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(57) Abrege(suite)/Abstract(continued):

and a second pressure sensing orifice arranged on a suction side of the at least one wind turbine blade. The first pressure sensing
orifice and the second pressure sensing orifice are configured to enable the controller to determine an aerodynamic load generated
by the at least one wind turbine blade based on a difference In pressure between a location of the first pressure sensing orifice and
a location of the second pressure sensing orifice. a rotation speed of the hub. an ambient air pressure, an ambient air temperature,
and a pitch angle of the at least one wind turbine blade. Also disclosed Is an assoclated method for determining an aerodynamic
force associated with an airfoll.
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Abstract

A wind turbine comprising a hub, a controller; and a plurality of wind turbine blades connected
to and arranged about the hub. At least one wind turbine blade has a first pressure sensing
orifice arranged on a pressure side of the at least one wind turbine blade, and a second pressure
sensing orifice arranged on a suction side of the at least one wind turbine blade. The first
pressure sensing orifice and the second pressure sensing orifice are configured to enable the
controller to determine an aerodynamic load generated by the at least one wind turbine blade
based on a difference in pressure between a location of the first pressure sensing orifice and a
location of the second pressure sensing orifice. a rotation speed of the hub. an ambient air
pressure, an ambient air temperature, and a pitch angle of the at least one wind turbine blade.
Also disclosed 1s an associated method for determining an aerodynamic force associated with an

airfoil.
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DETERMINING LOADS USING VARIOUS SENSOR LOCATIONS

TECHNICAL FIELD

[01]

Aspects relate to determining load on a device using various sensor locations.

BACKGROUND

102]

Measurement of load in mechanical and electronic devices 1s often used to optimize
performance. Excessive loads may strain the system and result in damage or lower
efficiency. In the aerodynamics field, for example, blades or wings may be susceptible to
excess loads due to the direction and magnitude of air flow.  Similarly, In
hydrodynamics, loads sustained from water flow may also affect efficiency and increase
the potential for damage. To measure loads, various types of sensors may be used
including pressure gauges, strain gauges, force sensors (e.g., transducers) and the like. In

some instances, the placement of the various sensors may affect the accuracy of the load

measurements.

SUMMARY

[03] This summary is provided to introduce a selection of concepts in a simplified form that
are further described below in the Detailed Description. The Summary 1s not intended to
identify key features or essential features of the claimed subject matter, nor 1s it intended
to be used to limit the scope of the claimed subject matter.

[04] Aspects described herein relate to determining or estimating load on a device based on

various placements of sensors on the device. In one example, determining the
aerodynamic load on a turbine blade or airplane wing may involve identifying barometric
(i.e., ambient air) pressure, ambient air temperature, rotor speed, blade pitch angle, radial
location of sensors, and blade twist angle. Using these factors, an aerodynamic load may
be calculated using a predetermined number of sensors included in the blade. For

example, two pressure sensors may be used to determine a pressure differential. Based
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on the pressure differential of the two sensors and one or more of the factors noted above,

the aerodynamic load on the blade may be determined.

According to some aspects of the disclosure, determining or estimating an aerodynamic
load on an aerodynamic load-bearing member might only require placement of two
pressure sensors on the aerodynamic load-bearing member. Other data inputs used to
calculate the aerodynamic load may be determined from the pressure sensors or other
sensors that are not mounted on or otherwise included in the blade. For example,
ambient air temperature may be calculated using a temperature gauge mounted on the

rotor, nacelle, or tower.

According to other aspects of the disclosure, determining or estimating an aerodynamic
load may be used to balance loads on the blades of a wind turbine. For example, two
pressure sensing orifices may be provided at each blade of a wind turbine to determine a
pressure differential. Using the pressure differential and other factors listed above, a load
may be estimated at each blade. The loads at each blade may be compared to determine
if loads are balanced among the blades and/or if loads at each blade are within an optimal

range.

According to other aspects of the disclosure, determining or estimating an acrodynamic
load on an aerodynamic load bearing member may be used to determine or estimate a

load distribution along the member. Determining a load distribution along the
aerodynamic load bearing member may be used to determine other metrics associated
with the member including, e.g., displacement of the load bearing member, velocity of
the load bearing member, acceleration of the load bearing member, and a moment acting

on the load bearing member.

According to other aspects of the disclosure, distributed control systems may be used
within a wind turbine or among multiple wind turbines. These distributed control
systems may modify one or more characteristics of each wind turbine in response to
estimating loads associated with one or more wind turbines. In one embodiment,

multiple controllers perform desired modifications such that each controller may act as a
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substitute or failsafe in the event another fails. In another embodiment, a controller may
modify characteristics in response to a controller at a related wind turbine estimating a

load at the related wind turbine.

BRIEF DESCRIPTION OF THE DRAWINGS

109]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

The foregoing summary of the invention, as well as the following detailed description of
illustrative embodiments, is better understood when read in conjunction with the
accompanying drawings, which are included by way of example, and not by way of

limitation with regard to the claimed invention.

FIG. 1 illustrates a perspective view of a wind turbine according to one embodiment of

the disclosure.

FIG. 2 illustrates a cross-section of an airfoil comprising a pressure based load

measurement system according to one embodiment of the disclosure.

FIG. 3A illustrates a graph depicting a normal force coefficient versus a pressure

differential coefficient according to one embodiment of the disclosure.

FIG. 3B illustrates a graph depicting a tangential force coefficient versus a pressure

differential coefficient according to one embodiment of the disclosure.

FIG. 4 illustrates exemplary forces acting on an aerodynamic load bearing member

according to one embodiment of the disclosure.

FIG. 5 illustrates a flowchart of a method for determining a relationship between a force
coefficient and a pressure differential coefficient as well as a relationship between a rotor

speed and/or blade pitch angle and wind velocity according to one embodiment of the

disclosure.

FIG. 6 illustrates a flowchart of a method for controlling one or more airfoil
characteristics in response to determining loads acting on the airfoil according to one

embodiment of the disclosure.
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[17] FIG. 7 illustrates modifying one or more characteristics of a wind turbine blade according
to one embodiment of the disclosure.

[18] FIG. 8 illustrates a flowchart for a method of balancing blades and/or optimizing loads on
a wind turbine according to one embodiment of the disclosure.

[19] FIG. 9 illustrates an control system determining a load distribution on an airfoil according
to one embodiment of the disclosure.

[20] FIG. 10A illustrates an example load distribution on a wind turbine blade according to
one embodiment of the disclosure.

[21] FIG. 10B illustrates another example load distribution on a wind turbine blade according
to one embodiment of the disclosure.

[22] FIG. 11 illustrates an example wind turbine comprising multiple controllers according to
one embodiment of the disclosure.

[23] FIG. 12 illustrates an example system of multiple wind turbines with multiple controllers
according to one embodiment of the disclosure.

DETAILED DESCRIPTION

[24] In the following description of various illustrative embodiments, reference is made to the
accompanying drawings, which form a part hereof, and in which is shown, by way of
illustration, various embodiments in which the invention may be practiced. It is to be
understood that other embodiments may be utilized and structural and functional
modifications may be made without departing from the scope of the present invention.

[25] Figure 1 illustrates a wind turbine 2 on a foundation 4 with a tower 6 supporting a nacelle

8. One or more blades 10 are attached to a hub 12 via a bolt flange 14. The hub 12 is
connected to a drive train (not shown) within the nacelle 8. In one arrangement, blades
10 may be fixed length rotor blades having root portion 16 and tip portion 18. In another

arrangement, the blades 10 may be variable length blades having a root portion 16 and a
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tip portion 18. Variable length blades may be configured to extend and retract given
certain conditions. Various modes for controlling a variable length blade may be used to
optimize or otherwise increase the effectiveness of such blades and/or a turbine such as
wind turbine 2 to which the blades are attached. Any desirable drive system, such as a
screw drive, a piston/cylinder, or a pulley/winch arrangement may be used to move the
tip portion 18 with respect to the root portion 16. Such drive systems are described in
U.S. Patent No. 6,902,370, titled “Telescoping Wind Turbine,” and filed June 4, 2002,

The wind turbine 2 further includes a yaw
drive and a yaw motor, and may include a pitch control system, not shown. Alternatively

or additionally, blades 10 may include a mix of variable length and tixed length rotor

blades.

According to yet other aspects, blades 10 may include one or more deployable air
deflectors configured to modify airflow by extending from a surface of blades 10. In
other embodiments, additional features (not shown) and/or methods may be used to
modify airflow along a blade. For example, blade pitch may be moditied, one or more
plasma actuators may be actuated, a wind turbine may utilize active suction/blowing, one
or more flaps disposed on a blade may be activated, etc., in order to modity the airtlow.
Modification of the airflow may result in the increase of lift and/or decrease 1n load. A
controller may thus modify the power output, efficiency, load and the like using the
deployable air deflectors. Examples of deployable air deflectors are described in U.S.
Patent Application No. 12/122,584, titled “Wind Turbine with Gust Compensation Air
Deflector,” and filed May 16, 2008.

Figure 2 illustrates one example cross section of an airfoil, such as from an airplane wing,
wind turbine blade, etc. as used in conjunction with the present disclosure. The airfoil
includes a leading edge 22, a trailing edge 24, a top surface 26, and a bottom surface 23.
A chord line, c, can be defined as a line between the leading edge 22 and the trailing edge
24 of the airfoil 20. The airfoil 20 shown in Figure 2 1s merely one 1illustrative cross-

sectional design and it is recognized that infinite cross-sectional variations can be used as
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part of the present invention. The airfoil 20 may be made of any suitable construction

and materials, such as fiberglass and/or carbon fiber.

With further reference to Figure 2, the blade 20 includes orifices at two pressure sensing
locations, P1 and P2. P1 is located on the bottom surface 28 of the blade 20 and P2 is
located on the top surface 26 of the blade 20. A pressure transducer, 30, is provided to
measure pressure differential between the two pressure sensing locations. Locations 30a,
30b indicate opposing sides of the pressure transducer diaphragm to determine the
pressure differential between each point P1 and P2. In an alternate arrangement, multiple
pressure transducers may be used. The location of P1 and P2 shown in Figure 2 1s merely
illustrative of one example location of each orifice. The location of P1 and P2 may be
generally dependent on the blade 20 or wing cross-sectional geometry. In one example,
the location of the pressure sensors and ports may correspond to 0.125¢ and 0.150c¢ on the
pressure and suction surfaces, respectively, where ¢ represents the chord length. This
range may, in some examples, be preferable to reduce the error to within a specified
threshold (e.g., 7%). In some embodiments, P1 and P2 may be disposed, e.g., between
5% and 70% of the length of chord c, and, in some embodiments, disposed, e.g., between
10% and 60% of the length of chord c.

Using the pressure differential between P, and P,, a controller may determine various
loads of a blade including a lifting load, a normal force load, a tangent force load, an in-
plane (power producing) load, and a rotor normal load. More specifically, the
acrodynamic forces and moments generated along the span of a blade are proportional to
a difference in pressure between two points on an airfoil surface. Using a determined
local dynamic pressure and the measured pressure differential (i.e., the difference in
pressures between P, and P;), the loads acting upon a blade can be readily determined.

Generally, the local dynamic pressure (or estimated value thereof) may be determined

using the following equation:

(est = %p o0 vgst (1)
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where p, corresponds to the ambient air density and vey corresponds to the estimated
local air speed at the pressure sensors. For a wind turbine, an estimate of the wind air

speed can be obtained using the rotor speed and wind speed, as defined in equation 2:

— 2 2 2
Vest = |Wrotor Tsensor + vwind, est

(2)
That is, an estimated value of local air speed in the vicinity of the pressure sensors (Veg)
may be calculated using the known rotor speed (wrotor), the radial position of the pressure
sensors (7sensor), and the wind speed (vwindest). In some instances, the wind speed might
not be directly measureable (e.g., sensors might not be used or included in the blade or
turbine to measure the wind speed). In such instances, the wind speed may be
determined empirically using the wind turbine as an anemomenter. The following set of

equations estimate wind speed based upon the rotor speed depending on the pitch angle
of the blade (p):

- } Kw1Wrotor + Koo for B = Bumin (Region II)
Vwind.est = )y B2 + K, B + Kpo  for B > Prin (Region III)

(3)

where x,» and k,: represent empirically determined coefficients and S represents the
blade pitch having a minimum of fni,. The different regions may have different load
profiles and thus require different algorithms or formulas for determining the estimated
load given the various data inputs. As one particular example in which simulations were
performed for a 750 kW ZOND™ turbine with a 48m rotor comprised of three
EUROS" blades, the following Region II and Region 111 coefficients were determined:

Region Il I l Region lll i

2913 d sz'-" 68.739 nl/(s.radz]
Kwi=2.913 m/ra
) / Kp].: 14~307 m/(s;rad)

Ky0=-0.094 m/s | I
@ Kpo=10.331m/s }
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Once the local dynamic pressure has been calculated, it is used to nondimensionalize the
measured pressure differential, resulting in a pressure differential coefficient (Cyp) as

detailed in equation 4:

(est ( 4)

This pressure differential coefficient, along with empirically determined constants, can be
used to estimate each load associated with the blade. Specifically, in one embodiment, in
order to calculate any of the above-noted loads (e.g., lifting load, normal force load,
tangent force load, in-plane load) based on the measured pressure differential, a
coefficient for each force corresponding to each load is calculated using the determined
pressure differential coefficient. Equations 5, 6, and 7 are example formulas for
calculating the lift force coefficient (C;.s), normal force coefficient (C,.s), and tangent
force coefficient (C,.s), respectively. In some arrangements, these coetficients may

represent estimated coefficients or values rather than actual.

Coest = ’Q’lCAp + Keo (5)
Cpest = Kn1Cap + Kno (6)
Crest = Ke2 Cfp T KtICAp + Ko (7)

In equations 5, 6, and 7, ke, k. and kx each represent empirical coefficients that may
depend upon local blade section geometry and pressure orifice installation locations. As
shown by equations 5, 6, and 7, the pressure differential coefficient has a linear
relationship with each of the lift force coefficient and the normal force coefficient, and

has a quadratic relationship with the tangent force coefficient. To determine each of the
empirical coefficients, the linear or quadratic relationship may be fitted to empirical or
calculated data collected for the type of blade (e.g., blade section geometry) and/or

pressure sensor installation locations.
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Figure 3A illustrates an example linear fit between the pressure differential coefficient

(C4p) and the normal force coefficient (C,) based on empirical data for a particular type
of blade and sensor installation location. For example, simulations and/or tests may be
performed on a blade of the particular type and having the pressure sensors located at the
sensor installation locations. The results of the tests and/or simulation may then be
analyzed to identify a linear relationship between C4, and C,. In some arrangements,
best-fit algorithms (e.g., least squares) may be used to compute the relationship between

the pressure differential coefficient and each of the other coefficients.

Similarly, Figure 3B illustrates an example quadratic relationship between the pressure
differential coefficient (C4,) and the tangential force coefficient (C;). Again, data
collected through empirical studies and analyses may be used to derive the quadratic

relationship for a particular type of blade and/or pressure sensor installation location.

Figure 4 is a diagram illustrating example forces acting upon a rotor blade 401 along with
an example wind vector 403. The illustrated forces include the resultant force (R), lift
force (f;), drag force (f;), normal force (f,,), tangent force (f;), rotor-normal force (Fn), and
rotor-tangent force (Fy). For example, the rotor-normal force Fy is perpendicular to the
rotor plane 407 while the normal force f, is normal to the chord line 405 of the rotor
blade 401. The forces normal to the rotor plane 407 may be used to determine root
bending moments, which contributes to stress on the blade. Accordingly, controls may
be implemented to minimize the root bending moments or to optimize power output. In
one example, optimizing power output may include balancing the root bending moment
while maximizing in-plane power-producing loads. Modification of bending moments,
normal loads, power-producing loads, and other forces may be controlled in a variety of
ways including changing blade pitch or yaw, deploying air deflectors,
extending/retracting expandable and retractable blades, and the like, as is described 1n

further detail below.

Using the estimated lift force, normal force, and tangent force coefficients (as determined

by, e.g., equations 5, 6, and 7 respectively), and the estimated local dynamic pressure (as
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determined by, e.g., equation 1), the lifting load (£), normal force load (1), and tangent

force load (1) may be estimated based on the following equations:

L= (est Cf,est

(8)
N = est Cnest (9)
T = Qest Crest (10)

Equations 8, 9, and 10 estimate aerodynamic loads in the local chord-fixed reference

frame. In general, these loads can be translated into other reference frames if the
appropriate transformation angles are known. For example, the load normal to the rotor
plane may be calculated using the determined normal and tangent force loads of the local

chord-fixed reference frame based on the following equation:

Ly =1 c0S{(Bsensor + B) + 750 (Bsensor + B) (11)

where O,ensor corresponds to the blade twist angle at the sensor location and # corresponds
to the blade pitch angle (as discussed). Generally, the top and bottom sensors will be
located in corresponding radial positions on a top surface and a bottom surface of the
blade. Accordingly, the blade twist angle will be the same. To calculate the normal load

in the blade-fixed reference frame, f 1s set to zero.

Similarly, the tangential loads relative to various reference frames may be calculated
based on the determined normal and tangent force loads (relative to the local chord-fixed

reference frame). For example, the following tangential load equation may be applied:

Ly = n sin(Bsensor + B) — 1 cos(Bsensor + B) (12)

Again, the tangential load in the blade-fixed reference frame may be calculated by setting

the blade pitch angle f to zero.

- 10 -
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Figure 5 illustrates a flowchart of an example method for empirically determining the
relationship between each load coefficient and the pressure differential coefficient, as
well as empirically determining the relationship between the rotor speed and/or the blade
pitch angle and the wind speed. These empirically determined relationships may later be
used when determining loads on a wind turbine blade using a single pressure differential

as discussed more fully below.

In step 500, a computing system may collect, receive or otherwise determine load
information generated based on empirical tests and analyses (e.g., simulations, field tests,
data for turbines in service, etc.). The computing system may comprise a controller for
modifying or otherwise setting characteristics of a wind turbine, an airfoil, devices in or
on an airfoil, sets of wind turbines and the like and/or combinations thereof. The
computing system may correspond to a controller for an air detlector device in one or
more examples. Alternatively or additionally, the computing system may correspond to a
controller for an entire blade. In yet other examples, the computing system may be
configured to control all or a subset of devices within a wind turbine. In still another
example, the computing system may be configured to control multiple wind turbines.
Using the collected load data, the coefficients of lift force (C;), normal force (C,), tangent
force (C,), and pressure differential (C4,) may be calculated or otherwise determined in
step 505. For example, the pressure differential coefficient may be calculated from the

received load information based on the equation:

Cprp = —=2 (13)

qoo

where p is the local pressure measured on the blade surface, p, 1s the barometric (i.€.,
ambient air) pressure, and g, is the dynamic pressure. The dynamic pressure may be

calculated using the following equation:
Qoo = ';"Poo'vgo (14)

where p., is the ambient air density and v, is ambient air speed. The ambient air density

may be determined according to the perfect gas law using the ambient air temperature

.11 -



[48]

[49]

[50]

[51]

CA 02845842 2014-03-12

(T») and the gas constant for dry air (R,;,, which has a value of 287 J/(kg K)), according

to the following equation:

Poo = =2 (15)

RairToo

A coefficient for each force may be calculated from the received load information and the

determined dynamic pressure based on the equation:

F
where F is the force associated with coefficient being calculated (e.g., lift, normal,
tangential, etc.), and A4 is the nominal area the force is acting upon (defined as x times the
nominal diameter squared, all divided by four). For example, with respect to the lift, the

nominal area the lift force is acting on may be, e.g., the blade planform area.

Upon determining each of these coefficients, relationships may be derived or otherwise
determined between the pressure differential coefficient and each of the lift coefficient,
the normal force coefficient, and the tangent force coefficient in step 510. As discussed
above and illustrated in Figure 3A and Figure 3B, the relationship may be, e.g., a linear
relationship or a quadratic relationship and may be determined using best fit algorithms
such as least squares and the like. In one example, the lift and normal force coetficients
may have a linear relationship with the pressure differential coefficient while the tangent
force coefficient may have a quadratic relationship with the pressure differential
coefficient. In step 515, the constants (e.g., xm, knm, and xg) resulting from the
determined relationships may be extracted and stored. For example, the constants may be

stored in a storage device in an airfoil, in a turbine, or in a central controller configured to

control multiple turbines.

In step 520, the system may further collect (e.g., receive) or otherwise determine
measured wind velocity data (v,i.g), detected rotor speed information (@.r0r), and blade
pitch angle (8). This information may be measured, in some examples, during empirical

tests and/or simulations. Using the collected data, the system may, in step 525, determine

- 12 -
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(e.g., calculate) relationships between the wind velocity data and one or more of the rotor
speed and the blade pitch angle. For example, a first relationship may be defined for a
minimum blade pitch angle (f,..,) of the rotor blade while a second relationship may be
determined for blade pitch angles above the minimum blade pitch angle. Examples of the
various relationships are shown in equation set 3. These relationships (between wind
velocity and rotor speed and/or blade pitch angle), as with the pressure differential
coefficient relationships, may be determined using empirical data and best fit algorithms
such as a least squares. Once the relationships have been determined, the constants for

the wind velocity relationships may then be extracted and stored in step 530 for

subsequent use.

By identifying the various relationships between load coefficients and pressure
differential coefficients, and between rotor speed and blade pitch angles and wind speed,
a turbine control system may appropriately modify blade and turbine characteristics in
response to compensate for or otherwise address various loads and load conditions. In
one example, a turbine control system may modify blade or turbine characteristics such
as deployment/retraction of air deflectors on a blade, extension/retraction of a tip portion
of a blade, modifying pitch and/or yaw angles, and the like. In some instances, the
turbine control system may modify blade characteristics to optimize the lift-to-drag ratio,

as described in further detail below.

Figure 6 illustrates an example method for controlling one or more blade and turbine

characteristics based on load determinations, such as those made according to aspects
described herein (e.g., using a single pressure differential). One or more control systems
may be used to control the blade and/or turbine characteristics. The control system(s)
may be located in the blade, in the turbine, or in a control room remote from the turbine.
The control system may also be configured to control a single device (e.g., a single air
deflector, single rotor blade, single turbine) or multiple devices (e.g., multiple air
deflectors, multiple rotor blades, multiple turbines). In step 600, the control system may
receive or determine pressure sensor data from a pair of pressure orifices on a blade while

the turbine is in operation. In one example, the data may be provided wirelessly or

-13 -
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through wired connections and/or using one or more public or private networks. In step
6035, the control system may determine the pressure differential (4p) between the pressure
sensor readings from the two pressure sensing orifices (e.g., P, and P, in Figure 2), a
rotor speed (wron0r), barometric (i.e., ambient air) pressure (p.), ambient air temperature
(T%), and a blade pitch angle (e.g., positive toward feather, £). In various arrangements,
the control system may determine at least two of a rotor speed (@,..r), barometric (i.e.,
ambient air) pressure (p.), ambient air temperature (7), and a blade pitch angle (e.g.,
positive toward feather, ). In other examples, the control system might only determine

one of the aforementioned characteristics.

In step 610, the control system may determine the local air speed (v.y). The local air
speed, as shown in equation 2, may be determined based on one or more of the estimated
wind speed (Vwindest), the rotor speed, and the radial location of the sensors (#sensor), and/or
combinations thereof. In some arrangements, the location of the sensor may be
predefined and pre-stored (e.g., determined at the time of installation into the blade). The
estimated wind speed, in turn, may be calculated based on the rotor speed and/or the
blade pitch angle as shown in equation set 3. In a particular example, the control system
may determine whether the blade pitch angle is above a predefined minimum blade pitch
angle (Bmin), as noted above. If so, a first determination algorithm or formula may be
used to generate the estimated wind speed. If, however, the blade pitch angle is equal to
the minimum, the control system may apply a second algorithm or formula to generate

the estimated wind speed.

Using the local air speed, the control system may determine the local dynamic pressure in
step 615 according to, for example, equation 1 shown above. The ambient air density
(p) may be calculated based on the perfect gas law using the barometric (i.e., ambient
air) pressure (p), the gas constant for dry air (R,;,.), and the ambient air temperature (7,)
according to equation 15. Using the pressure differential received in step 600 and the
local dynamic pressure determined in step 615, the pressure differential coefficient may
then be calculated by the control system in step 620. For example, an estimated pressure

differential coefficient may be determined using equation 4. In steps 625-635, the

- 14 -
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determined pressure differential coefficient may then be used to determine the desired
loads. Specifically, at step 625 the control system may retrieve the determined constants
for each of the various load coeftficient to pressure differential coefficient relationships
determined, extracted and stored in step 515 of the flowchart in Figure 5. Using the
retrieved constants and the type of coefficient-to-coefficient relationship, in step 630 the
control system may then estimate each of the lift, normal, and tangent load coefficients
based on, e.g., equations 5, 6, and 7, respectively. The loads may then be derived based
on each of the coefficients and the local dynamic pressure in step 635. For example, the
lift load (£) may be calculated by multiplying the local dynamic pressure with the lift
load coefficient as presented equation 8. Similarly, the normal force load (n) and the
tangent force load (t) may be determined by multiplying the local dynamic pressure with
the normal force load coefficient and the tangent force load, respectively, as presented in
equations 9 and 10. The rotor-normal load (L) and rotor-tangent load (Lt) may also be

calculated using, for example, equations 11 and 12, respectively.

Once the loads have been determined, the control system may compare one or more of
the loads to specified load thresholds to determine if the loads exceed, meet, or fall below
the thresholds in step 640. Depending on the results of the comparison, the control
system may modify one or more blade or turbine characteristics in step 645. For
example, if the rotor-normal load exceeds a specified threshold, the control system may
deploy one or more air deflectors on the blade to reduce stress and strain on the blade. In
another example, if the rotor-tangent load falls below a specified threshold, the control
system may modify a blade pitch to increase the rotor-tangent load (e.g., to increase
power production). In other examples, controls may be based on a combination of loads
such as both the rotor-normal load and the rotor-tangent load. In particular, the control
system may modify blade and turbine characteristics to optimize the ratio between the

rotor-tangent load and the rotor-normal load.

According to some arrangements, the estimated load profile and various coefficients used
to determine a load based on a single pressure differential reading (e.g., normal,

tangential, and lift force coefficients described above), may change depending on the

- 15 -



58]

[39]

CA 02845842 2014-03-12

blade or turbine characteristics. For example, different coefficients and/or linear or
quadratic correlations may be defined for different sets of blade or turbine characteristics.
In a particular example, a first correlation/relationship may be defined and used to
determine load if a first set of one or more air deflectors are deployed while a second
correlation/relationship may be defined and used if a second set of one or more air
deflectors are deployed (or if no air deflectors are deployed). Similarly, different pitches
or yaws (or combinations thereof) may also affect the correlation/relationship defined and
used to determine the load. Accordingly, a control system may store a variety of
different load determination equations/relationships and automatically select the
appropriate relationship depending on the currently existing blade and/or turbine

characteristics when the load is to be determined.

Selecting the equation/relationship to be used in load determination may be performed
based on minimizing an estimated amount of error. For example, if an equation or
relationship 1s not defined for a current set of parameters of the turbine (e.g., the
particular deflector(s) activated, the pitch or yaw angle, and/or combinations thereof), a
control system may select a relationship for another set of turbine parameters that would
result in the smallest estimated amount of error for the current set of turbine parameters.
Error in using a relationship defined for a first set of turbine parameters to calculate load
for a second set of turbine parameters may be estimated using a variety of methods,

including empirical testing.

Using load determination techniques such as those described herein, a turbine control

system may further perform blade balancing and/or optimization. In one example, one or
more blades of the turbine may be adjusted to balance detected loads among all of the
blades. Accordingly, if one blade is experiencing higher loads than other blades, one or

more characteristics of the one blade may be adjusted to bring the load down to the level
detected by the other blades. For example, a pitch or yaw of the higher-load blade may
be adjusted and/or air deflectors on the higher-load blade may be deployed. In other
examples, if the blade is a variable length blade, a tip portion may be extended or

retracted to modify effective loads. Individual or groups of blades (e.g., less than all
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blades, predefined sub-groups of blades, etc.) may be controlled separately from the other
blades.

Determined loads may also be used to optimize various characteristics of the turbine’s
operation. For example, the lift-to-drag ratio of one or more blades may be optimized to
maximize power generation. Thus, in a particular example, a blade’s pitch may be
modified to increase the lift-to-drag ratio, thereby increasing power generation. Again, as
with blade balancing, each individual blade may be controlled separately from the other
blades. Additionally or alternatively, sub-groups of blades may be defined and controlled
together separately from other blades or sub-groups of blades. Turbine control may also
include evaluation of slices of the blade path. Accordingly, if a slice of the blade path 1s
determined to be experiencing a higher load than other portions of the blade path, a
control system may modify, e.g., the yaw of the turbine to compensate and equalize the

loads.

Balancing and optimization of turbine operation may be performed on the fly or during a
turbine down state. Accordingly, a turbine may be controlled continuously, at predefined
times, or upon detection of a condition (e.g., lift-to-drag is below a specified threshold)
during operation to insure that power generation is maximized and/or other objectives are
met. The ability to balance and modify blade characteristics after installation eliminates
the need to remove blades or disassemble other parts of the turbine in order to

performance balancing and other adjustments.

Figure 7 illustrates one embodiment wherein a turbine control system performs blade
balancing and/or optimization. Specifically, Figure 7 illustrates wind turbine 700
comprising three blades, 702a, 702b, and 702c. Blades 702a, 702b, and 702¢ comprise
pressure sensors 704a, 704b, and 704c, respectively. Each pressure sensor 704 may
comprise two orifices (P, and P;) and transducer 30 as illustrated in Figure 2. A pressure
differential can thus be measured at each blade 702 by each pressure sensor 704. Each
blade 702 may further comprise various controls, systems, and the like which may vary

different characteristics of the blade 702 in order to bring loads acting on each blade to a
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desired level. For example, cach blade may comprise an air deflector 706, which may be
deployed or retracted, or tip portion 708, which may be extended or retracted. Further,
each blade 702 may be configured such that the pitch and/or yaw of the blade may be

adjusted in response to detected loads.

In the embodiment depicted in Figure 7, blade 702c is adjusted in response to turbine
control system 714 sensing that the loads acting blade 702c¢ are out of balance with those
acting on each of the other two blades, 702a and 702b, and/or are not within a
predetermined range of acceptable loads. Specifically, turbine control system 714
receives pressure differential readings from each of pressure sensors 704a, 704b, and
704c. Using, ¢.g., any of the load determination techniques as described above, turbine
control system 714 determines that blade 702c¢ needs adjustment in order to bring loads
into acceptable load ranges and/or balance the loads with those associated with blades
702a and 702b. Accordingly, turbine control system 714 may adjust one or more
characteristic of blade 702c. For example, turbine control system 714 may deploy air
deflector 706c¢, as illustrated by arrow 710. Alternatively or additionally, turbine control
system 714 may extend or retract tip portion 708c as shown illustrated by arrow 712,
and/or turbine control system 714 may alter the pitch or yaw of blade 702c as illustrated

by arrows 714,

By receiving a pressure differential reading from each blade 702 of a wind turbine 700,
turbine control system 714 may thus determine loads associated with each blade and
make adjustments to the characteristics of each blade if necessary to bring the effective
loads within a predetermined acceptable range and/or balance the loads among each
blade. In the embodiment illustrated in Figure 7, only blade 702c¢ is shown as receiving
adjustment, however, as will be well understood given the benefit of this disclosure, more
than one blade and/or more than one characteristic of each blade may be adjusted in order
to balance and/or optimize loads among each blade. For example, in another
embodiment, in response to receiving pressure differential readings from each blade,

turbine control system 714 may deploy the air deflector 706¢ of blade 702c, adjust the
pitch of blade 702a, and extend or retract tip portion 708b of blade 702b. Any other
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combination of adjusting characteristics among each blade to achieve a desired load

distribution may be readily employed without departing from the scope of this disclosure.

Figure 8 1llustrates a flowchart of an example method for optimizing and/or balancing
blades of a wind turbine. At step 800, pressure sensor data is determined by a control
system. Pressure sensor data may be determined (e.g., received, calculated, measured,
etc.) from a plurality of pressure sensors on a plurality of blades. For example, returning
to Figure 7, pressure sensor data may be received from pressure sensors 704a, 704b, and
704c on blades 702a, 702b, and 702c, respectively. At step 805, pressure differentials
may be determined from the received pressure sensor data. For example, each pressure
sensor 704 may include a pressure orifice on the bottom surface of a blade and a pressure
sensor orifice on a top surface of a blade (such as P, and P, in figure 2). The system, at
step 805 may thus determine a difference in pressure between these two orifices which,

as presented above, may be proportional to loads the blade is experiencing.

At step 810, these loads may be determined using, e.g., any of the aforementioned
methods. In some embodiments, other characteristics in addition to pressure differential
may be used to determine loads. For example, the system may use one or more of the
rotor speed of the wind turbine, barometric (i.., ambient air) pressure, ambient air
temperature, a sensor radial location, a twist angle of the wind turbine blade, and/or a
pitch angle of the wind turbine blade in determining loads acting on the blade. At step
815, the system may determine whether the loads are out of balance. For example, in one
embodiment the loads experienced by a first of the wind turbine blades may be compared
to the loads experienced by other wind turbine blades. If the loads experienced by the
first blade are out of balance with the loads experienced by other blades, the method may
proceed to step 820. If, however, the loads are not out of balance, the system may
proceed to step 825. At step 820, characteristics of the blade are modified in order to
bring the load acting a first blade back in balance. For example, if the blade is equipped
with a deployable air deflector, the method may deploy the air deflector. Additionally or
alternatively, the method may change the pitch angle of the blade or the yaw angle of the

turbine and/or blade to balance the loads. Or the method may extend or retract a tip
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portion of the blade. Any modification at this step may be made in “real time;” i.e., while
the wind turbine is rotating or during a turbine down state. Accordingly, the method may
bring blades into balance while the wind turbine is operating to avoid, e.g., downtime and

lost productivity.

The system may also determine whether determined loads are within an acceptable range
at step 825. For example, the system may determine loads acting on a blade are too high,
and accordingly modify, e.g., any of the abovementioned characteristics in response at
step 830 in order to avoid damage to the blade. Alternatively or additionally, the system
may determine that, e.g., a lift-to-drag ratio is too low and modify any of the
abovementioned characteristics at step 830 in order to increase power generation. Again,
any modification at step 830 may be made in “real time;” to avoid, e.g., downtime and

lost productivity, or during a turbine down state.

In some embodiments of the disclosure, using any of load estimation techniques as
described above, a load profile may be determined or estimated along the length of an
airfoil or a blade. For example, the load estimation techniques as described above may
be used to determine, €.g., a rotor-normal and/or rotor-tangent loads at multiple locations
along an airfoil or blade. Using the estimated loads at multiple locations, a load
distribution may be determined. This load distribution may be used to when deriving
additional metrics about the airfoil or blade. For example, a load distribution may be

used to determine a root bending moment acting on an airfoil or blade. If the root

bending moment is too high, a control system may alter one or more characteristics to
reduce the moment and thus avoid damage to the rotor and/or the blades. Conversely, if
the root bending moment is too low, a control system may alter one or more
characteristics to increase the moment in order to, e€.g., increase power generation.
Alternatively, a load distribution may be used to derive the displacement (e.g., the flex or
twist) of an airfoil or blade. Or, a load distribution may be used to determine velocities
and accelerations associated with an airfoil or blade. Accordingly, using, e.g., any of the

aforementioned techniques, a control system for a wind turbine may derive many useful
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metrics used in the control of the wind turbine by merely estimating loads associated with

at least one blade of the turbine.

Figure 9 illustrates an example of control system 906 determining a load distribution on
blade 902¢ of a wind turbine. In Figure 9, wind turbine 900 comprises a hub 908 and
three blades, 902a, 902b, and 902c. Blade 902c is equipped with a plurality of pressure
sensors 904. In the embodiment depicted, only blade 902c¢ is shown having pressure
sensors 904 for simplicity, however, in some embodiments more than one blade may
comprise one or more pressure sensors. Pressure sensors 904 may comprise, €.g., two
pressure sensing orifices (P; and P;) and a transducer 30 as depicted in Figure 2.
Accordingly, control system 906 may receive data corresponding to multiple pressure
differentials along the length of blade 902c. Specifically, each pressure sensor 904, may
determine a pressure at Py, (i.e., a bottom surface of blade 902¢) and a pressure at P5,
(1.e., a top surface of blade 902c¢) and determine a pressure differential between the two
locations. Thus, for each radial location along blade 902¢ where each pressure sensor
904, is located, control system 906 may receive data regarding a difference in pressure on
the top of blade 902¢ and the bottom of blade 902c. Control system 906 may then use the
received pressure differential at each location to estimate a load distribution along blade

902c¢ using, e.g., any of the load estimation techntques described herein.

For example, as depicted in Figure 9, control system 906 is depicted as estimating the
rotor-normal load (Ly) and tangential load (Lr) at each radial location. In other
embodiments, control system 906 may estimate, e.g., the lifting load (£), the normal load
(n), the tangential load (z), and/or any other desired loads. Once any desired loads are
determined, control system 906 determines a load distribution along blade 902¢ and may
further use the load distribution to determine other metrics associated with wind turbine
900. For example, control system 906 may use the load distribution to determine a
displacement of blade 902c, including an amount of flex or twist of blade 902c.
Alternatively, control system 906 may determine an acceleration or velocity of blade

902c¢ and/or wind turbine 900 accordingly to the load distribution. By measuring
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pressure differentials along the radial length of blade 902c, a control system 906 may

thus estimate a load distribution and derive other relevant metrics accordingly.

{71] The magnitude of each estimated load Ly, and L7, as depicted in Figure 9 is for
illustrative purposes only. In other embodiments, the forces estimated at each location
along blade 902¢ may have, e.g., a linear or quadratic relationship. For example, in one
embodiment, the rotor-normal load may be linearly proportional to the radial distance of
pressure sensor 904, from the hub 908. Thus, the rotor-normal load may increase
proportionally to the radial length from hub 908, and accordingly the load distribution
would appear more uniform that those depicted in Figure 9. Alternatively, control system
906 may, e.g., strive to achieve a linear and/or quadratic relationship among the loads
along the length of blade 902¢. Thus, upon estimating the loads along the length of blade
902¢, controller 906 may determine that the loads are not proportional to the
corresponding pressure sensor 904, radial distance from hub 908 (i.e., the loads are out-
of-balance). Accordingly, controlier 906 may adjust one or more characteristics of blade

902c¢ as discussed herein in order to bring the loads back into balance.

|72] Figures 10A and 10B illustrate two example embodiments of a balanced load distribution
along a wind turbine blade. In Figure 10A, wind turbine 1000 comprises three blades
1002a, 1002b, and 1002¢c. For simplicity, blades 1002a and 1002b have not been fully
illustrated. Blade 1002c may be equipped with pressure sensors along its length (not
shown) such as the pressure sensor described above with respect to Figure 2 and/or
pressure sensors 904 described above with respect to Figure 9. Each pressure sensor
along the length of blade 1002¢ measures a pressure differential at its location, wherein
the pressure differential corresponds to a difference in pressure between a top surface of

blade 1002c and a bottom surface of blade 1002c. Using, e.g., any of the load

distribution techniques discussed herein, a control system (not shown) may estimate the
loads along the length of blade 1002¢c. For example, as illustrated, a control system may
calculate the rotor-normal load (Ly) at each location. Alternatively or additionally, a
control system may estimate any load discussed herein. In this embodiment, the rotor-

normal load distribution is linear. Thus, the controller may determine the blade is in
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balance. Additionally or alternatively, the control system may use the linear distribution
to calculate other metrics corresponding to blade 1002c, such as, e.g., displacement,
acceleration, velocity, and/or moment. Using these metrics the controller may more
efficiently control the wind turbine by, e.g., modifying characteristics of the wind turbine
blade 1002c¢ in order to bring the loads into a desired range and/or balance the loads with

loads acting on other blades (e.g., 1002a and/or 1002b).

[73] Figure 10B represents an alternative load distribution which may be estimated by the
control system and/or which the control system may adjust characteristics of the blade in
order to achieve. In the embodiment illustrated in Figure 10B, the load distribution is no
longer linear, but rather may have, e.g., a quadratic or other nonlinear relationship. The
load distribution may vary depending on, e.g., configuration of the wind turbine,
environmental conditions, and/or other factors. Regardless of the actual characteristics of
the load distribution, a control system may use the load distribution in determining other
metrics of the blade or wind turbine and/or adjust blade characteristics in order to achieve

a desired distribution.

[74] The determined load value at discrete points along a rotor blade, as illustrated in Figures
10A and 10B, may be used to calculate a distribution. For example, a linear or quadratic
fit may be determined to generate an equation corresponding to the distribution. Using
this distribution, load values at other points (e.g., points where a pressure sensor or other

sensing device is not located) may be calculated or otherwise determined.

[75] In other embodiments of the present disclosure, one or more wind turbines may comprise
a distributive control system. In one embodiment of the distributed control system, a
wind turbine may comprise multiple communicatively coupled controllers. For example,
a wind turbine may have a function-specific controller for each modifiable characteristic
of a wind turbine blade. A wind turbine may thus comprise one controller which controls
an extendable tip portion of a wind turbine blade, one controller which controls a pitch of
the wind turbine blade, one controller which controls a yaw of the wind turbine and/or the

wind turbine blade, one controller which controls an air deflector on the wind turbine
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blade, and/or one or more controllers which controls one or more additional
characteristics of the wind turbine blade. Additionally, the wind turbine may comprise a
central controller capable of controlling one or more of the above-mentioned
characteristics. In such embodiments, each function-specific controller may act as a
failsafe or substitute for the central controller, and/or the central controller may act as a
failsafe or substitute for each function-specific controller. For example, with respect to
an air deflector, a central controller as well as an air-deflector controller may be
configured to control the operation of the air deflector. If, for example, the central
controller fails, the air-deflector controller may control the air deflector if and when a
wind turbine blade needs adjusted. Alternatively, if the air-deflector controller fails, the
central controller may control the air deflector if and when the wind turbine blade needs
adjusted. Accordingly, a wind turbine may avoid damage and/or shutdown if a controller

fails because another controller may perform a substitute operation.

Figure 11 illustrates one embodiment of a distributive control system using multiple
controllers. In Figure 11, wind turbine 1100 comprises three blades, 1104a, 1104b, and
1104c. Each blade 1104 and/or wind turbine 1100 may be configured such that a number
of characteristics may be altered in response to, e.g., detection of excessive and/or out-of-
balance loads. For example, each blade 1104 may have a tip portion which 1s configured
to extend or detract. Further, each blade 1104 may have an air deflector which can be
deployed or retracted. Still further, each blade 1104 may be configured such that the

pitch or yaw of each blade may be altered in order to modify the loads acting on the blade

1104. Wind turbine 1100 may comprise a central controller 1102 which is configured to
modify one or more characteristic of wind turbine 1100 and/or blades 1104. For
example, central controller 1102 may be configured to modify one or more of pitch angle
and yaw angle for each blade 1104, and/or may be configured to extend or retract one or

more of an air deflector and/or a tip portion of each blade 1104.

In addition to central controller 1102, wind turbine 1100 may further comprise function-
specific controllers configured to modify various characteristics of wind turbine 1100

and/or blades 1104. Specifically, each blade may comprise a pitch and/or yaw controller
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1106, air deflector controller 1108, and/or variable length controller 1110. Accordingly,
each characteristic of blades 1104 may be modified using the function-specific
controllers. Further, each function-specific controller may be redundant with, e.g.,
central controller 1102. For example, central controller 1102 as well as variable length
controller 1110 may be configured to modify the length of one or more blades 1104 1in
order to modify loads and/or bring loads in balance. Accordingly, when moditying the
length of blades 1104, either central controller 1102 or variable-length controller 1110
may be used. If one of the controllers should fail, the other controller may still perform
the desired modification in response to excessive and/or out-of-balance loads.
Accordingly, each controller provides a failsafe, because characteristics of wind turbine
1100 may be modified in order to, e.g., avoid damage even if one or more controllers

fails.

In another embodiment of a distributed control system, multiple controllers among
multiple wind turbines may be communicatively coupled in order to provide efficient
operation and/or avoid damage due to excessive loads. For example, in one embodiment,
multiple wind turbines may be arranged near each other. Each wind turbine may
comprise one or more controllers configured to modify one or more characteristics of
each wind turbine. For example, each turbine may comprise one or more controllers
which extend or retract a tip portion of its blades, modify a pitch angle of its blades,
modify a yaw angle of the wind turbine and/or its blades, and/or deploy or retract air

deflectors on its blades. The controllers may communicate with each other and adjust

characteristics accordingly. By way of example, a controller at a first wind turbine may
detect excessive loads at the turbine using, e.g., any of the aforementioned load
estimation techniques. The first wind turbine may then adjust any number of
characteristics in order to prevent, e.g., damage to the turbine caused by the excessive
loads. Additionally, one or more controllers at the wind turbine may then communicate
with one or more controllers located at other wind turbines. Accordingly, the controllers
at the other wind turbine may adjust one or more characteristics in response to the first

wind turbine’s load determination. Thus, damage can be reduced in the other turbines

and/or the other turbines may be operated more efficiently.
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Figure 12 illustrates one embodiment wherein multiple controllers are communicatively
coupled m order to provide a distributed control system among multiple wind turbines.
Specitically, wind farm 1200 comprises multiple wind turbines 1202 communicatively
coupled to each other through control system 1208. Each wind turbine 1202 may
communicate with one another using any well-known method including wired or wireless
communication. Characteristics of each wind turbine 1202 (e.g., pitch, yaw, length of
blades, air deflectors deployed or not) are configured to be modified in response to, €.g., a
determination that loads acting on each turbine 1202 are excessive and/or out of balance.
Methods for estimating loads and/or modifying one or more characteristics may be
pertormed by, e.g., any of the methods provided herein. Each wind turbine 1202 may
further be arranged into groups. For example, wind turbines 1202a-1202f may be
arranged into group 1204, and wind turbines 1202g-1202k may be arranged into group
1206. Each wind turbine 1202 may further comprise one or more controllers (not

pictured) to control the one or more modifiable characteristics of each wind turbine 1202.

A controller at each wind turbine 1202 and/or control system 1208 may estimate
excessive loads employing, e.g., any of the load estimation/determination techniques
described herein. For example, wind turbine 1202g may be subject to a sudden wind gust
1208. Depending on, e.g., the current configuration of wind turbine 1202g, wind gust
1208 may cause excessive loads on wind turbine 1202g. In response, one or more
controllers at wind turbine 1202g may modify one or more characteristics. For example,
a controller may modify the yaw of wind turbine 1202g such that the wind turbine faces
directly into the wind gust. Additionally or alternatively, a controller may adjust the
pitch or yaw of one or more blades, may deploy or retract an air deflector on one or more
blades, and/or may extend or retract a tip portion of one or more blades. Further, wind
turbine 1202g may be communicatively coupled to one or more of controllers of the other
wind turbines 1202a-1202k via, e.g., control system 1208. Accordingly, other wind
turbines 1202 may use load estimation or determination and/or characteristic
modification data from wind turbine 1202g in order to modify characteristics in
preparation for, e.g., a wind gust 1208. For example, if 1202g is subjected to wind gust

1208 which causes excessive loads, and wind turbine 1202g thus modifies a yaw angle of
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wind turbine 1202g in response, one or more of the other wind turbines 1202 may adjust
their respective yaw angle in preparation of wind gust 1208. Accordingly, wind turbines
such as, e.g., 1202h and 1202¢, which may be located far downwind from wind turbine
1202g, may compensate for wind gust 1208 before such a gust ever reaches each turbine.
Thus, in this embodiment, controllers distributed throughout multiple wind turbines may
be used to increase efficiency and/or reduce failures of wind turbines 1202 by using

feedback from one or more turbines.

Wind farm 1200 may further comprise groupings of wind turbines such as, e.g., groups
1204 and 1206. Accordingly, characteristics of each turbine 1202 may only be modified
when, e.g., other turbines in the same group are modified. For example, it may be
determined that wind turbines 1202a-1202f generally experience the same environmental
conditions as each other due to, e.g., their location on a ridge, while wind turbines 1202g-
1202k usually experience the same environmental conditions as each other but that are
typically distinct from those experienced by wind turbines 1202a-1202f. Thus, wind
turbines 1202a-1202f may be grouped into group 1204, and wind turbines 1202g-1202k
may be grouped into group 1206. Accordingly, when wind turbine 1202g experiences,
¢.g., wind gust 1208, it may adjust any number of characteristics as explained above, and
the other turbines grouped with wind turbine 1202g in group 1206 (i.e., wind turbines
1202h-1202k) may similarly adjust characteristics to compensate for expected increased

loads, while wind turbines in group 1204 (i.e., wind turbines 1202a-1202f) may not

modify any characteristics in response. Accordingly, 1n some aspects of the present

disclosure, a distributed control system can be used to increase efficiency and decrease
failure of groupings of wind turbines 1202 which are typically exposed to similar

environmental conditions.

The methods and features recited herein may further be implemented through any number
of computer readable media that are able to store computer readable instructions.
Examples of computer readable mediums that may be used include RAM, ROM,
EEPROM, flash memory or other memory technology, CD-ROM, DVD or other optical

disk storage, magnetic cassettes, magnetic tape, magnetic storage and the like.
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While illustrative systems and methods as described herein embodying various aspects ot
the present invention are shown, 1t will be understood by those skilled in the art, that the
invention is not limited to these embodiments. Modifications may be made by those
skilled in the art, particularly in light of the foregoing teachings. For example, each of the
elements of the aforementioned embodiments may be utilized alone or in combination or
subcombination with elements of the other embodiments. The description is to be regarded
as illustrative instead of restrictive on the present invention. The scope of the claims
should not be limited by the embodiments set forth in the examples, but should be given

the broadest interpretation consistent with the description as a whole.
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We Claim:

1. A method for determining an aerodynamic force associated with an airfoill of an
acrodynamic blade, the method comprising:

detecting, by an airfoil control device using a pressure sensor, a first pressure at a first
pressure location and a second pressure at a second pressure location on the atrfoil;

determining, by the airfoil control device, a pressure differential between a first pressure
location and a second pressure location on an airfoil, the first pressure location being on a
suction side of the airfoil and the second pressure location being on a pressure side of the airfoil;

determining, by the airfoil control device, at least two of: a rotation speed of the airtoil,
an ambient air pressure, an ambient air temperature, and a pitch angle of the airfoil;

determining, by the airfoil control device, an aerodynamic force associated with the
airfoil based on the pressure differential, and the at least two of: the rotation speed of the airfoil,
the ambient air pressure, the ambient air temperature, and the pitch angle of the airfoil; and

controlling, by the airfoil control device, at least one physical characteristic of the

aerodynamic blade based on the determined aerodynamic force.

2. The method of claim 1, wherein the determining the aerodynamic force associated with
the airfoil comprises estimating a local dynamic pressure at the airfoil based on the at least two
of: the rotation speed of the airfoil, the ambient air pressure, the ambient air temperature, and the

pitch angle of the airfoil.

3. The method of claim 2, wherein the estimating the local dynamic pressure at the airfoil

comprises estimating a local air speed at the airfoil.

4, The method of claim 3, wherein the estimating the local air speed of the airfoil comprises

estimating a wind speed at the airfoil.

5. The method of claim 4, wherein the estimating the wind speed at the airfoil comprises

determining whether the pitch angle of the airfoil is greater than a minimum pitch angle.
29



CA 02845842 2016-03-16

6. The method of claim 5, wherein, when the pitch angle of the airfoil is not greater than a
minimum pitch angle, the estimating the wind speed at the airfoil is performed based on the

rotation speed of a rotor corresponding to the airfoil.

7. The method of claim 5, wherein, in response to determining the pitch angle of the airfoil
1s greater than a minimum pitch angle, the estimating the wind speed at the airfoil 1s based on the

pitch angle of the airfoil.

8. The method of claim 1 further comprising:
modifying at least one characteristic of the airfoil in response to determining the

aerodynamic force associated with the airfoil.

9. The method of claim 8, wherein the modifying the at least one characteristic of the atrfoil
comprises at least one of: changing the pitch angle of the blade; changing a yaw angle of the
blade; deploying at least one air deflector; retracting the at least one air detlector; extending a tip

portion of the airfoil; and retracting the tip portion of the airtoil.

10. A wind turbine comprising:
a hub;
a controller; and
a plurality of wind turbine blades connected to and arranged about the hub, wherein at
least one wind turbine blade of the plurality of wind turbine blades comprises:
a first pressure sensing orifice arranged on a pressure side of the at least one wind
turbine blade; and
a second pressure sensing orifice arranged on a suction side of the at least one
wind turbine blade, wherein the first pressure sensing orifice and the second pressure sensing
orifice are configured to enable the controller to determine an aerodynamic load generated by the
at least one wind turbine blade based on a difference in pressure between a location of the first

pressure sensing orifice and a location of the second pressure sensing orifice, a rotation speed of
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the hub, an ambient air pressure, an ambient air temperature, and a pitch angle of the at least one

wind turbine blade.

11.  The wind turbine of claim 10, wherein the determination of the aerodynamic load of the
at least one wind turbine bade includes determining a local dynamic pressure at the at least one
wind turbine blade based on the rotation speed of the hub, the ambient air pressure, the ambient

air temperature, and the pitch angle of the at least one wind turbine blade.

12.  The wind turbine of claim 11, wherein the controller is configured to determine the local
dynamic pressure by estimating a wind speed and a local air speed at the at least one wind

turbine blade.

13.  The wind turbine of claim 12, wherein the controller is configured to determine whether
the pitch angle of the at least one wind turbine blade is greater than a minimum pitch angle, and,
in response to determining the pitch angle of the at least one wind turbine blade 1s not greater
than the minimum pitch angle, estimate the wind speed of the at least one wind turbine blade

using the rotation speed of the hub.

14.  The wind turbine of claim 12, wherein the controller determines whether the pitch angle
of the at least one wind turbine blade is greater than a minimum pitch angle, and, in response to
determining the pitch angle of the at least one wind turbine blade is greater than the minimum
pitch angle, estimate the wind speed of the at least one wind turbine blade using the pitch angle

of the at least one wind turbine blade.

15. A method for relating a pressure differential to an aerodynamic force at an airfoil of a
turbine blade, the method comprising:

determining, by a controller using at least one pressure sensor, a local air pressure at a
surface of the airfoil of the turbine blade;

determining, by the controller, an ambient air pressure away from the airfoil’s surface;
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determining, by the controller, a pressure differential, wherein the pressure differential is
a difference between the determined local air pressure and the determined ambient air pressure;

determining, by the controller using at least one sensor other than the pressure sensor, an
acrodynamic force associated with the airfoil; and

generating and storing, by the controller, a relationship between the aerodynamic force

and the pressure differential.

16. The method of claim 15, wherein the determining the relationship between the
acrodynamic force and the pressure differential comprises:

determining a pressure differential coefficient;

determining an aerodynamic force coefficient; and

deriving a relationship between the pressure differential coefficient and the aerodynamic

force coetticient.

17.  The method of claim 16, wherein the deriving the relationship between the pressure
differential coefficient and the aerodynamic force coefficient comprises determining a linear

relationship between the pressure differential coetficient and the acrodynamic force coefficient.

18.  The method of claim 16, wherein the deriving the relationship between the pressure
differential coefficient and the aerodynamic force coefficient comprises determining a quadratic

relationship between the pressure differential coetficient and the aerodynamic force coefficient.

19.  The method of claim 16, wherein the determining the pressure differential coefficient and
the determining the aerodynamic force coefficient comprises determining a dynamic pressure at

the airfoil.

20.  The method of claim 19, wherein the pressure differential coefficient is the difference of
the local air pressure and the ambient air pressure divided by the dynamic pressure, and wherein
the aerodynamic force coefficient is the aerodynamic force divided by the product of the

dynamic pressure and the nominal area on which the aerodynamic force is acting.
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