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Abstract:
Planetary bearing outer ring creep is one of the relevant mechanical issues in most wind turbine gearboxes in the
field today. Bearing ring creep causes wear and debris and any measure should be taken to reduce creeping movements. Off-centered gear load distributions have been identified as a relevant influence on outer ring creep in the
literature, but have not been investigated yet.
After a description of the test bench used for this investigation, the independently measured creep behavior of two
bearing rings of a planetary bearing arrangement under varying gear load distributions is presented. For the investigated planetary gear, both rings only show so called gear creep at high loads for all gear load distributions applied.
For the extreme case investigated with an axis inclination on 120 µm it was observed that the creep behavior of
the two bearing rings inverted when compared to the centered gear load distribution without axis inclination. It is
speculated that this is due to the off-centered gear load distributions in both tooth engagements of the planetary
gear partially compensating the tilting moment caused by the gear’s helix angle.
The case investigated with only 60 µm axis inclination shows a creep speed of close to zero for both rings at about
50% torque. As the gear load distribution can be influenced during the design process of the gears, slight modifications towards this gear load distribution could be a possible measure to reduce creep in the future.
Keywords: Planetary Bearing, Creep, Test Bench, Wind Turbine, Gear Load Distribution

1. Introduction
well as multiple-row bearing concepts, as commonly
seen in WT planetary gears, have been identified as
highly relevant influences on ring creep [5], but have
not been investigated under realistic load conditions
yet. Therefore, a metrological investigation as presented in this paper is necessary.

The share of wind power has increased rapidly in recent years and in in 2019 for the first time constituted
the largest share amongst all energy sources in Germany [1]. As the cost pressure on the entire supply
chain of wind turbines (WT) increases to be more competitive, improving the reliability of WTs has become
one of the major challenges today [2]. To improve the
reliability of today’s complex WTs, understanding the
detailed causes of damages becomes essential. Due to
high downtimes per failure caused by time-consuming
repair, mechanical damages in the gearbox are of particularly high interest in this context.
Bearing ring creep – especially bearing outer ring
creep – is one of the mechanical issues in planetary
bearings which on average require two to three costly
repairs over the design life time of a WT [3]. This usually involves a replacement of the entire gearbox as uptower repairs are often not possible. Bearing ring creep
is a phenomenon occurring especially in WT planetary
bearings due to rapidly increasing gearbox torque density [4] and high specific loads. Together with elastic
surrounding structures [5] due to lightweight constructions, deformations within the gearbox increase. With
gear teeth engagements being sensitive to misalignments, uneven gear load distributions can be the result.
The phenomenon of bearing ring creep has been investigated extensively on small scale model test benches
by means of simulations and experiments [5] and is
well understood within the parameter range investigates so far. However, uneven gear load distribution as

2. Bearing Creep in Planetary Bearings
Bearing ring creep is one of the relevant mechanical
issues in current WT gearboxes [5,6] and can occur at
various positions, for example at the planet carrier
bearing [7,8], the planetary pin seat and the planetary
bearing [5,9]. Ring creep in planetary bearings –
mostly outer ring creep [9,10] – leads to planetary
bearing failure due to misalignment and ultimately
breaking of components [5]. Also, fretting corrosion
can be caused, leading to secondary failure modes in
the entire gearbox due to debris.
Planetary bearing outer ring creep can be divided into
two independent mechanisms which provoke opposing
tangential movements of the bearing outer ring in the
planetary gear: roller-induced creep and gear creep
[5,9].
Figure 1 shows the direction of movement of these two
creep mechanisms. The pin is stationary, the gear rotates counterclockwise and the gear forces act from the
left and the right. The direction of creep of a bearing
ring is determined relative to the rotational direction of
the roller set to the observed bearing ring. Roller-induced creep leads to a tangential movement of the
bearing ring in the direction of rotation of the roller set
– according to [11] this is defined as positive.
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Initial position

3.1. Equivalent mechanical system
In this contribution, experimental investigations of
outer ring creep of a WT planetary bearing are presented. As the planetary bearing and planetary gear in
a WT gearbox rotate about two axis simultaneously,
accessibility to measurement signals is challenging.
Therefore, a component test bench was designed and
set up which comprises of a stationary planetary pin,
two double-row cylindrical roller bearings as the planetary bearing arrangement and two helical gears to
substitute ring and sun gear engagement.
A cut view of a planet gear in the original gearbox and
the planet gear in the equivalent model test gearbox is
shown in Figure 2. In this figure, the yellow arrows
represent the load distributions acting in the two tooth
engagements with the planetary gear. The “Rotor side”
in the planetary gearbox corresponds with the “Outer
side” of the test gearbox – the same applies to the
“Generator side” and the “Bracing side”.
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creep
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Figure 1: Possible tangential creep effects in planetary
bearings according to [5].

Positive creep is shown in the lower right gear in Figure 1. While the gear rotates counterclockwise by a
certain angle (blue dot on gear), the roller set rotates in
the same direction, but by a smaller angle (black dot
on roller). Therefore, in relative view to the gear, the
rotation of the roller set is clockwise. Roller-induced
creep drives the bearing ring in this (clockwise direction), indicated by the red dot on the bearing ring.
Gear creep – shown in the lower left gear in Figure 1 –
drives the bearing ring against the relative rotational
direction of the roller set to the gear. Therefore, the
bearing ring (red dot) rotated slightly more than the
gear (blue dot). Both mechanisms will be shown in experimental results in this paper.
For laboratory scale bearings, validated FE-models exist [5] to quantitatively simulate the influence of numerous parameters on creep behavior, e. g the influence of interference fit, torque, bearing width and
number of rollers. However, the influence of off-centered gear load distributions – as presented here – has
not been modelled yet. With the results presented in
this publication, models taking this influence into account could validated. Through this, investigations regarding creep in planetary bearings could be carried
out simulatively in the future – and therefore at reduced cost.

Figure 2: Equivalent mechanical system for detailed investigation of planetary bearing outer ring creep.

The rotational bearing speed as well as gear and bearing forces are transferred to the test bench from a
scaled 2.75 MW WT gearbox from a generic research
nacelle – the “FVA Nacelle”. Further information on
the “FVA Nacelle” can be found in [12]
3.2. Mechanical bracing rig
To increase energetic efficiency during testing, the test
bench is set up as a mechanical bracing rig. The torque
is applied via a rotating hydraulic torsion motor. A separate electric motor sets the entire test rig into motion.
The concept is shown in Figure 3.
Torque transducer

Drive gearbox

Drive motor

Couplings

Sun gear

3. Experimental Setup
Torsion motor

To fully describe the test setup, this chapter is divided
into four sub-chapters. First, it is described why the experimental investigations were carried out on a threeshaft test rig while maintaining realistic kinematic conditions for the bearings and gears under test. Then, a
short overview of the overall setup as a bracing rig is
given. The main functionality – a unique kinematic adjustment system – is described afterwards, followed by
the measurement setup necessary for the investigations
presented.

Test gearbox
Planetary gear
Adjustment kinematics

Ring gear (substitute)

Figure 3: Mechanical bracing rig with test gearbox, drive
gearbox, torsion motor and drive motor.
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Table 1 provides basic mechanical information on the
gears and bearings used in the test gearbox.

3.3. Kinematic adjustment system
The built up test bench allows the precise reproduction
of the loading situation of a planetary bearing in a WT
gearbox. This loading situation comprises of rotational
speeds and torque as well as the gear load distributions
in both tooth engagements which result from elastic
deformations in a WT gearbox. A detailed description
of gear load distributions from system deformations in
WT gearboxes as well as load distribution measurements on gears and bearings from this test bench can
be found in [15].
For the presented investigations, a unique kinematic
adjustment system was developed. The basic concept
is shown in Figure 4. The adjustment system comprises of a pair of eccentric bushings for vertical positioning and a separate pair for horizontal positioning.
Each of the four support bearings in the test gearbox
have this adjustment system, giving the test bench 8
degrees of freedom to influence the load situation on
the tooth engagements of the planetary gear.
In the test gearbox, both pinion shafts push the planetary gear up. Therefore, elevating a support bearing of
one of the pinion shafts leads to an increasing flank
load share on this side of the pinion shaft. The gear
load distribution has a significant influence on the
bearing load distribution – especially in wide gears as
they are common in WT gearbox planetary stages.

Table 1: Key data on gears and bearings in the used test
gearbox.
Sun and
ring gear

Planet gear

Bearing

Variable
Number of teeth

Value
22

Width
Number of teeth
Module
Rel. rim thickness

234 mm
33
9.5 mm
3.5 (x Module)

Width
Helix angle
Type
Number of bearings

226 mm
7.6°
SL185030
2

Outer Diameter
Static Load Rating
Press fit outer ring

225 mm
1.39 MN/bearing
55-65 µm
(middle of R6/h6
acc. to [13])

The investigated planetary bearing arrangement – two
double row, full complement cylindrical roller bearings with an outer diameter of 225 mm – is typical for
planetary stages in WT gearboxes of up to ~2 MW.
The planetary gear with a helix angle of 7.6° has a relative rim thickness of 3.5 modules and therefore is
only slightly thicker than the allowed minimum for
WT gearboxes according to [13].

Adjustment:
vertical
Fixation
horizontal
Gears:
Sun
Planet
Ring gear

200 mm

The press fit of the outer rings in the planetary gear
was machined and precisely measured to be middle of
the range of R6/h6 – the recommended fit according to
IEC61400 [13]. This is important as the fit is a key parameter with very high influence on bearing ring creep
[14].

Figure 4: Kinematic adjustment system for active variation of gear load distribution in the test gearbox.

3.4. Measurement setup
rings. To obtain tangential creep measurements, signals from the distance sensors are evaluated as incremental encoders. For each component, the average
from both sensors is used to calculate creep. Five
strain gauges are equally spaced over the width of the
gear on each pinion shaft and are used to evaluate the
gear load distribution in this tooth engagement. Two
teeth are applied with strain gauges and the average of
both strain gauges is presented as the resulting gear
load distribution.

Figure 5 shows the sensor setup which is used to evaluate outer ring creep. The figure only shows the three
distance sensors. However, another three are installed
in the same manner, leading to a total of six distance
sensors used. Therefore, the distance measurement of
each component is conducted redundantly to increase
the precision. Each distance sensor delivers four peaks
per revolution due to 4 grooves machined into the
planetary gear and magnets fixed to the bearing outer
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The “overload scenario” represents a gearbox operating above its nominal design torque. This does occur
in any gearbox as the nominal design torque is usually
around 70-80% of the specified gearbox torque. [16].
At this “overload scenario” the torsion of the sun gear
increases, leading to a higher load share on the generator side – in the presented test bench this correlates
with the bracing side. At the engagement of the planetary gear with the ring gear, the increased torsion of the
planetary carrier increases the load share on the rotor
side – correlating with the outer side in the test bench.
The “nominal scenario” was set by calculating the positioning value of the support bearings in a RIKOR [17]
model that takes into account all shaft deformations
and bearing stiffnesses. These values were then set
with the kinematic adjustment system described earlier. For the “overload scenario” an axis inclination
fHβ(β) of 120 µm was set for each tooth engagement.
This was done in opposing directions for sun and ring
gear shaft in two steps – further referred to as “50%
off-centered” and “100% off-centered”.

Sun gear

Planetary gear

Planetary bearing

Planetary pin

Strain gauge

Distance sensor

Figure 5: Measurement setup for gear load distribution and
bearing outer ring creep.
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3.5. Presented test scenarios
For the graphs presented in chapter 4, load levels at a
constant rotational speed of 75 rpm at the sun gear
were evaluated asTest
shown
in Figure
6.
rig control
- torque levels

4. Results and discussion
During the experiments presented in this contribution,
torque was applied at constant levels during evaluation
intervals. Due to intentionally short testing times and
low rotational speeds, the total number of revolutions
of the test bench is low and the total creep angle therefore negligible during the presented measurements.
This is important to mention as the effects of wear and
conditioning of the friction coefficient in the bearing
seat – an important phenomenon described in the literature [11] – can be neglected this way.
Creep measurements will be presented without quantitative axis labelling as this is a sensitive matter to the
industrial project partners involved in the project. The
“outer side” bearing correlates to the rotor-sided bearing in a WT gearbox, the “bracing side” bearing to the
generator-sided bearing. Both figures showing creep
are scaled the same for x- and y-axis to allow a direct
comparison. To be consistent with the definition given
in [11], positive values on the y-axis represent rollerinduced creep whereas negative values represent gear
creep.

Test time [s]
Figure 6: Torque and speed during evaluated tests.

To investigate the influence of off-center gear load
distributions on outer ring creep, the described
kinematic adjustment system was used to provoke
these off-center distributions in both tooth
engagements. In this contribution, the “overload”scenario is compared to the “nominal scenario”.
Qualitatively, this is shown in Figure 7

Ring gear-Planet eng.

„Overload
scenario“

Generator side

Planetary bearing

Deviations
of axis
position

Rotor side

Planetary pin

Generator side

Planetary gear

Rotor side

Sun-Planet engagement

„Nominal
Gear forces
scenario“
Fax,sun
Ftang,sun
Frad,sun

4.1. Gear load distributions
Figure 8 shows the gear load distribution at the sun
gear at 80% of the maximum torque possible at the test
bench. Three different kinematic adjustment configurations are shown. For each configuration the gear load
distribution is shown through the measured strain values at the 5 marked positions along the gear width. In
addition, the vertical line with the same color and
markers represents the horizontal position of a single
resulting force – see schematic representation in Figure 7. This value is a way to quantify, how far off-centered a gear load distribution is.
The black line with triangles shows a centered gear
load distribution with a resulting force that is off-centered towards the bracing side (BS) by only about 2
mm. Compared to the gear width of 226 mm this is
negligibly small.

Frad,ring
Ftang,ring
Fax,ring

Figure 7: Schematic representation of centered (“nominal
scenario”) and off-centered (“overload scenario”) gear
load distributions on a planetary gear.

The “nominal scenario” represents the gear load distributions of a perfectly designed and machined planetary gear operating at its nominal design torque. Under
these conditions, all elastic deformations (e.g. torsion
of the sun gear and the planetary carrier as well as tilting of the planetary gear) are compensated by the gear
modifications, most importantly the flank line modifications.
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Tangential strain [µm/m]

The green line with squared markers shows the gear
load distribution where the kinematic adjustment of
the support bearings was only moved by 50% – the resulting axis inclination fHβ(β) therefore is 60 µm. The
resulting force is about 21 mm off-centered towards
the bracing side.
Finally, the red line with circular markers shows the
gear load distribution for an axis inclination fHβ(β) of
120 µm – defined as the “100% overload scenario”.

It can be observed that the measured strain on the outer
side is further reduced while it is further increased on
the bracing side. The resulting force is 29 mm off-centered towards the bracing side.
The axis inclination for the substituted ring gear was
set to be exactly the opposite. Therefore, the gear load
distributions and resulting forces show the opposite
behavior and are not presented here.

1400
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0
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-90
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-45

21 mm BS 29 mm BS
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Position along gear width [mm]

45

90
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Figure 8: Gear load distribution at the sun gear at 80% of maximum torque of the test bench for the three kinematic adjustment
configurations “centered”, “50% off-centered” and “100% off-centered”.

4.2. Bearing ring creep at centered gear load distributions (“nominal scenario”) and comparison to
literature
Figure 9 shows the normalized tangential creep speed
for both outer rings over the torque applied for the centered gear load distribution shown in Figure 8.
Each data point represents the total creep angle that the
bearing ring moved in the planetary gear in an evaluation interval divided by the time of the interval. Torque
was constant during each interval as shown in Figure 6
and the intervals had a length of 60 s each. Due to very
low creep speeds at low torque, an interval length of
90 s was used to increase the accuracy.

A few observations can be made from these curve:
1) As expected, the creep speed is zero for both
rings when no or very low torque is applied.
2) The bearing ring on the bracing side starts
creeping at a lower torque than the outer sided
ring, see area marked grey.
3) Both bearing rings show (positive) roller-induced creep at low to medium torque levels.
4) Both bearing rings show (negative) gear
creep at medium to high torque.
5) At high torque, the increase of gear creep over
torque is approximately linear.

Normalized
Tangential Creep

Rollerinduced
Creep
0

Gear
Creep 0

low torque

medium torque
Normalized Torque Sun Gear

high torque

Figure 9: Normalized tangential creep of both bearing outer rings over normalized sun gear torque at centered gear load
distributions.

– see blue curve in Figure 9. One possible explanation
is the differing relative gear rim thickness. The planetary gear presented in this contribution has a relative
gear rim thickness of 3.5 modules whereas the simulations in [5] used for comparison have a relative gear
rim thickness of only 2.2 modules. When comparing
the presented measurements of the bearing ring on the

Assuming a friction coefficient of 0.3, the results correlate very well with simulative literature findings [5]
for the outer side bearing ring. The bearing ring on the
bracing side, however, shows a behavior that differs
from [5] – there it shows gear creep over the entire load
range whereas the results presented here show positive
creep first and negative gear creep only for higher load
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bracing side to a simulated relative gear rim thickness
of 4.5 in [5], the results qualitatively correlate better.
However, the results for both bearing rings correlate
very well to measurements performed on a 2.75 MW
wind turbine on a system test bench [9] with a planetary gear rim thickness of 4.0 modules. There, the generator-sided bearing ring (correlating to the bracing
side bearing ring in the test bench presented here)
shows roller-induced creep at low torque and gear
creep at high torque while the rotor-sided bearing ring
shows gear creep only over the entire torque range.

The following basic observations can be made from
Figure 10:
1) Under the “off-centered” configuration, both
bearing rings start creeping at a much lower
torque compared to the “centered” configuration in Figure 9.
2) At low torque, the outer side bearing ring
creeps in positive direction and the bracing
side bearing ring creeps in negative direction.
3) From approximately 25 to 50 % torque, the
bearing ring on the bracing side creeps in positive direction.
4) At high torque, both bearing rings creep in
negative direction (gear creep).
5) At high torque, the increase of gear creep over
torque is approximately linear.

4.3. Bearing ring creep at off-center load distributions (“overload scenario”)
Figure 10 shows the creeping behavior of the two bearing outer rings over the applied torque for the two different off-centered gear load distributions shown in
Figure 8.

Normalized
Tangential Creep

Rollerinduced
Creep
0

Gear
Creep 0

low torque

medium torque
Normalized Torque Sun Gear

high torque

Figure 10: Normalized tangential creep of both bearing outer rings over normalized sun gear torque at 50% and 100% offcentered gear load distributions.

As can be derived from Figure 7, the “overload scenario” applied to the planetary gear during this investigation reduces the effect of planetary tilting. In that
figure, the axial forces acting in both tooth engagements cause a mathematically positive tilting moment.
Applying the gear load off-centered in the direction
shown, the radial forces cause a mathematically negative tilting moment.
Using the equations 1 and 2, the tilting moments from
the given gear geometry, the applied torque and the
measured off-center positions for the load application
can be calculated.
(Eq. 1)
𝑀𝑎𝑥 = 𝐹𝑎𝑥 ∗ 𝑑
𝑀𝑜𝑓𝑓−𝑐𝑒𝑛𝑡𝑒𝑟 = 𝐹𝑟𝑎𝑑 ∗ (𝑥𝑙𝑜𝑎𝑑,𝑠𝑔 − 𝑥𝑙𝑜𝑎𝑑,𝑟𝑔 ) (Eq. 2)

When comparing the “100% off-centered” configuration (thick lines) to the “centered” configuration in
Figure 9, it can be observed that the overall behavior
of the two bearing rings inverted as the curve of the
outer side bearing ring shows higher values over the
entire torque range.
Next, a closer look will be taken at the thin curves in
Figure 10 – showing the configuration with only half
the amplitude of axis inclination applied through the
kinematic adjustment system. The inverted behavior
that was observed for the “100% off-centered” configuration appears to already show for half the axis inclination applied. Also, the creep limit appears to be the
same for both shown configurations and both rings
start creeping at very low torque.
Even though the creep behavior of both rings is different at low torques, they show almost the same behavior
above ~25% of torque. As both thin curves are in the
(positive) range of roller-induced creep in the low/medium torque range and show clear gear creep at high
torque, they cross the “zero creep line” in the torque
range marked grey in Figure 10. This is worth mentioning as all other curves (thick curves in Figure 9 and
Figure 10) do not have a common zero-crossing at significant torque.
The reason why the two bearing rings generally show
different creeping behavior is the tilting moment of the
planetary gear that is caused by the helix angle of
gears.

In these equations, Fax is the axial force in a tooth engagement, Frad the radial force, d the pitch circle diameter and xload,sg/rg the off-centered position for the resulting gear force of the sun gear (“sg”) or ring gear
(“rg”). Max is the tilting moment from axial forces and
Moff-center the tilting moment resulting from off-centered gear load application.
From this, it can be shown that the tilting moment of
the planetary gear would be compensated for about
50 mm of off-centered load application.
However, to have equal load application on both bearings, the planetary gear would have to be non-deformable – not a realistic condition for thin-walled planetary gears in wind turbine gearboxes. Nevertheless, the
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“overload scenario” presented leads to a partial compensation of the tilting moment and it is speculated to
be the reason why the bearings behave very similar regarding creep over a wide torque range.
Up to date, the international literature offers no investigations regarding the creep behavior of planetary
bearings under off-centered load distributions in the
tooth engagements. Therefore, a comparison of the
findings presented here is not possible regarding this
aspect.
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