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A method for determining the evolution of torqgue of at least one rotatable shaft (15) and the resulting fatigue damage to different
power train components (10) Is provided for design and/or maintenance operations in a wind turbine that comprises the steps of
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determining torque (Tg) at a high speed shaft (35) of the power train (10); determining moment of inertia (Ig) at said high speed

shaft (35); determining angular acceleration (ag) at said high speed shaft (35); and determining torque (Tr) at the low speed shaft

(15) of the power train (10) through the formula Tr= (Tg-lg.ag)i. A rainflow-counting algorithm may be applied to the value of the
torque (Tr) at the low speed shaft (15) for determining the number of cycles at ranges of torque for every torgue mean value.
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(57) Abstract: A method for
determining the evolution of torque
of at least one rotatable shaft (15)
and the resulting fatigue damage
to different power train components
(10) is provided for design and/or
maintenance operations in a wind
turbine that comprises the steps of
determining torque (Tg) at a high
speed shaft (35) of the power train
(10); determining moment of inertia
(Ig) at said high speed shaft (35);
determining angular acceleration
(otg) at said high speed shaft (35);
and determining torque (Tr) at the
low speed shaft (15) of the power
train (10) through the formula Tr=
(Tg-Ig.og)i. A rainflow-counting
algorithm may be applied to the
value of the torque (Ir) at the low
speed shaft (15) for determining the
number of cycles at ranges of torque
for every torque mean value.
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METHOD FOR DETERMINING FATIGUE DAMAGE IN A POWER TRAIN OF A
WIND TURBINE

Field of the invention

The present invention relates to a method for determining the evolution of
torque of at least one rotatable shaft and the resulting fatigue damage to
different power train components.

The invention Is particularly useful for design and/or maintenance operations
In wind turbines having a power train that includes a high speed shaft and a
low speed shaft. In use, said high and low speed shafts rotate at different
speeds which are related by a speed ratio.

BACKGROUND ART

A wind turbine power train has to transmit an input torque at a speed from a
low speed shaft (associated with rotor and blades) to a high speed shaft
(associated with a generator that converts said input torque at a given speed
into electric power).

Current wind turbines are fatigue critical machines so it is important to know
the value of said input torque at the low speed shaft of the wind turbine power
train In order to estimate the fatigue damage for the design of the power train
and/or maintenance operations in each wind turbine. This can be carried out
by determining the torque oscillations in the power train, particularly in the low
speed shaft.

The Invention makes it possible to precisely assess torque oscillations Iin the
low speed shaft of the wind turbine rotor. Having this low speed shaft torque
value together with the fatigue behaviour of the material of the component
being analyzed, as well as the annual wind speed distribution, then the fatigue
damage can be accurately known and consequently service lifetime of the
wind turbine.

Conventionally, an operating control and data log system may provide
accurate values concerning electric power In the generator and angular
velocity in the generator (i.e. the high speed shaft). However, input torque



CA 02701979 2010-04-08

WO 2009/053365 PCT/EP2008/064221

10

15

20

29

30

39

values in the rotor (low speed shaft) and angular velocity values Iin said low
speed shaft are difficult to be accurately obtained. Due to this lack of input
torque values at the low speed shaft, it is not possible at present to directly
and readily obtain the values for the torque to which the wind turbine power
train Is subjected.

Low speed shaft torque values are typically obtained by experimental methods
In combination with mechanical measurements through strain gauge means
by directly measuring stress values at the low speed shaft. This is capital
Intensive, specially taking into consideration the fact that this has to be done
for each power train.

The present invention provides a method through which the fatigue damage
due to torque oscillations Iin the wind turbine power train can be accurately
estimated from the electric torque and the angular velocity at the wind turbine
generator.

By knowing this value of fatigue damage In each of the wind turbine,
measures can be taken regarding key parts in the wind turbine (shafts, gears,
bearings, etc) before they become broken causing much more costly
damages than replacing a part before its breakage. The method of the
iInvention provides a possibility of knowing at all times the state of the parts In
the power train of the wind turbine.

The method of the invention makes therefore possible to determine for each
wind turbine whether it iIs necessary to replace some parts when design
fatigue limit has been exceeded so that it is possible to carry out suitable
operations of maintenance.

In addition, the method of the invention further permits design hypotheses to
be validated referred to produced fatigue loads through software simulation
and which have been taken into account in the design of the parts. This
validation Is usually carried out by means of a series of measurements in a
prototype machine. The method according to the invention will permit to such
validation to be carried out from available values causing fatigue.
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SUMMARY OF THE INVENTION

The present invention provides a method for determining the evolution of
torque of at least one rotatable shaft and the resulting fatigue damage to
different power train components for design and/or maintenance operations in
a wind turbine. The invention makes it possible to know the evolution of the
fatigue in a power train of a single wind turbine or a complete wind farm, with
the power train comprising a high speed shaft and a low speed shaft.

The method of the Invention comprises the steps of determining torque,
moment of inertia and angular acceleration at the high speed shaft of the wind
turbine. These determinations are carried out by directly measuring such
values at the generator. For determining the angular acceleration at the high
speed shaft a time-derivative of the angular velocity at the high speed shaft
may be used.

The method of the invention further includes the step of determining torque at
the low speed shaft of the wind turbine by multiplying the speed ratio of the
speeds at the respective shafts by the result of subtracting the torque at the
high speed shaft from the product of moment of inertia by the angular
acceleration at the high speed shafft.

For determining torque value variations at the low speed shaft of the wind
turbine power train a rainflow-counting algorithm procedure may be applied.
This step of applying a rainflow-counting algorithm to the value of the torque at
the low speed shaft may be performed at least for one torque mean value.

The result of this rainflow-counting procedure would be a data matrix including
number of cycles for every torque range at every torque mean value. This
makes possible to store service measurements in a form suitable for a fatigue
analysis of the components in a wind turbine, e.g. fatigue life prediction and
simulation testing.

The method may comprise a further step of determining the relationship
between the torque and the stress in the material at every point of every
component to be analysed. This relationship may be given by a factor or a non
linear equation applied to the torque value to obtain cycles at stress ranges for
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every mean stress value.

In case the equation is linear it can be simply a factor. In any case the
relationship between torque and stress has to be determined by an analytical
calculation or by finite element method (FEM) taking into account the
geometry and material of the component being analysed.

Alternatively, said further step may be carried out relative to strain values
Instead of stress values so that the equation giving the relationship between
the torque and the strain in the material at every point of every component to
be analysed can be determined. In case the equation is linear it can be simply
a factor. In any case the relationship between torque and strain Is determined
by analytical calculation or by FEM.

Torque value variations can be then transformed Into stress or strain
variations by applying the corresponding equation to the torque values, i.e. a
stress range — mean stress value matrix or strain range — mean strain value
matrix is made available for every component analysis point.

The method may also comprise a further step consisting in determining the
accumulated fatigue damage during a period of time Iin any of the parts of the
power train by comparing the number of cycles performed with a
predetermined limit established by an SN (stress/number of cycles) curve for
each stress range.

Alternatively the method can be carried out using strain values. In that case
number of cycles performed would be compared with a predetermined limit
established by an eN (strain/number of cycles) curve for each strain range.
This can be preferably carried out by applying the Miner's rule for assessing
the fatigue life of the wind turbine subject to complex loading. This rule is
applied by comparing for each stress or strain range the number of cycles
undergone by the system with the limit established by an SN/eN curve. The
SN curves can be defined by different methods (Leitfaden, FKM or SWL99).
SN and eN curves can be obtained by experimental methods. In any case, the
curve will be varied according the average stress/strain. The average stress or
strain value is obtained from the above defined matrix.
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When accumulated fatigue damage during a period of time exceeds a
predetermined value a warning signal can be sent according to a further step
of the method of the invention in one embodiment thereof.

Through the method of the present invention it is possible to determine the
evolution In time of the torque level to which the wind turbine power train is
subjected and how this affects Iin fatigue of the materials forming their
components.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described In the following as a non-limiting
example with reference to the appended drawings, in which:

Fig.1 I1s a diagrammatic view of a wind turbine power train; and

Fig.2 Is a graph of time versus torque resulting from an example in which
speed and power of the generator as well as estimated and measured torque
at the low speed shaft is shown.

DETAILED DESCRIPTION OF PARTICULAR EMBODIMENTS

A wind turbine power train denoted as a whole with reference numeral 10 Is
diagrammatically shown in Figure 1. Power train 10 serves the purpose of
transmitting the input torque Tr from a low speed shaft 15 of the rotor 20 to a
high speed shaft 35 in the generator 30 of the wind turbine through a gearbox
40 such that input torque Tr Is converted Into electric power. The angular
velocity wr of the low speed shaft 15 and the angular velocity wg of the high
speed shaft 35 are related by a speed ratio |.

The method of the invention allows fatigue damage to be accurately assessed
by determining the oscillations In the input torque Tr at a given angular
velocity wr of the wind turbine rotor 20. Assessment of fatigue damage will be
useful for design and/or maintenance operations in the wind turbine.

Torque value Tr at the rotor 20 is first determined from values at the
generator, that Is torque Tg, moment of inertia Ig, and angular velocity wg.



CA 02701979 2010-04-08

WO 2009/053365 PCT/EP2008/064221

10

15

20

29

30

39

Said values are available directly from the main power supply of the generator
30, that is, at the high speed shaft 35.

Then angular acceleration ag at the high speed shaft 35 can be then obtained
through the time-derivative of the angular velocity wg at the high speed shatft
395.

In a steady production state of the wind turbine the aerodynamic torque is
compensated exactly for the sum of the electric torque Tg at the generator
plus the frictional losses at the power train 10 and therefore Tr= Tg-i+Tp with
Tp being the frictional loss torque. In contrast, in transients in which torque
and velocity oscillations exist, that is, the usual operating mode, other forces
take place such as the inertial force of the generator, a damping load that
depends upon velocity, and a more or less constant torque that represents the
frictional losses and which are to be added to the electric torque for obtaining
the mechanical torque at the rotor 20 of the wind turbine.

Making said forces at the generator 30 and the rotor 20 respectively equal,
(Tg-lg-ag)-1 = (Tr-lr-ar). Due to the high rotor inertia (Ir >> Ig) it iIs assumed that
changes In velocity at the generator are much faster and more influential than
In case of the rotor and therefore it Is assumed that ar =0 so that the equation
will be Tr= (Tg-lg-ag)-i.

Once torque value Tr at the low speed shaft 15 Iis obtained through the above
formula, a rainflow-counting algorithm procedure can be applied in order to
assess variations in said torque value Tr. Data obtained through the rainflow-
counting algorithm procedure can be in the form of a data matrix (such as a
Markov's matrix), including the number of torque cycles for every torque range
at every mean torque.

This rainflow counting matrix must be stored and updated every certain period
of time, adding the new torque cycles to the previous ones In order to know
the total number of cycles that have been applied to the power train. Having
that, it Is possible to obtain anytime a matrix that i1s representative of the
fatigue loads applied to the system during its working life.

In order to determine fatigue of every component, the relationship between the
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torque and the stress at every point of every component that is needed has to
be calculated whether by analytical calculation or by finite element methods.
This calculation has to take into account the geometry of the part and the
mechanical characteristics of the material from which said part is made. This
relationship can be as simple as a unitary factor (linear relationship) or any
non linear equation that relates the torque with local stress or strain. Said
factor or non linear equation is previously obtained whether by an analytical
calculation or by finite element method (FEM).

Then the damage produced to the power train components by the torque
cycles can be calculated. Particularly, this is carried out by comparing the sum
of the cycles of all of the data obtained through the rainflow-counting algorithm
procedure including stress or strain cycle values at different ranges and with
different cycle mean value levels to SN/eN curves of the corresponding
materials of the components being analyzed.

A further step of the method of the invention may exist consisting in
determining accumulated fatigue damage during a period of time in any of the
parts of the power train 10 by comparing the number of cycles performed with
a predetermined limit for a SN curve for each load range, for example by
applying the Miner's rule.

A warning signal may be sent to a control unit when accumulated fatigue
damage during a period of time exceeds a predetermined value for being able
to investigate about what it has happened on a wind turbine or a wind farm so
that appropriate measures can be taken accordingly.

For validating this model an actual data example is now described according
to figure 2 relating to several voltage drop tests.

In this example it can be seen both an operation segment and a strong event
such a voltage drop and the machine recovery after such voltage drop. These
data include torque Tr at the low speed shaft 15 taken by means of strain
gauges.

As shown In the graph of figure 2, the curve obtained by the estimator follows
the real values with a high degree of accuracy.
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A constant delay is observed on the estimated torque value due to the
calculation of the angular acceleration ag at the high speed shaft 35 (the
generator 30). First, time-derivative of the angular velocity wg at the high
speed shaft 35 Is calculated and noise at high frequencies in the obtained
signal 1s to be removed. A filter i1s applied that provides a sharper but
somewhat delayed signal. This Is not a problem to the aim of the present
Invention which Is to obtain the most approximated data to reality for
monitoring fatigue in the wind turbine power train.

On the other hand, in the first steeper drop of torque caused to voltage drop
the estimated torque lowers even more that the actual torque value. This
effect is because in that time interval the machine recovery is being produced
and therefore there Is a transient in the electric system that introduces sudden
variations in the generated power. These variations introduce a disadjustment
In the calculation that is hardly to overcome, although the result is a greater
absolute value of the torque and therefore conservative for the calculation of
the fatigue. As shown immediately after the calculation torque oscillation again
reliably follows.

The method of the invention can be suitably implemented in each of the wind
turbines or at least In one representative wind turbine in each wind farm,
whereby the accumulated damage for specific loads in each wind turbine or
wind farm can be monitored. This Is feasible since the method of the present
iInvention makes use of two parameters for calculation, that is, the electric
torque at the generator (available from the generated electric power) and the
angular velocity wg at the generator.

Basic and usual data recorded for other variables are maximum, minimum and
average values for each time interval (e.g. 10 minutes). However, these data
are not enough for setting out the fatigue damage undergone by the wind
turbine power train. So, In order to assess the fatigue damage the method of
the invention makes use of the above mentioned rainflow counting algorithm
procedure through which load cycle values can be obtained at different ranges
and with different cycle mean value. This can be carried out for example by a
04x04 data matrix.
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These data may be passed once a week so that damage accumulation can be
performed on a monitoring and recording data system. Data in the form of a
table would be stored, e.g. In a database of the recording data system. Thus,
the sum of the cycles of all the matrices that the wind turbine has been
passing over its working life will be the cycles to be compared to SN/eN curves
corresponding to the material of the component about which the remaining life
IS desired to ascertain. An accumulated cycle matrix is therefore constructed.

Other embodiments could make use of a Leitfaden SN curve synthesis
algorithm, as stated above, or previously defining the curves and introducing
their parameters in a matrix form.
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CLAIMS

1- Method for determining the evolution of torque of at least one rotatable
shaft (15) and the resulting fatigue damage to different power train
components (10), for design and/or maintenance operations in a wind turbine,
said power train (10) comprising a high speed shaft (35) and a low speed
shaft (15) whose speeds of rotation (wr, wg) are related by a speed ratio (i),
characterized In that said method comprises the steps of:

- determining torque (TQ) at the high speed shaft (35);

- determining moment of inertia (lg) at the high speed shaft (35);

- determining angular acceleration (ag) at the high speed shaft (35);
and

- determining torque (Ir) at the low speed shaft (15) through the
formula:

Tr=(Tg-lg-ag)

2- Method as claimed In claim 1, wherein it further comprises the step of
applying a rainflow-counting algorithm to the value of the torque (1r) at the low
speed shaft (15) for determining the number of cycles at ranges of torque for
every torque mean value.

3- Method as claimed In claim 2, wherein said step of applying a rainflow-
counting algorithm to the value of the torque (1r) at the low speed shaft (15) is
performed at least for one torque mean value.

4- Method as claimed In any of the preceding claims, wherein it further
iIncludes the step of determining the relationship between the torque and the
stress In the material at every point of every component to be analysed.

5- Method as claimed In claim 4, wherein said relationship Is given by a factor
or a non linear equation applied to the torque value (Tr) to obtain cycles at
stress ranges for every mean stress value.

o0- Method as claimed in any of claims 1-3, wherein it further includes the step
of determining the relationship between the torque and the strain In the
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material at every point of every component to be analysed.

/- Method as claimed In claim 6, wherein said relationship is given by a factor
or a non linear equation applied to the torque value (Ir) to obtain cycles at
strain ranges for every mean strain value.

3- Method as claimed Iin any of the preceding claims, wherein it comprises a
further step determining accumulated fatigue damage during a period of time
iIn any of the parts of the power train (10) by comparing the number of cycles
performed at every stress range with the corresponding SN (stress/number of
cycles) curve for a mean stress value and the material of the component being
calculated, and summing all the obtained damages.

9- Method as claimed in any of the claims 1-7, wherein it comprises a further
step determining accumulated fatigue damage during a period of time In any
of the parts of the power train (10) by comparing the number of cycles
performed at every strain range with the corresponding eN (strain/number of
cycles) curve for a mean strain value and the material of the component being
calculated, and summing all the obtained damages.

10- Method as claimed in claim 8 or claim 9, wherein said step of determining
accumulated fatigue damage during a period of time Is carried out by applying
the Miner's rule.

11- Method as claimed in any of the preceding claims, wherein it comprises a
further step of sending a warning signal when accumulated fatigue damage
during a period of time exceeds a predetermined value.

12- Method as claimed in claim 1, wherein said step of determining the
angular acceleration at the high speed shaft (ag) I1s carried out through the
time-derivative of the angular velocity (wg) at the high speed shaft (35).

13- Method as claimed Iin claim 2, wherein said data obtained through the
ranflow-counting algorithm is in the form of a data matrix.
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