Rated Life Calculation Potential Of Gearbox Model Based Force Estimates
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ABSTRACT:

One main contributor for gearbox rated lifetime estimation is the assessment of bearing loading during predicted operating
conditions. This paper investigates an approach to determine input bearing loading by means of a TPA (Transfer Path
Analysis) approach. TPA is suggested to retrieve internal bearing forces from acceleration measurements acquired at the
outside of the gearbox housing. However, classical TPA methods would require the gearbox to be dismantled during the
transfer path determination process. This poses significant practical challenges. To overcome this issue, this paper
investigates the possibility of using a flexible multibody simulation model to calculate the different frequency response
functions between bearings forces and acceleration sensors. All simulations use a flexible multibody modeling approach,
which has been extensively validated. Main results of this validation process have been published by the authors in the past.
The paper discusses the results of such analysis on a multi-megawatt wind turbine gearbox. Here, simulated acceleration
measurements on the gearbox housing are processed into bearing forces. The feasibility of using these forces for a rating life
calculation is investigated.
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1. Introduction:

High reliability and optimized noise and vibration behavior are important aspects of a good wind turbine design [1]. Bearing
loading during operating conditions plays an important role in both fields [2,3]. Therefore, it is essential to accurately
determine these loads. However, direct bearing load measurements pose significant challenges both from a measurement
technology point of view as in the practical realization of the instrumentation inside the gearbox. The possible use of
sensors on the outside of the gearbox housing such as accelerometers has several advantages: amongst others their easy
installation, robustness to external influences and low price in comparison to internal instrumentation. Nonetheless, the
challenges are shifted to the determination of the relationships between the different internal quantities and the signals
measured on the outside of the system. This paper uses an approach based on transfer path analysis (TPA). However,
classical TPA methods would require the gearbox to be dismantled during the transfer path determination process. This
poses significant practical challenges. To overcome this issue, this paper investigates the possibility of using a flexible
multibody simulation model to generate the necessary input information for the transfer path calculations.

Different drivers govern wind turbine gearbox behavior in the different frequency ranges of interest [4]. In this work three
ranges of interest are defined: the quasi-static range, gearbox rigid dynamic range and gearbox flexible range. The gearbox
behavior in the first frequency range is completely defined by the quasi-static response of the drivetrain to quasi-static
external loading originating from the rotor and the generator. In the second frequency range the rigid body motions of the
gearbox and other wind turbine drivetrain components are the main drivers of the drivetrain dynamics. The third frequency
range shows highly complex modal behavior. Local gearbox flexibilities and local modal behavior are significant drivers in
this frequency range. Since TPA uses the local gearbox modal behavior to link different quantities within a system this
technique is advisable for the third frequency range. Therefore, the approach discussed in this paper will focus on bearing



force estimation in the third frequency range. The paper ends with the study of the applicability of the identified loading
histories for bearing rated life estimation.

2. Methodology:

The radial and axial loads acting on the internal bearings are identified during operating conditions by means of a system
inversion method: a set of measured external operational response signals are combined with an inverted system model for
the calculation of specific bearing forces. The inverted model can be frequency or time domain based. The pure gearbox
housing model is used, without the presence of internal components to avoid terms that could result in coupling effects.

2.1. Frequency domain technique

To estimate the bearing forces a transfer path based approach (TPA) is used to retrieve the internal quantities. The model
matrix consists of transfer functions between input bearing forces and output accelerations. Matrix inversion is applied to
retrieve the input forces. To overcome the disassembling issue, a flexible multibody simulation model is used to calculate
the different frequency response functions between bearings forces and acceleration sensors. The virtual models used in this
investigation are based on previously validated models [5,6,7].

The proposed method consists of the following steps:

1. Select the n bearing force degrees of freedom (DOFs) to investigate

2. Determine 2*n optimal acceleration positions on the gearbox housing. 2*n is suggested based to achieve a better
pseudo inverse matrix.

3. Determine FRF matrix H between the bearing forces and chosen acceleration locations of the pure gearbox
housing.

4. Calculate the pseudo inverse of the FRF matrix for each frequency of interest.

5. Measure acceleration signals at the selected response locations during operating conditions.

6. Multiply the inverted FRF matrix with the measured accelerations to calculate the bearing forces.

2.2. Time domain technique

In addition to the analysis in the frequency domain it is possible to perform a time domain based approach. The assumption
made in this method is that the full dynamic behavior of the system is linear and fully known since a model is used to
describe the system. This implies that a discrete-time state-space model of the system can be defined:

x=Ax + Bu (D)
y=Cx+Du (2

with x, the vector containing the states of the system, uy the vector of the externally applied forces and y, the vector with the
resulting system responses. In the gearbox case the external forces applied to the forward model are all bearing and gear
forces introduced in the gearbox housing.

Since the system matrices (ABCD) are fully known in the simulation model it is possible to analytically invert the system to
obtain the inverse model. Writing this model again in state space notation as a function of a new x;,, - vector containing the
inverse states and the u;,, - vector containing the accelerations on the gearbox housing results in:

xl;zv = (A - B.D_l.C)me + (B-D_l)uinv (3)
Vinv = D~ C. Xy + D_l-uinv (4)

or



Xy = A Xinv + Biny Uiny (5)
Yinv = Cinv Xinv + Dinv Uiny (6)

Time simulation using acceleration signals as input vector u, allows the calculating the force response vector at the bearing
and gear force locations.

3. Accuracy considerations

Three main drivers determine the accuracy of both the frequency and the time domain approach: the system model
accuracy, the model inversion error and the system observability corresponding to the used sensor set-up. The ability of the
reduced model, in this case the gearbox housing, to describe the system dynamics determines the model accuracy. If
experimental FRFs are used the main error sources are measurement errors. In the case of a model-based approach the
quality of the experimental model update is the defining factor. Since the forward model linking accelerations to input
forces is used, errors will be introduced by matrix inversion of the FRF matrix in case of the frequency based approach and
D-matrix inversion for the time based approach. The third source of error is due to measuring only a reduced set of
response points, which could result in bad observability of certain dynamic content of the system. The following
paragraphs define an optimization approach for improving the quality of the matrix inversion and discuss the observability
challenges.

3.1. Observability and optimal sensor locations

The dynamic response of the system is measured by means of acceleration sensors placed on the gearbox housing. If one is
considering the state-space equations the state-space vector contains the number of independent variables needed to fully
describe the state of the system. In practice however it is not possible to monitor all degrees of freedom. Therefore the
vibration sensors should be placed on those locations that result in maximal observability. This paper suggests the use of
the condition number of the system FRF matrix to choose the most optimal sensor locations. The condition number of a
matrix is the ratio of the largest singular value to the smallest singular value of the matrix. It is a measure of the ill
conditioning of the matrix. Reduction of condition numbers usually results in an improved force determination [8].
Literature review revealed that it is suggested to use at least twice the number of forces to estimate as number of response
points [9]. This paper suggests a bootstrapping approach to choose the optimal locations. A net of virtual accelerometers is
created on the surface of the gearbox housing. An initial accelerometer location needs to be selected from the virtual
accelerometer net. Subsequently the algorithm adds additional accelerometers one by one until the total number of requested
accelerometers is reached. For each time an accelerometer is added the influence of all virtual accelerometers on the total
FRF matrix condition number is tested. All accelerometers of the virtual net are added one by one and the corresponding
condition number of the FRF matrix recorded. The accelerometer corresponding to the minimum condition number is
chosen as additional accelerometer and added to the set.

3.2. Pseudo-inverse matrix calculation

A critical step in both the frequency and time based approach is the inversion of the FRF matrix or system D matrix.
Traditionally a pseudo inverse is calculated. The classical least-squares approach is used to calculate the pseudo inverse of
the FRF matrix. Good conditioning of the FRF matrix is essential for high quality inversion. There are several influence
factors for ill conditioning. Two or more excitations can be too close and are therefore difficult to separate due to too
equivalent response. Another possibility is poor modal participation of the response particularly in low frequency or in the
vicinity of lightly damped resonant frequencies of the structure. The number of modes significantly participating to the
response has to be at least equal to the number of unknown forces. In the case of ill-conditioning some linear dependencies
are introduced between columns of the transfer matrix. Several linear combinations exist, which could generate the
measured deflection shapes with equivalent residual quantities. Therefore one of these solutions has to be chosen. The strict
application of the classical least-squares approach would lead to the selection of the solution with the smallest residue, but
the magnitude of this solution is often too large to be realistic [8,10]. Many solutions with significantly higher residue are
far more realistic. Different methods exist. The most popular regularization methods are truncated singular value
decomposition (TSVD) and Tikhonov [10]. These methods are based on the adjustment of a regularization parameter, that
changes the importance given to the minimization of the residue norm on the one hand and the solution norm on the other
hand. Many variants of this method are available. This document discusses an approach based on the L-curve principle [11].
The L-curve principle is combined with a TSVD regularization, based on the singular value decomposition of the transfer
matrix:



[H]mn = [Ulmn[STanlVInn )

With:

e H:FRF Matrix

e M : number of outputs (response points)

e N : number of inputs

e S:diagonal matrix of singular values sorted in descending order
eV :unitary matrix

e U :matrix such that U"-U =1

The TSVD is based on an approach to regularize the matrix [S];2 by zeroing the last elements of the diagonal matrix. A
regularizing parameter s corresponding to the number of kept singular values is defined. (n-s) singular values are set to zero
in this approach. Since the elements of S are arranged in descending order this corresponds to the (n-s) smallest singular
values. The regularized pseudo-inverse of the transfer matrix based on the chosen s number can be written as follows:

[ = Vhn [ S5 0] 015, ®

The parameter s is the artificial rank given to the transfer matrix. In case the system matrix is rank deficient the parameters s
should be chosen such that the solution of the above equation is of minimal norm. The selection is done based on the L-
curve principle adapted for TSVD discussed in [10]. The selection is based on the parametric curve with the residue norm
(p) on the x-axis and the solution norm (n) on the y-axis in function of the regularization parameter s. Figure 1 shows an
example of such an L-curve.
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Fig. 1 Example of L-curve and corresponding parametric curve

The inputs for the L-curve are defined by:

X — [HIF| ©)
pn(s) = 7”)(”
e (10)
un(s) = u(n)

pn (s) and uy (s) are the values of the solution norm and the normalized residue norm for s = n . This is the case of no
regularization. The equation below uses these parameters to determine the optimal point on the L-curve[10]:

e(s) = py(s) + un(s)(1 — py(n)) (11)



The optimal point of the L-curve is its angle for which the decrease of s has caused an important diminution of the solution
norm 1 without a significant growth of the residue norm p. For the L-curve shown in the figure above the red cross marks
the optimal point.

4. Virtual models

A representative multi-megawatt wind turbine gearbox is chosen for the feasibility study. Two models are used: a full
gearbox flexible multibody model and a gearbox housing Craig Bampton Reduced finite element model. The former model
is used to generate reference signals, whereas the latter model is used in the actual TPA calculations. Figure 2 shows the
layout of the flexible multibody model of the entire wind turbine gearbox. The bearings under investigation are highlighted.
The gearbox consists of three stages: a High Speed Stage containing the High Speed Shaft (HSS) with bearings HSS B1
and HSS_B2, and the Low Speed Shaft (LSS) with bearings LSS B1 and LSS _B2; A planetary Intermediate Speed Stage
with one bearing PS2_B1; A planetary Low Speed Stage with bearings PS1_B1 and PS1_B2.

PS1_B2 PS2_B1
HSS_B1 HSS_B2
A n_out
L T_out
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Z-
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Fig. 2 Gearbox scheme and bearings locations (green)

On the outer surface of the gearbox model, 205 virtual tri-axial accelerometers are placed in a grid pattern, thus to cover the
entire surface of the housing and capture the most information to allow for a future obeservability study.

5. Virtual experiment

To assess the potential of the time and frequency based TPA method a virtual experiment is conducted. For brevity reasons
only the frequency based approach is discussed. The full gearbox model is used to generate time signals for all bearing
forces of interest and accelerometers of the virtual accelerometer net. Nominal torque is applied to the planet carrier at the
gearbox input. A rotational damper at the HSS output shaft creates steady state conditions after an initial run-up. Dynamic
excitation is originating from the gear meshing at the different gear stages. Two seconds of signal length are cut from these
steady state conditions and used as input for the TPA calculations. The input acceleration signals for the TPA are a subset
of 63 acceleration signals. This number of sensor signals is equal to three times the number of bearing forces to estimate.
Figure 3 shows an example bearing force frequency spectrum for TPA estimation and full gearbox model time simulation.
Forces are compared at the different gear meshing frequencies, since excitation is necessary to result in a representative
acceleration signal on the housing. In general it can be concluded that estimate quality changes over frequency. The errors
can be due to observability and model inversion issues. Estimation tended to be worse at lower frequencies, which is in line
with the higher condition numbers found in the low frequency range. Strain signals could be added to the measurement set
to improve this low frequency behavior. Further investigations will focus on improving these condition numbers and trying
to optimize observability.
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Fig. 3 Example of estimated bearing forces

Potential for bearing rated life calculations

A common calculation method for rated life of bearings is the I o-approach. Bearing life is expressed as the number of
revolutions a bearing can achieve with 10% failure probability [12]. The input for these calculations is a bearing force time
signal for the axial and two radial DOFs. In a first step these forces are classified in load bins depending on their value.
These bin values for axial and radial DOFs are used as input to determine the total loads in the different DOFs and combine
these loads into a total equivalent load:

P =XE. +YF, (12)
with:

e F,: Radial force

e F.: Axial force

e X, Y: Specific bearing coefficients from catalogue
e Py = equivalent dynamic bearing load

Including all equivalent bearing loads in the following formula results in an estimate of the rated life:

Cp\°
Ly = <P_> (13)

eq
with:

e Cp=dynamic load rating (from catalogue)
o p =3 for ball bearings, 10/3 for roller bearings

There are several challenges with using the Lig-approach in combination with the TPA approach. The first is the need for
time-based signals. This challenge can be overcome by using the inverse FFT to transform the signals back to the time-
domain. Since the bins-approach is used there is no need to save the exact moment in time that a peak occurred. The second
main challenge is the quasi-static character of the Lig-approach. The dynamic forces shown in the TPA spectra are
superimposed on the quasi-static force fluctuations. Due to their low amplitude they are not visible in the force bins.
Nonetheless there is a large number of cycles related to these loading conditions. To be able to objectively include their
influence on the overall rated bearing life it would however be necessary to adjust the Ly approach. Since the TPA
approach delivers the full frequency spectrum this extension is needed in order to fully use the potential of the TPA.



Conclusions

This paper discussed a TPA based approach to determine bearing forces of a wind turbine gearbox by means of external
acceleration measurements on the housing. The different challenges related to the estimation were suggested and a full
method was described. The compatibility of this approach with classical L, rated bearing life discussed and concluded that
an extension of the classic formulae is needed if the non-quasi static forces identified by the TPA want to be included.
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