Office de la Proprieté Canadian CA 2703174 C 2013/08/06

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 703 1 74
L.|5J|n gfgamsg'e ; 'f*fc‘j age”%y of ; 12 BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2010/02/08 (51) CLInt./Int.Cl. FO3D 7/02(2006.01),
(87) Date publication PCT/PCT Publication Date: 2011/08/08 FO3D 11/00(2006.01), FO3D 7704 (2006.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2013/08/06 NAKASHIMA TAKUMI. JP:
(85) Entree phase nationale/National Entry: 2010/04/13 BABA, MITSUYA. JP;
(86) N° demande PCT/PCT Application No.: JP 2010/051831 HAYASHI, YOSHIYUKI, JP;

IDE, KAZUN/—\RI JP

(73) Proprietaire/Owner:
MITSUBISHI HEAVY INDUSTRIES, LTD., JP

(74) Agent. RICHES, MCKENZIE & HERBERT LLP

(87) N° publication PCT/PCT Publication No.: 2011/096088

(54) Titre : EOLIENNE ET PROCEDE CONNEXE POUR LE CONTROLE DE L'ANGLE D'INCLINAISON DES PALES
54) Title: WIND TURBINE GENERATOR AND BLADE PITCH ANGLE CONTROL METHOD THEREOF

10
CURRENT {/
CONTROL
AMOUNT .
20
SET VALUE + és;/ /
|
MEASURED
VALUE
16
(57) Abréegée/Abstract:

The present invention provides a wind turbine generator and a blade pitch angle control method thereof in which an aerodynamic
Imbalance of a wind turbine rotor at the time of shutdown Is further reduced, the maximum load of a wind turbine Is further reduced,
and the wind turbine generator can be reduced Iin weight and cost. The wind turbine generator includes a collective pitch angle
controller 11 that produces a collective pitch angle demand that is common to blade pitch angles of wind turbine blades, an
iIndividual pitch angle producing unit 13 that produces an individual pitch angle demand inherent in each wind turbine blade,
multipliers 21 to 23 that multiply the individual pitch angle demand by the individual pitch angle gain, an individual pitch angle gain
producing unit 14, and adder 24 to 26 that add collective pitch angle demands to the output of the multipliers 21 to 23 and supply
the same to pitch actuators 31 to 33 Inherent in the wind turbine blades. When shutdown Is performed, the individual pitch angle

gain Is adjusted such that a individual pitch angle gain is reduced gradually and reaches to zero by the individual pitch angle gain
producing unit 14 after first set time.

e

T N §.
.l.!.\‘\-c.c..--.
. T

3 '_{,-.T'l'.
o~

‘ l an a d a http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191




CA 02703174 2010-07-16

ABSTRACT

The present invention provides a wind turbine generator
and a blade pitch angle control method thereof in which an
aerodynamic imbalance of a wind turbine rotor at the time of
shutdown 1s further reduced, the maximum lcocad of a wind
turbine is further reduced, and the wind turbine generator can
be reduced in weight and cost. The wind turbine generator
includes a collective pitch angle controller 11 that produces
a collective pitch angle demand that 1s common to blade pitch
angles of wind turbine blades, an individual pitch angle
producing unit 13 that produces an individual pitch angle
demand inherent in each wind turbine blade, multipliers 21 to
23 that multiply the individual pitch angle demand by the
individual pitch angle gain, an individual pitch angle gain

producing unit 14, and adder 24 to 26 that add collective

pitch angle demands to the output of the multipliers 21 to 23
and supply the same to pitch actuators 31 to 33 inherent in
the wind turbine blades. When shutdown is performed, the
individual pitch angle gain 1s adjusted such that a individual
pitch angle gain is reduced gradually and reaches to zero by

the individual pitch angle gain producing unit 14 after first

set time.
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DESCRIPTION

WIND TURBINE GENERATOR AND BLADE PITCH ANGLE CONTROL METHOD

THEREOF

Technical Field

(0001 ]

The present i1nvention relates to an individual pitch angle
control type wind turbine generator and a blade pitch angle
control method thereof, and more particularly, to a wind
turbine generator and a blade pitch angle control method
thereof for further reducing an aerodynamic imbalance of a wind
turbine rotor at the time of shutdown to further reduce the
maximum load that becomes a design constraint of a wind turbine,

and for reducing the wind turbine generator in weight and cost.

Background Art

10002]

As shown 1n FIG. 2, a propeller type wind turbine used in
a wind turbine generator includes a plurality of wind turbine
blades (usually three wind turbine blades, and a structure
having three wind turbine blades will be described herein). A
plade pitch angle 1is controlled so that a predetermined
rotation speed and output are obtained in accordance with wind

conditions. According to wind turbines of recent years, as a
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length of the wind turbine blade is increased, individual pitch
angle control 1s i1ncluded 1n blade pitch angle control (e.gqg.,
Patent Citation 1). According to this control, an individual
pitch angle demand that is independent between the wind turbine
blades calculated 1n accordance with an azimuth angle or a load
of each wind turbine blade is added to a collective pitch angle
demand that 1s the same for all of the wind turbine blades, and
the blade pitch angle 1s controlled based on the added wvalue.
With this 1ndividual pitch angle control, it 1s possible to
reduce an amount of variation in rotor out-of-plane load (load
that 1s perpendicular to a rotation plane of the wind turbine
rotor), and to i1ncrease a fatigue life of the wind turbine.

[0003]

When an alarm 1s detected, shutdown control i1s performed
to 1mmedlately close the blade pitch angle of the wind turbine
blades and to swiftly shut down the wind turbine. When the
shutdown control 1s performed in a wind turbine having the
individual piltch angle control, the blade pitch angles of the
wind turbine blades are different from each other also when the
shutdown 1is started, and control for closing the blade pitch
angles of all of the wind turbine blade is performed from this
state at the same pitch rate (that is, feathering is performed
to bring the blade pitch angle in parallel to a wind direction).
In thils case, during the shutdown control, the wind turbine

rotor rotates 1n a state where the blade pitch angles of the
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wind turbine blades are different from each other irrespective

of the azimuth angle or the load, and an aerodynamic 1mbalance
1s generated 1in the wind turbine rotor. An excessive load
generated in the entire wind turbine by the aerodynamic
imbalance 1s one of design constraints of the wind turbine, and
1t i1s desired to reduce the aerodynamic imbalance.

10004 ]

In order to solve such a problem, Patent Citation Z

proposes the followling control technique. For a wind turbilne
blade (first blade) having a blade pitch angle closest to a
fine side, the blade pitch angle 1s closed at a prescribed
maxlimum pitch rate. For another wind turbine blade having a
blade pitch angle closer to a feather side, the blade pitch
angle 1s closed at a pitch rate smaller than the maximum pitch
rate until the blade pitch angle of the first blade catches up
with the latter wind turbine Dblade. After the Dblade pitch
angle becomes the same as the blade pitch angle of the first
plade, the blade pitch angle 1is closed at the same pitch rate
as that of the first blade, and the blade pitch angles of the

three wind turbine blades are allowed to swiftly match with

each other for feathering (shut down the wind turbine).
[0005]
Patent Document 1: Japanese Unexamined Patent
Application, Publication No. 2003-201952

Patent Document 2: U.S. Patent Application Publication
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No. 2009/148286

Patent Document 3: PCT International Publication No.

WO2009/139066

Disclosure of Invention

[0006]

However, 1n the technique disclosed in Patent Citation 2,
the blade pitch angles are closed at a predetermined pitch rate
independently from the azimuth angle or the load until the
pblade pitch angles of the wind turbine blade match with each
other after the shutdown 1s started. Therefore, an aerodynamic
imbalance may be generated in the wind turbine rotor due to a
difference in the blade pitch angles of the wind turbine blades.
Therefore, an excessilive load generated 1n the entire wind
turbine remains as a design constraint of the wind turbine due
to the aerodynamic imbalance. This excessive load is reflected
1n strength design of machine parts, thereby increasing weight

and cost of the wind turbine generator.

[0007]

The present invention has been accomplished in view of the
above circumstances, and an object of the present invention is

Lo provide a wind turbine generator and a blade pitch angle

control method thereof for further reducing an aerodynamic
imbalance of a wind turbine rotor at the time of shutdown to

further reduce the maximum load that becomes a design
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constraint of the wind turbine, and for reducing the wind
turbine generator in weight and cost.

[Technical Solution]

[0008]

In order to solve the above-described problems, the
present invention employs the following solutions.

A first aspect of the present invention is a wind turbine
generator including: a collective pitch angle producing means
that produces a collective pitch angle demand that is common to
blade pitch angles of a plurality of wind turbine blades; an
individual pitch angle producing means that produces an
individual pitch angle demand inherent in each of the wind
turbine Dblades; a multiplying means that multiplies each
individual pitch angle demand of the individual pitch angle
producing means by an 1individual pitch angle gain; an
individual pitch angle gain producing means that adjusts the
1ndividual pitch angle gain such that when shutdown is
performed, the individual pitch angle gain is reduced gradually
and reaches to zero after first set time; and an adding means
that adds the collective pitch angle demand to a result of
multiplication carried out by the multiplying means, and
supplies a resultant value to a pitch actuator inherent in each
of the wind turbine blades.

[0009]

According to this aspect, when shutdown is performed, it
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18 possible to match the pitch angles of the blades with each
other to perform the feathering by gradually reducing the
individual pitch angle demand (absolute value) by adjusting the
individual pitch angle gain. Even after the shutdown 1s
started, the 1individual pitch angle control is continued for a

given time until the individual pitch angle gain becomes zero.

e

Therefore, even after the shutdown 1s started, a difference
between the pitch angles of the blades can be corresponded to a
difference in rotor out-of-plane load that is applied to each
blade. Accordingly, it 1s possible to reduce the individual
plitch angle without increasing the aerodynamic imbalance of the
wind turbine rotor. As a result, it is possible to further
reduce the maximum load that becomes the design constraint of

the wind turbine, and to realize a light-weighted and

inexpensive wind turbine generator.

[0010]

In the above-described aspect, the gain producing means
may adjust the individual pitch angle gain based on an n-order
decreasing function or a combination of the decreasing

functions.

[0011]

According to this aspect, it is possible to variably set

a reduction rate of the individual pitch angle gain with time,
and to perform the shutdown control while flexibly responding

to wvarious situations such as wind conditions, driving
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situations, a scale of the wind turbine generator, and types

of causes of alarm and the 1like.

Here, n is an integer not less than one.

[0012]

In the above-described aspect, the individual pitch angle
gain producing means may maintain a predetermined 1individual
pitch angle gain before shutdown until second set time that 1is
shorter than the first set time after the shutdown is started.

[0013]

Moreover, in the above-described aspect, the first set

time or the second set time may be set based on an output of

generated electricity of the wind turbine generator, the

rotation speed of a wind turbine rotor or the collective pitch

angle demand.

[0014]

The setting of the first set time 1is equivalent to the
setting of the individual pitch angle gain reduction rate, and
the setting of the second set time 1s equivalent to the
setting of the individual pitch angle gain reduction-start
timing. By setting the individual pitch angle gain reduction-
start timing and the reduction rate based on the output of
generated electricity of the wind turbine generator, the
rotation speed of the wind turbine rotor or the collective
pitch angle demand as described above, it 1is possible to

perform the shutdown control while flexibly responding to
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various situations such as wind conditions, driving situations,
a scale of the wind turbine generator, and types of causes of
alarm and the like.

[0015]

A second aspect of the present invention i1s a blade pitch
angle control method of a wind turbine generator 1including: a
collective pitch angle producing step of producing a collective
pitch angle demand that 1s common to blade pitch angles of a
plurality of wind turbine blades; an individual pitch angle
producing step of producing an individual pitch angle demand
inherent in each of the wind turbine blades; a multiplying step
of multiplying each 1individual pitch angle demand of the
individual pitch angle producing means by an individual pitch
angle gain; an 1individual pitch angle gain producing step of
adjusting the individual pitch angle gain such that when
shutdown 1is performed, the individual pitch angle gain 1is
reduced gradually and reaches to zero after first set time; and
an adding step of adding the collective pitch angle demand to a

result of multiplication carried out in the multiplying step,

and supplying a resultant value to a pitch actuator inherent in
each of the wind turbine blades.

[0016]

According to this aspect, when shutdown is performed, it
1s possible to match the pitch angles of the blades with each

other to perform the feathering by gradually reducing the
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individual pitch angle demand (absolute value) by adjusting the
individual pitch angle gain. Even after the shutdown 1is
started, the individual pitch angle control 1s continued for a
given time until the individual pitch angle gain becomes zero.
Therefore, even after the shutdown is started, a difference
between pitch angles of the blades can be corresponded to a
difference in rotor out-of-plane load that 1s applied to each
blade. Accordingly, it 1is possible to reduce the individual
pitch angle without increasing the aerodynamic imbalance of the
wind turbine rotor. As a result, 1t 1s possible to further
reduce the maximum load that becomes the design constraint of
the wind turbine, and to realize a blade pitch angle control

method for a 1light-weighted and inexpensive wind turbine

generator.

[0017]

In the above-described aspect, 1in the individual pitch
angle gain producing step, the individual pitch angle gain may
be adjusted based on an n-order decreasing function or a
combination of the decreasing functions.

[0018]

According to this aspect, it is possible to variably set
a reduction rate of the individual pitch angle gain with time,
and to perform the shutdown control while flexibly responding

to wvarious situations such as wind conditions, driving
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situations, a scale of the wind turbine generator, and types

of causes of alarm and the like.

Here, n 1s an integer not less than one.

[0019]

In the above-described aspect, in the 1ndividual pitch
angle gain producing step, a predetermined 1individual pitch
angle gain before shutdown may be maintained until second set

time that 1s shorter than the first set time after the

shutdown 1s started.

(0020]

Moreover, 1in the above-described aspect, the first set
time or the second set time may be set based on an output of
generated electricity of the wind turbine generator, the

rotation speed of a wind turbine rotor or the collective pitch

angle demand.

[0021]

According to this aspect, by setting the individual pitch
angle gain reduction-start timing and the reduction rate based
on the output of generated electricity of the wind turbine
generator, the rotation speed of the wind turbine rotor or the
colléctive pitch angle demand, it is possible to perform the
shutdown control while flexibly responding to  various
situations such as wind conditions, driving situations, a

scale of the wind turbine generator, and types of causes of

alarm and the like.
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[Advantageous Effects]

[0022]

According to the present 1invention, when shutdown is
performed, it 1s possible to reduce an individual pitch angle
without increasing an aerodynamic imbalance of a wind turbine
rotor even after the shutdown 1s started. As a result, 1t 1is
possible to further reduce the maximum load that becomes a
design constraint of a wind turbine, and to realize a blade
pitch angle control method of a light-weighted and inexpensive

wind turbine generator.

Brief Description of Drawings
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([FIG. 1] A block diagram showing a schematic structure
of a blade pitch angle controller 1n a wind turbine generator
according to an embodiment of the present invention.

[FIG. 2] A perspective view showing & schematic
structure of the wind turbine to which the present invention

1s applied.

(FIG. 3] A partial front view showing a wind turbine

blade portion i1n FIG. 2 for describing an azimuth angle.

[FIG. 4] A graph showing time transition of a collective
pitch angle demand 1n blade pitch angle control in the wind
turbine generator of the present embodiment.

[FIG. 5] A graph showing time transition of an
individual pitch angle gain 1n the blade pitch angle control

in the wind turbine generator of the present embodiment.

(FIG. 6] A graph showilng time transition of an
individual pitch angle demand in the blade pitch angle control
in the wind turbine generator of the present embodiment.

([FIG. 7] A graph showing time transition of a pitch
angle 1n the blade pitch angle control in the wind turbine
generator of the present embodiment.

[FIG. 8] A graph showing time transition of a collective
pitch angle demand in blade pitch angle control of a first

conventlional example.

[FIG. 9] A graph showing time transition of an
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individual pitch angle gain in the blade pitch angle control
of the first conventional example.

[FIG. 10] A graph showing time transition of the
individual pitch angle demand 1n the blade pitch angle control
of the first conventional example.

|FIG. 11] A graph showing time transition of the pitch

gr—
ad

angle 1n the Dblade pitch angle control of the first

conventional example.

(FIG. 12] A graph showing time transition of the
collective pitch angle demand in blade pitch angle control of
a second conventional example.

[FIG. 13] A graph showing time transition of the
individual pitch angle gain in the blade pitch angle control
of the second conventional example.

[FIG. 14] A graph showing time transition of the
individual pitch angle demand in the blade pitch angle control
of the second conventional example.

[FIG. 15] A graph showing time transition of the pitch
angle 1n the blade pitch angle control of the second
conventional example.

[FFIG. 16] An explanatory diagram showing time transition

of an individual pitch angle gain of a first modification.

[FIG. 17] An explanatory diagram showing time transition

r—

£ an 1ndividual pitch angle gain of a second modification.

O
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Best Mode for Carrying Out the Invention

(0024 ]

An embodiment of a wind turbine generator and a blade

pitch angle control method thereof according the present

invention will be described below 1n detail with reference to

the drawings. First, a summary of the wind turbine to which

the present 1invention 1s applied will be described with

reference to FIG. 2.

10025]

As shown 1n FIG. 2, a propeller type wind turbine to which
the wind turbine generator of the present invention is applied
includes three wind turbine blades, 1.e., a wind turbine blade
1, a wind turbine blade 2 and a wind turbine blade 3 mounted on
a wind turbine rotor. The wind turbine rotor i1is connected to a
gear box 1n a nacelle disposed on an upper portion of a
cylindrical tower 4. According to the propeller type wind
turbine, the three wind turbine blades 1, 2 and 3 receive wind
and rotate together with the wind turbine rotor, and a speed of
the rotation 1s 1increased by the gear box. Thereafter, the
wind‘turbine blades drive a generator to generate electricity,
thereby converting wind power energy 1into electric energy.

[Embodiment ]

[0026]

FIG. 1 1s a block diagram showing a schematic structure

of a blade pitch angle controller in the wind turbine
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generator according to an embodiment of the present invention.
In FIG. 1, a blade pitch angle controller 10 of the wind
turbine generator of the present embodiment 1includes a
collective pitch angle controller 11, an individual pitch angle
controller 12, a subtracter 20, multipliers 21, 22 and 23,
adders 24, 25 and 26, a first blade pitch actuator 31, a second

blade pitch actuator 32 and a third blade pitch actuator 33.

[0027]

The collective pitch angle controller 11 corresponds to a
collective pitch angle producing means in claims, and produces
a collective pitch angle demand that 1s common to blade pitch
angles of the three wind turbine blades 1, 2 and 3. A
deviation between the rotation speed, a set value of an output
of generated electricity and a current control amount is
obtained by the subtracter 20, and a collective pitch angle
demand 15 1s produced based on this deviation.

[0028]

The 1ndividual pitch angle controller 12 includes an
individual pitch angle producing unit (individual pitch angle
producing means) 13 and an 1individual pitch angle gain
producing unit 14. The individual pitch angle producing unit 13
produces an individual pitch angle demand that is inherent in
the wind turbine blades 1, 2 and 3 based on a measured value
such as an azlimuth angle and a load. As shown in FIG. 3, the

azimuth angle is an angle formed between the wind turbine blade
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and a vertical direction (direction z). The azimuth angle 1s 0° when
a reference wind turbine blade 1s located at the uppermost portion
of the wind turbine, and the azimuth angle 1is 180° when the reference
wind turbine blade is located at the lowermost position.

[0029]

A technique for producing the individual pitch angle demand in
the individual pitch angle producing unit 13 1s not particularly
limited, and a known technique may be used. For example, Japanese
Unexamined Patent Application, Publication No. 2005-83308 discloses
a technique for producing the 1individual pitch angle demand in
accordance with a wind speed, air density and output of generated
electricity based on a measured azimuth angle. Japanese Unexamined
Patent Application, Publication Nos. 2003-113769 and 2005-325742

disclose a technique for producing an individual pitch angle demand

based on a measured load.

[0030]

When shutdown 1is performed, the individual pitch angle gain
producing unit 14 adjusts an individual pitch angle gain 16 such
that a individual pitch angle gain (=1) is reduced gradually and
reaches to zero after first set time. A characteristic structure of
the present invention 1is that the multipliers 21, 22 and 23 multiply
the 1individual pitch angle s of the blades produced by the
individual pitch angle producing unit 13 by an individual pitch
angle gain 16 produced by the individual pitch angle gain producing

unit 14, thereby producing a first blade pitch angle demand 17,
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a second blade pitch angle demand 18, and a third blade pitch
angle demand 19.

[0031]

At the time of a normal operation, the individual pitch
angle gailn 16 1s one. In this case, the individual pitch angle
demands of the blades produced by the individual pitch angle
producing unit 13 become the first blade pitch angle demand 17,
the second blade pitch angle demand 18 and the third blade
pitch angle demand_ 19 as they are. When the shutdown 1is
performed, the individual pitch angle gain 16 1is gradually
reduced based on a primary decreasing function, and when the
first set time 1s elapsed after the shutdown is started, the
individual pitch angle gain 16 becomes zero. That 1s, the
first blade pitch angle demand 17, the second blade pitch angle
demand 18 and the third blade pitch angle demand 19 are
gradually reduced toward zero from the individual pitch angle
demands of the blades produced by the individual pitch angle

producing unit 13 until the first set time is elapsed after the
shutdown 1s started.

[0032]

A collective pitch angle demand 15 produced by the

collective pitch angle controller 11 is respectively added to

the first blade pitch angle demand 17, the second blade pitch
angle demand 18 and the third blade pitch angle demand 19 which

are respectively output values of the multipliers 21, 22 and 23
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by means of the adders 24, 25 and 26, respectively, and

resultant values are supplied to the first blade pitch actuator

31, the second blade pitch actuator 32 and the third blade

pitch actuator 33, respectively.

[0033]

Herein, the first blade pitch actuator 31, the second
blade pitch actuator 32 and the third blade pltch actuator 33
are pitch actuators which are inherent in the wind turbine
plades 1, 2 and 3, and are driven, for example, by a hydraulic

cylinder or an electric motor.

(0034 ]

Next, a blade pitch angle control method of the wind
turbine generator having the above-described constituent
elements will be described with reference to FIGS. 4 to 15.
FIGS. 4 to '/ are explanatory diagrams of blade pitch angle
control in the wind turbine generator of the present embodiment.
FIGS. 8 to 11 are explanatory diagrams of blade pitch angle
control 1n a first conventional example. FIGS. 12 to 15 are
eXxplanatory diagrams of blade pitch angle control in a second
conventional example. FIGS. 4, 8 and 12 are graphs showing
time transition of the collective pitch angle demand 15 before

and after the shutdown. FIGS. 5, 9 and 13 are graphs showing

time transition of the individual pitch angle gain 16 before

and after the shutdown is started. FIGS. 6, 10 and 14 are

graphs showing time transition of the first blade pitch angle
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demand 17, the second blade pitch angle demand 18 and the third

blade pitch angle demand 19 before and after the shutdown 1is

started. FIGS. 7, 11 and 15 are graphs showing time transition
of the pitch angles of the blades before and after the shutdown
1s started. In the figures except FIGS. 5, 9 and 13, a
vertical axis shows the blade pitch angle, an upper side 1n the
graphs corresponds to a feather side, and a lower side 1n the

graphs corresponds to a fine side.

[0035]

In the second conventional example, the technique 1in the

Patent Citation 2 is applied to the wind turbine generator of

the present embodiment. In the filrst conventional example, a
known technique (e.g., Patent Citation 1 for example) to which
the technique of the Patent Citation 2 1s not applied 1is
applied to the wind turbine generator of the present embodiment.
Although the individual pitch angle gain itself does not exist
in the first conventional example and the second conventional

example, they are shown for comparison with the present
embodliment.

[0036]

First, the 1ndividual pitch angle control at the time of

the normal operation before the shutdown is started will be

described with reference to FIGS. 4 to 7 (as representative
drawings). At the time of the normal operation, it is assumed

that the same control 1s performed in the present embodiment,
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the first conventional example and the second conventional example.

(0037]

At the time of the normal operation, the collective pitch
angle demand 15 that is common to the blade pitch angles of the

three wind turbine blades 1, 2 and 3 1s produced by the
collective pitch angle controller 11. In FIG. 4, the
collective pitch angle demand 15 1s 1indicated as a constant
value since time before the shutdown 1s as short as 20 seconds.
As shown in FIG. 5, the individual pitch angle gain 16 that 1is

outputted from the individual pitch angle gain producing unit

14 at this time 1s 1.

(0038]

The 1individual pitch angle producing unit 13 produces
individual pitch angle demands (first blade pitch angle demand
17, the second blade pitch angle demand 18 and the third blade
pitch angle demand 19) which are inherent in the wind turbine
blades 1, 2 and 3 based on a measured value such as an azimuth
angle and a load (see FIG. 6). Although FIG. 6 shows a
variation in time of the individual pitch angle demand of each
blade as cosine, 1t 1s assumed that wind is stable (uniform
wind speed 1in terms of time and plane) for ease of
understanding, and strictly speaking, this variation in time is
different from the actual variation.

[0039)

The collective pitch angle demand 15 in FIG. 4 and the
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individual pitch angle demand of each blade in FIG. 6 are added
to each other, a resultant value 1s supplied to the first blade
pitch actuator 31, the second blade pitch actuator 32 and the
third blade pitch actuator 33 of the blades, and the pitch
angles of the blades as shown in FIG. 7 are obtained. With
such individual pitch angle control, it 1s possible to reduce
an amount of variation in a rotor out-of-plane load (load that
is perpendicular to the rotation plane of the wind turbine
rotor; load applied in a direction x 1in FIG. 2).

[0040]

Next, control of the individual pitch angle when the
shutdown 1s controlled after the shutdown i1is started will be
described 1n the order of the first conventional example, the
second conventional example and the present embodiment.

First, 1n the first conventional example, when the
shutdown 1s controlled, the collective pitch angle demand is
controlled to a full-feather angle at a constant pitch rate for
all of the blades as shown in FIG. 8 to shut down the wind
turbine rotor. The production of the individual pitch angle
demand of each blade by the individual pitch angle producing
unit 13 1s stopped simultaneously when the shutdown is started
(see FIG. 10), and the individual pitch angle gain 1is
immediately switched from 1 to 0 (see FIG. 9).

[0041]

When the shutdown 1s started, the blade pitch angles of
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the wind turbine blades are relatively deviated from each other,
but according to the shutdown control in the first conventional

example, the feathering is performed based on the collective
pitch angle demand while maintaining this relatively deviated
relation of the blade pitch angles (see FIG. 11). Therefore,

the wind turbine rotor rotates 1n a state where the blade pitch
angles of the wind turbine blades are different from each other
(1rrespective of load) during the shutdown control, and
aerodynamic imbalance is generated in the wind turbine rotor.

10042}

Next, 1n the second conventional example, as 1n the first
conventional example, the collective pitch angle demand 1is
controlled to a full feather angle at a constant pitch rate for
all of the blades as shown 1n FIG. 12. The production of the
individual pitch angle demand o©of each blade by the individual
pitch angle producing unit 13 1s stopped simultaneously when
the shutdown 1s started (see FIG. 14), and the individual pitch
angle gain 1s 1mmediately switched from 1 to 0 (see FIG. 13).

[0043]

When the shutdown 1s started, the blade pitch ahgles of
the wind turbine blades are relatively deviated from each other,
but in the shutdown control of the second conventional example,
a wind turbine blade (second blade in FIG. 14) in which the
blade pitcﬁ angle 1s closest to the fine side is allowed to

perform feathering at a prescribed maximum pitch rate, and
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~L

other wind turbine blades (first and third blades in FIG. 14)

located on the feather side are allowed to perform feathering
at a pitch rate smaller than the maximum pitch rate until the
blade pitch angle of the second blade catches up. After the

F

blade pitch angles of the first and third blades become equal

to the blade pitch angle of the second blade, the blades are
allowed to perform the feathering at the maximum pitch rate.
In this manner, the blade pitch angles of the three wind

turbine blade are allowed to swiftly match with each other and

perform the feathering.

(0044

As shown 1n FIG. 15, in the shutdown control of the second
conventional example, the blade pitch angles are closed with a
predetermined pitch rate irrespective of a load in a period
that 1s elapsed after the shutdown is started until the blade
pitch angles of the wind turbine blades match with each other
(for about 12 seconds in FIG. 15), and an aerodynamic imbalance

caused by a difference between the blade pitch angles of the
wind turbine blade may be generated in the wind turbine rotor.
[0045]
In contrast to the first conventional example and the

second conventional example, in the present empodiment, the

collective pitch angle demand is controlled to the full feather

angle at a constant pitch rate of every blade as shown in FIG.

4 to stop the wind turbine rotor at the time of shutdown
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control.

[0046]

Even after the shutdown 1s started, the production of the
individual pitch angle demand of each blade by the individual pitch
angle producing unit 13 1s continued 1n the same manner as that
before the shutdown is started. The individual pitch angle demand is
multiplied by the individual pitch angle gain 16 (see FIG. 5) that 1is
gradually reduced based on the primary decreasing function, and the
individual pitch angle demand is gradually reduced to zero (see FIG.
6). In FIG. 5, the first set time in the individual pitch angle gain
producing unit 14 1s 10 seconds.

[0047]

When the shutdown is started, the blade pitch angles of the wind
turbine blades are relatively deviated from each other, but in the
shutdown control according to the present embodiment, as shown in FIG.
7, the control of the individual pitch angle is continued while
gradually reducing the 1individual pitch angle during a period (10
seconds 1n FIG. 7) that is elapsed after the shutdown is started
until the blade pitch angle of each wind turbine blade matches with
the collective pitch angle demand 15. In this manner, a difference
between the pitch angles of the blades corresponds to a difference

between the rotor out-of-plane loads that are applied to the blades

even after the shutdown is started, and the individual pitch
angle can be reduced as compared with the conventional examples

without  increasing the aerodynamic imbalance of the wind
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turbine rotor.

[0048]

As described above, the wind turbine generator and the
blade pitch angle control method thereocf of the present
embodiment includes the collective pitch angle controller 11
that produces the collective pitch angle demand 15 that 1is
common to the blade pitch angles of the wind turbine blades,
the individual pitch angle producing unit 13 that produces the
individual pitch angle demand 1nherent 1in each wind turbine
blade, the multipliers 21 to 23 that multiply the individual
pitch angle demand by the individual pitch angle gain 16 to
produce the first blade pitch angle demand 17, the second blade
pitch angle demand 18 and the third blade pitch angle demand 19,
an 1ndividual pitch angle gain producing unit 14, and adder 24
to 26 that add the collective pitch angle demand 15 to the
output of the multipliers 21 to 23 and supply the same to the
pitch actuators 31 to 33 inherent in the wind turbine blades.
When shutdown 1s performed, the individual pitch angle gain is
adjusted such that an individual pitch angle gain is reduced
gradually and reaches to zero by the individual pitch angle
galin producing unit 14 after the first set time.

[(0049]

As described above, when the shutdown is performed,

by producing the first blade pitch angle demand 17, the second



CA 02703174 2010-04-13

25

blade pitch angle demand 18 and the third blade pitch angle
demand 19 that gradually reduce the 1individual pitch angle
demand (absolute value) by adjusting the individual pitch angle
gain 16, the pitch angles of the blades match with each other
and the feathering i1s performed. However, the control of the
individual pitch angle 1s continued for given time even after
the shutdown is started. Therefore, the difference between the
pitch angles of the blades after the shutdown 1s started
corresponds to the difference between the rotor out-of-plane
loads that are applied to the blades, and the individual pitch
angle can be reduced as compared with the conventional examples
without 1ncreasing the aerodynamic imbalance of the wind
turbine rotor. As a result, 1t 1s possible to further reduce
the maximum load that becomes a design constraint of the wind
turbine, and to realize a blade pitch angle control method of a
light-weighted and inexpensive wind turbine generator.

[0050]

Since the variation in load is reduced during a period in
which the individual pitch angle gain 16 becomes zero, there is
an effect that a fatigue 1load reduction effect of the wind
turbine 1s continuously obtained even after the shutdown is
started, and a fatigue life of the wind turbine can further be

increased.

(First Modification]

(0051}
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In the above-described embodiment, when shutdown i1s performed,
the individual pitch angle gain 16 1is adjusted such that an
individual pitch angle gain 1s reduced gradually and reaches to zero
after the first set time by the 1individual pitch angle gain
producing unit 14, and the reduction of the individual pitch angle
gain 16 1s started simultaneously when the shutdown 1s started.
Alternatively, a predetermined individual pitch angle gain before
the shutdown may be maintained during second set time (second set
time is shorter than the first set time) after the shutdown is
started, and adjustment may be performed such that the individual

pitch angle gain 1s gradually reduced during a period from the
second set time to the first set time.

[0052]

FIG. 16 shows time transition Gl of the individual pitch angle
gain 16 of the present modification. According to Gl in FIG. 16,
second set time Tl 1s 4 seconds and first set time is 12 seconds.
The individual pitch angle gain 16 1is gradually reduced during a

period from the second set time to the first set time based on the

primary decreasing function.

[0053]

Although the first set time and the second set time Tl are
simply set as time, the first set time and the second set time T1

may be set based on the output of generated electricity of the wind
turbine generator, the rotation speed of the wind turbine rotor or

the collective pitch angle demand.
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(0054]

Concerning the second set time T1, a threshold value of
the output of generated electricity, the rotation speed of the
wind turbine rotor or the collective pitch angle demand may be
set 1n advance, and when the output of generated electricity,
the rotation speed of the wind turbine rotor or the collective
pitch angle demand 15 reaches the threshold wvalue, the
reduction of the individual pitch angle gain may be started.

[0055]

The setting of the first set time 1s equivalent to the
setting of the reduction rate of the individual pitch angle
gain 16. A correspondence table of the first set time
corresponding to the output of generated electricity, the
rotation speed of the wind turbine rotor or the collective
pit'ch angle demand may be prepared 1in advance, and the first
set time may be set 1n accordance with the output of generated
electricity at the time of the shutdown, the rotation speed of
the wind turbine rotor or the collective pitch angle demand 15.

(0056]

By setting the reduction-start timing or a reduction rate
of the 1individual pitch angle gain 16 based on the output of
generated electricity of the wind turbine generator, the
rotation speed of the wind turbine rotor or the collective
pitch angle demand, shutdown can be controlled while flexibly

responding to various situations such as wind conditions,
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driving situations, a scale of the wind turbine generator, and
types of causes of alarm and the like.

[Second Modification]

(0057]

In the above-described embodiment and the first
modification, when shutdown 1is performed, the individual pitch
angle gain 16 1s gradually reduced by the 1individual pitch
angle gain producing unit 14 based on the primary decreasing
function. Alternatively, the individual pitch angle gain may
be adjusted based on an n-order decreasing function (e.g., a
secondary decreasing function) or a combination of the
decreasing functions.

[0058]

FIG. 17 shows time transition G2 of the individual pitch
angle gain 16 of the present modification. According to G2 in
FIG. 17, the 1individual pitch angle gain 16 1s gradually
reduced from 1 to 0.5 based on an elliptic function, and from
0.5 to 0 based on an inverse function.

[0059]

By making 1t possible to variably set the reduction rate
of the 1individual pitch angle gain 16 with time, shutdown can
be controlled while flexibly responding to various situations
such as wind conditions, driving situations, a scale of the

wind turbine generator, and types of causes of alarm and the like.

[0060]
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Although the embodiment and its modifications of the present
invention have been described in detail with reference to the
drawings, the present invention 1s not limited to the above-described
embodiment and the modifications, and design changes within a range
not departing from a subject matter of the invention fall within the
present invention. For example, the number of wind turbine blades is

not limited to three, and the number of the blades may be two or four

oY moxe.

[Explanation of Reference]

[0061]
1, 2, 3: wind turbine blade
4: tower
11: collective pitch angle controller (collective pitch angle
producing means)
12: 1individual pitch angle controller
13: individual pitch angle producing unit (individual pitch angle
producing means)
14: individual pitch angle gain producing unit (individual pitch
angle gain producing means)
20: subtracter
21, 22, 23: multiplier (multiplying means)
24, 25, 26: adder (adding means)
31: filrst blade pitch actuator
32: second blade pitch actuator

33: third blade pitch actuator
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CLAIMS

1. A wind turbine generator comprising:

a collective pitch angle producing means that produces a
collective pitch angle demand that is common to blade pitch
angles of a plurality of wind turbine blades;

an individual pitch angle producing means that produces an
individual pitch angle demand inherent 1i1n each of the wind
turbine blades;

a multiplying means that multiplies each 1individual pitch
angle demand of the individual pitch angle producing means by
an individual pitch angle gain;

an individual pitch angle gain producing means that
adjusts the individual pitch angle gain such that when shutdown
is performed, an individual pitch angle gain 1s reduced
gradually and reaches to zero after first set time; and

an adding means that adds the collective pitch angle
demand to a multiplication result carried out by the
multiplying means, and supplies a resultant value to a pitch

actuator i1nherent 1n each ¢of the wind turbine blades.

2. The wind turbine generator according to claim 1, wherein

the 1ndividual pitch angle gain producing means adjusts the
individual pitch angle gain based on an n-order decreasing

function or a combination of the decreasing functions.
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3. The wind turbine generator according to claim 1, wherein
the individual pitch angle gain producing means maintains a
predetermined individual pitch angle gain before shutdown until

second set time that 18 shorter than the first gset time after

the shutdown is started.

4 . The wind turbine generator according to claim 1, wherein
the first set time or the second set time 1is set based on an
output of generated electricity of the wind turbine generator,
the rotation speed of a wind turbine rotor or the collective

ritch angle demand.

5. A blade pitch angle control method of a wind turbine

generator comprising:

a collective pitch angle producing step of producing a
collective pitch angle demand that 1is common to blade pitch
angles of a plurality of wind turbine blades;

an 1ndividual pitch angle producing step of producing an
individual pitch angle demand inherent in each of the wind
turbine blades;

a multiplying step of multiplying each individual pitch
angle demand of the individual pitch angle producing means by
an individual pitch angle gain;

an individual pitch angle gain producing step of adjusting

the 1individual pitch angle gain such that when shutdown is



CA 02703174 2010-07-16

32

performed, a gain 1s reduced gradually and reaches to zero

after first set time; and

an adding step of adding the collective pitch angle demand
to a resgult of multiplication carried out in the multiplyving
step, and supplying a resultant value to a pitch actuator

inherent in each of the wind turbine blades.

6. The blade pitch angle control method of the wind turbine
generator according to claim 5, wherein in the individual pitch
angle gain producing step, the 1individual pitch angle gain is
adjusted based on an n-order decreasing function or a

combination of the decreasing functions.

7. The blade pitch angle control method of the wind turbine
generator according to claim 5, wherein in the individual pitch
angle gain producing step, a predetermined individual pitch
angle gain before shutdown 1s maintained until second set time

that 1s shorter than the first set time after the shutdown 1is

started.

8. The blade pitch angle control method of the wind turbine
generator according to claim 5, wherein the first set time or
the second set time is set based on an output of generated
electricity of the wind turbine generator, the rotation speed

of a wind turbine rotor or the collective pitch angle demand.



CA 02703174 2010-04-13

Co
4

1C

Gl

[ DId

9l

AN VA
(3dNSVIN
¢l
= + dNIVA L3S
0¢ |-

INNOWY
1041NQO
INJHHNO



2010-04-13

CA 02703174

F1G. 2

el Dbl S ——
lf
]

N -

I"" .‘1!
l‘,llll“

.
e

AZIMUTH ANGLE




2010-04-13

CA 02703174

F1G. 4

AN B W N T T N W T T T G T W A TP WS W Gy Sepeege s sssdgn ssbebile el SRS AchiE. NS AN R T —— P AN T T A AT T T ST T T W W S T A T TR A T T — TN AN ST T T T T— ——
bl vl w—r S el i Bl B Bl ki AR whiRAr ek SEENEE SNNEE SENNE NNNES NN UENNES AUNNNY GENNES UNNNNY GENNNS UNNNEY GENNNY UNNNNY "HENN NSRS WNNNS WENNE YRR QTN UPNENT  WYPYR  Speegen  GSpgmy  Gpee—yn  SSUSRG  ee—pn SSSSUe UNESN ewpeuy “PUSIY SSSENY AENNNY “CUNNS "UNNN UENNNS UENNNS UENNNY AENNNY UNNNNS UENNNY UENNNY UENNNY GNNNNY UENNNY UENNEY GENNNY UENNNY NSNS NN wm—

S I UIIE GBI GEEY SIS G G UENT SIS W WENN NN W WNP TN WYWS W appgye sk dhdesds  debede NS SASES AN SIS SIS GRS S S S B S WS G W G W S W S—

-

19 20
> TIME[sec]

10

-10

-15

-
T

[38p]  ANVW3Q JTONY

HOLlId dA119dT1100

FIG. S

15 20

» T|ME[sec]

10

-10

-10

“
_
_
{
_
_
_
_
_
_
_
_
_
_
_
_
_
_
|
_
_
!
_
_
_
_
_
_
_
|
_
_
_
_
_
_
_
_
|
|
*
_
|
|
,
_
|
_
_
_
_
!
_
_
_
_
_
_
_
_
_

W VENNY NN WSS W TN W W A W T T W R W Gl el wgeely SENGES WSV VVEN WSS WENED WENED WY WSS WSS Smmmm wssny ssssn PUSS SESSS SN NSNS NN SN  AENNS SN RSN Apyege iruley WSS TSNS WEESY  S——

-
AN
T— - _

NIVD JTONV
HOLId IVAIAIATAN]




CA 02703174 2010-04-13

F1G. 6

—— FIRST BLADE

---------- SECOND BLADE
— s THIRD BLADE

—w0 |

e

E | S

22

2=

— o

o

—c e,

=

-20 -15 -10 -5 0 5 10 15 20
» [ IME[sec]

F1G. 7
— FIRST BLADE

---------- SECOND BLADE
E— THIRD BLADE

- L

T S e

¢b

=

T I M

Ll -

4 e e Ve At

S g >

— \ IAYAVAVAYAYAVAYAYAVAYATYAYA ) NS

<< AN AAALA A .1‘4; s+ —.]—\‘ — .l‘,‘_ A At et

- - _’l\" \l\ \:\.. X \:\. \_'q

O it b St wt

_ b

Q.

-20 -15 -10 -9 0 5 10 15 20
» T|ME[sec]




2012-07-19

CA 02703174

FI1G. 8

N e it e syl feln S— e S Y et SRS S S Whme AR G wieid W e RS Besse VR Shew Ptk EESs wese PEE s P

-—_——#_--—_————_—‘-—h_-—__-_‘_-ﬁ_*——__‘—---———l__ﬂ_—-——_“_—-—*————

*-m----*—--—-—'—h——_“--_—_—-_-—l__‘-—_—-—*_--—-_-—-._-_—*_—-—_—_——
——_—“—-_—_-—_-“_--__—-——ﬁ-—-_—__--——_—“—-*—_nﬂ_—u—*_-‘-—- e wrer dellh S SE—— A TR

[38p] ANVW3A JTONV
HOlld JA11041100

-

15 20

— T|ME[sec]

10

-10

-15

-
T

FIG. 9

15 20
—» TIME[sec]

10

-10 -0

iy veans wegyy Bese begt Sfes e PR waae PEEE wsae AN e ~SEF Sy SRy e b BN e D wapte SRR e wevn Glae el SR ssasd A Ml S e e Gl S—— T Geas SEEy Ve wage flen S——y gpen. ammm qeis e agee fesme b es st ppel. E—— @pulr anme Wpek T—— e S
1 5

S e Sylei G S ey alY S WS G A WD e S g wmmy e sy PN s s s vest s sy e —— et ——

-20

+— -

NIVD JTONV
HOLld IVAQIATANI



INDIVIDUAL PITCH

ANGLE DEMAND

PITCH ANGLE [deg]

[deg]

CA 02703174 2012-07-19

——— FIRST BLADE

---------- SECOND BLADE
e THIRD BLADE
PV AYAVAYAYAVAYAYAVAYAYAVA
Y XA AXEAX AKX A AX K
0 vV \ V
9080088080046 00.
F
-20 =15 -10 -9 0 O 10 15 20
—» TIME[sec]
' ——— FIRST BLADE
---------- SECOND BLADE
e THIRD BLADE
el
T it Ittt A~
,/"‘/ -
——————————————————————————————— O e Tt ol
P
o
--------------------------------- > = -::,,:"’"*“-""-—-"-“
aVaVatavaYatataYatataYaVaYse _ _,,""'
FAAAAAAANAAAAAANALZT e
2605600500500 >
0
-20 =15 -10 -9 0 o 10 15 20

» TIME[sec]



CA 02703174 2012-07-19

——*—--——h_m——“——'__—___nﬂ—.-—'_—__-u——-lbw-—ﬂ-b__-.-l_—m_—*——h_n——“h_—__u__*_—

—_*——w——“_—-—_———-ﬁ-v—-——-”——ﬂ__—_—-*ln_-l-——n*—.————ﬁ__“-_h—_*“— i e o A SR S —

—h_—h_—“——-*——“_-.-——--H___“_-—_ﬁ—‘n_iﬁi—__“——h—- _-__-__--h-_—-l—'-——-.—-_-—_

m_——-—**——_——b-__h__iﬂ-———-_“____

W—____n_——-ﬁn_-—‘h————-—*_“ﬂ_—*_--—p_—h_—-"——__—*_nz

COLLECGTIVE PITCH
ANGLE DEMAND [deg]

+» [ |ME[sec]

FIG. 13

-
-
prm
Q. ~——
<
-] D
<[
—) LL]
-
— (D 0 ______________________________
— =
—
£
—

=20 -15 -10 -5 0 0 10 15 20

— TIME[sec]



CA 02703174 2012-07-19

—— FIRST BLADE

---------- SECOND BLADE
— e THIRD BLADE
— "o I ________________________________________________________________
=3
a '::;;“‘: ““““““ R
—_— ) } “ \‘ ' ‘\ ( :'ﬂ \
e A
= T
a2 e
=
20 -15 =10 -5 0 5 10 15 20
> T|ME[sec]
FIG. 15 —  FIRST BLADE
---------- SECOND BLADE
———em THIRD BLADE
l"‘b"B ________________________________________________________________
s |
Li)
5.
=
—
=
Y

-20 15 -10 -5 0 0 10 19 20
> TIME[sec]




- -
-
h
—
&m
<
— QD
<[
—) LL]
[ J—
— (D
—
_<
(-
—

INDIVIDUAL PITCH
ANGLE GAIN

CA 02703174 2010-04-13

WYY g s el el ASEED AN SN ANNEEE SIS AN SR W VN W W W W e Spepinh ekl spedh AN AEEEEE SIS AN ST I S — e—

G N I W WS WY pepes sk svhee  dhedich AN ANNNES SIS AENNNE GENNNS SENNES SENNEE SIS UENNEE SN I BT W S ey febiee sl SR oS — —

T W W W Ty upeigy gheegeds gl JRAEEE AN AN AN AN SR SR ST AR AR ST T A T A —

P S G B W T W T T W EEES W W shyemy ST

> TIME[sec]

5 10 15 20
» TIME[sec]




]
CURRENT 11 ‘j
CONTROL
AMOUNT

SET VALUE +_"éf20

12

MEASURED
VALUE




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - abstract drawing

