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Abstract

This paper investigates the fatigue damage of the gears and bearings in a land-based and a spar-type floating wind turbine. The
reference 5 MW NOWITECH gearbox is used on a land-based and a floating spar wind turbine. First, the global analysis is
carried out in an aero-hydro-servo-elastic code. Next, the forces, moments and motions from the global analysis are applied to the
gearbox modelled in a Multi Body Simulation (MBS) and forces on gears and bearings are obtained. The fatigue damage is then
calculated based on the SN-curve approach and Palmgren-Miner linear damage hypothesis in an identical wind condition and
compared for both turbines.
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1. Introduction

Wind energy harvesting from the offshore environment is attractive due to, among others, the steady wind
conditions and high mean wind speed. In the last decade, in addition to shallow water bottom-fixed wind turbines,
floating wind turbines have been in the centre of research and development. Hywind, the first floating wind turbine
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prototype, was installed in 2009 off of the coast of Norway and the second one, WindFloat, in 2011 in Portugal.
Many studies have been dedicated to the structural load and load response analysis of floating wind turbines [ 1-4],
but few have been focused on the mechanical components and drivetrains. One of the first studies on floating vs.
fixed wind turbine drivetrains was carried by Xing et el. [5], where the higher load variations on the drivetrain of a
spar type wind turbine were identified. In fatigue analysis, Dong et al. [6], Nejad et al. [7] or Jiang et al. [8] have
investigated the gear contact fatigue, gear tooth root bending fatigue and bearing contact fatigue in wind turbine
gearboxes. However, all these fatigue studies have employed land-based or bottom-fixed wind turbines, and not
floating turbines.

Drivetrains with gears are still the dominant technology for wind turbines with market share of more than 85%
[9]. In this paper, the 5 MW reference gearbox [10] with conventional three stage gears is used for fatigue damage
comparison of a land-based and a spar wind turbines. The fatigue damage of gears and bearings is compared at the
rated wind speed.

2. Methodology
2.1. Decoupled analysis

A decoupled analysis method is used to estimate the drivetrain dynamic load response from the environmental
loads - see Figure 1 - and next, the forces, moments and motions from the global analysis are applied to the gearbox
modelled in a Multi Body Simulation (MBS) and forces on gears and bearings are obtained.
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Step II: Drivetrain loadings are obtained from
global analysis.

Step Ill: Establishing a detailed gearbox model. Step IV: Gear load and load response analysis.

Fig. 1. Decoupled approach for wind turbine gearbox analysis.

The global analysis is conducted by using an aero-hydro-servo-elastic code, SIMO-RIFLEX-AeroDyn [11].
Simulations are carried out for mean wind speed 12 m/s, which is close to the rated wind speed of 11.4 m/s.
According to Nejad et al. [7] the rated wind speed holds the highest contribution in the gear fatigue damage,
therefore the fatigue damage near the rated wind speed is compared for the land-based and the spar wind turbine.
For the spar wind turbine, simulations are carried out at the rated wind speed with wave conditions characterized by
significant wave height H; =5m and peak period 7, =12 s (modelled by a JONSWAP spectrum). The turbulence
intensity factor is taken as 0.15 according to IEC 61400-1 [12] for both the spar and land-based turbines.

To minimize the statistical uncertainties, six 3800s simulations are carried out for each wind speed. The first 200
s are removed during post-processing to avoid start-up transient effects. More information about the decoupled
approach and its limitations can be found in [6,7,13,14].
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2.2. Fatigue damage comparison in gears

Among the many failure modes of gears, the gear tooth root bending fatigue failure can cause particularly
catastrophic consequences and total damages [15]. The short-term gear tooth root bending fatigue damage can be
estimated by the Palmgren-Miner hypothesis of linear damage and SN curve data [7]:

D=%amr(1+ﬂj (M
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where N, is the number of stress cycle in one hour, K. and mare SN curve parameters and a,care the Weibull
shape and scale parameters of stress range in the form of:

F, (S)=1—exp[—(§jcj @

The stress range is obtained by the load duration distribution (LDD) method [16]. In every rotation, a single tooth
undergoes root bending or surface pitting stress ranging from zero to a certain peak value which does not explicitly
correspond to the input load fluctuations. This is due to the fact that the gear stress range is not only a function of the
external load fluctuations but also a function of gear rotational speed. In wind turbines, the stress range for different
gear stages should be established by taking into account both load and speed variations. Therefore, the stress cycle
counting method for gears is not the same as for structural components. More information about this method and
gear tooth root fatigue calculation can be found in Nejad et. al [7].

2.3. Fatigue damage comparison in bearings

The bearing life and damage calculation is generally based on the Lundberg-Palmgren [17] equation:

PL=C 3)

where L is the bearing basic life, defined as the number of cycles that 90% of an identical group of bearings
achieves, under a certain test conditions, before the fatigue damage appears. P is the dynamic equivalent radial load
calculated from P=XF, +YF,, and F,,F, are the axial and radial loads on the bearing respectively, X,Y are
constant factors provided by manufacturers. a is 3 for ball bearing and 3.33 for roller bearings. C is the basic load
rating and constant for a given bearing.

Equation (3) is one form of the single SN curve formulation. Comparing this equation with Palmgren-Miner’s
hypothesis of linear cumulative damage, the damage is obtained by [15]:

L1
D=3 =2l “

where D is the fatigue damage for a load with duration of 1 hour and / is the number of load cycles in 1 hour
associated with load range P, . It should be noted that the method described herein is the most common approach for
bearing life calculation. More refined methods considering internal components can be found in Jiang et al. [8].
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3. Land-based and spar wind turbine models

The NREL 5MW reference wind turbine [18] is studied in both the original land-based configuration and
mounted on the floating OC3 Hywind hull [19]. The reference turbine is a 3-bladed upwind turbine with rated speed
12.1 rpm. Both are modelled in SIMO-RIFLEX-AeroDyn, which consists of three integrated simulation tools. SIMO
models the rigid body hydrodynamics of the hull and rigid body components of the turbine (nacelle and hub);
RIFLEX, includes the finite element solver, the flexible beam elements, and the link to an external controller; and
AeroDyn provides the forces and moments on the blades based on Blade Element/Momentum (BEM) or
Generalized Dynamic Wake (GDW) theories, including dynamic stall, tower shadow, and skewed inflow correction
[20]. The generator torque and blade pitch control system was written in Java. This combination provided a stable
nonlinear finite element solver, sophisticated hydrodynamics, well-tested aerodynamics, and control logic.

The spar hull was modeled as a rigid body, while the tower, blades, and mooring lines consisted of flexible
components. A chain mooring system with delta lines and clump weights was applied to approximate the mooring
system stiffness described by Jonkman [19]. The mooring lines were modeled using bar elements and connecting
joints, allowing for a full dynamic solution. Additional information about the model is given by Bachynski et al.
[4].

The models are shown in Figure 2 and their general characteristics are summarized in Table 1.

)

Fig. 2. Land-based (left) and spar wind turbines modelled in SIMA. Note that the full extent of the spar mooring system is not shown.

Table 1. General characteristics of the modelled wind turbines.

Land-based turbine Spar wind turbine
Hub height 90 m 90 m
Tower length 87.6 m 77.6 m
Platform surge: 129.5 s
Key natural periods 1* tower fore-aft: 3.1 s Platform pitch: 29.7 s
y naturalp 2" tower fore-aft: 0.4 s Platform yaw: 8.2 s

1% tower fore-aft: 2.1 s

Controller natural frequency 0.6 rad/s 0.2 rad/s

4. 5 MW gearbox model

The 5 MW reference gearbox for offshore wind turbines developed by NOWITECH has been used in this study
[10] This gearbox consists of three stages, two planetary gears and one parallel helical gears. The general
specification of the gearbox is listed in Table 2.
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Table 2. 5 MW gearbox model specification [10].

Parameter Value
1% stage ratio 1:3.947
2" stage ratio 1:6.167
3 stage ratio 1:3.958
Total ratio 1:96.354
Power (kW) 5000
Rated input shaft speed (rpm) 12.1

Rated input shaft torque (kN-m) 3946

As it is shown in the layout and topology Figures 3 and 4, gearbox is fitted with two main bearings to reduce the
non-torque loadings on gear stages. Components’ designations are also illustrated in Figure 4.

Gearbox

|

HS-BC

INP-A
~

M5 B.C!

INP-A/B : Main Shaft Bearings
PLC-A/B : Planet Carrier Bearings
PL-A/B : Planet Bearings

IMS-A/B : Intermediate Shaft Bearings
HS-A/B : High Speed Shaft Bearings

Fig. 3. 5 MW reference gearbox schematic layout.
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Fig. 4. 5 MW gearbox topology and components’ designations.

The MBS model of the 5 MW reference gearbox is shown in Figure 5.

a

Forces/Moments applied here

Torque/Speed
controlled here

Motions

Fig. 5. 5 MW gearbox MBS model.

5. Results and discussions

The fatigue damage in gears and bearings for land-based and spar wind turbines is compared by a comparison
factor in percentage, y , defined as:

D_-D
7 =—2—""x100 %)

b

where D,,D,, are fatigue damage in land-based and spar respectively. The bearings and gears selected for
comparisons are chosen based on the fatigue damage ranking map — vulnerability map — as described in reference
[15]. Figure 6 shows the vulnerability map for the 5 MW reference gearbox. In this map, the gears and bearings are
highlighted based on their fatigue damage rankings.
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Fig. 6. 5 MW gearbox vulnerability map [10].
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Table 3 presents the fatigue damage comparison factor, y , as defined in equation (5).

In Table 3, the negative values indicate lower damage in spar type floating wind turbine, while positive means
higher damage. As it is shown, most of the components encounter lower damage in spar type wind turbine, except
the second main bearing (INP-B) which faces damages around two times more than in land-based turbine. The first
main bearing (INP-A) is designed to carry the radial loads while INP-B carries both radial and axial loads. As it is
presented in Figure 7(a), the axial load variation on INP-B in spar is higher than in the land-based gearbox.
Moreover, the bearing fatigue damage is a function of equivalent load range on power of 3.33 — see equation (4).
The equivalent load for the INP-B is obtained from P =0.67F, +3.6F,, thus even a small increase in axial force
range causes a considerable bearing damage. It should be noted that both spar and land-based turbine produce the

Table 3. Fatigue damage comparison factor, y %.

Bearing/gear designation ~ Description V4
%
INP-A Main bearing, upwind -19
INP-B Main bearing, downwind -
PL-A 1* stage, planet bearing, upwind 0
PL-B 1* stage, planet bearing, downwind -4
IMS-PL-A 2™ stage, planet bearing, upwind 0
IMS-PL-B 2" stage, planet bearing, downwind -2
IMS-C Bearing on medium speed shaft -1
HS-C Bearing on high speed shaft -4
1% stage sun gear 1% stage sun gear -2
3 stage pinion 3" stage pinion 3

same mean power — Figure 7(b).

The results also show that the upwind planet bearing sustains higher damage than the downwind bearing in the

spar drivetrain. This is in line with the results found in earlier studies of land-based gearboxes [21,22].
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Fig. 7. Left (a): axial force on 2nd main bearing (INP-B), land-based and spar. Right (b): mechanical power, land-based and spar.
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6. Conclusions

In this paper the fatigue damage of gears and bearings of a spar type wind turbine is compared with a land-based
turbine. A reference 5 MW gearbox modeled by multibody simulation is employed for both land-based and spar
wind turbines. The global analysis is carried at same wind condition for both wind turbines, while the representative
correlated wave is also applied on the spar. The forces, movements and motions obtained from the global analysis
are then applied on the gearbox in multibody model. From the multibody outputs, the fatigue damage of gears and
bearing are calculated.

It is found that the main bearing carrying axial loads sustains higher damage in spar than the land-based turbine.
Other gears and bearings encounter lower or equal damages in spar turbine comparative with the land-based.
Moreover, it is highlighted that the bearing life is unequal for upwind and downwind planet bearings in spar wind
turbine similar to the land-based turbine.
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