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CONTROLLING WIND TURBINE BASED ON RAIN DROP SIZE

FIELD OF THE INVENTION

The present invention relates to a method for controlling a wind turbine, more
particularly a method for controlling a wind turbine for avoiding rain induced
mechanical damage of the blades, a corresponding control system, software and

wind turbine.

BACKGROUND OF THE INVENTION

A wind turbine, such as an offshore wind turbine, as known in the art comprises a
wind turbine tower and a rotor. The rotor comprises one or more rotor blades,

which may suffer from mechanical damage caused by precipitation, such as rain.

US 6,837,681 B2 describes that the rotor blades carried thereby of wind power
installations are subjected to a particular degree to the ambient environmental
influences such as for example rain, snow, hail or also insects. In particular the
leading edges of the rotor blades are heavily loaded in that respect. In that
situation it can happen that the rotor blades and in particular the leading edges
thereof, after some time, suffer from (mechanical) damage, for which cost-
intensive repair is necessary, especially as a crane is frequently required for that
purpose and the entire wind power installation is also stopped for a prolonged
period due to the repair and under some circumstances even individual rotor
blades have to be transported away to the repair location. The object of US
6,837,681 B2 is to reduce the erosion damage at the rotor blades and to avoid the
above-mentioned disadvantages. US 6,837,681 B2 describes a method of
operating a wind power installation having at least one sensor for detecting the
number and/or the speed and/or the impulse of particles which impinge on the
sensor, with a data processing and control device for processing the measurement
data detected by the sensor, wherein the rotary speed (which may be referred to
interchangeably with angular rotation speed) of the rotor of the wind power
installation is reduced (by means of the data processing/control device) and/or

the wind power installation is stopped if a particle measurement value measured
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by the sensor is exceeded. However, that also results in a reduction in the total
power which the wind power installation produces.

An improved method for operating a wind power installation would be
advantageous, and it would in particular be advantageous with a method which
enables reducing the mechanical damage and/or the reduction in the total power
which the wind power installation produces.

The present invention may be applicable to offshore wind turbines.

SUMMARY OF THE INVENTION

It may be seen as an object of the present invention to provide a method for
controlling a wind turbine that solves or mitigates the above mentioned problems,
by reducing the mechanical damage and/or the reduction in the total power which
the wind turbine produces.

The above described object is intended to be obtained in a first aspect of the
invention by providing a method for controlling a wind turbine, such as a method
for controlling a wind turbine and minimizing erosion, such as an offshore wind
turbine, wherein said wind turbine comprises:

- A wind turbine rotor with one or more blades, wherein the wind
turbine has a rated angular rotation speed of the wind turbine rotor,

said method comprising:

- Providing an estimated drop size of rain drops impinging on the one
or more blades,

- Determining whether an entry criterion for operation according to a
reduced mode is fulfilled, wherein said determining is based at least
partially on the estimated drop size,

- Controlling the wind turbine according to the reduced mode if the
entry criterion is fulfilled,

wherein in the reduced mode an angular rotation speed of the wind turbine rotor
is limited below an angular rotation speed threshold,

wherein the angular rotation speed threshold is smaller than the rated angular
rotation speed of the wind turbine.
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The invention is particularly, but not exclusively, advantageous for obtaining a
method for minimizing erosion, and hence possibly extend blade leading edge
protection (LEP) life time (which may in turn enable minimizing resources spent
on blade repair and downtime), of the one or more wind turbine blades while
simultaneously minimizing the drop in energy output, such as annual energy
production, which is caused by the reduction in angular rotation speed. It may in
particular be noted, that rain drop size may be seen as a relevant parameter for
the mechanical damage (which may be referred to as erosion) caused by
impinging rain drops, and that controlling the wind turbine based on the rain drop
size may hence be an alternative to or superior to methods controlling the wind
turbine in the absence of knowledge or estimates of the rain drop size. For
example, incubation time depends on rain drop size as described in the formula
elsewhere in the present application. Thus, with an estimated drop size, it is
possible to avoid droplet erosion more effectively. For example, by knowing an
estimated drop size value it may also be possible to estimate precipitation
intensity and terminal velocity of the rain drops, which in turn will enable
(assuming operation parameters of the wind turbine, such as angular rotation
speed are also known) an incubation time, which may be relevant for deciding
whether an entry criterion for operation according to a reduced mode is fulfilled.

By ‘rain drop size’ may be understood diameter of the individual rain drops, such
as measured in units of millimeters. For non-spherical rain drops, the diameter d
may be estimated from the volume V of a rain drop according to the formula:

d = ™/ rn) P

By ‘angular rotation speed (of the wind turbine rotor)’ (») may be understood the
number of turns of the rotor divided by time at any given instant, which may be
measured in radians per second (rad/s). The relation between angular rotation
speed (@) and rotor tip speed (v) is given by

v=r*o,
where r is the radius of the rotor. Angular rotaton speed could alternatively be

measured in revolutions per minute (rpm).

By ‘rated angular rotation speed (of the wind turbine rotor)’ (arated) may be

understood the maximum allowed angular rotation speed (such as in the normal
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mode), which is a fixed value (as opposed to the angular rotation speed). The
rated angular rotation speed may take on a fixed value, for example a value set

when the turbine is designed.

By ‘angular rotation speed threshold (of the wind turbine rotor)’ (@reduced) is
understood the maximum allowed angular rotation speed (in reduced mode),
which is a fixed value (as opposed to the angular rotation speed), which is smaller
than the rated angular rotation speed. It is understood that the angular rotation
speed threshold is a non-zero, such as a positive value larger than zero.

By ‘providing an estimated drop size of rain drops impinging on the one or more
blades’ may be understood measuring or receiving an estimated drop size.

By ‘determining whether an entry criterion for operation according to a reduced
mode is fulfilled, wherein said determining is based at least partially on the
estimated drop size’ may be understood providing, such as calculating, a value
based partially or fully on the estimated drop size and comparing that value to the

entry size criterion.

By ‘reduced mode’” may be understood a mode according to which the wind
turbine may be operated, which mode is different to at least one other mode,
which at least one other mode may be referred to as a normal mode, wherein in
the normal mode the angular rotation speed of the wind turbine rotor is limited by
the rated angular rotation speed, but may take on values up to the rated angular
rotation speed, such as values above the angular rotation speed threshold. In the
reduced mode the angular rotation speed of the wind turbine rotor is limited by
the angular rotation speed threshold, but may take on values up to the angular
rotation speed threshold, such as values above zero angular rotation speed.

According to an embodiment, there is presented a method according to any one of
the preceding claims, wherein the entry criterion is fulfilled if, such as if and only
if, the estimated drop size is above a predetermined drop size entry threshold. A
possible advantage of this embodiment is the simplicity afforded. It may be shown
that incubation time decreases with increasing drop size, and therefore it may be
advantageous to enter into reduced mode when drop size is above predetermined
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drop size entry threshold, such as a threshold, which corresponds to a
predetermined incubation time threshold.

According to an embodiment, there is presented a method according to any one of
the preceding claims, wherein the method further comprises:

- Providing an estimated precipitation intensity of precipitation

impinging on the wind turbine,

wherein said determining is based at least partially on said estimated precipitation
intensity. A possible advantage of this may be that incubation time may depend
on a plurality of factors including (besides rain drop size) also precipitation
intensity. Thus, providing estimates of both rain drop size and precipitation
intensity may yield improved controlling of the wind turbine, for example due to
more precise prediction of onset of erosion. More particularly, it may be an
advantage to provide both estimated drop size and estimated precipitation
intensity, because the remaining parameters in the formula for incubation time
(described elsewhere in the present application) are either related to rain drop
size (such as terminal velocity of rain drops) or is obtained as an operational
parameter of the wind turbine (such as impact speed, which is related to, e.g., tip
speed, which is in turn related to angular rotation speed). Therefore, rain drop
size and precipitation intensity, being weather related parameters, which cannot
be controlled, may advantageously be estimated.

All weather parameters in the incubation time formula are to some extent linked
(drop size, terminal velocity, precipitation intensity), thus providing an estimated
drop size may at least be seen as an alternative to providing estimates of terminal
velocity and precipitation intensity. However, an advantage of providing both
estimated drop size and estimated precipitation intensity may be that it enables
dispensing with the need to rely on a somewhat uncertain relation (e.g., via a
look-up table) between these two parameters, which in effect enables providing a
better estimate of the incubation time.

By ‘precipitation intensity” may be understood amount of rain per area per time

unit, such as measured in units of height per time unit, such as mm per hour.
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By ‘providing an estimated precipitation intensity of precipitation impinging on the
wind turbine’ may be understood measuring or receiving estimated precipitation

intensity.

In one embodiment of the invention, other types of aerial particles in addition to
rain drops are also taken into account. Aerial particles here include rain drops, hail
particles, snow particles, insects and birds (particularly larger groups of insects or
birds, such as swarming grasshoppers or migrating birds), dust particles (such as
sand particles, vulcanic ashes and pollution particles). For each type of aerial
particle, the entry criterion of operating according to a reduced mode is based at
least partially on the estimated particle size while optionally also taking into
account the type of aerial particle. In this embodiment of the invention, similar
aspects as herein mentioned for (rain) drops and (drop) size also may be taken
into consideration for other types of aerial particles and aerial particle size.
Particularly, the above described object is intended to be obtained in this
embodiment of the first aspect of the invention by providing a method for
controlling a wind turbine, such as a method for controlling a wind turbine and
minimizing erosion, such as an offshore wind turbine, wherein said wind turbine

comprises:

- A wind turbine rotor with one or more blades, wherein the wind
turbine has a rated angular rotation speed of the wind turbine rotor,

said method comprising:

- Providing an estimated aerial particle size of aerial particles
impinging on the one or more blades,

- Determining whether an entry criterion for operation according to a
reduced mode is fulfilled, wherein said determining is based at least
partially on the estimated aerial particle size,

- Controlling the wind turbine according to the reduced mode if the
entry criterion is fulfilled,

wherein in the reduced mode an angular rotation speed of the wind turbine rotor
is limited below an angular rotation speed threshold,
wherein the angular rotation speed threshold is smaller than the rated angular

rotation speed of the wind turbine.
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In a second aspect, the invention relates to a computer program product having
instructions which, when executed cause a computing device or a control system

for a wind turbine to perform the method according to the first aspect.

In a third aspect, the invention relates to a control system for a wind turbine
being arranged for carrying out the method according to the first aspect.

In a fourth aspect, the invention relates to a wind turbine, such as an offshore
wind turbine, comprising the control system according to the third aspect.

Many of the attendant features will be more readily appreciated as the same
become better understood by reference to the following detailed description
considered in connection with the accompanying drawings. The preferred features
may be combined as appropriate, as would be apparent to a skilled person, and
may be combined with any of the aspects of the invention.
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BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows a wind turbine.

Figure 2 is a graph with angular rotation speed according to, respectively, normal
mode and reduced mode.

Figure 3 shows a flow-chart according to an embodiment of the invention.
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DESCRIPTION OF EMBODIMENTS

The present invention will now be explained in further details. While the invention
is susceptible to various modifications and alternative forms, specific
embodiments have been disclosed by way of examples. It should be understood,
however, that the invention is not intended to be limited to the particular forms
disclosed. Rather, the invention is to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the invention as defined by the

appended claims.

Figure 1 shows a wind turbine 100 according to the fourth aspect, wherein said
wind turbine is comprising
- a wind turbine rotor 102 with one or more blades 103, such as three
blades,
- a generator configured to be driven by rotational energy of the wind
turbine rotor.
In the specific embodiment, the depicted wind turbine 100 (which may also be
referred to as a wind turbine generator (WTG)) is also comprising a tower 101.
The rotor is connected to a nacelle 104, which is mounted on top of the tower 101
and being adapted to drive a generator situated inside the nacelle. An optical rain
gauge 106 is placed on top of the nacelle. The wind turbine rotor 102 is rotatable
around a rotor axis 105 by action of the wind. The wind induced rotational energy
of the blades 103 is transferred via a shaft to an electrical generator. Thus, the
wind turbine 100 is capable of converting kinetic energy of the wind into
mechanical energy by means of the rotor blades and, subsequently, into electric
power by means of the generator. The generator may include a power converter
for converting the generator AC power into a DC power and a power inverter for
converting the DC power into an AC power to be injected into a utility grid. The
generator is controllable to produce a power corresponding to a power request.

The blades 103 can be pitched in order to alter the aerodynamic properties of the
blades, e.g., in order to maximize uptake of the wind energy and to ensure that
the rotor blades are not subjected to too large loads when strong winds are
blowing. The wind turbine 100 comprises a control system being arranged to
determine a pitch signal and may be implemented in a general controller for a
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wind turbine or a control element, such as a dedicated pitch controller, e.g.,
where the blades are pitched individually by a pitch system with a pitch force
system controlled by a pitch control system, where the pitch force system includes
actuators, such as hydraulic actuators, for individually pitching the blades
dependent on a pitch signal from the pitch control system, such as the pitch signal
comprising one or more individual blade pitch angle control signals corresponding
to one or more respective blades.

Figure 2 is a graph with angular rotation speed (») as a function of wind speed
(u), according to, respectively, normal mode and reduced mode. In the normal
mode, the angular rotation speed (here shown in arbitrary units (arb.), but it
could be quantified in, e.g., revolutions per minute (rpm)) is controlled as function
of wind speed (here shown in arbitrary units (arb.), but it could be quantified in,
e.g., meters/second (m/s)) according to the (full drawn, thick, grey) normal mode
curve 210. In the reduced mode, the angular rotation speed is controlled as
function of wind speed according to the (dashed, thin, black) reduced mode curve
212.

According to the present embodiment, in case of wind speeds below a certain
wind speed value (uthresholg, 1), regardless of whether or not the entry criterion for
operation according to a reduced mode is fulfilled, the angular rotation speed of
the reduced mode is the same as the normal mode. However, above said certain
wind speed (utnreshoid, 1) the angular rotation speed is controlled differently in
normal mode and reduced mode, and in particular limited by different maximum
values, respectively, the rated angular rotation speed (orated) as indicated by
upper dotted curve 214 and the angular rotation speed threshold (oreduced) as
indicated by lower dotted curve 216. For wind speeds above another certain wind
speed value (utnhreshoig, 1) the angular rotation speed is kept constant at the

respective maximum values.

Figure 3 shows a flow-chart according to an embodiment of the invention, more
particularly a method 320 for controlling a wind turbine 100, such as a method for
controlling a wind turbine and minimizing erosion, wherein said wind turbine

comprises:
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- A wind turbine rotor with one or more blades 103, wherein the wind
turbine has a rated angular rotation speed 214 of the wind turbine
rotor,

said method comprising:

- Providing 322 an estimated drop size 324 of rain drops impinging on
the one or more blades,

- Determining 326 whether an entry criterion for operation according
to a reduced mode is fulfilled, wherein said determining is based at
least partially on the estimated drop size 324,

- Controlling 328 the wind turbine according to the reduced mode if
the entry criterion is fulfilled,

wherein in the reduced mode an angular rotation speed of the wind turbine rotor
is limited below an angular rotation speed threshold 216,

wherein the angular rotation speed threshold is smaller than the rated angular
rotation speed of the wind turbine.

In the particular embodiment shown, the steps 322-326 may be repeated a
plurality of times, such as continuously monitoring the estimated drop size, such
as continuously checking if entry criterion for reduced mode operation is fulfilled.
It should be understood that for the embodiment taking into account aerial
partiles broadly the drop size in steps 322 to 336 of the method 320 of Figure 3 is
replaced by aerial particle size (not shown in a separate figure).

According to the embodiment illustrated in the flow-chart the method further
comprises

- Controlling 328 the angular rotation speed according to the reduced
mode due to the entry criterion having been fulfilled,

- Subsequently (such as subsequent to entering into the reduced
mode) providing 330 a subsequently estimated drop size 332 of rain
drops impinging on the one or more blades,

- subsequently determining 334 whether an exit criterion for
discontinuing reduced mode operation is fulfilled, wherein said
subsequently determining is based at least partially on the
subsequently estimated drop size 332,
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- discontinuing controlling 336 wind turbine according to the reduced
mode if the exit criterion is fulfilled, such as if the subsequently
estimated drop size 332 is below a predetermined drop size exit
threshold.

An advantage of the subsequent steps 330-336 may be that they enable
discontinuing operation according to the reduced mode.

In the particular embodiment shown, the steps 330-334 may be repeated a
plurality of times, such as continuously continuously adjusting the angular rotation
speed based upon the (subsequently) estimated drop size.

The predetermined drop size exit threshold may be similar or different with
respect to the predetermined drop size entry threshold.

According to an embodiment there is presented a method, wherein the entry
criterion is fulfilled
- if the estimated drop size 324 is above a predetermined drop size
entry threshold,
and/or
- if the estimated precipitation intensity is above a predetermined
precipitation intensity entry threshold.
A possible advantage of this embodiment is the simplicity afforded, while at the
same time taking account both precipitation intensity and drop size.

According to an embodiment there is presented a method wherein said angular
rotation speed threshold 216 is less than 99 %, such as less than 97 %, of the
rated angular rotation speed. According to an embodiment there is presented a
method wherein said angular rotation speed threshold 216 is less than 95 %, such
as less than 90 %, such as less than 85 %, such as less than 75 %, such as less
than 50 %, such as less than 25 %, of the rated angular rotation speed.

According to an embodiment there is presented a method wherein said drop size
is defined as average, such as a running average, rain drop size during a

predetermined period of time, such as 10 minutes.
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According to an embodiment there is presented a method wherein the
predetermined drop size entry threshold is within 0.5-5 mm, such as within 1-3
mm (such as 1 or 2 or 2.15 or 3 mm), such as 1-1.5 mm (such as 1 or 1.27 or
1.5 mm). An advantage of the drop size entry treshold being within 1-1.5 mm
may be that it can be shown that when the drop size increases into this range,
then there is a large decrease in incubation time. According to an embodiment
there is presented a method wherein the predetermined drop size entry threshold

is 1 mm.

According to an embodiment there is presented a method wherein said
precipitation intensity is defined as an accumulated amount of rainfall per unit of
time, which precipitation intensity is measured as height during a predetermined
period of time, such as 10 minutes.

According to an embodiment there is presented a method wherein the
predetermined precipitation intensity entry threshold is within 1.0-15 mm/hour,
such as within 1.0-8.0 mm/hour, such as within 2.0-8.0 mm/hour, such as within
2.00-7.00 mm/hour, such as within 2.0-3.5 mm/hour, such as 2.0 or 2.5 or 2.54
or 2.8 or 3.0 or 3.5 mm/hour. According to an embodiment there is presented a
method wherein the predetermined precipitation intensity entry threshold is 2.5

mm/hour.

According to an embodiment there is presented a method further comprising:

- Providing an estimated precipitation intensity of precipitation
impinging on the wind turbine 100,

- Providing an estimated rain drop terminal speed, such as a terminal
speed with respect to the fixed position of the wind turbine, of rain
drops impinging on the wind turbine 100,

- Providing an estimated rain drop impact speed, such as an impact
speed relative to the portion of the blade (such as the blade tip)
upon which rain drops are impinging, of rain drops impinging on the
one or more blades 103,

- Providing an estimated rain drop impact angle of rain drops
impinging on the one or more blades 103,
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wherein the entry criterion is fulfilled if an estimated incubation time is below a
predetermined incubation time entry threshold,
wherein incubation time ti is determined according to a formula given as:
tic (such as in units of hours [hr]) oc~! 1o * VB * (V * cos(B))Y * d¢
wherein:
- tic (such as in units of hours [hr]) represents incubation time,
- I (such as in units of millimeter/hour [mm/hr]) represents
precipitation intensity (accumulated amount of rainfall per time),
-Vt (such as in units of meters per second [m/s]) represents rain drop
terminal speed,
-V (such as in units of meters per second [m/s]) represents rain drop
impact speed,
- 0 (such as in units of radians [rad]) represents rain drop impact
angle,
- d (such as in units of millimeters [mm]) represents rain drop
diameter,
- g is a constant, such as 1,
- Bis a constant, such as -1,
-y is a constant, such as within 6 to 7, such as 6 or 6.05 or 6.7 or 7,
- (s a constant, such as -1 or within 2.3-3.

By ‘incubation time’ is in this context understood the time after a rainfall starts
wherein a weight loss of a material, e.g., of a blade tip, subjected to repeated
impingements of rain droplets is no longer insignificant. Thus, there is a period,
which may be referred to as incubation period, from the rainfall starts and until
the incubation time, wherein the weight loss of the material is insignificant. The
constants q, B, vy, ¢ may take on values such as (q, B, v, 0)=(1, -1, 6.7, -1) or (q,

BI \Z C)z(ll _1/ 65/ 25)

Formulas enabling deriving the formula for incubation time may be found in the
book entitled “Erosion by liguid impact”, by author Springer, George S., publisher
Scripta Pub. Co., 1976, which is hereby incorporated by reference in entirety, and
reference is in particular made to chapter 1 (“"General considerations”), chapter 2
(“Erosion of homogeneous materials”) and more particularly TABLE 2-2 with a
summary of derived results. An advantage of this embodiment may be that it
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enables avoiding erosion but simultaneously avoiding unnecessary reduction in
power output, and this is achieved by entering into reduced mode if and only if it
is necessary for avoiding erosion. The predetermined incubation time entry
threshold may be given by a characteristic duration of a rainfall. An advantage of
this may be that if the incubation time becomes less than the characteristic
duration of a rainfall, then onset of erosion is avoided by entering into reduced
mode, but if the incubation time is larger than the characteristic duration of a
rainfall, then production can be kept high in the normal mode without onset of

erosion.

It may be understood that parameters in the formula may take on different values
for different points in time and/or for different positions on the wind turbine. For
example, the values may vary depending on azimutal angle of the rotor and/or for
different positions on the blade. According to one embodiment, the incubation
time is calculated according to a worst case scenario (such as in order to provide
a conservative estimate in order to safeguard the blade structural integrity by
avoiding erosion), such as taking the position on the leading edge of the blade
(such as the blade tip) which can experience the highest impact velocity and the
azimutal angle which yields the highest impact velocity (such as the angle where
the velocity vector of the blade tip is anti-parallel, or closest to anti-parallel, with
respect to a velocity vector of the impining rain drops).

In an embodiment, the predetermined incubation time entry threshold, such as
the predetermined incubation time entry threshold calculated for the blade tips, is
8760 hours, such as 4380 hours, such as 2190 hours, such as 1095 hours, such
as 500 hours, such as 250 hours, such as 168 hours, such as 100 hours, such as
48 hours, such as 24 hours, such as 12 hours, such as 5 hours, such as 2 hours,
such as 1 hour.

According to an embodiment there is presented a method wherein providing 322
an estimated drop size 324 comprises estimating drop size with any one of:

- A rain gauge,

- An optical rain gauge 106,

- an acoustic rain gauge,
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- a disdrometer, such as a Disdrometer RD-80 (DISTROMET AG,
Zumikon, Switzerland),
- an acoustic disdrometer, or

- a laser drop-sizing gauge.

According to an embodiment there is presented a method wherein providing an
estimated precipitation intensity comprises estimating precipitation intensity with
any one of:

A rain gauge,

- An optical rain gauge 106,

- an acoustic rain gauge,

- a disdrometer, such as a Disdrometer RD-80 (DISTROMET AG,
Zumikon, Switzerland),

- an acoustic disdrometer, or

- a laser drop-sizing gauge.

An optical rain gauge may have a row of collection funnels. In an enclosed space
below each is a laser diode and a photo transistor detector. When enough water is
collected to make a single drop, it drops from the bottom, falling into the laser
beam path. The sensor is set at right angles to the laser so that enough light is
scattered to be detected as a sudden flash of light. The flashes from these photo
detectors are then read and transmitted or recorded.

An acoustic rain gauge (also referred to as a hydrophone) may be able to sense
the sound signatures for each drop size as rain strikes a water surface within the
gauge. Since each sound signature is unique, it is possible to invert the
underwater sound field to estimate the drop-size distribution within the rain.

In general, a sensor being any one of a rain gauge, such as an optical or acoustic
rain gauge, a disdrometer, such as an acoustic disdrometer, or a laser drop-sizing
gauge, may be installed on the wind turbine, such as on top of the nacelle.
However, the sensor does not need to be installed on the wind turbine, it could for

example be installed next to the wind turbine or on a neighbouring wind turbine.

According to an embodiment the wind turbine 100 further comprises:
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- a pitch control system for controlling a pitch angle of the one or
more blades 103,
and wherein the method further comprises:
- controlling the angular rotation speed by controlling the pitch angle
of the one or more blades with the pitch control system.

Other ways of controlling angular rotation speed are conceivable, such as via
generator torque, which could be employed at least in some instances (for
example below rated wind speed).

Although the present invention has been described in connection with the
specified embodiments, it should not be construed as being in any way limited to
the presented examples. The scope of the present invention is set out by the
accompanying claim set. In the context of the claims, the terms “comprising” or
“comprises” do not exclude other possible elements or steps. Also, the mentioning
of references such as “a” or “an” etc. should not be construed as excluding a
plurality. The use of reference signs in the claims with respect to elements
indicated in the figures shall also not be construed as limiting the scope of the
invention. Furthermore, individual features mentioned in different claims, may
possibly be advantageously combined, and the mentioning of these features in
different claims does not exclude that a combination of features is not possible
and advantageous.
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CLAIMS

1.

A method (320) for controlling a wind turbine (100), wherein said wind
turbine comprises:

- A wind turbine rotor (102) with one or more blades (103), wherein
the wind turbine has a rated angular rotation speed (214) of the
wind turbine rotor,

said method comprising:

- Providing (322) an estimated drop size (324) of rain drops impinging
on the one or more blades,

- Determining (326) whether an entry criterion for operation
according to a reduced mode is fulfilled, wherein said determining is
based at least partially on the estimated drop size (324),

- Controlling (328) the wind turbine according to the reduced mode if
the entry criterion is fulfilled,

wherein in the reduced mode an angular rotation speed of the wind turbine
rotor is limited below an angular rotation speed threshold (216),

wherein the angular rotation speed threshold is smaller than the rated
angular rotation speed of the wind turbine.

A method (320) according to any one of the preceding claims, wherein the
entry criterion is fulfilled if the estimated drop size (324) is above a
predetermined drop size entry threshold.

A method (320) according to any one of the preceding claims, wherein the
method further comprises:
- Providing an estimated precipitation intensity of precipitation
impinging on the wind turbine (100),
wherein said determining is based at least partially on said estimated
precipitation intensity.

A method (320) according to claim 3, wherein the entry criterion is fulfilled
- if the estimated drop size (324) is above a predetermined drop size
entry threshold,
and/or
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- if the estimated precipitation intensity is above a predetermined
precipitation intensity entry threshold.

5. A method (320) according to any one of claims 2 or 4, wherein the

predetermined drop size entry threshold is 1 mm.

6. A method (320) according to claim 4, wherein the predetermined precipitation

intensity entry threshold is 2.5 mm/hour.

7. A method (320) according to any one of the preceding claims, wherein said

angular rotation speed threshold (216) is less than 95 % of the rated angular
rotation speed.

8. A method (320) according to any one of claims 1 or 7, further comprising:

- Providing an estimated precipitation intensity of precipitation
impinging on the wind turbine (100),
- Providing an estimated rain drop terminal speed of rain drops
impinging on the wind turbine (100),
- Providing an estimated rain drop impact speed of rain drops
impinging on the one or more blades (103),
- Providing an estimated rain drop impact angle of rain drops
impinging on the one or more blades (103),
wherein the entry criterion is fulfilled if an estimated incubation time is below
a predetermined incubation time entry threshold,
wherein incubation time tic is determined according to a formula given as:
tic oc™1 19 * VP * (V * cos(B))Y * d¢
wherein
- tic represents incubation time,
- I represents precipitation intensity (accumulated amount of rainfall
per time),
-Vt represents rain drop terminal speed,
-V represents rain drop impact speed,
- 0 represents rain drop impact angle,
- d represents rain drop diameter,

- @ is a constant,
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B is a constant,
y is a constant,
¢ is a constant.

A method (320) according to any one of the preceding claims, wherein

with any one of:

An optical rain gauge (106),
an acoustic rain gauge,
a disdrometer, or

a laser drop-sizing gauge.

10. A method (320) according to any one of claims 3 or 4 or 6 or 8, wherein

providing an estimated precipitation intensity comprises estimating

precipitation intensity with any one of:

An optical rain gauge (106),
an acoustic rain gauge,
a disdrometer, or

a laser drop-sizing gauge.

11. A method (320) according to any one of the preceding claims, wherein the

method further comprises

Controlling (328) the angular rotation speed according to the
reduced mode due to the entry criterion having been fulfilled,
subsequently providing (330) a subsequently estimated drop size
(332) of rain drops impinging on the one or more blades,
subsequently determining (334) whether an exit criterion for
discontinuing reduced mode operation is fulfilled, wherein said
subsequently determining is based at least partially on the
subsequently estimated drop size (332),

discontinuing controlling (336) wind turbine according to the
reduced mode if the exit criterion is fulfilled.

12. A method (320) according to any one of the preceding claims, wherein said

wind turbine (100) further comprises:

PCT/DK2017/050379



10

15

20

25

30

WO 2018/091056 PCT/DK2017/050379

13.

14,

15.

16.

21

- a pitch control system for controlling a pitch angle of the one or
more blades (103),
and wherein the method further comprises:
- controlling the angular rotation speed by controlling the pitch angle
of the one or more blades with the pitch control system.

Computer program product having instructions which, when executed cause a
computing device or a control system for a wind turbine (100) to perform the
method (320) according to any one of the preceding claims.

A control system for a wind turbine (100) being arranged for carrying out the
method (320) according to any one of claims 1-12.

Wind turbine (100) comprising the control system according to claim 14.

A method (320) for controlling a wind turbine (100), wherein said wind
turbine (100) comprises:

- A wind turbine rotor (102) with one or more blades (103), wherein
the wind turbine has a rated angular rotation speed (214) of the
wind turbine rotor,

said method comprising:

- Providing (322) an estimated aerial particle size (324) of aerial
particles impinging on the one or more blades,

- Determining (326) whether an entry criterion for operation
according to a reduced mode is fulfilled, wherein said determining is
based at least partially on the estimated aerial particle size (324),

- Controlling (328) the wind turbine according to the reduced mode if
the entry criterion is fulfilled,

wherein in the reduced mode an angular rotation speed of the wind turbine
rotor is limited below an angular rotation speed threshold (216),

wherein the angular rotation speed threshold is smaller than the rated
angular rotation speed of the wind turbine.
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