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Metrology for enhanced reliability and efficiency of wind energy
systems
Overview
The mechanical components of Wind Energy Systems (WES) are exposed to the highest loads, with torques
of up to 20 MNm acting on the blades, and these are transmitted to the drivetrain’s components. Therefore,
the requirements on these parts are high and this often results in tight manufacturing tolerances related to their
size and mass. Reliable verification of manufacturing tolerances through accurate measurements is a critical
part of quality assurance. This project will improve industrial measurement capabilities for the mechanical parts
of WES following the Manufacturing Metrology Roadmap 2020 and it will help to accelerate the energy
transition by enhancing the efficiency of WES technology.
Need
The 2020 EU climate and energy package (EU 2018/2001) sets the 20-20-20 target rates for the reduction of
greenhouse gas emissions, for the share of renewable energy and for the improvement in energy efficiency.
These target rates have been increased to 32 % for the share of renewable energy and for the improvement
in energy efficiency by 2030.
WES technology has grown considerably in the past three decades. For example, the rotor diameter increased
by a factor of more than 8 in the period from 1985 until 2015. This resulted in the growth of the rated output by
a factor of 100 in the same time. However, the demands on WES for ever-increasing output and an envisaged
working life of 20 years are tremendous. Their efficiency can only be raised by enlarging the hub height and
rotor diameter. This leads to higher loads acting on the mechanical parts such as the rotor blades and the
drivetrain components. WES breakdowns due to a malfunction of the gearbox lead to downtimes of more than
six days on average, while an error with the rotor blades causes a mean downtime of four days. Together both
effects account for an annual loss frequency of about 30 %.
Improving the dimensional metrology for WES drivetrain components and rotor blades is a prerequisite to
enable reliable production processes and to assure that both component life and performance is achieved.
Better and more effective metrology will contribute to assuring the availability, power density and efficiency of
WES, whilst reducing unplanned maintenance costs, noise and waste.
Current trends and challenges in dimensional metrology have been collated in the Manufacturing Metrology
Roadmap 2020. This strategic document, published in 2011 by the German VDI/VDE Society for Measurement
and Automatic Control (GMA), describes future requirements on precision engineering in modern industry with
the keywords fast, accurate, reliable, flexible and holistic.
Specific user needs arise from the lack of validation of optical sensor systems, which are capable of fast and
holistic component inspection during production processes. Moreover, reliable in-situ measurements on WES
and suitable digital twin (DT) architectures to predict the wear and degradation that causes a loss in efficiency,
as well as accurate in-line metrology systems for machine tools are also needed.
To meet these needs, 3D-coordinate metrology needs to be improved. Firstly, traceability for optical and
multi-sensor technologies, in terms of measurement uncertainty, needs to be developed (objective 1). The
capability of image processing sensors applied on drones for the inspection of rotor blades has to be
investigated to allow reliable measurements even in harsh environments for industrial end-users. Reliable
characterisation examinations of the relationship between scanning speed and the loss in harmonic content
for large components of WES needs to be carried out and analysed (objective 2). To fully benefit from holistic
measurement data, evaluation strategies need to be developed that consider the complete point cloud and
which express the results in terms of areal deviation parameters. Moreover, digital twin (DT) technologies of
WES turbine blades need to be developed and used to predict the degradation over time of the blade’s
efficiency (and thereby the loss in annual energy production), which is mainly caused by leading edge
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roughness (objective 3). Finally, a tighter integration of metrology into production processes, especially by
means of machine tool inspection systems, needs to be pursued in order to obtain measurement results faster
and to use them more efficiently (objective 4).
Objectives
The overall objective of the project is to enhance the reliability and efficiency of WES by ensuring the
traceability of the measurements of their mechanical components, thereby improving industrial production
processes in order to fulfil the demands of the Manufacturing Metrology Roadmap 2020.
The specific objectives of the project are:
1.

To investigate fast optical and multi-sensor measurement methods for roughness, form, and
dimensions of mechanical components of WES and to determine the associated uncertainties. This
will include coordinate measuring machines with different sensor systems (target uncertainties below
5 µm) as well as image processing sensors applied on drones for wear measurements directly at
WES.

2.

To develop improved measurement and evaluation methods for the surfaces of industrial and WES
drivetrain components, considering material properties, when appropriate. This will include using
both tactile and contactless sensors including the comparison of high-speed contact scanning with
single-point measurements, taking into account harmonic content, and development of algorithms
for characterisation of these components in a shop floor environment.

3.

To develop a digital twin (DT) of drivetrain and turbine blades to predict the degradation in the
turbine’s efficiency based on 2D or 3D images of blade leading edges, wind tunnel experiments and
computational fluid dynamics (CFD). This will include a study into the applicability of Model Based
Definition (MBD) for measurement script generation.

4.

To evaluate and improve the accuracy of machine tool measuring stations for fast and flexible in-line
metrology operating in harsh environments. This will include the development of calibration strategies
for in-situ machine measuring systems and an assessment of the feasibility of self-calibration
methods for rotary axis calibration.

5.

To facilitate the take up of the technology and measurement infrastructure developed in the project
by the measurement supply chain, standards developing organisations (e.g. ISO TC 213) and end
users (large drivetrain component and turbine blade manufacturers).

Progress beyond the state of the art and results
The work in this project will build on the results from previous EMRP JRPs ENG56 DriveTrain and IND62 TIM.
However, measurements with optical systems, harmonic content analysis and digital twin technologies were
not considered at all in EMRP JRP ENG56 DriveTrain. In addition, EMRP JRP IND62 TIM did not investigate
drivetrain or other WES components.
To investigate fast optical and multi-sensor measurement methods for roughness, form, and dimensions of
mechanical components of WES and to determine the associated uncertainties. This will include coordinate
measuring machines with different sensor systems (target uncertainties below 5 µm) as well as image
processing sensors applied on drones for wear measurements directly at WES. (objective 1)
The potential for non-contact optical technologies to perform traceable dimensional measurements has to be
exploited by providing dense point cloud data for high resolution geometry, form and real surface topography
in appropriate measurement times, e.g. < 6-7 hours (this example is the duration for two profiles or helices on
a gear measured in tactile mode), which are increasingly being demanded by end users. The results will
provide validated non-contact dimensional measurements of mechanical WES components and a reliable
assessment in terms of measurement uncertainty of the investigated systems. This will enable faster, more
reliable and holistic measurements of these parts.
To develop improved measurement and evaluation methods for the surfaces of industrial and WES drivetrain
components, considering material properties, when appropriate. This will include using both tactile and
contactless sensors including the comparison of high-speed contact scanning with single-point measurements,
taking into account harmonic content, and development of algorithms for characterisation of these components
in a shop floor environment. (objective 2)
Tactile measurements and 2D, line based, form and roughness evaluation parameters, which are typically
used for the surface measurement and evaluation of WES drivetrain components, have to be applied to 3D
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surface measurement and evaluation strategies. Moreover, the harmonic content, which can have a significant
impact on gear and bearing performance, noise and reliable life prediction have to be considered. This project
will increase the value of information from workpiece measurements on WES drivetrain products by linking
functional performance to appropriate surface characterisation parameters. This will include the reliable
assessment of noise-producing structures on component surfaces which is currently being heavily demanded
by drivetrain manufacturers.
To develop a digital twin (DT) of drivetrain and turbine blades to predict the degradation in the turbine’s
efficiency based on 2D or 3D images of blade leading edges, wind tunnel experiments and computational fluid
dynamics (CFD). This will include a study into the applicability of Model Based Definition (MBD) for
measurement script generation. (objective 3)
Erosion of the leading edge, which causes leading edge roughness, has a large influence on the efficiency of
turbine blades. The visual documentation of the non-uniform surface erosion of the leading edge of the blades
by ground based or airborne cameras, serving as a qualitative and empirical decision-making basis is
inadequate. Therefore, a digital twin of the turbine blades, focussing on the non-uniform surface erosion of the
leading edge as well as on the uniform surface roughness, will be based on previous work. This will enable
the prediction of erosion and degradation over time which is crucial for end-users like WES operators.
To evaluate and improve the accuracy of machine tool measuring stations for fast and flexible in-line metrology
operating in harsh environments. This will include the development of calibration strategies for in-situ machine
measuring systems and an assessment of the feasibility of self calibration methods for rotary axis calibration.
(objective 4)
This project will go beyond the state of the art by providing validated procedures for evaluating in-situ
measuring systems for measuring complex high accuracy WES components in typical harsh environments
e.g. directly on the grinding machine, especially for industrial purposes.
Impact
This project will develop a range of new measurement capabilities for mechanical WES components at the
NMIs as well as directly in industry. The project’s results will meet industrial requirements for increasingly fast,
accurate, reliable, flexible and holistic measurements.
Impact on industrial and other user communities
The use of validated optical sensors for the quality assurance of WES component production will provide speed
advantages and holistic information benefits (objective 1). This will enable higher throughput rates and larger
batch sizes for quality control and this will provide benefits through improved component quality and longer
WES service life. The new measurement standards and calibrated workpieces will be made available for hire.
Holistic inspection, including the harmonic analysis of drivetrain components, will enable the improved
characterisation of damage and wear in WES drivetrain components by end users (objective 2). Impact will be
created through the subcontracted support services which will be able to maximise component life, increase
WES quality and reduce expensive unplanned maintenance.
Digital twin technologies will utilise detailed knowledge about specific components to create impact by
improving fatigue life estimation, by predicting maintenance and improving the overall reliability of the WES
product (objective 3). Moreover, this will enable parts to be matched which can function better together at lower
tolerance levels when more geometrical data is known resulting in decreased manufacturing costs.
The development of validated and reliable calibration strategies for in-situ machine tool inspection systems for
WES components will have an immediate positive impact on manufacturing capability by reducing the
preliminary set up time and costs for a component and it will minimise the number of required trial and
measurement cycles (objective 4). The work in this project is expected to improve and lead to further ISO
standards or technical reports which will provide useful guidance to industry to improve in-situ machine tool
inspection systems.
Reports and good practice guides will enable the quick and effective dissemination and uptake of the newly
developed measurement strategies and methods via accredited bodies in Europe, calibration laboratories or
other associations which represent the WES community, such as the British Gear Association (BGA) (UK),
Forschungsvereinigung Antriebstechnik (FVA) or Verband Deutscher Maschinen und Anlagenbau e.V.
(VDMA) (both DE).
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To facilitate the take up of the project’s outputs there will be considerable engagement throughout the project
with industrial stakeholders including manufacturers of coordinate measuring machines as well as WES
component manufacturers and calibration laboratories. The participation of industrial partners and the
interaction with the stakeholder communities will also ensure that the project creates industrial impact. In
addition, two international workshops will be held. Newsletters will be used to help to share project outputs and
engage with the target user communities. Uptake of the new measurement capabilities developed in the project
by the partners and key stakeholders is expected during and shortly after the project. Early uptake will be
among the manufacturers of coordinate measuring machines and of the drivetrain components. The project’s
results will enable them to confidently demonstrate the performance of their products and to ensure that they
remain internationally competitive.
Impact on the metrology and scientific communities
There are still significant discrepancies in the development status of wind energy, and the associated
metrology, in the various regions of Europe. Given the importance of this technology, this project will support
the rapid development of the scientific and technological basis, particularly in the peripheral regions of Europe.
In this context, the project has a considerable potential to transfer know-how from the more experienced NMIs
to the metrological research communities and industries of emerging countries. This will enable them to
effectively support their growing industries and markets in the wind technology sector in the future.
Moreover, joint research papers will be submitted for publication in high impact peer-reviewed journals and as
part of the knowledge transfer a workshop on dimensional metrology for WES components will be organised
and held, to which representatives of industry (both manufacturers and users), academic and NMIs will be
invited.
As the focus of the project will be on the industrial application of new measurement procedures, there will also
be a major impact on new calibration services for example for the holistic calibration of involute gears as well
as for machine tool measuring stations. In principal, both developments will also provide the basis for new
Calibration and Measurement Capabilities (CMCs) for interested NMIs/DIs.
Impact on relevant standards
This project will have impact on several international ISO standards dealing with coordinate measuring
techniques and WES components.
Existing standards for drivetrain components, like involute gears, poorly cover optical and multi-sensor CMMs.
For example, geometric deviations are only referred to as single line measurements. Currently, holistic
measurement processes are not considered and thus much of the measured data cannot be used for
evaluation. Rules for inspection and evaluation of the harmonic content on gear flanks are currently not
available in any standards or guidelines. Investigations on the relationship between contact scanning speed
and the loss in harmonic content will provide valuable input for ISO 1328 and the supporting technical reports
in the ISO TR10064 series. In addition, the holistic 3D inspection of gears is not currently part of any national
or international standard.
Currently ISO 230-10 defines calibration methods for in-situ measurement systems on machine tools. This
project may lead to further ISO standards or to technical reports which will provide guidance to industry on
how to improve in-situ machine tool inspection systems. Engagement with ISO and VDI working groups is
planned during the project by ISO TC60 WG2 members with ISO TC 39 via the national mirror committees.
Holistic evaluation methods and the potential development of Geometrical Product Specification (GPS)
compatible measurement strategies will support future work in ISO TC 213, ISO TC60 WG2 and ISO TC 39.
The characterisation of eddy current sensor systems will support the implementation of IEC 600034-14.
Longer-term economic, social and environmental impacts
The developed measurement procedures and uncertainty estimations will also be transferable to other
production processes. Optical sensors, holistic evaluation strategies, the metrological use of DTs and in-line
metrology are important subjects for a broad variety of engineering industries that will also benefit from the
project’s findings in the long term.
The deployment of wind energy in Europe is a remarkable industrial success. The outcome of this project will
help to foster Europe’s position among other countries regarding the growth of renewable energy systems.
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This project will improve metrology for mechanical WES components and enhance industrial production
processes. This will lead to better products and it will increase the availability and energy efficiency of wind
power plants. Finally, it will help to accelerate the energy transition and thereby reduce environmental pollution.
In addition, more effective, safer and quieter WES will raise the population’s acceptance of this technology and
thereby facilitate its further expansion.
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