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1. Project overview
1.1

Project background

This suite of tests aims to compare the performance of a number (4) of real-time, wave-energymaximising controllers, under realistic experimental/operational conditions. Over the past 2
decades, quite a variety of wave energy converter (WEC) control algorithms have been developed,
but there is currently no clarity as to their relative effectiveness, since they are evaluated for
individual (diverse) devices and for various (non-standardised) sea states. Furthermore, WEC
controllers are typically evaluated with (typically linear) simulation models, masking any
system/controller mismatch and other realistic experimental issues, such as friction, etc. The Wave
Energy Converter Control Competition (WECCCOMP 1, 2) aims to compare experimental controllers
on a benchmark problem, using a defined set of (six) challenging sea states. To the best of the
applicant’s knowledge, the only comparative WEC controller experimental test was that reported
by Kracht under a MaRINET grant, in 2013. However, this test used just one regular and one
irregular sea state, and did not consider practical metrics, such as peak/average ratios, or
adherence to physical power take-off (PTO) system limits. The chosen tank facility not only has a
suitable basic for the proposed tests, but also has the standardised WEC/PTO system specified in
WECCCOMP, along with a real-time control system hardware/software system capable of
implementing powerful WEC control algorithms.
The testing performed under this grant consisted of 2 sets of tests:
1. WECCCOMP tests to evaluate the experimental performance of 3 competing controllers,
and
2. A suite of evaluation tests inspired by WECCCOMP for a new WEC controller 3 developed at
the Centre for Ocean Energy Research (COER) at Maynooth University.

1.2

Project objectives

•
Short-term objectives include evaluating the implementation feasibility and performance
of a selection of diverse WEC controllers
•
Medium-term: Comparative evaluation of WEC control strategies using a realistic
performance function, considering any implementation irregularities, such as displacement or force
limit excesses.
•
Long-term – establish future most promising directions for the further development of WEC
control strategies.

Ringwood, J.V., Ferri, F., Ruehl, K., Yu, Y.-H., Coe, R., Bacelli, G., Weber, J. and Kramer, M.M. A
competition for WEC control systems, Proc. EWTEC 2017, Cork, pp 831.1 – 831.9.
2
Ringwood, J.V., Ferri, F., Tom, N., Ruehl, K., Faedo, N., Bacelli, G., Yu, Y.-H. and Coe, R. The wave
energy converter control competition: Overview, Proc. ASME OMAE 2019, Glasgow, June 2019, Paper
95216, pp 1-10.
3
Garcia-Violini, D., Pena-Sanchez, Y., Faedo, N. and Ringwood, J.V. Am energy-maximising linear
time invariant controller (LiTe-Con) for wave energy devices, submitted IEEE Trans. On Sustainable
Energy, August 2019.
1
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In particular, the long-term objectives are the most strategically important. A multitude of wave
energy control algorithms has been presented in the literature, mostly with little comparative data
or sense of how such algorithms perform under real-world conditions. This testing suite, together
with other aspects of the WECCCOMP competition, aims to determine strategic direction from the
results to encourage development in areas that have the best real-world potential.

2. Experimental setup
In addition to the basic tank equipment (controllable wavemaker, wave gauges, etc), this proposed
test protocol requires the use of a specific prototype WEC system at Aalborg University, consisting
of a heaving buoy connected via a mechanical coupling to a fixed reference. An active power takeoff (PTO) system consisting of a linear generator, will be connected to the WEC, with the ability
to measure both force and displacement. A crucial part of required infrastructure is a real-time
control system (as shown in figure), synchronised to a real-time clock and programmable using
the MatlabTM SimulinkTM environment, via the MatlabTM real-time toolbox. The project also requires
technical assistance which will be provided by the facility (following discussion with the facility
provider) in both setting up the WEC system, as well as interfacing the real-time control system
and sensors.
The WEC system setup is as follows:

Figure 1: WEC system setup
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while the computer interfacing system is described in Fig.2.

Figure 2: Computer interface to WEC system
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3. Tests Performed
The range of tests performed included the following:
•
•
•
•
•
•

Test for nonlinearity, by examination of the response for varying wave amplitudes.
Estimation of the excitation force on the device, using measurements of the device position
and velocity. Up-wave measurement can also be used.
Determination of the system transfer function, from chirp tests.
Time domain validation of the system transfer function
Parametric modelling of the system transfer function
Determination of the optimal linear time-invariant controller 4

Table 1: Range of sea states for tests

Figure 3: Sea state spectra, shown with resonant frequency (dashed line) of the WEC

4
Garcia-Violini, D., Pena-Sanchez, Y., Faedo, N. and Ringwood, J.V. Am energy-maximising linear
time invariant controller (LiTe-Con) for wave energy devices, submitted IEEE Trans. On Sustainable
Energy, August 2019.
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4. Results Analysis
Initial results focus on the process of the identification of the model (from force in the linear
actuator to position of the linear actuator). Initially, a set of CHIRP signals were input, with
different amplitudes, to see if the model was linear or nonlinear. Figure 4 shows the input force
signal (the chirp) on the top graph, along with the resulting motor position on the bottom graph.

Figure 4 Input CHIRP signal (top graph) and resulting motor position (bottom graph).

From those experiments, we can obtain the experimental transfer function of the model, as shown
in Figure 5 (magnitude on the top graph and phase on the bottom graph). Similarly, Figure 6
shows the average of the obtained models (with and without applying a smoothing function) just
on the frequency range of interest (from 0.5 rad/s to 10.5 rad/s)

Page 8 of 15

Marinet2 – Infrastructure Access Report

Figure 5 Empirical transfer functions obtained using the CHIRP signals.

Figure 6 Averaged frequency response with and without applying a smoothing function.

From the empirical transfer function, we can now identify different models, of different orders,
and select the most suitable one for us. In this case, the one we picked was the one with order
n=8 (yellow line in Figure 7).
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Figure 7 Identified models for different orders using subspace methods.

Figure 8 shows the time domain validation using the models previously identified (shown in
Figure 7).

Figure 8 Time domain validation of the identified models.

Based on the chosen model (n=8), we obtained the force-to-velocity (and force-to-position),
shown in Figure 9.
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Figure 9 Identified force-to-position and force-to-velocity models.

Figure 7 shows the controller and the optimal force-to-velocity mapping obtained using each
different identified model and the experimental data.

Figure 10 Controller (left graphs) and optimal force-to-velocity mapping (right graphs) for the different models.

Using identification by moment-matching, we can identify the LTI controller, shown in Figure 11.
Figure 8 shows the optimal controller based on the 8th order model (shown in Figure 10, left hand
side graphs, yellow line).
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Figure 11 Identified optimal controller using moment-matching-based method.

Regarding the actual time-domain results, since the facility provide sent us the measured excitation
force only for the wave realisation obtained from sea-states (SS) 4, 5 and 6 (see Figure 12), we
have only used those for this preliminary set of results (so we can know the accuracy of the
estimation).

Figure 12 Sea states considered for the preliminary set of results
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Table 2 shows the normalised root mean square accuracy (NRMSA) obtained by the estimator for
the three sea states.
Table 2 Excitation force estimation results.

NRMSA

SS-4

SS-5

SS-6

0.485

0.606

0.798

Equivalently, Figures 13 and 14 show a time-trace of the estimated excitation force for SS-4 and
SS-6, respectively. It can be noticed that, for SS-6 (Figure 14), since the wave amplitude is higher,
the noise-to-signal ratio is lower, and the obtained excitation force estimation is better than for
SS-4 (Figure 10).

Figure 13 Excitation force estimation using SS-4.
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Figure 14 Excitation force estimation using SS-6.

Figure 15 shows the zero-phase locking between the excitation force and the velocity under
controlled condition.

Figure 15 Excitation Force versus Velocity under controlled condition

Figure 16 shows the energy under controlled condition using SS4, SS5, and SS6.
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Figure 16 Absorbed energy using SS4, SS5 and SS6

5. Conclusions
We believe that the two sets of tests (WECCCOMP and COER) were a significant success, due in
no small part to the excellent support from the Aalborg team. This report focusses on the COER
tests, since the WECCCOMP results need a significant amount of time for processing, in order that
the integrity of the results is assured, since they are part of an international competition. It is
planned to officially announce these results at the OMAE 2020 Conference in Florida, June 2020.
It is also planned to disseminate the results of the WECCCOMP competition, including of course
the experimental results obtained under this MaRINET2 grant, in a high-profile journal, where
MARINET will of course be acknowledged.
The full results for the COER tests, which will require further processing, will also be published in
a journal paper, demonstrating the experimental performance of the new COER LiTe-Con WEC
controller. As specified in the access conditions, these publication will contain appropriate
references to the MaRINET2 funding received.
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