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ABSTRACT
The purpose of this report is to draw attention to available Industry 4.0 (‘I4’) technologies which could help in the VAWT’s experimental development process...
[bookmark: _Int_5ruDfb8d]...Our aim is to give the prototype VAWT a ‘digital voice’ which can communicate with its digital twin. This digital voice will be enabled by a series of sensors which will be specified to feed relevant data into the DT’s ‘digital ears’. 
The DT will also have access to a bank of theoretical and computational knowledge (digital memory) which will need to be complemented by Artificial Intelligence (digital brain) listening to the prototype’s digital voice. 
[bookmark: _Int_KnEjFp7u]Artificial Intelligence (AI) will then consider the digital voice of its physical twin (PT) and reconfigure/adjust its algorithms (digital understanding) to interpret what is happening. This process of listening and reconfiguring will continue until the DT and PT are closely aligned. The gradual convergence of the DT and PT should provide an invaluable DT for predicting a range of PT characteristics without the need to build multiple iterations of the prototype.




















INTRODUCTION
The main aims of this report are to:
· Critically review the current approach to the experimental development of a vertical axis wind turbine (VAWT) in terms of its level of adoption of relevant Industry 4.0 (I4) technologies 
· Find opportunities for adopting new methods/technologies which would reflect current best practise
· Review the materials and method chosen for constructing the first working prototype
· Carefully consider the feasibility of developing of a digital twin of the physical prototype
· Assess the inputs needed to feed into the digital twin model to reach an acceptable level of accuracy
The report gives a candid assessment of the current approach taken by our Research and Development Department and how this might be improved by employing ‘I4’ technologies.

AIMS & OBJECTIVES 
The purpose of this report is to draw attention to available Industry 4.0 (I4) technologies which could help in the VAWT’s experimental development process.
(Brown 2020) categorises key ‘I4’ technologies as: Artificial Intelligence; Sensors & The Internet of Things (IoT); Autonomous Machines (Robots, Co-bots, Drones & Self-Driving Vehicles); Distributed Ledger Technology & Blockchain; Virtual, Augmented and Mixed Reality; and Connecting Everything & Everyone (5G Networks & Satellite Constellations).
Our aim is to give the prototype VAWT a ‘digital voice’ which can communicate with its digital twin (‘DT’). This digital voice will be enabled by a series of sensors which will be specified to feed relevant data into the DT’s ‘digital ears. 
The DT will also have access to a bank of theoretical and computational knowledge (digital memory) which will need to be complemented by Artificial Intelligence (digital brain) listening to the prototype’s digital voice. 
Artificial Intelligence (AI) will then consider the digital voice of its physical twin (PT) and reconfigure/adjust its algorithms (digital understanding) to interpret what is happening. This process of listening and reconfiguring will continue until the DT and PT are closely aligned. The gradual convergence of the DT and PT should result in an invaluable DT for predicting a range of PT characteristics without the need to build multiple iterations of the prototype.
WHAT HAVE WE GOT?
A 3D Printer and CAD software were employed to create a working desktop model of the VAWT. A rudimentary wind tunnel was constructed to test different iterations of the model and measure the tip speed ratio at varying wind speeds. This testing gave helpful clues on improving the VAWT design.




WHAT DO WE NEED? To achieve our ambition to develop a digital twin of the prototype we need the following external resources to complement our internal competencies:
1. Access to a calibrated wind tunnel with sensors to detect torque, tip speed and air flows
2. Powerful computing power to process all the data gathered by sensors
3. Guidance and support to develop a digital twin of the prototype
4. Other computational input to feed into the digital twin model
5. Testing and refining the digital twin until we reach an acceptable level of accuracy
WHAT IS A DIGITAL TWIN?
(LeBlanc, Ferreira 2020a) describes a DT in simple terms as follows:” A digital twin can be described as a digital replica of a physical asset”. (LeBlanc, Ferreira 2020b) also says “use of such models is key to understanding complex loading phenomena experienced during testing of vertical axis wind turbines”.
(Barricelli, Casiraghi et al. 2019) expands this by saying” the twinning process is allowed by the continuous interaction, communication, and synchronization (closed-loop optimization) between the DT, its physical twin and the external, surrounding environment”.
(LeBlanc, Ferreira 2020) also identifies the need to carry out scaled wind tunnel testing. 

IMPLEMENTATION METHODOLOGY
The steps for preparing a digital twin therefore necessarily involve finding external partners who have the competencies and resources needed to fill the gaps in our ability.
The pathway can be summarised as:
1. Firstly, we contacted the Marine Energy Engineering Centre of Excellence (MEECE) to enquire about the potential to get support for building and/or testing a prototype VAWT
2. We received a positive response and now hope to arrange testing schedule at Swansea University’s wind tunnel facility
3. The first round of testing will take place using a modified version of our 3D printed desktop model and we hope the results will justify further development
4. We will then seek guidance from MEECE and its partners to secure the further resources needed to generate a digital twin that can feed on the large amount of data that would be generated by extended testing
5. A larger working prototype will then be constructed and installed at a suitable test site with all the required sensors to give it a ‘digital voice’ for transmitting live data into the digital twin’s AI (Artificial Intelligence) generated algorithms
6. The gap between the actual results from the physical world and the model projections should then converge to a point where they approximately match 
7. We hope that the DT will then be capable of accurately predicting what larger scale versions of the VAWT could generate and how they might perform in different environments




The nature of a Research and Development project is such that there may be changes to the pathway as we move through the various stages envisaged at the outset. 
Our approach will therefore need to be agile as we gather empirical information from the wind tunnel tests.
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https://www.swansea.ac.uk/engineering/zcce/aerospace-engineering-structures/wind-tunnel/
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BACKGROUND RESEARCH
Our research into the latest ‘I4’ technologies and capabilities has been driven by the aim of introducing a commercially attractive product that will delight our customers.
We have concluded that an attractive deployable VAWT will require adoption and integration of ‘I4’ capabilities, enabling and including:
1. Real time performance monitoring using a variety of sensors that will send data over 5G networks with exceptionally low latency as pointed out in (Apte, Spanos 2021)”;
2. Reporting any issues that may require preventive maintenance directly to engineers’ mobile phones (or connected tablet PC’s);
3. Transmitting ‘big data’ from future VAWT installations back to a central database for ongoing adjustments/inclusion in the digital twin. (Barricelli, Casiraghi et al. 2019) 
4. Using the digital twin model to predict when parts may need to be replaced thereby reducing friction for customers exemplified in (Madni, Madni et al. 2019);
5. Additive manufacturing will be considered for moving manufacturing closer to customers and partnering with international manufacturers should be possible as (Sivamani, Nadarajan et al. 2020) conclude” the 3D printed components by additive manufacturing can be used to produce small wind turbines”;
6. Modularity, sustainability and repairability will be included in designing for manufacture with careful thought given to alternative materials and processes for construction and deployment in remote global locations

Our understanding of the potential benefits afforded by creating a digital twin for the VAWT has been derived from the following sources:
(Rasheed, San et al. 2020) concludes” Combining complementary strengths in physics-based and data-driven modelling approaches, the hybrid analysis and modelling framework becomes particularly appealing for developing robust digital twin platforms, and enables us to make more informed decisions...”
(Apte, Spanos 2021) recommends the ’blending’ of Artificial Intelligence and Physics in the development of a digital twin. To adopt this approach, we must bridge the gap in our knowledge which requires support from the MEECE project and its partner organisations including Swansea University.
(Barricelli, Casiraghi et al. 2019) describes the features of a DT as follows:” a digital twin is a virtual instance of a physical system (twin) that is continually updated with the latter’s performance, maintenance, and health status data throughout the physical system’s life cycle”.
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Source: ((Madni, Madni et al. 2019)

CONCLUSION
Our conclusion is that we must now go ahead with the development of a physical prototype which will be capable of feeding sensor generated operational data into its DT. 
(Barricelli, Casiraghi et al. 2019) notes recent advances in AI, broadband and ubiquitous connectivity, (embedded) sensors, big data processing techniques and cloud computing, commenting” The joint usage of such technologies has led to the creation of digital twins, artificial intelligent virtual replicas of physical systems”
Cloud based computing power, sensors, AI and 5G data transfer will all be significant enabling technologies together with support from collaborative development partners.

RECOMMENDATIONS
Our recommendations are to continue with a collaborative development project with MEECE and its partners to build and test a working prototype to generate a data for building a DT of the VAWT.
We should also contact potential suppliers, such as Siemens or ABB, who have the capability and experience to help in generating a digital twin. 
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