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Next Generation Plain Bearing Technology for Wind Turbine 

Gearboxes 

H. van Lier 

ZF Wind Power Antwerpen NV 

Gerard Mercatorstraat 40, 3920 Lommel, Belgium 

Keywords: Plain Bearing, Wind Turbine Gearbox 

Abstract: Plain bearings in planet gears are becoming state-of-the art in wind turbine gearboxes. 

In recent years, ZF Wind Power successfully introduced a first generation of plain bearing technol-

ogy in serial products. The continuously growing fleet demonstrates good performance in the field. 

In order to keep up with recent market developments, a next generation plain bearing technology is 

needed. This publication explains which new bearing solution ZF Wind Power selected for planetary 

gears and gives an insight into the systematic development approach that is being followed to intro-

duce the new technology. Results from component and gearbox testing under challenging wind 

turbine specific operating conditions prove high operational robustness. 

1 Introduction of Plain Bearings for Wind Turbine Gearboxes 

The use of plain bearings in wind turbine gearboxes is widely established in the industry. Key op-

portunities of using plain bearings in this demanding application 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] resulted in introduction to serial products in 2019. 

 

Figure 1: ZF Wind Power plain bearing solution for planet bearing application 

ZF Wind Power uses a floating sleeve plain bearing solution for planet bearing application (see 

Figure 1). 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 
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planet shaft compared to 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 

(dual film bearing concept). 

In general, plain bearings offer a high operational robustness when sufficient lubrication is ensured. 

However, some specific wind turbine operating conditions are 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 [VLI23]. 

2 Experience using Plain Bearings in Wind Turbine Gearboxes 

Figure 2 shows the cumulative number of delivered gearboxes equipped with plain bearings be-

tween 2018 and 2023. From the number of shipped units by end 2023 and taking into account a 

certain lag due to transport, storage and commissioning, it can be stated that at least 3000 gear-

boxes with plain bearings are running in the field today. In this fleet, more than 800 units are in 

operation for more than 3 years. 

Until today no failures have been reported from the field, that can be related to the plain bearing 

concept or design itself. The few issues that have been observed are related to unintended condi-

tions like insufficient oil supply or oil cleanliness. Inspections of bearings after one year of operation 

in the field show a rather smoothened surface topology, with only minor scratches. Although the 

surface roughness is reduced, ZF Wind power has never experienced measurable wear patterns. 

Overall, the ZF Wind Power plain bearing solution demonstrates good field performance with no 

indication of slow progressing wear [VLI24].  

 

Figure 2: Cumulative deliveries of ZF Wind Power gearboxes equipped with plain 

bearings 
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3 Plain Bearing Technology Evolution 

Recent market developments and continuous striving for cost reductions in wind industry initiated a 

further evolution of plain bearing technology. ZF Wind Powers objective is to reduce cost both on 

component as well as gearbox level. Reducing cost on component level can be achieved by using 

cheaper materials or simply use a smaller amount of bearing material. On the other side, enabling 

a reduction of cost on gearbox level by an evolution of bearing technology requires a reduction of 

component size, while maintaining or even increasing load carrying capacity. Using the reduced 

space requirement can lead to more torque dense gearbox designs which is linked to a cost reduc-

tion on product level. 

3.1 Selected Concept 

ZF Wind Power selected a bearing concept where the bearing material is fixedly connected to the 

shaft (single film) instead of using the well-established floating sleeve concept (dual film). The single 

film concept enables the usage of latest manufacturing technology. Laser cladding has been se-

lected to deposit the bearing material directly on the planet pins outer diameter. Therefore, the bear-

ing becomes a partially integrated function of the planet pin. 

 

Figure 3: Plain bearing concept evolution 

The combination of the single film concept with the laser cladding manufacturing process allows to 

significantly reduce the amount of rather expensive bearing material. This is because the layer thick-

ness is mainly defined by the bearing functionality and not by structural requirements or manufac-

turing limitations – as it is the case for the dual film concept as well as the assembled single film 

concept. Reducing the amount of bearing material is a direct cost saving on component level but is 

also leading to a reduced radial space demand which is a contributor to more torque-dense gearbox 

designs. 

3.2 Validation Trajectory 

The next generation plain bearing technology is validated in a systematic way (see Figure 4). ZF 

Wind Power has successfully finalized the majority of component, subsystem and gearbox bench 

testing. A 4 MW gearbox has been modified for the validation. The existing plain bearings have been 

replaced by the new bearing concept, whereas the size of the bearings has been reduced in order 

to test closer the operational limits. The new plain bearing technology has demonstrated its capa-

bility during the gearbox robustness test including significant overload and single blade installation 

conditions. 
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Figure 4: Validation Trajectory 

A comprehensive validation and qualification of the laser cladding process is carried out beside the 

validation of the bearing technology itself. 

3.3 Implementation 

Start of serial production of gearboxes which use the next generation plain bearing technology is 

targeted within the next year. By then, a multi-source supply chain will be set up and qualified to 

ensure stable and high-quality supply to all global plants of ZF Wind Power. The next generation 

plain bearing technology will replace the current plain bearing technology in some of the existing 

gearboxes but will also be implemented in new gearbox designs where the additional opportunities 

on system design can be used. 

4 Conclusion 

ZF Wind Power has successfully introduced plain bearings in wind turbine gearboxes and is observ-

ing good field performance. In line with current market demands, a next evolution of plain bearing 

technology is needed with the main objective to further reduce cost of wind turbine gearboxes. The 

next generation plain bearing technology is a single film bearing concept where the bearing material 

is deposited directly onto the planet pin. The capability of this technology has been validated by 

component and gearbox bench tests. ZF Wind Power targets to implement the new bearing concept 

in serial products during the next year, after finalizing field validation and industrialisation. 
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Simulation and application of hydrodynamic planet bearings for 

wind turbine gearboxes 

M. Plogmann1, M. Schubert1, M. Indenbirken1, M. Kittsteiner1 

1Schaeffler Technologies AG & Co. KG, Industriestraße 1-3, 91074 Herzogenaurach, Mi-

chael.Plogmann@schaeffler.com 

Keywords: Hydrodynamic plain bearing, planetary gearbox, simulation, mixed friction 

Abstract:  

Hydrodynamic plain bearings enable a significant increase of torque-density of wind turbine gear-

boxes. Schaeffler has developed a bronze coated pin solution based on additive manufacturing for 

this application.  

The upcoming revision of IEC 61400-4 specifies requirements for the design of such bearings. For 

detailed analysis, Schaeffler has integrated the simulation of hydrodynamic plain bearings into Bear-

inx – Schaeffler’s simulation tool for drivetrains.  

The influence of the rim thickness of the planet on the performance are discussed as well as the 

influence of load offsets and profile. The investigations lead to the conclusion that a detailed analysis 

of the specific simulation case is essential for a reliable bearing design. An outlook is given on the 

simulation of electrical properties of hydrodynamic plain bearings for gearboxes.  

1 Schaeffler plain bearing solution  

For planets in wind turbine gearboxes, Schaeffler has developed and validated a bronze coated pin 

based on additive manufacturing as well as a Triondur© coating solution for high levels of mixed 

friction. Several gearbox and field tests have proven the robustness of the material solutions. Addi-

tionally, tribometer tests as well as plain bearing tests have been performed in the validation phase. 

Among others, the strength of the composite material has been investigated in 4-point bending tests 

as well as plain bearing tests (rotating coated shaft) and the coating has proven to withstand high 

stress levels.  

 

Figure 5: Schaeffler portfolio for wind turbine gearboxes: bronze coated pin and 

Triondur© coated pin 
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2 Theoretical background 

The plain bearing is modeled with flexible bodies for the pin and the planet. The deformations of the 

planet carrier and the planet are calculated based on stiffness matrices reduced to the nodes on the 

sliding surface and nodes for load application as well as other gearbox elements modeled in Bear-

inx.  The Bearinx internal solver for multibody systems is used to solve the coupled problem.  

The hydrodynamic fluid film and pressure between these components are simulated via the Reyn-

olds equation using the finite volume method under consideration of the mass conserving Elrod 

cavitation model. Flow factors according to Patir and Cheng [PC78] and the asperity pressure model 

of Greenwood-Tripp [GT70] are used. The viscosity model is pressure- and temperature-dependent.  

 

Figure 6: Calculation flow of the coupled fluid-structure problem 

3 Simulation model  

The investigations presented are based on the model of a first planetary stage planet bearing, see 

Figure 7. The planet is in this case approximated by a ring with a cylindrical outer surface. The outer 

diameter of the planet is approximated to match with the original planet concerning the deformation. 

The loads at the teeth and the relative speed are directly analyzed in Bearinx from the logical struc-

ture and the input torque and input speed of the gearbox. 

 

 
dpin = 360mm   (diameter of the pin) 
Dplanet = 554mm   (diameter of the planet) 
B = 505mm   (total width of the bearing 
c = 490µm = 1.36‰   (clearance) 
 

𝜂 = 96mPas (ca. 62°C for ISO VG 320 PAO oil) 
nrel = 26.7rpm (100% rated speed, ca. 0.5m/s) 
 

 
 

Figure 7: Hydrodynamic planet bearing model in Bearinx of first stage (low speed 

shaft) - planet carrier and boundary conditions 
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4 Influence of the profile 

The influence of different profiles was investigated using Bearinx, see Figure 8. Without a profile the 

smallest gap is situated at the edge of the bearing and edge pressures occur. The film thickness 

increases by the use of a profile. 

 

Figure 8: Investigation of profile and load offset in Bearinx  

After the production of the gearbox usually a short-time test is made. After transport and installation, 

the single blade installation is made during which the bearing must take up high loads at low speeds.  

This short-time gearbox test is most probable not sufficient for larger adaptions of the profile by 

running-in wear. Designing and manufacturing a profile has the advantage that these adaptions are 

not necessary and furthermore less particles are generated by wear. The bearing will have an opti-

mized profile already when single blade installation is made. Also, it can run with lower friction torque 

from the beginning of the power production.  

5 Influence of the rim thickness 

Next, the influence of the rim thickness on the pressure distribution is analyzed in Bearinx. Here, 

only the planet outer diameter was changed and the pin diameter as well as the loads were kept 

constant. The load was applied by a central node at the planet. These simplifications have been 

made to get a clear interpretation of the results by only changing the rim thickness while all other 

boundary conditions (e.g. pin diameter) are kept the same.  

Figure 9 shows the film thickness and pressure distribution for the different rim thickness of the 

planet. With the decrease of the rim thickness the area of hydrodynamic pressure build-up gets 

larger, and the maximum pressure is reduced (see Figure 10).  

While there is a general trend for the pressure, the film thickness is largest at a medium rim thick-

ness th 140mm and decreases for smaller and larger rim thickness investigated. Nevertheless, the 

film thickness is on a comparable level for all rim thicknesses. Most obvious is the different shape 

of the pressure distribution for the smallest rim thickness th of 70mm. Here two pressure peaks are 

visible at different circumferential positions - one at the beginning and one at the end of the hydro-

dynamic pressure distribution.  
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Figure 9: Results for different rim thickness of the planet (th = 70mm, th = 140mm, 

th = 195mm and th = 320mm, pin diameter 360mm) 

For a better interpretation, Figure 10 shows the pressure and film thickness distribution over the 

circumferential direction for the different rim thickness in detail. For all cases examined, the pressure 

begins to increase already at a relatively high film thickness (>20µm) – despite the low sliding speed 

of 0.5m/s.  

 

Figure 10: Pressure and film thickness for different rim thickness th at the position of 

the maximum pressure 

Interestingly, even for the highest rim thickness th of 320mm (outer diameter / inner diameter = 

2.78), the bearing shows an extended area of pressure build-up which can be attributed to local 

deformations. In the region between 240 and 300° the film thickness drops below 10µm. Here the 

lubricating gap is only slightly convergent in the sliding direction. This shape is different to what can 

be expected from rigid components. With the smallest rim thickness th of 70mm (outer diameter / 

inner diameter = 1.39), pressure is not constantly increasing but peaks occur at the beginning and 

the end of the pressure zone.  

This investigation shows again that it is important to take the elasticity of the components into ac-

count – on a local and global level.   
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6 Influence of the pin-carrier connection 

In gearbox applications different pin-carrier connections are used by gearbox manufacturers. For 

small overlaps of the interference fit between pin and carrier, larger torsional deformation of the 

carrier can be expected than for a very tight interference fit. An opening of the gap on one side of 

the pin-carrier connection is possible.   

In order to investigate the influence of the pin-carrier connection on the pressure and film thickness 

distribution at the radial bearing, the pin-carrier connection was modelled with a tie-constraint over 

25, 50 and 100% of the surface area of the pin-carrier contact.  

 

Figure 11: Hydrodynamic pressure for 25%, 50% and 100% of the pin-carrier con-

tact area connected via a tie-constraint for different load offsets  

As can be taken from Figure 11, there is only a small influence of the pin-carrier connection on the 

pressure distribution. Nevertheless, some differences occur between the results for 50% and 100% 

area tied. The same applies to the film thickness distribution. 

Nevertheless, the pin-carrier connection has an influence on the load offset at the gear contact. This 

leads to changes of the pressure and film thickness distribution at the hydrodynamic plain bearing 

– as can be taken from Figure 11. The load offsets are typically provided by the gearbox manufac-

turer who has detailed information on the tooth corrections. Like shown, with Bearinx this effect can 

be considered.  

7 Thrust bearing simulation  

The thrust bearing design of Schaeffler consists of a flat disc without any grooves or tapers. A con-

vergent gap automatically occurs between the planet and the thrust washer due to the tilting be-

tween these components. Relevant for the tilting are among others the torque resulting from the 

thrust forces at the gear contacts and the load offsets. The deformation of the planet and the planet 
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carrier will also contribute to the misalignment between these components. A tapered land design 

(fixed profile) is therefore not needed to reach a convergent gap.  

The simulation in Bearinx takes into account the mechanical interaction between the radial and the 

thrust bearing. Figure 12 shows the simulation result of the radial and thrust bearing. Here the influ-

ence of the load offset for the same input torque / input speed is analyzed.  

  

Figure 12: Pressure distribution at the thrust bearing for different load offsets 

As can be taken from the figure, the position where hydrodynamic pressure is built up changes due 

to different tilting and different position of the minimum film thickness. The pin-carrier connection will 

also influence the inclination between planet and carrier flange. The investigation shows that the 

bearing design is made in such a way that the performance of the thrust bearing is insensitive for 

the influence of the load offset.  

8 Simulation of electrical properties of hydrodynamic plain bearings 

Electrical models for rolling element bearings and gear contacts are already available in Bearinx, 

see [MCJ22] and Schaeffler can provide helpful advice for complete mechanical systems. At the 

moment, the simulation of electrical properties of hydrodynamic plain bearing are integrated into 

Bearinx.  

Figure 13 shows a comparison between simulations in Bearinx and measurements concerning the 

electrical capacity of a plain bearing from a test rig. The temperature-dependent permittivity of the 

ISO VG 320 gearbox oil has been determined in measurements and taken into account.  

As can be taken from Figure 13 the simulated and measured capacities for the different rotational 

speeds match well. With reduced speed the capacity increases as the film thickness gets smaller. 

Relevant for the high values of electrical capacity is the large surface area with small film thickness 

which can also be taken from Figure 13, right side. Therefore, the deformation of the components 

is essential and differences in the rim thickness will therefore also lead to differences in the electrical 

capacity. Also tilting between the components will be important as shown by Furtmann [FUR17].  
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Figure 13: Electrical capacity for simulation and measurement of a bronze test bear-

ing (32mm x 15mm, ISO VG 320 oil, 50°C, 10MPa) and simulated film 

thickness distribution at 100rpm  

 

Further validation of the electrical model for the plain bearing in Bearinx will be made and investiga-

tions on the electrical network for the drivetrain of wind turbine gearboxes are a next step. The 

differences in the electrical properties of hydrodynamic plain bearings and rolling element bearings 

need to be taken into account when the drivetrain is evaluated.  

9 Conclusion 

Bearinx is a powerful analysis tool of Schaeffler that provides detailed insights for designing bearing 

solutions and enables a knowledge based customer support. Now also detailed hydrodynamic plain 

bearing simulations are possible, and a complete drivetrain supported by rolling element bearings 

and plain bearings can be investigated in Bearinx. A seamless workflow is ensured. 

Several influencing factors are considered in the simulation of the hydrodynamic plain bearing, 

among them the deformation of the components and the load offset at the gear contact. The simu-

lation possibilities available in Bearinx are an excellent basis for a reliable bearing design of hydro-

dynamic plain bearings in terms of film thickness, asperity and hydrodynamic pressures, friction as 

well as electrical properties of the bearing.  
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Abstract: Journal Bearings in wind turbine generator (WTG) main gearboxes are the key technol-

ogy for enabling high power density in gearboxes. The needed volume of control for journal bear-

ings, fulfilling the same load carrying requirements, is much smaller compared to roller bearings. 

Furthermore, the fatigue failure mode typically does not exist for properly designed journal bearings 

and the reduced number of single components increases the reliability of the application. For de-

signing journal bearings, multiple tools are available. However, when it comes to the analysis of the 

operational behaviour of the powertrain system, those tools often lack proper and detailed journal 

bearing calculation methods, even though it is essential to consider the impact of journal bearings 

on the gear mesh misalignment and dynamical behaviour early in the design phase. 

To close this gap, enable analysis of the behaviour of journal bearings and feed the parameters into 

the system analysis, Vestas works with Center for Wind Power Drives (CWD) at RWTH Aachen 

University and Winergy in a public funded project. Here, an approach is developed to extract the 

stiffnesses from a JB software, to process the data and to feed the information into a system simu-

lation software. This paper describes the process of applying the extraction method developed by 

CWD and its integration in the tool chain for powertrain system analysis. This paper discusses the 

verification of the method through testing of a 3 MW planetary stage equipped with journal bearings. 

Sensors shall identify the running behaviour and condition of the bearings and thereby support the 

verification of the newly developed Vestas’ tool chain. 

1 Introduction and Motivation 

The rising demand for wind power, driven by the global push for renewable energy, necessitates 

advancements in wind turbine technology to enhance efficiency and reduce costs. A critical area of 

focus is the increase in power density in wind turbine gearboxes, which allows for more compact 

and efficient designs capable of handling higher loads. [CAR22] 

The importance of gearbox reliability can be highlighted by the fact that up to 20% of wind turbine 

downtime can be attributed to gearbox failures [RIB07]. Even though gearboxes do not have the 

highest failure rates among wind turbine components, their failures contribute disproportionally to 

turbine down time because size and mechanical complexity prolong repair time [SAN22]. While 

higher torque density is essential for improving power output and reliability, it also imposes greater 

mechanical stresses on gearbox components, making it more challenging to control the overall op-

erational behaviour. 

In general, noise, vibration, and harshness (NVH) behaviour significantly impact turbine perfor-

mance and reliability as well as market compatibility, as noise emission regulations are becoming 

increasingly more stringent.  

Therefore, understanding of the vibration behaviour of the structure and the generation of tonalities 

to accurately predict NVH behaviour of wind turbine gearboxes is crucial for ensuring their reliability, 
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efficiency, and longevity. Given that wind turbine gearboxes operate under varying and often harsh 

conditions, it is imperative to accurately predict their operational behavior for each significant oper-

ating condition. This understanding helps avoid non-optimal operation, which can lead to higher 

operational and maintenance costs [GIO19]. 

To address these challenges, the use of journal bearings is becoming increasingly important. While 

traditionally roller bearings have been the standard choice for wind turbine gearbox planetary bear-

ings, journal bearings have emerged as a viable alternative due to their unique advantages including 

high load capacity, reduced noise and vibration, lower maintenance requirements, and cost-effec-

tiveness. Vestas has been a frontrunner in adopting this technology, introducing a first prototype 

gearbox with journal bearings in a 2 MW V90 turbine in 2013. The use of journal bearings can reduce 

the risk of localized stress concentrations and spalling damage, common issues with traditional roller 

bearings. Consequently, integrating journal bearings into wind turbine gearboxes can enhance their 

performance and longevity, making them a vital component in the evolution of wind energy technol-

ogy. 

Despite these advantages, journal bearings are sensitive to specific operational requirements, par-

ticularly oil cleanliness, and cannot run without a sufficient lubrication regime, which is crucial for 

their safe operation, for a prolonged time. Understanding the behaviour of journal bearings under 

different operating conditions is also crucial, since wind turbines operate in a wide range of environ-

mental conditions, from extreme cold to high winds, and undergo various load conditions, including 

start-up, shutdown, and emergency stops. Each of these scenarios can significantly impact the lu-

brication regime as well as the overall performance of journal bearings. Therefore, a thorough un-

derstanding of their behaviour under varying conditions is necessary to ensure reliability and effi-

ciency and to fully leverage their benefits. 

Additionally, including journal bearing stiffness in the system simulation will give an indication of the 

significance of the journal bearing stiffness on the overall system, allowing to assess the importance 

of the inclusion into the simulation tool chain. 

2 Problem Statement 

Despite the availability of various methods and tools for designing and analysing journal bearings, 

there is a notable knowledge gap in accurately predicting their stiffness behaviour and integrating 

these parameters into the overall flexible system analysis. This gap poses a challenge in the design 

phase, where understanding the impact of journal bearings on gear mesh misalignment and dy-

namic behaviour is essential. The knowledge and predictability of the mesh misalignment is key for 

designing the micro geometry and optimizing the excitation and operational behaviour of gear 

stages. This lack of knowledge is especially critical in the early design phases, when test results are 

not available but essential decisions in respect of design solutions must be made. 

To address this challenge, Vestas has collaborated with CWD and Winergy in the publicly funded 

project Journal Bearings for Wind Turbines (JB4WT) to develop a method for extracting stiffness 

parameters from a journal bearing simulation software, post-processing the data, and integrating it 

into a system simulation software. 

The aim is to extract reliable fluid stiffness parameters of the journal bearings from a high-fidelity 

multibody simulation, which also considers the flexible environment of the journal bearing, and to 

provide them as input for the system analysis software after postprocessing. It is important to put 

the focus solely on the fluid stiffness to avoid a double consideration of the flexible environment. 
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Furthermore, the post processing needs to be robust to cope with different definitions as for example 

the coordinate systems of the software solutions. By comparing the results to previous system sim-

ulations based on assumed stiffness values, the necessity for the need of a more detailed journal 

bearing simulation can be evaluated.  

3 Methodology 

The pursued methodology for predicting and analysing the behaviour of journal bearings in wind 

turbine gearboxes involves several consequential steps, see Figure 14. These steps ensure that 

the stiffness parameters of the journal bearings are accurately integrated into the system simulation, 

allowing for more precise NVH behaviour predictions. 

 

Figure 14: Workflow of Tool Chain 

Initially a multibody simulation model of a gearbox equipped with journal bearings is implemented, 

relevant parameters are identified and defined, and a dynamic analysis of realistic operation points 

is performed. From this simulation model, in the second step the stiffness parameters of the journal 

bearings are extracted for the various load conditions. The third step is the system simulation. De-

pending on the level of detail, the system simulation can be done with a full powertrain environment 

or focus on the gearbox. The objective of the system simulation is to analyse and optimise the gear 

mesh performance, the excitation behaviour or to understand the overall deflection behaviour by 

considering parasitic wind loads on the powertrain system. SMT Masta uses a scripting interface to 

read the post processed fluid stiffness and writes it into the internal parameter list for the analysis 

steps. 

4 Journal Bearing Modelling and Analysis using AVL Excite 

In the initial step of the workflow, a comprehensive multibody simulation model of a planetary gear-

box with planetary journal bearings is implemented and simulated using the simulation software AVL 

Excite. For this purpose, the geometry of all gearbox parts is initially transformed into condensed 

models in ANSYS Mechanical, reducing the number of degrees of freedom while retaining the es-

sential model characteristics. Relevant nodes exposed to boundary conditions such as load, con-

tacts and other interactions are retained.   

After importing the reduced order bodies into AVL Excite, configuring the connecting joints between 

all interacting bodies and defining the operating conditions (torque and speed), dynamic analyses 

are performed to compute the load situation of the gearbox for a range of operational conditions and 

the joint results, see Figure 15:. 
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Figure 15: Multibody simulation model (left) and 2D result plot of total pressure in 

EHD joint 

The simulation includes an elastohydrodynamic (EHD) simulation of the lubricated sliding contacts 

of the planetary bearings. The EHD contact considers the stiffness of the coupled structures in-

volved, the profiles of the bearing surfaces, the oil properties and the oil supply boundary conditions 

such as shapes of the supply geometry and supply pressure. Based on these inputs, result param-

eters like asperity contact pressure and hydrodynamic pressure, oil film thickness, fill ratio, friction 

power loss, clearance and oil temperature are computed. To achieve this, the solver computes mo-

tion equations for bearing and journal structures resulting in a height input for the hydrodynamic 

simulation solving the Reynolds equation which in turn is then providing pressure information acting 

on the structures.   

Having the EHD contact in the multi body simulation model provides detailed information about the 

dynamic loads, motions and structural deformations of the components involved, which is crucial for 

realistically capturing the coupled interactions and to compute reliable results. The simulation results 

can then be postprocessed to extract key performance metrics such as forces, stresses and system 

vibrations.  

5 Stiffness parameter extraction with MATLAB 

To extract the accurately computed stiffness parameters of the journal bearing from the multibody 

simulation and provide them as input for the system simulation, a MATLAB-based extraction routine 

was developed at RWTH Aachen University. The process involves setting up two separate simula-

tion models in AVL Excite, see Figure 16:.  

While the first model computes the journal bearing behaviour with the fully elastohydrodynamic joint 

(EHD2) to capture realistic bearing results, the second model simplifies the journal bearing by divid-

ing it into several slices and modelling it using arbitrary tabular force/moment joints (FTAB). Using 

this approach, only the center nodes of the interacting bodies in each slice are connected, and a 

unique set of stiffness and damping values for each degree of freedom is assigned to each individual 

node pair as input. 
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Figure 16: Comparison of model setup with EHD joint and sliced simplified model for 

stiffness extraction 

After calculating the EHD results for each operating point of interest, an iterative process is started, 

connecting the two models. After computation, the results of the simplified sliced model are evalu-

ated and compared to the EHD joint model, after which the stiffness and damping parameters are 

iteratively adjusted, and a new computation is initiated until the results of both models converge 

below a defined threshold. When the difference between the two models becomes negligible, it can 

be assumed that the stiffness and damping parameters of the EHD joint have been accurately de-

termined, see Figure 17:. 

 

Figure 17: RRMSE error of simplified model for 9 load cases after 15 iterations (left) 

and tilting results of the final iteration compared to EHD model (right) 

6 Gearbox Operational Analysis with SMT Masta 

Vestas has qualified SMT Masta as systems simulation software to analyse the operational behav-

iour of powertrain systems, especially the gearbox behaviour. In previous papers presented at Con-

ference for Wind Power Drives it has been shown how the system simulation of gearboxes can 

successfully be utilised to predict the excitation behaviour of gearboxes [PIE21]. Since the journal 

bearing module in SMT Masta is not sufficient for deflection analysis, there was the need for reading 
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fluid stiffnesses from an external software. SMT supported us in providing an interface for concept 

bearings which can be controlled by the scripting interface. 

The first step in Masta is to build up the model. The previous chapter described that the journal 

bearing needs to be modelled in slices, this needs to be reflected in the Masta model as well. The 

journal bearing gets represented by five concept bearings in parallel. The analysis workflow in Masta 

starts with an external load file template which contains all relevant load case information like torque 

and speed level and if needed also non-torque loads from the rotor. The script reads the load file 

and creates the load cases in Masta. Afterwards the analysis in the deflection module starts and the 

script reads the file with the provided fluid stiffness and writes it into the parameter list. If more than 

one load case must be solved, this repeats for each load case. So, it can be guaranteed that the 

torque- and speed-dependent stiffness parameters are considered. Afterwards the results can be 

reviewed, and conclusions can be drawn. 

A major challenge in the development was to match the stiffnesses with the correct deflection be-

haviour, see Figure 18. The actual journal bearing stiffness is not linear and does not cross the 

origin of the coordinate system. The stiffness provided by the journal bearing software is linearized 

in the operating point and can be the tangential or the secant stiffness. The pure information about 

the linearized stiffness will lead to a deviation in the resulting deflection as the offset is missing. 

 

Figure 18: Definition of Stiffnesses 

For this problem the user can specify a force at zero displacement. If this information is fed into 

Masta, the stiffness curve can be moved to reflect the proper deflection. This force at zero displace-

ment has been added as additional parameter for extraction from the journal bearing software and 

is part of the input parameters for Masta. 

With this workflow the linearized journal bearing stiffness can be considered in the system deflection 

analysis in Masta for different load cases. This supports in the prediction of the mesh misalignment 

and the resulting excitation and operational behaviour of gearboxes. 

7 Test Setup for Planetary Gear Stage at Vestas Test Centre 

The validation of the newly developed tool chain utilizes a test rig at Vestas Test Centre. The test 

rig is a back-to-back setup equipped with two 3 MW planetary gear stages, see also [PIE21]. The 
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device under test has been equipped with different sensors inside and outside to monitor the oper-

ational behaviour of the journal bearings. In this paper the focus is on the face load distribution and 

the transmission error between the planet carrier and the sun gear shaft. Those two parameters can 

be easily compared with outputs of the system simulation and linked to the operational behaviour. 

Figure 19 shows the different validation steps, from gearbox preparation, over a short end of line 

test at the supplier towards the component test at Vestas and the final comparison between the test 

and simulation results. 

 

Figure 19: Validation Strategy for Gear Excitation [PIE21] 

The test program foresees different steady state operation points along the operational range of the 

turbine. Additionally, speed run-ups at different torque levels were performed. For investigating the 

journal bearing and performing additional qualification steps in regards of condition monitoring, the 

test program also considers an artificial misalignment of the planet carrier. The change in opera-

tional behaviour is also part of the simulations performed in SMT Masta. 

8 Discussion of Test Results 

The test rig driveline has been fully built up in Masta. The device under test has been modelled in 

detail including gear micro geometries. Structural elements like planet carrier and gearbox housing 

have been represented by FE-substructures. The previously described workflow has been applied 

to consider the journal bearing stiffness. The investigated torque levels are in line with the torque 

levels tested on the test rig. The evaluation of the results is focussing on the load distribution at the 

ring gear and the transmission error of the planetary gear stage. Both parameters are affected by 

the journal bearing stiffness and driven by the mesh misalignment. The virtual encoders for the 

transmission error evaluation are at the same position as in the test rig and allow a direct comparison 

between the test and simulation environment. 

At the stage of the paper creation the test result evaluation is not yet concluded but will be shown 

and discussed on the conference. 

9 Summary and Conclusion 

Journal bearings in WTG main gearboxes are state of the art and have major impact to the opera-

tional behaviour of gearboxes and gears. The prediction of the journal bearing impact is key to 

optimise and analyse excitation behaviour of gear stages as well as the load distribution of gear 

03

  

GEARBOX Preparation
• The gearbox has been equipped with 

magnetic angle encoders

• One on Planet Carrier

• One Sun Shaft

END OF LINE TEST @ SUPPLIER
• TE Measurement on GBX Level

• Testing at different speed & load levels

VALIDATION STEP
Compare Post Processed Measurement 

Data with Simulation Results

COMPONENT TEST @ VESTAS
• TE Measurement of single gear stage

• Testing at different speed & load levels
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meshes. This paper describes a toolchain which provides a robust approach for integrating journal 

bearing stiffness parameters into system simulations. By implementing a multibody simulation 

model with AVL Excite, extracting journal bearing stiffnesses, and conducting system simulations 

with SMT Masta, the impact of journal bearing stiffness on the overall system behaviour can be 

assessed. Furthermore, the paper describes the validation through test rig comparisons. The vali-

dation process, involving a 3 MW planetary gear stage test rig will confirm the accuracy and reliability 

of the developed method. The integration of journal bearing stiffness parameters into the system 

simulation is essential for capturing the correct parameters in the design phase, ensuring that the 

gearbox operates efficiently and reliably under various conditions. At the stage of the paper creation 

the test result evaluation is not yet concluded but will be shown and discussed on the conference. 

For the audience, this paper highlights the critical role of system analysis in the early design phase 

and the importance of extending the range of influencing parameters to derive proper solutions. By 

understanding the impact of journal bearing stiffness on system behaviour, engineers can make 

informed decisions that enhance the reliability and performance of wind turbine gearboxes. This 

paper builds on previous research and presents new insights that contribute to the ongoing devel-

opment of advanced gearbox technologies. 
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Abstract:  

Plain bearings in wind turbine gearboxes face unique challenges due to their highly flexible environ-

ment, gear tilting, high specific bearing loads, and low sliding speeds. These conditions can result 

in low film thicknesses and high local pressures. To design effective bearings, suitable calculation 

and simulation methods are essential. 

Since the late 1960s, EHL (Elasto Hydrodynamic Lubrication) calculation methods have been de-

veloped and are now used to simulate planetary plain bearings in wind turbine gearboxes. Measur-

ing operational characteristics within a plain bearing is crucial to validate simulations against test 

results. Key parameters for validation include pressure and gap distribution. However, these meas-

urements are difficult due to space constraints and the exposure of sensors to high pressure and 

shear forces. Existing publications either focus on measurements at specific points within the plain 

bearing or fail to represent the unique conditions of a planetary plain bearing. 

This study presents a method to measure key operational characteristics and their distribution within 

a planetary plain bearing. The measurements will be compared with simulation results obtained 

using standard EHD approaches. 

1 Introduction and Motivation 

Since 2013, ZF Wind Power has been continuously developing planetary plain bearings for wind 

turbine gearboxes. The first market solution, a floating sleeve concept (refs. [LEI15a], [LEI15b], 

[LEI16], [VLI23], [VLI24]), has demonstrated outstanding performance, particularly under high load 

and very low speed conditions such as Single Blade Installation (SBI). 

Market demands for cost reduction and increased load density in wind turbine gearboxes necessi-

tate ongoing improvements in gearbox components. ZF has introduced a new planetary plain bear-

ing technology (ref. [VLI25]), featuring a single film bearing used as a radial planetary bearing with 

the bearing material cladded onto the shaft. This design allows for smaller bearing dimensions, 

potentially operating closer to physical limits. 

Unlike many industrial plain bearing applications, wind turbine applications now require detailed 

numerical simulations to evaluate pressure and gap distribution. EHL simulation software is well-

established (refs. [WIT11], [WIT17], [LAN23]), but validating this software is increasingly important 

to enhance the load capacity of ZF’s new plain bearings. 

A common validation method compares calculated temperatures with measured values, but this 

approach has limitations due to high latency and dependency on surrounding machine elements. 

Another method involves comparing contact patterns with pressure distributions from simulations, 

suitable only for mixed friction conditions. 
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Measuring gear displacement combined with global deformation is complex and prone to uncertain-

ties from tolerances and measurement inaccuracies. Currently, there is no precise and direct vali-

dation method for wind turbine planetary plain bearings. 

A new measurement technique has been developed and applied to a planetary plain bearing. The 

results will be compared to simulation outcomes after testing. The following chapters will detail the 

progress in both simulation and testing of plain bearing operating parameters. 

2 Outline of History of Plain Bearing Research 

The hydrodynamic effect of plain bearings was first discovered and investigated by BEAUCHAMP 

TOWER in 1883 and 1884. He observed that when two surfaces in an oil bath move relative to each 

other and are pressed together by a force, they create an oil film pressure. This pressure separates 

the surfaces and significantly reduces friction. In 1886, OSBORNE REYNOLDS published the first fluid 

mechanical formulation for this phenomenon. 

𝜕

𝜕𝑥
(ℎ3

𝜕𝑝

𝜕𝑥
) +

𝜕

𝜕𝑧
(ℎ3

𝜕𝑝

𝜕𝑧
) = 12 ⋅ 𝜂 ⋅ (

𝑢1 + 𝑢2
2

𝜕ℎ

𝜕𝑥
+
𝑤1 +𝑤2

2

𝜕ℎ

𝜕𝑧
+
𝜕ℎ

𝜕𝑡
) Eq. 1 

The REYNOLDS DIFFERENTIAL EQUATION (RDE) describes the oil film pressure distribution in the 

presence of a viscous fluid, relative speed, and lubrication gap distribution over time. REYNOLDS 

solved this equation numerically for various problems. However, for low film thicknesses, the equa-

tion results in pressure singularities, affecting accuracy. In [BUS49], the authors presented initial 

pressure distribution measurements under lab conditions, observing that, unlike REYNOLDS' calcu-

lations, peak pressure does not tend towards infinity but approaches a limit gradually. 

In the 1950s, the foundations for the now well-known Elasto Hydrodynamic Lubrication (EHL) The-

ory were established by ERTEL (refs. [GRU49], [MOH84], [CAM85]) and DOWSON-HIGGINSON 

[DOW54]. However, their solutions showed convergence issues under higher loads. KNOLL coupled 

the RDE with the elastic structural deformation problem of the surrounding components using a 

Finite-Element-Method (FEM) solution (ref. [KNO74]), an approach still used in common EHL sim-

ulation software. 

In 1978, PATIR-CHENG published an extended solution for the RDE, incorporating rough surfaces 

through flow factors [PAT78], commonly used in micro hydrodynamics. In 1971, GREENWOOD-TRIPP 

enhanced the HERTZIAN Contact Model to a statistical, rough surface [GRE71], an approach now 

established for calculating contact pressure in planetary plain bearings in common software. 

Despite continuous development, there is no generic validation available. The mathematical formu-

lations and commonly measured parameters differ, as shown in the following Table 1. Typically, the 

commonly measured parameters are not perfectly suitable or accurate enough to correlate directly 

with the results from RDE solutions. However, the most direct comparison between test and simu-

lation results involves the pressure and gap distribution. In addition to [BUS49], [LOH21] presents 

gap measurements within a planetary plain bearing. The gap sensors are fixed at four specific po-

sitions on the planetary pin, which disables observation of peak magnitudes and their locations. To 

improve software validation and enhance understanding of planetary plain bearings, ZF is conduct-

ing a comprehensive test campaign to measure the distribution of pressure, gap, and temperature. 
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Parameter Simulation Test 

Gap distribution Direct result of RDE Not measured 

Pressure Distribution Direct result of RDE Not measured 

Temperature Distribution Derived from friction energy  Available 

Friction Coefficient Available from friction models LAB Conditions 

Wear / Surface Topology Available from wear model Available 

Component Displacements 
Available from load-displacement 

equilibrium 
Available 

 

Table 1: Common plain bearing operation parameters in simulation and tests 

3 Development of a Measurement System 

To validate simulation models and test results, it is important to isolate the planetary system from 

parasitic effects such as 

• planetary carrier deformation, 

• deformation of the gearbox housing and ring gear, 

• load sharing between multiple gears and 

• undefined thermal environment influenced by neighboring machine components. 

Therefore, ZF’s planetary test rig has been selected.  

 

Figure 20: Planetary System Test Rig 

It enables repeatable test conditions and allows for comparison of test results with a comprehensive 

test database. The test rig features a mechanical closed-loop system with two gearboxes, where 

speed is applied by an electric drive and test load by a torque motor. The gear mesh design accounts 

for the load distribution in a wind turbine gearbox. The helical gear mesh causes the gear to tilt 

during operation, resulting in a slanted pressure distribution, as shown in the following FEM contact 

simulation results. 
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Figure 21: Pressure Distribution from FEM Contact analysis of BTR002 Test gear 

To measure suitable results, the architecture of the instrumentation needs to be defined carefully.  

3.1 Principle Instrumentation Architecture 

To achieve accurate distribution measurements, it is essential to minimize the impact of instrumen-

tation on the hydrodynamic fluid film. This means placing as few sensors as possible in the load 

area. Generally, there are two options for sensor placement:  

a) Inside the planetary pin  

b) Inside the planetary gear 

Option a) is the simplest solution. However, achieving proper discretization would require a dense 

mesh of sensors in the load area. In contrast, option b) is more challenging in terms of measurement 

architecture but minimizes the sensors' impact on oil film pressure, as demonstrated in the following 

figure. 

 

Figure 22: Pressure Distribution from FEM Contact analysis of BTR002 Test gear 

Due to the sensor positioning, a maximum of two sensors cross the load area simultaneously. Con-

sidering a straight gear mesh, three sensors across the width provide sufficient resolution for the 

distribution. 

Figure 23: Example of the Sensor Location Setup for distribution measurements 
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When considering deformation effects, five or more sensors are required. A total of 15 sensors are 

needed to measure pressure, temperature, and gap height. To obtain results at the same axial 

location, sensors are arranged in traces across the width. Each trace includes all three sensor types, 

which pass through the load zone sequentially, as shown in Figure 4. To minimize the influence of 

neighboring sensors, the distance between them should be maximized. 

Another challenge of this measurement architecture is designing the sensor seats. It is crucial to 

ensure they can be mounted, the gear can be produced, and the test rig can be operated safely. 

 

Figure 24: Principal solutions for sensor application into the planetary gear 

Figure 24 shows different solutions for the sensor application into the gear which are discussed in 

the next table.  

Option A 
increased circumferential 
grooves 

       change of stiffness 

Option B 
axial bores for sensor ca-
bles 

       difficult machining of the ra-

dial bores 

Option C diagonal bores 
       difficult machining of the 

bores 

Option D 
axial pressure sensor 
bore, cavity gap sensor 
hole 

       high hydraulic latency on 

pressure sensor & difficult ma-
chining on gap sensor hole 

Option E radial bores        best compromise 

Option F circum. splitted gear 
       risk of gear damage due to 

ovalization 
 

Table 2: Discussion of sensor application options  

Option E has been selected: radial holes will be drilled into the gear to mount the sensors. The 

cables will be routed through the gear teeth roots, mitigating the risk of gear mesh damage due to 

the bores. 
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3.2 Instrumentation Setup 

To select suitable sensors and finalize the complete setup, the boundaries for the measurement 

campaign need to be defined. Based on ZF’s experience with both LSS and ISS operating condi-

tions, the following requirements are listed: 

• Acceptable pressure range: 0 – >2000 bar, high frequency, safety included 

• Acceptable gap range: 0 – >50 µm, high resolution, high frequency 

• Acceptable temperature range: 20 – 120 °C, low frequency 

Additionally, the setup must function in a metallic and oily environment. The typical ambient temper-

ature can exceed 80°C, and the sensors need to be supplied with electrical energy without limiting 

the gear's agility. Therefore, a suitable telemetry system and energy supply are required. The nec-

essary sensors and telemetry solution have been provided by a supplier. 

3.2.1 Temperature Measurement Setup 

It is assumed that the temperature measurement reaction time is slow because a typical planetary 

gear has significant heat capacity and comparatively low heat generation. Thermocouples are se-

lected and mounted at a safe distance from the high-pressure loaded plain bearing surface, as 

shown in the following figure.  

Figure 25: Example of the temperature sensor and its position 

3.2.2 Pressure Measurement Setup 

Different options are available to capture hydrodynamic pressure: 

1. Measuring the direct hydrodynamic pressure 

2. Measuring the direct hydrodynamic pressure using small Bernoulli resistance, as in [BUS49] 

3. Placing a needle against a spring and capturing the needle's displacement 

The following figure illustrates these working principles. Option 3 was discarded due to high assem-

bly and calibration effort. Option 1 involves an open connection to the plain bearing, allowing oil to 

act directly on the sensor. However, the large cross-section might significantly reduce hydrodynamic 

pressure around the sensor. Ultimately, Option 2, using pressure transducers, was selected. 



CWD 2025 

35 

 

Figure 26: Options for pressure measurement  

The capillary bore to the plain bearing bore minimizes pressure loss during measurement. The cav-

ity between the sensor and the plain bearing bore is designed to be small, reducing latency as much 

as possible. 

3.2.3 Gap measurement 

To measure the gap within the planetary bore and the planetary pin, a distance sensor is necessary. 

Direct contact during measurement would damage the plain bearing, so contactless distance sen-

sors are required. The following figure discusses the suitability of different sensor types. 

 

Figure 27: Options for gap measurement  

Inductive sensors are the most suitable due to their high accuracy, robustness, and low energy 

consumption. Figure 9 illustrates different options for gap sensor application. Option A was deemed 

infeasible for production reasons. 

 

Figure 28: Options for Gap Measurement Design 
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Option B allows for a small distance from the bearing bore but requires a pressure release hole to 

protect the sensor from high hydrodynamic pressure. Therefore, Option C is selected. The expected 

pressure release around the sensor is deemed acceptable based on positive experiences with the 

floating sleeve bearing design. 

3.2.4 Energy supply and Data transfer 

Enabling high-frequency measurement resolution and providing energy for the electronics data re-

quires special attention. A wireless telemetry system that provides sufficient energy was not feasi-

ble. A slip ring transmitter could supply both electrical energy and signals, but it affects gear dis-

placements and, consequently, the measurement results. The most suitable solution is a battery 

power supply and telemetry capable of transmitting 16 channels. Both were supplied and installed 

by a supplier. 

3.3 Practical Application 

The resulting gear design includes 15 sensor bores and the necessary modifications for energy 

supply and telemetry. The solution is illustrated in the following figure. 

 

Figure 29: Modifications on the test gear 

The sensor bores are minimized in diameter to manage the stress concentration effect in the gear 

mesh. For the gap sensors, a twin bore was designed to allow pressure release and protect the 

sensor. The final application of the instrumentation to the gear is shown in the following figure. 

 

Figure 30: Instrumented test gear 

The gap sensor seats do not touch the gear flanks. The entries of the bores into the plain bearing 

are clean, without any burrs. Both the telemetry system and the power supply are mounted in the 

axial groove without affecting the axial plain bearing or the gear's agility. 
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4 Simulation of a Wind Turbine Planetary Plain Bearing 

The detailed simulation is conducted by solving the RDE for elastic environments (ref. [KNO74]) 

using the flow factor approach (ref. [PAT78]) and the roughness contact approach (ref. [GRE71]). 

The goal of the simulation is to provide pressure and gap distributions as an expectation horizon for 

the test. Initially, the effect of the radial sensor bores will be neglected, like the real application inside 

the gearbox. In subsequent simulation steps, the pressure release will be considered using appro-

priate pressure boundary conditions. 

4.1 Operation Modes 

To observe the effects discovered in [BUS49], at least three load steps are required. Additionally, 

to investigate the hydrodynamic characteristics of both LSS and ISS plain bearings, two speed con-

ditions should be considered. 

Operation Mode Load Speed 

OM 1 60 % Lnom 

nLSS 
OM 2 80 % Lnom 

OM 3 100 % Lnom 

OM 4 120 % Lnom 

OM 5 60 % Lnom 

nISS OM 6 80 % Lnom 

OM 7 100 % Lnom 
 

Table 3: Set of operation modes during simulation 

The temperature for the simulation will be assumed to be isothermal, consistent with ZF's test ex-

perience. Therefore, the typical average temperature for each gearbox stage is considered as the 

ambient temperature. The final operation modes are listed in Table 3. 

4.2 Model Setup 

The simulation model is set up by experience in a simplified way.  

 

Figure 31: Setup of the simulation model 

The housing, pinions, and support bearings were neglected due to their low influence on pressure 

and gap distribution. The pin and gear are the most critical components to consider [WIT17]. Bound-

ary conditions are applied based on ZF’s experience. The planetary bearing is modeled as an EHL 

joint between the pin and gear (ref. [LAN23]). The roughness of the shaft and gear in their manu-

factured state is used to set up both the flow factor model and the contact pressure model. The 



CWD 2025 

38 

viscosity definition aligns with typical wind oils, and the oil supply conditions match the real test 

setup. 

4.3 Simulation Results 

The initial simulation results for OM 2 and OM 4, which neglect the pressure release, have been 

completed. Both the pressure and gap distributions have been post-processed. 

 

Figure 32: Pressure distribution from simulation of OM 4 

The figure illustrates the simulated pressure distribution around the shaft. In this case, it is purely 

hydrodynamic, without any contact pressure. The gear tilts due to the clearance, the plain bearing 

profile, and the helical gear mesh forces, resulting in a slanted pressure distribution with a wrap 

angle of about 150°. The effect of a linear load increase on the EHL pressure is shown in the next 

figure. 

 

Figure 33: Peak pressure plotted over the relative load 

As observed by [BUS49], the peak pressure behavior calculated by recent EHL software increases 

gradually rather than progressively, which would be expected from solely solving the RDE. Detailed 

simulation results, focusing on film thickness, have been post-processed for 80% and 120% of the 

design load. 

Figure 15 shows the pressure and gap distribution for OM 2 (80% Load) and OM 4 (120% Load) at 

the same LSS speed. With higher load, the pressure buildup is slightly wider in the circumferential 

direction. Additionally, the area with a small gap height is also widened. The 40% load increase has 

only a slight effect on the decreasing film thickness. Finally, no mixed lubrication or contact is ex-

pected for the planned load cases. These simulations are suitable for exploring the upcoming tests. 



CWD 2025 

39 

 

Figure 34: Pressure and gap distribution for OM 2 and OM 4 

However, the impact of sensor application needs to be thoroughly investigated within the simula-

tions. Therefore, the simulation model will be extended to include additional aspects and will be 

compared to the test results in the future. 

5 Conclusion 

After over 140 years of scientific research and industrial development of plain bearings, there is still 

no direct validation of key parameters applicable to wind turbine gearbox conditions. To gain confi-

dence in simulation results and extend current design limits, ZF is preparing a comprehensive test 

campaign on BTR002. This campaign will investigate pressure, temperature, and film thickness 

distribution in planetary plain bearings under wind turbine conditions. This paper details the meas-

urement setup and simulation results for the planned test conditions. Various architectures and sen-

sor setups are presented, discussed, and evaluated to identify the most suitable solution. 
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Abstract: Bronze-based plain bearings have long been preferred for high-torque, low-speed gear-

boxes due to their reliability and impressive load carrying capacity. However, they are susceptible 

to two types of failure when subjected to metallic particles: spontaneous failure or slow progressive 

wear, depending on size and number of particles. 

Metallic particles inevitably find their way into gearboxes through assembly processes, component 

manufacturing, and operational wear. Detecting these particles typically requires specialized oil 

analysis equipment, which do not detect presence of particles in the tribological contact in real-time. 

In bearings, metallic particles can cause degradation of running surfaces, making their detection 

crucial for implementing preventive measures to prolong operational lifespan. 

This study commences with the development of a risk map using advanced simulation tools to guide 

a comprehensive test campaign. Testing points are strategically placed to assess particle impact 

under varying load and speed conditions. 

The study aims to achieve two primary objectives. Firstly, it delves into the failure modes of bronze-

based materials, examining how they are affected by varying sizes and quantities of particles. Sec-

ondly, it explores the effectiveness of vibration measurements in detecting the presence of particles 

within plain bearings. 

1 Introduction 

The increasing utilization of plain bearings in wind turbines is driven by several technological ad-

vancements and operational requirements. Plain bearings, which reduce radial space and noise 

compared to traditional rolling contact bearings, have become a preferred choice in modern wind 

turbine gearboxes. This shift is primarily driven by the need for more compact designs capable of 

handling the torque outputs of wind turbines without increasing the overall size or weight of the 

turbine systems [Sid23], [LDG+23]. In addition to mechanical considerations, the integration of plain 

bearings aligns with broader trends in the wind energy sector aimed at reducing the levelized cost 

of energy (LCOE) [LDG+23]. 

Given the burdensome downtime and maintenance costs associated with wind turbines, emphasis 

should be placed on enhancing the reliability of plain bearings. Consequently, it is essential to ad-

dress various failure mechanisms of plain bearings. The failure of plain bearings, due to the pres-

ence of particles, is a critical issue in various engineering applications. Particles can originate from 

manufacturing processes, external contamination or can be generated internally through wear pro-

cesses. The presence of solid contaminants in lubricants significantly affects the performance and 

longevity of bearings. Furthermore, different bearing materials exhibit varying sensitivities to partic-

ulate contamination in oil [DSWS10]. The presence of particles in lubricants significantly contributes 

to the failure of plain bearings through various mechanisms, including increased wear rates, 
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changes in tribological behavior, and, in some cases, sudden failure due to seizure. Understanding 

these interactions is crucial for improving bearing design and maintenance practices, thereby en-

hancing reliability and performance in engineering applications. 

When it comes to detecting particulate contamination studies have shown that solid contaminants 

can lead to increased acoustic emissions (AE) levels, which can be detected as precursor to failure. 

Poddar and Tandon show that [PT19] larger particles within plain bearings, generate higher level 

acoustic emissions. A higher concentration of particles in oil also leads to an increase in acoustic 

emission levels.  

In the context of monitoring techniques, several studies corroborate the effectiveness of AE, ther-

moelectric voltage and vibration measurements in detecting various forms of contamination and 

wear in bearings. Mokhtari et al. [MPN+20], utilizes machine learning algorithms to analyze AE sig-

nals for monitoring friction and wear in plain bearings, indicating a trend towards more sophisticated 

diagnostic methods in tribology. F. König [KSOJ21] shows that using AE sensor data, higher accu-

racy and higher sensitivity can be achieved in the detection and classification of three-body abrasion 

due to particle contamination. Studies by Ates et al. [AHW+23] explore the use of a convolutional 

autoencoder on vibration sensor data to perform wear estimation. Recent studies have investigated 

the diagnosis of friction states using machine learning based on thermoelectric measurements. This 

was conducted on a test rig featuring three shafts with helical gears mounted, representing an ab-

straction of a planetary gearbox [WJB+24]. Works related to monitoring of plain bearing contamina-

tion using vibration data in gearbox applications could not be traced. 

The paper is organized into several sections. In the second chapter, we present the experimental 

setup, along with detailed descriptions of the measurement parameters. Following this, it is ex-

plained how the test campaign was designed and refined using component test results and simula-

tion tools. The results section is divided into two parts. The first part examines the failure modes of 

bronze-based plain bearing materials. The second part evaluates the effectiveness of vibration 

measurements in detecting the presence of particles within plain bearings. 

2 Experimental and Simulations setup 

2.1 Experimental setup 

Two test-benches were used to understand failure mechanisms in bronze based plain bearings. 

Although, failure mechanisms can be observed and reproduced on component test-bench with less 

efforts, gearbox test bench was used for this paper. Main motivation for using gearbox test-bench 

is to check if vibration measurements can detect the presence of particles in a complex environment. 

2.1.1 Component testbench 

In component testbench various tests of plain bearings can be conducted (Figure 1). It enables 

testing plain bearings under dynamic load conditions. In a component testbench, full factorial exper-

imentation can be conducted. Various quantities such as oil type, particles size, particle concentra-

tions and bearing materials can be changed to understand effects of changes in details. Construc-

tion of this test rig is fairly simple; it has a shaft with supported ends. The test bearing is mounted in 

a housing, such that its rotational degree of freedom is locked.  Test bearing housing is pushed 

against the shaft. Various quantities such as friction torque and temperature of bearing can be 

measured on this testbench. Radial forces and shaft speed are controlled inputs. This test bench 
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can also be equipped with vibration sensors to measure vibrations and collect data for machine 

learning (ML)-based condition monitoring. Additionally, the specifications of test bearings on the 

gearbox test bench can be easily replicated on the component test bench to facilitate comparisons. 

After conducting various tests on this test bench, two key insights emerged: specific velocity plays 

a more critical role than specific pressure in particle-induced failures, and operating temperature is 

a pivotal factor in studies of such failures. 

2.1.2 Gearbox testbench  

The tests for this paper were primarily conducted using a gearbox test-bench (Figure 1). This test-

bench comprises of a drive unit (synchronous motor), spring clutch, a modified planetary gearbox, 

and a hydraulic pump. The gearbox was modified by replacing the needle bearings between the 

planet gears and carrier with plain bearings. A hydraulic pump is connected to the planetary gear to 

simulate loading. Specifications used for the tests are given in the table below (refer Table 1). 

Bearing Specification 

Material  CuSn12Ni2 

Pin diameter  24.8 mm 

B/D-ratio  1 

Relative clearance  0.8‰ 

Roughness & Friction specification 

Roughness pin  Ra 0.12 µm 

Roughness bearing  Ra 0.22 µm 

Friction coefficient 0.09 

Oil specification 

Lubricant  ISO VG 220 

Kinematic viscosity  
At 28.5 °C  381.4 mPas 

At 55 °C  79.1 mPas 

Speed & Load specifications 

Speed range  0.07 to 0.68 m/s 

Specific load  2.1 to 11.3 MPa 

Table 1: Test and simulation specifications 

The measuring chain includes several sensors that record accelerations in three Cartesian spatial 

directions. All data is collected in a measurement system, allowing real-time monitoring and storage 

as ASCII files. The tests are controlled using a LabView-based program. 

2.2 Targeted testing using simulations 

Tests using gearbox can be highly resource intensive. In order to focus on tests which, bring mean-

ingful results, simulation was used to determine area of testing. 

Simulation of gearbox test-bench were conducted using iST FIRST (Multi-body simulation software). 

In these simulations, all gear contacts were considered. In the actual gearbox, needle bearings 

between carrier and planet gears were replaced with plain bearings. These plain bearings were 

simulated using Elasto-hydrodynamic (EHD) simulations, with specifications outlined in the table 

above. 
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A profile optimization was performed, prioritizing high-load and high-speed operating conditions. 

The main goal of the optimization was to achieve an evenly distributed oil film thickness. 

 

 

Figure 35: Testbenches 

Dissipation energy was used as an indicator to identify critical operating conditions for the bear-

ings. It was observed that unprofiled bearings exhibited critical operating conditions at high loads 

and high speeds. These issues were mitigated by implementing an optimized bearing profile. By 

integrating the results from simulations and key insights from component testing, the focus was 

directed toward the high-speed region. 

 

Figure 36: Dissipation based loading map 

2.3 Test campaign 

The aim of the tests was to investigate the effects of chips and particles in plain bearings. Addition-

ally, the data collected was intended to train and test machine learning models for condition moni-

toring. A distinction was made between runs without chips or particles and runs with chips or parti-

cles. 

For the tests involving chips, three metal chips were introduced into the plain bearing. For the tests 

with particles, three different concentrations were evaluated. Measurement data was recorded at a 

frequency of 100 kHz. Dimensions and details of the chips and particles are provided in Table 3. 

Analysis revealed that the chips used during testing broke into smaller pieces over the course of the 

test. This observation prompted an increased focus on particle-based testing. 

The speed ramp, shown in Figure 3, was used for the test procedure. The procedure began at a 

standstill, with the speed increased in increments of 10 rad/s up to a maximum of 100 rad/s. Each 

speed level was maintained for 30 seconds. 
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Various setup modifications, including assembly and disassembly, warm-up, and cold-run tests, 

were performed during this test campaign to evaluate the robustness of the generated features for 

machine learning. 

Particle type 42CrMo4 chips Iron powder 

Size 300x300x50 µm 700x300x50 µm distribution 35 to 42 µm 

Quantity 3 chips 3 chips 0.1 g 0.5 g 1 g 

Number 
tests 

6 3 4 4 6 

Table 2: Test campaign details 

 

Figure 37: Testing conditions 

3 Results 

Results section is divided into two parts. First part discusses failure mechanisms in bearing ob-

served during testing. Second part discusses about effectiveness of vibration sensors in condition 

monitoring systems. 

3.1 Test results and failure mechanisms 

In these tests, general roughing of running surfaces is seen. Analyzing Sv roughness revealed that 

the depth of the valleys increased when exposed to particles. However, since the runtime for tests 

with particles was not long enough, less wear volume was observed. 

 

Figure 38: Particle test results 
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As expected from the component test bench results, seizure was first observed at the highest oper-

ating speed. The concentration of particles also plays a significant role in causing seizure in bear-

ings. The particle concentration was gradually increased to determine the point at which seizure 

occurs. It was found that 1g of iron filings could generate seizure at the highest operating speeds. 

The bearing surface after seizure exhibited even deeper troughs, combined with microstructural 

changes.  

3.2 Effectiveness of vibration sensors in condition monitoring 

In following chapters, we discuss data distribution, feature engineering and results of condition mon-

itoring.  

3.2.1 Data distribution 

Vibration data was collected for different operating points. For each test which include 10 ramps as 

shown in Figure 3 data packet for 1 second is used. Out of all data points 50% are data points with 

particles and rest without particles. 

3.2.2 Feature engineering 

A variety of time-based and frequency-based features were analyzed and tested. The features were 

evaluated to determine their effectiveness in detecting the presence of particles. Based on this anal-

ysis, custom frequency-based features were developed to enhance detection capabilities. 

The goal was to extract a manageable number of features from the dataset while also considering 

the computation time required for feature generation, ensuring practicality for real-world applica-

tions. 

3.2.3 Vibration sensor for particle detection 

Based on vibration sensor data, various features were generated. Figure 5 demonstrates a clear 

separation between tests with and without particles. 

 

Figure 39: Classification of measurements with particles and without particles 
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Furthermore, an anomaly detection algorithm, utilizing the same features, was able to detect sei-

zures in bearings. In Figure 6, anomalies are represented by red dots, the blue line indicates feature 

readings for tests with seizures, and the grey lines represent feature readings for tests without sei-

zures. Using these features, anomalies were detected 10 seconds before the onset of a seizure. 

 

Figure 40: Seizure detection 

4 Conclusion 

The key conclusions derived from this study can be summarized as follows: 

1) Critical Role of Speed: The study highlights that speed is the primary factor influencing seizure 

generation. While the load on the bearing does have a significant impact, it plays a comparatively 

secondary role. 

2) Concentration of particles: This study indicates that a higher concentration of particles is neces-

sary to induce a seizure caused by particles. 

3) Surface Damage vs. Wear: Tests conducted during the study revealed that the presence of par-

ticles leads to greater surface damage than conventional wear mechanisms. This underscores the 

severe impact of particle contamination on component longevity. 

4) Effectiveness of vibration sensors: By leveraging machine learning classification algorithms on 

data obtained from vibration sensors, the presence of particles can be detected with high accuracy 

and reliability. This approach demonstrates significant potential for predictive maintenance and fault 

detection. 

5) Reproducibility on Test Rigs: All mechanisms of particle and bearing interactions observed in 

gearbox can be effectively reproduced using the component test-rig. This ensures controlled and 

repeatable testing for deeper insights into failure mechanisms. 

5 Outlook 

An investigation will be carried out to explore whether deep learning methods can be directly applied 
to time-series data for particle detection, while also reducing the time required for feature calculation. 
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Additionally, further tests will be conducted to assess the prediction of the remaining usable life of 
bearings using machine learning algorithms. 
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Abstract: There is a growing interest in transitioning wind turbine gearbox roller bearings to plain 

bearings, with a specific emphasis on directly coating the bearing material onto the shaft. Under 

planetary gear operating conditions, the sliding material coated on the shaft and the sliding coun-

terpart (planetary gear inner surface) contact each other at locally high pressure due to deformation 

of the shaft, planetary gear, carrier, etc. In addition, as wind turbines start and stop, they are sub-

jected to repeated contact and non-contact conditions. Therefore, as plain bearing materials, high 

wear resistance is particularly important among the generally required seizure, fatigue, and wear 

resistance. Therefore, we added hard particles to the bearing alloy to improve wear resistance.  

We manufactured test pieces with shafts coated with a copper alloy containing hard particles and 

evaluated their wear resistance in a start-stop test. We report on the effect of hard particles addition 

on sliding performance. 

1 Introduction 

Wind turbine generators are becoming larger to increase power generation for the purpose of re-

ducing levelized cost of energy (LCOE). In line with this trend, there is a demand for downsizing and 

weight reduction of components. In planetary gearboxes, as a countermeasure, the conversion from 

conventionally used rolling bearings to plain bearings is being promoted. For smooth rotation, con-

ventional rolling bearings become integral parts of a circular structure consisting of an inner ring, 

outer ring, and rolling elements. In contrast, the planetary gearbox itself can be made smaller and 

lighter because the plain bearing is only a sliding material part. In addition, due to their simple con-

figuration, plain bearings are expected to improve maintenance costs and equipment utilization rates 

by reducing maintenance work, and may contribute to LCOE reductions. 

As a wind turbine planetary gearbox, a common plain bearing used is a solid bush that can be 

mounted on a planetary shaft or planetary gear (housing). However, when the solid bush is used, 

there is concern that creep may occur due to deformation caused by insufficient rigidity of the gear 

and insufficient interference. Coating the sliding material directly onto the shaft is attracting attention 

as a way to avoid this concern [TES23]  [LIE23]． 

Under planetary gear operating conditions, the sliding material coated on the shaft and the sliding 

counterpart (the planetary gear inner surface) contact each other at locally high pressure due to 

deformation of the shaft, planetary gear, carrier, etc. In addition, as wind turbines start and stop, 

they are subjected to repeated contact and non-contact conditions. Therefore, as plain bearing ma-

terials, high wear resistance is particularly important among the generally required seizure re-

sistance, fatigue resistance, and wear resistance. (“VDMA23903 2019-1” also states that sliding 

materials will be evaluated under conditions where wear is expected to occur to demonstrate per-

formance.) Therefore, the bearing alloy, which is the sliding material, was coated by welding for 
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bonding strength, and hard particles were added to improve wear resistance. This paper reports on 

the effect of the addition of hard particles on the sliding performance. 

2 Material concept 

In casting plain bearings, it is common practice to precipitate compounds with higher hardness than 

the matrix in the alloy to increase strength and other properties (e.g., tin-based white metal). How-

ever, the aforementioned hard particles are not compounds formed within the molten alloy, which 

are affected by cooling and heat treatment conditions, etc., but rather harder compounds that are 

less reactive with the bearing alloy (e.g., silicon carbide). The addition of such hard particles is 

known for high wear resistance cemented carbides, such as nickel alloys and cobalt alloys, which 

are also applied to plain bearings for internal combustion engines in the car and truck sector 

[SAK01]. 

2.1 Sliding mechanism of hard particles 

Two advantages of the presence of hard particles on sliding surfaces are as follows (Figure 1). 

⚫ Hard particles scrape off bearing alloys that have adhered to the sliding counterpart  

⚫ Hard particles smooth out the surface roughness of the sliding counterpart 

 

 

Figure 1: Sliding mechanism of hard particles 

 

Under fluid lubrication, an oil film exists between the plain bearing and the sliding counterpart, and 

metal contact does not occur. However, due to a lack of lubricant or sudden changes in surface 

pressure, the oil film cannot exist at the sufficient thickness and metal contact often occurs between 

the sliding counterpart and the bearing alloy, causing the bearing alloy to adhere to the surface of 

the sliding counterpart. If sliding continues as it is, the bearing alloy of the plain bearing will come 

into metal contact with the adhered substance on the surface of the sliding counterpart. Since the 

adhered substance and the bearing alloy are of the same material, adhesion is more likely to occur, 

resulting in significant wear of the bearing alloy (adhesive wear) or, in the worst case, seizure. How-

ever, when hard particles are present in the bearing alloy, they scrape off the bearing alloy that has 

adhered to the sliding counterpart. This prevents metal contact between the adhered substance and 

the bearing alloy, leading to improved wear and seizure resistance.  

Hard particles make metal contact with the surface of the sliding counterpart in addition to the ad-

hered substance on the surface of the sliding counterpart. Since the bearing alloy is softer than the 

general sliding counterpart material (e.g., hardened steel), the alloy side wears during metal contact. 

However, hard particles are harder than the sliding counterpart material, so the sliding counterpart 

is polished. During sliding, the convex surface of the sliding counterpart makes metal contact with 
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the hard particles and is polished. The surface roughness of the sliding counterpart is then 

smoothed, and a sufficient oil film can be formed between the bearing sliding surface and the surface 

of the sliding counterpart, so that metal contact itself is less likely to occur. In addition, when the 

bearing alloy makes metal contact with the sliding counterpart, if the surface roughness of the sliding 

counterpart is low, adhesion is less likely to occur, leading to improved wear resistance and seizure 

resistance. 

In addition, the number of hard particles present on the sliding surface gradually increases because 

the bearing alloy wears as it comes into metal contact with the sliding counterpart, but the hard 

particles hardly wear. Therefore, the addition effect improves with sliding up to a certain amount. 

2.2 Test piece preparation 

Since the operating conditions of planetary gears cause deformation of the shaft, planetary gear, 

carrier, etc. and low peripheral speeds, it is thought that contact between the bearing and the plan-

etary gear inner surface will increase due to the inability to form a sufficient oil film. The addition of 

hard particles is expected to improve wear and seizure resistance, but the matrix itself must also 

have a certain level of wear and seizure resistance, and must be strong enough to withstand shaft 

deformation, so a copper alloy was selected as the sliding material. Welding was selected as the 

manufacturing method because of the need to directly join the sliding material to the shaft side and 

for high adhesion and alloy strength. The copper alloy with hard particles was welded onto a steel 

shaft, and the test piece was machined to a thickness of 1 mm (Figure 2). 

 

Figure 2: Photograph of experimental welding product 

 

A copper alloy with hard particles added (test piece No.1) as described above was evaluated in a 

sliding test and compared with a copper alloy of the same material (test piece No.2) without hard 

particles and the DIN standard material Cu12Sn2Ni (test piece No.3) (Table 1). 
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No. Material Manufacturing method 

1 Copper alloy + Hard particle Welding 

2 Copper alloy Welding 

3 Cu12Sn2Ni Casting 
 

Table 1: Test material 

No.2: Coating on outer circumference of steel shaft as in (test piece No.1) 

No.3: Made by interference fit of a cast bushing to a steel shaft  

 

The above three materials were subjected to a reciprocating sliding test (ball on disk test) as a basic 

evaluation test in advance. The test conditions and results are shown in Table 2 and Figure 3. 

Load 500 gf 

Velocity 10 mm/s 

Distance traveled 5 mm one way 

Lubrication Application 

Oil VG320 

Oil inlet temperature 80 ℃ 

Number of round trips 200 cycles 

Sliding counterpart 
JIS SUJ2 

(equivalent ISO 100Cr6) 
Φ 8 mm 

 

Table 2: Reciprocating sliding test conditions 

 

 

Figure 3: Reciprocating sliding test result 

 

The addition of hard particles significantly reduced the dynamic friction coefficient. In addition, test 

piece No.1 shows a dynamic friction coefficient lower than that of Cu12Sn2Ni, which means that it 

has high sliding characteristics, at least in a simplified evaluation. To confirm whether the addition 

of hard particles is effective even in a sliding configuration more like that of the actual machine, a 

sliding test was conducted as described below. 
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3 Sliding test 

3.1 Test rig configuration 

Although the planetary gear orbits around the sun gear, the shaft does not rotate, but the planetary 

gear (housing) does. The test rig described in Figure 4, which simulates this sliding mechanism, 

was used for the evaluation. 

 

Figure 4: Schematic representation of the test rig 

  

 In this test rig, the housing side rotates as in the planetary gear operation mechanism. On the 

other hand, the shaft side does not rotate, and the load is applied in a constant direction (downward 

in Figure 4). There is an oil hole on the opposite side of the sliding surface of the shaft. Lubricant is 

supplied to the sliding part through the supply path in the shaft and its oil hole. 

 

3.2 Test conditions 

 The test conditions are shown in Table 3. This test was conducted to evaluate the wear resistance 

of plain bearings under planetary gear operating conditions at startup and shutdown, when wear is 

expected. The test loads, speeds, etc., were matched to the steady-state operating conditions of 

the planetary gear. The load and speed for one cycle of the start-stop test are shown in Figure 5. A 

hardened steel bush was selected as the sliding counterpart material and mounted inside the hous-

ing. 

 

Test pattern Start-stop cycle 

Specific load 5 to 35 MPa 

Velocity 0 to 0.5 m/s 

Lubricant VG320 

Amount of oil supply 0.5 L/min (constant value) 

Oil inlet temperature 60 ℃ (constant value) 

Test time 4,500 cycles (19 s/cycle) 

Sliding counterpart 

JIS SCM440 
(equivalent DIN 42CrMo4) 

HRC50~60 
Ra0.2~0.3 

 

Table 3: Sliding test conditions 

Test part 
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Figure 5: Load and velocity in one cycle 

 

4 Test result 

The appearance and shape of the test piece after the test are shown in Figure 6. The test piece with 

hard particles (test piece No.1) shows almost no wear, while the test piece without hard particles 

(test piece No.2) shows wear at the load portion. This suggests that the addition of hard particles 

improves wear resistance even in a sliding environment close to the operating mechanism of plan-

etary gears. Data from the test results are elaborated in more detail within the presentation.  

 

 

Figure 6: Photograph of shaft appearance and shape after test 

Red line: shape after testing    Blue line: shape before testing 
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5 Conclusion 

Through this test result, the addition of hard particles to the matrix of the bearing material, which is 

a common technique for plain bearings for internal combustion engines, was shown to leads to 

improved wear resistance even in a sliding environment (start-stop) close to the operating mecha-

nism of planetary gears. Since high wear resistance is more important for plain bearings in a wind 

turbine planetary gear operating environment, the improved wear resistance provided by this tech-

nology is beneficial for wind turbine planetary gear bearings. However, wind turbine planetary gear 

bearings are required to have sliding performance under oil-cut condition and single-blade mounting 

condition in addition to start-up and shutdown. In the future, we will conduct tests under these con-

ditions to prove that the sliding materials with hard particles can be adapted to wind turbine planetary 

gear bearings. 
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Main Bearing I: Plain Bearing 
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Abstract: Starting from 2008, Miba has been involved with journal bearing solutions in wind turbine 

drivetrains. Miba, as an innovative component supplier, has proven journal bearings as a recognized 

technology for wind gearboxes. 

Journal bearings provide significant advantages over existing main bearings in wind turbines. The 

power density of drivetrains can be increased. Journal bearings enable easy up tower inspection 

and service due to a segmented design. Potential wear parts of the main bearing can be replaced 

without rotor teardown. This reduces maintenance costs and increases turbine availability. The 

physics behind hydrodynamic journal bearings and the segmented design enables scalability for 

larger turbine classes. 

Miba’s SJB™  allows a "one-to-one" replacement for existing roller element bearings. Furthermore, 

the SJB™ comprises of a low number of components, low complexity, and potential for further sim-

plification of the main bearing unit (MBU). 

The focus for the first development starting from 2019 has been on the replacement of spherical 

roller element bearings (SRB) with the SJB™ in 3-point suspension drivetrains. Basic tests regard-

ing tribology and component life, scaled system tests, and real-size tests on a 3.5 MW drivetrain 

were carried out. Principle feasibility towards replacing tapered roller bearings (TRB) with SJB™ in 

highly integrated drivetrains is also assessed. 

In addition to this technical qualification, an economic evaluation regarding Levelized Cost of Energy 

(LCoE) was in focus. The demonstrator bearing will be subjected to a field test in year 2026 - 2027 

and 0-series are aimed for 2028 

1 Introduction 

1.1 Wind turbine developments and trends 

To compete with existing and other sources of energy, the Levelized Cost of Energy (LCoE) of wind 

turbines must be further brought down. 

This can be done by lowering the CapEx and OpEx but also by increasing the AEP & reduction of 

downtime. 

The AEP can be increased by high power density turbines. This trend has already started with China 

making fast progress on this. 
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However, this rapid power density increase in short time also brings in risk due to limits of existing 

bearings in terms of load carrying capacity, size, weight, failure probability, serviceability, etc. 

1.2 Roller main bearing developments and limits 

Up to 1.5 MW to 2 MW typically a combination of SRB with a cylindrical roller bearing (CRB) or a 

combination of double-tapered roller (DTRB) bearings with CRBs have been a standard solution for 

main shaft support. 

For wind turbines from 1.5 MW to 7 MW the so-called 3-point suspension drivetrain was established 

as the most economical concept and became standard in this power class. In this drivetrain config-

uration the rotor-side main bearing is an SRB, and the generator-side support of the main shaft is 

integrated into the main gearbox. Currently SRBs are used as main bearings in dimensions up to 

1250 mm shaft diameter. The roller elements become broad and heavy which results in insufficient 

roller contact situations leading to bearing failures. According to [EPR24] 1.5 MW to 2 MW main 

turbines have significant premature main bearing failure rates. 

For wind turbines with power class above ~ 8 MW, pre-tensioned tapered roller element bearings 

(TRB) in an O-arrangement, became standard. Actual market reports [ELI24] confirm this trend to 

use mainly TRB in future. These bearings are smaller but need to be pretensioned, which is a com-

plex and expensive process.  

Although known failure modes from SRBs can be reduced, however, due to increasing ring diame-

ters and reduced bearing width, ring-creep as failure mode becomes more relevant. 

2 Journal bearings as main bearings 

2.1 Benefits of journal bearings 

Generally, journal bearings enable increasing power density due to non-Hertzian contact. Besides 

that, journal bearings can be designed in a segmented architecture. A segmented design allows an 

up-tower exchange of wearing segments without the need to disassemble the rotor. Therefore, the 

cost for heavy-duty cranes for maintenance operations can be avoided. 

2.2 Journal bearing concepts and their differences 

Miba started in 2010 with first concepts of a journal bearing as main bearing for a wind turbine and 
analyzed several solutions as explained below. 

2.2.1 Double tapered segmented journal bearing 

The first step was the development of a replacement solution for DTRB [MIB10]. 

The concept was proven by scaled sub-system tests during a cooperation project [SCH18] [LAN19] 

[ROL20]. The functional enabler was the introduction of structural adaptation (flexibility) of the seg-

ments to avoid excessive edge loading. 

In an integration and concept study of the double conical bearing solution for a 3-point suspension 

drivetrain, initiated by a wind turbine manufacturer, a fatigue risk due to the flexibility was identified. 

The demanding segment substrate material requirements result in high direct material cost and 

finally to a Miba internal concept stop.  
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2.2.2 Industrial bearing solution(s) 

Based on the learning from the integration study done with a wind turbine OEM, Miba initiated an 

extended analysis of bearing concepts. 

DOME concept 

This concept [KOC19] is a bearing arrangement with radial and axial thrust segments which are 

supported in a spherical compensating structure. The spherical compensating structure is required 

to allow tilting and thus avoiding edge loading on the bearing segments. Simulations showed that 

an additional compensation element for the thrust segments is needed. This led to a complex design 

expensive to manufacture. Furthermore, a critical risk for fretting on the spherical compensating 

structure due to dynamic loading was identified.  

Tilt segment bearing 

Tilt segments are traditionally used for high-speed applications. Due to a pivot element, the con-

verging fluid film gap adjusts dependent on the sliding speed. When it comes to very slow sliding 

speeds the bearing load is concentrated on the segment-edges that leads to bearing damage. This 

can be avoided with additional elastic support elements but also this design becomes complex, 

prone to failures and expensive to produce. 

3 Miba’s SJB™ 

3.1 Spherical journal bearing 

Besides traditional industrial bearing solutions, a new bearing concept, the spherical hydrodynamic 

journal bearing (see Figure 41) was developed as optimum solution for spherical roller element 

bearing replacement. 

 

Figure 41: Spherical journal bearing design  

 

The bearing segments (3) are bolted to an inner ring (4) that is fixed to the shaft (5). These segments 

slide relative to an outer ring (2) that is mounted in the main bearing housing (1). The shape of both 

contacting surfaces is spherical. Therefore, both axial thrust and radial loads can be supported while 

the bearing is designed to allow main shaft deformations and tilting. The rotating segments are 

dipping into an oil sump; thus, lubrication is given for all load situations without additional devices. 

For maintenance purposes each single segment can be rotated to the unloaded area (12 o’clock 

position) and replaced through a cut-out in the outer ring (6). 
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As described in section 2.1 the benefits of all segmented journal bearing solutions are: 

• Higher load carrying capability than roller element bearings. 

• Easy and fast up-tower inspection and exchange of wear parts.  

• Scalability for higher power rating of turbines 

The SJB™ solution specifically offers the following additional potentials: 

• 1:1 replacement of roller element bearings using existing design space for technology intro-

duction and therefore low risk & cost of change.  

• Integration of bearing parts to housing and main shaft. 

• Robustness and due to less components lowering the failure probabilities than roller element 

bearings. 

• Reduced wear due to rotating bearing segments  

• Easy segment exchange process as the segments can be easily rotated towards service 

window. 

 

3.2 Toroidal journal bearing 

As highly integrated drivetrains become increasingly relevant, Miba identified a journal bearing so-

lution that fits their challenging requirements. This solution provides the benefits and potential as 

described above. For the main shaft support of such drivetrains a combination of two segmented 

bearings that are integrated into the main bearing unit are required. By specific combination of the 

sliding surface shape of each bearing the main shaft run-out requirements coming from the main 

gearbox can be met. The Miba segmented toroidal bearing solution offers the following capabilities 

and benefits: 

• Adjustable axial, radial and bending load carrying capabilities (see Figure 42) 

• Stiffest journal bearing solution that meets the challenging requirements of highly integrated 

drivetrains. 

 

 

Figure 42: Surface geometry of sliding contact dependent on load carrying requirements  

4 Journal bearing qualification 

4.1 Test plan derivation 

Miba’s development process is based on the V-Model approach (see Figure 43). The wind turbine 

and main bearing requirements were provided by turbine manufacturers and further linked to the 
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physical structure of the main bearing. Risks to fail were identified and ranked by use of a D-FMEA 

method in loop. To mitigate the identified risks a verification plan including tests on different abstrac-

tion levels and scales was derived. Numerical methods were developed. These methods enable 

linking of the tests on different scales. 

 

Figure 43: Development process based on V-Model 

The tests on all scales and simulations were performed in a loop to improve the bearing design 

variants thereby establishing a virtually validated development process. 

4.2 Journal bearing failure modes 

The failure modes of journal bearings differ significantly from those of roller element bearings cur-

rently used in wind turbines (see Table 3). 

Failure mode Drivers 

Short term seizure Extreme loads 

Thermal instability  All loads during turbine life 

Wear  Turbine start & Idling 

Static strength Extreme loads 

Fatigue All loads during turbine life 

Failure of surrounding components (e.g. gearbox) Design incompatibility  (e.g. shaft movements) 

Table 3: Failure modes of a journal bearing as rotor main bearing of a wind turbine 

4.3 Test results 

Exemplary test results related to journal bearing development for a 3.5 MW turbine are explained 

below.  

Thermal behavior  

Several geometrically scaled system tests (scaling-ratio 1/3) and two real-size system tests per-
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formed on a dynamometer provided valuable input for design-, material- & test procedure improve-

ments. Scaled system testing considering all customer load/speed requirements are planned. This 

final confirmation on real size system test will be completed in April 2025.  

Stable thermal system behavior and a strong correlation between bearing load and temperature has 

been confirmed by scaled system testing (see Figure 44). 

 

a.)   b.)   c.)  

Figure 44: Stable temperature behavior (c.) for highly dynamic energy production load-case at 

14m/s wind speed (a) during scaled testing measured at several outer-ring positions (b)  

Start and Idling operation behavior  

Wear, resulting from mixed friction operation, is one of the lifetimes limiting factors of low speed / 

high load journal bearings. Existing test results show that at very slow sliding speeds of ~0.03 m/s 

to ~0.05m/s hydrodynamic operation starts. The derived dynamic friction coefficient 𝜇 is ~0.003 (see 

Figure 45a). Another key aspect is the effect of stillstand time on the break-away behavior of the 

bearing. Test results show that after ~30 min the static friction coefficient 𝜇0 stabilizes at a value of 

~0.14 (see Figure 45b).  

a.)          b.)  

Figure 45:  Friction behavior of the bearing identified by scaled system testing. 

The local loading of the bearing is calculated using finite element (see Figure 46) and elasto-hydro-

dynamic multibody simulations. A specific unit load of ~6 MPa results in a local load of ~15MPa 
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Figure 46: Example pressure distribution for 

an idling load-case 

 

 Figure 47: Identified idling wear for different 

bearing materials on ring on disk at a sliding 

speed of 0.02 m/s at 70 MPa for 3h. 

The wear-stabilization behavior was tested on Miba internal test rigs for relevant idling loads-speeds 

using Miba standard test specimen. Test results are promising but varying. Therefore, a new test 

specimen is currently being developed for lifetime wear testing.  

Next to that, a comparison of different potential bearing materials has been benchmarked on a ring 

on disk tribometer (see Figure 47). Combining planetary wind gearbox experience with this bench-

mark, AlSn25 and CuSn12Ni2 are the most promising bearing materials for the Miba SJB™ solution. 

Shaft constraint study for “rotor-side integrated” drivetrains  

A numerical investigation to figure out the fit of the toroidal bearing concept for a highly integrated 

drivetrain was performed. Main shaft runout constraints and relevant load-cases were provided by 

a turbine manufacturer. 

Except for one extreme reverse thrust load case, the bearing met all runout requirements. Even the 

results for this load case were close to the given boundaries (see Figure 48). A detailed study and 

development will start in 2025.  

 

a.)                        b.)  

Figure 48: Normalized radial (a) and angular (b) displacement of generator side reference point rela-

tive to the idling position. 



CWD 2025 

65 

5 Conclusion and Outlook 

Journal bearings are a promising technology as the main bearing in wind turbine drivetrains.  

Investigations on different journal bearing concepts have been performed and the most promising 

solution identified. Miba’s SJB™ is designed to consider current pains and provides benefits that 

are relevant not only for future drivetrains but also for current or retrofits and future drivetrains. 

Robustness, power density increase, scalability to higher turbine power classes, up-tower service-

ability and lifecycle extension by minimal design changes in existing drivetrains are the main benefits 

of the solution.  

Current qualification status is promising and after the final real size tests in April 2025, field validation 

tests are planned.  
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Abstract  

Attendees of this presentation will be introduced to fluid film bearing technology, based on tilting 

pad technology designed using advanced polymer materials, as an alternative solution to the roller 

main bearing in wind applications. Through basic evaluations and validations, including Stribeck 

curves, the speed range of mixed friction, and operational/failure modes, we will demonstrate how 

Waukesha Bearings' fluid film bearings allow uptower exchangeability, increased performance, and 

lower maintenance requirements. 

1 Introduction 

Fluid Film Bearings (FFBs) have been used for decades in many applications, typically high-speed 

turbomachinery. They are also applied in nearly 100% of large marine drivetrains. The larger the 

drivetrain, the more likely an FFB is integrated. This is mainly because FFBs are more robust, easier 

to exchange, and can handle a higher capacity. 

FFBs are also an established technology in wind turbine gearboxes (GBs). It is almost standard for 

new GBs applications to have some FFBs, at least in the 1st planetary stage.  

In another example, CWD applied an FFB concept (HydRoLa project) through BMWK (Bundesmin-

isterium fuer Wirtschaft und Klimaschutz) from 2015 to 2020. They also included a scaled test (1 MW 

and 3 MW) on the 4 MW test rig at CWD Aachen. 

2 Technology 

To create a hydrodynamic bearing, main characteristics are mandatory: 

• differential speed to load (fixed housing and rotational shaft or rotational housing and fixed 

shaft) 

• Lubricant (e.g. gearbox oil VG 320) 

• conus (eccentrical shaft or/and tilting pads) 

2.1 Movability of Tilting pads 

The degrees of freedom due to the pivots make the pads less sensitive to shaft deflection and are 

shown in Figure 1. 
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Figure 1: 3D movability of tilting pads due to the pivots 

 

2.2 Design & evaluation 

An initial design is developed based on a generic drivetrain concept and load spectra of a typical 

onshore turbine. 

Using iterative loops via the plain bearing calculation, hydrodynamic pressure distribution in the 

pads, and structural analysis using FEM) and its deformation field, this design is optimized until 

convergence is achieved. The calculation iteration scheme to evaluate main bearing behavior is 

shown in Figure 2. 

 

Figure 2: Design evaluation scheme for a FFB in a wind turbine application 

2.3 Non-hydrodynamic operational modes 

Ideally, the bearing should operate in the hydrodynamic lubrication regime. However, in the low-

speed range, such as start-up and low-speed idling, hydrodynamic operation cannot be achieved 
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without hydrostatic pressure. Here, the bearing will operate in the mixed-friction range, illustrated by 

the Stribeck curve in Figure 3 [STR01]. It shows that friction in fluid-lubricated applications is a 

nonlinear function of the contact load, the lubricant viscosity, and the lubricant entrainment speed. 

 

Figure 3: Typical Stribeck curve showing the different regions of operation 

Using a specific polymer with high wear resistance and high specific loading capacity will minimize 

the risk of wear due to mixed friction. 

2.4 Validation 

The validation of the engineered design is performed through model checks, component testing, 

and subassembly testing. The first level of validation is a model check, where actions and reactions 

at various locations are checked to ensure model integrity and correct load flow paths. 

Next, complete validation tests are performed on a specific wind component test rig “NORBERT”, 

shown in Figure 4, using representative sizes of pads. At this test rig, a deep dive into journal bearing 

perspective is performed by running different Stribeck curves, nominal operational modes, and in-

stallation modes such as SBI (Single Blade Installation) and other specific failure modes. Breakaway 

torques at the starting and stopping conditions are also tested by initiating approximately 20 k start-

stop cycles and analyzing the wear behavior. 

Subassembly testing is planned on the “NAUTILUS” test rig, to validate system level behavior. The 

NAUTILUS rig has been built and will be commissioned soon. 
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Figure 4: Waukesha wind component test rig “NORBERT” 

2.5 Results 

Coefficient of Friction (CoF) tests for varying loads and rotational speeds were performed on the 

NORBERT rig. The aim of these tests was to determine the impact of speed and load on the lubri-

cation regime the bearing operates in. Based on these results, the transition point from mixed friction 

into hydrodynamic lubrication can be determined. Some selected results are presented below. 

Figure 5 shows the measured CoF vs rotational speed at a constant load, corresponding to a nom-

inal pressure of 16 MPa. The results follow typical Stribeck curve behavior, where an increase in 

speed leads to the bearing operating in a hydrodynamic regime (low CoF). This is an important 

indication of the suitability of polymer-lined tilting pads for wind turbine main bearing applications. 

 

Figure 5: Measured CoF vs Rotational speed result obtained by NORBERT testing 

 

In Figure 6, the shaft rotational speed is kept constant, and the load is varied. The result is as 

expected. At lower loads with a larger minimum film height, higher CoFs are observed than at higher 



CWD 2025 

70 

loads. This is due to the greater volume of oil being displaced through the bearing, creating greater 

internal friction within the oil.  

 

Figure 6: Measured CoF vs load result obtained by NORBERT testing 

Figure 7 shows the measured breakaway torque obtained by conducting start-up tests on the 

NORBERT rig. On the horizontal axis the time is shown and on the vertical axis the measured 

torque. Once the system is set into motion, the torque values stabilize at lower values, demonstrat-

ing typical behavior. 

 

Figure 7: Breakaway torque obtained by NORBERT testing 

Based on selected test results shown above, as well as tests conducted to simulate other wind tur-

bine operating conditions, Waukesha Bearings has successfully demonstrated, at a component 

level, the capability of its polymer-lined tilting pads to function as load-carrying members in a wind 

turbine main bearing. 

3 The Waukesha Bearing Concept for Main Bearing 

Using the FFB tilting pad technology allows the bearing to be less sensitive to shaft movements and 

deflections. These modules, arranged for a specific bearing based on a given drivetrain concept, 

provide a high level of flexibility to meet any specific demand, including uptower exchangeability. 
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The combination of radial and axial pads with pivots leads to a complete bearing and is illustrated 

in Figure 8. 

Figure 8: Waukesha Bearing’s wind Main Bearing concept 

Key Design Features: 

• Radial tilting pad bearing – modular in design and exchangeable without a high crane. 

• Axial tilting pad bearing – modular in design and exchangeable without a high crane. 

• Journal surfaces = polymer-lined 

• Full hydrodynamic at > 0.0x m/s rotational shaft speed 

• Oil Lubricated – ISO VG 320 (Oil used in GBs) 

• Shaft arithmetic average roughness Ra <= 1.6 µm 

3.1 Uptower exchangeability - Example 

A strong focus is placed on creating an uptower exchange without the demand for a large crane. 

This is one of the major advantages of using a tilting pad FFB compared to roller bearings. 

Considering the environment around the bearing and using single pads as separate modules inte-

grated into bearing housing, opens doors for various customer-specific solutions.  An example of 

Waukesha Bearings’ radial pad exchangeability solution is shown in Figure 9. 
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Figure 9: Example for Waukesha Bearing’s wind radial pad exchangeability 

The following table headlines the main benefits of FFBs over roller bearings. 

 

Table 1: Benefits of FFBs over roller bearings 

Given the actual discussions about the main bearing failure rates with roller bearings, the oppor-

tunity for an uptower exchange is of high interest. For offshore turbines with high jack-up vessel 

costs, pad exchangeability would especially show a significant OPEX advantage. 

Considering the latest report by NREL [NRL01] “Main Bearing Replacement and Damage – A Field 

Data Study on 15 GW of Wind Energy Capacity”, failure rates of 10% or more are common.  

  



CWD 2025 

73 

3.2 Outlook 

The FFB technology is feasible in keeping similar dimensions like a roller bearing. However, an axial 

thrust collar is needed at the shaft to cover axial loads. 

There are two ways to accomplish this: 

1. Directly Integrated in the structure (combined design with OEM) 

2. A radial housing (additional split line) and a connected axial pad housing. 

4 Summary and Conclusion 

Fluid film bearings offer a variety of advantages for wind turbine main bearings, including reduced 

failure rates, unlimited bearing lifetime, low sensitivity to wear and limited maintenance required. 

Our modular design can scale up to fit larger wind turbines, resulting in cost savings. The optimized 

pad shape easily integrates into the nacelle and provides advanced bearing performance within a 

broad range of operating conditions, including assembly, low speed/idling and extreme events. 
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Main Bearing II: Roller Bearing 
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Abstract: The focus on cost efficiency in the wind industry leads to an additional increase in both 

size and power density of future turbines. SKF is already testing main shaft bearings for 25 MW 

turbines, which could require bearing diameters of 4 m. With increasing dimensions of bearing outer 

and inner geometry, new effects related to kinematics arise, strongly influenced by roller masses 

and inertia. A comprehensive validation of new bearing designs is an essential part of the product 

development process. Therefore, the new SKF test strategy employs unique monitoring technolo-

gies to gain unparalleled insights into cage loads and bearing kinematics. The commonly used val-

idation process by “survival” is herewith supplemented by an extensive validation through direct 

measurements of key characteristics, that provides a strong contribution to make wind turbine de-

sign processes faster and more reliable. The evaluation of sensor data during the test accelerates 

the development phase and improves the accuracy of simulation models through a direct compari-

son of calculated and measured loads and deformations. 

1 Introduction and market trends 

The offshore wind energy sector has experienced remarkable growth over the past two decades, 

establishing itself as a critical component of the global renewable energy landscape. By the end of 

2023, the global offshore wind capacity reached 75 GW with approximately 11 GW being added in 

2023 [WIL24]. This growth is expected to continue exponentially, with projections indicating that the 

total offshore wind capacity could reach 486 GW by the end of 2033, driven by increasing installa-

tions and supportive political frameworks [WIL24]. One key factor, that has been influencing the 

historic market development of the offshore wind energy sector and that will continue to contribute 

to the future capacity expansion, is the strong focus on cost efficiency to reduce the levelized cost 

of electricity (LCOE) [SHI21]. Figure 49 illustrates the decrease of the global weighted average 

LCOE of offshore wind turbines from 2010 to 2023 and highlights the reduction of more than 50 % 

over the last decade [FER24]. This decline has been realized through increasing power densities, 

that allow the construction of bigger and more efficient turbines due to the overall optimization of 

nacelle masses [HAY18]. The trend of growing turbine size and power output can be observed in 

the size progression of installed prototype turbines and is expected to continue in the future 

[MCC24]. Figure 49 shows the development of the maximum power rating of the deployed wind 

turbine prototypes per year since 2002, covering also planned projects for 2025. Especially the last 

decade shows significant growth, as the power output of installed prototype turbines has more than 

doubled from 8 MW in 2014 to 20 MW in 2024 [MCC24, JEN24]. Recent publications regarding new 

size records of up to 26 MW also indicate the continuation of the turbine growth in the future [JEN24]. 
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Figure 49: Left: LCOE decrease over time [FER24]; Right: Development of the power 

rating of offshore prototype turbines over time [MCC24, DUR23] 

However, the development of turbines beyond 25 MW with increased power densities and light-

weight drive trains results in higher loading of the components as well as the surrounding structures 

and introduces new challenges for the complete turbine system including the main shaft bearings. 

SKF internal studies show that cross-located tapered roller bearings (TRBs) are a successful solu-

tion to combine the lightweight design approach with the necessary load carrying capacity. To keep 

the outer bearing diameter in the 4 m range and to achieve the required load rating, the roller 

masses will disproportionally increase. Due to the larger roller sizes, new effects related to kinemat-

ics arise, that influence the cage design. Growing roller sizes and bearing loads combined with a 

reduced relative system stiffness of the drive train resulting from the lightweight design approach 

can also create significant ring creep. 

SKF has performed a test campaign to address the mentioned topics, as these risks need to be 

evaluated, estimated and measured to ensure robust field performance of the bearings. Masses 

and inertia cannot be properly replicated in a scaled down test, because they increase at a cubic 

rate while length and diameters grow linearly. A full-scale test has been performed to obtain the 

realistic interaction between these effects. A comprehensive validation of new bearing designs is an 

essential part of the product development process. Therefore, the used test strategy employs spe-

cifically developed monitoring technologies to quantitatively measure cage loads and bearing kine-

matics as well as micro and macro movement of the components during ring creep. The commonly 

used validation process by “survival” is herewith supplemented by an extensive validation through 

direct measurements of key characteristics. 

This paper presents the test setup, employed sensor systems and test strategy in chapter 2. Sec-

tion 3 deals with the validation process for segmented single pocket cages and chapter 4 focuses 

on the investigation of ring creep. A summary and conclusion close the paper in section 5. 

2 Test campaign 

The test campaign has been performed in the SKF Sven Wingquist Test Centre in Schweinfurt, that 

contains several test rigs for different bearing sizes (up to 6 m outside diameter), applications (wind, 
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metals, pulp and paper, etc.) and test objectives (life-, functional-, failure mode-, lubrication testing, 

etc.). 

2.1 Test setup 

The left image in Figure 50 shows the main shaft test rig (MSTR) with the test setup highlighted in 

red. The MSTR is one of the world’s most powerful test rigs for wind turbine main shaft bearings 

and can replicate realistic application loads from normal operating conditions up to extreme loads 

and dynamics. It can be used for the validation and development of single wind main shaft bearings 

and full wind main shaft arrangements. Radial and axial loads of up to 8 MN and bending moments 

of up to 40 MNm can be applied. The function of the MSTR can be described as a rotor simulator. 

By combining loads and moments, the hydraulic load unit can simulate all realistic stationary and 

dynamic load scenarios for the main shaft bearings. 

 

Figure 50: Main shaft test rig and cross section of the test setup 

The right image in Figure 50 contains a cross-sectional view of the test setup highlighted in red. The 

hydraulic load unit is connected to the shaft via the shaft adapter and introduces the loads into the 

bearing arrangement. Housing and housing adapter subsequently transfer these loads back to the 

test rig housing. With this test setup, also highly accelerated life tests (HALT) can be performed, 

that would not be possible with series or prototype drive trains, as they are not designed to contin-

uously operate at extreme load levels. The test specimen are two identical tapered roller bearings 

with segmented single pocket cages in a back-to-back arrangement. Their inner bearing geometry 

is based on an SKF internal study regarding main shaft bearings for 25 MW turbines and results in 

roller masses of 20 kg each, summing up to a total roller set mass of approximately 1500 kg. Oil 

lubrication has been selected to precisely regulate the lubrication conditions and to control the bear-

ing temperature. Thus, the test bearings can be lubricated to the optimal level, but also varying 

conditions can be applied to analyse critical situations, e.g. starved lubrication. As the investigation 

of ring creep is a key objective of the test campaign, housing and shaft have been designed with 

specifically defined component stiffness, which allows the quantitative evaluation of the creep be-

haviour at different load levels. Shaft and housing are made from cast iron to resemble the materials 

used in real wind turbines and to replicate the identical tribological conditions in the bearing seats. 

2.2 Sensor systems and test strategy 

The test setup is equipped with an array of sensor systems designed to measure key parameters 

critical to the evaluation of bearing performance. Standard test rig sensors include, for example, the 

measurement of the temperature distribution, vibration measurement and bearing wear detection 
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through online lubricant investigation. Both bearings contain sensor rollers to monitor roller load and 

roller rotational speed as well as load zone size, orientation and shape. Additionally, special sensor 

systems are integrated into the setup to provide further insights into bearing kinematics, cage per-

formance and ring creep. These comprise sensors for the measurement of the axial roller position 

and roller skew around the radial axis. Cage behaviour is quantified through the measurement of 

cage position and deformation. A calibration of the cage sensors allows to transform local cage 

strain to external cage loads, thereby enabling the real-time measurement of cage loads with high 

accuracy. The time-resolution of the measurement system is sufficient to observe a continuous load 

curve, not only for static load situations, but also during all dynamic loading events. Furthermore, 

ring creep is monitored by tracking the circumferential position of all four rings. Through the absolute 

encoding of the ring positions in relation to their seats down to 1 µm, micro and macro movements 

can be detected (see chapter 4). 

A significant feature of this sensor setup is the live transmission of the measurement data, to con-

tinuously evaluate the response of the system to individual load scenarios. This enables the alloca-

tion of key parameters like cage loads or ring creep rate directly to specific load cases. Therefore, 

the planned test program can be adapted to focus on the most relevant aspects. By providing quan-

titative results, the validation of the bearing components is achieved not only through survival under 

test conditions but also through precise measurements of their behaviour. This approach ensures a 

thorough understanding of component performance. In addition to this, the real-time measurements 

can be compared with simulation results in parallel to the test campaign, to improve the simulation 

accuracy and reliability. 

3 Segmented single pocket polymer cages 

Segmented polymer cages have been used in double row TRBs (SKF Nautilus™ bearings) as well 

as in single row TRBs for over 20 years and offer advantages over one-piece cage solutions by 

decoupling the rolling elements. For one-piece cages, the varying kinematic behaviour of even sin-

gle rolling elements, e.g. through the acceleration or deceleration during dynamic load changes, can 

lead to constraint forces and increased cage loads. The decoupling effect of the single pocket seg-

ments reduces the forces acting on the cage as only the neighbouring rollers are exerting compres-

sive forces influencing the cage load and not the complete roller set. The presented test campaign 

is used to evaluate the performance of the design evolution of single pocket cage segments for roller 

masses up to 20 kg and to validate it by a combined approach of simulation methods, validation of 

relevant load levels in full-size bearing operation and static and fatigue load testing on cage com-

ponents. 

In a first step, dynamic multibody simulations of a bearing including the cage in operation are per-

formed by an SKF internal bearing simulation tool (“BEAST”) to identify critical load cases for the 

cage (see Figure 51). It is important to note, that extreme load cases for the bearing, e.g. having 

maximum stresses in the roller-raceway contacts, are not necessarily extreme load cases for the 

cage. Cage loads must be observed especially during dynamic changes of load zones. One output 

from the BEAST simulations are relevant load levels on the cage, that happen in bearing operation. 

Through the comparison of simulation results and directly measured cage deformation, the load 

cases identified as critical by BEAST simulations, as well as the multibody simulation itself are vali-

dated. Herewith, realistic and relevant load scenarios for the segmented single pocket polymer cage 

are determined. In a second step, the strain measurements are used to validate a finite element 

model of the cage for determining the maximum cage stresses in operation. 
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Figure 51: Validation process for the segmented single pocket cages 

By additional component testing static and fatigue safety have been evaluated. The component test 

setup principle is replicated in the finite element model (see Figure 51). It contains a cage with 

encapsulated roller and neighbouring rollers above and below the investigated cage segment. With 

this setup the cage segment can be loaded by either a static force or by an oscillating load with 

defined frequency and maximum force amplitude. The maximum stress values respectively stress 

cycles are then used to determine safety against the static and fatigue loading. Fatigue testing has 

been performed at a load level approximately two times higher than the maximum measured cage 

load during extreme load situations. After more than 107 cycles, the component test has been 

stopped and no signs for crack initiation or loss of structural integrity have been found. 

4 Ring creep investigation 

Ring creep refers to the stepwise relative movements that occur in bearing seats. This phenomenon 

can be attributed to two primary mechanisms: rolling element-induced ring creep and structure-

induced ring creep. Rolling element-induced ring creep arises from local strain patterns in the ring 

seating, which are caused by the loaded rolling elements. In contrast, structure-induced ring creep 

results from housing or shaft deformations due to external forces exerted by the adjacent construc-

tions [LED25]. The extent of these deformations plays a crucial role in the severity of structure-

induced ring creep, as larger deformations can increase the relative movements between inner ring 

and shaft respectively outer ring and housing [MAI17]. Therefore, future wind turbines are particu-

larly sensitive to structure-induced ring creep, due to the relatively low system stiffness of lightweight 

drivetrains combined with higher bearing loads resulting from increasing power densities. The oc-

currence of ring creep can lead to significant issues such as fretting corrosion and abrasive wear. 

These effects can cause bearing damage and eventually system failures. Consequently, the inves-

tigation of ring creep in wind turbine applications is essential to ensure the design of robust systems. 

As mentioned in section 2.1, the test setup has been designed to facilitate the generation of ring 

creep through a defined stiffness of shaft and housing. The dynamic capabilities of the test rig ena-

ble the investigation of structure-induced inner ring as well as outer ring creep. Figure 52 shows the 

ring creep measurement of an inner ring during an example load case with a stationary load zone. 

The left diagram illustrates the tangential macro movement of the ring in relation to the shaft of 
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1100 mm over the time span of five hours. The right graph in Figure 52 contains an enlarged view 

of the ring movement and spans approximately eight inner ring rotations. A repetitive pattern can be 

observed, that repeats itself after each rotation. The movement consists of forward and backward 

rotation components, resulting in a tangential displacement of 400 µm per revolution (observed at a 

fixed shaft position), defined in this study as creep rate. 

 

Figure 52: Tangential ring creep: Macro and micro movement of an inner ring 

Over the five-hour time span covered by the left diagram in Figure 52, the load case has remained 

constant. Thus, the constant creep rate and slope of the curve suggest a stable creep behaviour. 

However, during testing of different load cases, variations in the ring creep behaviour could be de-

tected. The left graph in Figure 53 covers the tangential inner ring movement during a different 

stationary load case, that also was unmodified for a duration of five hours. The slope of the curve of 

the ring position decreases over time, as the creep rate is reduced until it stops after approximately 

one hour. An oscillating movement of the inner ring with a cyclic range between 80 µm and 100 µm 

can still be measured and persists until the end of the load case. The observed phenomenon of 

increasing resistance to ring creep is caused by the so-called training effect in the frictional contacts 

[AUL08]. 

 

Figure 53: Training effect build up and reduction 

The graph on the right in Figure 53 illustrates the influence of changing load scenarios on ring creep 

behaviour. The load case from the left diagram was modified to alter the load zone size while main-

taining an almost identical load level. The maximum contact pressure in the roller raceway contact 

varies by approximately 80 MPa, from 1400 MPa to 1480 MPa. The graph displays a tangential 

movement of 1300 mm in less than four hours, compared to 1,5 mm in five hours. Throughout the 

testing of the altered load case, the creep rate increased from around 20 µm per inner ring revolution 
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to approximately 500 µm. The ring creep measurements during two example load cases demon-

strate the existence of a training effect. However, they also show that this effect can be mitigated 

through load changes, resulting in a reset of the creep behaviour. 

5 Summary and conclusion 

The analysis of offshore wind turbine market trends shows a significant growth of turbine sizes and 

power ratings over the past two decades. To further reduce the LCOE of offshore wind power, this 

evolution will continue in the future. However, the development of turbines beyond 25 MW will intro-

duce new challenges for the whole turbine system, including the main shaft bearings due to in-

creased power densities and flexible surrounding structures. To address these challenges, SKF 

conducted a full-scale test campaign to validate new bearing designs with roller masses of around 

20 kg. The test strategy employed specifically developed monitoring technologies to quantitatively 

measure cage loads, bearing kinematics and ring creep behaviour. A segmented single pocket pol-

ymer cage solution is validated through the measurement of cage loads in operation. Based on 

system tests, component tests and simulation results, static as well as fatigue safety factors have 

been calculated. The investigation of ring creep quantifies the micro movement behaviour on a mi-

cron resolution for various load situations. It was confirmed that under certain conditions, the training 

effect can reduce and stop ring creep, but load changes can again reset this effect, re-initiating 

creep behaviour. 

In conclusion, the test campaign demonstrated the feasibility of cross-located TRBs as main shaft 

bearings for 25 MW turbines and beyond. The direct measurement of key characteristics like cage 

loads and ring creep behaviour supplements the traditional validation process by “survival" and pro-

vides a strong contribution to make wind turbine design processes faster and more reliable. The 

findings of the test underline the remarkable performance of segmented single pocket polymer 

cages in wind turbine main shaft bearings. Due to the decoupling of rolling elements, cage loads 

can be reduced in relation to a one-piece cage solution, especially with increasing roller masses 

and drive train deformations. Furthermore, the obtained understanding of ring creep mechanisms 

allows SKF to assess the risk of individual turbines towards ring creep and enables the optimization 

of the main shaft system together with wind OEMs. The evaluation of sensor data during the test 

accelerates the development phase and improves the accuracy of simulation models through a di-

rect comparison of calculated and measured loads and deformations. 
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Abstract: In the global persuit for sustainable energy, wind energy is at the forefront as a key re-

newable resource. The quest for greater efficiency remains at the forefront of wind turbines. Inno-

vations in drive technology have enabled higher energy capture rates and optimization of turbine 

performance. As a result, bearing requirements are also increasing. The main bearings in particular 

must support ever greater and, above all, dynamic loads as rotor diameters increase. This presen-

tation will highlight the latest advances in the development of simulation tools at MEGT and their 

use in the design of rolling bearings in wind applications. A case study will demonstrate the incor-

poration of environmental factors. The influence of operational conditions on load distribution, and 

fatigue life of main bearings under varying wind conditions will be shown. The presentation will 

demonstrate how this advanced simulation tool empowers engineers to iteratively refine main bear-

ing designs, leading to improved efficiency, reduced downtime, and extended operational lifespan 

of wind energy plants.  

1 Introduction 

Wind energy plays a crucial role in the transition toward renewable energy sources. As wind turbines 

increase in size to harness more energy, the mechanical components, particularly main bearings, 

are subjected to higher dynamic loads. These components must withstand complex loading condi-

tions due to fluctuating wind speeds, operational variations, and environmental factors. The reliabil-

ity of main bearings is essential for minimizing downtime, reducing maintenance costs, and improv-

ing turbine efficiency [She13].  

 

Figure 54: Wind turbine configuration (left) gearbox operated wind turbine [Fie16] and 

(richgt) direct-drive wind turbine [Oya09]. 
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Due to increasing cost pressure, wind turbine manufacturers are increasingly demanding more ex-

tensive calculations in addition to the established standards IEC ISO/TS 16281 [ISO08], ISO 76 

[ISO17] and ISO 281 [ISO07]. The standards require verification for a large number of load situa-

tions. The verifications must be provided for all components. This study demonstrates the benefits 

of dynamic models for advanced damage prediction and detection, using the example of the main 

bearing of a wind turbine with gearbox. A double-row tapered roller bearing such as that used in 

Figure 54 as the main bearing in gearbox operated configuration is examined. In a study by Hart et 

al., the failure rates of main bearings of wind turbines with an output of 1.5 to 2.5 MW were exam-

ined, and the results were presented as 20-year (i.e. lifetime) failure rates. The study found that the 

failure rate for turbines due to main bearing failure exceeded 15%. The underlying causes of these 

failures were found to be diverse and could not be attributed to a singular mechanism [HTF19]. 

Dynamic simulation can help to identify many of the causes of damage, or at least it can provide 

indications and input data for further analysis. In addition to the bearing manufacturers characteristic 

values for identifying surface-induced damage risks, characteristic values for predicting damage due 

to adhesive wear in particular have been published. Table 1 provides an overview of the most com-

mon parameters and the limit values determined in tests on rolling bearings. Similar parameters, 

which are primarily based on single contact analyses, have also been published in the English-

speaking international area. For the sake of clarity, however, they are not mentioned here. 

Damage value Equation Limit value Reference 

Specific power 
(Potthoff) 

phertzian ⋅ vrel 300 MPa ⋅
m

s
 [Pot86] 

Specific frictional 
power (Hansberg) 

phertzian ⋅ vrel ⋅ 𝜇 344
mW

mm2 * 
[Han91] 

Local frictional en-
ergy (Wadewitz) 

∫ Fr ⋅ vrel 𝑑t
t+t2b

t

 
10…15 mJ [Wad93] 

Sum of frictional en-
ergy (Wadewitz) 

∫ ∫ Fr ⋅ vrel 𝑑t 𝑑t
t+t2b

t

tea

tba

 
150…250 mJ
⋅ ms 

[Wad93] 

Specific frictional en-
ergy (Eglinger) 

∫
Fr ⋅ vrel
2 ⋅ b

 𝑑t
t+t2b

t

 
0.35…0.45 J
/mm 

[Egl95] 

 

Table 4: Characteristic damage indicators 

They all assume a relationship between slippage and risk of damage. In rolling bearings, this usually 

occurs in the contact between the rolling element and raceways when the rolling element enters the 

load zone, as the rolling elements are accelerated there. Depending on the design of the load zone 

and the speed of the rolling element, the acceleration is stronger or weaker. The structural defor-

mation of large bearings in wind turbine main bearings especially that of the cages, has a significant 

influence on both. In order to include cage stiffness in a MBS model of roller bearings Hahn pre-

sented a method for deep groove ball bearings connecting rigid cage segments with calculated 

stiffness matrices from an FE model [Hah05]. This approach is successfully applied in [FKS13] to 

model a more complex brass cage and a three-part window cage for spherical roller bearings. For 

model verification the deformation of the segmented cage in MBS and a full FE cage model were 

compared. Büscher further implemented a segmented cage model in a commercial MBS software 

[BLS20] on the example of a pitch bearing and extended the model for detailed contact calculation 

between roller and raceways [BSS22]. Yuqing et al. used a lumped-mass flexible cage like the one 

developed by Hahn in their investigations on the Skidding dynamic performance of rolling bearing 

under acceleration [LCT21]. Detailed bearing models of deep groove ball bearings for specific ap-

plications have been developed by Sadeghi et al. to investigate grease lubricated ball bearings in 
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regard to their losses, damping characteristics of the cage pockets and grease distribution [PSW06, 

RSK24].  

2 Main section 

As indicated in the introduction (see chapter 1), this study examines an example of damage to a 

double-row tapered roller bearing with pin cage, which serves as the main bearing in a wind turbine. 

The simulation model set up for this purpose is briefly introduced in chapter 2.1. Further, a multi-

stage process was employed to analyze smearing damage in an extended load zone and a param-

eter variation study was conducted, adjusting bearing preload to mitigate damage risks (see chapter 

2.2). Finally, a summary is given and the long-term benefits of extending the design process of 

rolling bearings in wind turbines are shown (see chapter 3). 

2.1 Simulation model 

For this study a TRB Model from LaMBDA was utilized. LaMBDA is a combination of software com-

ponents allowing to setup MBS models of Roller Bearings, simulating them in a commercial MBS 

software, Simpack, developed in [WGK24]. The TRB models have been validated against friction 

torque measurements and other calculation tools in several studies [WKM23]. It has also been uti-

lized for the evaluation of smearing risks and damage analysis [WK24]. These investigations in-

cluded small size TRBs with comparatively stiff cages. Therefore, the cages were modeled rigid and 

the influence of cage deformation was neglected.  

 

Figure 55: MBS model of a double row tapered roller bearing used as a main bearing 

in a multiple MW wind turbine modeled using LaMBDA 

To set up the MBS model of the bearing LaMBDA was utilized. It allows to easily create a single row 

tapered roller bearing with pocket window cage type from a graphical user interface. However, for 

this study the cage had to be modeled from scratch as it is a pin type cage, which is not available in 

LaMBDA. The contacts between the rolling element and the cage had to be included. In this case, 

there are two relevant points for modeling the cage type. The axial contact between the rolling ele-

ment end-face and the cage rings and the contact between the rolling element and the pin. Axial 

contact is implemented via a friction-induced spring-damper element with the standard values for 

damping and friction from LaMBDA [WGK24]. For roller pin contact a slice model was employed. 
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The cage is thin compared to its total weight. In order to consider the cages macro-elasticity the 

approach developed by Hahn is applied. Thereby, the macro elasticity is described by discretizing 

the cage into 91 segments. - each segment supporting one roller. The segments are in serial con-

nection using spring-damper elements connected by nodes. The force elements contain two 6x6 

matrices - one containing the stiffness values and the second the damping values. The stiffness 

values are determined from an FE model of a cage segment. High-resolution contact models allow 

the calculation of the individual force components, the rheology model, the lubrication condition and 

the shear (examples of selected output variables can be seen in Figure 56), so that damage-critical 

characteristic values can be determined.  

 

Figure 56: Evaluation of exemplary contact parameters at the two contacts - rolling 

element inner ring raceway and rolling element inner ring rib 

2.2 Methodology 

Based on a damage pattern that suggests smearing in the inlet area of an extended load zone as 

initial damage, a multi-stage analysis process was carried out. The process is shown in Figure 57. 

The first step was to define load scenarios. These can originate from measurements in the field or 

from simulations and take into account wind force and direction. The bearing loads are then derived 

from models of the entire drivetrain. These are specified directly as extreme events or minimum 

loads. Despite the numerous load cases, only a few of them result in critical conditions. A screening 

of the predefined load cases was therefore carried out in the second step. For each load case, the 

damage indicators listed in table 1 were determined locally and temporally resolved from the simu-

lation. Based on the damage characteristics of all individual tribological contacts of the bearing, the 

critical load situations were identified. To determine why this load leads to critical conditions, the 

dynamics of the bearing were analyzed in the identified case. The results of this analysis will be 

discussed in detail in the presentation and are only shown here as an example in Figure 57. The 
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interaction between cage deformation under dead load and strong braking of the rolling elements 

outside the load zone is discussed. 

 

Figure 57: Schematic representation of the workflow for determining damage-criti-

cal load conditions and identifying solution approaches 

In the final step, a parameter variation was carried out regarding the bearing preload in order to find 

a solution approach. Depending on the accessibility of the geometry or the design, the bearing and 

cage clearance, roller and raceway crowning can be varied. In this case, the focus was on the 

preload, as this is usually adjusted via the thickness of a middle ring between the two inner rings of 

the double-row bearing and is therefore easier to adjust than profiling. When varying the preload, 

the thickness of the middle ring was initially selected so that there is nominally no play in the axial 

direction in the bearing. Based on this, the thickness of the middle ring was then reduced by several 

100 μm. The simulation was repeated for the load case in concern with preload and the character-

istic damage values were evaluated. The objective was to minimize the characteristic values as far 

as possible in order to reduce the risk of damage. The influence of the preload is illustrated in Figure 

57 using a damage indicator. While no increase in the risk of damage can be seen over the entire 

circumference of the bearing with a high preload (right), the diagrams in the middle and on the left 

show some areas with a strong yellow color. These are located outside the load zone or in the inlet 

of the load zone of the bearing and indicate an increased risk of smearing damage there.  

3 Summary / Conclusion 

Using an exemplary case of damage, a simulation process was presented that can further enable 

damage analysis. This simulation-based damage analysis was demonstrated on the example of a 

main bearing in wind energy application with a DRTRB bearing of a multi MW wind turbine. The 

model of the main bearing was generated on the basis of the LaMBDA calculation tool, which has 

already been validated several times and is widely used by FVA users. A preliminary study was 

carried out to identify critical load cases and the dynamics of rolling elements and cages were ana-

lyzed in the scenario concerned. Based on these results, a study on remedial measures was then 

carried out and the preload of the double-row bearing was varied. The results presented show that 

this methodology is very promising for research into the causes of damage and for determining 
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solutions. In addition, the method presented can make an important contribution to damage predic-

tion in the long term and thus improve the design process. 
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Abstract: The increasing power rating of multi-megawatt wind turbines and the simultaneously gro-

wing size of rotor main bearings pose challenges to ensure long-term reliability of the powertrain. 

One functional-critical failure mode for non-bolted 2TRB bearing applications is "bearing ring creep-

ing", whereby a bearing ring incrementally rotates relative to its adjacent component during opera-

tion. This failure mode can lead in the very first stage to fretting corrosion and/or abrasive wear 

between the clamped bearing ring and the shaft or the housing. At a later stage, the functionality of 

the powertrain and here in particular the structural integrity of the bearing ring and/or the companion 

structure is subjected to a major functional risk. The underlying creeping mechanism occurs due to 

a local and temporary reduction or even an entire loss of the contact pressure within the interference 

fit caused either by the roller elements themselves (so-called roller induced) or by oscillating global 

deformations of the surrounding drivetrain components (so-called structural induced). 

In order to investigate the failure mode on a component-scale level and to ultimately figure out po-

tential risk mitigation measures at an early design stage, an advanced FE-based simulation ap-

proach and creeping test benches with component-like specimens have been developed at thyssen-

krupp rothe erde (tkre). The main focus of the investigations is on (i) an in-deep understanding of 

the structural and roller induced creeping phenomena, (ii) the validation of the simulation results 

based on experimental measurements and (iii) the evaluation of e.g. bearing design-related coun-

termeasures. The latter in particular is focusing on the influence of the so-called “trained” coefficient 

of friction (COF) and the interference fit. This kind of in-depth evaluation of the drivetrain-specific 

creeping behavior is facilitated by the so-called “creeping scale” indicator which exceeds the current 

state-of-the-art due to its quantifiable metric. Hence, this indicator as proposed within this framework 

contributes to assess the risk profile for different drivetrain designs as well as specifications (e.g. 

load cases, COFs, etc.) and provides targeted recommendations regarding both drivetrain design 

and assembly related countermeasures. In combination with the advanced and highly sophisticated 

FE-based simulation approach, the creeping scale indicator enables a detailed analysis of the 

creeping mechanism and at the same time reveals significant potential for the development of a 

simplified approach for project-related application. Finally, both experimental and numerical results 

are discussed in the context of an improved 2TRB bearing design process taking into account struc-

tural integrity of both bearing ring and bearing seat. 
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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 for both 

slewing bearings as applied for the blade and yaw system [BEC22, BEC24a, BEC24b] and rotor 

main bearings [LUE22, NEI24]. In particular the failure mode “ring creeping”, which can lead to 

fretting corrosion and/or abrasive wear (see Figure 58) between bearing ring and shaft (respectively 

housing), is design-critical for non-bolted large-sized diameter rotor main bearing applications 

[HEU22, RAU16]. 

       

Figure 58: Exemplary impact of creeping on the bearing seat of a large-sized diameter 

bearing (left: inner ring; right: shaft) [LIE22] 

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 

depends primarily on the coefficient of friction (COF) as well as on the local radial and shear stresses 

within the joint. These local stresses are caused by the contact pressure of the interference fit and 

additionally either by the rollers themselves (RIC: roller induced creeping; see Figure 59 left) or by 

the non-static deformation of the adjacent drivetrain components (SIC: structural induced creeping; 

see Figure 59 right) [BAB10, DUC25]. 

 

Figure 59: Schematic illustration of roller (left) and structural induced creeping (right) 

using the configuration of an inner ring (yellow) and a shaft (blue) as an ex-

ample 

In the case of roller induced creeping, the radial load of the roller forces (static bearing condition) 

causes a wave-like deformation of the bearing ring. Underneath the roller to raceway contact, this 

leads to an increase in the frictional shear stress and at the same time to a reduction of the contact 

pressure (or even in the worst case to a gap between the ring and the bearing seat) inbetween the 

circumferential positions of the rollers. If the frictional contact is exceeded, local slippage occurs. In 

combination with rotating rollers this can lead to a tangential displacement of the bearing ring by a 
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few μm (depending on load level). As this process takes place continuously, the resulting displace-

ments add up to macroscopically visible, relative displacements between the bearing ring and the 

adjacent component. [BIL23b] 

The same procedure is the underlying root cause of structural induced creeping movements, alt-

hough here the decisive triggers are not the roller forces, but the deformation of the adjacent com-

ponent (shaft or housing) [DUC25, MAI22]. Particular in this case, it is important that the creeping 

movement can only occur if the deformation of the adjacent component rotates at a different rota-

tional speed than the adjacent component itself - analogous to roller induced creeping, which can 

also only occur because the rollers rotate at a different relative speed compared to the bearing ring. 

If the structural deformation rotates at the same speed as the adjacent construction, this purely 

causes an adapted load distribution, which can only (but does not have to) lead to roller induced 

creeping. 

The prerequisite for creeping in both cases is therefore a deformation (either a deformed ring due 

to the roller forces or a deformation of the adjacent component), which affects the local stresses 

within the joint and rotates itself with a relative speed difference. In practice, it is possible that both 

creeping variants occur separately or simultaneously. In general, however, all kind of creeping 

movements (regardless of the underlying root cause) should be avoided, as both mechanisms can 

lead to the same aforementioned damage. 

2 Developed procedure 

In order to cope with the above-mentioned challenges regarding both creeping mechanisms of rotor 

main bearings, a structured procedure is shown to investigate creeping by experiments (chapter 3) 

and simulations (chapter 4). 

To enable an isolated investigation of the ring creeping detached from the global system behavior, 

a test rig has been developed for roller induced creeping including the training effect [LIE22, BIL23a], 

see also chapter 3. In addition to that, as will be shown in this paper, an additional test rig has been 

developed to also investigate structural induced creeping. By doing that, important parameters such 

as e.g. the ring movement/creeping distance, creeping speed, creeping limit, the trained COF and 

ring/shaft deformation can be determined to develop an in-deep understanding of both creeping 

mechanisms and to purposefully address mechanism-specific countermeasures.  

Afterwards a workflow for the evaluation of a creeping simulation is presented (see chapter 4). The 

advanced evaluation method and its quantifiable as well as normalized scale allows (in particular 

compared to the binary creeping statement of other calculation methods such as SimWag [DUC25, 

NUE15, VIE17, ZIM21]) the detailed investigation of creeping (see chapter 4.1). Both the simulation 

model and the creeping scale are validated using test bench results for the case of roller induced 

creeping (see chapter 4.2) and the practical application is demonstrated as part of a parameter 

study regarding countermeasures (see chapter 4.3). 

3 Experimental investigations 

The investigation of roller induced creeping was completed on a specialized creeping test rig (see 

Figure 60 left) developed by the authors [LIE22, BIL23a]. The test specimen consists of a cast iron 

stub shaft with a cylindrical roller bearing. The inner ring of the slewing bearing together with the 

stub shaft (interference fit) is rotating with njoint fit; the outer ring of the bearing stands still. The radial 
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load is applied using a hydraulic cylinder, which is pressing onto the outer ring of the slewing bear-

ing.  

In a typical test run, the external load is gradually increased until a permanent relative movement 

between the inner ring and shaft is measured via an inductive displacement sensor. The resulting 

relative movements in the joint fit lead to an increased, so-called “trained COF” due to the accumu-

lation of wear particles introduced by micro slip movements between the bearing ring and the shaft. 

The external radial load at which permanent creeping occurs is referred to as the “creeping limit” 

and is determined after the COF was trained to its maximum – a state in which permanent creeping 

occurs which cannot be counteracted by training and therefore describes the threshold from non-

creeping to creeping state. Please explicitly note, that the creeping limit is a test bench-specific 

value which is only used to validate the simulation model, see chapter 4. 

The COF in the joint fit of the specimen - representing run-in contact conditions or the trained con-

ditions mentioned above - is determined on another test rig, see Figure 60 middle. For this purpose, 

the shaft is fixed at the base plate and the inner ring is moved in circumferential direction by hydraulic 

cylinders. By measuring the required force to initiate a defined relative movement and considering 

the nominal force due to the interference fit, the increased COF of the trained specimen is calculated 

and is later used as an input variable for the simulation. 

 

Figure 60: tkre creeping test benches 

For the investigation of structural induced creeping a new test rig has been developed (see Figure 

60 right). Compared to the test rig for roller induced creeping an additional rotating pull device has 

been added. This pull device induces a structural deformation (ovalization) of the hollow shaft which 

leads to a local reduction of the contact pressure in the joint fit. Due to a separate drive, the structural 

deformation can independently rotate (direction and speed) with ndef compared to the joint fit. This 

enables the determination of parameters such as the relative ring movement/creeping distance, 

creeping speed and creeping limit due to structural induced creeping. As it is possible that both 

creeping mechanisms occur simultaneously in practice, at the test rig, external loading (hydraulic 

cylinder) with rotating of the joint fit as well as internal loading (inner pull device) with rotating of the 

deformation can be triggered at the same time. This enables the investigation of and the interaction 

between roller and structural induced creeping on one test rig. The determination of the trained COF 

of the specimens joint fit is also performed on the test rig illustrated in Figure 60 middle. 
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3.1 Experimental results – Roller induced creeping 

To determine the creeping limit of a test specimen on the RIC test rig (later be used for comparison 

with simulative results, see chapter 4.2), at first, the COF of the interference fit is trained to its max-

imum by gradually increasing the load multiple times, from zero load up to a load level in which 

permanent creeping occurs. By analyzing the creeping behavior during these tests, this load level 

is estimated. For the exact determination of the creeping limit, several stepped load hysteresis, 

surrounding the estimated load level, are performed. One of these gradually increased load hyste-

resis can be seen in Figure 62. In the upper part of the figure, the applied force of the hydraulic 

cylinder is plotted over time (force has been normalized regarding the estimated load level). Below 

the creeping speed is illustrated. After the load has been raised to a normalized force of 0.96, the 

inner ring starts to creep. The creeping limit - the threshold from non-creeping to creeping – in this 

case is a normalized force of 0.96. At the highest load level, the creeping speed reaches its maxi-

mum. By decreasing the external load, the creeping slows down until it comes to a standstill at a 

normalized force of 0.89. 

 

Figure 61: Operating principle of tkre creeping test benches 
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Figure 62: Determination of creeping limit at the RIC test rig 

The new developed test rig (Figure 60 right) can be used to determine the creeping limit for structural 

induced creeping or a combination of roller and structural induced creeping. To determine the creep-

ing limit after structural induced creeping one would follow the same procedure as described in this 

chapter, but with adapted loads induced by the rotating inner pull device.  

3.2 Experimental results – Structural induced creeping 

Figure 63 shows the measurement curves of a test run performed to investigate structural induced 

creeping behavior associated to different rotational speeds. This test has been performed at a con-

stant load level of the inner pull device (in the range of the creeping limit) and no external radial load 

has been applied. This means that no roller forces are applied and any relative movement is struc-

tural induced creeping. As can be seen in the middle part of Figure 63, the different rotational speeds 

of the rotating deformation of the shaft (ndef) and the rotating joint fit (njoint fit) lead to sectors with a 

positive relative rotational speed and also sectors with a relative rotational speed of 0 rpm, either 

for a complete standstill of all components or for the same rotational speed of joint fit and rotating 

deformation (all speeds normalized). The lower part of the illustration shows the emerging structural 

induced creeping distance. It can be stated that structural induced creeping only occurs for a relative 

rotational speed ≠0 rpm, so when the deformation of the shaft rotates at a different rotational speed 

than the joint fit. This corresponds well with the definition presented in chapter 1. 
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Figure 63:  Structural induced creeping on the SIC test rig 

The numbers in top of the creeping distance curve represent the normalized creeping speed for the 

specific sector. It can be seen, that the relationship between the relative rotational speed and the 

creeping speed is nonlinear, as a doubling of the relative rotational speed, does not lead to a dou-

bling in creeping speed. 

4 Validation of the numerical simulation method 

The development of an advanced numerical simulation method is described by the authors in 

[BIL23a] and [BIL23b]. The obtained method addresses both creeping mechanisms - roller and 

structural induced creeping. The finite element model itself is based on a nonlinear, static transient 

structural analysis and it is designed to be inherently consistent without requiring experimental cal-

ibration, and thus the scope of application is not limited to any calibration range. In order to achieve 

this (and its robustness/efficiency for practical applications), the development was supervised by 

extensive convergence studies. It incorporates meshing, (solver) settings, contact mechanics and 

system-level interactions to provide a detailed understanding of creeping effects. A first qualitative 

comparison with test bench results confirmed the reliability of the simulation approach [BIL23a]. 

To confirm the validity of the model quantitatively, the numerical creeping evaluation will be intro-

duced first and then the simulative results will be validated using test rig results. 

4.1 Quantitative creeping scale 

The numerical creeping assessment (see Figure 64) consists of two evaluation steps: Based on the 

results of the kinematic creeping simulation, a decision is made on whether creeping occurs or not. 
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If creeping is detected, the intensity, the so-called creeping activity, is determined in a second eval-

uation step. If creeping is not detected, the amount of buffer before creeping occurs, referred to as 

the creeping buffer, is evaluated. 

 

Figure 64: Advanced evaluation method of a creeping simulation (left) and the quantifi-

able as well as normalized creeping scale (right) 

Both scales together form the creeping scale, which is normalized and defined from -1 to +1. Values 

between -1 and 0 represent the creeping buffer, with a more negative value indicating greater re-

sistance to creeping, while a negative value next to zero represent a non-creeping configuration 

which is on the verge of creeping. Values between 0 and +1 represent creeping activity, with higher 

positive values indicating more intense creeping. Accordingly, the value 0 is exactly the threshold 

between a non-creeping and creeping configuration. 

By using this developed creeping scale, a numerical evaluation is provided, which not only enables 

the comparison of different calculated configurations. Thereby the creeping buffer helps to assess 

the risk profile for both different turbines and specifications (e.g. load cases, coefficient of friction, 

etc.), while the creeping activity provides guidance for recommending countermeasures, such as 

design adjustments or overlap. 

4.2 Comparison of experimental and simulative results 

The described creeping scale is used in the following to compare the experimentally determined 

creeping limit (roller induced creeping) of replicated specimen (same manufacturing parameters, 

surface finish, interference fit, material and hardening) with the simulation model in order to validate 

the FE model itself. A test bench run in which the external load is gradually increased until perma-

nent creep occurs was repeated on the replicated test specimens. The measured test rig-specific 

creeping limits – expressed as average 0.81 and standard deviation 0.11 – are plotted in Figure 65 

right. 

The kinematic simulation was calculated using the trained COF for several load levels to determine 

the simulative creeping limit. For each calculated load level, the creeping scale was evaluated and 

the result is shown as a blue bar in Figure 65 left. Starting from 0.57 up to a load level of 0.96, no 

creeping occurs and the creeping buffer decreases continuously. At a load level of 0.96, there is 

almost no buffer left. If the load is increased to the load level 1.00, creeping occurs for the first time, 

which increases for higher loads - indicated by the increasing creeping activity. The change between 

non-creeping and creeping - and therefore the simulative creeping limit - is therefore between 0.96 

and 1.00. 
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Figure 65: Successful comparison of the experimental and simulative creeping limits 

using the creeping scale 

A comparison of the simulated with the experimental results shows that the simulative creeping limit 

corresponds to the measured creeping limit: In more detail, the simulation is within 1.5 times the 

standard deviation of the measured creeping limits. 

As no calibration with test bench results was carried out during the development of the simulation 

model, the developed simulation method can therefore be classified as validated and generally ap-

plicable. 

4.3 Evaluation of countermeasures: COF and overlap 

General countermeasures for both types of creeping are, for example, a high coefficient of friction 

and also a large overlap. For more specific countermeasures, however, it is essential to strictly 

distinguish between the two creeping mechanisms, as in the worst case the creeping movements 

can otherwise be intensified instead of reduced (or completely eliminated): for example, enlarging 

the ring cross-section can reduce the creeping tendency in the case of roller induced creeping and 

is therefore a recommended countermeasure - in contrast, the same countermeasure would favor 

the creeping tendency in the case of structural induced creeping, wherefore a thinner ring cross-

section would actually be appropriate. 

The developed and validated simulation method (as well as the creeping scale) can be used, among 

other things, to evaluate different countermeasures. This is exemplified in the following using the 

trained coefficient of friction and the overlap. Based on the simulated configuration at a load level of 

0.96, both parameters are varied in a range of ± 20%. Thereby, not only the individual parameters 

are varied (and the other kept constant), but both are also varied simultaneously so that cross-

influences can also be analyzed. The resulting configurations are summarized in Figure 66, where 

a red dot indicates that creeping occurred with this parameter combination, whereas a green dot 

means no creeping. 
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Figure 66: Simulated creeping configurations by varying the overlap and the trained 

coefficient of friction in a range of ± 20% (green dot: no creeping occurred; 

red dot: creeping occurred) 

However, the diagram in Figure 66 only contains a binary creeping evaluation - in Figure 67 left, the 

creeping scale value (consisting of the creeping buffer and creeping activity) is therefore added to 

the z-axis so that a quantitative comparison is possible. 

The configuration in which both the coefficient of friction and the overlap were reduced by 20 % 

therefore indicates the highest activity, while the configuration in which both parameters were in-

creased by 20 % shows the largest buffer. With the other configurations analyzed, this results in a 

surface that contains the individual and cross-influences of both parameters on the creeping ten-

dency. A closer look at the individual influences (see Figure 67 right) shows that the scale is strictly 

monotonically decreasing, thus confirming the validity of the creeping scale for individual calcula-

tions. The graphs also confirm that the trained coefficient of friction is the main influencing factor. At 

the same time, however, the diagram shows that an increasing overlap has also a considerable 

influence on the creeping tendency: This beneficial effect should always be utilized, as only geo-

metrical parameters need to be adjusted and no additional manufacturing steps - and consequently 

no additional costs - are required. On doing so, the maximum possible overlap is limited by the 

tolerable inner ring strength (respectively the housing), which is why a precise stress evaluation is 

essential for the dimensioning [BEC24b]. 
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Figure 67: Quantified exemplary influence of the overlap and coefficient of friction on 

the creeping tendency measured with the help of the creeping scale 

The shown validity and quantifiability of simulated creeping results not only enables a reliable ap-

proval calculation in order to evaluate the creeping tendency, but also enables the targeted 

weighting of creeping against other competing damage mechanisms. 

5 Summary / Conclusion 

In this investigation, an advanced simulation approach for the ring creeping of 2TRB rotor main 

bearings has been compared with experimental results of a creeping test bench with component-

like specimens. The new developed test rig is able to trigger structural induced creeping. It has been 

shown that a creeping movement can only occur if the deformation of the adjacent component ro-

tates at a different rotational speed than the adjacent component itself. Structural and roller induced 

creeping can be triggered simultaneously at the test rig. This also enables the investigation of the 

interaction between both creeping mechanisms. As shown, the developed simulation method can 

be classified as validated for roller induced creeping. The same validation procedure is intended for 

structural induced creeping: The simulation model itself does not need to be adapted as the under-

lying simulation approach is not restricted in its scope and is therefore able to address both creeping 

mechanisms for large-sized diameter bearing applications such as 2TRB rotor main bearings. More-

over, an evaluation of influencing factors such as the trained COF and the overlap between bearing 

ring and shaft has been shown. This kind of in-depth evaluation of creeping results is facilitated by 

the quantifiable creeping scale indicator. This new indicator contributes to assess the risk profile for 

different drivetrain designs and assembly conditions as well as specifications (e.g. load cases, co-

efficient of friction, etc.) much more in deep than on a simplified binary level (that means occurrence 

of ring creeping: yes/no) according to current state-of-the-art like SimWag. In combination with the 

validated FE-based simulation model, this new approach as developed by thyssenkrupp rothe erde 

enables a detailed analysis of the creeping mechanisms and at the same time forms the base for 

the development and validation of a simplified approach to be applied in the upfront design phase. 
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Abstract: In increasingly larger wind turbines, the rotor bearings are becoming more and more 

utilized. Spherical roller bearings have kinematically significant sliding components and in combina-

tion with higher pressures and mixed lubrication conditions, the risk of surface-induced damage 

increases. The surface roughness in combination with lubricant plays an important role here.  

The ISO/TS 16281 standard for calculating fatigue life is specifically designed for conventionally 

manufactured rolling bearings made of 100Cr6 (AISI 52100) with grinding and honing as the finish-

ing process and blank (uncoated) surfaces. Although there have been many studies on their effects, 

the fatigue life calculation does not yet fully account for topographies and microstructural properties 

that deviate from conventional manufacturing processes.  

The following contribution consists of two content blocks. Firstly, a study at the Chair of Machine 

Elements and Gear Technology and Tribology (MEGT) aimed to investigate the impact of surface 

topography resulting from the finishing process on the fatigue life of rolling bearings operating under 

mixed lubrication conditions. To achieve this, three different variants (fine grinding, rough grinding, 

and hard turning) were used to manufacture rolling bearing inner rings made of 100Cr6 (AISI 52100). 

Experimentally investigations were performed to determine the fatigue life and the surface topogra-

phies resulting from the machining were analyzed. Secondly, various measures for robustness in-

crease at Nordex are presented, which have a positive effect on friction and wear behavior because 

of optimized geometries and surfaces. With these knowledge and results, calculation methods can 

be optimized and improved in the next step. 

1 Introduction 

Rolling bearings are important components of rotating drive systems in almost all industrial sectors. 

Of the approximately 10 billion rolling bearings produced annually, about 50 million (0.5%) are re-

placed due to failure [ISO/TS 16281]. About half of all failures are directly or indirectly related to 

surface and lubrication. According to ISO 15243, the sub-failure modes of plastic deformation due 

to particle overrolling, surface-induced fatigue, and abrasive wear can be counted. 

This means that insufficient lubrication or contamination, rather than fatigue caused by inclusions in 

the material, are the main causes of failure [HaKo07], [ISO15243], [FAG04], [SKF17]. This is related 

to the trend towards high power densities, reliability, and compact designs. As a result, rolling bear-

ings are subjected to higher loads, speeds, and temperatures, which are associated with lower lub-

ricant film thicknesses [ROK17], [MGV15]. With the aim of using lower viscosity lubricants to opti-

mize friction performance [WGH19], surface topography is increasingly coming into focus in lifetime 
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considerations. When a rolling bearing is operated under mixed lubrication conditions, a lubrication 

state similar to that of insufficient lubrication occurs in the contact area. Partial solid contact occurs 

there, resulting in increased pressures and stress peaks directly below the surface, which can lead 

to premature bearing failure [LWH19]. 

For this reason, high requirements must be met in the production of the rolling surfaces, which 

involve time- and cost-intensive processes such as grinding or honing. The lifetime calculation 

standard according to ISO/TS 16281 applies to conventionally manufactured rolling bearings made 

of 100Cr6 (AISI 52100) with grinding and honing as the final machining process [ISO/TS 16281]. 

Deviating surface topographies and microstructural properties resulting from new manufacturing 

technologies or for special applications such as in aviation cannot yet be adequately taken into 

account in lifetime calculations despite numerous studies on their influences. 

This work focuses on the challenges of increasingly loaded rotor bearings in mechanical drive trains 

of wind turbines. It shows how surface roughness affects the fatigue life of rolling bearings, using 

cylindrical roller bearings under mixed lubrication conditions as an example. Various Nordex 

measures for increasing the robustness of rotor bearings to reducing friction and wear are then 

presented. The behavior of surface roughness over time plays a crucial role here. From this, input 

boundary conditions for the computational determination of fatigue life can be obtained to identify 

the influence of surface topography on fatigue life. 

2 Main Section 

2.1 Spherical roller bearing as rotor bearing in a wind turbine 

The drive train is supported on the machine frame by a so-called three point rotor support. The three 

point rotor support consists of a rotor bearing located on the hub side and two lateral torque arms. 

Axial forces as well as partial horizontal and vertical radial forces are transmitted from the rotor 

bearing into the machine frame. Horizontal and vertical radial forces at the two gearbox supports 

are also transmitted into the machine frame. The torque arm of the gearbox is supported by decou-

pling elements (elastomer bushings), which are part of the gearbox supports. The rotor bearing 

should be able to compensate manufacturing tolerances and relative movements of the drive train 

and support structure, especially by angular movement. The relative movements are caused by 

elastic deformation due to the loads on structural components and of the elastic gearbox suspen-

sion. 

From the first generation Alpha turbines to the current Delta4000 generation, the maximum rotor 

diameter has more than doubled from 80 m to 175 m. With the development of new turbine gener-

ations, the structural design of the mechanical powertrain has also been improved, resulting in the 

rotor bearing replacing the rotor shaft as the dimensioning component. This means that the rotor 

bearing no longer needs to automatically expand with the rotor shaft, allowing for better utilization 

of the bearing's load capacity. 

Due to kinematic reasons, spherical roller bearings have two points where perfect rolling occurs 

along the contact length. From these points with theoretically no wear, the sliding velocities increase 

towards the edge. In combination with high pressures and the present mixed lubrication conditions 

with a specific lubricant film height of Lambda < 1, the probability of surface-induced damage in-

creases. Bending moments and axial thrust lead to a one-sided load on the gear-side roller row. 

The surface roughness, which interacts with the lubricant, is of crucial importance. 
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2.2 Test setup at MEGT 

For the rolling bearing tests at MEGT, inner rings with three different surface morphologies were 

manufactured using three different production methods by Interprecise Donath GmbH. All of them 

came from a raw material batch to avoid the influence of material quality and heat treatment. The 

variants are referred to as fine ground, hard-turned, and rough ground in the following. 

The sudden-death method was used to determine the experimental fatigue life. The tests were run 

until one of the four installed bearings failed. The rotational speed was 2500 rpm and the measured 

outer ring temperature was 70°C. The maximum pressure in the contact was 2.2 GPa in the contact 

between the rolling elements and the inner ring. In addition to determining the fatigue life under 

mixed lubrication conditions, intermittent tests were also carried out. These were intended to inves-

tigate the changes in surface morphology due to cyclic overrolling in the rolling contact. 

2.3 Experimental results at MEGT 

In summary, considering the confidence intervals, large overlaps could be observed between the 

results at both load levels. This is mainly due to the small number of failed inner rings, which is why 

the differences between the variants could only be evaluated qualitatively. For a quantitative, statis-

tically validated statement, a broader database than the existing data obtained with high experi-

mental effort would be required. It is noticeable that the hard-turned variant tended to have the 

lowest scatter of failure times and the highest lifetime [RWK24], [FRK23]. 

To evaluate the achieved fatigue lifetimes, surface topographies were characterized using tactile 

measurements. In the initial state, the rough ground variant had the highest roughness, followed by 

the hard-turned and fine ground variants. Over time, the fine ground variant did not change signifi-

cantly. In contrast, the other two variants were smoothed, which occurred primarily after 0.5 million 

revolutions and thus in a very early phase of operation. After 10 million revolutions, the surface 

roughness levels were comparable, indicating a comparable functional behavior. The running-in 

process could be considered complete after 10 million revolutions, as the roughness did not show 

any further changes after the tests have ended [RWK24], [FRK23]. 

A look at the different material contact ratio ranges of the Abbot-Firestone curves is shown in Figure 

68. In the unloaded state, the rough ground variant has the highest profile heights in both the positive 

and negative profile height ranges at the same material contact ratio, followed by the hard-turned 

and fine ground variants. With increasing stress duration, the profile heights from both directions 

decrease for both the rough ground and hard-turned variants. After the running-in process is com-

pleted, in the positive profile height range, the hard-turned variant has lower values than the fine 

ground variant up to the inflection point of the load-carrying capacity curve at a profile height of 0 

µm and a material contact ratio of 40%. Despite the lower profile heights of the fine ground variant 

in parts of the core and valley areas, the two surfaces can be considered tribologically comparable. 
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Figure 68: Abbot-Firestone curves of the confocal measured surfaces of the inner rings in the manu-

factured state (a) and after 10 million revolutions (b). 

The surface roughness of the contact partners and the running-in behavior therefore also play a 

decisive role in determining the risk of surface-induced damage. The measures taken at Nordex in 

recent years to make the rotor bearings more robust also include the optimization of roughness 

peak smoothing. 
 

2.4 Actions at Nordex to increase the robustness 

Since 2021, geometrically optimized spherical roller bearings have been used to reduce pressures, 

friction and axial thrust. Depending on the manufacturer, this can mean, for example, that there is a 

rib permanently integrated into the inner ring instead of a loose rib in the form of a sleeve. Other 

optimization features include a cast iron cage instead of a brass cage to increase stiffness and add 

an additional roller. The material and heat treatment of the rollers can also differ from the catalog 

variants. 
 

In the same year, Nordex installed black oxided rings or rolling elements of rotor bearings in wind 

turbines for the first time. A 0.5 - 2 µm thick layer of iron oxide (e.g. Fe2O4) is applied by immersing 

the part to be coated in a hot aqueous alkaline nitrate bath. Due to the low thickness, there are no 

fitting problems. The coating is corrosion-resistant and has a barrier against hydrogen. Sliding 

movements are reduced to minimize the probability of smearing damage [EBH13] and the risk of 

surface-induced damage can also be minimized. The most important advantage is the reduction of 

friction coefficient, a shortening of the running-in time and thus a delay in the start of adhesive wear 

[MSP10], especially under “severe” mixed lubrication conditions with lambda < 0.4. The improved 

smoothing of the roughness peaks can be related either to the increased running-in wear or the 

shearing of the black oxidized surface [HaGe15]. A disadvantage is that the surface is worn after a 

certain time, which is significantly lower than the fatigue life. However, this does not have conse-

quently a negative effect on the fatigue life of the rolling surface [HaGE15]. 
 

The advantage of a durable coating to prevent adhesive wear and surface-induced fatigue is pro-

vided by the nanocomposite coating DLC (diamond like carbon). The 0.5 - 4 µm thick layer contains 

carbon in the diamond crystal structure for high hardness, carbon in the graphite crystal structure 

for low friction properties and is also doped with metal. The coating is applied using the PVD (phys-

ical vapor deposition) process. In this process, ionized metal vapour is deposited as a layer on the 

relatively cold substrate under high vacuum conditions at a temperature between 250°C and 450°C. 
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Compared to uncoated contact partners, H-DLC-coated contact partners show less wear and a sig-

nificant improvement in the reduction of surface fatigue at 1.8 GPa load, lambda = 0.36 [SRE16] 

and less friction [HER23]. It has been shown that coating only the roller is sufficient and that a 

transfer of DLC (aC:H) coating to an uncoated contact partner can also take place [SRE16]. The 

field validation has been very successful so far. 

3 Summary and Conclusion 

As rotor diameters increase during new wind turbine developments, the rotor bearing is utilized more 

heavily as a dimensioning component. To increase the bearing service life, the focus is increasingly 

shifting to the surfaces of the contact partners under mixed lubrication conditions. The running-in 

wear can be specifically optimized through the manufacturing process or a surface coating. Several 

measures have been taken to increase the robustness of the rotor bearing and to minimize the risk 

of adhesive wear and subsequent surface-induced fatigue caused by micropitting. This shows that 

surface roughness must be considered for an accurate estimation of service life, which will be part 

of future investigations. 
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Abstract: The wind energy sector has consistently demanded smaller and lighter bearings which 

nevertheless offer higher load capacity and longer life. NSK’s optimised logarithmic crowning profile 

for rollers results in reduced stress levels and increased bearing life under a range of different load-

ing conditions. In this paper, the optimised roller profile of a tapered roller bearing is presented in 

comparison to a conventional and logarithmic profile. The calculated contact pressure and the life 

calculations are used to select the required design parameters. Then, in order to validate the profile 

parameters of the optimised logarithmic crowning, a lifetime test is carried out, which delivers ex-

cellent results. 

1 Introduction 

Across the wind industry we are seeing demands for a reduction in the cost of electricity generation 

(LCOE), as well as for lower CAPEX and OPEX costs. These demands are, in turn, driving trends 

towards ever larger wind turbines. 

NSK is helping to accelerate the development of cost-effective larger wind turbines, introducing a 

special crowning design for tapered rollers bearings (TRB) specifically for use in this sector. This 

new design leads to longer life through higher load-carrying capacity (approximately 23% higher 

than the conventional model). This improvement increases wind turbine efficiency and contributes 

to lower OPEX costs, as does the resulting weight reduction of around 30% compared to conven-

tional bearings. 

NSK has optimised the roller crowning profile in order to reduce and equalise the contact surface 

pressure between the rollers and the inner and outer rings, and to prevent edge loading at the roller 

ends even under extreme loads. This paper will introduce the design of the NSK optimised logarith-

mic crowning and show comparisons with conventional and theoretical logarithmic crowning. Cal-

culation and life test results will be presented. 

2 Tapered roller bearing crowning design 

Tapered roller bearings are used in a preloaded state for the planetary bearings and planet carrier 

bearings used in wind turbine gearboxes. They are also found in the rotor shaft, increasing rigidity 

and stabilising the operation of the rotating parts.  

When the roller of a tapered roller bearing with conventional crowning is pressed against the outer 

ring, the contact pressure distribution along the roller length tends to be excessive at the contact 

end and is called edge load (Figure 1). This unwanted condition is made worse if the rollers are 

misaligned. To avoid edge loading, rolling bearings are typically crowned on either the rolling surface 

or the raceway surface or both. 
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Lundberg proposed a crowning expressed by a logarithmic function (hereafter referred to as loga-

rithmic crowning) [LUN39] which makes the contact pressure uniform across the axial direction. 

However, in certain conditions this solution can shows edge loading with load increase at certain 

levels. Many researchers have modified the Lundberg profile to meet different needs and find an 

improvement solution to these issues [JOH81], [FUJ10], [LÖS87], [TUD16]. 

The NSK solution is an optimised crowning profile based on Lundberg's logarithmic function. It can 

be applied to cylindrical and conical rollers used in cylindrical and tapered roller bearings. NSK´s 

optimised logarithmic crowning profile reduces the contact pressure and ensures uniform distribu-

tion over the length of the roller whilst suppressing edge loading in all load cases, even under ex-

treme loads. 

 

Figure 69: Contact pressure distribution in a tapered roller bearing along the roller with 

conventional crowning profile 

In order to optimise the profile you need to know several things, including the bearing’s geometry 

and the operating conditions it is destined for. Specifics include operating loads, misalignment, bear-

ing clearance or preload, roller diameter, effective roller length and raceway diameter. The process 

of optimsing the design profile whilst keeping the manufacturing process cost-effective is, unsurpris-

ingly, quite challenging. To find the parameter variables for the optimal logarithmic crowning profile, 

NSK used a computer program for the analysis of non-Hertzian contact in rolling bearings using 

multi-level multi-integration (MLMI). Using MLMI allows for a detailed analysis to be performed on a 

personal computer in less than a minute [NAT99]. 

Figure 2 shows a comparison of the shapes of conventional crowning, theoretical logarithmic crown-

ing, and NSK optimised logarithmic crowning.  
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Figure 70: Comparison of the shape of roller crowning profile considered in this study 

• The conventional crowning is a linear profile with one crowning radius.  

• The theoretical logarithmic crowning is a single log profile.  

• The optimised logarithmic profile is a combination of multiple profiles including linear, loga-

rithmic and radius. 

In the following chapters the effects of the three-roller crowning applied on the TRB used in the 

wind turbine gearboxes will be presented by describing the result of the contact pressure and 

their effect on the bearing life. 

3 Effect of roller crowning on contact pressure 

Three different load cases were used for the study, which we dubbed light load, medium load and 

heavy load. We then analysed the effect of the roller crowning on the contact pressure distribution, 

with P/Cr = 0.19, 0.32, and 0.615 respectively. (P: Dynamic equivalent load, Cr: Basic dynamic load 

capacity). 

Figure 71 shows the contact pressure distribution of conventional crowning under each loading con-

dition. The results show an uneven distribution of contact pressure under all load conditions. At low 

loads, the contact pressure increases at the boundary between the centre and the convex section, 

where the shape changes. At medium loads, edge loads occur, which increase significantly at high 

loads. 
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Figure 71: Contact pressure distribution of a conventional crowning profile under light, 

medium and high loading conditions. 

Theoretical logarithmic crowning has a relatively uniform distribution of contact pressure (Figure 72). 

However, since the crowning shape begins to drop from the centre of the roller, the load is mainly 

borne by that centre, which therefore deals with the highest contact pressure from all the load cases 

(Figure 74). At medium loads the edge loading begins to build up slowly and becomes significant at 

high loads. 

 

Figure 72: Contact pressure distribution of a theoretical logarithmic crowning profile 

under light, medium and high loading conditions. 

The optimised logarithmic crowning has a shape that reduces contact pressures near the centre 

compared to theoretical logarithmic and conventional crowning (Figure 74). This ensures that the 

contact pressure is evenly distributed along the roller length under all loading conditions. While the 

crowning drop at the roller edge is the same in across the optimised logarithmic crowning and the 

theoretical logarithmic crowning, the edge load is very significantly suppressed when it comes to the 

optimised logarithmic crowning, which is a clear indication of the quality of the design NSK has 

developed. 
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Figure 73: Contact pressure distribution of an optimised logarithmic crowning profile 

under light, medium and high loading conditions. 

 

 

Figure 74: Comparison of contact pressure on the crowning at the centre of the roller 

under light, medium and high loading conditions. 

4 Effect of roller crowning on bearing life calculations: 

Tapered roller bearings were originally designed with the three-roller crowning profile considered in 

this paper. Life calculations were performed according to basic reference rating life L10r [ISO08] 

and the result presented in the life ratio L10r/L10, where L10 is the basic rating life [ISO07]. L10r 

considers the contact pressure distribution due to the actual crowning shape and is suitable for this 

evaluation. Bearing life calculations without misalignment were performed for the TRB HR30318J. 
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The calculation parameters considered in the calculation were: Outer diameter Φ190mm, inner di-

ameter Φ90mm, assembled width 46.5mm. The basic dynamic load capacity Cr = 345kN and the 

basic static load rating capacity Cor = 425kN). 0 preload and 0 misalignment. 

The calculation results are presented in comparison in Figure 75.  

• The optimised logarithmic crowning has the longest life under all loading conditions.  

• The conventional crowning has a shorter life under all loading conditions, and the life is 

particularly short under heavy loads due to high edge loads.  

• The theoretical logarithmic crowning has a short life under light loads because of the high 

contact pressure in the centre of the roller (Figure 74), and under heavy loads the life is 

shortened due to edge loading.  

 

Figure 75: Calculation result of the tapered roller bearing HR30318J with the three 

crowning profiles in comparison 

In addition, misalignment between the inner and outer rings of bearings used in wind turbines can 

contribute to a significant reduction in bearing life. We have performed calculations to show the 

impact misalignment can have on the life ratio of the optimised crowning profile in comparison to 

the conventional crowning. 

The bearing considered for the calculation is the TRB HR32036XJ with following specification: Outer 

diameter Φ280mm, inner diameter Φ180mm, assembled width 64mm, Cr = 640kN, Cor = 1130kN. 

The calculation was carried out at high load P/Cr = 0.615 with misalignment from 0 rad to 0,0015 

rad between inner and outer rings. 

Figure 8 shows the results of the life ratio of the optimised and conventional crowning. The life ratio 

of the former is significantly higher over the misalignment range and is more than two times higher 

with the misalignment up to 0.0009 rad.  

The maximum contact pressure of the conventional crowning increases by approximately 63% 

higher at 0.0009 rad, while the optimised crowning is approximately 23% higher. 



CWD 2025 

118 

 

Figure 76: Effect of misalignment on the life ratio and maximal contact pressure of the 

TRB, comparing conventional crowning with optimised logarithmic crowning 

5 Bearing life test 

5.1 Test rig 

For the study a test was carried out on a test rig under the following test conditions (Figure 77).  

• The load conditions were  

o P/Cr = 0.5 for conventional crowning and  

o P/Cr = 0.615 optimised logarithmic crowning  

• The rotation speed was 1300 min-1 under the lubricant oil with VG68  

• The test bearing used was HR30318J tapered roller bearing with the conventional and opti-

mised logarithmic crowning profile 

• Operational preload was 0 
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− Temperature = 38°C 

− Speed = 1300 min-1  

− Oil lubrication  

− Misalignmnent = 0 rad 

− For optimised logarithmic profile P/Cr = 0,615  

− For convetional crowning profile P/Cr = 0,5 

− Cr = 345 kN 

− Cor = 425 kN 

− Roller with conventional and 

roller with optimised 

logarithmic profile 

− Ring raceways without 

profile 

Figure 77: Test rig and test bearing specification 

5.2 Test result 

Figure 78 shows the results of life testing for conventional crowning and optimised logarithmic 

crowning. Although the test load for optimised logarithmic crowning is larger than that for conven-

tional crowning, the former has a longer life. In addition, the life test results of optimised logarithmic 

crowning at P/Cr = 0.615 are corrected to the life of P/Cr = 0.5 so that the life of conventional 

crowning can be compared under the same load condition.  

Since the life of a roller bearing is proportional to the 10/3 power of the reciprocal of the bearing 

load, the life of optimised logarithmic crowning at P/Cr = 0.5 is corrected to twice the life at P/Cr = 

0.615 ((0.615/0.5)10/3). The corrected life is shown by the black dash-dot line and is about 15 times 

longer than that of conventional crowning at 10% failed (806hrs vs 52hrs). The black triangle for 

optimised logarithmic crowning indicates the bearing life predicted by X-ray fatigue analysis after 

the test was terminated midway. 
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Figure 78: Life test result comparison of the TRB with conventional crowning and opti-

mised logarithmic crowning 

5.2.1 Load capacity increased and weight reduction from the optimised logarithmic 

crowning 

As shown in Figure 7, the calculated life L10r of the optimised logarithmic crowning is more than 

twice the calculated life L10 under all loading conditions. Furthermore, the test result shows a bear-

ing life result significantly longer (806 hrs) than the calculated life (L10r = 322 hrs of the optimised 

logarithmic crowning at P/Cr = 0.5). This is about 2.5 times longer than the calculated life L10r. 

Therefore, the dynamic load rating of optimised logarithmic crowning can be said to be at least 1.23 

times higher than that of the conventional crowning. This equated to a dynamic load increase of 

approximately 23% for the optimised logarithmic crowning.  

The general solution used to mitigate the excessive edge loading which occurs with the conventional 

crowning profile, is to increase the size of the bearing. The main reason for this drastic solution is 

to be able to fulfill the specification for contact pressure and lifetime defined by wind turbine guide-

lines [IEC12]. The increase in bearing weight, which is equivalent to 23% dynamic load rating, is 

estimated at about 30%. Hence a weight reduction due to the optimised logarithmic crowning profile. 

6 Summary 

By designing the optimised logarithmic crowning profile to handle a variety of unexpected loads that 

generate contact pressure as uniformly as possible, and largely avoiding undesirable edge loading, 

NSK was able to supply tapered roller bearings in a design that delivered the best possible results 

in terms of performance and weight reduction for wind turbine gearboxes. Bearings with optimised 

logarithmic crowning rollers and rings made from Super-TF [MUR03] material are successfully in 

operation in large size wind gearboxes and the optimised logarithmic crowning profile can also be 

applied to tapered roller bearings for the main shaft. 
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Abstract: The prevalent creep mechanism for wind bearing main shaft and gearbox positions is 

creep by runout (also known as “housing-induced” creep). Creep by strain (roller-induced) is usually 

prevented by the bearing design because of the large number of small rollers. Only rings rotating 

relative to the load are at risk of creep by runout. 

The theory presented in this paper is that creep by runout is caused by differences of circumferential 

elongation between the bearing ring and its counterpart, combined with high contact pressure, typ-

ically in the load zone. The model developed to assess the risk of creep is a post-processing of a 

standard finite element calculation in the static condition. It captures the relative elongation and 

contact pressure at every point of the contact surface and quantifies the balance between cumulated 

tangential forces in the areas of negative versus positive relative elongation.  

The model was successfully validated against test rig experimental results and against wind turbine 

configurations where creep had occurred. 

1 Introduction 

The purpose of this paper is to describe bearing creep, with a particular focus on wind applications. 

Creep is the rotation of a bearing ring relative to its counterpart (shaft or housing). Creep can gen-

erate wear and lead to catastrophic failures with very high repair costs.  

The scientific community has not agreed on a common terminology for different creep mechanisms. 

We refer to [ISH17] to describe the two most common types of creep: 

• Creep by strain, also known as “traveling-wave type” or “roller-induced” creep. 

• Creep by runout, also known as “housing-induced” or “structure-induced” creep. 

2 Bearing creep by strain – traveling-wave type 

Creep by strain involves a deformation of the ring. Under the load caused by the rolling elements, 

the ring surface in contact with its counterpart (the housing in the figure below) becomes wavy. 

Because of the bearing’s rotation, these surface waves travel in the same direction as the rollers. 

 

Figure 79: Sketch of creep by strain (traveling-wave type) 

Influential parameters can be found in the literature [ISH17, NIW13, ZHA07, MAI13]. The bearing 

design – more specifically, the ratio between ring thickness t and the pitch interval (distance between 
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rollers) w – plays a significant role in the occurrence of creep by strain. A numerical model demon-

strates that no creep can be generated for a t/w ratio above 0.6, as the amplitude of the micro-

movements, which generate the waves shown in Figure 79, decreases with the depth below the 

roller-race contact point until it reaches zero for t/w=0.6 [NIW13]. 

As almost all bearing positions in a wind turbine have a design with a large number of small rollers, 

and therefore a t/w ratio above 0.6, creep by strain is not the prevalent creep mechanism for wind 

bearing positions. This paper focuses primarily on creep by runout. 

3 Bearing creep by runout 

3.1 Description 

In its basic form, creep caused by runout occurs under two conditions: 

• Loose fit. 

• A rotating load relative to the ring. 

Note: The loose fit value (difference in diameter between the ring and its fitting surface) is also 

known as “clearance” in some papers. 

When the rotational load acts on the bearings, the ring rotates on the fitting surface based on the 

change of the load direction. If the clearance between the fitting surface and ring is c, the ring delays 

by π.c (the difference between the housing inner diameter and the outer ring outer diameter) per 

rotation of the bearing. This response causes creep – in this case, in the opposite direction of the 

bearing’s rotation.  

 

Figure 80: Creep caused by runout (from [ISH17]) 

The creep speed is proportional to the rotation speed and the clearance, a relationship that has 

been validated experimentally on our test rig (see below). This creep mechanism can generally be 

avoided if the following design rule is observed: Tight fit is mandatory for rings subject to a 

rotating load. 

Note 1: Loads are most commonly fixed (e.g., weight), and therefore the tight fit must be applied on 

the rotating ring. If the load is rotating (e.g., vibrating screen), the tight fit is mandatory on the fixed 

ring. 

Note 2: Fits are not only driven by the risk of creep. Tight fits may also be used on rings not subject 

to a rotating load. 
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However, a tight fit is not always sufficient to prevent creep caused by runout. When the housing or 

shaft stiffness is low and/or when the application is subjected to extreme loads, favorable conditions 

for creep can result. 

3.2 Experiments 

The Timken Company carried out a number of experiments to evaluate the effect of several param-

eters on creep by runout. The experimental setup is as follows, with two tapered roller bearings 

(TRBs) in an indirect arrangement: 

 

  

Figure 81: Creep by runout – experimental setup; cone back face is laser-marked 

In this setup, the shaft rotates and the housing is fixed. Fixed loads in the radial and axial directions 

were applied on the housing. The creep between the inner rings (cones) and the shaft was evalu-

ated, as they were the rings under the rotating load. The cone back faces were marked with dark 

and light angular sectors so the sensors could capture the amount of creep rotation. 

A parametric variation was performed on the following parameters: 

• Fits (difference between shaft outer diameter and cones’ inner diameter) 

• Loads 

• Shaft stiffness (several hollow shafts with various inner diameters were used) 

3.2.1 Experimental results with full shaft 

With loose fits (clearance) between the cones and shaft, the experiments confirmed the creep dis-

tance of π times the clearance value per bearing rotation. Without an axial load, both cones experi-

ence creep. The addition of the axial load tends to prevent creep. 

With transition fits (cone inner diameter equal to shaft diameter), some radial load is needed to 

generate creep. In most cases, only one bearing creeps. The creep speed increases as the radial 

load gets higher. An axial load tends to eliminate creep. 

No creep is obtained with tight fits. 

Radial load 
Axial load 

Creep sensors 

Housing 

Shaft 
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3.2.2 Experimental results with hollow shafts 

The hollow shafts tested in this experiment have less radial stiffness than the full shaft. Similar 

trends are observed as with the full shaft: Favorable conditions for creep occurrence are transition 

fits or very light tight fits combined with high radial loads. Creep also tends to be prevented by the 

application of an axial load. 

Compared to the full shaft, creep occurs at lower loads and with tighter fits. Creep was obtained 

with tight fits on all hollow shafts, whereas it was absent on the full shaft. 

Generally, more favorable conditions for creep occurrence tend to generate a higher creep speed. 

No significant influence of the shaft rotation speed is expected on creep occurrence. When creep is 

obtained, the creep speed tends to be proportional to the shaft speed. 

4 Creep by runout model 

4.1 Overview 

The creep by runout assessment is made through a post-processing of standard static finite element 

calculations. The Timken Company typically runs these calculations to model bearing behavior with 

roller load distribution as primary objective. Rings are modeled with their geometry and material, 

whereas rollers are modeled with non-linear springs that account for the roller, the Hertzian contact 

stiffness, and the roller-race profiles. 

The first step of the calculation consists of solving for the mounted equilibrium, considering fits be-

tween the rings and shaft or housing and setting (for tapered roller bearings). External loads are 

applied in a second step. 

4.2 Principle of the creep assessment 

The theory underlying the model and creep assessment is based on the following assumptions: 

• Only rings submitted to a rotating load are at risk for creep by runout: i.e., either rotating 

rings submitted to a fixed load or fixed rings submitted to a rotating load. 

• When only fits (necessarily tight for rings submitted to a rotating load) are applied, diameters 

are equal at the interface between the ring and its counterpart: The inner ring bore diameter 

equals the shaft outer diameter; the outer ring outer diameter equals the housing inner di-

ameter. The relative circumferential elongation is defined as equal to zero at every point of 

the contact surface between the ring and its counterpart. 

• External loads locally modify the relative circumferential elongation. We define the relative 

elongation as positive if the larger component elongates less (or contracts more) than the 

smaller component. We define the relative elongation as negative if the larger component 

elongates more (or contracts less) than the smaller component. Note: Areas of negative 

relative elongation are normally in the majority, as the diameter of the larger component must 

remain greater than the diameter of the smaller component. 

• Tangential forces at the contact surface are driven by the relative circumferential elongation 

and the contact pressure. These forces tend to create a difference in both components’ ro-

tation speeds. Typically, under radial loads, the load zone is an area of negative relative 

elongation and high contact pressure, causing the small component to rotate at a higher 

speed relative to the large component. 
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The next figure illustrates the theory in the case of a rotating inner ring submitted to a fixed load: 

 

Figure 82: Relative elongation under radial load 

(a) Ring (gray) and hollow shaft (blue) before tight fit assembly 

(b) Assembled ring and shaft; the shaft contracts and the ring expands circumferentially 

(c) After the load is applied, an area of high contact pressure (red) is created in which the ring 

generally elongates more than the shaft compared to the reference state (b) 

4.3 Post-processing practice 

The creep by runout assessment is a post-processing of the finite element calculation results for 

rings under a rotating load. 

The input data are the relative circumferential strain of the ring and its counterpart, shaft or housing, 

and the contact pressure between them at every node of their contact surface (bore or outer diam-

eter; back faces are excluded). The relative circumferential strain is the difference between strain 

values in the circumferential direction at the final state (after loads are applied) and at the reference 

state (solved for the fits and setting). 

Nodes are sorted in bins depending on their relative circumferential strain. In each bin, the contact 

pressure is cumulated for all nodes and multiplied by a nodal surface, resulting in a total contact 

force.  

The following diagram is generated: 

 
 
Figure 83: Post-processing results: Balance of forces in areas of negative relative elongation (left) 
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and positive relative elongation (right) 
 
Ultimately, creep is generated when the cumulated forces in the area of negative relative elongation 

exceed the cumulated forces in the area of positive relative elongation. 

4.4 Creep assessment 

An indicator (not shared in the present paper) was defined to quantify the balance between both 

types of forces. Some limit value of this indicator must be found to materialize the limit of creep 

occurrence. Above this limit, the higher the indicator, the more severe the creep. 

5 Experimental validation 

5.1 Method 

The model and the post-processing for creep assessment described in the previous section were 

implemented and compared with experimental results: 

• Of the test rig (see paragraph 3.2). 

• Of various configurations of wind turbine applications (main shaft and planet carrier posi-

tions). 

On the horizontal axis, the indicator mentioned in paragraph 4.4 to predict the occurrence and se-

verity of creep is used. On the vertical axis, the experimental result is mentioned: Creep or no creep, 

and for configurations with creep, the point is plotted higher for higher creep severity. The severity 

is measured by the creep speed (relative circumferential displacement between the ring and its 

counterpart in a given number of bearing revolutions). 

5.2 Results of the experimental validation 

Ideally, if the model predicting creep works well, all points should be aligned on a diagonal from the 

lower left corner to the upper right corner. 

 

                   
 
Legend: 

Test rig configurations 
Wind turbine applications 

Figure 84: Experimental validation results 
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Comments: 

• For wind turbine applications, the points are more or less aligned on the expected diagonal, 

and there is no false alarm (lower-right quadrant) or non-detection (upper-left quadrant). 

• Test rig configurations are also positioned on a diagonal, but with the same creep occurrence 

limit; a few false alarms were observed. 

• Moving the limit to the right for test rig configurations could solve the problem of false alarms; 

these could be attributed to a size effect, but different friction coefficients could also be the 

reason. 

Note: The test rig explored steel-on-steel contacts between the bearing and shaft, whereas wind 

turbine applications are made of cast iron shafts or housings. 

5.3 Influential parameters 

The model can be used to carry out parametric variations. In this paper, the predicted effect of a 

change of the bearing tight fits is presented. 

The following diagram helps to compare test rig configurations with different fits: 

 
Legend: 

Moderate tight fit 
Higher tight fit 

Figure 85: Balance of forces in areas of negative relative elongation (left) and positive relative elon-

gation (right) - Prediction of fits effect 

The distribution of contact forces with the tighter fit (orange) is more concentrated close to areas 

with zero relative elongation and is, on average, more centered than those with the less tight fit 

(blue). The indicator predicts less likelihood of creep with a tighter fit, which conforms with real-world 

test results. 

According to this model, the primary reason tighter fits prevent creep by runout is not the increased 

contact pressure, but the reduction of circumferential relative elongation. 

Other simulations can be performed. For example, the model predicts that a higher coefficient of 

friction tends to concentrate the distribution of forces close to areas with zero relative elongation, 

reducing the risk of creep. 

Finding the exact limit between creep and no creep is certainly difficult, but this model will be useful 

for capturing the major trends and identifying design applications that have a reduced risk of creep.  
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6 Conclusion 

Creep by runout (housing-induced) is the prevalent creep mechanism for wind turbine bearing po-

sitions. Creep by strain (roller-induced) is usually not possible because these bearings have a large 

number of small rollers, hence a high t/w ratio. 

Only rings submitted to a rotating load are subject to creep by runout. A tight fit is not always suffi-

cient to prevent it, especially for compliant structures submitted to high loads. A parametric variation 

on fits, loads and shaft stiffness carried out on a small test rig confirmed these trends. 

A theory explaining creep by runout was suggested: Creep by runout is generated by a combination 

of high contact forces and differences of circumferential elongation between components, typically 

in the load zone. The creep assessment is performed via post-processing of a static finite element 

calculation; it quantifies the balance between cumulated forces in the areas of negative versus pos-

itive relative elongation.  

The model was successfully validated against test rig experimental results and against wind turbine 

configurations where creep had occurred. 

7 Bibliography 

[ISH17] Y. Ishii and T. Jinbo, Development of Anti-Creep Ball Bearing for Outer Ring, JTEKT tech-

nical report, JTEKT Engineering Journal English Edition No. 1014E (2017) 

[MAI13] A. Maiwald and E. Leidich, FE Simulations of Irreversible Relative Movements (Creeping) 

in Rolling Bearing Seats – Influential Parameters and Remedies, Proceedings of the World Con-

gress of Engineering and Computer Science 2013 Vol. II, WCECS 2013, 23-25 October 2013, San 

Fransisco, USA 

[NAG15] Yayoi Nagasoe, Shigeharu Wakui, Yuta Maeyoshi, Technology for Prediction of Housing 

Wear due to Outer Ring Creep under Bearing Load, technical paper, Honda R&D Technical Review 

(October 2015) 

[NIW13] Tsuyoshi Niwa, A Creep Mechanism of Rolling Bearings, technical paper, NTN Technical 

Review No. 81 (2013) 

[SCH19] Felix M. Schlüter, Georg Jacobs, Dennis Bosse, Thilo Brügge, Felix Schlegel, Correlation 

of Planetary Bearing Outer Ring Creep and Gear Load Distribution in a Full-Size Wind Turbine, 

NAWEA WindTech 2019, Journal of Physics: Conference Series 1452 (2020) 012062 

[ZHA07] Jianjun Zhan, Hiromichi Takemura, Kinji Yukawa, A Study on Bearing Creep Mechanism 

with FEM Simulation, Proceedings of IMECE2007, 2007 ASME International Mechanical Engineer-

ing Congress and Exposition, November 11-15, 2007, Seattle, Washington, USA 



CWD 2025 

130 

Gearbox I 

  



CWD 2025 

131 

Probabilistic Modelling of the Tooth Root Strength of Wind Gears 

Jonas Finken1, Jean-André Meis2 

1Flender GmbH (Winergy), Am Industriepark 2, 46562 Voerde 

2Flender GmbH, Alfred-Flender-Straße 77, 46395 Bocholt 

Keywords: tooth root, load capacity, probabilistic design, reliability, torque density 

Abstract: Tooth root strength is one of the main design criteria for wind gearboxes, often being a 

major bottleneck for torque density potential. In contrast to this, the field experience of most gearbox 

manufacturers shows next to no tooth root failures. This is due to the conservative requirements of 

the IEC 61400-4 and the ISO standard 6336-3 [ISO06], especially the high minimum safety factor 

SF,min = 1.56. This leads to the question of how far the margin can be decreased without yielding to 

a significant increase of the failure probability. A possible way to answer this question is the use of 

probabilistic design. At Winergy, a method based on the framework of ISO 6336-3 and -5 was de-

veloped to calculate the tooth root failure risk under consideration of all relevant input data including 

scatter. This includes the statistical distribution of the material strength, the scatter of the CHD, 

deviations in the surface roughness as well as the effect of tolerances of supporting structures (e.g. 

positions of planet pins in the carrier) that effect the load sharing and the load distribution along the 

gear width. In this paper, the basic methodology will be shown as well as its implementation into an 

industrial framework. This includes the handling of data from production processes and suppliers as 

well as the calculation software. The newly developed method will be compared to the classical 

approach on a real-life application.  

1 Introduction 

The state-of-the-art calculation of gear tooth root load capacity according to ISO 6336-3:2006 

[ISO06] involves empirical-analytical methods for determining tooth bending strength in spur, heli-

cal, and internal gears. This standard incorporates various geometry, material and load influences 

and provides a comprehensive method for evaluating tooth root stress, ensuring safety against tooth 

bending fatigue. One of the key features of this approach is its high safety margins, which are de-

signed to account for uncertainties and ensure reliable performance under a wide range of condi-

tions. 

In contrast, probabilistic design considers the uncertainties of input parameters by treating them as 

random variables with specific probability distributions. This method allows for a more realistic as-

sessment of gear performance under varying conditions, including influences from material proper-

ties, geometric variations, and load deviations. The advantages of probabilistic design include better 

material utilization, as it optimizes the design to account for a quantified variability, leading to more 

efficient use of resources. This optimization not only enhances economic benefits by reducing ma-

terial costs but also has a positive ecological impact by minimizing waste and promoting sustainable 

practices. 

In the wind gearbox industry, there is a continuous drive to improve torque density, which is crucial 

for enhancing the efficiency and performance of wind turbines. Achieving higher torque density 

means that gearboxes can transmit more power without increasing their size or weight, which is 
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essential for reducing costs and improving the overall sustainability of wind energy systems. A prob-

abilistic approach is best suited to maximize torque density because it allows for a more precise 

optimization of gear designs. By accounting for the variability in material properties, geometric tol-

erances, and load conditions, probabilistic design ensures that gearboxes are both robust and effi-

cient, pushing the boundaries of performance while maintaining reliability. This leads to better ma-

terial utilization, reduced manufacturing costs, and a lower environmental footprint, aligning with the 

industry's goals of economic and ecological sustainability. 

2 State of the Art 

2.1 Tooth Root Load Capacity acc. to ISO 6336-3 

The ISO 6336-3 standard for calculating the load capacity of spur and helical gears [ISO06] involves 

determining the nominal bending stress 𝜎𝐹0 at the root of the gear tooth and applying various cor-

rection factors to account for different influencing parameters. The base stress calculation typically 

involves using the tangential load on the gear tooth FT, the face width of the gear (b), and the normal 

module of the gear (mn). Important factors such as the form factor YF, which accounts for the shape 

and geometry of the gear tooth, and the stress correction factor YS, which corrects for the non-

uniform distribution of stress at the tooth root due to the root shape, are critical in this calculation. 

Additionally, for helical gears, the helix angle factor Yβ adjusts the stress calculation to consider the 

inclination of the gear teeth. Finally, the rim thickness factor YB accounts for thin gear rims and the 

deep tooth factor YDT accounts for high transverse contact ratios. This leads to the nominal tooth 

root stress formula: 

𝜎𝐹0 =
𝐹𝑡

𝑏 ⋅ 𝑚𝑛
⋅ 𝑌𝐹 ⋅ 𝑌𝑆 ⋅ 𝑌𝛽 ⋅ 𝑌𝐵 ⋅ 𝑌𝐷𝑇. Eq. 2 

To adjust for real-world conditions, several correction factors, or K-factors, are applied. The appli-

cation factor KA considers additional loads due to the operating environment, such as shocks and 

vibrations. The load distribution factor KFβ corrects for the uneven distribution of load across the 

gear face width, which can be influenced by misalignment and deflection. The dynamic factor KV 

accounts for dynamic effects, including the impact of gear tooth engagement and disengagement. 

[ISO06] 

The final bending stress 𝜎𝐹 is then calculated by combining the base stress 𝜎𝐹0 with these correction 

factors. To ensure the gear design meets the required performance, the resulting stress is compared 

with the permissible stress 𝜎𝐹𝑃, which will be described in the following paragraph. 

The permissible stress 𝜎𝐹𝑃 defines the maximum allowable stress the gear teeth can withstand 

without failure for a failure probability of 1%. This value is determined by considering several influ-

encing factors, including material properties, heat treatment processes, and various safety and reli-

ability factors. The material's allowable bending stress limit, denoted as 𝜎𝐹𝑙𝑖𝑚, is derived from its 

tensile strength, yield strength, and fatigue strength, which dictate how well the material can endure 

repeated loading and resist failure over time. Heat treatment processes such as carburizing, nitrid-

ing, and induction hardening significantly enhance the material's surface hardness and fatigue 

strength by modifying its microstructure, thus improving its wear resistance and ability to withstand 

high stress levels. 

Several correction factors are applied to account for different aspects of gear performance and reli-

ability: the stress correction factor YST adjusts for the stress concentration at the gear tooth root, 
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accounting for the gear tooth geometry and profile of the standard reference test gear; the life factor 

YNT accounts for the anticipated number of load cycles the gear will experience during its service 

life, adjusting the permissible stress to ensure durability over the expected lifespan; the relative 

surface factor YRrelT adjusts the permissible stress considering surface roughness in the tooth root; 

the relative notch sensitivity factor YδrelT accounts for the material's sensitivity to notches and other 

stress concentrators, adjusting the permissible stress to reflect how the material's fatigue strength 

is affected by notches and surface imperfections; and the size factor YX corrects for the size effect, 

as larger gears may experience different statistical damage behaviour compared to smaller gears. 

The permissible stress 𝜎𝐹𝑃 is calculated by incorporating these factors into the base allowable bend-

ing stress limit 𝜎𝐹𝑙𝑖𝑚 using the formula [ISO06]:  

 𝜎𝐹𝑃 =
𝜎𝐹𝑙𝑖𝑚 ⋅ 𝑌𝑆𝑇 ⋅ 𝑌𝑁𝑇

 𝑆𝐹𝑚𝑖𝑛
⋅ 𝑌𝑅𝑟𝑒𝑙𝑇 ⋅ 𝑌𝛿𝑟𝑒𝑙𝑇 ⋅  𝑌𝑋   Eq. 3 

where SFmin is the minimum demanded safety factor. To ensure the gear design meets the required 

performance, the resulting stress 𝜎𝐹 is compared with the permissible stress 𝜎𝐹𝑃. If the resulting 

stress is within the permissible limits, the gear is deemed to be safe and suitable for the intended 

application. 

2.2 Probabilistic design methods 

Probabilistic design methods are essential in some fields of engineering such as civil engineering 

for assessing the reliability and safety of structures such as bridges, buildings, and dams. These 

methods incorporate the inherent uncertainties in material properties, loads, environmental condi-

tions, and construction processes to predict the likelihood of failure or survival of a technical system. 

The central concept in probabilistic design is the use of limit state functions, which define the bound-

aries between safe and failure states of a structure. 

A limit state function, g(X), is formulated to represent the difference between the capacity of a struc-

ture and the stresses it is subjected to. Here, X is a vector of random variables that influence the 

performance of the structure, such as material strengths, loads, and dimensions. The function is 

defined such that g(X) > 0 indicates a safe state, g(X) = 0 represents the limit state or the boundary 

of failure, and g(X) < 0 signifies failure. By modeling these variables probabilistically, engineers can 

account for the variability and uncertainty inherent in each component of the system. 

To predict the probability of failure, probabilistic design methods utilize statistical techniques to eval-

uate the probability distribution of the limit state function. One common approach is the Monte Carlo 

simulation, which involves generating a large number of random samples of the input variables, 

computing the corresponding g(X) values, and estimating the probability of failure as the proportion 

of samples for which g(X) < 0.. 

Probabilistic design methods are especially critical for components of wind turbines where failure 

can have severe consequences, such as environmental hazards or risks to human safety. For in-

stance, the collapse of a wind turbine tower or the failure of its foundation can lead to significant 

environmental damage, including the release of hazardous materials or disruption of local ecosys-

tems. Additionally, such failures pose serious risks to maintenance personnel and nearby commu-

nities. Furthermore, these probabilistic approaches are gradually being integrated into the load ca-

pacity evaluation of machine elements, including housings, shafts, and gears. In mechanical engi-

neering, these components often operate under fluctuating loads and varying operating conditions, 
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which can introduce uncertainties in their performance and longevity. For the tooth root load capacity 

of gears, a summary of selected primary influences can be found in Figure 86. 

 

Figure 86: Selected influences on gear tooth root load capacity 

3 Probabilistic Design Framework 

At Flender, a probabilistic design framework for gearbox components has been developed to en-

hance reliability and performance. This sophisticated framework integrates both material-side 

strength factors, such as case hardening depth (CHD), grain structure, and inclusions, along with 

the geometric intricacies of the components, including tolerances. By adopting a probabilistic ap-

proach, the framework allows for a comprehensive modelling of the forces acting on the parts, fac-

toring in the variability and tolerances of surrounding structures like planet carrier bores, bearing 

seats, and bearing tolerances, see Figure 87.  
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Figure 87: Modular probabilistic design environment for machine elements of a wind 

gearbox 

In the pursuit of a more accurate probabilistic gear load capacity evaluation, Flender has adapted 

the basic formulae of ISO 6336-3 to better fit their advanced design framework. By modifying these 

standard calculations, the new approach incorporates the variability and statistical distribution of 

material properties, geometric tolerances, and operational forces. 

4 Exemplary Application 

An exemplary application of Flender's probabilistic design framework can be observed in the tooth 

root load capacity evaluation of the planet gear in a second stage of a series wind turbine gearbox 

with a three planetary stage layout. For the purpose of this paper, the following main influencing 

factors on tooth root reliability have been taken into account beyond the scope of the ISO 6336–3: 

• Scatter of 𝜎𝐹𝑙𝑖𝑚values as a result of varying material qualities and compositions 

• Scatter of load sharing of the planets by varying  𝐾𝛾 

• Scatter of mesh misalignment expressed by varying 𝐾𝐹𝛽 values 

• Scatter of heat treatment distortion and grinding stock removal and subsequent variations in 

YS and YF 

These main influences will be described in the following subchapters. 

4.1 Statistical Modelling of Material Strength (𝝈𝑭𝒍𝒊𝒎) 

The distribution of the pitting and tooth root strength capacity was determined at Flender through 

intensive data evaluation of a large amount of test data and targeted material tests. As these distri-

bution functions are strictly confidential, a simplification based on the information in ISO-6336-5 and 

Stahl's dissertation is used here.  

The characteristic values σFlim and σHlim apply to a survival probability of 99%. Stahl determined that 

the conversion factor from 50% to 99% survival probability assumes the value 0.92. With these two 

pieces of information, the mean value and the standard deviation of the strengths can be deter-

mined. This results in a mean value of 543.5 MPa and a standard deviation of 18.7 MPa for the 

System Drivetrain

System Gearbox

System Component

Wind load
Toque, bending

moments

Main 

bearing

Shaft

Torque, bending

moments

Bearings

Structural

com-

ponents

Elasticity

Stress

Strength

S
tre

s
s

e
s

Survival / Failure probability

Electr. 

system

Controller

Misc.

Manunfacturing processes

Geometry

+

Tolerances

Material

Residual 

stresses
IGO CHD

Non-

metallic 

inclusions

Grain

structure
…



CWD 2025 

136 

tooth root strength of case-hardened gears. Since a normal distribution can theoretically have neg-

ative strengths, it is not well suited for modeling gear strength capacity. Therefore, the two param-

eters are modified so that they describe a logarithmic normal distribution. The shape parameter σ 

then results as follows: 𝜎 = √ln (
𝑉𝑎𝑟

�̅�2
+ 1) while the position parameter μ can be determined accord-

ing to the following relationship: 𝜇 = ln(�̅�) −
𝜎2

2
. 𝑉𝑎𝑟 in both equations is the variance of the strength, 

�̅� is the mean value. These distribution parameters can then be used to generate random numbers 

for the Monte Carlo simulation of tooth root safety. Figure 88 shows exemplary histograms for the 

root and pitting load capacity of case-hardened gears. 

 

Figure 88: Random values for tooth root strength (left) and pitting strength (right) ac-

cording to the distribution parameters for case hardened gears. 

4.2 Statistical Modelling of Load Sharing (𝑲𝜸) 

In order to quantify the influence of the manufacturing tolerances on the load distribution between 

the 6 planets, the parametric FE model was used, which has already been presented in [MEIS23]. 

Figure 89 shows the basic structure of the model on the left side. The load is applied to the rotor of 

the wind turbine, but only a torsional moment is taken into account. The load is then distributed to 

the 6 planets via the planet carrier, the ring gear is connected to the torque arm, to which the sup-

porting torque is transferred, while the torque is transferred to the next stage at the sun gear.  
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Figure 89: General layout of the parametric FE-model (left) and cut section of the plan-

etary stage in the parametric FE-model (right) 

The model considers the main bearing of the turbine as well as the two tapered roller bearings which 

are supporting the planet carrier, see Figure 89 right. 

From the measurement data for the manufacturing accuracy of the planet carrier, the position devi-

ation of each planet axle bore was evaluated for 23 real components and an FE model with the 

respective actual geometry was created. An offset of the generator and rotor-side bores or a radial 

or tangential shift of the entire position of an axis results in deviations in the load distribution between 

the planets. It should be noted here that the 6 planets together transmit the entire torsional moment, 

so there are individual planets with increased loads, while others are less loaded. 

The individual load sharing factor Kγ can therefore be greater or less than one. Figure 6 shows this 

as an example using a box plot for 10,000 random variants of all 6 planets. The majority of the load 

sharing factors lie in the interval 0.9 to 1.1, but there are also rare outliers in the range 0.6 to 1.4. 

On average, however, the load sharing factor is 1.0, as the total load must be transferred across all 

planets. In addition, Figure 90 shows the combination of the individual load distribution factors for 

an exemplary stage using a red line. The first planet has the value 1.18, the second the value 0.9, 

the third 0.85, the fourth 1.025, the fifth 0.975 and the sixth 1.1. With these values, the tooth root 

safeties can now be scaled accordingly in the Monte Carlo simulation. 
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Figure 90: Boxplot of individual Kγ of the planets and one exemplary combinations of 

planets of one stage 

4.3 Statistical Modelling of Load Distribution (𝑲𝑭𝜷) 

In the context of this paper, the second stage of a three-stage planetary wind turbine gearbox has 

been analyzed as an example to demonstrate the process and importance of accurate positioning 

of planet axle bores in the planet carriers. Approximately 30 planet carriers, each with 12 bores (two 

for every planet axle), have been evaluated, resulting in around 360 measurements in total. The 

precise locations of these bores directly influence the alignment of the gear meshes. 

To accurately derive the mesh misalignment values (fHβ), the positions of the centers of the bores 

have been converted using trigonometry and the transverse working pressure angle αwt. The meas-

ured bore positions are first mapped onto a coordinate system, and trigonometric functions are ap-

plied to determine the effective displacement in the direction of the plane of engagement. Specifi-

cally, the sine and cosine of the transverse working pressure angle αwt have been used to obtain 

the mesh misalignment fHβ as a result of inclination and skew of the planet axles. By incorporating 

these trigonometric conversions, the effective mesh misalignment values (fHβ) are obtained, see left 

diagram in Figure 91. 

Any deviations from the ideal positions can lead to mesh misalignment, which adversely affects the 

load distribution across the gear teeth. This misalignment is then used to determine the load distri-

bution factor, KFβ, in accordance with ISO 6336-1, see right diagram in Figure 91. To model the fHβ 

distribution, a normal distribution approach has been used. To model the KFβ distribution, a gener-

alized extreme value distribution (GEV) has been used. 



CWD 2025 

139 

 

Figure 91: Influence of planet bore positions on fHβ and KFβ 

4.4 Statistical Modelling of Tooth Root Shape Influences (YS and YF) 

Heat treatment is a critical process in gear manufacturing that enhances material properties but can 

also induce dimensional distortions. When gears undergo heat treatment, the thermal cycles of 

heating and cooling cause uneven expansion and contraction of the material, leading to warping or 

distortion of the gear's dimensions. This results in non-uniformities specifically in the geometry of 

the gear teeth flanks. Consequently, during the subsequent grinding process, the stock removal on 

the flanks of the individual teeth becomes non-uniform, which can affect the shape of the tooth root 

at the intersection of the grinding tool with the part. 

Separately, the root diameter of the gears can also vary due to distortions from the heat treatment 

process. The uneven thermal expansion and contraction can cause inconsistencies in the overall 

shape and size of the gear, including the root diameter, which determines the lever arm geometry 

of the tooth when it comes to bending. 

Such variations in the root diameter and tooth root shape can lead to a distribution of form factors 

(YF) and stress correction factors (YS) as defined by ISO 6336-3, which are essential for determining 

the gear's load-carrying capacity and fatigue performance. Since the amount of grinding removal 

and the shrinking or growing of the tooth root diameter are connected via the thermal expansion 

and contraction behavior of the individual gear, both effects can be expressed via the removed 

grinding stock since the nominal sooth shape before heat treatment and the shape of the grinding 

tools do not vary to any significant degree. This analysis has been conducted for the exemplary 

planet gear, see Figure 92. The resulting 𝑌𝐹 ⋅ 𝑌𝑆 values were then used to fit a GEV distribution 

comparable to the procedure in chapter 4.3. 

XX

• Positions of bores determine the inclination and skew of the 

planet axles

• This can be translated into fHβ, KHβ and subsequently to KFβ

values
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Figure 92: Influence of distortion and grinding stock removal on YS and YF 

4.5 Results 

For the exemplary planet stage, 10,000 individual random designs were generated using the distri-

butions for the strength, the load sharing, the load distribution and the stress factors YF and YS as 

described in the previous sections. In the first step, the original tooth root safety factor of 1.689 was 

scaled with the random values for the influence factors. This led to a distribution of safety factors as 

show in the left side histogram in Figure 93. The red vertical line in the histogram represents the 

original tooth root safety factor. It can be seen, that due to the probabilistic influences, a few gears 

of the sample have even lower safety than the original value, but most of the random samples reach 

much higher tooth root safety, some even up to values between 3 to 3.5. 

 

Figure 93: Histogram of tooth root safety factors of 10.000 planet wheels (left) and 

number of cycles until failure according S-N curve of ISO 6336 (right) 
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The diagram on the right side of Figure 94 shows the corresponding number of load cycles until 

fatigue failure for the calculated safety factors. It is obvious that all gears of the sample are in the 

ultra-high cycle fatigue region, most of them are even way above the value 1010, for which the 

ISO 6336 normally assumes no further reduction of fatigue strength. In this study, a horizontal cut 

off of the S-N curve was not considered to ensure that the calculated failure rates are on the con-

servative side. 

 

Figure 94: Failure rate curve for the six planets of the stage. Left: complete curves, 

right: detailed view on the technical relevant lifetime 

Under the assumption that the turbine runs 24 hours a day, 365 days a year, the failure rate curves 

can be derived, using the operation time on the x-axis. Figure 94 shows the resulting diagrams. On 

the right in Figure 94, the thick red curve shows the failure rate of all 6 planets individually. The thick 

blue curve (below the thin red one) characterizes the combined failure rate of the planets in one 

stage (weakest link approach). Even the combined failure rate of all 6 planets leads to theoretical 

operation times that are not relevant for practical use anymore. The reason for these high operation 

times until failure is a combination of the high minimum safety factor of 1.56 for wind gearboxes and 

the conservative approach in classical gearbox design, where all influence factors are set individu-

ally on a conservative level. This leads to the question how much the minimum safety for this stage 

could be reduced to reach relevant operation times for a wind gearbox. To get a first indication of 

the torque density potential, the safety factor was scaled down step by step by a factor, starting with 

0.95 and ending at 0.8. The resulting failure rate curves are also added in both diagrams of Figure 

94. The plot on the right side of figure 9 shows a detailed view on the technically relevant time of 

operation. The reduction of the safety factor by 0.8 yields in a failure rate of 14% after 20 years of 

operation, which is definitely too high for a wind gearbox. For a reduction factor of 0.87, the failure 

rate in 20 years is below 2%, which can be deemed suitable. The initial tooth root safety factor of 

the planet gear was 1.689, therefor with a safety of 1.47, according to the probabilistic study, it still 

would have maintained sufficient reliability. Compared to the value of 1.56, this would lead to a 

torque density increase by 6%. This value makes sure that the combined 6 planets reliability is 

above 98%. If we stick to ISO 6336, we only have the information that σFlim has an assumed reliability 

of 99%, the effective reliability of the gear in the conditions of the gear stage is not stated in any 

standard or guideline. Therefor there is no clear advice for the settings of the needed reliability of a 
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gear or the overall gear stage. If we want to achieve a reliability of 99% for a single planet tooth root 

for 20 years of operation, the minimum safety factor could be scaled down to 1.4, which results in a 

torque density increase of 11.5%.  

5 Conclusion 

It has been shown that the probabilistic modelling of relevant influences on tooth root load capacity 

of gears can lead to much better predictions of calculated lifetime and safety reserves. The results 

show that with modern manufacturing methods, extensive simulation studies and knowledge of ma-

terial quality, a probabilistic design of gears is possible and reasonable. One main finding is that the 

current minimum safety factor of 1.56 for the tooth root strength of wind turbine gearboxes is very 

conservative. From the probabilistic parameter study, it can be concluded that even a minimum 

safety of 1.47 only gives a failure rate of 2% after 20 years of operation for all 6 planets of this stage. 

This would lead to a potential torque density increase of approximately 6% for the gears in the 

turbine. If we want to achieve 99% reliability for the tooth root of one individual planet, a safety factor 

of 1.4 is sufficient, yielding in a torque density potential of 11.5%. Because only 4 influence factors 

were modelled in the probabilistic approach, the torque density increase should still be conservative. 

If further influences, especially the variation in the wind loads and the interaction between Kγ and 

KFβ are considered, a higher decrease in the minimum safety factor could be achieved. It is important 

to note, that the proposed reduction of the minimum safety factor is only valid for the production and 

supplier quality at Flender / Winergy. Even with application of the same methodology, different gear-

box manufactures will end up with different results due to their individual quality fingerprint. 

6 Summary and Outlook 

In this paper, a tooth root load capacity evaluation of the planet gear in a second stage of a three-

stage planetary gearbox for wind turbines has been extended by statistical influences from material 

and manufacturing deviations. Four key influences have been modelled as distributions as an input 

for the tooth root strength assessment acc. to ISO 6336–3: 𝜎𝐹𝑙𝑖𝑚, 𝐾𝛾, 𝐾𝐹𝛽 and  𝑌𝐹 ⋅ 𝑌𝑆. It was shown 

that the approach can result in a torque density increase by systematically lowering the minimum 

safety factor for the tooth root for wind applications.  

A consideration of further statistical influences on tooth root load capacity will yield an even better 

estimation of failure probability in the future. Possible significant influences may be surface rough-

ness, microgeometry, CHD and load fluctuations. 
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Abstract: As there is a continuous market demand for wind gearboxes with increased torque den-

sity, new potential technologies are identified and will be integrated into future gearboxes. The nec-

essary light weight design of structures combined with increased utilization of machine elements 

lead to interaction effects which can only be covered on component test benches with great effort. 

By designing and testing a full-size technology demonstrator gearbox, Winergy has investigated 

specific combinations of future relevant technologies already now and demonstrate the technical 

feasibility and the potential on gearbox level. By measuring relevant interaction effects, simulation 

models can be validated and optimization potential in design and calculation can be uncovered. In 

the used example of a lightweight planetary stage, it can be shown how the gear meshes, the gear 

bodies, the journal bearings and the structure interact and therefore require a holistic calculation 

and testing approach.  

1 Introduction 

To remain competitive in the energy market in comparison with other generation technologies, wind 

turbine manufacturers (OEMs) and their suppliers continuously optimize their powertrain concepts 

and designs [DAN21]. The global objective is to reduce the levelized cost of electricity (LCOE) via 

maximizing the annual energy output and minimizing capital and operation costs. Further growing 

rotor diameters and a high power density of sub systems contribute to this objective, but also service 

and logistics concepts, the regional market requirements, the time to market and the risk manage-

ment affect the selection and design of a powertrain concept [HAM25]. Turbine manufacturers 

weight these criteria differently based on their target markets.  

The gearbox, one of the most essential powertrain components, must be tailored to the overall tur-

bine concept and the strategy of the OEM. To contribute to the economic feasibility of the complete 

turbine, tighter design space and weight limits must be fulfilled while transferring higher input torque 

which represents one of the most relevant design parameters for the gearbox. In addition to an 

increased torque density a need for modularization and standardization is becoming more relevant 

to address the challenges of shortened development times and cost pressure. The gearbox can 

therefore not be designed and optimized independently from other powertrain components to reach 

an optimum from system perspective for new turbine generations. An increased torque density does 

not only reduce capital and operation costs, but also contributes to the sustainability because tons 

of material, mostly steel, can be saved which reduce the CO2 emissions.  

To fulfill the market and customer needs and to remain innovation leader in the international devel-

opment race, Winergy has continuously increased the gearbox torque density by optimizing the 

gearbox design and introducing new technologies into their products. Figure 95 shows the develop-

ment of the torque density over time. In the last 10 years a doubling has been achieved.  
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Figure 95:  Torque density of Winergy gearboxes over time 

Concept studies show that already in a few years a factor of three will be exceeded. This further 

increase is necessary to generate benefits for the customers, thereby secure Winergy`s market 

position and to ensure competitiveness of wind energy compared to conventional energy sources. 

In parallel the reliability of the complete powertrain has to be ensured. In the following sections some 

selected measures for increasing the torque density as well as resulting technical challenges are 

addressed. 

2 Measures to Increase Torque Density 

According to the widely used V-model the gearbox measures for increasing torque density can be 

derived on every level of the turbine structure, i.e. from material level over machine elements up to 

system level, Figure 96. The combination of measures on each level affects the design on the next 

higher level. The requirements for each measure can be derived from the higher level.  

 

Figure 96:  V-Model for the development of wind gearboxes 

50

100

150

200

250

300

350

2010 2012 20282026 20302024202220202018201620142008

Start of Production

Torque Density [%]

Product

Concept Study

Component Level

Subcomponent Level
Machine Elements

Material Level

Turbine Test

Component Tests
(GBX I GEN)

FZG Tests 
Pulsator Tests 

Material Tests 
Tribology Tests

Bearing Tests 

Application Level Increased Torque Density

System TestSystem Level



CWD 2025 

146 

The basis of all mechanical gearboxes is formed by materials. Improvements in, for instance, ma-

terial composition/quality, heat and surface treatment processes lead to optimized material proper-

ties. Also improved lubricant properties can be assigned to this level.  

On the subcomponent level the use of journal bearings in planetary stages represents an important 

enabler for more compact designs. Optimized structural components enable an even material utili-

zation. New probabilistic calculation methods for gears, considering real-world statistical distribu-

tions of input data, increase the utilization without a significant increase of failure probability [FIN25]. 

Improvements in manufacturing technology and accuracy also contribute to a higher capacity of the 

machine elements.  

On component (gearbox) level the choice of the ratio distribution between the stages, the design of 

the internal interfaces and an optimized internal arrangement of the machine elements play an im-

portant role when influencing the torque density.  

When the gearbox is examined with surrounding powertrain components, like the rotor suspension 

or the generator, the principle of function sharing can lead to an improved torque/power density. 

The gearbox ratio and the generator design can be balanced to achieve a compact and reliable 

overall system. Advanced simulation models help to quantify and consider the interaction ef-

fects [GEU23] [REI21]. 

On turbine level advanced control and operating strategies can for example lead to a load reduction 

of the powertrain components.  

On each level specific test types (e.g. component test, gearbox test, field test) with an associated 

abstraction grade are available for verification and validation. A low abstraction grade enables op-

eration closer to reality, but often requires more effort to carry out the test [REU25]. Measurement 

results can help to optimize calculation and design methods on all levels by using more realistic 

design parameters and load assumptions.  

The examples mentioned above show that measures for increasing the torque density exist on every 

level of the V-model. However, the evaluation of the measures is not based exclusively on their 

technical potential. Also other criteria like costs, experience and maturity level need to be consid-

ered.  

3 Combination of Future Relevant Technologies for Increased Torque 

Density 

To fulfil the market needs and push innovations Winergy is continuously identifying and evaluating 

suitable technologies on different levels of the gearbox structure. With the help of scenario calcula-

tions, requirements for single technologies can be derived. In general, the aim is to achieve a uni-

form utilization of all gearbox components (e.g. gears, bearings, flange connections). Depending on 

the potential, risk and the availability, the technologies are further developed and optimized within 

the framework of technology roadmaps. The roadmaps ensure that the technologies reach a certain 

maturity level as soon as they are implemented in a gearbox design (technology package), Figure 

97. Each technology package is characterized by a risk profile, a reliability estimation and a potential 

(torque density & costs).  

With this procedure Winergy has derived and evaluated suitable technology packages which are 

needed to go the next step in torque density, as described in the introduction. The necessary tech-

nologies have been developed and tested extensively on material and subcomponent level to reach 
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a required technology readiness level (TRL) and derive design parameters [LOH21] [MEY23]. Nev-

ertheless, there are some technical challenges when combining these technologies in a gearbox 

design on component level. This is discussed more in detail in the following section.  

 

Figure 97:  Selection of feasible technology packages (principal process) 

3.1 Technical Challenges 

When combining single technologies which have been successfully developed and tested on sub-

component or material level into a full-size gearbox, the boundary conditions and operating condi-

tions can change. The necessary light weight design of structures combined with increased utiliza-

tion of machine elements lead to higher component deflections and displacements. This results in 

complex interaction effects, which affect local stresses and contact conditions (e.g. pressure, oil film 

thickness, micro movement). The challenge is to understand and quantify these effects in such a 

way that they can be considered in the calculation of the subcomponent.  

By using elastic gearbox models, for example on finite element basis, some interaction effects can 

be analyzed in detail. The stiffness of components can be tuned to adapt load transfer paths and 

avoid local overload of machine elements. But every simulation or calculation model is based on 

assumptions, e.g. regarding tolerances, friction value or surface roughness. This leads to a certain 

uncertainty in the results. To ensure that the combination of future relevant technologies leads to a 

robust gearbox design, a prototype test is essential, especially if experience with a similar design is 

limited. This will also be implemented in the next revision of the IEC 61400-4. The prototype test 

provides valuable verification data which can be used to improve simulation parameters or to adapt 

the subcomponent design [REU25]. 

3.2 Demonstrator Gearbox 

To test the identified combination of future relevant and highly potential technology building blocks, 

Winergy developed, built and operated an internal demonstrator gearbox in 2024. The valuable test 

results provide evidence for the functionality of the technologies on gearbox level and thereby in-

crease the TRL. The generated knowledge, principles and concepts reduce drastically the technical 

risk of future serial gearboxes.  

For the development of the demonstrator gearbox, the requirements of a current serial gearbox in 

the 4 MW class, like interfaces, nominal torque and speed, have been used as a reference. The 

helical stage has been taken over. Under these boundary conditions the three planetary stages 

have been designed from scratch, while making use of the selected technologies. These include, 

among others, optimized journal bearings, gears and flange connections with higher utilization, 
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lower rim thicknesses, light weight structural components, several completely new design solutions 

and advanced calculation methods. Special attention was paid to the transferability and scalability 

to future drivetrain concepts and power ranges. The size comparison between the reference and 

the demonstrator gearbox in Figure 98 shows that the ring gear outer diameter could be reduced 

significantly while transmitting the same torque.  

 

Figure 98:  Reference Gearbox & Technology Demonstrator 

Derived from a risk assessment, the demonstrator gearbox is equipped with over 240 sensors (with-

out NVH sensors). The extensive test campaigns were done on a back-to-back gearbox testbench. 

As described in section 3.1, the investigation of the elastic interaction of gearbox components is one 

of the main objectives when increasing torque density. Therefore, this topic will be discussed in 

more detail in the next section using selected measurement results. 

4 Experimental Investigation of Elastic Interaction Effects 

The internal loads and operating conditions of journal bearings in planetary stages highly depend 

on the interaction with surrounding components, as the gears, the planet carrier and the carrier 

bearings [MEY23]. By testing the complete elastic gearbox system, more realistic boundary condi-

tions can be ensured compared to component test benches. The influence of a reduced rim thick-

ness, the rotation and deformation of the carrier, the real gear meshes and the lubrication concept 

can be analyzed. Using the example of the first stage of the demonstrator gearbox, selected effects 

will be investigated.  

4.1 Measurement Setup 

The focus in this contribution is on the interaction between the gear mesh of sun and ring gear and 

the journal bearing. Effects that affect the required convergent lubrication gap of the hydrodynamic 

journal bearing should be quantified. Among other, the following measurement setup has been im-

plemented, Figure 99.  

In one planet axle 12 radial inductive displacement sensors have been integrated in two sections 

(rotor and generator side). In each section six sensors are regularly distributed over the circumfer-

ence to measure the local distance and shape of the planet wheel. The sensors are positioned in 

the edge area of journal bearing to ensure that they are not destroyed by the high pressure. An 

influence on the pressure build-up can be excluded. The sensor signals do not provide quantitative 

oil film thickness values, but can be used to evaluate planet deformation, position & orientation 

relative to the axle.  

future relevant 

technologies

Reference Gearbox Technology Demonstrator
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Figure 99:  Qualitative Measurement Setup  

The load distribution of the ring wheel mesh and the sun mesh is measured at 10 teeth with several 

strain gauges in the tooth root. Inductive proximity switches are used to record the angular position 

of the planet carrier and the sun.  

4.2 Result Analysis 

A suitable starting point for analyzing the interaction between the planet journal bearing and the 

gear meshes are the measured, mean radial displacements in the two sections. Figure 100 contains 

polar plots for 5 % and 120 % of nominal torque.  

 

Figure 100:  Mean Radial Displacements at 5 % and 120 % Torque  
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Zero degree corresponds to the sun mesh and 180° is pointing towards the ring gear. The direction 

of view is downwind. The discrete points allow an estimation of the planet shape. The minimal 

measured gap and its angular position are determined via interpolation and represent an indication 

for the location of the pressure zone. 

It can be observed that the planet clings to the axle shape, forming a convergent gap for pressure 

buildup. Due to the low rim thickness of the planet wheel, rising torque leads to significant ovalization 

and to a larger pressure zone. Even under high deformations the convergent gap must be ensured 

for a reliable hydrodynamic operation.  

Typically, elasto-hydrodynamic simulation models are used to find optimal journal bearing parame-

ters during the design phase. The comparison of the mean measured and simulated gap for nominal 

load is shown in Figure 101. The used model predicts the deformation of the planet quite well, 

especially in the transition regions to the pressure zone.  

  

Figure 101:  Comparison of Simulated and 

Measured Gap  

Figure 102:  Balance of Forces at the 

Planet Wheel (qualitative) 

To support the tilting moment of the planet (due to the axial gear mesh forces), the pressure zones 

of the two bearing halves (and thus also the gap) show an angular offset. Figure 102 shows quali-

tatively how the equivalent forces of the two gear meshes are supported by the journal bearing to 

fulfill quasi-static equilibrium conditions.  

 

Figure 103:  Min. Measured Gap over Torque 
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The load distribution of the gear meshes along the tooth width affect the axial position of the equiv-

alent force vectors (load center) and thus the pressure and gap distribution inside the journal bear-

ing. Figure 103 contains the minimal measured gap over the input torque. While the minimal gap on 

generator side only decreases slightly over 10 % torque, the rotor side gap starts at a higher value 

and shows a continuous constriction. This can be explained with the moving load center of the ring 

gear and sun mesh with rising torque. Figure 104 shows the load center of the sun and ring gear 

mesh over the circumference for 5 % and 120 % torque.  

 

Figure 104:  Gear Mesh Load Centers at 5 % and 120 % Torque  

As the torque increases, the load centers move towards the rotor depending on the torsional stiff-

ness ratio of the loaded components. As the total load on the journal bearing halves becomes more 

and more equal, the measured gaps also become more equal, too. This explains the curves in 

Figure 103 and can also be seen in Figure 100.  

Furthermore, the gear mesh load centers of the sun and the ring gear show a dependence on the 

angular position of the mesh event. This effect mainly occurs due to gravity and tolerance effects 

and is considered in the design of the gearbox. It means that that the location of the equivalent 

forces in Figure 102 is slightly varying with the angular position of the sun and the planet carrier. 

When plotting the measured minimal gap at the journal bearing over the carrier angular position, the 

impact of this effect can be visualized, Figure 105.  

 

Figure 105:  Min. Measured Gap at 100% Torque over Carrier Angle 

 rotor generator →
0% +50%-50%

Defintion: load center

0°

(view from rotor side)



CWD 2025 

152 

The opposite periodic mean curves of first order indicate that the journal bearing tolerates small 

tilting movements of the planet and acts as a compensating element. The higher orders match the 

rotation frequency of the planet.  

The exemplary results show how the elastic interaction between gears, journal bearings and struc-

ture inside planetary stages with increased torque density can be investigated and quantified. The 

generated data is also used to validate and optimize elastic system models which are needed to 

design future gearboxes.  

5 Conclusion 

In this contribution it has been addressed how Winergy has combined future relevant technologies 

in a demonstrator gearbox to investigate their performance and interaction on wind turbine compo-

nent level. Using the example of the first planetary stage it became clear how gears, bearings and 

structure interact and that a holistic approach is needed in the design phase by using suitable sim-

ulation and testing methods. Only the combination of all parts in the load transfer path determines 

the gearbox behavior as well as local machine element loads.  

By the specific alignment and successful implementation of future relevant technologies on gearbox 

level, Winergy is ready to go the next step in torque density and transfer the proven knowledge into 

customer benefits. Combined with the unique testing capability for complete drivetrains [HAM25], 

optimal conditions for providing reliable and robust drivetrain solutions are ensured.  
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Abstract: Classical, mesh-based, computational fluid dynamics (CFD) methods make it difficult to 

include moving bodies into the physical domain. Their applicability to gearboxes with their inherent 

multitude of moving and interacting parts is limited. This has changed with the dawn of modern 

meshless CFD software based, e.g., on the smooth particle hydrodynamic (SPH) method. It is now 

feasible to analyze lubrication, oil flow, power losses and convective heat transport in the working 

environment, granting access to benefits like front-loading via virtual prototyping, substitution of ex-

periments or test support via virtual sensors and the opportunity to investigate situations that are 

inaccessible experimentally. The reward is an increased security against errors that reveal them-

selves late in a project, with potential months of delay and costs in the M€ range. 

“System simulation” is often associated with comprehensive low detailed models. In contrast, the 

models discussed here are highly detailed and include e.g. all rollers in the gearbox. A wind turbine 

gearbox, however, often contains more than 500 moving bodies. Targeted efforts and methods are 

necessary to secure the quality of model generation. 

The process that was used to build up the models is inspired by the V-Model and has a strict ap-

proach to reduce complexity as well as inherent fidelity checks. Intense use of automation further 

reduces the complexity and as a side effect the CAD preparation effort. The simple GUI allows 

reused model parts and quick model changes. In the end it is possible to generate a failure tested, 

highly detailed, full gearbox model within less than a day once CAD preparation and data gathering 

are finished. Variants and parameter studies can be generated in minutes. 

Sample CFD analysis cases show how the method can effectively be used to improve gearboxes. 

1 Introduction 

In order to decarbonize the generation of electrical power, which is one of the main contributors to 

manmade carbon emission, the installed capacity of renewable energy plants is increasing globally. 

Wind power is, next to solar photovoltaic, a main contributor here due to its lowest levelized costs 

of energy (LCOE) and comparably high-capacity factor. Due to scaling effects manufacturers glob-

ally are increasing wind turbine (WT) size regularly setting new records each year. This scaling is 

initially driven by rotor sizes. To make this possible, however, reliable drive trains must be developed 

to efficiently absorb and transmit the resulting power and loads. A critical part of the drivetrain is the 

main gearbox. In the main gearbox, a large number of components perform relative movements 

under contact and high loads e.g. at the gear meshing points and in the bearings. This can lead to 

failures in the absence of proper lubrication. While the failure rate of main gearboxes is generally 

lower than that of other drivetrain components, gearbox failures lead to significant downtimes und 

high costs for repair or replacement [1], [2], [3]. In order to keep pace with the constant growth in 

size and shorter development cycles, gearbox engineers have to adapt the design methods for 

dimensioning lubrication systems to these increased requirements. 
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Analyzing the performance of lubrication systems has traditionally relied on experimental methods 

that involve running extensive test rig trials. These trials demand prototypes and access to special-

ized facilities, making them expensive and time intensive. Additionally, the large size of the compo-

nents complicates modifications to geometries during testing as well as design changes to the pro-

totype. Perhaps the most significant limitation of experimental approaches is their inability to provide 

clear insights into fluid flow dynamics during operation. Even with transparent covers like Plexiglas, 

the environment remains obscured by oil residues, restricting detailed analysis. 

To address these challenges, Computational Fluid Dynamics (CFD) has emerged as a powerful 

support to testing. By using CFD, engineers can evaluate designs virtually, eliminating the need for 

physical prototypes. CFD offers access to detailed flow properties across the entire fluid domain at 

any point in the simulated time, providing a level of insight impossible to achieve with traditional 

methods. 

The Finite Volume Method (FVM) is one of the most widely used CFD techniques. This method 

divides the fluid domain into a grid, or mesh, to simulate flow behavior. However, in systems with 

moving and contacting components, such as meshing gear teeth, the constant changes in geometry 

necessitate frequent and dynamic remeshing of the grid. While solutions exist to manage this pro-

cess [4], [5], they involve substantial preprocessing and computational effort, making the approach 

less efficient. 

Smooth Particle Hydrodynamics (SPH), a more recent CFD method, takes a different approach. 

Instead of discretizing the environment, SPH models the fluid itself using particles in a Lagrangian 

framework. These particles interact with each other and with solid boundaries of arbitrary shape 

using the Navier-Stokes equations, with their interactions governed by distance-based weighted 

interpolation. This particle-based representation eliminates the need for remeshing when simulating 

moving components, reducing the time needed in the preprocessing stage significantly. A compre-

hensive explanation of the SPH methodology is available in [6]. 

The reduced complexity of SPH modeling makes it particularly suitable for simulating systems with 

moving parts. For example, SPH has been successfully applied to simulate parts of or even entire 

planetary gearboxes in WT, with each roller modeled as an independently moving element [7], [8]. 

This capability was a key factor in choosing SPH for the investigation of WT gearbox lubrication. 

However, even though the need for time consuming meshing procedures is eliminated, the number 

of individual parts that move on different trajectories and with different speeds is relatively high. For 

a standard gearbox this can easily be around 500 parts.  

The process that was developed to build up such models is inspired by the V-Model and has a strict 

approach to reduce complexity as well as inherent fidelity checks. Intense use of automation further 

reduces the complexity and as a side effect the CAD preparation effort. As described in [9] the 

design process of a WT can be illustrated by a V-shape (Figure 106). In the initial phase, the process 

progresses from a less detailed definition to increasingly detailed concepts. The first step is to define 

the top system level and the requirements for it. The system is then broken down into sub-systems 

and sub-sub-systems, and here too the requirements are defined and concepts are developed. 

Once the design has been defined, the test phase begins. These range from material tests to field 

tests of the entire system. Due to the rapid pace of development, simulation is also playing an in-

creasingly important role here. 
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Figure 106: Conceptual representation of the V-model 

2 Main section 

2.1 Modeling approach 

As stated in Chapter 1, models of multi-MW gearboxes can have more than 500 moving bodies. 

This leads to a high demand for a workflow that reduces complexity and the possibility to create 

errors e.g. when importing geometries and attributing movement definitions on each of them. For 

this reason, a modeling approach was developed that is inspired by the V-Model. A modified dia-

gram can be seen in Figure 107. In a first step the scope of the investigation needs to be defined. 

From there, the requirements to the simulation can directly be derived. After the preparation of the 

CAD model and storing the component geometries in the component database (Chapter 2.1.1) as 

*.stl geometry files, the system arrangement will be defined. The analysis of the requirements for 

the simulation leads to the definition of the system model, which is then systematically broken down 

into subsystems. At the system level, global simulation parameters are established according to the 

overall scope of the simulation. These parameters provide the foundational context for the subse-

quent stages. At the subsystem level, the focus shifts to a more localized design, where specific 

details such as gearbox geometries, gear and bearing movements, and the positioning of fresh oil 

injection points from the lubrication system are determined. This structured approach ensures clarity 

and a logical progression from system-level considerations to detailed subsystem-level specifica-

tions.  

After the definition phase, the model generation is carried out. A more detailed description of this 

process can be found in chapter 2.1.2. A key feature is the flexibility of the workflow. At any point, 

the design can be arbitrarily changed and new system and sub-system models are generated in a 

few minutes of processing time. Additionally, once stored in the component database, every geom-

etry can be reused in subsequent investigations. A clearly defined nomenclature was used here to 

guarantee this. After the initial run of the sub-system models, the results can be checked for plausi-

bility. If the sub-system results are satisfactory, the system model can be generated by assembling 

the sub-systems. This is handled by the automated workflow and comes with no loss regarding the 

level of detail of the model. Naturally this results in a model with high complexity. However, the 

inherent proneness to modeling errors in highly complex models is mitigated by the analysis on sub-

system level. Without any delay or further preprocessing, the system model simulation can be 

started. Finally, the results can be compared with the defined scope of the simulation in order to 
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check if the simulation project brought the desired outcome and led to an increased understanding 

of the respective problem.  

 

Figure 107: Modified representation of the V-model 

2.1.1 CAD Preparation 

As described in chapter 2.1 the initially available CAD model needs to be prepared in order to be 

used for high detail system level CFD-lubrication analysis of WT Gearboxes. The amount of effort 

highly depends on the setup of this model. A common first step is the definition of assemblies of 

parts that move on the same trajectory, e.g. the high speed stage (HSS) shaft and the HSS gear. 

Subsequently, the oil injection and extraction surfaces (open boundaries) need to be defined. Here, 

channel geometries must be created that are large enough so that a distinct Hagen-Poiseuille flow 

can form. Also, it needs to bring about the desired flow velocities at the nozzle. At the same time, 

undesirable interactions of the particles with the side and rear walls of the channel geometry must 

be avoided. The minimum channel dimensions are given in Figure 108 as a function of the particle 

diameter 𝐷. After the CAD preparation, the parts and assemblies need to be stored in the CAD 

database. Here a standard geometry format (*.stl) is used.  

A final but optional preparation step before the automated workflow will take over the subsequent 

modeling is the definition of scaling parameters to the geometries. Scaling can be a powerful tool 

for controlling the simulation time. Surfaces of bodies that move in and out of contact zones will, 

dependent on local geometry and speeds, lead to particles being accelerated to high velocities. For 

a correct representation of such high velocities, the artificial speed of sound needs to be high 

enough. The formula for calculating the minimal artificial speed of sound 𝑣𝑎𝑆𝑜𝑆 in a SPH simulation 

is given in Equation 1.  

𝑣𝑎𝑆𝑜𝑆 ≥ 13 ∙ 𝑣𝑠𝑦𝑠𝑡𝑒𝑚,𝑚𝑎𝑥 Equation 1 

This parameter is linearly connected to the simulation runtime. If these contact zones are not a 

subject of interest in a given simulation setup, the gear or bearing bodies can be scaled down in 

order to create larger gaps between these bodies. This will have a negligible effect on the global 

fluid flows but will reduce high local velocities und thus the simulation runtime and costs. 
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Figure 108: Schematic (left) and actual (right) representation of open boundaries 

2.1.2 Automated modeling toolchain 

After the system and the scope of the investigation are defined and the CAD database contains all 

necessary components, the developed automated workflow can be used to perform the modeling 

tasks. A schematic workflow diagram can be found in Figure 109. The simulation setup is defined 

by a clearly arranged Excel graphical user interface (GUI) where all parameters can be set in a well-

structured manner. Excel is a widely used Engineering tool and the user-friendly GUI allows the 

workflow to be used even by engineers who are not specialized in CFD. Global parameters, such 

as particle size or operation point are set as well as the local setup of the individual bodies, their 

position and scaling. Also, the open boundaries are completely defined via the GUI. Now the devel-

oped scripts that run in a python environment can be activated. First the information given in the 

GUI is read. Only the geometry files needed are stored in the separate model database. The corre-

sponding files are directly subjected to translation, rotation and scaling. This set of files can be read 

by any CAD viewer in order to inspect the geometric setup before uploading it to the cloud based 

CFD environment.  

In the second phase, the python script will take the geometries from the model database and con-

nect them with the movements that result from the selected operation point and the gear meshing 

parameters which are put into the GUI by the user. Using an application programming interface 

(API), the python script will build up the CFD model by defining the modeling elements, uploading 

the geometries and assigning attributes to them. Every aspect of the simulation setup is defined in 

the GUI and can be changed directly.  

2.2 Sample analysis 

In this publication a state-of-the-art gearbox with a rated power of around 6 MW will be used as a 

demonstrator. First, the simulation requirements are defined. In this case study, one of the high 

speed stage bearings will be investigated regarding lubrication of the roller surface. The investiga-

tion is planned on system level, meaning the whole gearbox is considered and the cross flow be-

tween the individual stages is taken into account. The gearbox has a design with two planetary 

stages, followed by a helical stage (PPH). For the fidelity checks with reduced complexity, the three 

housing sections are chosen as sub-systems. Namely the low speed stage (LSS), the intermediate 

speed stage (ISS) and the high speed stage (HSS). An illustration of these systems can be found 

in Figure 110. 

6 ∙ 𝐷 
2.4 ∙ 𝐷 
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Figure 109: Modeling workflow 

 

Figure 110: Sub-system geometries for the fidelity checks 

After the preparation of the geometry files (Chapter 2.1.1) and entering the simulation parameter 

into the GUI, the automated modeling workflow generates the simulation models of each sub-system 

in the CFD environment. Here, the movement of the bodies can be checked. Gravity acts at 5° 

towards the downwind side in order to account for a drivetrain tilt that the gearbox is mounted in on 

the tower. The open boundaries on the moving parts, e.g. the planetary carriers, rotate with their 

corresponding bodies. The speed of sound is set globally for all models as well as the oil parameters. 

Surface tension is considered. All bearing rollers as well as the cage are modeled and move with 

the correct rotational speed between inner and outer raceways. 

Table 4: Preparation effort and runtime comparison of the system- and sub-system models 

Model 
Preparation Ef-

fort 
Simulation 

Time 
Calculation Time 

Oil Injection 
Points 

LSS 4 h 10 s 24.49 h 44 

IMS 3 h 8 s 31.66 h 27 

HSS 1 h 6 s 19.72 h 6 

Full Gearbox 5 min 10 s 66.89 h 77 

After the buildup of the sub-system models is completed, the simulations are started. Table 4 gives 

an overview of the preparation effort (after CAD preparation) and simulations times of the different 

models.  
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Once the sub-system simulations are carried out, the results can be checked for validity or unex-

pected behavior. A sample investigation on the HSS-downwind (DW) bearing, a critical component 

for Wind Turbine down times [2], was conducted. Figure 111 shows the geometric location of the 

bearing rollers in the system and the results of the lubrication analysis for 3 different model setups. 

In addition to sub-system and system models an alternative system model was set up that does not 

have sump oil. This could be done by deactivating the pre-filling of the gearbox with sump oil via the 

GUI, which takes only seconds. The results show that the sump oil that is being accelerated through 

the HSS wheel and pushed into the bearing housing plays a larger role, whether directly or indirectly, 

in the overall lubrication than the fresh oil supply to this bearing via the nozzles. Also, a sub-system 

model of only the HSS stage would underpredict the fraction of lubricated surface by around 5% 

due to the cross flow between the GB stages. From this insight concerns regarding oil quality could 

be raised. Using advanced post processing tools, individual particles could be tracked and the oil 

composition at the bearing could be investigated. Following that, an improved design could be de-

veloped where the oil flow is directed in a more beneficial way. 

  

Figure 111: Evaluation of the lubrication of the HSS DW Bearing (highlighted left) rollers for different 

model setups 

3 Summary and Conclusions 

The continual growth of wind turbines, driven by increased rotor and tower sizes, necessitates the 

development of robust drivetrain components, particularly the main gearbox, which must efficiently 

handle increased power and loads while mitigating failures linked to lubrication issues. Although 

traditional experimental methods have been crucial in analyzing lubrication system performance, 

they are limited by high costs, lengthy development times, and inadequate fluid flow insights. The 

development of SPH models as presented in this work follows a structured, iterative process inspired 

by the V-Model framework, balancing complexity with fidelity through systematic automation and 

rigorous checks. This approach facilitates the efficient modeling and simulation of lubrication sys-

tems, supporting the rapid innovation cycles demanded by the wind energy sector.  

Key steps include defining the investigation's scope, preparing CAD models, and organizing com-

ponents into a reusable database. System and sub-system models are then iteratively developed 

and refined, with automated processes enabling rapid updates and assembly without sacrificing 

detail. Sub-system analysis ensures accuracy before progressing to the full system model, which 

can be simulated immediately. This approach enhances efficiency, reduces error-prone tasks, and 

ensures alignment with the simulation's objectives. 
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In this work an automated workflow for gearbox modeling was presented, integrating a user-friendly 

Excel-based GUI to define global and local simulation parameters. Python scripts process the input, 

prepare geometries, and configure movement patterns based on user-defined settings. The setup 

is then uploaded to a cloud-based CFD environment via an API, ensuring flexibility, accuracy, and 

efficiency in the modeling process. With this approach system level CFD investigations are possible 

as a standard tool in the design process. 

In order to demonstrate the process, a sample CFD analysis using the SPH method in combination 

with the new modeling approach is presented. An exemplary investigation regarding bearing lubri-

cation was conducted.  

4 Bibliography 

 

[1]  C. Dao, B. Kazemtabrizi und C. Crabtree, „Wind turbine reliability data review and impacts on 

levelised costs of energy,“ Wind Energy 22, pp. 1848-1871, 2019.  

[2]  S. Sheng, „Report on WInd Turbine Reliability - A Survey of Various Databases,“ NREL, 2013. 

[3]  J. Igba, K. Alemzadeh, C. Durugbo und K. Henningsen, „Performance assessment of wind 

turbine gearboxes using in-service data: Current approaches and future trends,“ Renewable 

and Sustainable Energy Reviews 50, pp. 144-159, 2015.  

[4]  F. Concli, A. Della Torre, C. Gorla und G. Montenegro, „A New Approach for the Prediction of 

the Load Independant Power Losses of Gears: Development of a Mesh-Handling Algorithm to 

Reduce the CFD Simulation Time,“ Advances in Tribology, pp. 1-8, 2016.  

[5]  F. Concli und C. Gorla, „Windage, churning and pocketing power losses of gears: different 

modeling approaches for different goals,“ Forschung im Ingenieurwesen 80, pp. 85-99, 2016.  

[6]  B. Legrady, M. Taesch, G. Tschirschnitz und C. Mieth, „Prediction of churning losses in an 

industrial gear box with spiral bevel gears using the smoothed particle hydrodynamic method,“ 

Forschung im Ingenieurwesen 86, pp. 379-388, 2022.  

[7]  J. Gutekunst und I. Köse, „Beyond Plexiglas Covers,“ dive solutions GmbH, Berlin, 2021. 

[8]  M. Gebhardt, A. Rhode und B. Legrady, „Lubrication improvement at the HS-IS spline shaft 

interface of a wind turbine gearbox using the smooth particle hydrodynamic method,“ in 

International Conference on Gears, Munich, 2023.  

[9]  K. Forsberg und H. Mooz, „The Relationship of System Engineering to the Project Cycle,“ 

Engineering Management Journal, 1992.  

 

 



CWD 2025 

162 

Noise, Vibration, Harshness 

  



CWD 2025 

163 

Synergies of Parametric Optimisation and Topology Optimisation 

for Tonality Free Wind Turbines 

 

Philip Becht1, Emre Kanpolat1, Sebastian Schmidt1 

1ZF Wind Power, Gerard Mercatorstraat 40, 3920 Lommel, Belgium  

Keywords: Wind Turbine Powertrain, optimisation, Frequency Based Sub-structuring 

Abstract: This paper explores various optimisation techniques aimed at reducing the propagation 

and radiation of gearbox- or generator-induced vibrations through large surfaces of wind turbines. 

Two examples are presented to illustrate this. The first example involves optimising powertrain pa-

rameters by directly minimizing the predicted tonality at a field microphone. To enable a sufficiently 

fast solution for the powertrain, wind turbine, and surrounding acoustics model in the optimisation 

process, Frequency Based Sub-structuring is employed. The second example focuses on the topol-

ogy optimisation of a main bearing unit. The novelty here lies in incorporating constraints that ensure 

the proposed design meets both structural requirements and NVH (Noise, Vibration, and Harsh-

ness) demands. Both examples demonstrate the potential of using optimisation techniques to en-

hance the NVH performance of wind turbine drivetrains while simultaneously reducing the design's 

mass and volume. 

1 Introduction 

The continuously increasing need for sustainable energy sources almost inevitably leads to the in-

stallation of wind turbines closer to inhabited areas. Among other factors, tonality—meaning a dom-

inant, narrow-frequency-band noise—can cause increased annoyance or potential health issues for 

nearby residents. To mitigate the resulting conflict between wind turbine operators and the local 

population, many countries have implemented legislation setting limits on tonality, often based on 

IEC61400-11. This standard defines tonality as a narrow band noise that exceeds the wind turbine’s 

masking noise. Consequently, the ongoing trend to reduce emitted rotor sound, and hence masking 

noise, makes narrow band sounds, such as those excited by meshing gears, relatively more signif-

icant. Additionally, increasing cost pressures, new powertrain concepts, and wind turbine control 

strategies reduce the degrees of freedom in the design of a wind turbine powertrain or gearbox. 

Therefore, new methodologies are needed to find optimal powertrain and/or gearbox designs within 

the remaining design space. 

Traditionally, a gearbox or powertrain is designed and optimised based on experience. From an 

NVH (Noise, Vibration, and Harshness) perspective, this means creating an initial design, building 

a simulation model, assessing the tonality risk, and proposing improvements if needed. This process 

is repeated until a design that meets all requirements is found. It is important to note that in this 

classical process, the quality of the proposed improvements largely depends on the experience, 

imagination, and collaboration of the simulation and design engineers [CHR08]. 

In contrast to the experience-based approach, computer-based optimisation approaches can be 

employed, which automatically alter the design to minimize an objective function. This paper applies 

and compares two computer-based optimisation methods: parameter optimisation and topology op-

timisation. For the purposes of this paper, parameter optimisation refers to the optimisation of a set 
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of discrete parameters, which can be found in multi-body models, optionally including flexible bod-

ies. Topology optimisation, on the other hand, is defined as a process that can handle topological 

changes, such as creating, removing, or merging voids in a three-dimensional structure [ALE20]. 

Finite element models are used as the basis for topology optimisation. The specific properties of 

experience-based, parameter, and topology optimisation are listed in the following table: 
 

Experience-based optimi-

sation 

Parameter optimisation Topology optimisation 

Requirements for 

optimisation 

(Pre-processing) 

Experienced engineers, 

least formal description of 

the problem at hand 

Parameters for optimisa-

tion must be discretised 

Representative boundary 

conditions 

Time for optimisa-

tion 

(Optimisation) 

slowest,  

only few iterations possi-

ble,  

unlikely that optimal de-

sign is found 

fast,  

many iterations possible 

slow,  

many iterations needed, 

but model with many Dofs 

to solve 

Applicability of 

output 

(Post-processing) 

directly applicable parameter values must be 

translated into a design 

3d shape as output,  

but typically needs re-work 

to comply e.g. with manu-

facturing constraints 

Including  

non-NVH condi-

tions (e.g. 

strength, fatigue, 

…) 

possible for few boundary 

conditions, if too many, 

problem too complex to 

be solved by human 

very limited possibility, rel-

evant components are 

typically lumped to 

masses and stiffnesses 

possible,  

increases simulation time 

Table 5: Properties of experience-based, parameter and topology optimisation. 

As shown in the table, each method has specific advantages and disadvantages. Therefore, based 

on today’s technology, none of them can be completely neglected. However, in many cases, the 

classic experience-based process can be replaced by parameter or topology optimisation, saving 

time and leading to new, previously undiscovered options. 

This paper describes two application examples. In the first example, parameter optimisation is used 

to optimise a set of gearbox parameters. In the second example, topology optimisation is applied to 

a main bearing housing of an integrated powertrain. Both examples highlight the advantages of the 

respective computer-based optimisation approach over classical experience-based optimisation. 

2 Application of optimisation to an integrated powertrain 

2.1 Parameter optimisation on full system level 

This example assumes the availability of an initial model of a 3-stage integrated powertrain and a 

wind turbine model, including radiation to potential IEC microphone positions in the field. One order 

in the second stage was found to be problematic with respect to tonality. Therefore, the objective of 

this optimisation example is to minimize the tonality in this order by altering parameters. Since ZF 

Wind Power can only make decisions on the design of their own products, parameter changes are 

limited to the powertrain model. Unlike previously published parameter optimisations [KAN23], the 

objective in this example is to directly optimise tonality at a microphone instead of optimising one or 
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multiple vibration signals on powertrain components, which are assumed to correlate with tonality. 

This allows for much more accurate tuning of these parameters. 

The nature of optimisation involves solving the model many times, each with different combinations 

of the parameters to be optimised. The challenge is that a model containing the powertrain, wind 

turbine, and acoustics requires several days, if not weeks, to calculate the tonality along an order 

for just one parameter setting. A parameter optimisation based on such a model would take years. 

Therefore, ZF Wind Power proposed the use of Frequency Based Sub-structuring (FBS), which 

slices the full model into independent sub-structures, such as the acoustic domain, wind turbine, 

and powertrain. FBS uses Frequency Response Functions calculated for each sub-structure inde-

pendently and assembles them so that the sound pressure at the IEC microphones is identical to 

the solution of the full model [DEK08]. The major advantage of this approach is that each sub-

structure is solved independently. Since the wind turbine and acoustics remain unchanged in this 

example, only the powertrain model needs to be solved for new parameter sets. Merging the results 

of sub-structures using FBS is a fast process, resulting in a massive reduction of simulation time 

per parameter set. More details on the implementation of FBS used in this example can be found in 

[BEC24]. 

In this example, the powertrain model contains lumped parameters wherever possible and flexible 

bodies where necessary. In total, there are 108 Degrees of Freedom between the sub-structures. 

Solving the powertrain model, calculating the sound pressure at IEC microphones using FBS, and 

converting this into tonality is possible in only 11 seconds for one parameter set. The order-cut of 

the critical mode optimised in this section is depicted in Figure 2.1 by a red line in the initial situation. 

It can be seen that it clearly exceeds 0dB tonality at two points. 

 

Figure 2-1: Tonality along critical order in initial condition (red, solid), with one opti-

mised parameter (orange, dashed), and with 7 optimised parameters 

(green, boxes). Left: Full order cut from cut-in until nominal operation. 

Right: Zoom into most critical area. 

For the optimisation, seven parameters in the powertrain model were identified as likely to influence 

tonality. These parameters were optimised within a realistic range (e.g., +/- 15% of the initial value) 

using the BFGS method provided by the Python package scipy. After 11 iterations and less than 20 

minutes of total simulation time, the optimiser converged to the green curve in Figure 2.1, success-

fully lowering the tonality, particularly in the most critical areas. 
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The expected tonality when only one of the seven parameters is set to the optimised value, while 

all other parameters remain at their initial values, is shown by the dashed orange lines in Figure 2.1. 

Clearly, changing only one parameter individually is insufficient to lower the tonality along the com-

plete order-cut below 0dB. Moreover, some parameters changed individually create additional op-

erational conditions where the tonality increases to approximately 0dB. In contrast, with all seven 

parameters optimised, a distance between the 0dB line and the predicted tonality is maintained 

across the entire operational range. 

In a subsequent step, these desired parameter changes need to be translated into actual designs. 

To this end, topology optimisation or design experience can be applied, demonstrating that using 

one of the three optimisation methods listed in Table 1 does not preclude using another to overcome 

specific disadvantages. 

However, in some scenarios, optimising the design of a component itself, rather than its lumped 

representation in simplified parameters, is desired or even required. Such a scenario is presented 

in the following section. 

2.2 Topology optimisation of a main bearing unit 

The main bearing unit is one of the most important components of an integrated wind turbine design. 

Structurally, it supports the main bearings, gearbox housing, and yaw system. Dynamically, it plays 

a crucial role in transferring structure-borne noise induced by the gearbox and generator into the 

tower. 

A conventional design process primarily focuses on the structural functionality of the main bearing 

unit and often overlooks its role in wind turbine noise. ZF Wind Power aims to address this issue 

with two approaches: 

1. Topology optimisation with additional constraints and objectives: 

• This approach includes constraints and objectives that account for tonality behavior, derived 

from parameter optimisation and engineering experience. 

2. Multi-objective topology optimisation: 

• This approach involves performing topology optimisation by directly optimising the predicted 

tonality at an IEC microphone (similar to the parameter optimisation example in section 2.1 

– currently under development). 

In both cases, the goal is to develop a lightweight main bearing unit design that ensures the wind 

turbine’s tonality compliance. 

The following section demonstrates the application of the first approach to design a main bearing 

unit for a turbine with an integrated powertrain and a 3-planetary-stage gearbox. 

2.2.1 FE model and boundary conditions 

An FE model consisting of the gearbox housing, design space, yaw bearing, and tower is prepared 

(Figure 2.2), taking into account the following considerations: 
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Figure 2-2: Design space for topology optimisation in FE model. 

The design space is defined as large as possible within the given geometrical limits, primarily im-

posed by transportation constraints (white bodies in Figure 2.2). This design space connects the 

tower top, gearbox interface, and main shaft. Only one material is assigned to the design space, so 

no rubber bushing elements are foreseen. 

Static loads are derived from extreme load cases and operational data, and these loads are applied 

to the respective interfaces. For example, Figure 2.3 shows loads applied to the main bearings in 

one load case. Multiple load cases and additional loads are considered for optimisation runs. 

 

 

Figure 2-3: Static load case example. 

Static responses are used to evaluate the structural functionality of the design. Maximum stresses 

and bearing seat deformations are examples of features tracked during optimisation runs. 

Constraints can be applied to ensure the optimiser converges to a design that meets all relevant 

"binary" requirements. These are requirements that must be fulfilled to ensure the proper operation 

of the wind turbine, but there is no added value in reducing them significantly below the necessary 

threshold. Examples include tonality-defining constraints or constraints on maximum stresses in the 

material. If the turbine is tonality-free, there is no benefit in further reducing the tonality. Similarly, if 

maximum stress is not exceeded, it can be assumed that the gearbox will withstand the occurring 

loads. Reducing the stresses further (apart from a safety factor) does not add value. 
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Objectives can include the minimization of design volume and/or mass. 

It is important to note that different definitions of constraints and objectives result in different final 

designs. Due to confidentiality, the results presented in the following section are obtained with an 

incomplete set of constraints. 

2.2.2 Topology optimisation results of a Main Bearing Unit 

Figure 2-4 illustrates the development of the optimisation run, which converged after 55 iterations. 

The left graph shows the continuous decrease of the objective function with each iteration. The right 

side of the graph provides a global metric measuring constraint violations. With a few minor excep-

tions, the optimised design (iteration 55) satisfies all the constraints. 

 

Figure 2-4: Optimisation run history. 

Typical for topology optimisations, the proposed design (Figure 2-5) takes on a very organic shape. 

It features three arms connecting the generator and rotor side bearing seats, which are highlighted 

in blue. Additionally, the connection to the yaw bearing is ensured through two rather solid struc-

tures, one at the rotor end and one at the generator end. This design can fulfill the set constraints 

as well as a manually designed main bearing unit with the same constraints, but with approximately 

three times less weight. This example demonstrates a weight reduction of 67% without the use of 

rubber bushing elements, highlighting the potential of incorporating topology optimisation into the 

design process. 
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Figure 2-5: Topology optimisation result illustrative example (not all relevant constraints 

are switched on for confidentiality). 

3 Conclusions 

The increasing demand for sustainable energy necessitates the installation of wind turbines closer 

to rural areas. One consequence of this shift is an increased focus on wind turbine noise to protect 

the inhabitants of nearby settlements. In this context, avoiding tonalities (narrow band noise exceed-

ing the broadband noise of the wind turbine) is particularly important when developing a wind turbine 

drivetrain. 

To address these challenges, this paper proposes the use of computer-based optimisation tech-

niques. The added value of these techniques is demonstrated through two key examples: 

1. Optimisation of drivetrain parameters: 

• Focus: Minimizing predicted tonality at the field microphone rather than vibrations at loca-

tions on the drivetrain, which are assumed to correlate with tonality. 

• Method: Utilization of Frequency-Based Substructuring (FBS) to significantly reduce the sim-

ulation time for each parameter set. 

• Outcome: The optimisation of an initially tonal design converged in less than 20 minutes 

within realistic limits implemented for each optimised parameter. The result was a tonality-

free design over the full operation range considered in the optimisation. 

2. Topology optimisation of main bearing unit: 

• Focus: Minimizing mass and volume while considering both structural and NVH constraints. 

• Outcome: Without implementing rubber bushing elements, the resulting design was two-

thirds lighter than a manually designed counterpart with comparable constraints. 

These examples underscore the potential of computer-based optimisation techniques in enhancing 

the NVH performance of wind turbines, while reducing volume, material, and cost, thereby contrib-

uting to the broader goal of sustainable energy development. 
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Abstract: Tonalities in airborne sound radiated by wind turbines can lead to noncompliance with 

noise regulations. In this case, restricted turbine modes may be enforced which lead to reduced 

efficiency and loss of revenue. Tonalities are caused, for example, by harmonic gearbox vibrations 

and there are several methods to reduce such vibrations. However, it is not obvious which vibration 

mode they must target in order to achieve a strong reduction of tonalities. Therefore, extensive 

testing is usually required to find an effective vibration control strategy. The relation between gear-

box vibrations and tones in radiated sound is frequency-dependent and highly complex. Corre-

sponding measurement data may not describe this relation without ambiguity. 

Hence, conventional methods such as correlation analysis fail at detecting the most relevant vibra-

tion components for tonality reduction. Experimental transfer path analysis may be an alternative 

but comes with extremely high efforts. 

This presentation introduces a novel analysis method of this complex relation using deep neural 

networks. It shows how gearbox vibration components causing tonalities are found from simultane-

ous acceleration and sound measurements. The analysis helps deploying vibration control methods 

well-targeted for tonality reduction. As a result, costly testing time on prototype turbines is cut down. 

1 Introduction 

The sound generated by wind turbines is composed of broadband noise and narrowband compo-

nents with tonal character. The broadband noise, produced by airflow blade interaction, is more and 

more reduced by optimized blade designs in modern turbines [DES19]. This results in lower overall 

noise levels but also reduces the masking effect for tonal components which then become more 

dominant. Tonal components whose levels are significantly higher than the masking noise are called 

tonalities according to standard IEC 61400-11 [IEC12]. They are perceived as particularly unpleas-

ant. Therefore, in noise-sensitive markets like Europe and North America there are regulations 

which enforce reduced operating modes or downtime if tonalities exceed certain levels. This leads 

to yield losses for operators. 

Tonalities are caused by harmonic vibrations which are, for example, excited by periodic gear mesh 

contacts in the gearbox [GER19] or by other machinery. These vibrations propagate through the 

drivetrain to large radiating surfaces such as tower and blades. Therefore, both the gearbox design 

and the design of transfer paths through the turbine have a strong impact on tonality levels. How-

ever, multiple conflicting design goals regarding loads, weight, efficiency, cost, time-to-market, etc. 

have to be considered. In this multi-criteria optimization the vibroacoustic performance usually is 

one of the less important goals.  

To mitigate resulting tonality problems, add-on solutions such as passive or active dampers are 

applied on the drivetrain. The goal is to damp certain vibration modes in order to minimize the prop-

agation of structure-borne sound which ultimately leads to tonalities. However, the relation between 
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drive train vibration modes and tonalities is highly complex and usually unknown. Therefore, it is not 

obvious which mode has the strongest impact on tonalities and should thus be damped. 

The most important mode may be found experimentally by testing various damper setups or through 

experimental transfer path analysis [SCH21]. However, both approaches come with extremely high 

efforts and several practical challenges. Alternatively, data analysis methods such as correlation 

analysis may be applied to measurement data. Yet, they are not well-suited for non-linearities, high 

variance, and measurement inaccuracies to be expected from the problem at hand. Furthermore, 

no existing data analysis method is able to predict the importance of individual vibration modes upon 

the tonality without the aforementioned high-effort transfer path analysis. Therefore, there is a need 

for more advanced analysis methods to solve tonality problems efficiently. In this work, a new anal-

ysis method based on deep neural networks, which can cope with the above challenges, is intro-

duced. 

2 Method 

The goal is to obtain a frequency-dependent evaluation of different drivetrain vibration modes with 

respect to their impact on tonality levels based on measurement data. The proposed method per-

forms this evaluation in three steps: data preparation, model training, model analysis.  

2.1 Data preparation 

As a first step, a vibroacoustic measurement is performed while the turbine is in operation. Drive 

train vibrations and the rotor speed are recorded simultaneously with the sound pressure at one or 

multiple locations outside the turbine. Then, short-term vibration levels of relevant drive train modes 

and short-term sound pressure levels are extracted at the dominant tonality frequencies which usu-

ally correspond to some gear mesh frequency order of some gear box stage. An example of a point 

cloud of tonal sound pressure levels thus obtained is shown in Figure 4. Finally, the data points are 

divided into a training, validation, and test set. 

 

Figure 4: Example data set of tonal sound pressure levels 
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2.2 Model training 

A Deep Neural Network (DNN) is trained to predict the tonal sound pressure level from the drive 

train vibration levels and the corresponding frequency as inputs. Figure 5 shows a schematic dia-

gram of the inputs and output of the DNN. The training is performed using the training data, while 

the validation data is used to evaluate the learning progress and to decide when to stop training. 

Finally, the DNN is evaluated using the testing data. Not only the absolute prediction error but also 

the ability to predict data points that strongly deviate from the training data mean are of interest. If 

the DNN has only learned to predict the training data mean for all test data points, the training was 

not successful. In this case, the DNN size or training parameters must be adapted.  

 

Figure 5: The upper diagram shows example order cuts of vibrations and tonalities 

(arbitrary curves). The lower diagram shows how such data are processed 

by the DNN. 

 

2.3 Model analysis 

After the DNN has been trained successfully, the prediction process of the DNN is analyzed. The 

aim is to find out which input features, i.e. drive train vibration modes, are most important to make 

the prediction of the tonality level. The underlying assumption is that the vibration mode with the 

strongest contribution to the prediction has the highest impact on the tonality level. Training and 

analysis of the DNN serve as an advanced correlation analysis which can handle challenging data 

with non-linearities, high variance, and noise. There are a number of methods from the field of ex-

plainable artificial intelligence to make such analyses [LIN20]. Figure 6 shows a schematic diagram 

of a result of such an analysis. One advantage of the proposed method is that it allows a frequency-

dependent evaluation of the relation between vibrations and tonalities. 
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Figure 6: Example result of the analysis of the importance of gearbox vibrations 

 

3 Evaluation 

The proposed method was evaluated regarding consistency and validity of the results. In this con-

text, consistency means that the analysis results are reproducible on different data sets recorded at 

the same turbine. Validity means that the estimated importance of gearbox modes for tonality levels 

can be confirmed experimentally. 

3.1 Consistency 

Two vibroacoustic measurements performed on one wind turbine on different dates may produce 

data with different information content. The drive train vibration data usually show neglectable dif-

ferences. The sound pressure recorded outside of the turbine, though, is influenced by environmen-

tal factors such as temperature, wind speed, or wind direction as well as the yaw-angle of the nacelle 

relative to the microphone position. The resulting differences may be small, however, DNNs may be 

sensitive to such nuances. Therefore, it is important to evaluate the consistency of the proposed 

method.  

For that purpose, two measurements were performed on one wind turbine on two different days and 

two different data sets were obtained according to Section 2.1. For each data set, a DNN was trained 

and analyzed as described in Sections 2.2 and 2.3. The results are shown in Figure 7. 

Each data point represents the importance of a gearbox vibration mode estimated based on the 

corresponding data pair of vibration and sound pressure for the given frequency. The results show 

a good consistency with Vibration 2 being estimated the most important on both data sets. Also, the 

variation of importance over frequency is consistent for all vibration modes. Nevertheless, the results 

are not fully identical. A certain degree of variance is expected from stochastic machine learning 

mechanisms like deep learning. Overall, it can thus be concluded that the method is able to yield 

consistent results across different data sets. 
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Figure 7: Analysis results of the importance of gearbox vibrations for tonality levels 

for two data sets recorded on different days on the same turbine. 

 

3.2 Validity 

In order to evaluate the validity of the results, an Active Vibration Control (AVC) system was installed 

on the gearbox of the same turbine on which the vibroacoustic measurements described in Sec-

tion 3.1 were done. Two more measurements were then performed. In the first one, Gearbox Vibra-

tion 1, which had a low importance assigned to it by the method (cf. Figure 7), was reduced by the 

AVC system. In the second one, Gearbox Vibration 2, which had a high estimated importance (cf. 

Figure 7), was reduced by the AVC system. For each measurement, a baseline was recorded while 

the AVC system was switched off. The corresponding tonality sound pressure levels are shown in 

Figure 8. 

 

Figure 8: Analysis results of the importance of gearbox vibrations for tonality levels 

for two data sets recorded on different days on the same turbine. 

 

The graphs show that the tonal sound pressure level was not significantly changed when Gearbox 

Vibration 1 was reduced. Only at low frequencies the tonality was reduced for a small frequency 

range. This is consistent with the prediction in Figure 7. On the other hand, when Gearbox Vibra-

tion 2 was reduced, the tonal sound pressure was reduced over the whole frequency range. This 
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behavior is also in line with the prediction. This means that the method was able to predict which 

vibration mode has a strong influence on the tonality level. 

4 Summary 

Tonalities in wind turbine noise may be penalized by noise regulations with restricted operation 

modes or even downtime. Therefore, they must be kept at low levels. This may be done by applying 

active or passive dampers on the drive train in order to reduce harmonic vibrations, which are 

caused by the gearbox, for instance. However, it is often unclear which vibration mode has the 

strongest influence on tonality levels and should thus be reduced. 

In this work, a new method to analyze the relation between drive train vibrations and tonal sound 

pressure based on vibroacoustic measurement data was introduced. It is based on deep learning 

and can handle challenges such as nonlinearities, high variance and measurement noise. 

The method was evaluated regarding both prediction consistency across measurement data from 

different days of one turbine and validity of the prediction. The evaluation showed that the results 

are indeed consistent for different data sets of the same turbine and that the predictions can be 

confirmed experimentally. 

The proposed method allows deploying vibration control methods well-targeted for tonality reduc-

tion. As a result, costly testing time on prototype turbines may be cut down and tonality problems 

can be solved efficiently. 
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Abstract:  

Prototype gearboxes are equipped with a high number of different measurements – load related 

strain based signals like torque, bending or forces, temperatures, pressures and displacements in 

and outside the gearbox.  

Testing on serial test benches allows only pure torque testing conditions. Depending on the high 

integration and the increased torque density the elastic effects in a gearbox cannot be completely 

simulated without the simulation of bending and force from the rotor system. 

For prototype testing with wind loads in the last years several WLUs were commissioned all over 

the world. They allow the implementation of rotor bending and forces into the drivetrain – they are 

suitable for dynamic load conditions like in a wind turbine as well as for static load conditions to 

establish constant tilt and yaw moments to find out correlations between outer loads and inner re-

actions. 

Measurements on a wind turbine are the most realistic test environment. Short time measurements 

only deliver a short view on the behavior of the drivetrain – long term field measurements deliver a 

more complete overview on the operating behavior. A longterm field measurement is a complex 

enterprise and to deliver a complete picture of the behavior of the wind turbine. 

On a test benches the load situation is defined by the setpoint settings. The real operation in a wind 

turbine depends on the wind condition and is random. Therefore, signals from the turbine controller 

are needed for a complete picture which is the foundation for further analysis of the measured data. 

1 Introduction  

The prototype tests of wind turbine main gearboxes are conducted according to IEC 61400-4. The 

upcoming new release will bring in new tasks which are already part of the Winergy validation phi-

losophy.  

The component prototype tests are conducted under pure torque conditions on serial test benches. 

Field validations are also already implemented in the IEC 61400-4 and field measurements in wind 

turbines are usual. But new turbine designs with different drivetrain layouts and higher torque den-

sity lead to more interactive effects, so that testing on Wind Load Units (WLU) and measurements 

in wind turbines become much more important in the future.  

2 Functional test  

The functional tests are conducted on the serial test benches under pure torque conditions. The aim 

is to show the functionality and prove the performance of the gearbox. 
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At the very beginning of every test, the gearboxes are statically flushed until a certain oil cleanliness 

is reached. This removes all particles that can damage the components in the gearbox. Afterwards 

is repeated during dynamic flushing with turning gearboxes and low torque applied.  

The gearboxes are equipped with a high number of different sensors to be able to fulfill the required 

measurements. Torque and speed sensors are needed for efficiency measurements and the docu-

mentation of the driven loads during the complete test. In combination with an encoder the stiffness 

measurements are taken out. Up to 45 triaxial accelerometers in- and outside the gearbox deliver a 

good view on the dynamic behavior of the gearbox.  

Further measurements depending on new designs are continuously developed and realized in our 

prototype gearboxes. Sebastian Reisch [REI25] gives an interesting insight in our possibilities during 

prototype testing.  

2.1 Robustness test 

The robustness test will be implemented in the new release of IEC 61400-4 but is already part of 

the Winergy testing philosophy. The robustness test can either be conducted on component level 

for the gearbox or it can be done on different system levels, for example gearbox with main bearing 

unit (MBU). This is depending on the general design of the drivetrain – for example we need to test 

the MBU with our gearbox in the so-called 2-PRS semi-integrated concepts, where the planet carrier 

of the first stage of the gearbox is supported by the bearings of the MBU. Dr. Ralf Hambrecht gives 

a good overview in the different Trends and Technology in Wind Turbine Powertrain Systems 

[HAM25]. It is also common that the serial shrink disk is also validated during a robustness test.  

Intention of the robustness test is to provide indications related to risks which cannot be calculated 

in the design process. Even if high loads are implemented in the robustness test – the robustness 

test is not an accelerated lifetime test. The maximum torque should be comparable to the maximum 

torque in the design load cases (DLCs). The duration of a robustness test is defined to 300 h and is 

divided up into different parts which shall evoke different failure modes in components of the gear-

box or drivetrain. Possible failures are categorized in different failure modes A1, A2, B and C. The 

focus of the robustness test failure modes A2 and B:  

A2: deterministic failures where validated models for calculating the failure are (not yet) available – 

best example tooth flank fracture (TFF) or white edging cracks (WEC)  

B: stochastic failures, mainly caused by friction, abrasion or extreme temperatures, a non-cumula-

tive failure like scuffing 

Failures of the mode C are random failures e.g. caused by debris in the gearbox or loose parts due 

to bad assembly. These failures are stochastic and cannot be systemically detected by testing. 

Failures of the mode A2 will change to failures mode A1, when the reliable simulation models are 

accepted in design and calculation process. Dr. Jonas Finken shows his probabilistic approach for 

the prediction of TFF [FIN25].  

Micropittings on gears or roller bearings shall be checked for example by high loads up to 130% 

nominal torque at 80% nominal speed combined with high oil temperatures.  

Extreme high loads during a limited duration can generate scuffing.  

Journal bearings are stressed with high speed idling situations or highly dynamic procedures like 

start/stop cycles with a high number of repetitions. To rise the challenge for the plain bearings these 

tests can be conducted with emergency lubrication or no-grid lubrication.  
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Overspeed is a challenge for the high speed shaft roller bearings and can cause smearing and 

skidding effects.  

Single blade installations (SBI) can cause plastic deformation due to possible extreme high loads 

during the time when the unbalanced rotor is partly installed. A SBI test may be part of a prototype 

test in the factory – but depends always on external support for the tools to bring in the high torque 

at standstill.  

At the beginning and the end of the robustness test control slices are driven to check the influence 

of the treatments during the robustness test on the performance of the gearbox. After the robustness 

test the test specimens are completely disassembled, and all the parts are visually inspected.  

2.2 Climate test  

The test is intended to verify the oil distribution, the gearbox tightness and the gearbox operation in 

extreme climate conditions.  

The gearbox is tested in a non-load setup and driven by an electrical motor connected to the gen-

erator shaft. The gearbox is turned in the original direction to prove the correct distribution of the oil 

during the test slices. It can be neglected, that the non-working flank of the tooth is loaded, as there 

are no high loads applied. The gearbox is set up with a tilt-angle which corresponds to the turbine 

installation. The gearbox shall be connected to the original oil supply system (OSS) to test the lubri-

cation system under realistic conditions. To protect the gearbox against oxidation in the humid cli-

mate chamber, it shall be primed in advance.  

Depending on the customer specification the gearbox is cooled down to the lowest possible ambient 

temperature of -40°C. If the desired temperature is reached, the cooling of the climate chamber is 

kept switched on to keep the ambient temperature. 

The complete start-up procedure shall follow the specification of the customer in terms of: 

• Gearbox speed depending on the oil temperature 

• Switching point(s) of the oil supply system depending on the oil temperature 

• Switching points of heating elements (if available) depending on the oil temperature 

• Oil flow depending on the oil temperature 

• Switching points dry/wet mode depending on the oil temperature 

The oil fill test aims at measuring the exact amount of oil, which is needed to fill the gearbox to 

minimum and maximum at different planet carrier positions. 

The cold start-up procedure aims at testing the oil supply system capability to heat up the oil and 

start the gearbox from low ambient temperatures. Additionally, it shall prove, that the oil supply to 

the different gear mesh and bearing positions at all operation temperatures is sufficient. Therefore, 

oil pressures, oil flow and temperatures are recorded continuously.  

Supporting task can be the qualification of oil supply systems – here it is possible to measure the 

startup current of the electrical oil pump motor.  

The purpose of the leakage test is to prove the oil tightness of all flange and housing joints as well 

as all gap sealings. Therefore, additionally to the leakage check during cold start up procedure, a 

dedicated test at different gearbox speeds and oil temperatures is conducted.  
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3 Integrated system test 

In integrated system tests more than one component of a wind turbine drivetrain are tested together. 

This can be done under load conditions or in non-load conditions and especially with non-torque 

loads and at the end as a complete test in the wind turbine during field measurements.  

On wind load units (WLUs) we are able to investigate the influence of the non torque loads on 

displacements and the load distribution by driving at constant speed and loads within a few hours. 

Load Distribution Measurements (LDMs) can be taken out in short time in a wind turbine, too. Here 

the turbine torque can be limited to different values and we measure 10 min time series at constant 

load to be able to get a quick impression on the general LDM in the wind turbine. Noise emissions, 

transient effects and full system dynamics can only be measured in a wind turbine itself.  

A clear shortterm measurement on a wind turbine is the measurement of torques during single blade 

installation on the wind turbine: In this case the turbine is in construction mode and the surrounding 

conditions are very different from the normal turbine operations – an inclinometer and an anemom-

eter are installed on our own temporarily to get information on the rotor position and to check the 

wind speed during installation. A torque measurement point on the main shaft can be installed in 

cooperation with the turbine manufacturer. A Winergy Torque Sensor (wTS) already implemented 

during the prototype test in the factory gives a well validated signal on the torques during the as-

sembly.  

3.1 Winergy field measurement system and data acquisition strategy  

The actual version of Winergy field measuring systems have different components to guarantee a 

long running measurement system. The main components are: 

• Computer and measurement amplifiers for data acquisition 

• Receiver for the slow telemetry systems like temperature and pressure in the rotating gear-

box components and fast telemetry e.g. for the load distribution on the suns  

• Devices for remote access and remote control of different hardware components of meas-

uring system 

• Power supply including an uninterruptable power supply  

The configuration of amplifiers is open and can be adapted to the purpose of the required measure-

ments. It is possible to measure a longterm LDM in a wind turbine. The installations in the ringgears 

are measured directly hard wired and permanently, for the signals of the sun pinions we have a 

solution for a remote controlled activation of battery powered telemetry systems to save battery 

lifetime during not interesting turbine states.  

The DAQ works with 3 different sampling rates. The slow one is use for e.g. temperatures and 

pressures in lubrication system. The medium speed sampling rate is defined to 100 Hz and is used 

for the 10 min@100 Hz time series and turbine controller signals, the load related signals around 

the rotor system. The fastest sampling rate will be used for torque highspeed shaft or a longterm 

LDM on the wind turbine. Sampling rates of signals like displacements of different planet carriers 

are defined corresponding to rotational speed of the investigated component.  

During a longterm measurement we store the measured values in mainly 3 different groups:  

• 10 min@100 Hz 

• Statistic journal  
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• Events 

The 10 min@100 Hz time series are the base for the longterm evaluations. In a post-evaluation for 

each dataset the 10 min mean windspeed value and turbulence intensity are added to a capture 

matrix according to DIN EN 61400-13. A certain number of valid 10 min time series for each windbin 

is mandatory to fill up the capture matrix. A defined number of needed time series is mandatory to 

declare the measurement as completed.  

The statistic journal gives a good overview on the operation on the turbine – even month wise. With 

min/max and mean values of 10s intervals we still get an impression on the dynamics in the signal 

Event measurements are triggered measurements with higher sampling rates during interesting tur-

bine operations like emergency stops. To detect these situations different signals from the turbine 

controller are extremely helpful. 

3.2 Important input: turbine controller signals  

During longterm measurements signals from the turbine controller are very helpful for investigating 

the behavior of the gearbox in real turbine life. Best practice is sharing the data stream via CAN-

Bus, proved in several measurements on different turbines with different customers.  

Windspeed is the most important signal during a longterm measurement. Wind is the input to the 

turbine and to be able to fill the capture matrix we need a good wind speed signal in our measure-

ment system. 

Electrical power delivers the output on the electrical side of the turbine. The signal is used to validate 

the measured torque values and gives a good information on the operation grade of the turbine.  

Turbine status and pitch are very good signals to see the actual operation mode of the wind turbine 

and its influence on the actual performance of the gearbox in operation.  

Azimuth angle / the nacelle position combined with wind speed can give an impression on the wind 

situation, too. If we have unsteady wind conditions the nacelle will follow the wind direction as good 

as possible. In this case an influence of non-torque loads is visible.  

If available, the non-torque loads tilt and yaw moment deliver a valuable input on the operating 

behavior. Modern wind turbines with blade sensors can deliver these values via turbine controller. 

In prototype turbines often strain gages and inductive powered telemetry systems are installed on 

the main shaft to measure the bending on the main shaft. This can be supported in cooperation with 

the turbine manufacturer by Winergy as well. With higher torque density and a higher degree of 

integration into the drivetrain non-torque loads are becoming more and more interesting. Bending 

moments in yaw and tilt direction can have an influence on internal displacements, on the load 

distribution in gears and cause strains in the torque arm which can be measured by strain gage 

installations. This can be evaluated in regard to internal displacement or the effect on the load dis-

tribution during operation under real wind conditions. As well ring creeping effects can be investi-

gated regarding wind loads.  

A supportive measurement during the installation of a wind turbine can be torque measurements 

during a SBI or checking measurements of strain during the alignment of the drivetrain. A short term 

LDM gives a good picture on the performance of the microgeometry of the gears in turbine operation 

and can be realized within 1 or 2 days on the wind turbine.  
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4 Conclusion 

Testing is an important part of the development process of wind turbines. Higher torque densities 

and a higher degree of integration of different components lead to new challenges, which need to 

be tested in a system environment. All tests which are conducted inhouse at Winergy are proven 

and new challenges due to new designs are in scope of Winergy. Testing in wind turbines require a 

good cooperation between the different teams to be able to deliver good results and a complete 

view on the performance of the wind turbine with its single components. From gearbox side we can 

support these activities by supporting a well-equipped measurement gearbox and proven measure-

ment systems with a complex data acquisition strategy.  
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Abstract: An important target for the wind industry is to reduce the LCoE. Avoiding unplanned 

downtime using early anomaly detection methods (1) and enabling lifetime extensions using remain-

ing useful life (RUL) calculations (2) are important contributors to achieve this target. A significant 

parameter, which can serve as an indicator of (1) and (2) for a wind turbine gearbox, is the load 

distribution in the planetary stage. 

Measuring and understanding the direct effect of e.g., extreme loads, unfavorable load conditions 

or unbalance in the load distribution of the gears can both enable to detect anomalies in the gearbox 

as well as to predict the expected RUL. 

Today, there are no industrial market solutions to physically measure the load distribution in a plan-

etary stage in a gearbox. The expected minimum service life of 20 years, the sensor system costs 

and the high number of sensors to be installed over a circumference of 360 degree are factors 

limiting the implementation of such kind of measurement solution in serial applications. 

This paper summarizes a new technical solution using fiber optic strain sensors to solve this prob-

lem. A validation test with 35 sensing elements around the gearbox circumference will give a meas-

urement position at every 10°: the positions are centered near the middle of the ring gear of the first 

planetary stage which has seven planets. The torque, speed and planet load share are calculated 

and further processed to be integrated in the RUL calculation as well as for application to detect 

anomalies in the gearbox. In ongoing developments, the reliability for a 20-year service life, the 

optimal sensor configuration (number and positions) and a lab on chip development for the interro-

gator integration (to lower the cost of the system) are being investigated. 

1 Introduction 

This paper describes a ZF development on a novel technology using optical fiber sensing elements 

to measure the load distribution in the planetary stage. The main objective is to use this technology 

to further detect gearbox failures and to determine gearbox remaining useful life (RUL). Several 

optical fiber sensor configurations are analyzed with the main scope of enabling the industrial im-

plementation and cost reduction. 

The paper is structured as follows: Section 2 will introduce the tested gearbox and the back-to-back 

test rig on which it was running during the measurements. Section 3 elaborates on the measurement 

principle of the Fiber Optic Sensor (FOS) as well as the sensor layout. Section 4 continues by de-

scribing the algorithms that are used to calculate speed, torque, and load share from the raw FOS 

measurements. Section 0 then discusses the results of these algorithms. Section 6 closes the paper 

with some conclusions and an outlook to future development of this technology. 
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2 Test setup and campaign 

During the test campaign, a gearbox from the ZF 7k family with rated power of 7.2 MW was tested. 

This gearbox family is part of ZF’s SHIFT product line of modular gearboxes for the wind market. 

Testing was carried out on a back-to-back test rig which is shown in Figure 120. On the test rig, two 

gearboxes are connected at the low-speed shaft side. One gearbox is operated in motor-mode by 

driving its high-speed shaft with an electric motor while the other gearbox operates in its normal 

generator mode. In the results shown in this paper, the gearbox instrumented with fiber optic sen-

sors (FOS) was operating in generator mode.  

The gearbox itself is a four-stage gearbox with three planetary stages and a single helical stage, 

achieving a total ratio close to 200. The first planetary stage, of which the ring gear is instrumented 

with fiber optic sensors, contains 7 planet gears.  

Next to the FOS which will be discussed in Section 3 several reference sensors are available as 

part of the setup. The torque is measured by HBM transducers at the high-speed shafts of both 

gearboxes. These transducers also contain a 1024 pulse encoder to measure angular velocity. A 

single pulse per revolution sensor that tracks the position of the low-speed planet carrier of the 

instrumented gearbox is also available. 

The gearbox was tested under speed run-ups at various torque levels. This variation of torque and 

speed allows for testing the FOS and the algorithms under various conditions.  

 
 

Figure 120: Back-to-back gearbox test rig at ZF Lommel. Installed gearboxes are illustra-

tive and do not represent the gearbox instrumented in this paper. 

3 Fiber optic sensing system 

3.1 Sensing principle 

An array of 35 fiber optic strain sensors was installed around the outer surface of the ring gear of 

the first planetary stage. The sensors used are so-called Fiber Bragg Gratings (FBGs). An FBG 
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sensor is a section of the optical fiber with a periodic variation of its refractive index. This section 

acts like a mirror, reflecting specific wavelength while transmitting others. The reflected wavelength 

of the FBG is sensitive to both variations in strain and temperature, and by tracking this variation in 

reflected wavelength a measurement is realized. Benefits of FBGs compared to traditional strain 

gauges are that they offer a higher signal-to-noise ratio, are immune to electromagnetic interference 

and that a single optical fiber can accommodate multiple sensors. All of these together lead to a 

simplified and more time-effective installation process. The optical fiber was bonded using a cy-

anoacrylate glue to the outer surface of the gearbox at the midpoint of the first planetary stage, as 

shown in Figure 121. 

  

Figure 121: Installation of FBGs. Photo 

by Sensing 360 B.V. 

Figure 122: Angular location of the 35 FBGs on 

the outer surface of the ring gear.  

3.2 Sensor layout 

All 35 FBGs are equally spaced around the circumference of the gearbox to allow for a continuous 

calculation of the torque output. Figure 122 shows the angular location of FBG sensors. The sensor 

numbering starts at the sensor at 0.0⁰ on top of the gearbox later referenced as sensor 1 and con-

tinuous in a clockwise fashion until the sensor at 349.7⁰ referenced as sensor 35.  

The measurement principle is that during operation of the gearbox, when a planet passes the loca-

tion of a sensor, the mesh forces between the planet and the teeth of the ring gear cause a defor-

mation of the outer surface of the ring gear proportional to the rotor torque. This deformation of the 

surface strains the FBG sensor in the optical fiber. This is then picked up by a fiber optic interrogator, 

which analyzes the wavelengths reflected by the sensors. The interrogator and data acquisition 

system can continuously log the strain up to 24 kHz. For practical reasons, the sample rate used for 

this study was limited to 317 Hz. Sensing360 B.V. provided the fiber optic sensors and data acqui-

sition system. 
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4 Algorithms for speed, torque, and load distribution calculation 

4.1 Initial data processing 

The data acquisition system logged the strain data from each of the 35 FBG sensors. These strain 

signals were then detrended to remove the effect of temperature changes during the measurements. 

The remaining strain signal is assumed to be caused solely by the deformation of the ring gear 

following the mesh events between the planet and ring gear. Figure 12 shows the strain signal for 

a single sensor during a full revolution of the gearbox input shaft. Each peak corresponds to one of 

the seven planets passing the sensor. This strain signal from each of the 35 sensors was then used 

as the input for the torque, rpm and load sharing estimations. 

 

Figure 12: Strain signal for a single sensor during a full revolution of the shaft. 

4.1.1 Torque and Speed Estimation 

The strain measured by the FBGs on the outer surface of the ring gear of a planetary stage was 

found by Sensing360 to be proportional to the rotor torque, as described in [GUT22]. Using a 

Sensing360 proprietary signature-based algorithm [ANG19], the strain data was decomposed to 

recover the main shaft torque. Furthermore, using the same signature-based algorithm, the speed 

of the low-speed shaft was estimated as well. 

4.1.2 Load Distribution 

The mesh load factor 𝐾𝛾 accounts for deviations in load splitting e.g. in gearboxes with planetary 

stages [NEN13]. The values of 𝐾𝛾 used during design should be verified by detailed simulations and 

measurements. If data from simulations and measurements is not available, standardized values of 

the mesh load factor apply, as given in Table 6. The ISO 6336-1 [ISO19] standard defines the mesh 

load factor as the load carried by the planet gear carrying the higher load divided by the average 

load of all planets. 

The following expression can be derived for the mesh load factor 𝐾𝛾 of a single planet from the 

measured peak-to-peak strain values: 

𝐾𝛾,𝑝 =
∆𝜀𝑝̅̅ ̅̅ ̅

∆𝜀𝑎𝑙𝑙̅̅ ̅̅ ̅̅
 Eq. 2 

Where  ∆𝜀𝑝̅̅ ̅̅ ̅ is the average peak-to-peak value of the single planet and ∆𝜀𝑎𝑙𝑙̅̅ ̅̅ ̅̅  is the average peak-to 

peak value for all planets. The mesh load factor for all planets then follows as: 
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𝐾𝛾,𝑎𝑙𝑙 =
max (∆𝜀𝑝1̅̅ ̅̅ ̅̅ , ∆𝜀𝑝2̅̅ ̅̅ ̅̅ , ∆𝜀𝑝3̅̅ ̅̅ ̅̅ , ∆𝜀𝑝3̅̅ ̅̅ ̅̅ , ∆𝜀𝑝4̅̅ ̅̅ ̅̅ , ∆𝜀𝑝5̅̅ ̅̅ ̅̅ , ∆𝜀𝑝6̅̅ ̅̅ ̅̅ , ∆𝜀𝑝7̅̅ ̅̅ ̅̅ )

∆𝜀𝑎𝑙𝑙̅̅ ̅̅ ̅̅
 Eq. 3 

In Figure 12, each peak in the strain signal corresponds to the passing of a single planet. Each time 

that a planet passes under a strain sensor, the mesh load factor 𝐾𝛾 can be calculated. 

Number of planets 3 4 5 6 7 

Mesh load factor 𝐾𝛾 1.10 1.25 1.35 1.44 1.47 
 

Table 6: Default mesh load factors for number of planets [NEN13] 

5 Results 

5.1 Torque and speed  

Figure 124 shows the torque and speed estimated with the aforementioned algorithms using all 35 

FBG sensors, together with the torque and speed from the reference sensors described in Section 

185. The shaded regions indicate segments with constant torque and speed that are used for more 

detailed reporting of the results in the next sections. These segments represent torque levels equal 

to 35%, 51%, 72%, and 98% of the nominal torque (in order of occurrence). During each segment 

the speed was constant and equal to 50% of the nominal value. 

It was found that the maximum deviation for the torque and speed estimation from the FOS sensors 

during these constant torque and speed levels is 0.2% of nominal torque and 0.1% of nominal 

speed. Both the torque and speed estimations from the FOS sensors show a good match with the 

reference data for the whole range of torque conditions, both transient and stationary. 

 

 

Figure 124: Torque and speed factor from reference and Fiber Optic Sensing 

(FOS) data using all 35 sensors. 
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5.2 Load distribution 

Figure 125 shows the mesh load factor 𝐾𝛾 calculated using all 35 FBGs following Eq. 3. The same 

highlighting is used to indicate segments of constant torque and speed. The factor decreases when 

higher torque is applied (the latter part of the sequence). This reflects a more equal sharing of load 

at high torque, for which the design is optimized.   

 

Figure 125: Load distribution calculated from FOS data using all 35 sensors. 

5.3 Sensor set reduction 

To study the effect of fewer sensors, the torque, speed, and load distribution were calculated for two 

different groups of subsets with 5-7 sensors.  

The first group of subsets consists of a range of adjacent sensors around a section of the ring gear. 

Five of such subsets have been defined, each consisting of seven sensors covering 72⁰ of the cir-

cumference of the ring gear. The second group of subsets consists of evenly distributed sensors 

around the ring gear. Four of these subsets have been defined, each consisting of five sensors, 

evenly distributed around the full circumference of the ring gear.  

For each subset, the mean and standard deviation of the torque and mesh load factor were calcu-

lated over four segments of constant torque and speed. These segments were indicated as the 

shaded areas in Figure 124 and Figure 125. The results of this study can be found in Tables Table 

7: through Table 10:. 

Table 7 shows that for the first group of subsets the maximum torque difference versus the reference 

increases from 0.2% to 0.9% and the standard deviation increases from 0.2-0.3% to 0.4-0.7%. In 

Table 8 shows the result of the second group of subsets. The maximum torque difference with the 

reference increases from 0.2% to 1.8% and the standard deviation increases from 0.2-0.3% to 0.5-

1.0%.  

Table 9 shows that the first group of subsets has a maximum difference in the load sharing (with 

respect to the full set) of 0.005 and that the standard deviation increases from 0.001-0.002 to 0.001-

0.007. Similarly, Table 10 shows that for the second group of subsets, the maximum difference in 

load sharing with respect to the full set is 0.009 and that the standard deviation increases from 

0.001-0.002 to 0.001-0.008.  

Reducing the sensor set from the original 35 sensors to a subset of 7 sensors, placed either in a 

sector of 72 degrees or placed equidistantly around the circumference, still leads to satisfactory 

results of the estimated torque, speed, and load distribution, while reducing the production and in-

stallation effort. 
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Reference 
data 

All 35 sen-
sors 

Sensors 

1,8,15,22,29 

Sensors 

2,9,16,23,30 

Sensors 

3,10,17,24,31 

Sensors 

7,14,21,28,35 

Torque [% of nominal value] (mean ± SD) 

35.2 ± 1.0 35.1 ± 0.2 35.2 ± 0.4 35.2 ± 0.4 34.9 ± 0.4 36.1 ± 0.5 

51.4 ± 1.0 51.5 ± 0.2 51.5 ± 0.5 51.5 ± 0.5 51.1 ± 0.5 52.6 ± 0.5 

72.0 ± 1.0 72.2 ± 0.3 72.2 ± 0.5 72.2 ± 0.6 72.0 ± 0.5 72.6 ± 0.6 

98.0 ± 1.0 98.0 ± 0.3 98.0 ± 0.5 98.0 ± 0.6 98.0 ± 0.6 98.0 ± 0.7 
 

Table 7: Torque estimation based on subsets of sensors consisting of five sensors evenly 

distributed around the full 360⁰ of the circumference of the ring gear.  

Reference 
data 

All 35 sen-
sors 

Sensors  
1-7 

Sensors  
8-14 

Sensors 
15-21 

Sensors 
22-28 

Sensors 
29-35 

Torque [% of nominal value] (mean ± SD) 

35.2 ± 1.0 35.2 ± 0.2 33.0 ± 0.6 34.8 ± 0.6 35.9 ± 0.5 36.2 ± 0.6 35.2 ± 0.6 

51.4 ± 1.0 51.5 ± 0.2 49.7 ± 0.8 51.2 ± 0.7 52.0 ± 0.6 52.3 ± 0.7 51.5 ± 0.7 

72.0 ± 1.0 72.2 ± 0.3 71.3 ± 0.9 72.0 ± 0.8 72.5 ± 0.7 72.5 ± 0.7 72.2 ± 0.8 

98.0 ± 1.0 98.0 ± 0.3 98.0 ± 1.0 98.0 ± 0.9 98.0 ± 0.8 98.0 ± 0.8 98.0 ± 0.9 
 

Table 8: Torque estimation based on subsets of sensors consisting of seven adjacent sen-

sors covering 72⁰ of the circumference of the ring gear.  

All 35 sensors 
Sensors 

1,8,15,22,29 

Sensors 

2,9,16,23,30 

Sensors 

3,10,17,24,31 

Sensors 

7,14,21,28,35 

Mesh load factor 𝐾𝛾 (mean ± SD) 

1.064 ± 0.002 1.065 ± 0.006 1.061 ± 0.006 1.059 ± 0.006 1.065 ± 0.007 

1.053 ± 0.002 1.049 ± 0.006 1.053 ± 0.006 1.055 ± 0.007 1.054 ± 0.006 

1.043 ± 0.002 1.042 ± 0.005 1.043 ± 0.005 1.045 ± 0.005 1.046 ± 0.005 

1.037 ± 0.001 1.036 ± 0.004 1.035 ± 0.003 1.034 ± 0.003 1.039 ± 0.003 
 

Table 9: Mesh load factor estimation based on subsets of sensors consisting of five sensors 

evenly distributed around the full 360⁰ of the circumference of the ring gear.  

All 35 sensors 
Sensors  

1-7 
Sensors  

8-14 
Sensors  
15-21 

Sensors  
22-28 

Sensors  
29-35 

Mesh load factor 𝐾𝛾 (mean ± SD) 

1.064 ± 0.002 1.073 ± 0.008 1.065 ± 0.007 1.061 ± 0.006 1.061 ± 0.007 1.068 ± 0.007 

1.053 ± 0.002 1.058 ± 0.006 1.053 ± 0.006 1.052 ± 0.005 1.051 ± 0.005 1.055 ± 0.005 

1.043 ± 0.002 1.047 ± 0.005 1.045 ± 0.005 1.044 ± 0.005 1.043 ± 0.004 1.046 ± 0.004 

1.037 ± 0.001 1.038 ± 0.003 1.039 ± 0.004 1.034 ± 0.003 1.036 ± 0.003 1.039 ± 0.003 
 

Table 10: Mesh load factor estimation based on subsets of sensors consisting of seven adja-

cent sensors covering 72⁰ of the circumference of the ring gear 
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6 Conclusions 

This article has described a study on several configurations of fiber optic strain sensors for meas-

urements on a wind turbine gearbox. An extensive setup consisting of 35 fiber optic strain sensors 

was used to measure the torque, speed, and load distribution. A good correspondence was found 

between the estimated torque and speed signals from the fiber optic sensors and the reference 

data. 

Furthermore, the effect of selecting subsets of sensors on the torque, speed, and load sharing esti-

mation was presented. It was found that reducing the sensor set from the original 35 sensors to a 

subset of 7 sensors, placed either in a sector of 72 degrees or placed equidistantly around the 

circumference, still leads to satisfactory results of the estimated torque, speed, and load distribution.  

For future work, the effect of the sensor configurations in actual wind turbines during a wider variety 

of operating conditions should be studied. It is suggested to initially use a setup with a large number 

of fiber optic sensors, similar to the setup used for this study. Eventually, this will lead to a proposed 

sensor configuration for a product with fewer sensors. 

The fiber optic sensing system for wind turbine gearboxes as described in this article will make direct 

measurement of the torque, speed and load sharing cost-effective. These signals are key in improv-

ing the reliability and avoiding unplanned downtime using early anomaly detection methods. Fur-

thermore, they enable lifespan extensions using remaining useful life calculations. 
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Abstract: This paper is providing an overview on the recent and future powertrain concepts for wind 

turbines. Derived from the market development and influenced by technical and logistic limitations 

the influencing criteria are explained that lead to different drive train architectures. Torque density 

increase, modularization and standardization in wind turbine powertrains are requirements in com-

bination with reduced product lifecycle times, shortened development times and cost pressure. Next 

to these challenges there is a high focus on the drive train reliability and the need to consider system 

behavior impacting the major components like gear or main bearing units. Therefor intensive system 

validation with wind load testing on test benches and in the field is an important part of the develop-

ment process. 

1 Introduction 

With the move of two large OEM’s to medium speed for onshore wind turbines in the years 2020 

and 2022 the question about the best powertrain concepts was raised again. This discussion was 

not just about the generator concept like direct drive, medium speed or highspeed, it was even more 

about the best suited mechanical drive train concept.  

Reduced product lifecycle times, shortened development times, and the cost pressure create a need 

for modularization, standardization and torque density increase in wind turbine powertrains.  

In combination with a higher integration level and the further increasing sizes and weights of the 

onshore powertrain components, new challenges need to be considered. 

2 Market trend 

A trend from the past years which is still ongoing is the continuous increase of turbine power ratings 

in new developments and installations. Most relevant for gearbox dimensioning is the wind turbine 

rotor toque. In the global volume forecast from 2022 the average turbine rotor torque for 50% market 

volume was expected to double from below 5.000+ kNm to 10.000 kNm in 9 years by 2030, see 

figure 1. Recent market figures from 2024 show that the torque level for 50% market volume split 

already reached 8.000 kNm and will still reach 10.000-12.000 kNm from 2030 on. This faster in-

crease was also influenced by the rapid grow of turbine power ratings in China with realization of up 

to 12 MW onshore turbines. [WOM24], [BRM24], [WIN24]  
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Figure 126: Wind market trend in 2022 [WIN24] 

 

In the offshore segment mainly direct drive turbines and geared medium speed drives are entering 

the next power level ratings above 15 to 21 MW plus. Especially Chinese OEMs are the front runners 

in targeting the highest power rating wind turbines. [WOM23], [BRM24] 

The onshore market is more and more dominated by geared drives. Most of the onshore DD turbine 

manufacturers have phased out the DD technology for new turbines. [BRM24] 

The trend to medium speed powertrains initiated from Vestas and Goldwind for onshore turbines 

slowed down a bit as especially in China the highspeed DFIG technology was pushed to higher 

power ratings of up to 12 MW plus and were installed in the strongly CAPEX driven Chinese market. 

For the mechanical drive train in the onshore segment up to 6 MW the 3-point rotor support (3-PRS) 

with a spherical roller bearing (SRB) as main bearing is dominating the market. For turbines with 

higher power ratings a trend to pretensioned tapper roller bearings in a main bearing unit can be 

seen. Technical and economical drawbacks of SRBs with increasing size and thrust loaded reinforce 

the trend. 4-point rotor support (4-PRS) arrangement and especially in China 2-PRS are taking over 

as dominating drive train concept.  

3 Drive train concepts 

The geared drives are usually classified in mid-speed and high-speed concepts dependent on the 

generator speed.  

The major difference in mechanical drive train concepts can be seen in the way how the wind loads 

are supported by the drive train. This is usually categorized by the number of supporting points and 

the way the connection to the turbine structure is done – elastic with flexible elements or rigid via a 

metal-to-metal contact, see figure 2. 

Very often in use is the 3 Point Rotor Support (3-PRS) which means that there is a first main bearing 

support and two supports from the torque arms of the gearbox taking the rotor loads. Also very 

common is the 4-PRS where two main bearings and the two torque arm points take the rotor loads.  
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If the reaction torque is directly transferred to the main bearing housing and not to the base frame 

via a torque arm this is called a 2-PRS. Inside such a main bearing unit there are usually two pre-

tensioned tapper roller bearings in O-arrangement.   

 

 

Figure 127: Geared drive train concepts overview 

The conventional 3-point and 4-point rotor support have long track records with spherical roller bear-

ings (SRB) as main bearings and allowing an elastic deformation of the main shaft. The powertrains 

can be easily dismantled into transport or service modules. The gear unit is elastically decoupled 

from the turbine base frame via torque arms with elastomer bushings. For larger turbines from power 

ranges of 6 to 7 MW the SRB bearing type is mainly replaced by pretensioned tapper roller bearing 

arrangement in a main bearing unit that provides a stiff rotor support. 

For even bigger turbines where the weight of the gear unit and generator should not rest on the 

planet carrier bearings the 2-PRS decoupling@mainshaft solution transfers the weight loads to the 

main bearing housing. This solution also omits a large torque arm that would hinder transportation.  

Due to the torsional stiff but bending flexible coupling, the deflection on the main bearing unit from 

the massive wind loads does not affect the gearbox. So undefined wind load effects are reduced to 

a minimum.  

The 2-PRS decoupling@housing concept benefits from elasto-hydraulic bushings at the stationary 

housing interface between the main bearing unit (MBU) and the gear unit (GU). 

It is designed as if you had several torque arms on the gear unit and they are tilted to the front in 

rotor direction to transfer the reaction torque directly to the main bearing housing. The reaction 

torque will be transmitted via multiple pins more equally to the turbine structure.  

This is done on a smaller diameter than the typical span of the torque arm and without a direct 

connection between the gear unit and the main frame. This more compact design is advantageous 
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for gear unit transport and allows for easy division into transport or service modules of the power-

train.  

Tolerances and deformation of the main bearing unit can be compensated with the elasto-hydraulic 

bushings. This solution enables passive and active vibration degeneration and is an option for low 

noise operation. 

The 2-PRS fully integrated medium speed drive train concept with rigid connection is the most com-

pact, standard drive train concept. In this case the main bearings also serve as planet carrier bear-

ings for the low-speed stage of the gear unit and the generator rotor is supported by gearbox bear-

ings. 

This concept dispenses with elastic elements and rigidly connects the well-defined and accurate 

designed and manufactured interfaces.    

For regions where the powertrain can be transported and craned in one piece this concept is a very 

good choice. A fully assembled and tested powertrain can be sent from the production facility directly 

to site for turbine installation. A thoroughly developed and validated integrated system can secure 

that no unforeseen extra loads are transferred to the gearbox and provides high reliability. 

A concept that is most popular in China is the so-called 2-PRS semi-integrated concept. It combines 

the features of the fully integrated concept on the low-speed side with an independent generator on 

the high-speed side.  

The wind load impact and interactions of the different drive train concepts on the gear tooth contact 

has been investigated at Winergy via simulation, field and test bench validation.  

The specific impact of elastic interaction in planetary stages with increased torque density is pre-

sented by Dr. Sebastian Reisch at CWD 2025 [REI25]. 

4 Influencing factors for concept decision 

The development of new wind turbine powertrains is driven by lowering CAPEX costs, torque den-

sity increase and regional market needs. The focus is changing from a pure component optimization 

to a system consideration and a need to fulfill best the upcoming use cases in the field with the 

ability to provide tailored solutions with modular concepts. 

In the past 10 years the torque density in gear units of wind turbines has doubled and played a 

major role in the cost and space reduction of power trains and cost of energy. 

Not always is the highest achievable toque density the most favorable option from a system per-

spective. Especially in the case of functional integration, e.g. with an integrated oil supply system, 

integrated vibration degeneration elements or an increase in ratio for higher generator speeds can 

lead to an optimized system solution. Figure 3 shows that the torque density of a gear unit is not 

independent from the powertrain concept even if the gears set is in the same way torque density 

optimized.  
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Figure 128: System optimization versus highest torque density 

For further improvements on the torque density Dr. Jonas Finken from Winergy is showing a path-

way to higher torque density of wind gearboxes without making concessions to system reliability 

with a probabilistic modelling approach of the tooth root strength [FIN25].  

Along with the steady turbine power increase the powertrain size and weight in combination with a 

higher integration level can be limiting for onshore standard logistic use. New challenges with han-

dling, transportation, servicing and site accessibility need to be considered. Therefore, splitability in 

modules for standard transportation in combination with easy and robust assembly possibilities on 

turbine will be major part of decision criteria for drive train concepts. 

For inhabited areas low noise and vibration operation is becoming a key success factor. Possibilities 

to elastic decouple the main components from each other and the turbine structure with a contribu-

tion for vibration degeneration is a common practice. 

In the strong CAPEX driven Chinese onshore market the semi-integrated concept is very popular. 

By the integration of main bearing and gear unit the planet carrier bearings on the low-speed gear-

box stage can be omitted. This cost saving in combination with a partial converter and a high speed 

DFIG generator shows potential for the lowest CAPEX costs.  

Large drive train weight and size as well as rigid connection between major drive train components 

are not an issue for the huge wind farms that are built in the Chinese deserts.  There is no need for 

sound improved operation or extra elastic decoupling to minimize vibration. Even the largest on-

shore turbines will be able to be installed there as production facilities are built close to the wind 

farms so that transportation and logistics are not limiting the turbine size. 

Which drive train concept fits best is dependent on the turbine size, the regional market require-

ments, the service and logistic concepts of the OEM, but also risk management in combination with 

time to market, engineering capability & capacity and LCOE impact. That is the reason why there is 

not the one perfect powertrain concept that fits all. 

In the light of industrialization for wind turbines the call for standardization of powertrain components 

as high valuable parts is clearly noticeable.  
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Modularization and standardization in the powertrain of wind turbines works if dependencies can be 

reduced to a minimum and if a standardized module can be used in a cost-efficient way for several 

turbine configurations.   

One possibility to achieve more freedom for modularization is the Winergy FlexibleFit approach, see 

figure 4. The FlexibleFit module is placed in-between a cost optimized gear unit and the customer 

specific turbine rotor support. It enables the gear unit to be dimensioned mainly by speed and torque. 

These are the fundamental gear unit features for its dimensioning.  

 

Figure 129: FlexibleFit approach for modularization and standardization 

Wind loads other than torque or gravity weights of blades and hub resulting as bending moments 

on the drive train, are taken from the FlexibleFit module and are transferred to the turbine structure. 

No need not to be carried by the gear unit.  

Additional to standardization activities, Winergy is also driving forward research and pre-develop-

ment activities like a superconducting mid-speed generator. Dr. Roland Zeichfüßl is presenting 

about design and benefits of superconducting generators with oil-cooled stators at the CWD con-

ference [ZEI25]. 

Especially in western markets, where long service contracts with the OEM or service provider are 

common, a high focus is put on test bench and field validation, track record or high technology 

readiness level and high reliability to achieve low OPEX costs.  

Validation needs derived from the above-mentioned challenges as well as from component- and 

System-FMEA play a major role to achieve highly reliable powertrains. For highly utilized compo-

nents and more integrated concepts it is necessary to consider the system behavior and how it is 

impacting the major components like gear or main bearing units. Therefore, intensive validation 

including wind load testing is an important part of the development process. 

5 Drive train system validation 

In the year 2018 Winergy built up a system test bench where two wind turbine drive trains can be 

tested at the same time with wind loads. The power of the driving motors is 17 MW on each side. 
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With a unique concept where the devices under test (DUT) are mounted on two moveable platforms 

that are supported by 14 hydraulic cylinders the wind loads can be applied at both DUT’s in the 

same magnitude with 6 degrees of freedom, see figure 5. 

In the beginning the wind load tests were done exclusively for one western OEM in a close cooper-

ation for validation on a system level. In the following years the test bench is going to be used for 

different drive train architectures in further cooperations with OEM’s and supply chain.  

 

Figure 130: Drive train system testing with wind loads 

A detailed description of the Winergy testing philosophy is presented by Dr. Martin Reuter at CWD 

2025 “Prototype testing of wind gearboxes on test bench and turbine” [REU25]. 

Validation focus on the WLU Voerde will be the interactions of the main components in an original 

system environment. The measurement results are going to be compared with the simulation results 

for a doublecheck and to continuously improve the modelling.  

Typical testing types are functional tests, endurance tests and extreme tests. 

6 Conclusion 

In future onshore wind turbine platforms of 8 MW and bigger will not narrow down the diversity of 

powertrain concepts to one best suited concept that fits all.  

The best fitting drive train concept is dependent on the turbine size, the regional market require-

ments and the service and logistic concepts of the OEM. Additional influence on the concept deci-

sion is created by the combination of risk management with time to market, engineering capability 

& capacity and off-course the LCOE impact.  

As these decision criteria are weighted differently at the turbine OEM’s with a clear focus on their 

target markets the powertrain concepts will further vary.  

Nevertheless, there are ongoing efforts and promising approaches for modularization and standard-

ization on wind turbine drive trains.  
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Torque density in gear units played a major role in the past and will do so in the future with new 

approaches and technologies. Nevertheless, the system optimum does not necessarily need to 

meet the torque density optimum. 

With new introduced drive train concepts, higher integration level and more dependencies between 

the main components at ever growing turbine power rating a need for system validation was trig-

gered.  With a system test rig of 17 MW, different drive train architectures can be validated with 

consideration of the wind load impact with 6 degrees of freedom at Winergy in Voerde.  
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Abstract: The aim of this work is to transfer the advantages of a self-aligning drivetrain (with 3-point 

suspension) into a new multi-MW class while keeping all logistical and installation advantages, still 

meeting all common limits and thresholds in the 7MW+ onshore turbine class. The presented con-

ceptual arrangement is a technologically and commercially viable alternative to the prevailing stiff- 

drivetrain concepts with their specific disadvantages. A new drivetrain and bearing design, based 

on proven components and known designs, is proposed that allows better utilization of the main 

shaft bearing and simplifies the drivetrain components. The paper includes a literature review and 

an assessment of the technical and economic advantages of the new design. The results show that 

the new design offers better modularization, easier maintenance and lower noise level compared to 

stiff- drivetrain designs, as well as higher power density and better economic viability compared to 

conventional 3-point suspension drivetrain with a spherical roller bearing. This work thus represents 

an innovative contribution to the development of an advanced 3-point suspension drivetrain tech-

nology for larger wind turbines both on- and offshore. 

1 Introduction: 

The trend towards ever larger, more powerful wind turbines both onshore and offshore is challenging 

for some established drive train concepts. Scaling these is often not possible from a technological 

and economic point of view. 

This particularly affects the flexible rotor bearing concepts based on spherical roller bearings. In 

particular, the 3-point suspension concept, which dominates onshore to this day. 

The increasing rotor bending- and torques loads require a larger shaft diameter. 

Spherical roller bearings used in flexible drive trains, especially when they have to absorb axial 

thrust forces in addition to radial ones, grow disproportionately with the increase in shaft diameter. 

This is due to the functional geometry of this type of bearing, which requires the spherical rings to 

be positioned steeply relative to one another due to the relatively high axial to radial load ratio of a 

wind turbine. 

Through this increases the width and the bearing cross-section for larger shaft diameters, which 

leads to a disproportionate increase in the bearing weight. 

Double-row spherical roller bearings of the 240 series have proven themselves as fixed rotor bear-

ings and can only be adapted to the radial and axial load components that occur to a limited extent, 

for example in an asymmetrical design. 

In an asymmetrical design, the upwind-side raceway is narrower, as it only has to absorb thrust 

loads in exceptional cases  “negative thrust”, as can occur during emergency stops, for example. 

During normal operation of a wind turbine, the thrust is positive and loads the downwind-side race-

way. 
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Two bearing sizes used in the 4 to 6 MW power class are used here as an example of the increase 

in mass in relation to the shaft diameter. 

SRB 240/900, d = 900 "100 %", m = 1570 kg "100 %" 

SRB 240/1120, d = 1120 "124 %", m = 2925 kg "186 %" [SKF08] 

This makes it clear that the costs increase disproportionately. Bewind field experience shows in 

addition that technical problems can arise in large spherical roller bearings with play due to smearing 

effects due to the disproportionately increasing rolling element masses. 

By using proven components in a new arrangement, bewind has transformed the undeniable ad-

vantages of flexible rotor bearing concepts into a new size and performance class that is suitable 

for the largest onshore and offshore wind turbines. 

This concept represents an interesting alternative to the prevailing rigid rotor bearing concepts with 

tapered roller bearings in the multi MW class. 

The first 7MW onshore prototype based on this powertrain technology was successfully erected by 

WEG Energy in northeastern Brazil at the end of 2024 after an extensive test program and is cur-

rently in field validation. 

   

2 bewind flexible, advanced, self-aligning rotor bearing concept: 

When developing the new bewind drive train concept, the following requirements were at the fore-

front in order to achieve a robust, competitive and future-proof design. 

- Scalability for the 10 MW+ power class 

- Compact and lightweight 

- Good load flow of the rotor loads to the tower head 

- Insensitive to elastic structural deformations 

- Good load-bearing behavior of the gear teeth 

- Functional, production- friendly modularization of the nacelle systems 

- Modules suitable for transport and installation in terms of dimensions and masses, specially 

onshore 

- Interchangeability of the main components without dismantling the rotor, including the rotor 

bearings 

- Structure-borne noise decoupling of the gearbox 

- Use of proven components 

 

In order to meet all of these requirements and the limitations of spherical roller bearings described 

in the introduction, the toroidal roller bearing (1) was selected as the rotor-side angle-adjustable 

bearing. 

This type of bearing has already proven itself in hundreds of offshore wind turbines from the former 

manufacturer REpower / Senvion. 

Due to the non-locating bearing function of the toroidal bearing (1), the width and cross-section of 

this bearing type is not directly dependent on the shaft diameter, but can be adapted according to 

the radial loads. 
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In the bewind drive train, the rotor thrust is absorbed by preloaded tapered roller bearings (4) in the 

gearbox (5), which simultaneously support the planet carrier of the first gear stage and function as 

a second rotor bearing. 

These preloaded tapered roller bearings (4) absorb the rotor thrust, the bending moments of the 

rotor acting as radial loads and the weight of the gearbox- (5) generator (6) unit. 

 

Figure 1: bewind drivetrain as midspeed version, toroidal roller bearing on rotor site (1) ,rotor shaft (2), main-

frame (3), preloaded tapered roller bearing integrated in gearbox in O- arrangement (4), 3 stage coaxial plan-

etary gearbox (5), MS Generator (6)  Source bewind 

 

To avoid additional bending constraints on the rigid second rotor bearing (4) caused by elastic de-

formation of the rotor shaft (2) and the machine carrier (3) under rotor- bending loads, it is necessary 

to make the torque and radial support of the gearbox axially soft. 

In addition, it must be ensured that the dominant loads from the rotor are diverted directly into the 

machine support structure in order to enable a "pure" torque load on the gearbox components. 

Due to the arrangement of the rigid double-row tapered roller bearing (4) in front of the gearbox 

toothing parts, the dominant rotor loads consisting of rotor thrust and radial loads are transferred 

directly into the front end bearing shield of the gearbox (5) and from there into the machine support 

structure via the elastomer bushings. 

The pre-loaded elastomer bushings arranged radially on the circumference of the gearbox bearing 

shield, which have a high radial, progressive and low, linear axial spring characteristic, prevent/re-

duce any constraining forces from angular displacements of the rotor shaft and machine support 

structure due to elastic deformation. 

To absorb the rotor thrust, two additional pairs of elastomer hydraulic layer springs are used, which 

are arranged in the 9 and 3 o'clock positions. At the same time, this advantageous arrangement of 

the elastomer spring elements used ensures that the structure-borne noise frequencies excited by 

the drivetrain are dampened both radially and axially. 

1 
4 

5 
6 

2 3 
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Figure 2: Exploded view of the bewind rotor- bearing concept, Source bewind 

 

2.1 Gearbox suspension: 

The gearbox suspension consists of a combination of radially arranged, pre-stressed elastomer 

bushings (1) in combination with 2 pairs of elastomer hydraulic elements (2). 

The elastomer bushings (1) are used to absorb the radial loads resulting from the yaw "Mz" and 

pitch loads "My" of the rotor and the rotor torque support "Mx". The rotor thrust "Fx" is absorbed by 

the elastomer hydraulic elements (2). 

 

Figure 3: arrangement example of elastomer elements, elastomer bushing (1), elastomer hydraulic element 

(2)  Source bewind 

1 

2 
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Figure 4: Elastomer hydraulic system, Source ESM    Figure 5: Axial pre- stressable bushings, Source ESM 

 

The axially soft bushings (1) prevent the second rotor fixed bearing and the gearbox from being 

constrained in the event of angular displacement of the gear unit caused by shaft deflection and 

elastic deformation of the support structure. 

The hydraulic elastomer elements (2) arranged at the 3 and 9 o'clock positions serve to simultane-

ously transmit the rotor thrust forces. These are hydraulically connected in such a way that they 

have a high degree of rigidity when the 3 and 9 o'clock elements are loaded evenly "without angular 

displacement". If the elements are loaded unevenly (rotor thrust Fx and yaw load Mz), one element 

compresses and the second extends, as the hydraulic medium of the compressing element flows 

into the rebounding element. This works without major restoring forces while maintaining the overall 

rigidity of both elements. 

   

Figure 6: Behavior of the elastomer hydraulic elements under pure thrust load "Fx", Source bewind / ESM 
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Figure 7: Behavior under combined yaw “Mz” and thrust load “Fx”, Source bewind / ESM 

 

2.2 TCI, modular architecture, installation: 

Another important aspect of a modern multi MW WEC is that the nacelle is divided into modules 

that must not exceed certain transport dimensions and weights. 

These modules must be designed in such a way that they can be easily transported and erected in 

the field after pre-testing. This can be achieved with the bewind drive train concept, as the subsys-

tems have clear, simple interfaces. This enables small individual lift and transport masses that can 

be mounted individually up tower. 

 

Figure 8: Example of TCI Modules, Source bewind 

 

The bewind drive train concept enables the following TCI requirements: 

- Flexible Logistic concepts 

- Use of easily available vehicle for road transport 

- On site pre-assembly with small crane 

- Reduced installation time 

- Low ground space consumption 

- Modular installation procedure 

- Use of standard crane variants 

 

2.3 O&M, Main Component Exchange without main crane: 

The bewind drive train concept enables the most important main components to be replaced without 

the use of a large crane. The gearbox, including the second rotor bearing and the generator, can be 

replaced using a winch system. For this purpose, the rotor shaft flange on the gearbox side is pos-

itively supported against the bushing plate with the aid of compact clamping tools that can be han-

dled by one person. The rotor lock is able to support the entire rotor weight instead of the rotor 
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bearing. The ring-shaped rotor bearing housing can be pulled forward so that a defective rotor bear-

ing can be replaced with a new, split one without having to dismantle the rotor or the nacelle.                       

            

Figure 9: Main component exchange Example, Source bewind   

3 Summary / Conclusion: 

The flexible, advantageous, self-adjusting rotor bearing concept represents an interesting alterna-

tive to the rigid rotor bearing concepts prevalent in the 7MW+ power class. It transfers the ad-

vantages of a flexible rotor bearing to a new power class. The requirements placed on a drive train 

concept in this power class can be met with it.  

In addition, there are further advantages such as the replacement of main components without a 

large crane and the dismantling of the rotor, which cannot be met or is very difficult with conventional 

rigid concepts. Further potential for optimizing these advantages lies in replacing the toroidal rotor 

bearing with a plain bearing.  

Since the toroidal bearing is a loose bearing, it is much easier to replace it with a plain bearing than 

is the case with a fixed bearing. 

The experience gained by bewind and the its partner WEG Energy through the successful develop-

ment, construction, installation and commissioning of the AGW 172/7.0 shows the potential of this 

new rotor bearing concept in practice. 

                   

Figure 10: WEG AGW 172/7.0 Prototype with bewind drivetrain concept, Source private 
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Abstract: Wind energy is currently the crucial component of our transition to sustainable power 

sources. As wind turbines grow in size and capacity, the need for efficient and lightweight generators 

becomes paramount. In this context, superconducting generators offer promising solutions. Espe-

cially geared medium-speed generators with oil-cooled stator and superconducting rotor can mini-

mize material consumption and weight. This paper explores the specification, the electromagnetic, 

and the mechanical design aspects of a full-sized demonstrator, along with its anticipated benefits. 

The generator stator under consideration is taken from a series production turbine having 6 MW 

nominal power output with a conventional permanent magnet rotor at a rotational speed of 600 rpm. 

With a superconducting rotor the rotor field is considerably increased and acc. to calculations the 

same generator stator can produce even 13 MW. 

The stator houses the oil-cooled and highly utilized AC copper winding, while the rotor pole winding 

is made of second generation high-temperature superconductors (HTS). These coils are cooled 

using stationary cryocoolers connected to a tailored rotating cooling concept, maintaining the coils 

at cryogenic temperatures. 

Superconducting generators achieve higher power density compared to conventional permanent 

magnet generators. The reduction in weight and volume allows for more compact designs or higher 

efficiency at the same size. Further advantages are detailed out. 

1 Superconductivity Enables a New Dimension of Utilization 

To enhance cost and energy efficiency in the generation of renewable energy, the project 

Speedy_HTS was started. It contains the development and test of a gearbox-generator-unit for wind 

turbines with a superconducting rotor and an oil-cooled high-current stator. In addition to minimal 

material usage, the high power density will enable larger wind turbines without increasing the phys-

ical dimensions or exceeding transport limitations. This design eliminates the need for permanent 

magnets, which are predominantly sourced from China. Furthermore, this generator concept allows 

for higher system efficiencies and connection to both AC and DC grids via simple rectifiers. 
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Figure 131: Winergy’s HybridDrive with oil-cooled generator stator and conventional 

permanent magnet rotor 

2 Usage of Superconductivity in Other Applications 

Superconductivity has evolved from research to an industry standard in the last decades. In the field 

of medicine, superconducting materials are essential components of Magnetic Resonance Imaging 

(MRI) machines. These materials allow for the creation of powerful and stable magnetic fields, which 

are crucial for producing high-resolution images of the human body's internal structures.  

2.1 Superconductivity in Stationary Energy Applications 

In the realm of power transmission, superconductors offer significant advantages for transmitting 

electricity with high power density and minimal energy loss. Traditional power lines encounter re-

sistance, which leads to energy dissipation in the form of heat. Superconductors, on the other hand, 

can carry electric current without resistance when cooled below their critical temperature. This prop-

erty makes them ideal for creating efficient and high-capacity power transmission systems in urban 

areas. The 15-kilometer long SuperLink power transmission in Munich, Germany, with 500 MVA 

currently being under development [PRI24] could mark the successful commercialization in this area 

of application. 

2.2 Superconductivity in Rotating Electrical Machines 

Superconducting rotating electrical machines are being developed and tested for industrial applica-

tions where high power and efficiency are required. These motors can significantly reduce energy 

consumption and operational costs. Superconducting motors are also being explored for use in ship 

propulsion systems. These motors are more efficient and compact than traditional motors, making 

them ideal for large vessels where space and weight are critical factors [HAR17]. Back in 2008 

Northrop Grumman already noticed the advantages of combining a superconducting rotor with an 
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oil-cooled stator. A 36,5 MW marine propulsion system has been developed and tested successfully 

[GAM11].  

2.3 Superconductivity in Wind Energy Generation 

Within the field of superconductivity for wind power, there was the EU-funded project 'EcoSwing' 

with the Chinese manufacturer Envision [BER19], as well as the project 'High Efficiency Ultra-Light 

Superconducting Generator (SCG) for Offshore Wind' by the U.S. company General Electric, which 

is funded by the U.S. Department of Energy [CRA24]. Both approaches share a common goal of 

pursuing a direct-drive approach using superconductivity. However, superconducting direct-drive 

generators might not become economically feasible due to the large surface area that needs to be 

cooled and the significant amount of superconducting material required.  

3 Combination of Oil-Cooled Stator with Superconducting Rotor 

Different drive trains are used in wind power. The spectrum ranges from high-speed generators to 

gearless generators (direct-drive). Midspeed generators with a low gear ratio are increasingly play-

ing a role. An overview of various concepts is provided by [ZEI15]. Especially for wind turbines with 

higher power outputs, midspeed generators integrated into the gearbox are important because they 

are lighter and more compact than other drive trains. This allows for a higher power density of the 

electrical machine with lower material requirements and reduced costs.  

In wind power, cooling concepts are almost exclusively limited to air or water cooling. High-current 

stators with oil cooling are currently only common in the automotive industry for machines of smaller 

sizes. In 2020 Winergy developed the first wind turbine drive-train with oil cooled stator, see also 

Figure 1 and Figure 2 [Zei21]. 

 

Figure 132: Half cross-section through the stator and conventional permanent magnet 

rotor of a midspeed generator 

The use of oil-cooled high-current technology in the stator enables very high power densities, but 

the conventional rotor limits the machine's performance. This performance limitation is noticeable 

in efficiency, but even more so in the power factor of the machine – the limited excitation provided 

by the permanent magnet rotor significantly restricts the achievable power density, see Figure 3.  
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Figure 133: Efficiency and power factor in dependence of the stator current for a specific 

electromagnetic design with permanent magnet excitation and two different 

cooling methods 

The use of HTS significantly expands the power range through the higher current density in the 

stator and higher air-gap fields produced by the rotor. Besides that, the compact high-current stator 

requires lower magnetization in general. Air gap flux densities above 2,0 T are feasible. Unlike per-

manent magnet generators, superconducting generators may generate solely active power, leading 

to minimum converter size. 

 

 

Figure 134: Pole pair of conventional permanent magnet excited generator (left) and 

generator with HTS rotor (right) 

Anyhow HTS must be operated at cryogenic temperatures, which leads to other challenges. First, 

the losses inside the rotors and the heat transfer must be minimized. Thus, the rotor is encapsulated 

by a rotating cryostat, which provides vacuum around the rotor core without touching it, see Figure 5. 

Only a warm-cold coupling transfers torque from the cryostat to the rotor.  

Second, the HTS rotor itself must withstand the centrifugal forces at cryogenic temperatures and 

the rotor core must provide high magnetic permeability. Only a few cold-tough steels are suitable 

for this. Third, the remaining losses in conductors and magnetic cores must be dissipated. A cold 

bus with copper bars collects the heat and guides it to a central cold reservoir. The reservoir is kept 
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at cryogenic temperatures by a continuous coolant flow from a stationary cooling system. Figure 5 

shows the basic rotor concept. 

   

Figure 135: Left: Design of the rotor cryostat. Right: Design of the HTS rotor with coils 

(red), electrical connections and slip ring (orange) and cold bus (blue). 

4 Calculated Performance Data 

Oil-cooled permanent magnet generators are superior compared to conventional drive-trains. With 

a superconducting rotor the performance can be pushed even further. Based on electromagnetic 

FEM calculations the rated power of a specific 6 MW HybridDrive can be increased to 13 MW. This 

is even more than twice the original power rating while maintaining almost the same weight, see 

Table 1. Besides similar efficiency, the power factor can be set to 1. This reduces significantly size 

and cost of the inverter, as there is no reactive power circulating on machine side.  

 

Table 5: Expected performance data of a midspeed generator with superconducting rotor 

5 Design for Optimized Efficiency 

Superconducting rotor coils also offer ground-braking advantages in efficiency. High magnetic flux 

density allows more space for copper in the stator winding. Furthermore, high magnetic flux is avail-

able independently from the rotational speed. Hence superconducting rotors are enabling power 
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factor 1 over the whole speed range, which eliminates losses by reactive currents in the stator wind-

ing. Full-load efficiency as well as part-load efficiency can increase drastically.  

 

Table 6: Calculated efficiency of a permanent magnet generator and an efficiency opti-

mized generator with superconducting rotor with the same outer dimensions 

 

6 New Ways for Grid Connection  

The very high possible HTS excitation of the machine and the adjustability of the excitation enable 

operation with a power factor of 1, thus allowing rectification of the generator output voltage using 

an efficient and cost-effective diode rectifier. Figure 6 shows the electrical schematic. A cost reduc-

tion of almost 50% is expected compared to a conventional AC/AC converter. Even more, the 

switching and conduction losses are being reduced significantly, when changing from an actively 

controlled IGBT rectifier to an uncontrolled diode rectifier. An efficiency gain of more than 1,0 % is 

expected with a diode rectifier, assuming a typical wind turbine load curve and power distribution. 

 

Figure 136: Wind turbine drive-train with passive diode rectifier on machine side 

 

In the future, HTS excitation will also enable highly innovative grid integration topologies with a 

significantly reduced number of energy conversion stages. In contrast to controlled rectifiers, un-

controlled diode rectifiers are cost-effective at high voltage levels, too. So, using a medium-fre-

quency transformer directly connected to the generator in combination with a high voltage rectifier, 

the wind turbine can be connected to a DC grid, resulting in very high savings potential and efficiency 



CWD 2025 

215 

increase. In island networks, as is the case with offshore grids, it may be useful to implement the 

network with a DC back-bone. 

 

Figure 137: "Inverterless" wind turbine design with medium-frequency transformer for 

direct coupling to DC grids 

7 Independence from Rare Earth Materials 

The construction of a conventional direct-drive turbine with a capacity of 15 megawatts requires 

approximately 5 to 10 tons of magnets. These neodymium-iron-boron magnets are composed of 29 

to 32 percent rare earth elements, primarily neodymium and praseodymium. So, such a turbine 

contains at least 1500 kg pure rare earth. Even fast-rotating drive-trains with permanent magnet 

generators contain a significant amount of rare earth. Assuming ten times less magnet weight for a 

medium-speed generator, still 150 kg pure rare earth are needed for the same output power.  

The most promising HTS is rare earth barium copper oxide (ReBCO), which also contains a certain 

amount of rare earth elements, such as Gadolinium, Yttrium, and Europium. But the amount is really 

crucial. With an estimated 25 g for a 15 MW generator the amount is significantly less. Assuming a 

production of 500 turbines a year, it would still be easy to secure the 10-year demand of 125 kg. 

This is not more than the amount of rare earth in a single conventional generator. 

8 Disruptive Innovation: The Novel Potential of Superconductivity  

The Speedy_HTS project aims to enhance cost and energy efficiency in renewable energy genera-

tion by developing a gearbox-generator unit for wind turbines featuring a superconducting rotor and 

an oil-cooled high-current stator. In wind energy, superconductivity has been explored through pro-

jects like EcoSwing and the U.S. Department of Energy-funded High Efficiency Ultra-Light Super-

conducting Generator. However, the economic feasibility of superconducting direct-drive generators 

remains uncertain due to cooling and material requirements. By combining a geared generator with 

oil-cooled stator and a superconducting rotor, the project aims to achieve higher power density and 

efficiency at an attractive cost level. 

The project also explores innovative grid connection methods, in-

cluding cost-effective diode rectifiers and direct DC grid coupling, 

offering significant cost and efficiency benefits. Additionally, super-

conducting technology eliminates the need for permanent mag-

nets, predominantly sourced from China. 
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Abstract: In recent years, the installed capacity for wind energy has increased due to a combination 

of more turbines and higher capacity per turbine. However, market profitability has decreased, while 

operation and maintenance costs have increased. Improving profitability is essential. With larger 

fleet sizes and higher investments per turbine, reliability and availability are crucial. The process of 

calculating wind turbine gearbox reliability and including it into the design phase is ongoing. This 

document first addresses the need for further improvements and definitions of key terminology, fol-

lowed by an outline of how next steps to enhance profitability. 

1 Introduction 

Profitability remains a crucial aspect of the wind industry (cf. Figure 138), particularly given the 

overall emphasis on prices and costs (cf. Figure 139). 

 

Figure 138: Impacted profitability of WT OEMs [LIC23] 

Since the selling price of a wind turbine (WT) includes warranty provisions, the dependencies be-

tween availability, reliability, warranty costs and earnings are obvious. Therefore, improving availa-

bility and reliability is essential to enhance profitability. 

 

Figure 139: Pricing of onshore wind turbines; left: [LIC23], right: [S&P24] 
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2 Re-cap on reliability journey in wind industries 

This summary does not claim to provide a complete overview or include every major step in the 

journey to the current state of reliability and its calculation in the wind industry. Important groundwork 

was laid with ANSI/AGMA/AWEA 6006-A03 [AGM04] and later ISO 81400-4 [ISO05]. Further works, 

such as [HOV15] discussed the use of reliability models, system elements, and the differentiation 

of failure modes in A1, A2, B, and C categories. [STR15] demonstrated viable approaches to relia-

bility calculations, including references such as [BER08], supporting the next steps. IEC 61400-

4:2012 [IEC12] was one such step, along with the evolution from ANSI/AGMA/AWEA 6006-A03 

[AGM04] to ANSI/AGMA 6006-B20 [AGM20], and VDMA 23904 [VDM19]. [STR23] reiterated the 

motivation for reliability calculations in the wind industry engineering context and drafted a roadmap, 

including full probabilistic design (FPD) as a means for further improvements. The expected release 

of IEC/TS 61400-4-1, enabling the industry to gather experience by using commonly agreed ap-

proaches to quantify the reliability of a WT gearbox (GBX) is the next milestone. 

The IEC/TS 61400-4-1 will link back to [HOV15] and emphasize that the calculated reliability of a 

WT GBX will differ from the apparent reliability. Current reliability approaches can only consider A1 

failure modes (cf. chapter 3), while apparent reliability also includes A2, B, C category failure modes, 

as well as quality cases or failures resulting from process deviations. 

3 Definitions 

The previously mentioned categories of failure modes are listed in Table 7, reproduced from 

[VDM19]. The combination of a machine element and a failure mode is referred to as a system 

element. Considering category A2, which includes tooth flank fracture (TFF) or tooth interior flank 

fracture (TIFF), respectively, and white etching cracks (WEC) it becomes clear why calculated reli-

ability would be more optimistic than the apparent reliability. This is because two of the most relevant 

failure modes cannot currently be included in its quantification. 

Category A1 A2 B C 

Life calculation 
Recognized 

codes available 
Recognized codes not available Irrelevant 

Load profile Deterministic Stochastic 

Typical Weibull shape  > 1  > 1 0.8≤  ≤ 1.2 0≤  ≤ 1 

E
x
a

m
p

le
s
 Gears 

Tooth root bend-

ing fatigue 

Tooth flank frac-

ture 
Scuffing 

Overload frac-

ture 

Rolling bear-

ings 

Rolling contact 

fatigue 

Subsurface initi-

ated fatigue 

(White etching 

cracks) 

Fretting corrosion Current leakage 

 

Table 7: Typical system elements for wind turbine gearboxes [VDM19] 
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Before progressing, it is important to define relevant terminology. 

Dependability is defined as the “ability to perform as and when needed” and encompasses the 

“core attributes of reliability, maintainability, and supportability and the resulting availability” [IEC15]. 

Availability is more specific than dependability and defined as “ability to be in an [up] state to per-

form as required under given conditions” [IEC15]. 

Reliability is the “ability [and as a measure the probability] to perform as required, without failure, 

for a given time interval, under given conditions” [IEC15]. A common assumption is that the reliability 

can be described by an exponential distribution, cf. Eq. 4, often assuming a constant failure rate , 

cf. Eq. 5 [IEC16]. For some system elements, a Weibull distribution (cf. e.g., Eq. 6: 2-parametric 

Weibull distribution) provides a more accurate depiction [VDA19]. The system reliability for serial 

structures, such as WT GBX i.e., without parallel redundancies, follows Eq. 7 [OCO12]. In case of 

a constant failure rate, it follows 𝜆 = 1/𝑀𝑇𝑇𝐹𝐹, where MTTF is the mean time to first failure. 

𝑅(𝑡) = 𝑒−∫ 𝜆(𝜏)𝑑𝜏
𝑡

0  Eq. 4 

𝑅(𝑡) = 𝑒−𝜆⋅𝑡 Eq. 5 

𝑅(𝑡) = 𝑒
−(

𝑡
𝜂
)
𝛽

 Eq. 6 

𝑅𝑠𝑦𝑠(𝑡) =∏𝑅𝑆𝐸,𝑖(𝑡)

𝑛

𝑖

 Eq. 7 

Maintainability is the “ability to be retained in, or restored to, a state to perform as required, under 

given conditions” [IEC15]. Thus, maintainability is closely linked to reliability. It is switching from a 

down state (e.g., after failure) to an up state, thereby enhancing availability. 

A process is understood as a “set if interrelated or interacting activities that use inputs to deliver an 

intended result” [ISO15]. This includes production processes (e.g., steel making or tooth grinding) 

as well as quality control and assembly. 

The definition of availability refers to the two states up state and down state. IEC 61703:2016 

[IEC16] provides an overview of the constitutes of up time and down time. While mean up time 

(MUT) comprises operating time, idle time and standby time, mean down time includes various 

constitutes such as fault detection time, fault localization time, and logistic delay [IEC16]. Mean 

down time can also be equated to mean time to restoration (MTTR).  

When calculating asymptotic or inherent availability, cf. Eq. 8, it is important to differentiate between 

repairable and non-repairable items, as well as continuously operating items (COI) and intermittently 

operating items (IOI). An item can be an “individual part, component, material, device, functional 

unit, equipment, product, subsystem, system, service or process” [IEC15]. For COI, Eq. 8 can be 

expressed as Eq. 9 with MOTBF representing the mean operating time between failures. For 

simplicity, the items considered here are assumed to be repairable and COI. 
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�̅� =
𝑀𝑈𝑇

𝑀𝑈𝑇 +𝑀𝑇𝑇𝑅
 Eq. 8 

�̅� =
𝑀𝑂𝑇𝐵𝐹

𝑀𝑂𝑇𝐵𝐹 +𝑀𝑇𝑇𝑅
=

𝜆

𝜆 + 𝜇
,𝑤𝑖𝑡ℎ 𝑀𝑂𝑇𝐵𝐹 =

1

𝜆
 𝑎𝑛𝑑 𝑀𝑇𝑇𝑅 =

1

𝜇
 

�̅� =∏
𝜇𝑖

𝜆𝑖 + 𝜇𝑖

𝑛

𝑖

 

Eq. 9 

4 How next steps can contribute to more profitability 

In the wind industry, it’s key to (1) reduce warranty costs, (2) increase availability, and (3) reduce 

product costs, cf. Figure 138 and Figure 139. 

4.1 Reduce warranty costs 

Reducing warranty costs hinges on improving reliability. Although a WT or a GBX is considered a 

repairable item, the definition of reliability includes the aspect of performing without failure. There-

fore, public research to evolve A2 to A1 failure modes is crucial for enabling more accurate reliability 

predictions. However, as outlined above and mentioned in [HOV15] and [OCO12], calculated relia-

bility differs from the apparent reliability due to factors such as process deviations. Actions to ad-

dress this will be influenced by the balance of costs versus gains. Thus, a methodical approach that 

visualizes the gains versus costs could support decisions on the most relevant and preferrable ac-

tions. 

4.2 Increase availability 

Increasing the availability of WT, specifically the GBX for WT, is often a key point in economic dis-

cussions. Availability can be improved by increasing the reliability. However, for a fixed level of 

reliability, represented by a constant system degradation rate sys, the mean availability �̅� depends 

on the MTTR. Original Equipment Manufacturers (OEM) and GBX supplier should cooperate to 

consider maintainability during the design phase and tailor service contracts accordingly. 

An important sidenote is that performance requirements in many markets include tonality. Therefore, 

a repaired system considered as good as new should also comply with tonality requirements, which 

is partially an overlooked aspect. 

Future optimization of availability could be tailored for specific windfarms or regions. A suitable tool 

for this could be a Markov graph. First, the Reliability Block Diagram (RBD) of the system is depicted. 

Figure 140 shows an exemplary and simplified RBD of a planetary stage, considering A1 failure 

modes for the gears and bearings of the planetary gear. 
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Figure 140: Exemplary and simplified Reliability Block Diagram of a planetary stage 

The resulting reliability for this subsystem can be calculated separately with Eq. 7. VDMA 23904 

[VDM19] and in the upcoming IEC/TS 61400-4-1 provide guidance on the details. These subsys-

tems can then be combined into a RBD as in Figure 141. 

 

Figure 141: RBD and Markov graph (simplified) for a GBX with three planetary and one 

parallel stage 

Results for such an RBD based on a dummy GBX are provided in Table 8. Based on calculated 

reliability, this GBX would be outstanding. Assuming the planetary bearings would be rolling bear-

ings, further improvements could be achieved by using journal bearings. 

While MTTR (ranging from 60 days in Var A to 15 days in Var C) might seem to have little influence 

on availability, the shift to “four nines” (99.99x %), as availability levels are sometimes nominated, 

is significant. 
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  Stg1 Stg2 Stg3 HSS System 

D
u

m
m

y
 

D
e

s
ig

n
 R(30 y) / % 98.227 99.479 98.639 99.398 95.805 

 / year-1 0.000596 0.000174 0.000457 0.000201 0.001428 

V
a

r 
A

  / year-1 6.0875 6.0875 6.0875 6.0875 6.088437 

A / % 99.990 99.997 99.992 99.997 99.977 

V
a

r 
B

  / year-1 12.175 12.175 12.175 12.175 12.17594 

A / % 99.995 99.999 99.996 99.998 99.988 

V
a

r 
C

  / year-1 24.35 24.35 24.35 24.35 24.35094 

A / % 99.998 99.999 99.998 99.999 99.994 

µ =
𝟔. 𝟎𝟖𝟕𝟓

𝒚𝒆𝒂𝒓
=

𝟏

𝟔𝟎 𝒅𝒂𝒚𝒔
, 𝝁 =

𝟏𝟐. 𝟏𝟕𝟓

𝒚𝒆𝒂𝒓
=

𝟏

𝟑𝟎 𝒅𝒂𝒚𝒔
, 𝝁 =

𝟐𝟒. 𝟑𝟓

𝒚𝒆𝒂𝒓
=

𝟏

𝟏𝟓 𝒅𝒂𝒚𝒔
 

 

Table 8: Example of possible reliability R and availability A for a dummy GBX and failure 

rates satisfying on subsystem level (for sake of simplicity) the relation 𝑅(𝑡) = 𝑒−𝜆⋅𝑡 

(cf. Eq. 5) 

To address the difference between calculated and apparent reliability, failure rate and repair time 

data for offshore wind turbines and their GBX are taken from [CAR15] in the comparison below, cf. 

Table 9. It is noteworthy that these numbers are from 2015 and based on WT grouped as 3-5 years 

and > 5years in operation making them more than 13 years old from today’s perspective. Addition-

ally, in the study, the repair time likely does not follow the same definition as MTTR. Furthermore, a 

major replacement in [CAR15] was defined as a repair action consuming more than 10 k€ in material 

costs (excluding logistics, transportation etc.) which is assumed to be closest to the understanding 

of a failure impairing the ability to perform as required, without failure, for a given time interval, under 

given conditions. 
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  Stg1 Stg2 Stg3 HSS System 
S

y
s
te

m
 a

lo
n
e
 

R(10 y) / %     21.438 

 / year-1 

[CAR15] 
    0.154 

 / year-1 

[CAR15] 
    0.026351814 

A / %     99.596% 

I 

 / year-1 12.175 12.175 12.175 12.175 12.32538 

A / - 0.999853 0.999957 0.999887 0.987804 98.751 

II
  / year-1 12.175 12.175 12.175 24.35 23.928464 

A / - 0.999853 0.999957 0.999887 0.993865 99.356 

II
I 

 / year-1 12.175 12.175 12.175  509.33897 

A / - 0.999853 0.999957 0.999887 1 99.970 

µ =
𝟎. 𝟎𝟐𝟔

𝒚𝒆𝒂𝒓
=

𝟏

𝟗. 𝟔𝟐𝟓 𝒅𝒂𝒚𝒔
, 𝝁 =

𝟏𝟐. 𝟏𝟕𝟓

𝒚𝒆𝒂𝒓
=

𝟏

𝟑𝟎 𝒅𝒂𝒚𝒔
, 𝝁 =

𝟐𝟒. 𝟑𝟓

𝒚𝒆𝒂𝒓
=

𝟏

𝟏𝟓 𝒅𝒂𝒚𝒔
,  

 

Table 9: Comparison of the impact of increased failure rates (i.e., MTTFF = MOTBF) com-

pared to Table 8 based on [CAR15] and varied MTTR, assuming to represent ten-

year operation 

Table 9 illustrates that, assuming the numbers in [Car15] accurately depict the state after 10 years, 

reliability would be subpar at approximately 21.4 %. For this exercise, it was assumed that the in-

creased failure rate would be linked to the parallel stage, keeping the planetary stages same as in 

Table 8. The availability of ~99.596 % with an MTTR of 9.625 days is likely too optimistic due to 

omission of logistics etc. which are part of the MTTR definition. In scenarios I, II and III, an MTTR 

of 30 days for the planetary stages is assumed, comparable to Var B in Table 8. The MTTR for the 

HSS was varied: 30 days in scenario I, 15 days in scenario II, and instantaneous in scenario III. 

Considering the impact of the shift between availability levels measured in “nines”, the comparison 

of Var B at 99.988 % (30 years) (cf. Table 8) with scenario I at 98.751 % (10 years) (cf. Table 9) 

emphasizes the significance of high failure rates on availability. Even with instantaneous repair (sce-

nario III), “only” an asymptotic availability of 99.97 % can be achieved. Maintaining high availability 

for WT or WT GBX under these circumstances will come with high costs, underscoring the im-

portance of maintainability (minimal costs in case of necessary repair) and a high initial reliability 

clear. 

4.3 Reduce product costs 

Not only are the total cost of ownership (TCO) and annual energy production (AEP) decisive factors, 

but product costs themselves are also crucial. Building on the aspects from chapters 4.1 and 4.2, 

one way to further reduce product costs is to employ designs that meet a target reliability. This falls 
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within the field of full probabilistic design. As outlined in chapter 4.2, it is essential to account for all 

relevant failure modes in the reliability calculation, such as TFF and WEC, but also failures from 

stray current (currently listed as category C in VDMA 23904 [VDM19]). Additionally, processes and 

process control that minimize quality cases or any process deviations are of utmost importance. 

Even though the bar for employing full probabilistic design is high, it may become a decisive factor 

in further reducing product costs in the future. 

5 Conclusions 

Profitability in the wind industry needs to improve with key aspects being availability, reliability and 

maintainability. It is important to emphasize that calculable reliability is expected to differ from ap-

parent reliability due to certain failure modes and/or process deviations that cannot be considered. 

Therefore, public research and industry consensus on how to incorporate these factors are crucial. 

Additionally, maintainability should be integrated into the design process between OEMs and GBX 

supplies. ZF offers strong partnerships with “System Co*operation” [ZF25A] and Thrive [ZF25B]. 

The former aims to advance partnerships for increased profitability, while the latter aims to achieve 

availability levels of “four nines”. 

Without compromising on availability and target reliability, full probabilistic design has the potential 

to further reduce product costs by squeezing out safety margins based on standards from past 

decades but local stress calculations, manufacturing processes and quality control have improved 

since. However, the necessary building blocks of improved failure models and reliability calculations 

need to be in place first. 
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Abstract: In this work, the measurement of parasitic currents within the drivetrain of a wind turbine 

with a wound-rotor induction generator operated as doubly-fed induction generator (DFIG) and 

squirrel-cage induction generator (SCIG) is presented. From the measured currents flowing through 

the high-speed-shaft, the bearing currents at bearing locations in the generator and the gearbox are 

calculated. Differences between DFIG and SCIG in terms of parasitic capacitances and the resulting 

bearing voltage ratio are discussed. The inductance in the common-mode (CM) path via ground is 

analyzed to compare the two drive systems regarding their susceptibility to high-frequency rotor-to-

ground currents. 

1 Introduction 

Drivetrain failures in Wind turbines (WTs) have a significant impact on the plants’ levelized-cost of 

energy (LCOE) due to costly repairs and downtimes. High-speed shaft (HSS) bearings show the 

highest failure rate among all gearbox components and, hence, contribute largely to the mainte-

nance costs [SHE2016]. 

Electrical current passage through bearings can alter the metallic bearing surfaces and the lubricant 

provoking the bearings to fail often even early in the service time of WTs. Certain damages, e.g., 

white etching crack (WEC), correlate strongly with the occurrence and severeness of bearing cur-

rents [STE22, LOO16]. Moreover, electrical bearing loads are an underrepresented factor in bearing 

design standards as these are currently mainly based on fatigue. The origin of bearing currents lies 

in the voltage drop across the bearings caused by the CM voltage of the power electronic inverter 

[MUE14]. It can be distinguished between displacement currents due to charging and discharging 

of the bearing capacitance that are considered less harmful to bearings, electrical-discharge ma-

chining currents that occur when the breakdown voltage of the lubricant is exceeded and rotor-to-

ground currents. 

Injecting defined currents into the current path of the bearings on small component test benches 

allowed researchers in the past to gain understanding of bearing damages in presence of electrical 

currents from a material science point of view [STE22, LOO16]. In addition, many works have in-

vestigated and measured bearing currents on system level test benches or in the field for in-

verter-driven motors of small frame sizes [MUE14]. However, only a few works present the meas-

urement of bearing currents on a system level in WT drives [ZIE05, KEL09] while it is often pointed 

out in literature that large frame-size electrical machines are prone to the existence of circulating 
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currents in addition to the different bearing current types previously mentioned [MUE14]. A system-

atic study of bearing currents together with bearing voltages and the CM voltage as their root cause 

has not been performed yet taking into account all bearing locations related to the HSS. 

To fill this gap, this study presents the measurement of bearing currents and voltages in a WT 

drivetrain on a testbench. More specifically, a wound-rotor induction generator (WRIG) is deployed 

to investigate electrical bearing loads in the DFIG and SCIG drives. Figure 142 shows the schematic 

of the investigated drive systems. The converter is connected to a grid emulator with a transformer 

in between, while the main shaft of the gearbox is driven by a large 4 MW motor to emulate the 

rotation due to incoming wind. 

 

Figure 142: Schematics of the investigated drive trains – (a) SCIG, (b) DFIG. 

Capacitive equivalent circuits of WRIG have been presented in [SCH15] for rotor-fed doubly-fed 

induction motors and in [ADA2009] for DFIG applications. However, in both presented models, only 

the electrical machine is considered and the electrical interaction with gearbox components is ne-

glected. The complex interaction of electrical and mechanical domains in the bearing make it im-

possible to obtain an exact model of a wind turbine drivetrain to predict occurring electrical bearing 

loads. Especially, the further upwind the investigated gearbox part is located in the drive, the harder 

that prediction gets because more and more junctions need to be considered. 

this work presents measurement results to quantify the electrical loads in gearbox parts connected 

to the high-speed shaft. In the future, these measurements can serve as an indicator for occurring 

loads in similar drivetrains, for model validation and for the parametrization of electrical loads applied 

on gearbox component testbenches. 

The remainder of the paper is structured as follows: In chapter 2, the measurement techniques ap-

plied and the measurement equipment used in this measurement campaign are presented. Chap-
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ter 3 reviews the capacitive high-frequency equivalent circuit of the WRIG to point at key differ-

ences in the CM path of the DFIG and SCIG drivetrain and anticipate certain expectations for the 

measurements carried out. Chapter 4 presents the measurement results for the SCIG drivetrain 

during maximum power-point operation across different rotational speeds. A qualitative compari-

son of the currents in the gearbox for both drivetrain concepts is given as well. Finally, the work is 

concluded in chapter 5. 

2 Measurement Setup 

For the measurement of bearing currents, the utilization of two rogowski coils per bearing presents 

a solution that does not require mechanical changes in machine components [QUA21]. The bearing 

current can be obtained by the difference of the currents measured in front of and behind the bear-

ing. In this work, commercial rogowski coils of Power Electronics Measurements have been de-

ployed [PEM24] that show a peak di/dt of 40 kA/µs. From previous measurements [ZWE24], the 

base frequency of the high-frequency currents after breakdown events are expected to be about 

20 MHz. Due to the large required diameter of the rogowski coils because of the large shaft sizes, 

the coils’ high-frequency bandwidth could not be matched to reach this frequency. Therefore, the 

measurements are damped in the high-frequency range. All rogowski coils for the determination of 

bearing currents have the same circumference, i.e., positions a, c, d, e, f in Figure 143. In addition, 

the sample width of the oscilloscope was set to 52.1 MS/s. 

 

Figure 143: Positions of rogowski coils placed across the drivetrains. 

In the SCIG configuration, a rogowski coil is put around all stator cables, whereas in the DFIG con-

figuration it is connected around the rotor cables, to measure the total CM input current [GEM21]. 

Accordingly, to determine the CM voltage at the generator input, the three phase voltages 𝑣U, 𝑣V, 

𝑣W  at the stator terminals or the rotor terminals 𝑣K, 𝑣L, 𝑣M are measured for the with reference to 

the machine housing for SCIG and DFIG, respectively. The CM voltages are calculated by the sum 

of the three voltages divided by three. 
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3 High-Frequency Equivalent Circuit Models 

Some elements of the high-frequency equivalent circuit of the WRIG are sketched already in the 

cross section of the generator in Figure 143. From this figure in can be deduced, how parasitic 

currents pave their way through the drive train: The high-frequency circuit is excited by a CM voltage 

𝑣cm. In case of the DFIG, as sketched in Figure 143, the shaft and the frame are capacitively coupled 

via the winding-to-shaft capacitance 𝐶WS and the winding-to-frame capacitance 𝐶WF, respectively. 

However, the shaft and the frame potentials are also capacitively coupled via the shaft-to-frame 

capacitance 𝐶SF. The current loop closes via the shaft through different gearbox parts and ground. 

The representation of lumped capacitances neglects the voltage drop across the windings and it is 

assumed that shaft and rotor package, as well as the complete rotor winding and stator winding, are 

on a single potential, respectively. Therefore, it is referred to this approach as equipotential analysis. 

More complex equivalent circuits are elaborated in [BUB21]. Purely capacitive equivalent circuits, 

nevertheless, are easier to analyze and allow a convenient linkage between the excitation voltage 

𝑣cm and the generators bearing voltage 𝑣b,gen via the bearing voltage ratio [MUE04] 

𝐵𝑉𝑅 =
𝑉b,gen

𝑉cm
. Eq. 4  

The capacitive high-frequency circuit of the doubly-fed induction generator proposed in [ADA09] is 

adopted in this work and is shown in Figure 144. 

 

Figure 144: Capacitive high-frequency equivalent circuit of the WRIG based on [ADA09]. 

The values of the parasitic capacitances depicted in Figure 144 have been determined following the 

described equipotential analysis via 2D finite-element simulations. The bearing voltages for DFIG 

and SCIG can be calculated to 99.7 % and 9.5 %, respectively. These results are in the order of 

magnitude well in line with values obtained in other works for rotor- and stator-excited machine types 

[Liu18]. Hence, the DFIG configuration shows a higher capacitive coupling between the excitation 

winding and the shaft, i.e., the bearing. Therefore, only looking at the generator, it can be anticipated 

that the bearing currents in the DFIG configuration are higher compared to the SCIG configuration 

of the same WRIG.  

To evaluate the susceptibility of the respective drivetrains to the occurrence of high rotor-to-ground 

currents, the impedance in the whole CM current path via ground has to be taken into account. 

Therefore, the single components of the electrical drivetrain can be transferred into their CM equiv-

alent circuit [BRO15]. The CM equivalent circuit for the considered drivetrains present the same 

structure depicted in Figure 145 but exhibit different values. Large unknowns are the impedances 

to ground 𝑍g,gen and 𝑍g,gb. All bearings are depicted as lumped capacitances, although their imped-

ance varies depending on the lubrication regime [MUE04]. 
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Besides the differences in machine parasitics 𝐶WS, 𝐶WF and 𝐶SF, the filter elements are different as 

well. The sum of the transformer and filter inductances in the DFIG drive is 76.7 µH compared to 

29.7 µH in the SCIG drive. Hence, the additional inductance causes a decrease in cut-off-frequency 

and, therefore, can lead to a lower susceptibility to high-frequency rotor-to-ground currents in the 

DFIG drivetrain. 

 

Figure 145: Simplified high-frequency equivalent circuit of the SCIG and DFIG Drive sys-

tem. 

4 Measurement Results 

The measurements presented in this chapter were obtained under maximum power point tracking 

of the systems. The data of the deployed generator is given in Table 11. 

nominal power 2750 kW 

rated torque 24.7 kNm 

rated speed 1100 rpm 

frequency at rated power 54.5 Hz 

number of poles 6 

rated voltage 720 V (Y connection) 

rated current 2564 A 
 

Table 11: Data of the generator 

Figure 146 shows the measured CM voltage 𝑣cm at the generator input as well as the generator-

side bearing voltage 𝑣b,gen, i.e., the voltage between downwind HSS and generator housing for a 

generator speed of 1114 rpm. The CM current 𝑖cm and the ground current from generator to ground 

𝑖g,gen are shown as well. 

The CM voltage measured in the DFIG drive shows the expected seven-level voltage profile typical 

for back-to-back converters [ADA09], whereas, in the SCIG configuration only some levels of 𝑉dc/3 

can be made out, e.g., during the time between 1.2 µ𝑠 and 1.5 µ𝑠. Oscillations with decaying ampli-

tude can be observed at the switching transitions. 
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Figure 146: Measured CM and bearing voltages and CM and ground currents. 

Comparing the bearing voltage measured on the generator side with the exciting CM voltage for 

both drives, it can be observed, that in the SCIG drive, the frequency at which the oscillations occur 

at the switching state transitions are the same. In the DFIG drive, a steep pulse is observed at the 

switching state transition. In both cases, the bearing voltage is not linked proportional to the meas-

ured CM voltage with the BVR as suggested by Eq. 4. Moreover, from the analysis presented in 

chapter 3, it has been anticipated that the DFIG shows a higher CM voltage than the SCIG. Inves-

tigating the peak values of the generator-side bearing voltage, this statement can be verified. How-

ever, the ratio between the RMS values of the bearing voltages of DFIG and SCIG is in a range 

between 1.92 and 2.89, as can be seen in Table 12.  

 BVR 

generator speed (rpm) 

780 845 908 970 1033 1114 1195 

RMS(𝑣b,gen) 

DFIG 99.7 % 7.92 V 7.12 V 7.2 V 6.58 V 6.59 V 6.77 V 7.39 V 

SCIG 9.5 % 2.74 V 2.80 V 2.88 V 3.12 V 3.32 V 3.51 V 3.60 V 

ratio 10.4 2.89 2.54 2.50 2.11 1.99 1.92 2.05 

Table 12: RMS values of the generator-side bearing voltage for different generator speeds for 

DFIG and SCIG and their ratio 
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The values given in Table 12 are obtained from measurements over a duration of 10 s, i.e. 25000 

switching periods for the SCIG and above 11250 switching periods for the DFIG, and for different 

generator speeds. These ratios are far below the ratio of calculated BVRs for both drivetrains with 

a value of 10.4. 

Comparing the CM input current 𝑖cm to the ground current from the generator grounding lug to 

ground 𝑖g,gen, it can be observed that they show similar oscillations, except for a superimposed 

disturbance on the generator ground current measurement of the SCIG. Hence, a large part of the 

CM input current flows to ground, either via the grounding brush or via machine elements in form of 

rotor-to-ground currents. The DFIG ground and CM currents present less high-frequent content than 

the currents measured in the SCIG. A potential explanation lies in the previously mentioned lower 

susceptibility to high-frequency rotor-to-ground currents due to higher inductance in the CM path of 

the DFIG. 

In Figure 147, the measured currents within the drivetrain are shown together with the calculated 

bearing currents. 

 

Figure 147: Measured currents within the drivetrain and the derived bearing current 

waveforms. 
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The measured currents 𝑖gen, 𝑖HSS, 𝑖NDE and 𝑖DE are shown in blue colors. The locations of the meas-

urements within the drivetrain can be seen in Figure 143. The calculated bearing currents are: the 

current through the drive end (DE) generator bearing 

𝑖b,gen,DE = 𝑖gen − 𝑖HSS, Eq. 5  

the current through the non-drive end (NDE) gearbox bearing 

𝑖b,gb,DE = 𝑖NDE − 𝑖HSS, Eq. 6  

and the current through the gears  

𝑖gears = 𝑖DE − 𝑖NDE. Eq. 7  

The DE gearbox bearing current 𝑖b,gb,DE is equal to the current 𝑖DE through the HSS measured on 

the DE side of the gearbox. Therefore, it is plotted in blue as well. 

It can be seen, that the amplitude of the bearing currents decays the further upwind the bearing is 

located, i.e., the further away the location is from the converter. Moreover, oscillations with a fre-

quency of 389 kHz in this operating point are visible in all currents. 

5 Conclusion 

In this work, measurements conducted in a DFIG and SCIG drivetrain to analyze CM voltages and 

currents as well as bearing voltages and currents have been presented. The CM impedances in the 

investigated drivetrains have been analyzed. The BVR and the inductance in the CM path have 

been selected as theoretical criteria to compare the susceptibility to bearing current phenomena in 

in both drivetrains. It has been shown that even though the DFIG BVR is 10 times larger than the 

SCIG BVR, the observed RMS bearing voltages do not differ by the same ratio but are in a range 

between 1.92 and 2.89 across different operating points. Finally, Results for bearing current meas-

urements using two rogowski coils per bearing to calculate the bearing current by the difference of 

both measured currents have been presented validating this approach for future analyses of current 

passage through machine elements in wind turbine gearboxes. 
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Abstract: 

With a growing installed base and an ageing fleet, the wind industry will be confronted with increased 

challenges in optimizing the value of wind turbines throughout their entire lifecycle, including higher 

demands in Operations & Maintenance. It is the ambition to meet these challenges in future with full 

value chain optimisations towards high reliability, low OPEX, increased energy output and extended 

lifetime. Digitalization, which is about connecting, aggregating and analyzing data into actionable 

insights, will play a crucial role in this future. 

Vestas and ZF present in this paper jointly the opportunities & challenges of adopting digitalization 

across the full value chain based on two exemplary case studies. Opportunities to lower the cost 

of energy are identified in design parameters and operation & maintenance actions. Challenges 

are related to demonstrating business value, data availability, quality and standardization, and 

merging subject matter expertise with data analytics. 

Two concrete case studies are thoroughly worked out and successfully demonstrate the added 

value of digitalization across the value chain: 

- Case Study #1 demonstrates how the use of actual tooth flank roughness values after gear 

grinding combined with actual kinematic oil viscosity values from operational wind turbines 

in a probabilistic evaluation method identifies a higher reliability potential in the gear pitting 

failure mode. 

- Case Study #2 demonstrates how the combination of gearbox manufacturing data and 

wind turbine operational data for an operating fleet of more than 2000 wind turbines signifi-

cantly improves the forecasted failure probability related to high-speed shaft (HSS) bearing 

spalling.  To this end, methods from survival analysis are used. 

Both case studies demonstrate how the combined utilization of data across the value chain contrib-

utes to improve reliability, which provides the basis to derive actionable insights for the full wind 

turbine lifecycle. 
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1 Introduction and Motivation 

Main gearboxes in wind turbine generators are a significant factor in turbine design and economic 

performance of wind power plants. Using digital technologies to improve gearbox designs or pre-

dictability of gearbox behaviors can improve the OPEX modelling throughout the turbine operational 

lifetime.  Vestas and ZF are adopting digital initiatives, at an enterprise level, to enable optimizations 

across the full wind turbine value chain.  However, challenges exist to deploy digitalization into nor-

mal business processes for wind turbine gearboxes. 

Vestas and ZF together investigated two case studies to evaluate the potential value and impacts 

of digitalization in the full value chain of wind turbine gearboxes.   

2 Problem Statement 

Despite the availability of various digitalization solutions at an enterprise level, there exist challenges 

to adopting digitalization techniques into daily business, as shown in Figure 2-1.  As organizations 

are committing to digitalization initiatives the various business departments might be responsible to 

create roadmaps to integrate digitalization into technical and business processes. Utilizing smaller 

digitalization case studies can support roadmap creating by quantifying uncertainties and identifying 

potential constraints.  

 

Figure 2-1: Digitalization challenges 

3 Methodology 

Vestas and ZF have collaborated to identify and investigate case studies from which the benefits 

and challenges related to integrating digitalization might be quantified.  In general, the case studies 

were selected using several criteria, including:  

- Substantial data sets including turbine population, operating gage, manufacturing data 

- Stability in turbine population (limiting sub-populations due to changes in design, manufac-

turing, operating environment, etc.) 

- Presence of manufacturing and operational data typically not shared between organizations  
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- Utilization of common data science techniques and methods (data science model validations 

are not included in the scope of this project) 

 

After selection of case study topics, the method for investigation typically followed these steps.  

1. Identify objectives and scope for the investigation 

2. Evaluate data availability and quality 

3. Define data analysis techniques 

4. Involve relevant subject matter experts across the value chain to measure results.   

Additionally, some definitions related to digitalization were adopted for use in the business cases as 

described in Figure 3-1. 

 

Figure 3-1: Selected definitions adopted for the case studies  

4 Case Study #1 – Probabilistic Methods 

4.1 Scope and Objectives 

This case study compares two methods for estimating gearbox component reliability related to an 

individual component failure mode.  The methods considered are a deterministic method based on 

calculation of lifetime safety factors and a probabilistic method sampling from representative distri-

butions of calculation factors.  The scope includes development of a framework for probabilistic 

analysis and selection of a gearbox failure mode for which sufficient data exists to approximate the 

probability distributions of calculation factors.  For this case study the gear pitting failure mode was 

selected and the relationship of the available calculation factors to the component reliability are 

described in the ISO 6336-2 gear rating calculation standard.   

4.2 Evaluate Data Availability and Quality  

ZF has digital records of the as-manufactured gear flank roughness and provided data representing 

approximately 2000 gears.  Vestas collects periodic gear oil samples from operating turbines which 

are analyzed in a laboratory and provided the measured kinematic viscosity from several thousand 

turbines.  Both sample sets were extracted from internally managed databases.  Oil sample data 

required some effort to eliminate outliers caused by known sources of error, for example mislabeling 

of hydraulic oil samples as gear oil.   
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4.3 Data Analysis Techniques and Results 

A Monte-Carlo approach was used to sample values of flank roughness and oil viscosity from the 

probability distributions and a gear pitting safety factor was calculated for each simulation iteration.  

The mean simulated safety factor was 4.6% percent higher than the calculated design value, related 

to a 36% reduction in failure rate at design life (when calculated using an approach similar to the 

reliability calculation method in AGMA 6006-B20).  Furthermore, 96% of the simulation results had 

safety factors equal to or greater than the design value.  These results indicate a reliability margin 

in the operating gearboxes from which commercial value could be extracted, for example by in-

creasing the power output or extending the lifetime. 

5 Case Study #2 – Digitalization Pilot 

5.1 Scope and Objectives 

The objective of this case study, a digitalization pilot project, is to evaluate the potential benefits of 

applying data science and/or machine learning techniques to a gearbox failure with an inconclusive 

failure initiation.  The scope is to apply established and validated data science and machine learning 

techniques to the large data set and consider the findings beyond a typical root cause analysis 

currently performed in the industry. 

5.2 Evaluate Data Availability and Quality 

The gearbox model for this pilot project was chosen based on the selection criteria mentioned in 

Chapter 3.  The selected gearbox is a model found in the Vestas 2MW global turbine fleet.  Vestas 

installed approximately 3400 gearboxes of this model in many variants of the 2MW turbine fleet (see 

Figure 5-1) featuring various rotor diameters, generator and converter technologies, turbine control 

strategies, and geographical regions. The quantity of turbines considered in the investigation was 

significantly lower than the operating fleet due to data access and quality issues. 

 

Figure 5-1: Data sets 

Vestas maintains a database of high-speed bearing failures in operating turbines.  The failure mode 

considered is raceway spalling and, while the failure initiation is inconclusive (e.g. fatigue, white etch 

cracking, smearing), it is suspected that bearing clearance could be a contributing factor.  ZF had 

access to the as-assembled bearing installation and clearance data for a majority of the delivered 

gearboxes, including some of the older records being handwritten. 
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5.3   Data Analysis Techniques 

A series of data analysis approaches were used in order of increasing complexity (see Figure 5-2), 

such as log rank test, Kaplan-Meier estimators, Cox proportional hazards, and a classification 

model.  The investigations and multi-variate combination were manually guided based on findings 

from univariate analyses and based on the subject matter expertise.  A future opportunity exists to 

automate the analyses, particularly if a parameter is identified around which to optimize. 

 

 

Figure 5-2: Data set analysis methodology 

 

5.4 Data Analysis Results 

Kaplan-Meier estimators with log-rank test p-values identified contributing factors which had statis-

tically significant influence on the survival probability of the gearbox.  Univariate investigations were 

typically split by category or by percentiles when numerical data was available; 20th, 50th and 80th 

percentiles were typically used without attempting to optimize for log-rank test p-value (see Figure 

5-3).  Findings from the univariate investigations guided multivariate combinations, several of which 

resulted in statistically significant relationships to survival probability.  Furthermore, those combina-

tions could maintain statistical significance while identifying focused risk populations, thus increas-

ing the potential for deploying mitigations in the latter portions of the value chain (e.g., Service up-

grade).  In one specific combination, considering the spacer width and bearing operating tempera-

ture, a risk population of 59 operating turbines was identified from the study population of 2088 

turbines (see Figure 5-4). 
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Figure 5-3: Kaplan-Meier estimator – univariate factors from operation and manufacturing 

 

Figure 5-4: Kaplan-Meier estimator – bivariate factors  

 

The Cox Proportional Hazards model provided insight about the relative importance of various fac-

tors considered in the analysis (see Figure 5-5).  Results of the model indicated some anticipated 

findings but also revealed some influencing factors which were previously not considered.  Of par-

ticular interest is the complement of data sources represented in the top-5 covariates rankings; there 

is a factor from each major area of the value chain (manufacturing, configuration, and operation) 

which demonstrates the importance of an open and collaborative data set.  This point is further 

emphasized by comparing the model’s performance when it is informed with the manufacturing data.  

Several model performance metrics are reported, demonstrating that access to the manufacturing 

data improves the ability to predict the risk of failure in the operating population (see Table 13). 
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Figure 5-5: Covariate relative effects on survival probability 

 

 

Table 13: Model performance comparing the inclusion of manufacturing covariates 

 

The investigations demonstrate the value of combining manufacturing, configuration, and opera-

tional data to build more effective models for failure prediction and to provide new information about 

failure modes.  

The number of unique gearbox failures in the subject population was sufficient to identify several 

important risk factors which improve the ability to identify small gearbox populations at elevated risk 

of failure and significantly improve the ability of a binary failure model to discriminate between false 

positives and true positives across the entire gearbox population. These capabilities are of potential 

value in reducing service costs. 

The identified manufacturing risk factors are involved in setting bearing clearance. It was further 

found that these risk factors are correlated with elevated operating temperature of the bearing prior 

to failure. Elevated operating temperature is a well-known signal of pending bearing failure, but the 

strong correlation with certain manufacturing parameters was not known prior to this study. This and 

other findings demonstrate the ability to improve the understanding of failure in our subject gear-

boxes and other gearboxes of similar design. 
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6 Summary and Conclusion 

The case studies presented herein identify quantifiable commercial and technical value that is di-

rectly related to the use of digitalization approaches on wind turbine gearboxes.  Large data sets, 

particularly from across the gearbox value chain, highlighting the benefit of collaboration between 

and within organizations.  Solving data access and quality issues can be a substantial task and must 

be considered when planning a digitalization project.  Industry standardization of data taxonomy 

and data science analysis methods will improve scalability of digitalization.  Adoption of digitalization 

approaches into daily business and across the gearbox value chain can improve important techno-

commercial metrics like decision time and decision accuracy. 
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Abstract: The wind industry heavily relies on experimental testing to ensure reliable and cost-ef-

fective technology. However, for large components, these tests become lengthy and expensive. For 

example, fatigue testing of a wind turbine blade can take 12-14 months, and a highly accelerated 

lifetime test of a nacelle can take 6-8 months. It is estimated that a considerable amount of testing 

time could be saved by simulating test sequences using digital twins before testing. As obvious as 

this may seem, creating a suitable simulation, which includes high-fidelity Device Under Test (DUT) 

and test bench models, is a technical and organizational challenge. 

A major barrier preventing the adoption of digital twins is that OEMs and test facilities are hesitant 

to share their digital models with each other. Especially when it comes to the drive train test benches, 

where the components are tightly coupled. To overcome this barrier, a digital twin framework that 

allows for coupling models in an industrial-secret-friendly environment is being developed in the 

DIGIT-BENCH project funded by the Energy Technology Development and Demonstration Program 

(EUDP). The DIGIT-BENCH digital twin is based on co-simulation, as described in the functional 

mock-up interface (FMI) standard. The current development focuses on dynamically simulating the 

test bench and the DUT models represented by two functional mock-up units (FMUs). A tight cou-

pling scheme enforces the two-way interaction of these models. This contribution showcases the 

DIGIT-BENCH digital twin through a demonstrator based on the 16 MW nacelle testing facility of the 

Lindø Offshore Research Center, Denmark, and anticipates the direction of future developments. 

1 Introduction 

Wind turbines (WTs) are increasingly being designed in larger sizes to reduce the Levelized Cost 

of Energy (LCOE). To ensure the reliability and cost-effectiveness of this technology, full-scale test-

ing of wind turbine components is crucial for both manufacturers and suppliers. While these tests 

are essential for advancing the wind energy sector, they are often time-consuming and costly. To 

improve quality while reducing costs and time-to-market, it is essential to enhance testing methods 

and ensure the cost-effectiveness of test campaigns. This can be done by utilizing both simulation 

models and incorporating data from experiments and simulations. In addition, training personnel 

and conducting test rehearsals often hide significant risks that could potentially harm the test bench. 
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To address some of these challenges and enhance the functionality of the Nacelle test benches, 

Clemson University implemented system-level simulations at their Wind Turbine Drivetrain Testing 

Facility [SCH13], where similarly, the system-level virtual models of the Dynamic Nacelle Testing 

Laboratory (DyNaLab) have been developed at Fraunhofer IWES [SID24].  

Digital Twin (DT) technology connects physical assets with digital counterparts by creating digital 

mock-ups using Internet of Things (IoT) technology. By incorporating DT technology into test 

benches in the wind industry, we can develop a virtual representation of these physical systems. 

This provides several advantages that a physical asset alone cannot provide. Such as real-time 

monitoring and analysis for predicting anomalies, simulations of various scenarios for safer opera-

tions, and the identification of the most relevant and effective experimental conditions. These cases 

define the purpose of the DTs, meaning a DT can be developed based on its specific use case. 

These use cases are often referred to as applications. As a result, the DT improves the test bench's 

operation and maintenance (O&M) with different applications. Moreover, integrating the test bench 

with digital models from a DT facilitates hybrid numerical-experimental testing methods, such as 

virtual testing [SID24] and hardware-in-the-loop testing [JAS18], in addition to supporting O&M ac-

tivities.  

One of the main challenges in implementing DTs for large-scale test benches in the wind industry 

is the involvement of several stakeholders. For instance, a DT framework that supports planning an 

experimental campaign requires exchanging simulation models and data between Original Equip-

ment Manufacturers (OEMs) and the testing facility. Such a DT framework will use simulation mod-

els for more valuable, higher quality, and cost-effective testing. However, this potential is not pur-

sued efficiently due to intellectual property (IP) rights. To address this challenge, R&D Test Systems 

and Aarhus University are developing a DT framework called DIGIT-BENCH DT for LORC’s 16 MW 

Nacelle Test Bench. The DIGIT-BENCH DT utilizes co-simulation, as defined by the FMI standard 

[FMI25] to enable physical/digital substructure couplings.  

Co-simulation is a simulation approach that involves the simulation of two or more subsystems. FMI-

based co-simulation, on the other hand, provides a standardized and efficient method for coupling 

these subsystems. The FMI standard outlines the guidelines for encapsulating these simulation 

models in standardized containers called FMUs and specifies the process for exchanging signals 

between them. An FMU is a ZIP file containing either the binaries of a simulation model or the 

Application Programming Interface (API) required to interact with a physical system, such as a con-

trol system. Additionally, it includes an *.XML file that describes the input and output variables of 

the FMU. An FMU can be created using the FMU exporter from specific simulation software or 

programmed directly with existing software libraries such as UniFMU [LEG21].  

FMI-based co-simulation enables industrial-secret-friendly simulations at either the FMU level or at 

the co-simulation level. FMUs can be exported as compiled model binaries, concealing the source 

code and preventing reverse engineering, while allowing for local co-simulation. Co-simulation can 

also occur online, enabling stakeholders to participate without physical access to all FMUs. These 

solutions protect models from disclosure among stakeholders, which is essential for safeguarding 

IP, especially for the DUT. Co-simulation is managed by an orchestrator, a middleware tool that 

initializes all the FMUs and coordinates their execution and data exchange according to the specific 

co-simulation scenario. In practice, MATLAB/Simulink is usually used as an orchestrator. This work 

implements co-simulation in FMPy [FMP25], a free Python library to simulate FMUs, and enables 

users to control the simulation execution, which is crucial in our use case. 
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This proceeding introduces the DIGIT-BENCH DT and presents the testing simulation tool that com-

bines the test bench dynamic model with the DUT. This tool enables simulations of experimental 

campaigns before their execution. The large-scale demonstrator being developed is the LORC 

16MW Nacelle Test Bench. Section 2 introduces the DIGIT-BENCH's DT architecture, Section 3 

presents and showcases the case study and the Test Simulation application, and Section 4 draws 

conclusions and future perspectives.  

2 DIGIT-BENCH DT 

The block diagram of the DIGIT-BENCH DT is illustrated in Figure 6. The DT comprises three pri-

mary components: digital space, physical space, and the database. Physical space is a collection 

of physical assets, such as the drive motors, the Test Loading Unit (TLU), and the DUT. The digital 

space includes computational models that simulate or visualize the physical world, such as Finite 

Element Models (FEM) and Multi-Body Dynamics (MBD) for behavior prediction, along with Com-

puter-Aided Design (CAD) and Building Information Modelling (BIM) for visualization. The database 

is utilized to store information from both physical and digital spaces. The DT is supported by the 

application toolchain, where the user interacts with the DT. It is important to note that the develop-

ment stage of the DIGIT-BENC DT is currently a simulation DT based on the classification in 

[WAG20]. However, the aim is to reach the intelligent level by monitoring the physical space and 

updating the digital space accordingly.  

 

Figure 6:  DIGIT-BENCH DT architecture. 

The 16 MW Test Facility at LORC acts as the large-scale demonstrator for the DIGIT-BENCH pro-

ject. R&D Test Systems designed and constructed the test bench, which LORC operates. The over-

view of the test bench is shown in Figure 7. The test facility is utilized for design verification and 

Highly Accelerated Lifetime Testing (HALT) of nacelles and drivetrain components, including gear-

boxes and main bearings. The drive motor system can deliver up to 15 MNm of torque, while the 

TLU can apply tilt and yaw moments of up to 25 MNm. This facility can conduct design verification 

for the most powerful onshore nacelles and drivetrain components in the 10 MW range.  

The main components of the test bench are shown in Figure 7. The Test Bench’s Drive Motors apply 

the torque signal to the coupled DUT generator. The non-torque loads, including tilt and yaw mo-

ments, thrust force, vertical force, and horizontal force, are applied to the DUT via the TLU, which 

the hexapod cylinders activate. In this physical asset, several stakeholders are involved. The OEM 
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provides the DUT and is reluctant to share their numerical models or testing results. Moreover, the 

test bench operator does not necessarily have the dynamic models of the test bench substructures.  

As a result, securely sharing data and integrating models are crucial when implementing the pro-

posed DT architecture that is shown in Figure 6. 

 

Figure 7: Overview of the LORC 16MW Test Facility.  

3 Case Study: Test Simulation Application 

This proceeding's focus application is the Test Simulation Application, which simulates a coupled 

test bench and DUT response for selected variables. This application enables users to simulate test 

sequences before the experiments, ensuring secure and effective testing. Understanding the de-

sired test sequence's dynamic response helps the test bench operator and the OEM better plan and 

execute the experimental campaign. As a result, this can decrease the chances of conducting ex-

periments that do not provide useful information.  

A system-level dynamic simulation of the test bench and the DUT is essential for predicting perfor-

mance capabilities. If the simulation models of these substructures are available to all parties in-

volved, all components can be integrated into a Monolithic System. The Test Simulation Application 

facilitates the creation of a Coupled System through FMI-based co-simulation, enabling two or more 

substructures to interact and influence each other through their connections. Both systems are il-

lustrated in Figure 8.  

  

Figure 8: Monolithic and coupled system overview for the case study.  

This case study focuses on the mechanical coupling between the TLU and the DUT, utilizing FMUs 

created for both subsystems: FMU-TLU and FMU-DUT. The two-way coupling demands displace-

ment compatibility and force balance. A tight coupling algorithm has been developed and packaged 
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into the FMU-Coupling. In this section, we first introduce the MBD model of the TLU and the struc-

tural dynamics model of the DUT, followed by an explanation of the tight coupling algorithm for co-

simulation. Finally, we compare the co-simulation results with those from the monolithic simulation 

model for validation. 

3.1 TLU Model 

The MBD model of the TLU was developed using SymPy [SYM25], a Python library for symbolic 

mathematics with a Mechanics module that simplifies deriving equations of motion for MBD systems 

using Kane’s method. This method, utilized in commercial software like OpenFAST, minimizes sym-

bolic complexity and facilitates the inclusion of nonlinearities through a focus on forces and torques. 

Consequently, we employed Kane’s method for the MBD simulation model of the TLU. 

The geometry of the TLU and the summary of the modeling steps are shown in Figure 9. As shown 

in the figure, the system consists of two main frames necessary for observing the motion of the TLU. 

The Inertia Reference Frame {B}, is a fixed frame that doesn’t move with the TLU and where the 

actuator base joints are located. The Body Reference Frame {L} is the moving frame, where the 

Load Application Center (LAC) is. The model consists of 6 Degrees of Freedom (DOFs) located at 

the LAC and includes three translational and three rotational coordinates around x, y, and z.  

  

Figure 9: TLU geometry and summary of modeling steps in SymPy. 

3.2 DUT Model 

The DUT is simulated with a lumped parameter model implemented in Python. For simplicity, only 

the stiffness and mass matrix of the DUT is used to represent its structural dynamics response. A 

simplified linear elastic model for the DUT can be implemented, assuming a vertical cantilever beam. 

A simplified sketch in Figure 10 shows both undeformed and deformed TLU and DUT. The interface 

of TLU and DUT is shown in the green dot in the figure. The coordinate system of {L} is fixed to and 

moves with the TLU. The coordinate system {D} is colinear with the coordinate system {L} due to 

the rigid coupling between the TLU and DUT. 
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Figure 10: Deformation of the DUT when subjected to loading from the TLU.  

3.3 Co-simulation with Tight Coupling   

After implementing the models described in the previous sections, their FMUs are created using 

UniFMU [LEG21]. In this application, the FMUs have two-way coupling, in other words tight coupling. 

When FMUs are tightly coupled, kinematic quantities (displacement/rotation) are compatible, and 

corresponding forces are in equilibrium. This requires an orchestrator to accommodate iterations. 

This feature is not yet commonly available in orchestrators. Therefore, we implemented one in Py-

thon and controlled the FMUs via the FMPy [FMP25] module. Specifically, the orchestration algo-

rithm adopts a partitioned FETI (Finite Element Tearing and Interconnecting) time integration algo-

rithm. This method is particularly effective as it solves the coupling problem by only exchanging 

interface quantities [BUR17]. 

The following equations describe the dynamic response of TLU and DTU as nonlinear state-space 

models subjected to one-step-ahead time integration, 

𝒙𝑇,𝑖 = ℎ𝑇(𝒙𝑇,𝑖−1, 𝒖𝑇,𝑖 , 𝒇𝑇,𝑖) 

𝒚𝑇,𝑖 = 𝑔𝑇(𝒙𝑇,𝑖) 

Eq. 10 

𝒙𝐷,𝑖 = ℎ𝐷(𝒙𝐷,𝑖−1, 𝒖𝐷,𝑖) 

𝒚𝐷,𝑖 = 𝑔𝐷(𝒙𝐷,𝑖) 

Eq. 11 

 

where 𝒙𝑇 , 𝒖𝑇 , 𝒇𝑇 are state vector, coupling force vector, and external load vector applied to the TLU, 

while 𝒙𝐷 , 𝒖𝐷 are state vectors and coupling force vectors applied to the DUT; ℎ𝑇( ) ℎ𝐷( ) are state 

transition functions, 𝑔𝑇( ) 𝑔𝐷( ) are generic nonlinear vector functions that map state vectors into 

output response quantities 𝑦𝑇 and 𝑦𝐷 respectively. The coupling FMU solves one iteration of the 

interface problem as, 

[

𝐮𝑇,𝑖
𝐮𝐷,𝑖
𝐲𝑔,𝑖

] = [

𝐮𝑇,𝑖
𝐮𝐷,𝑖
𝐲𝑔,𝑖

] −

[
 
 
 
 
𝜕𝐲𝑇
𝜕𝐮𝑇

𝟎 −𝐈

𝟎
𝜕𝐲𝐷
𝜕𝐮𝐷

−𝐈

𝐈 𝐈 𝟎 ]
 
 
 
 
−1

[

𝐲𝑇,𝑖 − 𝐲𝑔,𝑖
𝐲𝐷,𝑖 − 𝐲𝑔,𝑖
𝐮𝑇,𝑖 + 𝐮𝐷,𝑖

] 

Eq. 12 

 

where 𝐲𝑔,𝑘 is a vector of generalized interface displacement, 
𝜕𝐲𝑇

𝜕𝐮𝑇
 and 

𝜕𝐲𝐷

𝜕𝐮𝐷
 are the interface Jacobians 

of TLU and DUT, respectively. 

The co-simulation block diagram is summarized in Figure 11. In this application, the test sequence, 

which is the input forces and moments time histories, should be applied to the DUT through TLU. 

The external forces, which is the actuator input in this case are calculated by using the TLU kine-

matics and packed together with the FMU-TLU. At each time step, both FMU-TLU and FMU-DUT 
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should be solved synchronously, and the outputs  need to be inputted into the FMU-Coupling. The 

FMU coupling algorithm iterates the solutions until the of the system is reached. Once the iteration 

converges, the output of the coupling algorithm is sent to both FMU-TLU and FMU-DUT as inputs.  

 

Figure 11: Block diagram of the co-simulation. 

Figure 12 shows the verification of the coupled system simulation by comparing it with the monolithic 

DUT-TLU model. Coupling is solved with a fixed number of iterations (3). It should be noted that, for 

simplicity, only the translational DOFs are coupled. The coupled system’s dynamic response agrees 

with the monolithic simulation models as seen from the displacement and velocity time histories. 

 

Figure 12: Verification of the coupling (monolithic vs. coupled) 

4 Summary and Concluding Remarks 

The development status of DIGIT-BENCH DT’s Test Simulation Application is successfully devel-

oped and demonstrated using the 16MW LORC HALT Test Bench as a large-scale demonstrator. 

FMI-based co-simulation utilizes the DT as a collection of FMUs. A tight coupling algorithm is im-

plemented and verified against the monolithic simulation. Python is used both in the model and 

orchestration level of this co-simulation. 

The advantage of the proposed approach is that the inner state of each FMU is not shared but only 

the coupled response quantities, in line with the philosophy of exposing the least information. More-

over, stability and accuracy are ensured with few iterations. The downside is that interface Jacobian 

is needed, which might not be defined (e.g., in case of discontinuities in the state transition equa-

tions) or accessible. One drawback of using Python is computational speed. The development team 

believes that the stability and accuracy properties of the solution strategy based on FETI are worth 

investing in the computational optimization of the implementation by switching from Python to a 

compiled code (e.g., C++). 
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Abstract: ZF Wind Power offers with Thrive a global service concept enabling continuous availabil-

ity of wind turbines. Key in assuring availability is to avoid unplanned downtime and to proactively 

act for reducing consequential damage and high emergency repair costs. Therefore, it is crucial to 

have a reliable health assessment of wind turbine gearboxes which is done with monitoring their 

condition. The challenge is to combine many different condition parameters (vibrations, tempera-

tures, speed, power, oil condition) into an algorithm, which should be highly sensitive to detect 

anomalies in a very early stage, without false positives. In special for plain bearing anomaly detec-

tion the challenge is even higher due to the lack of the condition monitoring technologies customized 

in the market. Therefore, ZF Wind Power is applying new AI supported algorithms in which expert 

product knowledge is combined with interpretation of data measured on test rigs as well as in the 

field. The plain bearing monitoring is one of the main focuses in the scope of the new AI tools. 

The algorithm uses vibrations, temperature, speed and power as input. An AI model is trained with 

healthy data only. This model predicts normal behavior using the recent history of the mentioned 

signals. The deviation of this prediction to the measured signals is used as an anomaly indicator. 

Artificial synthetic failures and real test rig failure data were used to validate the model and to in-

crease its sensitivity. Initially, the AI model used vibration time waveforms as input. To improve its 

performance and, especially, reduce false positives an alternative using data from the order domain 

was developed. 

1 Introduction 

As was highlighted in the abstract, the focus of the paper is to present a new Artificial Intelligence 

(AI) technology used for gearbox condition monitoring and with high applicability for the plain bearing 

failure detection. In 2023, within the same scope, during the CWD conference an analytical ap-

proach was introduced by ZF [ORT23]. The analytical approach is identified as a promising tool, but 

it still has some limitations, especially related to the speed of detecting an anomaly and the goal to 

eliminate false positive cases. Therefore, ZF has invested in the development of alternative condi-

tion monitoring tools using AI, with the objective to achieve a better accuracy for detecting a failure, 

but also to eliminate false positive alarms. Specific focus is on the detection of eventual failures of 

a plain bearing, which could progress faster compared to typical failures of other components.  

This paper starts with a short summary of the analytical approach, continues with a detailed descrip-

tion of the AI approach and concludes with a comparison of both technologies. 

  



CWD 2025 

255 

2 Analytical Approach for anomaly detection using vibration measure-

ments 

In the CWD 2023 paper “Intelligent Powertrain for reducing LCoE in Wind Business” [ORT23] it was 

proposed to monitor plain bearings indirectly by tracking gear mesh frequency amplitudes.  

Crucial for a reliable operation of a plain bearing is to have an adequate lubrication film. This oil gap 

defines the relative position of the planet in respect to the planet carrier in a planetary stage of a 

gearbox. During an eventual plain bearing anomaly, the oil gap could change, which will affect also 

the gear meshing. This slight change in the meshing will impact the vibration excitation and become 

visible in vibration measurements, particularly near the gear mesh frequencies. Therefore, it was 

proposed to track the gear mesh frequency amplitudes from vibration signals. 

In this approach, the operating conditions, such as speed, torque (or power) and potentially temper-

ature need to be considered as well, since they influence the gear mesh frequency amplitudes dur-

ing normal operation. The analytical approach is used here as the benchmark for the AI approach 

introduced in Section 3.  

The first step in the analytical approach is to calculate a Fast Fourier Transformation (FFT) in the 

angular domain, to get an order spectrum, i.e. a frequency spectrum of speed dependent frequen-

cies. This is achieved by resampling the time equidistantly sampled acceleration to angular equidis-

tant samples and calculating an FFT. 

In the resulting order spectrum, local maxima are detected. These maxima are filtered so that only 

the ones within a margin around the gear mesh frequencies or their sidebands are stored and mon-

itored over time. 

 

Figure 13: Order tracking of low-speed stage first negative side band (fzP LS k=1 -1SB) 

during a plain bearing anomaly 

For each of these a nominal amplitude is determined for multiple speed and torque/power bins, 

based on historic measurements. From this historic data, a mean and standard deviation are derived 
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for each torque/power bin and for each mesh frequency or sideband. An anomaly is flagged when 

acceleration is observed that differs from the historic mean by several standard deviations.  

3 Artificial Intelligence Approach for anomaly detection using vibra-

tion measurements 

3.1 Artificial Intelligence Model 

In the analytical approach, a large number of parameters need to be monitored (multiple amplitudes 

over multiple speed and torque/power bins). This becomes a complex task for a monitoring expert. 

Furthermore, the approach relies on the mesh frequencies and sidebands selected by the expert 

and the approach is blind to the remainder of the spectrum.  

To tackle this complexity for the monitoring experts and additionally take the full spectrum into ac-

count rather than monitoring only specific pre-selected frequencies, the following AI approach is 

proposed. 

The first step is the same as in the analytical approach, calculating an order spectrum. This order 

spectrum together with operational parameters, such as speed, torque/power, temperature, etc. are 

provided as input to a Convolutional Neural Network (CNN) that outputs a regenerated “normal 

state” order spectrum. The loss of the CNN is defined as the root mean square of the difference 

between the input spectrum and the output spectrum. 

A comparison of this input and output spectrum as well as the difference between the two are shown 

in Figure 14. The scale of the difference graph (bottom) is the same as the scale of the spectra 

graph (top). 

 

Figure 14: Comparison of input and output order spectrum of the CNN predicting the nor-

mal state (i.e. without an anomaly) 
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The CNN is trained with only healthy data to minimize this loss, so that when used for monitoring it 

is outputting the healthy spectrum. For condition monitoring the loss that is minimized in training is 

then used as an anomaly score. 

Thresholds are defined for this anomaly score over speed bins, using Bayesian optimization (a 

common optimization method) on synthetic anomalies that mimic a plain bearing failure measured 

at a ZF test rig. The synthetic anomalies will be described in paragraph 3.2. 

In a next step, a so-called Expert System is used. This system relies on the intuition that a true plain 

bearing anomaly should result in consistently anomalous spectra. That means, the binary result 

from the AI model (anomaly/healthy) is monitored over a time window and if a specific percentage 

of states within a rolling window are abnormal, an anomaly is flagged. The parameters for that rolling 

window and percentage are defined using Bayesian optimization. 

 

3.2 Synthetic anomalies 

For optimizing thresholds and benchmarking the approaches against another, time series of test rig 

measurements with synthetic anomalies were used. The synthetic anomalies mimic the measured 

behavior of a plain bearing failure on a test rig (see Figure 13). That means, some of the amplitudes 

of the frequencies proposed to monitor in the analytical approach, namely gear mesh frequencies, 

are increased. 

First, the time series data is resampled angular equidistantly and bandpass filters on some gear 

mesh frequencies and sidebands are applied. The filtered signal is multiplied by factors that repre-

sent different stages of the observed test rig failure, to have datasets with different severity of an 

anomaly. 

 

Figure 15: Comparison of an order spectrum for a healthy condition versus a condition 

where a synthetic anomaly is introduced 

 

The filtered and scaled signal is then added to the original signal in the angular domain (see Figure 

15) and, then, resampled back to the time domain (see Figure 16). 

It is important to note, that Figure 15 is a theoretical visualization of the synthetic anomaly, to verify 

that the anomalies mimic the recorded plain bearing failure on a test rig. 
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In a possible field application, a spectrum can only be compared to prior spectra with similar oper-

ating conditions. This is due to the dynamic operation of wind turbines caused by the wind field 

variance. Therefore, prior spectra are always slightly different to one another. That means, the 

shown red line of Figure 15 and 4 are in practice areas, definable by mean values and standard 

deviations of the prior spectra. 

 

 

Figure 16: Comparison of healthy and synthetic anomaly time series 

  

4 Comparison between Analytical and Artificial Intelligence Approach 

Both the analytical and the AI approach were tested with the same dataset recorded in an extensive 

test rig campaign. The dataset was randomly split up into training and testing data. 

The unaltered training data was used to train the CNN and to determine previously described nom-

inal amplitudes for gear mesh frequencies (mean and standard deviation) for the analytical ap-

proach. 

For both approaches, thresholds per speed (and for analytical approach also torque) bins are cal-

culated with Bayesian optimization on synthetic anomalies. For the analytical approach this is one 

matrix per amplitude to track and for the AI approach a vector for the loss of the whole spectrum 

over the speed bins. 

The testing data is used unaltered and altered, to have one unaltered testing dataset with healthy 

behavior and one with synthetic anomalies as described above. Both these datasets are used for 

testing the accuracy of the approaches. 

The datasets are used independently, which means the CNN was not trained on either (altered or 

unaltered) test dataset. The same applies for the analytical model’s calculation of the nominal am-

plitudes. 

For the AI approach, this means that for each order spectrum the model needs to derive the healthy 

spectrum from the altered (synthetic anomaly) one without having been trained on the spectrum of 

exactly that operating condition. In Figure 17 it is visible that the model can do so, even with a severe 

anomaly as an input. 
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Figure 17: Comparison of synthetic anomaly CNN input and output and healthy CNN in-

put 

 

The unaltered (healthy) test dataset is then used to determine the false positive and true negative 

rate. True negative means flagging no anomaly in the healthy dataset, whereas false positive means 

flagging an anomaly in the healthy dataset. False positive rate is the number of false positive pre-

dictions divided by all predictions with a healthy dataset. True negative rate is the opposite of that. 

 

The altered (synthetic anomaly) test dataset is used to determine the false negative and true positive 

rate. True positive means flagging an anomaly, whereas false negative means flagging no anomaly 

in the dataset which includes a synthetic anomaly. True positive rate is the number of true positive 

predictions divided by all predictions with a synthetic anomaly dataset. False negative rate is the 

opposite of that. 

The accuracy is defined as the number of correct predictions (true positive and true negative) di-

vided by the number of all predictions. 

 Analytical 
AI 

without Expert System 
AI 

with Expert System 

Accuracy 83.72% 91.35% 99.67% 

True Positive Rate 91.94% 96.68% 97.09% 

False Positive Rate 26.62% 8.69% 0.31% 

True Negative Rate 73.38% 91.31% 99.69% 

False Negative Rate 8.06% 3.32% 2.91% 
 

Table 10: Comparison of accuracy rates for the analytical and AI approaches (with and 

without Expert System) 

 

The positive/negative rates and accuracy show that the AI approach performs better than the ana-

lytical approach. Especially, the false positive rate shows a much better performance for the AI 

approach with an Expert System. The achieved low value of only 0.31% as false positive rate is very 

promising for this approach. 
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Both algorithms are still being further optimized.  

 

5 Conclusion 

ZF has developed an Artificial Intelligence approach to monitor plain bearings in a planetary stage 

using state of the art vibration sensors on the outside of a gearbox. Its performance is compared to 

a prior described indirect analytical approach monitoring gear mesh frequencies, which was proven 

to work for detecting a plain bearing anomaly on a ZF test rig. 

The comparison was done using synthetic anomalies on test rig data introduced in the trained AI 

model, which mimic a plain bearing failure recorded on a ZF test rig. The new AI approach shows a 

better performance than the analytical approach, with a very low false positive rate of 0.31% being 

very promising for its applicability in real conditions. 

An additional advantage of the AI approach is, that it is not necessary to predefine the frequencies 

that are expected to change during an anomaly. 

Additional validation steps for the AI approach are ongoing on test rigs and in field conditions to 

proof its performance. 
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Abstract: Ensuring the operational reliability of wind turbines requires early and accurate gearbox 

defect detection. Traditional manual assessments suffer from inconsistencies across large fleets. 

Inspections and interpretation of inspection images are subject to different opinions, human error, 

making the data inconsistent and inadequate for predictive maintenance, early detection of serial 

defects, and reliability engineering efforts. This study presents a structured artificial intelligence (AI)-

driven framework for automating gearbox endoscopy assessments, improving defect identification 

accuracy, and streamlining maintenance planning. 

The approach to create an AI system utilizes computer vision and machine learning to analyze 

endoscopic images, detect anomalies, and classify damage severity. Its development follows a rig-

orous scientific approach, including high-quality dataset creation, structured annotation, AI model 

selection, and performance validation using state of the art metrics.  

The system reduced current problems of manual assessments, ensures scalability across large 

turbine fleets. This AI-based approach provides a cost-effective and efficient solution for gearbox 

condition monitoring, enhancing turbine reliability and optimizing long-term operational efficiency in 

the renewable energy sector. 
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Abstract: 

Modern geared wind turbines rely on the proper functioning of their lubricating oils to ensure opti-

mum lubrication of their gear and bearing contacts. Potential oil ageing mechanisms, such as ther-

mally accelerated oxidation or additive consumption, can degrade oil performance over time. An oil 

change should be carried out before the oil's performance has deteriorated to the point where it 

threatens the flawless operation of the gearbox components. This represents a significant risk to the 

economic viability of the wind turbine as a gearbox repair involves downtime and repair costs. At 

the same time, over-frequent oil changes are also costly and result in significant amounts of waste 

oil. For these reasons, an oil that provides consistently sufficient performance throughout the life of 

the turbine represents a prosperous opportunity to improve the economic and environmental per-

formance of wind power. In order to ensure the prolonged durability of mechanical components, 

lubricants must provide stable and enduring protection. Thus, this study assesses the decay of anti-

wear properties of oils sampled from wind turbine gearboxes with varying lifespans ranges from new 

oil to 16 years old oil. 

In addition, artificial aging is performed to explore the longevity limit of oils by heating and reducing 

the concentration of anti-wear additives. Finally, the field-aged oil is treated with corresponding anti-

wear additives to improve its performance and extend the lifespan of the oils. The general perfor-

mance of oils is evaluated by the FZG test standard outlined in DIN ISO 14635-1. Additionally, the 

damage area on the gear surface is measured and used to quantitatively rate the performance of 

fresh oil, field-aged oil, and artificially aged oil. The method of artificial aging involves immersing 

steel balls in field-aged lubricant and placing them into an oven at 120 °C. During this process, anti-

wear additives form a thermal film on the surfaces of the steel balls. After the specified period, the 

steel balls are removed from the lubricant. The thickness of the thermal film is then measured by 

the optical interference method and cleaned. Subsequently, steel balls are immersed in the lubricant 

again, and the process is repeated until a significant reduction in the thickness of the thermal film is 

detected. Although there is a positive correlation between the age of the lubricant and the resulting 

wear area, the results of the FZG tests show that all oils still meet the requirements of the standard. 

As for the artificial aging, the further aged field oils do not always lead to an increase in wear; in 

some cases, it may even reduce wear, despite a significant reduction in additive concentration. 
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Abstract: Predicting wear in journal bearings is crucial to ensuring the reliability and longevity of 

rotating machinery, particularly under start-stop conditions. During these operating phases, the lu-

brication regime transitions from full-film hydrodynamic lubrication to mixed-friction conditions, in-

creasing wear rates. Traditional wear prediction models, which rely on numerical simulations based 

on tribological and mechanical principles, are often computationally expensive and impractical for 

real-time applications. This study proposes a machine-learning-based approach to efficiently predict 

wear in journal bearings. A dataset generated from a coupled mixed-elasto-hydrodynamic lubrica-

tion (mixed-EHL) and wear simulation model was used to train and evaluate three recurrent neural 

network architectures: Long Short-Term Memory (LSTM), Gated Recurrent Unit (GRU) and Nonlin-

ear Autoregressive with Exogenous Inputs (NARX). Among these architectures, the NARX model 

demonstrated superior predictive performance, achieving high accuracy while maintaining compu-

tational efficiency. The model captured both long-term wear trends and short-term fluctuations, mak-

ing it a promising tool for condition monitoring and predictive maintenance in industrial applications. 

1 Introduction 

Journal bearings play a fundamental role in the performance and durability of rotating machinery. 

Under ideal conditions, journal bearings operate in a hydrodynamic lubrication regime, where a 

continuous lubricant film prevents direct metal-to-metal contact. However, the lubrication film col-

lapses under transient operating conditions such as start-stop cycles, leading to mixed-friction con-

ditions where asperity contact becomes significant [KOJ19; ZML21; VR14]. This results in increased 

friction, higher temperatures and ultimately accelerated wear, which can reduce bearing lifespan 

and machine failure. Traditionally, numerical simulations based on mixed-elasto-hydrodynamic lu-

brication (mixed-EHL) models have been employed to predict wear under such conditions. These 

models are computationally intensive, requiring significant processing power and long simulation 

times, which makes their direct application in real-time condition monitoring impractical. 

In drive trains of wind turbines (WT), journal bearings are frequently exposed to critical wear mech-

anisms. Due to the stochastic operating conditions of a WT, no real-time capable method currently 

exists for predicting the specific wear state of a journal bearing in field operation. Due to their high 

computational costs, existing physics-based simulation models are restricted from being used in 

condition monitoring systems. Recent advancements in artificial intelligence (AI) and machine learn-

ing (ML) have provided new opportunities to develop surrogate models capable of predicting com-

plex engineering phenomena with significantly reduced computational effort. ML-based models can 

replace traditional physics-based simulations by learning patterns from existing data and making 

predictions based on operational parameters. ML-based surrogate models trained on coupled 

1 Institute for Machine Elements and Systems Engineering, RWTH Aachen University, Schinkelstrasse 10, 
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mixed-EHL and wear simulation data show promising results in predicting the wear of journal bear-

ings.  

2 Methods and Parameters 

Traditional physics-based wear prediction models, such as numerical simulations, provide accurate 

results but are computationally intensive and unsuitable for real-time applications. Machine learning 

(ML) offers an alternative by learning wear patterns from data, enabling fast and adaptive predictions 

without solving complex equations for each scenario. Among ML approaches, recurrent neural net-

works (RNNs) are particularly suited for time-series data, as they capture dependencies over time. 

In this study, three RNN architectures - Long Short-Term Memory (LSTM), Gated Recurrent Unit 

(GRU), and Nonlinear Autoregressive Model with Exogenous Inputs (NARX) - are evaluated for their 

ability to predict wear in journal bearings under start-stop conditions. The following sections follow 

Figure 18 and outline the data generation process, the ML models and the performance evaluation 

of the best model.  

 

Figure 18: Methodology, [KWS24]. 

2.1 Wear Data Generation from Simulation Models 

A dataset was generated using a coupled mixed-EHL and wear simulation model to train the ML 

models. The simulation considered a journal bearing with a diameter of 30 mm, a width of 15 mm 

and a radial clearance of 25 µm. The operating conditions varied regarding radial load (900 N - 

1,350 N) and temperature (80°C - 90°C), reflecting realistic variations encountered in industrial ap-

plications. Each start-stop cycle consisted of three phases: acceleration from a standstill to 
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600 min⁻¹ within 2 seconds, a constant speed phase at 600 min⁻¹ for 2 seconds, and a deceleration 

phase back to a standstill over 3 seconds. 

The simulation was carried out for 2,500 start-stop cycles, generating a large dataset containing 

information on frictional torque, rotational speed, and cumulative wear volume. The results of the 

wear volume are shown in Figure 19a, which reveals that wear volume exhibited both long-term 

trends and short-term variations. Initially, wear rates were high due to the running-in phase, where 

surface asperities undergo rapid deformation and material removal (Figure 19b). As the simulation 

progressed, wear rates stabilized, reflecting the steady-state operation of the bearing (Figure 19c). 
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b) 

 

c) 

 

Figure 19: Wear volume results from physics-based simulation model: (a) total num-

ber of start-stop cycles, (b) cycles 1-3, (c) cycles 2,498-2,500, [KWS24]. 

2.2 Machine Learning Architectures for Wear Prediction 

The dataset was used to train and evaluate three different recurrent neural network (RNN) architec-

tures commonly employed for time-series forecasting.  

Long Short-Term Memory (LSTM):  

LSTM networks are a variant of RNNs designed to overcome the vanishing gradient problem, which 

typically limits the ability of standard RNNs to learn long-term dependencies. LSTMs utilize memory 

cells with input, output and forget gates to selectively retain or discard information, making them 

well-suited for time-series prediction. [LMV21; MMF21; vMN20] 
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Gated Recurrent Unit (GRU):  

GRU networks are similar to LSTMs but have a simpler architecture with fewer parameters. Instead 

of separate input, output and forget gates, GRUs use an update gate and a reset gate to control the 

flow of information. This simplification makes GRUs computationally more efficient than LSTMs 

while still capturing temporal dependencies. [YYZ20; GHZ20] 

Nonlinear Autoregressive Model with Exogenous Inputs (NARX):  

The NARX model is a dynamic neural network designed specifically for time-series prediction. Un-

like LSTM and GRU, which rely solely on internal memory states, NARX explicitly incorporates past 

values of both input and output variables, making it highly effective in capturing nonlinear relation-

ships in time-dependent data. [CBG89; NP91; Ouy17; KD19; SW22] 

3 Results 

The three ML models were trained and tested using the wear dataset, with 80% of the data allocated 

for training and 20% reserved for testing. Performance was evaluated using the Root Mean Square 

Error (RMSE) metric. The results demonstrated that the NARX model outperformed both LSTM and 

GRU in terms of prediction accuracy and computational efficiency. The NARX model successfully 

captured both long-term trends and short-term variations in wear volume, as shown in Figure 20. 

 

Figure 20: NARX results for one hidden layer and 50 neurons, including the deviation 

from the physics-based wear volume values, [KWS24]. 

To further assess the adaptability of the NARX model, it was trained on datasets with different 

downsampling factors (50, 100, and 400) and tested on a new dataset with a downsampling factor 

of 200. The model maintained high accuracy across different resolutions, demonstrating its robust-

ness in handling variations in sampling rates and operating conditions. 

4 Conclusion and Outlook 

This study highlights the potential of machine-learning-based models for predicting wear in journal 

bearings under start-stop conditions. The results indicate that the NARX model is highly effective in 
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forecasting wear trends with high accuracy and computational efficiency. By leveraging ML tech-

niques, it is possible to develop real-time wear monitoring systems that provide valuable insights 

into bearing health and enable predictive maintenance strategies. 

Future work will extend the ML models to include sensor data from actual machinery, such as tem-

perature and acoustic emission. The aim is to develop a robust and efficient predictive tool that can 

be integrated into condition monitoring systems where unpredictable load variations and transient 

operating conditions pose significant challenges for traditional wear prediction methods. 
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Abstract: Vestas will present the intricate process of crafting a robust sustainability strategy within 

a large organization with success. Drawing on a foundation rooted in data, particularly CO2 emis-

sions and historical material data, we outline the initial steps that set the stage for our sustainability 

journey and our sustainability strategy - Sustainability in everything we do. Central to our approach 

was defining clear long- and short-term targets aligned with regulatory frameworks, offering a 

roadmap for actionable progress. 

A critical aspect of our strategy was the strategic organizational structure, detailed through a matrix 

framework, which facilitated stakeholder alignment, streamlined communication and decision-mak-

ing across departments. We explore the challenges and successes encountered in defining and 

refining processes within the organization, crucial for operationalizing and deploying our sustaina-

bility goals. 

Reflecting on early efforts dating back to 2019, this presentation focuses on the evolution of our 

sustainability strategy, highlighting key milestones, lessons learned, and the ongoing commitment 

to driving meaningful environmental and social impact within our organizational framework. 

1 Introduction 

In 2019, Vestas Wind Systems introduced a groundbreaking sustainability strategy titled "Sustaina-

bility in Everything We Do." This initiative marked a significant shift in the company's operational 

and strategic focus, embedding sustainability at the core of its business model. The strategy was 

designed to address the pressing global challenge of climate change and align with the increasing 

regulatory demands and customer expectations for sustainable practices. Right up to introduction 

of the sustainability strategy one of the pivotal achievements was obtaining certification from the 

Ellen MacArthur Foundation, which recognized Vestas' commitment to maintaining carbon emis-

sions below a 1.5°C increase, in line with the Paris Agreement targets. 

The introduction of this strategy was timely, as it prepared Vestas for forthcoming European Union 

legislation, such as the Corporate Sustainability Reporting Directive (CSRD) and the Corporate Sus-

tainability Due Diligence Directive (CSDDD). These regulations mandate comprehensive sustaina-

bility reporting and due diligence in corporate operations, ensuring that companies not only minimize 

their environmental impact but also uphold social and governance standards. By proactively adopt-

ing these measures, Vestas positioned itself as a leader in the renewable energy sector, demon-

strating its commitment to sustainability and its readiness to meet future regulatory requirements. 

Vestas' strategy also aimed to address the growing demands from customers for sustainable energy 

solutions. As the global awareness of climate change and environmental degradation increased, 

customers began to prioritize companies that demonstrated a genuine commitment to sustainability. 

Vestas responded to this shift by integrating sustainability into every aspect of its operations, from 

product design and manufacturing to supply chain management and corporate governance. This 

holistic approach not only enhanced Vestas' reputation but also provided a competitive advantage 

in the rapidly evolving renewable energy market. 
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In summary, the introduction of the "Sustainability in Everything We Do" strategy marked a signifi-

cant milestone for Vestas. It underscored the company's dedication to sustainability, prepared it for 

upcoming regulatory changes, and aligned its operations with the growing customer demand for 

environmentally responsible practices. By embedding sustainability into its core business model, 

Vestas set a new standard for the renewable energy industry and reinforced its position as a global 

leader in sustainable energy solutions. 

2 Sustainability in Everything We Do… 

The "Sustainability in Everything We Do" strategy by Vestas is a comprehensive and ambitious 

approach to embedding sustainability into every aspect of the company's operations. This strategy 

is built around several key targets aimed at reducing environmental impact, promoting circular econ-

omy principles, and ensuring social responsibility. Here, we delve deeper into the specific targets 

set by Vestas, the initiatives undertaken to achieve these targets, and the challenges faced during 

implementation. 

Vestas has committed to achieving carbon neutrality in its own operations by 2030. This target is 

particularly ambitious as it excludes the use of carbon offsets, which are often used by companies 

to balance out their carbon emissions by investing in environmental projects elsewhere. Instead, 

Vestas aims to reduce its carbon footprint through direct actions such as improving energy effi-

ciency, transitioning to renewable energy sources, and optimizing operational processes. This com-

mitment to carbon neutrality is a testament to Vestas' dedication to addressing climate change and 

reducing its environmental impact. 

3 Zero waste wind turbines and carbon emission reductions 

Another cornerstone of Vestas' strategy is the goal to produce zero-waste wind turbines by 2040. 

This involves designing turbines that are fully recyclable and continue to develop the business and 

processes to refurbish and reuse components and turbines. The company has set intermediate 

targets, such as making 50% of the hub and blade recyclable by 2025 and 55% by 2030. Achieving 

these targets requires innovation in design, manufacturing, and end-of-life management, and Ves-

tas has invested in research and development to create more sustainable materials and manufac-

turing processes. 

Vestas has also set specific targets for reducing scope 1 and 2 emissions, which include direct 

emissions from its operations and indirect emissions from purchased electricity. The company aims 

to reduce these emissions by 55% by 2025 and achieve 100% reduction by 2030. Additionally, 

Vestas has committed to reducing scope 3 emissions, which encompass the broader supply chain, 

by 45% per MWh generated by 2030 compared to 2019 levels. This comprehensive approach to 

emissions reduction demonstrates Vestas' commitment to minimizing its environmental impact 

across its entire value chain. 

To achieve these ambitious targets, Vestas has implemented a range of initiatives and programs 

across its operations and supply chain. The company has invested heavily in improving the energy 

efficiency of its operations, including adoption of energy-efficient technologies and use of renewable 

energy sources in offices and at factories.  

Vestas is also pioneering the use of circular economy principles in the design and manufacturing of 

wind turbines. This involves developing recyclable blade technologies and establishing partnerships 

with recycling companies to create efficient recycling processes. The company also has a focus on 
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refurbishing and reusing components, thereby reducing waste and conserving resources. These 

initiatives are critical to achieving the goal of producing zero-waste wind turbines by 2040 and 

demonstrate Vestas' commitment to sustainability. 

Engaging with suppliers to achieve sustainability targets has been a key focus for Vestas. The com-

pany expects its strategic suppliers to develop their own sustainability strategy and to set scope 1 

and 2 emission reduction targets by 2030 without using offsets and to calculate and report CO2e emis-

sions for products delivered to Vestas. Within materials strategic suppliers are expected to measure 

and report on production waste for Vestas products and a 50% reduction in waste from products deliv-

ered to Vestas by 2030. 

4 Transparancy and challenges 

Transparency and accountability are central to Vestas' sustainability strategy. The company regu-

larly reports on its progress towards its sustainability targets using internationally recognized frame-

works such as the Global Reporting Initiative (GRI) and the Task Force on Climate-related Financial 

Disclosures (TCFD). This transparency not only demonstrates Vestas' commitment to sustainability 

but also provides stakeholders with the information they need to assess the company's performance 

and hold it accountable. 

Despite the comprehensive nature of Vestas' sustainability strategy, the company has faced  chal-

lenges during implementation. Developing fully recyclable wind turbines and achieving zero-waste 

production by 2040 requires significant technological innovation. Vestas has had to invest in re-

search and development to create introduce new materials and change of manufacturing processes. 

This includes developing recyclable blade technology and optimizing the design of wind turbines to 

reduce environmental impact and to facilitate easier recycling and refurbishment. 

Engaging with suppliers to achieve sustainability targets has been a complex task. Vestas works 

with a diverse range of suppliers across the globe, each with its own set of challenges and capabil-

ities. Ensuring that all suppliers adhere to the same sustainability standards requires extensive col-

laboration, support, and monitoring. The task is complex however, the company has made progress 

by entering into the dialogue with the suppliers and how to achieve their sustainability targets. 

Despite increasing interest rates and inflation, Vestas has remained committed to its sustainability 

goals, recognizing that the long-term benefits of sustainable practices far outweigh the short-term 

financial challenges. This commitment to sustainability, even in the face of economic pressures, 

demonstrates Vestas' dedication to reducing its environmental impact and promoting sustainable 

practices. 

On top, the regulatory landscape is complex and the company must comply with a range of regula-

tions and standards across different regions, each with its own requirements and expectations. This 

requires continuous monitoring and adaptation to ensure compliance and alignment with best prac-

tices. Vestas has invested in resources and expertise to navigate this regulatory landscape and 

ensure that its operations comply with all relevant regulations. 

Meeting the diverse expectations of stakeholders, including customers, investors, and employees, 

is a balance act. The company must balance the demands for sustainability with the need to main-

tain financial performance and competitiveness. This requires effective communication and engage-

ment with stakeholders to build trust and demonstrate the value of sustainability. Vestas has made 
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progress in this area by regularly reporting on its sustainability efforts and engaging with stakehold-

ers to understand their expectations and concerns. 

Despite these challenges, Vestas has made significant progress towards its sustainability targets. 

The company has achieved substantial reductions in its carbon emissions, with a 55% reduction in 

scope 1 and 2 emissions by 2023. This progress has been driven by improvements in energy effi-

ciency, the transition to renewable energy sources, and the optimization of operational processes. 

Unfortunately Vestas is not going to meet the 2025 scope 1 and 2 emissions. This because the 

targets were set before re-entering offshore wind and the scope of activities increased. The targets 

will be re-evaluated in 2025. 

Vestas has also made significant strides in reducing waste and increasing the recyclability of wind 

turbine components. The company has developed recyclable blade materials and established effi-

cient recycling processes in partnership with recycling companies. These efforts have contributed 

to the goal of producing zero-waste wind turbines by 2040 and demonstrate Vestas' commitment to 

sustainability. 

5 Going forward 

Looking ahead, Vestas remains committed to its sustainability strategy and continues to pursue its 

ambitious targets. The company recognizes that achieving these goals will require ongoing innova-

tion, collaboration, and investment. Vestas will continue to focus on improving energy efficiency, 

introduce more sustainable materials, and engaging with suppliers to promote sustainability across 

the supply chain. 

Vestas also acknowledges the importance of transparency and accountability in its sustainability 

efforts. The company will continue to report on its progress using internationally recognized frame-

works and engage with stakeholders to build trust and demonstrate the value of sustainability. 

In conclusion, the "Sustainability in Everything We Do" strategy represents a comprehensive and 

ambitious approach to sustainability. By setting clear targets and implementing a range of initiatives 

to achieve them, Vestas has demonstrated its commitment to reducing its environmental impact and 

promoting sustainable practices across its operations and supply chain. Despite the challenges 

faced during implementation, Vestas has made significant progress towards its sustainability goals 

and remains a leader in the renewable energy industry. 

6 Conclusion 

Sustainability has become a fundamental value in today's business landscape, and Vestas' "Sus-

tainability in Everything We Do" strategy exemplifies this shift. However, the focus on sustainability 

has faced challenges in recent years due to increasing inflation and interest rates, which have im-

pacted the focus on the area.  

Despite these challenges, Vestas has remained committed to its sustainability goals, recognizing 

that the long-term benefits of sustainable practices far outweigh the short-term financial pressures. 

The strategy's success is evident in the progress Vestas has made towards its ambitious targets. 

The company has achieved significant reductions in waste and carbon emissions, and its efforts to 

increase the recyclability of wind turbine components have set a new standard for the industry. 

Vestas' commitment to transparency and accountability has also been a key factor in its success, 
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providing stakeholders with the information they need to assess the company's performance and 

hold it accountable. 

Looking ahead, it is clear that sustainability will continue to be a critical focus for Vestas and the 

broader renewable energy industry. While economic challenges may pose obstacles, the need to 

address climate change and reduce environmental impact remains as urgent as ever. Vestas' strat-

egy provides a roadmap for other companies to follow, demonstrating that it is possible to achieve 

ambitious sustainability goals while maintaining financial viability and competitiveness. 

In conclusion, Vestas' "Sustainability in Everything We Do" strategy represents a comprehensive 

and forward-thinking approach to sustainability. By embedding sustainability into every aspect of its 

operations and setting ambitious targets for waste reduction and carbon emissions, Vestas has 

positioned itself as a leader in the renewable energy industry. Despite the challenges posed by 

economic factors, the company's commitment to sustainability remains unwavering, providing a 

model for others to follow in the pursuit of a more sustainable future. 
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Driving Sustainable Solutions in the Wind Industry: Connecting 

Value Chains and Customer Needs 
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1Vestas Wind Systems A/S, København, DK 

Abstract: Sustainability is in focus for the wind industry as industry players have to navigate legis-

lative landscapes, customer demands, and critical material considerations. On the legislative side a 

key point is the Critical Raw Materials Act and its implications for sourcing rare earth materials inte-

gral to wind turbine drive trains and to customers it is about offering solutions that reduces the CO2 

emission per MWh. 

Central to our discussion is the strategic connection of the value chain, emphasizing collaboration 

and alignment between suppliers and customer requirements. During this presentation we delve 

into practical approaches for materializing sustainability objectives, addressing the evolving de-

mands from authorities defining non-financial criteria in the auctions and customers who increas-

ingly prioritize environmentally conscious solutions. 

By exploring the interplay between regulatory frameworks, customer expectations, and supply chain 

dynamics, we talk about actionable strategies for the wind industry to not only meet but exceed 

sustainability goals. This presentation offers insights and firsthand examples into how Vestas an-

swer the call for sustainable innovation, fostering a greener future for the renewable energy sector. 

 

1Vestas Wind Vestas Wind Systems A/S 
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Abstract: This study reports on the addition of a 5 mm cube accelerometer and data acquisition 

system on a standard FE8 bearing test rig to investigate if the initial failure states of a thrust bearing 

can be detected before the global failure criteria of the FE8 test rig is reached.  Two 81212-TV roller 

bearings are tested under over-rolling conditions, with accelerometer data collected over 38 days to 

analyze degradation-related vibration signatures. Fast Fourier Transform (FFT) is utilized in data 

processing to reveal over-rolling frequencies and harmonics of the shaft frequency in the vibration 

spectra. These features indicate clear signs of degradation after 13 days, which is much earlier than 

the 38-day lifetime obtained from the limit on the global acceleration of the FE8 test rig. The vibration 

peaks are analyzed through Gaussian function fitting to explain the severe damage visually ob-

served on the roller. The evolution of peak amplitude and width of selected features are discussed 

along with recommendations on further modelling.   

1 Introduction 

Thrust bearings are essential components in mechanical systems, designed to handle specific re-

quirements, such as axial loads and friction reduction. The operational state of bearings can be 

categorized into four stages: the run-in period, operation period, degradation period, and failure 

period [SKF2011]. The degradation of a thrust bearing is affected by many factors, e.g. lubrication 

condition [BHA2024] [FER2013], axial loads [HUA2024], and operating temperature [PER2024]. 

Small-scale thrust bearings are usually tested in the FE8 standard test rig according to DIN51819 

in order to determine the lifetime determined at the stage, where the global acceleration of the test 

rig exceeds a certain threshold specified by a factor of 3 higher than the acceleration level after the 

run-in period. Such failure criteria are subject to interpretation and this paper will investigate if the 

installation of a small accelerometer closer to one of the bearings under test can be used to provide 

information about early failure detection and more precise stop criteria. Identifying peak features in 

frequency space associated with the bearing's life from testing data is considered a better method 

for the evaluation of the bearing degradation under a specific load condition. 

Evaluating data such as vibration signals and acoustic signals are processed with different analysis 

methods, e.g. time-domain analysis [JAI2022], frequency-domain analysis [MAC2019], and time-

frequency analysis [HU2021] [KAN2011]. Time-domain analysis needs low computational demand 

and is effective for directly monitoring parameters such as amplitude, trends, and sudden changes 

in the signal. However, it cannot distinguish between different frequency components. The fre-

quency-domain analysis offers high-frequency resolution and powerful feature extraction but re-

quires more computation and is less suitable for transient signals. Time-frequency analysis is well-

suited for handling non-stationary signals and provides rich visualizations. Nevertheless, it is more 

complex and has a higher computational demand compared to the other two approaches. 
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In this work, a fatigue-bearing test is conducted under over-rolling conditions. Vibration signals are 

recorded 512 times per minute, and parameters such as temperature, speed, and axial force are 

recorded every 2 minutes throughout the testing. The accelerations of the added sensor are pro-

cessed using the Fast Fourier Transform (FFT) within 30-second time windows. Direct visual obser-

vation is employed to identify the bearing damage after testing.  

2 Experiment 

This section introduces an experimental setup to investigate the behavior of bearings under over-
rolling conditions. The following sections introduce the setup and the procedure of the bearing test. 

2.1 Setup 

The FE8 bearing testing rigs are illustrated in Figure 21 and consist of a lubrication device, a cooling 

device, and a bearing mounting house with an associated drive motor.  The thrust cylindrical roller 

bearing 81212-TV is tested with XMP 320 oil as the lubricant. An accelerometer 5 mm cube 356A03 

from PCB Piezotronics is mounted on the bearing raceway support using lock tight and a mechanical 

clamp, positioned as far away from the motor, the accelerations in X, Y, and Z directions are sam-

pled at 512 Hz using a Siemens Simcenter Testlab. Additional sensors of the FE8 Test rig monitor 

the temperature (pt100), rotational speed, axial force, and acceleration in the testing system every 

two minutes. The temperature is directly mounted over the bearing and the torque sensor is on the 

torque shaft. 

 

Figure 21: The overview of FE8 bearing testing rigs, including a testing cage, a cooling 

device, and a lubricant device. 
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2.2 Testing procedure 

After assembling the FE8 test bench, the lubrication rate is set to 0.2 𝑙/𝑚𝑖𝑛 before starting the test. 

For the parameters setting, an axial load of FA  =  85 kN is applied, and the rotational speed is set 

to ω =  250 rpm. Under these conditions, the temperature can stabilize at T =  100 ℃ 

3 Methodology for data processing 

A Fast Fourier Transform (FFT) is used to analyze the vibration signals extracted from the accel-

erometer. This is to identify the frequencies associated with the damage to the tested bearing. 

FFT algorithm opened a new area in signal processing by significantly reducing the computational 

workload of Discrete Fourier Transform (DFT). Instead of the original method, which requires com-

putations proportional to 𝑁2 , FFT reduces this to 𝑁𝑙𝑜𝑔2𝑁, where 𝑁 is the size of the problem 

[DUH1990]. The discrete Fourier Transform (DFT) formula is explained by the following. 

𝑋[𝑘] = ∑ 𝑥[𝑛] ∙ 𝑒−𝑗
2𝜋
𝑁
𝑘𝑛

𝑁−1

𝑛=0

, 𝑘 = 0, 1, 2,… ,𝑁 − 1 Eq. 13 

Where 𝑋[𝑘] is the output in the frequency domain, representing the complex value of the 𝑘𝑡ℎ fre-

quency component; 𝑥[𝑛] is the input in the time domain, representing the value at the 𝑛𝑡ℎ time point; 

𝑁 is the total number of samples, representing the number of points in one period. 𝑘 is the frequency 

index, ranging from (0, 1, 2, . . . , 𝑁 − 1), corresponding to different frequencies. 𝑛 is the time index, 

ranging from (0, 1, 2, . . . . , 𝑁 − 1), representing discrete time points. 𝑗 is the imaginary unit, satisfying 

𝑗2 = −1. 𝑒−𝑗
2𝜋

𝑁
𝑘𝑛

 is a complex exponential function. 

According to [SKF2011], the state of bearing health can be estimated by tracking the following spe-

cific frequencies related to bearing kinematics: Ball Pass Frequency Outer Race (BPFO) represents 

the frequency at which a roller passes a specific point on the outer race of the bearing. Ball Pass 

Frequency Inner Race (BPFI) represents the frequency at which a roller passes a specific point on 

the inner race of the bearing. For thrust bearings, this value is identical to BPFO. Fundamental Train 

Frequency (FTF) represents the rotational frequency of the cage that holds the rollers. Ball Spin 

Frequency (BSF) represents the rollers completing one full rotation around their axis. The shaft 

frequency represents the number of rotations completed by the main shaft per second. The equation 

is defined as follows and the table for these values is shown in Table 14. 

BPFO =
𝑛

2
𝑓r (1 −

𝑑

𝐷
cosθ) Eq. 2 

BPFI =
𝑛

2
𝑓r (1 +

𝑑

𝐷
cosθ) Eq.3 

FTF =
𝑓𝑟
2
(1 −

𝑑

𝐷
cos θ) Eq.4 

BSF =
𝐷

𝑑

𝑓r
2
(1 − (

𝑑

𝐷
cos θ)

2

) Eq.5 
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𝑓r =
ω

60
 Eq.6 

Where 𝑛 is the number of rolling elements; 𝑓r is the rotational frequency of the shaft; 𝑑 is the diameter 

of the rolling element; 𝐷 is the pitch diameter of the bearing; 𝜃 is the contact angle between the 

applied load and the radial plane of the bearing, which is 90° for a thrust bearing;  𝜔 is the shaft 

rotation speed per minute. 

Component Frequency (Hz) 

Shaft frequency 4.17 

BPFO 39.6 

BPFI 39.6 

BSF 14.7 

FTF 2.08 
 

Table 14: The specific frequency for bearing diagnosis 

 

Figure 22: The data processing flowchart, including three modules: waterfall plot gen-

eration for target segment of vibration signals, threshold-based filtering, and 

frequency-averaged FFT fitting. 

 

The fatigue test generates a large dataset, presenting significant computational challenges. To be 

more specific, a waterfall plot window is more likely to crash when data points exceed 1 million. In 

this study, the dataset contains over 1 billion points, further emphasizing the processing difficulty. 

For more efficient data processing, a threshold is applied to filter out low-value data that still requires 

significant storage capacity. This threshold is determined by selecting a value greater than most 

data points but lower than the peaks corresponding to the prominent specific frequencies. Moreover, 

to gain additional insights into the evolution of individual peaks, the FFT values for each frequency 

are averaged by combining FFT results over a specific duration, defined as a parameter in the al-

gorithm. The individual peaks are then fitted using a Gaussian function, illustrated below. The data 

processing flowchart is shown in Figure 22. 
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 𝑓(𝑥) = 𝑎 exp (−
(𝑥 − 𝑏)2

2𝑐2
) 

 

Eq.7  

Where 𝑥 is the amplitude value from averaged FFT results; 𝑎 is the peak amplitude of the Gaussian 

curve; 𝑏 is the center position of the Gaussian curve; 𝑐 is the standard deviation, which also repre-

sents the width of the Gaussian curve. 

4 Results 

This section presents the data processing results and the findings from direct visual observation. 

The visual findings further support the explanation in the data spectrum. 

4.1 Damage inspection 

Figure 23 illustrates the damage observed on the bearing through direct visual inspection. Severe 

damage on one roller, shown in Figure 23(a), is identified as surface wear. This damage is inferred 

to result from sliding at the end of the test or improper load distribution. Further explanation is pro-

vided in the next section based on data processing analysis. 

Figure 23(b) highlights the scratch on the cage, potentially caused by over-rolling. Figure 23(c) 

shows small pits on the raceway. Excessive load and contaminants are known to be the primary 

causes of raceway fatigue failures [XU2023]. However, no indentations are found on the raceway, 

and minimal debris observed during bearing disassembly suggests that the lubricant is appropriately 

selected for its ability to clean debris during the test. 

 

Figure 23:  The damage inspection of the bearing after testing. (a) Front view of the cage 

and rollers with severe damage on one roller. (b) Backward view of cage and 

rollers with scratches on the cage. (c) Up raceway with pitting 

4.2 Data processing results 

Data processing results include 1) the vibration spectra of the tested bearing during running-in, 

degradation, and after occurrence of damage; and 2) the progression of vibration amplitude at ball 

spin frequency during bearing degradation, based on specific frequencies analysis, illustrated in 

section 3, through the frequency-averaged FFT fitting module and threshold-based filtering module 

in the data processing algorithm. 
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5 4.2.1 Waterfall spectrum results 

In the raw vibration signals from the fatigue-bearing test, as shown in Figure 24(a), the bearing 

enters the run-in period during the first 120 minutes. The vibration amplitude is initially high but 

decreases as the bearing undergoes a self-adaptive process, where lubricant is distributed evenly, 

and temperature stabilizes, reducing the effects of thermal expansion. From this point to the 13th 

day, it stays in the operation period. Subsequently, the bearing enters the degradation period, which 

lasts until the 36th day. During the degradation period, the vibration amplitudes increase obviously 

as the internal damage of the bearing gradually generates, causing stronger energy release with 

each pass over the damaged area. Finally, the failure occurs after 36 days, with greater deterioration 

leading to a corresponding rise in vibration amplitude. After the vibration amplitude reaches its peak, 

it decreases with intense fluctuations, since the roller obtains extreme damage, resulting in the bear-

ing losing its function or rolling contact being replaced by sliding contact.  

Figure 24(b) and (c) illustrate the waterfall plot with 30-second intervals when degradation and fail-

ure occur. Many peaks are observed and some are not related to the bearing rotation such as the 

peaks observed at 50 Hz, which is electrical noise picked up from the 220 V power supply. 

As shown in Figure 24(b), degradation is marked by frequency components at 0.5 × and 1 × the 

shaft frequency and their harmonics. The shaft frequency has the highest amplitude, decreasing 

harmonics on either side. This phenomenon suggests that the system is under the condition of 

unbalance and misalignment as degradation occurs. The result shown in Figure 23(a) indicates that 

only one roller is damaged, suggesting that stress within the system is not distributed evenly. Over 

time, the harmonics' amplitude increases because degradation becomes more pronounced. 

As the bearing reaches the degradation and failure periods, some peaks suddenly increase, provid-

ing deeper insights into the bearing failure mechanism. An 81.8 Hz peak appears when the bearing 

degrades, which has no harmonic relationship with the shaft frequency but is close to the 19.5 × 

harmonics. It can be speculated that 81.8 Hz is related to the number of rollers, as the roller number 

is 19. However, further work is needed for a more concrete conclusion. 



CWD 2025 

287 

 

Figure 24: (a) Raw vibration data from the accelerometer shown at 10-minute inter-

vals. (b) The waterfall plot with 30-second intervals, shows the appearance 

of degradation on day 13. (c) The waterfall plot with 30-second intervals, 

shows additional failure features appearing on the 36th day. 

6 4.2.2 Specific frequency analysis results 

Figure 25(a) and (b) show the Gaussian parameters' evolution of shaft frequency and ball pass 

frequency over time, based on the frequency-based FFT fitting. For the shaft frequency, it can rep-

resent the state of the testing system, including the shaft and bearing. The amplitude gradually 

increases during the degradation period and shows a significant rise in the failure period, indicating 

that the fault risks associated with the system, such as unbalance and misalignment, are increasing 

over time. For BSF, the amplitude stabilizes during the degradation period but initially increases 

upon entering the failure period. This can be explained that BSF can represent the self-spin state of 

the rollers. The amplitude increases as energy concentrates due to damage occurring on the roller. 

Subsequently, the amplitude decreases since damage propagation disperses the impact energy, 

and the roller shifts from rotating to sliding, causing the damage observed in Figure 23(a). In both 

cases, the increase in standard deviation upon entering the failure period indicates that the mechan-

ical system turns into an unstable state, characterized by intensified randomness and instability. 
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Figure 25: The evolution of Gaussian peak parameters over time using frequency-

based FFT fitting. (a) Shaft frequency peak amplitude and width as given in 

equation (3). (b) Amplitude and width of the FFT peak corresponding to the 

Ball spin frequency (BSF).  

7 Summary 

This paper presents vibration and visual observation results on bearing degradation conducted on 

the FE8 test rig over 38 days.  

• Severe damage is only observed on the surface of one roller out of 19 through direct visual-

ization. The absence of significant raceway damage and the lack of substantial debris on the 

bearing upon disassembly demonstrate the proper selection of lubricant. 

• The installation of a 5 mm cube additional accelerometer on the bearing raceway seat re-

vealed an early identification of the first stage of the bearing failure after 13 days and a 

transition into a more severe damage evolution after 36 days. 

• Fourier transformation of the acceleration of the additional accelerometer shows a multitude 

of additional peaks in the frequency spectrum appearing after 13 days of testing and further 

research is needed to identify these new peaks 

• Monitoring the evolution using the frequency-based FFT fitting approach during data pro-

cessing effectively reflects the bearing's states. However, the ability of this method to predict 

the location of bearing failures requires further investigation in future studies. 

• This study indicates that the evolution of initial bearing failures can be followed in-situ using 

frequency analysis and that a stop criteria might be formulated as the transition away from 

the initial failure state, whereby subsequent visual inspection will reveal the initial failure 

state. 
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Abstract: The study presents a test method based on equivalent model for the three-row roller 

bearing, which is a typical type of pitch bearings used in recent large wind turbines. To solve the 

problem that the real-size pitch bearing of the wind turbine is not easy to test, and to make a better 

comparison between the performance of different kinds of grease to be used in the pitch bearings, 

a new bearing grease test rig, named as FW4B, is designed and constructed based on an equivalent 

model with a small size test bearing. The test rig is so designed and controlled such that the load, 

amplitude, and frequency of the oscillating motion could be programmed according to the real vari-

able work conditions of the wind turbines. Key techniques for building the test rig are introduced, 

and preliminary test results are presented. The test results have indicated that fretting and corrosive 

wear is the major failure mode of the tested bearing, and the appearance of the damaged surface 

is similar to those found in real wind turbine pitch bearings. 

1 Introduction 

Wind power generation is one of the major forms of renewable energy and has heavy market po-

tential. In 2030, the global yearly energy generation from wind power will increase to 4500TWh[1]. 

Wind turbines are often installed in areas with abundant wind energy resources while the areas are 

often sparsely populated, making the maintenance of the installed wind turbines difficult and costly. 

48% of the cost are spent by assembling and maintaining the wind turbines[2]. Therefore, there is 

a strong demand for wind power in the industry to improve the lifetime of turbine components.  The 

pitch bearing installed at the root of the blade serves as the pivot connecting the blades with the 

hub such that the blade can be rotated by the motor to adjust the angle of the wind direction. Some-

times, because of ultra-high wind, the blades will be locked to avoid damage to the wind power 

generator, but this will result in a new problem in which fretting wear will occur in the pitch bearing. 

Appropriate lubrication conditions are a common way to improve the situation, and using appropriate 

grease is considered a feasible technology to prolong the service lifetime of pitch bearings. Com-

pared with liquid lubricants, either petroleum or synthetic oils, lubricating grease lacks fluidity, and 

thus, it is difficult to flow back to the contacting track once they are squeezed out of the contact zone 

due to high pressure. After a long time, there would be no grease between the roller and raceway. 

The roller and plate are in direct contact and wear. In the operation conditions of the pitch bearings 

in wind turbines, the bearing race oscillates relative to the rollers in a way of random amplitude and 

frequency rather than rotating continuously for most of the service life. Such a fretting motion is 

harmful for grease replenishment and dangerous to the wear life of bearings. In Sweden, 13.4% of 

failures were caused by pitch bearings and blades and consumed 9.4% of the time to repair, in the 

period of 2000-2004, in wind power plants[3]. 
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To investigate the performance of lubricating greases in terms of fretting wear resistance, a proper 

test rig and testing procedure are necessary. Currently, the testing methodology for lubricating 

greases used in roller bearings can be divided into two categories[4]. One is model testing, which 

uses a ball-disc model or roller-disc model to evaluate the performance of lubricating greases under 

simulation conditions of load, speed, and temperature. The other is to set a real test pitch bearing 

(around 7-8 m in diameter for the most powerful wind turbines) on a test device specifically designed 

and fabricated. The advantages of the model experiments are high throughput and homogenization. 

The model test always provides a stable result for certain conditions, and standard experimental 

testers are widely used. On the other hand, real-size bearing testing devices can obtain more real-

istic and accurate results, and some experiments use a real blade to perform the experiment. How-

ever, there is often a significant difference between the results of model experiments and real-size 

bearing testing, which depends on the choice of the model and test conditions, and the results are 

inconsistent. Sometimes, the matched-degree of the entire system is significantly affected. Real-

size bearing testing requires a large amount of manpower for assembling and disassembling, space, 

large power and material resources, which is not cost-effective. As a result, the R&D cycle is length-

ened and can hardly afford. This study proposes an equivalent method based on contact mechanics 

and the wear mechanism, which considers the balance between efficiency and accuracy for evalu-

ating the lubrication performance of greases. This test rig can test four small-size three-row roller-

bearing samples at once, each of which can be filled with a different type of lubricating grease, and 

all bearings in this test run in exactly the same movement. It is designed to have a more reasonable 

ratio of sliding distance and contact radius to correlate the fretting conditions of the small-size test 

bearings with those of the real-size pitch bearings under practical operation conditions as much as 

possible. This test rig and procedure focus on the comparison and evaluation of the lubrication 

performance of the tested lubricating grease rather than the test bearings. In this way, the ad-

vantages and disadvantages of lubricating greases can be distinguished through such equivalent 

experiments under the simulative conditions. 

2 Design and assemble  

2.1 Equivalent model 

The equivalent contacting state is the main design principle of this tester, and this model is based 

on Gerhard Poll’s series of research. In this model, the ratio of x (sliding distance of roller) to 2b 

(width of Herz contact area) is considered as a key parameter[5], which is kept as same value for 

different bearing sizes[6], to associate larger and small bearings, as shown in Figure 26. In other 

words, the same x/2b ratio indicates similar severity of contact, friction and wear characteristics. 

 

Figure 26 x/2b ratio 

Based on the equivalent model, and considering the same roller speed, the calculation equation is 

as follows: 
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𝜋𝐸𝐿
 Eq. 3 

𝑃𝐻 =
4

𝜋

𝑄

𝑏𝐿
 Eq. 4 

𝑅𝑡𝜃𝑡𝑓𝑡 = 𝑅𝑟𝜃𝑟𝑓𝑟 Eq. 5 

R, E, and L in the equations depend on the bearing size and the material. In this test, YRT100 

(usually used as rotary table bearing) is chosen to be equivalent to GW 204-6.7 MW (widely used 

pitch bearing in wind turbines), and the size parameters are shown in Table 15. (E = 2.11E11) 

 YRT100 GW 204-6.7 MW 

Radius of raceway(mm) 145 3321 

Radius of roller(mm) 2.5 25 

Length of roller(mm) 8 50 

Table 15 size parameters of bearings 

Based on Eqs.1,2,3,4,5 and the data in Table.1, we can obtain the equivalent relation 

𝑓𝑡 =  10𝑓𝑟 Eq. 6 

𝜃𝑡 =  2.3𝜃𝑟 Eq. 7 

In this test, the frequency of the test bearing (YRT100) is 10 times the GW 204-6.7 MW working in 

a real environment. Accordingly, the oscillation amplitude should be 2.3 times. The running fre-

quency is much larger than that of the real bearing, and the test can be conducted quickly. The 

equivalent model provides a chance to simulate a large bearing using a small bearing and provides 

a conversation from real work conditions to test conditions.  

2.2 Transmission and load 

We use four test bearings simultaneously to enhance the efficiency and make the measurement 

results comparable.  A servo motor drives the middle bearing and surroundings by a pinion, so that 

the four gears will run in exact same movement, even phase, as shown in Figure 27. To control the 

frequency and amplitude, we chose a servo motor to provide power. To run at such a small angle, 

we used a 1/2 gear ratio to reduce the difficulty of motor control. However, this leads to a high-

resistance torque.  We calculated the maximum torque resistance of the oscillation and performed 

a pre-test before the assembly. The selected type of motor is SGDXS-780A00A8002.The gear is 

combined with the middle plate of the bearings, as shown in Figure 3. 
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Figure 27 Transmission system  

 

Figure 28 Installation of gears 

We chose two types of loading methods to address different situations. One is using a screw to 

apply a proper pre-load, and the other is by using hydraulic cylinders. The screw connects the cover 

plate and the bearing set, and a force sensor is placed between the screw and the cover plate, as 

shown in Figure 29. The load can be read by the sensor when the screw is fastened at different 

torques. This method is suitable for simple constant-load conditions. On the contrary, hydraulic cyl-

inders can load in a variable way, even programmable in a single test. 

 

Figure 29 Load by Screws 

2.3 Control system design 

The work condition of wind turbine is complex and unpredictable. Sometimes we can find some 

regular conditions by days or seasons, or we can use some mathematic method to extract frequency 

and amplitude[7]. This demands the tester to be able to run in different tasks in a single experiment. 

We use a 3-layer control structure to achieve this function: 
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• An execution layer: a servo encoder including an encoder and hydraulic cylinders. This layer 

receives the control instruction (PWM and pressure values) from the controller layer and 

executes a certain action. 

• A controller layer: a PLC (programable logical controller). This layer receives the task con-

dition from the manager layer and translates it to control the instruction sent to the execution 

layer. On the other hand, this layer read the data of sensors and save them in register. 

• A management layer: a computer and a console. The console can input simple task (1 con-

dition in 1 task) and the computer can upload complex task (plural conditions in 1 task). The 

communication between the manage layer and the controller layer is based on Modbus 

TCP/IP. 

2.4 Assemble and pre-test 

During the assembly process, the gear clearance is extremely important for stable and accurate 

testing. If the gear clearance is large, intensive collisions would occur between the gear teeth at the 

instant of reserving the rotation. This would lead to two undesirable results. First, noise will be intol-

erable loud. The other is the motion lost when the gear oscillates, and a deviation of roller/raceway 

contacting position occurs. To avoid this problem, we set each test bearing on a separate sliding 

plate so that the plate can be adjusted by a screw at the end of the plate, as shown in Figure 30. By 

fastening the screws, the gear clearance can be reduced to nearly zero. The test rig was named 

Fretting Wear 4-Bearing, FW4B). 

 

Figure 30 Adjusting screw and sliding plate  

3 Test and Result 

3.1 Test conditions 

In this study, two preliminary experiments were conducted under different conditions. These two 

experimental conditions correspond to the two real working conditions. The dimensions of the test 

bearings are presented in Table 15. The two conditions are listed in Table 16. 

No. 1 2 

Frequency (Hz) 27(2.7) 24(2.4) 

Amplitude (°) ±3(1.3) ±3(1.3) 

Herz pressure (GPa) 0.75 1.0 

Load (kN) 10 18 

Cycle number 600000 600000 

Table 16 test conditions (equivalent parameters in parentheses) 

Two types of grease (K and S) are used in this experiment. The grease allocation is listed in Table 

17. The position of each bearing is shown in Figure 31. 
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No. 1 2 

C K S 

R1 K K 

R2 - - 

R3 S S 

Table 17 Allocation of the grease 

 

Figure 31 Overall of the tester 

3.2 Results 

After running the tests for 6h (600000 cycles), bearings R1 and R3 were disassembled, and the test 

grease was collected for analysis and detection. The results are as follows. 

3.2.1 Gears 

The test gears suffered significantly because they were running under the same conditions as the 

bearings, except for the loads. 

 

Figure 32 gear tooth surface appearance after test(left)/found in wind turbines(right) 

 The result for the gear shows that  

• The grease was squeezed by moving, and no grease was left on the tooth surface. 

• Severe rust has occurred on the tooth surface 

• The comparison of the test gear and real gear shows the similarity between the test and real 

conditions. 

3.2.2 Grease 

Comparisons of the appearance of the two types of the test grease before and after the test were 

done on a microscope to observe the magnified appearance and abrasives inside.  
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Figure 33 Appearance of the grease  

 

Table 18 Micro appearance of the grease  

 

Table 19 Abrasive in grease 

According to the observation results, it can be concluded that Condition 2 is more severe than Con-

dition 1. The number of abrasives inside the grease after the test under condition 2 was more visible 

than that after the test under condition 1. There were a few large abrasives in some of the Grease 

K samples. However, there is no clear evidence to suggest which grease is more effective.  

3.2.3 Race way 

Investigations of the grease after test, described above, are not able to distinguish the performance 

of the two types of grease tested. Further detection of the wear on the race way of the tested bear-

ings was carried out.  
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 K S 
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2 

  

Table 20 Overall appearance of raceway 

 

Table 21 Differences in wear on race way 

Fatigue, adhesion, and abrasive wear on the raceway lubricated by grease K can be clearly ob-

served under a microscope. However, only a few debris tightly adhered on the raceway were found 

for the test bearing lubricated with grease S. The trace of wear shows that both of the tested grease 

cannot protect the bearings from wear in such severe test work conditions. Grease S showed a 

better performance on reducing fatigue and adhesion. The wear occurred on both sides of the race-

way,  

4 Conclusions 

4.1 Conclusion of the tester  

We built a tester that can run under different test conditions in a single task. Two preliminary tests 

were done on the tester to compare the performance of two types of grease, K and S. The test 

results show that the test rig can simulate the fretting wear of the pitch bearing observed in practice 

by comparing the damaged surfaces of gears and bearings. 

4.2 Conclusion of grease  

Grease S performed better than Grease K under both test conditions. These two greases were 

tested in the same bearings under the same test conditions and exactly at the same cycles and 

phase. Three types of wear can be found on the raceway of the bearing lubricated with Grease K, 

but not on that of the bearings lubricated with Grease S.  
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Abstract: In this paper we present an alternative approach to Powertrain Test Bench design – 

starting with the fully integrated model of the test system’s electrical and mechanical components, 

as well as advanced additional technologies such as Grid Emulation and input power stabilization 

coupled to a range of modelled turbine parameters. It will discuss the approach of model validation 

where systems are not yet physically available, as well as how designing for model validation is key 

to increasing the overall value of the test output. 

1 Introduction 

Wind turbines for offshore use have increased in size considerably over the past two decades. Dur-

ing this time, the technologies which are used have developed based both on a greater knowledge 

of the science and engineering of the interplay between the components and the wind, and through 

analysis of failures. One significant area of growth has been in the use of digital twins to analyze 

the performance of an operational fleet, and computational modelling to assess performance of new 

components. In this paper, the concept of using the same modelling techniques to develop designs 

for wind turbine test benches is introduced, demonstrating the depth of integration which is now 

being pursued. The benefits of which are that changes to design and test bench performance can 

be analysed before full scale deployment has been realized. 

2 Are New Turbines just Bigger Turbines? 

A simple enough question perhaps, but in [NEJ21] an overview of the development pathways which 

have dominated wind turbine drive train design are presented. Whilst there have been technology 

shifts which have driven the expansion of the use of wind power, the fundamental principles of wind 

turbine design remain – to economically generate electricity from the wind whilst ensuring that par-

asitic forces and moments are resisted reliably. What has changed, however, is the pace at which 

the power output of turbines, and consequently the input forces, have increased. 

From a mechanical point of view, changes in foundation technologies and deployment locations 

mean that additional challenges are faced by these rapidly developing designs. Increased loading, 

increased loading rates and longer proposed lifetimes are only some of the challenges which, for 

instance, a large floating offshore turbine may see compared to its onshore equivalent just 10 years 

ago. 

Offshore turbines have additional load requirements predominantly due to the influence of waves 

acting on the foundation. However, the complexity of these is dwarfed by the additional loading 

experienced by floating turbines, where motion of the floater subjects the Rotor Nacelle Assembly 

to accelerations, many of which are out of phase with those generated by the wind/rotor interaction 

and have not been experienced on wind turbines with fixed foundations. 
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The rate of increase of rotor diameters required to capture sufficient wind energy for these larger 

turbines has outstripped the rate of development in blade leading edge erosion technology. These 

increases in rotor diameter have led to reductions in rotor speed to maintain a suitable blade tip 

velocity. This compounds the rate of increase in Low Speed Shaft (LSS) torque beyond that simply 

due to the increase in output power. 

On the electrical front, all modern offshore turbines are Full Converter topologies, with some now 

utilising Medium Voltage power convertors to reduce generator winding currents. 

Control technology both at Wind Turbine and Wind Farm level has also improved, with load reduc-

tion and power control algorithms being more common than a decade before. 

Therefore, it can be seen that in the pursuit of greater power outputs, Wind Turbine manufacturers 

have not simply scaled up the turbines by evolution, instead there have been revolutions in technol-

ogy. Wind turbines in prototype form are now in excess of 20MW per unit, meaning that not only do 

individual turbine failures lead to significant loss of revenue, but also their maintenance is of an ever 

increasing complexity. 

3 Nacelle Test Benches 

Iteratively building prototypes and recording data through component and field testing has been the 

conventional method of development for wind turbines. Another method for obtaining confidence in 

revolutionary design changes as well as more evolutionary change, is through the use of Nacelle 

Test Benches. The concept of testing wind turbine powertrains through the use of ground-mounted 

test facilities has been investigated by both academic and commercial entities for over two decades 

due to the high value of results obtained on a more predictable timeline. Many concepts for the 

mechanical and electrical design of such test benches exist, but all provide the capability to use 

external motive power (most often through electrical motors) to mimic the torque input of the turbine 

rotor. This can then be combined with some form of single or multi-axis mechanical force and mo-

ment application system to mimic the parasitic loading from the rotor. By reviewing the various de-

velopments and state-of-the-art detailed in [IEA12] and [SID23], it is possible to see the following 

trends: 

• Load, moment and torque capability have increased to accommodate more highly acceler-

ated testing of gearboxes and bearings 

• “Full scope” test capabilities (load, moment, torque, grid emulation) are now more wide-

spread 

• Integration of model-in-loop control architectures have developed 

• International Standards are more accepting of the outputs of Test Benches 

• Outputs have evolved from simply “survivability” to also include “model validation data gath-

ering” 
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4 Developing a Test Bench Model 

There are a number of reference Wind Turbine models which have been developed in response to 

the growing wind turbine sizes, and by combining these models with reference floating foundation 

designs and wind conditions, it is possible to develop an operating envelope for the design of a 

Nacelle Test Bench. However, due to the range of potential options and tests, it is necessary to 

consider a number of other influences on the design. These include the type of testing which is 

expected to be carried out, the rate of increase of turbine power output, the influence of various 

novel subcomponent technologies, and the complexity of the interaction between the test bench 

and the wind turbine nacelle. 

As an example of this complexity, the displacements and loads required in each axis is driven by 

the load path stiffness which drives the sizing of hydraulic actuators which form the active part of 

the load application path, as well as the housing into which they are assembled. Experience of 

operating test facilities has indicated that allowances for variable clearances caused during test 

conditions (but not modelled directly in the reference models) should also be taken into account. 

Furthermore, the load path stiffness may be complicated by potential future technology shifts, such 

as from rolling element to fluid film bearings, or novel bearing arrangements which may cause ad-

ditional load path changes. 

Floating foundation models also introduce additional harmonic frequencies which must be analysed 

along with not only their transmissibility from the test bench to the nacelle, but also the rate at which 

they are applied. 

Non-modelled factors such as ease of assembly and permitted off-axis capacity also require con-

sideration as, of course, does cost. 

Once all of these parameters are modelled, it is then possible to engage with the designers of such 

Test Bench hardware to establish the feasibility of the concept. At this time the modelled outputs for 

the turbine system are interfaced to the test rig models such as those in [REI23]. In that paper, the 

authors report on how the control dynamics of an integrated mechanical test rig can be modelled 

through use of a test facility digital twin. 

For the development of the project for ORE Catapult, it was necessary to add further simulations to 

the model to ensure the stability of the electrical grid feeding the site. 
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5 Upgrading the ORE Catapult Test Bench 

In 2018, ORE Catapult completed the commissioning of a large wind turbine nacelle test bench 

including a medium voltage grid emulator.  

 

Whilst this facility has been able to deliver testing for groundbreaking turbines such as GE Vernova’s 

Haliade X platform, the continued growth of turbine outputs has meant that it can no longer provide 

the power, torque or loading which will be required for turbines over the next decade. 

The goals of the upgrade have been to implement some operational findings from the many thou-

sands of hours of testing which have been carried out as well as ensure that the key design param-

eters given above are implemented. 

Working alongside RENK Test Systems, ORE Catapult’s engineering team have sought to integrate 

much of the physical data acquired during the construction of the existing facility (such as ground 

conditions, foundation survey records and the like) to enable a full load path stiffness analysis to 

take place within the RENK digital twin. 

The nominal electrical capacity of the test facility is being increased from 15MW to in excess of 

30MW to accommodate the rapidly increasing turbine power and driveshaft torques of new wind 

turbines. However, the ORE Catapult test facility is located in the town of Blyth in the North East of 

England, which is fed by a 24MVA Primary 66/11kV substation. The baseload of this substation 

consists of a major residential and commercial area, and so transient disturbances of the type which 

can occur during grid ride-through testing are not welcome by Northern Powergrid (the Distribution 

Network Operator). 

One solution to this issue would be to move the connection from the 11kV network to the 66kV 

circuit with the associated increase in fault level. Simulations were carried out by ORE Catapult’s 

Electrical Networks team to establish the prospective voltage dip caused by a 25MW Zero Volt Ride-

through (ZVRT) emulation on each of the connection scenarios. As expected, the higher fault level 

of the 66kV connection reduced the impact of the ZVRT on the public grid but created a voltage dip 

of up to 10% on the internal 11kV network. Even where reactive power compensation is used, there 

is still a significant transient current imparted on the input transformer, due to the nature of the test, 

which could lead to premature damage to the transformer windings.  

To provide a more sustainable system, ORE Catapult and RENK Test Systems have been working 

with ABB to develop a more intelligent solution to the transient energy problem through the use of 
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integrated energy storage. To ensure that the test bench is able to recreate the full range of grid 

conditions required to achieve global certification, sufficient electrical inertia is required to match the 

range of Wind Turbine inertias which will both be present, and will need to be emulated [JAS14]. 

The simulation of the energy storage within the model ensures that sufficient energy is available to 

emulate this inertia. 

The increase in electrical power capacity is matched by a mechanical shaft torque increase from 

18MNm to over 40MNm using a RENK Multi Motor Drive system as discussed in [REI23] which 

uses 12 individual motors through a combining gear to drive the main low speed output shaft which 

connects the Test Bench to the Wind Turbine. 

 

This torque increase is achieved in the context of an already constructed foundation which has 

defined some of the mechanical space constraints, as well as structural moment limits. 

6 Validating the Integrated Modelling for Test Facility Design 

Bringing together all of the factors outlined above into a numerical model which can be used to solve 

for all interactions has meant the generation of suitable and adequately parameterised transfer func-

tions. These transfer functions allow for the following inputs and outputs to be analysed: 

• Foundation to ground response 

• Motor and LAU structural limitations 

• Gear tooth interactions including lubrication 

• Motor mechanical and Electromagnetic properties 

• Electrical feeding grid characteristics 

• Power converter operation 

• HiL and control system latencies 

• Load Case information for electrical and mechanical tests 

• Wind Turbine mechanical responses 

• Control feedback device behaviours and sensitivity (torque transducers) 
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• Mechanical safety elements 

• LAU Actuator control and response including hydraulic elements 

• Resultant Load interactions between Wind Turbine and Test Bench strongfloor 

Many of these individual elements are already proven by executing sections of the model in isolation 

and comparing results against measured data and input conditions from the existing test system. 

Others have needed to be compared against established methods of calculation to ensure that the 

results can be used. Sensitivity analyses have then been carried out to identify if any of the modelled 

input terms are close to stability or performance limits. The model is also able to identify the resolu-

tion to which a simulated load case will be reproduced at the connection to the Test Rig and the 

impact of various design changes on that resolution can be analysed. 

Through use of this combined model, it is possible for ORE Catapult to gain confidence in the per-

formance of the final design, across a range of wind turbines which have yet to be developed and 

thus ensure that the operational performance of the upgraded Test Bench is fit for purpose. 

Further validation of the model will take place during the final physical commissioning of the test 

bench, which will also serve to calibrate the model for use as a tool for the design of tests, analysis 

of Hardware-in-the-Loop algorithm stability and future planning. 

7 Summary/Conclusion 

The complexity of wind turbines and the importance of the reliability of their components is ever 

increasing. To prove out the rapidly changing technologies, Test Benches can be used to deliver 

complex tests in a repeatable manner.  

Numerical models for each part of ORE Catapult’s planned upgrade to their wind turbine drive train 

test bench have been developed and will be validated against the final construction. The initial val-

idation and amalgamation of these models allows ORE Catapult to have confidence in the design 

so that complex test conditions can be created for a range of customers, including those with new 

technologies. 

Once the test bench has been constructed, the models will continue to provide calibrated simulation 

capability to allow for more advanced and complex testing of Wind Turbines without the expense 

and risk of building field prototypes. 
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Abstract: The research project HyDrive by the Competence Center for Renewable Energy and 

Energy Efficiency (CC4E) at Hamburg University of Applied Sciences (HAW Hamburg) focuses on 

the development of a continuously variable, hydro-mechanically power-split transmission concept 

for modern large-scale wind turbines. In addition to summarizing the current state of the art in power-

train technology, both with and without power splitting, and conducting a comprehensive market 

analysis of the most common concepts, the HyDrive transmission concept with its particularities will 

be explained. This includes discussing potential benefits of the concept as well as challenges in the 

development process. Initial calculation results provide insights into the positioning of the power-

split and the design of the direct transmission without hydraulic portion. Considering different wind 

speed averages these results are used to determine the annual energy yield and what energy pro-

portion must pass through the hydraulic system. 

Nomenclature 

Symbol Unit Name 

E Wh Energy 

i12 - Planetary gear ratio ring / sun gear 

i2c - Planetary gear sun gear / carrier 

itot - Total drivetrain gear ratio 

n1 rpm Rotary speed ring gear 

n2 rpm Rotary speed sun gear 

nc rpm Rotary speed carrier 

ncut-in rpm Rotary speed rotor at cut-in wind speed 

ngen rpm Rotary speed generator 

nrated rpm Rotary speed rotor at rated wind speed 

nrotor,direct rpm Rotary speed rotor at direct transmission 

Prated W Rated Power of the turbine 

T1 Nm Torque ring gear 

T2 Nm Torque sun gear 

Tc Nm Torque carrier 

vwind 
𝑚

𝑠
 Wind speed 
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z1 - Number of teeth ring gear 

z2 - Number of teeth sun gear 

η - Efficiency 

 Table 22: Nomenclature 

 

1 Introduction to Wind Turbine Drivetrains and State of the Art 

The drivetrain of a wind turbine is required to convert the mechanical energy of the rotor into elec-

trical energy. There are two basic concepts that have become established in modern turbines: Tur-

bines with gearboxes and direct-drive turbines [HAU16, GAS05, SCH22, ZHA23]. The basic design 

of both types differs in the presence of a gearbox (mechanical/ hydraulic) between the rotor and 

generator shaft. Hydraulic gearboxes have so far only been the subject of research and are not 

used in commercial systems [SCH22]. 

1.1 Direct-Drive Wind Turbines 

In a wind turbine with a direct-drive (Figure 34) a multi-pole, usually permanently excited synchro-

nous generator [ZHA23, GAJ16] with a rated speed of for example 15 rpm at 15 MW [MAR18, 

GAE20], is installed directly on the rotor [SCH22]. The required speed variability is achieved using 

a frequency converter. This adjusts the fluctuating frequency from the direct-drive generator to the 

grid frequency. The advantage of these systems is their compact design with few wearing parts and 

no gearbox losses. Failure rates and times are lower for this type of system than for comparable 

systems with gearboxes [SCH22, NEJ22, TAH20]. Due to the large number of pole pairs (up to 200 

at 15 MW), such generators have a very large diameter (up to 10 m at 15 MW) [GAE20] and, if 

designed as externally excited generators, are heavier (30 t MW) [HAU16] than a gearbox/generator 

unit. For direct-drive 2 systems externally excited generators are approx. 50 % heavier than perma-

nently excited generators (18-20 t MW) [HAU16]. The volume of a direct-drive generator is around 

100 times greater than a generator of the same power class with a gearbox [NEJ22]. This results in 

very high costs for the generator, especially due to the high demand of rare earths neodymium 

magnets for permanently excited generators or the copper windings for externally excited genera-

tors [HAU16, SCH22]. Of all in 2023 worldwide newly installed turbines, 8.7 % were with a direct-

drive turbine [ZHA23]. Manufacturers that particularly rely on this concept are Siemens Gamesa 

Renewable Energies in the offshore sector [ZHA23, SIE24] and Enercon in the onshore sector 

[ZHA23, ENE24]. 

1.2 Geared Wind Turbines 

Systems with a mechanical gearbox (Figure 35) in today’s standard power classes of several MW 

have a multi-stage planetary spur gearbox installed between the rotor and generator [HAU16, 

ZHA23]. The gearbox increases the speed level so that a generator with fewer poles and a rated 

speed of 150– 1500 rpm [HAU16] can be used. These generators are approx. 5-9 times lighter 

[MAR18] and cheaper than generators for direct-drive systems [MAR18]. However the savings from 

the smaller generator are counteracted by the mass and cost gain that comes from using a complex 

gearbox, which also raises the susceptibility to faults. Current developments are moving in the di-

rection of medium-speed generators with lower transmission ratios and lower speeds (150– 500 
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rpm) [HAU16]. This allows the advantages of both drivetrain concepts to be combined [HAU16, 

SCH22, BAK13]. Drivetrains with gearboxes have become increasingly compact and powerful in 

recent years. The torque density of gearboxes has almost quadrupled since 2005 and is now up to 

200 
𝑁𝑚

𝑘𝑔
. 

1.3 Hydraulic Drivetrains in Wind Turbines 

For some time now, attempts have been made to develop a hydrostatic transmission (Figure 36) as 

an alternative to mechanical transmissions. However, it has not yet been possible to integrate a 

competitive system on the market [ZHA23]. In a hydrostatic transmission, the rotor drives one or 

more hydraulic pumps. These are connected to hydraulic motors via a hydraulic circuit, each of 

which in turn drives a generator. The pump or motor is usually adjustable and thus enables a con-

tinuously variable transmission (CVT) ratio for the entire transmission. The required speed variability 

of the rotor can therefore be implemented without the help of a now needless inverter. In combina-

tion with the high power density of hydraulic gearboxes, this allows mass and costs to be saved. 

Problematic are the large leakage losses at low flow rates and low adjustment angles of the hydrau-

lic components [RAM06]. To avoid this problem, there are concepts with several small hydraulic 

pumps that can be switched on sequentially as the power increases. To ensure full speed variability 

only one of these pumps needs to be adjustable [NEJ22, RAM06, MAH19]. There are also various 

approaches for moving the generator and the hydraulic motor from the nacelle to the ground. This 

allows the nacelle mass to be drastically reduced but requires hydraulic pipes along the tower. Costs 

and efficiency losses associated with this might eat up the benefits of nacelle mass savings. In 

addition, several turbines can also drive one generator, which can save further costs [NEJ22, 

MAH19]. 

 

  Figure 34: Schematic structure of a direct-drive wind turbine 

 

Figure 35: Schematic structure of a wind turbine with mechanical gearbox 
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Figure 36: Schematic structure of a wind turbine with hydrostatic transmission 

1.4 Power Split Drivetrains 

Various advantages of mechanical and hydraulic drivetrains can be combined with a power-split, 

hydro-mechanical superimposed gearbox. The simple and fast stepless adjustability of hydraulics 

and the efficiency of a mechanical drivetrain can thus be combined in one system. Studies on con-

struction machinery show that a power-split hydromechanical transmission is up to 7.5 % more 

efficient than a comparable hydro static transmission [XIO19]. Such transmissions have been used 

in various commercial vehicles (military, agricultural, construction machinery) since the 1970s 

[YU19]. Here, a constant rotational speed of a combustion engine is converted into a variable rota-

tional speed of the wheels. For this purpose, part of the input power is taken via a spur gear or 

planetary stage, passed through an adjustable hydraulic circuit and then superimposed again with 

the drive power in a planetary stage (Figure 37). Most of the power is transmitted with good effi-

ciency via the mechanical gearbox and a part (10-20 % of the nominal power) [MAN17] via the 

hydraulics. This small part is sufficient to achieve a continuously variable transmission with compar-

atively good efficiency. In addition, a direct transmission can be defined by design, in which the 

hydraulics do not have to transmit any power and the gearbox has the optimal, purely mechanical 

efficiency [JAN08] If this concept is transferred to wind energy, the following advantages and disad-

vantages are expected (Table 23) compared to standard drivetrains [MAN17, BOT18, TON19]: 

Advantages Disadvantages 

Elimination of the frequency converter 

• Weight saving 

• Increased efficiency 

• Reduction in susceptibility to electrical 
faults 

• Cost savings 

Complex System 

• High design effort 

• Susceptibility to faults 

Damping by hydraulic circuit Almost identical gearbox as with geared wind 

turbines + hydraulic gearbox 

“Real” inertia for grid stability due to direct grid 

coupling 

Large transmission ratios of the gearbox 

Use of a low-cost, lightweight synchronous 

generator 

 

Table 23: Expected advantages and disadvantages of the power-split, hydromechanical 

drivetrain. 
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For wind turbines the power-split approach has not yet been able to establish itself and is also less 

researched than fully hydrostatic transmissions. At the beginning of the 2010s, the company Voith 

tested a power-split hydromechanical gearbox as a prototype and built 16 2 MW turbines. These 

turbines had a power split transmission that did not use conventional hydraulics with a hydraulic 

pump and hydraulic motor but used a hydrodynamic converter that implements the function of both 

components in a single component. According to the manufacturer, the prototype phase went very 

well, and they wanted to take the project further [JOO11, DEW07]. For reasons that are no longer 

comprehensible today, the project was discontinued shortly afterwards. Current research is mainly 

concerned with the assessment of different design layouts. There are many ways a power-split 

transmission can be arranged. Various factors such as the position of the power-split (input split or 

output split), the type of adjustment (mechanical [COT04], electrical [LIU16] or hydraulic [BOT18]) 

or the output shaft of the planetary gear (sun gear or ring gear) can be varied. According to Mantriota 

[MAN17], the smallest possible configuration of the CVT can be achieved by power splitting on the 

rotor-side (10 % of the rated power). On the other hand, splitting the energy on the generator-side 

would lead to a configuration with maximally 15 % of the rated power going through the CVT. In the 

optimal case energy production would increase by up to 10 % compared to fully hydrostatic 

drivetrains [BOT18]. 

2 HyDrive Structure and Function 

The proposed drivetrain (Figure 37) consists of a mechanical transmission with a fixed transmission 

ratio (a), a power-split (b), a hydraulic CVT (c) and a planetary gear working as power summation 

(d). Part of the power is taken off via a continuously variable hydraulic pump and transferred to a 

planetary stage via a hydraulic motor and thus fed back to the drive shaft. In the planetary gear, the 

rotational speeds of the sun- and the ring gear are added up to determine the rotational speed of 

the generator.  

 

Figure 37: Schematic structure of a planetary gearbox with the components: ring gear (1), 

carrier (c), sun (s) and the planets. 

The rotor speed needs to be controlled to maintain the required blade tip speed (calculated from a 

tip speed ratio λ). The synchronous generator is operated directly from the grid without a frequency 

converter. This results in a fixed rotational frequency on the generator-side that is proportional to 

the grid frequency, depending on the number of pole pairs of the generator [HAU16, MAN17]. To 

be able to control the speed of the rotor, the transmission ratio of the gearbox must be changed. 

For this purpose, a conventional 3-stage wind turbine gearbox is modified so that the last stage- in 

contrast to the first stages- has a freely rotating ring gear that can be driven by a hydraulic motor 
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(see Figure 37). When the hydraulic motor is stationary, the ring gear is also fixed and the transmis-

sion ratio of the third stage corresponds to the stationary gear ratio selected by design, which results 

from the ratios of the numbers of teeth [MÜL98]: 

i12 =
n1
n2

=
z2
z1

 Eq. 15 

The stationary gear ratio describes the ratio from the sun to the ring gear with the carrier held in 

place. For this application the more interesting ratio is the one between the carrier (rotor speed) and 

the sun (generator speed) when the ring gear is fixed, which can also be calculated from the sta-

tionary gear ratio: 

𝐢𝟐𝐜 =
n2
nc

= 1 −
z1
z2

= 𝟏 −
𝟏

𝐢𝟏𝟐
 Eq. 16 

By selecting a stationary gear ratio for the third stage, a direct transmission is defined in which the 

efficiency of the overall gearbox is optimal. The ring gear can be driven in both positive and negative 

direction of rotation. The respective speeds can be calculated using the basic speed equation 

[MÜL98]: 

n1 − i12 · n2 − (1 − i12) · nc = 0 Eq. 17 

By regulating the speed of the hydraulic motor connected to the ring gear, the transmission ratio i2c 

can be continuously adjusted by regulating the ring gear speed. For this purpose, a hydraulic unit is 

used that diverts its power from the rotor power, allowing almost any speed to be set on the ring 

gear (Figure 37). The hydraulic pump must be adjustable so quickly that fluctuations in the wind can 

be compensated for and the rotor speed can be kept constant. 

2.1 Position of Power-Splitting 

Two variants are considered, which differ in the location of power extraction. The power can be 

extracted upstream of the summation planetary stage (rotor-side), but also downstream of the plan-

etary stage (generator-side).  

The rotor-side power-splitting (Table 24, left) has an easily comprehensible power flow that splits 

into two separate paths at the rotor shaft, behind the first two planetary stages, and is later reunited. 

However, the control effort could be problematic, because the actuation of the hydraulic pump leads 

to a direct braking torque on the rotor shaft. At the same time, the hydraulic motor causes a change 

in the speed of the rotor shaft via the planetary gearbox, which results in feedback. 

In the event of power-splitting on the generator-side (Table 24, right), the power is only diverted 

after the last planetary stage and added back to the ring gear. The advantage of this is that the 

speed of the generator shaft is always constant and there are no control conflicts due to double 

braking of the rotor. However, the generator torque must be controllable in this arrangement, which 

rules out a permanently excited synchronous generator. 
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 Rotor-side Generator-side 

vwind < vdirect 

  

vwind = vdirect 

  

vwind > vdirect 

  

Table 24: Power flows on rotor- and generator-side power-split at wind speeds lower and 

higher to the respective direct transmission. 

 

2.2 Direct Transmission 

As mentioned before, such a gearbox offers a direct transmission that can be defined by design in 

a way that no power must be branched, and the complete power is trans mitted via the mechanical 

gearbox. At this defined fixed speed, the overall gearbox has the best efficiency, which continues to 

decrease as the hydraulic power increases, as the hydraulic losses are greater than the mechanical 

losses. The mechanical transmission ratio can be determined via the selected direct-drive speed: 

itot =
ngen

nrotor,direct
 Eq. 18 

In all previous research, this direct transmission is at the nominal speed of the wind turbine and is 

also assumed to be the case here at the beginning. The advantage is that maximum efficiency is 

achieved at high power output. 

However, the average wind speed at onshore locations is usually significantly below the nominal 

wind speeds of the turbines and full-load operation can often only be run in short periods of time. It 

is therefore necessary to investigate how the system behaves when the direct transmission is set 

to other speeds. 

2.3 Basic Parameters 

The 10 MW DTU research wind turbine [BAK13] serves as a base model. This is an offshore turbine 

with a medium-speed generator for which there is publicly available turbine data. The following rel-

evant changes were made to the original parameters for the power-split gearbox: 
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Parameter Variable 
10 MW DTU- 

Turbine 
HyDrive Unit 

Minimum rotor speed ncut-in 6 3,21 rpm 

Maximum rotor speed nrated 9,6 9,16 rpm 

Maximum generator speed ngen 480 750 rpm 

Gear ratio itot 50 82 - 

Table 25: Key attributes and changes of the used 10 MW DTU research turbine. 

These parameters are used as the basis of the calculations. The generator speed was increased 

as it is assumed that weight and costs can be saved with a low-pole synchronous generator. As a 

first step, the simplest possible characteristic curve should be used, which is also comparable to the 

standard characteristic curves. In the standard DTU system, the rotor speed is maintained at a 

constant 6 rpm for wind speeds below 7 m s. To allow for a linear increase in speed with the ideal 

tip-speed-ratio under partial load, the cut-in and rated rotor speeds were adjusted. Therefore, the 

gear ratio must rise to compensate the lower cut-in speed and the higher generator speed. 

 

3 Computation and Results 

Following computations should help to better understand the system and show how the system can 

be influenced by varying certain design parameters. These design parameters are: 

• Location of power-split (rotor- or generator-side) 

• Mechanical transmission ratio of the drivetrain (direct transmission)  

A simple calculation model is created in Matlab Simulink based on the basic speed equation (3). 

Mass inertias and irreversibilities are not considered and the calculation is quasi-static. The model 

is structured in such a way that the power and speed values are read from the DTU-turbine data for 

a given wind speed. With these values, the basic speed equation can be used to calculate how high 

the rotational speeds and, according to equations (4) & (5), the torques on all planetary shafts must 

be to maintain the desired rotational speed on the rotor and generator. Torque on the ring gear (1) 

or on the sun (2) [MÜL98]: 

T1 =
T𝑐

i12 − 1
 Eq. 19 

T2 =
T𝑐

1
i12

− 1
 

Eq. 20 

In the first step, it is assumed that the direct transmission of the gearbox is defined in such a way 

that the hydraulics do not have to transmit any power under nominal load, i.e. they are stationary 

and only apply a holding torque. The maximum speed of the ring gear must therefore be reached at 

the lowest rotor speed and then decreases proportionally to the increase in rotor speed (Figure 38). 

The torque also increases proportionally to the rotor torque and then remains constant when the 

nominal load is reached. The calculation is carried out using the parameters from Table 25 and 

Table 26. The wind speed is increased linearly from cut-in to cut-out. 
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Parameter Value Unit 

Prated 10 MW 

i2c,3 4 - 

vwind 4 - 25 
𝑚

𝑠
 

η 1 - 

Table 26: Additional assumptions for the first calculation 

Multiplying the angular speed and torque results in the power that must be applied to the ring gear 

to move it as desired. The hydraulic system must be able to provide this power.   

It is assumed that both the hydraulic motor and the hydraulic pump are connected to the ring gear 

or the output shaft with a transmission ratio of 1. In this case, the sizes of the hydraulic motor cor-

respond to those of the ring gear and the sizes of the pump correspond to those of the output shaft. 

In the following, the term hydraulics is used as a synonym to ring gear. 

 

Figure 38: Torque and speed of the planet carrier and the ring gear over the wind speed in the 

partial load range. Absolute values. The planet carrier corresponds to the rotor multiplied with 

previous, fixed gear ratios. 

3.1 Comparison of rotor and generator-side power split 

If the power curves of the ring gear are examined, power-splitting on the generator-side and power-

splitting on the rotor side (Figure 39) have a different maximum value. This maximum value corre-

sponds to the maximum hydraulic power according to which the hydraulics must be designed. 
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Figure 39: Hydraulic power with rotor- and generator-side power-splitting in comparison to ro-

tor power for the direct transmission at rated wind. 

For the hydraulic power, a maximum of 10.56 % of the nominal power results for rotor side power-

splitting and a maximum of 14.81 % for generator-side power-splitting. Mantriota [MAN17] arrived 

at a similar result in his research (10 and 15 %). The speeds 11 in both concepts are identical, as 

both rotor and generator speeds are not varied. In the case of rotor-side power-splitting, part of the 

torque is branched off before the planetary stage, which is why a lower torque prevails within the 

planetary gearbox. 

The following ratio applies [MÜL98]: 

T1: T2: T𝑐 = const. Eq. 21 

It can also be seen that the hydraulic power has a greater value than the input power for generator-

side power-splitting at low wind speeds. From a quasi-static perspective, this could be explained by 

summation within the power branch, but it is unclear if this concept works in a dynamic system. As 

the speed characteristic curve of the DTU-turbine was changed in this area, it is possible that a 

better case will result for the real system, as the standard value of the cut-in speed is higher. A 

dynamic simulation must show which states are stable. If a different direct transmission is selected, 

the zero crossing of the hydraulics shifts further to the left towards lower wind speeds (Figure 40). 

The smaller the direct transmission, the lower the maximum value of the hydraulics. At the same 

time, the hydraulic power also assumes negative values and thus has a negative maximum. This 

negative maximum quickly exceeds the positive maximum significantly and goes up to 61 % of the 

rated power when the direct transmission is at cut-in wind speed. The sign reversal means that the 

direction of rotation of the ring gear is reversed. This also reverses the sign of the torque and thus 

the direction of the power flow (see Table 24). The hydraulic power must therefore be designed 

according to the absolute maximum value. 
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Figure 40: Hydraulic power curves for different direct transmissions – generator-side. 

The aim is to check whether there is a better operating point than the standard case, so that the 

hydraulics can be designed to be as small as possible. In addition, an estimate of the annual energy 

production (AEP) is to be used to compare which state is the most sensible from an energetic point 

of view. 

3.2 Minimizing the maximum hydraulic power 

To minimize the maximum hydraulic power, the calculation is carried out for direct transmissions 

between 4 and 25 
𝑚

𝑠
 with increments of 0.1 

𝑚

𝑠
. The hydraulic power curve is created for each calcu-

lation (see Figure 40). In Figure 41, the absolute maximum value is plotted for each calculated direct 

transmission. The decrease in power on the rotor-side produces slightly lower values near direct 

speeds at nominal wind speed but is otherwise significantly higher than the decrease on the gener-

ator-side. Both curves have a low point. For this low point the positive maximum value and the 

negative maximum value take on the same absolute value. In the case of rotor-side power-splitting, 

this low point is at a direct transmission of 10.5 
𝑚

𝑠
 with 8.4 % of the nominal power. In the case of 

generator-side power-splitting, the low point is at a direct transmission of 10.2 
𝑚

𝑠
 with 10.7 % of the 

nominal power. The extent to which this deviation is significant should be shown by calculating the 

AEP 

 

Figure 41: Absolute maximum hydraulic power of direct transmissions from 4 to 11.4 
𝒎

𝒔
. 
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3.3 Maximizing the AEP 

In addition to minimizing the nominal power of the hydraulics, another goal is to maximize the energy 

yield. Under the assumption that the power loss through the hydraulics is greater than the loss via 

the mechanical drivetrain, it is to be compared which direct transmission and which power-splitting 

side can deliver the better annual yield. The amount of energy that must be transmitted via the 

hydraulics should therefore be minimized. For this purpose, the AEP is determined by using the 

Rayleigh cumulation distribution function (CDF) in accordance with IEC 61400-12-1 for average 

annual wind speeds of 4 - 11 
𝑚

𝑠
 [DIN17]. This results in an annual hydraulic energy for every com-

bination of possible direct transmissions and average wind speeds (Figure 42). 

 

Figure 42: Hydraulic energy - absolute values, at different mean wind speeds and differ-

ent direct transmissions. 

It is observable that the minimum hydraulic energy is required at the direct transmission at rated 

wind speed of the DTU-turbine and in general for low average wind speeds. Overall high direct 

transmissions seem to lead to rather low hydraulic energy, as do very low wind speeds. However, 

this is only due to the total AEP being the lowest at low wind speeds and it is increasing non-line-

arly with higher wind speeds. To recognize the real optimum, the hydraulic energy values must be 
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set in relation to the total AEP (

 

Figure 43). Relative to the total AEP, the hydraulics have to transfer the least energy for direct 

transmission being at rated wind speed, when the average wind speed is 11 m/s. However, even 

direct transmissions close to rated wind speed and at somewhat lower wind speeds are still in a 

good range relative to the AEP. In general, it can be observed that the hydraulics transfer less 

energy if the average wind speed is close to the direct transmission. If the two values are far apart, 

a significantly greater proportion of the energy must be transferred by the hydraulics. 
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Figure 43: Hydraulic energy relative to the AEP at different mean wind speeds and differ-

ent direct transmissions. 

Another factor that must be considered, is that the overall mechanical transmission ratio increases 

towards lower direct transmissions, which can result in an increase in the number of planetary 

stages. However, this can also be counteracted by lowering the rated generator speed by simply 

increasing the number of pole pairs. 

4 Conclusion 

The market is currently dominated by two types of turbines (direct-drive and drives with a gearbox), 

whose variable-speed operation is implemented by a generator with a frequency converter. Cur-

rently systems with a high-speed generator are predominantly installed, while the proportion of di-

rect-drive systems is declining and a trend towards medium-speed concepts can be seen. To save 

weight and costs by omitting the frequency converter, a continuously variable, power-split, hydro-

dynamic transmission is considered, which enables the speed variability. Compared to a fully hy-

drostatic transmission, the hydraulic system can be dimensioned significantly smaller, with only 10 

% of the nominal system power for rotor-side power-splitting and 15 % for generator-side power-

splitting. It was investigated which impact the influence of the constructively determinable direct 

transmission has on the annual energy yield. It was found that for every mean annual wind speed 

there is an optimal direct transmission that minimizes hydraulic energy and therefore energy losses, 

which shows that it makes sense to adapt the turbine to its planned location. Further research re-

garding continuously variable hydraulic power-split drivetrains is necessary. The next step involves 

expanding the current model to enable dynamic simulations of the drivetrain. Additionally, it is im-

portant to analyse the losses of the hydraulic drivetrain and incorporate them into the simulation to 

get the overall efficiency of the concept. Another area of research is the design of an appropriate 

controller for the new drivetrain design, as well as its implementation into wind simulation software, 

which could be used to simulate real-world load cases. 
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Abstract: Wind energy is a key pillar of electricity generation from renewable sources and plays a 

central role in the EU Commission's Green Deal. New generations of wind turbines with high per-

formance classes and lower electricity generation costs are required in order to realize further ex-

pansion and a high proportion of renewable energies. In order to increase the power density of wind 

turbines, compact drive system designs are required. For this reason, rolling bearings are continu-

ously being replaced by plain bearings in the planetary gearboxes of wind turbines. This is because 

plain bearings require less installation space. More planetary gears can be installed in the gearboxes 

and more power can be transmitted. There are currently various plain bearing concepts in planetary 

gearboxes, such as bronze sleeves that are mounted on the pins of the planet carrier or pins coated 

with bronze. In addition, the contact surfaces have different profiles depending on the gearbox ar-

chitecture in order to ensure optimum load distribution. The tribological properties of planetary gear 

plain bearings, such as wear behavior and reliability, depend heavily on the plain bearing concept, 

the material and the profiling and have so far only been quantified under real load situations on 

complex system test rigs and therefore not economically. In this presentation, a concept of a unique 

component test rig will be presented, which is able to efficiently and economically evaluate plain 

bearings in planetary gearboxes of wind turbines under real load situations. Using multiple load 

cylinders and geometries adapted to real deformations, the test rig simulates real load situations 

such as radial loads, tilting torques and misalignment due to deformations. With the help of the test 

rig, various plain bearing concepts, materials and profiles can be tested economically in the future, 

thereby increasing the reliability of wind turbine drive systems.  

1 Introduction 

In the course of the energy transition, electricity generation from renewable sources is becoming an 

increasingly important alternative to fossil fuels. In 2019, wind energy replaced lignite as the most 

important source of electricity in Germany. In 2023, wind energy accounted for 32% of net electricity 

generation in Germany, 14.1% more than in the previous year [SEP23]. In order to meet the climate 

targets in Germany, an annual expansion of over 2,000 wind turbines is required by 2030. At the 

same time, demand for ever higher WTG outputs is increasing in Europe as well as in the USA and 

East Asia.  

The increase in wind turbine output results in greater tower heights and rotor diameters. As the 

speeds decrease with larger rotors in order to utilize the best aerodynamic efficiency, the torque 

increases disproportionately with the turbine output. As a result, the planetary gearboxes used also 

have to transmit higher torques and become larger, heavier and therefore more expensive. To coun-

teract this trend, the wind industry is currently increasingly using plain bearings instead of roller 

bearings to support the planets in planetary gearboxes [CWD23]. Figure 44 shows a concept of a 

planetary gearbox as used in modern wind turbines. By replacing the rolling bearings with plain 
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bearings, the installation space required for the bearings can be significantly reduced, allowing more 

planetary gears to fit into the same installation space [PES25]. 

 

Figure 44: Gearbox concepts of a wind turbine 

By using plain bearings in the planetary gears, the same torque can be transmitted with an overall 

smaller planetary gearbox. For this reason, it is expected that the proportion of plain bearings in 

planetary gearboxes for wind turbines will continue to increase in the future. Even today, only multi-

MW WTG gearboxes with planetary bearings in the first gearbox stage are developed and manu-

factured in Europe. Based on a guideline value of 15 plain bearings per planetary gearbox (and 

rising), more than 30,000 plain bearings with diameters in the range of 200-500 mm are required 

per year for the expansion of wind turbines in Germany alone.  

Both plain bearing concepts, which provide a sleeve mounted on the planetary bolt, and plain bear-

ing concepts, which provide a welded surface layer, are exposed to wear-critical load conditions in 

wind turbines. The wear generated in the plain bearings can lead to bearing failure and thus to a 

standstill of the entire wind turbine. A high risk of wear arises primarily due to operating conditions 

that cause high bearing loads and/or low circumferential speeds in the plain bearing [LUC23]. Typ-

ical operating conditions for this are, for example, installation of the rotor blades (single blade instal-

lation), idling operation, speed reduction to implement noise reduction measures, overload on the 

rotor and e-stop [MEY22]. These operating conditions in particular, but also operating conditions 

during normal production operation, result in the following load conditions in the plain bearings, 

which have a significant influence on the contact condition and wear behavior (see Figure 45): 

a. Radial overload: Cause: High rotor loads, consequence: Bearing wear due to mixed friction 

b. Tilting of the planetary gear: Cause: Axial forces due to the helical gearing of the planetary 

gears / Uneven load distribution across the gear width, consequence: Uneven load distribu-

tion across the bearing width / High local pressures due to edge wear 

c. Deformation of the planet carrier: Cause: High torques on the planet carrier and low rigidity 

of the structure, consequence: Tilting of the pin to the planet gear axis / High local pressures 

due to edge loads 

d. Ovalization of the planet gear: Cause: High normal forces on the teeth of the planet gear, 

consequence: Change in load distribution and contact pattern in the plain bearing 
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Figure 45: Typical load conditions of plain bearings in gearboxes of wind turbines: a) Radial overload, 

b) Tilting of the planetary gear, c) Deformation of the planet carrier, d) Ovalization of the planetary 

gear 

The influence of these load conditions on the contact conditions and the wear behavior must be 

known and therefore determined using current test methods in order to ensure the reliable design 

of plain bearings in planetary gearboxes of wind turbines. 

Figure 46 shows the concept of a conventional radial bearing test rig (component test rig), which 

already exists at the CWD of RWTH Aachen University as well as at other research institutes and 

companies. Here, geometrically smaller, scaled test bearings (no size that is relevant for wind tur-

bine gearboxes) are loaded radially directly via a load cylinder. It is not possible to consider the 

forces induced by the gearing and structural deformation, meaning that the effects of planet ovaliza-

tion, deformation of the planet carrier and tilting of the planet gears cannot be mapped. Due to this 

abstraction, the contact conditions in the plain bearing (local pressures, temperature distribution and 

contact pattern) are not represented realistically. Nevertheless, it was possible to qualify material-

lubricant combinations for plain bearing applications on the basis of the component test rig, consid-

ering certain abstraction losses. 

 

Figure 46: Radial plain bearing test rig (120mm) at CWD of RWTH Aachen University 

Figure 47 shows the concept of a three-shaft test rig (subsystem test rig), which already exists at 

the CWD as well as at other research institutes and companies. Here, the gearing of a planetary 

gear (see Figure 47a) is simulated using a double spur gear stage (see Figure 47b) in order to 

reproduce gearing forces realistically. The planetary gear to be tested, including the plain bearing, 

is located in the middle between the driving pinion and the output gear, which replaces the ring gear 

(see Figure 47c). It is possible to tilt the planetary gears and generate ovalization of the planets. 

The deformation of the planet carrier can also be considered to a limited extent by adjusting the 

gear axes using eccentric shafts. However, this test method is cost-intensive, as the gear pairings 

have to be replaced regularly depending on the gear system to be tested (different helix angles, 
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planet gear thicknesses, etc.). A large number of test campaigns with different parameters is there-

fore usually not economical. 

 

Figure 47: Three-shaft test rig for plain bearings in wind turbine gearboxes at CWD of RWTH Aachen 

University 

As the degree of abstraction of the test procedures influences both the quality of the results and the 

costs of the tests, a cost-benefit assessment of the existing test procedures is required. This enables 

industrial companies to select a specific test procedure depending on their requirements in terms of 

quality of results and costs. In most cases, the result of this cost-benefit assessment is that there is 

currently no economically optimal test option for plain bearings in planetary gearboxes of wind tur-

bines to investigate the influence of real, abstraction-free load situations on the contact conditions 

and wear behavior of the plain bearings. However, this is essential for the design of modern wind 

turbines with high service life requirements. For this reason, a test rig concept is to be developed 

as part of this work, which can be used to reproduce and determine the influence of real load situa-

tions on the contact conditions and wear behavior of plain bearings in wind turbine gearboxes in a 

cost-effective and time-efficient manner. This test rig is to be set up at the CWD of RWTH Aachen 

University as part of the submitted project “Qualification of coated pins for bearings in planetary gear 

boxes of wind turbines” once the concept has been finalized at the CWD. 

2 Methodology 

A preliminary test rig concept was developed in close cooperation between the project partners 

CWD of RWTH Aachen University and Renk Test Systems GmbH. In the first step, requirements 

for the test rig were defined and summarized on the basis of the main characteristics list according 

to PAHL/BEITZ [FEL13]. Based on the requirements determined, two different test rig concepts were 

designed in the course of a preliminary design phase. Functions were found and principle solutions 

derived for the defined requirements. Detailed solutions were developed on the basis of the principle 

solutions and combined to create the possible test rig concepts. This resulted in two test rig concepts 

that allow the testing of a scaled planetary plain bearing with a diameter of 200 mm under real load 

situations. The two concepts were then evaluated at an expert meeting, e.g. with regard to function-

ality and costs. It turned out that only one of the two test rig concepts could be realized economically, 

which was then further detailed by means of simulative investigations. The focus of the simulative 

investigation was the generation of realistic contact conditions in the plain bearings through an ap-

propriate selection, number and arrangement of load cylinders. The simulative investigations were 

carried out in four successive steps: 

1. Determination of the contact conditions in a real planetary plain bearing using FEM 
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2. Determination of the arrangement and number of load cylinders as well as the cylinder forces 

on the test rig to set comparable contact conditions between the test rig plain bearing and a 

real planetary gear plain bearing of the same size using FEM 

3. Scaling of the cylindrical forces for scaled test rig plain bearing (with 200 mm diameter) using 

FEM 

4. Validation of the contact conditions of the scaled test rig plain bearing by comparing the 

contact conditions with those in the real planetary gear plain bearing using MBS/EHD 

The methodology is illustrated in Figure 48. 

 

Figure 48: Methodology 

3 Results 

Figure 49 shows concept 1 “rotating planet”. A planetary gear dummy “bearing bush” rotates around 

a fixed pin. The load cylinders (red) apply the acting radial forces, the tilting moments due to the 

meshing of the teeth and the width load distribution and the forces for ovalizing the planetary gear 

dummy. As the planetary gear dummy moves relative to the load-imposing cylinders, sliding shoes 

are installed between the load cylinders and the planetary gear dummy for load transmission. The 

planet pin is firmly clamped at both ends. 

 

Figure 49: Concept 1 “rotating planet” 
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Figure 50 shows concept 2 “rotating pin”. Here, the pin rotates in a fixed planetary gear dummy 

“bearing bush”. As in the first concept, the load cylinders (red) apply the acting radial forces, the 

tilting moments due to the tooth mesh and the width load distribution. Further load cylinders (green) 

apply the forces to ovalize the planetary gear dummy. In order to rotate the load relative to the 

planetary gear as in the real application, the vectors of the resulting forces must rotate with the pin. 

This is possible in theory with the number of load cylinders shown here, but precise control of the 

load cylinders is required for uniformly rotating load application to the planetary gear dummy, which 

makes the control system very complex. 

 

Figure 50: Concept 2 “rotating pin” 

After the two concepts were pre-evaluated in an expert meeting, the second concept was excluded 

from further investigations for the following reasons: 

1. The precise control of the load cylinders required to apply a rotating load to the planetary 

gear dummy is associated with high technical requirements and is therefore more cost-in-

tensive 

2. Rotation of the oil outlet causes unrealistic oil introduction  

3. Rotation of the pin causes the built up of flow speed to be reversed compared to a rotating 

planet  

Figure 51 on the left shows the contact pressure between a planetary gear and pin (diameter of 

310 mm) of a real wind turbine gearbox, which was determined using FEM with the application of 

real loads acting during production operation. The typical contact pattern of a planetary gear plain 

bearing can be seen, which shows the areas of the highest pressures near the edges. The maximum 

pressure is 31,44 MPa. The contact pressure between the planetary gear dummy and the pin of the 

non-scaled test rig concept 1 “rotating planet” can be seen in the middle of Figure 51. The position 

and number of load cylinders as well as the height of the applied loads were iteratively approximated 

in such a way that the contact pattern is as identical as possible to the real case (left). In this way, 

it was possible to determine an almost identical contact pattern using FEM, whereby the maximum 

pressure is 31,42 MPa. Figure 51 on the right shows the contact pressure between the planetary 

gear dummy and the pin of the scaled test rig (diameter of 200 mm) concept 1 “rotating planet”. The 

applied loads of the previous step were reduced linearly by a constant factor of 0,645 to realize this 

contact pattern. It can be seen that the contact pattern is again almost identical to the real case, 

with the maximum pressure being 31,15 MPa.  



CWD 2025 

330 

 

Figure 51: Contact pressure between a planetary gear and pin of a real wind turbine gearbox (left), 

between the planetary gear dummy and the pin of the non-scaled test rig concept 1 “rotating planet” 

(middle) and between the planetary gear dummy and the pin of the scaled test rig concept 1 “rotating 

planet” (right) 

The procedure described in the previous paragraph was used to determine the number and position 

of the load cylinders and the forces to be applied in order to be able to realize a pattern in the scaled 

test rig design which is comparable with the real application. The resulting cylinder arrangements 

and cylinder forces are shown in Figure 52. A total of 10 load cylinders must be installed. The load 

cylinders must apply a maximum force of 226.7 kN. 

 

Figure 52: From the study resulting cylinder arrangements and cylinder forces 

A preliminary test rig concept was realized from the cylinder arrangements and cylinder forces de-

termined. The concept allows quick assembly and disassembly of the test plain bearing. Hydrostatic 

plain bearings on each cylinder enable the load to be introduced via the stationary cylinders onto 

the rotating planetary gear dummy. The low friction of the hydrostatic bearings of the test bench 

enables a friction torque measurement of the test plain bearing. The rotation of the planetary gear 

dummy is achieved by a belt drive. The pin is mounted with comparable rigidity to that in the real 

gearbox in order to represent the deformation of the real pin under load. 

 ylinder forces  ithout dis lacement of the tooth mesh

Fcyl 1 226,7 kN Fcyl 2 100,7 kN

Fcyl 3 224,5 kN Fcyl 4 224,5 kN

Fcyl 5 100,7 kN Fcyl 6 226,7 kN

Fcyl 7 208,0 kN Fcyl 8 166,4 kN

Fcyl 9 166,4 kN Fcyl 10 208,0 kN

A

A

B

B

Fcyl 1 Fcyl 2

Fcyl 5 Fcyl 6

A - A

Fcyl 1

Fcyl 5

Fcyl 7

Fcyl 3

Fcyl 9

B - B

Fcyl 2

Fcyl 6

Fcyl 8

Fcyl 4

Fcyl 10

140 mm
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4 Summary 

In this presentation, a concept of a unique component test rig was presented, which is able to effi-

ciently and economically evaluate plain bearings in planetary gearboxes of wind turbines under real 

load situations. Using a methodical approach and taking design guidelines into account, two test rig 

concepts were initially developed and pre-evaluated during expert meetings. A test rig concept was 

then decided upon. This concept is based on a planetary gear dummy (a bushing) that rotates 

around a fixed pin. Load cylinders apply the acting radial forces, the tilting moments due to the 

meshing of the teeth and the width load distribution and the forces for ovalizing the planetary wheel 

dummy. FE analyses were then used to iteratively determine the number and arrangement of the 

load cylinders and the level of the loads to be applied until a contact pattern comparable to the real 

application was achieved. An initial CAD design of the test rig was created on this basis. 

The results can be summarized as follows: 

• A test rig concept for the economical testing of planetary gear bearings under real loads was 

developed. 

• The test rig concept consists of a planetary gear dummy (a bushing), which rotates around 

a fixed pin, and the load cylinders that apply the load. 

• A total of 10 load cylinders are required, which must impose a maximum load of up to 226.7 

kN to impose load conditions similar to those of a wind turbine on a test plain bearing scaled 

to 200 mm. 

• The FE analyses confirm contact patterns in the test rig plain bearing that are comparable 

to those of real planetary plain bearings.  

In future, the test rig will be further detailed as part of the project “Qualification of coated pins for 

bearings in planetary gear boxes of wind turbines”. Further details include the design of the pin 

support, the drive concept of the planetary gear dummy and the actuators and sensors of the test 

rig. The contact states, which have so far been determined using FE analyses, will be further vali-

dated in the presentation using the results of an EHD/MBS model. 
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Abstract: The helical gearing generates a complex combination of force and moment loads for the 

planet bearing. This unfavourable load situation and the deformation of the very flexible components 

in the gearbox require a precise bearing design. A decisive factor is the crowning or profiling of the 

bearing, which is responsible for a uniform load on the bearing across the entire width. 

This article describes a novel analytical approach to determine a bearing profiling that maximizes 

the load carrying capacity for a certain operating point. The method is validated with tests on a 

planetary bearing test rig that reproduces the kinematic and mechanical properties of a planetary 

gearbox. A special design feature of the novel test rig is the rotatable pin, in which several pressure 

sensors are installed across the bearing width. Consequently, the hydrodynamic pressure distribu-

tion can be measured in the entire load zone and used for comparison with the calculated results. 

In addition to the hydrodynamic pressure, the bearing temperatures are also used for validation. 

Surface roughness and profiling are measured before and after the test to quantify the impact of 

mixed friction and wear during the experimental investigation. 

The research results indicate that the optimisation approach for profiling leads to a contour that 

provides the highest load carrying capacity at nominal load case while ensuring sufficiently high film 

thickness at other load conditions. Therefore, robustness and reliability can be improved, and safe 

bearing operation is ensured as mixed friction conditions are minimized. 

  

1 Motivation and Objectives 

Wind energy is a key technology for the transition from fossil fuels to sustainable energy sources. 

To remain competitive on the energy market, more efficient, more powerful and, especially, robust 

wind turbines are required. This development favoured the usage of sliding bearings to support 

planet gears of wind turbine gearboxes achieving a higher power density and a higher reliability of 

the whole drive train [LUB19] or [WEB21]. Sliding bearings have already become very common in 

recent years, using the additional degrees of freedom that are offered for the design process of the 

system. Due to the helical gearing, forces as well as moments act on the sliding bearing, which 

generate an unfavourable pressure distribution with pressure peaks at the bearing ends, as studies 

by [HAG21] show. With rising power density, the bearing loads also increase, so that a complete 

separation of the surfaces is not present, and the sliding bearing operates in mixed friction regime. 

According to [LEH23] this may lead to severe wear of the sliding bearing with increasing operating 

time. It is known from [OLA21] or [XU23] that bearing damage is one of the main causes of gearbox 
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failures and that this is mainly caused by wear in sliding bearings. Consequently, the surfaces of 

the pin are commonly profiled to prevent wear in the plain bearing as far as possible [XUE23]. To 

determine a suitable profiling that enables robust bearing behaviour over the entire operating range, 

[PRÖ20] proposed calculating the expected wear of a non-profiled pin at nominal load and deriving 

a profiling from this. The profiling determined in this way will lead to a minimum film thickness just 

within the hydrodynamic regime at ideal operating conditions. Mixed friction and wear will immedi-

ately occur, if for example load, speed or oil supply fluctuates. The approach for profile optimisation 

described below maximises the load capacity of the bearing by creating a uniform pressure distri-

bution across the entire bearing width. A bearing optimised in this way runs completely hydrody-

namically, even when operating conditions fluctuate, and is therefore extremely robust and long-

lived. 

The results of this profile optimisation are validated on a novel test rig for planetary sliding bearings 

at Clausthal University of Technology. While previous publications of measurement results in plan-

etary sliding bearings such as [DIN24] or [MAR20] only show a pressure measurement at individual 

points, the new test rig enables a measurement and validation of the complete pressure distribution 

and consequently a verified prediction of the minimum film thickness and other calculations results. 

2 Profile Optimisation Approach 

To optimise the crowning, a reliable and time-efficient calculation of the hydrodynamic conditions in 

a planet bearing is required. The calculation algorithm couples the hydrodynamic solver COMBROS 

PG with the commercial FE programme Ansys in an iterative loop to take the deformations of the 

components into account, see [HAG21]. For a reduction of calculation time, the extracted and con-

densed stiffness matrices of the components are used to calculate the deformations, as described 

in [PRÖ20]. In this way, a profile optimisation can be conducted according to Figure 53 within just a 

few minutes. 

 

Figure 53: Flow chart of crowning optimisation  
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The target of profile optimisation is to achieve a uniform bearing load across the entire bearing width.  

Figure 54 shows two pressure distributions for two different crownings. The crowning used to cal-

culate the pressure distribution in Figure 54 a) is too high, since the bearing edges are unloaded. In 

Figure 54 b) the pressure distribution for the optimised profiling is shown, where the bearing is nearly 

equally loaded across its width. In addition, the maximum pressures are significantly lower with the 

optimised pin contour and decrease by approximately 35%. 

a)  b)  

Figure 54: a) Hydrodynamic pressure of initial crowning, b) Hydrodynamic pressure of optimised 

crowning 

The profile optimisation starts with the initial crowning and determines the curve of the local mini-

mum film thickness across the bearing width marked with red crosses in Figure 55. This curve is 

shown together with the applied symmetrical profiling across the bearing width, see Figure 55a). It 

is noticeable that the minimum film thickness varies across the bearing width and that the overall 

minimum film thickness is in the centre. This indicates uneven load across the bearing width. 

a) 

 

b) 

 

Figure 55: (a) Local minimum oil film thickness across the bearing width of initial crowning b) Lo-

cal minimum oil film thickness across the bearing width of optimised crowning. 

When optimising the profile, the variation of the minimum film thickness over the bearing width must 

be minimised to homogenise the film pressure level. The result of this iterative process is shown in 

Figure 55b). While the initial crowning still shows unloaded edges, the optimised crowning results 

in a nearly uniform minimum oil film thickness over the entire bearing width. The uniform load pattern 

is confirmed by an increase in the minimum oil film thickness from 𝐻𝑚𝑖𝑛 = 4.3 µ𝑚 to 𝐻𝑚𝑖𝑛 = 7.3 µ𝑚 
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3 Description of Planet Test Rig 

The previously significant impact of the profiling on the hydrodynamic bearing behaviour is validated 

with measurement data of a planetary gear bearing test rig. The test rig features a hydraulic torsion 

motor to generate the moment load and an electric motor to rotate the planetary gears. Due to the 

application of a torsion motor, it is possible to vary the direction of rotation and the torque vector 

independently. This makes it possible to simulate transitory acceleration and braking processes. A 

further advantage of the test rig arrangement is the reduced energy consumption, since the electric 

drive motor consumes only the power dissipated in frictional losses in the drive train. Moreover, it is 

possible to modify the resulting load application point on the gear tooth flank to test different load 

offsets.  

 

Figure 56: Planet bearing test rig arrangement  
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The main components of the test bench are detailed in Figure 56 and the operating conditions are 

listed in Table 11. 

 Specific Pressure Rotating Speed Supply Temperature 

Load Con-
ditions 

0.1 – 16.6 MPa 15-75 rpm 20-60°C 
 

Table 11: Operating Range of Test Rig 

Each test gearbox consists of three helical gears that simulate the three gears in a planetary gear-

box: Sun gear, planet gear and ring gear. The test rig is designed to test two bearings with the 

geometry in Table 12 simultaneously. 

 Bearing Width Bearing Diameter Lubrication pocket width 

Geometry 156 mm 130 mm 140 mm 
 

Table 12: General Geometry of Test Bearing 

Test bearing #1 is a pin coated with bronze by a laser cladding process whereas test bearing #2 is 

a pin with bronze bushing. Both test bearings see identical operating condition. The only difference 

is that direction of load and rotation are exactly opposite for test bearing #1 and #2. The hydrody-

namic pressure is measured via three pressure sensors that are equally distributed along the bear-

ing width and located at the opposite side of the supply pocket. In addition, several temperature 

sensors are installed. Two thermocouples are at the bearing edge close to the sliding surface. Three 

more are placed at the bores of the pressure sensors as depicted in Figure 57. Oil flow rate, rotating 

speed and torque are continuously monitored.  

 

Figure 57: Load situation and instrumentation of test pin #1  

For each test pin, the manufactured profiling, the bearing clearance and the surface roughness are 

measured in advance and differ only slightly from nominal profile depicted in Figure 55. 

4 Results 

To validate the optimisation algorithm presented in section 2, the two crownings shown in Figure 55 

are tested at the load conditions from Table 13 and compared with the calculation. The loads already 

take into account the load offset on the tooth flanks. 
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Description Specific Load Sliding Speed 
Rotating 
Speed 

Cut-In 1.9 𝑀𝑃𝑎 0.3 𝑚 𝑠⁄  44.1 𝑟𝑝𝑚 

50% Nominal 
Load 

6.2 𝑀𝑃𝑎 0.4 𝑚 𝑠⁄  58.8 𝑟𝑝𝑚 

Nominal Load 12.4 𝑀𝑃𝑎 0.5 𝑚 𝑠⁄  73.5 𝑟𝑝𝑚 

HALT 16.6 𝑀𝑃𝑎 0.5 𝑚 𝑠⁄  73.5 𝑟𝑝𝑚 
 

Table 13: Tested Operating Conditions 

To obtain the whole pressure distribution, the pin is incrementally rotated in 10° steps between 70° 

and -90° according to Figure 54. In this angular range, the distance between the lubricant pocket 

and the loaded zone is sufficiently large so that the new pocket position has a negligible influence 

on the hydrodynamic pressure. As soon as the supply pocket moves closer to the loaded area the 

flow rate drops down and can be used as an indicator to keep a sufficient distance between supply 

pocket and loaded zone. Figure 58 shows a comparison between measurement and calculation for 

test bearing #1 with the initial crowning from Figure 55a at nominal conditions. 

 

 

Figure 58: Comparison between calculation and measurement at nominal load for initial crown-

ing  

The calculation can be validated with the measured data. It is clearly visible that the highest pressure 

appears in the bearing centre whereas the edges are lighter loaded. After finishing the tests, a 

bushing with the optimised profile from Figure 55b is manufactured and assembled. Figure 59 shows 

a comparison between measurement and calculation for both test bearings with the optimised 

crowning. 

The simulation results show very good agreement with the measured data. The highest deviations 

can be observed at sensor 3, which is located near the bolt connection at the end of the pin. The 

deviations probably result from the constraints of the pin in the FE model that might overestimate 

the structure stiffness. The different absolute pressure values between the two test bearings can be 

explained by manufacturing tolerances, which can be observed in the profiling and the bearing clear-

ance. Moreover, the optimised crowning shows a comparable pressure level at all 3 pressure sen-

sors that indicates an uniform pressure distribution across the whole bearing width. 
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a)  

 

b)  

 

Figure 59: Comparison between calculation and measurement at nominal load for optimised 

crowning, a) Test pin #1, b) Test pin #2  

Figure 60 also shows the comparisons between measurement and calculation for the cut-in load 

case and the load case at 50% of the nominal load.      
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a)  b)  

Figure 60: Comparison between calculation and measurement for optimised crowning at a) 

Cut-In conditions and b) 50% nominal load.  

At partial load the highest deviations also exist for sensor 3, so that the boundary conditions in the 

FE model of the pin need to be analysed in more detail. Whereas the optimised profile shows a 

uniform pressure distribution in the nominal load case, for which it was designed, it leads to low film 

forces at the edges at partial load. This highlights that an optimised profiling can only be designed 

for one single operating point and that other load conditions no longer show the desired uniform 

pressure distribution. However, the minimum film thickness for the partial load cases is also over 6 

µm and thus clearly above the mixed friction regime, even with the non-optimal crowning. Table 14 

gives a final overview of the calculated pressure and temperatures values of all tested bearings and 

compares them with the available measured data. Since pressure distribution as well as tempera-

ture values of calculation and measurement agree, the conclusion can be drawn that the calculated 

minimum film thickness also corresponds to reality. Finally, the optimised crowning shows a mini-

mum film thickness clearly above the threshold to mixed friction for the whole operating range. 

Load Case Profile 
Pressure at 𝑃2 Temperature at 𝑇5 

Min. Film 
Thickness 

Measurement Calculation Measurement Calculation Calculation 

Cut-In 
Initial - 79 𝑏𝑎𝑟* - 55.0 °𝐶 4.5 µ𝑚 

Optimised 46 𝑏𝑎𝑟* 51 𝑏𝑎𝑟* 53.8 °𝐶 54.5 °𝐶 9.4 µ𝑚 

50% Nom. 
Load 

Initial - 218 𝑏𝑎𝑟* - 54.7 °𝐶 3.9 µ𝑚 

Optimised 156 𝑏𝑎𝑟* 158 𝑏𝑎𝑟* 54.2 °𝐶 54.9 °𝐶 6.6 µ𝑚 

Nominal 
Load 

Initial  334 𝑏𝑎𝑟*  63.6 °𝐶 4.3 µ𝑚 

Optimised 224 𝑏𝑎𝑟* 225 𝑏𝑎𝑟* 62.2 °𝐶 63.0 °𝐶 7.3 µ𝑚 

HALT 
Initial - 383 𝑏𝑎𝑟* - 66.3 °𝐶 2.8 µ𝑚 

Optimised 235 𝑏𝑎𝑟* 248 𝑏𝑎𝑟* 64.9 °𝐶 66.1 °𝐶 3.4 µ𝑚 
 

Table 14: Calculated and tested operating conditions 

* Pressure measurement at 0°, supply pocket position at 180°. 
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5 Conclusion 

The study has shown that the profiling of the pin is decisive for the bearing load capacity that can 

be realised. Due to the constantly increasing loads on sliding bearings, optimising the profile is the 

most effective way of achieving a robust bearing design over a wide operating range. Thus, an 

approach was presented to optimise the bearing design for nominal load and subsequently check 

that other load cases such as overload or partial load also run completely hydrodynamically. All 

theoretical results were tested on a new developed test rig for planet bearings and quantitatively 

compared with the generated measured data. This enabled the optimisation algorithm as well as 

the sliding bearing calculation software to be successfully verified and validated. Consequently, the 

presented method can be transferred and applied to other planet bearings. 
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Abstract:  

Based on elastohydrodynamic simulations (EHD) for plain bearings of gearboxes presented at for-

mer CWD conferences, the next level of simulation technique is the thermo-elastohydrodynamic 

simulation (TEHD) under consideration of thermal effect in the lubrication fluid and the elastic bod-

ies. In addition to the solution of Reynolds equation for the hydrodynamic pressure, energy equation 

has to be solved for the calculation of temperature and viscosity distribution in the fluid film, and 

heat transfer equation has to be solved to calculate the temperature distribution and thermal defor-

mations of the bodies. For the calculation of body temperatures and deformations, the unique tech-

nique of thermal modes is applied. The TEHD modelling and exemplary simulation results for differ-

ent oil supplies and bushing designs are shown for a generic gear box system of a wind turbine at 

a stationary operation point. However, the applied TEHD simulation technique based on a multi 

body system approach is also suitable to consider non-steady operation conditions and speed-up 

load cases. 

1 Motivation and Objectives 

At former CWD conferences in 2019 [LAN19] and 2023 [LAN23] elastohydrodynamic (EHD) simu-

lations of the first stage of a gear box system were presented, showing different multi body system 

(MBS) modelling levels. In 2019 the MBS model includes all EHD contacts between gears and pins 

in a time-consuming 360° model. In 2023 an efficient cyclic symmetric model was presented, also 

including the press fits between pin and gear to reach a more precise carrier twist and pin bending. 

However, these EHD analysis did neither included the analysis of the bore pocket position, nor the 

effect of the oil supply on the bearing temperature.  

The current work is dealing with the question how the bearing friction power loss and the position of 

the oil supply influences the temperature distribution of the lubricant film, as well as the body’s tem-

perature and thermal deformation. To optimize the bearing design, possible design parameters are 

the bushing contour and the oil supply position. It is obvious that a first stage of a gear box system 

is not critical in terms of bearing temperature in contrast for example to a HSS stage of a wind 

turbine or a high-speed gear box in different applications. However, the existing generic MBS model 

of a first stage is suitable to show the general thermo-elastohydrodynamic (TEHD) modelling and 

some exemplarily simulation results achieved with a non-steady MBS approach [FIR24].  

2 TEHD Simulation Technique for a Non-Steady MBS System 

The TEHD model is based on the cyclic-symmetric EHD model of 2023 [LAN23], but without the 

gear contacts between sun wheel, planet wheel and ring wheel which are not in the focus of the 

TEHD model. The overall MBS model of the gear box segment is shown in Figure 61. It consists of 
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the carrier segment, the pin with press fits to the carrier and the planet gear with the TEHD contact 

to the pin. In addition to the typical boundary conditions of a classical EHD model (supply and am-

bient pressure, structure cyclic symmetry of the carrier, etc.) the TEHD model needs some additional 

boundary conditions shown in Figure 62. For the bodies these are thermal cyclic symmetry and the 

heat transfer coefficients of the free surfaces and the additional material data heat capacity and heat 

conductivity. If the energy input due to the gear contact is known from previous calculation steps, it 

can be set as a boundary condition in addition. For the fluid film additional boundary conditions are 

the oil inlet temperature and the boundary temperature at the edges of the bushing. The values of 

the boundary temperature are defined for each single edge node of the hydro mesh in the following 

way: If the fluid at the considered node is flowing into the bearing, the defined ambient temperature 

is set. If the fluid is flowing out of the bearing, the fluid temperature at that node is part of the calcu-

lation result for the temperature field. 

 

Figure 61: Cyclic-symmetric model of a gearbox 

 

Figure 62: Additional boundary conditions for the TEHD model 

For the determination of the temperature field in the fluid and in the bodies, beside the Reynolds 

equation for the calculation of the hydrodynamic pressure distribution, the energy equation for the 

fluid film and the heat conduction equation (HCE) for the bodies have to be solved (s. Figure 63). 

As the TEHD simulation bases on a transient, non-steady MBS algorithm, energy equation and heat 
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conduction equation both include the non-steady terms on the left side for the consideration of tran-

sient effect in the system. These terms are necessary if there are squeeze motions or moving oil 

supplies in the system, or if heat-up processes in the bodies have to be analyzed [JAI17]. 

The solution of the HCE follows the same strategy as the solution of the Newton equation of motion 

for the calculation of the structure dynamics of the bodies [SCH01]. Like the Newton equation, the 

HCE is too big to be solved in a transient MBS simulation. This problem can be solved with the idea 

of temperature and temperature deformation modes, so-called “T-Modes” [WAL13]. 

 

Figure 63: Governing equations for TEHD simulations 

Figure 64 shows the idea of a thermal reduction of the HCE. The Finite Element Method (FEM) 

formulation of the equation with local FEM shape functions is transferred to a reduced form of the 

HCE with global temperature shape function [JAI17].  

 

Figure 64: Thermal Reduction, “T-Modes” 

These temperature shape functions are used to create globe temperature deformation shape func-

tions to calculate the current temperature deformation of the bodies by superposition. Figure 64 

shows exemplarily some temperature deformation modes of the carrier segment and in color the 

underlying temperature modes. 
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3 TEHD Simulation Results 

To understand the effect of design parameters on the thermal behavior of the gear box system, 

beside a basic variant with a barrel shape bushing and an oil bore in the cavitation area of the 

bushing, a modification of the oil supply and the bushing contour is presented exemplarily. 

3.1 Basic Design Variant 

The structure deformation of the bodies under the outer tooth loads (tangential, radial and axial) of 

the sun and ring wheel side shown in Figure 65 does not vary much to the classical EHD results: 

The carrier segment is twisting, the pin is bending and the gear is ovalizing due to the tooth forces 

on the sun and ring wheel side. The structure deformation of all three bodies lead to a complex gap 

function between pin bushing and gear. 

 

 

Figure 65: Loads and mechanical deformations of the gear box components 

The gap function of the bushing (left side of Figure 66) shows the typical edge carrying due to the 

tilting moment. The press fits loose contact in the grey areas due to the tangential forces (right side 

of Figure 66). Figure 67, left side, shows the separation of pressure area and cavitation area in the 

bearing. The oil bore is fully filled with oil and lies in the cavitation area near the maximum gap 

where it can deliver an optimum amount of fresh oil. Figure 67, right side, shows oil filling distribution 

in the bearing. Due to the planet gear rotation the oil supply creates an oil trail in the partially filled 

cavitation area which is reaching the pressure area and supplies fresh oil. 
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Figure 66: Gap distribution of bushing and press fits 

Basically, these results could have also been archived with a classical EHD simulation. In addition, 

the extension to a TEHD simulation enables also the evaluation of the fluid temperature based on 

the fluid shearing (s. Figure 68, right side) and the body temperatures based on the local energy 

input by the fluid film (s. Figure 68, left side).  

Looking at the body’s temperatures (Figure 68, left side) the oil supply bore can be identified as a 

“cool spot” and the press fits are conducting the heat from the pin to the carrier. The temperature 

distribution of the planet gear is rotation-symmetric in a correct manner although the efficient tech-

nique of virtual rotation is applied, in which the rotation speed is only applied to the fluid film. In 

Figure 68, right side, the fluid film temperature shows a cool oil trail in rotation direction of the gear, 

which ends after a short distance due to the slow rotation speed of the gear and the heating of the 

oil film by the adjoining bodies. 

 

Figure 67: Bushing cavitation area and oil filling distribution 
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Figure 68: Body and fluid film temperatures 

3.2 Modification of the Oil Bore Position 

To illustrate the general effect of the oil bore position on the pressure build-up, the oil supply and 

the bearing temperature, the original bore position of the generic gear box model is rotated in clock-

wise direction (Figure 69).  

 

Figure 69: Modification of the oil bore position 

The resulting effect on the oil flow velocities in the bearing is shown in Figure 70. The rotation of the 

bore brings the oil supply closer to the begin of the hydrodynamic pressure zone. The rising pressure 

gradient hinders the oil outlet flow of the bore so that the resulting oil flow is reduced to one-third of 

the original oil flow, which leads to an increase of the maximum fluid temperature.  

3.3 Modification of the Bushing Contour 

Beside the position of the oil supply, the barrel contour of the bushing is another design parameter 

of the gear box system. An adverse design of the bushing contour can lead to surface contact of 

bushing and gear and the resulting mixed lubrication introduces high local energy into the surfaces. 

To demonstrate that the TEHD algorithm can also model local thermal effects, a bushing without a 

manufactured barrel shape is simulated, which leads to mixed lubrication at the bushing edges (s. 

Figure 71).  
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Figure 70: Comparison of the oil flow velocities 

The mixed lubrication zone occur with a small distance to the bearing edges as the temperature 

deformation of the bushing leads to a thermal barrel shape. Moreover, the oval structure deformation 

of the gear leads to a double pressure peak in the hydrodynamic pressure distribution. 

 

Figure 71: Mixed lubrication with cylindrical bushing  

Figure 72 shows the resulting temperature distribution in the fluid film, the pin and the gear. The 

local energy input due to mixed lubrication leads to temperature hot spots at the bushing edges. It 

has to be stated that the calculation precision of the local temperature on the surface of the bushing 

in the mixed lubrication zone is limited by the FEM discretization and the local resolution and number 

of the considered T-Modes for the heat conduction equation.  

4 Summary / Outlook 

On the basis of a generic gearbox model of a wind turbine, the TEHD simulation technique for a 

non-steady MBS system is presented. The simulation algorithm solves the energy equation for the 
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fluid film and the heat conduction equation for the bodies. The heat conduction through the press 

fits of pin and carrier is also considered. 

 

Figure 72: Local temperature effects with cylindrical bushing 

For the calculation of the body’s temperature and their thermal deformation, a reduction technique 

based on thermal modes (“T-Modes”) is applied. To show the capabilities of the TEHD simulation 

based on multi body dynamic systems, some exemplarily simulation results are shown, focusing on 

the thermal effect of the positioning of the oil supply. A transient, mass conserving cavitation algo-

rithm is used to analyze the local oil flow in the bearing. Further, the effect of mixed lubrication on 

the temperature distribution of fluid film and bodies is shown that occur with a cylindrical bushing 

contour. The presented simulations were done for a stationary operation point. However, the devel-

oped simulation technique would also be able to analyze non-steady operating conditions like load 

impacts or speed-up load cases. 
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Towards wind turbine control for adaptive optimization of energy 

production and rotor blade noise 
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Abstract: This paper details the validation process of WEAcoustics, an aeroacoustics prediction 
tool. It combines the flow field solver of a state-of-the-art wind turbine simulation software, 
Alaska/Wind, and a semi-empirically based code developed under a Simulink environment to predict 
sound power and pressure levels at a high-frequency output rate. The outcoming signal, interpreted 
by a control algorithm, can lead to a quieter yet more efficient wind turbine operation. 

1 Introduction 

The trade-off between power maximization and reduction of rotor blade noise emissions is one of 

the main challenges in the design of operating strategies for wind turbines. In countries like Ger-

many, wind turbine noise emissions are restricted by law [BUN98], limiting suitable installation lo-

cations for onshore wind turbines. To comply with the stricter legal noise limits, for example, at night, 

wind turbines currently operate under conservative modes with inherent power reduction. However, 

this lowers their profitability. Some previous works address this problem by researching a more 

efficient noise-reduced wind turbine operation with the help of numerical optimization methods. For 

example, the optimization from Leloudas et al. [LEL07] provides wind speed-dependent operating 

points, which maintain an upper noise limit while maximizing power production. Shaltout et al. 

[SHA15] go one step further and compute the control commands necessary to implement the pro-

posed operating strategies. In these and similar publications, the respective optimization problem is 

solved offline under the assumption of steady conditions. 

In real operation, a wind turbine is exposed to turbulent wind conditions and other environmental 

disturbances not considered in offline optimization. We, therefore, pursue the development of con-

trol algorithms based on online optimization of the operating strategy. The design and testing of 

these control algorithms benefit from tools that accurately estimate rotor blade noise at low compu-

tational effort. For this reason, we have developed WEAcoustics, a horizontal wind turbine noise 

prediction tool. WEAcoustics couples the blade element momentum theory-based (BEMT) [FRO78, 

RAN 65] flow field solver of the software Alaska/Wind [FRE16] with a trailing edge post-processing 

algorithm based on XFOIL [DRE87, DRE89], and a semi-empirical aeroacoustics algorithm based 

on the work of Brooks et al. [BRO89] and the subsequent improvements made by Moriarty et al. 

[MOR03, MOR05] 

This paper covers the multi-stage validation of WEAcoustics against the measured acoustic data of 

a commercial wind turbine in the 3 MW range from the report of its certification test according to IEC 

61400-11:2012 [IEC12]. Besides its use in controller development, WEAcoustics is also a powerful 

tool during the early phases of rotor blade design thanks to its fast iteration capabilities. It only 
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requires a geometrical input, easy to alter during design, to provide reliable aeroacoustics predic-

tions when drafting a new blade design.  

The simulation chain of WEAcoustics is described in chapter 2. The validation procedure is detailed 

in chapter 3. And chapter 4 shows the outlook of the project with the validated tool before coming 

to the final conclusions. 

2 WEAcoustics Simulation Chain 

The overall structure of WEAcoustics features a block design. It is depicted in Figure .  

Figure 73: WEAcoustics structure block diagram. 

 

It is divided into three main parts: the flow field solver block, to analyze the interaction between the 

airflow and the turbine blades; the trailing edge block, to post-process the flow field information and 

obtain relevant trailing edge data, i.e. the boundary layer information; and the acoustic block, where 

all the gathered aerodynamic data is used to predict the turbine noise output.  

2.1 Block 1: Flow Field Solver 

The selected flow field solver is based on a blade element momentum theory (BEMT) structure. It 

belongs to a validated holistic wind turbine simulation software based on multi-body dynamics, 

Alaska/Wind. BEMT is practical for wind turbine performance evaluation but has simplifying assump-

tions that limit resolving detailed flow physics. It treats each radial blade section as quasi-two-di-

mensional, neglecting three-dimensional effects, like tip vortices and spanwise flow. Although 

Alaska/Wind includes empirical corrections, they can introduce errors under non-ideal conditions 

such as yawed flow or turbulence induced by the wake of another wind turbine inside a wind farm. 

In these situations, the three-dimensional nature of the flow cannot be neglected. Thus, the flow 

field is defined as orthogonal to the rotor blade plane and linear. A power law (Eq. 1) is used to 

determine the wind velocity increment with height [JUN21]. The definition of the quantities in the 

equations can be found at the end of the document, in the nomenclature appendix.  

𝑈ℎ𝑢𝑏 = 𝑈𝑔 (
ℎℎ𝑢𝑏
ℎ𝑔

)

𝐸

 Eq. 1 

In block 1, Alaska/Wind is integrated into a Simulink environment where it is initialized with the wind 

velocity field and the geometric data of the wind turbine blade. After the initialization, it receives 

changing input values for the rotor speed and pitch angle. During the validation process the tool 

iterates constantly using a set of constant input values for each test case. 

2.2 Block 2: Trailing Edge Post-Processing 

Boundary layer information along the wingspan of the rotor blades is key for the acoustic algorithm 

to provide reliable prediction results. The BEMT-based flow field solver algorithm in Alaska/Wind 

does not provide the characteristics of the flow around the airfoil, it calculates lift and drag forces, 

Block 1

Flow Field Solver

Block 2

Trailing Edge Post-
processing

Block 3

Acoustics
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and power coefficient, 𝐶𝑝, and thrust coefficient, 𝐶𝑡, based on local flow conditions. The local flow 

conditions at the leading edge of the airfoil are post-processed to obtain the required boundary layer 

data at the trailing edge for the noise prediction. 

To extract the boundary layer data from the results of the first block, XFOIL [DRE89], a well-known 

open-source simulation tool for two-dimensional geometries, is used. In XFOIL, boundary layer 

thicknesses around a two-dimensional airfoil are computed by coupling an inviscid potential flow 

solver with an integral boundary-layer formulation. First, a panel method determines the external 

velocity distribution at a certain distance from the airfoil surface, 𝑢(𝑦), along the airfoil. The panel 

method grid is refined through the Grid>Pane XFOIL configuration menu in the areas of the leading 

and trailing edge, where the most sensitive data is calculated. Then, for each chordwise location, 

the displacement thickness, 𝛿∗, and momentum thickness, 𝜃, are obtained by solving the integral 

boundary layer equations [KAR46]. The nominal boundary layer thickness is typically defined as the 

addition of the displacement and momentum thicknesses using a corrective factor depending on the 

nature of the flow. For laminar flow in XFOIL, the definition is given in Eq. 2 [DRE87]:  

 

𝛿 = 𝜃 (3.15 −
1.72

𝐻𝑘
) + 𝛿∗ Eq. 2 

 
By refining the inviscid flow solution and the boundary layer characteristics in each iteration, XFOIL 

achieves a converged estimate of boundary layer thicknesses. 

WEAcoustics uses the output data from the BEMT flow field solver as an input to the XFOIL module, 

which calculates the boundary layer information for the first and last section of a particular airfoil 

geometry, as well as critical sections (i.e.: maximum angle of attack). Then an interpolation algorithm 

calculates the intermediate sections along the whole wingspan. 

2.3 Block 3: Aeroacoustics 

Brooks, Pope, and Marcolini proposed a semi-empirical method for predicting the noise emitted by 

an airfoil as it interacts with a flow field, namely the BPM method. It is a simplified approach that 

combines analytical models with empirical data. This method focuses on the noise generated at the 

trailing edge of the airfoil dividing it into different categories depending on its nature (see section 

2.3.1). It involves calculating blade element velocities and forces, estimating the sound pressure 

level (SPL) of each blade segment using empirical relations based on local flow conditions, and 

summing the contributions from all blade segments to obtain the overall SPL of the turbine rotor 

blade. Sound pressure level (SPwL) is the specific SPL nomenclature for the noise emitted by one 

two-dimensional section calculated at 1 meter distance from the TE, orthogonal to the chord line 

and coplanar to the airfoil [MOR05]. SPwL and SPL are measured in dB and the different contrib-

uting sources add up logarithmically.  

This semi-empirical method offers several advantages, including its computational speed and sim-

plicity. It does not require detailed Computational Fluid Dynamics (CFD) or Computational Aeroa-

coustics (CAA) simulations, making it a time-effective and efficient tool for preliminary design and 

optimization studies. This lack of complexity also brings some limitations. These include assuming 

a uniform and two-dimensional flow field and not fully capturing the physics behind the distinct noise 

generation mechanisms. Neglecting factors such as turbulence, blade surface roughness, non-uni-
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form inflow, or the three-dimensional nature of a rotating flow may result in inaccuracies in the pre-

dicted noise levels; particularly for wind turbines operating under off-design configurations. Its two-

dimensional nature requires obtaining the SPL values sectionally along the wingspan of the blade. 

Adding up the SPL of each section constitute the SPL of the three-dimensional blade or overall 

sound pressure level (OASPL).  

2.3.1 Noise source terms 

The BPM method distinguishes five different noise sources. These are considered independent from 

one another and are calculated separately. Their contribution to the final noise spectra is added as 

non-correlated noise sources.  

Turbulent boundary layer trailing edge (TBL-TE) 
The turbulent boundary layer (TBL) noise is considered the most common source of noise genera-

tion in aerodynamic systems. It is produced by the interaction between the turbulent boundary layer 

and the trailing edge of the airfoil, on both the pressure side and the suction side of the blade. 

The total TBL noise is a combination of the SPL generated on the pressure side and the suction 

side of the blade, represented in Eq. 3 and Eq. 4.  

𝑆𝑃𝐿𝑝 = 10log (
𝛿𝑝
∗𝑀5𝐿�̅�ℎ

𝑟𝑒
2 ) + 𝐴 (

𝑆𝑡𝑝
𝑆𝑡1

) + (𝐾1 − 3) + Δ𝐾1 Eq. 3 

  𝑆𝑃𝐿𝑠 = 10 log(
𝛿𝑠
∗𝑀5𝐿�̅�ℎ

𝑟𝑒
2 ) + 𝐴 (

𝑆𝑡𝑠
𝑆𝑡1

) + (𝐾1 − 3)  Eq. 4 

As the angle of attack increases beyond the flow separation threshold, the boundary layer on the 

suction side of the blade grows significantly. This phenomenon introduces an additional term into 

the final TBL trailing-edge (TBL-TE) noise equation, referred to as the separation flow term, denoted 

by 𝑆𝑃𝐿𝛼 in Eq. 5.  

𝑆𝑃𝐿𝛼 = 10 log(
𝛿𝑠
∗𝑀5𝐿�̅�ℎ

𝑟𝑒
2 ) + 𝐵 (

𝑆𝑡𝑠
𝑆𝑡2

) + 𝐾2 Eq. 5 

Finally, all terms are added in Eq. 6. 

𝑆𝑃𝐿𝑇𝐵𝐿−𝑇𝐸 = 10log (10𝑆𝑃𝐿𝑝/10 + 10𝑆𝑃𝐿𝑠/10 + 10𝑆𝑃𝐿𝛼/10) Eq. 6 

Although many parameters affect the TBL-TE, it is mostly sensitive to boundary layer thicknesses, 

Mach number, and observer distance. 

 
Laminar boundary layer vortex shedding (LBL-VS) 
Laminar vortices leaving the trailing edge generate pressure waves that travel upstream, amplifying 

boundary layer instabilities. As these instabilities reach the trailing edge, similar frequency vortices 

are formed, generating an interference loop. This source of noise, defined in Eq. 7, manifests itself 

mostly on the pressure side and with a tonal nature due to the quasi-homonymous frequency pre-

sent inside the interference loop. The tonality pattern depends on the Strouhal number [BRO89]. 
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LBL-VS contribution is significant in low-power turbines, featuring reduced wingspan and mean 

chord, where the Reynolds number remains sufficiently low (< 106 at the blade tip) for stable laminar 

flow to occur. 

𝑆𝑃𝐿𝐿𝐵𝐿−𝑉𝑆 = 10 log(
𝛿𝑝𝑀

5𝐿�̅�ℎ

𝑟𝑒
2 ) + 𝐺1 (

𝑆𝑡′

𝑆𝑡peak 
′ ) + 𝐺2 (

Re𝑐
(Re𝑐)0

) + 𝐺3(𝛼)  Eq. 7 

Trailing edge bluntness vortex shedding (TEB-VS) 
Trailing edges are not one-dimensional and sharply finished (ending in a single point joining intrados 

and extrados). The bluntness of the trailing edge, mostly rounded or sharp-edged, generates vorti-

ces like a von Kármán vortex street downstream of a round-ended object. This noise source can 

become the main contributor to the SPL when the bluntness dimension is bigger than the boundary 

layer thickness. It is defined in Eq. 8. 

𝑆𝑃𝐿𝑇𝐸𝐵−𝑉𝑆 = 10 log(
𝛿𝑝
∗𝑀5𝐿�̅�ℎ

𝑟𝑒
2 ) + 𝐺4 (

ℎ

𝛿avg 
∗

, Ψ) + 𝐺5 (
ℎ

𝛿avg 
∗

, Ψ,
𝑆𝑡′′

𝑆𝑡′′peak 
)  Eq. 8 

Tip Vortex 
This noise source differs from the previous ones as it is directly defined as a three-dimensional noise 

source. It is generated by the interaction of the blade tip vortex and the trailing edge. Its absolute 

contribution is lower from the turbulent and laminar boundary layer interactions, but it can add sig-

nificant noise at high frequencies (10-20 kHz). Brooks, Pope, and Marcolini defined it for an un-

twisted, constant-chord blade (Eq. 9). 

𝑆𝑃𝐿𝑇𝑖𝑝 = 10 log(
𝑀2𝑀𝑚𝑎𝑥

5 ℓ2�̅�ℎ

𝑟𝑒
2 )− 30.5(log 𝑆𝑡′′′ + 0.3)2 + 126  Eq. 9 

Turbulent Inflow 
Turbulent Inflow is the single leading edge-related noise source. It is predominant at low frequencies 

and gains importance as the size of the turbulence length scale overcomes that of the radius of the 

leading edge. WEAcoustics uses the Amiet model [AMI75] defined by Eq. 10.  

𝑆𝑃𝐿𝐼𝑛𝑓𝑙𝑜𝑤 = 𝑆𝑃𝐿𝐼𝑛𝑓𝑙𝑜𝑤 
𝐻 + 10 𝑙𝑜𝑔 (

𝐿𝐹𝐶

1 + 𝐿𝐹𝐶
) Eq. 10 

The noise term generated by the inflow is composed of high frequency (Eq. 11), and low frequency 

corrective terms.  

𝑆𝑃𝐿Inflow 
𝐻 = 10 log(

𝜌𝑜
2𝑐𝑜

2𝑙𝐿

2𝑟𝑒
2 𝑀3𝑢2𝐼2

𝐾3

(1 + 𝐾2)
7
3⁄
�̅�𝐿) + 58.4  Eq. 11 

The low-frequency correction factor (LFC) includes a modification to account for the influence of the 

angle of attack and it is defined in Eq. 12. 𝑆2 represents the Sears term.  

𝐿𝐹𝐶 = 10𝑆2(1 − 9𝛼2)⏞      
𝛼 Corr. Term 

𝑀�̅�2𝛽−2, 𝑤𝑖𝑡ℎ: 𝑆2 = (
2𝜋𝐾

𝛽2
+ (1 + 2.4

𝐾

𝛽2
)
−1

)

−1

 Eq. 12 

Several improved models have been developed; WEAcoustics incorporates the Guidati model (Eq. 

13, Eq. 14) [GUI97], as it is an upgraded version of Amiet's model that accounts for the effect of the 

section's thickness on noise generation.  
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𝑆𝑃𝐿𝐼𝑛𝑓𝑙𝑜𝑤 = 𝑆𝑃𝐿𝐴𝑚𝑖𝑒𝑡 + 𝑆𝑃𝐿𝐺𝑢𝑖𝑑𝑎𝑡𝑖 + 10𝑑𝐵 Eq. 13 

𝑆𝑃𝐿𝐺𝑢𝑖𝑑𝑎𝑡𝑖 = −(1.123(𝐷𝑟𝑒𝑙 ,1% + 𝐷𝑟𝑒𝑙 ,10%) + 5.317(𝐷𝑟𝑒𝑙,1% + 𝐷𝑟𝑒𝑙,10%)
2
) (
2𝜋𝑓𝐶

𝑈
+ 5) Eq. 14 

Guidati developed a methodology to consider airfoil thickness when estimating the turbulent inflow 

noise. This method uses the relative thickness at one and ten percent distance from the leading 

edge of the airfoil to provide a turbulent inflow noise estimation more adequate to wind turbine airfoil 

families with thicker profiles (Eq. 15), from the root to the middle section of the wingspan, than the 

NACA0012 airfoil used by Amiet. 

𝐼𝑇 = 𝐷rel,1% + 𝐷rel,10%, 𝑆𝐿 = 1.123𝐼𝑇 + 5.317𝐼𝑇2 
Eq. 15 

3 Validation 

The process of validating the tool has two stages, implementing two- and three-dimensional ap-

proaches, respectively. The first stage includes the validation of blocks 2 (XFOIL post-processing) 

and 3 (acoustic module) and then the second stage includes an extension to the three-dimensional 

approach of block 3. The validation data comes from the acoustic certification report of the 3 MW 

commercial wind turbine [BAK11].  

3.1 Implementation of XFOIL and the aeroacoustics prediction algorithm 

The implementation of the acoustics prediction code has been validated by reproducing the exper-

imental measurements of Brooks et al. [BRO89] and the numerical predictions from Moriarty et al. 

[MOR03, MOR05] running blocks 2 and 3 under a two-dimensional configuration. The overall sound 

pressure level (OASPL) of the validated data agrees with that available from the experiments for a 

set of various Mach numbers at a fixed angle of attack and vice versa, shown in Figure 74. 

The angle of attack variation shows differences of up to 10 dB for the higher . This is due to several 

factors. The randomness of the natural boundary layer tripping position at higher 𝛼, further away 

from the trailing edge towards the leading edge of the airfoil, has influenced the tonality of the pre-

diction. It shows a translation in the horizontal axis with minimal OASPL influence respect that of 

the numerical analysis from Moriarty et al. Also, in the experimental case, the reduction of noise 

output in the 𝛼 = 7.30∘ case indicates flow separation where boundary layer thickness dependent 

noise is no longer occurring as the boundary layer is inexistent. XFOIL in this case converges as-

suming attached flow and subsequently the acoustic algorithm overpredicts the noise output. 
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Figure 74: WEAcoustics two-dimensional validation against experimental [BRO89] and numeri-

cal [MOR03, MOR05] data for a NACA0012 airfoil at different Mach numbers (left) 

and angles of attack (right). 

Nevertheless, separation phenomena occur mainly in the inner sections of the blade under on-de-

sign conditions. Under such conditions, the relative linear velocity increases substantially towards 

the outer sections of the blade, where the angles of attack are typically smaller, and the flow remains 

attached. High velocity attached flow conditions are the ones generating most of the aerodynamic 

noise of the turbine. Accordingly, the logarithmical contribution of the inner sections of the blade in 

the three-dimensional case, at higher angles of attack and separated flow can be neglected in terms 

of OASPL. The effect to the tonality has not yet been evaluated.  

3.2 General Three-Dimensional Method 

Figure 75 shows the comparison between the experimental data and the prediction output from 

WEAcoustics for sound power and pressure levels, respectively. Variations of ±2 𝑑𝐵 are present in 

the whole range of wind speeds. The sound pressure level predictions show a noise over-prediction, 

linear in the whole range except for the 4,5 − 5,5 𝑚/𝑠 region.   

The IEC 61400-11 [IEC12] report includes several margins and uncertainties when measuring the 

SPL with the microphone that have influenced the validation process: the flow field orthogonality to 

the rotor plane considers ±15° reading margins, the measurements have a tolerance of ±2 𝑑𝐵, and 

the distance microphone to tower allows for ±20% variations. On the WEAcoustics part, deviations 

in the SPwL prediction can be caused by the assumptions coming from the BEMT-based flow field 

solver, the simplifications of the wind conditions (steady and orthogonal to the rotor plane), or the 

XFOIL limitation not able to identify separated flow (only non-converged calculations are treated 

likewise). When calculating the SPL, a lack of a propagation model, and the assumption of non-

correlated noise sources, influence the final output showing an average overprediction of  +2 𝑑𝐵. 

 



CWD 2025 

360 

 

Figure 75: WEAcoustics three-dimensional validation using real acoustic measurements from 

the certification report of a commercial 3 MW wind turbine. 

Considering all the limitations of the tool inherent to the components, making it that simple and fast, 

and the uncertainties from the reference data, the tool is considered validated with a tolerance of 

±2 𝑑𝐵 along the whole spectrum of analyzed velocities. 

4 Outlook: WEAcoustics as an enabler for noise-reducing controller 

development 

The noise-reduced operation of a wind turbine generally conflicts with the primary objective of a 

wind turbine controller. This objective is to maximize the turbine's power production while maintain-

ing its operating limits [JAS18]. The power coefficient, 𝐶p = 𝑓(𝜆, 𝜃), determines the efficiency of a 

wind turbine at a given operating point, characterized by the tip speed ratio, 𝜆, and the blade pitch 

angle, 𝜃 [GAM22]. Figure 76 shows a section of the 𝐶p map of the commercial 3 MW wind turbine 

overlaid with the contour lines of the emitted SPwL. These contour lines were calculated with WEA-

coustics for a wind speed of 14 𝑚/𝑠. The nominal operating point is marked with a blue circle for 

comparison. The position of the nominal operating point in the characteristic map reflects the max-

imum power production that is permanently justifiable within the operating limits of the system. A 

reduction of the SPwL to 100 dB, for example, is only possible at operating points with reduced 

power production. Therefore, an operating point on the 100 dB contour line with a minimum differ-

ence to the 𝐶p value of the nominal point would be desirable. 

Due to its low computational effort, WEAcoustics is suitable for large-scale simulation studies inves-

tigating the trade-off between power maximization and noise reduction. In the next step, we use the 

simulation results from WEAcoustics as training data for a data-driven regression model. This gives 

us a real-time capable noise prediction model that can be converted into a differentiable mathemat-

ical expression, making it suitable for use as an extension of the internal prediction model of a model 

predictive controller (MPC) for wind turbines. The extended prediction model of the noise-reducing 

MPC predicts the future system behavior of the wind turbine over a certain time horizon including 

the SpwL. Based on these predictions, the MPC computes the control inputs by solving an optimi-

zation problem. In the cost function and constraints of that optimization problem, we encode the 

conflicting control goals of power maximization and noise reduction. This optimization problem has 
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to be solved cyclically on the wind turbine’s control hardware with a sample time of less than 1 

second. This explains the need for a noise prediction model with low computational effort. 

 

Figure 76:  Characteristic map of power coefficient 𝑪𝐩 of the commercial 3MW turbine with con-

tour lines of sound power level for a wind speed of 𝟏𝟒 𝒎/𝒔.  

The potential of MPC for complex control problems in the wind energy sector has already been 

demonstrated in several studies, such as [WIN21]. We now also take aeroacoustics into account in 

this holistic control concept. The online optimization of control commands can lead to a quieter and 

efficient turbine operation in the entire operational range even under the influence of stochastic wind 

disturbances.  

5 Conclusions 

This study outlines the development and successful validation of the three-dimensional aerody-

namic noise prediction tool WEAcoustics with data from the acoustic certification report of a 3 MW 

commercial wind turbine. The validation of WEAcoustics was primarily achieved through direct com-

parison with real-world field measurements, establishing its accuracy. As a first step towards con-

troller development, WEAcoustics is used to visualize the conflict between noise reduction and 

power maximization.  

Future research will focus on two key areas. The first involves implementing WEAcoustics to design 

noise-reducing controllers for wind turbines, potentially minimizing power loss while limiting acoustic 

emissions. The second aims to enhance the tool by altering the flow field solver and acoustic mod-

eling blocks. These advancements aim to enable more accurate predictions of wind turbine noise 

emissions, even under challenging off-design conditions characterized by rapidly changing flow 

fields, yaw effects, and turbulence. 

6 Nomenclature 

𝐴, 𝐵 Spectral shape functions for TBL-TE noise 
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𝛿 Boundary layer thickness, m 

𝛿∗ Boundary layer displacement thickness, m) 

𝜃 Boundary layer momentum thickness, m 

�̅�ℎ, �̅�𝑙 Directivity function for the high and low frequency limits, respec-
tively 

𝐸 Power law exponent 

𝐺1 Spectral shape function for LBL-VS noise 

𝐺2 𝑅𝑐 dependence for LBL-VS noise peak amplitude 

𝐺3 Angle dependence for 𝐺2 

𝐺4 Peak level function for 𝐺5 

𝐺5 Spectral shape function for TE bluntness noise 

ℎ TE thickness 

ℎℎ𝑢𝑏 Height at hub level, m 

𝐻𝑘 Shape parameter 

𝐾1 Empirical constant  

𝐾2 Empirical constant  

Δ𝐾1 Empirical constant  

𝑀 Mach number 

𝑙 Spanwise extent of the tip vortex, m 

𝐿 Span, m 

𝜓 Angle parameter related to surface slope at TE, deg 

𝑅𝑐 Reynolds number based on chord length  

𝑟𝑒 Distance from the observer to the airfoil, m 

𝑆𝑃𝐿 Sound pressure level, dB 

𝑆𝑡 Strouhal number 

𝑆𝑡1,2 Reference Strouhal numbers 
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𝑆𝑡𝑝𝑒𝑎𝑘 Peak Strouhal number 

𝑈𝑔 Wind mean velocity at ground level, m/s 

𝑈ℎ𝑢𝑏 Wind mean velocity at hub height, m/s 

𝑝, 𝑠, 𝛼 Subscripts for pressure side, suction side, and separated flow 
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Abstract: Lidar-assisted control of wind turbines is a promising technology for reducing the struc-

tural loads on wind turbines. The load reduction can then lead to an extended service life, minimi-

zation of operating costs and noise, as well as an increase in energy production. Reliable and ac-

curate wind preview is essential for this technology. As only the wind speed in the line-of sight can 

be measured, the wind field must be reconstructed using wind and lidar models and estimation 

algorithms. In this work, we analyze the data availability and evaluate the wind preview quality of a 

baseline wind field reconstruction methods using measurement data from a lidar installed on the 

nacelle of our 2 MW research wind turbine. As a reference, a rotor-effective wind speed estimate is 

obtained from turbine data in real time. For this purpose, a reduced model of the drivetrain dynamics 

including mechanics and electrics as well as aerodynamics is developed based on a complete aero-

elastic wind turbine model. This model is then used in an immersion and invariance estimator. A 

tuning method is developed to achieve a fixed estimation delay over the entire operating range. This 

estimator then enables the determination of the prediction time of the lidar-based estimation of the 

rotor-effective wind speed. Furthermore, the estimator enables an evaluation of the wind preview 

quality, represented by the coherence between the lidar-based and turbine-based estimation of the 

rotor-effective wind speed. The analysis of data over more than one year shows that the data avail-

ability depends on the measurement distance as expected, but also on the mean wind speed. Fur-

ther, the wind preview quality and the prediction time correspond to the expectations from the the-

oretical models and change only slightly during the analyzed period.  

1 Introduction 

Lidar-Assisted wind turbine control (LAC) has first been successfully tested in 2012 [SCH14]. In 

2020 the milestone of one thousand wind turbines 3 GW using this technology has been reached1. 

Important challenges are still the complexity of the certification and the proof of robustness.  

This work aims to contribute to this development by highlighting the robustness of the technology in 

an industrial application over a longer period. 

The work is organized as follows: Section 2 provides background information on our project and our 

wind turbine and lidar system. In Section 3 describes the estimation method of the wind preview 

from turbine and lidar data. Section 4 provides the results of the availability and wind preview quality 

and Section 5 concludes the work and provides an outlook to future work. 

 

 

1 https://www.sowento.com/important-milestone-reached-for-lidar-assisted-control-of-wind-turbines-1000-
wind-turbines/  
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Figure 
77: 

Wind turbine MM92 with two nacelle-based lidar systems. The right-hand lidar 
system (looking towards the rotor) was used in the following analysis. 

2 Measurement Setup 

In this section, our research project and the setup of our experiment are introduced. 

2.1 ABBA Project 

The “ABBA” project aims to develop adaptive strategies for the operation of existing wind turbines 

in order to ensure that they can be adapted to current and future challenges. In particular, the focus 

is on improving wind field reconstruction for real-time applications, developing optimized feedfor-

ward control strategies and validating these approaches on a real wind turbine. The use of the 

improved wind field reconstruction is aimed at providing more precise input variables for lidar-based 

control, with the objective of increasing energy yields, reducing mechanical loads for extending the 

operational design life of the turbines and noise emissions. 

2.2 Test Turbine MM92 

The MM92 is an onshore wind turbine from REpower (later Senvion and today Siemens Gamesa 

Renewable Energy) that has been in production since 2005 and is used as a representative existing 

turbine for the investigations within the project. With a rated power of 2.05 MW, a hub height of 

100 m, and a rotor diameter of 92.5 m, it offers good conditions for validating the strategies devel-

oped to optimize the operation of existing turbines. The turbine is located outside several neighbor-

ing wind farms in the north of Schleswig-Holstein near Flensburg. The area is characterized by a 

flat topography with mainly agricultural land. 

2.3 Nacelle-Based Lidar System and Data Acquisition 

The data acquisition for the wind field reconstruction was performed by one of the two installed 

nacelle-based lidars. The lidar used is an NL200 from Nanjing Movelaser (see Figure 77). The sys-

tem measures in a range of 50 m to 200 m with maximal 10 measurement distances and a sampling 

rate of 4 Hz. It has four pulsed beams that are arranged at a horizontal angle of +/-15° and a vertical 

angle of +/-12.5°. The lidar data, together with a selection of turbine data, were transferred to a small 

single-board computer (Revolution Pi) and merged. The data is stored in binary files formatted to 

comply with OpenFAST standards. The 10-minute data files are transferred to a server via a data 

access service once a day. In total, 23730 data files from September 2023 to March 2024 and 6779 

data files from December 2024 and January 2025 were analyzed for this study. In the months in 

between, the data collection wasn't possible. 
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Figure 
78: 

Setup of I&I wind speed estimator (left). Response to wind steps (right). 

3 Methodology 

This section describes how the rotor-effective wind speed (REWS) is estimated based on turbine 

and lidar data and how the two signals are then used to calculate the wind preview quality. 

3.1 Wind Speed Estimation from Turbine Data 

In simulations, the REWS is typically calculated from the turbulent wind field by the mean of all 

longitudinal wind components hitting the rotor disc [SCH15]. The best measurement device for the 

REWS for real experiments is the wind turbine itself. Typically, a “torque-balance” wind speed esti-

mator is used to calculate in real-time the REWS 𝑣0 from turbine data such as rotor speed Ω, pitch 

angle 𝜃, and generator torque 𝑀G [HOO04; HEL19]. Therefore, a simplified wind turbine model is 

used, where 𝐽 is the rotor inertia, 𝑀a the aerodynamic torque, 𝑟GB the gearbox ratio, and the me-

chanical and electrical losses 𝑀loss: 

𝐽Ω = 𝑀a(𝜃, Ω, 𝑣0) − (𝑀G +𝑀loss(𝑀G, Ω))𝑟GB. Eq. 1 

Due to the cubic wind speed relationship of the aerodynamic torque, this estimator requires solving 

a cubic equation. This is typically done a priory and then in a real-time application a 3D interpolation 

with signals of Ω, θ, and aerodynamic torque 𝑀a =  𝐽Ω + (𝑀G +𝑀loss)𝑟GB is used. The main short-

comings are the difficulties in finding the correct solution of the 3 possible ones and the discretization 

for the interpolation. 

Here, the “immersion and invariance” (I&I) wind speed estimator is used based on [LIU22]. It uses 

a baseline proportional-integral (PI) controller and the simplified turbine model from Eq. 1, see Fig-

ure 78 (left). Here, the real wind turbine is controlled by (here unknown) feedback controller using 

the demanded pitch angle θc and demanded generator torque 𝑀Gc and distributed by the REWS 𝑣0. 

The input to the PI controller is the difference between the measured rotor speed Ω and the esti-

mated one Ω̂. The output of the PI controller is the estimated wind speed 𝑣0. The measured pitch 

angle 𝜃, generator torque 𝑀G and 𝑣0 are the inputs to the wind turbine model of Eq. 1, which pro-

vides the estimated rotor speed Ω̂. 

The advantages of this method are that it can be easily implemented and tuned. The transfer func-
tion 𝐺E between the real wind speed 𝑣0 and the estimated wind speed 𝑣0 and be simplified and then 

compared to the desired behavior with the desired damping 𝐷 and frequency ω: 

feedback 
controller

PI 
controller

wind 
turbine 
model

-

wind 
turbine
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𝐺𝐸 =
𝐾𝑃𝑏2𝑠 + 𝑏2𝐾1

𝑠2 + 𝐾𝑃𝑏2𝑠 + 𝑏2𝐾1
=
! 2𝐷𝜔𝑠 + 𝜔2

𝑠2 + 2𝐷𝜔𝑠 + 𝜔2
 Eq. 2 

This results in the following equations for the proportional gain 𝐾𝑃 and the integration time 𝑇𝐼: 

𝐾𝑃 = −
2𝐷𝜔

𝑏2
  Eq. 3 

𝑇𝐼 =
𝐾𝑃

𝐾𝐼
=

2𝐷

𝜔
  Eq. 4 

The only turbine parameter needed is here 𝑏2 =
𝜕Ω 

𝜕𝑣0
|
OP

, which depends on the operation point (OP). 

However, it can be approximated to 0.03 rad/m for the given wind turbine. With 𝐷 = 0.7 and 

ω = 1 rad/s, the resulting wind speed estimator provides an almost constant response to wind 

speeds at 4 m/s (region 1.5), 8 m/s (region 2), and 12 m/s (region 3), see Figure 78 (right). 

3.2 Wind Speed Estimation from Lidar Data 

Lidar systems measure a projection of the wind speed called the line-of-sight wind speed (𝑣LOS). 

This magnitude must be processed to estimate the characteristics of the wind field, and this process 

is called wind field reconstruction (WFR), which is applied using specific models and assumptions 

of the lidar measurements and the wind field [BOR17]. The WFR methodology used in this work 

estimates the REWS using a simple point measurement model of a fixed lidar at the hub height. The 

methodology assumes perfect alignment between the wind and the turbine as well as linear vertical 

and horizontal shear. For the purpose of LAC, the rotor-effective wind speed (REWS) must be esti-

mated at every acquisition time. Therefore, the methodology reconstructs the REWS by dividing 𝑣LOS 

of every measurement by the cosine of the angle-to-centerline and computing the mean over the 

last four estimated longitudinal wind components. 

3.3 Comparison of Estimated and Analytic Coherence 

The coherence between the rotor-effective wind speed of the turbine and the lidar estimate serves 

to evaluate the quality of the wind estimation obtained from the lidar measurements. Additionally, 

an analytical coherence model based on wind spectra such as the Kaimal can be used as reference 

for comparison with the measurement estimated coherence. In this work, the analytical coherence 

model proposed by [SCH13] is used as reference. On the other hand, the coherence 𝛾RL
2  estimated 

from the measurements is obtained using the equation: 

𝛾RL
2 =

∣𝑆RL∣
2

𝑆RR𝑆LL
  Eq. 5 

Where SRL, 𝑆RR and 𝑆LLare the cross-spectrum between both signals and the auto-spectrum of the 

signal from the turbine and the lidar, respectively. These magnitudes are calculated from the meas-

urements, considering ten-minute segments of the data.  

Most part of the analytic model are depending on space, rather than time. Therefore, the analytical 

coherence for different mean wind speed is usually very similar displayed over wave number. The 

wave number 𝑘 can be calculated from the frequency 𝑓 with the mean wind speed �̅�: 

𝑘 =
2𝜋𝑓

�̅�
. Eq. 6 
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Figure 
79: 

LOS-availability for all beams and different wind speeds (top left), for all beams, 
the 2nd wind bin and different periods (top right), and for all wind speeds and dif-
ferent beams (bottom left). REWS-availability (bottom right). 

4 Results 

This section provides detailed results of the availability and wind preview quality. 

4.1 Availability 

For availability, we differentiate availability for line-of-sight (LOS) and rotor-effective wind 

speed (REWS). 

For the LOS availability, the number of available LOS measurements is divided by the total number 

of LOS measurements within 10 min. The LOS availability is mainly impacted by two effects: the 

blade blockage and the reduction of data availability with increasing distance due to the reduced 

number of returning photons. Figure 79 (top left) illustrates the two effects: overall data during nor-

mal operation, the blade blockage is reducing the availability to around 65 % (extrapolating the blue 

line towards 0 m/s). The overall data availability is further reduced to around 50 % for the last dis-

tance. When the data are divided into three wind bins from 6 m/s to 10 m/s, 10 m/s to 14 m/s, 14 m/s 

to 18 m/s, we observed that the availability is reducing with increasing wind speed. The data for the 

bin 10 m/s to 14 m/s are divided in three different periods, see Figure 79 (top right): the availability 

is relatively constant over the full campaign, with a slight reduction over the last two months. We will 

continue to monitor the availability to detect any further reduction. In Figure 79 (bottom left), we then 

divided the full data set into the 4 different beams, illustrating the impact of the blade blockage: since 

the bottom beams are cutting the rotor disc closer to the hub, the blades cover these beams longer 

during operation. 

Finally, Figure 79 (bottom right) depicts the REWS availability, defined as the number of time steps 

where the internal WFR is able to provide a REWS divided by the total number of time steps. The 

REWS availability is significantly higher than the LOS availability, but still wind speed dependent. 
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Figure 
80: 

Comparison of the estimated wind speed from turbine data and lidar data for three 
exemplary 10-minute periods. 

4.2 Wind Preview Quality 

The estimation of the REWS from turbine data and lidar data described in Section 3.1 and Sec-

tion 3.2 is then applied to all data. Figure 80 shows an example for three exemplary 10-minute 

periods. The preview of the lidar signal is clearly visible as well as the high correlation of low fre-

quencies and the low correlation of high frequencies as predicted by the correlation model from 

Section 3.3. 

We then calculated the auto-spectra of the linearly detrended two signals for every full 10-minute 

block as well as the cross-spectra between the two signals. No windowing or overlapping was used. 

The spectra are then averaged over wind bins from 10 m/s to 16 m/s with a bin width of 2 m/s, where 

again only data is used where the turbine was running in normal operation, ending up into 2951, 

1415, 865, and 323 blocks for 10 m/s, 12 m/s, 14 m/s, and 16 m/s, respectively. For the binning, the 

mean of the REWS from the turbine date was used. With the averaged auto-spectra and cross-

spectra, the coherence is then calculated. 

In Figure 81, the coherence is displayed over wave number exemplary for the 2nd, 4th, 6th and 8th 

distance at 64 m, 92 m, 120 m and 148 m. As expected, the coherence is very similar for all 4 wind 

bins, even that the REWS availability for drops significantly over wind speed, see Figure 79. This 

motivates the use of adaptive Filtering as explained in more detail in [SCH15]: for higher mean wind 

speeds less filtering is necessary based on Eq. 6. 

Further, the coherence at 64 m and 92 m is better than the expected value from the analytic model. 

We assume that the wind evolution is either overestimated for these distances or the impact of 

possible yaw misalignment is less impactful for these distances. 



CWD 2025 

371 

  

  
  
Figure 
81: 

Coherence between rotor and lidar estimated REWS for several wind speed bins 
over the full campaign compared to the expected analytic model. 

5 Conclusions and Outlook 

This work presents a evaluation of wind field reconstruction for lidar-assisted control of a 2 MW wind 

turbine over a longer period of time. For the evaluation, an estimator of the rotor-effective wind 

speed from turbine data is developed and tuned such that the signal is delayed by a constant time. 

The evaluation reveals that the line-of-sight availability depends as expected on the location of the 

lidar on the nacelle and the measurement distance. Additionally, a clear mean wind speed depend-

ency could be detected. The rotor-effective wind speed availability also depends on distance and 

mean wind speed and is between 60 % (far measurement and high wind speeds) and 100 % (close 

measurement and low wind speeds).  

The evaluation of the wind preview quality however reveals that the wind preview quality in terms of 

measurement coherence is not impacted by the lower availability and is close to the expected val-

ues, even better as expected for distances close to the rotor.  

Future work includes a more detailed analysis of the wind preview quality with respect to inflow 

angle, turbulence class, and advanced wind field reconstruction methods. Further, several lidar-

assisted control methods will be tested including collective pitch, multivariable and optimal feedfor-

ward controller.  
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Abstract: Journal bearings have a potentially unlimited service life and are appealing for wind en-

ergy gearboxes due to their high torque density. Their reliability is influenced by wear behavior, 

typically analyzed using elasto-hydrodynamic (EHD) simulations. Abrasive wear can be calculated 

with wear algorithms linked to the EHD simulation, commonly used to simulate material removal 

and surface smoothing. Current methods involve many parameters and are prone to errors from 

parameter uncertainty. This work aims to quantify the maximum model error in abrasive wear sim-

ulations for hydrodynamic journal bearings based on FLEISCHER's model. A sensitivity analysis is 

conducted to understand how input parameters affect EHD simulation results, such as wear volume 

and depth. Key influential parameters are identified and discussed. Experimental work on a test rig 

helps derive measurement uncertainties related to wear volume, examining their impact on the wear 

coefficient and model error. Finally, the accuracy of the wear simulation model is assessed through 

a worst-case scenario analysis concerning the selected input parameters. 

1 Introduction 

Wind energy is crucial in transitioning from fossil fuels to renewable sources. By 2023, wind energy 

accounted for over 30 % of Germany's renewable energy. To boost wind energy expansion and 

maintain competitiveness, wind turbines are being designed with larger rotor diameters and higher 

power ratings. This increase leads to greater rotor weight, higher torque and non-torque loads on 

the drivetrain. Consequently, components like the main bearing and gearbox must be larger to han-

dle these loads. The gearbox significantly contributes to the drivetrain's weight, with the ring gear of 

the first planetary stage being a major factor. Reducing the size of this stage can enhance torque 

density. Replacing conventional rolling bearings with journal bearings as planetary bearings is a 

recent innovation that reduces gearbox weight. Journal bearings require less installation space than 

rolling bearings and offer a high reliability when properly designed and operated. However, special 

load conditions can cause mixed friction and abrasive wear in journal bearings, altering their surface 

contour and roughness. Simulations can predict abrasive wear behavior early in the design without 

costly prototyping. Yet, current simulations involve many input parameters, making them susceptible 

to inaccuracies. This work tackles uncertainties in wear simulations by proposing a way to quantify 

maximum calculation errors. It begins with a sensitivity analysis to identify influential parameters. 

The most critical parameter is measured through experiments on a journal bearing test rig, identify-

ing inaccuracies from measurement errors. The outcome is a worst-case scenario quantification for 

uncertainty in simulation results. (For a full paper version of this work refer to [1].) 

2 State of the art for the simulation of abrasive wear  

Wear simulations have been extensively researched. PRÖLß [2] analyzed the abrasive running-in 

wear of journal bearings in planetary gearboxes, focusing on contour and roughness changes. 
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HAGEMANN ET. AL. [3] developed a wear calculation method for journal bearings in planetary gears, 

factoring in elastic deformations and abrasive wear. DING ET. AL. [4] validated their journal bearing 

simulation tool, while KÖNIG ET. AL. [5] demonstrated reliable abrasive wear calculations for hydro-

dynamic journal bearings under constant and transient conditions like start-stop scenarios. This 

approach was validated through component test rig experiments. DECKER ET. AL. [6] introduced a 

multi-scale wear simulation method for wind turbine journal bearings, adapting KÖNIG's work. This 

method involves an iterative loop between an elasto-hydrodynamic (EHD) model and a software 

tool simulating material removal and surface smoothing, using FLEISCHER's wear law [7]. Validation 

showed good agreement between measurement and simulation results, proving its transferability to 

various EHD models, such as those used in wind turbine applications. A common challenge among 

these methods is the high number of input parameters required, leading to significant parameteri-

zation effort and potential calculation errors due to inaccuracies. There is a notable lack of studies 

addressing these inaccuracies in parameterization efforts across different models and applications. 

3 Method 

This work focuses on the wear simulation method from [6], aiming to quantify maximum calculation 

uncertainty through a worst-case scenario analysis. The study uses an EHD model of a journal 

bearing component test rig, with test specimens detailed in section 4.3 and further rig information in 

[6]. Calculation uncertainty is defined as the difference between maximum and minimum wear re-

sults based on two sets of input parameters: one for minimum and one for maximum wear rates.  

 
Figure 82: Flow chart of the wear simulation method according to [6] 

These extreme parameter sets include the most influential parameters at their range boundaries 

determined from literature. A sensitivity analysis, following MORRIS [8], identifies these key param-

eters. The plausibility of the wear simulation method was validated in [6] by comparing it to experi-

mentally measured wear depths. The simulation method comprises three parts: 

1. EHD Simulation Model: Calculates asperity contact pressure 𝑝𝑎,𝑖,𝑗 for each node using GREEN-

WOOD AND TRIPP's contact model [9]. It also considers tribological properties (e.g., clearance S, 

lubricant viscosity) and operating conditions (pressure �̅� and sliding speed 𝑣𝑆). 

2. Wear Model: Based on calculated asperity contact pressures, it determines wear depth per 

node ℎ𝑊,𝑖,𝑗 using FLEISCHER's model [7] and a local coefficient of friction 𝜇𝑎,𝑖,𝑗 as per OFFNER 

AND KNAUS [10]. 
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3. Surface Roughness Model: Calculates surface smoothing according to DECKER and KÖNIG 

[5, 6], with adjustments leading to changes in roughness. 

Figure 82 presents this method as a flow chart, detailing models used in each step and listing pa-

rameters analyzed in the sensitivity analysis. Table 27 provides an overview of the analyzed model 

parameters with ranges from literature, supplemented by measurements. Recommended values for 

the roughness orientation 𝛤 and the elastic factor 𝐾 are used from literature sources (for reference 

see [1]). The surface roughness deviation 𝑅 was measured using tactile methods before the exper-

iment, revealing a variation of ± 10 %. The bearing temperature 𝑇 fluctuates due to varying friction 

during the running-in process, stabilizing over time. This study assumes isothermal behavior for 

wear calculations, maintaining a constant bearing temperature. A sensitivity analysis evaluates the 

maximum and minimum temperatures recorded during experiments. Similarly, the bearing clear-

ance 𝑆 is assumed constant with an uncertainty of ± 10 𝜇𝑚 due to thermal expansion and manufac-

turing deviations. The coefficient of friction is analyzed within typical ranges for journal bearings. 

The friction energy density 𝑒𝑅 follows FLEISCHER’s wear law and aligns with experimental studies. 

Parameter ranges for 𝑏, 𝑐, and 𝐿𝑆 in the OFFNER AND KNAUS model are derived from literature val-

ues. This work's sensitivity analysis employs a sampling plan based on MORRIS's methodology to 

assess how different parameters influence the outcomes of the wear simulation. 

Parameter Unit 
Lower bound-

ary 
Upper boundary 

Roughness orientation Γ - 1 100 

Elastic factor 𝐾 - 0.0003 0.003 

Roughness parameter 𝑅 𝜇𝑚 − 10 % + 10 % 

Temperature 𝑇 °𝐶 55 70 

bearing clearance 𝑆 𝑚𝑚 0.14 0.16 

Coefficient of friction  𝜇 - 0.05 0.2 

Friction energy density 𝑒𝑅 𝐽 ∙ 𝑚−3 1 ∙ 1013 1 ∙ 1016 

Model coefficient (O&K) 𝑏 - 1,000 10,000 

Model coefficient (O&K) 𝑐 - 50 1,000 

Reference length 𝐿𝑆 𝑚 1 ∙ 10-6 2 ∙ 10-6 

Table 27: Parameter range for sensitivity analysis (for reference see [1]) 

MORRIS’ sensitivity analysis method requires only few simulations to evaluate a large number of 

parameters (𝑛 =  10). Results are interpreted using the mean 𝜇𝐸𝐸
∗  and standard deviation 𝜎𝐸𝐸  of 

elementary effects (𝐸𝐸) on the model output. The quality relies on the number of repetitions (r), with 

SALTELLI ET AL. recommending a minimum of 𝑟𝑚𝑖𝑛  =  4 for reliable results. In MORRIS’ approach 

parameter influence is typically represented graphically, where high mean values indicate significant 

influence, while high standard deviations suggest nonlinear effects. 

4 Results 

Section 4.1 presents the sensitivity analysis results, highlighting the most influential parameters to 

calculate the worst-case uncertainty of the wear simulation method. The friction energy density 𝑒𝑅 

is identified as the key parameter affecting wear. Due to significant deviations in 𝑒𝑅 reported in 

literature, its range is established from experiments for improved accuracy. This determination relies 

on measured wear during experiments. Section 4.2 examines the wear volume measurement 

method and its uncertainty, while section 4.3 discusses how  𝑒𝑅 is determined across different test 

procedures. 
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4.1 Sensitivity analysis 

The sensitivity analysis sampling involves 𝑟 = 5 repetitions to vary the parameters listed in Table 27 

across 𝑝 = 4 levels, resulting in 𝑁 = (𝑛 + 1) ∙ 𝑟 = 55 wear simulations as per MORRIS's method. The 

analysis evaluates the influence of ten parameters on six objectives: wear depth ℎ𝑊, wear volume 

𝑉𝑊, hydrodynamic pressure at simulation start 𝑝ℎ,𝑆, hydrodynamic pressure at simulation end 𝑝ℎ,𝑒, 

asperity contact pressure at simulation start 𝑝𝑎,𝑆, and asperity contact pressure at simulation end 

𝑝𝑎,𝑒. For each objective, the normalized mean 𝜇𝐸𝐸
∗  and standard deviation 𝜎𝐸𝐸 of the elementary 

effects of the parameters are calculated. Figure 83 depicts the results of the sensitivity analysis, 

showing 𝜎𝐸𝐸 plotted against 𝜇𝐸𝐸
∗  for each objective. The friction energy density 𝑒𝑅 exhibits high 𝜇𝐸𝐸

∗  

values, indicating its significant impact on wear depth, wear volume, hydrodynamic pressure at the 

end of simulation, and asperity contact pressure at the end. However, 𝑒𝑅 has a smaller influence on 

initial hydrodynamic and asperity contact pressures. The examined parameters are listed in Table 

28 according to the rank of influence. 

 
Figure 83: Graphical results of the sensitivity analysis according to Morris for selected objectives 

The other second most influential parameter 𝑏 and the following highest ranked parameters 𝑐 and 

𝐿𝑆 are coefficients of the local friction model according to OFFNER AND KNAUS [10]. The results show 

a significant influence of the parametrization of the contact model and the local friction model com-

pared to the remaining parameters. 

Overall rank 1 2 2 4 5 6 6 8 9 10 

Mean rank (ℎ𝑊 , 𝑉𝑊, 𝑝ℎ,𝑒 , 𝑝𝑎,𝑒) 1.0 3.3 3.3 3.8 5.3 6.0 6.0 8.0 8.5 10.0 

Parameter 𝑒𝑅 𝐾 𝑏 𝑐 𝐿𝑆 𝑇 𝑆 𝑅 Γ 𝜇 

Table 28: Mean ranks of the parameters regarding wear and pressure distribution at simulation end 

As the friction energy density 𝑒𝑅 has the highest influence on the resulting wear volume 𝑉𝑊 and the 

wear depth ℎ𝑊, it is important to determine 𝑒𝑅 precisely. Since the values for the friction energy 

density 𝑒𝑅 are not known a priori, experimental investigations provide a good starting point for de-

termining the relevant range of 𝑒𝑅 values for the operating points to be simulated. After the experi-

mental determination of the parameter range for the conditions on the test bench, the influence of 

the uncertainty of the friction energy density 𝑒𝑅 on the wear behavior can be investigated. 
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4.2 Wear volume measurement uncertainty 

This work examines the calculation uncertainty of the wear simulation method presented in [6], 

highlighting that experimental measurement of wear volume 𝑉𝑊 also introduces uncertainties. The 

measured 𝑉𝑊 is crucial for determining the range of friction energy density 𝑒𝑅 for worst-case sce-

nario analyses in test rig wear simulations, meaning that 𝑉𝑊 measurement uncertainty directly af-

fects 𝑒𝑅 determination. Wear volume is assessed by comparing contours before and after experi-

ments, using tactile measurements at seven angular points 𝜙𝑖 on the journal bearing. Tactile meas-

urements are preferred here due to their availability and simplicity over more complex methods like 

optical 3D contour measurements. In this study, 𝑒𝑅is derived from test bench tests rather than tribo-

meters, as seen in similar research. The seven measurement positions are illustrated in Figure 84 

(a), while Figure 84 (b) shows the measurement system used. 

 
Figure 84: Specification of the journal bearing test specimen (a) and the measurement system (b) 

The wear depth ℎ𝑊 across the bearing width 𝑊 is calculated by comparing the contours of a journal 

bearing before and after an experiment. For each axial measurement point 𝑤𝑗, the wear depth 

ℎ𝑊(𝑤𝑗, 𝜙𝑖) is evaluated at various angular measurement points 𝜙𝑖. The planimetric wear  

𝐴𝑊(𝜙𝑖) =  ∑ ℎ𝑊(𝑤𝑗, 𝜙𝑖) ∙ Δ𝑙
59,400

𝑗=0
 (1) 

at a specific measurement point can be approximated by summing the products of the wear depth 

values and the discrete axial distances over the bearing width. To estimate the wear volume at each 

point, the wear area 𝐴𝑊(𝜙𝑖) is multiplied by an arc length Δ𝜙(𝜙𝑖). The total wear volume is obtained 

by summing the volumes at all measurement points (see also Figure 85). 

𝑉𝑊(𝜙𝑖) = 𝐴𝑊(𝜙𝑖) ∙ Δ𝜙(𝜙𝑖) (2) 

𝑉𝑊 = ∑ 𝑉𝑊(𝜙𝑖)
7

𝑖=1
 (3) 

 
Figure 85: Determination of the wear area (a) and approximation of the wear volume (b) 
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The Measurement uncertainty for wear volume is assessed through triplicate tests on identical spec-

imens, yielding a mean error range of 𝛥𝑉𝑊,𝑒  =  0.61 𝑚𝑚3, with a quantified uncertainty of 𝛥𝑉𝑊 =

± 0.3 𝑚𝑚3. Potential sources of error include inaccuracies in angular positioning and starting points 

for axial measurements. 

4.3 Calculation of the friction energy density based on experimental results 

The test series is conducted on a component test rig described in previous studies. The journal 

bearings, made from a copper-tin alloy (CuSn12Ni2-C), have a nominal diameter of 120 𝑚𝑚 and 

width of 30 𝑚𝑚. Two operating points (A and B) are defined to assess the specific pressure, sliding 

speed, and target temperature for varying conditions. Four test runs are performed: 𝐴. 𝑖, 𝐴. 𝑖𝑖, 𝐵. 𝑖, 

and 𝐵. 𝑖𝑖. Each run lasts 20 hours, split into two sections of 10 hours each, with measurements taken 

after both intervals to evaluate total wear volume 𝑉𝑊 and mean wear depth ℎ𝑊 at the lowest angular 

position (𝜙 = 180°). Results indicate that higher pressure in test run A leads to increased wear 

compared to B, while the second half of each run shows less wear due to running-in processes. 

These results help determine friction energy density 𝑒𝑅 experimentally. FLEISCHER [11] defines 𝑒𝑅 as 

the quotient of friction work 𝑊𝐹 and wear volume 𝑉𝑊. 

𝑒𝑅 =
𝑊𝐹

𝑉𝑊
=
𝐹𝑁 ∙ 𝑣𝑆
𝑉𝑊

∙ ∫ 𝜇(𝑡)𝑑𝑡
𝑡=𝑒𝑛𝑑

0

 (4) 

The friction work is calculated based on normal force 𝐹𝑁, sliding speed 𝑣𝑆 and time integration of 

the coefficient of friction 𝜇(𝑡). Normal force 𝐹𝑁 and sliding speed 𝑣𝑆 are known from the defined 

operating conditions for the wear experiments on the test rig. 

Operating point  A B 

Specific pressure �̅� [𝑀𝑃𝑎] 35 25 

Sliding speed  𝑣𝑠  [𝑚/𝑠] 0.1 0.1 

Test specimen  i ii i Ii 

Bearing diameter 𝐷 [𝑚𝑚] 120.02 120.03 119.98 119.99 

Shaft diameter 𝑑 [𝑚𝑚] 119.89 119.92 119.91 119.86 

Bearing clearance 𝑆 [𝑚𝑚] 0.130 0.110 0.070 0.135 

Surface roughness 𝑅𝑎 [𝜇𝑚] 0.56 0.48 0.61 0.60 

Measurement results A.i A.ii B.i B.ii 

𝑡 = 10 ℎ  ℎ𝑊̅̅ ̅̅  [𝜇𝑚] 4.82 4.78 0.72 0.45 

𝑡 = 20 ℎ  ℎ𝑊̅̅ ̅̅  [𝜇𝑚] 0.14 0.73 0.21 0.17 

𝑡 = 10 ℎ  𝑉𝑊[𝑚𝑚
3] 14.0 14.0 2.1 1.3 

𝑡 = 20 ℎ  𝑉𝑊[𝑚𝑚
3] 0.9 1.4 0.8 0.7 

Table 29: Test parameter for the experiments 

The coefficient of friction over time 𝜇(𝑡) is calculated using COULOMB’s law. The normal force 𝐹𝑁 is 

known, and the friction force is determined by dividing the measured friction moment by the bearing 

radius. The wear volume 𝑉𝑊 has an uncertainty of 𝛥𝑉𝑊 = ± 0.3 𝑚𝑚3, which affects the calculation 

of the friction energy density 𝑒𝑅. Experimentally quantified values of 𝑒𝑅 are presented in Figure 86 

(a), with uncertainty represented by error bars. Considering measurement uncertainties, 𝑒𝑅 ranges 

from 1.2 ∙ 1015 𝐽 ∙ 𝑚−3 to 3.1 ∙ 1016 𝐽 ∙ 𝑚−3. Alternatively, this range can be evaluated using the 

FLEISCHER diagram based on shear stress and linear wear intensity. Analyzing the mean wear depth 

at a single angular point, rather than total wear volume, may contribute to slightly greater scatter. 

The relative distribution of 𝑒𝑅 values across test runs is qualitatively similar. Since both methods for 
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calculating friction energy density are comparable, the larger range is used for determining uncer-

tainty in wear simulation methods. 

  
(a) (b) 

Figure 86: Resulting uncertainty in the calculation of the friction energy density 𝚫𝐞𝐑 due to the wear vol-

ume measurement uncertainty (a) and range of 𝐞𝐑 based on the Fleischer diagram (b) 

4.4 Wear calculation uncertainty 

Uncertainties in determining model parameters affect the calculation of the wear volume using the 

presented wear simulation method. This section discusses the uncertainty inherent in the wear sim-

ulation itself, quantified by assessing maximum calculation errors related to wear volume and depth. 

To simulate maximum wear, the five most influential parameters identified in the sensitivity analysis 

are configured to their extreme values based on their lower and upper boundaries. Unlike a one-

factor-at-a-time approach, all parameters are set to their extremes while keeping other parameters 

constant at medium values. Given that 𝑒𝑅 significantly influences the wear volume, minimum and 

maximum values from experimental determinations are used for greater accuracy instead of litera-

ture boundaries. 

  
(a) (b) 

Figure 87: Uncertainty of the wear calculation with regard to wear volume (a) and wear depth (b)  

The absolute uncertainty is defined as the difference between the minimum and maximum wear 

metrics at the end of the simulation. Minimum wear volume 𝑉𝑊,𝑚𝑖𝑛, maximum wear volume 𝑉𝑊,𝑚𝑎𝑥, 

and the absolute uncertainty 𝛥𝑉𝑊 for each operating point are illustrated in Figure 87 (a). Similarly, 

Figure 87 (b) shows wear depth values ℎ𝑊 and their uncertainties. Absolute uncertainties increase 

with higher wear intensity, indicating that both metrics depend on the operating point. The maximum 

relative wear volume uncertainty is quantified at 𝛥𝑉𝑊,𝑟𝑒𝑙  <  ±  49 %, while the maximum relative 
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wear depth uncertainty is ℎ𝑊,𝑟𝑒𝑙 < ± 48 %. This high uncertainty reflects significant parameterization 

inaccuracies; however, actual calculation errors are expected to be smaller in practice. 

5 Summary 

Journal bearings, unlike rolling bearings, have a theoretically unlimited fatigue lifetime and are highly 

reliable when designed and operated correctly. However, external load conditions can cause wear 

that may lead to bearing seizure. To optimize journal bearing design, wear simulations are employed 

to predict wear behavior. This study performed a worst-case scenario calculation to assess the 

accuracy of the method. A sensitivity analysis identified key parameters influencing the wear model, 

with friction energy density 𝑒𝑅 being the most significant. As 𝑒𝑅 is unknown beforehand and varies 

with operating points, experimental tests on a component test rig were conducted to narrow down 

its range. Absolute wear uncertainties increase with higher wear intensity, while relative uncertain-

ties remain below 49 % in worst-case scenarios. Validation experiments indicate that accurate pa-

rameter adjustments can yield valid simulation results when real system behavior is well understood, 

although uncertainty poses challenges for wear calculations without experimental confirmation tests. 
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Abstract: Designing wear safe journal bearings is becoming highly important due to their increased 

application in mixed friction operation fields. This has led to the development of wear simulation 

tools for journal bearings. Current wear simulation tools do not consider thermal effects during jour-

nal bearing mixed friction operation. Thermal changes in the bearing system can increase wear 

intensity significantly and hence need to be considered to improve accuracy of wear simulation. 

Hence this work focuses on the extension of an existing abrasive wear calculation tool by transient 

thermal modelling of journal bearings. Furthermore, the thermal model is also validated using ex-

perimental data. The potential impact of thermal modelling on improving wear simulations accuracy 

is also highlighted in this work. 

1 Introduction 

Hydrodynamic journal bearings are being increasingly used in applications where mixed friction is 

inevitable. For instance, in low-speed, high-load operations in wind turbines gearboxes [NEJ22] and 

in start-stop cycles of combustion engines [SAN20]. Under hydrodynamic operation, journal bear-

ings provide longer life, more compactness and higher load carrying capacity in comparison to roller 

bearings. Due to these properties journal bearings are widely used in drive train systems of wind 

turbines, automobiles, ships and more. Their performance, however, is highly dependent on the 

operating condition and the resulting lubrication regime. Journal bearings are designed focusing on 

hydrodynamic operation as the lubricant film build-up is high enough to prevent solid contact and 

hence wear [DIN17]. However, in applications such as wind turbine gearboxes, bearing operation 

under low speed and high loads makes mixed friction unavoidable [NEJ22].  

Mixed friction operation leads to wear of the bearing surface and material removal; known as abra-

sive wear. Friction also leads to heat generation and temperature increase in the contacting bodies 

[CZI10]. If this generated heat is not dissipated over time to the lubricant and surroundings, the 

bearing overheats. For highly loaded bearings, contact between asperity peaks on the sliding sur-

faces can lead to instantaneous high local temperatures. Such high temperatures lead to the for-

mation of adhesive bonds at the contact points. Repeated forming and breaking of these bonds due 

to relative motion leads to transfer of bearing material on the shaft surface; categorized as adhesive 

wear [XU23]. Excessive wear can lead to decreased bearing load carrying capacity or even terminal 

damage. Hence, designing wear safe bearings requires the understanding of journal bearing wear 

behavior. To this extent, wear calculation methods for journal bearings have been developed in 

numerous works in the past years [KÖN19] [DEC24] [HAG21] [PRÖ20] [DIN23]. 

Wear calculation methods help to quantify abrasive wear and are typically iterative processes. Gen-

erally, these processes involve a coupling between elastohydrodynamic (EHD) simulations, a con-

tact model to consider mixed friction and a wear model. The wear model helps determine a wear 

rate based on the asperity contact pressure. Changes in the bearing contour due to material removal 

can hence be calculated as wear depth using this iterative approach. Additional consideration of 
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effects such as, surface roughness smoothing by [KÖN19], and, structural deformation by [HAG21] 

have enhanced the accuracy of wear calculations. A similar iterative wear calculation tool is used in 

this paper to perform wear simulations. The method was proposed by [KÖN20] for radial loaded 

journal bearings. Implementation of this tool for planetary journal bearings was done by [LEH23]. 

Later, [DEC24] extended this tool by also introducing the roughness smoothing approach by 

[KÖN19]. The tool now takes into consideration not only bearing contour changes, but also smooth-

ing of surface roughness during the wear process. Using experimental data, [DEC24] were also able 

to qualitatively validate this wear calculation tool in their work. However, all currently existing wear 

calculations do not take the thermal effects during wear into consideration. During operation heat is 

generated in the sliding surfaces leading to temperature increase and thermal expansion of the 

bearing components. Thermal expansion of both surfaces can have a significant impact on the 

clearance gap, contact status and hence wear progression. To further increase the accuracy of 

journal bearing wear simulations, thermal changes also need to be considered. The aim of this work 

is to extend the wear calculation tool by a transient thermal model to increase wear calculation 

fidelity. Simulation methodology, validation of the transient thermal model and its influence in wear 

calculation are discussed in the following. 

2 Methodology 

The iterative process of the abrasive wear calculation tool used in this paper is shown in Figure  

[DEC24]. In each iteration an EHD model (1), a wear calculation tool (2), a surface roughness model 

(3), a transient thermal FE model for temperature calculation (4) and static thermal FE model for 

thermal expansion (5) are coupled. Steps 1, 2 and 3 from Figure  are explained in detail by [DEC24] 

in their work. The tool is now extended by steps 4 and 5 to consider thermal effects as well.  

 

Figure 88: Iterative process of the abrasive wear calculation tool 

The EHD simulation is performed using AVL Excite Power Unit. Based on EHD calculations, the 

MATLAB based wear calculation tool quantifies the generated wear and surface roughness changes 
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in each iteration. Based on collective outputs from EHD model and the wear tool, thermal FE simu-

lations are performed using Abaqus CAE 2019. The EHD model is able to consider elastic defor-

mations, surface roughness and mixed friction. The resulting asperity contact pressure at each node 

(𝑝𝑎,𝑖,𝑗) of the bearing surface is a key output from the EHD model for wear calculation. 𝑝𝑎,𝑖,𝑗 is used 

to calculate wear depth accumulated over the entire bearing surface using a wear model. There 

exist several wear models to calculate journal bearings wear [LEH23]. In this work, the widely used 

FLEISCHER wear model is used [FLE80]. Based on the contact conditions from EHD calculations, 

the wear model helps derive a wear depth rate (𝐻𝑊,𝑖,𝑗) over the bearing surface. According to the 

working principle of the iterative process, after each iteration the generated wear over a certain time 

can be calculated. The time step size (𝑡𝑠𝑡𝑒𝑝)  is derived based on the maximum wear rate over the 

bearing surface and a predetermined iteration step size (ℎ𝑊,𝑚𝑎𝑥). This relation is shown below in 

equation 1. 

𝑡𝑠𝑡𝑒𝑝 =
ℎ𝑊,𝑚𝑎𝑥

max(𝐻𝑊,𝑖,𝑗
 )

 

  1 

Based on time step (𝑡𝑠𝑡𝑒𝑝) and wear rate (𝐻𝑊,𝑖,𝑗), wear depth on the bearing surface can be calcu-

lated. After each iteration the changed bearing contour is fed into the EHD model to consider wear 

influence on hydrodynamic operation and contact status. Along with changes in the bearing contour, 

asperities in contact on the sliding surface also get smoothened. These effects are considered by a 

surface roughness model.  

Bearing thermal calculations in this approach are performed using thermal FE models of the bearing 

and shaft. Thermal calculations can also be performed using a TEHD model. However, in TEHD 

models, for thermal calculations the bearing and housing geometries are modelled as layered discs 

Using FEM, thermal calculations can be more accurately performed due to their ability to consider 

complex structures. From steps 1,2,3 (Figure ), heat flux into the sliding surfaces due to mixed 

friction and 𝑡𝑠𝑡𝑒𝑝 derived in each iteration are used as basis for performing transient thermal FE 

simulations. Using the abovementioned inputs, bearing and shaft transient temperature behavior is 

calculated. Based on the resulting temperature profiles, thermal expansion is derived in step 5 (Fig-

ure ) using static thermal FE simulations. The four outputs from the thermal models, local tempera-

ture and local thermal expansion of bearing and shaft surface are updated in the EHD calculation 

of the next iteration. After each iteration, bearing contour, surface roughness, local temperature and 

local thermal expansion are updated in bearing EHD calculations. The novelty of this approach is 

that during mixed friction, changes in temperature, thermal expansion, lubricant viscosity and their 

collective influence on the lubricant film is considered in wear simulation of journal bearings. In this 

manner, transient thermal behaviour of journal bearings can be modelled. Thermal models and val-

idation of thermal boundary conditions are explained further in more detail. 

3 Transient thermal model 

The journal bearing model used in this paper is based on a journal bearing component level test rig. 

The test rig and simulation model components are shown in Figure 89 and Figure 90 respectively. 

The test rig comprises a hydraulic actuator that can exert up to 60 MPa of specific pressure, 𝑝 =

𝐹/(𝐵 ⋅ 𝐷) on the bearing and an electric motor. The bearing specimen is mounted into a rotatable 

enclosure. During the tests, heating cartridges are used to heat up the test rig and maintain the 
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housing temperature during the experiments. Components of the FE model involve the bearing 

housing, bearing and heat cartridges (heat source). The bearing is assembled in the housing such 

that the bearing circumference is tied to the housing inner cylindrical surface. The heating cartridges 

are used to maintain bearing and housing temperatures during experiments. Further model specifi-

cations are provided in Table 30 below. 

Parameter Value Parameter Value 

Bearing diameter 𝐷 = 120 𝑚𝑚 Bearing material and  

Young’s modulus 

𝐶𝑢𝑆𝑛12𝑁𝑖2 − 𝐶, 

𝐸 = 100 𝐺𝑃𝑎 

Bearing width 𝐵 = 30 𝑚𝑚 Shaft material and 

Young’s modulus 

42𝐶𝑟𝑀𝑜4, 

𝐸 = 210 𝐺𝑃𝑎 

Bearing clearance 𝑠 = 75 µ𝑚 Simulation time duration 𝑡𝑠𝑡𝑒𝑝 [𝑠] 

Heat cartridge heat flux 𝐻 = 75 𝑊/𝑚𝑚2 Heat cartridge power 𝑃 = 250 𝑊 

   Table 30: Bearing and FE thermal model specifications 

 

Figure 89: Journal bearing com-

ponent test rig 

 

Figure 90: Components of bearing thermal FE model 

To perform thermal modelling, thermal boundary conditions need to be accurately implemented as 

on the test rig. Boundary conditions in a thermal FE model mainly consists heat generation and heat 

dissipation. In addition to the heat generated from heating cartridges, during mixed friction operation 

heat is generated in the contact bodies due to friction power. Friction energy can be derived from 

the asperity contact pressure (𝑝𝑎,𝑖,𝑗), coefficient of friction (𝜇𝑎,𝑖,𝑗) and the sliding speed (𝑣). Based 

on this, heat flux into the bearing surface due to mixed friction can be calculated using equation 2 

below. 

𝑄𝑖,𝑗 = 𝜇𝑎,𝑖,𝑗 ⋅ 𝑝𝑎,𝑖,𝑗 ⋅ 𝑣 

  2 

Here, friction coefficient (𝜇𝑎,𝑖,𝑗) is determined based on the approach presented by OFFNER & 

KNAUS [OFF15]. 𝑝𝑎,𝑖,𝑗 is a direct output of the EHD simulation and 𝑣 is considered non-variable 

during an EHD simulation. Resulting local friction energy (𝑄𝑖,𝑗) is then mapped over the bearing 
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sliding surface in the FE model. This is depicted in the figure below. On the other hand, the friction 

energy input on the shaft sliding surface is considered to be constant in circumferential direction. 

 

Figure 91: (a) Bearing FE contact surface, (b) Heat flux into bearing due to friction energy (c) Shaft FE model, 

(d) Heat flux into shaft due to friction energy 

Due to the rotating motion of the shaft, friction power on its circumferential surface is mean of friction 

power on the counter bearing surface. Heat dissipation in FE is modelled as convection between 

the housing and surrounding air. To model the convective heat flow between solid (bearing housing) 

and fluid (surrounding air), the determination of the heat transfer coefficients (HTC) is initially nec-

essary. HTC from the literature can be used for an estimation. Studies by [SOU17] and [BAS23] on 

similar test systems indicate that HTC (𝛼) between housing free faces (Figure 92) and air range 

between 20-100 𝑊/𝑚2𝐾. The selected HTC in this work are shown below in Table 31 

      Table 31: Heat transfer coefficients 

At the rear side of the housing, an electric motor responsible for the shaft rotation is installed. Air 

vented out from the motor forces convection at the rear side. This explains the selection of a higher 

HTC at the rear face compared to other faces. Validation of the transient thermal model with exper-

imental data is an important aspect of this work and is explained in the next chapter. 

Faces 

Heat transfer coeffi-

cients (𝛼) 

 

      Figure 92: Bearing housing and shaft free faces  

Front face 20 𝑊/𝑚2𝐾 

Circumferential 

face 35 𝑊/𝑚2𝐾 

Rear face 100 𝑊/𝑚2𝐾 

Shaft free face 20 𝑊/𝑚2𝐾 
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4 Validation of transient thermal model 

A valid thermal model firstly requires validation of thermal boundary conditions. This means validat-

ing heat loads and heat transfer coefficients. To achieve this a short experimental procedure was 

performed at the component test rig. Using 5 integrated heating cartridges, the bearing housing was 

heated up for 25 minutes. The shaft assembled in the bearing housing was stationary during this 

experiment. To investigate the convective heat transfer to the environment, temperature was meas-

ured during the heating process at four defined points on the bearing housing using a TESTO 868 
[TES24] thermal camera. The measurement points are located on the housing surface as shown in 

Figure 93a. Bearing temperature is measured using a PT100 sensor element. 

 

Figure 93: (a) Simulated temperature after 𝒕 = 𝟏𝟓 𝒎𝒊𝒏 (b) Comparison between temperature measurement 

and simulated temperature results 

During the experiment, temperature measurements were recorded every 5 minutes from 𝑡 = 10 𝑚𝑖𝑛 

to 𝑡 = 25 𝑚𝑖𝑛. For validation, the experimental procedure was replicated by transient thermal simu-

lations. The above-mentioned heat cartridge loads (Table 30) and heat transfer coefficients (Table 

31) were applied as thermal boundary conditions. Comparisons between experimental measure-

ments and simulation results can be observed in Figure 93b. Considering comparisons over multiple 

time intervals, simulation results are in high agreement with experimental measurements. A result-

ing maximum relative error of 4.61% can be considered as a suitable validation parameter for the 

selected thermal boundary conditions. 

For validation of temperature calculation of a bearing under operation, a short wear experiment was 

performed on the component test rig. An iterative wear simulation (as explained in 2) is performed 

for the same loads and duration as the experiments. Surface roughness values used in the wear 

simulations are derived from tactile measurements on the test bearing and shaft surface. Following 

operating parameters of the experiments are selected in order to generate mixed friction operation: 

specific pressure (�̅� = 50 𝑀𝑃𝑎), sliding speed (𝑣𝑅 = 0.1 𝑚/𝑠), lubricant temperature (𝑇𝑜𝑖𝑙 = 50°𝐶) 

and operation time (𝑡 = 20 𝑚𝑖𝑛). Bearing housing was heated up to 60°C and maintained at this 

condition during the experiment. Temperature measurements on the bearing were performed using 

24 high precision digital temperature sensors as applied and explained in detail by [PAE24]. The 24 

measuring points have an angular distance of 𝛥𝜑 =  7.5° to each other and are arranged in the 

bearing angle range 𝜑 =  97.5 − 270°, which includes the load zone [PAE24].  
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Results comparison between a non-isothermal wear simulation and the performed experiment are 

shown in Figure 94 below. The bearing load zone is considered to be located between 135° and 

225°. Mean temperature in the bearing load zone and maximum temperature over time are plotted 

in Figure 94a. A maximum relative error of 0.76% shows a good agreement between thermal model 

calculations and experiment measurements over time.  

 

Figure 94: Comparison between experiment and simulation for (a) mean temperature and maximum temper-

ature over time (b) temperature over bearing circumference 

Circumferential local bearing temperature evaluation can be observed in Figure 94b at time interval 

of 𝑡 = 5.79 𝑚𝑖𝑛. Here bearing temperature measured by digital sensors over the bearing circumfer-

ence are compared with corresponding simulation results. Ability of the transient thermal model to 

simulate local bearing temperatures can hereby be recognized based on a maximum relative error 

of 1.59 % over the load zone. Based on these results, it can be concluded that the thermal modelling 

introduced in this work can model transient thermal behaviour as well as local bearing temperatures 

with high accuracy. 

In order to evaluate the influence of thermal modelling on journal bearing wear calculation accuracy, 

simulation results are compared with experimental results. The isothermal version of the wear cal-

culation tool was qualitatively validated by [DEC24] based on wear occurrence locality. To achieve 

this, long term wear experiments (10ℎ) were performed. Based on these experiments, it was ob-

served and validated that location and intensity of wear occurring on the bearing surface was qual-

itatively reproduced by simulation results. However, considerable deviations in terms of wear quan-

tity (wear depth, wear volume) were recorded. To evaluate if considering thermal modelling of bear-

ings improves the accuracy of wear simulations, a comparison is made for the same experiment 

between isothermal and non-isothermal wear simulations results. Validation experiment performed 

by [DEC24] (�̅� = 35 𝑀𝑃𝑎, 𝑣𝑅 = 0.1𝑚/𝑠, 𝑡 = 10ℎ) was simulated using non-isothermal version of the 
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tool. Comparison of EHD contact status of the bearing at 𝑡 = 10ℎ is performed between isothermal 

and non-isothermal iterative calculations. This is shown in Figure 95a and b below. 

 

Figure 95: EHD Asperity contact pressure at 𝒕 = 𝟏𝟎𝒉 for (a) isothermal wear calculation, (b)non-isothermal 

calculation and (c) Test journal bearings after 10h experiment 

Abrasive wear in journal bearings occurs where asperity contact occurs. Based on asperity contact 

pressure distribution in Figure 95 it can be observed that the EHD contact zone is wider in non-

isothermal calculation than isothermal one. Reason for this is during operation, friction between the 

contacting surfaces leads to thermal expansion of the bodies due to heat generation. This can lead 

to a reduction in bearing clearance leading to a wider contact area. In the real test specimen in 

Figure 95c the worn surface can be visually recognized by the dark marking at the edges. Compar-

ing the EHD results and test specimen, it can be concluded that non-isothermal wear calculation 

helps achieve a realistic and more accurate load zone of the bearing. Correctly mapping the bearing 

load zone, is the primary step in improving accuracy of journal bearing wear predictions. 

5 Summary 

This work involves the extension of an abrasive wear calculation tool with transient thermal FE 

modelling. Using thermal FE modelling, local resolution of temperature and thermal expansion on 

the shaft and bearing running surfaces is possible. These outputs from transient thermal FEM are 

updated in EHD calculations during iterative wear simulation. This allows for varying lubricant prop-

erties in the EHD calculation and hence thermal effects on lubricant film build-up can be considered. 

FE Thermal boundary conditions such as convective heat transfer coefficients between bearing 

housing and surroundings were experimentally validated based on a maximum relative error of 

4.61%. Furthermore, the FE model’s ability to predict bearing mean and maximum temperature over 

time was evaluated with experimental validation at an accuracy of 99.24%. Here, prediction of local 

bearing temperature over the bearing circumference had an accuracy of 98.41%. Integrating thermal 

modelling in the abrasive wear calculation tool leads to an increase in the bearing contact zone 

width by 50%, as compared to an isothermal wear simulation. Visual comparison of the simulative 

load zone with the test specimen shows good agreement between the results with a circumferential 

width of approximately 90°. Therefore, integrating thermal modelling in journal bearing wear calcu-

lation is crucial for increasing the accuracy of wear prediction. For future consideration, this high-

fidelity approach can also be adapted to predict overheating failures due to adhesion in journal 

bearings. 
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Abstract  

With a global shift to dependence on renewable energies, wind turbines performance plays a pivotal 

role in the main business objective of improving equipment availability while lowering operations 

and management costs. As the technology matures and the demand for wing energy increases, 

wind turbines have become bigger consequently resulting in higher costs and complexities associ-

ated with maintenance.  

Wind turbine Original Engine Manufacturers (OEMs) collaborate with gearbox and bearing manu-

facturers to design more reliable assets, however there will always be a probability of equipment 

failure over time. Moving away from reactive maintenance practices, condition-based monitoring 

and diagnoses allows operators to gain confidence on asset management and turn to proactive and 

eventually predictive maintenance. 

Better insight and knowledge in Rolling Element Bearing (REB) diagnostics continuous to be essen-

tial for the wind industry in order to improve gearbox reliability, provide earlier fault detection, and 

enable confident fault progression modelling with continuous monitoring. 

Online Debris Monitoring (ODM) technologies have been adopted by many in the wind industry for 

early fault detection and diagnostics, however extensive empirical analysis has been conducted to 

demonstrate the full benefits of ODM technology, with emphasis on the increased reliability on fault 

diagnostics. 

REB experiments were conducted to generate bearing lifetime data from fault initiation until mainte-

nance action is required or recommended. The results from experimental data indicate relatively 

constant particle size distribution after spall initiation and during failure progression. 

 

1 Introduction 

Developments in wind power technologies continue to focus on reliability, increase in productivity, 

and lowering maintenance costs, with all three contributing to the main goal of lowering the levelized 

cost of energy for wind projects. This overall industry focus on technology improvements is critical 

to continue to enable growth and acceptance of wind power as a reliable source of renewable en-

ergy to meet global energy demands. Reliance on wind power as a source of renewable electricity 

generation at a global level is expected to continue to rise as illustrated by experts’ analysis and 

forecasts, with total wind-based generation forecasted to surpass hydropower in 2030 and offshore 

wind capacity growth expected to reach 212 GW by 2030 [IEA-2024]. 

Despite manufacturers adherence to internationally recognised wind turbine gearbox design stand-

ards and continuous improvements in reliability; gearbox failures are the leading component failing, 
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and when analysing the next level, gearbox failures are dominated by bearings failure, in some 

cases by up to 76% [SHU-2016] 

In addition to rolling element bearings being one of the leading causes for failures and unplanned 

maintenance, they are then selected as a topic of focus for testing and analysis also because of 

them being widely implemented in many common gearboxes designs by many of the major wind 

turbine manufacturers.  

For wind turbine gearboxes, oil debris monitoring (ODM) sensing technology provide reliable early 

indication of bearing damage, and quantifies the severity of damage by monitoring progression with 

the goal to enable maintenance planning and reduce secondary damage. 

There are several ambiguities in relation to the implementation of ODM technologies for the condi-

tion monitoring of rolling element bearings within wind turbine gearboxes. The majority of literature 

on the subject matter relates to ODM technologies for monitoring finds significant evidence of ad-

vanced and reliable fault notice. However, there is still ambiguity about what level of damage is 

deemed acceptable. The bulk of this work in literature is driven by aerospace applications, such as 

helicopter transmission gearboxes, and gas turbine engine main bearings. Here, diagnostic pro-

grams are often held to extreme reliability standards and quick maintenance actions, whereas wind 

turbine gearbox applications differ significantly, and can often operate months before maintenance 

is required. Understanding the point at which maintenance is essential and further operation is not 

recommended remains a subject of debate. 

To examine these considerations, empirical bearing fault tests were conducted. These component 

isolated tests replicated field lubrication systems, with accelerometers, temperature sensors, and 

online debris monitors for component diagnosis. The load applied to the bearing varied on each test 

and was often in between 1.7 to 3.0 GPa of Hertzian stress covering most of bearing loads across 

industrial and aerospace applications [HAR 2007]. 

Over one hundred tests were conducted. This document shall report the findings made from this 

database in relation to the question presented earlier.  

2 Online Debris for Condition Based Monitoring  

Online debris monitors, like the ones manufactured by Gastops Ltd., are flow through sensors that 

employ three inductive coils. When a metallic particle flows through the sensor, a voltage signal is 

produced by the coils indicating a particle has passed through the sensor’s bore. This system is 

shown in Figure 1 below. 

Figure 96: Oil Debris monitor sensor tracking metallic particles within lubricating oil 

flow 
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Not all metallic particles that pass through the sensor bore are detected, these systems often include 

a minimum detectable particle size. This is based on technological limitations of the sensor, and 

ensures avoidance of air bubbles, pressure pulses, and other forms of noise that could indicate false 

positives.  

Previous literature has indicated a strong correlation between the number of discharged particles 

from a failing component, be it bearing or gear, and the level of damage [BOL2009]. Bearings tested 

in this test program were removed at various points throughout the spalling process for visual in-

spection. 3D modelling software was used to factor in the raceway curvature and estimate the total 

damaged area. This relationship was observed regardless of material, stress, component size, 

amongst other factors. 

 

Figure 2: Ferrous counts vs. discharged spall area linear relationship showcasing 

strong correlation for diagnostic modelling 

The aforementioned relationship is shown in Figure 2, where based on the number of observed 

counts, the total spall damage area can be approximated. This provides the framework for ODM 

based diagnostic tools, where the number of counts can be used to approximate the damage on the 

target components within engine and gearbox systems.  

This allows generally more accurate and decipherable diagnosis for component condition. Negligi-

ble to no counts are observed within healthy systems as the minimum size of detection generally 

dismisses normal running wear. This almost entirely eliminates the possibility of false positives, as 

counts will only be observed at the presence of abnormal wear tied to faulted engine / gearbox 

components.  

Finally, the strong linear correlation allows an estimate of the spall damage area with fidelity. This 

is particularly important for applications with long operation runtimes with faults, and timeline to 
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schedule maintenance. Essentially, understand the exact level of damage on the bearing to sched-

ule and plan maintenance accurately to minimize costs and maximize availability. This is in compar-

ison with general two-stage diagnostic systems (Healthy – Faulted) which will either compromise 

the capability for proactive maintenance through early detection and progression tracking, or lead 

to false diagnoses, whether through false positives or stopping the equipment with long remaining 

useful life. 

 Light Threshold Bi-

nary Diagnostic 

System 

Conservative 

Threshold Binary Di-

agnostic System 

Online Debris Moni-

toring Diagnostic 

Systems 

Healthy Potential False Posi-

tives 

Avoid False Positives Avoid False Positives 

Low Level Damage Detectable Undetectable Detectable 

High Level Damage Detectable but indis-

tinguishable 

Detectable Detectable and distin-

guishable 

Outcome Provide adequate 

time to schedule 

maintenance but can 

lead to many false 

positives and low 

confidence in sys-

tem output. No infor-

mation on when to 

stop system opera-

tion at high level 

damage diagnosis 

Can stop machine op-

eration at high levels 

of damage but not 

much opportunity for 

proactive mainte-

nance. If low level 

damage is detected, 

will stop operation 

when there is still re-

maining useful life. 

Regression style diag-

nostic tool allows pro-

gressive damage 

tracking using dis-

charged counts.  

Table 1: Effect of regressive diagnostic models in comparison with classification 

condition monitoring programs on false positives and maintenance schedul-

ing  

The fidelity and resolution of the deployment of ODM continuous monitoring is shown in Figure 3. 

Here, the proximity of the ground truth measurements to the Ferrous debris count showcases the 

strong correlation between ODM counts and actual damage, as identified in Figure 2. 
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Figure 3: Ferrous counts and ground truth spall area progression throughout a empir-

ical test from spall initiation at just around 100 hours to around 400 hours.  

3 Diagnostic Stages of Bearing Life 

Bearing faults can initiate due to a plethora of reasons but are often attributed to operator-induced 

errors or lubrication faults such as debris ingress. Wind turbine gearbox bearings in particular are 

susceptible to a phenomena known as white etch cracking which is a major focus for drivetrain 

reliability research. Whatever the cause, these issues can induce a macroscopic surface defect on 

the bearing raceway. The Hertzian contact between the raceway crack and the rolling elements of 

the bearing cause the damage to grow, in a similar way to potholes growing with contact from the 

automobile tires. This phenomenon of rolling contact fatigue is deemed spall, 

Bearing degradation follows a particular curve that has been outlined often as a “hockey stick”. 

Herein, the degradation is slow and gradual before reaching a critical damage level. After which, the 

degradation accelerates and orders of magnitude more damage can grow in just a fraction of the 

time as previously. This point has generally been referred to as the spall knee. For this reason, 

bearing degradation numerical models often include multi-stage features, noting the significant dif-

ference between damage growth pre and post spall knee.  

This difference can sometimes be hidden in field applications. Bearings in operation can go under 

different mission profiles such as take-off, cruising and descent in aerospace applications. Wind 

turbine bearings in particular can face various load and speed cycling based on the power being 

generated. These load and speed differences can significantly alter the degradation rate of the bear-

ing, with higher loads and speeds accelerating the degradation rate and reducing life.  

However, the spall knee remains a key point in the life of the bearing post-spall initiation. While it 

may be masked slightly if a significant load increase accelerates the degradation, the spall knee will 

cause an accelerated degradation regardless of but proportional to the stress and speed.  
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Figure 4 utilizes the strong correlation between counts and spall area to represent the hockey stick 

curve, and the identification of the spall knee. This particular test is an example of the bearing deg-

radation curve, with initiation after 20 hours. After which, spall grows steadily before the knee causes 

significant acceleration. This point covers the majority of bearing life post spall initiation. The healthy 

phase generally covers most if not all (for healthy bearings replaced due to life ratings) of bearing 

life in field applications. However, sometimes faults can initiate early and cause for very short dura-

tions within the healthy phase.  

 

Figure 4: Ferrous counts vs. discharged spall area linear relationship showcasing 

strong correlation for diagnostic modelling 

The question that arises from this analysis is when does the spall knee occur during the bearing 

fault lifetime. Literature before has arrived at two theories for the cause of the spall knee: 

1. The unloading of a rolling element and it crashing into the spall’s trailing edge [ARA2009] 

2. The unloading of multiple rolling elements causing a shift in the bearing’s overall stiffness 

[DUP2010] 

Both of these theories were estimated using a few tests and small bearings where the area for the 

two phenomena is quite close. The large dataset employed now looked to identify which one of 

these theories was the cause of the spall knee. 

The strong correlation between counts and damaged area combined with over one hundred tests 

provide a clear identification of the spall knee location. Ground truth measurements before and after 

the spall knee confirm the observation. The spall knee was found to be the point when two rolling 

elements unload and causes significant degradation acceleration. Figure 5 showcases graphically 

the spall knee point graphically as well as visually. This was found to be scalable to different bearing 

types and sizes and confirms findings from previous literature. 
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The unloaded rolling elements causes heightened contact stresses on the remaining rolling ele-

ments. Essentially, consider if 20 kN are applied to a bearing with 13 rolling elements causing a 

stress of 2.0 GPa on each individual rolling element. With that same load and two unloaded rolling 

elements, the contact stress on the remaining rolling elements can each increase by a fraction of 

gigapascal. 

Figure 5: Figure showcasing the spall length around the bearing raceway that coin-

cides with successive rolling element unloading (L) along with a visual rep-

resentation of that point on a test bearing (R) 

It was noted in the testing that further unloading of more than two rolling elements can cause further 

accelerations in bearing degradation. Vibration continues to increase in amplitude with each suc-

cessive unload and as the bearing degradation progresses. However, the vibration magnitude is 

significantly larger post-knee than before, however, there is more variance, and it may take signifi-

cant time post-knee for the difference to be observable. 

4 Translating Findings to Condition Based Monitoring 

The purpose of identifying the spall knee is how it translates to diagnostic modelling. This provides 

the key end of life threshold for bearing operation. Operating the bearing post-spall knee means 

continuously accelerating degradation, higher vibration and temperature, and the potential for cata-

strophic failure. The latter is when the cage in the bearing breaks causing seizure due to the high 

generated vibrations, or fault progression to other components the bearing supports. 

For this reason, diagnostic modelling identifies the spall knee as the alarm or end of life designation 

for bearing operation. It is possible for this to be extended if the loads and speeds are managed to 

prolong asset use, however, this is left to the operator’s risk assessment. 

5 Summary 

As technology advances, and wind operators continue to rely on the use of data to enhance mainte-

nance programs and move from reactive to proactive, ODM provides a reliable source of early indi-

cation of fault detection. The tests conducted prove the strong relationship between counts and the 

area of damage on the failing component, therefore enabling condition-based monitoring of the fail-

ure through its progression. The large test database also finally provides an accurate and precise 

definition of the historic spall knee in bearing fault progression. This has been appropriately set as 

the end of life and alarm for bearing fault applications within wind turbine gearboxes. 
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Abstract: This paper investigates the potential of using electric terminal signals of doubly-fed in-

duction machines for online fault monitoring through experimental studies. The results reveal that 

by analyzing the transient voltage signals at electrical machine terminals, including the neutral point, 

it is possible to detect inter-turn short-circuit electrical faults online in real-time. The detection mech-

anism is based on analyzing signals and their correlation in high-frequency domains. These transi-

ent signals naturally exist due to the inverter-fed operations. Therefore, this work invokes the po-

tential of realizing a non-invasive and convenient online monitoring of insulation fault detection. 

1 Introduction 

The wind power industry is experiencing rapid growth amid the global push for clean energy. Ac-

cording to the "Global Wind Report 2024" by the Global Wind Energy Council (GWEC), the wind 

power industry is expected to see substantial growth by 2030, with annual capacity additions need-

ing to triple from 117 GW in 2023 to at least 320 GW [BAC24]. With increased power capacities and 

challenging operational environments, this scale-up in new wind turbines demands enhanced real-

time condition monitoring of wind generators. Studies have shown that among the failures that can 

be clearly attributed, 79% of wind turbine failures require restarting or adjustment. Of these, 12% 

are due to generator failures, with a failure rate of 0.8778 per year. The failure rates of electrical 

facilities and electromechanical components, such as generators, are higher than those of mechan-

ical components [LI22]. Other research indicates that over 45% of failures in electrical machines, 

including wind turbine generators, are caused by stator and rotor winding faults, predominantly due 

to insulation breakdowns leading to internal short circuits. For synchronous machines, this propor-

tion increases to as high as 73% [LEF22].  Additionally, if not promptly addressed, these internal 

short circuits can increase excitation current and reduce reactive power output [ZHA18] or cause 

mechanical failures such as torque ripple during turbine operation [SAN21]. 

However, online fault detection of inter-turn short circuits in generators remains a significant chal-

lenge in the current industrial context. Existing large machine monitoring systems are developed 

based on ISO-18436, which relies on vibration analysis, temperature measurement, and oil analysis. 

These methods focus on mechanical, thermal, and chemical signals but overlook the analysis of 

electrical signals. Although some alternative approaches, such as the one mentioned in [CAS21]. It 

utilizes principal component analysis and support vector regression models based on commonly 

used Supervisory Control and Data Acquisition (SCADA) data, and can, to some extent, diagnose 

electrical faults in generators. They are limited by the minute-level data collection frequency and the 

computational effort required by the models. As a result, inter-turn short circuit faults in generators 

are still not identified promptly. 
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In recent years, high-frequency modeling techniques for electrical machines have been developed 

based on the impedance spectrum of electrical machines to model their transient response behav-

ior. These models offer advantages in low computational demand and the ability to accurately pre-

dict transient signals in motors [PEN24-1] [PEN24-2] [HEW24]. These methods have been validated 

across various types of electric machines. High-frequency modeling provides a technical foundation 

for making the online identification of inter-turn winding short circuit faults in wind turbine generators 

based on transient signals at the machine terminals possible. In this paper, the feasibility of this 

identification method is verified through experimental analysis based on a small-scale Doubly Fed 

Induction Machine (DFIM). The winding resistance of one phase is 8 Ω.  Due to the limitation of the 

available experimental sources, the transient voltage signals are injected into stator winding instead 

of the rotor winding because the neutral point of the rotor winding in our prototype is not accessible. 

However, the principle works for all kinds of winding as long as it is excited by PWM-form voltage 

signals.  

The organization of this work is as follows: Section 2 is devoted to describing experiments with time-

domain impedance measurement and related inferences. In Section 3, these inferences are vali-

dated through measurements in the time domain on a test bench. Section 4 presents conclusions 

and an outlook on future research directions. 

2 Experiment setup and impedance measurement with different short-

circuit degrees within one phase 

 

 

 

 

Figure 97: Measurement of common-mode imped-

ance of the DFIM stator winding 

 

Figure 98: Setup of experiment with impedance meas-

urement 

Previous research has shown that common-mode impedance reflects changes in the parasitic ca-

pacitance of the insulation layer in stator windings [ALV20] [SEA24]. Therefore, the common-mode 

impedance of the DFIM stator winding is primarily measured with the impedance analyzer ‘E4990A’ 

of the company Keysight. Figures 1 and 2 illustrate the measurement setup. In order to minimize 

the impact of the rotor on the measurement, the three phases of the rotor winding are short-circuited. 

The common-mode impedance spectrum of the machine is measured from 100 Hz to 10 MHz, dis-

playing a phase angle of −90 ° at lower frequencies, and gradually exhibiting inductive behavior as 

the frequency increases, forming resonance points in the spectrum.  

To further simulate inter-turn short circuits within one phase that occur during machine operation, a 

variable resistor is connected in parallel between the U-phase terminal and the neutral point, as 

illustrated in Figure 2. The resistance value simulates different locations of internal short-circuit 
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faults. When a short circuit occurs between two adjacent turns within the same phase, it is approx-

imated by paralleling a high-resistance resistor between the U and the neutral point. As the variable 

resistor increases, the severity of short-circuit within one phase decreases.  

Figure 3 illustrates the measured common-mode impedance spectrum of the DFIM stator winding 

with various values of parallel resistors 𝑅v of 2 kΩ, 1.5 kΩ, 0.5 kΩ and 0.1 kΩ. The results indicate 

that as the parallel resistance decreases, the impedance spectrum undergoes more significant and 

systematic changes across the frequency range from 10 kHz to 1 MHz. Figure 4 provides a zoomed 

view of this critical frequency band. Figure 3 demonstrates that at frequencies above 1 MHz, the 

impedance remains consistent across different 𝑅v values. Based on the theory of high-frequency 

modeling of electrical machines, impedance exhibits different frequency response characteristics 

during the switching process of inverters. Therefore, it can be inferred that the frequency response 

characteristics from 10 kHz to 1 MHz could be utilized to identify internal short-circuit faults within 

one phase. This hypothesis is further validated through experimental analysis in the following sec-

tion. 

.  

Figure 99: The measured common-mode imped-

ance spectrum at various values of parallel resis-

tors 𝑹𝐯 

 

Figure 100: Zoomed measured common-mode imped-

ance spectrum of the DFIM stator winding at various val-

ues of parallel resistors 𝑹𝐯 

 

3 Validation and analysis based on time-domain measurement 

 

Figure 101: Test bench setup during time-domain measurement 
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It is hypothesized that internal short-circuit faults can be detected through the transient behavior of 

terminal electrical signals. In order to validate this hypothesis, an experiment based on time-domain 

measurements has been designed. Figures 5 and 6 illustrate the measurement setup. The DFIM 

stator winding phases U, V, and W are interconnected. The variable resistor 𝑅v is shorted between 

the U terminal and the neutral point to simulate internal short-circuit faults within one phase. A high-

voltage impulse generator equipped with Silicon Carbide (SiC) power modules is used to inject 

PWM-form voltage between the U terminal and the machine housing. The voltage signal serves as 

the input signal with a switching frequency  𝑓sw of 2 kHz and a peak value  𝑈UVW−to−GND of 200 V. 

To detect the internal short circuit in the phase winding, the voltage  𝑈NP−to−GND between the neutral 

point and the machine housing is measured and recorded as the output. 

 

 

Figure 102: Block diagram and setup for time-domain measurement analysis 

 

 

 

Figure 103: The resulted voltage signals 𝑼𝐍𝐏−𝐭𝐨−𝐆𝐍𝐃 across various 𝑹𝐯 values 

Figure 7 presents the measurement results. Under the identical excitation voltage 𝑈UVW−to−GND, the 

output voltage signal 𝑈NP−to−GND shows noticeable change during switching processes as 𝑅v de-

creases. The oscillation frequency of 𝑈NP−to−GND significantly increases as 𝑅v decreases. Notably, 

about 0.02 ms after the start of the PWM switching, the oscillatory behavior of the 𝑈NP−to−GND signals 

under different conditions tends to converge to a steady state. It indicates that identifying internal 

short-circuit faults within one phase is only possible by analyzing the transient behavior of terminal 

voltages during the switching processes. 



CWD 2025 

404 

In order to further validate the conclusions presented in Section 2, the measured signals are ana-

lyzed in the frequency domain. A transfer function can describe the relationship between the input 

and the output voltage signals. The voltage 𝑈UVW−to−GND(𝑡) is chosen as the input signal of the 

system, and the voltage signal 𝑈NP−to−GND(𝑡) as the output signal. A Frequency Response Function 

(FRF)  𝐺𝑅v(j𝜔)  under various values in 𝑅v is determined with the following formula: 

𝑋(j𝜔) = ∫ 𝑥(𝑡) ∙ 𝑒−j𝜔𝑡d𝑡
∞

−∞

 Eq. 22 

𝐺𝑅v(j𝜔) =
𝑈NP−to−GND(j𝜔)

𝑈UVW−to−GND(j𝜔)
 Eq. 2 

Where 𝑋(j𝜔) is the Fourier Transform of a time-domain signal 𝑥(𝑡). In this measurement, the oscil-

loscope's sampling rate is 1.25 GHz, which is far higher than the upper frequency of 10 MHz during 

the impedance measurement in Section 2. In practical signal processing, the continuous Fourier 

Transform described in Eq.1 can be directly replaced by the Fast Fourier transform (FFT). After the 

Fourier Transform, it is followed by denoising and smoothing processes to obtain the spectrum of 

𝐺𝑅v(j𝜔) from 2 kHz to 10 MHz.  

 

Figure 104: Frequency Response Function of 𝑮𝑹𝐯
(𝐣𝝎) for various 𝑹𝐯 values 

The transfer function 𝐺𝑅v(j𝜔) und various parallel resistance values 𝑅v is displayed in Figure 8. It is 

observed that the changes in 𝐺𝑅v(j𝜔) are significant enough to reflect the influence from the parallel 

resistance 𝑅v, compared to the original winding status without a parallel resistance 𝑅v. Due to the 

sampling accuracy and noise interference during measurement, the frequency spectrum above 

3 MHz exhibits severe oscillations and cannot be used for fault detection. Notably, the frequency 

range over which 𝐺𝑅v(j𝜔) changes is consistent with with the frequency domain segment where the 

common-mode impedance changes, as discussed in Section 2, which further validates the feasibility 

of using transient signals for online detection of inter-turn short-circuit faults.  

In order to quantitatively evaluate the influence of parallel resistance 𝑅v on the spectrum of the 

transfer function 𝐺𝑅v(j𝜔), the Power Spectral Density 𝑃𝑆𝐷(𝑓) is applied. It represents how the output 
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signal responds to the input signal across various frequency components and the distribution of the 

system's output signal in terms of power: 

𝑃𝑆𝐷(𝑓𝑘) = |𝐺𝑅v(j ⋅ 2π ⋅ 𝑓𝑘)|
2

 Eq. 3 

Where 𝑓𝑘 = 𝑛 ∙ 𝑓sw is the integer multiple of the switching frequency 𝑓sw with 𝑛 ∈ 𝒁+. The Pearson 

Correlation Coefficient 𝜌Rv under different 𝑅v values are calculated based on the distribution of 𝑃𝑆𝐷: 

𝜌𝑅v =
∑ (𝑃𝑆𝐷org(𝑓𝑘) − 𝑃𝑆𝐷org(𝑓𝑘)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )(𝑃𝑆𝐷𝑅v(𝑓𝑘) − 𝑃𝑆𝐷𝑅v(𝑓𝑘)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )𝑁
𝑘=1

√∑ (𝑃𝑆𝐷org(𝑓𝑘) − 𝑃𝑆𝐷org(𝑓𝑘)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )
2
∙ (𝑃𝑆𝐷𝑅v(𝑓𝑘) − 𝑃𝑆𝐷𝑅v(𝑓𝑘)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )
2𝑁

𝑘=1

 
Eq. 4 

Where the 𝑃𝑆𝐷org(𝑓𝑘) represents the PSD value at frequency 𝑓𝑘 without parallel resistance 𝑅v and 

𝑃𝑆𝐷𝑅v(𝑓𝑘) represents the corresponding PSD value at frequency 𝑓𝑘 with a parallel resistance of 𝑅v. 

The correlation coefficient 𝜌𝑅v ranges between -1 and 1. A value close to 1 indicates a similarity in 

high power spectral density distribution between the two transfer functions. In our case, the stator 

winding's frequency response characteristics under specific short-circuit conditions closely resem-

ble those in a healthy state. Conversely, a value closer to 0 suggests a higher deviation from the 

characteristics of the healthy condition. This correlation coefficient is based on PSD, which com-

pares the fault and healthy cases and is used to indicate the inter-tern short circuit. 

Figure 9 shows the correlation coefficient 𝜌𝑅v at various resistance values 𝑅v across the frequency 

range of 2 kHz up to 2 MHz. When a resistor of 1.5 kΩ is connected in parallel with the U-phase 

winding, the 𝜌𝑅v decreases to about 0.9. It indicates that the changes in the correction coefficient is 

sensitive to internal short circuits within one phase. Furthermore, such changes are also observed 

by comparing the transient signals of the terminal voltage in the time domain, as shown in Figure 7. 

As the parallel resistance value decreases further, the correlation coefficient undergoes more no-

ticeable changes, consistent with the variations observed in the common-mode impedance in Figure 

3 and the time-domain signals in Figure 7. 

 

 

Figure 105: The 𝝆𝑹𝐯 of various 𝑹𝐯 conditions using the transfer function 𝑮𝑹𝐯(𝐣𝝎) with the original stator wind-

ing as reference.   

 

As previously mentioned, different values represent the location and severity of internal short-circuit 

faults in the winding. Based on the analysis, it is sufficient to demonstrate that internal insulation 
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faults in electrical machines can be quickly identified by capturing and analyzing the transient be-

havior of machine terminal voltage signals. It is worth noting that, in reality, the wind power genera-

tors are much larger than the DFIM stator winding used in this paper. A larger machine size will 

reduce the oscillation frequency of the transient behavior of the generator terminal voltage signals, 

thereby lowering the demand sampling frequency to several hundred kilohertz levels instead of the 

Gigahertz levels with the oscilloscope.  

4 Conclusion and Outlook 

This study has successfully validated a novel online method for identifying internal insulation faults 

in electrical machines. By analyzing the transient behaviors of terminal voltage signals, the method 

effectively detects these faults. Moving forward, its applicability to real wind turbines will be further 

confirmed through analysis in actual operating environments. Future research should also prioritize 

the development of real-time online monitoring algorithms for detecting internal insulation faults in 

wind turbines based on this approach. 
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Abstract: Roller bearings have been playing a more important role in pitch system designs in the 

past years due to their comparably high stiffness and load carrying capacity. With limited operational 

experience, tests are an important part of any risk mitigating strategy.  

This study focuses on scaled wear tests. Worst-case operating conditions of a 7.5MW wind turbine 

with individual pitch control are scaled to smaller custom roller bearings. The contact pressure and 

oscillation frequencies are kept constant while the outer loads and oscillation amplitudes are scaled 

to the smaller bearing size. The test profile is a 13.7 h time series which reproduces worst-case 

operating conditions close to rated speed of the turbine with small oscillation amplitudes and no 

longer protection runs in between.  

Three different commercial greases are tested in both “dry” (no water contamination) and wet (10\% 

vol demineralized water added) condition. This work uses customized angular contact roller bear-

ings with relative slip in the contact and 180 mm outer diameter. They are subject to static axial 

load. The results are compared to results from tapered roller bearing and angular contact ball bear-

ings. They show a similar wear mechanism and similar effect of water ingress in angular contact 

ball and roller bearings, with the roller bearings displaying more pronounced wear marks. Results 

of tapered roller bearings differ significantly. 

1 Introduction 

Pitch bearings of wind turbines are oscillating, grease-lubricated bearings. Their operating condi-

tions favor a risk of raceway wear, albeit anecdotally collected operational experience from ball-type 

pitch bearings indicates only very low numbers of actual bearing failures due to this damage mode. 

In recent years, three-row roller bearings have gained share in commercial pitch bearing designs 

due to their higher load-carrying capacity [STA24a]. Limited operational experience with roller bear-

ings in this application makes risk-mitigation by testing a reasonable strategy.  

The present study focuses on short-term wear tests with oscillatory movements under load. The 

operating conditions are scaled to customized line-contact bearings of 180 mm outer diameter. The 

methods for test program creation and scaling have been developed and verified for ball-contact 

pitch bearings [BAR23], and the authors have previously tested tapered roller bearings with similar 

test profiles [STA23]. This makes a comparison of the results of different bearing types in the present 

work possible and allows a first indicative evaluation of the wear risk in line-contact pitch bearings 

in comparison to other bearing types.  
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In the following, the terms 'standstill mark' and 'false brinelling' are used as defined in [PRE23]. In 

the field of oscillating, grease-lubricated bearings with line contacts, published research dates back 

to the year 1959. GLAESER reported on tests with 1080 spherical and cylindrical roller bearings (SRB 

and CRB) for high-temperature aeronautic applications. The grease-lubricated bearings were oper-

ated at amplitudes of 10 and 35° and the common failure mode was rolling contact fatigue [GLA59].  

PITTROFF subjected CRBs to load oscillations. An off-axis weight rotated on a shaft and varied the 

individual contact loads. The false brinelling damages were shown to be rooted in alternating elastic 

deformation. Among other parameters, PITTROFF reported on the ability of pretension to reduce 

raceway wear damages [PIT61, PIT65]. BREWARD showed false brinelling damages of oil-lubricated 

roller bearings. He suggested simplified empirical formulas for the rolling contact fatigue lifetime 

considering the depth of false brinelling marks [BRE73].  

SCHADOW conducted tests on type 32005 tapered roller bearings (TRB) to identify the influence of 

different parameters on false brinelling damage. He used various greases and different temperature 

levels. The application of dynamic axial, radial, and combined loads caused only slight damages to 

the bearing raceways. As all damages appeared similar, it was not possible to determine the influ-

ence of individual test parameters on them [FVA10]. 

CAVACECE et al. subjected SRBs to oscillatory motions of 40° at 5 Hz under constant radial load. 

The maximum contact pressure was 4 GPa. The used a commercial grease for aeronautic applica-

tions and reported highly variable test durations until a sudden increase in torque [CAV20].  

LIN et al. found zinc dialkyldithiophosphate (ZDDP) additives in grease can effectively prevent wear 

damage on raceways of CRBs subjected to radial loads and superimposed vibrations [LIN22]. 

BAYER et al. compared wear results of cylindrical roller thrust bearings (CRTB) with angular contact 

ball bearings (ACBB) and report on similar wear mechanisms with the CRTBs being more prone to 

wear initiation. They also show a significant influence of oscillating frequency on the wear, with 

frequencies well below 1 Hz causing less wear on the raceways than higher frequencies [BAY23].  

 

Publication 
Bearing 

type 
Lubricant 

Oscillation 
Amplitudes 

𝑥/2𝑏 Frequency 

GLAESER 

[GLA59] 
SRB, 
CRB 

MLG 9373, Super Mil ASU-
M-40, Silicone-base grease 

10°, 35° >>1 4.2 Hz 

PITTROFF 

[PIT61, PIT65]  CRB Various reference greases Only load - 
115, 135, 
165 Hz 

SCHADOW 
[FVA10] 

TRB Various reference greases Various <1 5, 15 Hz 

CAVACECE 

[CAV20] SRB Aeroshell 33 40° >>1 5 Hz 

LIN [LIN22] CRB Various reference greases Only load - 24 Hz 

BAYER [BAY23] CRTB Grease C  1 – 55° 1 – 48.31 0.2 – 5 Hz 
 

Table 15: Summary of literature on oscillating line-contact bearings with grease lubrication 

Table 1 summarizes the test conditions in the listed publications. All works have constant oscillation 

amplitudes or, in case of load oscillation, constant load amplitudes per individual test. Except for 

BAYER et al. in 2023 [BAY23], all of them operated at frequencies well above 1 Hz. In contrast to 
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these, pitch bearings of wind turbines operate at variable amplitudes and with frequencies well be-

low 1 Hz [STA18]. As reported by SCHADOW in 2010 [FVA10] and STAMMLER et al. in 2023 [STA23], 

TRBs display only very limited wear on the raceways due to the absence of geometrical slip in the 

contact. CRBs share this property. CTRBs as used by BAYER et al. in 2023 [BAY23] have very high 

relative slip in comparison to pitch bearings. The present study thus encompasses tests with the 

following characteristics:  

• Relative slip like real-scale pitch bearings 

• Variable amplitudes derived from pitch bearing operation  

• Oscillation frequencies as in pitch bearing operation 

• Commercial greases designed for pitch bearing application 

While this study focuses on roller bearings, it also uses grease mixed with demineralized water. 

Pitch bearing operation facilitates water ingress into the lubricant because outer sealings can face 

the environment directly and temperature changes of the bearings favor condensation. A recent 

study by the authors uses equal water contents as in the present work for tests of ACBBs and shows 

positive short-term effects of added water for some of the greases in the test program [STA24b]. 

2 Methods 

The tests of this study are carried out on the BEAT0.2 rig (Bearing Endurance and Acceptance Test 

rig, '0' refers to the outer diameter being well below 1 m and 2 because it is the second rig of this 

size class at the laboratory). Figure 106 depicts this rig.  

 

Figure 106: BEAT0.2 rig 

The servo drive operates in position control mode. A torque meter measures the shaft torque. Two 

bearings are tested simultaneously under a static axial load that is applied with a rigging cylinder. A 

load cell measures this load. A temperature sensor is mounted to the outer ring of one of the bear-

ings. The test rig operates at room temperature for the present study. 

The bearings used in this study are type 3x220 angular contact roller bearings (ACRB) of the man-

ufacturer KRW. They do not have sealings. Table 2 lists the main characteristics of these bearings. 

Figure 107 shows a full bearing (left) and the cage and rollers (right). The 3x220 bearing type is a 

custom bearing.  
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Property Symbol Value Unit 

Number of rollers 𝑍 10 - 

Roller diameter 𝐷  21 mm 

Roller length 𝐿  24.65 mm 

Pitch diameter 𝐷pw 139.244 mm 

Nominal contact angle 𝛼 15.5 ° 
 

Table 16: Type 3x220 bearing main data 

 

Figure 107: 3x220 bearing 

The outer dimensions except for the width and the nominal contact angle are identical with 30220 

TRBs. Instead of tapered rollers, the 3x220 has cylindrical rollers. This configuration allows to apply 

axial loads on the bearing without the need for a shoulder in the bearing rings and introduces geo-

metrical slip into the contact. 

The test profile reproduces worst-case operating conditions of one year of wind turbine operation. 

Details on the profile can be found in [BAR23] and [STA24b]. For the present work, the commercial 

pitch bearing greases are identical to those used in [STA24b] and have the same designations.  

3 Results 

Figure 108 shows the condition of five contact tracks per bearing after tests with grease A. The 

upper row shows the bearing with the grease in dry condition and the lower the bearing with the 

grease in wet condition, with 10% demineralized water added. The bearings have 10 rolling bodies, 

of which the five contact tracks with the most pronounced changes to the raceway surface are se-

lected. The tests with grease A without water content resulted in more pronounced changes to the 

raceway in comparison to those of wet grease. 

 

Figure 108: Raceway condition after test of grease A; upper row: dry; lower row: wet 

An optical microscopy of contact tracks is shown in Figure 109. It depicts the two left wear tracks of 

Figure 108. The left picture, marked green, is of the dry grease, the right picture, marked orange, is 
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of the wet grease. Both pictures show the lower sections of the wear tracks visible in Figure 108. 

Due to the dimensions of the wear tracks it was impossible to fit them into one microscopic picture. 

The measured height of the wear marks is 11.3 mm. This is slightly less than half the length of the 

roller. The undamaged raceway in the center of the roller's length and the profile which reduces the 

effective contact length explain this discrepancy. 

 

Figure 109: Raceway condition after test of grease A, optical microscopy; left: dry; right: wet 

Figure 110 depicts the optical results of the laser scan of the dry grease, Figure 111 those of the 

wet grease. The numbers above each picture indicate the areas of the scan in Figure 109. The 

surface structure in Figure 111 and right appears to be as manufactured. 

 

Figure 110: High resolution scan of different areas of the contact track for grease A in dry 

condition; numbers correspond to those in Figure 109 

 

Figure 111: High resolution scan of different areas of the contact track for grease A in wet 

condition; numbers correspond to those in Figure 109 

Figure 112 shows the raceway condition after tests for grease B, both in dry and wet condition. 

There are no discernible changes to the manufacturing condition of the raceways. Optical and la-

serscan microscopy did not return any different findings and are thus not displayed.  
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Grease D was only tested in wet conditions due to a restriction in available bearings for the test 

series. The test rig stopped after 30 minutes of the first attempt of executing the profile due to an 

exceeding of permissible torque. Not being sure about the reasons for this unusually high torque, 

the load was discharged and brought back to level and the test started again. After 15 minutes, the 

test stopped again with exceeding torque.  

 

Figure 112: Raceway condition after test of grease B; upper row: dry; lower row: wet 

This time, the test was disassembled. The bearing raceways, as shown in  Figure 113, showed 

distinct wear areas for the two test attempts, with the left ones being suspected to stem from the 

longer test attempt. 

 

Figure 113: Raceway condition after test of grease D; wet 

The ratio of the highest absolute peak torque in the test to the mean absolute peak torque of 

the first 100 cycles can serve as an expression of the severity of the corrosive raceway 

wear. Table 3 lists these ratios for all tested greases. Note the value for wet grease D 

does not reflect the exact same property as the test run was stopped 

before completion, yet it is absolutely higher than for the other greases. Table 3 contains both results 

from tests with ACBB as reported in [STA24b] and for the previously presented results of ACRBs.  

Grease dry ACBB wet ACBB dry ACRB wet ACRB 

A  1.76 1.31 1.68 1.32 

B 1.66 1.445 1.59 1.59 

D 2.55 4.15 - 1.71 
 

Table 17: Ratio of highest to mean peak torques of first 100 cycles 

4 Conclusions and Outlook 

Depending on the grease type the tests result in wear tracks on the bearing raceways. The reddish 

colors and material spectroscopy undertaken for ACBB in [STA24b] indicate tribocorrosion as dam-

age mechanism. The friction torque increases due to the higher surface roughness and adhesive 

processes. The displayed condition of the raceways would not endanger the safe operation of a 

pitch bearing on a real wind turbine but can promote rolling contact fatigue damage. If the initial 

wear turns into abrasive processes that create macroscopic false brinelling it can endanger the pitch 
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drive's ability to rotate the bearing. In such a case, moving the rolling bodies out of the false brinelling 

dents needs significant torque. A more unlikely critical case is indicated by the tests with grease D. 

The adhesive wear can increase the torque up to a level the pitch drive cannot handle anymore. A 

measure of the relative increase during the test can help in the design of pitch drives. Positive short-

term effects of water content for grease A and B are shown. Friction torque and raceway changes 

are reduced with added water. This is similar to results with ACBBs. For grease D, it is not possible 

to draw a conclusion based on the tests in the present study, as tests in dry conditions were not part 

of the test program.  

The present study attempts to use custom angular contact roller bearings for scaled tests of roller-

type pitch bearings of wind turbines. It further aims at evaluating the aptitude of different commer-

cially available greases to prevent wear of roller-type pitch bearings raceways under wind turbine 

operating conditions. To this end, three different greases were tested in 'dry’ - without added water 

- and 'wet' - with 10 mass % of demineralized water added - conditions. The tests were done with 

type 3x220 customized angular contact roller bearings under a static contact pressure of 2 GPa. 

The bearings are designed to have geometrical slip in the contact. The servo drive of the test rig 

reproduced scaled pitch angles of worst-case turbine operation close to rated speed with active load 

mitigation control. In line with results presented by BAYER [BAY23], greases A and D displayed 

optically more pronounced wear in roller than in ball bearings, whereas B showed reduced raceway 

wear. Although the 3x220 have significantly lower relative slip than the CRTB used by BAYER the 

optical impressions of wear are very similar. 

Within the scope of these tests and for the purpose of preventing wear in oscillating operation of 

pitch bearings with line contacts, grease B is the most promising candidate. Its most notable differ-

ence to the other greases is the significantly lower base oil viscosity. It remains for future extensions 

of the tests to verify if this characteristic is decisive for the different results. The scope of testing was 

limited to short-term, room temperature tests and a very high water content. A further expansion of 

the test series with different temperatures, long-term tests and different water levels in the grease 

is planned for future works and will allow to draw more substantial conclusions for pitch bearing 

operation. The level of relative slip leaves further potential for exploration.  
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Abstract: This paper studies the sensitivity of drivetrain condition monitoring system (CMS) signals 

to blade damage. This is achieved using a decoupled simulation between an aeroelastic solver and 

a drivetrain setup. First, aeroelastic simulations are performed in OpenFAST; then, the low-speed 

shaft (LSS) forces, moments, and tower top position vector are transferred to the drivetrain model. 

The drivetrain is modeled in the multi-body simulation environment SIMPACK. The blade damage 

is modeled in OpenFAST by reducing the stiffness both in the flap-wise and edgewise directions. 

The reference DTU-10MW onshore wind turbine is chosen as a test case. First, the effect of blade 

damage on LSS forces is analyzed. Then the drivetrain responses are analyzed from the SIMPACK 

simulations using virtual sensors placed at the main bearing, rear bearing and nacelle housing. It is 

observed that the damage in the blade mid-span region shows higher sensitivity compared to tip 

and root areas, with a clear correlation between LSS shear force and nacelle housing side-side 

velocity demonstrating damage progression as stiffness reduction increases. 

1 Introduction 

Wind turbine blades represent a substantial portion of the overall cost of a wind turbine and exhibit 

a notable failure rate in comparison to other components [ZAP22]. Blade failure reduces turbine 

yield or, in extreme cases, stops turbine operation and requires replacement, which is a time-con-

suming and costly operation involving heavy lift apparatus. Blade monitoring is often carried out by 

visual inspection, either from the ground, using drones, or by climbing along the blade itself. Such 

methods can detect external problems, but not the internal defects. In this study, a preliminary anal-

ysis of the effect of blade damage on drivetrain condition monitoring signals is presented to under-

stand the extent to which these signals are sensitive to damage identification. 

[FRE23] conducted a full scale wind turbine blade monitoring campaign for the detection of damage 

initiation and progression due to fatigue driven in-house testing. They demonstrated that detecting 

the initiation and progression of damage is possible with an actuator and a single vibration sensor 

positioned within 10 meters of the damage site. Recently, [VAR24] also presented an experimental 

campaign of fatigue damage propagation of a full scale wind turbine blade. However, deployment 

of such an array of sensors along the span of wind turbine blades is not feasible considering the 

cost and additional maintenance. 

The popular damage detection methods for operational wind turbine blades include NDT tech-

niques, such as thermography, ultrasonics, acoustic emissions, and vibration. Although these meth-

ods are effective in detecting and localizing damage, they remain both costly and time-consuming. 

Alternatively, the readily available CMS signals in operational wind turbines could be a possible 

option to leverage to monitor the blade damage progression. 
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This work studies the effects of wind turbine blade damage along various spans on drivetrain CMS 

signals. The goal of the paper is to provide an initial estimate of the sensitivity of wind turbine blade 

damage to drivetrain responses. In the current study, one damaged and two healthy conditioned 

blades are considered for all the cases. This leads to change in the first harmonic of the wind turbine 

rotational frequency (1P). Consequently, this paper focuses only on the change in 1P amplitude.  

2 System Configuration 

2.1 OpenFAST wind turbine model 

OpenFAST is an open-source wind turbine simulation tool developed by NREL. It is a framework to 

couple aerodynamics, hydrodynamics, structural dynamics, control, and electrical system dynamics 

in the time domain. The aerodynamics module, AeroDyn 15, is used to calculate the aerodynamic 

loads applied on the blade, which is based on the Blade-Element/Momentum (BEM) theory. To 

calculate the loads on the blade due to certain given wind conditions, aerodynamic coefficients must 

be given as an input at different cross-sections of the blade. Structural dynamics of the tower and 

blades are dealt with the ‘ElastoDyn’ module, where modal coefficients, damping, and elastic mod-

ules of each degree of freedom are needed to provide as an input. ‘ElastoDyn’ module uses Finite-

Element Method (FEM) approach in conjunction with analytical linearization. Fifteen degrees of free-

dom (dof) element with three internal and two boundary nodes is used. Tower and the blades are 

idealized as a Euler-Bernoulli beam with isotropic material. For the current study, the elastic coeffi-

cient at flap-wise and edge-wise directions is altered in the blade ‘ElastoDyn’ input to understand 

the sensitivity of any blade structural change on the drivetrain. The Reference Open Source Con-

troller (ROSCO) was used in the setup, which uses collective pitch angle. Specifications of the DTU 

10MW reference wind turbine are listed in Table 32. The detail of the coupling is discussed in the 

next subsection. 

Parameter Value 

Rating  10 MW 
Control Variable speed, collective pitch, ROSCO 

Rotor, Hub diameter (m) 178.3, 5.6 
Hub height (m) 119.0 

Cut-in, rated, and Cut-out wind speed (m/s) 4, 11.4, and 25  
Cut-in, Rated rotor speed (RPM) 6, 9.6 

Hub Overhang (m) 7.1 
Shaft tilt angle (deg) 5.0 
Pre-cone angle (deg) -2.5 

Rotor mass (kg) 227962 
Nacelle mass (kg) 446036 
Tower mass (kg) 628442 

Table 32: Specifications of the DTU 10 MW RWT [BAK13] 

2.2 SIMPACK drivetrain model 

In Figure 114, the layout of the drivetrain model used in this research is shown. A detailed study 

about this drivetrain model can be found in [WAN19]. The drivetrain has four-point support and 

integrates a 3-stage gearbox. In the first and second planetary stages, ring gears are fixed on the 

gearbox housing, which is supported on the bedplate via torque arms. Input torque is applied on the 

planet carriers and sun gears serve as the output torque. In the third parallel stage, the torque is 

delivered from the sun gear of the second planetary stage to generator through the gear pair (Gear-
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Pinion) in the high-speed stage. Thus, high torque from low-speed shaft is transformed into low 

torque in high-speed shaft. Gear teeth contact is modelled by a specific force element FE225 in 

SIMPACK, where the contact force is composed of stiffness, damping, and friction terms. The gears 

and shafts inside the gearbox are treated as rigid bodies. Specifications of the drivetrain are men-

tioned in the Table 33. 

 

Figure 114: DTU 10 MW drivetrain model [WAN19] 

 

Parameter Value 

Drivetrain type Four-point support 
Gearbox type  Two planetary + one parallel 

First stage ratio 1:4.423 
Second stage ratio 1:5.192 
Third stage ratio 1:2.179 

Total ratio 1:50.039 
Rated input shaft speed (rpm) 9.6 

Rated generator shaft speed (rpm) 480.4 
Rated input shaft torque (kN-m) 9947.9 

Rated generator shaft torque (kN-m) 198.8 
Gearbox mass (tonne) 60.43 
Bedplate mass (tonne) 102.39 

Equivalent drive-shaft torsional-spring constant (Nm/rad) 2317025352 
Equivalent drive-shaft torsional-damping constant 

(Nm/(rad/s)) 
9240560 

Table 33: Drivetrain specifications of DTU 10 MW [WAN19] 

2.3 Coupling 

To investigate the sensitivity of the drivetrain dynamics to blade damage, a decoupled simulation 

approach between rotor and drivetrain dynamics is adopted in this paper. The coupling is illustrated 

in Figure 115. The rotor dynamics are first simulated in OpenFAST, with a simplified drivetrain setup, 

and the tower top position (�⃗�), low speed shaft (LSS) force, LSS moment (�⃗�, �⃗⃗⃗�), and generator 

speed are used as input to the SIMPACK drivetrain setup. A proportional-integral (PI) controller is 

used between the input generator speed (𝜔𝐺𝑒𝑛) from OpenFAST and resulted generator speed in 

SIMPACK due to applied loads and tower top motion. This is to maintain the same dynamic condition 

between two independent models. 

Four-point support 

(two main bearings + two torque arm) 

Generator 

Main Shaft 
Hub 

Bed plate 
Gearbox 

Coupling 
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Figure 115: Flowchart of the proposed decoupled simulation approach 

2.4 Blade damage model 

To study the effect of blade damage on the drivetrain system, the blade stiffness in flap and edge-

wise directions is reduced in the range of 0.1-1% from its initial value (healthy conditions) [KHO22]. 

As the damping is related to the stiffness of the structure, it needs to be adjusted as well (Eq. 1). 

The relationship between critical damping factor and stiffness proportional damping (Rayleigh 

damping) can be written as  

𝛽𝑗 =
𝜁𝑗

𝜋𝜔𝑗⁄          Eq. 1 

Where, 𝑗𝑡ℎ mode natural frequency, 𝜔𝑗 = (1 2𝜋⁄ )√𝐾𝑗𝑗 𝑀𝑗𝑗⁄ , 𝐾𝑗𝑗 and 𝑀𝑗𝑗 are 𝑗𝑡ℎ mode stiffness and 

mass terms, 𝛽 = Stiffness proportional damping co-efficient, 𝜁𝑗 = critical damping factor for 𝑗𝑡ℎ mode. 

The effect of stiffness change can be incorporated to the critical damping ratio in comparison to the 

healthy blade as follows: 

Step 1: Derive 𝛽𝑗 from Eq. 1, corresponding to the original stiffness distribution. Step 2: Then calcu-

late the natural frequency due to changed stiffness distribution. Step 3: Recalculate the 𝜁𝑗 due to 

modified 𝜔𝑗. 𝛽𝑗 is assumed to be constant.  

In the current setup, although the stiffness can be altered locally, changing the modal damping 

affects the global mode only. The different damage conditions simulated in this study are listed in 

Table 34, showcasing 378 simulations in total. For all the cases mentioned in Table 34, a separate 

damping ratio is calculated based on the steps above.  

Flap/ Edge Stiffness 
Change (%) 

Length of Damage 
(m) 

Locations from Root (m) 

-0.1 1.0 9 locations from 5 m to 85 m with 10 m gap 

-0.5 1.0 9 locations from 5 m to 85 m with 10 m gap 

-1.0 1.0 9 locations from 5 m to 85 m with 10 m gap 

Table 34: Different damage conditions at a particular blade 

2.5 Signal processing 

All the cases mentioned in Table 34 are simulated for 3000 s, of which the initial 1500 s is discarded 

to avoid the initial transient phase. Further, the remaining signal is divided into several segments to 

pick 1P amplitude and calculate mean and standard deviation. From these individual standard de-

viation of 1P values at different time segments, error bars are calculated based on the concept of 

  

[a] Wind Turbine Hub 

 

[b] Drivetrain 

Tower position: �⃗� 

LSS Force: �⃗� 

LSS Moment: �⃗⃗⃗� 

Generator speed: 𝜔𝐺𝑒𝑛 
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propagation of error to represent as a combined error of healthy and faulty states. Only steady state 

wind conditions with no vertical shear is considered in this paper.  

3 Results and Discussions 

The proposed sensitivity analysis is divided into two parts. In the first sub-section, the system dy-

namic response corresponding to the rotor side is analyzed. Later, drivetrain system responses are 

investigated. 

3.1 Rotor Dynamics 

LSS forces and moments are first analyzed to understand the effect of blade local stiffness changes 

in comparison to the healthy conditions. In Figure 116, the absolute differences of the 1P component 

of the LSS shear force at side-side direction (𝐹𝑦𝑠) with respect to fixed reference frame between 

healthy and damage conditions are plotted across different blade spans and wind speeds. There 

are total 9 bar groups corresponding to 9 locations from blade root to tip. Each bar group has 7 wind 

speeds, from 8 to 25 m/s chronologically. The magnitude of each bar is plotted cumulatively for the 

cases 0.1-1% stiffness change. It is noticeable from Figure 116(a) that 1P harmonic of LSS 𝐹𝑦𝑠 is 

more sensitive to flap-wise stiffness changes at around the blade mid-span (~45 m) and at the rated 

wind speed. This may be because the middle of the blade span is more susceptible to maximum 

bending stresses. 

 

Figure 116: Change in 1P LSS 𝑭𝒚𝒔 due to change in blade (a) flap-wise (b) edge-wise stiffness 

at different span from root for the wind speeds 8, 11.4, 13, 15, 18, 21, 25 m/s. 

While a 1% stiffness change contributes to around 30 - 40 N change in the 1P peak amplitude of 

LSS 𝐹𝑦𝑠 in the flap-wise direction (~45m with rated wind condition, Figure 116(a)), it only contributes 

to a 1-1.5 N increase in the edge-wise direction (~ 15m with rated wind condition, Figure 116(b)). 

From Figure 116(a), it can also be noticed that a 0.1% flap-wise stiffness reduction alters the 1P 

harmonic amplitude by only 4.5 N (~45m with rated wind condition). From both subplots, it can be 

concluded that the blade damage associated with flap-wise or edge-wise stiffness reduction close 

to the blade tip contributes significantly less to the change of 1P harmonic. Therefore, in this case, 

in the absence of additional information, it can be difficult to distinguish the blade tip damage only 

(a) (b) 
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from the amplitude of the 1P harmonic. A similar conclusion can be made for damage near the blade 

root (Figure 116(a)). 

3.2 Drivetrain Response Analysis 

In Figure 117(a), the absolute differences in the 1P harmonic amplitudes between healthy and dam-

age blades, corresponding to flap-wise stiffness changes at 45 m from the blade root, are plotted 

for the nacelle housing side-side velocity, main (INP_A: Input A) and rear (INP_B: Input B) bearing 

side-side velocity. The absolute difference of the 1P amplitudes (Figure 117(a-c)) shows a promi-

nent peak at around the rated wind speed, which was also observed in LSS 𝐹𝑦𝑠 in Figure 116(a). 

However, it can be noticed that while the different stages of stiffness change 0.1 - 1.0 % were dis-

tinctly visible in the case of LSS 𝐹𝑦𝑠, this is not the case for the drivetrain signals shown in Figure 

117. Only a similar trend is visible for the 1% stiffness change, while the 0.5% and 0.1% cases show 

mixed trends. 

 

Figure 117: 1P amplitude absolute difference in the (a) nacelle housing side-side velocity, (b) 

main (INP_A) and (c) rear (INP_B) bearing side-side velocity at different wind speeds due to 

blade flap-wise stiffness changes at 45m from blade root.  

 

(a) (b) (c) 

(a) (b) (c) 

(d) (e) (f) 
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Figure 118: 1P amplitude absolute difference correlation between LSS 𝑭𝒚𝒔 and nacelle hous-

ing side-side velocity at (a) 5 m, (b) 45 m, and (c) 75 m from blade root; LSS 𝑭𝒚𝒔 and rear bear-

ing (INP_B) side-side velocity at (d) 5 m (e) 45 m (f) 75 m from blade root, due to different 

stages of the flap-wise stiffness reduction. 

In Figure 118, the correlation between 1P amplitude absolute difference of LSS 𝐹𝑦𝑠 and different 

drivetrain responses is presented for three different locations 5 m (a, d), 45 m (b, e) and 75 m (c, f) 

from blade root for flap-wise stiffness reduction. The figure shows how the system responses trans-

late from the local damage in a wind turbine blade to the different drivetrain components. From 

Figure 118(b, e), it can be noticed that in most wind speeds, the drivetrain response increases with 

LSS 𝐹𝑦𝑠, and showing clear damage progression due to flap-wise stiffness reduction 0.1 - 1% at 45 

m blade span. However, the damage progression for the location near the blade root (Figure 118 

(a, d)) and blade tip (Figure 118 (c, f)) does not show a consistent trend. This is because, the 

changes in the 1P amplitudes of the input LSS forces to the drivetrain model are significantly lower 

(Figure 116 (a)) compared to the midspan location, and, as a result, the numerical noise unknow-

ingly dominates. 

4 Conclusions 

In this paper, the effect of wind turbine blade local stiffness reduction on drivetrain CMS signals was 

studied for the DTU 10MW reference wind turbine. A decoupled approach between an aeroelastic 

solver and an independent drivetrain model was chosen to achieve the proposed goal. Only, the 

change in 1P frequency amplitude was considered in this study, as an initial step in the investigation. 

First, the effect of blade local stiffness change on the rotor dynamics was investigated by analyzing 

the absolute difference in the 1P peak amplitudes of the LSS side-side shear force. Results showed 

that, compared to the blade tip and root regions, the mid-span region is the most sensitive to the 

same amount of damage. The maximum absolute change in the 1P peak amplitudes was observed 

at the wind speed near rated condition. Also for LSS side-side shear force, a 1% change in flap-

wise stiffness was around 25 times more sensitive than the same change in the edge-wise stiffness. 

This can be attributed to the fact that the blade edge-wise direction is stiffer than the flap-wise one. 

Thereafter, the simulated LSS shear forces, moments, and tower top position vector were trans-

ferred to the independent drivetrain setup in the SIMPACK multibody-dynamics platform. The abso-

lute difference of 1P peak amplitude of nacelle housing, main and rear bearing side-side velocities 

between healthy and damage cases were analyzed. As in the case of the LSS side-side shear force, 

drivetrain responses also showed prominent peak at rated wind speed. It was also noticed that for 

below 1.0% flap-wise stiffness change, the signal trends had mixed behaviors. Considering the 

magnitude of the error bars, a longer simulation time might be needed.  

The correlation between the LSS side-side shear force and the nacelle housing, rear bearing side-

side velocities at a 45 m location (blade mid-span) has shown clear progression of damage with 

increasing stiffness reduction from 0.1% to 1.0%. The behaviors at the blade root and tip positions 

showed mixed trend. This may be because a little change in LSS forces (~ 1-5 N) compared to 

midspan location might fall in the region of numerical errors. 
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Abstract: This contribution highlights the technical challenges of a power hardware-in-the-

loop (HIL) system which is used for the certification testing of a full-scale converter of a wind turbine. 

The electrical behavior of the generator and the supplied grid is emulated at high-power level rep-

resenting the environment of the device-under-test converter. For this purpose, real-time models 

simulate the behavior of the generator and the grid. Corresponding reference values are transmitted 

via a high-speed interface to electrical load modules as power amplifiers which emulate the envi-

ronment behavior at high-power level. 

Within this paper, the concrete design of this power HIL test bench and the dimensioning for this 

use case are analyzed. Requirements for the load modules and their actual, compact implementa-

tion are discussed and advantages of this modular approach are highlighted. The high-power level 

of the test bench poses further challenges for which feasible solutions are presented. Power recov-

ery via a common DC link bus of all load modules leads to a significantly reduced supply power from 

the feeding grid and a smaller dimensioning of the bidirectional test bench in-feed unit. The concept 

is extended by a supercapacitor bank to emulate test cases such as the fault ride through (FRT). 

The spatial expansion of the overall test bench leads to further challenges that make a low-induct-

ance and interference-free connection of the components indispensable. Moreover, electromagnetic 

compatibility (EMC) and safety aspects play an important role, especially with high currents, volt-

ages, and frequencies.  

1 Introduction 

The increasing demand for wind energy necessitates the construction of numerous wind turbines 

and the development of new models. To ensure that a wind turbine’s electrical output values meet 

established standards, the wind turbine must pass grid compliance tests before becoming opera-

tional. Certification testing in the field is both time-consuming and technically challenging. Alterna-

tively, nacelle test benches have been thoroughly researched and widely utilized for this purpose 

[KLE23]. The nacelle consisting of full-scale converter and the generator is mounted on a test bed, 

see Figure 1. A powerful load machine is mechanically coupled to the generator in order to set 

variable speed-torque characteristics emulating different wind conditions. The device under test 

(DUT) converter converts the generated power into a suitable three-phase voltage system in order 

to feed it into the grid. The setup of such nacelle test benches is highly expensive and the electrical 

and mechanical parameters of the generator as well as the electrical behavior of the grid cannot be 

varied flexibly. Moreover, nacelle test benches can only be set up when the final prototype is avail-

able in hardware. With the goal of decreasing costs and avoiding bottlenecks in the development 

and validation process, component test benches in the form of power HIL test benches are gaining 
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prominence. In this setup, only the wind turbine’s grid interface, the full-scale converter, is tested. It 

is connected to a power electronics device which emulates the electrical behavior of the grid and 

the generator in real time at full power level, see Figure 1. To achieve this, three major components 

are necessary: 

▪ Real-time models of grid and generator, which calculate the electrical behavior of the inves-

tigated grid and generator depending on generator parameters, wind conditions, rotor aero-

dynamics, the DUT inverter’s switching behavior, and failures in the grid, 

▪ A control unit, which controls the power electronics device, so that the same load currents 

occur as in the nacelle test bench, and 

▪ The power electronics device itself, which adjusts the desired load currents. 

The power HIL power electronics device has to meet important demands regarding emulation ac-

curacy and withstand voltage. Especially the dimensioning for described high-power use cases en-

tails a number of challenges, like the supply of the overall test bench, low-inductance and interfer-

ence-free connection of the components. 

The following paper presents an approach for a component test bench, respectively a power HIL 

test bench for a full-scale converter of a type 4 wind turbine with synchronous generator. After in-

troducing a modular approach for the general power HIL use case, the paper focuses on solutions 

for these challenges that this high-power use case entails.  

2 Electronic Load Module 

The power HIL test bench is realized by using a modular architecture. Electronic load modules serve 

as the power interface between the DUT and the real-time system. They consist not only of the 

power electronics devices but also of a decentral current control system in which each load module 

can be considered as a high-dynamic, bidirectional current sink and source. The real-time system 

only has to transmit the reference values of the current to the load modules. 

In a power HIL application, the power electronics of the load modules must address several chal-

lenges: managing HV levels with DC voltages up to 1,500 V, delivering high output current with a 

bandwidth of a few kHz, enabling bidirectional power flow, minimizing unintentional current ripple, 

and ensuring modularity for parallel operation of multiple modules. Additionally, the electronic load 

 

 igure  : Comparison between nacelle test bench (top) and power HIL test bench (bottom) 
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modules need to support any possible electrical operation point. Therefore, systems with derating 

functions, such as power hyperbola, are unsuitable for the emulation purpose. 

A suitable topology for these requirements is a multi-branch three-level neutral-point clamped (NPC) 

inverter, as shown in Figure 2. Compared to a conventional two-level inverter, the additional output 

voltage levels reduce the total harmonic distortion of the currents. Furthermore, in each switching 

state, the internal DC link voltage VDC of the system drops across at least two switches, so each 

switch only needs to handle half the DC link voltage. The switches are implemented as fast-switch-

ing silicon-carbide MOSFETs. Each module connects three NPC half-bridge branches in parallel, 

allowing the output current to be three times higher than the maximum current of a single branch. 

The three branches are paired with three differential-mode chokes. If the current is evenly distributed 

among the three branches, the magnetic flux inside the differential-mode chokes will be nearly zero, 

and only the choke’s magnetic leakage flux will be effective. However, in the case of asymmetric 

distribution, the resulting magnetic flux creates an inductance that counteracts the asymmetry. As 

a result, based on the switching states of the three branches, the output voltage vMod at the common 

coupling point can take on 

seven discrete voltage lev-

els:  

vMod = ± 
k

6
 ·VDC 

       with k = {0, 1, 2, 3} 

Following the coupling point, 

an additional coupling in-

ductance LC is connected in 

series, serving as a control 

path between the DUT in-

verter and the load modules. 

The implementation of the 

current controller and further mechanisms to symmetrize the branch currents and to ensure a very 

fast reaction time to a change of the DUT’s switching state are described in [MEY17] and [FIS22]. 

Each load module can be used bidirectionally for both DC and AC functions. The output behavior is 

fully defined by the real-time model. Figure 3 shows the implementation of a single load module. 

Each module can output voltages up to 1,250 V and continuous currents up to 75 ARMS. Because 

each load module has decentral current control, any number of load modules can be connected in 

parallel, thereby in-

creasing the total out-

put power of the indi-

vidual function and 

correspondingly of 

the test bench, as re-

quired. It is also pos-

sible to easily in-

crease the system 

power at a later point 

by adding further 

modules. 

 

Figure 2: Schematic of an implemented load module 

 

 

Figure 3: Setup of the realized load module 
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The modular approach is therefore highly suitable for covering high-power applications. 

3 Overview of the Realized Power HIL Component Test Bench 

3.1 General Description of the Component Test Bench 

Figure 4 illustrates the schematic diagram of the power HIL system. All power interfaces of the DUT 

converter are connected to load modules. The design for the test bench explained in this paper is 

dimensioned so that RMS currents of up to 1,200 A can be set for each grid and generator phase. 

This leads to a parallel connection of 16 load modules per function. With a maximum phase-to-

phase voltage of 1,250 V, the maximum power on each grid and generator side is 1.84 MW. 

The load modules at the grid terminals of the DUT converter emulate grid behavior. By measuring 

all three phase currents, the grid model can calculate the values for the grid state variables and 

evaluate the voltages of the simulated grid in real time. The output voltages of the grid model serve 

as reference values for an outer loop of a cascaded control, whose task is to control the voltages 

across the phase capacitors installed between the load modules and the reference potential φ0. The 

voltage controller calculates the currents, which are needed to control the voltage across the phase 

capacitors, and transmits these to the decentral current control units implemented on the load mod-

ules of the grid side. 

The load modules at the three generator terminals of the DUT converter mimic the behavior of the 

investigated generator. Based on the measured voltages as well as the previous state variables of 

the generator model, the current state of the emulated generator, especially its output currents, are 

calculated. Additionally, the model provides all relevant interfaces, such as communication or posi-

tion sensor simulation. The reference currents are transmitted to the current control units imple-

mented on the load modules of the generator side. 

The real-time models are not explained in detail in this publication. As the load modules can be used 

bidirectionally for both AC and DC functions, any model can be implemented as a reference value 

 

Figure 4: Overview diagram of the entire component test bench 
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specification. The more detail in which the models describe the grid and generator, the more accu-

rately the component test bench can emulate their behavior. The only restriction is that all models 

must be able to be executed in real time on an FPGA. 

All load modules both on grid and generator side are supplied via a common DC link bus. This 

enables a circulating power flow. In usual operation, the load modules on generator side feed power 

to the load modules on grid side via the full-scale converter. This power is fed back into a common 

DC link and can be reused on the generator side. Consequently, the power circulates and the supply 

unit only compensates the system's power losses. They are made up of the losses for the total 

96 load modules and the losses of the full-scale converter. Therefore, the grid connection power 

can be significantly lower than the total power of the test bench. Additional supercapacitors are 

implemented in the internal DC link to handle the special test case “fault ride through”, see sec-

tion 4.1. 

3.2 Realization of the Component Test Bench 

Figure 5 shows the setup of the component test bench. The grid supply cabinet connects the system 

to the grid interface of the laboratory and powers all components of the test bench. Fuses and the 

main switch are part of this cabinet. 

 
Figure 5: Setup of the entire component test bench in the laboratory 
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The DC link supply cabinet is the carrier for the high-voltage power packs to establish an internal 

DC link voltage of maximum VDC = 1,500 V. As described in section 3.1 only the power losses must 

be covered. A worst-case estimation details the losses per single load module to 540 W respectively 

51.8 kW for all 96 load modules. The maximum losses of the specific DUT converter are approxi-

mately 53.6 kW. Hence, total losses of 105.4 kW have to be covered. This can be achieved with 

eight 15 kW power supply units. All in all, it shows the amount of effectiveness as 120 kW power is 

needed to supply a 1.84 MW test bench. 

In total, six load module cabinets (four more are in the back row) serve as housing for 96 load 

modules. Figure 6 gives an insight into one of these cabinets. All modules belonging to the same 

function are connected in parallel. The parallel connections from all six cabinets are collected in the 

connection cabinet which functions as main power interface to the DUT converter. The real-time 

cabinet accommodates the real-time system consisting of real-time processor and FPGA. The mod-

els running on these components define the electric behavior at the output clamps of the power HIL 

test bench. Moreover, this unit serves as an interface to the host PC in order to start measurement 

routines or to manipulate model parameters – also during 

runtime. 

4 Challenges of the High-Power Compo-

nent Test Bench 

4.1 Fault Ride Through 

The scenario in which the grid is suddenly switched off due to 

a fault, but the generator continues to generate power due to 

mechanical inertia, is called fault ride through (FRT). This op-

erating point must also be covered in the certification tests. In 

the FRT case, the specific DUT converter switches in a 

1.5 MW chopper resistor for 150 ms. The generated power is 

converted into heat and no longer reaches the grid side of the 

power HIL. From now on, the described design of the test 

bench reaches a limit, as the concept of circulating power flow 

no longer applies. However, increasing the number of high-

voltage power supply units is largely uneconomical. Instead, the internal DC link is supported by 

several supercapacitors to cushion the short-term FRT case and minimize the voltage drop in the 

internal DC link. 

In the final design, 10 supercapacitor cells each with CSK = 62 F were connected in series to ensure 

dielectric strength. The effective capacity of 6.2 F leads to a worst-case voltage drop of ΔVDC = 23 V. 

This is tolerable for the FRT case, as the decentralized current controllers of the load modules are 

fast enough to correct the fault at the output terminals of the modules as long as there is enough 

control reserve. 

4.2 Spatial Expansion of the Overall Test Bench 

The spatial expansion of the overall test bench makes a low-inductance and interference-free con-

nection of the components indispensable. In the laboratory installation plan, care is taken to ensure 

that the load module cabinets are positioned very close to each other and that the cabling to the 

 
Figure 6: Insight into the load 

    module cabinet 



CWD 2025 

430 

connection cabinet is kept as short as possible. In addition, the functions of each load module cab-

inet are assigned equally to generator and mains modules in order to keep the common mode cur-

rent as low as possible. The cabinets are also equipped with common-mode chokes, which further 

increase the common-mode impedance and reduce the amount of interference. 

On signal side, the power HIL benefits from the modular approach with decentral current controllers 

and the fact that the reference values of the modules are transmitted via fiber-optic cables into an 

electrically isolated, FPGA-based, high-speed interface. This guarantees synchronous control of all 

modules regardless of the cable length. 

4.3 Electromagnetic Compatibility (EMC) 

To ensure EMC in the described high-power use case, several countermeasures are implemented. 

The emulation of wind power generators with a high number of pole pairs results in high electrical 

rotation frequencies. In conjunction with high currents, magnetic fields circulating around the con-

ductors generate iron losses in ferromagnetic materials in the immediate surroundings of the con-

ductors. Stainless steel is used at critical points where components cannot be protected by sufficient 

distance from the conductors. 

Due to its switched-mode operation, high slew rates of the DUT converter’s output voltages occur. 

This, together with the parasitic capacitance of the real generator, usually results in common-mode 

currents against the earth potential. Therefore, filter components in the DUT converter are designed 

specifically to suppress these earth currents. 

The spatial expansion of the component test bench also leads to an unavoidable parasitic capaci-

tance against the earth potential which differs from that of the real generator. Consequently, the 

filter design does not match the application. Without countermeasures, the currents may be higher 

and the internal filters may be overloaded and damaged. The power HIL system therefore uses 

high-speed detection to measure the switching state of the DUT converter directly at its output ter-

minals within a few ns and uses the high bandwidth of the load modules to prevent the appearance 

of this common-mode current. Moreover, as described in section 4.2, common-mode chokes are 

installed to increase the common-mode impedance. 

Shielding plays an important role, too. The entire power electronics including cabling and cable 

ducts are located in a metal housing to suppress emitted interference waves. 

Attention is also paid to interference-free recording of the measured variables in the measuring 

circuits. Power and signal lines are laid separately from each other. Common-mode filters and dif-

ferential evaluation of the measuring transducers ensure less susceptibility to interference. In addi-

tion, all measurement signals are digitally filtered on the FPGA. 

5 Summary 

This paper describes the design of a power HIL component test bench used for the certification 

testing of a full-scale converter of a wind turbine. Especially the modular approach described above 

gives the freedom to tailor the system to high-power applications. A circulating power flow between 

all load modules ensures a highly efficient operation of the test bench and a power supply of only 

the power losses. 

The setup of the realized load modules is described in detail. Moreover, challenges, which result 

from the high-power application, are described and proposed solutions are formulated. 
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Abstract: Detection of grinding burn using micromagnetic methods is state of the art for non-de-

structive testing of gear grinded surfaces. An alternating magnetic-electric field is brought into con-

tact with the magnetically effective areas (domains) of ferromagnetic steel. The interaction between 

the magnetic field and the steel is measured in the form of resulting voltage pulses. The presence 

of grinding burn causes a measurable change in the magnetic flux density due to the change in the 

material properties of hardness and residual stress. The intended paper shows the new and ex-

tended state of the art. On the sensor side, a new concept has been developed for gears. The 

excitation elements of the sensors are interchangeable and adaptable to the tooth geometry. Addi-

tional measuring channels have been integrated to determine physical units. The sensors are 

equipped with distance sensors to enable contactless measurement at high speeds. On the hard-

ware side, the amplifier modules are now capable of generating magnetic field frequencies of up to 

4 kHz to reliably differentiate between new hardening zones and tempering zones. In terms of data 

analysis, machine learning methods are used to detect grinding burn using a contactless sensor 

system. One problem in the past has been the high learning effort required to compensate distance, 

geometry or alloy influences. In future, the measurement results will be processed like images. So-

called representers of more than 1000 individual measurements are summarized, improving the 

informative value of micromagnetic measurements and reducing the storage depth. The use of Py-

thon as a data analysis module on a measuring device itself enables optimum customization to the 

required measuring task. The analysis can be comprehensively trained and developed externally 

and then implemented in the measuring device and on the process. 

1 Introduction 

Grinding burn is one of the most critical defects in the manufacture of gear components. Grinding 

burn occurs, for example, in grinding processes where too much process energy is introduced into 

the component in the form of heat that is not removed by cooling (e.g. due to complex geometries 

or failure of the cooling lubricant). This is therefore mainly thermal damage caused by improper 

process management. The heat input leads to localised changes in residual stresses, a reduction 

in hardness and, in the worst case, the formation of a new hardness zone of nanocrystalline, glass-

hard martensite on the component surface [SEI2020]. Grinding burn is particularly problematic when 

it occurs in mechanically stressed areas. Both the reduction in hardness and the formation of a new 

hardness zone increase the risk of premature wear and possible component failure. 

Individual failures also represent a significant cost risk, particularly in large systems such as wind 

turbines, where testing and repair is often time-consuming. 100% control of gear production is one 

way to minimise the risk of grinding burn failure. 
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The classic method for testing components for grinding burn is wet etching according to ISO 14014 

[SEI2020, HE2019]. This wet chemical process is very time consuming and uses corrosive and 

environmentally hazardous chemicals such as nitric acid. In particular, the subsequent visual as-

sessment is a potential problem in terms of process reliability. Small defects can be missed. Dam-

age that is not fully developed can be perceived differently depending on the viewing angle and 

lighting conditions. 

The autonomous robot-assisted Barkhausen measurement method developed by QASS provides 

a reliable alternative for detecting grinding burn on large gears. 

2 Main section 

The grinding burn detection developed by QASS is based on the detection of hardness and micro-

structure anomalies. This means that the areas on a homogeneous steel surface that differ signifi-

cantly from the rest of the surface are to be identified. This often involves detecting grinding burn in 

hard-to-reach areas in gear teeth. The QASS µMagnetic sensor must be guided by robotic means 

over the tooth flanks for analysis. Specialized sensor geometry facilitates comprehensive measure-

ment of the entire tooth flank. 

The measured Barkhausen noise is strongly dependent on the distance between the sensor and 

the sample. It is therefore essential to compensate for the influence of distance in non-contact meas-

urements. For this purpose, the distance is recorded with high resolution using inductive sensors at 

the same time as the Barkhausen measurement. As grinding burn is an effect in which the damage 

occurs near the surface, high frequencies of up to 4kHz are used. One advantage of working with 

very high frequencies is the high spatial resolution with fast movement. 

2.1 Fundamentals of the measurement concept and the Barkhausen effect 

The basis for the magnetic determination of grinding burn is Barkhausen noise [LAM1971] which 

occurs in ferromagnetic materials. Permanent magnets, which are typically ferromagnets, are char-

acterised by a magnetic microstructure in the form of magnetic domains (known as Weiss domains). 

These domains are areas in which the magnetisation vectors of the individual elementary magnets 

point in the same direction. The domains are superimposed on the microstructure of the material. 

The microstructure influences the behaviour of the domains, but the domains do not influence the 

microstructure. In the absence of an external field and without prior magnetisation, the domains are 

randomly oriented. The material does not appear to be magnetised. When an external magnetic 

field is applied, the domains align parallel to the external field. However, this alignment does not 

occur continuously, but by discrete flip moments. Heinrich Georg Barkhausen demonstrated this 

experimentally in 1916, hence the name Barkhausen jumps. The term Barkhausen noise comes 

from the fact that Barkhausen made the large number of jumps audible [JIL2000]. 

The QASS µMagnetic measurement technology uses this effect to provide a comparative measure-

ment of mechanical hardness. The QASS µMagnetic sensor consists of a U-shaped electromagnet 

and an loopstick antenna between the two legs of the electromagnet. The antenna is a small coil 

wound around a ferrite core. The flipping of each individual domain produces a pulse-like change in 

the magnetic flux, which is detected by the antenna as an induced voltage surge. During a meas-

urement, the electromagnet is operated at a fixed frequency and matching amplitude. Frequencies 

between 400Hz and 4000Hz have been found to be suitable for the detection of near-surface grind-

ing burn.  



CWD 2025 

434 

 

 

Figure 119: Schematic representation of the relationship between magnetic hardness 

(resulting from magnetic defect density) and the measured magnitude of 

Barkhausen noise. 

Plotting magnetic flux against field strength reveals the ferromagnetic hysteresis (see Figure 1, left). 

In contrast, hills (‘Barkhausen hills’) are displayed on the screen of the measuring device. Each hill 

represents a complete change in magnetic orientation. The hills can be understood as the first nu-

merical derivation of the hysteresis. The shape and appearance of both the hillocks and the hyste-

resis are determined by the jump characteristics of the material. This in turn depends on the defect 

density of the material, which takes into account factors such as heteroatoms, microstructural prop-

erties and dislocations in the crystal lattice [ALE1990]. The defect density correlates with the mag-

netic hardness (magnetic defect density), which in turn correlates with the mechanical hardness and 

allowing hardness measurements to be made [JIL2000]. 

 

Figure 120: 3D-Model showing the geometric relation between the yoke and the loop-

stick antenna in the sensor. 

2.2 Signal filtering for use in industrial environments 

The recorded signal is represented by a voltage pulse-time diagram. Utilising the Fast Fourier Trans-

formation, the system performs approximately 16,000 frequency analyses of the time signal per 
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second. This capacity also facilitates frequency-selective filtering of disturbance variables from sur-

rounding systems in an industrial environment (see Figure 3 right). By evaluating specific frequency 

ranges, frequency ranges of the step characteristic (see Figure 3 left) can be analysed in a targeted 

manner. [JIL2000]. 

 

Figure 121: Example of a recorded Barkhausen signal. The digitised and amplified voltage signal 

is shown on the left. The image on the right shows a zoomed snipped of the same 

measurement after applying the FFT. The high-resolution spectrogram is shown as a 

3D diagram. 

2.3 Grinding burn sensor 

A special sensor is utilised for the purpose of automatic grinding burn testing. This apparatus inte-

grates Barkhausen sensor technology, two induction sensors and a laser sensor. The two induction 

sensors, situated adjacent to the excitation cores, meticulously document the current distance and 

tilt between the measuring unit and the component under observation. These sensors form the basis 

for distance compensation. Additionally, these sensors are employed by the robot controller to fa-

cilitate precise path correction. The laser distance sensor facilitates the precise and automated de-

termination of the position and orientation of the component. 

In addition to the Barkhausen measurement signal, the new generation of sensors also records 

supplementary information regarding the excitation signal (current, voltage and field strength). 

These additional parameters can then be analysed in combination with the measurement signal. 

The integration of these data streams is facilitated by the Analyzer4D measurement software. Syn-

chronisation, storage and evaluation of the data streams occurs within this software. Access to all 

control-relevant data is granted to the robot control software via an interface. 

 

Figure 4: The measuring head integrates Barkhausen measurement technology with in-

duction sensors (positioned in close proximity to the Barkhausen excitation) 
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and a laser distance sensor. The induction sensors can precisely measure the 

distance to the component surface to a hundredth of a millimetre. The laser 

distance sensor is employed to ascertain the position and orientation of the 

component to be measured. 

2.4 Control software 

Specialised control software combines the robot control with the user interface and results display. 

When the user initiates a measurement, the exact position and orientation of the component are 

initially measured and validated using keypoint matching, which automatically verifies whether the 

measured geometry data corresponds to the configured component type. The specific measurement 

paths are then calculated based on the 3D-model of the component. The software's interface with 

the measurement software enables the reception of real-time positional information from the sen-

sors. Utilising this information, the measurement paths are continuously recalibrated to ensure op-

timal positioning of the sensor head. Upon completion of the measurements, the evaluation software 

automatically transmits the results to the control system, where they are visualised as a false-colour 

representation of the surfaces and documented as a PDF report. 

 

Figure 5: The illustration shows the user interface of the control software for the automatic grind-

ing burn test. The measurement interface is on the left, and the results are on the right. 

2.5 Machine learning as the basis for distance compensation 

In addition to the measured material, the distance between the measuring head and the sample has 

been found to have a significant impact on the Barkhausen value. Distance compensation is there-

fore imperative in order to extract precise information about the sample. Robot-assisted measure-

ment also necessitates distance compensation, as the control-related vibrations of the robot result 

in distance changes and tilting of the sensor during the moving measurement. The complexity of 

geometries and magnetic field propagation, which is challenging to model, poses a significant chal-

lenge in predicting the expected measurement value. The employment of a machine learning model 

eliminates the need for analytical modelling of the expected measurement result, replacing it with 

the training of the relationship between distance, specific component geometry, and the expected 

measurement result. The model's input variables encompass the respective distance curves and 

the position of the sensor above the surface, with the concrete Barkhausen measured value serving 

as the output. This enables the trained neural network to predict the expected measurement value 

from a specific distance curve and the corresponding sensor position on the tooth flank. 

The neural network is trained fully automatically for each component type, meaning that geometry-

related influences are also automatically trained by the model. The training should be carried out on 
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a component that is as homogeneous as possible without grinding burn.In training mode, the control 

software performs targeted variations of the movement paths during the measurement to ensure 

that the edge areas of the usual movement pattern are also adequately represented in the training 

data set. Subsequent to this measurement run, the parameters of the neural network are automati-

cally trained on the measurement system. During the measurements on the components to be 

tested, the neural network can calculate the expected measured value on the reference component 

for each distance profile and sensor position. The actual measured value can then be offset against 

this predicted value and thus adjusted for the influence of the distance. The measured values ob-

tained in this way become comparable and provide the data basis for anomaly detection. 

 

Figure 6: The figure shows the hardness anomalies caused by laser manipulation. The fourth 

manipulation is seen near the tooth root and is only seen in the measured values. The 

raw values are shown as a false colour image on the left. The neural network provides 

the expected measured value for the distance values (as shown by the above curves). 

This is offset against the actual measured value, and the result is shown on the right. 

The anomalies can be identified as significant deviations. 

2.6 Anomaly detection to localize local structural deviations 

‘The key to accurately measuring grinding burn using magnetic Barkhausen noise is to reduce in-

terference and interpret the results correctly’ [HE2019]. The Barkhausen noise test is a comparative 

test method, and during the grinding burn test, local deviations in particular should be recognised. 

In order to rule out geometry-dependent deviations in measured values, all measurement images 

of the tooth flanks are compared with each other. Therefore, a specific measuring point is not con-

sidered in relation to its neighbouring measuring points on the same flank, but in relation to its de-

viation from the same measuring point on the other flanks. This approach enables the reliable de-

tection of hardness deviations of a few millimetres. Furthermore, measurements in series demon-

strate that large components can exhibit variations in hardness even within a single component, and 

that different batches can also lead to variations. Consequently, the simple application of a fixed, 

global threshold value is ill-suited to sensitive anomaly detection. The analysis employed in this 

study involves the combination of several analyses to establish the narrowest possible limits. The 

evaluation of a tooth flank is conducted in relation to both the remainder of the gear and directly 

neighbouring flanks, thereby enabling the establishment of more precise limits for fluctuations sur-

rounding the gear. The outcomes of the anomaly detection process are represented as false colour 

images, which are overlaid onto the measured surfaces. 
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Figure 7: In anomaly detection, each measurement point is compared with the points on the sur-

rounding flanks. This process is repeated for multiple analyses, resulting in a composite 

measurement. Specifically, each tooth flank is compared with the entire gear and its 

neighboring flanks. This approach ensures the reliable detection of local anomalies. 

2.7 Measurement results on large gear wheels 

  

Figure 8: The distance-compensated measurement results of the automatic grinding burn test 

are shown as a false colour image. On the left are the measurement results for artifi-

cially introduced laser defects, on the right for tooth flanks with real grinding burn on the 

tooth tip (see etching image). 

For validation purposes, the measurement results were analysed on components with hardness 

anomalies. Both real grinding burn and artificially (by laser) introduced material anomalies were 

analysed. Figure 8  shows the components (after nital etching) with the corresponding measurement 

results. Blue colouring corresponds to a higher Barkhausen noise measurement value (softer), red 

colouring to a lower measurement value (harder). The measurement response is an accumulation 

of the material excited by the sensor. This means that tempering zones from somewhat deeper 

material layers are also measured. This means that areas with a light-coloured etching pattern (new 

hardness zone) can also provide a higher measured value, as the tempering zone below or next to 

the new hardness zone is also included in the measured value. Both the tooth flanks with real grind-

ing burn and the flanks with artificially introduced defects, some of which are only 1 mm wide, pro-

vide clear anomalies in the Barkhausen measured value compared to the base material. 

3 Summary 

The fully automatic µMagnetic measuring system developed by QASS autonomously analyses gear 

parts for grinding burn.  It therefore represents a good alternative to the classic nital etching method. 
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The grinding burn test as an anomaly detection based on Barkhausen noise requires precise nor-

malisation of the measurement results in order to be able to identify even small and weakly ex-

pressed deviations. The distance in particular is a critical factor here, as it has a significant influence 

on the measurement signal. The customized measuring head enables the simultaneous and syn-

chronised measurement of the Barkhausen signal and the distance to the component surface. Due 

to complex component geometries and distance variations caused by the handling system, the an-

alytical prediction is complicated. The application of a neural network offers a transferable and easily 

adaptable solution in which the correlation is learnt through observation. Even the most diverse 

component geometries can be reliably monitored in series production. 

Using different methods to detect anomalies on the adjusted, distance-compensated measurement 

signal allows for a detailed evaluation of Barkhausen noise, focusing on surface anomalies. This 

method effectively reduces influences from the geometry or hardness changes of large components. 
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Abstract: 

This paper provides a concise overview on the state of the art and upcoming trends regarding testing 

and validation of selected subsystems and components of wind turbines. The focus is mechanical 

testing. The continuing wind turbine growth leads to increasingly demanding test requirements re-

sulting in unproportional higher CAPEX and OPEX for scaled up test rigs. The market requests 

decreasing levelized cost of energy resulting in very tight safety margins, lightweight design, intro-

duction of novel technologies and quality issues that had already been settled. As a result of these 

advancements, testing must be modified to account for newly discovered and recurring failures. The 

authors from Technical University of Denmark and Fraunhofer Institute for Wind Energy Systems 

summarize their experience on test demands. Complementary methodologies as virtual and hybrid 

testing are discussed for the considered subsystems and components. 

1 Introduction 

This work aims to provide an overview of the state of the art in testing and validation as well as 

future directions for certain wind turbine (WT) subsystems and components. While mechanical test-

ing is the main focus, some test rigs or specimens may also be applicable to or useful for electrical 

testing. The content of this document follows the load path of a WT down to the foundation. As the 

rotor blade is quite a different component regarding aspects as design, material, manufacturing and 

operational conditions it is excluded from this paper. With the continuing growth of the rotor diameter 

and the power output of offshore wind turbines in particular, the requirements for their testing are 

also becoming increasingly demanding. The obvious solution from a testing point of view is to scale 

up the test benches leading to unproportional higher CAPEX and OPEX for these. The immense 

pressure on the OEMs to reduce the levelized cost of energy for more than a decade has led to very 

tight safety margins, more lightweight design, introduction of novel technologies (e.g. journal bear-

ings) and quality issues that had already been settled. These developments additionally lead to a 

change of testing as new and reappearing failure phenomena or mechanisms need to be addressed. 

The authors of this paper, representing the perspective of the two biggest European wind energy 

research institutions, have teamed up to give an overview of mechanical testing in the area of WT. 

The Technical University of Denmark (DTU) together with the Fraunhofer Institute for Wind Energy 

Systems (IWES) have a broad understanding of educational and industry-oriented demands regard-

ing testing, combined with a long track record in relevant fundamental as well as applied research 

projects. 
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2 Overview of relevant testing methodologies 

2.1 Full-scale and downscaled physical testing 

Physical testing of mechanical components involves a series of experimental procedures designed 

to evaluate their performance, durability, and reliability under various operational and extreme con-

ditions. Given the complexity and the operational demands placed on wind turbines, physical testing 

encompasses a broad range of methodologies and focuses on various systems, subsystems and 

components such as the nacelle, gearbox and bearings. Physical testing of the nacelle involves 

simulating and emulating operational loads and conditions to evaluate the structural integrity and 

functional performance of the nacelle assembly. Physical testing of wind turbine gearboxes, consti-

tuting a component of the nacelle, involves evaluating their load response. For components like the 

bearings, endurance and fatigue testing are commonly conducted to simulate the operational con-

ditions of turbine bearings over extended periods in an accelerated manner to assess their durability 

and lifetime. Physical testing of mechanical components in wind turbines is a multifaceted process 

that plays a crucial role in ensuring the performance and reliability of these renewable energy sys-

tems. A major challenge of testing WT systems is that the turbulence of the wind causes varying 

loads and challenging operation conditions for all mechanical components. Understanding the fail-

ure modes as well as defining test programs and methods tailored towards these operating condi-

tions and component-specific demands is a crucial part of mitigating the risks for new developments. 

Especially against the background of growing turbine sizes, physical downscaled testing is gaining 

in relevance. A downscaled device under test (DUT) is often designed from the original design and 

manufactured to reduce the cost of the test. An additional design effort needs to be weighed up 

against reduced costs for the DUT. Depending on the DUT and the test purpose, it can be very 

challenging to design the downscaled DUT to allow the transfer of the test results from the small to 

the original full-scale device. The failure mode(s) of interest need to be physically understood to 

control the parameters of highest sensitivity as measure of scaling. The physical similarity in all 

influencing parameters between downscaled and original component or system is rarely met. Con-

sequently, compromises must be made and priorities must be defined. 

2.2 Virtual testing 

Mechanical test campaigns usually serve the purpose of validating design assumptions and the 

underlying models. An expected system behavior is to be reproduced during a physical test, such 

that the design model can either be validated or subsequently tuned and improved, based on the 

obtained physical test results. In this context, the term “virtual testing” often refers to this estimation 

of the expected system behavior by means of performing simulations, while, in a broader sense, 

“virtual testing” might also mean other types of simulations [YOU19]. Here, the authors want to use 

the term “virtual testing” to refer to different types of simulations, which are associated to physical 

tests: to design and/or prepare physical tests, to analyze measurement results from physical tests 

to obtain a deeper system understanding, or to (partially) replace physical tests with simulations.  

The starting point of virtual testing is often the simulation and analysis of the design load cases 

(DLCs) of the International Electrical Commission standards [IEC19] and [IEC19a] for design of 

onshore and offshore wind turbines, respectively. The design load cases of a full wind turbine are 

only known from simulations until a prototype of the turbine is tested. Therefore, any system, sub-

system, or component testing will rely on the simulated design load cases as virtual input. 
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During the planning phase of a test campaign, simulations play a crucial role. In a first stage, the 

design of the DUT is developed, and simulations of the system or component are undertaken to 

evaluate its behavior, usually based on the DLCs described above: The hundreds or even thou-

sands DLC simulations must be analyzed and reduced to physical load cases of the sub-systems 

that are probing the load envelope of 20-25 years of operation [REZ23]. This early part of virtual 

testing, the above-mentioned estimation of the expected system behavior, is vital for developing the 

requirements and procedure for the physical tests to be conducted, but in general these simulations 

are not directly connected to a physical test. In this sense, virtual testing could be used to fully 

replace physical testing, given that the underlying (simulation) model assumptions, and – similarly 

important – the parametrization of the models are sufficiently valid. However, if physical tests are to 

be undertaken, virtual testing can facilitate the planning and execution of these tests [SID24]. If a 

test rig needs to be modified or even newly designed, virtual tests of the integration of test rig and 

DUT provide the necessary inputs for the test and test rig design.  

Further connecting virtual and physical testing, simulations are also often used to evaluate the fea-

sibility of specific physical tests beforehand. While isolated system simulations neglect possible in-

teractions of test rig and DUT, in reality this interaction might lead to possibly substantial deviations 

of the originally intended test procedures. Simulations of the planned physical tests can help to 

detect and avoid unexpected test behavior during the physical tests and can also improve the test 

planning and execution by providing a reliable expectation of the tests [FEI24]. 

Lastly, virtual testing also helps in understanding measurements from physical tests that show un-

usual or unexpected results. In these cases, one might question either the design assumptions of 

the DUT, i.e., whether the DUT did behave differently from the design assumptions, or the test 

execution, i.e., whether the correct test program was performed and the DUT was loaded as ex-

pected. With virtual tests, it is typically possible to trace the cause of the unexpected test results 

and improve the physical test in a next stage.  

Once the full prototype turbine is tested, a final validation can be performed. This will provide insight 

if the original DLCs were simulated correctly in the first place and if the measured turbine loads are 

in correspondence with the loads applied in the test rig investigations. Once validated, the simulation 

models can be used for validated virtual design investigation of similar turbine systems, as long as 

the changes of the new turbine are not too large. 

2.3 Hybrid testing 

Besides virtual testing as described above, more ways have been developed to further utilize sim-

ulation models in combination with physical tests. One example is hardware-in-the-loop (HiL) testing 

[NES20]. Here, a combined mechatronic system, e.g. a PLC running a controller integrated with the 

controlled system (plant), is tested such that one part of the system is physically present as the DUT 

(typically the controller PLC), while the other part is represented by a simulation model (typically the 

plant). While HiL testing combines physical and virtual testing, in this work the term “hybrid test” is 

used to describe one specific combination of virtual and physical tests, as explained hereafter.  

To tackle the issue of continuously increasing load requirements – and therefore costs – for WT 

system testing, the hybrid test concept allows to further utilize existing test infrastructure even 

though the test rig might not fully meet the required target loads for an intended test 

[SID23a].[SID23a] The main idea is to use physical tests up to the load limits of the test rig and 

combine these test results with virtual tests for the load levels above the test rig limits. By tuning 
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and validating the simulation models with the physical tests beforehand, these models provide a far 

better validity compared to unvalidated simulation models as used in conventional virtual testing.  

 

Figure 

122   

Hybrid test procedure for combining physical tests at partial load with virtual tests up to 

full load 

The hybrid test procedure is illustrated in Figure 122. Given a test specification for physical tests, 

which exceed the capability of the test rig in some or even all of the intended tests, all individual 

physical tests can be performed up to the load limits of the test rig, provided that the physical test 

rig can geometrically integrate the DUT. In a first step, the DUT is physically tested up to the limits 

of the test rig, which, as an example, might be at 80% of the intended maximal loads for the DUT. 

The corresponding test results are used to fine-tune and optimize a simulation model of the DUT, 

thereby providing a model that is validated up to the partial load range. This validation step goes 

beyond conventional virtual testing and ensures sufficient accuracy for the following load extrapola-

tion: All remaining tests, which exceed the limitations of the test rig, can be performed as virtual 

tests using the validated simulation models. This way, physical tests at partial load and simulation-

based virtual tests at full load are integrated to a “hybrid test”. Figure 123 shows a comparison of 

the required test rig load capability for a given target load, for both a conventional full load test and 

the hybrid test method.  

 

Figure 

123 

Comparison of the required test bench load capability for a conventional full load test 

and the hybrid test procedure, given the same target load 
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3 State of the art of testing in Europe 

 

Figure 124 Pitch bearing, drivetrain, main bearing and support structure test rigs (LTR) 

3.1 Pitch bearings 

Pitch bearings of wind turbines are large-scale, grease-lubricated, and only oscillating slewing bear-

ings. They facilitate controlling the aerodynamic loads of the wind turbine and are the first mechan-

ical component in the load path of the drivetrain. The size of these bearings has been growing to 

several meters in diameter to cope with larger blade root diameters and loads. The most common 

type of blade bearing is the double-row four-point contact ball bearing. However, recently designs 

like the three-row roller bearings have become more prominent. With the latest pitch bearing designs 

being among the largest slewing bearings ever built, there is a high need for validating these designs 

as part of the risk assessment in the design phase of a wind turbine.  

Dynamic loads as well as the oscillating pitching movements and the deformations due to rather low 

stiffness of adjacent parts like blade roots and hub are leading to challenging operation conditions. 

Failure modes for these bearings are manifold. Oscillating movements can lead to starved contact 

lubrication conditions and can cause surface-initiated wear damages like fretting corrosion and false 

brinelling of the raceways [BAR23], [BEH23], [WAN23]. High loads and low stiffness can cause 

truncation while modern pitch control strategies like individual pitch control can amplify the amount 

of rolling contact fatigue load cycles [STA20]. Cages or spacers separating the rolling elements 

within the bearing can break and lead to a blockage and the loss of the pitch bearing’s functionality. 

In addition, bearing rings can suffer from premature structural fatigue, which can even lead to cata-

strophic failures like complete blades falling. Finally, the size of the pitch bearings can challenge 

automatic re-greasing systems from providing a spatial even lubrication state under different turbine 

operating conditions.   

Pitch bearings are not the only component in a pitch system. Electrical or hydraulic actuators are 

needed for changing the pitch angle [WAL23]. These parts of the pitch system are also prone to 

premature failures, which highlights the need for testing the complete system to mitigate the risks 

of new developments.  

Due to the amount of possible failure modes, test campaigns of pitch bearings and the pitch system 

should reveal a comprehensive understanding of the component design and shall prove the relia-

bility and endurance. Fraunhofer IWES has developed own test benches (see Figure ) and method-

ologies to verify a pitch bearing design by performing a bearing endurance and acceptance test. 

Such test campaign aims at providing information regarding the bearing’s endurance against wear 

and fatigue damage modes [STA20a] as well as at delivering data for model validation (e.g. 

[MEN22], [GRA23]) to support the overall wind turbine design process. 
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In Europe, several facilities are dedicated to the testing of pitch bearings for wind turbines. Stammler 

lists some of these test rigs [STA20a]. 

3.2 Drivetrain 

WTs experience complex dynamic load situations during their service life due to the aerodynamic 

forces acting on the rotor. In addition to the torque desired for energy conversion to drive the gen-

erator, so-called parasitic rotor loads also act on the drivetrain: shear and lateral forces as well as 

bending moments. Gravitational loading is also a notable influence here. Modern system test 

benches (see Figure ) for the investigation and validation of WT drivetrains in the laboratory partly 

have the possibility to apply parasitic loads to the drivetrain in addition to the torque load. The de-

sired torque is either applied with a geared (GD) or direct (DD) drive. Since the parasitic rotor loads 

of modern multi-megawatt WTs are forces and bending moments in the order of several MN and 

MNm, respectively, the load application systems are complex and very costly technical equipment. 

For the practical implementation of none-torque loads (NTL) application on WT system test rigs, two 

main different technical concepts have emerged. There are around ten openly accessible test 

benches in Europe [SID23]. The purpose of testing is mainly defined by the WT manufacturer. Ex-

emplary individual mechanical tests to be conducted during a nacelle test campaign are model val-

idation, modal analysis, heat run / overrated power, ramp up, extreme load and lubrication compli-

ance demonstrating automatic re-greasing and the integrity of bearing seals. The coarse separation 

into the two fields mechanical and electrical tests is a structural simplification, but as mentioned 

earlier the transition from mechanical to electrical tests and the other way around is often seamless. 

For each of the individual tests, a dedicated test specification is developed defining e.g. success 

criteria, needed instrumentation and test mode to be used. The tests are controlled by a team, usu-

ally with the presence of the test client on site due to the complexity and often prototype character 

of the setup. Depending on the focus and the variety of tests to be executed, the total testing phase 

lasts typically 3-12 months. 

3.3 Main bearing assembly 

Drivetrain test benches can typically be used as well for testing the main bearing assembly. On one 

hand it might be advantageous to test the main bearing assembly as part of a drivetrain test cam-

paign as no additional integration work has to be done, on the other hand such a testing setup might 

lead to relatively high operational costs when it comes to endurance testing or limited load capacity 

for triggering special failure modes. For such testing purposes, dedicated test benches (see Figure 

) are required as for example the modular drivetrain test bench at IWES [KYL23]. 

3.4 Support structure and foundation 

Existing test facilities (see Figure ) usually specialize either in geotechnical testing (i.e. soil-structure 

interaction) or fatigue stress testing of large steel structures like towers, jackets, transition pieces or 

similar parts. Tests of whole full scale support structure systems are usually not performed; singular 

projects like the “Vibration Pile Validation (VIBRO)” and the successor “VIBRO Restrike” of the Car-

bon Trust [ACH20] are exceptions as they use nearly real-scaled test specimens. 

Regarding soil-structure interaction (SSI), the standard approach is to formulate numerical models 

based on data from geophysical laboratory tests or very small-scale physical models, then use cer-

tain scalability approaches to simulate real-scaled components, and finally use the computational 

results of these scaled models to derive engineering (analytical) models for the use in actual design 
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processes. Data from real-life installations can then be used to further validate the mathematical / 

analytical approaches. 

Regarding structural integrity of towers, piles, transition pieces, bolted and grouted connections, the 

same principle applies – currently, small to medium-scale physical models are used and allow for 

validation of specific aspects of numerical models resp. simulations. Three topic areas are currently 

especially of interest in research and the industry; that is preload losses in bolted connections, the 

fatigue behavior of thick-walled welded steel constructions, and the buckling resistance of very 

large-scaled hollow structures like towers and suction buckets (and to a lesser extent of foundation 

piles). 

4 Specific testing trends 

4.1 Pitch bearings 

One of today’s focuses of blade bearing testing is to generate realistic and wind turbine-specific load 

situations for the bearings being tested. As wind turbines become more powerful and their blades 

longer, the pitch bearings are subjected to higher loads and more complex stress patterns.  

Smart test strategies for large blade bearings of future designs are needed since full scale testing 

costs will increase exponentially with the increase in wind turbine rotor diameter and bearing sizes. 

Using scaled testing of blade bearings while reflecting the complex and failure mode specific oper-

ational conditions of the real scale could help verify future designs. In addition, it is possible to utilize 

existing test facilities to do real scale testing but limited to specific failure modes and model valida-

tions as at least some of the more important failure modes could also be tested under partial load 

conditions.   

4.2 Drivetrain 

Grid compliance testing is today the focus of most nacelle or drivetrain test campaigns on a system 

test bench. The majority of the existing test benches are at least power-wise too small to suit the 

requirements of today’s newest generation of offshore WTs with power ratings around 15 MW. Test 

benches that were developed for offshore WTs are increasingly used for onshore WTs as a signifi-

cant growth in power rating is witnessed onshore as well. 

Hybrid testing has been proven to partially extend the usability of existing and - from a pure power 

perspective - too small test benches for quite some relevant test motivations [SID23a]. Neverthe-

less, a dedicated hybrid nacelle or drivetrain test campaign has not been commissioned so far. 

4.3 Main bearing assembly 

The interest for this subsystem has grown during the last years across all OEMs. When in the past 

very few requests from OEMs and suppliers reached the authors, today this is a very “active” sub-

system. Major purposes of these test requests are endurance performance and a better understand-

ing of different failure mechanisms. This development is driven by the rapid size growth and applied 

lightweight design of the last years. Systematic and failure mode specific scaled testing approaches 

are a relevant option or at least complementary activity e.g. to satisfy statistics. 
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4.4 Support structure and foundation 

Support structures of WT consist of very large steel and / or concrete parts that are usually con-

structed and dimensioned based on civil engineering methods. Differences between mechanical 

engineering and civil engineering design tools result in partially different requirements to verify proof 

of stability calculations, for example regarding bolted connections.  

Generally, strength calculations rely on the partial safety concept and aim to address the capability 

of the structure to comply with various limit states, namely ultimate limit state (ULS), fatigue limit 

state (FLS) and serviceability limit state (SLS). Furthermore, constructions (predominantly for off-

shore WTs) are subjected to approval in individual cases; general technical approvals are only avail-

able for relatively few sub-components or methods (like the mentioned bolted connections. 

Consequently, mechanical testing must address a wide range of different requirements very much 

depending on the type of structure, the requirement of certification or regulation authority or the 

technical issue at hand.  

In the context of WT support structures, mainly two technical areas have to be considered: On the 

one side the soil-structure interaction mainly ruled by geotechnical questions, and on the other side 

the structural integrity of the support structure itself, for example the tower or the (offshore) pile 

foundation. Both areas pose specific challenges for validatory mechanical testing designs. 

The ever-increasing dimensions of the next and the next but one generation of foundations let defi-

ciencies show up in the engineering models, so that nearly every new leap in for example monopile 

size requires an updated method for a reliable foundation design. The core of the problem is still to 

be found by bridging the gap in scale between laboratory and actual offshore situation.  

Medium to large-scaled testing of support structures tries to overcome this by deploying scaling 

factors of 1:10 to 1:3 (rather than 1:100 or smaller) and thus avoiding the challenge to work around 

large differences in dimensions and interactions between model and foundation. Fraunhofer IWES 

as well as several other institutions therefore increasingly make use of these kind of testing facilities, 

namely the test center of support structures in Hannover (Lower Saxony, Germany), an installation 

of the Leibniz University of Hannover and operated jointly together with Fraunhofer IWES. Refer-

ences include a number of national and international research projects, e.g. TANDEM, HoPile and 

VIPILE. 

5 Summary and conclusion 

This paper has introduced the most relevant methodologies for testing and validation of selected 

subsystems and components of wind turbines focused on their mechanical aspects. Starting with 

pitch bearings following the load path down to the support structure, different types and purposes 

of testing as well as currently available test infrastructure have been presented. The different trends 

and developments for the subsystems pitch bearings, drivetrain, main bearing assembly and sup-

port structure have been discussed. In general, it can be stated that there are viable options (e.g. 

scaled and hybrid testing) to overcome the bottleneck of too small test benches in the validation of 

wind turbines. It depends on the subsystem and the major purpose of testing which option is the 

best fit. It is a joint task of research institutions as DTU and Fraunhofer and the wind industry to 

further develop these testing methodologies and increasingly introduce them into common practice. 
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