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1 (57) Abstract: A method for controlling operation of a wind turbine and a

e method for controlling operation of a plurality of wind turbines positioned
in a wind farm are disclosed. According to the method, a pitch and rota-

5 tional speed curve, e.g. a 0 versus A curve, is selected from a group of pitch

lejje;ﬁdﬁﬁm// and rotational speed curve, and the wind turbine is operated in accordance
curve with the selected curve for a short period, while monitoring at least one tar-

l 3 get parameter, e.g. power production or loads on one or more components.

This is repeated for each of the curves of the group of pitch and rotational
speed curves. This is also repeated a predetermined number of times, i.e.
each curve is selected in turn a predetermined number of times. Based on
the monitored target parameters an optimum curve is determined from the
group of pitch and rotational speed curve, and the wind turbine is operated
in accordance with this optimum curve. The method ensures that the ap-
plied curve is in fact optimal for the specific wind turbine, at the specitic
site and under the specitic conditions. Thereby the wind turbine can be op-
5 erated in a more optimal manner, e.g. with respect to power production
and/or loads or wear on components.
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A METHOD FOR CONTROLLING OPERATION OF A WIND TURBINE

FIELD OF THE INVENTION

The present invention relates to a method for controlling operation of a wind turbine in such
a manner that the wind turbine is operated in an optimal manner for that specific wind

turbine at that specific site.

BACKGROUND OF THE INVENTION

Pitch controlled wind turbines are often operated at optimal tip speed ratio, i.e. in such a
manner that, at each wind speed, an optimal tip speed ratio (A) is obtained. To this end
optimal tip speed ratio curves and optimal pitch curves are generated based on knowledge
about expected optimal settings for obtaining an optimal power production. The curves may
be generated purely on the basis of calculations. However, they may alternatively or
additionally be based on measurements performed on identical or similar wind turbines.
Some inaccuracies are introduced in the generation of the curves, because the numerical
models used for calculating the values for the curves may be inaccurate, and because optimal
settings may vary from one wind turbine to another, from one site to another and from one

location to another within the same site.

EP 1 736 664 discloses a method and an apparatus for controlling a wind turbine. Values of
relevant measurement parameters, e.g. wind speed and/or wind direction, are measured,
e.g. at an external measurement station or at a neighbouring wind turbine. The measured
values are processed and supplied to a control unit. The control unit then selects a set of
control parameters and the wind turbine is controlled in accordance with these control

parameters.

US 2007/0183885 Al discloses a method for optimising the operation of a wind turbine. A
control parameter is adjusted to a predetermined starting value. A response variable and a
further variable indicative of an ambient condition are measured. This is repeated a number
of times, the control parameter being varied at each repetition. A measured relation between
the control parameter and the response variable and the variable indicative of an ambient
condition is determined. Based on this, an optimised value of the control parameter with
respect to the response variable is determined, and a set point of the control parameter is

adjusted to the optimised value.
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DESCRIPTION OF THE INVENTION

It is an object of embodiments of the invention to provide a method for controlling operation

of a wind turbine, in which specific circumstances of the wind turbine are taken into account.

It is a further object of embodiments of the invention to provide a method for controlling

operation of a wind turbine, in which specific site conditions are taken into consideration.

It is an even further object of embodiments of the invention to provide a method for
controlling operation of a wind turbine, in which curves used for selecting control parameters
have been generated in a more accurate manner than is the case for prior art control

methods.
It is an even further object of embodiments of the invention to provide a method for
controlling operation of a plurality of wind turbines of a wind farm, in which local variations

across the site of the wind farm are taken into account.

According to a first aspect the invention provides a method for controlling operation of a wind

turbine, the method comprising the steps of:

a) selecting a pitch and rotational speed curve from a group of pitch and rotational

speed curves,

b) operating the wind turbine in accordance with said selected curve, while monitoring at

least one target parameter,

c) repeating the steps of selecting a pitch and rotational speed curve and operating the
wind turbine until each of the curves of the group of pitch and rotational speed curves
has been selected,

d) repeating steps a)-c) a predetermined number of times,

e) based on the monitored target parameter(s), determining an optimum curve among

the curves of the group of pitch and rotational speed curves, and

f) controlling operation of the wind turbine in accordance with the optimum curve.



10

15

20

25

30

35

WO 2010/057737 PCT/EP2009/063911

The present invention relates to a method for controlling operation of a wind turbine, in
particular a wind turbine of a large modern type. The wind turbine may be controlled in order
to achieve certain objectives, e.g. a desired output power, acceptable load levels on various
components of the wind turbine, etc. A selected control strategy will often depend on which
objectives are considered most important in the specific case, as well as on the particular

levels, e.g. output power or load level, it is desired to reach.

According to the method of the invention a pitch and rotational speed curve is initially
selected from a group of pitch and rotational speed curves. In the present context the term
‘pitch and rotational speed curve’ should be interpreted to mean a curve which reflects the
pitch angle as well as the rotational speed of the wind turbine, e.g. a reflecting a relationship
between the pitch angle and the rotational speed, under given circumstances. Selecting such
a curve and operating the wind turbine in accordance with the selected curve determines the
behaviour of the wind turbine under the given circumstances, e.g. in terms of power output

and/or loads.

A group of pitch and rotational speed curves is, thus, a collection of predefined curves, each
reflecting the pitch and the rotational speed of the wind turbine under given operational
conditions as described above. Accordingly, the step of selecting a pitch and rotational speed
curve from a group of pitch and rotational speed curves is performed by selecting one of the
predefined curves forming part of the set of curves. The curves are preferably predefined in a
manner which ensures that when the wind turbine is operated in accordance with one of the
curves, it is operated within a specified load envelope. Thus, it is ensured that the turbine is

not subjected to excessive loads.

The pitch and rotational speed curves may each be constructed on the basis of empirical
data, calculations and/or using any other suitable criteria. The pitch and rotational speed
curves could, e.g., be optima tip speed ratio curves and/or optimal pitch curves. In this case,
the group of sets of parameter settings could, e.g., be a number of optimal tip speed ratio

curves and/or optimal pitch curves.

Subsequently, the wind turbine is operated in accordance with the selected pitch and
rotational speed curve. This should be interpreted to mean that the wind turbine is operated
in such a manner that corresponding values of the pitch and the rotational speed are selected
in such a manner that the selected curve is followed. The wind turbine is then operated with
the applied settings. Simultaneously, at least one target parameter is monitored. In the
present context the term ‘target parameter’ should be interpreted to mean a parameter
which defines an objective which it is intended to achieve during operation of the wind

turbine. Examples of target parameters include, but are not limited to, output power of the
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wind turbine, loads on various components of the wind turbine, e.g. tower, blades, drive
train, bearings, etc. Since the target parameter(s) is/are monitored while the wind turbine is
operated in accordance with the selected pitch and rotational speed curve, it can be
established whether or not a given monitored target parameter ‘behaves’ as expected and/or

desired in response to the selected curve.

The steps of selecting a pitch and rotational speed curve and operating the wind turbine are
repeated until each of the curves of the group of pitch and rotational speed curves has been
selected. Thus, each of the curves of the group of pitch and rotational speed curves is
sequentially selected, and the wind turbine is operated in accordance with each of the curves
while the target parameter(s) is/are monitored. This makes it possible to determine which of
the curves is most optimal with respect to a given target parameter under the actual
operating conditions for the actual wind turbine at the actual site. Thus, each of the curves is

‘tested’ to determine which of the curves is the most optimal.

The sequential selection of each of the pitch and rotational speed curves is repeated a
predetermined number of times. Thereby each of the curves is ‘tested’ sequentially a
predetermined number of times. Thereby short term variations in operating conditions, e.g.
caused by gusts, will have less influence on the evaluation of the curves. Thereby the

possibility of identifying the optimum curve under the prevailing wind conditions is increased.

Based on the monitored target parameter(s), an optimum curve among the curves of the
group of pitch and rotational speed curves is selected, as described above. As mentioned
above, the selected curve is ‘optimum’ in the sense that it is the curve which results in one or
more target parameters being as close as possible to a desired level. The selected optimum
curve is then applied to the wind turbine, i.e. the wind turbine is operated in accordance with

the selected optimum pitch and rotational speed curve.

Thus, according to the method of the first aspect of the invention, the pitch and rotational
speed curve used for controlling the wind turbine is selected on the basis of actual
measurement performed on the actual wind turbine at the actual site and under the current
operating conditions. Thereby it is ensured that the wind turbine is operated in a manner
which is really optimum under the given circumstances, rather than in a manner which is
theoretically optimum. This allows the wind turbine to be operated in a more optimal manner,
e.g. in terms of power output and/or in terms of wear or fatigue on one or more components

of the wind turbine.

As mentioned above, the pitch and rotational speed curves may be optimal tip speed ration

curves and/or optimal pitch curves.
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The monitored target parameter(s) may include, but is not limited to, power production of
the wind turbine and/or load on one or more components of the wind turbine. Examples of
such components include, but are not limited to, turbine blades, tower, gear box, generator,

main shaft, hub, drive train and blade bearings.

The method may further comprise the step of repeating steps a)-f) after a predefined time
interval has lapsed. According to this embodiment, a new optimum pitch and rotational speed
curve is identified as described above after the predetermined time interval has lapsed.
Operating conditions may change over time, e.g. due to seasonal variations. Thus, as
seasons change, the wind conditions are expected to change, e.g. being more windy during
autumn and winter than during summer, wake conditions changing, e.g. due to a shift in the
wind direction, or due to varying amount of leaves on neighbouring trees or other vegetation,
etc. It may therefore be desirable, or even necessary, to determine an optimum pitch and
rotational speed curve at regular intervals, e.g. every three months. The process described
above may, e.g., be performed during a week, and the selected optimum pitch and rotational
speed curve may be applied to the wind turbine for the next three month, after which a new

optimum pitch and rotational speed curve is determined during, e.g., a week.

There may also be differences in operating conditions between night and day. It may
therefore be desirable to determine one optimum pitch and rotational speed curve for use
during daytime and another optimum pitch and rotational speed curve for use during the
night.

The predefined time interval may be substantially longer than the time required for
performing steps a)-e). According to this embodiment, the wind turbine is operated in
accordance with the selected optimum set of parameter setting for the majority of the time,
and the process of determining an optimum set of parameter settings is performed in a short
time compared to the total operating time of the wind turbine. As mentioned above, the
predefined time interval may be approximately three months, while the time required for

performing steps a)-e) may be approximately one week.

The step of determining an optimum curve among the curves of the group of pitch and
rotational speed curves may further be performed on the basis of statistical data relating to
operation of the wind turbine, said statistical data having been previously obtained and
stored. Such statistical data may originate from previously performing steps a)-e).
Alternatively or additionally, it may originate from measurements performed during normal
operation of the wind turbine. The statistical data may, e.g., include measurements of power
production of the wind turbine and/or load measurements on various components of the wind

turbine, such as hub, blades, bearings, tower, gear, drive train, etc. Alternatively or
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additionally, the statistical data may comprise information relating to previously selected
optimum pitch and rotational speed curves. The statistical data may indicate that the
optimum curve which was found by performing steps a)-e) is in fact not the real optimum
curve. This may, e.g., be because exceptional weather conditions have occurred while the
steps were performed. Thus, taking the statistical data into account may lead to a slightly

different curve being selected as the optimum curve and applied to the wind turbine.

Alternatively or additionally, the step of determining an optimum curve among the curves of
the group of pitch and rotational speed curve may further be performed on the basis of
information relating to one or more neighbouring wind turbines. This is particularly useful
when the wind turbine is arranged in a wind farm. Information obtained by one or more
neighbouring wind turbines may provide valuable additional information regarding the site of
the wind turbines. Using this valuable additional information when selecting the optimum
curve even further ensures that the selected curve is truly the optimum for that specific wind
turbine. Furthermore, if the relative positions of the wind turbines and the wind direction are
known, information obtained by a neighbouring wind turbine may provide information about

wake conditions caused by neighbouring wind turbines.

According to one embodiment, the information relating to one or more neighbouring wind
turbines may have been obtained by performing at least the steps a)-e) with respect to each
of the neighbouring wind turbines. According to this embodiment, a number of wind turbines
arranged in the vicinity of each other, e.g. in a wind farm, can be operated in a manner
which takes operation of the other wind turbines into account. Thereby control strategies can
be selected which ensure an optimal operation of the wind farm as a whole, even if some of
the wind turbines are not individually operated in an optimal manner. For instance, it may be
an advantage to operate a wind turbine which is arranged in the wind direction in such a
manner that a power production is obtained which is less than optimal. Thereby a larger
amount of the energy of the wind is allowed to pass on to the wind turbines arranged fully or
partly in the wake of this wind turbine. Thereby the total power production of the wind farm
may be optimised, possibly while reducing the load on the components of at least the ‘front’

turbine.

According to a second aspect the invention provides a method for controlling operation of a
plurality of wind turbines positioned in a wind farm, the method comprising the step of, for
each of the wind turbines, performing the method according to the first aspect of the

invention.
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As described above, the plurality of wind turbines are controlled on the basis of
measurements performed on the actual wind turbines at the actual site and under the actual

wind conditions.

The operation of each of the wind turbines may further be controlled on the basis of data

obtained for one or more of the remaining wind turbines of the wind farm.

As described above, operation of the wind farm may advantageously be controlled in such a

manner that the overall operation of the wind farm is optimised.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in further detail with reference to the accompanying

drawings in which

Fig. 1 is a flow diagram illustrating the method steps of a method according to an

embodiment of the invention,

Fig. 2 is a graph illustrating a set of pitch versus tip speed ratio curves which may be used

when performing the method illustrated in Fig. 1, and

Fig. 3 illustrates a plurality of wind turbines arranged in a wind farm.

DETAILED DESCRIPTION OF THE DRAWINGS

Fig. 1 is a flow diagram illustrating the method steps of a method according to an
embodiment of the invention. The method is initiated at step 1. At step 2 a first pitch and
rotational speed curve is selected from a group of pitch and rotational speed curves. At step
3 the selected curve is applied to a wind turbine, and the wind turbine is operated in
accordance with the selected curve. As described above, the curve may, e.g., be an optimal
tip speed ratio curve, and the group of pitch and rotational speed curves may be a collection
of slightly different optimal tip speed ratio curves. During this, one or more target
parameters is/are monitored. As described above, a target parameter may be a parameter
which is indicative of an objective which it is desired to reach when operating the wind
turbine. Suitable target parameters include power production and loads in one or more
components of the wind turbine, e.g. the drive train, the blades, the tower construction, the

hub, the bearings, etc.
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At step 4 it is investigated whether or not a predetermined time has lapsed. If this is not the
case, operation of the wind turbine in accordance with the selected pitch and rotational speed
curve should be continued. The process is therefore returned to step 3. If, on the other hand,
the predetermined time has lapsed, it is investigated at step 5 whether or not all the curves
of the group of pitch and rotational speed curves has been selected. If this is not the case, a
new curve is selected at step 6. The new curve is applied to the wind turbine, and the wind
turbine is operated in accordance with the new curve for the predetermined time while
monitoring the target parameter(s) as described above. Thus, each of the curves is

sequentially selected and applied to the wind turbine.

When all of the curves have been selected as described above it is investigated, at step 7,
whether or not the previous steps have been repeated a predetermined number of times. If
this is not the case the procedure described above is repeated, i.e. the process is returned to

step 2 where the first pitch and rotational speed curve is selected again.

Thus, the pitch and rotational speed curves are selected and applied to the wind turbine
sequentially for a predetermined number of times. Thereby each of the curves is applied to
the wind turbine for a predetermined number of predefined time intervals, the time intervals
being spread substantially uniformly over the time it takes to perform the entire process.
Thereby a substantial amount of data regarding the target parameter(s) is obtained for each
of the curves, and the data obtained from the various curves are comparable due to the

temporal spread of the measurement intervals.

When each of the pitch and rotational speed curves has been selected and applied to the
wind turbine a predetermined number of times, an optimum curve is selected at step 8. The
optimum curve is determined on the basis of the obtained data regarding the target
parameter(s). For instance, the pitch and rotational speed curve which provides the most
optimal value for one or more of the target parameter(s) under the given operating
conditions may be determined to be the optimum curve. The procedure described above
ensures that sufficient data is available to ensure that the optimum curve which is
determined in step 8 is in fact the optimum curve under the prevailing operating conditions,
because the data obtained for each curve is obtained during a long time interval, and data for

all of the curves is obtained during the same long time interval.

Once the optimum curve has been determined at step 8, the optimum curve is applied to the
wind turbine, and the wind turbine is operated in accordance with the selected optimum
curve. Thus, the optimum curve is used for controlling operation of the wind turbine for a

longer time period.
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The method illustrated in the flow diagram of Fig. 1 and described above can be performed
again after a longer time period has lapsed. Thereby a new optimum curve can be
determined, e.g. in the case that the operating conditions have changed in such a manner

that the previous optimum curve is no longer optimum.

Fig. 2 is a graph illustrating a group of 8 versus A curves which may be used when
performing the method illustrated in the flow diagram of Fig. 1 during steps 2 and 6. Thus,
each of the curves of the graph of Fig. 2 represents a pitch and rotational speed curve which
can be applied to a wind turbine in order to control operation of the wind turbine in such a
manner that simultaneous values of 8 and A follow a selected curve. All of the curves shown

in Fig. 2 in combination represent a group of pitch and rotational speed curves

When performing the method illustrated in the flow diagram of Fig. 1, each of the curves
shown in Fig. 2 is sequentially selected, and the wind turbine is operated in accordance with
the selected curve for a certain time period, while monitoring one or more target parameters.
This is repeated a predetermined number of times, and an optimum curve is determined

based on the data obtained by monitoring the target parameter(s).

Fig. 3 shows six wind turbines 11 arranged in a wind farm. Arrow 12 indicates the wind

direction.

As described above, the method of the invention is particularly suitable for controlling
operation of wind turbines 11 which are arranged in a wind farm. In the wind farm illustrated
in Fig. 3 the wind turbines 11a are arranged in front of the other wind turbines 11b, 11c
along the wind direction 12. Thus, the wind received at wind turbines 11a contains a
maximum possible amount of energy under the given conditions. The wind turbines 11b are
positioned behind the wind turbines 114, i.e. they are at least partly in the wake of the wind
turbines 11a. Accordingly, the wind received at wind turbines 11b contains a smaller amount
of energy than the wind received at wind turbines 11a. Finally, the wind turbines 11c are
arranged behind the wind turbines 11a as well as behind the wind turbines 11b, i.e. at least
partly in the wake of these wind turbines 11a, 11b. Accordingly, the wind received at wind
turbines 11c contains an even smaller amount of energy than the wind received at wind
turbines 11b.

If operation of the wind turbines 11 is controlled in a manner which takes the circumstances
described above into account, the wind farm can be controlled in a manner which is optimal,
e.g. in terms of overall power production and/or overall load or wear on the wind turbines 11,
without necessarily controlling operation of the individual wind turbine 11 in an optimal

manner. Thereby it may, e.g., be possible to utilise the energy present in the wind to the
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maximum possible extent, while minimising the load or wear on the components of the wind
turbines. In order to obtain this, the individual wind turbine 11 must be operated in a manner

which takes data obtained from neighbouring wind turbines into account.

For instance, the wind turbines 11a may be operated in a manner which extracts an amount
of energy from the wind which is less than the maximum possible extractable amount.
Thereby the loads and wear on the components of the wind turbines 11a are reduced.
Simultaneously, a larger amount of energy remains in the wind and is passed on to the wind
turbines 11b, 11c arranged behind the wind turbines 11a. Thereby the energy extracting
potential of the wind turbines 11b, 11c arranged in the wake of the wind turbines 11a can be
utilised to a greater extent. As a consequence, the total energy extracting potential of all of
the wind turbines 11 of the wind farm is utilised to a greater extent, while reducing the loads

and wear on the components of the individual wind turbine 11.
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CLAIMS

1. A method for controlling operation of a wind turbine, the method comprising the steps of:

a) selecting a pitch and rotational speed curve from a group of pitch and rotational

speed curves,

b) operating the wind turbine in accordance with said selected curve, while monitoring at

least one target parameter,

c) repeating the steps of selecting a pitch and rotational speed curve and operating the
wind turbine until each of the curves of the group of pitch and rotational speed curves
has been selected,

d) repeating steps a)-c) a predetermined number of times,

e) based on the monitored target parameter(s), determining an optimum curve among

the curves of the group of pitch and rotational speed curves, and

f) controlling operation of the wind turbine in accordance with the optimum curve.

2. A method according to claim 1, wherein the pitch and rotational speed curves are optimal

tip speed ratio curves and/or optimal pitch curves.

3. A method according to claim 1 or 2, wherein the monitored target parameter(s) include

power production of the wind turbine.

4. A method according to any of the preceding claims, wherein the monitored target

parameter(s) include load on one or more components of the wind turbine.

5. A method according to any of the preceding claims, further comprising the step of

repeating steps a)-f) after a predefined time interval has lapsed.

6. A method according to claim 5, wherein the predefined time interval is substantially longer

than the time required for performing steps a)-e).

7. A method according to any of the preceding claims, wherein the step of determining an

optimum curve among the curves of the group of pitch and rotational speed curves is further
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performed on the basis of statistical data relating to operation of the wind turbine, said

statistical data having been previously obtained and stored.

8. A method according to any of the preceding claims, wherein the step of determining an
optimum curve among the curves of the group of pitch and rotational speed curves is further

performed on the basis of information relating to one or more neighbouring wind turbines.

9. A method according to claim 8, wherein the information relating to one or more
neighbouring wind turbines has been obtained by performing at least the steps a)-e) with

respect to each of the neighbouring wind turbines.

10. A method for controlling operation of a plurality of wind turbines positioned in a wind
farm, the method comprising the step of, for each of the wind turbines, performing the

method according to any of claims 1-9.

11. A method according to claim 10, wherein the operation of each of the wind turbines is
further controlled on the basis of data obtained for one or more of the remaining wind

turbines of the wind farm.
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