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DESCRIPTION

OBJECT OF THE INVENTION

[0001] The present invention pertains to the technical field of control methods for wind
turbines.

[0002] More specifically, a method is described for the cyclic pitch control of a wind turbine,
whose aim Is to increase the distance between the tip of the blade and the tower, reducing the
loss of energy associated with this type of control.

BACKGROUND OF THE INVENTION

[0003] The current trend in the design of wind turbines is to increase the length of the blades
In order to increase the annual power produced, by means of a compromise between lightness
and rigidity. In turn, it 1s advantageous to have a single platform ("platform”™ should be
understood to be the structural elements of the wind turbine; that is, the tower, the hub and the
nacelle) of a single size appropriate for use with blades of different sizes, for different types of
location, thus opening new markets to the product, optimising costs.

[0004] One of the greatest problems related to increasing the length of the blades while
imiting their weight is the increase In flexibility of the same. Said flexibility in combination with
an increase In wind speed causes an increase In the deflection of the blades in the direction of
the wind. This means that for a windward-facing wind turbine (normal configuration), the tips of
the blades are deflected towards the tower.

[0005] There exist a number of solutions to prevent the deflected blades from striking the
tower, as should this occur, irreparable damage would be caused to both components. A
common practice consists of designing the rotor shaft in such a way that it is not horizontal, but
IS set at an angle from the horizontal, to separate the tips of the blades from the tower when
they pass In front of said tower while rotating. This angle is known as the "tilt angle”. The

greater said angle, the more flexible, and therefore lighter, the blades may be, having a
positive impact on the weight of the remainder of the components and finally on the cost of the

whole. However, the effective surface of the rotor is reduced.

[0006] Another possibility consists of the use of hubs with a greater coning angle. However,
once again, this brings about a reduction in the area swept by the rotor perpendicular to the
wind. These known possibilities imply a reduction in the annual energy production.

[0007] The wind regime where the possibility of impact of the tip coincides with the corner of
the machine's power curve (8-13 m/s) where the thrust is greatest. In this regime, the blade's
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pitch angle 1s usually the one which achieves the greatest production possible, commonly
called "fine pitch".

[0008] In wind turbines where the aim Is to maximise production without any problem of impact
between the tip of the blade and the tower, the thrust increases with the wind from its minimum
value for connection until the wind turbine reaches its nominal power, the thrust reaching its
maximum value In this regime and at blade pitch angles of approximately 0° (fine pitch). Once
nominal power has been reached, the blade pitch angle is moved towards a featherd position
to reduce energy capture and to maintain power at its nominal value, once again reducing the
thrust.

[0009] As thrust is the main cause of blade flexion, it may be inferred that the deflection will be
greatest close the wind regime of maximum thrust and at blade pitch angles close to fine pitch.

[0010] Methods for the collective control of blade pitch angle (to the same extent in all blades)
to prevent the collision of the blade with the tower are known In the state of the art. To do this,
In problematic wind regimes, I.e. the corner of the wind turbine's power curve (8-13 m/s), the
pitch angle of the three blades Is increased to avoid that, due to wind gusts, the blades flex
excessively.

[0011] The greatest drawback of this control method lies in that it moves the three blades to
positions which are not optimal from the aerodynamic point of view, resulting in a great loss of
annual power.

[0012] In an attempt to solve this energy loss, strategies have been developed In the state of
the art whereby the blade pitch angle is modified cyclically for each blade exclusively In a

sector of rotation where the blade passes in front of the tower (azimuthal angles comprised
within 90° and 270°).

[0013] This type of control corresponds to that revealed in document US2013045098, wherein
a control method Is described whose aim Is to increase the distance between the tip of the
blade and the tower. By means of this method, the blade pitch angle of the blade approaching
the tower Is controlled, moving it to an angle of lower power capture (i.e. the blade is
feathered) when its azimuthal position is detected and it is close to the position where it passes
by the tower.

[0014] The method described In said document also compensates for the loss of energy
associlated with the movement toward positive pitch angles of the blade approaching the tower,
by turning the other two blades to face the wind more directly. This also enables a reduction In
the associated power ripple. The problem is that this only works in nominal power regimes (in
other regimes the pitch angle i1s already optimal, understood to be that which provides the
maximum power capture) where there is surplus power.

[0015] Given that the minimum distance between the tip of the blade and the surface of the
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tower occurs when It passes at 180° from its azimuthal position, an additional blade pitch angle
term Is added, whose value depends on the azimuthal position of the blade and whose
maximum value i1s reached when the blade passes the tower (in an azimuthal position
corresponding to approximately 180° the origin of the reference being the upwardly pointing
vertical position of the blade).

[0016] In document EP2690285 of the state of the art it Is described a wind turbine control
system that includes a detecting unit for adjusting a reference nodding moment of a wind
turbine rotor based on at least one of an aerodynamic thrust on the wind turbine rotor and a
speed of wind. It also includes a compensating unit for determining a physical nodding moment
of the wind turbine rotor, comparing the physical nodding moment with the reference nodding
moment, and using the comparison to compute a pitch angle command for at least one wind
turbine blade. Furthermore it comprises a driving unit for changing a pitch of the at least one
blade based on the pitch angle command to control the physical nodding moment of the wind
turbine rotor.

DESCRIPTION OF THE INVENTION

[0017] The control method for wind turbines of the present invention enables an increase In
the distance between the tip of the blade which passes by the generator tower and the tower
itself, to prevent possible collisions. To this end, the control method includes the application of
a blade pitch angle control term which s calculated as a function of at least one signal
Indicative of wind speed and as a function of the azimuthal angle of each blade.

[0018] The aim of the proposed control method Is to reduce the energy loss associated with
the blade angle pitch variation performed when said blades pass In front of the tower
(azimuthal angle of 180° taking the upwardly pointing vertical position of the blade as a
reference). As has been described above, the pitch angle variation at this point is performed In
order to prevent possible collisions between the tip of the blade and the wind turbine tower,
and the present method enables a reduction in the associated energy loss.

[0019] It consists of a control method which minimises the energy loss caused by the
movement of the blade toward positive pitch angles, comprising the application of a value for
the additional term of the blade pitch angle dependent on a signal indicative of wind speed.
Thus, a reduction In the energy loss associated with the imposition of a non-optimal angle is
achileved.

[0020] During the operation of the wind turbine, the control function passes through a sub-
nominal production regime and through a nominal production regime. In the sub-nominal
production regime the wind turbine generates less power than the wind turbine's nominal

power, and the nominal production regime i1s the regime where a power equal to the nominal
power Is produced.
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[0021] The described method uses the following as a signal indicative of wind:

» the generated power In the sub-nominal production regime where there 1s possibility of
collision between the blade and the tower, and

o the pitch angle in the nominal production regime where there is possibility of collision
between the blade and the tower.

[0022] Therefore, the value of the pitch angle of each blade is controlled with regard to the
possibility of the occurrence of a collision between the blade and the tower, In order to
minimise the energy loss.

[0023] This probability of collision between the blade and the tower increases until nominal
power; at this point generally starts the regulation of the power of the rotor by turning the blade
to greater pitch angles (that is, toward feathered position), due to the fact that in said regime
the thrust values are greater.

DESCRIPTION OF THE DRAWINGS

[0024] As a supplement to the description made herein, and for the purpose of aiding the
better understanding of the characteristics of the invention, in accordance with a preferred
example of a practical embodiment of the same, a set of drawings Is attached as an integral

part of said description wherein, by way of illustration and not limitation, the following iIs
represented:

Figure 1 shows a view of the positions of the wind turbine blades, depicting the azimuthal
positions of the blades and the azimuthal angle reference corresponding to the upwardly
pointing vertical position of the blade.

Figure 2 shows a graph of the power vs. wind speed on which the regime with possibility of
collision between blade and tower has been shaded.

Figure 3 shows a graph of the function governing the value of the blade pitch control term, to
Increase the distance between the tip of the blade and the tower, depending on the signal
Indicative of wind speed.

Figure 4 shows a graph of the function governing the value of the blade pitch control term
applied to the calculation of maximum amplitude, dependent on the power.

Figure 5 shows a graph of the function governing the value of the blade pitch control term to
Increase the distance between the tip of the blade and the tower, for a minimum value of blade
pitch equal to zero.

Figure 6 shows a graph depicting two examples of applying a variable gain dependent on the
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amplitude of the function regulating the value of the blade pitch term; it may be seen that the
range of azimuthal positions where the blade pitch control term 1s non-null depends on the
maximum amplitude as a function of the signal.

Figure 7 shows a schematic view of the block diagram implemented in the generator control
unit in order to carry out the control method.

Figure 8 shows two graphs depicting the value of the blade pitch angle and wind speed; the
amplitude of the pitch angle control term applied is reduced as wind speed diminishes.

Figure 9 shows a graph on which the maximum value of the blade pitch angle control term is
achieved prior to reaching an azimuthal position coincident with a region close to the tower.

Figure 10 shows a graph on which the maximum value of the blade pitch angle control term is
achieved at an azimuthal position posterior to the region of the tower.

Figure 11 shows a graph on which the maximum value of the blade pitch angle control term is
maintained throughout the area of influence of the tower Iin order to be protected against
variations in wind speed.

PREFERRED EMBODIMENT OF THE INVENTION

[0025] An example of an embodiment of the wind turbine control method of the present
Invention Is presented below.

[0026] Figure 1 shows a drawing In which the higher part of a wind turbine Is represented. A
rotor with three blades and the upper part of the tower may be seen. Said drawing depicts the
azimuthal angles (8) representing the positions of each blade with respect to the reference
azimuthal angle corresponding to the upwardly pointing vertical position of the blade.

[0027] Figure 2 represents the generic power curve of a wind turbine, showing the generated
power (P) as a function of wind speed (v). The initial point of the curve Is determined by wind
speed at which the generator starts to deliver power to the electrical grid (vi,), and the final

point by wind speed at which the wind turbine Is disconnected from the electrical grid so as not
to be subjected to excessive mechanical loads (vout).

[0028] The shaded area represents the area in which a risk of collision between the tip of the
blade and the tower exists and which extends between a speed vi lower than the v, and a

speed v, greater than the v,om. As may be observed in the graph, the shaded area covers part

of the sub-nominal production regime and part of the nominal production regime. Said shaded
area IS the regime where the blade pitch angle control term (AB) may have positive values,
depending on the azimuthal position.



DK/EP 2947313 T3

[0029] As has been described above, the maximum thrust is usually reached prior to get to
nominal power (P,om) but when this power is reached, the pitch angle () of the three blades

(when the three move at the same time) starts to get positive values Iin order to control the
speed of rotation and to maintain the power limited around nominal power, In such a way that
thrust and flexion are reduced (the flexion Is reduced as a consequence of the reduction In
thrust). At this point, as the flexion has diminished, the probability of collision between blade
and tower also diminishes, and it is therefore unnecessary to apply a term dependent on the
azimuthal position of the blade to the pitch angle control function.

[0030] The proposed control method is intended to be used in a wind turbine of the type
consisting of:

e a tower
e a rotor with a plurality of blades, each comprising respective actuators, configured to

modify the pitch angle of each blade, and
e a control unit.

[0031] Said method comprises the following steps:

e obtaining a first signal of the azimuthal position (8) of each blade,

e oObtaining at least one signal indicative of wind speed (v) and

o calculating a blade pitch angle control term (AP) for each blade as a function of the
azimuthal position (6) of each blade and of the at least one signal indicative of wind
speed (v), with the purpose of increasing the blade pitch angle (B).

[0032] Subsequently, the pitch angle control term (AB) for each blade Is sent to each blade for
the respective actuators to modify the pitch angle, as a function of said control term.

[0033] In this way, by Increasing the blade pitch angle () within a range of azimuthal blade
positions between 90° and 270°, an increase In distance between the tip of the blade and the
tower Is achieved, thus preventing potential collisions between the blade and the tower.

[0034] On the other hand, If the range of azimuthal positions where the blade pitch angle ()
Increases iIs between 270° and 90°, the wind turbine is protected against extreme loads In the
event of a sudden variation in wind shear profile.

[0035] The key of the proposed method Is that the stage of calculating the blade pitch angle
control term (AB) comprises the use of at least one function dependent on the at least one
signal indicative of wind speed (v) and because the at least one function dependent on the at
least one signal indicative of wind speed comprises an increasing piece within a range of wind
values below a nominal wind speed (vhom). The at least one function dependent on the at least
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one signal indicative of wind speed Includes a decreasing piece within a range of wind values
above a nominal wind speed.

[0036] As may be seen In figure 2, the shaded area is that in which a value different from zero
IS applied for the blade pitch angle control term (AB) (this value will be positive in wind turbines
with the blade pitch control at the feathering position). As it depends on the azimuthal position
(6) and assumes non-null values within a range of azimuthal positions close to the angle
corresponding to the blade passing in front of the tower (i.e. between 90° and 270°, according
to the references in Figure 1), and null values within a range of azimuthal positions distant from
the angle corresponding to the blade passing in front of the tower (i.e. between 2/70° and 90°,
according to the references in Figure 1), the function is cyclic, as the blade pitch control term
value changes as a result of the variation of the blade azimuthal position due to the rotation of
the rotor.

[0037] Generally, the use of wind measurements I1s unadvisable as they are affected by the
passage of the blade In front of the anemometer and they are instantaneous and thus they
comprise considerable noise. In order to prevent these drawbacks, the at least one signal
Indicating wind speed comprises a filtered wind measurement. In an example of an
embodiment, obtaining a filtered wind measurement may be achieved by taking the average of
Instantaneous wind measurements over a particular time interval, for example 5s, 10s, etc.

[0038] In an embodiment of the invention, the method uses the generated power as a signal
Indicative of wind speed in the sub-nominal production regime (for the range of wind speed
values below a nominal wind speed). In this embodiment, the at least one signal indicative of
wind speed comprises a measurement of generated power (P) and the function used for the
calculation of the blade pitch angle control term (AB) I1s dependent on the generated power (P)
and includes an increasing piece within a range of power values below the nominal power
(Pnom).

[0039] Specifically, iIn an embodiment of the invention, the function used for the calculation of
the blade pitch angle control term (AB) Is a cyclic function, with a period depending on the
azimuthal position of the blade (8) and an amplitude (A) depending on the signal indicative of
the wind (v), therefore A=A(v). Therefore, the function used for the calculation of the blade
pitch angle control term 1s doubly dependent on the azimuthal position of the blade and on the
signal indicative of the wind AR=AB(9,v).

[0040] In one embodiment, said function is a sine function which assumes an expression of the

type:
AB=AB(O, v)=A(V)*sin (6—m/2)

[0041] Furthermore, It Is a piecewise function which assumes the following expression,

depending on the azimuthal position:
AB= A(v)*sin (8—mw/2) for 61 < 6< 62
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AB= 0 for 02< 0< 01

[0042] Alternatively, the function may be a triangular or trapezoidal function or may be out-of-
phase with regard to the position of the tower, as will be shown below.

[0043] As has been mentioned, it 1s used a function which Is dependent on the at least one
signal indicative of wind speed (v) for the calculation of a blade pitch angle control term value.
In one embodiment, said function, defines the value of the amplitude (A) of the cyclic function
as a function of the signal indicative of wind speed (v).

[0044] Figure 3 shows a graph on which the function defines the value of the amplitude (A) of
the cyclic function as a function of the signal indicative of wind speed (v) which, when applied
to the cyclic function, will provide the value assumed by the blade pitch angle control term (AR)
as a function of wind speed, In order to increase the distance between the tip of the blade and

the tower, In correspondence with the signal indicative of wind speed.

[0045] Said graph includes an increasing piece from V4 to V3, V4 being speed lower than the
nominal wind speed, and includes a decreasing piece from V4 to V5, V5, being a speed greater

than the nominal wind speed. That is to say that A=A(v), and specifically:

A= 0 for ve V1

A= Awmax (V3-v)/(V3-V1) for Vi<v<V3 with Vi<Va<VNom

A= Awmax for Va<v<V4 with Va<Vnom and Va>Vnom

A= Amax - Avax (V'V4)/(V2'V4) for Va<v<Vz with Va>Vnom

A=0 for v>V>

[0046] As signals Iindicative of wind speed, the described method uses the following for the
calculation of the amplitude (A) of the cyclic function, I.e. the function dependent on the at least
one signal indicative of wind speed (v) for the calculation of a value of the blade pitch control

term:

» the generated power (P) Iin the sub-nominal production regime where there Is possibility

of collision between the blade and the tower, and
o the pitch angle (B) in the nominal production regime where there 1s possibility of collision

between the blade and the tower.

[0047] Thus, iIn one embodiment, two functions are used for the calculation of the amplitude A
applied to the cyclic function, one dependent on the power A(P), and the other dependent on
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the blade pitch angle A(pB).

[0048] Therefore, the function defining the value of the amplitude (A) of the cyclic function as a
function of the signal indicative of wind (v) Is doubly dependent on the generated power and on
the blade pitch angle, in such a way that, in the sub-nominal power regime, 1.e. below the
nominal wind speed, the function depends on the generated power; and above the nominal

wind speed, the function depends on the blade pitch angle ().
A(P, B) =A(P) for v< Vinom

A(P, B) =A(B) for v>Viom

[0049] In one embodiment of the invention, the signal indicative of wind is the generated power
and the method comprises the following steps:

e obtaining a measurement of generated power (P),
o establishing a first value of generated power (P41) and a second value of generated

power (P,), where the second value of generated power (P5) I1s lower than the nominal
power (P,om) and the first value of generated power (P4) i1s lower than the second value
of generated power (P»),

o calculating the blade pitch angle control term (AB) as a function of the measurement of
generated power (P).

[0050] According to said embodiment, the increasing piece of the function to calculate the
value of the blade pitch angle control term (AB) Is comprised within the first value of generated
power (P4) and the second value of generated power (P5), as may be seen in figure 4 for

P,=0.65 and P,=0.8.

[0051] Said figure 4 shows a graph representing the value of the amplitude A as a function of
power P. It depicts how below a threshold set by a first value of generated power P4, the

amplitude A of the function is null, and for a power value comprised within P4 and P», (P> being
a second value of generated power lower than the nominal power (Pnom) and the first value of
generated power being lower than the second value of generated power (P1<P»)), the value of

the amplitude increases until it reaches its maximum value Apax when the power is equal to Po.

[0052] Specifically, in figure 4 the first value of generated power is equal to 0.65 of the nominal
power of the wind turbine, and the second value of generated power is equal to 0.8 of the
nominal power of the generator; 1.e. P1=0.65 and P»=0.8. Thus, the function providing the

value of the amplitude A Is a piecewise function given by the following expression:
A=0 for P<P1A=A(P)=Amax (P2-P)/(P2-P1) for P1<P<P2 with P2<Pnom.

A=A( P) =AMax P2<P<Pnom
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[0053] The maximum amplitude value Apax IS calculated to prevent collision of the blades In

the most unfavourable case of thrust.

[0054] In said figure 4 an example of an embodiment i1s shown where the first value of
generated power (P1) Is 0.65 pu and the second value of generated power (P5) is 0.8 pu.

[0055] In an example of the method In which the at least one signal indicative of wind speed
comprises a measurement of generated power (P), saild method comprising the following
steps:

e obtaining the measurement of generated power (P),
o establishing a first value of generated power (P41) and a second value of generated

power (P>), where the second value of generated power (P5) Is lower than the nominal
power (Phom) and the first value of generated power (P1) is lower than the second value
of generated power (P»5),

o calculating the blade pitch angle control term (AB) using the at least one function
dependent on the at least one signal indicative of wind speed (v), using the
measurement of generated power (P) as the signal indicative of wind speed, and where
the Iincreasing piece of the at least one function dependent on the at least one signal
Indicative of wind speed Is comprised within the first value of generated power (P4) and

the second value of generated power (P2).

[0056] In another example of an embodiment of the invention, the blade pitch angle (B) Is used
as the signal indicative of wind speed In the nominal production regime for a range of wind
speeds above a nominal wind speed. In this embodiment, the at least one signal indicative of
wind speed comprises a measurement of the blade pitch angle (p).

[0057] The value of the blade pitch angle control term (AB) I1Is comprised, as may be seen In
figure 5, within the following values:

o |f the measured blade pitch angle (B) is lower than the minimum blade pitch angle (Bmin)

plus a first safety threshold, then the amplitude of the wind turbine blade pitch angle
control term i1s maximum.

e |f the measured blade pitch angle (B) is greater than the minimum blade pitch angle
(Bmin) Plus a first safety threshold and lower than the minimum blade pitch angle (Bmin)

plus a second threshold greater than the first safety threshold, then the amplitude A is
lower than the maximum amplitude Ay o Of the blade pitch angle control term.
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[0058] If the measured blade pitch angle (B) I1s greater than the minimum blade pitch angle
(Bmin) Plus the value of the blade pitch angle control term (AP) and the second safety

threshold, then the amplitude of the blade pitch angle control term i1s null. Said figure 5 shows
an example of an embodiment of the function applied to the calculation of the value of the
amplitude A which is dependent on the blade pitch angle A(B). It shows an example taking a
minimum blade pitch angle (Bmin) equal to zero, a first safety value equal to 2° and a second

safety value equal to 3° the function employed for the calculation of the amplitude A used In
the function for the calculation of the blade pitch angle control term (AB) being a linear function
A(B) and those of the resulting amplitude varying within 0 and Apax With Apax=1.

[0059] Therefore, the method may further comprise the following steps:

o oObtaining the measurement of the blade pitch angle (),
o establishing a minimum blade pitch angle (Bmin), a first safety value and a second safety

value,
e calculating the blade pitch angle control term (AB), using the at least one function

dependent on the at least one signal indicative of wind speed (v), using the
measurement of the blade pitch angle (B) as a signal indicative of the wind; and where
the at least one function dependent on the at least one signal indicative of wind speed

comprises a decreasing piece within a range of blade pitch angle () values, comprised
within the minimum blade pitch angle (Bmin) plus the first safety value and the minimum

blade pitch angle (Bmnin) plus the second safety value.

[0060] In an example of an embodiment of the invention, the step of calculating the blade pitch
angle control term (AB), using the at least one function dependent on the at least one signal
Indicative of wind speed (v), Is performed using the measurement of the blade pitch angle ()
as the signal indicative of the wind when the signal indicative of wind speed is within the range
of wind speed values above the nominal wind speed (voom). This step Is performed using the

measurement of generated power (P) as the signal indicative of wind speed, when the signal
Indicative of wind speed is within the range of wind speed values below the nominal wind

speed (Vnom).

[0061] In another example of an embodiment, the range of azimuthal values (AT) in which the
blade pitch angle control term (AB) assumes non-null values depends on the signal indicative
of wind speed, being possible to use a filtered measurement of wind speed, the generated
power, the blade pitch angle or the value of the amplitude (A) given by the function dependent
on the signal indicative of the wind. An example of said variable gain applied to the period of
the cyclic function is depicted In figure 6, where the variable gain depends on the power to the
amplitude of the function regulating the value of the blade pitch angle.

[0062] The graph In figure 6 shows the curve corresponding to the control function when the
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power Is greater than P,, and the curve when the power is comprised within P4 and P, (as it

has been described above, the function has a null amplitude when the power is lower than Pi).

[0063] Furthermore, In order to increase production, it is proposed that the range of azimuthal
positions (AT) In which the blade pitch angle control term is non-null is dependent on the
amplitude determined as a function of the signal indicative of the wind (it may, for example, be
proportional to the amplitude), 1.e. AT=K*A(P), where K i1s a proportionality constant. This
enables a reduction In energy loss maintaining the maximum blade pitch angle speed
determined to reach maximum amplitude in the time available (depending on the rotational
speed). Figure 6 shows the range of azimuthal positions (AT) in which the blade pitch angle
control term i1s non-null.

[0064] In an example of an embodiment of the Iinvention, the range of azimuthal positions (AT)
In which the blade pitch angle control term 1s non-null iIs dependent on the amplitude (A)
calculated using the at least one function dependent on the at least one signal indicative of
wind speed (v).

[0065] In one of the graphs (dotted line) where the value of the blade pitch angle control term
IS shown for a power comprised within P1 and P2, it may be seen how the range of azimuthal
positions (AT5) In which the blade pitch angle control term is non-null coincides with the range

of azimuthal positions (AT5) In which the blade pitch angle control term 1s non-null for a power

equal to P2 (i.e. with an amplitude equal to maximum amplitude).

[0066] However, the dashed line shows the value of the blade pitch angle control term In
accordance with an embodiment where the range of azimuthal positions (AT) in which the
blade pitch angle control term Is non-null iIs dependent on the amplitude determined as a

function of the signal indicative of the wind (for example, it may be proportional to the
amplitude), i.e. AT=K*A(P)=AT»<AT 4.

[0067] Figure 7 shows the block diagram implemented in the wind turbine control unit in order
to carry out the method described. The setpoint of the blade pitch angle dependent on the
difference comprised within the reference rotational speed of the rotor and the speed
measured, which iIs common for the three blades (B,ef), Is added to respective terms calculated

Individually for each blade as a function of the calculations described above, and which depend
on the azimuthal position of each blade and on wind speed.

[0068] As may be seen In the aforementioned figure 7, the final reference result of the blade

pitch angle (B) for each blade Is:
B1=Lret+ AP+

BZ=Bref+ ABE

Bszﬁref-i.- /_\BS-
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[0069] As may be seen In figure 8, the value of the blade pitch angle of a blade varies In
accordance with wind speed In such a way that the amplitude of the additional term applied to
the average value decreases as wind speed decreases (A1>A5).

[0070] In an embodiment of the invention the step of calculating a blade pitch angle control
term (AR) for each blade as a function of the azimuthal position (8) of each blade and the at
least one signal indicative of wind speed (v) Includes the use of a cyclic function, where an
amplitude of the cyclic function iIs calculated using the at least one function dependent on the
at least one signal indicative of wind speed (v).

[0071] The proposed control method, as it has been mentioned above, may be carried out with
the aim of preventing collisions between the blade and the tower, or in order to reduce extreme
loads In the event of variations in wind shear profile. Depending on the aim, the range of

azimuthal positions in which the blade pitch angle control term (AR) assumes positive values
differs.

[0072] Thus, to ensure protection of the blade prior to reaching the area where it passes In
front of the tower, the cyclic function for the calculation of the blade pitch angle control term
(AB) assumes positive values when the azimuthal position (8) of the blade i1s comprised within
90° and 270°, and preferably reaches maximum amplitude (A) when the azimuthal position (8)
of the blade is lower than or equal to 180°.

[0073] Furthermore, and to ensure protection of the blade when passing through the area In
front of the tower, the cyclic function reaches maximum amplitude (A) when the azimuthal
position (8) of the blade iIs greater than 180°. This i1s due to the fact that depending on the
elastic properties of the blade, the position of maximum deflection and minimum distance from
the tower Is reached in one position or in the other. In this embodiment, the minimum distance
IS reached once the blade (root) has passed the azimuthal position coinciding with the location
of the tower (180°). In this example of an embodiment, the cyclic function preferably reaches
maximum amplitude (A) when the azimuthal position (6) of the blade Is greater than 190° and
lower than 230°.

[0074] In another example of an embodiment, which may be seen In figure 9, in an example of
an embodiment, the maximum amplitude (A) I1s reached when the azimuthal position (8) of the
blade I1s greater than 150° and fewer than 170°. That is to say, the maximum amplitude of the
control function is attained prior to reaching the azimuthal position coinciding with the region
closest to the tower.

[0075] In another embodiment, shown In figure 10, and in order to guarantee protection of the
blade prior to reaching the region where it passes by the tower, the function for the calculation
of the blade pitch angle control term (AB) maintains the amplitude (A) substantially constant
and equal to the maximum amplitude as far as an azimuthal position (8) of the blade greater
than 180°. Thus, the maximum value 1s maintained throughout the area of influence of the
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tower In order to be protected against variations in wind speed. In a still more preferred
embodiment, the function for calculating the blade pitch angle control term (AB) maintains the
amplitude (A) substantially constant and equal to the maximum amplitude as far as an
azimuthal position (8) of the blade comprised within 190° and 210°).

[0076] The aforementioned ranges of azimuthal positions where the blade pitch angle control
term (AB) assumes positive values 1s also advantageous in that the wind turbine Is protected
against possible reversals of wind shear profile (wind speed profile assumes greater wind
speed In regimes closer to ground level than in regimes further away from the same, contrary
to normal expectations, where due to the effect of irregularities in the terrain, wind speed Is
lower close to the ground than at higher levels).

[0077] In the event that the sole purpose Is the prevention of collisions between blade and
tower, or protecting the wind turbine against possible reversals of wind shear profile, the cyclic
function has null amplitude (A) within a range of azimuthal positions (8) of the blade comprised
within 270° and 90° in order to reduce the loss of production.

[0078] However, In the event that the aim Is to reduce extreme loads In the event of sudden
Increases In the wind shear profile (in addition to preventing collisions between blade and
tower, or protecting the wind turbine against possible reversals of wind shear profile, or
exclusively), the cyclic function used for the calculation of the blade pitch angle control term
(AB) assumes positive values when the azimuthal position (0) of the blade Is comprised within
2/0° and 90° and preferably reaches maximum amplitude (A) when the azimuthal position (6)
of the blade 1s substantially equal to 360°.

[0079] In one example of an embodiment, the cyclic function 1s a sine function. In another
example of an embodiment, the cyclic function Is a trapezoidal function.
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Patentkrav

1. Styringsfremgangsmade til en vindmaglle af den type, der mindst omfatter:
e et tarn,
* en rotor med en flerhed af blade, som hver isaer omfatter tilherende aktuatorer,
der er konfigureret til at modificere hvert blads pitchvinkel, og
* en styreenhed,

hvor fremgangsmaden omfatter falgende trin:
« opnaelse af et ferste signal om azimutpositionen (6) for hvert blad,
« opnaelse af mindst ét signal, der indikerer vindhastigheden (v),
* beregning af et bladpitchvinkelstyringsled (AR) for hvert blad | overensstemmelse
med azimutpositionen (6) for hvert blad og af det mindst ene signal, der indikerer
vindhastigheden (v), med det formal at for@ge bladpitchvinklen (B),
kendetegnet ved, at trinnet med beregning af bladpitchvinkelstyringsleddet (A_)
omfatter anvendelse af mindst en funktion, som er afhaengig af det mindst ene
signal, der indikerer vindhastigheden (v), og ved at den mindst ene funktion, som
er afhaengig af det mindst ene signal, der indikerer vindhastigheden (v), indbefatter
et tiltagende stykke inden for et omrade af vindhastighedsveerdier under en

nominel vindhastighed (Vnom).

2. Styringsfremgangsmade til en vindmelle ifelge krav 1, kendetegnet ved, at den
mindst ene funktion, som er afhangig af det mindst ene signal, der Indikerer
vindhastigheden, indbefatter et aftagende stykke inden for et omrade af vindvaerdier over

en nominel vindhastighed (Vnom).

3. Styringsfremgangsmade til en vindmalle ifalge krav 2, kendetegnet ved, at det mindst

ene signal, der indikerer vindhastigheden, omfatter en filtreret vindmaling.

4. Styringsfremgangsmade til en vindmelle ifelge kravene 1 eller 2, kendetegnet ved,

at det mindst ene signal, der indikerer vindhastigheden, omfatter en maling af den

genererede effekt (P).
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5. Styringsfremgangsmade til en vindmglle ifelge krav 4, kendetegnet ved,
at fremgangsmaden omfatter falgende trin:
 opnaelse af malingen af den genererede effekt (P),
» fastslaelse af en ferste vaerdi af genereret effekt (P1) og en anden veerdi af
genereret effekt (P2), hvor den anden vaerdi af genereret effekt (P2) er lavere end
den nominelle effekt (Pnom), 0g den farste vaerdi af genereret effekt (P1) er lavere
end den anden veerdi af genereret effekt (P2),
* beregning af bladpitchvinkelstyringsleddet (A[) under anvendelse af den mindst
ene funktion, som er afhangig af det mindst ene signal, der Indikerer
vindhastigheden (v), under anvendelse af malingen af genereret effekt (P) som det
signal, der indikerer vinden,
0g hvor det tiltagende stykke af den mindst ene funktion, som er afhaengig af det mindst
ene signal, der Indikerer vindhastigheden, er omfattet | den ferste veerdl af genereret

effekt (P1) og den anden veerdi af genereret effekt (P2).

6. Styringsfremgangsmade til en vindmalle ifalge krav 5, kendetegnet ved, at den farste
veerdi af genereret effekt (P1) er 0,65 pu, og den anden veerdi af genereret effekt (P2) er
0,8 pu.

7. Styringsfremgangsmade til en vindmelle ifelge kravene 2 eller 4, kendetegnet ved,
at det mindst ene signal, der indikerer vindhastigheden, omfatter en maling af
pladpitchvinklen ([3).

8. Styringsfremgangsmade til en vindmelle ifelge krav 7, kendetegnet ved,
at fremgangsmaden omfatter falgende trin:
 opnaelse af malingen af bladpitchvinklen (B),
» fastslaelse af en minimumsbladpitchvinkel (Bmin), en farste sikkerhedsveaerdi og
en anden sikkernhedsveaerdi,
* beregning af bladpitchvinkelstyringsleddet (A3) under anvendelse af den mindst
ene funktion, som er afhaengig af det mindst ene signal, der Indikerer

vindhastigheden (v), under anvendelse af malingen af bladpitchvinklen () som det
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signal, der indikerer vinden; og hvor den mindst ene funktion, som er afhangig af
det mindst ene signal, der indikerer vindhastigheden, omfatter et aftagende stykke
inden for et omrade af bladpitchvinklens (B) veerdier, som er omfattet |
minimumspitchvinklen  (Bmin) plus den ferste  sikkerhedsveerdi 0g

minimumspitchvinklen (Bmin) plus den anden sikkerhedsvaerai.

9. Styringsfremgangsmade til en vindmglle ifelge kravene 5 og 8, kendetegnet ved,
at trinnet med beregning af bladpitchvinkelstyringsleddet (AR) under anvendelse af den
mindst ene funktion, som er afhangig af det mindst ene signal, der Indikerer
vindhastigheden (v), udferes ved anvendelse af malingen af bladpitchvinklen () som det
signal, der indikerer vinden, nar det signal, der indikerer vindhastigheden, er inden for
omradet af vindhastighedsveerdier over den nominelle vindhastighed (vnom), 0g udfares
under anvendelse af malingen af genereret effekt (P) som det signal, der indikerer
vindhastighed, nar det signal, der indikerer vindhastigheden, er inden for omradet af

vindhastighedsveaerdier under den nominelle vindhastighed (vnom).

10. Styringsfremgangsmade til en vindmalle ifalge et hvilket som helst af de foregaende
krav, kendetegnet ved, at trinnet med beregning af bladpitchvinkelstyringsleddet (AR)
for hvert blad som en funktion af azimutpositionen (0) for hvert blad og af det mindst ene
signal, der indikerer vindhastigheden (v), omfatter anvendelse af en cyklisk funktion, hvor
en amplitude (A) af den cykliske funktion beregnes under anvendelse af den mindst ene

funktion, som er afhaengig af det mindst ene signal, der indikerer vindhastigheden (v).

11. Styringsfremgangsmade til en vindmelle ifelge krav 10, kendetegnet ved, at den
cykliske funktion nar sin maksimumsamplitude (A), nar azimutpositionen (8) for bladet er

starre end 180°.

12. Styringsfremgangsmade til en vindmelle ifelge krav 11, kendetegnet ved, at den
cykliske funktion nar sin maksimumsamplitude (A), nar azimutpositionen (8) for bladet er

starre end 190° og lavere end 230°.
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13. Styringsfremgangsmade til en vindmelle ifelge krav 10, kendetegnet ved, at den
cykliske funktion nar sin maksimumsamplitude (A), nar azimutpositionen (8) for bladet er

lavere end 180°.

14. Styringsfremgangsmade til en vindmelle ifelge krav 10, kendetegnet ved, at den
cykliske funktion nar sin maksimumsamplitude (A), nar azimutpositionen (8) for bladet er

starre end 150° og lavere end 170°.

15. Styringsfremgangsmade til en vindmelle ifelge kravene 13 eller 14, kendetegnet

ved, at den cykliske funktion opretholder amplituden (A) | det vaesentlige konstant og lig

med maksimumsamplituden helt til en azimutposition (8) for bladet, der er st@arre end
180°.

16. Styringsfremgangsmade til en vindmelle ifelge krav 15, kendetegnet ved, at den
cykliske funktion opretholder amplituden (A) | det veesentlige konstant og lig med
maksimumsamplituden helt til en azimutposition (0) for bladet, der er omfattet mellem
190° og 210°.

17. Styringsfremgangsmade til en vindmaelle ifalge kravene 13 til 16, kendetegnet ved,
at den cykliske funktion har en nulamplitude inden for et omrade af azimutpositioner (8)

for bladet, der er omfattet mellem 270° og 90°.

18. Styringsfremgangsmade til en vindmelle ifelge krav 10, kendetegnet ved, at den

cykliske funktion er en sinusfunktion.

19. Styringsfremgangsmade til en vindmelle ifelge krav 10, kendetegnet ved, at den

cykliske funktion er en trapezfunktion.

20. Styringsfremgangsmade til en vindmaelle ifalge kravene 10 til 19, kendetegnet ved,

at det omrade (AT) af azimutpositioner, hvori bladpitchvinkelstyringsleddet ikke er nul, er
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afhaengigt af amplituden (A), der beregnes under anvendelse af den mindst ene funktion,

som er afhaengig af det mindst ene signal, der indikerer vindnastigheden (v).
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