantages of the hereby proposed control method are as given above. In addition
thereto, the proposed method in this way provides a method taking fast or sudden changes
in the measured operational parameters into account from a comparison to the variation of
the operational parameter over a longer time. The control method according to the invention
hence comprises a supervision strategy capable of rapidly reacting to sudden too abrupt
changes in the load conditions and thereby avoiding severe or extreme load situations on the
wind turbine.

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

stationary and non-critical wind load conditions.

In an embodiment of the invention the safety control strategy of the above control method
comprises increasing the pitch reference value and/or de-rating the wind turbine whereby
any undesirable large loads otherwise potentially resulting from the suddenly changing 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 two or three of these control schemes.

Alternatively the safety control strategy may comprise stopping the wind turbine which 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.



10

15

20

25

DK 177434 B1

11

The present invention relates in another aspect to 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 pitch reference value for one or more of the wind turbine blades;

measuring at time intervals at least one operational parameter representing a loading

on the wind turbine rotor exerted by the wind,

determining the change in the operational parameter as measured in two successive

time steps,

determining a variation parameter reflecting a variation of the operational parameter

over time,

determining a minimum pitch limit value of the pitch reference value as a function of

the variation parameter,

controlling the wind turbine according to a safety control strategy if the difference
between the operational parameter change and the variation parameter is above or

equal to an alert threshold.

controlling the wind turbine according to the pitch reference value only if the
difference between the operational parameter change and the variation parameter is
below the alert threshold and the pitch reference value is above or equal to the

minimum pitch limit value, and

controlling the wind turbine according to the minimum pitch limit value if the
difference between the operational parameter change and the variation parameter is
below the alert threshold and the pitch reference value is below the minimum pitch

limit value.

The hereby proposed control method expresses the combination of a slow reacting control

algorithm based primarily on the variation parameter and a fast reacting control algorithm

based on a comparison of the step-by-step change of the operational parameter relative to
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the variation parameter. The advantages of the hereby proposed control method are as given

above.

According to another aspect, the present invention relates to a control system for a wind

turbine configured to perform the steps of:

determining a pitch reference value for one or more of the wind turbine blades,

- determining at least one operational parameter measured at time intervals and

representing a loading on the wind turbine rotor exerted by the wind,

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

over time,

- determining a minimum pitch limit value of the pitch reference value as a function of

said variation parameter,

- controlling the wind turbine according to the pitch reference value only if the pitch

reference value is above or equal to the minimum pitch limit value, and

- controlling the wind turbine according to the minimum pitch limit value if the pitch

reference value is below the minimum pitch limit value.

Hereby is obtained a control system for a wind turbine 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 pitch controller for determining a pitch reference value for one or more of the wind turbine
blades, 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 for determining a minimum pitch limit value of the
pitch reference value as a function of said variation parameter, and where the pitch controller

is further configured for controlling the wind turbine according to the pitch reference value
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only if the pitch reference value is above or equal to the minimum pitch limit value, and
according to the minimum pitch limit value if the pitch reference value is below the minimum

pitch limit value.

The advantages of such wind turbine are as given above in relation to the proposed control

methods.

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

Fig 4 illustrates the blade load standard deviation o(M;) as a function of the mean wind speed

Vwina for three different values of maximum rotor thrust F; .,

Fig 5 illustrates the rotor acceleration power o(aq;) as a function of the mean wind speed Vynqg

for three different values of maximum rotor thrust F; max,

Fig. 6 shows the minimum pitch limit y,,;,, as a function of the rotor power P, at four

different rotational speed w and for a given constant maximal thrust,

Fig. 7 illustrates the maximum rotor thrust F; .« as a function of the minimum pitch limit ym
and the normalized generator power, and for a set of different rotational velocities @ of the

rotor,

Fig. 8 and 9 show the mean wind speed Vyi,q , generator power Pgeperaror, blade moments M,
maximum rotor thrust F, 5., resulting pitch reference, and the minimum acceptable pitch
angle resulting from a control strategy according to an embodiment of the invention and
compared to the results from a conventional control strategy and for two different wind

scenario, and

4 B1
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Fig. 10 is a flow-chart illustrating an embodiment of the control method.

Detailed description of the drawings

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 100. The
rotor of the wind turbine includes the blades and possibly other rotating parts. One or more
measuring units 102 may be provided with the hub section 96, in or on the nacelle, in one or
more of the blades 100, and in the tower 92. The measuring unit(s) 102 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 a 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 108 within the nacelle 94 and a hub-sided controller 104 and in communication
with each other via an interface between the stationary and the rotating parts. The
controllers 104, 108 receive input from the set of sensors or measuring units 102 placed in
different parts of the wind turbine such as in the nacelle, in the blades or the tower. The
measuring units 102 may provide input data to the nacelle-housed controller 108 related to
e.g. power output of the wind turbine, wind direction, wind velocity and/or other parameters.
The hub-sited control circuitry 104 receives input data from a plurality of measuring units
102 arranged to measure e.g. loads on the blades 100 (i.e. blade bending), blade oscillation,
rpm, acceleration, velocity or load of the tower 92 and/or other parameters. The sensors 102
may be provided for individual purposes, or some of them may replicate others. For example,
two of the sensors 102 may be provided for measuring blade load, whereby one of the
sensors 102 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 100.

The input from the measuring units 102 is processed in a processor in one or more of the
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controllers to yield the operational parameter and the variation parameter and thereby
determine a minimum pitch limit value which is communicated to the pitch controller. The
pitch controller is then configured to control the pitch of the turbine blades according to the
pitch reference if this is on the safe side of (i.e. larger than) the determined minimum pitch

limit.

Figure 3 is a flow-chart illustrating an embodiment of the control method according to the
invention. One or more operational parameters 300 are measured by different measuring
units 102 at time intervals or continuously. The operational parameter 300 represents a
loading on the wind turbine rotor caused by the impeding wind and may for instance
comprise loads on the turbine blades, M; , and/or the angular acceleration of the rotor g; as
measured at the time step i. The loads on the turbine blades M; may e.g. be measured by
sensors such as strain gauges or optical fibers placed in a blade root or further out the
turbine blade. The rotor acceleration g; may be measured e.g. by means of sensors

measuring the speed of the high speed shaft on the generator side of the gear.

From the operational parameter is determined the damage or fatigue load in step 301. The
signal from step 300 may be filtered by a high pass filter in order to derive the high
frequency content of the load input signal. The high frequency content of the signal has the
advantage of being nearly only turbulence driven, i.e. the dependency of the actual control
settings of the wind turbine is limited. Based hereon a variation parameter o, 301 of the
operational parameter is determined. The variation parameter o may for instance be the
standard deviation or the variance of the operational parameter, or may be determined by

applying a rain flow count algorithm or a filtering algorithm.

If the load signal comprises the turbine blade loads M;, the variation parameter over time
represents the fatigue or damage rate of the turbine blades which for instance may be

determined from a rain flow count.

In case the load signal comprises the rotor acceleration g;, the variation parameter over time
represents the rotor acceleration power expressing the necessary power used or generated
by the rotor inertia to accelerate or decelerate as measured. For rotation about a fixed axis,
the relationship between the angular momentum L and the moment of inertia I and the

angular velocity w of the rotor may be expressed as

L=1w,
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From this follows that the net torque which determines the rate of change of the angular

momentum may be determined as

dL  d{{w) },dw _
dt At T dt

T et —

fex,

where a is the angular acceleration of the rotor, measured in rad s™2. Power is the work per
unit time, given by the power P and the torque 7 as P= 1- w, whereby one arrives at the

following expression for the rotor acceleration power P
P=1*dw/dt*w

Based on the variation parameter and the current measured or estimated wind speed Vg,
the maximum rotor thrust F; ... is determined, 303. The maximum rotor thrust F; . , 303
expresses the maximum rotor thrust allowable or acceptable 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 wind
speed V.4, 302 may be obtained by wind speed measurements from an anemometer or from
a wind speed estimation algorithm. The maximum 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. Examples of such data material are shown in the figures 4 and
5.

Figure 4 illustrates the standard deviation of the turbine blade loads o(M;), 301, 400 as a
function of the mean wind speed V,;,s, 302 and for three different values of maximum rotor
thrust F; max, 303. In general the variation parameter of the blade loads is increasing by
increasing wind speeds. The solid line 401 represents the lowest value of the maximum rotor
thrust F; max, 303 of the three ISO curves depicted here, whereas the small dashed line 403
yields the largest value of the maximum rotor thrust F, ... For a given wind speed, the
maximum acceptable and allowable rotor thrust therefore in general decreases by increasing
turbine blade fatigue. Similarly, for a given level of fatigue o(M;), an increasing maximum

rotor thrust may be accepted for an increasing wind speed.

Similar to figure 4, figure 5 illustrates the relationship between the standard deviation of the
rotor acceleration (yielding the rotor power acceleration) o(a;), 301, 500 as a function of the
mean wind speed V,,s 302 and for three different values of maximum rotor thrust F; nax, 303,

with the thrust decreasing as the line goes from small dashed 503, to dashed 502, to solid
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501. As for the turbine blade fatigue, the maximum acceptable and allowable rotor thrust in

general decreases by increasing rotor acceleration power for a given wind speed.

In one embodiment of the invention, the maximum allowable rotor thrust may be estimated
to depend linearly or piecewise linearly on the variation of the operational parameter and the
wind speed. Alternatively, the maximum allowable rotor thrust may be estimated to generally
decrease by some predefined function by increasing variations of the operational parameter

and by decreasing wind speeds.

In a simple estimation of the maximum rotor thrust, the variation of the operational
parameter may be estimated to be independent of the wind speed, such that the maximum
rotor thrust may be estimated as a function of the variation of the operational parameter

only.

The estimation of the maximum rotor thrust F; ., may be based on the variation of just one
operational parameter such as on the turbine blade fatigue or on the rotor acceleration
power. Alternatively, the maximum rotor thrust F, ., may be estimated as a function of more
variation parameters or may be based on the variation parameter yielding the most

conservative estimate for the maximum rotor thrust.

Referring back to figure 3, a minimum pitch limit y.;, 304 is then estimated from the
maximum rotor thrust F; na - In general, the thrust decreases with an increasing pitch angle
of the turbine blades. Further, it can be shown that the minimum pitch limit y,,;, 304 for a
given thrust value may be expressed as a linear function of the rotor power P, 600 as
illustrated in figure 6. Here, the minimum pitch limit 304 corresponding to a certain fixed
maximum thrust is shown as a function of the rotor power P, 600 and for 4 different
values or rotational speed of the rotor w, 601, 602, 603, 604, 605. The rotor rotational speed
increases for increasing pitch at a given rotor power. Such relationship may be determined
for different values of maximum rotor thrust F; nax, 303 from which a minimum pitch limit ynn
304 may then be determined based on information of the generator power Pgenerator, 701 and
the rotational velocity of the rotor w, 605 by interpolation. The rotor power may be

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

Figure 7 illustrates in a 3-dimensional plot the relationship between the maximum rotor
thrust F max, 303, the corresponding minimum pitch limit y.,, 304 and the generator power
Pgenerators 701 (normalized to the nominal power), and for different values of rotational velocity
of the rotor @, 605. As can be seen from the figure, the minimum pitch limit value of the

pitch reference value may be estimated to depend linearly or piecewise linearly on the
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maximum allowable rotor thrust, the rotor or generator power, and/or the rotor rotational

speed.

In the step 305 of the control method as outlined in figure 3, the minimum pitch limit y,;, is
then compared to the value(s) for the pitch reference y.r, 306 as normally determined by the
pitch controller. In the case where the already determined pitch reference is on the safe side
of the minimum pitch limit 304, and the rotor thrust therefore is expected to be lower than
the maximum rotor thrust, the pitch reference is left unchanged and the pitch is controlled
without taking any extra precautionary action. However, if the pitch reference is lower than
the determined minimum pitch limit, the pitch control of the wind turbine is modified 308 by
pitching according to the minimum pitch limit y,,;; 304. Hereby the wind turbine control is
tuned in comparison to traditional controlling to obtain the same or even an increased annual
energy production while reducing the risk of exceeding the acceptable loads on the wind

turbine over time which would otherwise lead to a reduced life time.

In the figures 8 and 9 are shown a time series without and with the control method
implemented according to the above and during simulation of two different normal wind
scenarios. The wind speed 302 as a function of time & 800 is shown in the first curve, which
wind load condition results in the generator power Pgeperator, 701, blade moments M, 300,
maximum rotor thrust Fy ., 303, resulting pitch reference y.r, 306, and the minimum pitch
limit . 304 in the following curves . The solid black lines 801 show the parameters resulting
according to the proposed control method of modifying the pitch when large fatigue loads are
detected based on variations of the turbine blade loads. The dotted grey curves 802 show the
resulting parameters according to a conventional control method where the pitch reference is
only modified in case a predetermined and constant maximum rotor thrust is otherwise

exceeded.

As described previously, the proposed control method only actively affects the pitch reference
in the situations where the otherwise determined pitch is smaller than the minimum pitch
limit determined so that a maximum rotor thrust which is a variable depending on the actual
wind and load conditions is not exceeded. It can be seen from figure 8 that the proposed
control method of modifying the pitch is not active in the periods 805 of approximately 190 s
<t<240sand 270 s < t < 400 s as the pitch reference 306 for the two different control
methods are here the same. In the wind scenario simulated in figure 8, the estimated
maximum rotor thrust F; msx, 303 according to the proposed control method 801 is at all times
t lower than the otherwise applied predetermined and constant maximum allowable rotor
thrust 802, meaning that in this example the variations of the sensed turbine loads M, 300
over time in combination with the current wind speed leads to stricter requirements to the

acceptable rotor thrust. This therefore correspondingly results in more conservative and
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higher minimum pitch limits y,;, 304, 801 and resulting pitch reference values y,r 306, 801

compared to the conventional control method shown by the dotted curves 802.

According to the proposed control method, higher values of the maximum allowable rotor
thrust may however equally well be accepted in some situations depending on the wind
conditions and the thereby resulting variations in the loading on the wind turbine. This is
illustrated in the simulation in figure 9 for example in the time periods 901 of 0 s <t < 60 s
and 235s < t < 295 s. This increase in the maximum rotor thrust then leads to lower
minimum pitch limits and thereby a lower resulting pitch reference than would otherwise be
used in the situations where the minimum pitch limits are active and the control method is

modified.

Figure 10 is a flow-chart illustrating an embodiment of the control method according to the
invention. In addition to the previously described measuring of one or more operational
parameters 300 representing a loading on the wind turbine rotor caused by the impeding
wind (e.g. loads on the turbine blades, M;, and/or the angular acceleration of the rotor g; as
measured at the time step i), and the variation parameter hereof o, 301 (e.g. the standard
deviation or the variance), the change in the operational parameter in two successive time
steps AM=|M; - M| is determined 1001. This immediate change is then compared to the
variation parameter, 1002, and the resulting control strategy is based hereon. In case the
operational parameter changes more than expected from the variation parameter, this is
interpreted as an indication of an impending abrupt or extreme change in the wind
conditions, and a safety control strategy is applied, 1004 where precautionary means are
taken. The safety control strategy may imply applying a more conservative control of for
example increasing the pitch reference value by a certain value, or comprise de-rating the
wind turbine. The pitch reference may be increased by a predefined constant or by a value
depending on the current level of pitching, such that the pitch as an example may be
increased more if the current pitch is low and an increase in the wind therefore will result in a
larger increase in the loads on the rotor. Alternatively or additionally the safety control
strategy may imply setting the maximum allowable rotor thrust to a certain conservative
value. By such fast reaction the wind turbine control may be modified so quickly that any
high loads especially on the tower or the turbine blades may be avoided, and that the wind
turbine need not be shut down or overloaded, but instead may continue to be in an operating

and power producing mode.

The pitch reference is not modified in case the change in operation parameter AM falls within
an acceptable limit of the variation parameter, 1003. Thus, the safety control strategy of e.g.

de-rating the wind turbine is not triggered during benign operation of the wind turbine, which
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is advantageous as the power production of the wind turbine is hence not lowered

unnecessarily.

The control method in this way may comprise a relatively slowly adaptive algorithm as
previously described which relatively slowly adjusts the minimum pitch limit according to the
prevailing stationary or near stationary wind conditions, in combination to a fast reacting
algorithm which will fast modify the control strategy according to a safety strategy in case

the loads and thereby the wind conditions are detected as non stationary.

The control method as described above and as outlined in figure 10 may be applied in
combination with or completely independent of the control method as previously in relation to
especially figure 3 of determining a minimum pitch limit based on an estimated variable

maximum allowable rotor thrust.

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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Patentkrav

1. En fremgangsmade til styring af en vindmglle med en rotor med pitchbare vindmgllevinger og
en generator til at producere effekt, hvilken fremgangsmade omfatter falgende trin:

- bestemmelse af en pitch-referencevaerdi for en eller flere af vindmgllevingerne;

- maling ved tidsintervaller af mindst en driftsparameter repreesenterende en belastning pa

vindmgllerotoren udgvet af vinden,
- bestemmelse af en variationsparameter afspejlende en variation af driftsparameteren over tid,

- bestemmelse af en minimum pitch-graenseveerdi for pitch-referenceveerdien som en funktion

af variationsparameteren,

- styring af vindmgllen ifglge pitch-referencevaerdien kun hvis pitch-referencevaerdien er stgrre

end eller lig minimum pitch-greensevaerdien, og

- styring af vindmgllen ifglge minimum pitch-graensevaerdien hvis pitch-referencevaerdien er

mindre end minimum pitch-greenseveerdien.

2. En fremgangsmade til styring ifglge krav 1, hvor minimum pitch-granseveerdien afspejler den
minimale pitch for at fastholde trykkraften pd rotoren under eller pd et maksimalt tilladeligt
trykkraft-niveau.

3. En fremgangsmade til styring ifglge krav 1 eller 2, hvor fremgangsmaden yderligere omfatter
bestemmelse af en effekt produceret ved rotorens rotation og en rotationshastighed af rotoren, og
bestemmelse af minimum pitch-graensevaerdien af pitch-referencevaerdien som en funktion af

effekten og rotationshastigheden af rotoren.

4, En fremgangsmade til styring ifslge ethvert af de foregdende krav, hvor fremgangsmaden
yderligere omfatter bestemmelse af en maksimalt tilladelig trykkraft pa rotoren som funktion af
variationsparameteren, og bestemmelse af minimum pitch-greensevaerdien for pitch-

referenceveerdien som en funktion af den maksimale rotor- trykkraft.

5. Fremgangsmade til styring ifglge krav 4, hvor fremgangsmaden yderligere omfatter
bestemmelse af en middel vindhastighed pa rotoren, og bestemmelse af den maksimale rotor-
trykkraft som en funktion af middel vindhastigheden.
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6. Fremgangsmade til styring ifglge krav 3-4 omfattende bestemmelse af den maksimale rotor-
trykkraft fra forudbestemte opslagstabeller.

7. En fremgangsmade til styring ifglge ethvert af de foregdende krav, hvor trinnet med maling af

driftsparameteren omfatter méling af belastninger pa en eller flere af vindmegllevingerne.

8. En fremgangsmade til styring ifglge ethvert af de foregdende krav, hvor trinnet med maling af
driftsparameteren omfatter méling af en sidevaerts, aksial, og/eller vinkelacceleration af rotoren.

9. En fremgangsmade til styring ifglge ethvert af de foregdende krav, hvor trinnet med méaling af
driftsparameteren omfatter maling af en afstand mellem en vindmgllevinge og vindmglletdrnet, en

acceleration af tarnet eller nacellen, og/eller en rotationshastighed af generatoren eller rotoren.

10. En fremgangsmade til styring ifglge ethvert af de foregdende krav, hvor variationsparameteren
bestemmes som standardafvigelsen af driftsparameteren.

11. En fremgangsmade til styring ifglge ethvert af de foregdende krav, hvor variationsparameteren
bestemmes ved filtrering af driftsparameteren.

12. En fremgangsmade til styring ifglge krav 11, hvor variationsparameteren bestemmes som en
funktion af forskellen mellem en hurtig og en langsom lavpasfiltreret driftsparameter.

13. En fremgangsmade til styring ifglge ethvert af de foregdende krav, yderligere omfattende
fglgende trin:

- bestemmelse af sendringen af driftsparameteren som malt i to successive tidstrin,
- tilsidesaette den foregdende styring og styre vindmellen i henhold til en sikkerheds-
kontrolstrategi hvis forskellen mellem aendringen af driftsparameteren og

variationsparameteren er stgrre end en varslingsgraensevaerdi.

14. En fremgangsmade til styring ifglge krav 13, hvor sikkerhedskontrolstrategien omfatter at gge

minimum pitch-greenseveerdien.

15. En fremgangsmade til styring ifglge krav 2 og 13, hvor sikkerhedskontrolstrategien omfatter at
fastsaette den maksimale rotor- trykkraft til en foruddefineret vaerdi.

16. En fremgangsmade til styring ifglge ethvert af kravene 13-15, hvor varslingsgraenseveerdien er
en foruddefineret konstant.
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17. En fremgangsmade til styring af en vindmglle med en rotor med pitchbare vindmgllevinger og
en generator til at producere effekt, hvilken fremgangsmade omfatter falgende trin:

bestemmelse af en pitch-referencevaerdi for en eller flere af vindmgllevingerne,

- maling ved tidsintervaller mindst en driftsparameter repraesenterende en belastning pa

vindmgllerotoren udgvet af vinden,
- bestemmelse af aendringen i driftsparameteren malt i to successive tidstrin,

- bestemmelse af en variationsparameter afspejlende en variation af driftsparameteren over
tid,

- styring af vindmgllen ifglge pitch-referenceveerdien kun hvis forskellen mellem aendringen i
driftsparameteren og variationsparameteren er mindre end eller lig en

varslingsgraensevaerdi, og

- styring af vindmgllen ifglge en sikkerhedskontrolstrategi hvis forskellen mellem aendringen
i driftsparameteren og variationsparameteren er stgrre end varslingsgraensevaerdien.

18. En fremgangsmade til styring ifglge krav 17, hvor sikkerhedskontrolstrategien omfatter at gge

pitch-referencevaerdien.

19, En fremgangsmade til styring ifglge krav 17, hvor sikkerhedskontrolstrategien omfatter at de-

rate vindmgllen.

20. En fremgangsmade til styring af en vindmglle med en rotor med pitchbare vindmgllevinger og

en generator til at producere effekt, hvilken fremgangsmade omfatter fglgende trin:

bestemmelse af en pitch-referencevaerdi for en eller flere af vindmgllevingerne,

- maling ved tidsintervaller mindst en driftsparameter repraesenterende en belastning p&

vindmgllerotoren udgvet af vinden,
- bestemmelse af endringen i driftsparameteren malt i to successive tidstrin,

- bestemmelse af en variationsparameter afspejlende en variation af driftsparameteren over
tid,
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- bestemmelse af en minimum pitch-graensevaerdi for pitch-referenceveerdien som en

funktion af variationsparameteren,

- styring af vindmgllen ifglge en sikkerhedskontrolstrategi hvis forskellen mellem andringen
i driftsparameteren og variationsparameteren er stgrre end eller lig en

varslingsgreensevaerdi,

- styring af vindmgllen ifglge pitch-referencevaerdien kun hvis forskellen mellem aendringen i
driftsparameteren og variationsparameteren er mindre end varslingsgreenseveerdien og

pitch-referenceveaerdien er stgrre end eller lig minimum pitch-graenseveerdien, og

- styring af vindmgllen ifglge minimum pitch-graenseveerdien hvis forskellen mellem
andringen i driftsparameteren og variationsparameteren er mindre end
varslingsgraensevardien og pitch-referencevaerdien er mindre end minimum pitch-

graensevaerdien.
21. Et styresystem til en vindmglle indrettet til at udfgre fglgende trin:
- bestemme en pitch-referencevaerdi for en eller flere af vindmgllevingerne,

- bestemme mindst en driftsparameter malt ved tidsintervaller og repraesenterende en

belastning pa vindmgllerotoren udgvet af vinden,
- bestemme en variationsparameter afspejlende en variation af driftsparameteren over tid,

- bestemme en minimum pitch-graensevaerdi for pitch-referencevaerdien som en funktion af

variationsparameteren,

- styre vindmgllen ifglge pitch-referencevaerdien kun hvis pitch-referenceveerdien er stgrre

end eller lig minimum pitch-graenseveerdien, og

- styre vindmgllen ifglge minimum pitch-graenseveaerdien hvis pitch-referenceveerdien er

mindre end minimum pitch-graensevaerdien.

22. En vindmglle med en rotor med pitchbare vindmgllevinger og en generator til at producere
effekt og omfattende en méaleenhed placeret i forhold til rotoren for at male ved tidsintervaller
mindst en driftsparameter repraesenterende en belastning pa vindmgllerotoren udgvet af vinden,
vindmgllen yderligere omfattende et styresystem ifglge krav 21 omfattende en pitch-styreenhed til
bestemmelse af en pitch-referencevaerdi for en eller flere af vindmgllevingerne, en processor til
bestemmelse af driftsparameteren som malt af maleenheden og til bestemmelse af en
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variationsparameter afspejlende en variation af driftsparameteren over tid, og til bestemmelse af
en minimum pitch-graensevaerdi for pitch-referencevaerdien som en funktion af
variationsparameteren, og hvor pitch-styreenheden yderligere er indrettet til styring af vindmgllen
ifglge pitch-referenceveerdien kun hvis pitch-referencevaerdien er stgrre end eller lig minimum
pitch-graensevaerdien, og ifglge minimum pitch-graenseveerdien, hvis pitch-referenceveerdien er

mindre end minimum pitch-graensevaerdien.
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