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DESCRIPTION

FIELD OF THE INVENTION

[0001] The present invention is related to wind turbines for generating electric power, and
more particularly, to an apparatus to detect an aerodynamic condition such as a flow
separation condition in blades of wind turbines.

BACKGROUND OF THE INVENTION

[0002] Renewable energy has become a major focus for energy and environment
sustainability. Wind is an example of an appropriate energy source for utility-level power
generation. The power generation for wind turbines may be substantially affected by the
aerodynamic characteristics of wind-turbine interaction. For example, the amount of power
extracted from the wind may in part depend on the aerodynamic angle of attack between the
rotor blades and the incoming air flow. If, for a given wind speed, a certain maximum angle of
attack is exceeded, the air flow can separate at the surface of the rotor blades and vortices
may form. This effect is known as flow separation and limits the aerodynamic efficiency of the
blades to extract power from the wind. This may substantially increase acoustic noise
generated by the wind turbine.

[0003] Certain vibration-sensing devices for sensing such a condition have generally been
installed into the blades and, as a result, their reliability tends to suffer due to the forces
experienced by a rotating object. Other listening devices, which may be located outside the
blade, may be subject to acoustic interference and/or may lack the ability to quickly and
precisely detect where and when a flow separation condition may be initiated. For example, a
flow separation condition may initially develop just in a portion of a blade path swept by a given
blade.

[0004] A example of a prior art device for blade monitoring is described in EP2075462A2.

[0005] At least in view of the foregoing considerations, it would be desirable to provide a
reliable and cost-effective apparatus for improved detection of such aerodynamic conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The invention is explained in the following description in view of the drawings that show:

FIG. 1 is a schematic representation of a wind turbine, including an example elevation
isometric view of an example listening-field of an acoustic sensor as may be focused to detect
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an aerodynamic condition, such as a flow separation condition, as may affect one or more of
the blades of the wind turbine.

FIG. 2 is a schematic representation of a wind turbine, including an example side view of an
example listening-field of an acoustic sensor embodying aspects of the present invention.

FIG. 3 is a schematic of an example embodiment of an acoustic sensor embodying aspects of
the present invention, such as may include an acoustic condenser coupled to the acoustic
sensor.

FIG. 4 is a schematic of one example embodiment of an acoustic sensor embodying aspects of
the present invention, such as may comprise an array of acoustic sensors.

FIG. 5 is a schematic of another example embodiment of an array of acoustic sensors as may
be disposed about a nacelle of the wind turbine in accordance with aspects of the present
invention.

FIG. 6 is a schematic representation of one example embodiment illustrating two neighboring
wind turbines, as each may be monitored by one or more sensor arrays to detect the flow
separation condition.

FIG. 7 is a schematic representation illustrating a top-view of a wind park comprising a plurality
of wind turbines embodying aspects of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0007] In the following detailed description, numerous specific details are set forth in order to
provide a thorough understanding of various embodiments of the present invention. However,
those skilled in the art will understand that embodiments of the present invention may be
practiced without these specific details, that the present invention is not limited to the depicted
embodiments, and that the present invention may be practiced in a variety of alternative
embodiments. In other instances, to avoid pedantic and unnecessary description well known
methods, procedures, and components have not been described in detail.

[0008] Furthermore, various operations may be described as multiple discrete steps
performed in a manner that is helpful for understanding embodiments of the present invention.
However, the order of description should not be construed as to imply that these operations
need be performed in the order they are presented, nor that they are even order dependent.
Repeated usage of the phrase "in one embodiment" does not necessarily refer to the same

embodiment, although it may. Lastly, the terms "comprising", "including”, "having", and the like,
as used in the present application, are intended to be synonymous unless otherwise indicated.

[0009] FIG. 1 is a schematic representation of one example embodiment of a wind turbine 10,
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as may benefit from aspects of the present invention. Wind turbine 10 may include a tower 12,
a nacelle 16 coupled to tower 12, and a rotor 18 (FIG. 2) coupled to nacelle 16. Rotor 18
includes a rotatable hub 20 and a plurality of rotor blades 22 coupled to hub 20. In this
example embodiment, rotor 18 has three rotor blades 22. It will be appreciated, however, that
rotor 18 may have any number of rotor blades 22 that enables wind turbine 10 to function as
described herein.

[0010] In one example embodiment, at least one acoustic sensor 24 may be remotely located
from blade 22, such as on nacelle 16. Acoustic sensor 24 may be focused to monitor a portion
26 of a blade path 28 swept by rotor blades 22 to detect an aerodynamic condition, such as a
flow separation condition, (schematically represented by a darkened area 30) affecting the
blade in the portion of the blade path being monitored. This may allow acoustic sensor 24 to be
focused on a radially outer portion of the blade path, particularly in the upper half of the blade
path sweep, where the flow separation (e.g., incipient stall) may be expected to initiate, as may
be historically and/or experimentally learned. In one example embodiment, a controller 27
(FIG. 2) is responsive to acoustic sensor 24 to adjust a pitch angle of the rotor blade at least
over the portion of the blade path affected by the flow separation condition to adjust the blade
angle to prevent the flow separation from progressing to a full stall condition.

[0011] In one example embodiment, acoustic sensor 24 may be a microphone, such as a
unidirectional microphone, as schematically represented in FIG. 2. For example, the sensitivity
of such a microphone may have a pattern (listening-field) configured to listen to sounds
emanating from the portion of the blade path where a blade is likely to experience the flow
separation condition, while attenuating sounds outside the portion of the blade path being
monitored. As illustrated in FIG. 3, an acoustic condenser 32 (e.g., a parabolic dish) may be
coupled to acoustic sensor 24, as may provide a relatively higher signal-to-noise ratio to listen
to sounds emanating from the portion of the blade path where a blade is likely to experience
the flow separation condition.

[0012] In one example embodiment, as may be seen in FIG. 4, acoustic sensor may comprise
an array 34 of acoustic sensors, e.g., acoustic sensors AS1-AS4 to detect the aerodynamic
condition affecting a given blade in one or more circumferential sectors, e.g., circumferential
sectors labeled CS1-CS4 of the blade path swept by the blade. For example, a first acoustic
sensor AS1 may be focused onto a first circumferential sector CS1, a second acoustic sensor
AS2 may be focused onto a second circumferential sector CS2, and so on and so forth. Thus it
will be appreciated that an apparatus embodying aspects of the present invention can offer
substantial flexibility (e.g., a relatively high-level of acoustic granularity) to detect when and
where a flow separation condition may be initiated so that appropriate corrective action (e.g.,
localized pitch angle adjustment) may be promptly taken by controller 27 (FIG. 2) to remove
the flow separation condition and, for example, prevent spread of the condition which could
lead to a stall of the blade, as may involve massive separation of the airflow.

[0013] In one example embodiment, the array 34 of acoustic sensors may comprise
electronically-steerable acoustic sensors, which may be dynamically focused to the portion of
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the blade path where the aerodynamic condition may affect a given blade. For example, if a
certain one of circumferential sector of sectors CS1-CS4 is the portion of the blade path where
the aerodynamic condition may be affecting a given blade, (e.g., causing a relatively high-level
of noise) such an array of electronically-steerable acoustic sensors would be able to
dynamically locate such circumferential sector to detect the aerodynamic condition.

[0014] In one example embodiment, as shown in FIG. 5, an array 34 of acoustic sensors 38
may be disposed about a perimeter of nacelle 16 of the wind turbine. This may allow listening
to sounds which can emanate practically from anywhere along an entire circumferential sector
of the blade path swept by the blades. It should be appreciated that the array shapes and/or
the number of sensors per array, as may be illustrated in the figures, should be construed in an
example sense and not in a limiting sense being that the array shapes and/or the number of
sensors may be readily tailored based on the requirements of a given application.

[0015] FIG. 6 is a schematic representation of one example embodiment illustrating two
neighboring wind turbines 100, 102. In this example embodiment, at least one acoustic sensor
array 104 may be remotely located (e.g., ground-based) from the respective rotor blades 106,
108 of wind turbines 100, 102. In this example embodiment, one or more sensor arrays 104
may be focused to monitor respective portions of the blade paths swept by the respective rotor
blades 106, 108 of wind turbines 100, 102. For example, such sensor arrays may be
geometrically arranged to maximize sound detection relative to wind turbines 100, 102
notwithstanding yaw rotation which may be experienced by wind turbines 100, 102. This may
allow a common sensor array 104 to detect an aerodynamic condition (e.g., flow separation
condition), as may affect blades 106, 108 of neighboring turbines 100, 102. Each wind turbine
may include a respective controller 107, 109 responsive to sensor array 114 to, for example,
adjust the pitch angle of a rotor blade being affected by the flow separation condition.

[0016] FIG. 7 is a schematic illustrating a top-view representation of an example wind park 110
comprising a plurality of wind turbines 112 embodying aspects of the present invention. Each
wind turbine may include an acoustic sensor 114 focused to detect an aerodynamic condition,
such as a flow separation condition affecting one or more blades 116, as described above.
Each wind turbine may further include a controller 118 responsive to a respective acoustic
sensor 114, for example, to adjust a respective pitch angle of blades 116 of a respective
turbine. Each wind turbine may be coupled to a supervisory controller 120, which is responsive
to detected aerodynamic conditions affecting respective rotor blades of at least some of the
plurality of wind turbines 112. In one example embodiment, supervisory controller 120 may be
configured to estimate atmospheric conditions likely to propagate through the park, and predict
aerodynamic conditions likely to affect respective rotor blades of at least some other ones of
the plurality of wind turbines 112. For example, presuming at time T1, some wind turbines 112
located on column C1 of the wind park experience a flow separation condition (schematically
represented by solid dots 130) in response to atmospheric conditions (e.g., wind speed,
gradients, etc. (represented by arrows 132)), and further presuming at a subsequent time T2
some of wind turbines 112 located on column C2 downstream from the affected wind turbines
on column C1 also experience the flow separation condition (similarly represented by solid dots
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130), then supervisory controller may predict flow separation conditions for turbines 112
(drawn with dashed lines) on column C3, which are located downstream relative to the affected
wind turbines on columns C1 and C2.

[0017] It will be appreciated that aspects of an example inventive apparatus --as may be used
to monitor a portion of a blade path swept by a rotor blade to detect an aerodynamic condition
affecting the blade in the portion of the blade path being monitored -- and methods disclosed
herein may be implemented by any appropriate processor apparatus using any appropriate
programming language or programming technique. The apparatus can take the form of any
appropriate circuitry, such as may involve a hardware embodiment, a software embodiment or
an embodiment comprising both hardware and software elements. In one embodiment, the
apparatus may be implemented by way of software and hardware (e.g., processor, sensors,
etc.), which may include but is not limited to firmware, resident software, microcode, etc.
Furthermore, parts of the processor apparatus can take the form of a computer program
product accessible from a processor-usable or processor-readable medium providing program
code for use by or in connection with a processor or any instruction execution system.
Examples of processor-readable media may include non-transitory tangible processor-
readable media, such as a semiconductor or solid-state memory, magnetic tape, a removable
computer diskette, a random access memory (RAM), a read-only memory (ROM), a rigid
magnetic disk and an optical disk. Current examples of optical disks include compact disk--
read only memory (CD-ROM), compact disk--read/write (CD-R/W) and DVD. An interface
display may be a tablet, flat panel display, PDA, or the like.

[0018] In one example embodiment, a processing system suitable for storing and/or executing
program code may include in one example at least one processor coupled directly or indirectly
to memory elements through a system bus. The memory elements can include local memory
employed during actual execution of the program code, bulk storage, and cache memories
which provide temporary storage of at least some program code in order to reduce the number
of times code must be retrieved from bulk storage during execution. Input/output or I/O devices
(including but not limited to keyboards, displays, pointing devices, etc.) can be coupled to the
apparatus either directly or through intervening 1/O controllers. Network adapters may also be
coupled to the apparatus to enable the data processing system to become coupled to other
data processing systems or remote printers or storage devices through intervening private or
public networks. Modems, cable modem and Ethernet cards are just a few of the currently
available types of network adapters.

[0019] While various embodiments of the present invention have been shown and described
herein, it will be apparent that such embodiments are provided by way of example only.
Numerous variations, changes and substitutions may be made without departing from the
invention herein. Accordingly, it is intended that the invention be limited only by the scope of
the appended claims.

REFERENCES CITED IN THE DESCRIPTION
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Patentkrayv

1. Indretning, som omfatter:

en vindmglle (10), der har mindst en rotorvinge (22); og

mindst en akustisk sensor (24), som er anbragt i afstand fra den mindst ene
rotorvinge (22), hvor den mindst ene akustiske sensor (24) er fokuseret pa at
overvage en del af en vingebane (28), som bestryges af den mindst ene rotor-
vinge (22), for at detektere en aerodynamisk tilstand, der indvirker pa vingen
(22) i den del af vingebanen (28), der overvages,

kendetegnet ved, at indretningen endvidere omfatter en akustisk kondensator
(32), f.eks. en parabolanordning, som er koblet til den mindst ene akustiske
sensor (24).

2. Indretning ifelge krav 1, hvor den mindst ene akustiske sensor (24) omfatter
en ensrettet akustisk sensor.

3. Indretning ifelge krav 1, hvor den mindst ene akustiske sensor (24) omfatter
en yderligere akustisk sensor, som er fokuseret pa at overvage en anden del
af vingebanen (28), der bestryges af den mindst ene rotorvinge (22), for at
detektere en aerodynamisk tilstand, der indvirker pa vingen (22) i det mindste
i den anden del af vingebanen (28).

4. Indretning ifelge krav 1, hvor den mindst ene akustiske sensor (24) omfatter
en reekke (34) af akustiske sensorer (38).

5. Indretning ifalge krav 4, hvor raekken (34) af akustiske sensorer (38) er an-
bragt omkring en perimeter af en nacelle (16) af vindmellen (10) for at detek-
tere en aerodynamisk tilstand, som indvirker pa vingen (22) i mindst en af en
flerhed af periferiske sektorer (CS1, CS2, CS3, CS4) af vingebanen (28), der
bestryges af den mindst ene rotorvinge (22).

6. Indretning ifelge krav 5, hvor hver af de akustiske sensorer (38) i raekken
(34) er respektivt fokuseret pa mindst en af flerheden af periferiske sektorer
(CS1, CS2, CS3, CS4) af vingebanen (28), der bestryges af den mindst ene
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rotorvinge (22).

7. Indretning ifelge krav 1, hvor den mindst ene akustiske sensor (24) omfatter
en raekke af elektronisk-styrbare akustiske sensorer.

8. Indretning ifalge krav 5, hvor reekken af elektronisk-styrbare akustiske sen-
sorer er dynamisk fokuseret pa delen af vingebanen (28) for at detektere den
aerodynamiske tilstand.

9. Vindmgllepark (110) omfattende en flerhed af vindmgller (100, 102) ifalge
krav 1 og endvidere omfattende en overvagningsstyreenhed (120), som rea-
gerer pa detekterede aerodynamiske tilstande, som indvirker pa respektive ro-
torvinger af mindst nogle af flerheden af vindmgller (112), hvilken overvag-
ningsstyreenhed (120) er konfigureret til at estimere atmosfeeriske tilstande,
som forventes at udbrede sig gennem parken, og til at forudsige aerodynami-
ske tilstande, som forventes at indvirke pa respektive rotorvinger af mindst
nogle andre af flerheden af vindmgller (112).

10. Indretning ifelge krav 1, hvor den mindst ene akustiske sensor (24) er fo-
kuseret pa at overvage en radialt udvendig del af vingebanen (28), hvorved
der detekteres en flowseparationstilstand.

11. Indretning ifelge krav 10, endvidere omfattende en styreenhed (120), som
reagerer pa den mindst ene akustiske sensor (114) for at justere en pitchvinkel
af den mindst ene rotorvinge for at forhindre, at flowseparationstilstanden ud-
vikler sig til en stall-tilstand.

12. Indretning, som omfatter:

mindst to vindmgller (100, 102), som hver har mindst en respektiv rotorvinge
(106, 108); og

mindst en akustisk sensorreekke (104), som er anbragt i afstand fra de respek-
tive rotorvinger (106, 108) af de mindst to vindmgller (100, 102), hvor den
mindst ene akustiske sensorraekke (104) er fokuseret pa at overvage respek-
tive dele af vingebanerne, der bestryges af de respektive rotorvinger (106,
108) af de mindst to vindmeller (100, 102), hvor de overvagede dele af de
respektive vingebaner bevirker, at der detekteres en aerodynamisk tilstand,
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som indvirker pa mindst en vinge (106, 108) i mindst en af de respektive dele
af vingebanerne, der bestryges af de respektive rotorvinger (106, 108) af de
mindst to vindmgller (100, 102),

hvor indretningen endvidere omfatter en akustisk kondensator (32), som er
koblet til den mindst ene akustiske sensor.

13. Indretning ifglge krav 12, hvor den mindst ene akustiske sensor omfatter
en raekke af elektronisk-styrbare akustiske sensorer.

14. Indretning til en vindmglle med mindst en rotorvinge omfattende:

mindst en akustisk sensor (24), som er anbragt i afstand fra den mindst ene
rotorvinge (22), hvor den mindst ene akustiske sensor er fokuseret pa at over-
vage en del af en vingebane, som bestryges af den mindst ene rotorvinge (22),
for at detektere en aerodynamisk tilstand, der indvirker pa vingen i den del af
vingebanen, der overvages,

hvor indretningen endvidere omfatter en akustisk kondensator (32), som er
koblet til den mindst ene akustiske sensor.

15. Indretning ifalge krav 14, hvor den mindst ene akustiske sensor er fokuse-
ret p4 at overvage en radialt udvendig del af vingebanen (28), hvorved der
detekteres en begyndende stall-tilstand.

16. Indretning ifglge krav 14, hvor den mindst ene akustiske sensor (28) om-
fatter en reekke (34) af akustiske sensorer (38).

17. Indretning ifolge krav 16, hvor raekken (34) af akustiske sensorer (38) er
anbragt omkring en perimeter af en nacelle (16) af vindmgllen (10) for at de-
tektere en aerodynamisk tilstand, som indvirker pa vingen (22) i mindst en af
en flerhed af periferiske sektorer (CS1, CS2, CS3, CS4) af vingebanen (26),
der bestryges af den mindst ene rotorvinge.

18. Indretning ifelge krav 14, hvor den mindst ene akustiske sensor (24) om-
fatter en raekke af elektronisk-styrbare akustiske sensorer, som er dynamisk
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fokuseret pa delen af vingebanen (28) for at detektere den aerodynamiske til-
stand.

19. Indretning ifelge krav 14, endvidere omfattende en overvagningsstyreen-
hed (107, 109) i en vindmgllepark (110), som reagerer pa detekterede aero-
dynamiske tilstande, som indvirker pa respektive rotorvinger (106, 108) af
mindst nogle af en flerhed af vindmgller (100, 102) i vindmglleparken (110),
hvilken overvagningsstyreenhed (107, 109) er konfigureret til at estimere at-
mosfaeriske tilstande, som forventes at udbrede sig gennem parken over en
tidshorisont, og til at forudsige aerodynamiske tilstande, som over tidshorison-
ten forventes at indvirke pa respektive rotorvinger (106, 108) af mindst nogle
andre af flerheden af vindmagller (100, 102).
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