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ABSTRACT

Noise and vibration issues can be dealt with using several approaches. Using the source–transfer path–receiver approach,
a vibration issue could be solved by attenuating the source, modifying the transfer path or by influencing the receiver.
Applying this approach on a wind turbine gearbox would respectively correspond with lowering the gear excitation levels,
modifying the gearbox housing or by trying to isolate the gearbox from the rest of the wind turbine.

This paper uses a combination of multi-body modelling and typical transfer path analysis (TPA) to investigate the
impact of bearings on the total transfer path and the resulting vibration levels. Structural vibrations are calculated using a
flexible multi-body model of a three-stage wind turbine gearbox. Because the high-speed mesh is often the main source of
vibrations, focus is put on the four bearings of this gear stage. The TPA method using structural vibration simulation results
shows which bearing position is responsible for transmitting the highest excitation levels from the gears to the gearbox
housing structure.

Influences of bearing stiffness values and bearing damping values on the resulting vibration levels are investigated by
means of a parameter sensitivity study and are confirmed with the results from the TPA. Because both the TPA and the
parameter sensitivity analysis revealed a big influence on radial stiffness for a certain bearing, this was investigated in more
detail and showed the big importance of correct axial bearing position.

The main conclusions of this paper are that the total vibration behaviour of a wind turbine gearbox can be altered
significantly by changing both bearing properties such as stiffness, damping and position, and bearing support stiffness.
Copyright © 2014 John Wiley & Sons, Ltd.

KEYWORDS

wind turbine gearbox; vibrations; transfer path analysis; bearings

Correspondence

F. Vanhollebeke, ZF Wind Power Antwerpen NV, Ottergemsesteenweg 439, B-9000, Gent, Belgium.
E-mail: frederik.vanhollebeke@zf.com

Received 10 July 2013; Revised 27 January 2014; Accepted 11 February 2014

1. INTRODUCTION

Wind turbine manufacturers are faced today with more stringent noise regulations than before, especially when the wind
turbines are placed close to urbanized areas. In order to meet these regulations, the wind turbine manufacturer translates
these regulations to individual specifications for all individual wind turbine components that produce, transmit or radiate
noise and vibrations. However, compliance of these individual components to these component specifications does not auto-
matically result in compliance of the wind turbine with the overall noise regulations. Global system dynamics, which could
cause tonalities, cannot be assessed solely by the wind turbine manufacturer or by individual component manufacturers
but should be assessed through cooperation of wind turbine manufacturer and component manufacturers during wind
turbine development.

In general, noise radiated from a wind turbine can be subdivided in two big categories:

1. Aeroacoustic noise
2. Mechanical noise

Copyright © 2014 John Wiley & Sons, Ltd.
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Aeroacoustic noise originates from the aero-elastic interaction between the air and the blades, the tower and the nacelle.
This includes flow separation noise, trailing edge noise, leading edge noise and tip noise1 and is primarily broadband of
nature. Aeroacoustic noise is airborne noise: noise which is propagating through the air to the surroundings.

Mechanical noise originates from interaction between mechanical components such as gears. Mechanical noise sources
include the gearbox, generator, cooling fans, yaw drives and hydraulics. Mechanical noise is most often tonal of nature and
is initially propagating structure-borne noise: propagating through the mechanical structure as vibrations. This mechanical
noise will propagate through other structures, bearings and bushings to surfaces, which will radiate the structure-borne
noise into airborne noise.

The overall noise level of a wind turbine is determined by the aeroacoustic noise, whereas tonalities in this noise are
mostly originating from mechanical noise. When these tonalities become audible, they can increase the annoyance. Wind
turbine noise is measured and evaluated using the ISO/IEC 61400:11 standard2 and audible tones lead typically to penalties
on the overall noise level. Such penalties can lead to delays in turbine start up and/or even sub-optimal wind turbine
operation—e.g. shifts in power curves to comply with noise emission regulations. Therefore, it is crucial to take noise
sources and their propagation already into account during the design process of the wind turbine.

The main transfer paths are schematically illustrated in Figure 1 and show how the aeroacoustic and mechanical noises
propagate through the wind turbine. It shows how the mechanical noise from the gears in the wind turbine gearbox is
transmitted (i) through the gearbox shafts to the main shaft and the high-speed shaft (HSS) and (ii) through the bearings to
the gearbox housing. Vibrations of the gearbox housing are then transferred to the bedframe or radiated as airborne noise
inside the wind turbine.

Multiple approaches can be considered when a reduction of noise originating from the wind turbine gearbox is necessary.
The gear macro-geometry and micro-geometry could be altered and optimized, the gearbox housing could be modified and
torque arm bushings could be optimized. This paper, however, focusses on the bearings. Firstly, it uses classical transfer
path analysis (TPA) to investigate how the vibrations are transmitted through the individual bearings: does one bearing
transmit more vibrations than another bearing? Secondly, the effect of modifications (such as stiffness and damping, bearing
positioning and bearing support stiffness) of individual bearings on the resulting vibration levels are investigated and
evaluated. The impact of additional damping caused by changing from roller bearings to journal bearings is illustrated with
test bench vibration measurements on an actual wind turbine gearbox.

The paper starts with a description of the gearbox model (Section 2) and continues with a description of the TPA
methodology that was used in this investigation (Sections 3 and 4). Using this TPA method, two investigations are

Figure 1. Main noise and vibration transfer paths throughout the entire wind turbine.
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performed: one on the sensitivity for stiffness and damping values (Section 5) and one for axial bearing position (Section 6).
Section 7 ends with the main conclusions.

2. GEARBOX MODEL

2.1. Gearbox multi-body model

The gearbox multi-body model is used to calculate the structural transfer paths from the gears to the gearbox housing and
to evaluate gearbox housing vibration levels. Figure 2 shows a graphical representation of this wind turbine gearbox. It is
a multi-megawatt gearbox with two planetary gear stages and one parallel gear stage. Tables I and II give a brief overview
on what is included and how it is modelled. The total model (including all flexibilities) contains 506 degrees of freedom.
More information about the necessary details for such a model (such as bearing complexity and flexibility of structural
components) and a validation of this modelling approach can be found in the earlier work of the authors.

For all the following investigations, the model ran under nominal load and at nominal speed resulting in a high speed
mesh around 500 Hz. Vibration amplitudes were quantified by defining virtual accelerometers in the multi-body model.

Figure 2. SIMPACK model of the gearbox. Left, outside; right, inside.

Table I. Modelling details of the structural model—bodies.

Bodies (13) Approach

Planet carriers Flexible—CMS reduction up to 2 kHz
Relative DOFs of planet carrier 1: 6 rigid, 51 flexible
Relative DOFs of planet carrier 2: 6 rigid, 26 flexiblea

Planet shafts Flexible—CMS reduction up to 2 kHz
Relative DOFs of planet shafts included in planet carrier model

Planets Rigid body
Relative DOFs of all planets 6 � 6 rigid

Sun shafts Flexible—CMS reduction up to 2 kHz
Relative DOFs of Sun 1: 0 flexiblea

Relative DOFs of Sun 2: 6 flexible
Parallel shafts Flexible—CMS reduction up to 2 kHz

Relative DOFs of Low speed shaft: 6 rigid, 0 flexible modesb

Relative DOFs of High speed shaft: 6 rigid, 3 flexible modes
Gear wheel Rigid body
Housing Flexible—CMS reduction up to 2 kHz

Relative DOFs of Housing: 6 rigid, 354 flexible modes

CMS D component mode synthesis; DOFs D degrees of freedom.
aThe planet carrier of the second stage and the sun of the first gear stage
were modelled and reduced into 1 body.
bNo relevant modes in frequency range of interest.
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Table II. Modelling details of the structural model—forces.

Forces (36) Approach

Gear forces SIMPACK force element including varying stiffness, gear slicing, backlash and so on.
Bearings 6 � 6 fully populated stiffness matrix and 6 � 6 diagonal damping matrix.

More details on the bearing modelling is given in Section 2.2

These virtual accelerometers were placed on the same locations as the accelerometers which are used during end-of-line
testing for quality protection and are labelled A–J.

2.2. Bearing model

Figure 1(2) shows the transfer path from gear excitation to the gearbox housing. Because the bearings are located inside
this transfer path, they have the ability to influence and reduce or amplify the transmitted noise. Therefore, additional effort
is put in the adequate modelling of the bearings for these investigations.

2.2.1. Literature review.
Many models with varying complexity exist to include bearings in large models of rotating mechanical systems. The

simplest models just constrain the shafts in the gearbox housing. More complex models include the bearings by including
radial .Kyy and Kzz/ and possibly also axial .Kxx/ stiffness values (equation (1)). Both Gargiulo3 and Harris4 derived
formulas to calculate these stiffness values. However, for an accurate investigation of the noise and vibration behaviour of
the system, a more accurate model is needed that also includes rotational stiffness values and the so-called off-diagonal
values, which couple the relative displacements with resulting moments and vice versa [5, 6] and7 (equation (2)). Lim and
Singh5 proposed an analytical model based on Hertzian pressure to calculate next to the radial, axial and torsional stiffness
values also these off-diagonal values using a discrete summation over all rolling elements. Liew and Lim8 extended this
approach to also include the effect of varying stiffness by the changing number of rolling elements in contact, and thus
taking a noise source effect of the bearing into account. Guo9 used a contact-based finite element model to calculate the
stiffness values and compared it with some of the aforementioned models.
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2.2.2. Coupling the bearing model with the multi-body gearbox model.
Coupling the bearing model with the multi-body model could be performed in several ways:

1. Calculate, using the bearing model, the stiffness values at a certain operating condition and import those stiffness values
in the multi-body model,

2. Store calculated stiffness or force values at several bearing deflections in a lookup-table, and let the multi-body model
interpolate in this lookup-table or

3. Include the bearing model by means of function expressions or user code in the multi-body programme.

In the first approach, only a linearized model of the bearings around the operating condition is available in the multi-body
model. Therefore, depending on the amount of non-linearity of the bearings, only simulations around this operating condi-
tion can be considered as reliable, and bearing deflections could be wrong. The second and third approach do consider the
bearing non-linearities in the multi-body model and can thus be used in a wider range of operating conditions and can be
considered as more accurate with respect to bearing deflections.10
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This paper uses a combination of the first two methods. Stiffness values which are used directly in the multi-body
software or which are used to build the lookup-table are calculated by the bearing supplier and include the off-diagonal
values.

3. USING TPA TO GAIN INSIGHT IN THE TRANSMISSION OF GEAR
EXCITATION THROUGH THE DIFFERENT BEARING POSITIONS

Transfer path analysis is a collection of methods which are mainly used in the automotive industry to investigate how
vibrations are transferred from source to receiver. Many variants of this technique exist. The choice of method to use mainly
depends on which experimental data is at hand. In general, all these methods separate the active parts (in automotive, the
engine and gearbox, e.g.) from the passive part (in automotive, the car body) and quantify how the vibrations are transmitted
from the active parts to a receiver in the passive part (acceleration or pressure).[11, 12] The locations where the active part
connects with the passive part are called the interface locations, and the functions which describe the relation between force
input on an interface location to a receiver are called the transfer paths.

In the case of a coherent active part, the resulting accelerations in measurement point t, atX , atY and atZ , are calculated
by summing all individual contributions to measurement point t. These individual contributions are calculated by multi-
plying the transfer paths Pt,i from interface i to measurement point t with the loads Fi (three forces and three moments)
acting on the interface point i:
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These transfer paths can be obtained by measuring the frequency response functions (FRFs) from interface i to
measurement point t with the active part removed. In total, 3�6�n FRFs should be measured for each measurement point.

Commonly, the gearbox is considered as the active part. Similarly, the described methodology can also be applied to
the gearbox. The rotating parts, (gears, shafts and planet carriers) which are considered as the active parts, transfer their
vibrations through the bearings and ring wheels to the receivers. In this way, the individual contribution of the vibrations,
originating from a gear pair, through each bearing on a receiver (accelerometer and total noise) can be investigated. This
shows which bearing transmits the most vibrations from the gear to the outside world and probably also which bearing (or
bearing position) has most effect on reducing the noise.

4. COMBINING SIMULATION MODELS WITH TPA

Although TPA methods are widely used on a physical test set-up, they can also be used to gain additional insights in the
multi-body model. In contrast with using TPA on a physical test set-up, acquiring all the structural FRFs and operational
forces (even the rotational FRFs and the moments) is quite an easy and straightforward job on a multi-body model.

Figure 3 shows a graphical representation of the internals of the gearbox. The hatched zones indicate the interface
locations of the different transfer paths from the active zone (rotating parts) to the passive part (housing). These interface
locations include ring wheels and bearings and are given in Table III. Note that the bearing called PS2PCB12 are physically
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Figure 3. Simplified graphical representation of the gearbox. Hatched zones are TPA interface locations.

Table III. Overview of the different interface locations.

Name Description

PS1PCB1: First planetary stage—planet carrier bearing, rotor side
PS1PCB2: Second planetary stage—planet carrier bearing, generator side
PS1RNGRS: First planetary stage–ring wheel
PS2PCB12: Second planetary stage—planet carrier bearing
PS2RNGRS: Second planetary stage—ring wheel
LSSB1: Low-speed shaft—rotor side
LSSB2: Low-speed shaft—generator side
HSSB1: High-speed shaft—rotor side
HSSB2: High-speed shaft—generator side

two separate bearings in a set. In the simulation model, however, they are considered as one bearing: one 6 � 6 stiffness
matrix or one stiffness map. The virtual accelerometers are used as receiver points.

The following data was simulated using SIMPACK (Simpack AG, Friedrichshafener Strasse 1: D-82205 Gilching,
Germany):13

� FRFs from the interface locations to the accelerometer positions. In total, 1620 FRFs are calculated: 9 interface
locations � 6 force components per interface location � 10 accelerometer positions � 3 directions per accelerometer
position. For this FRF calculation, all the active parts are removed.

� Forces (in six directions) in all the interface locations.
� Accelerations (in three directions) at all accelerometer locations.

The TPA analysis itself was carried out using LMS Test.Lab. (LMS International NV, Interleuvenlaan 68, B-3001 Leuven,
Belgium).14

Only results from the high-speed mesh are reported. Similar analyses as those reported here can be performed on other
gear meshes. All analyses were performed at nominal speed, which results in a high-speed mesh frequency around 500 Hz.
Figure 4 shows the acceleration spectrum at measurement point B in X direction (shown in Figure 3). This measurement
point has the highest vibrations at the high-speed mesh frequency compared with the other measurement points. This is
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Figure 4. Simulated acceleration spectrum at measurement point B, X direction.
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Figure 5. TPA vector contribution plot at measurement point B, X direction.
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Figure 6. TPA vector contribution plot at measurement point B, X direction. Combined result.

plausible because it is mounted very close to the low-speed shaft—generator side (LSSB2) and high-speed shaft generator
side (HSSB2) bearings, which support the high-speed gears. Figure 5 is a typical result of a TPA. At each frequency for all
receiver locations, such a figure can be made. Each path is graphically represented by an arrow indicating amplitude and
phase. All these individual paths are vectorially summed to obtain the total vibration level (equation (3)). It shows how the
gear excitation propagates through all bearing locations (amplitude and phase) in all directions (X, Y, Z, ˛, ˇ and � ) to
the receiver location. Figure 6 shows the same result but with all directions of each transfer path combined. Both figures
reveal a large contribution of the high-speed gear mesh excitation on the total level through the LSS bearings. This implies
that for this gearbox, attempts to reduce the vibrations levels at the high-speed gear mesh frequency in measurement point
B should focus on those bearings. Note that this finding is gearbox-specific and depends on many factors such as actual
bearing stiffness values and also on the structural dynamics of the gearbox housing.

5. EFFECT OF BEARING STIFFNESS AND DAMPING VALUES ON THE
TRANSMISSION OF GEAR EXCITATION

This section investigates how bearing selection influences the transmitted gear noise by investigating:

1. Changes in individual bearing stiffness values,
2. Changes in the surrounding structure that supports the bearing, and
3. Changes in bearing damping.

Wind Energ. (2014) © 2014 John Wiley & Sons, Ltd.
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5.1. Bearing stiffness variations

Several parameters determine the stiffness values of a bearing; most of them are design parameters such as dimensions,
number of rollers, contact angle; but also, operating parameters such as load and pre-stress will influence the resulting stiff-
ness values. Both analytical (such as parameter variations on contact angle in the work by Lim and Singh5) and numerical
(directly on the individual stiffness values) parameter variations can be used to investigate the influence of the stiffness
values on the resulting vibration levels. As a general remark, it should be noted that this investigation is purely theoretical
and that bearings and their properties are mainly selected on the basis of required bearing lifetime and not on noise and
vibration characteristics.

In this paper, a combined approach is chosen. Firstly, the analytical formulations of Lim and Singh5 are used to determine
how the contact angle and pre-stress influence the bearing stiffness values and whether or not certain stiffness changes are
feasible. Secondly, a numerical parameter sensitivity analysis is performed on the stiffness values of the bearings.

5.1.1. Analytical investigation.
For this investigation, the LSSB1 bearing (Figure 3) was used and modelled using the approach formulated by Lim and

Singh. Bearing inner ring–outer ring displacements were calculated using the multi-body model. Using these displace-
ments, individual roller forces are determined on the basis of Hertzian pressure theory. These individual roller forces are
then summed and differentiated to obtain all stiffness values. A detailed description including mathematical formulation
can be found in the works of Lim and Singh.5

Two parameter variations were performed: a variation of the bearing contact angle ˛0 and the pre-stress. Figures 7 and 8
show the evolution of eight stiffness values from the 6�6 stiffness matrix: the axial and both radial stiffness values .Kxx, Kyy

and Kzz/, the two non-zero rotational stiffness values .Kˇˇ and K�� ) and three off-diagonal values .Kx� , Ky� and Kzˇ /.
The following observations can be made:

1. The angular position of the rollers in the bearing (and thus the number of rollers in the loaded zone) causes stiffness
variations up to 5%. This implies that stiffness changes smaller than 5% should be considered as negligible.

2. A 2ı increase of contact angle modifies

� The axial stiffness by approximately 25%;
� The radial stiffness values by approximately 1%;
� The rotational stiffness values by approximately 25%; and
� The off-diagonal stiffness values by approximately 10–35% depending on the direction.

3. Inducing a pre-stress by offsetting the axial bearing position by 0.05 mm results in a stiffness change of approximately
30% for axial, radial and rotational stiffness values, and in a stiffness change between 20% and 170% for the off-diagonal
stiffness values.
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Figure 8. Change in bearing stiffness value due to addition of pre-stress.
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Figure 9. Change in absolute vibration levels at high-speed gear mesh frequency in measurement point Bx by changing stiffness
values of LSSB1 bearing.

5.1.2. Numerical parameter sensitivity study.
It is expected that (at least for measurement point BX/ the results of the numerical sensitivity study are in agreement with

the presented TPA analysis results. In this analysis constant 6 � 6 stiffness matrices were used and their stiffness values
were subdivided in 4 categories:

1. axial stiffness,
2. radial stiffness,
3. rotational stiffness, and
4. off-diagonal terms.

For each bearing of the parallel gear stage (LSSB1, LSSB2, HSSB1 and HSSB2), these bearing stiffness values were
modified in a range of �50% to +50% to investigate the impact on the total resulting vibrations. Figures 9 and 10 show the
resulting change in absolute vibration values at the high-speed gear mesh frequency in measurement point Bx by a change
in stiffness values for bearing LSSB1 and LSSB2. On the basis of the results of all simulations, the following conclusions
can be made:

� For LSSB1, the axial stiffness values seem to influence the resulting vibration levels the most, whereas the rotational
stiffness values seem to have the lowest impact on the resulting vibration levels. For the point BX as well as the other
accelerometer points, this agrees with the findings of the TPA (Figure 5).

� For LSSB, both the radial and the off-diagonal stiffness values have a large influence on the resulting vibration levels.
The reason for this high dependency is explained in Section 6. Similar with LSSB1, the rotational stiffness values do
not seem to influence the resulting vibration values a lot.

� Only the axial stiffness values of HSSB1 have an influence on the resulting vibration values, which is similar with
what was predicted by the TPA analysis for point BX .
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Figure 10. Change in absolute vibration levels at high-speed gear mesh frequency in measurement point Bx by changing stiffness
values of LSSB2 bearing.

Figure 11. Mesh of finite element model of housing with left: original LSSB1 bearing support structure, and right: stiffened LSSB1
bearing support structure.

� For HSSB2, both axial, radial and off-diagonal stiffness values seem to influence the total vibration results. Again,
with little to no influence of the rotational stiffness values.

5.2. Geometry modifications

Instead of influencing the stiffness by changing the bearings, also the stiffness of the supporting structure (which is already
part of the passive part) could be modified. On the basis of the results from Section 5.1, this is carried out for bearing
position LSSB1 in the axial direction. Additional ribs were added to the structure to increase its stiffness. The main intent
was to increase axial stiffness, however, by the addition of these ribs; also, the stiffness in other directions changed. A finite
element calculation showed that the stiffness was increased by approximately 20% for the axial direction and between
25% and 40% in radial and rotational directions according to the direction (ribs were not placed symmetrically). Figure 11
shows both the original geometry and the modified geometry with the additional ribs.
Results showed an average reduction of about 15%. Vibrations at measurement point Bx reduced with about 10%. Three out
of 32 measurement points showed an increase in vibration values, but their resulting vibration values are still considered to
be low compared with measurement point Bx.

5.3. Damping variations

Next to stiffness values, also damping values of a bearing could possibly influence total noise and vibration behaviour.
Damping of bearings could be modified by changing design parameters or lubricant. The highest change in damping
however is not by changing bearing properties, but by changing the bearing from normal roller bearings to journal bearings.
This could lead to an increase of damping by a factor up to 1000. [15, 16] In this investigation, only the influences of
changing the damping of the bearings is investigated; stiffness values are left unchanged.

Table IV shows the results for all measurement points. It shows significant reduction of vibration levels in almost all
measurement points. Switching from roller bearings to journal bearings would improve total noise and vibration behaviour.

Wind Energ. (2014) © 2014 John Wiley & Sons, Ltd.
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Table IV. Changes in resulting vibration levels due to
an increase in damping in all bearings.

Measurement Relative change

point �10 �100

A:+X �56.10% �76.64%
A:+Y �19.91% �20.39%
A:+Z �50.70% �9.00%
B:+X �27.90% �64.04%
B:+Y �27.87% �35.22%
B:+Z �51.23% �65.12%
C:+X �51.10% �71.50%
C:+Y 50.35% 15.88%
C:+Z �46.35% �66.29%
D:+X �26.16% �61.07%
D:+Y �9.05% �46.86%
D:+Z 1.18% 21.64%
E:+X 6.67% �7.11%
E:+Y �7.39% �20.30%
E:+Z �19.32% �43.85%
F:+X �7.19% �65.58%
F:+Y �15.91% �52.15%
F:+Z 0.79% �15.04%
G:+X �4.44% �19.92%
G:+Y 144.87% 183.25%
G:+Z �17.18% �33.10%
H:+X �15.78% �36.94%
H:+Y 139.56% 176.88%
H:+AZ �29.48% �81.99%

A O1 A O2 A O3 B O1 B O2 B O3 C O1 C O2 C O3 D O1 D O2 D O3

Measurement position, orders 1, 2 and 3
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Figure 12. Vibration results of a gearbox refitted with journal bearings (black crosses) compared with 378 unmodified gearboxes (box
plots). Measurement locations (A–D) are different than those used in the multi-body model.

Figure 12 shows results of a physical test on a test bench of a ZF (Wind Power Antwerpen NV) technology demon-
strator case in which the wind turbine gearbox was refit with journal bearings. This gearbox contained one planetary
stage and two parallel gear stages. In this ZF technology demonstrator, all bearings of the parallel gear stages were
refit with journal bearings. Figure 12 shows results of some vibration measurements of both 378 unmodified gearboxes
(box plots) and the modified gearbox with journal bearings (black crosses). Because of confidentiality reasons, not all
details can be shared. However, it is clear that refitting the normal bearings with journal bearings significantly lowered
vibration amplitudes.

6. EFFECT OF BEARING POSITION ON THE TRANSMISSION OF
GEAR EXCITATION

Zhou17 showed that the axial positioning of a bearing with respect to the gearbox housing could play a significant
role in the resulting noise and vibrations. Figure 13 explains this phenomenon. The radial gear mesh forces, which are
oscillating at the meshing frequency, will cause large or small bending moments on the housing depending on the bearing
position, i.e. further from or closer to the housing wall. These bending moments will cause out of plane vibrations of the
housing wall.
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Figure 13. Schematic representation of how the axial position of a bearing can influence the total noise and vibrations. Left: bearing
positioned far from housing wall. Right: bearing positioned close to housing wall.
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Figure 14. Relative changes in averaged absolute vibrations levels at high-speed gear mesh frequency by changing the axial position
of a bearing.
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Figure 15. Relative changes in absolute vibrations levels at high-speed gear mesh frequency on measurement point BX by changing
the axial position of a bearing.

The effects of an axial offset of the bearings of the parallel gear stage are investigated in a range between +50 and
�50 mm. Because of its large dependency on its axial position, LSSB2 was investigated in a wider range. Vibration values
were extracted from the model when it was running at nominal load and at nominal speed. For this investigation, constant
6 � 6 stiffness matrices were used.

Figure 14 shows how the averaged vibrations change by modifying the axial position of a bearing. Figure 15 shows how
the vibrations at measurement point BX (the measurement point with the highest vibrations) change with modifying the
axial position of a bearing. The biggest improvement by modifying only one bearing position can be made by moving the
LSSB2 bearing [which has the highest distance to the housing wall (Figure 3)] towards the generator (and thus closer to
the housing wall).
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7. CONCLUSIONS

Mechanical noise originating from the gearbox can cause tonalities in a wind turbine. The most common ways to remove
these tonalities are optimizing gear macro-geometry and micro-geometry or optimizing structural components such as the
gearbox housing. This paper investigates an alternative way focussing on the transfer path of the mechanical noise through
the individual bearings by using the TPA approach. This approach reveals which bearing transmits the highest excitation
levels from the gears, which is a direct indication of where to optimize for vibration reduction.

For the example gearbox in this paper, the dominant transfer path (at the gear mesh frequency) consists of the LSSB1
and LSSB2 bearings. A Hertzian pressure-based analytical model of the LSSB1 bearing is used to investigate the effect of
variations in bearing geometry and bearing pre-stress on the bearing stiffness values. This shows that both small variations
of contact angle and bearing pre-stress result in significant variation in bearing stiffness values. The effect of these variations
on the transfer path is then further investigated using a flexible multi-body model, which yields the conclusion that influence
on the transmitted gear excitation can be significant (up to �20%). In addition, the same analysis method shows the
important sensitivity of transmitted gear excitation to variations in bearing damping (up to �50% and more) and axial
bearing position (up to �40%).

These results show the importance of looking into bearing parameters. As a part of a virtual prototyping strategy, this
paper clearly illustrates the potential of proactively using virtual simulation models to optimize the noise and vibration
behaviour of the wind turbine gearbox during its design.
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