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A comparative study on the dynamic behaviour of 10 MW
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Correspondence

Shuaishuai Wang, Department of Marine fixed planetary stage and a differential compound epicyclic stage. The design meth-

Technology, Norwegian University of Science
and Technology (NTNU), Trondheim NO-

7491, Norway. show a lighter weight and smaller volume for the compact gearbox design compared
Email: shuaishuai.wang@ntnu.no

odology for these two gearboxes is described, and the final gearbox specifications

to the conventional one. Computational gearbox models are established using the
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these two gearboxes are conducted under pure torque load cases, tangential pin
position error conditions and non-torque load cases. The results demonstrate that
the compact gearbox has better dynamic performance under different torque load
cases and is more robust to withstand the effects of manufacturing errors and rotor
non-torque loads compared to the conventional gearbox. It is believed that the
proposed compact gearbox concept is promising and would be a good alternative for
multi-megawatt floating wind turbines, although challenging with respect to the

design and operation complexity.
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1 | INTRODUCTION

As the wind industry moves toward deeper ocean sites, there is a trend to up-scale the wind turbine size. The drivetrain is the core unit of wind
turbines and is closely related to the wind power costs. Two basic configurations, namely, a geared high-speed drivetrain and a direct-driven
drivetrain, are typically used. It is not clear what is the optimal choice. Moreover, the operational environment as well as the installation and main-
tenance costs for the drivetrain in offshore sites differs significantly from onshore sites. Based on these considerations, medium-speed drivetrain

concepts have been emerging on the market, in order to lower the gearbox failure risk compared to the high-speed drivetain and to reduce the
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weight and cost of the generator compared to a direct-driven drivetrain. One representative medium-speed drivetrain concept was proposed by
the Technical University of Denmark (DTU) in 2013, but DTU only published very general parameters for the drivetrain design. To facilitate the
research on dynamics of the 10 MW wind turbine, a detailed drivetain model was designed by Wang et al.%® This detailed, openly available, drive-
train model adopts a traditional three-stage gearbox design.

To alleviate the high cost of transportation, lifting and installation for the drivetrain in large-scale offshore wind turbines, a light-weight design
of the drivetrain is essential. One good solution is to reduce the gearbox weight by using novel layouts, such as power split and compound planet
gear transmission, to replace the conventional serial power transmission layout. In practice, while these novel gearbox layouts have been
attempted, such as Areva's 5 MW* and Vestas' 9.5 MW?® wind turbines, they have not been widely used in the market. This is because the struc-
ture of such novel gearboxes is more complex, making them more difficult to manufacture and assemble compared to conventional gearboxes. In
addition, the novel gearbox may pose more challenge for inspection, maintenance and repair due to the reduction in available space. Further
design and analysis efforts are hence needed to assess the novel gearbox design.

In order to reduce the gearbox weight and volume for the DTU 10 MW wind turbine, Wang et al.® designed a compact gearbox which
adopted both power split and compound planet gear transmission technologies, resulting in a lighter weight and much smaller size than the
conventional gearbox. However, some potential drawbacks of the compact gearbox were also demonstrated. High-precision gear design,
manufacturing and installation are required to mitigate the imbalance of forces or moments among different components inside the gearbox.
Moreover, compared to the conventional gearbox, the costs of inspection, maintenance and repair might be higher for the compact gearbox
because the available space is narrower. Additionally, some specific components might be costly to produce, since they may need to be cus-
tomized. Overall, considering transportation, lifting, inspection and maintenance, both the conventional and the compact gearboxes have their
own advantages and disadvantages. However, the gearbox performance should be assessed from its whole life cycle perspective, in which the
reliability assessment is a crucial part. Many studies on dynamic analysis of conventional gearboxes have been conducted (e.g., Guo et al.;”

Helsen et al.;® Mo et al.;® Bhardwaj et al.1o)

, while very limited information about the dynamic performance of the compact gearbox is avail-
able in the open literature.

The objective of this study is to compare the operational performance and dynamic behaviour of the conventional and the compact
gearbox. Dynamic analysis of these two gearboxes is conducted and compared under multiple load cases and conditions of tangential pin
position error, as a common manufacturing error in wind turbine gearboxes. This study contributes to a better understanding of the dynamic
behaviour of conventional and compact gearboxes. The present work is a step forward in the use of novel drivetrains in large-scale offshore

wind turbines.

2 | DESCRIPTION OF CONVENTIONAL AND COMPACT GEARBOX CONFIGURATIONS

Two gearbox configurations, as shown in Figure 1, are employed in this study. Their topology is illustrated in Figure 2. The conventional gearbox
configuration consists of two planetary stages and one parallel stage, and the full power flows through these three stages serially. In contrast, the
compact gearbox configuration is composed of one fixed planetary stage and one differential epicyclic stage, which correspond to the first stage
and the second stage in the Figure 1B, respectively. The first stage is defined to the right side of the second stage, which opposite compared to
the conventional gearbox, because the rotational speed of the output component, namely, the Sun gear, of the fixed planetary stage is lower than
that of the differential epicyclic stage. Compared to the conventional gearbox, a main feature of the compact gearbox is that the full power is
shared through two transmission paths simultaneously. Additionally, the second stage of the compact gearbox adopts compound epicyclic planet
gear sets, by which a large gear transmission ratio is achieved. As a result, a compact gearbox size is realized. In the conventional gearbox, ring
gears in the two planetary stages are part of the gearbox housing, and Sun gears adopt floating configurations. In contrast, in the compact gear-
box, both Sun gears and ring gears of the two stages are set in floating configurations.

These two gearboxes are designed using the same design methodology, which is based on the international standard IEC 61400-4.11
The design loads are defined as a load duration distribution (LDD) that consists of 64 load bins, obtained by post-processing the global
simulation loads of the wind turbine over the whole normal operating range. Critical gearbox components—gears and bearings—are designed

according to fatigue limit state criteria. More specifically, gears are designed based on the 1SO 6336 series of design codes,*?1°

using the
minimum safety factors recommended by IEC 61400-4'! for gear tooth pitting resistance and bending strength. Bearings are designed
based on the international standard 1ISO 281, which describes the methods to evaluate the bearing dynamic load ratings and rating life.
Bearing fatigue life is used to guide the bearing design. The detailed gearbox design process and design parameters can be found in the
studies of Wang et al.3¢

Table 1 illustrates the general specifications of the conventional and the compact gearboxes. The compact gearbox volume, which is repre-
sented by the gearbox length and maximum gear outer diameter, is remarkably smaller than that of the conventional gearbox. Nonetheless, the
total dry weight of the compact gearbox is not significantly lower than the conventional gearbox, because the input loads of these two gearbox

are the same and certain gearbox components are necessary to withstand the input loads.
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PLC: Planet carrier bearing.

St1-PL-A, B, C, D: Planet bearings in the first stage.
St2-PL-A, B, C, D: Planet bearings in the second stage.
St2-RS: Ring shaft bearing in the second stage.

St2-SS: Sun shaft bearings in the second stage.

(B) Compact gearbox configuration®

FIGURE 1 Conventional and compact gearbox configurations [Colour figure can be viewed at wileyonlinelibrary.com]

3 | METHODOLOGY
3.1 | Environmental conditions

In this study, the 10 MW wind turbine is supported on a monopile foundation at an offshore site in 30 m water depth. Five combined wind and
wave conditions are selected to conduct the dynamic simulations of the 10 MW offshore wind turbine, as given in Table 2. All the environmental
conditions are selected based on a long-term joint distribution obtained from 10 years' hindcast wind and wave data for a location in the Northern
North Sea, which is described as site 15 in the study of Li et al.’

The five mean wind speeds at hub height (u) are selected to cover the whole operational range of the turbine, and the wave conditions corre-
spond to the most probable significant wave height H; and spectral peak period T, for each mean wind speed. The 1 h mean wind speed at 10 m

above the average sea level (u;0) follows a two-parameter Weibull distribution, and the probability density function fy,, (u10) is given by’
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FIGURE 2 10 MW conventional and compact gearbox topologies>®
TABLE 1 Ten MW conventional and compact gearbox specification56
Parameter Conventional Compact
Gearbox type Three stages Two stages
First stage gear ratio 1:4.423 1:3.219
Second stage gear ratio 1:5.192 1:15.587
Third stage gear ratio 1:2.179 -
Total gear ratio 1:50.039 1:50.172
Power distribution by first stage = 74.776%
Power distribution by second stage - 25.224%
Designed power (kw) 10 000 Same
Rated input shaft speed (rpm) 9.6 Same
Generator shaft speed (rpm) 480.4 484.6
Total gearbox dry weight (x1000 kg) 60.43 57.41
Maximum gear outer diameter (m) 3.098 2.710
Gearbox length (m) 5.964 3.328
Service life (year) 20 Same
TABLE 2 Environmental conditions in the normal operational conditions
EC EC1 EC2 EC3 EC4 EC5
u (m/s) 5 8 12 16 24
H; (m) 0.8 1.2 1.9 2.7 4.6
Ty () 5.3 5.8 6.6 7.4 9
-1 a
ay (u10\“ ugo\ ™
fuso(U10) = — <—) exp [— (—) , (1)
20 By \ B by
where ay and Sy represent the shape and scale parameters of the Weibull distribution and they are 2.299 and 8.920, respectively.!”
The mean wind speed at hub height is calculated based on a power law formulation:'®
Zhub>"
= , 2
u Uio( 10 (2)
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where u represents the mean wind speed at the hub height z,,, above the still water level; zp,, = 119 m for the 10 MW wind turbine. a denotes
the power law exponent; a = 0.14 is used based on the IEC 61400-3.18

Based on Equations 1 and 2, the probability density function of the mean wind speed at hub height is obtained, which is presented in
Figure 3 together with the selected five environmental conditions. Each simulation is carried out for 4000 s, and the first 400 s are removed to
avoid start-up transient effects.

Three-dimensional tubulent wind files are generated by the NREL TurbSim program®? according to the Kaimal turbulence model for Class B
turbines that is defined in the IEC 61400-1.2° The normal turbulence model and normal wind profile model are considered for all of the load cases.
Wave series are generated using the JONSWAP spectrum with given H, and T,. All load cases consider wind and waves aligned in the positive

wind direction. Current is not considered in this study.

3.2 | Computational gearbox model

The numerical models of the wind turbine gearboxes are established using the commercial package SIMPACK,%? which is a multi-body system
(MBS) software that has been widely used for wind turbine drivetrain dynamic analysis.2224 Since the gearbox is one part of drivetrain system, its
dynamics will be affected by other components. Hence, in order to accurately describe the dynamic behaviour of the gearbox, the hub, main shaft,
main bearings, torque arms, housing, generator and bedplate are considered. These components, which are identical in the two numerical models,
were designed for the conventional gearbox. A detailed description of the drivetrain model can be found in the study of Wang et al.®> The 10 MW
drivetrain numerical models used in this study are presented in Figure 4.

Based on the recommendations from Guo et al.2> on model fidelity for wind turbine gearbox dynamic simulation, the main shaft, planet car-
riers and shafts inside the gearbox are modelled with reduced finite element (FE) bodies. The FE bodies are established in ANSYS and are reduced
using the Craig-Bampton modal reduction technique.?® Hub, housing, bedplate, gears and planet pin shafts are treated as rigid bodies. Gear tooth
contact is modelled by a specific force element, FE225, in SIMPACK. Gear contact forces are composed of the stiffness force, the damping force
and the friction force. The gear tooth stiffness is calculated in accordance with international standard 1SO 6336-1.27 Bearings are modelled using
linear diagonal stiffness matrices, which is described in the previous study.® Since tapered roller bearing (TRB) mounting usually requires
preloaded operation, the bearing clearance of this type of bearing is not considered, while it is considered for cylindrical roller bearings (CRBs) and
the clearance values are taken from a bearing manufacturer's catalogue.

A two-step decoupled analysis method, which has been effectively used in earlier studies,?®° is employed for the gearbox load effect analysis.
First, global aero-hydro-servo-elastic analysis of the wind turbine with a simplified drivetrain, which is modelled by a single degree-of-freedom
(DOF) torsional spring-damper system, is conducted in SIMA.2! Then, the loads and motions obtained from the global simulations are used as the
input to the gearbox dynamic response analysis. More specifically, forces and bending moments are extracted from the tower top, and then they are
transformed to the hub centre via load-balance relationships among components in the nacelle system. Additionally, nacelle displacements, veloci-
ties and accelerations are applied at the bottom of the bedplate in the computational drivetrain models. To maintain the correct generator speed,
generator feedback torque is applied on the generator shaft based on a proportional-integral (Pl) velocity controller, which is described in detail in

the studies of Xing et al.3?32 In the present study, all the gearbox local response results are based on the coordinate system shown in Figure 4.
3.3 | Dynamic load-sharing factor calculation

Gearbox load-sharing performance directly reflects the smoothness and reliability of the wind turbine transmission system. Ideally, the loads on

each planet transmission path should be equal, but inevitable factors, such as manufacturing and installation errors, elastic deformation of

0.12 T T T T

0.06 N 1
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FIGURE 3 Probability density function of mean wind speed at wind 0 10 20 30 40 50
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components and external non-torque loads, result in unevenly distributed loads across multiple paths. This uneven transmission significantly
affects the lifetime of the wind turbine gearbox. According to the American Gear Manufacturers Association (AGMA) 6123-B06%* for enclosed
epicyclic gear drives, the load-sharing factor K, is the ratio between the maximum and average planet transmitted loads:3*

max(Fp;(t
Ky (1) = ;e FarE) @
LS (Falt)
where K,(t) is the dynamic load-sharing factor, i denotes the planet number, n represents the number of planets, and F,,(t) is the dynamic meshing
force between Sun-planet gear pairs or ring-planet gear pairs. The load-sharing factor K, varies in time. In this study, the maximum value and mean
value of K, over time are used for the comparative analysis between the conventional and compact gearboxes.

3.4 | Fatigue damage calculation
3.4.1 | Gear fatigue damage calculation

In this study, 1 h gear tooth contact and bending fatigue damage are calculated based on the Palmgren-Miner linear accumulative damage

hypothesis:®>

(u,Hs,Tp) 1
D(u,H,, Ty ZN (UHs.T,) —Ezn; u,Hs, Tp) -si(u,Hs, T, ) ) 4)

where u, Hs and T, represent the mean wind speed at hub height and corresponding significant wave height and spectral peak period, respectively.
D(u, H;, Tp,) is the 1 h accumulated gear tooth fatigue damage under the environmental condition u, Hs, T, si(u, H;, T,,) is the gear tooth stress range,
which is obtained using the LDD method. A detailed description of the method can be found in the study of Wang et al.3¢ Nj{u, H, Tp) is the per-
missible number of cycles under gear tooth stress range s{u, Hs, T,) and is calculated according to the gear SN-curve given as N;(u,Hs,Tp) =k-
s,-(u,HS,Tp)‘"’, where k and m are SN-curve parameters that depend on factors such as the gear material, heat treatment method and processing
method. In this study, the ring gears in the two gearboxes are assumed to be made of 42CrMo4, and they are processed by induction hardening.
Moreover, Sun gears and planet gears are assumed to be made of 18CrNiMo7-6, and they are processed by carburizing. The material strength of
all the gears corresponds to the MQ quality in ISO 6336-5.12 The SN-curve parameters k and m are calculated based on 1SO 6336-21° and 1SO
6336-3, respectively.
The number of stress cycles n; under the stress bin i is found as®”
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tjw;
hj= 12—7[], (5)
j

where t; is the jth time duration of the stress bin i. w; is average gear rotational speed (rad/s) in jth time duration of the stress bin i.

3.4.2 | Bearing fatigue damage calculation

The 1 h bearing fatigue damage is calculated based on the linear damage accumulation law:

I;(U, Hs: Tp

D(u,Hs, T,) = Z ). %Zli(u, Hs,Tp) - i, (6)

L1oi

where u, Hs and T, represent the mean wind speed at hub height and corresponding significant wave height and wave peak period, respec-
tively. D(u, Hs, Tp) is the 1 h accumulated bearing fatigue damage under the environmental condition u, Hs, Tp. p; is the bearing equivalent load
range, which is obtained via a two-step process. First, the bearing equivalent load P is calculated as P=XF, +YF,, where F, and F, are bearing
radial and axial loads, respectively, obtained from the dynamic simulation and X and Y are dynamic loading factors from the bearing standard ISO
281.1 Next, p; is obtained via the LDD method. I; is the number of bearing load cycles under the load range p;, which is calculated based on Equa-
tion 5. Ly is the bearing life to failure under the load range p;, which is estimated based on the load-life relationship:¢

Lio= (%)“ (7)

where Liq is the basic rated life (10 revolutions (r)). L1o is defined as the number of cycles when fatigue damage appears in 10% of bearings, while
the other 90% of bearings work normally in one test. C is the basic dynamic load rating, which is a specific constant for a given bearing. a is the
bearing life factor: for ball bearings, a = 3, and for roller bearings, a = %.

4 | RESULTS AND DISCUSSIONS
4.1 | Comparisons of gearbox dynamic behaviour under pure torque load cases

In this section, comparisons of the dynamic behaviour of the two gearboxes under pure torque load cases (LCs) are presented. Figure 5 shows 1 h
time series of torque under five load cases that are used as the input to the dynamic analysis of the conventional and compact gearboxes. The five
load cases correspond to the five environmental conditions presented in Table 2. The wind turbine reaches the rated operational condition from
LC3, while LC1 and LC2 are below the rated condition.

Figure 6 compares the maximum value and the mean value of K,(t) between the conventional and the compact gearboxes under all load cases.
Since the second stage in the compact gearbox adopts a compound epicyclic planet gear set, both the Sun-planet gear set and ring-planet gear set
are analysed, as shown in Figure 6B. In both the first and second stages, the maximum and the mean values of K,(t) of the conventional gearbox
are higher than those of the compact gearbox under all load cases.

To understand the results for K,(t), the motion responses of floating components in the two gearboxes are studied. Figure 7 shows the motion
orbits of the floating Sun and ring gears in the conventional and compact gearboxes under LC3. In the first stage, the Sun gear motion orbit in the
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FIGURE 7 Comparison of floating Sun (ring) gear motion orbit between conventional and compact gearboxes under load case LC3 [Colour
figure can be viewed at wileyonlinelibrary.com]

conventional gearbox deviates significantly from the centre position in the gravity (2) direction. This is because a CRB bearing is used for the

downwind planet carrier bearing PLC-B in the conventional gearbox and a 0.535 mm bearing radial internal clearance is considered. The Sun gear

motion orbit therefore moves down due to gravitational effects from the planet carrier, planet gears and bearings as well as the Sun shaft. These

gravitational effects can be illustrated by the FFT spectrum analysis for the Sun-planet meshing force of the two gearboxes, as shown in Figure 8.

In the first stage, the Sun-planet meshing force spectrum of the conventional gearbox is dominated by the input shaft rotational frequency

response, which is mainly caused by the gravity of the first planetary stage components. In contrast, the Sun gear in the compact gearbox has a

good motion orbit, as shown in Figure 7A, because the first stage planet carrier is fixed and the planet carrier gravitational forces will affect the
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Sun gear motion. No significant low-frequency response is visible in the Sun-planet meshing force in the compact gearbox. Although the conven-
tional gearbox Sun gear floats more than the Sun gear in the compact gearbox, the load distribution among planet gears in the conventional gear-
box is still more uneven than that of the compact gearbox, which implies that the floating capacity of the Sun gear is not sufficient to offset the
uneven load-sharing among planet gears caused by gravity.

In the second stage, the motion orbit of the Sun gear in the compact gearbox is significantly larger than that of the Sun gear in the conven-
tional gearbox. The ring gear in the compact gearbox has a good motion orbit; namely, it has a small amount of floating and is in the centre posi-
tion, as shown in Figure 7B. The large floating of the Sun gear in the compact gearbox is primarily due to its large floating capacity, since the Sun
shaft in this stage is designed to be long, as shown in Figures 1B and 2B. Additionally, the Sun gear motion orbits in both the conventional and
compact gearboxes are out of the centre position, which primarily due to gravity effects. However, the large amount of floating of the Sun gear in
the compact gearbox significantly mitigates the gravity effects; in contrast, due to the limited floating capacity of the Sun gear in the conventional
gearbox, the gravity effects on the load-sharing are still prominent. This can be seen in the frequency analysis for the Sun-planet meshing force,
as shown in Figure 8B. In the amplitude spectrum associated with the conventional gearbox, peaks primarily appear at the intermediate planet car-
rier rotational frequency, the intermediate shaft rotational frequency and their modulation frequency, which implies that the load-sharing among
planet gears is certainly affected by the gravity of the intermediate planetary stage components. Although the input shaft rotational frequency

appears in the amplitude spectrum associated with the compact gearbox, the gravity effects on the gear meshing force are apparently slight.

4.2 | Comparisons of gearbox dynamic behaviour under tangential pin position error conditions

In practice, manufacturing and assemble errors on planetary gears are inevitable. Tangential pin position error is a common manufacturing toler-
ance type that significantly affects planetary load sharing.3®%% In this section, the dynamic responses of the two gear boxes under tangential pin
position error conditions are compared. More specifically, five tangential pin error cases increasing from 0.1 to 0.5 mm are defined, which are
applied on planet 1 (the first planet which is located at the top position in the gravity direction) in both the first stage and the second stage of the
conventional and compact gearboxes. The magnitudes of the tangential pin error considered in the 10 MW gearboxes are inferred based on the
measured values for smaller gearboxes, as demonstrated in the studies of Austin®® and Park et al.** Error sensitivity analysis is conducted for both
gearboxes. Based on this analysis, the dynamic behaviour of the two gearboxes is assessed and compared. Dynamic simulations for cases of apply-
ing pin position errors on the first stage planet are conducted separately from those on the second stage planet, which implies that when the pin
position errors are applied on one stage, the other stage does not consider any errors. Note that the comparative analysis is only conducted under

rated torque load case LC3, which is the load case which represents the largest duration within the wind turbine life cycle.

421 | Load-sharing behaviour comparison

Figure 9 presents the time series of the planet load sharing in the first stage of the conventional and the compact gearbox under 0.3 mm pinhole
position error. Planet 1 in both gearboxes carries a larger portion of the load than other planets because the tangential pin position error
causes it to come into contact earlier than other planets. Additionally, the fluctuating characteristics of the planet gear teeth loads over time are
different in these two gearboxes. An apparent cyclical fluctuation can be seen in the time series of the planet gear teeth loads of the conventional
gearbox because the planet carrier in this stage is rotational, while the cyclical fluctuation does not appear in the compact gearbox since its planet

carrier is fixed.
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Figure 10 compares the maximum and the mean values of dynamic load-sharing factors between the conventional and the compact gearbox
under all defined tangential pin position error conditions. Under all error conditions, both the maximum and the mean values of the dynamic load-
sharing factors of the conventional gearbox are larger than those of the compact gearbox, in both the first stage and second stage. The reasons
are attributed to the conclusions in section 4.1: In the first stage, the relatively poor load-sharing performance of the conventional gearbox is due
to the component gravity effects, while in the second stage, it is due to the relatively small sun gear floating capacity. Additionally, in the second
stage, both the maximum and mean values of K,(t) in the conventional gearbox increase sharply as the pin position error increases, while the com-
pact gearbox load sharing is almost invariable with the increasing error. The load-sharing performance of the conventional gearbox is thus more
sensitive to the tangential pin position error than the compact gearbox.

To understand the differences in sensitivity, the motions of the floating components in these two gearboxes under all error conditions are
studied. Time series of the Sun gear Y motion in the first stage of the two gearboxes, in Figure 11, is used as an example. The amplitude of the
Sun gear motion in the conventional gearbox increases at a once-per-carrier revolution as the error increases, while its mean values do not change
significantly. In contrast, the variation of the Sun gear motion in the compact gearbox mainly appears in the mean values. This is because the
planet carrier design differs in these two gearboxes: A rotational design is adopted in the conventional gearbox, and a fixed design is used in
the compact gearbox. The unevenly shared planet gear loads in the conventional gearbox vary cyclically along with the carrier revolution,
while the planet carrier of the compact gearbox is fixed. This difference also explains the characteristics of Figure 12, where the error sensitivities
of the floating component radial motion in the first stage are compared. Generally, in the first stage, the mean values of Y and Z motion in the con-
ventional gearbox are invariable with the increases of tangential pin position error, while dramatic increases appear in their standard deviations.
For the compact gearbox, an approximately linear relationship is seen between the pin position error and the mean value of Sun gear motion,
while the standard deviations of sun gear motions are invariable.

Figure 13 compares the error sensitivities for floating component radial motion in the second stage between these two gearboxes. Since the
second stages in both these two gearboxes adopt a rotational planet carrier design, the mean values of Sun gear motion vary only slightly with
increasing error, and the main increases are seen in their standard deviations. One exception is the ring gear motion in the compact gearbox that
has poor floating capacity due to a close bearing support. The standard deviations of Sun gear motions in the compact gearbox are slightly more
sensitive to the error magnitude than in the conventional gearbox, but the main reason for the stable load-sharing behaviour is the large amount
of floating of the Sun gear in the compact gearbox. In contrast, although the amplitude of the Sun gear motion in the conventional gearbox
increases significantly as the error magnitude increases, it still cannot alleviate the increase in the unevenness of the load sharing caused by the

increased error.
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FIGURE 10 Comparison of maximum
and mean values of dynamic load-sharing
factors between conventional and compact
gearboxes under tangential pin position error
conditions [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 11 Sun-planet load sharing in
the first stage of the conventional and
compact gearboxes under 0.1, 0.3 and 0.5
mm tangential pinhole position error
conditions [Colour figure can be viewed at
wileyonlinelibrary.com]
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Relative fatigue damage comparison

In this section, the sensitivity of fatigue damage of gears and bearings to tangential pin position error is compared between the conventional gear-
box and the compact gearbox. This is expressed by relative damage, defined as


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

2 | WILEY

WANG ET AL

0.04
—O— Conventional Sun *
= 003 1= % — Compact Sun *//
E -
H*
S 002 -
3 K
E -~
g oot A
c ¥*
®
[0] O o Py o o
= ¢ ©
-0.01
0 01 02 03 04 05

Tangential pin position error [mm]

0.1
—©— Conventional Sun D

— —* -
£ 008 Compact Sun
E
& 0.06
g
N 0.04
[a) ¢
o
5 0.02

Foo— k— — e — ke — % — —%

0
0 0.1 02 03 04 05

Tangential pin position error [mm]

(A)Y-motion

0.1
€
é ¥ — — — — Sk — —% — ¥
s 0.05 [ —o— Conventional Sun
3 — % — Compact Sun
S —-A-— Compact Ring
>_
- O — A A e A A A
3
= L o o —o—o—9
-0.05(
0 01 02 03 04 05
Tangential pin position error [mm]
0.2 -
—&O— Conventional Sun

— — % — Compact Sun P ¥
E 0.15 |—-A-—CompactRing  |-*
=
Re]
©
g
>
[@]
l_
()

B A A A A A

0 0.1 02 03 04 05
Tangential pin position error [mm]

(A) Y-motion

Mean Z-motion [mm]

STD Z-motion [mm]

0
- —
*— %
= — e
-0.02 F
0.04 —&— Conventional Sun
T — % — compact Sun
-0.06
C\ O O O O f)
-0.08
0 01 02 03 04 05
Tangential pin position error [mm]
—O— Conventional Sun D
0.03 | — * — Compact Sun
0.025
0.02
0.015
(¢
0015 — % — —% — % — —%— — %
0.005
0 01 02 03 04 05

Tangential pin position error [mm]

(B) Z-motion
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relative damage = —th error

’
without error

(8)

where Dyith error aNd Dyithout error are the 1 h fatigue damage of gears and bearings with and without error conditions in these two gearboxes,

respectively.
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Table 3 compares the relative damage of components between these two gearboxes under all error cases. A high relative value implies the
component fatigue damage is very sensitive to the given pin position error.

The fatigue damage of a total of 11 components will be affected in the conventional gearbox under tangential pin position error conditions,
while only four components will be affected in the compact gearbox. This implies that the conventional gearbox is more susceptible to fatigue
damage related to manufacturing errors. Generally, the number of affected components of the conventional gearbox, which are marked with
colors, increases with the error increases.

The increase in fatigue damage of the compact gearbox remains below 50% for pin position errors below 0.5 m, while smaller errors result in
larger damage increases for the conventional gearbox. Moreover, in the 0.5 mm error condition, the fatigue damage of five components are obvi-
ously affected in the conventional gearbox. For the planet gear in the second stage, more than tenfold increases in bending and pitting fatigue
damage are observed. These results generally suggest that the fatigue damage of the conventional gearbox is more sensitive than the compact
gearbox to pin position errors.

43 | Comparisons of gearbox dynamic behaviour under non-torque loads

In this section, the effects of non-torque loads on the conventional gearbox and the compact gearbox are compared. This is also expressed by rel-
ative damage, defined as

. Duwith non— I
relative damage = —ith non—torque load 9)

without non—torque load

where Dyith non — torque load aNd Dyjithout non — torque load are the 1 h fatigue damage of gears and bearings under with and without non-torque load

cases in these two gearboxes, respectively. It is noted that the pin position error is no longer considered in this section.

TABLE 3 Conventional versus compact gearbox

Tangential pin position error (mm)

Gearbox Components 0.1 0.2 0.3 04 0.5

Conventional _1.02 1.10 121 1.38 -
PL-A 1.04 1.08 1.12 117 121
IMS-PLC-A 1.11 1.44 -2.70 3.57
IMS-PLC-B 1.03 1.09 1.18 1.26 1.36
IMS-PL-A 1.26 2.44 3.01
IMS-A 1.16 2.11 2.81 3.69
L RUEEERTOEEET
St1-Sun-bending 1.01 1.02 1.03 1.04 1.06
St1-planet-bending 1.08 1.17 1.27 1.37 1.48
St2-Sun-bending 1.06 1.26 1.67 2.39 3.56

2.64 4.23

St1-Sun-pitting 1.01 1.02 1.03 1.05 1.06
o e |
St2-Sun-pitting 1.07 1.30 2.63 4.05
L T TR

Compact St1-PL-A 1.04 1.08 1.13 1.17 1.22
St2-RS 1.05 1.09 1.15 1.20 1.26
St1-Sun-bending 1.02 1.07 1.08 1.09 1.10

1.15 1.24 1.35 1.46
St1-Sun-pitting 1.00 1.01 1.02 1.04 1.05
1.16 1.26 1.37 1.49

Note. Comparison of relative fatigue damage (with error/without error). Green value (1.5-2.0): low relative damage;
yellow value (2.0-6.0): medium relative damage; red value (>6.0): high relative damage.
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The drivetrain design adopts a two-main-bearing support configuration to protect the gearbox from non-torque load effects, but certain
bending moments enter the gearbox nonetheless due to the deflections of bedplate and gearbox housing as well as the tolerances in the assem-
bly.*? Additionally, a certain amount of the thrust force will also be inevitably transmitted into the gearbox due to main bearing clearance. The
amount that is transmitted depends on the arrangement, clearances and axial stiffness of main bearings. In this study, the sensitivity of the gear-
box dynamics to the pitching moment (M,) and the thrust force (F,) is examined. Both the pitch moment and thrust force are considered via five
load cases: 2%, 4%, 6%, 8% and 10% of the loads that are obtained from the global analysis under the environmental condition EC3. The non-
torque loads are applied at the main shaft-planet carrier connection position to ensure that the non-torque load transmitted into the gearbox is
the designated one.

43.1 | Pitching moment load sensitivity analysis

In this section, the effects of a pitching moment on dynamic behaviour of the two gearboxes are studied. In addition, the sensitivity of fatigue
damage to the pitch moment between the two gearboxes are compared. Figure 14 presents the time series of pitch moment under the five load
cases. Figures 15-17 and 18-20 compare the gear meshing force and bearing radial (Z direction) force in time and frequency domain between the
10% M, case and base case (M,) in the conventional and the compact gearbox, respectively.

The 3P, 6P and 9P frequencies dominate the frequency content of the pitching moment spectra. The responses at these frequencies in the
spectra of Figures 15-20 indicate that the gearbox load effects are affected by the pitching moments. In the conventional gearbox, 3P, 6P and 9P
responses dominate in the spectra of planet bearing (PLC-A and PLC-B) load. The 1P response dominates in the spectrum of the Sun-planet
meshing force, and the response value under the 10% M, case is higher than the base case. This implies that the majority of bending moments are
carried by the planet carrier bearings; the bending moments are not be transmitted directly to the gears but will exaggerate the planet carrier grav-
ity effects on gear meshing.

In contrast, in the compact gearbox, in addition to the significant effects on the planet carrier bearing PLC, apparent effects caused by bend-
ing moments appear in the Sun-planet meshing force in the first stage. The bearing PLC is supported on the left side, and no support is placed on
the right side. The support arrangement is similar to a cantilevered beam, which results in the bending moment effects on the first stage gear
meshing force. An interesting observation is found in the St2-RS force, as illustrated in Figure 20. Not only the 3P, 6P and 9P but also the 1P and
the 2P responses are important in the St2-RS load spectrum under the 10% M, load case. This is because the bearing St2-RS is placed in the mid-
dle of the first stage and the second stage in the compact gearbox, as illustrated in Figures 1b and 2b, and the bearing will be affected by loads
from two stages. The 3P, 6P and 9P responses are induced by the first stage due to the input bending moment effects, while the 1P and the 2P
responses are induced by the second stage due to gravity effects.

Table 4 compares the relative damage of gears and bearings between the conventional and the compact gearboxes under all pitch moment
load cases. In the conventional gearbox, the fatigue damage of a total of seven components is affected by the applied pitch moments, while only
five components are affected in the compact gearbox. In the conventional gearbox, both the upwind and the downwind planet carrier bearings in
the first stage, PLC-A and PLC-B, as well as the upwind planet carrier bearing in the second stage, IMS-PLC-A, are found to be significantly
affected by the applied pitch moments. The relative damage of PLC-B remains approximately constant under low pitch moment load cases, while
it increases quickly from the 6% M, load case. This is because the PLC-B adopts a CRB with clearance and the clearance is largely reduced under
the high pitch moment load cases.

Another observation is that fatigue damage of the Sun gear, planet gear and planet bearings in the conventional gearbox is not sensi-
tive to the applied pitch moments. This is because that mean values of the load effect of these components are not obviously affected by
the pith moments. On the other hand, in the compact gearbox, fatigue damage effects are only observed in the planet carrier bearing PLC

under high pitch moment cases. This is because the applied pitch moments are shared by the gears in the first stage. However, other
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FIGURE 15 Comparison of time series and FFT of the PLC-A radial force between 10% M, case and base case in the conventional gearbox
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FIGURE 16 Comparison of time series and FFT of the PLC-B radial force between 10% M, case and base case in the conventional gearbox
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FIGURE 17 Comparison of time series and FFT of the Sun-planet meshing force between 10% M, case and base case in the first stage of the
conventional gearbox [Colour figure can be viewed at wileyonlinelibrary.com]

components in the compact gearbox are more sensitive to pitch moment than those in the conventional gearbox. This is because the planet
carrier of the first stage of the compact gearbox is fixed and thus the pitch moment affects the mean values of gear and bearing load
effects. The relative damage of PLC-A in the conventional gearbox and the PLC in the compact gearbox decrease with the increases of the
applied bending moment M,. This is because the clockwise pitch moments are applied at the planet carriers, mitigating the gravity effects
of the planet carrier on these two bearings.
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432 |

Thrust force sensitivity analysis

In this section, the effect of the thrust force on load effects and fatigue damage of the most vulnerable component in these two gearboxes is con-

ducted. Figure 21 presents the time series of thrust force under the five load cases. In these two gearboxes, one bearing designation, LL889049/

LL889010D, is used in the same position, which corresponds to the PLC-A in the conventional gearbox and the PLC in the compact gearbox, as

presented in Figure 1. However, the dynamic responses of these two bearings are different under all load cases.
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TABLE 4 Conventional versus compact gearbox

Gearbox

Conventional

Compact

Bending moment M,, (kNm)
Components 2% 4% 6% 8% 10%
A oz - o
ACEN 0 0 1 G
PL-A 1.00 1.00 1.00 1.00 1.00
IMS-PLC-A 1.08 _1.52 1.67
IMS-PLC-B 1.02 1.03 1.03 1.04 1.05
St1-Sun-bending 1.01 1.00 1.01 1.01 1.01
St1-planet-bending 1.00 1.00 1.01 1.01 1.01
St1-Sun-pitting 1.00 1.00 1.01 1.01 1.01
St1-planet-pitting 1.00 1.00 1.01 1.01 1.01
Ao o NG
St1-PL-A 1.01 1.01 1.02 1.03 1.03
St2-RS 1.01 1.04 1.08 1.12 1.17
St1-Sun-bending 1.01 1.01 1.02 1.02 1.02
St1-planet-bending 1.07 1.08 1.10 1.11 1.13
St1-Sun-pitting 1.01 1.01 1.02 1.02 1.02

Note. Comparison of relative fatigue damage (with bending moment/without bending moment). Green value (0.5-0.8
and 1.2-1.5): low relative damage (0.3-0.5 and 1.5-3); yellow value: medium relative damage; red value (>6.0): high
relative damage.
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FIGURE 21 One hour time series of thrust force under five load cases [Colour figure can be viewed at wileyonlinelibrary.com]
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1.2 . . . . FIGURE 23 Comparison of relative damage between the PLC-A in the
I FLC-A conventional gearbox and the PLC in the compact gearbox under all load
1k B FLC cases [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 22 presents the time series of axial force of the bearings PLC-A and PLC, respectively, under all load cases (where the base case does
not consider thrust forces). It is observed that the PLC-A has a low axial force level under the base load case and it significantly increases as the
applied thrust force increases, while the PLC has a large negative axial force level under the base load case and the absolute level decreases as
the applied thrust force increases. The reason for this difference is related to the different gearbox layouts. In the conventional gearbox, ring gears
are bolted into the gearbox housing, and the axial forces carried by the bearing PLC-A are transmitted from the planet carrier. As a contrast, in the
compact gearbox, the axial forces carried by the bearing PLC are transmitted from the first stage ring gear directly because the ring gear is a rota-
tional component. The direction of the PLC axial force is determined by the helix angle direction of the ring gear. In this model, the gear helix
angle direction of the ring gear is set to produce the negative axial forces that are applied on the bearing PLC. Thus, the rotor thrust forces that
are transmitted to the gearbox would be offset by the negative PLC axial forces, which is favorable for the PLC fatigue life.

Since the bearing PLC-A in the conventional gearbox and the PLC in the compact gearbox adopt a double row TRB bearing type, the applied
thrust forces are mostly carried by these bearings. Figure 23 compares the relative fatigue damage of the PLC-A in the conventional gearbox and
the PLC in the compact gearbox under the five thrust load cases. It is observed that the relative damage of bearing PLC is lower than the bearing
PLC-A under all load cases. The relative damage of PLC decreases significantly as the thrust force increases, while a very slight decrease in the
relative damage is observed in the bearing PLC-A. This can be explained by the bearing fatigue damage calculation equation, as presented in
Equation 9, which shows that fatigue damage is affected by the bearing equivalent load P. In the case of the bearing PLC-A/PLC, P=F, when the
ratio between the axial and radial forces is less than 0.57203, and P=0.5F, +0.57689F, otherwise, based on the bearing catalogue. For the bear-
ing PLC-A, the fatigue damage is dominated by the radial forces because its axial forces are far lower than the radial forces. In contrast, for the
bearing PLC, the fatigue damage is significantly affected by the axial forces, since the ratio between the axial and radial forces is larger than
0.57203. The results in this section show that the fatigue damage of the compact gearbox is very sensitive to the thrust force, but the load effects
are favorable to the gearbox fatigue life. This could also alleviate the difficulty of the main bearing design, which is one of the biggest challenges

in large-scale floating wind turbines.

5 | CONCLUDING REMARKS

This study deals with a comparative analysis of the dynamic behaviour of the wind turbine gearbox between a conventional and a compact layout
based on the DTU 10 MW monopile support offshore wind turbine. The two gearbox configurations are described, and their advantages and dis-
advantages are discussed. Load-sharing performance and fatigue damage are assessed and compared under pure torque load cases, tangential pin

position error conditions and non-torque load cases. The main conclusions are summarized as follows:

o The compact gearbox has a better load-sharing performance than the conventional gearbox, especially under low torque load cases. In the first
stage, the relatively poor load-sharing performance in the conventional gearbox is due to gravity effects, which do not affect the compact gear-
box because its planet carrier is fixed. Additionally, the difference of the load-sharing performance in the second stage between these two
gearboxes is primarily due to the differences in the floating capacity of the Sun gear in these two gearboxes.

e Because of the large floating capacity of the Sun gear in the second stage of the compact gearbox, the load-sharing performance of the com-
pact gearbox is much less sensitive to tangential pin position error compared to the conventional gearbox.

e Compared to the gears and bearings in the compact gearbox, fatigue damage of more components is affected by the applied tangential pin
position error in the conventional gearbox. Additionally, the effects of tangential pin position error on fatigue damage of components in the

conventional gearbox are generally larger than those in the compact gearbox.


http://wileyonlinelibrary.com

WANG ET AL Wl LEY 19

e Compared to the gears and bearings in the compact gearbox, fatigue damage of more components in the conventional gearbox is affected by
the applied rotor pitch moments. Additionally, in general, the fatigue damage of gears and bearings in the conventional gearbox is more sensi-
tive to the pitch moments than those in the compact gearbox, especially under severe load cases.

e Rotor thrust forces have a favorable effect on fatigue damage of the compact gearbox because they offset the axial forces of the planet carrier
bearing. In contrast, the fatigue damage of the planet carrier bearing in the conventional gearbox is not sensitive to the rotor thrust force
because it is more affected by radial loads.

As a whole, the present work compares a conventional and a compact gearbox model. Both are designed for the DTU 10 MW wind turbine
based on an identical design methodology, in terms of weight, volume and dynamic behaviour. The study demonstrates that a lighter gearbox
weight and much smaller size can be realized via the novel layout design. Additionally, in general, compared to the conventional gearbox, the com-
pact gearbox has a better dynamic behaviour under different environmental conditions and is less vulnerable to inevitable manufacturing errors
and non-torque loads. According to this study, the compact gearbox is a promising alternative for large-scale floating wind turbines. However, the
assessment on gearbox performance should be conducted from a whole life cycle perspective, which includes the costs of manufacturing, installa-
tion and maintenance. Further studies on the comparison of the two gearbox performance in a whole life cycle will be conducted.
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