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1 Abstract

This work compares the planetary load-sharing characteristics of wind turbine gearboxes
supported by cylindrical roller bearings (CRBs) and preloaded tapered roller bearings (TRBs)
when subjected to rotor moments. Planetary bearing loads were measured in field-representative
dynamometer tests and compared to loads predicted by finite-element models. Preloaded TRBs
significantly improved load sharing. In pure torque conditions, the upwind planet bearing load in
the gearbox with preloaded TRBs was only 14% more than the assumed load compared to 47%
more for the gearbox with CRBs. Consequently, the predicted fatigue life of the complete set of
planetary bearings for the gearbox with preloaded TRBs is 3.5 times greater than that of the
gearbox with CRBs.

1
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2 Introduction

Wind turbine gearboxes operate in a challenging environment [1]. Many do not achieve their
expected design life [2]; however, they commonly meet or exceed the criteria specified in gear,
bearing, and wind turbine industry standards as well as third-party certifications. The cost of
gearbox replacements and rebuilds and the downtime associated with these failures increase the
cost of wind energy. In 2007, the U.S. Department of Energy established the National Renewable
Energy Laboratory (NREL) Gearbox Reliability Collaborative (GRC). Its goals are to understand
the root causes of premature gearbox failures and improve their reliability.

The GRC uses a combined gearbox testing, modeling, and analysis approach. To date, it has
focused on a 750-kilowatt (kW) drivetrain with a three-stage, three-point mounted gearbox. A
nonproprietary version of the gearbox containing CRBs with C3 clearances in the planetary stage
was purpose-designed. Two of these gearboxes, Gearbox 1 (GB1) and Gearbox 2 (GB2), were
manufactured and then field- and dynamometer-tested [3]. Each included extensive
instrumentation focusing primarily on planetary stage load-sharing characteristics.

Major GRC findings include the detrimental effect of rotor moments on planetary load sharing
and predicted fatigue and the risk of bearing sliding in low-torque conditions for three-point
configuration drivetrains [4-7]. All of the GRC’s engineering drawings, models, and test data are
publicly available [8, 9].

Based on the knowledge gained from testing and analysis of the original design, the GRC
gearbox was redesigned to improve its load-sharing characteristics and predicted fatigue while
still using the original housing and planet carrier. This new gearbox is named Gearbox 3 (GB3);
as shown in Figure 1, its key improvement is the incorporation of preloaded TRBs that support
the planet carrier and planets.

Nitrided
Planet CRBs Planet carrier CRBs Preloaded ’ Robust bolt
with clearance [ With clearance e i e : system

planet TRBs

i Preloaded
planet
carrier

shaft
bearings

Y
Gear jet and splash 'ﬁ

Iubrlcatlon system

Gear sprays and
semi-dry sump
lubrication
system

\‘ Ai' Planet pin

~“sse( interference fit

Figure 1. Comparison of the original GB1 and GB2 (left) and the new GB3 (right) design
characteristics. lllustration by Romax Technology (right)
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A small preload (creating a small negative operating clearance) can optimize roller loads and
maximize bearing life [10]. These preloaded bearings, along with interference-fitted planet pins,
improve planet alignments and load-sharing characteristics. A semi-integrated planet bearing
design in GB3 also increases capacity and eliminates outer race fretting.

GB3 is projected to have three times the planetary stage L10 life compared to the original
gearbox, similar to the projected increase in fatigue life in other applications [11, 12]. Romax
Technology, with Powertrain Engineers and The Timken Company (Timken), completed the
redesign. Timken manufactured and instrumented the planet gears and bearings. Brad Foote
Gearing manufactured the other gearing and assembled the gearbox.

3
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3 Testing and Modeling

The drivetrain operates in a stall-controlled, three-bladed upwind turbine with a rated power of
750 kW. It generates electricity at two speeds, in which the gearbox ratio of 81.491 converts the
rotor speed to 1,200 rpm or 1,800 rpm generator speed [3]. The drivetrain configuration is a
conventional three-point suspension commonly used in the industry. Both versions of the GRC
gearbox design are composed of one low-speed planetary stage with three planet gears and a
floating sun with 7.5° helical gearing, plus two parallel stages with 14° helical gearing. GBI and
GB2 planet bearings are commercially available NJ2232EM1C3, while for GB3 they are custom
bearings of Timken designation NP527934 with 150 micrometer (im) nominal, mounted preload

[9].
3.1 Dynamometer Testing

The gearboxes were tested in the National Wind Technology Center’s 2.5-megawatt
dynamometer [8, 9]. Constant torque and speed tests were conducted in offline, 10%, 20%, 50%,
75%, and 100% power conditions (350 kilonewton meter (kNm) torque) with rotor moments
ranging between £300 kNm based on field tests [3]. Additional dynamic torque and rotor
moments representing several wind speeds, misaligned generator, drivetrain shutdown, and grid
loss tests were also conducted.

Each GRC gearbox has 36 strain-gauge pair measurements of planet bearing loads evenly split
between the upwind and downwind bearings, with the majority located in the expected load
zones. The nearly identical helical gearing in each gearbox causes an overturning moment on the
planets, resulting in a +20° offset of the center of each load zone from the bearing top dead
center (TDC). Figure 2 and Figure 3 show the expected load zones and measurement locations
for each gearbox. The GB1 and GB2 measurements were made at identical circumferential
locations for each bearing. Two measurements were taken along the bearing inner-race width to
investigate the axial load distribution between the upwind and downwind bearing rows [3].

® Planets A, BorC

© Planets A, Band C
# Thermocouple

Radial
Force

Upwind Row Downwli"ﬁa Row

Figure 2. GB1 and GB2 planet cylindrical roller bearing measurement locations
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The GB3 measurements focused on the circumferential load distribution, with only one axial
measurement on each bearing inner race. As shown in Figure 3, one planet (B) has
measurements at 10 circumferential locations per bearing row, nine of which span the expected
load zone. The other two planets have measurements at four circumferential locations per
bearing row [9]. Several thermocouples were also installed on the bearings.

=\ /37 @ Planet B Only [
Vel o%o-“ il @ Planets A, B, and C q‘;’
A /NS o o y/
Symmetry L [ \ | * Thermocouple
°* 1 Radial / 29,, i\‘
Dt~ Force T ae0°
Al 352.5° . %0
Top | 7.50 |Top
Dead —~—/Dead

K. _?05 * /Center
Qy T

>

2 Symmetry SO - o Radial
Axis . C N\ \%) " Force
=
oo
Upwind Row Downwind Row
Figure 3. GB3 planet tapered roller bearing measurement locations. lllustration by The Timken

Company
3.2 Gearbox Modeling

A three-dimensional, finite-element, contact-mechanics model in Advanced Numerical
Solution’s Transmission3D software was used to predict planetary loads for each gearbox [13].
In Transmission3D, the entire drivetrain is represented as deformable bodies, computing gear,
and bearing contacts, including clearance nonlinearities with a hybrid of finite elements to
predict far-field displacements and a Green’s function model to predict displacements in the
contact region. Known bearing clearances, preload, and pin position errors were included.

Bearing fatigue life calculations were made in RomaxWind, a product development and
simulation software for the design and analysis of wind turbine gearboxes, bearings, and
drivetrains [14]. The model includes beam-finite element representation of shafts and solid-finite
element representation of the gearbox housing, gear blanks, planet carrier, and torque arms. The
gears and bearings were modeled with semianalytical formulations that account for
misalignment, area of contact under load, microgeometry, radial and axial clearances, and
material properties. Static nonlinear analysis was performed for prescribed loading conditions,
and the global deflections were solved simultaneously with the contact mechanics for the gears
and bearings.

5
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4 Results

In this section, the planetary bearing loads predicted by the model and measured in dynamometer
tests are compared only for the constant, full-power cases. The roller load at each measurement
location is first determined by converting the average strain range with calibration factors
determined from dedicated bench tests [15, 16]. For GB1 and GB2, a direct-calibration factor is
then used to determine the total bearing load [17] from only the TDC measurement, whereas for
GB3 the entire load zone is mapped and a spline fit is then used to estimate the total bearing
load. The predicted fatigue lives of both planetary designs were also calculated and compared.

4.1 Planet Bearing Load Zones

Figure 4 and Figure 5 compare the bearing load zones for each gearbox in the constant, full-
power condition when the planet is at the bottom of the ring gear. The load zones for the pure
torque condition are compared to those for extreme positive and negative pitch moments. For
GB2, shown in Figure, the upwind bearing load zone increases in size as the applied pitch
moment increases. In general, the upwind planet bearing also supports much more load than the
downwind bearing—in some situations twice as much. This phenomenon is caused by gear
misalignment due to the C3 clearances in the planet and carrier bearings. The downwind planet
bearing load zone is not significantly affected by the applied pitch moment. The theoretical
maximum roller load of approximately 45 kilonewton (kN) for each bearing [17] correlates with
the measurements and predictions.

2109
1959

180° 40 kN 20.kN o | | 1807

60,kN
(d

1657

150° Downhwind

1057 oo 75° 1057 ggr 757

— Transmission3D — Transmission3D — Transmission3D
® Experiment @ Experiment ® Experiment

Figure 4. Planet bearing load zones for GB2 with -300 kNm (left), pure torque (middle), and +300
kNm (right) pitch moments

In contrast, as shown in Figure, the load zones for GB3 maintain their size and orientation
regardless of the applied pitch moment. The more circular shape of the load zones reflects the
preload in the bearings and the rigidity of the planetary system in general. The measured load
zone magnitudes and orientations correlate well with the predictions, including the +20° offset of
the load zone from TDC shown in Figure. The theoretical maximum roller load, also
approximately 45 kN [16, 17], again correlates with the measurements and predictions.
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Figure 5. Planet bearing load zones for GB3 with -300 kNm (left), pure torque (middle), and +300
kNm (right) pitch moments

4.2 Planet Bearing Loads

The upwind and downwind bearing loads can be calculated from the load zones throughout the
carrier rotation. The total load supported by both bearings, which is the vector summation of the
upwind and downwind bearing loads, can also be calculated. Figure 6 compares these loads—
nondimensionalized by the assumed load (i.e., one-sixth or one-third the load at the planet center
resulting from input torque)—over a complete main shaft and carrier rotation in the full-power,
pure torque condition. For GB2, the bearing loads fluctuate over the rotation and are also out of
phase because of planet- and carrier- bearing clearances and planet pin compliance [6]. The
maximum load carried by the upwind bearing is 43% more than the assumed load, and the
minimum load carried by the downwind bearing is 39% less than the assumed load.

In this condition, the upwind bearing is accumulating more fatigue than expected; conversely,
the downwind bearing has an increased risk of skidding. But because they are nearly 180° out of
phase, there is much less fluctuation in the total load than the individual row loads. The
maximum total bearing load is only 6% greater than assumed. The bearing loads for GB3
fluctuate in a manner similar to those of GB2, but with much less amplitude and more in phase
due to the preload in the bearings and the interference-fitted planet pins. The maximum and
minimum row loads are 11% different than assumed, whereas the maximum total bearing load is
only 1% more than assumed.
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Figure 6. Planet bearing loads in pure torque for GB2 (left) and GB3 (right)

In contrast, Figure 7 compares the loads with an extreme negative pitch moment. For GB2, the
upwind load is relatively constant but 25% greater than assumed. The downwind load behavior is
very similar to pure torque, with a minimum load 30% less than assumed. The net effect is that
the total bearing load fluctuates slightly more than the pure torque condition and 15% more than
assumed. For GB3, the loads again fluctuate very little—only 11% for the downwind row and
2% for the total bearing load.
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Figure 7. Planet bearing loads with -300 kNm pitch moments for GB2 (left) and GB3 (right)

Figure 8 summarizes the measured upwind and downwind planet bearing loads for GB2 in all the
pitch moment cases. The behavior of the upwind bearing loads can be separated into three
categories. Pure torque and positive pitch moment conditions all essentially have the same effect,
resulting in the largest variation over the carrier rotation and overall magnitude in the bearing
load. Large negative pitch moments somewhat elevate the bearing load, but do so relatively
constantly over the carrier rotation. The -100 kNm pitch moment case is a transition between
these two categories. Increasing the pitch moment beyond these bounds (pure torque and -200
kNm) does not alter the upwind-bearing load. Any additional pitch moment is most likely
reacted by the carrier bearings instead of the planet bearings. In between the two bounds, the
pitch moment relieves the gravity load resulting from the weight of the main shaft and planetary

8
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system. Regardless of the pitch moment, the downwind bearing loads do not change
significantly.
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Figure 8. Upwind (left) and downwind (right) measured planet bearing loads for GB2

The bearing loads shown in these figures contain both a constant difference from the assumed
load and a fluctuating component. The loads clearly are not equally shared in practice. The
constant difference is a result of deformations, displacements, and manufacturing deviations
causing consistently higher loads on one planet than the others [18]. Conversely, the fluctuating
component is a result of the rotor moments and gravity, exacerbated by planet- and carrier-
bearing clearances, causing a once-per-revolution load variation over the carrier rotation [5, 7].

4.3 Planet Bearing Load Sharing

The accurate estimation of planet bearing loads is a crucial step in calculating the planetary load-
sharing factor, also called the planetary mesh load factor (Ky). Ideally, all planets share torque
equally and the planetary mesh load factor equals 1. As a result of positional-type errors and
variations in tooth stiffness, the load factor is assumed in International Electrotechnical
Commission standard 61400-4 to be 1.1 for three-planet wind turbine gearboxes. In this study,
the maximum load throughout the main shaft rotation as shown in Figure 6, Figure 7, and Figure
8, which accounts for both constant load differences and the fluctuating load from gravity and
rotor moments, is examined for comparison to this assumption.

Figure 9 compares the maximum individual bearing row load and maximum total bearing load
for both gearboxes at full power over the complete range of rotor pitch moments tested. For
GB2, the maximum total bearing load ranges from 1.08 at pure torque to just over 1.15 for large
negative pitch moments. However, the load carried by the upwind bearing reaches as high as
1.47. Counterintuitively, the maximum value occurs in the pure torque condition and remains
high with positive pitch moments as shown previously in Figure 8. The downwind bearing load
does not exceed 1.12. Multiple acquisitions were made in pure torque conditions, and the data
shows good repeatability. For GB3, the maximum total bearing load ranges from 1.02 at pure
torque to 1.08 for an extreme negative pitch moment. The maximum load of the upwind bearing
row is 1.14 in pure toque and no more than 1.17for an extreme positive pitch moment—much
lower than GB2. A significant reduction of the maximum loads and improvement in load sharing
was achieved with the GB3 design changes. Many more data acquisitions were made for GB3

9
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than for GB2. In addition, these acquisitions were made after applying different rotor moments
and then returning to the desired condition over several hours of dynamometer testing. The
repeatability of the data is very good.
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Figure 9. Maximum planet bearing loads for pitch moments for GB2 (left) and GB3 (right)

For comparison, Figure 10 shows the same loads over the full range of rotor yaw moments. The
maximum upwind bearing load of 1.47 again occurs in pure torque conditions for GB2. Yaw
moments, however, do not significantly change the maximum upwind bearing load. It remains
above 1.33 regardless of the yaw moment, which supports the assertion that this load is primarily
a result of gravity. The total bearing load follows a more intuitive pattern, in which it achieves a
minimum of 1.08 at pure torque and increases slighty to 1.13 with either positive or negative yaw
moments. Similar to pitch moments, yaw moments have little effect on the GB3 bearing loads.
The maximum load of 1.13 occurs for the downwind bearing for a positive yaw moment.
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Figure 10. Maximum planet bearing loads for yaw moments for GB2 (left) and GB3 (right)
4.4 Planetary Bearing Fatigue Life

RomaxWind was used to calculate the predicted planetary fatigue life for a predetermined
drivetrain torque and rotor moment spectrum [19]. Modified L10 life was calculated per
Deutsches Institut fiir Normung International Organization for Standardization 281 Beiblatt 4
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(superseded by International Organization for Standardization technical specification 16281),
including a systems life modification factor. As shown in Figure, the predicted fatigue life of the
upwind bearing was significantly increased in GB3, in addition to a smaller life extension in both
bearings due to the larger bearing capacity in the semi-integrated design. The predicted L10m
life for the 8 planetary bearings as a whole (6 planet bearings and 2 carrier bearings), combined
using a Weibull slope of 1.125 [20], is also shown. The planetary bearing stage predicted fatigue
life has been increased by a factor of 3.5, from 3.4 years for GB1 and GB2 to 11.9 years for
GB3. The planetary bearing stage life is driven by the lowest-life components, which in this case
are the planetary bearings in both gearboxes.

70 12
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" 60 B Downwind 10
m Ty
£ 50 -
g g 8
o 40 o
4 3 6
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-] T 4
o 20 o
= =
N 2
0 0
GB1 and 2 GB3 GB1 and 2 GB3

Figure 11. Fatigue life for the planet bearings (left) and planetary bearing stage (right)
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5 Summary

This study compared two wind turbine gearbox designs, including a conventional design
representing the majority of three-point suspension drivetrains and a new design tailored for
improved gearbox reliability. These two designs differ in planetary carrier and planet bearings.
The first design uses CRBs with clearance and the latter utilizes preloaded TRBs. Both
gearboxes were instrumented and tested in controlled conditions in a dynamometer facility under
the same set of loading conditions. The resulting planet bearing load measurements were
correlated with predictions from full finite-element models of both gearboxes.

The gearbox design with preloaded TRBs demonstrated improved planetary load-sharing
characteristics in the presence of rotor pitch and yaw moments. Compared to the gearbox with
CRBs, preloaded TRBs significantly reduced the upwind planet bearing loads from a maximum
of 1.47 to 1.14 in pure torque conditions. Furthermore, rotor moments did not significantly affect
the upwind and downwind bearing row loads, and the difference between the row loads was also
reduced. This reduction and equalization in loads, along with slightly larger capacity bearings as
a result of the semi-integrated design, lead to a predicted L10m life 3.5 times greater for the
gearbox with preloaded TRBs than for the gearbox with CRBs.
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