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[bookmark: _Toc104900816]Introduction

A Funding Grant was awarded from the European Union’s Horizon 2020 research and innovation programme to develop and validate an innovative tidal turbine control system, using the tidal turbine itself as a sensor, to deliver a step change improvement in the performance. This will demonstrate Effective Lifetime Extension in the Marine Environment for Tidal Energy (ELEMENT), driving the EU tidal energy sector to commercial reality. This was in response to the call LC-SC3-RES-11-2018: Developing solutions to reduce the cost and increase performance of renewable technologies.

This document relates to work undertaken as part of Work Package 8 and is submitted to satisfy deliverable D8.1 of the ELEMENT project.

The goal of the ELEMENT project is to develop an improved tidal turbine control system that is capable of contributing to the industry aim of reducing the levelised cost of energy (LCOE) of tidal power generation. The onshore testing phase of the ELEMENT project provides the first opportunity in the project to test the initial version of the improved control system on an operational turbine – the Nova RE50. The onshore testing will be followed by in-sea testing using the RE50 turbine in France, as well as transferring control system developments from the RE50 turbine to Nova’s M100-D turbines deployed and operating in the Shetland Tidal Array. As such, the onshore testing objectives are not to deliver a completed control system, but to demonstrate and prove specific aspects of the improved turbine controller. Onshore testing will also help to further define how the control system can be optimised and then tested in the subsequent testing phases of the project.

This report will outline the test setup activities, showing successful installation and commissioning of the test system. It also presents an overview and the outputs from performance testing and brake testing. Finally, the main focus of the test phase is presented where the turbine controllers are tested and compared to allow the future development work within the project to be well defined.

[bookmark: _Toc45547580][bookmark: _Toc45547639][bookmark: _Toc45547698][bookmark: _Toc45548068][bookmark: _Toc45548388][bookmark: _Toc45549807][bookmark: _Toc45628217][bookmark: _Toc45628272][bookmark: _Toc45707496][bookmark: _Toc45547336][bookmark: _Toc45547398][bookmark: _Toc45547520][bookmark: _Toc104900817]Test System Setup & Integration

The 1 MW drivetrain test facility at ORE Catapult's facility in Northumberland, England, is designed to support the test and validation of integrated drivetrains, with flexibility to allow a diverse range of device and test configurations to be accommodated.

For the ELEMENT project, the test rig has been modified to implement innovative hardware-in-the-loop (HIL) functionality within the existing test facility control system. A high-level system schematic, highlighting the HIL functionality, is shown in Figure 1. 
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[bookmark: _Ref103944624]Figure 1: High-Level Schematic of the 1 MW Drivetrain Test Rig with Hardware-In-The-Loop Functionality Highlighted in Red
[bookmark: _Toc103945796][bookmark: _Toc104900818]Hardware-in-the-loop

HIL is a system that replicates an element of a simulation with hardware. In the case of the ELEMENT onshore testing, the assembled test rig hardware is integrated with a software-based simulation of the turbine rotor that provides a real-time representation of the feedback loop between the control system and blade performance. For a given tidal flow, the variation in the rotor shaft torque is determined and provided to the test rig control system, hence replicating the rotor’s hydrodynamic performance.

A numerical model of the turbine rotor was developed and programmed into the test rig control system. The HIL controller relies on a torque measurement from a transducer located on the low-speed shaft and then calculates the torque demand from the derived instantaneous rotor equivalent flow speed and the RE50 turbine shaft speed. The flow model includes the option to include the effects of turbulence, shear, tower shadow and wave loading effects to allow the investigation of the turbine performance under a variety of simulated flow parameters.
[bookmark: _Toc103945797][bookmark: _Toc104900819]Test Instrumentation

To enable the HIL functionality and provide processed test datasets, the following test instrumentation and processing routines were integrated into the test facility:

· Torque transducer and speed encoder on the low-speed shaft (LSS) for providing a reliable feedback signal to the HIL controller.
· PROFINET communication protocols and associated hardware for interfacing the RE50 turbine with the ORE Catapult data acquisition and test rig control system.
· MATLAB-based software application for post-processing raw test data from multiple sources into a single time stamped data file and creating a summary parameter file for each test run.


[bookmark: _Toc103945798][bookmark: _Toc104900820]RE50 Turbine

The RE50 turbine was incorporated into the test facility by means of custom support frame. These frames react and transfer the component and test loads into the rig baseplate and allow alignment and positioning of the drive shafts and adapters. A general assembly figure of the RE50 installed at the test facility is shown in Figure 2.
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[bookmark: _Ref103945299]Figure 2: General Assembly of The ELEMENT Onshore Test Rig Hardware Configuration – Modelled and Actual Shown
The turbine underwent commissioning and factory acceptance testing (FAT) at Nova Innovation’s Manufacturing Facility in Edinburgh, Scotland prior to delivery to the test facility. Once installed on the test rig, further system integration commissioning was carried out involving the interfacing of the test rig and turbine control systems so that the turbine could be commanded via the test rig’s supervisory safety control system.
In addition, setup tests were run to ensure that the test rig and turbine control systems, data acquisition systems and safety systems all functioned and performed as designed.

[bookmark: _Toc103945800][bookmark: _Ref104467311][bookmark: _Toc104900821]Hardware-in-the-loop Commissioning

Following installation of the RE50 turbine, the onshore test system was commissioned and planned set up tests were successfully completed. These activities allowed the HIL controller to be tuned to reduce the reaction time of the HIL controller to maximise the effectiveness of testing. A qualitative assessment of the HIL controller performance was undertaken, which successfully demonstrated the system repeatability. Example HIL torque data, replicating a full tidal cycle and including all flow characteristics, is provided in Figure 3, demonstrating the successful system integration and function of the HIL controller.
[image: Chart, line chart

Description automatically generated][image: Chart, histogram

Description automatically generated]

[bookmark: _Ref103945619]Figure 3: Example HIL Torque Datasets for a Tidal Cycle
[bookmark: _Toc104900822]Turbine Performance Testing

To fully assess the turbine performance changes attributable to the ELEMENT control system applied to the RE50 turbine, a variety of performance tests were included within the test plan. These tests would also be used to provide benchmark data to be used when the turbine is deployed in future testing environments, allowing completion of calculations of rotor hydrodynamic performance using measurable turbine speed and electrical power data. The performance tests mainly focused on steady state operation at various load points to assess the losses and efficiency of the turbine drivetrain and variable speed drive system. They also included performance tests using the drive system to stop the turbine rotation in abnormal shutdown scenarios. These tests were defined in advance within the test plan and carried out by the test team on the test rig following the successful commissioning and setup test phase.

[bookmark: _Toc104900823]Steady State Performance Testing

While the RE50 turbine has a design power rating of 50kW, the turbine rotor was re-designed specifically for the ELEMENT project based on the expected operating conditions and known constraints of the project testing phases. This meant factoring in the site conditions in the Ria d’Étel, where the turbine will be deployed during Work Package 10 Estuary Testing.

While considering the turbine rotor design and future testing flow conditions, three operating curves were defined to use during the steady state performance testing. In addition, a wider operating map of speed and torque points was defined that would cover the full scope of possible turbine operation during the project. These tests were designed to provide drivetrain performance data that would be used throughout the ELEMENT project as the benchmarking performance of the turbine as well as helping to optimise the turbine modelling as part of Work Package 6 Behavioural Modelling tasks.

Figure 4 below shows the rotor design performance region expected for various flow speeds with the operation map and operating curves overlaid on the same graph. The operation map and curves are extended beyond the design rotor performance curves to allow for tolerance between design data and actual real-world performance when the turbine is tested in the water in France during Work Package 10 testing activities.
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[bookmark: _Ref104454283]Figure 4: Graph Showing Rotor Performance Capability for Various Tide Flow Speeds (Grey Boundary); Operation Map Test Points (Blue Points); Operating Curves 1, 2 & 3 (Green, Purple & Orange Curves)

The operation map consisted of 67 points, with each point held for 30 seconds of stable operation. The test rig was used to control the turbine rotor torque to a defined setpoint while the turbine controlled to a speed setpoint. Using this combination of setpoints, the test team worked through the operation map to capture data for all the operating points. This data is a benchmark of the turbine’s performance and assisted in analysis of further testing throughout the test phase and will be utilised for estuary testing data analysis. A sample of the data generated from this test is shown below in the efficiency map of the turbine from rotor torque to electrical grid power.
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Figure 5: Efficiency Map of RE50 Turbine from Operation Map Test
The three operating curves shown in Figure 4 were defined based on various requirements. One was based on the nominal power rating of the turbine of 50kW and so uses a 55kW rotor power limit and a speed limit of 50rpm. Another curve was based on the optimum power rating for the rotor design and the final curve was based on sample flow conditions of the Ria d’Etel, where the turbine will be tested during Work Package 10 activities later in 2022.

It is acknowledged that with a wide range of operating conditions and power, as well as the fact that the RE50 turbine and rotor combination is not a commercially optimised design, the system performance and efficiencies will vary and include sub-optimal operating conditions. However, this hardware setup still acts as an excellent platform to measure the performance of the controllers being tested and provides an extremely valuable knowledge-set for the project.

Performance data was gathered for all three curves, demonstrating the turbine’s flexibility to efficiently convert rotor power to grid compliant electrical power across a broad range of operating conditions.
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Figure 6: Efficiency Map for Operation Curve 1
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Figure 7: Efficiency Map for Operation Curve 2
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Figure 8: Efficiency Map for Operation Curve 3
[bookmark: _Toc104900824]Drive Braking Testing

An important part of turbine control is being able to stop the turbine in a controlled manner in all operating conditions. Typically, the turbine will shut down at the end of a tidal cycle, as the power reduces towards zero, by controlling the drivetrain to a standstill and then applying a parking brake. Under other circumstances, the turbine may be required to shut down in a different manner, such as when a fault is detected that requires a fast deceleration of the drivetrain or where the electrical connection to the grid or load is lost. In these circumstances, the turbine control system must detect that such an event has occurred and request the appropriate response to shut down the turbine. 

The ELEMENT project has developed the control system to monitor and detect for such situations, but in addition it must ensure that the shutdown that occurs is both controlled and capable of stopping the turbine. Some turbines utilise a friction braking system to provide sudden deceleration torque to stop the drivetrain rotation, but another method that is being focused on in this project is using the variable speed drive to decelerate the turbine in order to reduce the significant peak loads that are applied by friction brakes. While in some circumstances the drive may not be available to provide the required deceleration, it is considered the preferred method of controlling the turbine drivetrain speed as it applies torque loads that are in the magnitude that the turbine would normally operate with.

The onshore test plan included a test using the variable speed drive, together with a resistor, to provide a controlled shutdown of the turbine under various scenarios. This was a key test within the onshore test plan – demonstrating capability and successful control and operation of this braking method can help to meet the project objective of increasing turbine lifetime and thus decreasing LCOE.

Using the test rig HIL test setup, the turbine was controlled in various simulated flow speeds and then by electrically disconnecting the turbine from the test rig distribution network to simulate a grid loss, the turbine control system was tested to see if it could decelerate the turbine by utilising the motor converter and DC brake chopper modules of the drive.

During the onshore testing phase, it was successfully demonstrated that the turbine control system was able to stop the turbine using this method, even while the simulated flow in the HIL controller resulted in torque being applied to resist the deceleration. The results from the test showed that the peak torques experienced by the turbine during this test were much lower when compared to using a friction brake, directly demonstrating an extension to turbine lifetime with the ELEMENT control system.



[bookmark: _Toc104900825]Turbine Controller Testing

While the turbine control system that is being developed under the ELEMENT project encompasses all aspects of turbine control, the primary aspect of a turbine control system is the part that controls the speed, torque and subsequent power delivery of the turbine – referred to commonly as the turbine controller. This part of the control system is included in the turbine onboard programmable logic controller (PLC) and uses programmed code to autonomously monitor and set the turbine operating speed and torque.

The ELEMENT project focuses on stall regulated turbine technology and so for a given tide flow speed, a specific speed always results in a unique torque being produced by the rotor. For this reason, the turbine controller can either be directly controlling the turbine speed, or the torque, in order to achieve the desired operating point. For both controllers there are three regions of control: in the optimum power region the controller aims to maximise the power capture by operating the turbine at a fixed rotor tip speed ratio (TSR) that give peak rotor performance; a maximum speed region is defined to limit the speed of the turbine; in the power limiting region the turbine is operated in stall control to limit the power produced by the rotor.


[image: ]
Figure 9: An Example Operating Curve Overlaid on Rotor Performance Capability. Optimum Power Region (1), Speed Limiting Region (2) and Power Limiting Region (3) are Shown
The ELEMENT project aims to produce an advanced controller for both speed and torque control, resulting in two controllers developed within the project. One outcome from this development work will be to allow comparison of which type of control delivers a greater reduction of LCOE by increasing yield while extending turbine lifetime through the minimisation of fatigue loading on the turbine structural components. The onshore testing results are only the first steps in making the comparison but allow for demonstration of stable control and parameterisation of both controllers.


[bookmark: _Toc104900826]Baseline Testing on Original Controller

The ELEMENT project uses a turbine controller from Nova’s M100 turbine as the reference design from which all improvements in turbine control are measured. While this controller has been utilised in the deployed turbines at the Shetland Tidal Array and data is available from those turbines, it has been applied to the RE50 turbine during onshore testing to enable comparative data to be generated when operating the original controller and the new controllers on the same turbine in the same test environment. 

The original controller is considered a speed controller, in that it generates a speed setpoint that the turbine variable speed drive controls the drivetrain speed to. The controller is based on simple processing calculations to determine the optimum speed for the turbine to operate at, based on measured power output of the turbine. While the controller has limited ability to apply pre and post processing to inputs and outputs, its value is primarily in its simplicity and ability to be deployed to a wide range of turbines without substantial changes to the parameters of the controller. 

This controller was tested on the RE50 turbine during onshore testing and was shown to be stable across the full turbine operating range when operating in steady state conditions. When the HIL control was activated, the original controller was capable of controlling the turbine and generating power. Some oscillations were observed in the power limiting region due to the response time of the HIL controller and the RE50 controller’s limitations to be tuned further. While these oscillations were of a low frequency and represent some of the limitations the controller has, the testing allowed for baseline performance data to be gathered.
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Figure 10: Basic Speed Controller Operation Example
[bookmark: _Toc104900827]Testing of New Controllers

The two new controllers developed under the ELEMENT project, advanced speed controller and the advanced torque controller, were successfully tested on the RE50 turbine during the onshore testing. Both controllers have advanced capabilities in processing inputs of real time turbine data as well as advanced control techniques to set the turbine speed and torque setpoints respectively. These advanced features are based partly on learnings from the more mature wind industry where some common control challenges exist in both technologies. This type of cross-pollination between industries is essential for the progression of tidal energy and provides significant benefits such as advances in technology and cost reductions.

As with the original controller, both new controllers were initially tested for stability of control when the turbine was operating at steady state speed and torque across the turbine operating range. In addition, they were tested using the HIL control on the test rig with various flow profiles that represented typical conditions for a deployed turbine. Data was gathered from the operation of both controllers and allowed for assessment of performance of the controllers when compared to the original controller. Results showed that, as anticipated, both of the advanced controllers were able to perform very well in a broad range of tidal flow conditions.

A key result of these tests was that both the advanced controllers remained stable during testing of the optimal operating curve. This is an important result as it shows that the advanced controllers have the capacity to better track the optimal operating curve in all flow conditions. This results in maximising the yield of the turbine as well as minimising the torque fluctuations that result from repeated diversions from this optimal operating curve – a key objective of the ELEMENT project.
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Figure 11: Advanced Torque Controller Operating Example
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Figure 12: Advanced Speed Controller Operating Example

The advanced controllers will be tested further in the remaining test phases of the project but from the results obtained during onshore testing it is clear that the controllers perform in a similar manner to the simulations conducted as part of the controller design work carried out earlier in the project – delivering reductions in peak loads and increase in yield. This shows that the project is well on track to meet the project objectives.





[bookmark: _Toc104900828]Comparison of Controller Performance

There are various methods that can be used when comparing controller performance. While some are qualitative assessments made by engineers familiar with viewing turbine control and assessing the time series data produced from the turbine during operation, some quantitative metrics can be calculated to assist in this comparison. The ELEMENT project will use two primary metrics to assist with this comparison – energy yield of the turbine and fatigue equivalent damage over a defined period of operation for given flow conditions. 

With the onshore testing using a repeatable HIL test method, the time period and flow conditions could be repeated for each controller and so these metrics are a particularly effective means of comparison during this test phase. The graphs below show an example dataset for the three controllers when tested over 2 tidal cycles of varying peak flow. In order to maximise the testing efficiency and generate manageable datasets for each test, the simulated tidal cycles lasted only for 9 minutes and so the energy yield is relatively low but can still be used for fair comparison between controllers. The equivalent damage rating calculation method is a relative comparison metric for comparing the equivalent damage experienced by the structural components of the turbine that dominate the turbine’s predicted lifetime.

Figure 13 shows an average improvement in yield for the advanced torque and advanced speed controllers of 16% and 18%, respectively, compared to the basic speed controller. This is a substantial improvement and demonstrates an obvious potential benefit to reducing LCOE. While this value cannot be taken as a direct equivalent gain for a deployed turbine across a full year of tidal flow conditions, it does point to an obvious potential improvement in a turbine’s annual yield when considering the flow occurrences for a given site throughout a year.
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[bookmark: _Ref104468046]Figure 13: Yield Comparison Between Controllers for Two Sample Flow Conditions
Figure 14 shows that the fatigue equivalent damage for both the advanced torque and speed controllers is similar to the basic speed controller with an average of 4% reduction for each across the two flow scenarios used – the same 2 scenarios represented in Figure 13. While the difference is a small percentage, it can still represent a potential significant change in turbine lifetime and will contribute towards a reduction in LCOE. 
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[bookmark: _Ref104468047]Figure 14: Equivalent Damage Comparison Between Controller for Two Sample Flow Conditions

[bookmark: _Toc104900829]Conclusions and future work

The onshore test system was successfully set up to allow the testing of the RE50 turbine as the first test phase of the ELEMENT project. There were several challenges that arose during this phase of the testing but by drawing on the expertise of the project team, a reliable and accurate test system setup was commissioned to allow the test plan to be executed. The HIL limitations observed during this test phase place additional emphasis on testing the control systems in real-world conditions, where the turbine will be exposed to the torque fluctuations that are thought to dominate turbine fatigue damage.

Turbine performance testing was conducted successfully and delivered valuable data on the RE50 turbine baseline steady state performance. This data will be used in the future in-sea testing of the RE50 turbine and help with defining turbine performance changes that are a direct result of ELEMENT control system improvements.

The onshore test phase has shown that the advanced controllers developed to date can provide stable control of the turbine in a broad range of flow condition; this gives confidence in the design work that continues to be conducted on the ELEMENT control system. Both the advanced speed and advanced torque controllers performed similarly well using the metrics of yield and fatigue equivalent damage. As such, work will continue on the development of both controllers in parallel for the remainder of the project.

Further testing and analysis of how each controller performs in real-world conditions is required to draw final conclusions on the potential impact on LCOE when using the advanced controllers. This will be completed as part of the subsequent test phases of the project. However, it can be concluded from the onshore testing results that increased yield and reduced fatigue equivalent damage is achieved with the advanced controllers, both of which result in an LCOE reduction.

The results obtained from the onshore test phase demonstrate that the ELEMENT project is making significant progress towards the achievement of the project objectives and the overarching goal of reducing the LCOE of tidal energy by 17%.
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