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2021 decision: Accepted 
Trend: Digital revolution
Consequences: Aging of the infrastructure, digital tools and data use
Challenges: 3. Automate the inspection of the asset and make maintenance more flexible to cope with planning changes, keeping a high level of safety
Domain: 3.3 Predict and optimize maintenance preparation 

Project-specific context 
· Elia operates about 18,000 lattice high-voltage transmission towers across Belgium. Some of these towers are quite old, considering that 20% of the grid is more than 80 years old, and 80% of towers are more than 40 years old, which very high compared to the European average. Nowadays, targeted audits are performed, providing periodic, non-continuous data about structures. These visual inspections are costly, time consuming and difficult to objectively quantify. Moreover, detailed drawings are often missing and records of repairs carried out a long time ago are incomplete. 
· At the same time, the IoT technological breakthrough and the spreading of technology offer new opportunities. Therefore, a low-cost monitoring strategy, based on an IoT solution and advanced data processing algorithms, should be developed to track the physical parameters of a tower continuously, which can be linked to its in-situ structural behavior. 
· These data-driven digital twins should make it be possible to detect changes overtime, compare the behavior of comparable structures within the fleet and objectively and quantitatively assess the structural reliability of each asset.
· Finally, all towers need to be painted regularly to prevent corrosion. Therefore, it can happen that some damages are not visible to human eyes or camera during an inspection. This is why as an alternative solution, inspecting the internal and global behavior of an asset can complete a traditional analysis.
· The project will also result in safer working environments, as structural integrity can be determined before workers access structures and so put themselves potentially at risk. Climbing work on towers in a normal state is covered by working methods and intrinsic safety devices. However, all these precautions are only valid if the structure is in an acceptable condition.
· Besides the possibility to detect damage, vibrations can also be used to detect casual events such as shocks or unauthorized people climbing the high-voltage towers. Since the theft of copper earth wires occurs quite regularly and represents a non-negligible cost for Elia (one line per year is concerned for a total cost of 150k€), vibration sensors will also be used to detect people that are climbing in towers, reducing in this way the risk of theft of copper earth wires.

Project-specific state-of-the-art/literature review
· Ambient vibration test of Rainbow Bridge, in Tokyo, performed by the University of Exeter (UK) and the University of Tokyo 
· Research collaboration on asset management of bridges between the University of Exeter's Vibration Engineering Section and the University of Cape Town (contact: Prof. Pilate Moyo (University of Cape Town))
· Test of Com&Sens monitoring of offshore wind turbines 
· Smart Structures, Italian research on tower monitoring with sensors for concrete degradation
· Flod AI, collaborate with RTE to monitor the flexibility of towers.


Expected impact for Belgium
· For Elia, this is an opportunity to make headway on digitalization projects for its infrastructure in the years to come and integrate the initiative in a wider IoT perspective. 
· The project also results in safer working environments as the structural integrity can be determined before workers potentially run a risk by accessing structures. Indeed, the precautions from standard methods used currently are only valid if the structure is in an acceptable condition, and that is what we would like to evaluate with this new technology.
· An additional interest of vibrations sensors lies in the fact that the theft of copper earth wires can be avoided, leading to OPEX reduction ((20 cantons concerned, leading to 37.5k€ yearly avoided OPEX cost).

Starting point for Elia
· For one and a half years, Elia has been looking at the state of the art for vibration analysis. The initial approach was to find objective data to determine towers' aging and reduce the impact of human advice. During this research, we have started to work with Com&Sens and 24SEA solutions and have already installed a prototype on two new towers. The idea was to validate the design of these new towers, but we decided to also take this opportunity to collect vibration data. The initial results look promising for further research and the launch of this project.

Uncertainties and risks
As this technology does not currently exist, multiple technical parameters could result in failures, such as:
· Weather effects (wind, temperature, etc.) that can affect the results, leading to uninterpretable results;
· The impact of the natural vibrations of conductors;
· The level of details that needs to be available for a vibration analysis.

Project description
· A twofold strategy is proposed based on the fleet-leader concept. Under this concept, various assets will have an extensive measurement set-up that should make it possible to develop a better understanding of the envisioned structures. Alongside these, a fleet-leader low-cost monitoring solution will be developed that could be rolled out across the entire fleet. Combining the knowledge of fleet leaders with data coming from the entire fleet, a fleet-wide comparison and assessment can be made using advanced machine-learning algorithms. This should make it possible to significantly improve current Operations and Maintenance (O&M) decision support, reduce visual inspections, cut maintenance and repair callouts, and – most importantly – lower the risk of (catastrophic) failures and potentially extend the operational lifetime of the monitored structures by taking the appropriate corrective actions.
· Approach: Vibration analysis has already shown in various specific domains that it can be used for predictive maintenance by detecting damage before critical problems occur and before they are visible to the eye. This technology is already well known for operating engines but not for static structures subject to climate factors. A small-scale partnership between Com&Sens, and Vrije Universiteit Brussel (VUB) has already been studying this technology for wind turbines, resulting in an initial monitoring solution for these in an offshore environment. After discussions with all of them, we decided to work further together on identifying what could be done for HV towers. The approach involves each specific partner handling its field of competence:
1. Elia: Knowledge of the grid and towers 
2. VUB: Theoretical research and in-depth knowledge of vibration analysis

· Work packages and timing
The project has been reshaped based on feedback by experts, and on costs involved that have been investigated in detail. For this reason, an updated definition of work packages has been fixed as follows:

WP 1: Proof-Of-Concept 
· Design of a proof-of-concept measurement system
· Selection of vibration sensors for tests
· Vibrations measurements on real high-voltage tower
· Introduction of real damage on high-voltage tower
· Measurements with people climbing in the high-voltage tower

WP 2: Measurements analysis 
Initial activities:
· Analysis of damage on measurements
· Application of damage detection algorithms for automated damage detection
· Selection of most cost effective sensing technologies
2022 update:
· Analysis of human intervention on tower on measurements
· Application of existing techniques for detection of human intervention events and damage

WP 3: Cheap monitoring system solution 
Initial activities: 
· Selection of automated damage detection algorithms
· Selection of automated human intervention detection algorithms
· Design of cost effective monitoring system for industrial application
2022 update: WP 3: Robust algorithms for vibration-based damage detection and climbing detection
· Application of statistical techniques for robust automated alarming
· Selection of most efficient sensing technology for customized cheap sensor development

WP 4: Development of a monitoring tool 
Initial activities:
· Design of use-friendly interface for easy monitoring follow-up
2022 update: WP 4: Graphical user interface for easy automated damage and human intervention detection
· Selection of the most adequate format of the graphical tool (selection of adequate programs)
· Integration of most efficient algorithms

A fifth work package has been added in 2022 further to early results on the Proof-Of-Concept:
WP 5: Medium scale Proof-of-Concept
· Selection of a group of 10 towers for 12 months  continuous measurement, including undamaged, damaged and human intervention states
· Validation of the graphical user interface (2024)
· Validation of early conclusions from the first Proof-of-Concept with new tests of the medium-scale Proof-of-Concept setup (2024).

Progress of the project
WP 1 has been successfully completed: Most promising commercial vibration sensors selected;
· Design and manufacturing of monitoring system for on-site measurements;
· Continuous 3 months measurements on a Proof-of-Concept tower;
· Measurements for different structural states of the tower: (i) undamaged, (ii) damaged, (iii) reinforced;
· Early signal postprocesssing: successful identification of some physical properties of the tower;
· Application of automated damage detection techniques in progress;
· Successful detection of bar removal;
· Successful detection of mechanical shocks.
WP 2 is currently under investigation.

Timing
The following Gantt chart provides an overview of the timing of the project for 2022-2023:
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Deliverables and milestones
1. February 2022: Measurement setup ready for early tests and validation;
2. March 2022: Beginning of measurements on real high-voltage tower;
3. June 2022: Measurements on real high-voltage tower, including damaged, undamaged and climbing cases;
4. December 2022: Knowledge and understanding of the effect of damage and climbing on vibration measurements;
5. June 2023: Robust algorithms for vibration-based damage detection and climbing detection;
6. December 2023: Graphical user interface for easy automated damage and climbing detection.

End-deliverables
· [bookmark: _GoBack]Customized cheap vibration sensors for large number of monitoring systems;
· Cheap monitoring system for continuous vibration measurements.
Partners
· Academic Research: VUB
· Micromega dynamics
· Potential other vibration sensor providers
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[Task 1.1 Design of a proof-of-concept measurement system
Task 1.2 Selection of vibration sensors for tests

Task 1.3 Vibrations measurements on real high-voltage tower

Task 1.4 Introduction of real damage on high-voltage tower
Measurements with people climbing in the high-voltage tower

Task2.1  Analysis of damage on measurements
Task 2.2 Application of existing techniques for detection of human intervention events and damage
Task 2.3 Analysis of human intervention on tower on measurements

Task3.1  Application of statistical techniques for robust automated alarming
Task 3.3 Selection of most efficient sensing technology for customized cheap sensor development
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[Task 5.1 Selection of a group of 10 towers for 12 months_continuous measurement, including undamaged, damaged and human intervention states

Selection of the most adequate format of the graphical tool (selection of adequate programs)
Integration of most efficient algorithms
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