
 

   



 

 

 

 

 

 

 

 

Please note: 

 

This is the collection of the conference proceedings. 

If you are interested in the peer-reviewed journal publications,  
follow this link: 

https://link.springer.com/collections/becdiaadhe 

 

 

 

 

 

 



 

 

Table of Contents 

 

Gearbox Bearings I .............................................................................................................. 1 

A new generation of hydrodynamic plain bearings, enabling the next step in gearbox 
torque density ........................................................................................................... 2 

Validation of Plain Bearings on Planetary Stages for Single Blade Installation .............. 11 

Evaluation of wear models for the wear calculation of journal bearings for planetary gears 
in wind turbines ....................................................................................................... 18 

Gearbox Bearings II ........................................................................................................... 39 

Designing and Qualification of Sliding Bearings for Planetary Gears in Wind Turbine 
Gearboxes .............................................................................................................. 40 

Efficient Elastohydrodynamic Gearbox Simulations ....................................................... 48 

Gearbox Testing and Validation ....................................................................................... 56 

A Revised International Standard for Gearboxes in Wind Turbine Systems ................... 57 

NVH / Tonality I................................................................................................................... 68 

On Optimizing the NVH Behaviour of WTG Powertrains through Technology Transfer 
across Industries. .................................................................................................... 69 

NVH / Tonality II.................................................................................................................. 82 

Experimental identification of relevant drive train vibration modes for tonality mitigation of 
wind turbines ........................................................................................................... 83 

Noise and Vibration Analytics Framework and its Practical  Application to Achieve a 
Tonality Free Wind Turbine  and Powertrain Design ............................................... 91 

Main Bearing and Shaft ..................................................................................................... 99 

Development and Layout of Two Innovative Hydrodynamic Rotor Main Bearing Designs
 ....100 

Advanced, numerical simulation of the bearing ring creeping failure mode and comparison 
with experimental test results for rotor main bearing applications .......................... 110 

Cost Efficient Design of Wind Turbine Main Bearing Systems ..................................... 121 

Electrically Induced Loads from Generator ................................................................... 130 

Electrical Components and Energy Systems ................................................................ 131 

ISA-HyPLAN, a tool for system simulation of green hydrogen P2G plant concepts to 
facilitate implementation taking technical and economic aspects into account ...... 132 

HiL Testing and Validation .............................................................................................. 139 

HiL-Grid-CoP: Electrical type testing of wind turbines on the minimum system using a test 
ring140 

Influence of the impact time of a WEC trigger on failure risk ........................................ 148 



 

 

Validation and Calculation .............................................................................................. 155 

Structural digital twins during the design process ........................................................ 156 

Key Applications of FEA and MBS in Wind Turbine Gearboxes ................................... 164 

ML and AI in Wind Turbines ............................................................................................ 171 

Artificial Intelligence for Sustainable Control of Wind Power Drives ............................. 172 

Reliability and Maintenance ............................................................................................ 181 

Intelligent Powertrain for reducing LCoE in Wind Business .......................................... 182 

Method to Design a Generalizable Sensor System for Estimating Transmission Input 
Loads of a Wind Turbine ....................................................................................... 192 

Design for Reliability: Full Probabilistic approaches  for the Wind Industry .................. 197 

Development of process and toolkit for uptower replacement of main shaft spherical roller 
bearing - Repair-Solution Rotor Bearing ReSRoB ................................................. 206 

Nacelle Testing ................................................................................................................ 214 

Turbine and Park Control ................................................................................................ 215 

Load Mitigation and Power Tracking Control for Multi-Rotor Turbines ......................... 216 

Pitch and Yaw System ..................................................................................................... 225 

The Wind Turbine Design Guideline DG03: Yaw and Pitch Rolling Bearing Life Revisited – 
An Outline of Suggested Changes ........................................................................ 226 



CWD 2023 

1 

Gearbox Bearings I



CWD 2023 

2 

A new generation of hydrodynamic plain bearings, enabling the 
next step in gearbox torque density 

P. Tesini1, J. Dzwonczyk-Mertzanis1, R. Reynders2 
1SKF B.V., Meidoornkade 14, 3992AE Houten, NL 

2SKF Belgium NV/SA, Berkenlaan 8c, 1831 Diegem, B,  

Keywords: hydrodynamic plain bearings, all-solid-state coating, cold spray, sliding layer, dynamic simulation  

Abstract: This document provides extended information regarding the development of the next 
generation Hydrodynamic Plain Bearings for planetary stages in wind turbine gearboxes in terms of 
technology and material selected, design and performance assessment by simulation and relevant 
performance testing on component level.  

1 Introduction 

The wind industry is facing a continuous pressure to reduce the Levelized Cost of Energy (LCoE), 
resulting in new drivetrain designs. Increasing gearbox torque density is hereby required to limit the 
weight up-tower and to limit the size of the largest components for transportation. To achieve higher 
torque density, especially the first planetary gear stage has been changed in modern wind gearboxes 
to a multi-planet system. This system has a high number of planet gears of relatively small gear 
diameter resulting in limited space for the bearing supporting the planet gears. This has resulted in 
the implementation of hydrodynamic plain bearings (HPB) in new multi-MW gearbox designs, 
replacing roller bearings because of the smaller cross section. 

The most common HPB solution applied today in wind gearboxes is a mono-material bushing, which 
can be mounted fixed to the planet pin, the planet gear or as a floating bushing between pin and 
gear wheel.  

This presentation will focus on a next generation of HPB, based on a specifically designed sliding 
material sprayed directly on the planetary pin. Due to the smaller cross section, this cost-efficient 
solution will enable a next step in downsizing of the planetary gear and hereby increase the gearbox 
torque density even further. Moreover, this versatile technology allows the use of different materials 
depending on the application requirements.  

The next generation HPB is being tested on a down scaled planetary gear test rig at different wind 
turbine gearbox operating conditions, including the typical tough conditions for HPB such as mixed 
lubrication conditions, dynamic excitation, load/speed changes, low speed and high loads seen at 
single blade assembly conditions, as well as high speeds and high loads seen during overload 
conditions. Simultaneously comprehensive simulation campaigns have been performed to evaluate 
and optimize the designs of the downscaled and full-scale HPBs.  
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2 HPB development 

The new HPB solution has been developed at SKF from scratch. As shown in Fehler! Verweisquelle 
konnte nicht gefunden werden., it started by gathering key information as voice of customer and 
market needs assessment. The product knowledge development has been supported by advanced 
simulations and has allowed defining a cost-effective coating solution applicable for HPBs. 

 

Figure 1: Next generation HPBs development flow. 

2.1 Technology and material(s) 

Kinetic spray, supersonic speed deposition, dynamic metallization or cold spray are few of many 
terminologies used to describe the all-solid-state coating process, in which an accelerated to 
supersonic speed gas is used to deposit a desired powder material on a substrate, to which the 
powder will adhere upon impact without any heat involved [IRR01] unlike in case of thermal spraying 
as laser cladding/spray, flame spray or an arc spray where the powder is brought to molten or 
deformed state before reaching the substrate.  

All-solid-state technology has been selected based upon specific designing factors including no size 
restrictions, process efficiency, no special surface finish required, adjustable coating thickness and 
deposition direction. Moreover, the process is also environmentally friendly (no toxic gases involved) 
and has the ability for potential refurbishment. On the other side, a high attention has been given to 
the required properties of the deposited coating, which must assure an excellent adhesion to the 
substrate, good mechanical properties, homogeneous microstructure, no substrate deterioration and 
excellent sliding behavior. 

A schematic illustration of technology principles is shown in Fehler! Verweisquelle konnte nicht 
gefunden werden. together with example of the powder selected for this development (CuAl). 

  

Figure 2: (left) All-solid-state spray technology [SMI02], (right) CuAl powder overview. 

When comparing with solid material solutions for HPBs, the sprayed coatings are economically more 
attractive. The reason is that copper based materials, which are widely used for sliding applications 
are expensive as dictated by Cu market price. Coating technologies enable to use much less of this 
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material type by forming a functional layer on cheaper substrate. Moreover, the all-solid-state spray 
has notable advantages above thermal sprays, especially when comparing with laser cladding (LC) 
or multi-materials coatings. The all-solid-state functional layer can vary from few microns to 
millimeters and can build several layers of different materials without their chemical elements 
diffusion while LC usually provides 1 mm as minimum starting thickness and in case of multi-
materials the chemical component diffusion between layers is unavoidable and often undesirable as 
it affects mechanical properties. Another important feature of all-solid-state spraying is the 
introduction of vital residual compressive stresses only and no thermal expansion related issues that 
often have to be mitigated by relevant post heat treatments. Graphic in Fehler! Verweisquelle 
konnte nicht gefunden werden. shows deposition possibility for mono and multilayers using all-
solid-state technology. 

 

Figure 3: All-solid-state technology for different deposition design.  

The selected powder materials must meet the application requirements. Looking at the setup in the 
middle of Fehler! Verweisquelle konnte nicht gefunden werden., with one coating on top of 
another, coating material A can be based on Cu, Sn or Al. It should assure moderate to high 
hardness with excellent sliding conditions targeting sliding and wear resistant layer that supports 
bearing stability. Coating material B can be based on Sn and Cu, providing low to moderate hardness 
with excellent sliding in oil condition like also the run-in behavior targeting supporting HPB self-
alignment. 

The complete lab-scale campaign has covered: 

 the as-received powder evaluation (cleanness, size, chemical composition)  

 chemical elements and microstructure characterization of the deposited layer(s)  

 mechanical/physical properties of the layers in terms of hardness, nano-hardness and E-mod. 

 evaluation of coating adhesion to the substrate in terms of scratch test and pull-out test 

 wear and coefficient of friction in dry and oil conditions during a reciprocating sliding test with 
steel ball in point contact as the counterpart  

Some of the test results will be included in the presentation. At the same time, the results of a 
condition-exaggerated lab-scale testing (carrying load ability exceeding by 1.5 safety factor, point 
contact with more than 500 MPa contact pressure) appeared to be satisfactory and led to further 
technology development excessively supported by simulation and real-life testing on special rigs. 
SKF has patented this technology back to 2018, while the specific use for HPBs - in 2022. 

2.2 HPB numerical simulation tool 

Numerical simulations are inevitable in development, evaluation or optimization of many aspects in 
HPB design. Knowledge of the impacting critical operating parameters (as temperature, contact 
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pressure, sliding speed, oil film thickness) allow selection of the desired bearing material properties. 
Also, the design of the bearing geometrical features requires knowledge of their effect on 
performance. 

The design of test rigs and test protocols requires to evaluate the relative effect of different operating 
conditions. This is particularly important for planetary gears. Planets are subject to a very large set 
of operating conditions and, therefore, only a small set can be tested. Moreover, planets are subject 
to complex load states combined with large deformations and, therefore, a test rig should be 
designed to reproduce them as close as possible and the impact of certain simplifications in the test 
setup on the operating conditions has to be evaluated. 

Semi-analytical formulas, like those in [Rai01], [Rai02] and [Rai03], offer great support to some of 
the mentioned tasks. However, if the effect of structural flexibility, dynamic effects and complex 
design features (e.g. profiles) should be evaluated, advanced numerical simulations are required. 

2.2.1 Advanced simulations of HPBs: possibilities and limitations 

SKF-BEAST is an SKF proprietary software which is designed to simulate transient multibody 
systems. SKF-BEAST solves the Reynolds equations in time of HPBs that have complex geometry 
and that deform. The tool is therefore best suited to address several numerical tasks and allows to: 

 simulate the dynamic conditions naturally occurring during the operation of a wind gearbox, 
e.g. emergency stop, grid fault, normal startup 

 simulate components that misalign and deform in time 

 include complex bearing geometry, like geometrical profiles 

 simulate thermal state in the bearing components. 

 include the effect of the pressure at which the lubricant is supplied in the bearing. This can be 
used to evaluate a possible hydrostatic contribute but also the effect on the mass flow though 
the bearing and, therefore, cooling. 

The main limitation is that the program does not allow lubricant to be supplied within the bearing 
boundary and, therefore, oil is assumed to enter from the side of the bearing. 

2.2.2 Stationary solutions  

  

 

Figure 4:  (left) Scaled contact pressure distribution in aligned planet HPB (fully flexible 
HPB model), (center) Contact pressure distribution in planet HPB free to misalign 
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(fully flexible HPB model), (right) Comparison of the normalized radial deformation 
(fully flexible vs elastic compression) in the middle of the HPB for nominal load. 

SKF-BEAST does not directly provide a quasi-static solver. Therefore, the initial transient, which is 
the startup before the bearing reaches the nominal speed, should always be computed.  

The transient solver requires a finite contact stiffness and, therefore, the effect of the elastic 
compression in the contact is always present. The elastic compression makes the two surfaces in 
contact more conformal than in a perfectly rigid solution. Therefore, under the same boundary 
conditions, SKF-BEAST computes always a larger minimum film thickness than a solver which 
assumes rigid surfaces. 

Fehler! Verweisquelle konnte nicht gefunden werden. (right) compares the effect of the radial 
deformation of the gear wheel on the contact pressure distribution for different model settings. The 
relative orientation, profile and deformation of the bearing surfaces have a critical effect on the 
contact pressure and film thickness distribution and, therefore, cannot be neglected. 

2.2.3 Dynamic solution 

The dynamic simulation in Fehler! Verweisquelle konnte nicht gefunden werden. shows the 
influence of flexibility in a dynamic simulation. At “regime”, before the load oscillations, the model 
with the rigid gear wheel produces thinner minimum film thickness. However, when the oscillations 
start, the trend changes depending on the oscillation. The flexibility of the gear wheel makes the 
geometry of the bearing dependent on the load and therefore, introduces geometric variations during 
a dynamic load case as the emergency stop. 

  

Figure 5: (left) Normalized load and speed on the gear wheel at the beginning of an 
emergency stop simulation, (right) Minimum film thickness for two 
clearances including full flexibility and only elastic compression. 

2.3 Component level / scaled down testing rig for HPBs 

2.3.1 Test rig description - possibilities and boundaries 

An illustration of the downsized test rig for HPBs component level evaluation is shown in Fehler! 
Verweisquelle konnte nicht gefunden werden., while a picture of the complete set-up and an 
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example of coated shaft as testing body is depicted in Fehler! Verweisquelle konnte nicht 
gefunden werden.. The test rig consists of two test shafts, connected via couplings to a pulley which 
is driven by a motor through a belt transmission. Both shafts are supported by two roller bearings, 
with a hydrodynamic plain bearing in between. The radial load is applied to the bearings by a 
hydraulic piston which is connected to a beam which transmits the force to the end rods. These are 
connected via hinges to either side of the housing, in order for the housing to align itself automatically 
with the shaft. Oil is fed to either side of the hydrodynamic plain bearing (at 90° and 270°, load 
applied at 0°) by rubber tubing. The maximum oil pressure is around 3 bar. The working temperature 
of the bearings is measured by thermocouples placed close to the housing bore surface in the loaded 
and unloaded zone of the test bearings, also the oil inlet temperature, the shaft temperature and 
housing temperature are measured. Temperature control is provided by circulating oil through the 
hollow test shaft and blowing warm air onto the housing to keep them at the same constant 
temperature. 

 

Figure 6:  Schematic representation of the scaled down test rig 

  

Figure 7:  (left) Scaled down test rig, (right) testing bodies (shafts) with sprayed coating 
(goldish colored area in the center, Cu based powder). 

To test a certain load condition, oil is fed to the bearings and the set-up is brought to steady-state 
conditions under a predetermined load and speed or to a predefined load and speed sequence to 
test dynamic load conditions. Under these conditions the bearing housing tends to rotate around the 
axis of the shaft because of the frictional torque generated in the bearings. The frictional torque can 
be determined by measuring the force acting on each end rod on either side of the housing. 
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Parameter Variable range 

Nominal bearing diameter [mm] 45.6 

Nominal bearing width [mm] 11 - 44 

Radial load [kN] 0 - 48 

Speed [r/min] 0 - 1500 

Oil inlet temperature [°C] 20 - 60 
 

Table 1: Testing general parameters ranges. 

2.3.2 Test plan and results 

When downscaling a HPB test, it is crucial to properly take into account the parameters influencing 
the essential test parameters such as oil film thickness and (local) contact pressures. Next to the 
obvious design parameters such as loads and speed, also the width over diameter ratio of the HPB, 
surface roughness, profile, lubrication supply features have to be properly selected. 

Although the test rig is a simplified setup compared to the real application, a test plan covering all 
major operating conditions has been worked out. There are two main simplifications. Foremost only 
a radial load can be applied in this scaled down test rig. Secondly the test rig constitutes a much 
more rigid environment compared to a planetary environment. The test plan has been detailed out 
to test material performance and overall bearing performance under the operating conditions a HPB 
in a wind turbine gearbox needs to operate and compare the results with the performed simulations. 
An overview of all conditions that are tested on the scaled down test rig is given in Fehler! 
Verweisquelle konnte nicht gefunden werden.. 

In order to simulate similar conditions as for the HPB in the different planetary stages, the applied 
sliding speeds during testing have been kept to similar levels of each stage. The loads are chosen 
in such a way that the local pressures are similar or higher compared to planetary HPBs, while the 
minimum film thicknesses is similar or lower compared to planetary HPBs. For the single blade 
mounting test, the load is chosen in order to keep the contact pressure at a similar level to those in 
the different stages during single blade mounting. 

Before the test sequence each bearing is run-in. First a nominal load and speed test is performed to 
verify thermal stability and hydrodynamic operation. Next the speed is reduced in steps at different 
loads to determine the transition zone between hydrodynamic operation and mixed friction. The start-
stop procedure is tested to assess the HPB performance in the different loading conditions. 
Subsequently an oil starvation test is performed to define bearing survivability as well as outline 
speed and load limits in starved conditions. Penultimate a single blade mounting test is performed 
to check that the contact stress remains below the allowable limits of the material. At the end, an 
emergency stop is tested to check the HPB’s performance under this dynamic operating condition. 

The result of the tests themselves are elaborated in the presentation. 
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Figure 8: Operating conditions of a HPB in a wind turbine gearbox covered by the scaled 
down testing rig (figure based on discussions about the IEC 61400-4 update). 

3 Conclusion 

The next generation of HPB is based on a specifically designed sliding material sprayed directly on 
the planetary pin. Due to the smaller cross section, this cost-efficient solution will enable a next step 
in downsizing of the planetary gear and hereby increase the gearbox torque density. Moreover, this 
flexible technology allows the use of different materials depending on the application requirements.  

The design of planetary HPB’s requires to evaluate the relative effect of different operating conditions 
via simulation. With the aid of SKF-BEAST a very large set of operating conditions (static as well as 
dynamic conditions naturally occurring during the operation of a wind gearbox, e.g. emergency stop, 
grid fault, normal startup) has been simulated taking into account particular HPB characteristics, the 
complex load states and large planet deformations.   

The next generation HPB has been tested on a down scaled test rig at different wind turbine gearbox 
operating conditions, including the typical tough conditions for HPB such as mixed lubrication 
conditions, dynamic excitation, load/speed changes, low speed and high loads seen at single blade 
assembly conditions, as well as high speeds and high loads seen during overload conditions. 
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Validation of Plain Bearings on Planetary Stages for Single Blade 
Installation 

H. van Lier, B. Verdyck, J. Ceustermans, D. Witter 

ZF Wind Power Antwerpen NV 
Gerard Mercatorstraat 40, 3920 Lommel, Belgium 

Keywords: Plain Bearing, Single Blade Installation, Wind Turbine Gearbox 

Abstract: Plain bearings used in a wind turbine gearbox are exposed to challenging operating 
conditions during single installation of the turbine blades. This paper describes the resulting loads 
on component level derived by means of analysis and shows how the ZF Wind Power plain bearing 
solution for planet bearings has been successfully validated on component, sub-system and system 
level. 

1 Introduction 

1.1 Plain Bearings in Wind Turbine Gearboxes 

The use of plain bearings in wind turbine gearboxes is getting more and more established in the 
industry. Key opportunities of using plain bearings are: 

 Increase of gearbox torque density due to the low radial space requirement 

 Cost competitive 

 Easy to assemble 

 High operational robustness 

 Good damping properties 

As a leading gearbox supplier, ZF Wind Power launched early screening activities with respect to 
the use of plain bearing technology in 2011. The subsequent development trajectory [LEI15a], 
[LEI15b], [LEI16], [GOR17] concluded in the introduction to serial products in 2019. 

ZF Wind Power uses a floating sleeve plain bearing solution for planet bearing application (see 
Figure 9). The concept consists of a bronze sleeve which is free floating between the planet shaft 
and the planet gear. Two thrust washers guide the planet gear as well as the floating sleeve axially. 
At nominal operating conditions, the sleeve rotates at a lower rotational speed with respect to the 
planet shaft than the planet wheel. That enables a hydrodynamic oil film build-up in both lubrication 
gaps, meaning between the planet shaft and the sleeve, as well as between the sleeve and the 
planet gear. The sleeve speed is a result of the equilibrium of the friction moments induced by the 
two fluid films, because the speed influences the fluid friction in both films and vice versa. 

In general, plain bearings offer a high operational robustness when sufficient lubrication is ensured. 
However, some wind turbine application specific operating conditions are perceived to be more 
challenging for a plain bearing solution compared to a roller bearing design. These conditions are 
usually linked to turbine states where either the oil supply is limited, e.g. no grid idling, or where high 
loads combined with low speed occur, e.g. single blade installation. Such conditions require special 
attention as there will be no relevant hydrodynamic oil film build up and safe operation of the bearing 
is mainly dependent on the materials tribology. This paper presents the validation of the ZF Wind 
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Power plain bearing solution for planet bearings for conditions occurring during single blade 
installation of the turbine blades 

 

Figure 9: ZF Wind Power plain bearing solution for planet bearing application 

2 Single Blade Installation 

The most common rotor assembly for wind turbines with geared drivetrains, is the single installation 
of each blade in horizontal position (SBI). Other rotor installation procedures exist, but are 
considered to be less challenging with respect to torque loads on the gearbox during the installation. 
Figure 10 shows a typical sequence of a SBI and the resulting torque load due to the weight of the 
blades. 

 

Figure 10: Torque load from blade weight during SBI 

In step I, the blade is lifted in horizontal position and gets connected to the hub. The weight of the 
blade is counteracted by the mechanical drive train including the gearbox. Hence the blade weight 
induces a torque load into the drive train. In step II, the hub is rotated to the assembly position for 
the second blade by driving the drivetrain from the output side. The assembly of the second blade 
in step III is equivalent to step I, which is again followed by rotating the hub, respectively by driving 
the drivetrain from the output side (step IV). Once the third blade is assembled, the drivetrain is freed 
up from any blade weight induced torque loads as the rotor is balanced (step V). Highest torque 
loads in the depicted SBI sequence occur after connecting the first blade and before connecting the 
third blade. Additional torque loads beside the torque from the blade weight need to be taken into 
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account, e.g. from wind acting on the blades. In extreme cases, the torque loads during SBI can 
significantly exceed the nominal operation loads. 

When a planetary gearbox transmits torque, the planet bearings are in the load transition path. The 
resulting operating condition for the planet bearing during SBI is an overload condition in combination 
with very low speed. Although the oil supply during the installation should be maintained, the speed 
is too low to enable a hydrodynamic fluid film buildup in a plain bearing. Accordingly, plain bearings 
used as planet bearings must be capable to operate in boundary friction regime during SBI. The 
pressure distribution in plain bearings operating in boundary friction regime can be calculated by 
contact modelling using Finite Element Analysis (FEA). Figure 11 shows a typical pressure 
distribution for an extreme overload case (250% pspec,nom). It can be clearly seen that the pressure 
distribution is not optimal in this loading condition, i.e. maximum local pressure occurring at the 
edges of the bearing width. This is related to the fact, that the microgeometry of the sleeve is 
optimized for nominal load and not for overload. Nevertheless, the resulting maximum pressure has 
still an acceptable safety margin with respect to the material limit. 

 

Figure 11: Plain bearing inner gap contact pressure at 250% pspec,nom 

In these contact conditions, the functionality of the bearing relies mainly on the tribological 
performance of the selected material combination. Desired characteristics are low friction and low 
wear in order to have no detrimental effect on the bearing’s performance for the full lifecycle. 

Another aspect of SBI is that the torque direction changes during the procedure. Therefore, an 
overlap of the resulting load zone in the plain bearing and the oil feed pocket can occur, depending 
on the planet gear deformation and the position of the oil feed. An interference between the oil feed 
pocket and the load zone can limit the oil supply to the bearing and can cause even higher local 
contact pressure at the oil feed pocket edges compared to what is shown in Figure 11. 

3 Validation 

The strength of the bearing material has sufficient safety margin when compared to the contact 
pressure described in the previous chapter. However, the resulting condition during SBI requires a 
certain tribological performance which is difficult to confirm by means of simulation only. Therefore, 
the ZF Wind Power plain bearing solution has been experimentally validated on different test setups 
to prove safe operation during SBI and to confirm no detrimental effect on functionality and lifetime 
of the plain bearings. This chapter describes the different levels of the plain bearing validation for 
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SBI and summarizes the results. An overview on the tested loads and speed is given in Table 1. The 
highest specific loads have been tested on component level. However, high local pressures do also 
occur on Sub-System and System Level due to tilt loads or oil feed pockets interfering with the load 
zone during reverse torque load. 

 
Component 

Level 
Sub-System 

Level 
System Level 

Bench Test 
System Level 

Field Test 

Load 
pspec,nom 

350% 150% 150% 
Customer and 

Wind Dependent 

Sliding Speed 
v 

0.011 m/s 0.040 m/s 0.004 m/s 
Customer 

Dependent 

Application 
Representativeness 

Medium/Low Medium Medium/High High 

Table 1: SBI Validation Overview 

3.1 Component Level 

A sub-scale component test rig, as depicted on Figure 12, has been used to evaluate the tribological 
performance of the selected material combination. The test setup consists of two test bearings and 
centrally located support bearings, which are used to transmit the load on the rotating shaft. Due to 
the bending of the shaft, the two test bearings are slightly misaligned, which leads to increased local 
contact pressure at one side. This effect makes this test even more challenging with respect to local 
tribological loading. 

 

Figure 12: Component Test Setup 

The test condition has been set to a load of 350% pspec,nom at a sliding speed 0.011 m/s for a duration 
of 15 min followed by a 10 minutes flushing phase. This cycle was repeated five times before the 
test bearings were disassembled and inspected. Figure 13 shows the contact pattern that was 
observed on a test bearing after the test. No indications of adhesive failure mechanisms but a surface 
smoothening was observed. Subsequent measurements confirmed no measurable geometrical 
change compared to the pre-test condition indicating no appearance of wear. Both tested bearings 
had a similar visual appearance and show no relevant difference with respect to the geometrical 
measurements. 
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Figure 13: Test Bearing after Component Test 

3.2 Sub-System Level 

ZF Wind Power uses a full-scale sub-system test for plain bearing validation. The test setup consists 
of two gearboxes which are connected in a power loop. The torque is controlled by a hydraulic torque 
motor in the power loop, whereas the speed is controlled by an electric drive which is connected to 
one of the gearboxes. Each gearbox consists of an idler gear which is meshing with an input and an 
output pinion. The idler gear is designed to simulate the loading condition of a planet bearing in a 
planetary gearbox. The planet bearings in both gearboxes are plain bearings. Compared to common 
component test rigs, this setup has the advantage, that the test bearing is loaded by the gear mesh. 
Therefore, effects like planet gear deformation and tilt moments can be simulated representatively. 

 

Figure 14: Sub-System Test Setup 

The test has be carried out at 150% pspec,nom at a sliding speed of 0.04 m/s. Similar to the component 
test, the SBI condition has been repeated five times with flushing phases in-between. It was 
observed that the floating sleeve did not rotate with respect to the shaft during the SBI condition, 
whereas it rotated when operating at nominal load and speed. The bearing outer diameter is shown 
in Figure 15. Pronounced surface polishing is present at the edges and around the central holes. The 
average value of multiple surface roughness measurements across the bearing surface decreased 
by 15% compared to the initial condition before the test. However, no geometric change within the 
measurement accuracy was confirmed when compared to the pre-test condition. It should be noted 
that not all observations on the bearing surface can be linked to the SBI test because the bearing 
was used in an extensive test program where the SBI condition was included. 
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Figure 15: Test Bearing after Sub-System Test 

3.3 System Level 

Validation of SBI condition is typically part of the gearbox validation by means of a field SBI. This is 
the most representative way of validation. However, the actual tested torque cannot be controlled 
entirely because it depends on additional factors like the actual wind speed and direction. 

As an additional validation option, ZF Wind Power simulated SBI condition on a back-to-back 
gearbox test rig. A load of 150% pspec,nom at a sliding speed of 0.004 m/s has been achieved in the 
test sequence simulating the torque characteristic shown in Figure 10. The inspection of the plain 
bearings after test confirms the tests results of the component and subsystem tests. Main 
observations were surface smoothing, but no geometrical change within the measurement accuracy. 

 

Figure 16: Test Bearing after System Bench Test 
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4 Conclusion 

Wind turbine drivetrains are exposed to high torque loads combined with rather low speeds during 
SBI. This condition requires special attention with respect to validation of plain bearings used as 
planet bearings. The combination of high load and low speed prevents the buildup of a hydrodynamic 
oil film. Hence, the bearing operates in boundary lubrication regime. The ZF Wind Power plain 
bearing solution has proven to withstand operating conditions resulting from SBI by means of 
component, subsystem and system testing. Main conclusions are: 

 The resulting maximum contact pressure has still acceptable safety margin with respect to 
the material limit. 

 Observation of surface smoothening 

 No detrimental effect on functionality and lifetime as no wear and no indication of adhesive 
failure mechanisms were observed. 
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Abstract: To increase the power density of the electromechanical drive train of wind turbines, journal 
bearings can be used as planetary gear bearings instead of rolling bearings. This technological 
change presents new challenges. For example, wind turbine drive systems are subject to dynamic 
and low-speed operating conditions which can lead to an accelerated abrasive wear of the journal 
bearings. In addition, oil supply failure or peak loads due to wind gusts and grid and power converter 
faults could potentially result in catastrophic failure due to adhesive wear in a very short time. Such 
operating characteristics are, therefore, critical regarding the journal bearing wear lifetime and must 
be considered in the design. The successful implementation of journal bearings in wind turbines 
depends on a reliable estimation of adhesive and abrasive wear. In this paper, five different models 
for the wear calculation of journal bearings are evaluated regarding their suitability of wear 
calculation of planetary gear bearings in wind turbines. For this purpose, the following evaluation 
criteria were defined: parameter uncertainty, parametrization effort, in particular number of 
parameters, parameterization method and load case dependency of parameters and calculation 
effort. In order to be able to evaluate the wear models, the wear models are numerically implemented 
and the wear of a test journal bearing is exemplarily calculated under load conditions, which are 
comparable to load conditions in a wind turbine. Relevant influences from the wind turbine system 
such as lubricant, material and manufacturing dependent surface influences like roughness and 
hardness are considered. The wear models are evaluated with respect to their fulfillment of the 
defined criteria. The resulting evaluation allows the selection of a wear model that can be used to 
calculate the wear of planetary gear journal bearings in wind turbines, considering the available input 
variables.  

1 Introduction 

Wear is the progressive loss of material from the surface of a body caused by tribological stress 
[CZI10]. Depending on the structure of the tribological system and the kinematics of the tribological 
stress, a distinction is made between different types of wear. Due to dynamic and slow-speed 
operating conditions journal bearings in wind turbines are generally subject to sliding wear. 
According to CZICHOS [CZI10], the four wear mechanisms for journal bearings are adhesion, 
abrasion, micro fatigue and tribochemical reaction. In order to be able to predict the bearing wear 
analytically, different approaches have been developed in the past, which are based on different 
wear mechanisms. HOLM [HOL46] developed a wear approach, by assuming the contact between 
atoms of opposing surfaces as the cause of wear. ARCHARD [ARC53] developed this approach 
further and considered not the contact of atoms, but the contact and the resulting plastic deformation 
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of asperity peaks of the surfaces. ROWE [ROW66] extended the model developed by ARCHARD to 
include the influence of the lubricant used in the wear calculation. CHUN [CK16] used the model 
created by ROWE to simulatively predict wear of journal bearings in starting and stopping operations 
of a reciprocating engine. Besides ARCHARD, the most widely used model for wear calculation is the 
energetic approach developed by FLEISCHER [FLE80]. In this approach, it is assumed that friction 
energy is generated during the sliding process, which is accumulated in the material. If the 
accumulated energy has reached a critical limit, the lattice energy of the material is overcome and 
wear occurs.  
The wear models according to ARCHARD and ROWE assume a linear wear process in their 
calculation. However, when observing real wear processes in journal bearings, a deviation from this 
prediction can be observed. It can be seen that the rate of wear is initially higher than the one 
predicted by the linear wear calculations and only approaches the wear behavior of the linear 
forecasts after a run-in phase has been completed [KÖN20]. Simultaneously with the change in the 
rate of wear, the coefficient of friction also changes. In lubricated friction contacts, the friction process 
usually starts with increased coefficients of friction until wear leads to a smoothing of the surfaces 
and the value of the coefficient of friction decreases [KÖ19]. 
In the recent past, attempts have been made to take the running-in phase of a journal bearing into 
account in the wear calculation and thus to be able to predict the entire course of wear more 
accurately. In FLEISCHER'S wear approach, the behavior of the friction coefficient is not specified in 
more detail. Therefore, FLEISCHER'S wear approach can be implemented both linearly, with a time-
constant friction coefficient, and with transient behavior, using a time-varying friction coefficient. 
KÖNIG [KÖ19], using FLEISCHER'S approach, developed a numerical method for wear prediction of 
journal bearings under start-stop conditions, iteratively considering both the journal bearing wear at 
macroscopic level and at roughness level. In this way, a simulative prediction of run-in wear became 
possible using the FLEISCHER approach. By means of the developed method, agreements of the 
journal bearing wear in the running-in process between simulation and experiment could be shown. 
Nevertheless, the approach according to KÖNIG requires an iterative adjustment of the friction 
coefficient of FLEISCHER'S wear approach, which changed continuously during the running-in 
process. Additionally, the input parameters of the model were based on roughness measurements, 
some of which were subject to large scatter. Another approach that enables transient wear 
calculation was developed by XIANG ET AL. In this approach, two mechanisms are assumed to 
contribute to wear [XI19]. First, wear is considered to be caused by the plastic deformation of asperity 
peaks in contact; this affects the material above contact surface. On the other hand, it is assumed 
that fatigue cracks develop below the contact surface and lead to the breakout of material after a 
certain accumulation. As an alternative to these mechanical approaches, the wear approach 
according to LIJESH [LK18] based on the work of BRYANT [BKL08] takes a thermodynamic approach 
to describe wear. The free enthalpy is assumed to decrease in proportion to the degradation of the 
tribological system until an equilibrium state is reached at the minimum free enthalpy. Since the 
decrease in free enthalpy is coupled to the generation of entropy, the increase of entropy is regarded 
as the driving variable of wear in the model. The wear behavior is described with the aid of a 
degradation coefficient, which sets the wear volume created in relation to the entropy produced. 
Independently of the previous approaches, CAO ET AL. [CTM21] developed a method for calculating 
adhesive wear, which is based on the assumption that a wear particle is formed during the wear 
process, which detaches from the surface and thus leads to material loss at the surface. The size of 
the wear particle and the time of detachment are subject to a statistical distribution. To map the 
statistical distribution, CAO ET AL. introduced a numerical criterion that calculates the probability that 
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a wear particle will form and be detached. A major uncertainty in the approach according to CAO ET 

AL. is the determination of the mean surface energy of the contact partners and its standard deviation, 
as well as the determination of the material-specific maximum work of adhesion. A summary of the 
wear approaches for journal bearing wear calculation is shown in Table 2. 

Table 2. Wear approaches for journal bearing wear calculation and basic wear mechanism 

Wear model Year Damage mechanism Wear rate 

Holm 1946 Adhesion Constant 

Archard 1953 Adhesion/Abrasion Constant 

Rowe 1966 Adhesion Constant 

Fleischer 1980 Adhesion/Abrasion Constant/Transie
nt 

Bryant 2008 Adhesion Constant/Transie
nt 

Chun 2016 Adhesion Transient 

Lijesh 2018 Adhesion/Abrasion Transient 

Xiang 2019 Ahesion/Micro fatigue Transient 

Cao 2021 Adhesion Transient 

 

As shown in Table 2, the presented wear approaches consider different damage mechanism 
responsible for the wear. In addition, only some models allow the consideration of a transient wear 
rate. Furthermore, the approaches use partly physically based parameters and partly empirical 
parameters to describe the wear of the system. As a result, different wear approaches are expected 
to be suitable for different applications or varying tribological systems. So far, it is not known which 
of the wear approaches is best suited for describing the wear in planetary gears of wind turbines. 
Therefore, in this paper the different wear approaches are screened, implemented and evaluated 
regarding their suitability for the wear calculation of planetary gear bearings in wind turbines. In this 
study, only the slow progressing wear process is addressed. However, the frictional heat generated 
by severe adhesion events can also lead to critical operating conditions and even to spontaneous 
failure of the plain bearings. This damage mechanism will be considered in subsequent studies. 

2 Approach 

In order to identify the best suited approach for describing the wear in planetary gears of wind 
turbines, the different wear approaches presented in section 1 are tested at the Institute for Machine 
Elements and Systems Engineering with the aim to select a suitable approach for the wear 
calculation and subsequently to be able to reliably predict the wear of planetary gear bearings in 
wind turbines. The procedure is divided into five steps and shown in Fig. 17. First, the wear 
approaches are screened, implemented and evaluated (step 1). Then, calculations of the wear 
progress are performed from a radially loaded journal bearing using the different wear approaches 
(step 2). The results are then compared with experimental results generated on a component test 
rig (step 3). The component test rig allows several bearings to be tested in a short time and under 
defined conditions. In this way, sufficient test data is collected to parameterize and validate the wear 
approaches. On the component test rig, wear conditions are also considered, which lead to fretting 
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of the bearing. Materials and lubricants used in real wind turbines are used for the experimental tests 
on the component test rig. Steps 1 to 3 result in a wear approach and a methodology with which the 
wear behavior of the test bearing can be reliably predicted, initially under radial load. Subsequently, 
the methodology is applied to a model of a gearbox test rig (step 4). The gearbox test rig reproduces 
real load conditions in wind turbines. In order to consider the real load conditions in the simulative 
wear prediction, it is extended for the locally resolved wear calculation of planetary gear bearings. 
The results of the simulative wear prediction are then compared with test data from the gearbox test 
rig (step 5). In this way, it can be evaluated whether the selected wear approach and the developed 
method are suitable for the wear calculation of planetary gear bearings under real load conditions or 
whether further development needs are necessary. In combination with the simultaneously published 
work "Simulation methodology for the identification of critical operating conditions of planetary journal 
bearings in wind turbines", both studies represent the first steps towards the development of a 
framework for the use of planetary journal bearings in wind turbines. 

 

Fig. 17. Procedure for establishing a reliable prediction of the wear of planetary gear bearings in 
wind turbines 

This study addresses the screening, implementation and evaluation of the wear approaches (Step 
1) and wear calculations of the component test rig bearing (Step 2) considering materials and 
lubricants used in wind turbines. The approach of the study is shown in Fig. 18. First, EHD 
simulations of the component test rig are performed to simulatively determine the contact conditions 
in the journal bearing, which provide the input parameters for the wear calculations. Subsequently, 
the wear models and the procedures for their parameterization are presented in detail. This is 
followed by sensitivity analyses to evaluate the parameter uncertainties and analyses of the 
calculation time of the different wear approaches. Finally, the wear approaches are evaluated with 
respect to their suitability for wear calculation. 
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Fig. 18. Procedure for the evaluation of the wear models 

3 Journal bearing test rig and EHD simulation model 

In addition to material and lubricant properties, the resulting contact conditions within the journal 
bearing, such as solid contact pressure and lubricant film height at a defined load condition, are input 
variables for the wear calculation. In order to determine the contact conditions of a test bearing, an 
EHD/MBS model was built. The EHD/MBS model reproduces an existing component test rig at the 
Institute for Machine Elements and Systems Engineering of the RWTH Aachen University (Fig. 19 
a). The shaft is supported by two supporting bearings. The test bearing (Fig. 19 c) is mounted 
torsionally rigid in the bearing support. The bearing support is designed as a friction balance in order 
to be able to record frictional torques acting in the journal bearing. The test bearing is pulled against 
the shaft by the load unit. A 250 kN servo-hydraulic cylinder is used as the load unit. During the tests, 
the following quantities can be recorded:  
- Radial force 
- Shaft speed 
- Bearing temperature 
- Friction torque 
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Fig. 19. a) Test rig b) Modeled part of the test rig (bearing support) c) Journal bearing 

The built EHD/MBS simulation model comprises the test bearing, the shaft and the surrounding 
structure for bearing support (Fig. 19 b). The geometrical and material-specific data of the test 
bearing and the shaft as well as data of the oil used are given in Table 3. The materials and oil 
correspond to those used in wind turbines, whereas additivation of the oil cannot be considered in 
the simulation model.  

Table 3. Geometrical and material-specific data of the test bearing. 

Parameter Property 

Bearing diameter 120 mm 

Bearing width 30 mm 

Bearing clearance (radial) 90 µm 

Bearing material CuSn12Ni2-C 

Shaft material 18CrNiMo7-6 

Oil ISO VG 320 

 
In order to be able to calculate wear occurring in planetary gear journal bearings, wear-critical 
conditions must be generated at circumferential speeds, which occur in wind turbines today. 
Therefore, in the EHD/MBS simulation a constant normal force of 200 KN at a speed of 100 rpm 
(specific pressure of 55 MPa and a circumferential speed of 0.628 m/s) was applied as the load. The 
result of the EHD/MBS simulation are the solid contact pressure occurring in the bearing, the asperity 
contact ratio and the height of the lubricant film, which are used as input variables for the wear 
calculation. The distribution and height of the solid contact pressure over the bearing surface for the 
given load condition are shown in Fig. 20. The solid contact pressure initially occurs at the bearing 
edges. Due to the radially acting load, the two areas of maximum solid contact pressure are at 180° 
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shell angle. Although edge bearing loading also occurs in planetary gear bearings, the maximum 
loaded zones are not directly opposite each other. Therefore, the load condition shown in Fig. 20 is 
only an approximation of real load conditions occurring in planetary journal bearings. 
 

 

Fig. 20. Asperity contact pressure for a specific pressure of 55 MPa and a rotational speed of 
100 rpm 

4 Implementation of the wear models 

The wear approaches according to ARCHARD, FLEISCHER, CHUN, LIJESH and XIANG were 
implemented and coupled with the EHD/MBS simulation of the test bearing (see section 3). Since 
the approaches according to HOLM, ROWE and BRYANT only represent preliminary development 
stages of the previously mentioned approaches, they are not considered further. In addition, the 
model according to CAO ET AL. is not considered, since it requires a complex initial 3D surface 
microanalysis and has so far only been applied for point contacts. In the following, the underlying 
equations and the parameters of the wear approaches mentioned and implemented at the beginning 
will be discussed. 

In the approach according to ARCHARD [ARC53] the wear volume is related to the contact force acting 
on a body 𝐹 , the sliding distance 𝑠 , the reciprocal of the hardness 𝐻 and a proportionality factor 𝑘. 

The proportionality factor 𝑘 describes the probability of material removal due to plastic deformation 

of the asperity peaks. Assuming the wear mechanism remains unchanged, 𝑘 assumes time constant 
values for constant load cases. The wear volume is calculated as: 

𝑉 =
𝑘

𝐻
∗ 𝐹 ∗ 𝑠  

CHUN'S wear approach is based on the approach of ROWE [ROW66], who introduces the parameter 
Ψ, which describes the ratio of real contact area to nominal contact area. The difference between 
these areas is caused by lubricant molecules adsorbed on the surface, which prevent direct metallic 
contact. Rowe developed this approach examining wear behavior using n-hexadecane as a 
lubricant, allowing to include the influence of the lubricant in the wear calculation. Ψ is calculated by:  

Ψ = 1 − exp
𝑋

𝑈 ∗ 𝑡
∗ 𝑒 ∗  

The values used for calculation are derived from the chemical properties of the lubricant and describe 
how many of the molecules adsorbed on the rough metal surface are displaced by oncoming asperity 
peaks. 𝑋 is the diameter which is affected by a molecule adsorbed on the surface, 𝑡  is the period of 
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vibration of a lubricant molecule adsorbed on the surface, 𝑅 the molar gas constant and 𝐸  the 

adsorption energy. 𝑈 is the relative sliding velocity between the two surfaces and 𝑇 the temperature 

of the lubricating film. Integrating Ψ into the formula previously defined by ARCHARD for calculating 
wear, results in:  

𝑉 =  Ψ ∗
𝑘

𝐻
∗ 𝐹 ∗ 𝑠  

FLEISCHER [FLE80] assumes in his approach that frictional energy is generated during the sliding 
process, which is accumulated in the material until a critical limit is reached. This is described by the 

friction energy density 𝑒∗  which represents the ratio of wear volume created and the frictional energy 
responsible. Following this approach, the wear volume can be represented considering the friction 
coefficient 𝜇 as follows:  

𝑉 =
𝜇

𝑒∗ ∗ 𝐹 ∗ 𝑠  

As previously described, XIANG'S approach considers two wear mechanisms [XI19]. The fraction of 
wear due to plastic deformation of asperity peaks in contact (this concerns the material which 
experiences deformation) is calculated with:  

 

Δ𝑉 , =
𝜋 ∗ 𝛿 , ∗ 3𝛽 − 𝛿 ,

3
 

𝛽 represents the asperity radius and 𝛿 ,  is the plastic deformation of the asperity peaks in contact, 

which is determined by the Hertzian contact theory considering the average force affecting a single 
asperity 𝐹 ,  :  

𝛿 , =
9 ∗ 𝐹 ,

16 ∗ 𝛽 ∗ 𝐸∗
 

In order to calculate the proportion of fatigue cracks developing below the contact surface, which 
propagate along the angle 𝛼 and lead to material breaking out after a certain accumulation, the 
following formula is used:  

Δ𝑉 , =
2

3
∗ 𝜋 ∗ tan(𝛼) ∗ 𝛽 ∗ 𝛿

,
 

In order to be able to map the transient wear progression during the running-in phase, the wear is 
calculated for a previously defined sliding cycle, the relevant parameters of the wear calculation are 
updated and the calculation is performed again. This is done until the end of a pre-defined wear 
period is reached. The wear within cycle i is calculated by:  

𝑉 =
𝑁

𝑛
∗ Δ𝑉 , + Δ𝑉 ,  

𝑛  is the number of contact cycles between asperity peaks necessary for material  

removal due to fatigue. 

 

𝑛 =
𝜎 ∗ 𝐴 ,

3 ∗ 𝜇 ∗ 𝐹 ,
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The solid contact force 𝐹 ,  and the real contact area 𝐴 ,  are calculated with the help of the statistical 

model of GREENWOOD and WILLIAMSON [JJ66] for the description of rough surfaces. Here, a statistical 
normal distribution of asperities is assumed in order to be able to describe the solid contact as a 
function of the lubricant film thickness. As the lubricant film height changes due to wear and as a 
result of roughness smoothing, the solid contact force and the real contact area change in each 

sliding cycle. The parameters tensile strength 𝜎 , coefficient of friction 𝜇 and fatigue exponent 𝜅 are 
nevertheless assumed by XIANG to be constant throughout the wear process. The fatigue coefficient 
𝜅 was established by TAN [TZH15] and is an empirical exponent to describe the fatigue behavior. At 

this time the availability of values for 𝜅 is very limited. Only some experiments for nonmetallic 

materials and 1045 steel were conducted. 𝑁  is used to describe the number of asperity contacts 

that occur within the i-th sliding cycle. For the calculation of 𝑁  the contact model according to 
GREENWOOD and TRIPP [GT70] is used:  

𝑁 = 2 ∗ 𝐴 , ∗ 𝐷 ∗ 𝛽 ∗ Δ𝐿 ∗ 𝜙(𝑘 )𝑑𝑘′
,

 

𝑁  depends on the current lubricant film height ℎ ,  and changes with each sliding cycle. 𝐴 ,  is the 

nominal contact area, 𝐷 is the asperity density on the surface, Δ𝐿 is the sliding distance in one cycle, 

and 𝜙(𝑘 ) is a Gaussian normal distribution.  

 

The degradation coefficient presented by LIJESH [LKK18] puts the wear rate �̇�  in relation to the rate 

of entropy production �̇�  and is calculated according to the following formula:  

�̇� (𝑡)

�̇� (𝑡)
= 𝐵(𝑡) =

�̇� (𝑡) ∗ 𝑇(𝑡)

𝑈 ∗ 𝐹 ∗ 𝜇(𝑡)
 

By using a time-dependent degradation coefficient, it is possible to map the transient behavior of the 
tribosystem during the run-in phase. The change in temperature is caused by the frictional heat 
generated, so the time dependent temperature profile is dependent on the friction coefficient.  

When the wear calculation approaches developed by FLEISCHER and LIJESH were used, the 
Coefficient of Friction was calculated using the following formula by OFFNER and KNAUS [OK15] 
describing the friction in mixed lubrication regimes: 

𝜇 = 𝜇 ⋅ 𝑒 ⋅ + 𝑐 ⋅ 𝑟 ⋅ 𝐿 ⋅ 1 − 𝑒 ⋅  

The required values were taken from the work of KÖNIG [KÖN20].  

5 Parameterization of the wear models 

All of the wear approaches presented here follow a physical approach, but contain empirical 
parameters that require prior determination. The methods and consequently the effort of parameter 
determination differ between the wear approaches. In the following the necessary steps to determine 
the parameters of each wear approach are examined to allow for an assessment of the overall effort 
for complete parameterization. All parameters of the considered wear approaches and their 
respective methods for determination are therefore presented in Table 4. 
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Table 4. Parameters of the wear approaches and their methods for determination 

Wear 
approach 

 Paramete
r 

Parameter 
name 

Determination of the 
parameter value 

Source of 
parameter 
determination  

ARCHARD  𝑘 Wear 
coefficient 

Pin on disk [KÖN20] 

  H Hardness Table  

FLEISCHER   𝑒∗  Friction energy 
density 

Pin on disk [KÖN20] 

  𝜇 Friction value Pin on disk  [KÖN20] 

LIJESH   𝐵 Degradation 
coefficient 

Pin on Disc with Linear 
Variable Differential 
Transducer  

[LKK18] 

  𝜇 Friction value Pin on Disc [LKK18] 

XIANG  𝛼 Propagation 
angle fatigue 
fracture 

Not possible1 [XI19] 

  E Modulus of 
elasticity 

Table  

  𝛽 Asperite radius Surface measurement 

e.g. white light 
interferometer 

[YJW20] 

  D Asperite 
density 

Surface measurement [YJW20] 

  kappa Fatigue 
coefficient 

Pin on Disc [TZH15] 

  𝜇 Friction value Pin on Disc [MI13] 

CHUN  𝑡  Vibration time 
Lubricant in 
adsorbed state  

Calculation [ROW66] 

  𝐸  Adsorption 
energy 

Calculation according 
to Pin on Disc  

[KIN58] 

  𝛼  Diameter 
Influence area 
of a lubricating 
film molecule  

Calculation [KU54] 

  k  Wear 
coefficienteint 

Pin on Disc [ROW66] 

 

Common to all the approaches mentioned is that an experimental trial is required to determine at 
least one parameter. Pin on disc experiments are a commonly used method. In pin on disc 

                                                

 

1 It is not possible to determine the propagation angle before wear occurs. Therefore, a value between 15° and 
30° has to be assumed [[XI19]]. 
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experiments, both the wear and the coefficient of friction can be measured. Based on the experiment 

results, the wear coefficient 𝑘 for ARCHARD and CHUN and the wear-specific friction work according 
to FLEISCHER can be determined. However, it was shown that these parameters are dependent on 
the applied load, which is why a measurement for each load case, which is to be considered, is 
necessary for an accurate prediction of the wear [LK18], [MI13]. 
LIJESH developed the approach of a time-varying degradation coefficient in order to be able to map 
the transient running-in wear. To determine this coefficient, it is necessary to experimentally 
determine the wear rate and the coefficient of friction with regard to their time dependency. One way 
to continuously measure wear is to incorporate a differential transformer into pin on disc experiments 
[JPK17]. It has been shown that the wear of different load cases can be determined sufficiently 
accurately by a constant degradation coefficient as long as the acting friction force is known for the 
load cases [LK18]. Thus, the one-time determination of the degradation coefficient B applying a 
constant load is sufficient. 
Since XIANG'S work uses the GREENWOOD AND WILLIAMSON contact model as the basis of the wear 

calculation, this wear approach requires the parameters asperity density 𝐷 and asperity radius 𝛽 to 
describe the rough surface. Although these parameters change in the course of the wear process, 
constant values are assumed in the calculation, which is why a measurement of the surface on a 
journal bearing in new condition is sufficient. In this case, a 2D profile is sufficient to form the average 
values required for the calculation. The propagation angle of the fatigue fracture cannot be 
determined before the wear occurs, so a value between 15° and 30° must be estimated [XI19]. To 
determine the fatigue coefficient, an experimental determination of the wear, e.g. by a pin on disc 
test, is necessary. As with the degradation coefficient B, it has been shown that the variations in the 
wear results at different load cases are sufficiently small that a single determination of the fatigue 
coefficient at constant load is sufficient. [TZH15]  

The wear approach according to CHUN requires, in addition to the wear coefficient known from 
ARCHARD, information about the lubricant used. The vibration time of a lubricant film molecule in the 
adsorbed state can be calculated under the assumption that this vibration time is equal to the lattice 
vibration time of the adsorbing metal surface [BOE68]. The vibration time can be calculated using 
the LINDEMANN formula [LIN10]: 

𝑡 = 4.75 ∗ 10 ∗ 
𝑀 ∗ 𝑉

𝑇
 

For this purpose, the molar mass M, the molar volume 𝑉  and the absolute melting point 𝑇  of the 
metal surface are required. For most materials, these values can be assumed to be known. 
Assuming that the molecular chains of the lubricant are arranged horizontally in all directions relative 
to the direction of movement of the asperity peaks, a circular area can be assumed to be affected 
by one molecule. [ROW66] The diameter 𝜒 can be derived from the cross-sectional area affected by 
an lubricant molecule considering its length, 1.27n+2 Å for alkanes with n being the number of carbon 
atoms [KU54], and the distance between adjacent lubricant chains. The value of the adsorption 
energy can be derived from the friction value of pin-on-disc experiments at a constant temperature. 
[KIN58] Due to the dependence of the coefficient of friction on the acting load, the adsorption heat 
is also load-dependent.  

In summary, all approaches require a Pin-on-Disc Experiment, altough it could be argued that the 
the parameters of the long standing approaches ARCHARD, FLEISCHER and ROWE are well known 
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and should be seen as parameters found in literature. However, since the parameters are highly 
dependent on the circumstances considered, e.g. applied load, lubrication regime, material pairing, 
etc., prior experimental determination is recommended for accurate prediction of wear. Considering 
the effort of the necessary experiments alone, the parameter determination of the wear approach 
according to LIJESH shows the greatest complexity. The determination of the degradation coefficient 
B requires a temporal resolution of the wear, while for the remaining wear approaches the wear state 
at the end of the experiment is sufficient. In return the degradation coefficient B is independent of 
the applied load case, which is why a single experiment is sufficient to determine B for several load 
cases. The wear approach according to XIANG requires the biggest ammount of parameters, which 
contributes to the overall parameterization effort. Analogue to LIJESH these parameters are however 
independent of the load case. In order to determine the total effort necessary for complete 
parameterization of the wear approaches, the wear approaches can be rated in the categories 
„number of parameters“, „load dependency of parameters“ and „complexity of parameter 
determination“ using the overview provided in this chapter.  

6 Sensitivity analysis of the wear parameters 

In the following, the sensitivity of the approaches to possible measurement deviations during the 
experiments for parameter determination or other parameter uncertainties will be evaluated. For this 
purpose, a local quantitative sensitivity analysis is performed according to the one-at-a-time 
principle. Here, one parameter is varied between limits obtained by literature research, while 
constant reference values are assumed for the remaining parameters. The selected number of 

variance points per parameter is 𝑖 = 50. Due to lack of experimental data needed to determine all 
relevant parameters, the reference parameters were chosen within the researched limits such that 
the same maximum wear depth resulted from the different approaches. The reference wear depth 
was determined based on the FLEISCHER wear approach, utilizing the friction energy density 
determined by KÖNIG [KÖN20]. The chosen limits, as well as the reference values, can be found in 
Table 5. The solid contact pressure and the height of the lubricant film required for the wear 
calculation are taken from the EHD simulation in section 3.  



CWD 2023 

30 

Table 5. Limits and reference values of the considered wear approaches 

Wear 
approach 

 Parameter 
name 

Lower limit Upper limit Reference value Source 

ARCHARD k Wear 
coefficient 

10  10  1,703415 ∗ 10  [AVL20] 

FLEISCHER μ Friction value 0,05 0,5 0,2 [MI13] 

 e∗  Friction energy 
density 

1,1 ∗ 10
N

𝑚𝑚
 10

N

𝑚𝑚
 

6,546

∗ 10
𝑁

𝑚𝑚
 

[FLE80], 
[KÖN20] 

LIJESH μ Friction value 0,05 0,5 0,2 [MI13] 

 B Degradation 
coefficient 

10
m K

J
 10

m K

J
 5,26 ∗ 10

𝑚 𝐾

𝐽
 

[LKK18] 

XIANG 𝜇 Friction value 0,05 0,2 0,16 [MI13] 

 𝛽 Asperite radius 0,5 𝜇𝑚 15 𝜇𝑚 3 𝜇𝑚 [LE16] 

 𝛼 Propagation 
angle fatigue 
crack 

15° 30° 18° [XI19] 

 D Asperite 
density 

10  𝑚  3,181

∗ 10  𝑚  

2,5 ∗ 10  𝑚  [YJW20] 

 𝜅 Fatigue 
coefficient 

1,1 1,5 1,1645 [TZH15] 

CHUN 𝑡  Vibration time 
in adsorbed 
state 

10  𝑠 2,9 ∗ 10  𝑠 1,17 ∗ 10  𝑠 [KIN58] 

 𝐸  Adsorption 
energy 

5 KJ/mol 90 KJ/mol 45 KJ/mol [KIN60] 

 𝜒 Diameter 
influenced by 
an adsorbed 
forging 
molecule 

1 Å 99 Å 50 Å [KU54] 

 

The magnitude and units of the wear parameters differ significantly. Therefore a comparison by 
simple local derivation is not possible, since a large sensitivity would follow from parameters of small 
magnitude and a very low sensitivity from parameters of large magnitude. Instead, the sensitivity of 
the wear calculation is compared using a dimensionless value that represents the relative change of 
the parameters. The following methodology, described by e.g. HAMBY [HAM94], was used: The 
difference in wear depth between two adjacent variance points was formed and divided by the 
reference wear depth. In addition, the difference between the associated parameter values was 
formed and was also divided by the associated reference parameter. This allows a comparison of 
the sensitivities despite different magnitudes. The sensitivity values were thus calculated as follows:  

𝐻 =  
𝐻 (𝑖) − 𝐻 (𝑖 − 1)

𝐻 ,
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𝑃 =  
𝑃(𝑖) − 𝑃(𝑖 − 1)

𝑃
 

𝐹 =
𝐻

𝑃
 

For further comparison, the maximum value of 𝐹 was determined for each parameter and used to 
compare the sensitivity of the calculated wear depth due to parameter deviations. The maximum 

values of 𝐹 were then scaled to values between 0 and 1 using the min-max- normalization [AAF14]. 
Then the values of the parameters of each model were added to determine a total sensitivity. Going 
forward the resulting sum will be called sensitivity factor. The sensitivity factors of the wear 
approaches are shown in Fig. 21. The sensitivities of the individual wear approaches as a function 
of their input parameters are shown in Fig. 22 - Fig. 25. 

 

 

Fig. 21. Sensitivity factors of the wear approaches 

 

Fig. 22. Sensitivities of the wear approach according to ARCHARD as a function of the input parameter 
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Fig. 23. Sensitivities of the wear approach according to FLEISCHER as a function of the input 
parameters 

 

Fig. 24. Sensitivities of the wear approach according to LIJESH as a function of the input parameters 
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Fig. 25. Sensitivities of the wear approach according to XIANG as a function of the input parameters  

To increase the readability of the graphs depicting the sensitivity of the LIJESH and FLEISCHER wear 
approach a second axis wih a deviating scaling has been introduced to allow the clear representation 
of all parameter influences, although the resulting wear depth differs in its order of magnitude. 

Since k is only included as a constant prefactor in the ARCHARD wear calculation, a linear increase 
in the wear height proportional to k follows. LIJESH also shows a relatively low sensitivity to a change 
in the parameters B and μ as the relationship between the wear height and the calculation 
parameters also follows a linear course. The wear approach of FLEISCHER shows a slightly greater 
sensitivity. The wear is proportional to the reciprocal of the friction energy density, so a regressive 

decrease in the maximum wear height is seen with increasing 𝑒∗ . The overall sensitivity of the wear 
approach according to XIANG is considerably greater than that of the approaches mentioned so far 
(see Fig. 21). This is partly due to the high number of parameters required. However especially the 
asperity radius β shows a slightly greater sensitivity than the other parameters. 

The wear approach according to CHUN was not included in the previous analysis. This is due to the 
fact that this approach has a sensitivity whose difference to the remaining wear approaches is so 
large that a comparison with the previously mentioned methodology using the sensitivity factor will 
lead to negligible sensitivities of the other wear approaches due to the used min-max normalization. 
Fig. 26 shows the curves of the wear depth as a function of the parameters for the approach 
according to CHUN. The parameters wear coefficient k and diameter influenced by the adsorbed 
lubricant film molecule 𝜒 follow a linear course and exhibit relatively low sensitivity. The vibration 

time 𝑡  is included in the denominator of the relevant equation, resulting in a high sensitivity at values 
close to the researched lower limit. However, the largest contribution to the sensitivity of CHUN'S 
model is made by the adsorption energy of the lubricant. As can be seen, there is a range for this 
parameter in which even very small changes cause a very large fluctuation in the wear level. When 
considering the curve of the wear depth, it should be noted that the graph for the adsorption energy 
𝐸  refers to the right axis of the diagram. The right axis was scaled up by a factor of aproximately 

100 to be able to map the sensitivity in the graph. The reason for the massive sensitivity of 𝐸  is the 
double exponential influence on the calculated wear.  



CWD 2023 

34 

 

 

Fig. 26. Curves of the wear depth as a function of the parameters for the approach according to 
CHUN 

7 Calculation time 

With regard to a fast provision of results, it is necessary to evaluate the duration of the wear 
calculation. This gains importance especially when severall iterative calculations are conducted. To 
compare the calculation time, 3 calculations were performed for each wear approach and the time 
required was measured. The basis for these calculations were the results of the EHD simulation (see 
section 3). The FE mesh used consists of 38 points in the circumferential direction of the bearing 
and 13 points across the width of the bearing. This results in 719*38*13=355186 data points 
considering a total rotation angle of 719° and a time increment of 1° rotation angle. The calculation 
was performed by an Intel Core i5-7600 3.5 GHz quad core CPU using Matlab R2018b. The exact 
results are shown in Table 6. Additionally, for a visually comparison the mean values of the results 
are shown in Fig. 27. 

Table 6. Duration of the wear calculation of the different wear approaches 

 Measurement 1 Measurement 2 Measurement 
3 

Average 

ARCHARD 54.618 s 52.093 s 52.093 s 53.017 s 

FLEISCHER 100,033 s 103,094 s  99,451 s 100,859 s 

CHUN 50.569 s 51.386 s 51.297 s 51.084 s 

LIJESH 102,466 s 101,176 s 106,445 s 103,362 s 

XIANG 543.206 s 538.282 s 566.5 s 549.329 s 
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Fig. 27. Comparison of mean values of the wear calculation time of the different wear approaches 

The lowest time needed for calculation can be obtained using the approach according to ARCHARD 
and CHUN. The reason for this is the simplicity of the equations used and the need of only the solid 
contact pressure as an input for the calculation. Most of the calculation time is due to processing of 
result files. In the calculations according to LIJESH and FLEISCHER the lubrication gap height is 
required in addition to the solid contact pressure in order to calculate the coefficient of friction using 
the formular of OFFNER AND KNAUS. Accordingly, the number of required files is doubled and the data 
processing consequently takes about twice as long. The computation time of the approach according 
to XIANG is considerably larger in comparison to the other approaches. This is due to the integrals 
contained in the formulas used, which require considerably more computing time than the simple 
algebraic equations of the remaining models.  

8 Summary and Outlook 

The aim of this study was a screening, implementation and evaluation of different wear approaches 
regarding their suitability for the wear calculation of planetary gear bearings in wind turbines. Five 
different wear approaches (according to ARCHARD, FLEISCHER, CHUN, LIJESH and XIANG) were 
evaluated with respect to their suitability for the wear calculation of planetary gear bearings in wind 
turbines. For this purpose, an MBS/EHD simulation model was set up, which calculates the wear-
relevant variables such as solid contact pressure, fluid contact pressure, shear rate and lubricant 
film height. Bearing materials and lubricating oils, which are commonly used in wind turbines, were 
considered. Subsequently, the five wear approaches were implemented. All of the wear approaches 
follow a physical approach, but contain empirical parameters that require prior determination. 
Therefore, all parameters of the considered wear approaches, their respective methods for 
determination and additionally their limit values were presented in tables. Subsequently sensitivity 
analyses were performed. The inputs of the sensitivity analysis were results of the MBS/EHD 
calculation. The results of the sensitivity analysis allow a conclusion on the parameter uncertainty, 
which is a criterion for the evaluation of the wear approaches. In addition, the methods for parameter 
determination, the number of parameters, the load case dependency and the calculation time are 
further criteria for the evaluation of the wear approaches.  
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The results show that regarding parameter uncertainty, ARCHARD, FLEISCHER, and LIJESH present 
good approaches. XIANG’s approach, on the other hand, has a higher parameter uncertainty and can 
therefore lead to strong deviations in the wear calculation. In the approach according to CHUN, the 
adsorption energy parameter has an extreme sensitivity and therefore leads to the highest parameter 
uncertainty. The approach according to LIJESH is the overall best approach for wear calculation 
according to the previously mentioned evaluation criteria. This is due to the fact that this approach 
achieves good results in almost all areas considered. Its calculation time is adequately low and the 
sensitivity of the parameters is lower than that of most other approaches. Its biggest disadvantage 
is the relatively elaborate experiment necessary for the parameterization, requiring a continuous 
measurement of the wear volume, which can e.g. be achieved by integrating a linear variable 
differential transducer. This disadvantage is however compensated by the load case indepency of 
the determined parameters, giving the approach a huge adventage when examining multiple 
occurring conditions leading to wear.  

In the near future, the further steps mentioned in Fig. 17 will be tackled. Currently, calculations of 
the local contour change and roughness change of the componenent test rig journal bearing are 
performed using the presented wear approaches. This has the aim of evaluating the wear 
approaches with respect to their agreement with experimental data (step 3). The agreement with 
experimental data will then represent a further criterion for the evaluation of wear models. 
Furthermore, real load situations will be considered for the wear calculation in the future (step 4), a 
method for wear calculation under real load conditions will be developed and the method will then 
be validated using experimental data from a gearbox test rig (step 5). 
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Abstract: The conventional planetary gearboxes of wind turbines usually utilize roller element 
bearings as supporting elements for the planetary gears. Compared to a roller element bearing, a 
sliding bearing has fewer components and requires less space to carry the same load. Therefore, in 
large power gearboxes there is a pressing need to apply sliding bearings to improve power density. 
In an industrial journal bearing, the unit pressure is typically less than 6.2 MPa, and the preferred 
minimum oil film thickness is ~25 µm. However, in a wind turbine gearbox the unit pressure in a 
journal bearing of a planet gear can easily reach 15 MPa, which leads to a minimum film thickness 
of 3 µm to 5 µm. In some heavy load and low speed conditions, the bearing even operates in a mixed 
lubrication condition, and structural deformation is not negligible when predicting the performance of 
such fluid film bearings.  

A sliding bearing usually features a soft material on the stationary bore to protect the shaft when a 
direct contact between the stator and spinning shaft occurs. However, in wind turbine gearboxes the 
bearing material is on the surface of the planetary pin. In such a situation, centrifugal casting method 
to apply tribology material on the pin surface is no longer applicable as centrifugal casting can only 
apply material onto an inner bore. One of the methods to put a bearing material on the pin is to install 
a sleeve on its outer diameter. The sleeve may be casted from copper alloy. A more favorable 
method to further reduce cost is to directly apply the tribology copper alloy layer on the pin surface. 
This paper presents the process on the designing and qualification of a journal bearing with copper 
alloy directly applied on the outer surface of a pin using laser additive manufacturing method. Since 
the cladding layer is only about 1 mm to 2 mm in thickness, the cost can be reduced greatly 
compared to the thick copper sleeve solution without compromising the performance of the bearing. 

1 Introduction 

As many nations pledge to achieve zero carbon emission by the middle of the 21st century, wind 
energy has been growing at a fast pace during the last decade. According to a report published by 
the global wind energy council (GWEC), 30 major wind turbine manufacturers installed 104.7 GW of 
new wind power capacity just in 2021 [1]. However, due to strong competition between wind power 
and conventional energy as well as hydropower and solar power, the cost of onshore wind power 
generation has dropped on an average of 40% from 2010 to 2019, reaching 0.053 USD/kWh in 2019 
[2]. This means the components of a wind turbine, such as blades, tower, and gearbox are facing 
huge pressure on cost reduction. 

To save capital investment, gearbox manufactures need to explore all kinds of methods to increase 
power density. As a result, the increase of transmitted power on the planet gear leads to larger roller 
bearing size to carry the ever increasing bearing load. Compared to a roller element bearing, the 
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sliding bearing has many advantages. For example, a sliding bearing requires less space to carry 
the same amount of load in the confined space of a gearbox. Another benefit of the journal bearings 
is lower cost and possibly higher reliability because of their simplicity compared to roller element 
bearings. The design removes between two and four rows of bearings (depending on design) from 
each planet and replaces them with one bearing [3]. As there is no roller element, some common 
failure modes such as white etching crack issue [4] is also eliminated. 

To the authors’ knowledge, the first wind turbine gearbox featured with sliding bearings was a 2-MW 
gearbox comprising a planetary stage on the rotor side and two cylindrical gear stages on the 
generator side. The prototype was put into operation by Winergy in March 2013 in a Vestas V90 
turbine in Sweden [3, 5]. The sliding bearings have a 700 µm soft copper layer and a 20 µm coating 
on top. The turbine experienced extensive test including partial load, 100% power, idling, and cut in 
operations. Since the fluid film bearing introduces a great amount of damping, structure-borne sound 
vibration was reduced in comparison with the roller-bearing. The oil analyses conducted during 
running time show no impurities from wear. 

The operating condition of the journal bearings in a wind turbine is very sophisticated. For instance, 
during the single blade installation process, the journal bearing will need to survive a dry slow roll 
condition with unit pressure up to 300% of the nominal load [6]. Before the turbine is connected to 
the electricity grid, the bearings have to endure several months of low load operation with oil supply 
on and off. During normal operation, the unit pressure can easily reach 15 Mpa, and the surface 
speed is just in the neighborhood of about 0.5 m/s, leading to a minimum film thickness of 3 µm to 5 
µm. In some heavy load and low speed conditions, the bearing even operates in a mixed lubrication 
condition.  

The author’s company has accumulated over 20 years of experience on designing and 
manufacturing industrial bearings as well as bearings for heavily loaded gearboxes. Since 2018, 
SUND starts to tackle the problems on wind applications and has developed a process to design, 
fabricate, and test wind turbine sliding bearings. 

2 Modeling 

Since the planetary stages are periodic along the 360⁰ circumference, it is reasonable to just model 
one of the planet gears to reduce calculation time. Figure 28 shows a 1/7 model of the first planet 
stage of a typical 5 MW gearbox modeled in a finite element based Software. The model includes a 
section cut of the planet carrier, a planet gear and a pin. The loads transmitted to the journal bearing 
are applied on the teeth on the planetary gear as tangential, radial, and axial loads on both the ring 
gear side and the sun gear side. 
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Figure 28: A 1/7 model of a planetary stage 

For a nominal power condition (5 MW), the journal bearing unit pressure is about 13.6 MPa. Figure 
29(a), (b), and (c) show the directional deformation of the carrier, the pin, and the planetary gear 
along the circumferential direction and the radial direction, respectively. For this stage, the diameter 
of the journal bearing is 340 mm, and the diameter clearance is about 0.408m (clearance ratio 1.2‰). 
Due to the radial loads, the inner bore of the planetary gear turns elliptic. As a result the clearance 
reduces to (0.408-0.090-0.077) = 0.241mm (clearance ratio 0.71‰). The deformation of the 
planetary gear represents a 41% reduction of radial clearance. Therefore, the deformation of the 
structure needs to be considered when predicting the performance of the sliding bearing in a wind 
turbine gearbox. 

 

 

                 (a)                                                              (b)                                                                (c) 

   

Figure 29: (a) Deformation structure along X (circumferential) direction, (b) deformation of pin along X 
(circumferential) direction, and (c) deformation of gear along the Y (radial) direction. 

In a hydrodynamic fluid bearing the external load is carried by a fluid film with a certain pressure 
distribution. Hagemann et al. [7, 8] point out that a wind turbine journal bearing may operate with 
edge loading due to the additional moment induced by the axial loads from the ring gear and the sun 
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gear. As shown in Figure 30 (a) when the bearing does not have any contour there is a huge solid 
contact pressure of about 366 MPa. After adding a parabolic contour with amplitude of 0.07 mm on 
both sides of the pin the solid contact is gone, as shown in Figure 30 (b). The minimal film clearance 
also increases from just 0.35 µm to 3.8 µm when the contour is added. Since in a wind turbine the 
wind load and speed is in a random form, the heavy load and low speed may drive the bearings to 
operate in a mixed lubrication condition [7, 8]. A frequent used theory to predict mixed lubrication is 
the Archard’s law, which evaluates wear volume based on the local contact force, the sliding distance 
and the wear coefficient. Since the axial load on the thrust bearing is negligible, it is not discussed 
here. 

Compared to a roller element bearing whose life can be predicted using LDD load, the life of a sliding 
bearing in a wind turbine gearbox is hard to predict since a full film condition does not consume any 
life. However, from the wear point of view, the thickness of the tribology layer can be determined if 
the wear rate under a certain mixed lubrication condition can be experimentally determined. In order 
to meet the 20 years life, the required thickness of the tribology layer (thk) should satisfy:  

(𝐿 ∙  𝑣 )  <  𝑡ℎ𝑘

 

 (1) 

where 𝐿  and N are the time frame and total number of loads when the bearing is predicted to operate 

in a mixed lubrication condition, and 𝑣  is the wear rate under the corresponding load. 

 

                               

                                  (a)                                                                                    (b) 

 

Figure 30: Pressure field in the fluid film, (a) without contour, and (b) with a parabolic contour. 

 

3 Qualification 

SUND has been manufacturing and designing journal bearings and thrust bearings for wind turbine 
gearboxes since 2018. During the course of development, a series of qualification checks have been 
conducted to measure the quality of the copper alloy laser cladding layer: 
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 Visual check, this test is to make sure that there is no visuable cracks and holes due to 
contraction on the surface of the cladding layer. 

 Penetration tests (PT), to check the porisity of the bearing surface, the acceptable level is 
grade B and above. 

 Ultrasonic test, to make sure there is no cracks within the cladding layer.   
 Hardness check, the hardness of the surface layer of the copper alloy is > 105 HV1. 
 Tensile strength check, the tensile strength of the cladding layer is > 450 MPa. 
 Yield strength stength check, the yield strength of the cladding layer is > 270 MPa. 
 Anti corresion test, no sing of corresion was noticed after 180 hours testing in a salty corresive 

enviroment. 
 Bonding strenth test, the bonding strength between the cladding layer and the steel pin is > 

250 MPa. 
 Fatigue test, after experiencing 2 million cyclles of periodic load with an averge magnitude of  

320MPa and amplitude of 75 MPa, no sign of fatigue or cracks were found within the cladding 
layer or at the bonding surface. 

 Sudden heat up and cool down test. This test is to make sure that the cladding layer can 
survive the harsh cold and hot enviroment of a wind turbine. No signs of distress were found 
afte this test.   

 There is an additional adhensive test if the synthetic coating layer is requested by the 
customer. 

After going through the comprehensive designing and qualification tests, the authors’ company 
developed a series of journal and thrust bearings for wind application. The first generation bearings 
have a steel pin coated with a ~0.7 mm copper alloy using laser cladding method. The more 
advanced bearings have a 15 µm to 20 µm synthetic coating layer on top of the copper alloy, which 
reduces greatly the wet coefficient of friction from ~0.15 to ~0.07. The low coefficient of friction 
protects the inner copper alloy during the single blade installation and dry idling periods. 

4 Testing 

Figure 31 shows a test rig to test heavily loaded journal bearings at SUND. The main objective of 
the test rig is to verify that the designed bearing is able to operate with a 3 µm to 5 µm minimal film 
thickness without any damage or excessive wear. A drive motor, having a power of 315 kW, is 
capable of delivering a 60 kN.m drive torque through a gearbox reducer. A torque meter between 
the support bearing 2 and the gearbox reducer measures the frictional torque generated within the 
two support bearings and the test bearing. Two thermal couples measure the inlet and outlet oil 
temperatures. A turbine flow meter records the oil flow going into the bearing. Mobile 320 oil is used 
as bearing lubricant. The speed range at the test bearing section is between 0.5 rpm to 200 rpm. A 
piston pulls the test bearing downwards at a maximum load of 3,500 kN, and two pistons installed 
horizontally at the diagonal location can produce a moment with max magnitude of 175 kN.m. A 
computer system controls the applied load and moment, the oil inlet temperature, the oil flow rate, 
and the speed of the drive motor. A data acquisition system records all the above mentioned 
parameters.  

Table 7 shows the test items of a journal bearing for the 1st stage of a 5 MW gearbox. The journal 
bearing has a diameter of 340 mm, and the nominal unit load is about 13.6 MPa.  The tests include 
run in tests conducted at nominal load and constant speed (about 31 rpm), single blade installation 
condition, start and stop condition, idling in dry friction condition, and hundreds of hours at different 
load conditions. After the extensive tests, the bearing is opened and checked. Figure 32 shows two 
pictures of the test bearing before and after the tests. Only 0.02 mm reduction in diameter is 
measured near the two ends of the bearing (some synthetic coating material was removed due to 
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wear). Some signs of scratches are found on the bearing surface. However, when measuring the 
surface finish, the measured Ra = 0.34, indicating a fairly smooth surface.  

 

 

Figure 31: test rig for heavy load bearings. 

 

Table 7 Tests of a journal bearing for the 1st stage of a 5 MW gearbox 

Test items Accumulated time 

Run in 2 hours 

Single blade installation 26MPa, 0.5 rpm run for 10min 

Nominal load > 200 hours 

110% over load 60 hours 

120% over load 30 hours 

130% over load 10 hours 

Other load conditions in the LDD > 100 hours 

Rapid change in speed and load 2 hours 

Start and stop 6,000 times 

Idling in dry friction condition 200 hours 
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                                  (a)                                                                             (b) 

 

Figure 32: Pictures of a test journal bearing for the 1st stage of a 5 MW gearbox,  

(a) before test, and (b) after test. 

 

5 Summary 

This paper details the design and qualification of sliding bearings for wind turbine gearboxes. Due to 
the heavy load and low speed, structure deformation and mixed lubrication should be considered 
during the design process. A properly designed bearing contour reduces the chance of edge loading 
and smoothen the pressure profile. SUND has designed, fabricated, and tested a series of journal 
and thrust bearings for different wind turbine and gearbox manufactures. The material mechanical 
test demonstrates that laser cladding is a reliable technology to apply a copper alloy layer on top of 
a steel pin to form a bearing material. Shop tests prove that after extensive tests on a test rig, the 
bearing does not show any sign of distress, and only about 0.02 mm reduction in thickness due to 
wear of the synthetic coating was observed. To date, SUND has quite a few bearings that have 
passed shop tests on the gearbox manufacture’s site. A few turbine manufactures are ready to put 
these bearings into operation up on the tower.  
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Abstract: In current gear box designs of wind turbines roller bearings are mostly used to carry the 
planet gears. But practical experiences of a world-wide growing numbers of wind turbine show that 
bearing damages as well as maintenance and service works appear more often than expected, 
leading to additional costs especially for offshore plants. In consequence, alternative gear box 
designs with hydrodynamic bearings are developed, aiming on smaller design space, higher torque 
density and lower costs for maintenance and service. For gear box systems with hydrodynamic 
bearings completely different design guidelines have to be developed. Thus, a high-performing and 
efficient software simulation tool is needed to analyze hydrodynamic bearing concepts for planet 
gears in an early design stage to understand the system behavior and to reduce cost expensive test 
benches and prototyping. To reach a highly efficient modelling only a carrier segment with one gear 
under cyclic symmetry boundary conditions is considered.  

As a gear box system can be highly loaded at low speed, wear simulations have to be carried-out to 
appraise the run-in process. The simulation algorithm considers the change of surface wear contour 
as well as the change of surface roughness in the area of mixed lubrication.  

As an extension to a simulation model with only the planet gear, a model including the sun and ring 
wheel is presented, providing the teeth forces and moments as a simulation result instead of defining 
them as boundary condition. 

1 Motivation and Objectives 

Modern planetary gears are designed with an increasing number of planets to meet the requirement 
for higher torque moments. To maintain the design space of the gearbox, the planets design is 
reduced and in consequence the design space of the planet bearing. As roller bearings often do not 
fit into the small design space, hydrodynamic bearings are considered as a promising alternative. 

Hydrodynamic planet bearings follow different design guidelines than roller bearings. Especially for 
extreme load cases the hydrodynamic bearing design has to be adapted to the low speeds and high 
tilting moments acting on the planets. To support the design process in an early stage complex multi 
body simulations considering detailed plain bearing models are used to analyze the hydrodynamic 
carrying and the run-in process. 

The capabilities of elastohydrodynamic bearing simulation for gear box systems was formerly shown 
in [HOE14] and [LAN19]. But at that time the modelling effort was quite high and it took a long 
calculation time especially for the simulation of run-in processes. As the requirement of bearing 
manufactures and gear box designers for extensive hydrodynamic bearing design studies rises 
during recent years, more efficient simulation strategies and higher modelling depths were 
developed to improve model reliability and calculation speed. 
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2 Efficient Gear Box Simulation Model 

In [LAN19] a gear box simulation model was presented including the complete carrier with all pins 
and all planet gear. Although only one pin-to-gear contact was modelled a an elastohydrodynamic 
contact and coarser modelling was used for the other gears, the calculation time was quite high. To 
create a more efficient simulation model only a segment of the gear box with one planet gear was 
developed, assuming that all gears see the same load and show the same elastohydrodynamic 
behavior. The new efficient model consists of a complete gear and pin, but only of a segment of the 
carrier like shown in Figure 33. Thus, it is necessary to apply so-called cyclic symmetry boundary 
conditions during the structural reduction process of the carrier where both symmetry surfaces show 
the same deformation behavior under load.  

 

Figure 33: Efficient cyclic symmetry model of a gearbox 

Beside the deformation of the elastic bodies the press fit contact between carrier and pin must be 
calculated, considering the roughness of both surfaces. In addition, the EHD contacts between gear 
and pin and the thrust bearings between gear and carrier must be calculated, considering also 
possible states of mixed lubrication.  

FEM meshes of the volume structures and the contact meshes for press fits between pin and carrier 
as well as the fluid film coupling between gear and pin is shown in Figure 34 for a generic gear box 
model. 
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Figure 34: FEM meshes of volume structures and contact surfaces 

In Figure 35 the elastic carrier twist, the pin bending and the gear ovalization is shown, exemplarily. 
In this simple example the pin is massive. In case of a hollow pin the bending and ovalization of the 
pin increases and the gap function to the gear gets more complex.  

Figure 35: Elastic deformations of carrier segment, pin and gear 

Some exemplary simulation results for the EHD contact between pin and gear are shown in Figure 

36. As no contouring of the pin was considered in this simple model, mixed lubrication occurs at the 
bearing edges which are subject to a run-in process. For the considered generic gear box model, 
the calculation time under constant speed and load was approx. 30 min for 1 ½ revolutions. 
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Figure 36: Hydrodynamic pressure and roughness contact (edge carrying) 

Figure 37 exemplarily shows the gap distribution in the rotor and generator side of the pin-to-carrier 
press fit. Due to the high gear forces, the press fits loose the contact in some areas and the gap 
opens.  

 

Figure 37: Gap distribution at press fits 

 

This specific contact behavior has significant effect on the calculated carrier twist. A comparison of 
a carrier twist simulation with press fits and with “glued” contacts (no opening gaps possible) between 
pin and carrier is shown in Figure 38. The color fringe for both simulation is the same which shows 
the necessity to consider the press fit in the simulation. 
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Figure 38: Comparison of press fit pin and “glued” pin 

It should be mentioned that the modelling of an elastic floating ring between gear and pin is also 
possible, considering the fluid flow between inner and outer film of the ring. 

3 EHD Run-In Simulation 

As shown in the previous chapter mixed lubrication can occur in the bearing bushing of the pin 
depending on the operation point and the bearing design. In this case the question rises whether a 
slight abrasive wear can change the local contour of the bushing (run-in) in a way that after a while 
a pure hydrodynamic status in the bearing can be reached. For the simulation of a run-in process an 
algorithm was developed, defining a relation between local energy input due to roughness contact 
friction power and surface material abrasion (wear). Known laws for this relation are the Fleischer 
model and the Archard model [FLE80] and [WOL14]. Both models are available for run-in 
simulations, but for the presented work Fleischer’s law is used.  

In addition to the run-in simulations presented in [LAN19], also the smoothing of the surface 
roughness is taken into account. Defining a new status roughness (from drawings) and a maximum 
worn roughness (from measurement, if available) the roughness is smoothened gradually together 
with the change of contour.  

Figure 39 shows the hydrodynamic and contact pressure distribution of the new state (top) and the 
run-in state (bottom) of the bushing bearing. 
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Figure 39: Pressure distribution, comparison new state vs. run-in state 

After run-in almost no contact pressure and the bearing is carrying the load only by the fluid film. Of 
course, a manufacturing contour of the bushing (not considered in this simple example) could 
improve the hydrodynamic pressure distribution and reduce the run-in process. 

The resulting run-in contour and the run-in roughness distribution is shown in Figure 40. No mixed 
lubrication occurs at the end of the run-in process. 

 

Figure 40: Run-in process, resulting bushing contour and roughness distribution 

4 Extended Modelling with Sun and Ring Wheels 

The gear box modelling for the hydrodynamic planet gear bearing presented in chapter 2 requires 
predefined gear wheel forces on the sun and ring wheel side as boundaries. Likewise, the resulting 
force position in axial direction of the tooth flanks has to be known. To get the resulting forces and 
their point of application as a simulation result, a more extensive modelling of the gear box system 
is needed.  
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Figure 41 shows the MBS modelling of the cyclic symmetric gear box system with a segment of the 
ring wheel and the sun wheel. 

 

Figure 41: Gear box model with ring wheel segment and sun wheel 

By using the gear contact module of the MBS software, the tooth flank forces and moments are a 
simulation result and not a predefined boundary condition. The application of a “slice” model for the 
tooth flank contact allows in addition the determination of the axial position of the resulting forces 
which again influences the deformation of all elastic bodies like the twisting of the carrier and the 
tilting of the planet gear. Of course, the cyclic symmetric bodies cannot rotate against each other. 
To nevertheless get a hydrodynamic pressure build up between pin bushing and planet gear, the 
relative sliding speed is considered for the solution of Reynolds equation and mixed lubrication. With 
this modelling the torque moment can be applied on the sun wheel while the ring wheel segment is 
fixed in space at its shaft. The whole system is twisted and hydrodynamic and roughness contact 
pressure distribution due to gear rotation is acting on the system. Figure 42 shows the sliced gear 
flank model with gear force distribution and relative twist between sun and planet wheel.  

Figure 42: Sliced gear flank model and relative twist between sun and planet wheel 

The consideration of sun and ring wheel in the gear box model can help in optimizing the tooth flank 
contour for an expected load condition. Furthermore, with this extended model a wear simulation 
can be carried-out, too. 
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5 Summary / Conclusion 

To satisfy the demand for smaller design space, higher torque density and lower costs for 
maintenance and service, hydrodynamic bearings in gear boxes of wind turbines are considered as 
a promising alternative to roller bearings. To analyze hydrodynamic bearing concepts in an early 
design stage multi body simulations are needed to calculate hydrodynamic pressure build-up and 
mixed lubrication under consideration of manufacturing bushing contours, structural elasticity and 
pin-to-carrier press fits. An efficient multi body simulation strategy with only a carrier segment under 
cyclic symmetry boundary conditions was developed, significantly reducing the calculation time in 
comparison to a full gear box model. 

Especially for extreme load cases, wear simulations have to be carried-out to estimate the run-in 
process by considering the change of running surface wear contour as well as the change of surface 
roughness in the area of mixed lubrication.  

Beyond the standard modeling with only the planet gear, a model including the sun and ring wheel 
is presented, providing the teeth forces and moments as a simulation result instead of defining them 
as boundary condition. 
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Abstract: Gearbox and wind turbine design and application standards have contributed significantly 
to improvements in reliability over the past two decades. The International Electrotechnical 
Commission (IEC) 61400-4 standard of wind turbine gearbox design is currently being revised by a 
joint working group (JWG) of experts in IEC TC 88 (wind energy) and International Organization for 
Standardization (ISO) TC60 (gears) to further that effort. Experts from ISO TC4 (rolling bearings) 
and ISO TC28 (lubricants) have actively participated. This revision has implemented lessons learned 
from industry use of edition 1 since its publication in 2012.  

The main document, IEC 61400-4, was pared down to essential design requirements and 
application-specific recommendations along with a design verification framework. The JWG 
leveraged concurrent development of other standards, such as IEC 61400-8 on wind turbine 
structures, to replace edition 1 content. These are described along with how this works with the IEC 
Renewable Energy certification scheme for wind turbines (IECRE-WE). 

The JWG recognized the interest in maintaining informative parts of edition 1 including annexes on 
wind turbine architecture and loads, bearing and gear arrangements, bearing selection, lubrication 
system descriptions and lubricant performance recommendations. This information was retained in 
two technical reports: IEC/TR 61400-4-2 Lubrication and IEC/TR 61400-4-3 Explanatory Notes. 
Additionally, a technical specification, IEC/TS 61400-4-1, was drafted to provide a reliability 
calculation method for comparing different design options or conditions. Salient elements of these 
documents are described. 

All four documents were recently distributed for IEC/ISO review, ballot, and comment. Publication is 
expected in 2023. 

1 Introduction 

IEC 61400-4, a design standard for wind turbine gearboxes, was published in 2012 as part of the 
IEC TC88 wind turbine standards under a high-level cooperation with ISO TC60 (gears). This 
standard provides requirements for the design of all gearbox elements including gears, bearings, 
shafts, and substructures - more specifically, how to use the extant standards for those elements in 
this unique application. Guidance is also included for bearing selection, lubrication properties, and 
system operation and maintenance. A description of the wind turbine operating environment and 
loading is also provided. 
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Feedback from various sources have called for an update to edition 1 for a number of reasons: 

 AGMA 6006, the US national standard on wind turbine gearboxes, was updated by narrowing 
the main text to only requirements and removing informative content and guidance. A basic 
reliability model was also included.  

 The German VDMA issued a specification document proposing text for system reliability 
modelling (VDMA 23904) and another addressing plain bearings (VDMA 23903). 

 The recently developed IEC Renewable Energy (https://www.iecre.org) certification system 
recommended that edition 2 revise testing requirements to be directly coupled to design 
requirements. 

As a result, the JWG started development of edition 2 of IEC 61400-4 in 2017. The starting point 
was to pare down the main document to essential design requirements and application-specific 
recommendations along with a verification framework. The JWG also took advantage of concurrent 
development of other standards, such as IEC 61400-8 on wind turbine structures and ISO 6336-22 
on micropitting, to improve or replace edition 1 content by directly referencing those documents. 

The JWG recognized the interest in maintaining the informative parts of edition 1 including annexes 
on wind turbine architecture and loads, bearing and gear arrangements, bearing selection, 
lubrication system descriptions, and lubricant performance recommendations. Some of this 
information was retained in two technical reports, IEC/TR 61400-4-2: "Lubrication of drivetrain 
components in wind turbines" and IEC/TR 61400-4-3: "Explanatory Notes on IEC 61400-4". 
Additionally, a technical specification was created, IEC/TS 61400-4-1: "Reliability assessment of 
drivetrain components in wind turbines", to provide a reliability calculation method for comparing 
different design options or conditions. 

This document provides an overview of the pertinent changes and some details on design 
requirement and verification changes. 

2 Edition 2 design requirement changes 

a. Overview 

Initially it was expected that the design requirements for the major elements would not change from 
edition 1 of IEC 61400-4, but fundamental design standards for wind turbines and gearbox elements 
- gears, bearings, shafts, and lubricants - have since been updated and changed and some new 
standards have been published. These changes were accommodated into edition 2 as noted in 
Table 8 and Table 9. These will be described further in this clause along with rearrangement and 
extracting informative parts into two Technical Reports and one Technical Specification. 

b. Gears 

i. Gear design life analysis 

The only significant changes to the gear design requirements in the standard was to account for 
differences from updates to ISO 6336-2 (pitting) and ISO 6336-3 (tooth bending) as noted in Table 9. 
Wind turbine original equipment manufacturers (OEMs), gearbox manufacturers, and the FZG at TU 
Munich participated in estimating gear design life for different arrangements and gear types to 
assess and quantify the differences between the 2006 and 2019 editions of the pitting and tooth 
bending standards. 
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The safety factors for pitting resistance didn't change between editions of ISO 6336-2, but in some 
arrangements the safety factors for tooth bending strength according to ISO 6336-3 did change. The 
limits of these factors in IEC -61400-4 edition 2 were adjusted to account for those differences. The 
important outcome was that the JWG experts maintained the same "absolute" safety level despite 
some changes in calculated life factors. The rationale for this change, including the results of the 
comparative analysis between editions, is included in IEC/-TR 61400-4-3 Explanatory Notes. 

Table 8 IEC TC88 wind turbine standards influencing modifications to edition 2 

Standard Title/ subject JWG modifications to Edition 2 

IEC 61400-1:2019 Part 1: Design requirements some partial safety factors on materials and 
loads change in edition 4 

IEC 61400-3-1 Part 3-1: Design requirements for fixed 
offshore wind turbines 

supplemental reference to IEC 61400-1, 
component designers should recognize more 
complex loading and environment 

IEC/TS 61400-3-2 Part 3-2: Design requirements for floating 
offshore wind turbines 

supplemental reference to IEC 61400-1, 
designers should recognize added floating 
degrees of freedom 

IEC CDV 61400-8 Part 8: Design of wind turbine structural 
components  

removed structures design clause and 
informative Annex, replace with reference to 
61400-8 

 

Table 9 ISO TC60 gear standards influencing modifications to edition 2 

Standard Title/ subject JWG modifications to Edition 2 

ISO 6336-2:2019 
Part 2: Calculation of surface durability 
(pitting) 

revisit minimum safety factors compared to 2006 

ISO 6336-3:2019 
Part 3: Calculation of tooth bending 
strength 

revisit minimum safety factors compared to 2006 

ISO/TS 6336-4:2019 
Part 4: Calculation of tooth flank fracture 
load capacity 

added new tooth flank fracture (TFF) risk 
recommendations   

ii. Scuffing 

Edition 2 includes reference to methods under development for evaluation of gear scuffing risk - 
ISO/TS 6336-20 and ISO/TS 6336-21. Some guidance is also provided for minimum safety factors 
determined using these methods.  

iii. Tooth flank fracture 

Tooth flank fracture (TFF) is a fatigue failure of the gear flank characterized by complete or partial 
tooth fracture originating beneath the hardened layer. These have been occurring (rarely) in wind 
turbine gears. Currently, there is no standardized method available for determining the risk of TFF. 
However, edition 2 refers the designer to ISO/TS 6336-4 to review parameters influencing TFF.  

c. Bearings 

No fundamental changes in rolling bearing design requirements and considerations are included in 
edition 2. However, some clarifications were provided for use of ISO/TS 16281 on rolling bearing life 
estimation. Some of the informative parts of edition 1 were maintained in the annexes but the bearing 
selection tables were removed. 

However, considerations and requirements for utilizing plain bearings in wind turbine gearboxes are 
new to edition 2. Although there is not a lot of field experience with plain bearings in wind turbines, 
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many current turbines include these bearing options. Much of the new content identifies useful 
standards and analysis methodologies. The fundamental risks to main bearings are lack of 
lubrication in various operating scenarios and overload as shown in Figure 43. These risks and some 
mitigation strategies are included in edition 2. 

 

Figure 43: Relevant operational regions for plain bearings 

d. Structures 

Edition 1 included requirements for the design of gearbox substructures such as planet carriers and 
housings along with an explanatory annex. It was agreed by the JWG that the existing requirements 
(and the informative content) were available in many standard textbooks and handbooks with some 
variations on approach. Fortunately, IEC TC88 working group 8 (WG8) has been concurrently 
developing an international standard specific to wind turbine nacelle structures. Some JWG experts 
participated in WG8 and acted as liaison to the JWG to help in alignment of efforts. Structures 
requirements were therefore reduced to referencing IEC 61400-8 (currently a CDV) in the main 
document and deleting the informative annex. 

e. Lubrication 

In edition 2, the requirements for the lubricant and lubrication system are included in the main 
document in a concise, well contained clause connected to the gearbox element design 
requirements. The informative parts of this from edition 1 were spread between the main body 
lubrication clause and an Annex. As noted above, this has been updated to current state of the art 
and used to develop a new Technical Report – IEC/TR 61400-4-2. This TR contains a very useful 
collection of explanations of the components of the lubricant and additives, the functional parts of 
the lubricant system, and some guidance on interpreting lubricant properties (viscosity, acid content, 
etc.) and parameters (cleanliness, water content, etc.) for effective monitoring of the lubricant 
condition over time. This also includes guidance on effective monitoring methodologies and oil 
change intervals/criteria. 
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f. Explanatory notes 

As noted above, the JWG decided to keep some edition 1 informative content including guidance on 
preliminary bearing selection and basic bearing life rating, rationales for where some of the gear and 
bearing design requirements evolved from and other useful explanations of common wind turbine 
loading descriptions and summaries. These items are included in the Technical Report 
IEC/TR 61400-4-3.  

g. Reliability model 

As a completely new part of the revision of edition 2, the JWG drafted a wind turbine gearbox 
reliability modelling method in a separate Technical Specification, IEC/TS 614004-1, Wind energy 
generation systems — Part 4-1: Reliability assessment of drivetrain components in wind turbines. 
The JWG derived some of this from the previously updated AGMA 6006 standard and from the 
concurrently drafted VDMA specification 23904.The method described is suitable for comparing 
the calculated design reliability between gearboxes based only upon failure modes where 
standardized calculation methods are publicly available, including: 

 gear tooth bending strength (as per ISO 6336-3);  

 gear tooth surface durability (pitting, as per ISO 6336-2);  

 modified reference bearing life (as per ISO/TR 16281); 

 shaft fatigue fracture (as per DIN 743 or IEC/CDV 61400-8). 

The methodology described could be expanded to include additional unique failures modes that 
demonstrate a similarly standardized life calculation or are supported by empirical data. 

It should be noted that not all failure modes observed in the field have a standardized calculation 
method. Therefore, there is a difference between the apparent reliability observed by owners and 
that calculated with the model as characterized in Figure 44. 

 

Figure 44: Apparent and calculated reliability  
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3 Verification and validation 

h. Overview 

In edition 1 of IEC 61400-4, the design verification requirements were a set of prescriptive tests for 
prototype and serial manufacture that were considered "good practice" but lacked any useful 
evaluation of the test outcomes compared to the design requirements. This included a required 
overload or "robustness" test at some elevated, fixed load for a period of time that was not connected 
to any design requirements or outcomes. Similarly, serial production testing was required for all 
production units without the outcomes being directly connected back to design assumptions. In use, 
this was found to be an incomplete way to assess the design for the application. Also, the new IECRE 
certification system - developed since the publication of edition 1 – strongly recommended that the 
revision address a significant improvement in gearbox testing. 

To fill the perceived gap, wind turbine OEMs and gearbox designers augmented these requirements 
with internally developed testing methodologies. For instance, Siemens Gamesa developed their 
SALT (Smart Accelerated Life Testing) methodology, which implemented a failure risk-based 
approach (even for observed failure modes that lack calculable life estimations) using testing with 
several levels of integration from testing a gearbox element to field testing on the complete wind 
turbine. Also, ZF’s DORoTe approach (Design Operational Robustness Test) included more complex 
loading (e.g., dynamic loading, start/stops, etc.) in the tests. The intent was to apply loads 
experienced in-field by the whole system. Both of these were an improvement over fixed-load tests 
because a wind turbine gearbox is a complex, multi-element system, and each of these elements 
(gears, bearings, shafts, etc.) are subject to differing failure risks and causality mechanisms. This 
makes it difficult to apply meaningful proof overload testing or design-life equivalent fatigue testing 
of the complete system.  

Based on this, the JWG proposed a failure mode-focused process of design verification as a 
fundamental change in edition 2 of IEC 61400-4. This process is to be used to assure that the 
gearbox complies with the design requirements, confirms the design assumptions used in bearing, 
gear and structural analytical and design tools and, to the maximum extent possible, reduces the 
risk of known failures.  

i. Failure mode risk-based approach 

During the design process, failure risks are to be identified using a design failure mode and effects 
analysis (FMEA) or equivalent, along with the expected mechanisms. The FMEA connects the 
required verification evidence to each of the risks.  

Calculable damage or design life models for different elements and risks can be directly verified by 
measurement of some variables in physical testing. Of course, not all of the identified failure modes 
have broadly accepted calculable models for operating life. However, techniques are available to 
leverage design and field experience to reduce uncertainty and verify application design factors.  

A summary of the failure mode categories is provided in Table 10. Basically, A1 failure modes have 
a validated and broadly acceptable analytical methodology for estimating application lifetime. The 
category A2, B, and C failure modes lack a lifetime calculation model defined in a recognized design 
code or standard. It is expected that some form of direct test measurement can be used to verify the 
A1 design calculation parameters or model input assumptions. 
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Table 10 Failure mode categorization 

 Failure mode category 

 A1 A2 B C 

Load/ stressor 
profile 

Deterministic 

(loaded by defined 
stress) 

Deterministic 

(loaded by defined 
stress) 

Stochastic 

(loaded by friction, 
abrasion, extreme 
temperature, dirt 
corrosion, etc.) 

Stochastic 

(randomly loaded by 
impacts, friction, 
abrasion, etc.) 

Assessment/ 
calculation 

Validated models 
available 

Validated models not 
available 

Some models 
available 

No models available 

Type Cumulative Cumulative Non-cumulative Cumulative/Non-
cumulative 

Failure mode 
examples 

Tooth bending, 
bearing rolling contact 
fatigue 

Tooth flank fracture, 
bearing WEC 

Scuffing Debris damage, 
fluting 

Note: The categorization of the example failure modes reflects the current state-of-the-art and can change (e.g., when a 
calculation model for an A2 failure mode gets validated and recognized). 

 

A verification plan should include all design requirements included in the standard along with 
expected failure modes identified in the FMEA, and guidance on how to objectively verify them. In 
addition to design verification by physical testing, options for verification by similarity with previous 
designs and simulation of some design elements are included. The verification and validation matrix 
for gear elements is shown as an example in Table 11.  

Table 11 Verification matrix for failure risks in gear elements 

  

Failure mode 
or design 

feature 

Type Detection 
requirement 

Verification or validation method Acceptance criteria 

Simulation Similarity Testing 

Load 
distribution 
for planetary 
stages 

F Load 
distribution 
magnitudes 

Y   T1 or T4   Measured KH and 

KvK load factors less 

than or equal to 
requirement 

Load 
distribution - 
parallel 
stages 

F Visual 
inspection 

Y   T1 or T4  Contact area within 
±10 % of simulated 
area 

Surface 
durability 

A1 Visual 
inspection 

 Y T2 No pitting as per 
ISO 10825-1 

Tooth root 
fatigue 
fracture 

A1 Visual 
inspection 

 Y T2 No tooth breakage or 
initial cracks as per 
ISO 10825-1 

Scuffing B Visual 
inspection 

 Y T2 No scuffing as per 
ISO 14635-1:2000 

Micropitting B Visual 
inspection 

 Y T2 No micropitting as per 
ISO 10825-1  

Tooth flank 
fracture 

A2 Visual 
inspection 

essentially A1 Y T2 No fracture as per 
ISO 10825-1  

Tooth rim 
fracture 

A2 Visual 
inspection 

 Y T2 No surface crack 

Note: F - fatigue analysis used, Y- the verification method is allowed for other types see Table 10. 
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j. Verification methods 

i. Physical testing 

The JWG prescribed four different tests that ranged from just the gearbox as a single component 
(T1) to a more complete integration into the wind turbine (T4) as listed in Table 12. Physical tests 
are different from edition 1 in that the tests outcomes are connected to verifying selected design 
requirements and informing specific failure risks as identified in, for example, Table 11. 

Table 12  Physical tests prescribed in edition 2 

Test Type Outcomes Applied loads and configurations 

T1 Functional 
tests 

K-factors, deflection, 
temperature stability, 
dynamics  

performed in a gearbox only test environment, apply min 
120 % of reference torque min 1 hr, speed sweeps, torque 
steps 

T2 Robustness 
test 

non-calculable failure 
modes 

various levels of drivetrain integration 

T3 Climate tests temperature, lubricant, 
bearings 

extreme climactic conditions 

T4 Integrated 
system test 

influences from whole 
system integration 

complete turbine in-field or full nacelle in test rigs, start up, 
shutdown, e-stops, grid events, low load, electrical events 

ii. Simulation 

As a new approach allowed in edition 2, verification and validation by simulation may be used based 
on calculation and analytical models specific to the identified failure modes and risks as long as the 
system operates within the defined boundary conditions of the models. 

iii. Similarity 

Verification and validation by similarity may be used to show that a previously certified, existing 
series production gearbox is comparable to the new gearbox as defined in edition 2. Most wind 
turbine types are offered in multiple variants to account for variations in operating conditions, wind 
regime, grid frequency, rotor diameters, or power ratings. Different gearbox variants can have 
different reference speed, gear ratio, or reference torque. These gearbox variants are of the same 
gearbox type if all of the following criteria are fulfilled: 

 all variants share the same design basis, use the same concepts and technologies, and share 
the same manufacturing processes; 

 the design of the variant adheres to the minimum calculated safety factors and rating life 
requirements, and the risk assessment does not indicate any new failure modes; 

 all design and operating parameters are within the ranges specified. 

Variants of the same gearbox type will typically share components or modules (e.g., a complete 
planetary stage). Variants within a gearbox type may be verified by similarity as described if at least 
one variant of the type is verified by testing. 

4 Certification 

k. IEC Renewable Energy certification system 

The IEC System for Certification to Standards Relating to Equipment for Use in Renewable Energy 
Applications is referred to as the IECRE. The wind energy sector of this system, IECRE-WE 
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certification scheme constitutes a complete third-party conformity assessment of any wind turbine 
type or wind turbine component type. IECRE operational documents (OD) have been developed that 
specify procedures for all elements of the type certification scheme to systematically confirm that a 
wind turbine or component type has been designed, tested, manufactured, and documented in 
conformity with design assumptions, specific standards, and other internationally accepted technical 
requirements.  

It should be noted that normative requirements (for design, verification, manufacturing, etc.) are 
developed in the international standards, not in these ODs. These ODs are instead rules and 
procedures for carrying out the 3rd party conformity assessment in a consistent, inclusive manner. 
ODs have been developed for all the standardized competency areas (e.g., blade structural testing, 
power performance testing, electrical system testing) to describe the use of the standards in 
evaluation, pertinent design documentation and required test reports. ODs have also been written to 
guide the assessment of 3rd party test labs (and certification bodies) in the IECRE scheme to assure 
these entities meet the specific competency requirements and are independent and trustworthy 
throughout the IECRE system. 

This internationally developed and accepted approach allows test reports, design assessments, type 
tests, and component focused analysis/tests to be accepted throughout the system no matter where 
it is carried out, as long as it is performed by IECRE assessed test labs (RETL) and certification 
bodies (RECB). The final product are globally accepted certificates from the certification bodies for 
a turbine or component type that result from a readily reviewable and transparent scheme. Now that 
the edition 2 of IEC 61400-4 is soon to be completed, the IECRE ODs for applying it in the IECRE 
certification system need to be updated. 

l. Pertinent IECRE operational documents 

i. IECRE web site 

Some explanation of pertinent ODs is provided in this clause. Wind Energy sector ODs (WE uses 
the numbering "OD 5xx" to discern it from other RE sectors) can be found at the Rules and OD 
section at https://www.iecre.org/documents/refdocs/. 

ii. OD 501  

IECRE System, Operational Document OD 501: Type and component certification scheme (for wind 
turbines) 

This OD describes procedures for conformity assessment relating to design, testing, and 
manufacturing of a wind turbine and/or components. This is the overarching document used by 
RECBs that integrates the complete WE type certification process. 

iii. OD 501-2 

IECRE System, Operational Document OD 501-2: Conformity assessment and certification of wind 
turbine gearboxes by RECB  

The main objective of this operational document is to describe the evaluation method and procedure 
for the certification of wind turbine gearboxes as a module to OD 501. For the most part, design 
documentation and test reports for adhering to IEC 61400-4 (as well as upstream standards) are 
required to be supplied for this evaluation. As a key element, it also includes a manufacturing 



CWD 2023 

66 

evaluation to assess that a specific gearbox is manufactured in conformity with the design 
documentation verified during the design evaluation. It requires manufacturing of at least one 
representative specimen of the type under certification.  

iv. OD551-yy 

IECRE System, Operational Document OD 551-yy: Assessment of competency of RETLs or 
RECTFs for wind turbine gearboxes testing 

This (unpublished) operational document was drafted to be used as a guide to assess the 
competency of IECRE 3rd party test laboratories (RETL) or IECRE customer test facilities (RECTF) 
- usually an OEM or gearbox vendor - under IECRE for gearbox verification testing. After completion 
of the final version of IEC 61400-4, this OD will be updated and submitted to IECRE member bodies 
for approval and publication for use in the IECRE system. 

One of the main reasons this OD was drafted during the revision of IEC 61400-4 is that gearbox 
testing is commonly performed by wind turbine OEM and/or gearbox manufacturers for various 
reasons. These are called "customer test facilities" in other IEC certification schemes, and they 
require a layer of CB observation or witnessing to provide independent review. This is 
accommodated in the OD. 

5 Summary 

The IEC 61400-4 standard for wind turbine gearbox design is currently being revised by a group of 
experts in IEC TC 88 (wind energy) and ISO TC60 (gears). Experts from ISO TC4 (rolling bearings) 
and ISO TC28 (lubricants) have also actively participated. This revision has implemented lessons 
learned from industry use of edition 1 since its publication in 2012. 

The main document, IEC 61400-4, was pared down to essential design requirements and 
application-specific recommendations along with a design verification framework. All of this was 
updated to current state of the art from revised wind energy and gear industry standards and 
research. Lessons learned from the use of edition 1 over the past decade were also included. The 
experts leveraged concurrent development of other standards, such as IEC 61400-8 on wind turbine 
structures to replace edition 1 content.  

The key changes in edition 2 were described along with informative parts published in Technical 
Reports on Lubrication and Explanatory Notes and a Technical Specification on a reliability model. 

Finally, a brief summary of how the IECRE conformity assessment system will use the revised 
standard in the wind turbine certification process. 
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Abstract: In geared Wind Turbines, vibrations are driven by gear mesh excitations from the various 
gear stages, which might lead to resonances. To avoid excessive vibrations and noise, it is crucial 
to control the NVH characteristics during the product development, e.g. through tailoring the Wind 
Turbine transfer path. 

Various Wind Turbine types do show some typical “global” eigenmodes. Some of these modes are 
dominated by the stiffness of the output sun shaft of the 2nd planetary stage of the main gearbox. 
As this shaft typically is long and slender, it forms one of the torsionally softest elements in the 
Powertrain. As the respective eigenmodes are susceptible to gear mesh excitations, its frequency 
needs to be carefully adjusted by tuning the respective torsional stiffness of the sun shaft. 

Usually, the sun shaft inner and outer diameter as well as the length are limited by the available 
installation space. Made from steel, there consequently is an upper and lower limit for the torsional 
stiffness … unless one changes the material.  

This paper describes how the limits for the sun shaft torsional stiffness can be pushed by using 
carbon fiber reinforced plastics (CFRP). For a long time, carbon fibre shafts have been used in other 
applications like aerospace, automotive and marine. Based on existing know-how from these 
industries, the design considerations, manufacturing challenges as well as the validation process on 
component, system and turbine level will be explained. 

1 Introduction and Motivation 

Wind Turbine vibrations are to a large extent driven by deterministic narrow-band excitation from 
mechanical, electrical or hydraulic sources exerting periodic forcing functions on the structural 
components (powertrain, base frame, main shaft and hub). In geared powertrains, mesh excitations 
from the various gear stages as well as their harmonics are some of the most dominant sources of 
vibrations in Wind Turbines. 

Depending on the excitation levels and in combination with the dynamic properties of the structural 
transfer paths, vibration responses at specific frequencies might be amplified by resonance 
operation. To avoid excessive vibrations and noise, it is crucial to control the NVH characteristics 
during the product development by designing the excitation as well as the transfer path behaviour 
accordingly. 
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Various Wind Turbine types do show some typical “global” eigenmodes, which are driven by the 
general architecture of the respective powertrain and its main modules. These mode shapes can be 
found in the frequency range up to approx. 250Hz and do not vary much between turbine sizes, 
component suppliers or even WTG OEM’s. For geared Wind Turbines, some of these modes are 
dominated by the stiffness of the output sun shaft of the 2nd planetary stage of the main gearbox. In 
most designs, this shaft is relatively long and slender, thus forming one of the torsionally softest 
element in the Powertrain. As the respective eigenmodes are susceptible to gear mesh excitations, 
its frequency needs to be carefully adjusted to the gear mesh orders and turbine operation range by 
tuning the respective torsional stiffness of the sun shaft. 

Usually, the sun shaft inner and outer diameter as well as the length are limited primarily by the 
available installation space. Made from steel, there consequently is an upper and lower limit for the 
torsional stiffness … unless one changes the material, e.g. to carbon fiber reinforced plastics 
(CFRP). 

Carbon fibre shafts have been used in other industrial applications like aerospace, automotive and 
marine for a long time. In most of these cases, the goal of using CFRP is lightweight construction, 
i.e. improving the strength-to-weight ratio. In this case, the focus is on exploring the potential of 
carbon fiber technology for tailoring the torsional stiffness of a sun shaft beyond the limits of a 
conventional steel shaft. 

Vestas has initiated a technology project together with the cooperation partners Winergy and 
Geislinger to develop this technology using an actual Wind Turbine as technology carrier. 

2 Project Approach 

The project followed the Vestas “Technology Way to Module (TWtM)” to ensure proper 
understanding of the specific challenges of this technology transfer and consequently to manage 
and mitigate the respective product and project risks. 

The process uses the concept of Technology Readiness Levels (TRL) introduced by the NASA in 
the late 1980s and defines success criteria and clear deliverables for each TRL.  

 

Figure 45: Simplified Overview of Technology Readiness Levels 

A Technology development project typically includes all TRL’s up to TRL 7 while TRL 8 and 9 are 
considered to be covered by Product development, i.e. the utilization of a new Technology in Wind 



CWD 2023 

71 

 
 

Turbines for end customers. A simplified overview of the TRL’s used in this project is listed in Figure 
45 above. 

After reaching TRL 7, a technology is considered ready for use in a product meaning that not only 
all technical aspects are understood and documented but also corresponding Manufacturing (MRL) 
and Sourcing Readiness Levels (SRL) are reached. 

3 Design and Calculations – Geislinger, Winergy, Vestas 

3.1  CFS concept and design targets 

Experience has shown that depending on installation space constraints, the stiffness of a steel sun 
shaft can be varied by approx. ±15-20%. Within these boundaries, it’s possible to move the 
respective eigenmode by a couple of Hertz, but one cannot expect to change the overall vibration 
response over a wider frequency range. Only when introducing a stiffness element that is 
significantly softer than the surrounding structures, isolation effects can be expected, which would 
result not only in an eigenfrequency shift but as well in a broad-band reduction of vibration responses 
above that eigenmode. 

Consequently, the target was to design a sun shaft with a quill section from CFRP, yielding the lowest 
torsional stiffness possible for the given installation space. Because of the enormous torque density 
of the CFRP shaft, double-row bolt joints to the sun gear and the generator flange, with tailored bolts 
featuring conical sections, were selected (see Figure 2). Based on static and dynamic FE 
calculations (see Chapter 7.2), a design was finally selected that showed a reduction of torsional 
stiffness by a factor of 4.  

 

 

Figure 46: Comparison of original steel sun shaft (left) and CFRP shaft assembly 

 For verifying the dynamic performance, a frequency response analysis with the shaft as installed in 
a gearbox has been executed in a full Wind Turbine environment. 
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Figure 47: Comparison of simulated vibration responses at 2nd stage ring gear top 
sensor of steel shaft (dashed lines) and CFRP sun shaft assembly (solid 
lines). 

The simulation results showed a significant downward shift of the eigenfrequency of the “sun shaft 
mode” and a substantial reduction of vibrations across a broad frequency range, as exemplarily 
shown in Figure 47 for the top sensor of the 2nd stage ring gear. Based on the promising calculation 
results, the decision was taken to work out the detailed design and manufacture and validate a 
prototype. 

3.2  CFS design & calculation 

The development of every composite coupling or driveshaft happens gradually, beginning with the 
dimensioning of the component, considering loads and load cycles as well as target misalignments 
and stiffness values. In a second step, a FE model is created by single-layer computation of the FRP 
(fiber reinforced plastics) shaft to confirm, respectively to alter, the design to comply with Geislinger 
design rules. These rules are aligned with certification bodies (DNV) for all Geislinger composite 
couplings and driveshafts, known as the Geslico® product family. At this stage, a torque only load 
scenario is considered. 

 

Figure 48: FEA to determine the static torsional twist at nominal torque 

 

For every new Geslico® product in terms of shape or size, a prototype is being validated carefully to 
confirm design and calculation assumptions by performing a series of static and dynamic torque 
tests. A specific validation program for the CFS was developed and is described in Chapter 4.1. 
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3.3  Influence of non-torque loads 

To determine the influence of bending, analytical investigations were carried out, followed by FE 
analysis. Effective gearbox component loads were provided by Winergy on top of torque only 
investigation. The main objective was to verify the double-row radial bolt joint to the sun gear and 
the generator flange by considering a more realistic load scenario. Figure 5 depicts the comparatively 
low influence of non-torque loads which adds approx. 8% only to the total load of the torque only 
load case. As a reference, analytical investigations show an increase of approx. 12%. 

 

Figure 49: Peak stress comparison bolt joint “torque only” load case (left) 
and load case with bending moment and thrust load (right) 

3.4  Systems investigations 

The integration of a carbon shaft into a gearbox leads to several questions that needed to be 
answered. Especially the new material in combination with the conditions inside a running gearbox 
was in the focus here. Furthermore, also the far lower stiffness of the carbon shaft compared to usual 
steel shaft led to investigations around the gear mesh especially of the second gear stage. So the 
concrete questions about the influence of the changed stiffness on the displacement and the gear 
mesh as well as the loading of the connection and the temperature raised in this phase of the project, 
see Figure 6, were addressed in simulations and the later described tests.  

 

Figure 50: Design changes 

 



CWD 2023 

74 

 
 

To answer the question about the displacement and the influence on loading of the bolt connection 
between the carbon shaft and the steel sun shaft of the second gear stage, a simulation model of 
the gearbox was created.  

Input for the simulation was the torque as well as the displacements of the first gear stage planet 
carrier, defined by the conditions of the wind turbine. The model contains also the gear meshes of 
the first and the second planetary gear stage so that it was possible to evaluate the displacements 
in a defined cutting plane. These displacements were used as input for a sub-model of Geislinger to 
calculate and evaluate the loading of the bolt section of the carbon shaft. Additionally, frictional and 
bonded contact areas of the bolt joint were determined as well as displacements of the cutting 
planes, taken from the global Winergy model. 

The influence of bending moment and gearwheel distortion on the load of the bolt connection is 
negligible which is visualized by the angel of the contact surface pressure of 45° in both models 
(Figure 7). 

 

Figure 51: Influence of different boundary conditions on surface pressure angle of bolt 
heads (left: Geislinger model, right: Winergy model); source: Geislinger 

 

Additionally, the influence of the lower stiffness of the carbon shaft on the load distribution of the 
gear meshes sun/planet and planet/ring gear was investigated with the same model. The evaluation 
showed nearly no influence on the load distribution. This effect as well as the questions about the 
temperature will be investigated further in the Chapter 4.1. 

3.5  CFS Lifetime estimation 

Fatigue certainly is an important design consideration for torque transmitting components, 
particularly when reliability and long service life is essential. One way of predicting the lifetime of 
composite structures is to carry out numerous fatigue tests at different load levels. However, this is 
costly and time consuming, and may not be possible in every case. A proven workaround is to carry 
out fatigue tests with R = -1, i.e., fatigue tests with zero mean load but alternating amplitude loads 
at different load levels [SIG2003]. The S-N-curve from this test is used in combination with a 
Goodman diagram to predict the lifetime for combinations of mean stress and amplitude (f.e. Markov 
table). 
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4 Component and Prototype Validation 

4.1 CFS component test (static, dynamic, conditioning, etc.) at Geislinger 

The testing program was developed in close collaboration by the parties, amended gradually by the 
results gathered on its way and its lessons learned, also considering the findings of a joint D-FMEA. 
To confirm the assumed stress-N curve, the effective yield strength of the CFS including the yield 
strength of the bolt joints was confirmed by performing fatigue testing at different load cycles. To 
enable this to be done within a certain range of appropriate cost and effort, precisely scaled 
specimens were used (see Figure 8).  

 

Figure 52: Precisely scaled IS 8 specimen (inner diam. 80 mm); source: Geislinger 

 

Another focus was put on considering realistic environmental conditions which might have potential 
impacts on the effective yield strength and fatigue life of the component. For this reason, torque tests 
were performed under 100°C on top of tests at ambient temperature. Other than in marine 
applications, components in a wind gearbox are also exposed to several thermic cycles throughout 
the lifetime, for which reason specimens were additionally exposed to thermic cycles between -30° 
and 100°C for a period of three months, corresponding to over 1000 cycles. To identify a possible 
effect of deterioration over time, samples were also taken after 1.5 months. 

4.1.1 Results static torque tests 

The static safety factor for gearbox components is 1.3 on extreme torque, whereas extreme torque 
is double the nominal torque. Results are illustrated by Figure 9, with the green graphs representing 
torque tests at ambient temperature, while red graphs stand for results at high temperature results 
and blue for thermic cycles specimens. All torque to rupture values exceeding the requirement of 1.3 
by a clear double-digit percentage range, sufficient safety is given. 
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Figure 53: Results torque tests to rupture at ambient temperature (green), at 100°C 
(red) and with thermic cycled specimens (blue); source: Geislinger 

4.1.2 Results dynamic torque tests 

As described in Chapter 3.5 CFS lifetime estimation, a “semi-dynamic” test bench was used: 
Specimens are fixed on one end, while alternating torque is applied to the loose end. I.e., the mean 
torque is zero (R = -1), while the alternating torque in both directions (the amplitude) was set to a 
factor between 0.87 and 1.06 the nominal torque to add more dots along the Woehler slope. 

The results were plot to a log-log diagram to allow a comparison with the Woehler line anticipated 
with a slope of 0.07 (DNV-ST-C501 Composite components). Six specimens in total, four non-
conditioned (blue dots) and two thermic cycled ones (orange dots), proved to comply with the DNV 
rule, respectively allowed to plot an even slightly flatter slope (blue dotted line). Green and red dots 
represent static torque test to rupture results (F = 0 N) as complimentary information (Figure 10). 

 

 

Figure 54: Results fatigue tests to confirm the Woehler slope; source: Geislinger 
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4.1.3 Temperature and oil resistance 

In addition to the torque test under high temperature, flexural tests with flat specimens were 
performed in climate chambers. Yield strengths at 100°C correlate well with the torque test under 
high temperature (Chapter 4.1.1), while an increase in bending strength and stiffness at -30°C was 
observed since the resin hardens as the temperature drops. 

To evaluate the influence of gearbox oils on the bending strength of composite material, flat 
specimens were conditioned in two different oil types (Optigear Synthetic CT321, Amsoil PTN) at 
80°C, for a period of about six weeks.  A slight increase in strength and stiffness can be explained 
by a post-curing effect of the resin in hot oil. 

  

 

4.2   Gearbox test @ Winergy 

The first tests of the carbon fiber shaft technology in a gearbox were done on a back-to-back test rig 
at Winergy, see Figure 11. In this figure the results of the temperature measurements are 
documented. The positions of the measurements were chosen close to the heat sources like the 
gear mesh as well as the bearing position at the generator side of the gearbox. The maximum 
measured temperature was approx. 95°C at the inner ring of the hollow shaft bearing adapter. The 
temperature measurement positions at the carbon shaft showed lower results and as the resin of the 
carbon shaft is able to endure higher temperatures even far above 100°C no issue is to be seen 
here. 

 

Figure 55: Test trig – temperature measurement 

 

The next question was the possible influence of the carbon shaft with its lower stiffness on the load 
distribution of the gear meshes. Therefore, strain gages have been applied in the tooth root of the 
sun gear on two positions as well as on the ring gear on six positions. The evaluated measurement 
results are shown in Figure 12. It is to be seen that, as the simulation results already indicated, there 
is no influence of the lower stiffness on the load distribution of the second stage at the ring gear 
contact.  
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Figure 56: LDM measurement at the ring gear second stage – nominal torque 

 

The view on the results of the measurement of the load distribution on the sun gear, see Figure 13, 
leads to the same conclusion. Also, here there is no influence of the lower stiffness of the sun shaft 
on the load distribution of the second stage. 

The results of the vibration measurements from the back-to-back test rig in comparison to the 
simulations are documented in Figure 58. The diagram compares the resulting vibrations from the 
standard steel sun shaft on the left and the carbon fiber shaft on the right and confirms the intended 
frequency shift as well as a good match between simulations and test. 

 

 

Figure 57: LDM measurement at the sun second stage – nominal torque 
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Figure 58: Simulation and measurement 

4.3 System and Product Validation 

For reaching TRL6 and TRL7, the prototype gearbox was first tested in a system environment on a 
test bench and finally installed and tested in a prototype turbine. 

The bench test took place on the Vestas Nacelle test rig in Aarhus, Denmark. As shown in Figure 
59 below, the powertrain is driven by an electric motor via a slave gearbox while the torque load is 
taken by the serial generator. Multiple run-ups at different torque levels were performed and the 
operation data as well as vibration responses at different locations have been recorded. 

 

Figure 59: Nacelle test rig 

Figure 60 shows the gear mesh order slice of the vibration responses in horizontal direction from a 
run-up at 50% torque load, measured at the top position of the 2nd stage ring gear. The red line 
represents the behaviour with the conventional steel shaft while the blue line shows the behaviour 
of the CFS prototype gearbox. 
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Figure 60: Test bench results of vibration responses at gear mesh order over speed at 2nd 
stage ring gear top sensor – comparison of steel shaft (red line) and CFRP sun 
shaft assembly (blue line). 

Comparing the measurement to the simulations from Figure 47, it can be noted that not only there 
is a good match between Wind Turbine simulations and the test rig results but also that the predicted 
beneficial effect from the CFS on the overall vibration behaviour could be validated by the test. 

After successful bench testing, the prototype was installed in a Wind Turbine prototype for final 
validation of the NVH performance. After equipping the Turbine with accelerometers, run-up tests at 
different torque levels as well as normal operation sequences were performed. 

 

Figure 61: Field test results of vibration responses at gear mesh order over speed at 2nd 
stage ring gear top sensor – comparison of steel shaft and CFRP sun shaft 
assembly. 

Figure 61 exemplarily shows the gear mesh order slices of the vibration response in horizontal 
direction from a run-up at 50% torque load for both sun shaft configurations, measured at the top 
position of the 2nd stage ring gear. Each run-up was executed three times for verifying repeatability 
of the test. 

It can be observed that the Turbine test results fit well to the simulations from Figure 47 with regards 
to the resonance points as well as regarding changes in amplitude. In the upper speed/ frequency 
range, a significant broadband vibration reduction can be observed. As predicted, vibration 
responses in the lower frequency range increased due to the downward shift of the “sun shaft mode”. 

It is noted that the measurements from the test rig (cp to Figure 60) do represent the general vibration 
trend from the Wind Turbine. Amplitude levels might be partially off though, which might result from 



CWD 2023 

81 

missing effects from tower bending and aerodynamic damping as well as from the rigid connection 
between drive motors and hub/ main shaft. 

5 Summary / Conclusion 

Comprehensive FE analysis confirmed the design of the CFS and delivered the prove that this 
technology does not only allow to tune the system to significantly reduce vibrations, a CFS does also 
have an overall positive effect on the systems behavior: The low bending stiffness cuts the bending 
loads roughly into half and allows to omit the spline connection to the generator flange. Moreover, 
effects from gearwheel distortions are negligible either. 

Both, the static and the dynamic torque tests to rupture confirm sufficient robustness and fatigue-
resistance for this application. The static safety is well above the requirement, even under high 
temperature. Fatigue tests confirmed the required Woehler slope (S-N curve) at an even flatter 
gradient. Influence from low temperature, thermic cycling or oil is neglectable. 

Lifetime prediction is not described in detail by this paper but at least the outcome should be 
mentioned here: The newly plotted S-N-curve (result fatigue tests) in combination with the Goodman 
diagram was applied to predict the lifetime for the given mean stress and amplitude combination of 
the Markov table. This calculation confirmed that the Miner sum is well below one (1) for all load 
cases, allowing to predict safe operations of a CFS.  
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Abstract: Acoustic tonalities which exceed legal regulations may lead to restricted wind turbine 
operations and thus reduce yield. They arise for example from gear mesh vibration of planetary 
gearboxes, which are used in many wind turbine drive train designs. Passive or active vibration 
control measures at the drive train can be applied to reduce acoustic tonalities. The key to success 
of such mitigation measures is to understand which vibration modes of the drive train need to be 
reduced in order to achieve acoustic reductions. This paper proposes two experimental approaches 
to identify acoustic-relevant drive train vibration modes. The approaches are described in detail and 
their characteristic advantages and efforts are discussed.  

1 Introduction 

To reduce CO  emissions there is a trend in many countries towards renewable energy production. 
In 2021 approximately 40% of the energy in germany was produced from renewable energy sources. 
Wind energy was the most important renewable energy source with a market share of almost 50%. 
Although there are plans for the construction of further offshore wind parks in the North Sea, currently 
the onshore wind energy production capacity in germany is much bigger than offshore. Building 
onshore wind turbines is in general less cost-intensive than offshore-turbines. However in most 
countries onshore turbines must be build relatively close to residential areas, due to space 
constraints. Acoustic emissions produced by wind turbines are one of the most important disturbing 
factors for residents living nearby. For this reason wind turbine manufacturers are constantly 
developing towards more quiet designs. For the acoustic compliance of a wind turbine on one hand 
the overall sound power level must not exceed the maximum allowed level defined in the respective 
national legislation. On the other hand so called tonalities must not exceed a threshold which is also 
legally regulated. Tonality is defined as one or multiple distinct harmonic tones being audible in the 
acoustic spectrum of the wind turbine. Tonality problems (tone amplitudes above legally allowed 
limit) can have severe economic impacts, because wind farm operators can be forced by public 
authorities to operate their wind turbines in a noise-reduced operation mode which significantly 
reduces the energy yield.  

Multi-stage planetary gearboxes are used to adapt torque and speed between blades and generator 
in many drive train designs. The gear mesh excitation is one of the most important vibration source 
which leads to acoustic tonalities. It is likely that challenges with respect to tonalities will increase in 
the coming years due to the following reasons:  

 Wind turbine sizes are ever-growing. Blades and tower are the acoustic main radiators. 
Acoustic emissions are expected to increase with the size of these central components. 

 There is a trend towards higher energy (torque) densities in the drive trains. Higher torque 
densities will most probably lead to an increase in gear mesh vibration excitation.  
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 Due to limited space it will be necessary to build wind farms closer to residential areas. 
Acoustic emissions will thus be more relevant. 

 Improvements in the aeroacoustic-design of the turbine blades reduce the masking 
background noise. 

In order to reduce acoustic tonalities of wind turbines it is necessary to first understand the drive train 
dynamics. The gear mesh excitation is the vibration source which excites drive train vibrations. 
Finally blades and tower are excited and radiate acoustically. In order to develop countermeasures 
it is thus important to understand which drive train vibration mode is causing the acoustic emission 
of tones. This paper proposes methods of how to approach this problem experimentally. Advantages 
and drawbacks of the methods are discussed. 

2 Main section 

2.1 State of the art 

Acoustic tonality measurements of wind turbines must be performed and analysed according to the 
standard IEC 61400-11 in many countries. The standard defines details for the measurement 
(microphone position & distance to the turbine) and the analysis (clustering of 10 s averaged data 
into wind bins, detection & assessment of tones, assessment of masking background noise). The 
advantage of the standard is the clear guideline on how to assure reproducible measurement results. 
However, the deduction of tonality countermeasures is out of scope of this standard. Furthermore 
for a detailed understanding of the vibroacoustic problem the measurement result, mean tonality 
over 0.5 m/s wind speed steps, is to inaccurate. Neither a correlation to the exact turbine speed nor 
the drive train torque is possible. For this reason, it must be concluded that IEC 61400-11 is well 
suited to assess the severity of the tonality problem. However, it is not suitable for problem solving. 

The review paper [HAN20] mentions tonal audibilities as one of multiple acoustic emissions of wind 
turbines. Passive tuned mass dampers are proposed as countermeasure. However no method on 
how to design or where to place the devices is described. Another review paper [DES19] mentions 
that a shielding of the nacelle or use of sound-absorbing materials would be good, without going into 
further details. Manufacturers are continuously developing towards quieter design [GUP19], 
[MAR17]. One standard design to reduce tonalities is to mount the gearbox using elastomer springs 
to the nacelle structure. The intention is to isolate the nacelle from the gearbox vibration. A drawback 
of the approach is that these elastomer mounts must support the differential torque of the gearbox. 
These very high loads can lead to wear of the elastomers and can make a regular replacement 
necessary. 

To date there is no procedure on how to measure and assess the drive train vibration in a 
standardized way. Furthermore there is no standardized method to identify which drive train vibration 
modes are driving the acoustic radiation of tonalities. [SCH09] describes the use of an operational 
transfer path analysis to identify the relevant transfer paths between gear mesh excitation and 
acoustic radiators (blades, tower). However [SCH09] uses a multi-body-simulation model of a wind 
turbine, it is not directly obvious how to apply the method to a real wind turbine. Furthermore the 
knowledge of transfer paths alone is not sufficient, the excitation must also be known and additionally 
the paper is only looking at structural transfer paths and not the acoustic transfer paths. 

Generally there are the following possibilities to reduce tonalities: 

 Passive vibration control (Tuned mass dampers at drive train) 
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 Semi-active vibration control (Tuned mass dampers with adaptable eigenfrequency at drive 
train) 

 Active vibration control (Closed loop control with vibration sensors and vibration actuators, 
suppressing gear mesh vibrations at drive trains) 

 Reduction of vibration excitation (Gear tooth corrections) 

Tuned mass dampers are the least expensive solution, but also have lowest potential. They work 
only for a limited frequency range around their tuning frequency. Active vibration control has higher 
system complexity but also the potential to reduce vibrations over a wide frequency range. Tonalities 
often occur over wider operating speeds and often it is not a resonant vibration problem, but forced 
vibrations which excite the acoustic radiators.  

The research question of this paper is: Which drive train vibration mode drives the acoustic tonality? 

This paper proposes experimental approaches. The reason for this is the fact that vibro acoustic 
models of whole wind turbines are normally not available before start of production of new turbine 
designs. Furthermore very high effort is related to model validation. For this reason a purely model-
based approach seems not reasonable. 

2.2  Problem description and basics 

Figure 62: Right: Wind turbine structure with drive train in nacelle (1), transfer path to the tower 
(2), transfer path the blades (3). Acoustic tonalities can be measured with a 
microphone in the field (4). Left: Coordinate system definition for the multistage 
planetary gearbox. 

Figure 1 depicts a wind turbine structure with the planetary gearbox as the vibration source in the 
nacelle. The gear mesh vibrations are transferred to the tower and the blades, which are acoustic 
radiators. Finally the acoustic sound pressure 𝑝 can be measured using a microphone outside of the 
wind turbine. The multistage planetary gearbox is necessary to adapt torque and speed of the main 
shaft which is connected to the hub such that the electric generator can be driven. The gearbox has 
an overall transmission ratio 𝑖 which is defined as  
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𝑖 =  
𝜑̇

𝜑̇
 Eq. 1

 

where 𝜑̇  and �̇�  are the speeds of input shaft and output shaft respectively as defined in Figure 1. 
The gearbox housing must be mounted to the nacelle structure in order to support the very high 
differential torque between input torque T  and output torque T  

T =  T − T  Eq. 2

The mathematical analysis of the vibration excitation in planetary gearboxes has been investigated 
by multiple authors and different models have been proposed. Often these models are used to 
predict complicated frequency spectrum structure which is produced by modulations within the 
gearbox [INA09], [MCF85], [MCN01]. Without going into detail on the modulation mechanisms there 
is a consensus in the literature that the vibration excitation 𝑑(𝑡) by a planetary gearbox is 
deterministic and can in general be described as a fourier series 

𝑑(𝑡) =  
𝑎

2
   +      ∑  𝑎  cos(𝑘 𝜑(𝑡))  + 𝑏   sin(𝑘 𝜑(𝑡)) Eq. 3

where φ(𝑡) = Ω 𝑡  denotes the instantaneous planet carrier angle, $\Omega$ denotes the angular 
velocity of the planet carrier. Planetary gearbox vibration consists of frequency components which 
are integer multiples 𝑘 of the planet carrier rotation frequency. While in other industries such as 
aerospace the so called sideband frequencies are subject of studies, this is not the case for wind 
turbines gearboxes. To the knowledge of the authors there are no strong frequency modulation 
effects observed within wind turbine gearboxes and the resulting vibration excitation is dominated 

by the nominal gear mesh order, where 𝑘 is equal to the number of teeth at the ring gear 𝑍 . To 

summarize the accelerations at the gearbox housing 𝑎  (compare acceleration sensors as depicted 

in Figure 1) and the sound pressure 𝑝 can be described as 

𝑎 (𝑡)  =   𝐴 (Ω, 𝑇 ) cos(𝑍 Ω 𝑡) +  𝐵 (Ω, 𝑇 ) sin(𝑍 Ω 𝑡) Eq. 4

𝑝(𝑡)  =   𝐶(Ω, 𝑇 ) cos(𝑍 Ω 𝑡) +  𝐷(Ω, 𝑇 ) sin(𝑍 Ω 𝑡) Eq. 5

where 𝑖 denotes the number of the acceleration measurement channel and 𝐴 (Ω, 𝑇 ), 𝐵 (Ω, 𝑇 ), 

𝐶(Ω, 𝑇 ), 𝐷(Ω, 𝑇 ) denote the speed and load dependent amplitudes. To summarize both structural 
vibrations as well as the acoustics are dominated by the gear mesh order which is basically a 
harmonic excitation with load and speed dependent amplitude and phase. Due to the vibroacoustic 
transfer function between gear mesh excitation and the microphone the amplitude coefficients 

𝐴 (Ω, 𝑇 ) and 𝐵 (Ω, 𝑇 ) on the structure are different from the acoustic amplitude coefficients 𝐶(Ω, 𝑇 ) 

and 𝐷(Ω, 𝑇 ). The basic research question is how the acoustic response is linked to the structural 
vibrations and thus to understand the transfer function between structural and acoustic amplitudes 
and phases. In the following section different methods to identify this correlation are described. 
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2.3 Proposal of approaches 

2.3.1 Method A: State of the art - Identify acceleration channels with highest 
vibration amplitudes 

The first method is a very simple one and consists of the following steps: 

1. Collect acceleration and microphone data during normal operation of the wind turbine as well 
as the turbine speed. 

2. For turbine speed ranges where acoustic tonalities occur analyze all acceleration channels 
and identify those with the highest acceleration amplitudes. 

3. It is assumed that the acceleration channels (consisting of acceleration sensor position and 
sensing direction) with the highest acceleration amplitudes have the highest correlation with 
the acoustics. 

This approach is often used in the wind industry, however to the experience of the authors it is too 
simple. Due to complex structural dynamics it is easily possible that high acceleration components 
or directions at the gearbox have a comparably low contribution to the overall acoustics. 
Furthermore, by just looking at individual acceleration channels it is impossible to understand the 
gearbox operational deflection shapes. Additionally, isolation effects (e.g. due to materials like 
elastomers) are not taken into account appropriately. 

2.3.2 Method B: New proposed - Compare curve shape of structural and acoustic 
order cuts from operational measurements 

The second approach is proposed by the authors and consists of the following steps:  

1. Collect acceleration and microphone data during normal operation of the wind turbine as well 
as the turbine speed.  

2. Calculate the acoustic order cut which corresponds to the gear mesh order. For this it is 
normally necessary to average over a large number of data points per turbine speed interval. 

3. Calculate the acceleration order cuts of the gearbox which correspond to the gear mesh 
order. For this it is normally necessary to average over a large number of data points per 
turbine speed interval. 

4. Plot both acoustic and structural order cuts in one figure. If there is a similarity in the curve 
observable between the acoustic and one of the structural order cuts, it is assumed that the 
particular degree of freedom or sensor channel is driving the acoustic problem. Even more 
insights are gained by combining multiple acceleration channels in order to analyze the 
correlation between particular operational deflection shape (components) and the acoustic. 
A correlation analysis could be performed on the mean ordercuts. 

This approach is more elaborated as the previously described method. In particular because the 
operational deflection shapes in which the gearbox is vibrating can be taken into account. 
Furthermore, a correlation between structural and acoustic order cut curve shapes is performed. 
Using the sensor positions as depicted in Figure 1 one can calculate the gearbox accelerations. 
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2.3.3 Method C: New proposed - Experimental measurement of vibroacoustic 
transfer functions 

A third approach is also proposed by the authors and uses multiple active vibration actuators as 
shakers at the drive train to excite isolated drive train modes and measures the acoustic response 
outside the turbine using a synchronized microphone. The method consists of the following steps: 

1. Put the wind turbine into very slow rotation (idling). 
2. Install vibration actuators at the gearbox such that drive train vibration modes can be excited. 
3. Sequentially excite  drive train modes which are controllable with a white noise or sine sweep 

excitation in the relevant frequency range. 
4. Measure both the structural excitation (acceleration) at the gearbox housing as well as the 

acoustic response at the external microphone simultaneously with one synchronized 
measurement system. 

5. Calculate the vibroacoustic transfer functions between excitation and acoustics using for 

example the H  estimator. 
6. In the next step measure the operational acceleration and calculate structural order cuts, 

based on normal operation vibration data from the turbine. 
7. Multiply the individual acceleration order cuts with their respective vibroacoustic transfer 

functions to estimate the contribution to the acoustic response. Acceleration channels or their 
combinations with highest estimated acoustic response are assumed to drive the acoustic 
problem. 

Compared with the two other described methods it has the highest efforts because vibration 
actuators must be dimensioned and electrically and mechanically installed at the gearbox housing. 
As a wind turbine gearbox for an up to date turbine design has a mass of multiple ten tons, a very 
high force actuator system is required to realize enough excitation such that an acoustic response 
is measurable. Furthermore, a synchronized measurement of acoustic and acceleration is necessary 
to get good quality transfer function estimations. Compared to the other methods this method is the 
most systematic one and allows more detailed insights into the transfer path properties. 

2.4 Comparison of the proposed methods 

The following table summarizes the properties of the proposed methods: 

 Method A Method B Method C 

Effort Lowest Higher Highest 

Analysis tools 
required 

Order cut extraction for 
individual sensor 
channels, Identify 

channels with highest 
amplitudes 

Combination of acceleration sensor 
channels, Order cut extraction, visual 

comparison of acoustic and structural order 
cut curves 

Combination of acceleration sensor channels, 
Order cut extraction, calculation of transfer 

functions 

Measurement setup 
Acceleration sensors at 

drive train, external 
microphone 

Acceleration sensors at drive train, external 
microphone 

Acceleration sensors at drive train, external 
microphone, vibration actuators 

Turbine operation Normal operation Normal operation Normal operation + Idling 

Expected insight 
into vibroacoustic 
transfer function 

None Indirect Direct 

 

Table 2: Comparison of the proposed methods. 
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3 Conclusion 

Tonality is an important aspect with respect to both the acceptance of wind turbines near residential 
areas as well as compliance to legal regulation. In order to implement mitigation measures such as 
passive or active vibration control, it is crucial to understand the link between the gear mesh 
excitation, the drive train vibration mode(s) and the acoustic response. After describing the state of 
the art and the problem definition, the paper proposes and discusses three methods, how the relation 
between structural vibrations and the acoustic response could be analyzed. The new proposed 
methods B and C are assumed to give better results if the main drive train components are vibrating 
as a rigid body. If internal flexibility of main drive train components cannot be neglected in the 
frequency range of interest, then more sophisticated methods must be developed. 
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Abstract: NVH behavior is often a key contributor to a successful wind turbine powertrain 
development.  

In an early design stage NVH strategic decisions need to be taken, often with a limited amount of 
available data and within a strict time frame. As the development proceeds, model input data gets 
refined and model complexity increases. To cope with this evolution, it is key to have an automated 
and validated tool chain in place. 

In this paper the concept of the NOVA (NOise and Vibration Analytics) framework is explained, and 
a practical example is shown. This tool is developed and used at ZF Wind Power for predicting 
tonalities. It manages different tonality risk mitigation models, by means of a version-controlled 
database. In this way, ZF Wind Power can manage and mitigate tonality risks – together with its 
customers – based on detailed simulation models in all development stages. 

1 Introduction 

With the overall trend of increasing power and rotor sizes of wind turbines [ENE19] the goal of 
designing a tonality free wind turbine is getting more challenging. With lower rotor speeds and 
improved blade designs [MAT16] the broadband aero-acoustic masking noise radiated by the blades 
is reduced. Thus, narrowband noise which is, for instance, excited by the gear mesh frequencies of 
the gearbox is more likely to be tonal.  Standards like IEC 61400-11 put regulations in place in order 
to protect local residents against harassment by radiated noise from wind turbines. To meet these 
regulations ZF Wind Power is performing tonality predictions in close cooperation with the wind 
turbine manufacturer. Therefore, the in-house developed software tool called NOVA (NOise and 
Vibration Analytics) is used. This tool enables ZF to predict potential tonalities early in the product 
development process and allows for optimizing the gearbox design with regards to noise radiation 
of the wind turbine drivetrain. In this paper the concept of NOVA is outlined, and a practical example 
of a tonality prediction is shown. 

2 Tonality free wind turbine and power train design 

For the prediction of the tonality of a wind turbine a dedicated multi-body simulation model is used. 
This model includes the main stiffnesses, masses and inertias of the whole drivetrain and reflects 
the transfer paths from the gear meshes towards the drivetrain interfaces. Combined with the gear 
excitation the dynamic response at the drivetrain interfaces can be estimated (see Figure 63). 
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Besides the drivetrain parameters other inputs characterizing the wind turbine are required to make 
a precise tonality prediction at the microphone location defined by [IEC18]. All operating modes of 
the wind turbine are considered. The sound pressure at the microphone is calculated by taking the 
transfer paths from the gearbox interfaces over the tower or blades towards the microphone into 
account. By subtracting the blade masking noise a tonality can be predicted. As wind turbine data 
has a significant impact on the tonality prediction, a close cooperation with the wind turbine 
manufacturer is essential. 

In the beginning of the product development process the availability of the input data for a tonality 
prediction is limited (see Figure 64). However, with a proceeding project the design is constantly 
refined, which leads to a decreasing influence of the tonality prediction on the design. After the design 
freeze only retrofit solutions like passive or active dampers might be used. Thus, for designing a 
drivetrain which is tonality free by design, it is key to have an automated process in place which 
allows for fast tonality predictions. 

 

Figure 64: Importance of an early tonality prediction 

 

Figure 63: Inputs of a tonality prediction 
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3 Noise and vibration analytics framework 

Different computer-aided engineering (CAE) software is needed to predict tonalities: 

 Software for gear calculations 

 Computer-aided design (CAD) 

 Finite elements (FE) software 

 Multi-body simulation (MBS) 

 Software for Design of Experiments (DOE) and optimization 

Each of the software packages has its own purpose and strength. But the inputs and outputs are not 
standardized, which makes it difficult to automate the tool chain. In order to define a fully automated 
process the inputs and outputs of the individual software packages need to be controlled. For that 
purpose, ZF Wind Power has developed the NOVA (NOise and Vibration Analytics) framework. The 
framework is Python based and connects all software packages (see Figure 65). NOVA fetches the 
required inputs and triggers the requested calculations. The output of the calculations will be stored 
in a centralized database. Therefore, the relational database management system PostgreSQL is 
used. All data is represented by Python objects which are mapped by the object-relational mapping 
tool Django to the centralized database. 

 

 

Figure 65: Structure of the NOVA framework 

 

As the drivetrain design is continuously refined during the product development process, the tonality 
calculation needs to be updated constantly. This iteration process is handled with the versioning 
strategy of NOVA (see Figure 66). In the beginning of a project an initial version is created. As the 
fidelity of the design is increasing with the advancing project a daisy chain of versions is built up. 
Each version contains all inputs and outputs of the tonality prediction and is linked to the centralized 
database. 

Following this principle, the tonality prediction is always calculated based on the latest design and 
can be tracked over the entire project period. Based on a certain version a sensitivity study of the 
input parameters can be performed. Therefore, a DOE with for instance a Latin Hypercube (LHC) 
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design can be conducted to afterwards find the optimal design in terms of noise behavior (see 
[SCH21]). 

 

 

Figure 66: Versioning of the NOVA framework 

 

The NOVA framework enables ZF Wind Power to predict potential tonalities early in the design 
process. This allows for tonality-related design changes which are integrated into the drivetrain 
design. Costly retrofit solutions due to tonality can be avoided. 

  



CWD 2023 

95 

4 Tonality prediction with the NOVA framework 

4.1 Tonality calculation 

Each tonality prediction bases on the expected individual tone sound pressure subtracted by the 
masking noise sound pressure.  
The individual tone has its contributions from: 

 the tooth excitation, represented by the transmission error (T.E.) 
 the system behavior, represented by the frequency response function (FRF) of the drive 

train model 
 and a validated transfer function (TF) as a multiplicator between a certain drive train 

response and the sound pressure at the IEC microphone.  
 

𝑇𝑜𝑛𝑎𝑙𝑖𝑡𝑦(𝑓)  =  𝑇. 𝐸.  ∗  𝐹𝑅𝐹(𝑓)  ∗  𝑇𝐹  −   𝑚𝑎𝑠𝑘𝑖𝑛𝑔 𝑛𝑜𝑖𝑠𝑒 (𝑓) Eq. 1 

 

4.2 Parameter input 

Based on the strategy above, NOVA provides input templates for all necessary data.  
 

4.2.1 Excitation  

The load dependent transmission error (see Fehler! Verweisquelle konnte nicht gefunden 
werden.), representing the system excitation has been created in a dedicated gear calculation 
software as a function and will be provided to NOVA via a table.  
 

 

Figure 67: Example of a transmission error used in NOVA 

 

4.2.2 System behavior  

Predicting the system behavior is one of NOVAs core strengths. The relevant system has been 
defined with clear boundaries. For a wind turbine this includes typically all rotating drive train parts 
and the gearbox housing, the generator housing and their supports.  
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Figure 68: Reduced-degree-of-freedom simulation model, automatically created by NOVA in 
Simpack 

Dependent on the wind turbine and gearbox architecture, NOVA creates the dedicated reduced-
degree-of-freedom multi-body simulation model template and provides a matching input sheet with 
all necessary variables. The model discretization is the result of a deep system understanding 
combined with a long experience in the prediction of resonances in gearbox and wind turbine 
systems. To interact with NOVA, the models contain elements for the tooth excitation and sensors 
at all relevant interfaces of the drive train model towards the outer environment. These will later take 
the functionality of model input and output. Frequency response function calculations are triggered 
by NOVA to analyze the behavior of the dynamic system.  

 

4.2.3 Transfer function   

The transfer function describes the multiplicator between the individual system force or torque 
outputs and the resulting sound pressure of the turbine at the position of the IEC microphone [IEC18]. 
If this value is not provided by the wind turbine OEM, ZF uses a generic model to calculate a most 
precise estimation.  

 

4.2.4 Masking noise 

As the rotor noise can cover or expose the tonalites it is important to have an exact input of this 
masking noise sound pressure at the position of the IEC microphone. As OEMs usually have very 
reliable models to predict the sound pressure that information can be used until measurements are 
available.   

 

4.2.5 Wind turbine operating curve  

As a wind turbine usually operates along different torque-speed curves these operating curves are 
one additional required input. NOVA is used to predict the tonality levels for these operating modes. 
Furthermore, potential problems can be shifted away from operating curves with that information.  
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4.3 NOVA input and processing visualization  

NOVA provides the complete range of visualizations of all inputs. 

That means the user gets automated plots of  

- the transmission error for all requested stages,  
- the frequency response functions for all chosen outputs, 
- the transfer function 
- and the masking noise.  

These plots are used for plausibility checks. They also have a high relevance to find the areas where 
the system behavior or the system excitation should be optimized. After parameter variation they 
help to compare different variants.  

On top, NOVA can interpolate all plots along the wind turbine operating curve to investigate the 
parameter sets in their most relevant setup.  

 

4.4 NOVA result 

NOVAs ultimate goal is to predict the tonality level of a wind turbine according IEC 61400-11. As all 
relevant inputs are defined the tonality level can be calculated with Eq. 1.  

Figure 69: Tonality level over torque and speed with power curves 

 

The tonality level over torque and rotor speed shows possible tonality hotspots. At the same time 
the imprinted turbine power curves show where critical areas are crossed or nearby (see Fehler! 
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Verweisquelle konnte nicht gefunden werden.. This gives a clear picture of all risks and indicates 
possibilities for adjustments.  

 

5 Summary  

ZF Wind Power has developed and already successfully used the NOVA framework to develop 
tonality free wind turbines by design in different projects and with various customers.  

The validated and standardized powertrain model build-up is key to calculate early tonality 
predictions. These models are completed with wind turbine data that base upon the strong and 
trustworthy partnership with our customers. Various DOE (Design of Experiment) possibilities, 
optimizations and a broad experience for tonality relevant parameters allow to steer the design 
towards a tonality free turbine.  
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Abstract: Roller bearings as rotor main bearings (RMB) are known to cause high costs in case of 
premature failure as the whole wind turbine drive train must be disassembled to exchange the 
bearings. Alternatively, hydrodynamic bearings can be designed as segmented pad bearings, 
offering the opportunity to exchange individual pads with reasonable effort in a maintenance case. 
So far, no committed design criteria exist to create a robust hydrodynamic RMB design considering 
the complex dynamic load and speed situation. Since design criteria are missing, a high-performing 
and efficient software tool is needed to analyze bearing concepts in detail at an early stage to assess 
the expected performance.  

To achieve the best possible design, design parameters like geometry, clearance and pad contouring 
need to be varied and rated regarding their influence on target parameters like pressure distribution, 
friction, temperatures and wear. For practical application, the RMB design must be verified and 
validated by extensive and thorough experimental analysis. Therefore, two different and fully 
instrumented RMB design solutions for a single and three-point suspension are tested on a 1 MW 
test rig. Various operating conditions like idling, start-stop and energy production are tested, 
measured, analyzed and compared to the calculated results to validate the simulation models and 
to assess the model quality of the simulation.  

1 Motivation and Objectives 

The main bearing is a key component of the drivetrain of wind turbines, since its functionality is to 
carry the weight of the rotor and the non-torque loads induced by the wind. In today’s wind turbines 
roller bearings are used as main bearings. In case of a bearing failure an exchange of these bearings 
is not possible without the use of an external crane, since these bearings usually consist of fully 
enclosed bearing rings. The costs of replacement of these bearings are an increasing concern to the 
wind energy industry [KEL16]. 

In comparison, plain bearings offer the advantage to be designed in segments and the individual 
segments can be replaced on the tower in case of a failure. Due to this advantage, plain bearings 
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have a great potential to reduce the maintenance costs during operation, especially for offshore 
applications.  

The design of a plain bearing concept for the application in a wind turbine as main bearing is 
challenging. Due to the external rotor loads, the main shaft tilts within the bearing clearance. Without 
any countermeasure very high pressures occur at the edges (edge loading) which leads to a quick 
bearing failure. For this reason, a design solution must be developed that allows an alignment of the 
bearing segments to the shaft and prevents edge loading. 

Within this study two innovative bearing concepts are presented which, due to their design, prevent 
the occurrence of edge loading and can be applied as main bearings in wind turbines. These are the 
conical FlexPad bearing for the application as moment bearing and the spherical bearing for the 
application in drivetrains with a three-point suspension. These two bearing types were designed 
using advanced simulation techniques and tested under four degrees of freedom (DOF) load cases 
on a test bench at the Chair for Wind Power Drives (CWD). The focus of this study is on the thermo-
elastohydrodynamic (TEHD) simulation of these bearings and the experimental verification of the 
simulation models. 

2 Design Concepts for Hydrodynamic Rotor Main Bearings 

Within the publicly funded research project “FlexPad” two plain bearing concepts for the application 
as main bearings in wind turbines have been developed (see Figure 70). 

 

Figure 70: Two plain bearing concepts for main bearings in wind turbines. The spherical concept on the left 
and the conical concept on the right-hand side. 

 

FlexPad Bearing Concept 

The FlexPad bearing concept consists of two opposing conical sliding surfaces (see Figure 70). Due 
to this arrangement, the radial and axial rotor loads as well as the bending moments can be carried 
by just one bearing. This makes it possible to achieve axially very compact drivetrains with a high 
power density. 
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As mentioned in the previous section, the rotor loads cause a tilting of the shaft within the bearing 
clearance which results in edge loading (see Figure 71 left) if the bearing housing is designed rigid. 
In order to prevent this very unfavorable effect, the bearing segments are connected to the housing 
via a flexible support structure (see Figure 71 right). Under load this flexible support structure 
performs an elastic deformation and the segment can align to the shaft displacement.  

 

Figure 71: Functionality of the flexible support structure of the FlexPad bearing concept 

Figure 72 shows simulation results of a bearing with rigid (left) and flexible support structure (right). 
These simulations reveal the positive effect of the flexible support structure on the pressure 
distribution. In case of a rigid support structure the whole load is carried on the edges of the bearing 
cones and very high contact pressures occur (see pressure peaks in Figure 72 left). In comparison, 
utilizing a flexible support structure leads to more evenly loaded segments and significantly lower 
hydrodynamic pressures (see Figure 72 right). More detailed information regarding this bearing 
concept can be found in [ROL18], [SCH21]. 

 

Figure 72: Pressure distribution of a FlexPad bearing with a rigid and a flexible support structure 

 

Spherical Bearing Concept 

The Miba RMB concept combines radial and thrust support in a single compact spherical bearing. 
Due to the spherical shape the plain bearing is suitable for drivetrains with three- and four-point 
suspensions. To reduce service cost during operation the bearing is segmented, allowing easy 
exchange in case of need. The bearing assembly is shown in Figure 73. 
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Figure 73: Spherical Bearing cross section of test rig built up 

 

Setup 

The inner ring (green) is mounted to the shaft, carrying the spherically formed pads that are bolted 
to the ring. The running surface of the pads is coated with Miba aluminum-tin bearing alloy including 
a run-in supporting and wear resisting finishing. The fluid pressure that carries the bearing load 
occurs between the pads outer surface and the outer ring (yellow). Since the pads are rotating 
possible wear is evenly distributed increasing lifetime of the bearing. To do maintenance, the counter 
running surface is designed with a pad exchange slot at the 12 o’clock position. Oil grooves are 
designed between pads to carry the oil from the oil sump across the whole bearing, guaranteeing 
full lubrication of the system. 

3 Thermo-Elastohydrodynamic Simulation of Hydrodynamic RMB 

3.1 TEHD Simulation Techniques 

The analysis of hydrodynamic rotor main bearing (RMB) systems in wind turbines require a multi 
body simulation (MBS) tool with elastic bodies and an extensive hydrodynamic bearing simulation 
capability for cavitation, mixed lubrication, run-in, and thermal effects in fluid film and bodies [FIR22]. 
Simulation techniques for considering elastic bodies as well as mass-conserving cavitation, mixed 
lubrication and run-in were published elsewhere [e.g. WOL14], so this chapter will focus on thermal 
effects. 

Thermo-elastohydrodynamic simulations (TEHD) require the coupled solution of Reynolds equation, 
energy equation in the fluid film and heat transfer equation in the elastic bodies. Reynolds equation 
describes the hydrodynamic pressure build-up due to the shear and squeeze motion between the 
bearing sliding surfaces. Energy equation is needed to calculate the temperature distribution in the 
fluid film due to frictional losses in the fluid. The solution of heat transfer equation provides the 
temperature distribution in the bodies due to heat flow from the fluid film and other heat sources on 
the body’s surfaces. The temperature distribution in the bodies lead to temperature induced 
deformations which change the gap function in the fluid film and hence the pressure distribution and 
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fluid flow in the bearings. This leads again to a change in the bearing temperature and the heat flow 
into the bodies. Thus, all three equations stand in mutual interaction. To consider the thermal effect 
of squeeze motions as well as transient thermal processes like warm-up processes, it is necessary 
to consider instationary terms in all three equations.  

One challenge with TEHD simulations is the different time scale on which hydrodynamic and thermal 
processes happen. Whereas hydrodynamic reaction forces converge within 1½ or 2 load cycles, 
thermal convergence in heating-up bodies can take thousands or million load cycles. Hence, the 
TEHD algorithm uses an efficient two-timescale simulation procedure to reach a converged state 
[JAI17].  

The consideration of thermal distortions based on the calculated temperature field is realized by so-
called thermal modes via Finite Element Method (FEM) [WAL13]. Like the calculation of elastic 
deformations with reduced FEM structures by the superposition of elastic modes, the determination 
of the temperature field and the subsequent temperature distortion is realized by superposing 
thermal modes and thermal distortion modes. This proceeding allows a time-efficient simulation even 
for large models with a high number of degrees of freedom. 

3.2 TEHD Modeling and Boundary Conditions  

The basic simulation model of a hydrodynamic rotor main bearing of a wind turbine consists of an 
elastic bearing housing (red) and an elastic shaft (blue) with bearing pads (light blue). As described 
in chapter 2, different design concepts are possible. Figure 74 shows the MBS models of the FlexPad 
and the spherical design.  

 

Figure 74: FlexPad and spherical RMB design 

The hub loads are introduced at a RBE3 node in the center of the hub. For the spherical design, in 
addition a spring-damper coupling to ground is applied at the generator side of the rotor.  

Reynolds equation and energy equation in the fluid film are solved via FEM on an additional fluid 
film mesh for each pad between rotor and housing. An efficient mesh transition algorithm couples 
the fluid film mesh with rotor and housing mesh. 

Beside the typical EHD boundary conditions for a fluid film like clearance, sliding surface contours, 
roughness, etc., for a TEHD simulation additional information like temperature dependency of the 
viscosity, heat conductivity, heat capacity and density of the oil have to be defined. Similarly, for the 
elastic bodies, thermal material data and heat transfer coefficients for the free surfaces have to be 
defined. 
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To achieve proper TEHD simulation results, in case of mixed lubrication for the new state running 
surfaces a run-in simulation is carried-out to start the TEHD simulation with a pure hydrodynamic 
bearing state. Result values gained from a TEHD simulation beside typical EHD results are the 
temperature and viscosity distribution in the fluid film and the temperature distribution and thermal 
distortion of the elastic bodies. 

For the MBS modelling process as well as for the MBS simulation and result evaluation an automated 
work-flow was developed to handle a large number of model and load variations for profound 
sensitivity studies. 

4 Test Stand Designs and Measurement Equipment 

Both plain bearing concepts have been tested on a test bench at the Chair for Wind Power Drives. 
The test bench setup is shown in Figure 75. 

 

Figure 75: Test bench setup (left) and load application system (right) 

The test bench consists of an electrical drive, a load application system and a machine bed where 
the test bearing is mounted. The motor drives the shaft at the required speed while the non-torque 
loads are applied by the load application system (red triangle in Figure 75). This load application 
system consists of a triangular plate with four hydraulic cylinders attached to it. With these cylinders 
the non-torque loads are applied in four degrees of freedom (thrust, radial force in vertical direction 
and bending moments, see Figure 75 right).  

To measure the temperature of the bearing prototype, each bearing segment is equipped with at 
least two temperature sensors. These sensors are used to measure the temperatures close to the 
bearing surface at the outer and inner zone of each segment (see Figure 76). 

 

Figure 76: Positions of temperature sensors 
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To measure the temperature of the Miba spherical bearing various temperature sensors are placed 
in the outer ring close to the surface, see Figure 77. The temperature sensors cover the 
circumferential and axial direction of the outer ring to get a holistic view on the temperature 
distribution across the entire running surface. 

 

Figure 77: Positions of temperature sensors within spherical bearing 

In a plain bearing the temperature on the segment surface correlates with the segment load, since 
a higher load leads to a higher shear of the lubricant. Thus, the temperature distribution of the bearing 
is a direct indicator for its load distribution. In addition, the warm-up process of the bearing can be 
examined and it can be checked if critical temperatures occur during operation. 

5 Simulation Results and Test Stand Measurements  

Before a TEHD simulation can be started, a run-in simulation should be carried out to find a running 
surface contour for pure hydrodynamic carrying. In a run-in simulation the local friction energy input 
in areas of mixed lubrication is monitored and the running surface is modified dependent of the 
amount of local energy. This process is continued until a convergent status. Figure 78 shows the final 
run-in contour for the FlexPad and the spherical design of an exemplary run-in process. 

 

Figure 78: Run-In Contour of FlexPad and spherical RMB Design 

After the run-in process, both bearing design show a pure hydrodynamic carrying under the 
considered load situation. 

Based on these run-in contours, TEHD simulations can be carried out. Figure 79 shows the pressure 
build-up of both designs under the considered loads cases, respectively. 
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Figure 79: Pressure build-up on the pads of both designs 

The corresponding temperature distribution is shown in Figure 80. 

 

Figure 80: Temperature distribution in the housing of both designs 

To validate the simulation results, the simulated and measured housing temperatures at several 
positions are compared. Figure 81 shows exemplarily the comparison of measured and simulated 
pad temperatures for the FlexPad design.  

 

Figure 81: Measured and simulated temperatures for the FlexPad design 
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Figure 82: Measured and simulated temperatures for the spherical design  

Same in Figure 33 for the spherical design. In both cases, the simulation results are in good 
agreement with measurements.  

6 Summary / Conclusion 

Hydrodynamic bearings show a promising potential to substitute roller bearings in rotor main 
bearings of wind turbines to avoid their known premature failures. The possibility of designing 
hydrodynamic bearings as segmented pad bearings allows an individual exchange of pads in a 
maintenance case at low effort and costs.  

Two different bearing designs were presented showing high potential to substitute roller bearings. 
Design and sensitivity studies are performed using a high-performing and efficient software tool to 
analyze the bearing concepts in detail. For the calculation of the hydrodynamic pressure build-up 
and mixed lubrication, the multi body simulation considers the elasticity of housing and rotor as well 
as run-in processes and thermal effects in fluid film and structures. Based on these simulations, 
design optimizations for both design concepts regarding target parameters like pressure distribution, 
friction, temperatures and wear could be realized.  

A test bench concept was developed for both bearing designs to analyze various operating 
conditions like idling, start-stop and energy production. The measured temperatures for both designs 
were compared to the TEHD simulation results, showing a good agreement and validating the 
complex simulation model for further investigations. 
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Abstract: In this work, an advanced, numerical simulation method based on finite element analyses 
has been developed in order to simultaneously take into account both roller and structural induced 
ring creeping phenomena. Ring creeping in general refers to a failure mode caused by a (non-bolted) 
bearing ring rotating relatively to its adjacent component like e.g. shaft or housing during operation. 
To facilitate an analysis of the physical creeping effect on the micro contact scale level while at the 
same time modelling the relevant drivetrain behaviour on a component scale level, the parameters 
of the FE model are to be defined suitably. In particular, the coefficient of friction at the contact 
interface between bearing ring and adjacent component - ultimately representing the “trained” or run-
in contact conditions - has a crucial influence. In order to consider this effect, a bearing ring creeping 
test rig based on component-like specimen has been developed. Experimental results with respect 
to (i) measured creeping parameters such as creeping distance and (ii) the coefficient of friction due 
to run-in effects are described. Finally, experimental and numerical results are compared to approve 
the reasonableness of the simulation model. The simulation approach developed enables the 
consideration of the entire drive train system within the micro-scale creeping evaluation procedure 
and therefore supports both drive train design-specific and bearing design-specific optimization 
measures in order to increase the reliability and robustness of the specific main bearing 
arrangement.  

1 Ring creeping 

Global wind turbine development trends towards increasing rotor diameter and power ratings are 
more and more setting higher requirements regarding the design and calculation process both for 
slewing bearings as applied for the blade and yaw system [BEC22] and rotor main bearings [LUE22]. 
In particular the failure mode “ring creeping”, which can lead to fretting corrosion and/or abrasive 
wear (see Figure 83) between bearing ring and shaft (respectively housing), is design-critical for non-
bolted large-sized diameter rotor main bearing applications [HEU22]. 

       

Figure 83: Exemplary impact of creeping on the bearing seat of a large-size diameter bearing 
(left: inner ring; right: shaft) [LIE22] 
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1.1 Overview 

Ring creeping in general refers to a failure mode caused by a bearing ring rotating relatively to its 
adjacent component during operation. This ring movement as a result of the accumulated micro slip 
occurs due to a local partial reduction or even an entire loss of the contact pressure within the joint. 
This can be caused either by the roller elements itself (roller induced) or by the deformation of the 
adjacent drivetrain components (structural induced) [SCH20] [BAB10]. 

Both causes have been investigated in detail on small-sized bearings by means of experiments and 
3D finite element kinematic simulations at the “Research Association for Drive Technology” (FVA) 
[AUL08] [BAB10] [LIE14] [THI15] [NUE15] [DIM18] [VIE17] [ZIM21]. This simulation type can be 
used to analyse the physical creeping effect and provides a quantitative evaluation of the creeping 
behaviour. This also enables the comparison of different counter measures against creeping 
[BAB10]. 

As these kinematic simulations are very complex and time consuming a simplified (and thus faster) 
calculation tool “SimWag” was developed by the FVA to predict the creeping tendency. This 
qualitative prediction method is based on a binary slip criterion that was calibrated using kinematic 
simulations and experiments. The SimWag result only allows the statement whether creeping 
occurs, but not how the creeping behaviour looks in detail, which hampers a reliable design process 
and a detailed evaluation of bearing design-specific and drive train design-specific counter 
measures. In addition, the simplified prediction method of SimWag was only validated up to a bearing 
diameter of about 500 mm - the application for large-size rotor main bearing applications (such as 
shown in Figure 84) is therefore associated with uncertainties, which is why an advanced (and at the 
same time efficient) simulation method is required for such applications [NUE15] [LIE14]. 

 

Figure 84: Schematic design of a 2TRB rotor main bearing arrangement [LUE22] 

Since the investigational workload increases significantly with increasing bearing size, experimental 
as well as simulative creeping investigations on slewing bearings are very rare. Besides, the increase 
in the coefficient of friction (COF) - the so-called training effect - has not yet been considered in detail 
in the kinematic simulations [HEU22] [MAI22] [SCH20] [GNA21]. During the friction training, the initial 
COF in the contact interface is significantly increased due to micro wear, which leads to a tighter 
inter-locking of surfaces by clawing- and/or micro-welding effects. As a consequence, it is possible 
that the wear particles remaining in the contact joint stop the creeping movement [HEU22] [HEY12]. 
Therefore, it is essential to take the training effect into account at any creeping simulation: this can 
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be done either by an integrated wear simulation or by considering the trained friction coefficient, 
which has been previously determined on a creeping test rig. 

1.2 Developed procedure 

In order to cope with these challenges regarding the creeping of slewing bearings, an advanced 
numerical simulation method was developed. Therefore, a structured procedure is shown to align 
test rig and simulation results of creeping, including the training effect. 

In this procedure, a test assembly (consisting of a shaft and inner ring) is at first mounted on a 
creeping test rig. The external load is afterwards varied until permanent creeping movements are 
measured (see chapter 2.1). During this test rig run, the creeping movements simultaneously train 
the COF in the contact joint. The load at which the permanent creep finally occurs is referred to as 
the creep limit and it can be used as a benchmark for the FE simulation. In addition, the COF of the 
test assembly - representing the trained or run-in contact conditions - is determined on a different 
test rig (see chapter 2.2) and is used as an input variable for the simulation. So the physical creeping 
behaviour can be modelled more realistically (see chapter 3). The FE simulation itself was configured 
in such a way that no settings or parameters (e.g. contact or mesh settings) were aligned or 
calibrated with the test rig measurements (see chapter 3.1). As a result, a numerically consistent 
simulation model was developed, which - unlike SimWag, for example - is independent of any 
experimental results and thus the scope of application is not limited. This allows a suitable 
comparison of experimental and numerical creeping results (see chapter 3.3). 

2 Experimental investigations 

For this purpose, extensive tests were carried out on a new designed creeping test rig on which ring 
creeping can be generated and measured. The generic design of this test rig and the appropriate 
accessibility of the measurement sensor system allow an in-depth investigation of the ring creeping 
phenomena. Therefore, it provides suitable prerequisites for determining necessary input variables 
for the numeric simulation and a detailed investigation of the influence of parameters (such as 
surface quality, material pairing, surface hardness, etc.) on the ring creep tendency of large-sized 
bearings. In contrast to common dynamic friction tests, the follow-up tests on the COF test rig at 
thyssenkrupp rothe erde OU Germany (abbr.: tkre), allow the determination of the increased COF of 
the trained specimen for a subsequent application in the numerical simulations [LIE22]. 

2.1 Creeping test rig 

To enable an isolated investigation of the ring creeping of a large-sized bearing (detached from the 
global system behavior), a new test rig has been developed, see Figure 85. 

 

Figure 85: tkre creeping test rig 
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The test specimen (diameter of the joint is Ø 725 mm), shown in green, consists of a cast iron shaft 
with a cylindrical roller bearing. The inner ring of the bearing together with the shaft (interference fit) 
is rotating; the outer ring of the bearing stands still. The radial load is induced using a hydraulic 
cylinder, which is pressing onto the outer ring of the bearing. To measure the relative 
(circumferential) movement between the shaft and the inner ring, an inductive displacement 
measurement (position sensor) is used. 

Figure 86 shows the measurement curves of a typical test scenario to investigate the ring creeping 
of one inner ring / shaft configuration. In the upper part of the figure, the applied force by the hydraulic 
cylinder is plotted over time. Below the measurement signal of the creeping sensor is illustrated. In 
the first test, the bearing ring starts creeping at about the green line. It can be noticed, that the 
passed creeping distance of the bearing ring is increasing for each load step. If the test (re-run) with 
the identical inner ring / shaft configuration is repeated, the radial load to trigger ring creeping is 
increasing. The reason for that is the training effect, which leads to an increased COF due to the 
accumulation of wear particles introduced by micro slip movements between the bearing ring and 
the adjacent component.  

 

Figure 86: Exemplary result of the tkre creeping test rig 

2.2 Coefficient of friction (COF) test rig 

The COF test rig allows the determination of the increased COF of the trained specimen, thus a 
differentiation between an increase in the COF due to "real training” and an increase in the COF due 
to conventional abrasive wear processes (common dynamic friction tests) is made possible. During 
the test, the shaft is bolted to the foundation and the inner ring is moved in circumferential direction 
by the hydraulic cylinders (see Figure 87). By measuring the necessary force to initiate a (small) 
defined relative movement and with the knowledge of the nominal force due to the interference fit 
(taking the smoothing of roughness peaks induced during the mounting process into account), the 
trained COF is calculated. 
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Figure 87: tkre COF test rig 

3 Numerical simulation method 

To facilitate an analysis of the physical creeping effect on the micro scale level while at the same 
time modelling the relevant drivetrain behaviour on a component scale level, the simulation approach 
is to be defined suitably. Therefore, a simulation model was developed that is based on a nonlinear, 
static transient structural analysis. The goal was to develop an FE model that is inherently consistent 
without experimental calibration. The test rig measurements are thus available for an unbiased 
comparison of the numerical results. 

3.1 Finite element model setup 

Due to the complexity of the creeping simulation, the model setup must be as efficient as possible. 
Therefore, only the contact joint and the adjacent test rig components (bearing inner ring and shaft) 
are modelled (see Figure 88). 

 

Figure 88: Simulation model of the creeping test rig 

Accordingly, the rollers are not modelled either, but substituted by the corresponding contact forces. 
These forces are applied automatically rotating in several steps via a proprietary script representing 
the line contact between the roller and the raceway. This modelling technique reduces the simulation 
effort and improves the convergence behaviour since no (connecting) elements for the rollers and 
no contact conditions between rollers and raceway are needed. The applied load distribution itself is 
determined previously by means of a static finite element analysis considering all test rig 
components. 
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The FE mesh also focuses on the contact joint between the bearing ring and the shaft. For this 
purpose, each elastic FE body is divided and recombined via bonded contact. On the one hand, this 
ensures that very regular hexahedral meshes are generated. On the other hand, it enables to vary 
the mesh size within a component over a wide range: For example, the domain of the contact joint 
has a very small mesh size, whereas remote domains are meshed coarser - but still in sufficient 
detail for an adequate stiffness representation. All these stepwise simplifications of the model were 
confirmed by convergence studies. 

Each simulation run consists of three main steps: 

1. Boundary conditions of the interference fit: The interference between the bearing ring and 
the shaft is not modelled geometrically. Instead, it is integrated into the contact condition as 
an initial penetration that is zeroed out gradually. During this first step, the friction is 
deactivated so that a condition without frictional shear stress ensues.  

2. Frictional contact condition and external load: The contact condition in the joint is set from 
frictionless to frictional by using the trained COF. The initial load distribution of the bearing is 
applied as radial forces. As an alternative or in addition, any other external loads that occur 
(periodically) can also be applied. Thus, it is possible to simulate structural induced creeping 
as well. 

3. Load stepwise rotation of the roller forces: During this calculation sequence, the previously 
stationary bearing model is set in motion by rotating the radial forces by a defined angle at 
each load step. 

3.2 Exemplary simulation results 

This described simulation run is mainly characterised by the contact of the joint. During the 
overrollings, the contact status between the component facets in the joint alternates between sticking 
and sliding. This frequent change necessitates well-adjusted contact parameters: Starting with the 
contact algorithm, via the contact stiffness/penetration to a suitable contact search, all parameters 
are to be aligned. These configurations were tested by means of parameter studies for convergence 
independently as well as in their combination and were adapted to the mesh and step size. Especially 
the mesh and step size of the calculation are important setting parameters which have to be defined 
according to the number of rollers and the bearing size in order to ensure numerical convergence 
and physically reasonable results. If the finite element model is configured suitably, the result shown 
in Figure 89 can be obtained after a calculation run. 

 

Figure 89: Exemplary result plot and characteristic values of a creeping simulation 
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The plotted tangential displacement of an evaluation node shows a pattern that repeats itself with 
each bearing revolution. Whether creeping occurs is indicated by the resulting displacement at the 
beginning and after one bearing revolution. The persistent displacement represents the creeping 
distance and the creeping speed can be determined by the gradient of the displacement graph. If no 
displacement persists, no creeping has occurred. Nevertheless the characteristic displacement 
pattern can (but does not have to) exist, but at a creeping speed of zero. 

Besides the physical creeping kinematics, the simulation can also be used to examine other interim 
results, which help to evaluate the joint. For example, the pressure distribution within the joint can 
be investigated in detail. Figure 90 shows the contact pressure resulting from the interference fit and 
the applied roller forces. 

 

Figure 90: Exemplary plot of the pressure distribution with applied roller forces 

In the width direction, the typical pressure distribution of interference fits can be seen. At the load 
section in circumferential direction, the influence of the roller forces is superimposed on the already 
existing pressure distribution of the interference fit and can lead to both an increase (Figure 90: 
circumferential position at about 140-170 degrees) as well as a decrease of the pressure level (Figure 

90: circumferential position at about 110-130 and 180-200 degrees). The reduction itself is not a 
sufficient criterion for creeping, but it can be used as an indication of critical spots. 

3.3 Comparison of results 

The sensor data of the creeping test rig provide the external load at which creeping occurs (incl. 
creeping speed) as well as the detailed shape of the creeping movement during one revolution. In 
Figure 91, this characteristic shape is qualitatively compared with the simulation result in order to 
check the plausibility of the FE modelling. To do so, a simulation run was performed with the 
aforementioned steps and the circumferential displacement at the evaluation point (see Figure 88) 
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was determined during one bearing revolution. The comparison of both results shows a reasonable 
similarity of the graphs. Initially, the loaded rollers push the evaluation point forward until the load is 
on top of it. Afterwards, the observed point can move back until the following (less loaded) rolling 
elements push it slightly forward again. In the following the load zone is far away from the evaluation 
point, therefore almost no movement can be determined. As soon as the evaluation point re-enters 
the load zone, the deformation movement starts again from the beginning. If any displacement 
remains after one cycle, this indicates permanent creeping movement of the bearing ring. If no 
displacement remains, no creeping has occurred. 

 

Figure 91:Qualitative comparison of the measured creeping movement on the test rig and of the 
simulation during one bearing revolution 

4 Summary 

In this work, a structured, FE-based procedure is shown to align test rig and simulation results of 
ring creeping for a large-size bearing ring including the so called training or “run-in” effect. A first 
comparison between the creeping results of the test rig and the developed FE simulation model 
show similar results with respect to the evaluation of the creeping movement. The simulation 
approach shown has the general advantage that the scope of application is not limited and thus 
further drive train components can be considered within the creeping analysis. Thus, non-bolted 
rotor main bearing applications can be analysed more detailed with regard to both roller and 
structural induced bearing ring creeping phenomena. Consequently, counter measures - be it drive 
train design-specific or bearing design-specific - can be investigated more purposefully and therefore 
better contribute to increase the robustness and reliability of such drive train systems. 

In order to enhance the simulation method, further comparisons with test rig results as well as 
sensitivity studies are currently in progress.  
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Abstract: In the wind turbine generator market, many different main bearing arrangements and 
types exist. In particular, three-point and four-point suspension, self-retaining momentum bearings, 
separated bearings, or even pre-assembled bearing units are common in practice. Besides the 
bearing arrangement, the application of different types of rollers, like tapered, cylindrical, or spherical 
roller variants exist. State-of-the-art bearing design work mainly focusses on single component 
optimization within a given drive train concept. 

For leading developers and suppliers of main and blade bearings for wind turbines, it is essential to 
understand the influence of the different bearing types and related drive train concepts on both the 
technical and the commercial performance of the overall wind turbine generator set. In this context, 
thyssenkrupp rothe erde together with engineering service provider IME Aachen GmbH and the 
research institute MSE of the RWTH Aachen University have developed an estimation method for 
the manufacturing costs of different wind turbine main bearing systems. The method comprises a 
semi-elastic multi body system approach which is able to consider over-determined arrangements 
and pretension in the pressure calculations of the bearing system. It can be utilized for early 
estimations and fast comparisons of costs and technical characteristics of different bearing 
arrangements. A software program implementing the method allows the multidimensional 
optimization of the system costs for specific design parameters. 

The contribution provides insight into the developed method with a design of experiments case study 
of main bearing system designs for different wind turbine concepts in the 6-16 MW range. Hereto, 
case specific cost and performance advantages of different bearing system designs are evaluated 
to illustrate the potential of drive train system optimization, resulting in cost-optimal designs, which 
fulfill the technical requirements for the different turbine configurations. 

1 Introduction 

1.1 Motivation 

In the wind industry, a variety of different drive train and main bearing arrangements are in use. In 
particular, three-point and four-point suspension, self-retaining moment bearings, adjusted bearing 
arrangements, or even entirely pre-assembled bearing units are common practice.  

However, standard design procedures may become detrimental when switching from one drive train 
concept and main bearing arrangement to another, since modeling and analyses may differ and 
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include different challenges. Hence, consequences often become visible only in a very late stage of 
a project.  

In addition, there is a market trend towards modularization and standardization, which makes it 
essential to know the strengths and weaknesses of different powertrain concepts – in both worlds, 
technical and commercial.  

For thyssenkrupp rothe erde, as a leading developer and supplier of bearings for wind turbines, it is 
important to understand the influence of different bearing arrangements and associated drivetrain 
concepts on the technical and commercial performance of a wind turbine's drivetrain and to be able 
to distinguish the advantages of different concepts. 

1.2 State of the Art 

While state-of-the-art bearing design mainly focusses on single component optimization within a 
given drive train concept, it is nowadays more and more essential to extend the view to the entire 
drive train. For single components, very sophisticated and technically accurate design and analyses 
software have been developed in the recent past [NEI18], which mainly focus on the utilization of 
given framework conditions (e.g. the installation space). However, the feasibility of changing the 
drive train concept and thereby achieving significant advantages is often neglected. As not only 
technical but also commercial aspects of the drive train influence the decision for an optimal concept, 
an estimation of the manufacturing costs in the early design phase offers another, huge advantage.  

1.3 Purpose and Approach 

This paper focuses on the optimization of main bearing drive train concepts from technical and 
economic points of view. For this purpose, a software was developed based on an integrated pre-
dimensioning algorithm of the main system components like bearings, shaft, and housing. It 
considers six-dimensional load vectors and related displacements of the relevant drive train 
components due to the stiffnesses of the bearings and the supporting structures. The impact of 
bearing internal pre-load or clearance on the load distribution inside the bearings as well as the 
structural limitations of the shaft can be considered. The underlying algorithm determines the contour 
lines of equal bearing loads and equal costs for different characteristic drive train parameters. The 
cost optimum solution with regard to the admissible bearing loads is evaluated. 

The presented method can be utilized for preliminary technical layout of different bearing 
arrangements and fast comparison of technical characteristics. It also provides early cost estimations 
and comparisons. Based on this approach, specific system design parameters can be optimized.  

The method’s potential is introduced and illustrated by a case study of a main bearing system for a 
generic wind turbine in the 6 MW range. The advantages of moment bearings and adjusted main 
bearing arrangements are compared on the example of a double-row tapered roller bearing (DTRB) 
and a set of two adjusted single-row tapered roller bearings (TRB-TRB), respectively (see Figure 
92). In conjunction with details from the thyssenkrupp rothe erde Engineering and R&D departments, 
a comprehensive overview on state-of-the-art drive train system analyses and evaluation is 
presented. 
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Figure 92:    Different types of main bearing arrangements. Left: Double-row tapered roller 
bearing as moment bearing (DTRB). Right: Two single-row tapered roller bearings 
including shaft and housing as main bearing unit (TRB-TRB).  

2 Concepts and Methodology 

2.1 Multi Body Simulation and Cost Models 

thyssenkrupp rothe erde together with IME Aachen GmbH and the Institute of Machine Elements 
and Systems Engineering of RWTH Aachen University (MSE) have developed a calculation method 
for fast pre-dimensioning of the most common drive train systems of wind energy turbines. The 
following drive train systems can be analyzed: 

• Four-point suspension 

• Three-point suspension (partially integrated) 

• Direct drive solutions 

The different drive train systems can contain different types of bearings and arrangements. Single 
or double row roller bearings with cylindrical or tapered rollers can be modeled. Based on an arbitrary 
external load distribution representing the wind and the mass loads of all relevant turbine 
components like blades, blade bearings, stiffeners, shaft, and hub, the characteristic properties of 
the drive train system and related bearings are determined.  

This procedure includes a systematic study of the most relevant geometric parameters like rolling 
element size, shaft diameter and bearing distance. An estimation of the related manufacturing costs 
is performed for each parameter set. Cost-optimized solutions can thus be determined for any 
boundary conditions and limits. The non-linear calculation approach (see Figure 93) is based on a 
Multi Body Simulation procedure (MBS).  
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Figure 93: Simulation approach overview 

The MBS model contains a detailed representation of all relevant stiffnesses in the drive train system. 
In particular, the roller bearings are modeled using one non-linear spring per each rolling element to 
determine the Hertzian pressure in the rolling contacts. This level of detail of the bearing model is 
important to accurately determine the load distribution in the bearings, which is highly dependent on 
the bearing arrangement, the system dimensions, bearing clearance or pretension, and the load 
case. 

The component production costs are derived from this geometric model by use of mass and 
dimension-dependent cost functions. A commercial calculation of the impact of the design 
parameters is performed and displayed by iso-cost lines. The cost-optimal solution of the parameter 
study meeting the major technical boundary conditions (i.e. Hertzian pressure) is identified. 

2.2 Design of Experiments 

The model described in chapter 2.1 is used for optimizing the design parameters towards the bearing 
system solution with the lowest possible cost while fulfilling the design requirement of a Hertzian 
pressure lower than 1200 MPa for a given load and diameter of the rotor shaft. Since load and 
diameter requirements change over time, the optimization results are then depicted for different load 

and diameter combinations. To achieve this, the model has to be evaluated in a magnitude of 10  
times. With a simulation time of several seconds for a single operating point, it is thus not feasible to 
use the original MBS model for the optimization procedure. Therefore, an analytical surrogate model 
is derived from the numerical model using Design of Experiments (DoE) methods. 

First, the set of varied parameters is reduced to only contain the parameters with the most significant 
influences on the highest maximum roller pressure of each bearing row. For that purpose, a Plackett-
Burman design table [PLA46] is used to generate MBS models at the corresponding parameter 
levels, which are then used to analyze the strength of the linearized main effects of each parameter. 
This representation is not adequate to directly derive a sufficiently accurate surrogate model for 
optimization since it does not include parameter interactions and higher order effects. However, it 
serves the purpose of narrowing down the parameter set for the higher order analysis which follows. 
For that, a second parameter study with the now reduced parameter set is conducted to increase 
the resolution and depict interactions and second order effects. The design table used is an 
optimized Latin-Hypercube-Design (LHD) [DEA17]. LHDs are equidistant grids with one calculation 
being conducted for each level of a parameter. Optimizing the orthogonality of an LHD as shown in 
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Figure 94 significantly improves the resolution of the calculated effects, and thus improves the 
accuracy of derived surrogate models. The resolution is analyzed based on the Bravais-Pearson 
correlation coefficients [MUK11]. 0 represents an independent result for each parameter while 1 
means that the parameter effects are inseparable with the design table. 

 

Figure 94: Two LHD’s with a Bravais-Pearson correlation for x and y of 0.9833 (left) 
and 0.04564 (right). 

The results of the parameter study are used to create an analytical surrogate model. To further 
improve the calculation time of the optimization, the insignificant interactions and second order 
effects are removed iteratively using stepwise regression based on their influence on the sum of 
squared error (SSE).  

To ensure the quality of the surrogate model, the results are compared to those of the numerical 
calculation. In order to avoid overfitting, the predictiveness of the surrogate model is tested against 
the numerical solver for each point after excluding that point from the fit. The calculated coefficient 
of determination R2 represents the quality of the fit by comparison of the numerical and the analytical 
model. 

The analytical cost functions are not fitted into a surrogate model due to their already short 
calculation time and highly non-linear behavior which would not result in a good fit to second order 
surrogate models. 

3 Parameter Study and Results 

At first, the most influential parameters on the maximum pressure on the rollers were identified and 
selected in a parameter screening using a Plackett-Burman experimental design. The resulting 
reduced parameter set was further analyzed using an optimized Latin Hypercube Design (LHD) to 
calculate their effects with higher accuracy while accounting for second order effects and interactions 
between different parameters. A surrogate model was built based on the results of the DoE campaign 
and was used for optimizing the bearing system designs. These cost-optimal designs were then 
analyzed for the purpose of highlighting the advantages of different bearing designs. 

3.1 Comparison of Bearing Systems 

The initial parameter screening study identifies the parameters with the highest effect on the 
maximum pressure on the rollers in the bearing system. The parameter study was performed for 
DTRBs with 18 parameters and for TRB-TRB units with 31 parameters. All parameters were varied 
by 25 % from an existing reference design across two levels (+ and -). 

Figure 95 shows an extract of the analyzed parameters sorted by their average influence on the 
maximum pressure of both the downwind and the upwind bearings. The parameters with an effect 
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smaller than a specified threshold are not explicitly declared. Their relative effect can still be devised 
from the chart. The parameters that are most significant for momentum bearings (left) are also 
significant for four-point suspensions (right) and share a similarly strong effect relative to one 
another. At the same time, additional parameters become significant for the case of four-point 
suspension layout. 

 

Figure 95: Results of the screening parameter study (MBS model). Left: DTRB. Right: TRB-TRB. 

For the following detailed analysis of the parameter effects, the bearing design parameters as well 
as the stiffnesses of the system are analyzed in addition to the most significant parameters based 
on their importance in the development process of bearing manufacturers. As seen in Figure 96 the 
main effects are now represented by a second order polynomial including interaction terms. For the 
surrogate models, the least important parameters are removed iteratively using stepwise regression 
to further minimize complexity resulting in a total of about 50 parameters including second order 
terms as well as interaction terms. 

 

Figure 96: Excerpt from the parameter effects, higher order effects and interactions of the 
downwind row of a TRB-TRB arrangement (surrogate model). 

To ensure the quality of the surrogate model, the results are compared to those of the numerical 
calculation. The difference between the numerical result and the predictions of the analytical model 
are presented in Figure 97. The R2 value calculated for the predictions for each of the models is 
depicted as well, which minimum value is around 97.39 (DTRB upwind). Thus, a good representation 
of the numerical evaluation by the surrogate model is confirmed. 
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Figure 97: Quality of the surrogate models. 

3.2 Cost Optimization of Bearing Systems 

Optimizing the surrogate model for a given set of shaft diameter and load combinations then allows 
to analyze the advantages of each bearing arrangement at varying load levels and for a different 
radial installation space. For this, an equidistant grid with more than 400 points is generated and 
each point is optimized towards the minimal costs without exceeding the maximum Hertzian pressure 
level. Figure 98 depicts the results by showing the minimal cost at varying levels of load and 
diameter, while the latter one is varied from 1.5 to 2.5 m for TRB-TRB and 2.0 to 3.5 m for DTRB, 
respectively. The normalized color bar for the costs is in the same scale for both diagrams.  

 

Figure 98: Optimization results: Costs depicted by color 

For both bearing arrangements, the costs increase significantly faster with the load (from left to right) 
compared to the shaft diameter (from bottom to top). While the relative increase in cost with the load 
is comparable for both arrangements in the analyzed parameter range, this does not apply to the 
cost increase due to a change of the diameter. For the DTRB arrangement, the cost reaches a load-
dependent optimum within the analyzed parameter range while the TRB-TRB arrangement reduces 
in cost for even larger diameter. On the other hand, it should be considered that the required 
installation space increases with larger diameters. At the same time, for lower loads, a diameter of 
1.5 m provides both a smaller installation space and lower costs than a diameter of 2 m. As an 
example, two load/diameter combinations are marked in the diagram as  

• A for 2.0 m / medium load 

• B for 2.5 m / high load 
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The TRB-TRB arrangement costs 15% (combination A) and 30% (combination B) less than the 
DTRB arrangement at the respective diameter/load combinations. However, the cost model does 
not consider the advantages linked to production and assembly due to the symmetrical bearing 
design as well as not considering lengthwise installation space, which is significantly larger for the 
TRB-TRB arrangement.  

4 Evaluation 

The present work describes an optimization method for main bearing drive train concepts 
considering both technical and commercial aspects. The basic idea of the developed software was 
presented, which allows calculating the load situation in bearing raceway systems while taking the 
main system components, i.e. shaft and housing, into account. The algorithm is based on an MBS 
model, which contains detailed representations of all relevant stiffnesses in the drive train system, 
and in which the rolling elements were modeled using non-linear springs. As MBS can be very time 
consuming for extensive optimization procedures, a surrogate model was developed and its 
calculation results were compared with those of the full simulation model. It could be shown, that the 
R2 value, as a parameter for the quality of the surrogate model, was in the range of 97 to 99 % for 
the investigated parameter sets, which indicates a good conformity with the MBS results.  

On the example of a generic wind turbine in the 6 MW range, a comparison between a double-row 
tapered roller bearing (moment bearing/DTRB) and a set of two adjusted single-row tapered roller 
bearings (main bearing unit/TRB-TRB) was drawn. Furthermore, a limit for the Hertzian pressure of 
1200 MPa was set in order to find the optimal bearing and system structure for this upper threshold. 
Starting with a given geometry, the relevant parameters were systematically varied by a range of +/- 
25 %. It has been shown that the three most important influencing parameters on the maximum 
pressure for DTRB’s are the shaft diameter, the roller length, and the radial force. For TRB-TRB 
main bearing units, these are the shaft diameter and the roller length as well, but also the distance 
between both bearings.  

To cover the commercial aspect of the optimization, the production costs of each component were 
estimated by simplified models for the bearing and the surrounding structures (i.e. shaft and 
housing), respectively. Finally, the optimal main bearing variant was defined as that with the lowest 
cost while at the same time not exceeding the maximum pressure of 1200 MPa. 

An evaluation of the cost analysis showed that the external load has a greater influence on the 
manufacturing costs than the shaft diameter per se. One reason for this behavior is that the higher 
load means that other components such as rollers have to increase in diameter, length and/or 
number, which makes production more expensive. At the same time, an increase in the shaft 
diameter at constant load shows a comparatively lower influence on the final costs. A comparison 
between DTRB and TRB-TRB solutions for a generic 6 MW wind energy turbine showed that cost 
savings of 15 to 30 % can be achieved by using a TRB-TRB system instead of a DTRB moment 
bearing.  

The method presented is constantly being further developed. In addition to the investigation of the 
aforementioned parameters, a more detailed examination of the influence of other system 
parameters, e.g. the shaft thickness, will take place in the future. Further current work is aimed at 
detailed investigations of the advantages and disadvantages of the main bearing concepts presented 
for larger MW classes. Furthermore, additional cost effects from assembly, transport and 
maintenance will be included. 
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Abstract: Overcoming obstacles to initiate and realize Power-2-Hydrogen projects: this is why we 
have developed ISA-HyPLAN. With our planning tool we are able to support power and hydrogen 
producers, investors and consumers in the technical and economic project planning of Power-2-
Hydrogen systems. ISA-HyPLAN simulates the entire system, from power generation from 
renewable energy sources to electrolysis technologies and consumer requirements. The result: an 
economically optimized concept of decentralized hydrogen production which is technically 
customized regarding location and intended use. To illustrate the capability of the tool, the application 
to a specific project, Wind2Move, is presented. 

1 Introduction 

On the technical side, many solutions already exist for the successful implementation of green 
hydrogen in material and energy cycles. However, the economic viability of green hydrogen 
compared to conventional hydrogen and fossil fuels remains a major challenge. 

The planning tool ISA-HyPLAN considers the overall system of electricity production and hydrogen 
generation, taking into account the specific requirements of the application and location, in order to 
optimize it according to economic and technical aspects. One possible configuration is shown in 
Figure 99. 

The technical and economic operating data of wind and solar plants, electrolyzers and other system 
elements, such as compressors, serve as input. Power generation can be simulated on a site-
specific base using weather databases. Hydrogen production is modelled based on the characteristic 
data of the planned electrolyzer technology. Depending on the resolution of the input data, operation 
can be simulated to the minute, hour or day. Several parameters are generated as simulation results, 
which can be individually weighted in order to optimize the overall system. These are, for example, 
the share of electricity used for hydrogen production, the electrolyzer’s load factor, the surplus 
electricity, the hydrogen capacity & production cost, start-up/shut-down frequencies of the 
electrolyzer, different use scenarios at a hydrogen refueling station, etc.  

The flexibility of ISA-HyPLAN makes it possible to find individually tailored system solutions for 
decentralized Power-2-Hydrogen installations using renewable energies, which are economically 
viable. 
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Figure 99: Holistic analysis for the imaging of the overall technical system including a profitability 
analysis 

2 Description of the tool ISA-HyPLAN 

The planning tool ISA-HyPLAN takes into account the entire system of electricity/hydrogen 
generation including the requirements for the planned use, enabling both economic and technical 
optimization.  

In this, the technical and economic operating data of wind and solar plants, electrolyzers and other 
system elements such as compressors serve as a basis. Electricity generation can be simulated on 
the basis of values from site-specific weather data, see Figure 93. The simulation of hydrogen 
production is represented by the characteristic data of the planned electrolyzer technology. 
Depending on the resolution of the input data, operation can be simulated with minute, hour or day 
accuracy. As a simulation result, a multitude of parameters is generated which are individually 
weighted and used in condensed form to optimize the overall system. These are, among others, the 
full load hours of the electrolyzer, the share of electricity used for hydrogen production, the surplus 
electricity, the hydrogen production and start-up/shut-down times of the electrolyzer. Based on this 
simulation data, further scenarios such as the integration of a battery buffer or a plant for reverse 
power generation, the modular design of the electrolyzer or the expansion of the wind and/or solar 
plant can then be evaluated and dimensioned accordingly. The integration of economic data makes 
it possible to find the ideal solution for the site with regard to capital investment. Last but not least, 
the production price for hydrogen at the site can be estimated.  

The flexibility of ISA-HyPLAN allows for defining customized system solutions for hydrogen 
production with decentralized power generation from renewable energies. This results in the 
opportunity, for example, to continue to operate depreciated wind power plants economically or to 
supplement them. On the other hand, it provides consumers with information about where and under 
which circumstances hydrogen production is possible in their region according to their needs. 
Existing plant concepts can be reviewed and compared with alternative concepts, making it possible 
to answer specific questions such as the integration of subsystems (battery, heat pump, etc.) as well. 
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Depending on the project framework, cost simulations can be conducted for investors which can 
then be used as a reference for tenders and applications for subsidies.  

We are aware of the uncertainty in the optimization of energy supply caused by the fact that operating 
costs are determined in particular by electricity and grid costs, which are volatile over time in the 
future. The same applies to the predictability of component costs. These risks can be quantified by 
extensive parameter studies, a selection of which is shown as part of the use case described in the 
next section. 

 

 

Figure 100: Real high-resolution performance input-data for the simulation of electrolysis 

3 Application example 

The site under study is located in the district Düren, north of Aachen. Two wind turbines, that have 
been depreciated and no longer fall within the scope of EEG subsidies, should be used to provide 
green energy for the production of hydrogen. In order to compensate for the seasonal fluctuations in 
wind energy production, a PV system was dimensioned which, based on the real wind energy 
production time series for 6 years, is designed to ensure a uniform energy production on average, 
see Figure 101. The techno-economic analysis was performed with different electrolyzers, see 
Figure 102. As a result, the optimum dimensioning of the additional solar system and the best suited 
electrolyzer could be identified. At this point, it is important to emphasize that in addition to techno-
economic evaluations, the decision to choose an electrolyzer is also made by soft factors such as 
terms and conditions of service contracts, prior experience, market or research focus, etc. 
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Figure 101: Production of renewable energy at the specific site of the Wind2Move project 

 

 
Figure 102: The different characteristics of three electrolyzers under study 

In a subsequent step, the layout and use profile of a hydrogen refueling station (HRS), that is part of 
the project, was analyzed. The dependency of the production costs of hydrogen on the assumed 
amount of hydrogen sold per day and the number of days the station is operational is shown in Figure 
103. Due to the restriction of funding schemes, the produced green hydrogen is required to be used 
for commercial mobility. To minimize the cost of hydrogen, the potential of using waste heat of the 
electrolyzer was also included.  
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Figure 103: Production costs of hydrogen for different use scenarios at the HRS 

It can be clearly seen, that subsidies play an important role to bring real projects into life. This study 
is important to estimate the financial risks associated with investing in hydrogen infrastructure during 
the ramp-up phase of increasing hydrogen demand. Figure 104 shows the cost structure of produced 
hydrogen depending on funding of the electrolyzer and the hydrogen filling station. 

 

Figure 104: Cost structure of produced hydrogen depending on funding of electrolyzer and H2 
filling station 

The simulation showed that in order to guarantee a specific amount of hydrogen to the buyer of 
hydrogen, additional electricity form the grid needs to be purchased. On the other hand, there are 
also times when the combined production of renewable electricity from the dedicated wind and solar 
facilities are larger than the demand of the electrolyzer. In this case, electricity can be sold to the 
grid. The effect of the ratio between the price of energy purchased for production and the surplus 
energy sold to the grid on the costs of hydrogen was analyzed, the results are shown as an example 
for a fixed ratio of 80% in Figure 105.  

In addition to the scenarios analyzes so far the use of the buffering battery to optimize the costs of 
hydrogen by charging the buffer when the price of electricity is low and sell the electricity later to the 
grid when the demand and price is high can be studied, too. 
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Figure 105: Dependence of hydrogen costs on the ratio between the price of energy purchased 
for production and the surplus energy sold to the grid. The results are shown for a 
ratio of 1:0,8. 

 

4 Summary & Outlook 

Renewable energies are currently on everyone's mind, but many questions remain unanswered: 
"Where is the electricity supposed to come from without fossil power plants if the sun doesn't shine 
and the wind doesn't blow?" or "Isn't the production of hydrogen from renewable energies much too 
expensive?"  

This is the kind of question that can be answered by our tool ISA-HyPLAN. For the modelling we 
research economic and technical data for individual system components, but also for overall societal 
trends (e.g. development of electricity and gas prices in the next 20 years).  

With these data, we will then be able to calculate an optimized energy system, e.g. a Power-2-
Hydrogen facility. Our results can be used to support decision-makers in politics, business or society. 
These decision-makers often do not pursue just one goal, but have to consider competing interests, 
e.g. weighing up costs, reliability and CO₂ emissions. We therefore improve and use modern 
methods to support decisions even in the case of complicated interests by not reducing everything 
to the cost aspect alone.  

For technologies in early stages of development (e.g. new energy storage systems), technology 
costs and efficiencies are often difficult to estimate. In these cases it can be beneficial to work the 
model backwards: Starting at the end by formulating a vision for an overall system the model will 
define the necessary requirements for individual components. This data can be used in conjunction 
with cost curves and technical research priorities as a basis to show the likelihood of success of 
certain new technical solutions. 

It can be assumed that the climate will change significantly, even in Germany. However, changing 
temperatures and wind conditions will also affect the energy system, e.g. through the performance 
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of wind energy systems. In addition the roll out of wind and solar power systems will have an effect 
on energy prices and their fluctuations. Both aspects are also subject to many uncertainties. As an 
outlook, the modelling tool can be extended to take such influencing factors into account when 
planning energy systems for the future and reduce the risk for operators and investors. 

  



CWD 2023 

139 

 

HiL Testing and Validation 

  



CWD 2023 

140 
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Abstract: Recently, the wind energy community intensified its efforts in speeding up the time-to-
market of new wind turbine prototypes. OEMs are showing a growing interest within laboratory 
testing and certification through minimal system testing, further defined as the ability to isolate and 
test specific entities, i.e., generator, transformer, converter, and control plus protection system. In 
the laboratory, wind conditions can be set to test specific functions in a reproducible and 
deterministic manner, decoupling the length of campaigns from local weather conditions. Due to the 
ongoing maturation of minimal system testing, it is important to show how testing procedures in a 
laboratory exhibit comparable results to the field. In this context, Fraunhofer IWES has designed 
and commissioned the HiL-Grid-CoP (Hardware-in-the-Loop Grid-Compliance) test bench to enable 
the electrical certification of minimal wind turbine systems and the testing of new prototypes, 
especially with high-speed generators. Generally, load conditions at the test rig must be dynamically 
adjusted to compensate for missing mechanical components, e.g., the rotor, tower, and gear box. 
Focusing on mechanical emulation, the authors present their experience and results from the last 
two test campaigns performed within the project HiL-Grid-CoP with Nordex Energy SE & Co. KG 
and Vestas Wind Systems A/S. The paper emphasizes the HiL-framework employed to replicate 
field rotational behavior. It is explored how a wind turbine model must be adapted to operate in real-
time providing high-fidelity setpoints to the drive. Additionally, it is shown how to compensate for the 
inherent test bench torsional dynamics. 

1 Introduction 

Wind turbine system testing on test benches is gaining more and more interest in the industry due 
to the inherent benefits such as reduction of model validation costs and testing phase. Additionally, 
taking full advantage of today’s grid simulators, it is known that a broader range of tests can be 
performed, which would not be possible in the free filed such as Rate of Change of Frequency 
(RoCoF) tests [JER17]. The next generation of test benches is even becoming more flexible by 
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increasingly excluding components and emulating their behavior instead. One milestone in this area 
is the HiL-Grid-CoP test bench, developed and commissioned by Fraunhofer IWES and the project 
partners Nordex Energy SE & Co. KG and Vestas Wind Systems A/S. The HiL-Grid-CoP test rig is 
specifically designed for grid compliance testing of minimal electrical wind turbine systems equipped 
with high-speed generators as doubly-fed induction generators (DFIGs). Hereby, the minimal 
system consisting of a high-speed generator, converter, transformer, and control plus protection 
systems. For the emulation of the ohmic-inductive electrical grid, the power Hardware-in-the-Loop 
(pHiL) principle from [HAN22] was used. On the other hand, many frameworks and control 
architectures can be found in the literature for emulating the missing mechanical components at test 
bench level, referred to as mHiL in the following, see e.g., [CUR19], [KAV21], [FIS16], and [NES16]. 
Even though the applications are similar, a different approach needs to be employed for HiL-Grid-
CoP due to the further reduction of components. In [HAN22] we have already shown that the 
electrical behavior of the tested wind turbines with the selected HiL structures on the test rig is 
practically equivalent to the behavior in the free field. As a supplement, this paper describes the 
developed mHiL interface with the underlying models in more detail and, after a brief summary of 
the pHiL control, demonstrates by measurements how the individual HiL loops work together. 

2 System Description 

As described in the introduction, the Device Under Test (DUT) is composed of a generator, a 
converter, a transformer, and a control plus protection system. Meanwhile, the test rig provides two 
different interfaces to the DUT, one mechanical at the generator shaft and one electrical at the 
medium voltage level of the DUT transformer. By this mean, mechanical properties as well as grid 
events can be emulated at test bench level under realistic load conditions. An overview of the 
developed HiL architecture is illustrated in Figure 106. 

 

 

 

Figure 106: Overview of the HiL-Grid-CoP topology  

The DUT can have a total power of up to 8 MW, as the prime mover can supply a static load of up 
to 9 MW with a power reserve of 150% for up to 30 minutes. Once it is guaranteed that the 
operational point lays within the motor power curves, HiL-Grid-CoP test rig is specially designed for 
high-speed machines being able to provide 9 MW power starting from 1000 rpm. The maximum 
permissible rotation speed is 2200 rpm with a maximum torque about 86 kNm. 
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On the electrical side, an ABB ACS 6000 converter unit with an installed power of 44 MVA is the 
key component for grid emulation. The converter is designed as a multi-level inverter, consisting of 
four three-phase 3-level inverters that are interconnected via three single-phase step-up 
transformers at the output. This topology allows the generation of thee independent and individually 
controllable medium voltages with low harmonic distortion and low physical input impedance. The 
nominal output voltage levels of the converter unit, which is also referred to as Power Electronic 
Grid Simulator (PEGS) are either 10 kV, 20 kV, or 36 kV, while the nominal output frequency ranges 
between 45 Hz and 65 Hz. 

3 MoWiT Model 

The mechanical real-time load simulation model is based on the Modelica library for Wind Turbines 
(MoWiT) and couples physical models for aerodynamics, structural dynamics, hydrodynamics, and 
control and computes them in the time domain. The calculation model was developed by 
Fraunhofer IWES and is continuously being extended [LEI19]. To model the interaction between the 
individual structural components, MoWiT uses a multi-body approach, whereas the tower and rotor 
blades are modeled as flexible bodies with modally reduced anisotropic beam elements. The model 
input is a three-dimensional turbulent wind inflow that conforms to the standard and includes 
horizontal and vertical slope, wind shear, and tower shadow. The model transforms the wind using 
the transient implementation of BEM aerodynamics into a realistic driving torque. 

An automatic model converter has been developed and implemented for efficient model 
parameterization based on a load simulation model provided by the manufacturer. 
The MoWiT parameterization is verified in detail against the reference model provided by the 
manufacturer, applying the methology from [HUH20]. This procedure provides a comparison of the 
model dynamics in the time and frequency domains and quantitatively determines the degree of 
agreement. The accuracy of the simulation in steady state is also of great importance such that 
MoWiT includes detailed models, which also consider the mechanical and electrical. The turbulent 
wind input required for the verification process and HiL testing is either provided by the manufacturer 
or generated using NREL TurbSim [JON09]. To reproduce the field conditions on the test bench, 
the on-site wind conditions are reproduced by using the same average wind speed and turbulence 
intensity or by calibrating the wind field based on measured time series (constrained turbulence). 
To ensure reproducibility and compliance with the required statistical parameters (mean and 
standard deviation of the international standard IEC 61400-1), the wind conditions modeled for HiL 
operation are started simultaneously with the desired initialization of the test. 

To enable real-time simulations, two modifications are performed. First, the turbine controller DLL 
is removed and replaced with a submodule that interfaces with the real turbine controller on the test 
bench. Second, the wind is encapsulated in its own model that runs separately from MoWiT. This 
increases the simulation performance by running wind and MoWiT on different CPUs. To guarantee 
that the cycle time requirements on the real-time PC of 5 ms are always met, the simulation 
performance of MoWiT is further optimized. For this purpose, the parameterization of individual 
models is adapted. This structural optimization aims at reducing the number of equations required 
for determining the differential equation of motion, while maintaining the frequency behavior 
significant for the representation of the model dynamics. Essentially, this step is necessary to 
improve the compatibility of MoWiT with the real-time PC. For the aerodynamic model optimization, 
the distribution, position, and number of aerodynamic grid points are adjusted to significantly 
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improve simulation performance while still allowing the aeroelastic model dynamics to meet the 
accuracy requirements of the model verification procedure. 

4 mHiL Control 

Before proving an insight in the control design, control goals and requirements must be defined, to 
assess the control quality. For inertia emulation, it is important that the reference wind turbine 
dynamics are correctly reproduced at test bench level. This task can generally be reduced to the 
proper emulation of the system’s eigenfrequency and associated damping. To achieve this goal, it 
is essential that the torque signal from the test bench correctly reproduces the signal coming from 
the model with a short delay. It is therefore of importance to create a control system able to feed 
forward the torque signal directly to the interface of the DUT. However, a torque control alone is not 
sufficient to guarantee stability to the chosen control structure. Additionally, it must be assured that 
the rotational speed of the virtual model and the test rig is the same, which makes a second control 
loop necessary. Approaching the problem from a frequency domain perspective, it must be ensured 
that the speed setpoint is followed in the low frequency range, while torque control becomes 
predominant in the higher frequency range. In doing so, it can be guaranteed that the speed signal 
is the same between test rig and virtual model, and the eigenfrequencies are correctly reproduced. 
Moreover, it is of importance that undesired dynamics inherent to the test bench are properly 
damped to provide a smooth environment, whereby the reference dynamic can be easily 
superimposed. 

At the current state of the art, several solutions for the described control tasks have been proposed 
in the literature, see e.g., [CUR19], [KAV21], [FIS16], and [NES16]. Hereby, the focus has been kept 
on implementing a robust control framework, whereby a quick fine tuning can be achieved during 
system commissioning. Due to the inherent differences at steady state, a feedforward control of the 
torque from the wind turbine model to the test bench flange has been implemented. The feedforward 
control employs a proportional gain in order to set the reference torque directly at torque 
measurement flange at test bench level. In addition to that an integral action is superimposed by a 
PI control and tuned so that the rotational speed of the test bench matches the values from the 
virtual model, guaranteeing that both systems are operating at the same operational point. Due to 
the integral action, a steady state accuracy is achieved within a reduced time span, enabling the 
inertia emulation task at test bench level. In addition to the employed PI plus feedforward control, 
an LQR optimal control has been designed in the modal space, so that the test bench 
eigenfrequencies can be damped without affecting the test results. This control takes advantage of 
a basic formulation of a linear quadratic regulator, whereby no integral action is involved. The root 
loci can be used to evaluate that this second order modal controller does not affect the performance 
and stability of the predominant PI control with feedforward action, but it actively damps the test rig 
quantities at and around the test bench torsional eigenfrequencies. By this mean, a faster control 
tuning can be achieved at test bench level, as long as the test rig dynamics are decoupled from the 
emulated wind turbine eigenfrequencies. The proposed control architecture has been demonstrated 
to be defined by two decoupled controllers, enabling system stability to be a priori defined. A 
schematic overview of the resulting mHiL framework is presented in Figure 107.  
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Figure 107: Overview of the implemented mHiL control structure 

5 pHiL 

In addition to the mHiL control for emulating the mechanical components of the wind turbine, the 
HiL-Grid-CoP test rig also implements a grid simulator on the electrical side [HAN22]. This simulator 
provides a three-phase voltage source with controllable frequency, amplitude, and phase angle at 
the electrical terminals of the turbine and has the goal to adjust the fundamental frequency 
component of the output voltage so that the DUT experiences a virtual grid with fixed input 
impedance. The associated simplified pHiL structure of the test bench is shown in Figure 108. 

 

Figure 108: Simplified single-phase diagram of the employed pHiL architecture 

In the pHiL architecture, the complex current phasors of the 50 Hz component are determined from 
the measured DUT currents and then used as an input to the electrical grid model. Given a virtual 
grid voltage and grid impedance, the simulation calculates the reference voltages for the three 
phases of the converter unit. Depending on the scenario, the simulated impedance can also induce 
coupling between the individual phases, which may be present, for example, in asymmetrical grid 
conditions. As illustrated, this pHiL structure represents a forward control, where feedback of the 
voltage is omitted to achieve the highest possible bandwidth. The implemented scheme allows 
either to simulate a stiff or rigid power network with defined short-circuit power or X/R ratio, or can 
be used to apply a profile with different virtual grid voltages and impedances. In doing so, also fault 
ride-through (FRT) events for grid compliance testing according to standards, like the IEC 61400-
21-4 [IEC22] can be emulated. More information on the pHiL can be found in [HAN22], where we 
discussed what limitations could be caused by physical test bench components and how to optimize 
them. In the end, it was shown that the behavior of the wind turbine on the test bench is practically 
equivalent to the behavior in the free field in terms of the electrical properties to be investigated. 
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6 Test Results 

In this section, some experimental results from the last measurement campaigns are presented to 
verify the functionality of the HiL-Grid-CoP test rig and the implemented HiL architecture. Since it 
has already been demonstrated in [HAN22] that the electrical behavior of the wind turbine on the 
test bench is practically equivalent to the behavior in the free field, the mechanical properties will 
be discussed in more detail below. 

During the validation of the emulated mechanical wind turbine characteristics at test bench level it 
is crucial to assess reference tracking and disturbance rejection properties of the closed-loop 
controller. This can be checked for example during FRTs, that, due to their inherent nature, 
represent a kind of worst-case scenarios in which the mHiL controller must work. Figure 109 
illustrates such a validation by means of the speed and torque signals for the tested DFIG DUT 
during a symmetrical under voltage ride-through (UVRT) test with 20% residual voltage from the 
nominal voltage. 

Figure 109: Reference tracking and disturbance rejection capabilities of mHiL controller 

In addition to the shown performance of the mHiL control, Figure 110 depicts the behavior of the 
tested turbine during an exemplary symmetrical UVRT event with 50% and 20% residual voltage, 
respectively. From an electrical point of view, the grid emulator responds perceptibly to the current 
fed in by the DUT. Moreover, as can clearly be observed from the measured currents and voltages 
during the fault or after fault clearance, the typical oscillating torsional behavior of wind turbines with 
DFIGs are reproduced by the test bench. In this context, Figure 110(b) shows the corresponding 
torsional characteristics of the wind turbine. Hereby, the well-known mechanical effect during 
UVRTs is noticeable, namely the excitation of the wind turbine system eigenfrequencies in the 
sudden absence of the generator counter torque. Finally, it is clear to see how the above-mentioned 
system modes are accurately replicated with the selected control framework at the test bench level. 

7 Conclusion 

In addition to the discussion from [HAN22] on the optimization of the components for emulating a 
virtual grid on the HiL-Grid-CoP test bench, this paper focused more on the implemented mHiL 
structure. In this context, a summary of the main components and their functionality was given. It 
was explained in principle how the wind turbine model in MoWiT is constructed and how it is 
connected to the automation system as well as to the actual HiL control system. 
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(a) Electrical measurements of positive- (solid) and negative- (dashed) sequence 
components of medium voltage quantities 

(b) Mechanical measurements of HSS torque, speed, and power 

Figure 110: Overview of electrical (a) and mechanical (b) measurements during a 50% and 
20% UVRT on the test bench 

 

In the paper, special attention was paid to the modifications in MoWiT to enable real-time simulations 
as well as the mHiL control structure adopted to guarantee the closed-loop stability and fulfill goals 
like disturbance rejection and reference tracking. Furthermore, it has been demonstrated at 
empirical level, how the synergy of pHiL and mHiL is able to reproduce the typical dynamics of wind 
turbines that are equipped with high-speed generators during grid events on test bench level, finally 
enabling accelerated testing of minimal wind turbine systems. 
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Abstract: Rolling bearings can fail due to White Etching Crack (WECs) before reaching their 
calculated rating life, if so-called additional loads, like electrical currents or very high friction energy, 
are applied on the bearing beside the Hertzian rolling contact stresses. The WEC-critical operating 
conditions often do not occur over the whole operating period. Sometimes they are recognized and 
largely mitigated. Under these circumstances, it is unclear whether the bearings are then already 
irreversibly damaged and will finally fail. To clarify the pre-damage due to additional loads, WEC 
bearing tests on different WEC test stages with varied impact time of the additional load were made 
and will be presented. The results are used to divide the entire WEC formation process into a 
damage phase, in which the additional load is present and a subsequent fatigue phase, in which 
the additional load is no longer essential. It could be shown that the higher the product of additional 
and main load the shorter the WEC damage phase. Detectable WECs occurred relatively late in the 
fatigue phase and therefore cannot be used as indicator of an irreversible pre-damage. Although no 
WECs are detectable, the bearing may still be irreversibly pre-damaged. 

1 Introduction 

White Etching Crack (WEC), also known as Brittle Flaking, irregular White Etching Area, White 
Etching Matter or White Structure Flaking is a special kind of sub-surface bearing fatigue failure. 
Rings and rolling elements of all rolling bearing types [LOO17], independently of the type of 
lubrication (oil or grease lubrication) [LOO16] and heat treatment (through or case hardened) 
[BLA17] can be affected.  

 

Figure 111: State-of-the-art and subjects of research regarding WEC - formation 
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Up to now, the WEC root cause is not fully understood. Currently, researchers are debating about 
the metal physical processes (stress-induced carbon diffusion, localized plastic deformation, 
recrystallization, cracking) and the question: “Does the crack (e.g. [OOI17]) or the WEA (e.g. 
[OEZ18]) form first?” 

A lot of tests with hydrogen pre-charged bearings proved that an increased hydrogen content can 
initiate WEC failures [VEG10, OEZ18]. On the other hand, it was shown that atomic hydrogen is 
generated by high rolling contact friction or electric currents leading to an increased hydrogen 
concentration in the bearing components [HAN16, GEG18]. The hydrogen generation due to certain 
types of corrosion especially in the presence of water and a direct current voltage is also well-known. 
Therefore, the “hydrogen WEC-path” shown in Figure 111 gives a possible explanation why WECs 
are often observed in applications with high friction energy corrosion risk or electric current passage.  

The tests with pre-charged bearings indicate that a hydrogen weakening of the bearing steel at the 
beginning of the operating could be a sufficient WEC-trigger. Therefore, the following questions, 
which should be answered as well as possible in this paper, arise: 

• What is the minimum impact time of the WEC - trigger sufficient for later WEC formation? 

• Can a very short WEC-critical event lead to a WEC failure during later bearing operation? 

• Are WEAs visible as soon as the minimum required impact time is reached? 

2 Test result 

2.1 FE8-WEC-test 

The oil formulation is decisive for the WEC life in typical FE8 - “pittingtests” at mixed friction (VW 
pitting test, ZF pitting test, FVA707 test, Schaeffler FE8-25 and FE8-32). WEC failure only occurs 
with a critical one [FRA20]. Seyfert [SEY17] and Haque [HAQ18] performed oil change tests with a 
critical and an uncritical oil formulation regarding the FE8-WEC-test (see Figure 112). Seyfert 
showed, if the critical oil (“Low-Ref”) acts 30% of the WEC failure time the bearing will fail 
independent on the used oil after that time. In the tests conducted by Haque even 20% of the WEC 
life (20 h) was sufficient in contrast to 10% (10 h), where no bearing failed despite 6 times the test 
time. Therefore, irreversible damage occurs in the FE8 test if the WEC-trigger (“critical oil 
formulation”) acts about 15% of the failure time.  

 

Figure 112: WEC life in oil change tests on the FE8 test rig (left [SEY17], right [HAQ18]) 

A running in with a non-critical WEC oil did not cause a positive effect, the WEC life did not increase 
beyond the run-in period in both works. The "WEC clock" seems to start running as soon as the 
critical condition has acted long enough.  
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To clarify when do the first WECs appear, a FE8 test run was stopped before noise signal increased 
significantly (see Figure 113). At 80% failure time, only a few relatively short WECs were found in 
the washers. At 100% failure time pittings, “bubbles” and many WECs (ultrasonic scan) could be 
found in the washers of the axial thrust bearing. This approach was repeated at further FE8 tests. 
They confirmed that WECs appear in the FE8 after about 80% of the failure time. These results 
match the WEC investigations of Guzmann [GUZ20] also on the FE8 test rig. He performed 
ultrasonic combined with microstructure examinations after a runtime of 30 h, 40 h, 60 h, 70 h and 
90 h (bearing damage). First WECs occurred after 70 h (77% of failure time). Therefore, a long 
phase between pre-damage (irreversible and invisible, after e.g. 15% of the total time to failure) and 
appearance of first WECs (after about 80% of the total time to failure) is possible. 

 

Figure 113: Measurements records of a FE8-WEC test (same condition but stopped at different time) 
and additional FE8-tests stopped before WEC failure (right in the figure) 

2.2 Ball bearing WEC test with electrostatic current (BSRA) 

An electrical current can also cause early WEC failure (see Figure 114). All ball bearings (modified 
type 6203) failed after less than 30 h if a small direct current (40 – 65 µA), typical for electrostatic 
charges, is applied during the whole test time. If this current flows for at least 4 h (40%), the bearing 
will fail with WECs on the inner ring. However, the total WEC life increased due to the reducing of 
the current impact time in contrast to the FE8 test with the oil formulation as trigger. Therefore, the 
current as WEC trigger accelerates the damage over the entire fatigue phase. 

 

Figure 114: Impact time influence on the WEC life in the BSRA test (small DC current as trigger) 
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2.3 WEC tests with high friction and high load 

A very high friction can also be a WEC trigger. In the R4G test with cylindrical roller bearings (type 
NU222) such a friction is caused by very high churning losses due to the combination of a high oil 
flow rate, a high oil viscosity and a high-speed parameter (n*dm). The affected material element at 
the outer ring is exposed to a high rolling element slip (friction as WEC-trigger) and a high Hertzian 
pressure (main load) due to operation with alternating load (F = 6 kN for 30 min, F = 90 kN for 
30 min). A very short impact time of the low load as WEC-trigger leads at least to a strong increase 
of the WEC life. An impact time of 16 h (corresponding to 1.4% of the total WEC life was required 
for a WEC failure in this test (see Figure 115). However, only 1 of 4 bearings failed and the WEC life 
increased strongly in contrast to the FE8 but similar to the BSRA test. 

 

Figure 115: Impact time influence at the R4G test 

The combination of high friction and high load can also occur simultaneously and lead to WEC 
damage [LOO20]. In spherical roller bearings, friction energy increases with the load due to 
differential slip. Especially if the load direction does not match the bearing type, very high friction 
and WEC load values can be achieved. Then a huge Hertzian pressure of 3800 N/mm² can cause 
very high frictional WEC load much greater than in the R4G test (see [LOO20]). In this case, a 
damage phase lasting only about 10 min can be sufficient, so that the bearing of the type 23024 
subsequently failed after 570 h at medium load with WEC. 

3 Model and root cause hypothesis 

The presented test results can be explained by the hydrogen root cause theory connected with 
operational strength considerations. The WEC trigger (e.g. electrical current) causes a hydrogen 
uptake of the bearing raceway and a diffusion beneath the surface. Therefore, the weakening of the 
material (HELP, HEDE) connected with the hydrogen concentration is like the Hertzian stresses 
among others depth dependent (see Figure 116). A WEC damage occurs if the combination of 
hydrogen (additional load) and Hertzian stresses (main load) exceeds a critical value.  
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Figure 116: WEC operational strength model 

Consequently, the position of the Woehler line depends on the additional load. Furthermore, a WEC 
damage only occurs, when the Hertzian pressure is greater than the WEC fatigue strength 
depending on the additional load (see Figure 116). Moreover, it takes some time for such an 
irreversible damage to occur. The greater the product of additional and main load the shorter the 
time needed for an irreversible pre-damage to the microstructure.  

The presented results indicate a division of the WEC mechanism into two phases (see Figure 117). 
A damage phase in which an irreversible damage of the microstructure happens. In this phase the 
WEC trigger must act a certain time. There is a severe plastic deformation beneath the surface or 
a microcrack formation according to the two current root cause theories. In the following “fatigue 
phase”, the WEC trigger is not needed, only the Hertzian pressure as rolling contact fatigue load. In 
the fatigue phase the damage is growing. Visible white etching areas and macrocracks form very 
lately in the fatigue phase. For example, in the FE8-WEC test the fatigue phase starts at about 15% 
of the failure time and the WECs could not be detected until about 80% of the failure time. Therefore, 
detectable WECs cannot be used as an indicator of an irreversible pre-damage. 

 

Figure 117: Time course of the WEC formation (hypotheses) 

4 Conclusion 

Investigations at different WEC test rigs were conducted to answer the following questions: 

• What is the minimum impact time of the WEC - trigger sufficient for later WEC formation? 
For this purpose, the entire WEC formation process was divided into a damage phase, in which 
the additional load is present and a subsequent fatigue phase, in which the additional load is no 
longer essential. It could be shown that the greater the product of additional and main load, the 
shorter the WEC damage phase. At extremely high additional and main loads, the damage 
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phase resp. required impact time in the WEC test was about 10 minutes, while it was usually in 
the range of several hours. 

• Can a very short WEC-critical event lead to a WEC failure during later bearing operation? 
A very short event (well under 10 minutes) cannot lead to a WEC failure according to the 
conducted WEC tests. 

• Are WEAs visible as soon as the minimum required impact time is reached? 
FE8-WEC-tests have shown that a long phase between irreversible and invisible pre-damage 
(after about 15% of the total time to failure) and appearance of first WECs (after about 80% of 
the total time to failure) is possible. Consequently, detectable WECs can occur relatively late in 
the fatigue phase and therefore cannot be used as indicator of an irreversible pre-damage. 
Although no WECs are detectable, the bearing may still be irreversibly pre-damaged. 
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Abstract: In an early design state often fundamental design decisions need to be taken. As Torque 
Density Increases (TDI) and cost are very strongly related to the gearbox or drive train concept, a 
first prediction can already be done quite well with analytical tools. However, for new multi-planet 
gear concepts, the torque density of gears has more than doubled within the last decade. On the 
other hand, it means, that by keeping the same strength limits, the material usage grade has doubled 
as well: more material is active in transforming torque and rotation speed. The relative loading 
increases and thus the relative deformation of components, sub-systems and system get more into 
focus. To answer questions on reliability, numerical structural mechanical digital twins (SDT) up to 
full system level are used for identifying and eliminating potential risks and to optimize the working 
performance of gears and bearings over the total torque range. In the given paper, the status of 
today's simulation technologies and their capabilities are shown and an outlook on future 
developments is given. 

1 Introduction 

There is a strong pull to bigger turbines for the onshore and offshore market in wind industry. 
Compared to other industries, durability tests on full-scale level are extremely costly and time-
consuming. From a high-level point of view the robustness of a mechanical system can be described 
by comparing the operating stress - as a product of geometry and loading - with the local material 
strength over a damage hypothesis. The strength assessment approaches of the classic machine 
elements are often empiric or semi-empiric. Increasing torque density and using new (high 
performance) materials is very costly and time consuming. Looking to the latest achievements in 
TDI measures for gearboxes the significant improvements are based on design concept related 
innovations. One of the major innovations is the shift from a classic 2 planetary stage (2P) to 3 
planetary stage (3P) design. The 3P design optimizes the force/moment flow within the gearbox and 
thereby utilizes more material. This higher material utilization rate leads to a higher system flexibility, 
which in the end creates new challenges. 

Another change in the last decade is the enormous increase in computation power performance. 
The biggest step came with the market entrance of 64bit computer architectures. Calculations which 
took multiple days 15 years back, can be managed now within minutes. This change can be seen 
as one of the most important enablers for numerical digital twins since several hundred calculations 
can be done on full system models to capture local effects on detail level. 

However, the search for a global optimum over different domains - like cost, NVH, connections, 
bearings, gears, structures, and design-is an exploration in a n-dimensional solution space which 
requires thousands or even millions of calculations. To enable this optimization the numerical digital 
twins are approximated by mathematic surrogate models that have a computation time of less than 
a second. 
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In the following paragraphs more details on modelling types of digital twins, their maturity levels and 
on surrogate models are given. Next to this, an agile V-Model approach and a brief introduction to 
a Systems Engineering environment is given as well. 

2 Probabilistic Design 

In the design process of a wind turbine, the strength of the system is tailored to handle stresses 
acting on that system during its lifetime.  

Wind loads, that are highly variable by nature, are the main source of stress acting on a wind 
turbine. As a result, a high level of uncertainty exists on what actual stresses, misalignments, and 
parasitic forces will act on a wind turbine and its components. 

The actual strength of a build system is also subjected to uncertainty since it depends, besides 
many more factors, on material quality, heat treatment and surface roughness. 

Figure 118: Big picture on Robustness/Reliability 

Probabilistic design explicitly takes these risks/uncertainties into consideration during the technical 
design process. A better understanding about the variability in the system gives insights how to 
reduce variability and by doing so, increases reliability or enables a more torque dense design 
while keeping reliability on the same level. 

 

To understand and reduce the variability of the “influence factors on stress”, structural digital twins 
(SDT) are used. 

  



CWD 2023 

158 

3 Structural Digital Twins 

In recent years the relative loading of wind turbines has increased and as a result, components 
(e.g., bearings and gears) are operating in a more flexible environment.  

Evaluating components individually with too rigid boundary conditions is therefore becoming less 
accurate. Numerical SDT are used to evaluate these components within a flexible environment. The 
increase in computation power enables running numerous calculations even for computation 
expensive numeric system models. 

However, exploring an n-dimensional solution space requires running thousands or even millions of 
calculations. To do so a surrogate model is created based on the response of a limited, intelligent 
chosen set of data points, calculated in the numeric system model. This mathematic model predicts 
the behavior of the simulation model as close as possible and enables to run a huge number of 
calculations. 

Both, the numeric and the surrogate (mathematical) model, are used to define the structural digital 
twin of a system. 

3.1 Numerical structural digital twin 

To understand how components interact, deform and are loaded within their flexible boundary 
conditions, numeric structural system models are used.  

Numeric system models can be utilized to evaluate different aspects, starting from assessing single 
components (e.g., gear load distribution) up to evaluating how a test rig environment compares to 
the actual application of the powertrain within a nacelle. Figure 2 exemplary illustrates different 
stages of digital twins over the design process. The scope of the system model can range from only 
a sub model up to a full system model. 

Figure 119: Type of system-models over the design process. 

 

System models of any scope come in different “maturity levels”. These levels are required as the 
design process moves from concept to detailed design. During concept phase, “maturity level 1” 
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system models, like 2 DOF NVH models or cyclic symmetric SDT, are used to identify feasible 
optimal design concepts. “Maturity level 2” system models, like 6 DOF SDT, are used to further 
detail a chosen design concept to an 80% design. Finally, the last details are finetuned with “maturity 
level 3” system models to reach a 100% design. 

Figure 120: Maturity levels over the design progress 

3.2 Surrogate model 

Designing an optimized wind turbine requires answering an n-dimensional question about NVH, 
TDI, robustness, castability and manufacturability. To navigate through the parameter jungle, 
numerical-empirical-statistical information models can be used.  

Figure 121: Numeric empiric statistic information model approach 

To learn and understand the behaviour of the system model one or more variables are changed to 
observe the effect of these changes on one or more response variables. These experiments are 
efficiently planned by using an empiric model such that the data obtained can be analysed to come 
to valid and objective conclusions. A statistical model is fit to the obtained data to create a surrogate 
model. The quality of this model is accessed by using R² values.  
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The surrogate model has a very fast calculation time enabling to explore the optimization landscape 
more efficiently than with the classic approach.  

 

Figure 122: Classic and surrogate approach 

 

4 Design Process 

The overall process to come to a final product invokes multiple domains and runs through different 
maturity phases. Having a lean and effective process is key for minimizing time to market. This in 
turn requires a well understood process as well as a suitable environment for its implementation. 

4.1 V-Model 

To translate design objectives, like meeting customer specifications, increased torque density and 
decreased costs, into a final design, a V-model approach is used. 

Figure 123: V-Model approach for a mechanical system 
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The V-model has two phases: a “development/implementation” phase followed by an “integration/ 
validation” phase. The former starts with a system level scope followed by a component/sub-system 
level and finally moves onto detail level. The “integration/ validation” follows the reverse path starting 
at detailed level and ending at system level. 

Multiple domains need to be considered in the development: design, structures, gears, plain 
bearings, roller bearings, connections and NVH. 

Figure 124: V-model in waterfall context. 

 

Strictly following a joined waterfall V-model approach for all domains is not optimal since it implies 
a rigid drop to the next level for all (or most) domains at the same time. Nowadays, data used within 
one domain is interlinked with other domains, making a united move towards the next detail level 
impossible.  
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Figure 125: Out of phase V-models in agile context. 

 

Instead, a hybrid and more agile approach is used where V-models for different domains act 
independently and use the information provided so far, even if other domains still operate on a 
higher level and therefor deliver less mature data. It mainly resembles a system level scoped model 
where different domains can branch out to a sub-level, looping back the information to the system 
level and thereby making the information available to other domains. Each domains runs a V-model 
independently to others, and it can run that process multiple times. 

4.2 Data flow management for SDT 

The shown models require multiple parameters inputs, especially because they operate on a system 
level and include numerous components. Acquiring data is an expensive and tedious process and 
keeping this data always up to date requires a lot of effort. A centralized data management is key 
to speed up development times and maintain data integrity throughout various models, including 
those models which focus on an isolated component. The data must represent the complete 
powertrain with all its components and relations to be capable of storing any kind of parametric 
information. It also needs to be compliant with the structural information at any time, thereby 
interlinking with the CAD domain. Thus, we come to a single source of truth for simulation related 
tasks and a central access point for powertrain information. The solution currently developed follows 
a platform perspective, being able to manage the data of multiple variants of a powertrain / turbine. 

The data backbone acts as an enabler for any kind of potential automation by also providing a 
standardized data exchange format, which is essential for any kind of automation. Automation may 
be realized on multiple levels, starting with the reduction of maintenance work for updating already 
included model parameters up to a fully automated process or simulation. By means of a 
standardized data exchange format a flexible platform can be created to easily integrate any 
software tool that is needed in the automated calculation flow. This requires corresponding 
translators, to convert output data from one tool to input data for the next tool. 
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In view of product certification, it is important to keep track of the simulation history. Therefore, 
simulation input and output must be managed centrally as well, including versioning and more 
important, linking the simulation data to the relevant data twin. 

On the long term, the framework can help to reduce development time even more by adding 
surrogate models. Using predictions from such models during the design loop, will decrease the 
time to product significantly, since idle time during lengthy simulations can be avoided.  

5 Summary 

Structural Digital Twins are essential to understand the complex system behavior, i.e., they can 
reveal system sensitivities and optimization potential. Therefore, they need to be incorporated in an 
early design phase. To speed up the exploration of the design space, computationally expensive 
physical models are replaced by surrogate models that require less computation resources. This 
enables to investigating system influences with a minimum amount of effort allowing    for scatter to 
be reduced starting from low designs maturity levels. This applies for load investigations but also 
for an early prediction of NVH behavior. Results of surrogate models can reveal uncertainties which 
can be further analyzed. To speed up the development time and ensure data integrity of SDT a 
systems engineering environment is needed, it also prepares the process to be ready for AI 
supported design. 
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Abstract: The development of gearboxes for wind turbines is more and more driven by load density, 
new drivetrain concepts and acoustic limits. The need to build a lightweight and still highly reliable 
gearbox raises new questions and higher requirements to the dimensioning and calculation of the 
gearbox components. To answer these questions, new cutting-edge simulation methods must be 
applied. 

The most important simulation methods are the finite element analysis (FEA) and the multi body 
simulation (MBS) for static and dynamic questions. The topics that are covered by these methods 
become more and more complex. On the one hand this leads to very specialized simulation models 
that make use of top-level features of the respective simulation methods. On the other hand, there 
are also topics that require the advantages of both methods, leading to growing intersections 
between FEA and MBS. 

Today questions like load sharing and load distribution can be answered by both methods. This 
leads to growing intersections between both simulation approaches. In future there maybe is  
something like a meta model that allows combined and platform independent FEA and MBS 
simulation. 

1 Introduction 

Supplying wind gear boxes with higher load density is one of the keys to remain a competitive 
position in the branch by saving costs and material input. 

 

Figure 126: comparison of old and new gearbox designs 
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Transforming old gearbox designs into new concepts with higher integration level, higher utilization 
grade leads to lighter structural components and new challenges arise like ensuring reliability under 
lower stiffness conditions. 

The interaction of the gearbox with the drivetrain components must be investigated. Sensitivities 
like displacement loads due to non-torque loads (NTL), production tolerances cannot be neglected 
to achieve a proofed and robust gearbox design. 

A change of simulation focus from component simulation to system simulation is detectable.  

 

Figure 127: overlapping simulation focus 

While performing system simulation there are some challenges that will only be analyzed with one 
specific simulation method. For example, all topics in regards of strength assessment will only be 
covered by FEA simulations. Due to the extended view on the system also more and more advanced 
simulation approaches are necessary. One example here is the wear robustness that is done in 
FEA. 

Comparable to the past the MBS deals with vibration analysis. Here models got improved a lot from 
having only one degree of freedom (DOF) to having six DOF models with flexible bodies and 
nonlinearities included. Also, here further simulations like system dynamics are mandatory. 

While the simulation focuses increased, a new field of overlapping tasks emerges that can be 
analyzed by both simulation methods, FEA and MBS. Some challenges to deal with are the 
interfaces between gearbox and other components of the drivetrain or relative displacements and 
deformations of subsystems. The topic this presentation deals with is the derivation of local 
component loads, which can be analyzed for all types of machine elements. When focusing on the 
gears the load sharing and load distribution are crucial for a robust design. 
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2 Main section 

There is more than one way to derive load distribution and load sharing within a gearbox. On the 
one hand there are the FEA and MBS simulation approaches like already mentioned. Of course, 
these methods need to be validated with measurement results. 

 

Figure 128: overview of K-factor determination via simulation and measurement 

 

It is very important to know which modelling details need to be included to cover the effects of 
interest. According to this it is not enough to model the tooth mesh alone. Flexibility of the structural 
components needs to be considered and connection elements need to be implemented into the 
model. All machine elements need a precise description that will also have a reasonable tradeoff 
between accuracy and simulation time. Figure Figure 129 shows all features of the models. For 
example, it is important to introduce the journal bearing profile and clearance to achieve good results 
in regards of load distribution in the gear mesh and load sharing in the planetary stage. Furthermore, 
nonlinearities cannot be neglected. 

 

Figure 129: Advanced modeling features of FEA and MBS 
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The Validation of FEA and MBS simulation models was achieved by measurements on a system 

test rig under pure torque and NTL conditions. In Figure 130 K results of a non-torque load case 
are shown. One planet carrier rotation is considered in the diagram. Due to the force flow and 
flexibility of the main bearing unit there are two peaks within a double sine over one planet carrier 
rotation. 

The FEA results fit perfectly to the measurement data. But as we perform a static FEA, only one 
discrete point per planet can be declared for the low-speed stage (LSS). 

Within the multi body simulation there are three different evolutions of modelling approaches 
applied. The first approach is using rigid gears, the second approach is using flexible gears and the 
third approach is using flexible gears combined with flexible main bearings (ovalisation is enabled). 
The comparison to the measurement results shows, that the third approach with the most advanced 
features needs to be applied to get plausible results. 

 

Figure 130: Comparison simulated and measured of load sharing 

 

In the next Figure the load sharing for pure torque load case vs. NTL is compared. Due to stiffness 
optimization during the design process the sensitivity of bending loads could be minimized. NTL 

conditions increase the K factor by only 3%. This means the gearbox design is very robust towards 
bending loads. 

     

Figure 131: Load sharing under different load conditions 
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Besides the load sharing in the planetary stage also the load distribution in the gear mesh is very 
important for a robust design. Figure 132 shows an exemplary load distribution over the gear width 
at 3’clock position (90°). The measurements are once again done on a system test rig under pure 
torque (left diagram) and under NTL (right diagram) conditions. When comparing the measurements 
to the simulation methods it is clearly visible that they are matching very well. This indicates that all 
physical effects influencing the load distribution are covered by the modelling features. By applying 
NTL the load distribution changes on this exemplary position. It was selected because the influences 
of the NTL can be visualized best here. In comparison to the pure torque load case the centre of 
load increases at the rotor side. Most important is that this change also is visible in both simulation 
methods and that these simulation methods still fit well to the measurements also under NTL 
conditions. 

 

Figure 132: Comparison of load distribution for pure torque and NTL condition 

To observe the effect of all entire NTL conditions the number of diagrams would be quite high. 
Therefore Figure 133 shows the envelopes of the load distribution in a FEA simulation for all planet 
carrier positions in the LSS. Again, the left diagram shows the pure torque load case, whereas the 
right diagram shows the envelope of load distribution for all NTL according to specification.  

On a first view there is not a big change on the load distribution. A robust design is ensured because 
the dependency of the load distribution on planet carrier position is low and external NTL acting on 
the gearbox do not have a significant effect, as well. Applying bending loads on the gearbox leads 
to a minor spreading pattern higher marked at rotor side, which is not the critical side. On the 
generator side the NTL conditions will only have minor influences on the highest peak visible in the 
gear mesh. This is another indicator for a robust design. 
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Figure 133: Comparison of load distribution for pure torque and NTL condition (FEA) 

3 Summary/ Conclusion 

As the torque density of gearboxes for wind turbines increase year by year and new drivetrain 
concepts and acoustic limits more and more get into the focus, new challenges evolve while 
designing a robust gearbox. It is mandatory to use cutting edge simulations to face these challenges.  

 

Figure 134: simulation aided development process 

 

Focusing on further development of the simulation methods FEA and MBS with increasing 
challenges and more and more intersections, one possible future could be the complete merge of 
FEA and MBS to a meta model. This meta model can be used for both, FEA and MBS simulations 
and also in other fields, always basing on a common parameter set description. 

To gain this future vision, a shared vision on standard interfaces is needed, as well. Especially when 
working together with different companies on one project it is very important to decrease obstacles 
between each other and solve challenges together. 

 

 

Figure 135: prediction of future simulation approaches   

In the last years there was a development of integrated drivetrain to further increase torque density 
and utilization grade. Now is the time to transfer this idea of integration into the simulation tools.  
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Abstract: Many failures of wind turbines are due to drive failures caused by pitting. Each failure can 
be associated with high repair costs and time-consuming repair work. This particularly applies to 
offshore facilities. For these reasons, increasing the remaining useful life of wind power drives is 
essential to leave a minimal ecological footprint by simultaneously increasing power output. Pitting 
damage occurs first on the weakest tooth. Artificial Intelligence is used to apply a local load reduction 
to a pre-damaged tooth and delay degradation. The other intact teeth compensate for the load 
reduction in order to achieve a constant average power. To increase the service life of wind power 
drives and to avoid unexpected failures an adaptive operating strategy can be implemented. With a 
test gearbox the adaptive operating strategy is examined on a test bench. The test gearbox is 
equipped with test gears with varying degrees of pre-damage. The objective of the examinations on 
the test gearbox is to detect pitting damage at the earliest possible stage. The earlier damage is 
detected, the greater the potential for increasing useful life. For detection, multiple high frequency 
acceleration sensors are integrated in the gearbox. Using machine learning approaches, the 
vibration data are analyzed. By means of anomaly detection damage can be identified during 
operation. Using torque control on the test bench, the load on pre-damaged teeth is minimized 
depending on the detected damage. In summary, the findings on the test gearbox will provide 
fundamental knowledge that will enable the implementation of the adaptive operating strategy in 
wind power drives. 

1 Introduction 

Wind energy is an important component of sustainable energy production. Not only in electric power 
generation but also increasingly in the production of green hydrogen. In the vast majority of wind 
power drives, multi-stage gearboxes are used to adjust the speed of the slow-running rotor (rotor 
speed n < 20 rpm). Especially for large, multi-megawatt offshore plants, gearboxes are 
indispensable. Since the gearbox is the central element of wind power drives, its service life is also 
decisive for the service life of the entire wind turbine. Many failures of wind turbines are due to drive 
failures caused by gear pitting. Each failure can be associated with high repair costs and time-
consuming repair work. This particularly applies to offshore facilities. Today, modern wind power 
drives are already equipped with Condition Monitoring Systems (CMS). Various temperatures, the 
oil condition and vibration at different components are monitored. With the inclusion of other 
Supervisory Control and Data Acquisition (SCADA) data, predictive maintenance is already 
possible. In addition, the service life is now to be increased by means of an adaptive operating 
strategy. Increasing the Remaining Useful Life (RUL) of wind power drives is essential to leave a 
minimal ecological footprint by simultaneously increasing power output. 

The objective of this work is to evaluate the feasibility of the implementation of an adaptive operating 
strategy in wind power drives. Based on the early damage detection during operation by integrated 
sensor systems, the adaptive operating strategy can be implemented using Artificial Intelligence 
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(AI). In this work, the damage detection and the control strategy are implemented in a simple test 
gearbox on the test bench. This is the basis for a step-by-step implementation in wind power drives. 

2 Fundamentals 

This chapter presents the adaptive operating strategy and a brief overview of the current state of 
the art of investigations on pitting detection in test gearboxes. 

2.1 Adaptive Operating Strategy 

Pitting damage on gears usually occurs on single or adjacent teeth. As soon as a pitting exceeds a 
size of 4 % in relation to the size of the tooth flank, the gear is considered as failed according to 
DIN 3990-5 [DIN87] resp. ISO 6336-5 [ISO16]. If the gear wheel is hardened, normally only one 
tooth is responsible for the failure of the gear [GRE20a]. An adaptive operating strategy enables to 
extend the RUL without any loss of performance [GRE19a], [GRE19b], [GRE20b]. Due to the 
application of the operating strategy, the pre-damaged teeth are conserved and the other teeth on 
the circumference of the gear, which can withstand a higher load, are loaded more. Thus, the load 
reduction is compensated and there is no power reduction. 

The adaptive operating strategy starts with the detection of a damage during operation. This 
information serves intelligent control of the gearbox via a Prognostics and Health Management 
(PHM) loop. An adapted periodic torque variation is tapped at the gearbox output, while the period 
is matched exactly to one revolution of the gear. The phase position of the variation is then adapted 
to the weakest tooth so that it receives the minimum torque with each meshing. Due to the load 
reduction, the degradation rate (damage progress) is reduced and an increase in RUL is achieved 
(Figure 136). The other teeth on the circumference of the gear are still intact at that time, so they can 
withstand a higher load. Thus, the other teeth on the circumference compensate for the reduction 
at the weakest tooth, and the performance over the circumference remains constant. In sum, the 
strategic damage homogenization over the teeth increase the RUL without reducing the overall 
power of the gearbox and avoiding unexpected failures. 

 

Figure 136: Schematic representation of the adaptive operating strategy [GRE21]  

The theoretical applicability of the adaptive operating strategy is proven in [TEV21], [GRE22]. A 
trained Reinforcement Learning (RL) algorithm has shown that a maximum lifetime extension of 
11,07 % is possible. A simulation with an ideal adaptive operating strategy even provides maximum 
RUL extensions of 38,10 %. [TEV21] 

2.2 Brief Overview of the State of the Art of Investigations on Pitting Detection 

In the literature various approaches to the investigation of pitting detection in gearboxes can be 
found. These differ on the one hand in the type of pitting generation, in the applied sensors and in 
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the methods of sensor data evaluation. Regarding the pitting generation, approaches with artificially 
manufactured pitting as well as with naturally occurring pitting can be found. 

Qu et al. investigated pitting detection in a single-stage gearbox with spur gears. The vibration data 
are measured via a tri-axial accelerometer. The pitting damage is simulated by using Electrical 
Discharge Machine (EDM) to erode gear tooth face. One row of pitting damage is created along the 
tooth width of one tooth. A stacked autoencoder network is used to perform the dictionary learning 
in sparse coding and automatically extract features from the raw vibration data. Then a 
backpropagation neural network is trained with these features to identify pitting damage. [QU17] 

Korka et al. investigated test pinions without damage and with three different pitting stages in a 
single helical gearbox. For this purpose, depending on the pitting stage, different numbers of artificial 
grooves were created on the pinions along the pitch line. For vibration measurements an 
accelerometer was installed on the gearbox housing. It was observed that with the increase of pitting 
damage, the vibration amplitudes at the engagement frequencies and their harmonics are 
increasing too. In addition, a visible detachment of the acceleration variation curves for the pinions 
with pitting was determined. [KOR17] 

Fan et al. developed a gear damage detection and localization approach by analyzing the vibration 
signal of an individual tooth and Support Vector Machines (SVM). The pitting damage were not 
artificially applied, but occurred in a cyclic fatigue experiment under different loads. The dispersion 
degree and vibration accelerations of the waveform of an individual gear tooth were studied to 
investigate the characteristics of gear tooth under normal, small failure (< 5 % damaged tooth area) 
and serious failure (> 5 % damaged tooth area) conditions. In contrast to frequency-domain feature 
extraction, time-domain features provided a better classification performance. [FAN17] 

An unsupervised feature extraction method called disentangled tone mining is presented in [QU19]. 
Qu et al. examined pitting fault on the surface of the driven gear in a single-stage spur gearbox. One 
set without pitting and four faulty stages from 4,33 % up to 24,91 % were tested. The pitting faults 
were artificially applied using a drill bit. The disentangled tone mining was able to learn fault level 
directly from the frequency spectra of the measured data of a tri-axial accelerometer. [QU19] 

Median et al. used a Long Short Term Memory (LSTM) network for classifying nine levels of pitting 
in spur gears. This neural network is a deep learning model and attains a good classification 
accuracy during cross-validation, when trained with the 2D feature representation extracted from 
the Acoustic Emission (AE) and vibration signals dataset. The pitting damage on six tooth flanks 
each were artificially created by using EDM. The first investigated pitting size was 4,16 %. [MED19] 

Kundu et al. conducted five accelerated life tests, in which pitting damage occurred. Based on the 
residual vibration signal a correlation coefficient parameter is used for detecting the pitting 
progression in the spur gears. Based on that an ensemble decision tree–based random forest 
regression methodology for RUL prediction is presented. [KUN20] 

Grzeszkowski et al. indicated that the image acquisition of increasing pitting damage during a test 
run is of great benefit for providing evidence of selected features. The results also demonstrated 
that the pitting progress less than 1 % on a single tooth can be detected by using acceleration and 
AE sensors and a SVM as a classifier. [GRZ20] 

It is shown that pitting detection is part of research in many places. However, the attention is often 
focused on the detection of already very large pitting. Furthermore, damage detection is used only 
in the context of CMS, not for any torque control based on it to increase the RUL. 
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3 Materials and Methods/ Experimental Approach 

An electric load test bench is used for the experiments with the test gearbox. They are both equipped 
with various sensors for data acquisition during the test runs. The test gears are manufactured with 
artificial pitting damage. 

3.1 Test Bench 

The test bench is set up as an inline concept (2 motor concept). An electric drive motor loads the 
transmission input side and a second electric motor loads the transmission output side. The input 
and output units are identical permanent magnet synchronous motors with a maximum power output 
of Pmax = 44.3 kW. The maximum torque is Tmax = 235 Nm with an overload torque Tmax,ol = 350 Nm. 
The inertia moments of the electric motors I = 0.0232 kgm2 enable highly dynamic control of speed 
and torque at a maximum speed of nmax = 2,200 rpm. Figure 137 shows the setup of the test bench. 

 

Figure 137: Test bench for drivetrain and gearbox examinations 

The input and the output sides of the test bench are designed identically. The electric motor is 
connected to the torque measuring shaft by a coupling. The torque is measured on an intermediate 
shaft with bearings. It is followed by speed and angular position measurement using an incremental 
encoder. The test gearbox is modular interchangeable for different applications. It is connected to 
the intermediate shafts by couplings on the input and on the output side. 

3.2 Test Gearbox 

The test gearbox for the current investigations is designed as a single-stage spur gear unit. 
Figure 138 shows the structure of the gearbox. 

 

Figure 138: Test gearbox in exploded view 
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The aim of the test gearbox development was to enable the quick change of the test gearing. The 
gearbox housing can remain permanently mounted on the test rig. Only the bearing cover is 
removed to the front. The gears are mounted on the shaft with keyed joint and axially secured with 
a grooved nut. The bearing arrangement of the shafts is designed as a locating/non-locating bearing 
arrangement. The shaft diameters of the gear seat are identical on the input and output sides. The 
gears can therefore also be interchanged for transmission to the slow. The aluminum housing of the 
test gearbox is milled from one piece. This ensures high rigidity and compliance with tight tolerances 
in tooth contact. The vibrations sensors (see chapter 3.3) are mounted on the outside of the housing. 
In addition to that, a measuring system for torsional vibration is installed directly on the shaft. Its 
signals are transmitted via a telemetry system. 

3.3 Test Gears and Sensors 

A pair of spur gears with a gear ratio i = 25/36 = 0.69 is used in the test gearbox. The data of the 
test gearing are summarized in Table 3. 

 pinion gear 

Module m /mm 2 

Number of teeth z 25 36 

Teeth width b /mm 20 

Addendum circle diameter da /mm 54-0.1 76-0.1 

Pitch circle diameter d /mm 50 72 

Material Steel: 16MnCr5, case hardened HRC 58± 2 

Tooth flank surface Ground, Tooth quality DIN 3967 [DIN78] 7e25 

Pressure angle /° 20 

Center distance /mm 61 
 

Table 3: Technical data of the test gears 

To have constant boundary conditions FVA reference oil No. 3 [FVA85] is used to lubricate the tooth 
contact. All tests are carried out at room temperature and the oil sump temperature is measured 
during the test run with a Pt100 temperature sensor. The test duration is only a few seconds. An 
influence on the test results by wear or running-in effects can therefore be excluded. 

According to the current state of the art, mainly vibration sensors are used for direct detection of 
gear damage. Therefore, several of these sensors are used and compared during the tests with the 
test gearbox. Table 4 shows the sensors in comparison. 

 DYTRAN 3056D5 Brüel & Kjæer 4504 A Sonotec T20 

Axis 1 3 1 

Max frequency /Hz 10,000 9,000 100,000 

Sensitivity /mV/ms-2 1 20 1,5 
 

Table 4: Vibration sensor types  

In addition to simple single-axis vibration sensors, a tri-axial sensor is also used, which can detect 
vibrations in three directions simultaneously. For vibration in high frequency ranges, an ultrasonic 
sensor with a measuring range up to 100 kHz is also used. 
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3.4 Test Conditions 

The test runs are carried out at different speeds, different torque and with different pitting sizes. With 
an area of the tooth flank of approx. 80 mm2, a 4 % pitting results in a pitting diameter of 2 mm. 
Since the implementation of the adaptive operating strategy requires an early detection of damage 
in order to avoid failure, the tests are also carried out with significantly smaller pitting. The pitting 
damage is applied with a numerically controlled milling machine. A suitable radius milling cutter with 
a head diameter of 2 mm is used. Different milling programs can be used to create pitting damage 
of any shape and size. The pitting is positioned below the pitch circle. 

For the test runs, the maximum torque is limited by the dimensioning of the test gearbox. The 
maximum input torque is limited to Tin,max = 69 Nm, resulting in a maximum output Torque of 
Tout,max = 100 Nm. The maximum speed is limited by the electric motors of the test bench. The 
maximum input speed is limited to nin,max = 2,200 rpm, resulting in a maximum output speed of 
nout,max = 1,528 rpm. 

In the first step, the damage detection is evaluated on the test rig with different stages of pitting 
damage and different load and speed levels. In the second step, the load on a damaged tooth is 
specifically reduced by means of an adapted torque variation. 

4 Evaluation of Vibration Data 

The vibration data is evaluated in an AI model using anomaly detection to identify the start of 
damage as soon as possible. This offers the basis for the second AI model, which provides the 
application of the adaptive operating strategy. This procedure is shown in Figure 140. Two 
approaches were investigated in the implementation of the first AI model. 

 

Figure 139: Use of Artificial Intelligence in drivetrain applications 

First, an unsupervised model was designed. It reconstructs the frequency spectrum data in a 
minimum of independent variables. These variables are reduced by dimensionality reduction to a 
few variables, which are able to indicate damage in the gearbox. The learned features are a 
combination of the original features (the frequencies), as in a regression. However, the use of a 
deep neural network allows these combinations to be much more complex, as in classical linear 
regression. 

The developed supervised model must first be trained using a training data set with labeled data. 
These data were recorded during test bench trials. The supervised model then attempts to predict 
the state of the gearbox based on previous experience data in the form of Mel Frequency Cepstral 
Coefficients and their states. Thus, features are learned here as well. However, these are based on 
the temporal context of the previously learned frequencies of the training data set. 
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As long as no damage is detected, normal operation of the gearbox continues. As soon as damage 
is detected by the first AI model, the second AI model is applied. The adaptive operation strategy 
for lifetime increase depends on many parameters. First, the selected start of the operation strategy 
is relevant. Here two opposite effects exist. An early start of the operating strategy, thus early relief 
of the weakest tooth, leads to a large increase in the RUL of this tooth. At the same time, the 
remaining teeth are stressed for a long time with an increased moment, which leads to a significant 
reduction in the RUL of all remaining teeth. However, if the operating strategy is started very late, 
the possible increase in RUL is very limited. In addition to selecting the optimum start of the 
operating strategy, the torque function must also be specified. If a sinusoidal function is selected, 
the amplitude, frequency and phase angle are variable. A step function offers variability in amplitude, 
width, position and number of steps. Both functions offer the possibility to relieve only the weakest 
tooth or several teeth. 

All these input parameters of the adaptive operating strategy are optimized in the second AI model 
using a machine learning approach to obtain the best possible RUL increase. 

5 Summary and Conclusion 

To increase the service life of wind power drives and to avoid unexpected failures an adaptive 
operating strategy can be implemented. With a test gearbox the damage detection is evaluated and 
the adaptive operating strategy is validated on the test bench. 

Figure 140 shows the further procedure. The current state, as presented in this paper, are 
investigations with the simplified single-stage spur gearbox. The next step will be extended 
investigations with a more complex modular multi-stage gearbox with planetary and spur gear 
stages. With this advanced test gearbox, the gear settings of reals wind power drives can be 
reproduced extensively, but on a smaller scale. The sensor concept, the damage detection and the 
control strategy of the small single-stage gearbox will be expanded and revived with the modular 
test gearbox. After the successful implementation in the small-scale gearboxes, there are test runs 
planned with a real wind turbine gearbox. For these test bench investigations, multiple three stage 
675 kW wind power gearboxes are available. These tests are the final step before implementing the 
sensor concept with AI based damage detection and the adaptive operating strategy in a wind 
turbine in operation. 

 

Figure 140: Further procedure for the implementation of Artificial Intelligence based control 
strategies in wind power drives 

In summary, the described findings on the current single-stage test gearbox will provide fundamental 
knowledge that will enable the implementation of the adaptive operating strategy in wind power 
drives. The use of machine learning approaches, for analyzing vibration date is tested and proofed. 
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By means of anomaly detection damage can be identified during operation. And by using torque 
control on the test bench, the load on pre-damaged teeth is minimized depending on the detected 
damage. 
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Abstract: The Wind Business continues to put efforts into reducing the Levelized Cost of Energy 
(LCoE). Predictive Condition Monitoring of wind gearboxes is a major contributor which helps to 
define the profitability of the business case and reduce LCoE.  

Within ZF, the Intelligent Powertrain concept aims to integrate several new functionalities in our 
products, especially our gearboxes, to enable and facilitate Advanced Condition Monitoring. The 
presentation will focus on one of the ZF internal developments, a new approach for Vibration 
Condition Monitoring of journal bearings in planetary gear sets. With this offering ZF contributes to 
proactively reducing the financial risk caused by potential bearing damage.  

1 General 

LCoE is a leading Key Performance Indicator (KPI) for wind farm developers. The direct parameters 
influencing LCoE are Annual Energy Production (AEP), Operational Expenditure (OPEX) and 
Capital Expenditure (CAPEX). OPEX is one of the important mechanisms to reduce LCOE. An 
important contributor to OPEX is the cost of unplanned interventions due to gearbox or gearbox 
component failure.  

Finding a way to predict/ prognose and preventively fix a developing failure will avoid larger and 
consequential damage, thus avoiding more cost intensive field interventions. Predictive 
maintenance also considers how and when an intervention can be planned safely and reduces cost 
of maintenance by means of synchronization with regular planned maintenance.  

As a conclusion, the focus on predictive condition monitoring will help to reduce OPEX and further 
increase LCoE. For gearboxes CMS solutions exist in the market, mainly focusing on roller bearings 
and gears. Lately journal bearings have been introduced in planets in planetary stages of wind 
gearboxes, however there is no CMS solution to assess the health of these journal bearings. ZF 
believes it is crucial to develop the right tool for monitoring journal bearings while avoiding 
introducing extra cost in the customer’s business case. 

This paper focuses on a novel approach for monitoring journal bearings in wind turbine gearboxes, 
which will be part of ZF’s Intelligent Powertrain as a future market product. 
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2 Intelligent Powertrain 

ZF Wind product development strategy focusses on future increase of customers benefits reflected 
in our products. After extensive research and discussion with our customers, four main customer 
benefits were identified and planned to be integrated into a new ZF product, Intelligent Powertrain.  

New digitalization technologies, as part of the new product features will enable customer benefits 
like: 

 Advanced Condition Monitoring with direct focus on predicting gearbox or its components 
failure and giving advice for proper operational conditions of the gearbox. Advanced CMS 
combines the core knowledge of ZF’s gearbox and powertrain experts with CMS signal 
analytics expertise. 

 Remaining /Consumed life as major parameter for wind turbine monetary optimization over 
lifetime.  

 Condition based Wind Turbine Control as a solution to optimize the customer asset to actual 
weather conditions or actual spot market price.   

 Tonality avoidance and sound reduction as a key to increase energy production capacity of 
wind turbines in noise sensitive areas, where strict regulations apply. 

All benefits described here are impacting in a direct way, factors/parameters lowering LCoE. 

 

Figure 141: Intelligent Powertrain concept with focus on four direct customer benefits: 
Advanced Condition Monitoring, Remaining life, Condition based Wind Turbine 
Control and Tonality avoidance 

ZF's answer on the market demand for a decrease of LCoE is the Intelligent Powertrain concept. 
The mentioned features will contribute by integrating technologies of value to the individual needs. 
The novel approach for monitoring journal bearings is such a kind of technology and supports the 
Advanced Condition Monitoring feature. 
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3 Cost efficient Journal Bearing Monitoring 

3.1 Theoretical background 

Condition monitoring systems for bearings are standard in modern wind turbines to enable the 
turbine owner or service provider to detect component conditions that could lead to major failures. 
However, standard condition monitoring systems used for roller bearings are by default not usable 
for monitoring journal bearings (see chapter 3.2). The awareness of this change of gearbox design 
in the market is slowly reaching the condition monitoring service providers and end customers 
performing the operation and maintenance themselves. 

To understand the condition of a journal bearing, it is necessary to understand the working principle 
and wear mechanisms.  

Hydrodynamic journal bearings, with their many varieties, are commonly used as rotor-support 
systems in a wide range of applications. To give a short description, Figure 142 shows the easiest 
representation of such a radial journal bearing, consisting of a shaft (journal) and a bearing (shell). 
Between the sliding surfaces of both components an oil film is fed by lubrication system. That leads 
during rotation to an oil wedge that separates both components, by the force being built up, due to 
hydrodynamic pressure caused by the relative movement. 

The lubrication film (mainly its thickness) determines the bearing’s lubrication condition and the 
friction force in the bearing. The film thickness is dependent on the sliding speed, the load on the 
bearing (here mainly radial forces) and the lubricant dynamic viscosity.  

 

Figure 142: Principle journal bearing [DMO22] 

 

The relation between the operational parameters of the bearing and its lubrication condition is 
described by the Stribeck curve, shown in Figure 143. While the coefficient of friction is typically given 
by the ordinate, the lubricant’s film thickness or the relation of dynamic viscosity, rotational speed 
and bearing load is given on the abscissa. The curve describes a run-up of a journal bearing from 
solid state or boundary friction through mixed friction to the hydrodynamic friction lubrication, where 
both sliding surfaces are completely separated. Thus, hydrodynamic friction regime is the design 
intent for normal operation. 
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Figure 143: Stribeck Curve [WAN13] 

Application specific operation modes out of this regime, e.g., extreme events need to be considered 
and covered during the system design process. Furthermore, the required lubrication must be 
assured as this technology is sensitive to contamination (particles, water etc.) or bad material mating 
(wrong oil or additive components). 

This could lead to a shift in lubrication regime towards undesired mixed friction for certain operation 
conditions, while the loadability is reduced what must be avoided. Another root cause for failure is 
the contamination of oil by large hard particles, that can compromise the lubrication film when caught 
between the running surfaces. 

 

3.2 Proposed Monitoring Approach 

State of the art for monitoring roller bearings is to measure bearing specific frequencies caused by 
the rolling elements of the bearing with acceleration sensor on the outside of the gearbox housing. 
Journal bearings have no such rolling elements and therefore no bearing specific oscillations that 
can be measured to determine the bearing health. 

The standard way to monitor journal bearings is to use direct x-y-orbit tracking with proximity 
sensors. For planet bearings such a sensor setup is currently technically and economically not viable 
for a serial product, because the bearings are positioned on the planet carrier which is rotating itself. 
Therefore, an additional expensive telemetry system would be necessary. Another disadvantage of 
this sensor position is the serviceability, as the sensor would need to be integrated inside the planet 
or the planet pin, which is not accessible after gearbox assembly. Establishing classical methods 
for plain bearing monitoring cannot be used for planet bearings, ZF Wind Power proposes a new 
approach which is more cost-efficient for this application. 

As described above mixed and boundary lubrication can be caused by insufficient oil film thickness 
or contamination. In a planet bearing the oil film thickness also determines the relative position of 
the planet to the planet shaft, respectively the planet carrier (see Figure 144) 
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Figure 144: Planetary gear set [GUO20] 

This relative position of the planet to the planet carrier has an influence on the gear mesh 
frequencies and sidebands as described in [INA09] by Dr. Murat Inalpolat. 

Gear mesh frequencies are caused by a variation in the transmission force over the contact angle / 
contact line of meshing teeth. 

In a real-world gear set the transmission force variation of the meshing teeth pairs for all planets in 
a planetary stage is not the same, due to manufacturing tolerances such as geometry, material 
imperfections, component alignment etc. These individual gear contacts with its imperfections cause 
a modulation on the gear mesh frequencies and result in an order spectrum as sidebands. This 
spectrum can be considered as the base or fingerprint spectrum of an individual gearbox. 

As described by Dr. Murat Inalpolat in [INA09] the relative position of the planet to the planet carrier 
(Figure 144), which is also influenced by the oil film thickness in the journal bearing, causes a change 
of this fingerprint spectrum. 

Therefore, ZF proposes to monitor gear mesh frequencies and sidebands as an indicator for the 
journal bearing state. Their amplitudes are also majorly dependent on torque and speed (see Figure 

145), as well as minorly temperature. Therefore, it is necessary to classify the amplitudes in torque 
and speed bins when monitoring them over time. 

 

Figure 145: Torque and speed dependency of gear mesh frequency amplitude in a planetary 
gear set 
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In Figure 145 the amplitude of the gear mesh frequency of a wind turbine gearbox is shown for 
different torque and speed bins. 

 

3.3 Analysis Procedure 

As described above it is proposed to monitor gear mesh frequencies and sidebands. These 
frequencies are directly proportional to the rotational speed of the gearbox and are called orders. 

There are multiple ways to measure these orders. Here, a Fast Fourier Transformation in the angular 
domain will be described, from now on referred to as order analysis. 

The order analysis has the advantage that, with varying speed in the sample window, orders appear 
as distinguished peaks in the order spectrum whereas in a frequency spectrum the respective peak 
is blurred over a wide frequency range, depending on the speed variation (see Figure 146) 

Figure 146: Comparison FFT and order analysis 

In the two top graphs of Figure 146 the blue lines show the speed in Hz and the dashed blue lines 
show the rotation angle in rounds.   
In the top graph a constant frequency is plotted (black line) and in the middle graph a speed 
dependent frequency (red line) which is 5 times the speed.  
The black and red circles show an angular equidistant sampling that is used for the order analysis. 
The bottom graphs show a FFT on the left and an order analysis on the right of both frequencies 
(constant and speed dependent). These graphs illustrate how the speed dependent frequency is 
blurred over a frequency range in the FFT spectrum and a sharp peak in the order analysis. The 
constant frequency behaves conversely. 

For the gear mesh order tracking the time-equidistantly measured data is angular-equidistantly 
resampled and an FFT is calculated. In the resulting order spectrum, it is searched for local maxima. 
These maxima are filtered so that only the ones within a threshold of gear mesh orders or sidebands 
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are stored (see Figure 147). These gear mesh orders and sidebands can be derived from the design 
parameters of the gearbox (e.g. tooth count, planet count etc.). 

 

Figure 147: Order spectrum and peak filtering 

In this figure the top graph shows the output speed of a wind turbine gearbox in the time domain. 
The middle graph shows the acceleration measured on the outside of the ring gear also in the time 
domain. The bottom graph shows a section of the order spectrum of the acceleration plotted in the 
middle graph. The crosses mark the local maxima in the spectrum, where the red ones are 
neglected, and the green ones are used for the order tracking. The green areas indicate the 
bandwidth around the orders that are tracked. 

The distance between the sidebands is one order of the planet carrier which in all gearboxes shown 
in this paper is connected to the input shaft. To be able to discriminate between the tracked order, 
the resulting order spectrum should have a sufficient resolution. In all analyses shown here a 
resolution of about 0.2 orders of the input shaft (i.e. planet carrier) was used. To achieve that, the 
time length of the acceleration signal needs to cover five revolutions of the input shaft. 

The described resampling, FFT and peak filtering is repeated with an overlapping of the source time 
slices so that a continuous amplitude track over time is produced (see Figure 9). 
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3.4 Measurement results 

The described order tracking was implemented on ZF’s gearbox test rig. The test rig is set-up as a 
back-to-back arrangement: two similar gearboxes are connected on the low speed / input shafts, 
with the tested gearbox connected to a generator and the so-called counter gearbox connected to 
a motor. Additionally, torque and speed measurement flanges are installed on the high speed shafts 
of both gearboxes. 

The middle graph of Figure 148 shows this order tracking for the first negative sideband of the gear 
mesh frequency of the first stage during a bearing anomaly of a planet bearing in this first planetary 
stage. The start of the anomaly, at about 11:50:15, is marked in Figure 148 (vertical red line). 

 

Figure 148: Order tracking of low speed stage’s first negative side band (fzP LS k=1 -1SB) 
during journal bearing anomaly 

The order tracking in the middle graph of Figure 148 shows a significant increase of the first negative 
sideband of the gear mesh frequency of the first stage starting at the start of the anomaly. The 
increase is about 10 times compared to before the anomaly.  

In the bottom graph a section of the order spectrum is plotted as a contour graph, where the x axis 
is time, the y axis the order and the color scale the amplitude. In this graph it is visible, that also the 
third negative and the first positive sidebands increase. 

But this increase is not the case for all gear mesh harmonics and their sidebands. Some of the 
amplitudes keep constant and some even decrease. One of these is the fourth harmonic (five times) 
of the gear mesh frequency shown in Figure 149. 

As in Figure 148 the amplitude starts to change significantly (vertical red line) with the beginning of 
the anomaly. Differently to the other orders this amplitude starts to slightly decrease ca. one minute 
before the anomaly (vertical dashed red line). With begin of the anomaly the amplitude decreases 
more rapidly, until it has dropped to ca. 40% at the end of the measurement. 
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Figure 149: Order tracking of low speed stage’s 4th harmonic (fzP k=5) during journal bearing 
anomaly 

That shows that the tracked amplitudes are an indicator for journal bearing anomalies in planetary 
gear sets. 

 

4 Conclusion 

An approach to indirectly monitor journal bearings in a planetary stage using state of the art CMS 
sensors on the outside of a gearbox was described. 

The principle was proven for a planetary journal bearing anomaly on a ZF test rig. 

This and further measurements lay the basis for field validation of the approach. Currently, the 
usability study for early detection of slow evolving journal bearing anomalies is ongoing. 

The described approach for Vibration Condition Monitoring of Journal bearings in planetary gear 
sets is planned to be a part of ZF’s Intelligent Powertrain as a future market product. 
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Abstract: Despite the ongoing trend to increase the rotor diameters and heights of wind turbines 
and hence the load situation on the drive train and the main gearbox, current condition monitoring 
systems do not record the 6-degree of freedom (6-DOF) input loads to the transmission due to the 
high costs of existing measurement technology. In order to provide future condition monitoring 
systems transparency into the actual load situation experienced by the main gearbox of a wind 
turbine (WT) during operation, a methodology for developing virtual load sensors capable of 
estimating gearbox input loads in 6-DOF is developed. The methodology is realized through 
analyses of data resulting from simulations and accelerated real-world tests of different wind turbine 
drivetrain designs. The drivetrain of the Vestas V52 WT is used for the first application of the method. 
A multibody simulation (MBS) model of the V52 WT is developed and subjected to simulated wind 
fields covering design load cases from the IEC 61400-1 standard in aeroelastic simulations. The 
resulting simulated data is used to train machine learning models on the targeted tasks of 6-DOF 
virtual load sensing, screen sensor types and locations on the drivetrain to perform the virtual 
sensing, and to design experiments for accelerated load testing. The approach provide the 
necessary preparation for the collection of realistic sensor data for the development and testing of 
machine learning-based virtual sensors using the 4MW WT system test bench at the Center for 
Wind Power Drives.  

1 Introduction 

Despite the ongoing trend to increase the rotor diameters and heights of wind turbines and hence 
the load situation on the drive train and the main gearbox, current condition monitoring systems 
(CMS) do not record the 6-degree of freedom (6-DOF) input loads to the transmission due to the 
high costs of existing measurement technology. In order to provide future condition monitoring 
systems transparency into the actual load situation experienced by the main gearbox of a wind 
turbine (WT) during operation, a methodology for developing virtual load sensors capable of 
estimating gearbox input loads in 6-DOF is developed. The developed methodology is realized 
through a series of analyses of data resulting from computer simulations and accelerated real-world 
tests of different wind turbine drivetrain designs. The drivetrain of the Vestas V52 WT is used for the 
first application of the developed method due to its availability for the investigation. A multibody 
simulation (MBS) model of the WT under investigation is developed and subjected to simulated wind 
fields covering design load cases (DLCs) from the IEC 61400-1 standard [IEC19] in aeroelastic 
simulations. The resulting simulated data is used to train machine learning models on the targeted 
tasks of 6-DOF virtual load sensing [AZZ21], screening of sensor types and locations on the 
drivetrain to perform the virtual load sensing [AZZ22], and to design experiments for accelerated 
load testing using the 4MW WT system test bench at the Center for Wind Power Drives [AZZ23]. 
The resulting data from the designed accelerated tests are intended to be used for developing and 
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testing improved virtual load sensing systems for an efficient and cost-effective estimation of the 6-
DOF WT GB input loads.   

2 Main Section 

Firstly, a prototype of the envisaged virtual load was developed using simulated data from the 
previously mentioned aeroelastic simulations on an MBS model of the Vestas V52 WT [AZZ21]. 
Figure 1 provides an overview of the developed methodology to realize this prototype. The method 
for this initial prototype relies on input data from simulation models of either existing sensors in WT 
systems or additional stationary sensors that are to be mounted at different positions on the 
drivetrain. The predictor variables are listed in Table 1. The data is then used to train and test 
artificial neural network models for estimating the 6-DOF transmission input loads. The results show 

high potential for virtual sensing 6-DOF WT GB input loads using the presented method. A targeted 
error metric, load-relative score (LRS), was also developed and applied during this step as a method 
of assessing the 6-DOF virtual sensor models estimation capabilities using selective scaling of a 
simple statistic representing the loads at rated wind speed. For a more detailed explanation of this 
methodology and resulting outcomes, see [AZZ21].  

 

Figure 150: Overview of virtual sensor development using MBS and ANN models. [AZZ21] 

Predictor Variables 
Collected from MBS Wind Turbine Model 

Torque arm displacements (x,y,z) 
Torque arm angular misalignments (α,β,γ) 

Generator mounts (z) 

Wind direction and speed 

Blade pitch angles 
Generator speed 

 
Table 13: Predictor variables collected from MBS WT model. [AZZ21] 
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Secondly, the number of sensors required by the virtual load sensing models has a high impact on 
the cost-effectiveness of the final virtual sensing system [AZZ22]. In addition, an initial screening of 
sensor types and locations with respect to their respective impact on the performance of the virtual 
sensor models can also optimize the resources and utility of the planned accelerated load tests on 
the 4MW WT system test bench. In order to address these needs, a sensor screening methodology 
was developed to identify optimal sensor locations for virtually sensing WT 6-DOF transmission 
input loads using Random Forest (RF) models. The RF models are applied to a dataset containing 
simulated operational data of a Vestas V52 WT multibody simulation model undergoing simulated 
wind fields. The dataset contains the 6-DOF transmission input loads and signals from potential 
sensor locations covering deformations, misalignments, and rotational speeds at various drivetrain 
locations. The methodology, outlined in Figure 2, is able to screen candidate sensors in the data-
scarce design phase of sensor sets to be instrumented for subsequent real-world testing. The 
method achieved a 13% reduction in performance, measured using R2 score, with a 45% reduction 
in the number of the used predictor variables, listed in Table 1, which indicates its capability of 
identifying and prioritizing important predictors for virtually sensing 6-DOF transmission input loads. 
By allowing for a screening of sensors prior to real-world tests, the results demonstrate the high 
promise of the proposed method for optimizing the cost of future virtual WT transmission load 
sensors. For a more detailed explanation of this methodology and resulting outcomes, see [AZZ22]. 

 

Figure 151: Overview of sensor screening methodology. [AZZ22] 
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Finally, to design accelerated load tests that efficiently and realistically cover the design space of 6-
degree of freedom (6-DOF) rotor loads, a method, outlined in Figure 3, was developed for targeted 
analyses of data generated from aeroelastic simulations of an MBS Vestas V52 WT model subjected 
to simulated wind fields based on DLCs from the IEC 61400-1 standard [IEC19, AZZ23]. A 
comparison between the developed method and a full factorial design of experiments shows a 
significant (95+ %) reduction in total test time as well as the ability of the proposed method to avoid 
unsustainable and unrealistic load conditions within the design space that could result in costly, 
unintended drivetrain failures during testing. For a more detailed explanation of this methodology 
and resulting outcomes, see [AZZ23]. 

 

Figure 152: Overview of methodology for generation of factor combinations for V52 drivetrain testing. 
[AZZ23] 

3 Summary 

In summary, the presented approach provide insights into the development process of a virtual load 
sensor for 6-DOF WT GB input loads starting for early prototyping and screening of candidate 
sensors in the data-scarce early phase of the development process to the design of efficient 
accelerated load tests of the WT drivetrain under investigation. The approach provide the necessary 
preparation for the collection of realistic sensor data for the development and testing of machine 
learning-based virtual sensors in a limited time frame using the 4MW WT system test bench at the 
Center for Wind Power Drives. An overview of the methodologies to realize the aforementioned 
steps is presented to develop the envisaged 6-DOF virtual load sensor. 
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Abstract: For about the last decade, the wind industry has implemented reliability engineering and 
methods for reliability assessment. Meanwhile a framework for gearbox reliability assessments is 
being developed by IEC Joint Working Group 1. The present publication provides a brief 
retrospective and gives an overview on the reliability engineering context. Furthermore, it provides 
application examples for full probabilistic approaches and points out potential fields for future 
research. It reveals opportunities and weak points of applied methods and gives an outlook on future 
methodology improvements, such as by including field data. Finally, the paper suggests a reliability 
strategy for the wind industry. 

1 Introduction 

In order to further reduce the Levelized Cost of Energy (LCOE), wind turbines grow in size 
continuously. Driven by the same motivation, and due to logistic reasons, the power density for 
drivetrains increases. This leads to a high utilization of each machinery component and thus high 
system deformation and/or high local loads. Safety margins are used up subsequently.  

Large size turbines are often installed offshore, which provides additional challenges and risks due 
to limited accessibility and high repair costs. This circumstance desires knowledge about product 
reliability to safeguard business certainty. Figure 153 illustrates the situation. 

 

Figure 153: Motivation for Reliability Approaches 

With the growing offshore market, the demand for reliability assessment grows and first pilot projects 
for reliability calculation approaches were established as summarized in Figure 154. Because no 
harmonized calculation method for wind energy gearboxes was available and basic textbook 
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references provided various approaches, the project partners were challenged to agree on a 
common way. Extensive bilateral research was applied to develop calculation approaches and 
based on statistical fundamentals [1] some results were published at the time [2] and [3]. The 
industry started to standardize calculation methods using international gear [4-6] and bearing [8, 14] 
rating standards, first on the national level such as described in AGMA 6006-B20 [12] and VDMA 
23904 [13]. These two standards follow comparable calculation procedures for rolling bearings but 
differ in the calculation method for gears. Furthermore, VDMA 23904 contains a calculation method 
for shafts. Thus, there was a need for a harmonized, international standard. As part of the 2nd edition 
of IEC 61400-4 [9], a technical specification IEC/TS 61400-4-1 will suggest a reliability calculation 
method. The method is based on the VDMA 23904 approach. The new standard family is expected 
to be published by the end of 2023. 

Figure 154: Retrospective of reliability activities in the wind industry 

2 Reliability Calculation in Engineering Context 

Any reliability approaches are applied in an engineering context, see Figure 155. Typically, the 
gearbox manufacturers possess experience with supplied products. Lessons learned from the 
performance of the product is documented in design guidelines, which are the base for any new 
product introduction (NPI). Minimum design requirements, reflecting the wind business experience, 
are documented in standards such as IEC 61400-4 [9]. 

During an NPI, there are different paths to safeguard the desired product performance. Classically, 
systematic risk management methods, such as the Failure Mode Effect Analysis (FMEA), are 
applied during the design and for the manufacturing process. In a dedicated verification process 
composed of several testing methods, the risks identified by the FMEA are proven to be mitigated. 
This classical process can be supplemented by a reliability calculation. Apart from that, the NPI and 
the lifecycle process is accompanied by technology developments and innovations. Continuous field 
data analysis supports the process. 
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Figure 155: Reliability engineering context 

Often, the predicted reliability according to current calculation approaches deviates significantly from 
the product performance observed in field as illustrated in Figure 93. Thus, the goal should be to 
refine the calculation methods such that they reliably represent the product performance. 

To achieve this goal, it is necessary that the industry aligns on harmonized and standardized field 
data such that it is possible to compare different products and designs. Furthermore, one must 
identify harmful failure modes to address appropriate improvement measures and to refine the 
calculation method where necessary. 

 

Figure 156: Discrepancy between field observation and reliability calculation (source: IEC/TS 
61400-4-1) 

IEC 61400-4 Ed.2 will follow a failure mode-oriented view in the verification process of the design 
requirements. Each failure mode is categorized, and appropriate verification procedures (e.g. no-
load test, functional load test, robustness test, etc.) inclusive success criteria are prescribed. The 
reliability calculation method according to IEC/TS 61400-4-1 will follow the same categorization. 

Figure 157 illustrates the situation. The failure modes are categorized according to their load/stressor 
profile (deterministic or stochastic), and individual calculation and verification procedures per 
category are described. The failure modes are described according to ISO 10825 [7] and ISO 15243 
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[8]. The technical specification addresses the A1 failure modes only. Further details on the reliability 
method can be found in VDMA 23904. 

 

Figure 157: Failure mode-oriented view in new IEC 61400-4 standard family 

As mentioned above, field data should be harmonized and in best case standardized to enable data 
comparison. The databases should use the failure mode definitions of existing standards (e.g. 
ISO 15243 or ISO 10825). In addition, they should use the component and shaft designations as 
provided in IEC 61400-4. Figure 158 offers an example. 

Figure 158: Field data standardization with regards to failure modes, components and locations 

A component can have several failure modes. For instance, a gear can fail by either tooth root 
breakage, flank fracture, pitting, micropitting, scuffing, etc.. A unique combination of failure mode 
and component is called “system element” [1]. VDMA 23904 (and in future IEC 61400-4-1) 
calculates the reliability for the category A1 system elements of gears, bearings, and shafts and 
combines them to determine the system reliability as shown in Figure 159. Following the same 
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calculation principles, one can extend the application to other failure modes if they are of 
deterministic nature (e. g. structural elements). 

 

 

Figure 159: Reliability calculation approach acc. to VDMA 23904 and potential extension for 
other deterministic failure modes (source: [2]) 

Some wind turbine gearboxes fail due to the rolling bearing failure mode “White Etching Cracks” 
(WEC) or due to the gear failure mode “Tooth Flank Fracture” (TFF) or Tooth Interior Flank Fracture 
(TIFF). Further background to these failure modes can be found in [8] and [7]. These failure modes 
are of deterministic nature, but there is no full standardized calculation procedure available. Per 
definition of VDMA 23904, these are category A2 failure modes.  

In contrast to WEC, there is a technical specification available which suggests a calculation method 
to rate the gears for the failure mode tooth flank fracture. ISO/TS 6336-4 [6] allows to determine an 
exposure rate A. The exposure rate A = 0,8 represents a 50% failure probability.  

The current method obviously still misses some influence parameters and does not represent the 
praxis experience from the wind industry. With the intention to collect further application experience 
and to develop the technical specification to a full international standard, IEC 61400-4 Ed.2 will 
require a calculation of the exposure rate according to ISO/TS 6336-4. In parallel to the ongoing 
research activities, a path of action can be to combine calculation results systematically with field 
data. Figure 160 shows an example for flank fracture failures. For a selected population of an 
individual product the field performance over more than 10 years has been analyzed. One can 
extract individual influencing parameters, starting with site-specific loads and proceeding with 
curtailing different design- or operation parameters. Finally, one can find suitable statistical fits. The 
results can be used to compare to the standardized method according to ISO 6336-4 or to advanced 
calculation approaches, extending the ISO 6336-4 method. 
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Figure 160: Model refinement by means of field data 

Currently, IEC 61400-4 provides minimum safety factors for the rating of several failure modes. The 
safety factors have been defined based on “good” praxis experience. The disadvantage is that they 
do not reveal the real safety margin, or in other words “unidentified over-dimensioning”. A way to 
handle this is to introduce probabilistic design approaches (Figure 161). The full probabilistic design 
(FPD) defines a target reliability instead of a minimum safety factor. In contrast, the semi-
probabilistic design (SPD) uses partial safety factors, which can be calibrated to a desired failure 
probability. The challenge for probabilistic designs is to fully understand the system behavior and to 
recognize the effect of influencing factors. For example, looking at the rating for tooth root strength 
according to ISO 6336-3, one has to understand in what range the K-factors are scattering and what 
the drivers for the scatter are. Another prominent example is the rating for rolling bearings according 
to ISO 281 [14]. For example, knowledge about the load transfer path and thus local loads or scatter 
of tribology parameters (amongst others) could lead to a more precise design. 
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Figure 161: Probabilistic approaches and benefits (source: RWTH) 

There is still much work necessary before benefiting from probabilistic designs for wind gearboxes. 
Various fields of research and necessary standardization activities are obvious. Figure 162 suggests 
an example for a reliability roadmap for the wind industry.  

The failure modes TFF and WEC are currently harmful with regards to gearbox reliability 
performance. Thus, a full understanding of the physical models is necessary. The calculation model 
for TFF must be refined and a model for WEC must be developed. In parallel, the calculation models 
for other deterministic failure modes (e. g. tooth root strength and pitting) should be investigated 
regarding their statistical representation of field performance. For that, first probabilistic design 
models should be applied, in parallel to the existing safety factor concept, in order to gain praxis 
experience. In this course, the industry partners should also strive for public research. Results from 
public research can be used for standardization activities and they can support the acceptance in 
the market. Company-internal, protected research enables the individual companies to differentiate 
from competition. 

Field data is key to success. An analysis of the performance of the existing fleet can help to 
understand the driving parameter for individual failure modes. With this failure mode view, an 
extrapolation to new design becomes possible. Ideally, real load information could be considered in 
the analysis and show load scatter influences on a certain failure mode. 

Finally, a set of standards can be developed which in a first step foresees an application for 
probabilistic approaches in parallel to the existing safety concept. Once having sufficient experience, 
the industry could decide to undertake full probabilistic approaches and eliminate over-dimensioning 
of components. 
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Figure 162: Reliability roadmap for the wind industry 

3 Summary  

For around the past ten years, the wind industry has followed dedicated calculation approaches to 
predict reliability; however, a discrepancy between theoretical calculation and field performance is 
still observed. In the course of reliability engineering, several tools and methods are in use. A strong 
focus lies on systematic risk management and verification. The upcoming new IEC 61400-4 
standard addresses these attempts and contains a reliability calculation approach. 

An appropriate application of such reliability methods requires a failure mode view, in particular 
when it comes to extrapolation of field performance to newly developed products. To enable the 
industry to compare field performance, the field data must be comparable. Harmonized and in best 
case standardized field data structures would support these activities. 

Once having established confidence levels of the prediction methods, the industry could use 
probabilistic approaches to reduce over-dimensioning of machinery components. For this, the 
individual rating methods including their statistical scatter must be understood fully. A common 
understanding of the needed activities and an aligned roadmap would accelerate the industry in this 
context. 
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Development of process and toolkit for uptower replacement of 
main shaft spherical roller bearing - Repair-Solution Rotor Bearing 
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Abstract: One of the most widely used drive train concepts is the three-point bearing arrangement, 
with a spherical roller bearing used as the front rotor bearing. While this design has certain 
advantages, such as a simple structure, it also has disadvantages. Due to the axial thrust, primarily 
the downwind row of rollers is load-bearing, resulting in unfavorable load distribution and bearing 
kinematics. 

For this reason, damage to the spherical roller bearings is occurring at an early stage. As the 
damage progresses, the bearing must be replaced, which is a cost-intensive process acc. to the 
current state of the art. An expensive, high-capacity crane is necessary to dismantle the entire rotor 
and drive train. The drivetrain needs to be refurbished in a factory hall. The revised drive train is 
then reassembled by crane.  

Eolotec GmbH has started a research project together with Schaeffler Technologies AG & Co. KG 
to develop a new concept for main bearing replacement. The aim is to develop a process and tools 
that allow a bearing replacement that is independently of the weather, while at the same time 
reducing costs by 20 – 40 %. Since it is not necessary to dismantle the entire drive train, a crane is 
not required.  

During the replacement, the rotor and drive train remain in place so that the weight and wind loads 
are supported by a holding device. The hole drive train is slightly lifted, so that the bearing housing 
can be removed from the main bearing. The bearing is dismantled. After mounting a new optimized 
bearing, the original bearing housing is slid back. 

After the production of the devices, the main bearing replacement was successfully carried out on 
ground as part of a prototype assembly. The test in a whole nacelle on ground demonstrated the 
basic feasibility. A prototype of the optimized bearing is in operation since 2020 and provides 
measurement results. The next step is to replace a main bearing on tower, which is already planned 
and shall be done before the conference will take place. 
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1 Introduction 

Since the turn of the millennium, there has been a steady increase in the cumulative onshore wind 
energy capacity, with a significant number of wind turbines (WTs) reaching 10 to 20 years of 
operation. The service market for existing WTs is large. With a cumulative installed base of 28,443 
wind turbines and a total capacity of 58.1 GW onshore in Germany, the target of 57 GW set in the 
EEG 2021 was achieved in 2022. [DEU23] 

Cost reduction potential has become a primary focus in the service market for new wind energy 
developments. For older WTs, the replacement of major components is a significant cost driver for 
operation and maintenance. The rotor bearing is a major focus in this regard, as high dynamics and 
wind loads result in early bearing failures. 

Replacement of the rotor bearing requires the entire rotor to be dismantled, presenting significant 
economic challenges for operators. For a turbine of the 1.5 MW class, the costs for an exchange 
range from €70,000 to €120,000 depending on the site and tower height. A significant percentage 
of these costs is associated with the use of a high-capacity crane (500- 750 t) necessary for rotor 
dismantling. 

The current fossil energy crisis and the sustaining shift towards renewable energy sources make 
the availability and economic maintenance of existing wind turbines even more critical. Government 
expansion plans, such as the Erneuerbare-Energien-Gesetz (EEG), envision an annual addition of 
10 GW of wind energy, which translates to approximately 2,000 wind turbines per year, thus 
massively affecting the availability and price of large cranes. [DEU23] 

This paper aims to investigate cost-effective alternatives to the conventional method of replacing 
rotor bearings that would improve the economic feasibility of wind turbines' operation and 
maintenance. The proposed approach involves the use of an innovative modular bearing exchange 
system that can be installed without dismantling the rotor, significantly reducing operational 
downtime and associated costs. 

2 ReSRoB – Repair Solution Rotor Bearing 

2.1 Background  

In wind turbines with a power output of 1.5 to 3 MW, the drive train is commonly realized in the so-
called three-point suspension. The rotor shaft is supported by a fixed and a floating bearing. The 
rear floating bearing is integrated into the gearbox. This arrangement, in combination with a 
spherical roller bearing as a fixed bearing, is known as a three-point suspension. Despite its 
advantages, such as a shorter nacelle and reduced mass, the three-point suspension has significant 
disadvantages. The main problem is that, in addition to radial loads, the axial load resulting from 
wind loads is mainly absorbed by the downwind row of rollers in the spherical roller bearing. This 
leads to unfavorable load conditions and dynamics resulting in wear and premature bearing 
damage, which can also damage the gearbox due to increasing bearing clearance. As a result, the 
main bearing replacement is a central subject of maintenance of turbines of the 1.5 MW class. 
[HAU16], [RIC23] 
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Figure 163: Three-point Suspension: Bearing Damages 

According to the current state of the art, there are two methods for replacing a rotor bearing in a 
three-point support: the individual and the ring replacement. In the individual replacement method, 
the rotor and the entire drive train (main shaft, bearings, and gearbox) are lifted from the nacelle by 
a large crane. The rotor shaft is then separated from the gearbox in the protected environment of a 
mounting hall in order to disassemble the defective rotor bearing. A new bearing is then shrunk onto 
the shaft, and after the reassembly of the gearbox and rotor shaft, the revised drive train is brought 
back to the WT for remounting. During the overhaul of the drive train, the large crane remains 
unused on the construction site, since an intermediate relocation due to high service costs for 
dismantling and assembling is not economical. 
The ring replacement concept was developed for WTs with increased damage rates. In this method, 
a pre-assembled spare drive train, often consisting of revised components is brought to the turbine. 
Under ideal weather and wind conditions, after disassembling of the rotor, the drive train is 
exchanged. While the crane operating time can be reduced, additional replacement components 
such as the gearbox, rotor shaft, and bearing housing must be provided in advance, leading to high 
logistical effort and capital-intensive warehouse management. Moreover, the different conditions of 
the exchange gearbox and its assessment represent a risk being difficult to estimate. 
In both replacement methods, the costly use of a large mobile crane is necessary, which is 
associated with considerable preparation and transport efforts. Access roads and crane platforms 
must be created. The assembly and dismantling of such a large crane involve numerous CO2-
intensive transports. Therefore, a more cost-effective and environmentally friendly approach for 
rotor bearing replacements in three-point-supported wind turbines is desirable. 

2.2 Aim 

The objective of Eolotec's project ReSRoB is to develop the process and the tools for performing 
wind turbine rotor bearing replacements without the need for dismantling the rotor and the entire 
drive train. The objective is to achieve a cost reduction of approximately 20- 40 % by eliminating the 
requirement for a large crane. Additionally, this process makes the service operation less dependent 
on weather conditions, while increasing flexibility and reducing time requirement. Eolotec achieves 
this objective by combining two existing and established technologies. Firstly, usage of split 
spherical roller bearing technology with a bore diameter lager than 1 meter, which has been used 
successfully in industries such as mining and processing technology for three decades. Secondly, 
introducing the use of gearbox traverses in a new function as a secondary bearing support during 
gearbox removal. The combination of these technologies can possibly replace the current state of 
the art and enable Eolotec to provide a cost-effective and flexible solution for wind turbine 
maintenance. 
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2.3 Boundary conditions and challenges 

As the main objective of this project is the development of a process and tools for up-tower main 
bearing exchange without dismantling the rotor, a temporary structure is required to hold drivetrain 
and rotor in place while the bearing is removed. This holding device must also carry the rotor weight 
and wind loads and has to be adapted and connected to the existing turbine structure. In principle, 
this up-tower bearing replacement approach is applicable to a variety of turbines in the 1.5 to 3 MW 
power class having a three-point bearing arrangement. In the application investigated, the GE 1.5 
turbine was selected due to advantageous conditions, such as the reusable bearing housing. 

Since the GE 1.5 turbine has no opening flaps to reach parts in and out of the nacelle, and cutting 
openings is not an option, all components must be handled through the tower to reach the inside of 
the nacelle. However, handling of tools and bearing parts presents several challenges, as the tower 
crane winch has a capacity of only 200 kg with limiting access hatches with of only 60 x 60 cm. 
Additionally, there is no crane inside the nacelle, so a temporary crane for handling components 
must be installed, which is small enough to fit in the nacelle and big enough to reach all areas of the 
working space and carrying the 1.2 t of the bearing housing. 

In order to replace the rotor bearing, it is necessary to lift the whole drivetrain including the rotor and 
to remove the bearing housing. While pulling the housing axial from the bearing, it is necessary to 
secure the weight of it. Furthermore, disassembling the damaged bearing requires cutting each 
hardened bearing ring in handleable segments. 

Lastly, since the drivetrain remains on the turbine, an on-tower bearing exchange requires a split 
bearing consisting of 180° segments being mounted around the main shaft. Thus, an accurate 
positioning of the ring segments securing them during mounting process is required. After mounting 
the split bearing, it is necessary to replace the dismounted housing on the bearing. 

2.4 Solution approach 

Since the bearing replacement represents the central task of this project, a technical mature and 
practicable solution approach for dismantling and mounting the rotor bearing is necessary. Against 
this background, all subassemblies are required to function smoothly. Process steps have to 
interlock while at the same time meeting the requirements for system components, work safety and 
process sequence. 

In contrast to other WTs, the GE 1.5 is not equipped with a nacelle crane. Because of this, a 
temporary crane is required to handle the components weighing up to 200 kg and the bearing 
housing inside the nacelle. In order to implement this, a crane concept was developed consisting of 
lightweight aluminum modules, enabling it to be assembled by hand and still provide as large a 
working area as possible. The crane gantry was integrated into the existing structure of the main 
shaft and gearbox supports at four points using interface components.  

In addition, a special tool was developed consisting of two ring segments clamping around the main 
shaft and enabling the bearing housing to be pulled off and pressed on the bearing using linear 
actuators. Furthermore, a compact tool is required in the area under the main shaft for handling and 
positioning the ring segments of the damaged and replacement bearing during disassembly and 
assembly.   

Due to the complexity of the limiting framework conditions, the development of the rotor shaft 
traverse represented the greatest challenge in the project. Limitations in weight and size of the parts 
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on one hand and high strength requirements due to the safety requirements for the GE 1.5 service 
load cases on the other hand resulted in a conflict of objectives. In order to solve this conflict of 
objectives, a multi-part sandwich component was designed, which in turn led to problems regarding 
the stiffness of the traverse and the connection to other interface components. Through several FE 
calculation loops and the use of special materials and components, a reliable and certification-
compliant solution was finally developed.    

 

Figure 164: Process and tools for up-tower main bearing exchange 

 

To enable main bearing replacement inside the nacelle of a wind turbine, the use of a split bearing 
is essential. Together with Schaeffler Technologies AG & Co. KG a split asymmetric spherical roller 
bearing was developed in which the inner and outer ring as well as the cage with the rollers are 
segmented and joint together by screws. The newly designed spherical roller bearing incorporates 
various optimizations that have been developed in multiple stages over the last few years, including 
the implementation of asymmetrical contact angles based on field experience. By utilizing this 
design, the downwind row of rollers that supports the wind loads is positioned at a steeper angle, 
resulting in reduced internal bearing forces and increased axial stiffness. [SCH1], [SCH2] 
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Figure 165: Split asymmetric spherical roller bearing [SCH2] 

 

As the main frame of the GE 1.5 offers enough space to pull the housing from the bearing and move 
it axially towards the gearbox, there is no need for retrofitting or replacing the bearing housing. Since 
the covers and labyrinth seal rings of the original bearing have to be taken apart for bearing 
exchange, it was necessary to adapt a new split cover and sealing system being mounted around 
the main shaft. In combination with the clamping rings of the split bearing, the split covers combine 
the task of sealing the bearing to its surrounding and holding the outer ring axially in position inside 
the housing. The cover system must adapt to the interfaces of the original bearing housing and at 
the same time must be capable of being mounted step-by-step in the split state with limited mounting 
space. For the most accurate fitting possible, matching possibilities to the bearing ring shoulder as 
well as in the sealing gaps of the labyrinths are provided in the design.  

2.5 Results 

An initial split bearing prototype was assembled on a spare main shaft on the ground inside a factory 
hall, where the applicability of the bearing mounting sequence was evaluated and practical 
improvements on the bearing design were identified. Furthermore, necessary tools were 
determined, and existing ones were evaluated with regard to modifications. The installation of a 
revised drive train including the split bearing prototype on a WT followed in June 2020 by the usual 
procedure using a high-capacity crane for rotor disassembly and drive train exchange. The 
evaluation of the bearing behavior and the comparison to other regular bearings of the same wind 
farm show great results. Recordings of a subsequent endoscopy of the bearing and grease samples 
analysis show excellent results in terms of good grease quality and lower wear values. As Figure 
166 shows, compared to other turbines in the wind farm, the split main bearing shows the lowest 
bearing temperature on average after two and a half years of operation.  
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Figure 166: Rotor Bearing Temperatures Wind Farm: February 2023 

 

The second test phase consisted of a prototype assembly in a factory hall, where all process steps 
and tools were used according to the defined application in the nacelle on the wind turbine. A 
complete GE 1.5 nacelle including machine carrier, drive train and nacelle housing enabled the use 
of the temporary onboard crane, the holding traverse as well as all supporting tools and the 
installation of the split bearing. With the support of Deutsche Windtechnik X-Service GmbH, the 
bearing exchange process was performed under practical conditions on the ground. Using the 
crane, all the traverse components could be handled inside the nacelle.  After assembling the parts 
according to the defined process, the rotor-supporting traverse could be attached to the existing 
structure. Previous simulations regarding the stress on the gearbox bearings (due to the lifting of 
the drive train) were shown not to be critical and substantiated by measurements during assembly. 
Furthermore, it was shown that lifting a few millimeters is sufficient to pull the housing off the bearing. 
Cutting the hardened bearing rings with an angle grinder is feasible. However, flying sparks and 
dust exposure present certain risks. That’s why an alternative cutting method is currently being 
developed. After successful dismantling the old bearing, the new split bearing was assembled step 
by step on a cleaned shaft seat using additional tools as planned. The handling of the ring segments 
with the corresponding tool and the tool-supported pressing on of the housing also functioned 
properly. During assembly, all process steps and tools were tested in detail and checked for 
improvements in order to document possible optimization potential.      

3 Conclusion and Outlook  

The paper shows that the process developed within the project ReSRoB for rotor bearing 
replacement up-tower on the wind turbine is feasible using the ready-to-mount tool kit under practical 
conditions in a nacelle on the ground. Individual process steps such as supporting and lifting the 
drive train, pulling off the bearing housing as well as dismantling the old bearing and mounting the 
new split bearing can be accomplished using the temporary onboard crane inside the nacelle. A first 
prototype of the split bearing has been running on a WT since 2020 delivering great results. 
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A final prototype assembly in the scope of a bearing exchange up tower on a WT under real 
conditions will take place in 2023. Until then, the tools and the process will be optimized on the basis 
of the results and the findings from the previous prototype assembly. Following the extremely 
positive response after the presentation and publication of the split bearing at Schaeffler's booth at 
Hamburg Wind Energy 2022 trade fair, parallel investigations are being carried out on implementing 
and scaling the process and tools for other turbine types and turbines of other power classes. 
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Nacelle Testing 

  



CWD 2023 

215 
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Abstract: A model-based feasible control strategy for multi-rotor systems is presented, pursuing 
two control objectives simultaneously: Mechanical loads on the main tower are to be mitigated, and 
an externally determined power change is to be followed to obtain fast power reference response in 
power systems. For this purpose, a scalable control strategy consisting of two levels is proposed: 
The first level consists of the decentralized control of each rotor unit. By using an LPV formalism, it 
is shown how the nonlinearities of the controlled system are considered in the design using 
decentralized wind speed observer of each rotor to improve the overall closed-loop performance. 
To mitigate the lateral loads on the multi-rotor main tower caused by asymmetric rotor thrust forces, 
a higher-level controller is introduced. Finally, the applicability of the controller structure is 
demonstrated by simulation studies.    

1 Introduction 

The concept of multi-rotors, i.e., replacing a single rotor with an equal-area number of three to seven 
rotors, was first explored in the 1980s until 1990s [Jam12]. One example is the Dutch manufacturer 
Lagerwey Wind, which has developed several multi-rotor systems. Here, promising approaches to 
important technical problems were solved, including rotor integration and yaw adjustment. Two and 
half decades later, in 2010, a multi-rotor wind turbine with seven rotors was tested at the NASA 
laboratory and provided encouraging results for future work [Jam14]. In addition, the manufacturer 
Vestas has developed a demonstrator of a multi-rotor system called R4-V29with four commercial 
rotor units V29 [Lan19].  

Manufacturers' developments have been driven by the advantage of the scaling law [Kal13, Jam18], 
according to which the total sum of the rotors and drive trains of the multi-rotor system can be 
significantly less in weight and cost compared to an equivalent single rotor system. Furthermore, 
the rotor interaction can cause an increase in the total power, as demonstrated on the R4-V29 
prototype. The power curve measurements have shown that the rotor interaction of a multi-rotor 
turbine increases the power performance below the rated wind speed by 1.8 %, which can result in 
a 1.5% increase in annual energy [Lan19]. 

However, despite research and demonstrator developments by manufacturers over the past four 
decades, more systematic controller concepts for active load reduction on the mechanical multi-
rotor structure need to be studied. The first investigations of the authors in [GIG21] have shown that 
due to the inclined flows, inhomogeneous wind fields, and asymmetrical operation in faulty cases 
large loads can occur in the tower structure. Also missing from previous studies are the turbine 
characteristics of power tracking, also known as active power control, which is necessary for grid-
supporting and grid-forming operations.  
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Therefore, in this paper, firstly, a centralized multi-rotor control scheme is presented for 
compensating the bending moments in the tower structure due to the inhomogeneous wind fields. 
Second, decentralized controllers are used for fast power tracking of each rotor below the maximum 
producible power. The concept extends the previously presented active power tracking control 
(APC) scheme in [POE21] for single rotors.   

2 Problem Formulation 

2.1 System Overview and Control Requirements 

In the investigations, a turbine with three rotors is examined. The characteristic feature compared 
to the Vestas turbine R4-V29 [Lan19] is that the tower and the rotor arms are designed as a steel 
lattice construction. The advantage is the flexible cost-saving delivery and space-saving installation, 
which can be carried out even in areas that are difficult to access. A study for a demonstrator to be 
installed in the Alpine region is shown in Figure 1. The tower itself is built on a natural hill, which 
explains the relatively low position of the rotors 2 and 3. The nominal turbine power is 3 x 30kW. A 
measurement container with variable ohmic inductive load is provided to investigate the power 
tracking capability.  

 

 

Figure 167: Multi-rotor prototype turbine with three 30kW rated power per rotor  

For the design and development of the automatic control system, an overall concept is pursued. 
The rotors are operated with variable power that follows individual setpoints. Power dispatching is 
performed depending on the required load reduction in the tower structure. A scalable concept is 
required that can be easily adapted to a given multi-rotor topology in terms of the number of rotors 
and their arrangement. A structure is therefore being pursued in which the rotors are decentralized 
power-controlled, and a higher-level controller distributes the power distribution based on the load 
mitigation specifications.  

In the next section, the turbine model is presented, based on which the simulation is created, and 
the reduced design model is derived. 

1

3 2 
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2.2 Wind Turbine Modelling for Controller Validation  

The model used for dynamics analysis and controller validation includes the aerodynamic thrust and 
torque per rotor, the structural dynamics model of the rotor arms and rotation of the tower around 
the main axis.  

The rotor torque and trust force of each 𝑖 = 1,2,3 turbine is defined by 

𝑇 , =
1

2
 𝜌 𝜋 𝑅  𝑣  𝑐 (𝜆, 𝛽) , 𝐹 , =

1

2
 𝜌 𝜋 𝑅  𝑣  𝑐 (𝜆, 𝛽) , (1) 

where 𝑇 ,  denotes the rotor torque and 𝐹 ,  the trust force with the effective wind speed 𝑣  far in front 

of each rotor. The effect of aerodynamics on the rotor blades is described by stationary maps 
𝑐 (𝜆, 𝛽)  and 𝑐 (𝜆, 𝛽) derived from the blade element theory [BUR21] illustrated in Figure 2 with the 

blade pitch angle 𝛽 and the tip speed ratio  

λ =
ω 𝑅

𝑣
  . (2) 

 

Figure 2: 𝑐 − 𝜆 and  𝑐 − 𝜆 curves related to pitch angles 𝛽 ∈ {0∘, 2∘, … , 88∘, 90∘}  

 

For a realistic controller validation, a four degree of freedom (4 DOF) model of each i-th rotor-
generator unit is used. The model is formulated for further analysis in a state space notation with 
separate representation of the linear (mechanical rigid body structure) and the nonlinear part with 
the aerodynamic torque and thrust force 

�̇� =

⎝

⎜
⎛

0 × 𝐴 0 ×

−𝑀 𝐾 −𝑀 𝐷 0 ×

0 × 0 × −
1

τ
⎠

⎟
⎞

𝑥 +

⎝

⎜
⎜
⎜
⎛

0 ×

1

𝑁 𝑚
𝐹 (𝑥, 𝑣)

1

𝐽
𝑇 (𝑥, 𝑣)

0 × ⎠

⎟
⎟
⎟
⎞
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⎛
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−
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𝐽
0

0
1

τ ⎠

⎟⎟
⎞

u  

 

(3) 

with the state and input vector 

x = 𝑦 ,  ,  𝑦 ,  ,  Δθ ,  ,   �̇� ,  ,   �̇� ,  ,  ω ,  ,  ω ,  ,  β ,     u = 𝑇 ,  ,  β ,    .   (4) 

The state vector contains the generalized coordinates and their derivatives with 𝑦 ,   as the fore-aft 

rotor arm deflection, 𝑦 ,   the flap-wise tip deflection related to the body-fixed coordinates at the blade 
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root, ω ,  denotes the rotor speed and ω ,  denotes the generator speed. The torsion angle related 

to the high-speed shaft is determined by  

Δθ , = θ ,  n − θ ,    ,        (5) 

where 𝑛  is the gear box ratio. The matrices 𝑀, 𝐾 and 𝐷 denote the mass, stiffness and damping 

matrix and are given as follows 

  M =

m + N m N m 0 0
N m N m 0 0

0 0 J 0
0 0 0 J

,      𝐾 =

⎝

⎜
⎛

𝑘 0 0 0
0 𝑁 𝑘 0 0

0 0 𝑘  𝑛 −𝑘  𝑛

0 0 −𝑘  𝑛 𝑘
⎠

⎟
⎞

,                                       

𝐷 =

⎝

⎜
⎛

𝑑 0 0 0
0 𝑁 𝑑 0 0

0 0 𝑑  𝑛 −𝑑  𝑛

0 0 −𝑑  𝑛 𝑑
⎠

⎟
⎞

. 

  (6) 

Since the single rotors, the drive trains and rotor arm structure are identical, we assume that the 
aerodynamic curves shown in Figure 2 and the mechanical parameter values in (3), (5), and (6) are 
the same for all components of the multi-rotor turbine. These are denoted as such: τ  is the time 

constant of the first-order model of the pitch drive of each rotor blade, 𝑚  is the effective mass of 

the rotor arm, 𝑚  is the effective mass of the rotor blade, 𝑁 is the number of blades, 𝐽  is the rotor 
inertia, 𝐽  is the generator inertia, 𝑘  is the effective rotor arm fore-aft stiffness parameter, 𝑘  is 

effective blade flap-wise stiffness parameter, 𝑘  is drive train stiffness parameter, 𝑑  is fore-aft rotor 

arm damping constant, 𝑑  is flap-wise blade damping constant, and 𝑑  drive train damping constant. 
For clarification of the equations of motion (3) and the corresponding generalized coordinates (4), 
schematic representations of one turbine unit with the rotor, mechanical structure and drive train are 
illustrated in Figure 3 and Figure 4. 

 

Figure 3: Schematic representation one turbine unit with rotor and mechanical structure with 
linkage to the overall multi-rotor turbine, see Figure 1   

   

 

Figure 4: Schematic diagram of the drive train of each rotor-generator unit     
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Let us now consider the degree of freedom of the main tower of the multi-rotor system. Preliminary 
investigations have shown that asymmetric thrust forces on the rotors result in large bending 
moments in the tower base. This can have several causes: In normal operation, it can be caused 
by a non-homogeneous wind field distribution, or due to an inclined flow with a wake effect. 
Furthermore, faulty sensors for position and speed measurement and actuator faults in the pitch 
drive and generator can lead to highly asymmetrical loads. However, the faulty case is not the 
subject of this study and will be investigated elsewhere in the development of Fault tolerant control 
(FTC) strategies. We consider normal operation, where an overall central control strategy 
significantly reduces the torsion of the tower in the main axis and thus the load in the tower base.  

Let us now look at a simplified top view of the multi-rotor system (Figure 1) without rotor 1 illustrated 
in Figure 5.  

 

Figure 5: Top view of the multi-rotor system from Figure 1 without rotor 1    

 

Using the defined coordinates and thrust forces at the individual rotor 2 and 3, the following equation 
of motion is obtained:  

𝐽  ϕ̈ = −𝑘  ϕ − 𝑑 ϕ̇ + r  𝐹 , − 𝐹 ,  (7) 

the torsion angle 𝜙 , where 𝐽  denotes the inertia of the multi-rotor system, 𝑘  denotes the main 

tower stiffness parameter and 𝑑  the damping parameter. All effective parameters are related to the 
z-axis.  

3 Controller Structure and Model-based Design 

The control system consists of a decentralized power tracking control of each rotor unit and a higher-
level control for load reduction on the overall system. Here we focus on mechanical loads that can 
lead to torsional moments at the tower's base due to inhomogeneous wind fields  

3.1 Decentralized Control for Power Tracking 

The LPV decentralized controller scheme for the active power control of each rotor-generator unit 
above the design wind speed is shown in Figure 6. A further structure could be given for the area 
below the design wind speed but cannot be shown here due to the limited amount of space available. 
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Figure 6: Local LPV power tracking controller of i’th rotor-generator unit     
 

 

The time-varying reference variable of the control is the required power change, which is denoted 
by Δ𝑃 , , . A fixed operating point, on the other hand, is the common rated rotor speed 𝜔 , . 

Thus, one achieves a rapid change of the power, with the variation of the generator torque 𝑇 , . The 

resulting torque imbalance is compensated by the setpoint controlled tracking of the pitch angle 𝛽 . 

The controller coefficients K ,  and 𝒌 ,  (see Figure 6) are calculated model-based from a 1-DOF 

nonlinear turbine model in Takagi-Sugeno form (like a quasi-LPV system) augmented by first order 
pitch dynamics using LMI (Linear Matrix Inequality) design criteria [POE21]. The control-oriented 
model is obtained by model reduction of the 4-DOF state-space model (4):  

ẋ = h (z) A  x + B u ,   y = C x , (8) 

with the premise variable z = ω ,  ,  β  ,  v  ,  T , , the state vector x =  ω ,  ,  β     and input 

β , .  Note that in the LPV framework the 𝑧 is equivalent to the parameter vector θ. The variable 𝑣  

denotes the undisturbed effective wind speed in front of the i'th rotor. Here it is reconstructed online 
with the wind speed observer from Figure 6 from the measured states and the inputs. 

3.2 Higher-level Control for Load Mitigation 

The central control system consists of the PI controller law  

𝑢 = 𝑘 ,  ϕ̇ + 𝑘 , ϕ̇ 𝑑𝑡 (9) 

and an adaptive dispatcher to determine the changes of the reference powers Δ𝑃 , , ,  i = 2,3 for 

the local LPV controllers of rotor 2 and 3. With u , a participation factor is determined for each 
individual turbine. If 𝑢 = 0, the demanded total power change Δ𝑃 , & ,   of unit 2 and 3 is allocated 

equally to the turbines. If 𝑢 ≠ 0 the power is distributed to the turbines in such a way that 

asymmetric dynamic forces 𝐹 , =  ρ π 𝑅  𝑣  on the rotors due to a non-homogeneous wind field 
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(𝑣 ≠ 𝑣 ) are compensated via different 𝑐  adjustment (see Figure 2) so that the torsion angle 

characterized by (7) is decreased and thus the loads on the tower are reduced. In detail, the 
reference values for lower-level decentralized controllers of unit 2 and 3 are calculated as follows 

Δ𝑃 , , = + 𝑢 Δ𝑃 , & ,   ,       Δ𝑃 , , = − 𝑢 Δ𝑃 , & ,     . (10) 

In the next section, the performance of the approach for a three-rotor system with a rated power of 
3x5MW is presented. It should be noted that the method presented here is not limited to three rotors 
and can therefore be extended to four, five or more rotor units. 

4 Simulation Results 

The control concept for power tracking with load reduction using a turbulent wind field was 
investigated. Up to time t=50 s, the wind field is still uniform. After that, the wind speeds at rotors 
two and three differ by 1 m/s, see the upper diagram of Figure 7. Furthermore, the total power 
reference is gradually reduced, whereby up to t=70s the power is still dispatched equally to the 

rotors (lower diagram). A metric for the load at the base of the tower is the torsion angle ϕ  at the 
star point of the tower (see Figure 1). It can be clearly seen that due to the no longer homogeneous 
wind field from t=50s, the loads increase immediately. By switching on the load-mitigation controller 
at t=70s, which means a difference in the power generation of rotor unit 2 and 3, the load at the 
base of the tower is significantly reduced. A closer look shows the shift in the generator power 
proportions from t = 70s, although the sum of them does not change.  

 

Figure 7: Simulation study without (t= 50 to 70 s) and with load mitigation (t>70s).     

 

30 40 50 60 70 80 90
10

20

30

30 40 50 60 70 80 90

15

20

$
\b

e
ta

_
{r

e
f]$

[g
ra

d]

30 40 50 60 70 80 90

20

30

40

30 40 50 60 70 80 90

2

4

6

30 40 50 60 70 80 90
0

1

2



CWD 2023 

223 

5 Conclusion 

A control concept for a multi-rotor turbine was presented. The focus was on the presentation of the 
basic structure, the simulation models used and the clarification of the effect of the control laws. Not 
described in detail was the exact model-based design procedure with LMI criteria. The interested 
reader will find a detailed description of the design process in [POE21], but not yet the adaptive 
distributed power tracking exploited for load-mitigation This has been presented for the first time in 
this work. 
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Pitch and Yaw System 
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The Wind Turbine Design Guideline DG03: Yaw and Pitch Rolling 
Bearing Life Revisited – An Outline of Suggested Changes 
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1Fraunhofer IWES, Am Schleusengraben 22, 21029 Hamburg, Germany 
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Abstract: The Design Guideline 03 (DG03) published by the National Renewable Energy 
Laboratory in 2009 is widely used in the wind industry. It allows engineers to get acquainted with 
design aspects and methodologies to determine pitch and yaw bearing static capacity and fatigue 
life. The combination of the detailed theoretical descriptions and practical examples makes it a highly 
application-oriented document. Since its publication, the knowledge about oscillating bearings, 
slewing bearings, and wind turbines has grown significantly.  Some aspects of the DG03 need 
updates to reflect the current state of the art. This work covers proposed changes for an upcoming 
revision of DG03. 

1 Introduction 

Pitch bearings, also called blade bearings, connect the wind turbine rotor hub and blades. They 
allow the blades to turn about their primary axis. This pitch movement serves to control power output 
and loads of wind turbines. Yaw bearings connect the tower top with the nacelle and allow the entire 
nacelle with the rotor to turn into the inflowing wind. Both bearing types are commonly large rolling 
bearings, also called slewing bearings [1]. While commercial pitch bearings are always rolling 
bearings, yaw bearings are also available as journal bearings. Rolling yaw and pitch bearings are 
commonly grease lubricated. Unlike rolling bearings in other turbine locations, these oscillating 
bearings do not have full rotations during operation and do not have an applicable standardized 
approach for rating and life analysis.  

The Design Guideline 03 (DG03) by the National Renewable Energy Laboratory (NREL) was 
published in 2009 and covers several design aspects of these two bearing applications [2]. The 
document takes a common perspective of wind turbine designers and bearing manufacturers. It 
does not go into any details of internal bearing design like roller end geometry or hardening 
parameters, and it does not cover turbine controller aspects or aero-elastic simulations.  

The DG03 does not reflect today’s state of the art, yet it is referred to by current turbine design 
guidelines [3]. NREL and Fraunhofer Institute for Wind Energy Systems (IWES) will update the 
guideline and publish it in 2023. Table 1 compares the major differences of the 2009 and 2023 
versions of DG03.  
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2009 DG03 TOC 2023 DG03 TOC Remarks 
Design Types Basic Principles Includes Design Types 

Summary of Calculation 
Methods 

Summary of Damage Modes 
and Calculation Methods 

 

 Finite Element Models  See Chapter 2 of this abstract  

Calculation of Bearing 
Fatigue Life 

Calculation of Bearing Fatigue 
Life 

See Chapter 3 of this abstract 

Bearing Static Capacity Bearing Static Capacity  

Estimation of Case-Core 
Interface Depth 

Estimation of Case-Core 
Interface Depth 

 

Effective Lubrication Effective Lubrication and Wear 
Prevention  

See Chapter 4 of this abstract 

Bearing Friction Torque Bearing Friction Torque See Chapter 5 of this abstract 

Miscellaneous Design 
Consideration 

Miscellaneous Design 
Consideration 

 

 

Table 5: Comparison of table of contents (TOC) between the DG03 2009 and 2023 versions. 

 

Chapter 2 highlights the importance of and requirements for finite element models of pitch and yaw 
bearings and outlines the contact of the later chapter. Chapter 3 focuses on the calculation of rolling 
contact fatigue. Chapter 4 focuses on wear prevention in oscillating slewing bearings. Chapter 0 
then covers the state of the art in slewing bearing friction calculation and measurement. Chapter 6 
concludes this work and presents an outlook on the update process of the DG03.  

2 Finite Element Models 

With regards to finite element analysis (FEA), the 2009 version of the DG03 states on page 11 that 
“Actual experience (FEA analysis) with the effects of various mounting structures on bearing life is 
limited.” Scientific research and industrial practices have contributed significant experience to this 
field since then. Proven and reliable methods to apply loads, modeling high numbers of rolling 
bodies and bolts and performing detailed analyses with sub-models allow the design of more reliable 
and efficient bearings [4–11]. Because of its more complex structural interfaces, this chapter focuses 
on pitch bearing FE models. The methods are applicable to yaw bearings as well.  
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Figure 168: One-third and full rotor star model sketch (©Fraunhofer IWES / Matthias Stammler)  

 

The DG03 update will incorporate definitions on different model types like full rotor star and one-
third rotor star models (see Figure 168 and Figure 169). Full rotor star models consist of a fully 
modelled hub with three blades and at least one blade bearing. One-third rotor star models have a 
120°-section off the hub and a symmetry constraint on the cut surfaces. Models with hub and blade 
are not state of the art and will not be part of the update.  

 

 

 

Figure 169: One-third rotor star FE mesh (©Fraunhofer IWES / Florian Schleich)  

 

The update will also cover the load application on the blades and the contact definitions as well as 
the modelling of the rolling bodies. With any models using nonlinear springs to represent rolling 
bodies a rotation of the bearing rings must be prevented as this influences the load results of the 
rolling bodies. Such a ‘pitch lock’ in turn influences the deformation results. A trade-off between 
desired and undesired consequences is necessary and different pitch-locks will be discussed in the 
DG03.  
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3 Rolling Contact Fatigue 

The rolling contact fatigue methods described in the 2009 version of DG03 are all heavily based on 
scaled models of small, rotating bearings. Since then, much progress has been made and therefore 
new results on the calculation of rolling contact fatigue life will be included in the guideline. Some 
previous assumptions will be removed to simplify the calculation, and to increase its accuracy. The 
adaptations to be made are both based on theoretical considerations as well as rolling contact 
fatigue tests performed by Fraunhofer IWES and its research partners. 

The original version of DG03 is very conservative in its calculation, particularly with regards to usage 
of the lubrication factor (aISO or a3) [12]. This value is generally going to be as low as 0.1 for any 
rotor blade bearing due to the slow speed of movement. However, with modern lubricants that 
contain additives and are proven to work even under adverse circumstances, such a severe 
reduction is often too conservative. 

Since blade bearings oscillate, the DG03 includes an adjustment for oscillating rolling contact fatigue 
calculation in which the load rating C is adapted according to an approach derived by Rumbarger. 
However, the literature includes several other approaches which produce different results. Based 
on a review of the existing literature, the adaptation of the ISO- and ANSI/ABMA-standards is 
performed in a manner that is consistent with the behavior seen in blade bearings. 

Moreover, the calculation of C in the 2009 version of DG03 is based on ISO and ANSI/ABMA but 
includes a slight error that results in a load rating which is inconsistent with the aforementioned 
standards. This will be corrected to ensure consistency. 

The equivalent load P that is required for rolling contact fatigue life calculation cannot be easily 
calculated according to the simplified formulae in commonly used standards. The 2009 version of 
DG03 therefore includes simplified approaches for the calculation of P which, however, lead to 
different results between each other. Like with the consideration of oscillation above, we aim to unify 
these approaches and define one or several methods that produce results consistent with a proper 
application or enhancement of existing standards. Based on a comparison of different approaches 
published in [8], only approaches consistent with the existing research will be included. 

Finally, the calculation of fatigue life typically includes a binning of various operational states 
throughout the turbine life. This will be extended to include a calculation for all time steps, which 
reduces the uncertainty included by arbitrarily-defined binning based on little to no objective 
guidelines. 

The primary goals of these updates are to improve the result accuracy of the life calculation based 
on a limited number of tests; and to include newer research results to obtain a calculation more 
consistent with the theoretical considerations on which ISO and ANSI/ABMA are based.  
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4 Raceway Wear 

2009 DG03 contains several remarks on raceway wear which could not be confirmed by more recent 
research [13–15]. Wear on bearing raceways plays a minor to negligible role in operational failures. 
Boundary oscillation angles like the critical angle or dither are either not confirmed in real-scale tests 
or only play a minor role in operation. Several commercial greases show a high aptitude to prevent 
wear under adverse conditions. [16, 17] 

The DG03 update will reflect the current state of science and give advice on design, production, and 
operational strategies to prevent raceway wear.  

 

5 Friction Torque  

2009 DG03 suggests a simplified formula to calculate the running torque 𝑇 of slewing bearings, see 
Eq. 1. Friction torque measurement results published in [18, 19] do not coincide well with the results 
of the formula, see Figure 170. [19] also shows variations of more than 100% in running torque of 
bearings of the same type.  

 

𝑇 = 𝜇 ∙
𝑑

2

4.4𝑀

𝑑
+ 2.2𝐹 + 𝐹  Eq. 6

 

Figure 170: Comparison of DG03 running torque formula with measurement results  
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6 Conclusions 

In 2023 NREL and IWES will update the pitch bearing design guideline DG03 from 2009. Several 
aspects like finite element modelling of pitch bearings, rolling contact fatigue calculations, wear 
considerations, and running torque will reflect the current state of science.  
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