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 Summary 

This report summaries the studies of wind energy digital twin applications in the  

project STRETCH (STate of art Rotor Extended To Create Higher performance), 

which is supported by Topsector Energiesubsidie from the Dutch Ministry of 

Economic Affairs under project TEHE118020. It also aims to inspire researchers in 

the field of wind energy digital twins, recognizing its modest contribution in the grand 

scheme of things. 

 

This report begins by reviewing the background information on digital twins and 

proposes aligning the understanding of digital twins using the definition from the 

Digital Twin Consortium: a digital twin is a virtual representation of real-world entities 

and processes, synchronized at a specified frequency and fidelity. Following this 

definition, the report reviews digital twin applications from the literature and in the 

wind energy industry. For the academic research of wind energy digital twins, a 

simple digital twin structure consisting of three elements - data, model, and purpose 

- is introduced and elaborated upon. To architect a digital twin capable of representing 

the entire lifecycle of real-world entities and processes, a systematic methodology is 

needed. Model-Based Systems Engineering is a suitable approach for this purpose 

and is briefly discussed in this report. 

 

Finally, two case studies are conducted and reported. Both case studies demonstrate 

promising applications of wind energy digital twins. The first case study involves using 

Ansys Twin Builder to create a reduced-order model (ROM) of a wind turbine blade 

FEM model. This ROM can run within seconds while maintaining high fidelity. It can 

be deployed for virtual sensors, virtual testing, what-if scenario studies, root-cause 

analysis, and failure model prediction, among other applications. The second case 

study focuses on building a digital twin framework for the rotor test rig developed 

within the STRETCH project to test wind turbine pitch bearings and hubs. The digital 

twin is used to gain a better understanding of the behaviour, loading, and dynamics 

of the tested assembly to optimize test preparations, expedite test setup, and reduce 

risks and delays during testing. The results from the digital twin model of the rotor 

test rig, including test articles, are encouraging, although further work is required to 

enhance accuracy and practicality. 
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 1 Introduction 

This report is written for the work package (WP) 3.1 on Digital Twin (DT) in the project 

STRETCH (STate of art Rotor Extended To Create Higher performance), which is 

supported by Topsector Energiesubsidie from the Dutch Ministry of Economic Affairs 

under project TEHE118020.   

 

The aim of the STRETCH project is to contribute to the reduction of offshore wind 

Levelized Cost of Energy (LCoE) by being able to stretch the rotor diameter with 

minimal adjustments to the overall rotor, turbine, or substructure. This is achieved by 

innovations in rotor design, improvements in aerodynamical and structural modelling 

and innovation in testing methods as reported in the STRETCH project final report 

[1]. 

 

This report complies the results of the research works which have been done in 

STRETCH project about DT technology and serves as a detailed study of DT for wind 

energy applications.  

 

In Chapter 2 the DT background, definition, literature research, industry applications 

and challenges and future are elaborated. Some reflection on the architecture of DT 

for wind energy application is given in Chapter 3. Chapter 3 also provides thoughts 

as wind energy researchers about how to understand DTs in the wind energy domain 

as summarised in Figure 52 and elaborated in Chapter 3. Moreover DTs should be 

capable of following the full lifecycle of a system, and MBSE (Model Based System 

Engineering) methodology matches well with DT engineering works by the DT 

definition and this is elaborated in Chapter 4. Chapter 5 to 6 are case studies of 

(Reduced Order Modelling) ROM and STRETCH rotor test rig DT framework 

respectively. 
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 2 Wind Energy Digital Twin  

As an emerging technology and buzz word for many years, how will DT technology 

change the wind energy sector is a natural question by any wind energy researchers. 

This chapter will try to answer this question from the origins of the DT concept, DT 

research, DT industry applications to the challenges and future of DT technology. 

2.1 Background  

DT is basically the name of a technology, just like the names as IoT, blockchain or 

5G. However this name is abused to represent DT products, DT systems, DT 

platforms, DT models, DT tools or DT solutions etc.  

 

“Technology is the result of accumulated knowledge and application of skills, 

methods, and processes used in industrial production and scientific research.”  

- Wikipedia 

 

The idea of digital twin technology was described in 1991 with the publication of Mirror 

Worlds by David Gelernter [2]. However Michael Grieves was credited with the first 

application of the digital twin concept in manufacturing and he publicly introduced the 

concept and model of the digital twin in 2002 for PLM (Product Lifecycle 

Management) at a conference in Michigan. Eventually John Vickers of NASA 

introduced the name ‘Digital twin’ in 2010 with the concept consisting of a physical 

product, a digital/virtual product and the connections between the two products. The 

term ‘connections’ here means the data/information that flow between those two 

products and the connections are driven by use cases and it is called Digital Thread 

nowadays as shown in Figure 1 .  

 

It is interesting to mention that the motivation of DTs at that time was to move the 

work activities from the physical space in the 20th century to the virtual space in the 

21st century aiming at substituting information from virtual space for ‘wasted’ physical 

resources such as all the mistakes made, failed try-outs [3].  

 
Figure 1 DT Model concept explained, Dr. Michael Grieves [4] 

 

Digital Thread 
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 Hype Cycles from Gartner [5] characterize the progression of innovation in typically 

3 stages: overenthusiasm, disillusionment and the eventual understanding of the 

innovation’s relevance and role in a market or domain. In 2017  DT was listed by 

Gartner [6] as emerging technologies as one of the digital platforms together with 5G, 

edge computing, blockchain and IoT platform. It was considered as the next step in 

the IoT driven world where companies are increasingly leveraging IoT technologies 

in their digital business journey [7]. It continued on the list in 2018 as one of the 

digitalized ecosystems together with blockchain, blockchain for data security, IoT 

platform and knowledge graphs.  

 

 
Figure 2 Garner Hype Cycle for Emerging Technologies 2017 

 

“Digital twins add value to traditional analytical approaches by improving situational 

awareness, and enabling better responses to changing conditions, particularly for 

asset optimization and preventive maintenance.” – Gartner 2017 [7] 
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Figure 3 Garner Hype Cycle for Emerging Technologies 2018 

 

“ Digital twins have huge potential benefits, but creating and maintaining them can 

be both risky and difficult” – Gartner 2018 [8] 

 

In 2019, DT is not considered as emerging technology by Gartner anymore and 

disappeared on the Gartner emerging technologies hype cycle list. This means that 

DT technology is getting well recognized and accepted and going into the industry 

application phase as it is considered as No.4 of the top 10 strategic technology trends 

for 2019 [9]:   

 

“The idea of a digital twin is not new. It goes back to computer-aided design 

representations of things or online profiles of customers, but today’s digital twins are 

different in four ways: 

1. The robustness of the models, with a focus on how they support specific 

business outcomes 

2. The link to the real world, potentially in real time for monitoring and control 

3. The application of advanced big data analytics and AI to drive new business 

opportunities 

4. The ability to interact with them and evaluate “what if” scenarios”  

 

DT technology provides unique capabilities, but a DT, in itself, is composed from a 

number of technical capabilities to provide an overall solution [10]. As illustrated in 

Figure 4, the Digital Twin Consortium (DTC) categorizes the capabilities into 6 groups: 

data services, integration, intelligence, user experience, management and 

trustworthiness.   

 

Evolving in the era of ‘Industry 4.0’ (revolution of data or Cyber-Physical Systems – 

the convergence of the physical world and the virtual world [11]) and the ‘second 
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 machine age’ [12] (from muscle power to mental power), DT technology will develop 

further and provide more capabilities.. 

 

 

Figure 4 DT Capabilities Periodic Table Framework [10] 

 

To conclude, the DT enablers and drivers can be summarised in figure below.  

 

Figure 5 DT enablers and drivers 

2.2 Digital Twin definition  

All in all, what is a proper definition of DT? The author of this report would like to refer 

to the definition from the Digital Twin Consortium [13] to reach the consensus:  

 

A digital twin is a virtual representation of real-world entities and processes, 

synchronized at a specified frequency and fidelity:  

 

• Digital twin systems transform business by accelerating holistic 

understanding, optimal decision-making, and effective action. 

• Digital twins use real-time and historical data to represent the past and 

present and simulate predicted futures. 

DT enablers

•IoT, cybersecurity, sensor networks, big data

•AI, data science

•Fast and robust simulations, low computational cost

•Advanced IT/OT systems

DT drivers

•Digitalisation, Digital transformation

•Industry 4.0, Cyber-Physical System, second machine age

DT 
capabiliteis

•see Figure 4 
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 • Digital twins are motivated by outcomes, tailored to use cases, powered by 

integration, built on data, guided by domain knowledge, and implemented in 

IT/OT systems. 

2.3 State of the art of DT technology for wind energy application   

Wind energy industry was born with rich data, e.g. wind data, simulation data, 

operation data , maintenance and inspection data etc. Therefore it embraces the DT 

technology quite naturally to enable the potential values of those big data.  

 

In this chapter Scopus is used to find relevant literature about wind energy digital 

twins. After searching “wind AND digital twin” (in August 2022), 34 documents (17 

conference papers, 15 articles and 2 reviews) are found. The number of those 

documents by year is shown in Figure 6. Note that only articles, conference papers 

and reviews are counted in Scopus search.  

 

 

Figure 6 Wind energy digital twin documents by year from Scopus search August 2022 

 

The earliest one [14] is from 2018 and it is also the mostly cited. In this article, a 

framework is established for a complete digital twin platform for optimum predictive 

maintenance strategy.  

 

Based on titles and abstracts from the 34 documents, a word cloud is plotted in Figure 

7 to have a general impression of the contents. The size of the a word is proportional 

to its appearance frequency.  
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Figure 7 Most frequent words in the titles and abstracts of 34 documents found in Scopus 

Based on those frequent words, one could see that building DTs (model, data, 

analysis, technology) for applications such as monitoring, maintenance, prediction, 

virtual sensing for offshore turbines and blade are the majorities.  

 

To better categorize the papers, a thorough review of the papers is done to identify 

the research focus as summarized in table below.  

 

Wind energy DT research focus  Relevant papers 

Virtual sensing [15] [16] 

Maintenance  [17] [18] [19] 

Monitoring  [20](load and lifetime) [21] [17] [22] [23] 

[24] 

System solution [25] [26] [18] 

Fault [16](detection) [18](prediction) [27] [21] 

[28] [29] [17](detection) 

Prediction 
[30](power) [22](mooring tension) 

[18](fault) [19](lifetime) [31] [32](ws) 

Model and data 
[33] [34] [35] [36] [37] [38] [39] [40] [41] 

[42] [43] [44] [45]  

Highlights in the table: Data-driven   Physics-based    Hybrid 

No highlights: not applicable 

Table 1 Literature categorized into different research focus 

The reference number of the papers are highlighted accordingly to the method used. 

‘Data driven’ refers to the DT model built up using statistics methods or AI methods. 

‘Physics based’ refers to the DT model built up using physics theories and equations. 



 

TNO PUBLIC 

TNO PUBLIC |TNO report | TNO 2022 R12367  11 / 55  

 ‘Hybrid’ means the combination of the two methods above. The irrelevant papers are 

not highlighted as the focus on the relevant topic but no model developed.   

 

Virtual sensing is about using the results from the virtual part to sense the non-

measured physical part, or a data driven model to replace or support physical 

sensors.  

   

The modern maintenance can be categorized as reactive maintenance, preventive 

maintenance, condition-based maintenance, predictive maintenance and prescriptive 

maintenance [46]. Prescriptive maintenance is also known as the knowledge based 

maintenance of optimizing maintenance based on predictions and it is proactive and 

intelligent. Wind energy DTs are used for condition-based, predictive and prescriptive 

maintenances, and DTs are considered as mandatory part of prescriptive 

maintenance [17].   

 

Most monitoring studies are on the more general operation conditions side, but there 

is also monitoring on specific targets such as load and lifetime.  

 

System solution is about bringing many component level simulations to integrated 

system level to provide holistic understanding.   

 

Fault related DT is about failure or fault detection or prediction.  

 

Prediction related DT is about predicting states, operating paramerters etc. It can 

vary up to the objects to bepredicted.  

 

Model and data related DT studies focus on high fidelity and fast or real-time data 

driven or physics based models and advanced data science algorithms.  

 

It is also interesting to see the documents by year if only search for the key word: 

digital twin. As shown in Figure 8,  the digital twin topic starts booming from the year 

2017 (61 documents) and reach the peak in 2021 (1607 documents). This trend 

matches well with the DT as the listed Gartner emerging technologies in 2017 in 

Figure 2. Note that only articles, conference papers and reviews are counted in 

Scopus search and 1991 is set as it is the year of born of DT idea.  

 

 

Figure 8 Digital twin documents by year from Scopus search August 2022 
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 Based on the literature study, the following characteristics are concluded in this report 

to distinguish DT technology with other terms:  

• It is incubated during the emergence of IoT technology 

• It is one digital technology among digitalisation.  

• It is a purpose driven technology of building a digital counterpart of a physical part 

with active connections between them. (i.e. it is motivated by outcomes, tailored 

to use cases, powered by integration, built on data, guided by domain knowledge, 

and implemented in IT/OT systems.)  

• The physical part can be a component, asset, unit, system or process. 

• The virtual part is model based. Data driven model or physics based model or 

both. Fast, sufficient fidelity for the dedicated purpose and low calculation cost. 

• DTs should cover the lifecycle of the physical part and the active connections 

enable the virtual part to adapt to the dynamic changing environment to represent 

the (near or even) real-time status of the physical part. It can also trace back the 

historical status or predict future status.  

• The physical part may not be modular designed but the virtual counterpart is 

modularly modelled.   

• It evolutes with new technology alignment and new business objectives during 

the digitalization revolution. 

• The inputs and outputs are traceable.  

2.4 Industry application  

DT has been widely embraced by industries [47] including the wind energy industry. 

There are many commercial DT platform providers. A list of the well-known DT 

platforms is presented below. Besides those from industry leaders, there are other 

DT platforms on the market. The different DT platform can be classified using the DT 

capabilities listed in Figure 4. All the commercial DT platforms are developed for 

those DT capabilities to certain extent.    

 

▪ Microsoft - Model and interact with the real world, Azure Digital Twins 

▪ GE - Predix Digital Twin 

▪ IBM - Industry Transformation with IBM Digital Twin 

▪ Siemens - Digitization in machine building 

▪ Oracle - Digital Twins for IoT Applications 

▪ DNV – Digital twin WindGEMINI for wind turbine operations 

 

In the industry, DTs are well classified as component twin, asset twin, system twin 

and process twin. Most DT platforms are applicable for all those types and for 

different industries. Among those DT platforms listed above, DNV WindGEMINI is the 

only one dedicated to the wind industry.  

 

It is worth highlighting that the intelligence capability of DTs can have three 

approaches: data driven approach, physics-based approach and hybrid approach. 

The data driven approach is still the main trend as it can directly analyze the collected 

data for immediate insights. The physics-based approach needs more deep domain 

knowledge. There are only few dedicated companies who can provide physics-based 

DT industry services such Ansys Twin Builder and Akselos RB-FEA. The hybrid 

approach is relatively new and only seen in a few references as shown in Table 1.  
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 To better demonstrate the state of the art of wind energy DTs, several industry 

applications of successfully deploying DTs in the wind energy field are described 

below. 

 

GE’s DT 1 

 

GE Digital defines DT as a software representation of a physical asset, system or 

process designed to detect, prevent, predict and optimize through real time analytics 

to deliver business value. GE Wind is using GE DT technologies to market its Digital 

Wind Farm solution (Figure 9) which includes capabilities such as: Asset 

Performance Management (APM), Operation Optimization and Business 

Optimization - including Cloud Connect, Wind Fleet Excellence, Enterprise e-SCADA, 

and Wind Power Forecasting, for the entire fleet. 

 

Based on available public information, it can be concluded that the intelligent 

capability of GE wind energy DTs are mainly following data-driven approach. 

Advanced AI or data science algorithms are integrated to provide data quality check, 

statistical pattern verification, trend detection/prognostics and component level 

analytics, and finally to increase revenue and reduce cost and risk.    

 

Figure 9 Digital Wind Farm industry solution from GE Wind [48] 

 

DNV WindGEMINI DT2 

 

WindGEMINI can analyze data and provide actionable insights based on its 5 

advanced algorithm modules:  

• structural integrity monitor (uses frequency analysis algorithms to process higher 

frequency data from standard turbine interfaces to help detection of structural 

issues such as rotor imbalance and foundation degradation),  

• power curve performance watchdog (using artificial intelligence algorithms to 

analyse SCADA data to identify power curve performance issues, incorrect 

turbine control settings, and sub-optimal operation),  

 
1 https://www.ge.com/digital/blog/what-digital-twin 
2 https://www.dnv.com/power-renewables/services/data-analytics/windgemini/ 
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 • pattern of production analysis (through monitoring the relative variation in 

production between turbines and over time to identify performance outliers and 

degradation in turbine performance)  

• energy production analysis (analyzing SCADA data from the wind farm and 

mesoscale data to estimate the contribution of windiness, turbine availability and 

performance)  

• turbine life estimator (leveraging DNV’s physics based simulation models to 

calculate fatigue accumulation at the main structural components)  

 

One of the interesting case studies3 is that in 2019 the structural integrity monitor 

module highlighted a high level 1P activity at one of the turbines of a 40 MW wind 

farm in the USA. Then recommendation was made to inspect the pitch misalignment 

since it could result in high levels of imbalance. The inspections revealed a crack at 

the blade root, which is the likely cause of the increased 1P activity. 

 

Ramboll DT4 

 

Ramboll has been quite active in the wind energy DT business. Ramboll provides DT 

solutions as intelligent asset management for offshore structures such as platforms 

and wind turbines to reduce the costs of operation and maintenance and to provide 

decisions on whether to extend their lifetime. They introduced the ‘true digital twin 

concept’ which is a digital model continuously monitoring how the structure is doing 

and updated with real time information about the loads affecting the structure5. One 

of the application cases is what they did in the EU ROMEO project where an offshore 

wind turbine jacket support structure is modeled as shown in Figure 10 and Figure 

11. 

 

Figure 10 Ramboll DT application case from EU project ROMEO 2022 6 

 
3 https://www.dnv.com/power-renewables/services/data-analytics/windgemini/windgemini-

cases.html? 
4 https://www.ramboll.com/operations-and-asset-management/digital-twin 
5 https://www.ramboll.com/insights/decarbonise-for-net-zero/true-digital-twins 
6 https://www.romeoproject.eu/wp-

content/uploads/2022/04/Windeurope_2022_ROMEO_Ramboll.pdf 
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Figure 11 Ramboll DT application case from EU project ROMEO 2022 
6
 

2.5 Challenges and future 

As one technology, DT will evolve with the challenges coming from different aspects. 

From a modelling perspective, a list of challenges are summarized in Figure 12 in a 

paper [49]. Those challenges are considered more applicable for wind energy DT 

applications from a research point of view.  

 

 

Figure 12 Mapping between common challenges and enabling technologies [49]  

 

Besides the challenges listed in Figure 12, the author of this report would like to 

highlight following challenges which are observed:  

➢ Life cycle data collection  

Inside DT there is the digital thread which links the physical part and the 

virtual part as seen in Figure 1. To complete the digital thread, data sources 

from different stakeholdesr among the life cycle are needed. Such as the 

data from material supplier, component OEM, wind turbine OEM, wind farm 



 

TNO PUBLIC 

TNO PUBLIC |TNO report | TNO 2022 R12367  16 / 55  

 developer, logistics parties, installation parties and O&M parties etc. Unlike 

automotive industry, wind energy industry has quite silo data and many 

barriers for assessing the data from each stakeholder [50].  

 

There is an approach called decentralized DT [51] to tackle this challenge. 

This approach proposes an aggregated model where all the training data is 

kept by each client so it enables sharing knowledge without sharing the 

actual data.  

 

➢ Qualification and assurance of DT 

As explained by DNV [52],  a physical product must go through rigorous 

assurance processes to meet regulatory requirements and company and/or 

industry standards. This also holds for a digital product i.e. DT.  

 

As a start and to create awareness, DNV has published recommended 

practices for data quality assessment, assurance of sensor systems, 

assurance of data-driven algorithms and models, assurance of simulation 

models. But since DT is constantly learning new skills and capabilities, it will 

be a long journey for DT qualification and assurance. 

 

Moreover, as DT technology is still in the exploring phase in wind energy 

industry, there is still a gap to bridge before it will be mature and 

standardized. 

 

Under this topic, a more specific research challenge is the model validation 

and uncertainty quantification (MVUQ) [53]: DT models powerfully unite 

theoretical foundations, numerical models, and sensor data which include 

associated uncertainties and errors. The field of MVUQ research entails the 

development of methods and metrics to test model prediction accuracy and 

robustness while considering all relevant sources of uncertainties and errors 

through systematic comparisons against experimental observations. 

 

➢ Goal given to goal seeking 

Although wind energy industry is still exploring the goals of DT to create 

business values, the demanding of developing a DT which can seek the goal 

itself instead of giving a goal to DT is already there.  

 

Especially in the O&M field, the goal seeking capability is being  asked to find 

the optimal solution by DT itself for multi-objective problems.  

 

➢ Physics-informed data-driven models (or physics-AI model) 

There is a saying that garbage in and garbage out, and this is true for the 

ordinary data-driven model especially AI based or statistics based. There is 

a hybrid model which is data-driven and physics informed e.g. surrogate 

model, reduced-order model or reduced physics mode. This type of models 

still keep the high fidelity of physics-based models but are as fast as ordinary 

data-driven model. 

 

➢ Move from asset-intensive applications to other fields: design, testing, 

process, system solution etc. 
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 The current DT applications in wind energy industry are asset-intensive i.e. 

focusing on the applications for asset management. NASA introduced DT in 

2010 for designing a rocket, not for asset management. There is little focus 

of using DT in design phase in wind energy industry yet.  
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 3 Wind Energy Digital Twin Research 

Chapter 2 provides a top-down view of wind energy DT. Just looking at the DT 

capabilities in Figure 4, it provides some thoughts for wind energy DT research. But 

it is too broaden and too scattered to focus – for a traditional wind energy research 

institute as TNO. Thinking from a different angle, the bottom- up view, what a wind 

energy research institute is rich of? The easy answer could be: domain knowledge 

and numerous data and models.  

 

This chapter will discuss the wind energy digital twin research priorities based on  

following reasons:  

• More focus on topics relevant to wind energy industry applications instead of the 

ordinary DT technology 

• Break down the structure to sensible elements for wind energy domain expert 

 

3.1 Breakdown DT elements  

It is easy to picture a DT in mind consisting of 5 dimensions as shown Figure 13: 

physical entity (PE), virtual entity (VE), DT data (DD), services (Ss) and connection 

(CN) which is the connection among PE, VE, DD and Ss.  

 

Figure 13 Five-dimension DT model for complex equipment [54] 

 

Wind turbines are highly complex interacting mechanical and electrical systems, 

driven by turbulent (and largely unmeasured) environmental conditions. DT requires 

in depth domain knowledge to support its applications. Thinking about the wind 

energy DT with the specific domain knowledge, it can be simplified as in Figure 14 

with just 3 elements: data, model and purpose.  
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Figure 14 Wind energy DT elements governed by domain knowledge for different types of DT 

3.1.1 Purpose 

 

Any DT should start with a clear purpose: the industry needs should be understood 

and the specific DT technology capabilities should be targeted.   

 

Solve 

Industry Object Challenges 

Using DT 

technology 

Oil&Gas asset cost 

Aerospace unit/system efficiency 

Automobile process reliability 

Energy component quality 

Wind Energy 

  

Figure 15 Understand industry needs - example 

 

Develop  

DT technology capabilities 

for 

Business needs 

Physical part Virtual part Connections 

Cost reduction 

System integration 

Multi scenario 

Decision making 

Remote operation 

sensors 
Data driven 

model 
Monitoring 

CMS 
Physics based 

model 
Data services 

 AI & ML 

algorithms 
Integration 

 Hybrid models  

Figure 16 Targeted DT technology capabilities - example 

 

For wind energy DT, the author of this report thinks the purpose can be concluded as 

2 categories: cost reduction and system integration, as same as the objectives for 

digitalisation reported by ETIP WIND ( European Technology & Innovation Platform 

on Wind Energy) [55] as shown in Figure 17.  
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Figure 17 ETIP Wind report: an overview of the digitalisation potential for wind energy  

3.1.2 Data 

 

Wind energy was born with numerous data: simulation data from hundreds of design 

load cases (DLCs) required by Type Certification; prototype testing data; SCADA 

data used to monitor and control the turbine. Nowadays with the digitalisation 

evolution (ubiquitous digital connectivities), more and more databases are getting 

available too, such as environment data, production data, logistics and installation 

data, and advanced structural health monitoring data etc. To give an impression of 

the data, Figure 18 shows the complexity from a wind plant and  Figure 19 purely 

shows the data from wind turbine asset management point of view.  
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Figure 18 Wind Plant – a complex and highly interconnected system. Graphic by NREL for IEA Wind 

task 37: SE in Wind Energy7  

 

Figure 19 Basic wind turbine asset data (one PPT slide from IEA task 438: wind energy digitalization) 

As a summary, the wind energy data related challenges are presented in Figure 20 

and briefly explained in following paragraphs.  

 

Figure 20 Wind energy DT - data challenges 

 

• Wind energy data sharing  

 
7 https://iea-wind.org/task37/ 
8 https://www.ieawindtask43.org/ 
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 Data is the cornerstone of DT, and the wind energy industry is awash with data. 

However the lack of data structuring and sharing has been a barrier from the 

beginning of wind energy digital revolution9. It is still not resolved but just getting more 

well recognized10 and urgent11 12. In general, the wind energy industry is beginning 

to move away from the “silo” mentality and unwillingness to share data13. However it 

is going slowly and limited to certain circumstances, e.g. turbine operational data 

only14, wind resource data only or very old data.  

 

• Wind energy data mining   

As the state of the art, DT in wind energy industry is mainly used for asset 

management (i.e. product lifecycle management - PLM ) applications to get insights 

of asset performance and take actions. Data mining is used there to reveal unknown, 

hidden and meaningful patterns from the data.  

 

• Wind energy data science tools/algorithms and best practices 

Together with the data mining and the development of data science, various data 

science tools and algorithms are deployed in wind energy industry.   

 

• Wind energy data (real-time) modelling and management  

Data collection is important, but to be able to use the collected data in real-time, a lot 

of data modelling (i.e. the process of analyzing and defining all the different data 

types the business collects and produces, as well as the relationships between those 

bits of data15) and management techniques are necessary to be demonstrated for 

wind energy use cases.  

 

• Wind energy data security and confidentiality   

How to obtain valuable information from the collected data, while maintaining the 

security and the confidentiality is still a research topic in wind energy industry. 

 

• Wind energy data quality criteria and assurance 

Garbage in and garbage out, this is a big concern of using data. New business  

models created by digital transformation already appears to tackle data quality 

assurance such as data certificates (data in compliance with DNV standards or best 

practices), or data value assessment (data suitable for a particular purpose, such as 

trend analysis or machine learning). 

 

• Wind energy data standardization 

Wind energy is well standardized with many existing ISO/IEC/DNV standards and 

wind energy data standards is not an exception. IEC 61400-25 series (i.e. 

communications for monitoring and control of wind power plants) are already 

released. IEC 61400-15 series are under development currently which aims for a 

framework for assessment and reporting of the wind resource, energy yield and site 

 
9 https://www.nature.com/articles/529019a 
10 https://www.ieawindtask43.org/technical-area-2-data-standards 
11 https://www.powerengineeringint.com/digitalization/big-data/data-sharing-critical-to-wind-

sectors-role-in-energy-transition/ 
12 https://windeurope.org/newsroom/news/improving-data-exchange-between-wind-farms-and-the-

power-system-is-central-to-a-cost-effective-energy-transition/ 
13 https://www.wedowind.ch/wedowind-ecosystem 
14 https://www.o2owind.com/data-driven-collaboration 
15 https://powerbi.microsoft.com/ 
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 suitability input conditions for both onshore and offshore wind power plants. The 

development of IEC 61400-16 is going to start soon which aims for data format for 

power curves. It is expected that more wind energy data related standards will come 

in future.   

 

• Wind energy data ontology 

Ontology is ‘a set of formally descripted concepts within a certain knowledge domain 

and the relationships between those concepts’ [56]. As formal and explicit 

specifications of representing knowledge about a domain, ontologies are helpful in 

making information more shareable across people and computer models to support 

knowledge-based reasoning [56]. Speaking the same language is crucial when 

multiple stakeholders are involved. IEA Wind Task 37 has started the development 

of a suitable ontology for wind energy data16 .  

 

• Wind energy advanced measurements/sensors 

Measure less properties will hinder the understanding of a wind turbine, but more 

measurements will increase the cost. The advanced measurements or sensors are 

trying to fill this gap. Moreover embedded sensors at the optimal locations of the 

structure will make the measurements more standardized and increase the value of 

measurements.  

3.1.3 Model 

 

Recall the DT definition at the end of Chapter 2.1: A digital twin is a virtual 

representation of real-world entities and processes, synchronized at a specified 

frequency and fidelity. Depending of the purpose of DT, the models as part of the DT 

should reach specified frequency and fidelity. For wind energy DT, the challenging 

areas for the model are listed in Figure 21 and explained in following paragraphs.  

 

 

Figure 21 Wind energy DT - model challenging areas 

• Physics-based model 

 

Most numerical methods used in the industry are the result of deriving theoretical 

differential equations that are based on conservation laws, physical principles, or 

phenomenological behaviour from a particular process. These theoretical derivations 

and simplifications lead to many of the physics-based models which have been used 

nowadays.  

With the increase of modern computation power, traditional high fidelity physics-

based models can be solved much faster than before, but meantime the physics-

 
16 https://windio.readthedocs.io/en/latest/ 
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 based models are also getting larger and more complex. It is a trade-off between 

accuracy and calculation time. For this reason, surrogate models can be created by 

‘simplifying’ the traditional high fidelity physics-based models to reduce the simulation 

time and still preserving essential behaviour and accuracy. This also enables the 

potential of real-time solution.  

 

ROM (reduced-order model) is based on model order reduction (MOR) techniques 

for reducing the computational complexity of mathematical models in numerical 

simulations. By a reduction of the model's associated state space dimension or 

degrees of freedom, an approximation to the original model is computed i.e. the ROM. 

ROM will be an important wind energy DT enabler for researchers to focus on. 

 

In Table 1, physics-based model related references are listed for wind energy DT 

applications.   

 

• Data-driven model 

 

Except statistics methods and mathematic methods, AI (more specifically: ML) is also 

widely used for creating data-driven models. Wind energy industry players like OEMs, 

operators and service providers are quite active of using data-driven model because 

of large quantity of operational data they have. For data-driven model, the question 

is how accurate it can represent the physics.  

 

In Table 1, data-driven model related references are listed for wind energy DT 

applications.   

 

• Hybrid model 

 

The physics-based model and data-driven model are both well known. The decision 

whether to use a data-driven or a physics-based approach depends on the conditions 

of the data availability, data quality as well as the knowledge level of the physical 

system itself.  

 

The hybrid model referred in this report is the coupling, combination or interaction of 

a physics-based model and a data-driven model in order to take the advantages from 

both sides. The examples are: 1)  use AI(ML) to train the results from a physics-based 

model to create a surrogate model; 2) augment a data-driven model with physics 

simulation for better model performance; 3) augment a physics-based model with 

measurement data behaviour model for reducing model uncertainty and error; etc. 

 

Figure 22 Model approach decided by the levels of data availability and physics model. Recreated 

based on [57] 

In Table 1, hybrid model related references are listed for wind energy DT applications.   
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 • Model Validation and Uncertainty Quantification 

 

In wind energy industry, numerical tools are commonly used to assess the behaviour 

of complex dynamical wind turbine systems. These tools powerfully unite theoretical 

foundations, numerical models and experimental data which all include associated 

uncertainties and errors. It is the same for the models as part of DT. As DT is getting 

more maturely deployed, the model validation and uncertainty quantification will be 

mandatory exercises.    

 

• Twin behavior  

 

The DT should be synchronized at a specified frequency and fidelity to fulfill its 

specified purpose. The term real-time is used a lot, but to clarify it, for DT outputs, 

real-time is not always defined as the speed of blinking eyes. If a system has a 

response time of 10 minutes, then to provide results within 10 minutes is also real-

time. For extreme loads monitoring, crack detection, emergency events etc., fast DT 

response time is needed. But for fatigue, routine maintenance plan, grid price 

monitoring etc., the DT response time can be much longer.  

 

Fidelity is another important twin behavior of the models as part of DT. This needs 

efforts from all the elements: data, model and model validation and uncertainty 

quantification.   

 

• Transdisciplinary and Systems modelling 

 
Figure 23 A comparison of multidisciplinary, interdisciplinary, and transdisciplinary approaches to 

innovation [58] 

 

As the comparison shown in Figure 23: multidisciplinarity is one disciplinary view, 

supported by views from other fields of science; interdisciplinarity has many 

disciplinary views with equal weights; transdisciplinarity has multiple views in a 

common conceptual framework, joined by multiple stakeholders.  

 

Wind energy research is rapidly changing, hyper-connected and is facing increasingly 

large-scale, complex and dynamic problem situations. So is DT as one wind energy 

digital solution. More recently, transdisciplinarity is increasingly relevant to innovators 

and entrepreneurs whose technologies or solutions are aimed at addressing complex 

societal problems. This larger-scale emphasis moves innovation beyond 

“customercentred” to a “society-centred” perspective, and it requires active 

collaboration with public and private sector organizations, governments, and 

communities [58]. 
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When many different models are involved for a system in DT, the systems model is 

needed. Systems models are used to conceptually model the function, structure, 

behavior and views of a systems focused on specific profiles and perspectives to 

ensure an efficient view on the system17. Model-based Systems Engineering (MBSE) 

appeals a solution for transdisciplinary problems as elaborated in Chapter 4 for wind 

energy DT. 

3.2 Summary 

 

Figure 24 Wind energy DT elements governed by domain knowledge for different types of DT 

 

As a summary, the wind energy DT is decomposed as elements listed in Figure 24.  

 
17 https://en.wikipedia.org/wiki/Systems_modeling 
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 4 Full life cycle DT enabled by MBSE 

DT is recognized as an effective approach to optimize interactively various activities 

in the entire product life cycle [59]. Systems Engineering (SE) is an approach to better 

understand a system, i.e. DT system in this report. Model-based systems engineering 

(MBSE) is a development in SE which is the formalized application of modelling to 

support system requirements, design, analysis, verification and validation activities, 

beginning in the conceptual design phase and continuing throughout development 

and later life cycle phases.  

 

It should be noted that MBSE is different than Model Based Design. MBSE is the 

linkage of models to create a system that contains its boundaries, its contradictions, 

and can track the reasons for its design changes. It is the bridge between 

requirements and low-level high-fidelity technical models created by domain 

specialists. It also acts as the enabler for a wider DT to be implemented across the 

system lifecycle [60]. DT technology should be developed and deployed along the 

whole system lifecycle, together with MBSE all benefits can be realised.  

 

 

Figure 25 DT concept within MBSE framework [61] 

The MBSE tools and other SE tools in Figure 25 include system modelling methods 

(e.g., SysML models, Design Structure Matrix, process dependency structure matrix, 

probabilistic models such as Partially-Observable Markov Decision Process 

(POMDP), discrete event simulation, agent-based simulation, model-based 

storytelling). The MBSE knowledge base constitutes the authoritative sources of 

truth, and system life cycle means systems engineering life cycle process models 

from validation & verification, testing, maintenance to upgrade [61]. 

 

Using an appropriate MBSE approach for DT, engineers can generate event-driven 

or agent-based simulations to explore the behaviour and interactions of the DT 

respectively. The benefits to both MBSE and DT can be strived for: system 

engineering modelling efforts are rewarded via the benefits of DT; the insights gained 
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 via DT provide valuable feedback to R&D and the development of DT is based on 

existing knowledge and not a costly hindsight activity [62]. 
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 5 Case study: ROM built with Ansys Static ROM 
Builder   

In this case study, a static ROM (reduced order model) is built with a wind turbine 

blade FEM model where Ansys version 2022R1 is used.  

5.1 Ansys Twin Builder 

Ansys DT is a system level DT i.e. it contains variant multi-domain system modelers 

and it is able to provide system level solutions. The Ansys DT platform contains three 

parts: build, validate and deploy.  

 

Figure 26 Ansys Twin Builder 

 

Ansys Twin Builder is a multi-technology software platform to build, validate and 

deploy DT. It is simulation based with hybrid analytics capability. It can be deployed 

for virtual sensors, what-if scenario study, anomaly detection, root-cause analysis 

and failure mode prediction.  

 

ROM is one of the key components of Ansys Twin Builder. ROM offers a 

mathematical representation for computationally inexpensive, real-time analysis. 

ROM is not only applicable to DT, it can also be used independently for design 

exploration, co-simulation with other physics-based models.  

 

Ansys ROMs can be built up using the simulation results from different 3D 

simulations. Depending on the types of 3D simulation, different ROM techniques are 

used i.e. static, transient, linear or non-linear. A list of those ROMs is shown in Figure 

27. The theories behind those different ROM types can be found in Ansys help 

documents. In Ansys version 2022R1, only Static ROM Builder and Dynamic ROM 

Builder can use 3D inputs and give 3D outputs.  
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Figure 27 ROM types in Ansys Twin Builder 2022R1 (LTI: Linear Time Invariant; LPV: Linear 

Parameter Varying) 

5.2 Blade FEM Model 

The Ansys blade FEM model is built with shell elements and all the composite 

properties are defined. The blade FEM model has 60108 nodes and 61092 elements. 

The geometry and structure details of this FEM model are not relevant as it is only 

used here for demonstration purpose.  

 

As shown in Figure 28, the blade root (location A) is fixed and a section force is 

applied at location B in flap wise direction.  

 

 

Figure 28 Blade FEM model 

 

5.3 Static ROM Builder 

MODEL: Nonlinear 3D blade model with shell elements 

INPUT: section forces applied 

OUTPUT: deformation field on the whole surface 

 

Steps: 

1. Prepare Mechanical simulation model in Ansys Mechanical 

2. Define input and output parameters and set-up design points (32 design points 

for different section forces ranging from 500N to 8500N) 
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Figure 29 Define input and output parameters 

3. Generate data for Static ROM Builder18 

 

 

Figure 30 Using Mechanical add-on to structure the ROM inputs 

 

  

Figure 31 Generated data inside solver folder 

4. ROM building using Static ROM Builder 

 
18 Ansys add-on called ‘Static ROM Preprocessing for Mechanical’ is needed for generating data 

directly from Mechanical. It is a handy tool to structure the ROM inputs 
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 Static ROM Builder is inside the Ansys Twin Builder software package. The data 

generated from previous step are imported into Ansys Twin Builder (Figure 32) to 

build the ROM. 

 

Figure 32 Launch Static ROM builder and select the folder prepared from previous step 

The first step in Static ROM Builder is to check the data, e.g. average values, min 

and max values etc. An overview of min and max from all the design points (also 

called snapshots in Ansys) can be seen as in Figure 33. Each design point can also 

be checked visually here. 

 

Figure 33 Check results from all design points 
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 After visually checking the data, next step is to learn from the data for building the 

ROM. By default 50% of the snapshots are used for the learning phase. The program 

will automatically select the subset which is optimally distributed across the 

parameter space.  

 

 

Figure 34 Building phase using default settings 

If using all the 32 snapshots (100%), the ROM relative error decreases further except 

for snapshot number 1 as shown in Figure 35. The reason why snapshot number 1 

has large errors is not found with limited time. The author of this report hopes to have 

more time to further investigate it in future.  

 

On the left conner in the figure, the blue curve is the reduction curve which represents 

the accuracy of snapshot reconstruction with respect to the learning subset while the 

green curve (Leave One Out curve) represents this accuracy with respect to 

snapshots outside the learning set. Both curves are given as a function of the number 

of modes included in the basis of modes. Based on these curves and more precisely 

on the point where the two curves start to diverge, an optimal number of modes can 

be proposed. 
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Figure 35 Building ROM using all the snapshots with 100% snapshots 

Once the accuracy of the ROM on both the learning and the validation scenarios is 

satisfied, the ROM can be exported for a later usage in Twin Builder. 

 

For each snapshot, a visual comparison with the 3D solver solution (Reference) can 

also be done. The field difference between the Reference and the ROM field is shown 

too in Figure 36 and Figure 37 from snapshot with 1000N and 500N respectively. 

 

 

Figure 36 Validating ROM – snapshot nr.1 
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Figure 37 Validating ROM – snapshot nr. 2 

In evaluating phase, for any given values of input parameters within the parametric 

range of the experiment, the selected ROM output displays in real time in the viewer.  

 

Figure 38 Evaluating ROM 

After saving the ROM, it can be exported to Twin Builder. By default, only 

globalization operations are exposed as output of the ROM: min, max and average 

values over the 3D field described by the ROM. 
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Figure 39 ROM exported to Twin Builder 

In this study case, the ROM is saved and it is 14MB. The Ansys result file from one 

design point is 240MB, and this ROM is built from 32 design points, but with 

deformation as output only. Huge reduction of file size is a very promising advantage 

of using ROM to build DT.  

5.4 Conclusions and recommendations 

The ROM can replace the high fidelity FEA blade model to achieve fast simulation 

and realtime monitoring. In this study, only static ROM is built with displacement as 

output. Because of limited time and bugdet, the static ROM with stress or strain as 

outputs are not studied. This ROM can be further developed for the applications such 

as virtual sensors, virtual testing, what-if scenario study, root-cause analysis and 

failure model prediction etc.  

 

The limitation of static ROM is that it does not contain the mass and damping matrix 

so the acceleration and velocity of the system can not be captured. For wind turbine 

applications, it will be more interested to develop dynamic ROM. This is the 

recommendation for the future works.  
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 6 Case study: Rotor test rig DT built with Akselos 
model and verified by Ansys model  

This case study is done together with GE in the STRETCH project. The study aims 

to get a working Akselos model as the rotor rig DT and correlate the rotor test rig 

measurements to the Akselos DT results. Using these findings, this chapter reports 

on the potential of using Akselos DT in test preparation and execution.  

 

Figure 40 Test rig DT concept illustration 

The test rig DT concept is illustrated as in Figure 40. The physical test rig represents 

all the measurements, tests and all the physical properties from the test rig. The 

virtual test right represents all the direct or derived simulation results from Ansys or 

Akselos models.   

6.1 Rotor test rig 

The rotor test rig is newly built at LM WMC as shown in Figure 41. The rotor test rig 

will allow for verification of the strength and the dynamic behaviour of wind turbine 

rotors under the enormous mechanical loads caused by large blades. It will be able 

to verify in-house the pitch bearings and pitch system that connect the wind turbine 

blades to the hub and allow pitching blades maximizing captured energy while 

reducing loads on wind turbine.  
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Figure 41 3D illustration of rotor test rig in STRETCH project © LM Wind Power 

 

The test rig will simulate the simultaneous loads transferred from the three blade axis 

as in the real wind turbine operating condition.  

 

The test rig is built to test the pitch bearing, hub and blade root connection, which are 

all critical wind turbine components. Testing them alone cannot mimic the real loading 

situation during wind turbine operation. Hence the test rig is built with all the 

necessary companion components i.e. loads transferring components (aft/fore blade 

load application systems, composite tube, truncated blade adapter and hub support 

as shown in Figure 42). 

6.2 Ansys model 

6.2.1 Test rig Ansys basic global model 

In order to check the companion components, i.e. loads transferring components 

(aft/fore blade load application systems, composite tube, truncated blade adapter and 

hub support as shown in Figure 42), a basic model is made where the pitch bearing, 

bolt connections and hub are all simplified.  

 

The truncated blade adapter and composite tubes are designed to represent the 

stiffness from real blades. All the material properties are modelled to align with the 

real test rig properties. 
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Figure 42 Test rig Ansys basic global model 

 

The truncated blade adapter and composite tubes are modelled with shell element. 

All other components are modelled with solid elements. This FEM model contains 

2,511,672 nodes and 1,555,970 elements. All the connections are bonded 

connection. The test rig support bottom is fixed in all degrees of freedom to the 

ground.  

 

At last, Modal analysis is done using this basic global model to check the integrity of 

the model. The first 6 modes are calculated. The results are shown in Figure 43 where 

the 1st mode shape is displayed and the first 6 frequencies are listed on the bottom 

right of the figure. Those results could be checked with measurements but 

unfortunately not available during the period of this project.  
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Figure 43 Modal analysis results 

6.3 Akselos model  

6.3.1 Introduction and work flow 

 

Akselos engineering simulation software [63] is a FEA (Finite Element Analysis) tool 

based on reduced order modelling. It enables fast simulations of large and complex 

parametrized systems. The two main ingredients to achieve this are: 

1. The Reduced Basis (RB) Method, a powerful model order reduction technique 

for parameterized partial differential equations (PDEs), and 

2. A component-based approach, which enables engineers to create large, 

reusable, and reconfigurable models in an efficient manner  

 

The combination of these two ingredients provides a new modelling framework that 

accelerates conventional FEA, and Akselos refers this framework as RB-FEA. 

 

The RB method is one of the classic Model Order Reduction techniques. It reduces 

the computational complexity of mathematical models in numerical simulations. But 

it still has limited capability to solve large scale problem and large amount of 

parameters. It also requires continuous geometric parametrizations, e.g. it cannot  
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 introduce topological changes like removing a part or creating a hole. To address 

these limitations, the component-based formulation of the RB method was developed, 

e.g. the RB-FEA used by Akselos. 

 

The key idea of RB-FEA is to create RB models for components, and connect 

components together to form large parametrized models, i.e. RB-FEA is built upon 

RB and uses components in a manner similar to how FEA uses elements as 

illustrated in Figure 44.  

 

 

Figure 44 Parametrized component-based modelling from Akselos training document 

With RB-FEA, one typically reaches 1000x speedup or more compared to 

conventional FEA for large-scale models as claimed by Akselos. A major limitation of 

RB-FEA is that it is inherently restricted to linear analysis since the elimination of 

component interior degrees of freedom relies on linearity of the PDE. To resolve this 

issue, Akselos has developed a framework that provides a tight coupling between 

conventional FEA and RB-FEA as shown in Figure 45. This means that it can use 

RB-FEA in “linear regions,” and conventional FEA in “nonlinear regions.” This 

process is done by ‘marking’ a component as linear or nonlinear before solving.  
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Figure 45 Akselos simulation workflow from Akselos training document 

6.3.2 Test rig Akselos basic global model 

 

6.3.2.1 Introduction 

The test rig is a very complex and heavy model. As part of the initial DT framework, 

a basic global model is prepared first to explore the ways of modelling it in Akselos 

software. At the end, a lot of useful Pyhton scripts are developed to automate the 

modelling works.  

 

This basic global model consists of hub, three pitch bearings, bolt connections 

between pitch bearing inner ring and hub, bolt connections between pitch bearing 

external ring and blade root. The load application systems from the test rig are not 

modelled. All the three blade roots (which are connected to pitch bearing inner ring) 

are modelled with simple composite tubes. The hub support is simplified too. Only 

the bolt connections in one blade are modelled, the other two blades have bonded 

connections.   
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 6.3.2.2 Modelling  

 

6.3.2.2.1 Componentization & Meshing 

 

Following the procedures as illustrated in Figure 45, the CAD model first is divided 

into big components (using SpaceClaim) then meshed and further divided into 40 

small components as shown in Figure 46 (using Cubit).  

 

 

Figure 46 40 meshed components 

 

The joint faces between the components are called face port. The contact face 

(frictional or bonded contacts) should not overlap with any face port. This is an unique 

requirement in Akselos modelling. It is important to note that the linear components 

(RB-FEA components) and non-linear components (FE components) are modelled 

separately. This is illustrated in Figure 47. A split plane is made close to the contact 

face between hub and bearing. The component on the left side of this split plane 
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 forms the RB-FEA component, the component on the right side forms the FE 

component.  

 

Figure 47 Split plane to separate RB-FEA component and FE component 

The balls between the bearing inner ring and outer ring are modelled with 

compression-only 1D spring elements. The bolt between blade root and bearing inner 

ring is modelled with 1D beam element. The bolt between hub and bearing outer ring, 

between hub and shaft are modeller with 3D solid element.  

 

  

Figure 48 3D bolt (left) and 1D bolt (right) 

6.3.2.2.2 Assemble & Set up model 

 

The 40 meshed components in Figure 46 are imported and assembled in Akselos 

Modeler (version 4.7.16) to set up the final model as shown in Figure 49. In this step, 

the 1D bolt connections are created, the spring connectors (non-compressional beam 

element) between outer and inner rings are created, the one third hub and one blade 

are cloned to other two locations, the contact connections are also created, the 

boundary condition is defined (fixed support) and the orthotropic material properties 

are defined. Finally the load types and load cases are defined and the model is ready 

for the next step: training.  
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Figure 49 Assembled rotor model in Akselos Modeler 

 

The number of DOF (degree of freedom) of the FE components (non-linear 

components) is about 13% of the full model. The other 87% is from linear 

components. 

6.3.2.2.3 Training 

 

Training is a critical step in Akselos Modeler which makes Akselos different than other 

traditional FEA software.  

 

All the linear components will be trained for RB-FEA purpose. The linear components 

will be solved using RB-FEA solver and the non-linear components will be solved 

using FEA solver, i.e. the hybrid solver named in Akselos Modeler.  

 

The training can be done on three levels: local submodels, global submodels and 

global model. The first two are for large scale models. The training time also 

increases from local submodels, global submdels to global model. The basic model 

here is not considered as a large scale model so the training on global model level is 

performed.  

 

13 load cases are used to train the components. Those are: 

• Pitch bearing bolt pretention load  

• Blade 1 +/- My and +/- Mz 
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 • Blade 2 +/- My and +/- Mz 

• Blade 3 +/- My and +/- Mz 

6.3.2.2.4 Solving  

 

Both hybrid solver and FEA solver are used separately to solve load case 2 in order 

to get an impression about how the hybrid solver performs. All the plots in Figure 50 

have the same lengend qirh 15 levles. It can be seen that the results have very tiny 

and negligible differences. The hybrid solver takes 442 seconds which is almost half 

of the calculation time with FEA solver. For a FEA model with 597391 nodes and 

723737 elements, the hybrid solver calculation time is pretty fast.  

 

 

 

Figure 50 Results from FEA solver and Hybrid solver 

6.4 Validation of Digital Twin with test results 

The Digital Twin modelling was validated by comparing model predictions with results 
from Rotor model validation tests. 14 rotor static tests are are selected as load cases 
for the FEM calculations.  
 

The Ansys basic global model as described in section 6.2.1 is used to run those load 

cases. The FEM calculations are run using Ansys nonlinear solver with large 

deformation on.  

 

Strain gauges are instrumented on the hub surface to measure the local strains [64]. 

The measurements from 6 rectangular rosette strain gauges are selected (whose 

locations are easier to be identified in the FEM model) to compare with Ansys results.  
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 The measured values from rectangular Rosettes are used to calculate the Von Mises 

stress which have been compared with Ansys results.  Since the strains are not zero 

at the initial time, the initial strains are subtracted during post processing. Von Mises 

stress is a good equivalent stress to represent the distortion of a material, hence it is 

used to check the global response of the hub at different loadings.  

 
Note: Because of confidential classification, all the detailed test specifications, test 
instrumentations and results from tests and simulations are reported in the STRETCH 
final report for RVO [64]. 

 

It is concluded that the stresses for some load cases match quite well but for other 

load cases there are significant differences. But as the FEA results are based on a 

simplified model, there are the following uncertainties from the model and those need 

to be addressed when calibrating the FEA model with measurements:  

• All the connections are bonded, so the nonlinear loads transferring is not 

considered. This will result in different directional strain and stress locally.  

• The mesh is quite coarse, so the local element strain and stress are not smooth.   

• The pitch bearing model is simplified as coupled in all freedoms between inner 

ring and outer ring, so the non-linear loading paths are not captured in the 

model. 

• Some strain gauges are also not fine-tuned as they give non-realistic values. 

• The test rig uses complex kinematic models to apply the loads from the end of 

each axis, and it ends up with residual loads at the pitch bearing center.  

 

The results from Akselos and Ansys for one load case are also compared. As 

expected, the results are visually quite different since the two models have quite 

some differences as explained in sections 6.2.1 and 6.3.2.  Especially around the 

contact regions as the non-linear bolt connections and compression-only beams (to 

represent bearing balls) are modelled in the Akselos basic model but not in the Ansys 

basic model. It is concluded that both the two initial models in Ansys and Akselos 

need more iterations to improve in order to reach the same level of fidelity.   

6.5 Conclusions and recommendations 

The initial rotor test rig Digital Twin framework is set up as shown in Figure 51. The 

preliminary results are compared between Ansys and Akselos, and between Ansys 

and test results. Although the DT frame and models developed are in the initial phase, 

a lot of the values and potentials have been demonstrated: 

• Using the physics-based Akselos model to solve complex models in short time ; 

this can be used to prepare large amount of high-fidelity simulation results for 

data-driven DT applications, such as developing a surrogate model. 

• Using the physics-based Akselos model to solve linear FEA problems in (near) 

real-time.  

• Correlate rotor test rig measurements with physics-based simulations results so 

the un-measured data can be obtained from simulation; detect if sensors aren’t 

mounted or connected properly.  

• Run the measurement test matrix in advance using numerical simulation to 

optimize the test plan; create effective test plans informed by simulation data; 

know when enough data has been captured. 

• Using virtual testing as a good supplement to physical full-scale test to save 

physical resources, such as mistakes made, failed try-outs. 
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 • Follow the life cycle of the rotor test rig and quickly identify and correct the drift 

in measurements. 

 

 

Figure 51 Rotor test rig Digital Twin framework 

The verification between the physical test rig and the simulation model is a complex 

work. The tests performed so far are still limited. Moreover, because of many 

simplifications in this initial DT framework, the following recommendations are 

proposed for future works: 

• The consistency between all the models and the physical test rig needs to be 

checked and confirmed.  

• The Ansys model needs to be detailed to include the proper load transfer from 

pitch bearing inner ring to outer ring, and the hub mesh needs to be refined. 

• The Ansys model needs to be verified with more test results to check and 

calibrate the model parameters; a detailed test plan should be made. 

• The kinematic loading system of the test rig introduces residual loads in 

unwanted directions. Ansys could use rigid bodies to model this kinematic loading 

system to increase the model fidelity and match well with test conditions.     

• With limited computation resources, the Ansys model takes about 60 minutes for 

calculating one load case, and the Akselos model takes 13 minutes for 

calculating one load case. Further efforts are needed to reduce the calculation 

time with more computation resources or optimizing the models (such as using 

sub-modelling or sub-structuring).   

• IT/OT systems are needed to connect and synchronize the virtual test rig and 

physical test rig at a specified frequency to realize the DT values.  

• A data management architect is needed to manage all the data and information 

from the virtual test rig and the physical test rig. 
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 7 Conclusion  

This report begins by reviewing the background information on digital twins and 

proposes aligning the understanding of digital twins using the definition from the 

Digital Twin Consortium: a digital twin is a virtual representation of real-world entities 

and processes, synchronized at a specified frequency and fidelity. Following this 

definition, the report reviews digital twin applications from the literature and in the 

wind energy industry. For the academic research of wind energy digital twins, a 

simple digital twin structure, as represented again in Figure 52, consisting of three 

elements - data, model, and purpose - is introduced. The understanding of hybrid 

model is also introduced, as represented again in Figure 53 and it is important to 

highlight the twin behaviour here as this distinguish digital twin models with other 

numerical models.  

 

 

Figure 52 Wind energy DT elements governed by domain knowledge for different types of DT 

 

 

Figure 53 Model approach decided by the levels of data availability and physics model. Recreated 

based on [57] 

To architect a digital twin capable of representing the entire lifecycle of real-world 

entities and processes, a systematic methodology is needed. Model-Based Systems 

Engineering is a suitable approach for this purpose and is briefly discussed in this 

report. 

 

The two case studies demonstrate promising applications of wind energy digital 

twins. The first case study involves using Ansys Twin Builder to create a reduced-

order model (ROM) of a wind turbine blade FEM model. This ROM can run within 

seconds while maintaining high fidelity. It can be deployed for virtual sensors, virtual 
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 testing, what-if scenario studies, root-cause analysis, and failure model prediction, 

among other applications. The second case study focuses on building a digital twin 

framework for the rotor test rig developed within the STRETCH project to test wind 

turbine pitch bearings and hubs. The digital twin is used to gain a better 

understanding of the behaviour, loading, and dynamics of the tested assembly to 

optimize test preparations, expedite test setup, and reduce risks and delays during 

testing. The results from the digital twin model of the rotor test rig, including test 

articles, are encouraging, although further work is required to enhance accuracy and 

practicality. 

 



 

TNO PUBLIC 

TNO PUBLIC |TNO report | TNO 2022 R12367  51 / 55  

 8 References  

[1] GE; TNO; LM Wind Power, “STRETCH Final report,” 2023. 

[2] D. Gelernter, Mirror Worlds: or the Day Software Puts the Universe in a 

Shoebox. 1991. 

[3] D. M. Grieves, “The Digital Twin: Past, Present and Future,” brighttalk, 2020. 

https://www.brighttalk.com/webcast/18347/456987?utm_source=brighttalk-

portal&utm_medium=web&utm_content=The Digital Twin: Past, Present and 

Future&utm_term=search-result-1&utm_campaign=webcasts-search-

results-feed (accessed Jul. 28, 2022). 

[4] M. Grieves, “Intelligent digital twins and the development and management 

of complex systems,” Digit. Twin, vol. 2, p. 8, May 2022, doi: 

10.12688/digitaltwin.17574.1. 

[5] Gartner Research, “Understanding Gartner’s Hype Cycles,” 2018. 

https://www.gartner.com/en/documents/3887767 (accessed Jul. 27, 2022). 

[6] Gartner, “Top Trends In The Gartner Hype Cycle For Emerging 

Technologies 2017,” 2017. https://www.gartner.com/smarterwithgartner/top-

trends-in-the-gartner-hype-cycle-for-emerging-technologies-2017 (accessed 

Jul. 27, 2022). 

[7] Gartner, “How To Use Digital Twins In Your Iot Strategy,” 2017. 

https://www.gartner.com/smarterwithgartner/how-to-use-digital-twins-in-your-

iot-strategy (accessed Jul. 27, 2022). 

[8] Gartner, “Confront Key Challenges To Boost Digital Twin Success,” 2018. 

https://www.gartner.com/smarterwithgartner/confront-key-challenges-to-

boost-digital-twin-success (accessed Jul. 27, 2022). 

[9] Gartner, “Gartner Top 10 Strategic Technology Trends For 2019,” 2019. 

https://www.gartner.com/smarterwithgartner/gartner-top-10-strategic-

technology-trends-for-2019 (accessed Jul. 27, 2022). 

[10] Digital Twin Consortium, “Capabilities Periodic Table - Digital Twin 

Consortium,” 2022. 

https://www.digitaltwinconsortium.org/initiatives/capabilities-periodic-table/ 

(accessed Jul. 29, 2022). 

[11] Forschungsunion, “Recommendations for  implementing the strategic  

initiative INDUSTRIE 4.0,” 2013. https://www.acatech.de/wp-

content/uploads/2018/03/Final_report__Industrie_4.0_accessible.pdf 

(accessed Jul. 26, 2022). 

[12] Brynjolfsson and A. McAfee, The Second Machine Age: Works, Progress, 

and Prosperity in a Time of Brilliant Technologies. W.W. Norton & Company, 

2014. 

[13] Digital twin consortium, “Definition of a Digital Twin - Digital Twin 

Consortium,” 2020. https://www.digitaltwinconsortium.org/initiatives/the-

definition-of-a-digital-twin/ (accessed Aug. 25, 2022). 

[14] K. Sivalingam, M. Sepulveda, M. Spring, and P. Davies, “A Review and 

Methodology Development for Remaining Useful Life Prediction of Offshore 

Fixed and Floating Wind turbine Power Converter with Digital Twin 

Technology Perspective,” Proc. - 2018 2nd Int. Conf. Green Energy Appl. 

ICGEA 2018, pp. 197–204, May 2018, doi: 10.1109/ICGEA.2018.8356292. 

[15] F. C. Mehlan, E. Pedersen, and A. R. Nejad, “Modelling of wind turbine gear 

stages for Digital Twin and real-time virtual sensing using bond graphs,” J. 

Phys. Conf. Ser., vol. 2265, no. 3, p. 032065, May 2022, doi: 10.1088/1742-

6596/2265/3/032065. 

[16] Y. Li and X. Shen, “A Novel Wind Speed-Sensing Methodology for Wind 

Turbines Based on Digital Twin Technology,” IEEE Trans. Instrum. Meas., 

vol. 71, 2022, doi: 10.1109/TIM.2021.3139698. 



 

TNO PUBLIC 

TNO PUBLIC |TNO report | TNO 2022 R12367  52 / 55  

 [17] A. W. Momber, T. Möller, D. Langenkämper, T. W. Nattkemper, and D. Brün, 

“A Digital Twin concept for the prescriptive maintenance of protective 

coating systems on wind turbine structures,” Wind Eng., vol. 46, no. 3, pp. 

949–971, 2022, doi: 10.1177/0309524X211060550. 

[18] F. Li, L. Li, and Y. Peng, “Research on Digital Twin and Collaborative Cloud 

and Edge Computing Applied in Operations and Maintenance in Wind 

Turbines of Wind Power Farm,” in Advances in Transdisciplinary 

Engineering, vol. 17, 2021, pp. 80–92. doi: 10.3233/ATDE210263. 

[19] F. K. Moghadam, G. F. S. Rebouças, and A. R. Nejad, “Digital twin modeling 

for predictive maintenance of gearboxes in floating offshore wind turbine 

drivetrains | Modellierung eines digitalen Zwillings zur vorausschauenden 

Wartung von Getrieben in Antriebssträngen schwimmender Offshore-

Windkraftanlagen,” Forsch. im Ingenieurwesen/Engineering Res., vol. 85, 

no. 2, pp. 273–286, 2021, doi: 10.1007/s10010-021-00468-9. 

[20] L. Ziegler, A. Schulze, and M. Schlechtingen, “Digital twins of wind turbines: 

Perspectives from an operator | Digitale Zwillinge von Windenergieanlagen: 

Sicht eines Windparkbetreibers,” Bautechnik, vol. 99, no. 6, pp. 485–490, 

2022. doi: 10.1002/bate.202200035. 

[21] O. O. Olatunji, P. A. Adedeji, N. Madushele, and T.-C. Jen, “Overview of 

Digital Twin Technology in Wind Turbine Fault Diagnosis and Condition 

Monitoring,” in Proceedings of 2021 IEEE 12th International Conference on 

Mechanical and Intelligent Manufacturing Technologies, ICMIMT 2021, 

2021, pp. 201–207. doi: 10.1109/ICMIMT52186.2021.9476186. 

[22] J. Walker, A. Coraddu, M. Collu, and L. Oneto, “Digital twins of the mooring 

line tension for floating offshore wind turbines to improve monitoring, 

lifespan, and safety,” J. Ocean Eng. Mar. Energy, vol. 8, no. 1, 2022, doi: 

10.1007/s40722-021-00213-y. 

[23] F. K. Moghadam and A. R. Nejad, “Online condition monitoring of floating 

wind turbines drivetrain by means of digital twin,” Mech. Syst. Signal 

Process., vol. 162, 2022, doi: 10.1016/j.ymssp.2021.108087. 

[24] H. Pargmann, D. Euhausen, and R. Faber, “Intelligent big data processing 

for wind farm monitoring and analysis based on cloud-Technologies and 

digital twins: A quantitative approach,” in 2018 3rd IEEE International 

Conference on Cloud Computing and Big Data Analysis, ICCCBDA 2018, 

2018, pp. 233–237. doi: 10.1109/ICCCBDA.2018.8386518. 

[25] Q. Liu, X. Yang, N. Tai, W. Huang, Y. Jin, and X. Xu, “Research on wind 

farm voltage ride through simulation platform based on digital twin 

Technology,” in Proceedings - 2022 7th Asia Conference on Power and 

Electrical Engineering, ACPEE 2022, 2022, pp. 2204–2208. doi: 

10.1109/ACPEE53904.2022.9784088. 

[26] Y. Liu, Y. Wang, M. Xu, and X. Zhang, “Wind Power Fluctuation Smooth 

Strategy Based on Digital Twin Hybrid Energy Storage | 基于数字孪生混合储

能的风电功率波动平抑策略,” Dianwang Jishu/Power Syst. Technol., vol. 45, 

no. 7, pp. 2503–2513, 2021, doi: 10.13335/j.1000-3673.pst.2021.0188. 

[27] B. Nunez-Montoya, C. Naranjo-Riofrio, L. Lopez-Estrada, C. Tutiven, Y. 

Vidal, and M. Fajardo-Pruna, “Development of a Wind Turbine Digital-Twin 

for failure prognosis: First Results,” in Proceedings of the 2022 5th 

International Conference on Advanced Systems and Emergent 

Technologies, IC_ASET 2022, 2022, pp. 29–33. doi: 

10.1109/IC_ASET53395.2022.9765858. 

[28] H. Zhao, W. Hu, Z. Liu, and J. Tan, “A capsnet-based fault diagnosis method 

for a digital twin of a wind turbine gearbox,” in American Society of 

Mechanical Engineers, Power Division (Publication) POWER, 2021, vol. 

2021-July. doi: 10.1115/POWER2021-66029. 

[29] Z. Xiangjun, Y. Ming, Y. Xianglong, B. Yifan, F. Chen, and Z. Yu, “Anomaly 



 

TNO PUBLIC 

TNO PUBLIC |TNO report | TNO 2022 R12367  53 / 55  

 Detection of Wind Turbine Gearbox Based on Digital Twin Drive,” in 2020 

IEEE Student Conference on Electric Machines and Systems, SCEMS 2020, 

2020, pp. 184–188. doi: 10.1109/SCEMS48876.2020.9352321. 

[30] M. Fahim, V. Sharma, T.-V. Cao, B. Canberk, and T. Q. Duong, “Machine 

Learning-Based Digital Twin for Predictive Modeling in Wind Turbines,” IEEE 

Access, vol. 10, pp. 14184–14194, 2022, doi: 

10.1109/ACCESS.2022.3147602. 

[31] J. Walker, A. Coraddu, L. Oneto, and S. Kilbourn, “Digital Twin of the 

Mooring Line Tension for Floating Offshore Wind Turbines,” in Oceans 

Conference Record (IEEE), 2021, vol. 2021-Septe. doi: 

10.23919/OCEANS44145.2021.9706018. 

[32] W. Hu, Y. He, Z. Liu, J. Tan, M. Yang, and J. Chen, “A hybrid wind speed 

prediction approach based on ensemble empirical mode decomposition and 

BO-LSTM neural networks for digital twin,” in American Society of 

Mechanical Engineers, Power Division (Publication) POWER, 2020, vol. 

2020-Augus. doi: 10.1115/POWER2020-16500. 

[33] J. D. M. De Kooning, K. Stockman, J. De Maeyer, A. Jarquin-Laguna, and L. 

Vandevelde, “Digital twins for wind energy conversion systems: A literature 

review of potential modelling techniques focused on model fidelity and 

computational load,” Processes, vol. 9, no. 12, 2021, doi: 

10.3390/pr9122224. 

[34] M. Chetan, S. Yao, and D. T. Griffith, “Multi-fidelity digital twin structural 

model for a sub-scale downwind wind turbine rotor blade,” Wind Energy, vol. 

24, no. 12, pp. 1368–1387, 2021, doi: 10.1002/we.2636. 

[35] A. Abdullahi and Y. Wang, “Digital Twin-like Model Updating of a Laboratory 

Offshore Wind Turbine with Few-Parameters Soil-Structure Interaction 

Model,” in International Conference on Structural Health Monitoring of 

Intelligent Infrastructure: Transferring Research into Practice, SHMII, 2021, 

vol. 2021-June, pp. 1567–1573. 

[36] L. Brehm, T. Fahrner, Y. Gutmann, and S. M. Heimerl, “Reduce 

CO<inf>2</inf> emissions by applying digital twins while operating wind 

power plants,” in 27th Annual Americas Conference on Information Systems, 

AMCIS 2021, 2021. 

[37] A. P. Trueba et al., “A concept for floating offshore wind mooring system 

integrity management based on monitoring, digital twin and control 

technologies,” in Proceedings of the International Conference on Offshore 

Mechanics and Arctic Engineering - OMAE, 2021, vol. 9. doi: 

10.1115/OMAE2021-61936. 

[38] F. Pimenta, J. Pacheco, C. M. Branco, C. M. Teixeira, and F. Magalhaes, 

“Development of a digital twin of an onshore wind turbine using monitoring 

data,” in Journal of Physics: Conference Series, 2020, vol. 1618, no. 2. doi: 

10.1088/1742-6596/1618/2/022065. 

[39] E. Branlard, D. Giardina, and C. S. D. Brown, “Augmented Kalman filter with 

a reduced mechanical model to estimate tower loads on a land-based wind 

turbine: A step towards digital-Twin simulations,” Wind Energy Sci., vol. 5, 

no. 3, pp. 1155–1167, Sep. 2020, doi: 10.5194/wes-5-1155-2020. 

[40] A. Parvaresh, S. Abrazeh, S. R. Mohseni, M. J. Zeitouni, M. Gheisarnejad, 

and M. H. Khooban, “A novel deep learning backstepping controller-based 

digital twins technology for pitch angle control of variable speed wind 

turbine,” Designs, vol. 4, no. 2, pp. 1–19, 2020, doi: 

10.3390/designs4020015. 

[41] M. J. Zeitouni, A. Parvaresh, S. Abrazeh, S.-R. Mohseni, M. Gheisarnejad, 

and M.-H. Khooban, “Digital twins-assisted design of next-generation 

advanced controllers for power systems and electronics: Wind turbine as a 

case study,” Inventions, vol. 5, no. 2, pp. 1–19, 2020, doi: 

10.3390/inventions5020019. 



 

TNO PUBLIC 

TNO PUBLIC |TNO report | TNO 2022 R12367  54 / 55  

 [42] M. Botz, A. Emiroglu, K. Osterminski, M. Raith, R. Wüchner, and C. Große, 

“Monitoring and modeling of a wind turbine support structure to create a 

digital twin | überwachung und Modellierung der Tragstruktur von 

Windenergieanlagen: Beitrag zu einem Digitalen Zwilling,” Beton- und 

Stahlbetonbau, vol. 115, no. 5, pp. 342–354, 2020, doi: 

10.1002/best.202000001. 

[43] J. Zierath et al., “A Structural Fatigue Monitoring Concept for Wind Turbines 

by Means of Digital Twins,” in Conference Proceedings of the Society for 

Experimental Mechanics Series, 2020, pp. 139–142. doi: 10.1007/978-3-

030-47638-0_15. 

[44] A. Baldassarre, A. Ceruti, D. N. Valyou, and P. Marzocca, “Towards a digital 

twin realization of the blade system design study wind turbine blade,” Wind 

Struct. An Int. J., vol. 28, no. 5, pp. 271–284, 2019, doi: 

10.12989/was.2019.28.5.271. 

[45] K. Sivalingam, M. Sepulveda, M. Spring, and P. Davies, “A Review and 

Methodology Development for Remaining Useful Life Prediction of Offshore 

Fixed and Floating Wind turbine Power Converter with Digital Twin 

Technology Perspective,” in Proceedings - 2018 2nd International 

Conference on Green Energy and Applications, ICGEA 2018, 2018, pp. 

197–204. doi: 10.1109/ICGEA.2018.8356292. 

[46] I. Errandonea, S. Beltrán, and S. Arrizabalaga, “Digital Twin for 

maintenance: A literature review,” Comput. Ind., vol. 123, Dec. 2020, doi: 

10.1016/J.COMPIND.2020.103316. 

[47] F. Tao, H. Zhang, A. Liu, and A. Y. C. Nee, “Digital Twin in Industry: State-

of-the-Art,” IEEE Trans. Ind. Informatics, vol. 15, no. 4, pp. 2405–2415, Apr. 

2019, doi: 10.1109/TII.2018.2873186. 

[48] GE, “Digital Wind Farm THE NEXT EVOLUTION OF WIND ENERGY GE 

Renewable Energy renew.ge/digitalwind,” 2015, Accessed: Aug. 31, 2022. 

[Online]. Available: www.ge.com/wind 

[49] A. Rasheed, O. San, and T. Kvamsdal, “Digital twin: Values, challenges and 

enablers from a modeling perspective,” IEEE Access, vol. 8, 2020, doi: 

10.1109/ACCESS.2020.2970143. 

[50] A. Clifton et al., “Grand challenges in the digitalisation of wind energy,” Wind 

Energy Sci., no. preprint, 2022, doi: 10.5194/wes-2022-29. 

[51] O. San, S. Pawar, and A. Rasheed, “Decentralized digital twins of complex 

dynamical systems,” Jul. 2022, Accessed: Sep. 02, 2022. [Online]. 

Available: http://arxiv.org/abs/2207.12245 

[52] DNV, “Quality assurance of digital twins - DNV.” 

https://www.dnv.com/oilgas/digital-twins/index.html (accessed Sep. 02, 

2022). 

[53] H. S. Atamturktur, B. Moaveni, C. Papadimitriou, and T. Schoenherr, Model 

Validation and Uncertainty Quantification, Volume 3, no. Volume 3. Cham: 

Springer International Publishing, 2020. doi: 10.1007/978-3-030-47638-0. 

[54] F. Tao, M. Zhang, Y. Liu, and A. Y. C. Nee, “Digital twin driven prognostics 

and health management for complex equipment,” CIRP Ann., vol. 67, no. 1, 

pp. 169–172, Jan. 2018, doi: 10.1016/j.cirp.2018.04.055. 

[55] ETIP Wind, “An overview of the digitalisation potential for wind energy: 

When Wind Goes Digital,” 2017. Accessed: Sep. 22, 2022. [Online]. 

Available: www.formasdopossivel.com 

[56] J. Lee, A. Alghamdi, and A. K. Zaidi, “Creating a Digital Twin of an Insider 

Threat Detection Enterprise Using Model-Based Systems Engineering,” 

SysCon 2022 - 16th Annu. IEEE Int. Syst. Conf. Proc., 2022, doi: 

10.1109/SYSCON53536.2022.9773890. 

[57] L. Schröder, “General rights Towards digital twins: wind farm operation 

analysis and optimization using model-supported data analytics,” 

Downloaded from orbit.dtu.dk, 2021, doi: 10.11581/DTU:00000100. 



 

TNO PUBLIC 

TNO PUBLIC |TNO report | TNO 2022 R12367  55 / 55  

 [58] C. Mcphee, M. Bliemel, and M. Van Der Bijl-Brouwer, “Editorial: 

Transdisciplinary Innovation,” Technol. Innov. Manag. Rev., vol. 8, no. 8, 

2018. 

[59] F. Tao, J. Cheng, Q. Qi, M. Zhang, H. Zhang, and F. Sui, “Digital twin-driven 

product design, manufacturing and service with big data,” Int. J. Adv. Manuf. 

Technol., vol. 94, no. 9–12, pp. 3563–3576, 2018, doi: 10.1007/s00170-017-

0233-1. 

[60] Capgemini, “Enabling Digital Twins with Systems Engineering – Capgemini 

UK,” 2022. https://www.capgemini.com/gb-en/2022/06/enabling-digital-twins-

with-systems-engineering/ (accessed Jul. 20, 2022). 

[61] A. M. Madni, C. C. Madni, and S. D. Lucero, “Leveraging Digital Twin 

Technology in Model-Based Systems Engineering,” Syst. 2019, Vol. 7, Page 

7, vol. 7, no. 1, p. 7, Jan. 2019, doi: 10.3390/SYSTEMS7010007. 

[62] M. Borth and J. Verriet, “DIGITAL TWINS Chances and Challenges in 

System Engineering, Smart Control, and Lifecycle Management,” 2019. 

Accessed: Sep. 27, 2022. [Online]. Available: www.esi.nl 

[63] Akselos, “Component-based reduced basis simulations | Akselos RB-FEA 

technology,” 2018, [Online]. Available: https://akselos.com/knowledge-

base/https-wordpress-5673-781574-cloudwaysapps-com-wp-content-

uploads-2019-05-whitepaper-1-pdf/ 

[64] GE LM Wind Power, “STRETCH Final Report for RVO Project 

TEHE118020.” Doc No. LM: TR-19057/A1, Confidential Report, March 2023. 

 

 

 


	Summary
	Contents
	1 Introduction
	2 Wind Energy Digital Twin
	2.1 Background
	2.2 Digital Twin definition
	2.3 State of the art of DT technology for wind energy application
	2.4 Industry application
	2.5 Challenges and future

	3 Wind Energy Digital Twin Research
	3.1 Breakdown DT elements
	3.1.1 Purpose
	3.1.2 Data
	3.1.3 Model

	3.2 Summary

	4 Full life cycle DT enabled by MBSE
	5 Case study: ROM built with Ansys Static ROM Builder
	5.1 Ansys Twin Builder
	5.2 Blade FEM Model
	5.3 Static ROM Builder
	5.4 Conclusions and recommendations

	6 Case study: Rotor test rig DT built with Akselos model and verified by Ansys model
	6.1 Rotor test rig
	6.2 Ansys model
	6.2.1 Test rig Ansys basic global model

	6.3 Akselos model
	6.3.1 Introduction and work flow
	6.3.2 Test rig Akselos basic global model
	6.3.2.1 Introduction
	6.3.2.2 Modelling
	6.3.2.2.1 Componentization & Meshing
	6.3.2.2.2 Assemble & Set up model
	6.3.2.2.3 Training
	6.3.2.2.4 Solving



	6.4 Validation of Digital Twin with test results
	6.5 Conclusions and recommendations

	7 Conclusion
	8 References

