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Description

Field of the invention

[0001] The present invention relates to controlling
bearing wear. More particularly, the invention relates to
a method of controlling a wind turbine, and a wind turbine,
in which blade pitch is controlled to balance the wear on
a main bearing and the blade bearings of a turbine rotor.

Background to the invention

[0002] Wind turbines comprise a fixed tower which
stands on the ground or sea bed, and a nacelle which
rests on the top of the tower and carries a turbine shaft,
a gearbox, a brake, a generator, a blade pitch controller
which controls the angle of the turbine blades, and a yaw
drive which controls the position of the wind turbine rel-
ative to the wind. Turbine blades are mounted to the tur-
bine shaft externally of the nacelle. The turbine blades
cause the shaft to rotate under the influence of wind,
which in turn drives the generator to generate electrical
power. The pitch of the blades is controlled by the blade
pitch controller. The pitch of the blade is adjusted by ro-
tating each blade around its axis in order to change its
angle of attack to the wind. Changing the pitch of the
blade is a useful technique for limiting peak power, opti-
mizing rotor efficiency, and slowing down the rotor. Tra-
ditional pitch control methods utilise collective pitch con-
trol, in which the pitch of all blades is adjusted simulta-
neously. More advanced methods of pitch control include
cyclic pitch control and individual pitch control. Cyclic
pitch control varies the blade pitch angles with a phase
shift of 120° (in the case of 3 turbine blades) to reduce
the load variations caused by rotor tilt and yaw errors.
Individual pitch control adjusts the pitch angle of each
blade independently. In practice, both techniques can be
used on a single set of turbine blades, that is a collective
pitch component may be used to, for example keep the
power at a desired level, while an individual pitch com-
ponent may be used to help minimise loading on the tur-
bine components without reducing the power output.
[0003] One of the design drivers for turbines utilising
individual pitch control is the trade-off between blade
bearing and main bearing loading and wear. In order to
reduce main bearing loading the amount of allowed pitch
activity can be increased, but this comes at the cost of
increased blade bearing wear, in some cases resulting
in the need for early blade bearing replacement. This
problem has been addressed previously, but a satisfying
solution has not yet been found. Examples are the Load
Dependent Deactivation Strategies developed for
TYC/ETYC (Tilt and Yaw Control / Enhanced Tilt and
Yaw Control), described in WO2013/182204, and the Ro-
tor Load Control 3.0 activation strategies, described in
WO2015/051801. Both techniques significantly improve
the balancing of blade bearing wear versus main bear-
ing/shaft load reductions but neither technique adequate-

ly addresses the trade-off between aerodynamically lift-
ing the rotor to compensate for the gravity loading of the
main bearing and the resulting increase in pitch activity.
[0004] Current TYC activation strategies are mostly
sensitive to wind shear and turbulence, with the result
that the amount of main bearing load reduction achieved
from rotor lift is dependent on the turbulence level on the
site, while it is the mean loading and number of operating
hours which determine the bearing wear. This also
means that the wear of the main bearing is highly de-
pendent on the wind speed distribution for a given wind
farm. Consequently some sites will experience higher
than intended blade or main bearing wear depending on
the wind speed and shear distribution which can results
in the need for early replacement of bearings or that tur-
bines cannot be used on certain sites.
[0005] Further document US2014/0248123 shows
controlling a wind turbine taking into account both main
bearing and pitch bearing lifetime usage.
[0006] It is against this background that the invention
has been devised.

Summary of the invention

[0007] In a first aspect, the invention provides a method
of controlling a wind turbine, comprising:

calculating a current wear rate for each of the main
bearing of a turbine rotor and the blade bearings of
rotor blades mounted on the turbine rotor; and
calculating a blade pitch adjustment of the rotor
blades to achieve a desired ratio between main bear-
ing wear and blade bearing wear in dependence on
the calculated current wear rates of the main bearing
and the blade bearings.

Preferably, the calculation of the blade pitch adjustment
is dependent on an influence of blade pitch on each of
main bearing wear and blade bearing wear.
[0008] Preferably, the method comprises calculating a
current wear ratio between wear on the main bearing and
wear on the blade bearings in dependence on the calcu-
lated current wear rate of each of the main bearing and
the blade bearings, a lifetime design wear capacity of the
main bearing and a lifetime design wear capacity of the
blade bearings, and calculating an adjustment of the
blade pitch which will shift the current wear ratio to match
the desired wear ratio.
[0009] Preferably, the current wear rate of the main
bearing is calculated in dependence on a current load on
the main bearing. This may be achieved by measuring a
load on the main bearing, wherein the current load on
the main bearing is based on the measured load on the
main bearing. The current wear rate of the main bearing
may be calculated in dependence on current rotor speed.
[0010] Preferably, the method comprises calculating
an influence of current blade pitch on the load on the
main bearing. The influence of current blade pitch on the
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load on the main bearing may be dependent on a blade
flap load sensitivity to pitching obtained from a compu-
terised model. The method may comprise calculating a
raw main bearing load without blade pitch influence using
the calculated influence of current blade pitch. The meth-
od may further comprise calculating, in relation to a can-
didate blade pitch, an estimated main bearing load using
that candidate blade pitch. The method may further com-
prise estimating an influence of the candidate blade pitch
on the load on the main bearing, and estimating the main
bearing load based on the raw main bearing load and
the estimated influence of the candidate blade pitch.
[0011] Preferably, the current wear rate of the blade
bearings is calculated in dependence on a current load
on the main bearing. This may be achieved by measuring
a load on the blade bearings, wherein the current load
on the blade bearings is based on the measured load on
the blade bearings. The current load on the blade bear-
ings may be obtained based on a computerised model.
The current wear rate of the blade bearings may be cal-
culated in dependence on current rotor speed.
[0012] Preferably, the blade pitch adjustment is a mod-
ification to a cyclic pitch amplitude of the rotor blades.
[0013] In one implementation, the method may com-
prise setting a desired wear ratio in dependence on one
or both of an amount of shear and an amount of turbu-
lence expected at the location of the wind turbine. The
desired wear ratio may be set such that the main bearing
and the blade bearings will require replacement at ap-
proximately the same time. Alternatively, the desired
wear ratio may be set such that one of the main bearing
and the blade bearings will require replacement after a
duration which is a multiple of the other of the main bear-
ing and the blade bearings.
[0014] In another implementation, the method may
comprise accumulating the current wear rates over time,
and automatically extrapolating a lifetime for the main
bearing and/or the blade bearings. Such a method may
further comprise adjusting the desired wear ratio to re-
duce the likelihood of overloading one of the bearings or
permitting simultaneous replacement of the main bearing
and blade bearings or increasing the total lifetime of the
turbine without replacing the bearings.
[0015] In a second aspect, the invention provides a
wind turbine having a turbine rotor mounted on a main
bearing and a set of rotor blades mounted on the turbine
rotor using blade bearings, the wind turbine comprising
a controller operable:

to calculate a current wear rate for each of the main
bearing and the blade bearings; and
to calculate a blade pitch adjustment of the rotor
blades to achieve a desired ratio between main bear-
ing wear and blade bearing wear in dependence on
the calculated current wear rates of the main bearing
and the blade bearings..

[0016] In a third aspect, the invention provides a com-

puter program product carrying a computer program
which when executed on a data processing apparatus
will cause the data processing apparatus to control a wind
turbine in accordance with the above methods.

Brief description of the drawings

[0017]

Figure 1 is a schematic view of a wind turbine system;

Figure 2 is a schematic functional diagram of a pitch
controller and associated sensors;

Figure 3 is a schematic flow diagram of a method of
balancing wear between a main bearing and blade
bearings; and

Figure 4 is a schematic flow diagram describing a
bearing lifetime management process.

Detailed description of embodiments of the inven-
tion

[0018] Figure 1 shows a wind turbine 10 comprising a
tower 12 supporting a nacelle 14 to which a rotor 16 is
mounted. The rotor 16 comprises a plurality of wind tur-
bine blades 18 that extend radially from a central hub 20.
In this example, the rotor 16 comprises three blades 18.
As discussed above, the pitch (angle of attack with re-
spect to the wind) of the wind turbine blades 18 can be
adjusted by a blade pitch controller (not shown), while
the yaw of the nacelle 14 can be adjusted by a yaw drive
(not shown) to face generally into the wind. The rotor 16
is mounted on a main bearing (not shown), which permits
the rotor to rotate freely about its axis. The wind turbine
blades 18 are each mounted to the rotor via blade bear-
ings (not shown), which permit the blade 18 to rotate
about their longitudinal axis to adjust their pitch.
[0019] Figure 2 shows a blade pitch controller 100
which is operable to control the blade pitch of the (in this
case) three turbine blades. In particular, the pitch con-
troller 100 is operable to generate three separate pitch
control signals, one for each blade. The pitch of each
blade is set by a pitch control actuator in response to a
pitch control signal from the blade pitch controller 100.
In particular, the pitch of a first turbine blade is set by a
pitch control actuator 162 in response to a first pitch con-
trol signal θ1, the pitch of a second turbine blade is set
by a pitch control actuator 164 in response to a second
pitch control signal θ2 and the pitch of a third turbine blade
is set by a pitch control actuator 166 in response to a
third pitch control signal θ3. The pitch of the rotor blade
set (and of the blades individually) may be influenced by
several algorithms, of which the present technique is only
one. Other algorithms may be used to control rotor speed,
or to reduce the impact of turbulence. It will be appreci-
ated therefore that the present technique can be consid-
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ered to influence the pitch of the rotor blades rather than
define it entirely. In some embodiments, the present tech-
nique adjusts the maximum amplitude |θ| of sinusoidal
individual pitch contribution computed by a Tilt/Yaw (cy-
clic pitch control) algorithm, which will in turn influence
the individual control signals θ1, θ2, θ3. The actual pitch
angle of blade i (I = 1, 2, 3) is related through: 

[0020] Where θ is the collective pitch angle (applied to
all rotor blades 18 in the set) and |θ|sin(ψ + ψi) is the
individual pitch angle of each blade with respect to its
rotational position, in which ψ is the rotor azimuth angle,
ψi is the phase shift (0,120 or 240) for blades A, B and
C respectively, and |θ| is the maximum amplitude of the
individual pitch contribution - which is achieved when the
sine function takes on a value of one.
[0021] Figure 2 indicates the origin of various param-
eters which the present technique uses in order to cal-
culate a desired blade pitch adjustment. In particular, the
pitch controller 100 receives a current rotor speed Ω,
measured in Hz, from either a speed sensor 110 coupled
to the rotor, or from a generator 120 to which the rotor is
attached. The pitch controller 100 also receives a blade
flap moment Mx, in NewtonMeters either from blade load
sensors 130 mounted to the turbine, or from a blade el-
ement momentum (BEM) model 144 in a data store 140.
The pitch controller 100 also receives, from the blade
element momentum model 144, a blade flap load sensi-

tivity to pitching  indicative of the influence of pitch
on blade load at the current operating point of the turbine.
The pitch controller 100 also receives, from further data
142 stored in the data store 140, Wohler coefficients k1,
k2 (dimensionless) derived from the material properties
of the main bearing and the blade bearings respectively.
The pitch controller 100 also receives, from a main bear-
ing load sensor 150, a main bearing tilt load MxMBf, again
in NewtonMeters The pitch controller 100 also receives,
from a wind speed sensor 170, a current wind speed V,
in m/s, at the turbine.
[0022] The present technique can be implemented us-
ing a blade element momentum (BEM) model to compute
aerodynamic sensitivities to blade pitch, rotor speed and
wind speed. The on-line BEM model can describe blade
load calculations based on lift and drag coefficient (cL,
cD) curves for the blades and a wind estimator which
computes the rotor plane wind speed based on a differ-
ence between the predicted rotor power and the actual
produced power.
[0023] Based on the computed operating point (that is,
a current blade pitch, wind speed and rotor speed com-
bination), the sensitivities can be found by for example
a 0th order estimate. For example, the blade flap load
sensitivity to pitching can be found as: 

[0024] Where θ0,V0,Ω0 is the computed operating point
ΔV,Δθ are the wind speed and pitch ranges over which
the 0th order approximation is done and Mx is the esti-
mated blade root in plane moment.
[0025] Referring to Figure 3, a process is shown by
which the above parameters are used to adjust the blade
pitch to balance wear between the main bearing and the
blade bearings. At a step S1, a current cyclic pitch am-
plitude |θ|act is determined. Since this is the value cur-
rently being used by the pitch controller 100 in setting
the pitch control signals e1, e2, e3, this parameter is read-
ily obtained. At a step S2, the current rotor speed Ω is
obtained, as indicated above either from the sensor 110
or the generator 120. At a step S3, the current load on
the blade bearings is determined. This could either be
measured directly using the sensors 130, or estimated
from a computerised model, in the form of the blade el-
ement momentum model 144. The current (actual) wear
rate on the blade bearings is then estimated at a step S4
based on the current (actual) cyclic pitch amplitude |θ|act,
the current rotor speed Ω, the current load Mx on the
blade bearings and the Wohler coefficient k2. In other
words, the parameters collected at the steps S1, S2 and
S3 are used in the estimate of current blade bearing wear
made at the step S4. An estimate of the wear rate of the
pitch bearing can be made on the basis of the following
expression: 

[0026] Where the subexpression  is the pitch
travel speed depending on the cyclic pitch amplitude. The
pitch travel distance per rotor rotation is 2|θ|/360 and Ω
is the number of rotor rotations per second. The wear
rate of the pitch bearing is therefore the pitch travel dis-
tance multiplied by the measured blade root flap load Mx
to the power k2, which as mentioned above is the Wohler
coefficient derived from the material properties of the
pitch bearing.
[0027] At a step S5, the load on the main bearing MxMbf
is measured by the main bearing load sensor 150. Then,
at a step S6, the current wear rate on the main bearing
is estimated based on the current rotor speed Ω, the
measured load on the main bearing MxMbf and the Wöh-
ler coefficient k1. In other words, the parameters collect-
ed at the steps S2 and S5 are used in the estimate of
current main bearing wear made at the step S6.
[0028] An estimate of the wear rate on the main bearing
can be made on the basis of the following expression: 
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[0029] Where Ω is the measured rotor speed in Hz,
MxMbf is the quantity measured as explained above and
k1 is the Whöler coefficient derived from the material
properties of the main bearing
[0030] At a step S7, the estimates for main bearing
wear rate and blade bearing wear rate, and lifetime de-
sign wear capacities for the main bearing (LRDPB,design)
and the blade bearings (LRDMB,design), are used to cal-
culate a wear ratio between the main bearing and the
blade bearings.
[0031] A lifetime reduction rate PBr of the blade bearing
can be found as follows: 

[0032] Similarly, a lifetime reduction rate MBr of the
main bearing can be found as follows: 

[0033] The ratio between the lifetime reduction rates
PBr, MBr of the two types of bearings then determines
the relative wear rate of the bearings weighted by their
lifetime design wear capacity. 

[0034] This yields a ratio R, which can be adjusted to
control which bearing type experiences most wear. This
(current) wear ratio, obtained via the steps S1 to S7, is
an indication of the current balance between wear on the
main bearing and wear on the blade bearings. It will be
appreciated that, in order that the blade bearings and
main bearing experience the same amount of wear (as
a proportion of their respective lifetime wear capacities),
the wear ratio can be expected to be 1. In order that the
main bearing experiences twice as much wear as the
blade bearings (again as a proportion of their respective
lifetime wear capacities), the wear ratio can be expected
to be 2. In order that the blade bearings experience twice
as much wear as the main bearing (again as a proportion
of their respective lifetime wear capacities), the wear ratio
can be expected to be 0.5. It will be understood that equa-
tion (7) determines an instantaneous wear ratio, rather
than a lifetime wear ratio. However, the instantaneous
wear ratio can be adjusted based on historic relative wear
to balance out higher than expected wear on the main
bearing or the blade bearings in the past.
[0035] The remaining steps of Figure 3 relate to the

selection of a suitable pitch adjustment to achieve a de-
sired wear ratio (in contrast to the actual wear ratio ob-
tained at the step S7). At a step S8, the current wind
speed V is measured by the wind speed sensor 170. At

a step S9, the blade flap load sensitivity to pitching 
is obtained from the blade element model 144. This de-
rived parameter is modelled as a function of wind speed
V, blade pitch e, rotor speed Ω and blade root in plane
moment Mx, that is, the parameters obtained at the steps
S1, S2, S3 and S8, which are used as inputs to the blade
element model 144 to look up the corresponding blade

flap load sensitivity to pitching  It should be noted
that the step S9 need not necessarily be performed based
on measured wind speed, but may instead be obtained
using a Blade Element Model estimator, which has a rotor
plane wind speed estimate embedded. At a step S10, a
raw main bearing load MxMbf, raw is calculated based on
the measured main bearing load MxMbf, the blade flap

load sensitivity to pitching  and the current (actual)
cyclic pitch amplitude |θ|act.
[0036] The raw main bearing load MxMBf,raw is defined
as the measured main bearing load (either directly on
the main shaft/bearing or from load sensors in the blade)
in addition to the estimated load reduction performed by
the Tilt-Yaw control. 

[0037] It should be appreciated that |θ|act (used in
equations 3 and 8) is the actual current cyclic pitch am-
plitude, whereas the value |θ| used in the equations to
be presented subsequently is the future max cyclic pitch
amplitude which must be determined. It should be un-
derstood that the estimate of the raw loads may be com-
puted as part of a rotor load control algorithm.
[0038] At a step S11, a future maximum cyclic pitch
amplitude |θ| is selected. As will be discussed further be-
low, the step S11 may be performed a number of times,
in order to evaluate the impact of multiple different pitch
amplitudes on the ration R. At a step S12, a blade bearing
load which would be experienced at the blade bearings
in the case that the maximum cyclic pitch amplitude were
to be adjusted to the value |θ| is calculated based on the
BEM model.
[0039] At a step S13, an estimated wear rate on the
blade bearings at the selected future maximum cyclic
pitch amplitude |θ| is determined, using the current rotor
speed Ω, the load Mx on the blade bearings and the Wöh-
ler coefficient k2. In other words, the parameters collect-
ed at the steps S2 and S3 are again used in the estimate
of future blade bearing wear based on the selected cyclic
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pitch amplitude |θ|. It should be noted that the value 
does not change based on individual pitch amplitude and
therefore does not need to be recomputed each time.
The future blade wear is calculated at the step S13 in the
same way and using the same equation (3) as for the
step S4, but using the selected future maximum cyclic
pitch amplitude |θ| instead of the actual current maximum
cyclic pitch amplitude |θ|act. In particular, the future blade
wear is calculated as follows: 

[0040] At a step S14, the blade flap sensitivity  at
the selected maximum cyclic pitch amplitude |θ| is ob-
tained from the blade element model 144. Then, at a step

S15, the blade flap sensitivity  is used, along with
the selected cyclic pitch amplitude |θ| to estimate a load
on the main bearing at the selected cyclic pitch amplitude
|θ|.
[0041] In particular, an approximation of the main bear-
ing wear dependent on the cyclic pitch angle is calculated
in accordance with the following expression: 

[0042] It will be appreciated that the steps S9 and S10
effectively determine a main bearing loading MxMbf with-
out blade pitch contribution (by removing the blade pitch
contribution at the actual cyclic pitch amplitude |θ|act),
and then the steps S14 and S15 effectively reintroduce
the blade pitch contribution, but at the selected (future)
cyclic pitch amplitude |θ|.
[0043] At a step S16, the wear rate on the main bearing
at the selected cyclic pitch amplitude |θ| is estimated us-
ing equation (4), based on the main bearing loading
MxMbf calculated at the step S15, the current rotor speed
Ω and the Wöhler coefficient k1. It will be appreciated
that while equation (4) is used both at the step S6 and
S16, in the former case the equation is based on the
measured main bearing loading MxMbf, while in the latter
case it is based on an estimated future loading MxMbf at
the selected blade pitch. At a step S17, the estimates for
main bearing wear rate and blade bearing wear rate at
the selected (future) cyclic pitch amplitude |θ|, along with
the lifetime design wear capacities for the main bearing
and the blade bearings (the lifetime design wear capac-
ities being the same values as used at the step S7), are
used to calculate a wear ratio between the main bearing
and the blade bearings at the selected cyclic pitch am-
plitude. This calculation uses the equation (7) utilised in

the step S7. This (future) wear ratio is an indication of
the probable future balance between wear on the main
bearing and wear on the blade bearings should the blade
pitch be modified in accordance with the selected cyclic
pitch amplitude |θ|.
[0044] The steps S11 through S17 (those steps within
the dashed region of Figure 3) are repeated for several
different maximum cyclic pitch amplitudes, in order to
obtain the corresponding wear ratios. At a step S18, each
of the predicted wear ratios is compared with a desired
wear ratio for the turbine, and the maximum pitch ampli-
tude corresponding to the predicted wear ratio closest to
the desired wear ratio is selected. The maximum pitch
amplitude selected at the step S18 is then used by the
pitch controller 100 in setting the pitch of the turbine
blades 18.
[0045] Alternative techniques could be used, such as
optimisation using a Newton-Raphson method, as de-
scribed in Erwin Kreyzig, Advanced Engineering Mathe-
matics, 9th Edition, Wiley International Edition, ISBN-
13:978-0-471-72897, Chapter 19. In this case the New-
ton-Raphson method also iterates over the equations a
number of times.
[0046] To summarise, the present technique provides
a real time estimate of the current wear on the pitch and
main bearing coupled with an estimate of how much main
bearing wear reduction and pitch bearing wear will be
introduced from specific individual pitch amplitudes. With
this information it is possible to devise a rotor lift strategy
which balances the wear on the bearings according to
how effective rotor lift is at the current operating point
(that is, wind and rotor speeds). Larger individual pitch
amplitudes (higher pitch bearing wear) is required at low
wind speeds to create the same rotor lift as in higher wind
speeds. The instantaneous wear rate on the bearings
can be computed as shown in equations (5) and (6)
above, while equation (10) above relates main bearing
loads (and wear) to pitch amplitude.
[0047] The following inputs are required for these
equations:

• Main bearing tilt load: Computed from blade loads
sensors as is already done in TYC

• Raw main bearing tilt load: Main bearing tilt load with-
out rotor lift contribution. This is computed using the
tilt sensitivities computed by a BEM model

• Blade flap moment: From blade load sensors and/or
using the blade flap moment estimate computed by
BEM.

• Rotor speed: Generator or Rotor speed sensor.

[0048] By defining the wear ratio between the main and
pitch bearings as per equation (10) and inserting the
above three equations it is possible to compute the rotor
lift pitch amplitude realizing this wear ratio. The result is
a bearing wear controller which balances the pitch and
main bearing wear such that the lifetime of the bearings
is controllable regardless of site wind distribution. It
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should be understood that the desired wear ratio may
not always be a value of 1 (which would result in or from
the wear rate on the main bearing being the same (as a
proportion of its lifetime wear capacity) as that of the
blade bearings). Some circumstances in which a different
wear ratio may be used are described below.
[0049] The present technique may be entirely soft-
ware-based, with no hardware modifications to the tur-
bine being required, and can accordingly be retrofitted
to existing turbines already in operation. Advantageous-
ly, the present technique can be used to increase the
predictability of turbine maintenance.

Park specific tuning

[0050] As part of siting wind turbines, a maintenance
strategy is prepared, which includes planning for replace-
ment of main and/or pitch bearings. With the bearing wear
controller 100 described above, it is possible to make
tradeoffs for specific sites where wind conditions do not
allow both main and pitch bearings to last the full lifetime
of the turbine with the standard configuration. An exam-
ple is a low shear/low turbulence site. This will usually
yield high main bearing wear, but low blade bearing wear.
It is now possible to adjust the ratio, R, towards lower
blade bearing loads sacrificing some of the pitch bearing
margin which is available due to low turbulence. In an-
other example a site has high turbulence and low shear
and in the standard configuration both blade bearing and
main bearing will need to be replaced during the turbine
life-time. It is now possible to, for example, bias the ratio,
R, towards reducing wear on the main bearing such that
the main bearing will last the full life of the turbine, but
with one planned replacement of blade bearings. In other
words, the wear ratio can be set in dependence on the
environmental conditions in which the wind turbine is op-
erating to achieve desired lifetimes (either relative or ab-
solute) for each of the main bearing and the blade bear-
ings.

Predictive maintenance

[0051] By accumulating the wear estimates computed
by the wear controller at the steps S4 and S6 described
above, a wear profile per turbine can be made. This wear
profile, effectively indicating the actual wear on each of
the bearings experienced to date, can be used to extrap-
olate the lifetime of the bearings and subsequently plan
inspection/servicing schemes for each specific turbine.
In this way, if the turbine experiences greater than ex-
pected wear on either or both of the main bearing and
the blade bearings, inspection and/or servicing of that
turbine may be carried out earlier than planned. A further
extension is to adjust the bearing lifetime design esti-
mates by correlating blade failures with the estimated
blade wear and use this to modify maintenance sched-
ules for other similar turbines. In this case, if over time
the data gathered shows that the blade wear limit before

breaking is less than expected, then the ratio R can be
adjusted on other turbines with the same blade bearings
to reduce blade bearing load such that the blade bearings
will last the expected time at the expense of main bearing
wear.

Bearing Lifetime management

[0052] By permitting the bearing wear ratio, R, to be
controlled externally of the turbine, a bearing lifetime
management system can be created. The bearing life-
time management system will use the accumulated wear
estimates to extrapolate bearing wear and adjust the
wear ratio, R, in order to, for example:

• Avoid overloading one of the bearings
• Ensure that all bearings can be replaced simultane-

ously (avoiding dual crane cost)
• Increasing the total lifetime of the turbine with no

need for bearing exchange.

[0053] Referring to Figure 4, an example bearing life-
time management algorithm is shown. At a step V1, the
lifetime wear of the main bearing and pitch bearing up
until now is determined by integrating the computed wear
rates at the step S4 and S6 of Figure 3. An expected time
of failure ToFPb of the blade bearings and an expected
time of failure ToFMb of the main bearings are computed
at a step V2 based on the lifetime wear to date, and the
lifetime design wear capacities for the main bearing and
blade bearings. At a step V3, the expected time of failure
for each of the main bearing and the blade bearings are
compared with a servicing plan for the turbine. If the time
of blade bearing failure is later than the time of planned
replacement and the time of main bearing failure is earlier
than the time of planned replacement (that is, ToFPb>T,
ToFMb<T), then at a step V4 the ratio R is reduced. If
the time of blade bearing failure is earlier than the time
of planned replacement and the time of main bearing
failure is later than the time of planned replacement (that
is, ToFPb<T, ToFMb<T), then at a step V5 the ratio R is
increased. If the time of blade bearing failure is later than
the time of planned replacement and the time of main
bearing failure is later than the time of planned replace-
ment (that is, ToFPb>T, ToFMb>T), or if the time of blade
bearing failure is earlier than the time of planned replace-
ment and the time of main bearing failure is earlier than
the time of planned replacement (that is, ToFPb<T,
ToFMb<T), then at a step V6 the ratio R is adjusted such
that the time of failure of the main bearing and the blade
bearings is the same, that is ToFMb=ToFPb.
[0054] While embodiments of the invention have been
shown and described, it will be understood that such em-
bodiments are described by way of example only and it
will be appreciated that features of different embodiments
may be combined with one another. Numerous varia-
tions, changes and substitutions will occur to those skilled
in the art without departing from the scope of the present
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invention as defined by the appended claims.

Claims

1. A method of controlling a wind turbine, comprising:

calculating a current wear rate for each of the
main bearing of a turbine rotor and the blade
bearings of rotor blades mounted on the turbine
rotor;
characterised by
calculating a blade pitch adjustment of the rotor
blades to achieve a desired ratio between main
bearing wear and blade bearing wear in depend-
ence on the calculated current wear rates of the
main bearing and the blade bearings.

2. A method according to claim 1, wherein the calcula-
tion of the blade pitch adjustment is dependent on
an influence of blade pitch on each of main bearing
wear and blade bearing wear.

3. A method according to claim 1 or claim 2, comprising:

calculating a current wear ratio between wear
on the main bearing and wear on the blade bear-
ings in dependence on the calculated current
wear rate of each of the main bearing and the
blade bearings, a lifetime design wear capacity
of the main bearing and a lifetime design wear
capacity of the blade bearings; and
calculating an adjustment of the blade pitch
which will shift the current wear ratio to match
the desired wear ratio.

4. A method according to any preceding claim, wherein
the current wear rate of the main bearing and/or the
current wear rate of the blade bearings is calculated
in dependence on a current load on the main bearing.

5. A method according to claim 4, comprising measur-
ing a load on the main bearing, wherein the current
load on the main bearing is based on the measured
load on the main bearing.

6. A method according to claim 4 or claim 5, wherein
the current wear rate of the main bearing and/or the
current wear rate of the blade bearings is calculated
in dependence on current rotor speed.

7. A method according any preceding claim, compris-
ing calculating an influence of current blade pitch on
the load on the main bearing.

8. A method according to claim 7, wherein the influence
of current blade pitch on the load on the main bearing
is dependent on a blade flap load sensitivity to pitch-

ing obtained from a computerised model.

9. A method according to claim 7 or claim 8, comprising
calculating a raw main bearing load without blade
pitch influence using the calculated influence of cur-
rent blade pitch.

10. A method according to claim 9, comprising calculat-
ing, in relation to a candidate blade pitch, an esti-
mated main bearing load using that candidate blade
pitch.

11. A method according to claim 10, comprising estimat-
ing an influence of the candidate blade pitch on the
load on the main bearing, and estimating the main
bearing load based on the raw main bearing load
and the estimated influence of the candidate blade
pitch.

12. A method according to claim 4, comprising measur-
ing a load on the blade bearings, wherein the current
load on the blade bearings is based on the measured
load on the blade bearings.

13. A method according to claim 4, comprising estimat-
ing the current load on the blade bearings based on
a computerised model.

14. A method according to any preceding claim, wherein
the blade pitch adjustment is a modification to a cyclic
pitch amplitude of the rotor blades.

15. A method according to any preceding claim, com-
prising setting a desired wear ratio in dependence
on one or both of an amount of shear and an amount
of turbulence expected at the location of the wind
turbine.

16. A method according to claim 15, wherein the desired
wear ratio is set such that the main bearing and the
blade bearings will require replacement at approxi-
mately the same time.

17. A method according to claim 15, wherein the desired
wear ratio is set such that one of the main bearing
and the blade bearings will require replacement after
a duration which is a multiple of the other of the main
bearing and the blade bearings.

18. A method according to any preceding claim, com-
prising accumulating the current wear rates over
time, automatically extrapolating a lifetime for the
main bearing and/or the blade bearings.

19. A method according to claim 18, comprising adjust-
ing the desired wear ratio to reduce the likelihood of
overloading one of the bearings or permitting simul-
taneous replacement of the main bearing and blade
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bearings or increasing the total lifetime of the turbine
without replacing the bearings.

20. A wind turbine having a turbine rotor mounted on a
main bearing and a set of rotor blades mounted on
the turbine rotor using blade bearings, the wind tur-
bine comprising a controller operable:

to calculate a current wear rate for each of the
main bearing and the blade bearings; and
characterised by calculating
a blade pitch adjustment of the rotor blades to
achieve a desired ratio between main bearing
wear and blade bearing wear in dependence on
the calculated current wear rates of the main
bearing and the blade bearings.

21. A computer program product carrying a computer
program which when executed on a data processing
apparatus will cause the data processing apparatus
to control a wind turbine in accordance with the meth-
od of any one of claims 1 to 19.

Patentansprüche

1. Verfahren zum Steuern einer Winkraftanlage, um-
fassend:

Berechnen einer aktuellen Verschleißrate jedes
des Hauptlagers eines Windkraftanlagenrotors
und der Blattlager von Rotorblättern, die an dem
Winkraftanlagennrotor befestigt sind;
gekennzeichnet durch das Berechnen einer
Blattwinkelverstellung der Rotorblätter, um ein
gewünschtes Verhältnis zwischen Hauptlager-
verschleiß und Blattlagerverschleiß als Funkti-
on der berechneten aktuellen Verschleißraten
des Hauptlagers und der Blattlager zu erzielen.

2. Verfahren nach Anspruch 1, wobei das Berechnen
der Blattwinkelverstellung von einem Einfluss des
Blattwinkels auf jeden des Hauptlagerverschleißes
und des Blattlagerverschleißes abhängt.

3. Verfahren nach Anspruch 1 oder Anspruch 2, um-
fassend:
Berechnen eines aktuellen Verschleißverhältnisses
zwischen dem Verschleiß an dem Hauptlager und
dem Verschleiß an den Blattlagern als Funktion der
berechneten aktuellen Verschleißrate jedes von
dem Hauptlager und den Blattlagern, einer Ver-
schleißkapazität der rechnerischen Lebensdauer
des Hauptlagers und einer Verschleißkapazität der
rechnerischen Lebensdauer der Blattlager; und
Berechnen einer Verstellung des Blattwinkels, der
das aktuelle Verschleißverhältnis derart verlagert,
um dem gewünschten Verschleißverhältnis zu ent-

sprechen.

4. Verfahren nach einem der vorstehenden Ansprüche,
wobei die aktuelle Verschleißrate des Hauptlagers
und/oder die aktuelle Verschleißrate der Blattlager
als Funktion einer aktuellen Last auf das Hauptlager
berechnet wird.

5. Verfahren nach Anspruch 4, umfassend das Messen
einer Last auf das Hauptlager, wobei die aktuelle
Last auf das Hauptlager auf der gemessenen Last
auf das Hauptlager basiert.

6. Verfahren nach Anspruch 4 oder Anspruch 5, wobei
die aktuelle Verschleißrate des Hauptlagers
und/oder die aktuelle Verschleißrate der Blattlager
als Funktion der aktuellen Rotorgeschwindigkeit be-
rechnet wird.

7. Verfahren nach einem der vorstehenden Ansprüche,
umfassend das Berechnen eines Einflusses des ak-
tuellen Blattwinkels auf die Last auf das Hauptlager.

8. Verfahren nach Anspruch 7, wobei der Einfluss des
aktuellen Blattwinkels auf die Last auf das Hauptla-
ger von einer Blattklappenlast-Winkelempfindlich-
keit abhängt, die von einem computergesteuerten
Modell erhalten wird.

9. Verfahren nach Anspruch 7 oder Anspruch 8, um-
fassend das Berechnen einer Original-Hauptlager-
last ohne Blattwinkeleinfluss unter Verwendung des
berechneten Einflusses des aktuellen Blattwinkels.

10. Verfahren nach Anspruch 9, umfassend das Berech-
nen, in Bezug auf einen Blattwinkelkandidaten, einer
geschätzten Hauptlagerlast unter Verwendung die-
ses Blattwinkelkandidaten.

11. Verfahren nach Anspruch 10, umfassend das Schät-
zen eines Einflusses des Blattwinkelkandidaten auf
die Last auf das Hauptlager und Schätzen der Haupt-
lagerlast, basierend auf der Original-Hauptlagerlast
und dem geschätzten Einfluss des Blattwinkelkan-
didaten.

12. Verfahren nach Anspruch 4, umfassend das Messen
einer Last auf die Blattlager, wobei die aktuelle Last
auf die Blattlager auf der gemessenen Last auf die
Blattlager basiert.

13. Verfahren nach Anspruch 4, umfassend das Schät-
zen der aktuellen Last auf die Blattlager, basierend
auf einem computergesteuerten Modell.

14. Verfahren nach einem der vorstehenden Ansprüche,
wobei die Blattwinkelverstellung eine Modifikation
an einer zyklischen Blattwinkelamplitude der Rotor-
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blätter ist.

15. Verfahren nach einem der vorstehenden Ansprüche,
umfassend das Einstellen eines gewünschten Ver-
schleißverhältnisses als Funktion einer oder beider
von einer Verschleißmenge und einer Turbulenz-
menge, die am Ort der Winkraftanlage zu erwarten
ist.

16. Verfahren nach Anspruch 15, wobei das gewünsch-
te Verschleißverhältnis derart eingestellt ist, sodass
das Hauptlager und die Blattlager ungefähr zur glei-
chen Zeit ausgetauscht werden müssen.

17. Verfahren nach Anspruch 15, wobei das gewünsch-
te Verschleißverhältnis derart eingestellt ist, sodass
eines von dem Hauptlager und von den Blattlagern
nach einer Dauer ausgetauscht werden muss, die
ein Vielfaches der anderen des Hauptlagers und der
Blattlager beträgt.

18. Verfahren nach einem der vorstehenden Ansprüche,
umfassend das Kumulieren der aktuellen Ver-
schleißraten im Zeitablauf, wobei eine Lebensdauer
für das Hauptlager und/oder die Blattlager automa-
tisch extrapoliert wird.

19. Verfahren nach Anspruch 18, umfassend das Ver-
stellen des gewünschten Verschleißverhältnisses,
um die Wahrscheinlichkeit einer Überlastung eines
der Lagers zu reduzieren oder um ein gleichzeitiges
Austauschen des Hauptlagers und der Blattlager zu
erlauben oder um die Gesamtlebensdauer der Win-
kraftanlage zu erhöhen, ohne die Lager auszutau-
schen.

20. Winkraftanlage, die einen Winkraftanlagennrotor,
der an einem Hauptlager befestigt ist, und einen Satz
von Rotorblättern, der an dem Winkraftanlagennro-
tor unter Verwendung von Blattlagern befestigt ist,
aufweist, wobei die Winkraftanlage eine Steuerung
umfasst, die wie folgt betrieben wird:
zum Berechnen einer aktuellen Verschleißrate für
jedes von dem Hauptlager und den Blattlagern; und
gekennzeichnet durch das Berechnen einer Blatt-
winkelverstellung der Rotorblätter, um ein ge-
wünschtes Verhältnis zwischen dem Hauptlagerver-
schleiß und dem Blattlagerverschleiß als Funktion
der berechneten aktuellen Verschleißraten des
Hauptlagers und der Blattlager zu erzielen.

21. Computerprogrammprodukt, das ein Computerpro-
gramm trägt, das bei Ausführung an einem Daten-
verarbeitungsgerät das Datenverarbeitungsgerät
dazu bringt, eine Winkraftanlage gemäß dem Ver-
fahren nach einem der Ansprüche 1 bis 19 zu steu-
ern.

Revendications

1. Procédé de commande d’une éolienne,
comprenant :

le calcul d’un taux d’usure actuelle pour chacun
du palier principal d’un rotor de turbine et de
paliers de pale de pales de rotor montées sur le
rotor de turbine ;
caractérisé par
le calcul d’un réglage de pas de pale des pales
de rotor pour obtenir un taux souhaité entre
l’usure de palier principal et l’usure de palier de
pale en fonction des taux d’usure actuelle cal-
culés du palier principal et des paliers de pale.

2. Procédé selon la revendication 1, dans lequel le cal-
cul du réglage de pas de pale dépend d’une influence
du pas de pale sur chacune de l’usure de palier prin-
cipal et de l’usure de palier de pale.

3. Procédé selon la revendication 1 ou la revendication
2, comprenant :

le calcul d’un taux d’usure actuelle entre l’usure
sur le palier principal et l’usure sur les paliers de
pale en fonction du taux d’usure actuelle calculé
de chacun du palier principal et des paliers de
pale, d’une capacité d’usure de conception à vie
du palier principal et d’une capacité d’usure de
conception à vie des paliers de pale ; et
le calcul d’un réglage du pas de pale qui déca-
lera le taux d’usure actuelle pour correspondre
au taux d’usure souhaité.

4. Procédé selon l’une quelconque des revendications
précédentes, dans lequel le taux d’usure actuelle du
palier principal et/ou le taux d’usure actuelle des pa-
liers de pale est calculé en fonction d’une charge
actuelle sur le palier principal.

5. Procédé selon la revendication 4, comprenant la me-
sure d’une charge sur le palier principal, dans lequel
la charge actuelle sur le palier principal est basée
sur la charge mesurée sur le palier principal.

6. Procédé selon la revendication 4 ou la revendication
5, dans lequel le taux d’usure actuelle du palier prin-
cipal et/ou le taux d’usure actuelle des paliers de
pale est calculé en fonction de la vitesse de rotor
actuelle.

7. Procédé selon l’une quelconque des revendications
précédentes, comprenant le calcul d’une influence
du pas de pale actuelle sur la charge sur le palier
principal.

8. Procédé selon la revendication 7, dans lequel l’in-
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fluence du pas de pale actuel sur la charge sur le
palier principal dépend d’une sensibilité de charge
de volet de pale au calage obtenue à partir d’un mo-
dèle informatisé.

9. Procédé selon la revendication 7 ou la revendication
8, comprenant le calcul d’une charge brute de palier
principal sans influence de pas de pale en utilisant
l’influence calculée du pas de pale actuel.

10. Procédé selon la revendication 9, comprenant le cal-
cul, en relation avec un pas de pale candidat, d’une
charge estimée de palier principal en utilisant le pas
de pale candidat.

11. Procédé selon la revendication 10, comprenant l’es-
timation d’une influence du pas de pale candidat sur
la charge sur le palier principal, et l’estimation de la
charge de palier principal sur la base de la charge
brute de palier principal et de l’influence estimée du
pas de pale candidat.

12. Procédé selon la revendication 4, comprenant la me-
sure d’une charge sur les paliers de pale, dans lequel
la charge actuelle sur les paliers de pale est basée
sur la charge mesurée sur les paliers de pale.

13. Procédé selon la revendication 4, comprenant l’es-
timation de la charge actuelle sur les paliers de pale
sur la base d’un modèle informatisé.

14. Procédé selon l’une quelconque des revendications
précédentes, dans lequel le réglage du pas de pale
est une modification d’une amplitude de pas cyclique
des pales de rotor.

15. Procédé selon l’une quelconque des revendications
précédentes, comprenant le réglage d’un taux d’usu-
re souhaité en fonction d’une d’une quantité de ci-
saillement et d’une quantité de turbulence, ou des
deux, attendues à l’emplacement de l’éolienne.

16. Procédé selon la revendication 15, dans lequel le
taux d’usure souhaité est réglé de telle sorte que le
palier principal et les paliers de pale devront être
remplacés à peu près en même temps.

17. Procédé selon la revendication 15, dans lequel le
taux d’usure souhaité est réglé de telle sorte que l’un
du palier principal et des paliers de pale devra être
remplacé après une durée qui est un multiple de
l’autre du palier principal et des paliers de pale.

18. Procédé selon l’une quelconque des revendications
précédentes, comprenant l’accumulation des taux
d’usure actuelle dans le temps, l’extrapolation auto-
matique d’une durée de vie du palier principal et/ou
des paliers de pale.

19. Procédé selon la revendication 18, comprenant le
réglage du taux d’usure souhaité pour réduire la pro-
babilité d’une surcharge de l’un des paliers ou per-
mettant un remplacement simultané du palier prin-
cipal et des paliers de pale ou l’augmentation de la
durée de vie totale de la turbine sans remplacer les
paliers.

20. Éolienne dotée d’un rotor de turbine monté sur un
palier principal et un ensemble de pales de rotor
montées sur le rotor de turbine en utilisant des paliers
de pale, l’éolienne comprenant un dispositif de com-
mande pouvant être utilisé :

pour calculer un taux d’usure actuelle pour cha-
que du palier principal et des paliers de pale ; et
caractérisée par le calcul d’un réglage de pas
de pale des pales de rotor pour obtenir un taux
souhaité entre l’usure de palier principal et l’usu-
re de palier de pale en fonction des taux d’usure
actuelle calculés du palier principal et des pa-
liers de pale.

21. Produit de programme informatique contenant un
programme informatique qui, lorsqu’il est exécuté
sur un appareil de traitement de données, amène
l’appareil de traitement de données à commander
une éolienne en fonction du procédé selon l’une
quelconque des revendications 1 à 19.
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