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10 A B S T R A C T11

12

Achieving large-scale commercial exploitation of ocean wave energy inherently encompasses13

the design and deployment of arrays of wave energy converters (WECs), in an effort to reduce14

the associated levelised cost of energy. In this context, understanding the interactions between15

devices in a controlled WEC array is hence essential to achieve optimal layout configurations, as16

well as to provide guidance on the area required for array installation, reliability, life-time, and17

overall cost of the farm. Successful achievement of these vital objectives for the wave energy18

industry has been constantly aided by the use of appropriate numerical models. Regardless of19

the specific modelling approach adopted, model reliability is always a major concern: Numerical20

models need to able be to represent reality to be useful in supporting the different stages of21

development, hence providing significant results for decision making. To test reliability of a22

model, experimental results are an invaluable asset for validation.23

Recognising the striking absence of real-world data concerning arrays of WEC systems,24

and its inherent value for model validation and data-based modelling purposes, we present, in25

this paper, an experimental campaign fully conducted with the sole objective of generating and26

providing an open-access dataset on WEC farms: SWELL (Standardised Wave Energy converter27

array Learning Library). The generated dataset, included alongside this manuscript, comprises28

an approximate total of ∼3000 variables and more than ∼ 108 datapoints, for up to 5 devices in 929

diverse WEC array layouts with different levels of interaction, and 19 carefully selected operating30

conditions. Four different categories of tests are considered, providing measures of key variables31

required for model validation and data-based modelling tasks. As such, SWELL provides a32

crucial resource to achieve confidence in numerical modelling, helping towards creating reliable33

tools for decision making in the WEC field, hence effectively supporting the pathway towards34

effective commercialisation of ocean wave energy.35

36

1. Introduction37

The global energy demand has increased drastically over the course of both 20th and 21st centuries, continuously38

raising major concerns on the issue of future energy provision, with current predictions of an increase of nearly 50%39

between 2018 and 2050 [1]. With a (fortunately) growing awareness of the social and environmental challenges posed40

by fossil energy, and pressure to honour emission limits in the pathway towards a low-carbon energy society, a great41

deal of attention has turned to the effective and efficient use of renewable sources, in an effort to secure future energy42

needs [2, 3, 4, 5].43

The potential of ocean renewable energies, to provide a major support in this quest, is already well-recognised44

across the globe, generating significant interest from governments and public entities, developers, and investors, all45

keen to provide assistance in effectively exploiting the many advantages of this renewable source. In particular, within46

the field of ocean renewables, the vast energy potential from ocean waves, i.e. wave energy, is, to date, largely untapped.47

With an estimation of an exploitable power resource of 30.000 [TWh/year] [6, 7, 8], wave energy can effectively provide48

a substantial contribution to the energy mix, being of a higher density than e.g. solar and wind power [9], consistently49

available (up to 90% of the time) [10], and highly predictable [11], with a negligible impact on the ocean environment50

when harvested properly [12, 13].51
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Although early efforts towards wave energy extraction date back to the 19th century (see e.g. [14]), availability of52

commercial harvesters remains elusive [15]. This can be attributed to a number of factors, including the rather diverse53

stochastic nature of the wave resource as a function of the location in the globe, survivability requirements in what54

can be considered a highly hostile environment, and a consequent lack of technology convergence towards an optimal55

wave energy converter (WEC) design/concept. This almost immediately translates to a higher levelised cost of energy56

(LCoE) with respect to sister renewables [15, 16], hindering effective and wide-spread commercialisation of WEC57

systems.58

As it is well-established within the field, reducing the associated LCoE, and hence achieving large-scale commercial59

exploitation of wave energy, inherently encompasses two fundamental stepping stones. The first key enabler is linked to60

the use and development of appropriate control system technology, able to maximise the energy extracted by the WEC61

systems from the wave resource, while observing the underlying physical limitations characterising the device [17, 18].62

Briefly summarising, the control problem for WEC systems consists in appropriate (and autonomous) manipulation of63

the force/torque exerted by the power take-off (PTO) system acting on the converter, in such a way that the energy64

conversion output is maximised, according to the current wave climate. Multipliers characterising the increase in65

energy absorption performance by means of appropriate control have been reported to be in the range of 2 to 4 (see66

e.g. [19, 20, 21]), with a degree of performance enhancement which ultimately depends on the particular nature of the67

WEC device and associated PTO system, and the specific control algorithm implemented [22].68

The second key enabler to lower the LCoE, together with suitable control technology, is the deployment of WEC69

systems in array configurations (also often referred to as ‘parks’ or ‘farms’), in an effort to reduce the associated costs70

(per device) of installation, operation, and maintenance, and ultimately to meet the required demands of installed71

capacity [23, 24, 25, 26]. Such arrays involve the deployment from a few to hundreds of WEC systems in a common72

area, arranged systematically according to a given layout configuration, typically designed in terms of row/column-like73

arrangements. In this context, a deep and detailed knowledge of the behaviour of WEC arrays is, hence, of paramount74

importance to achieve efficient farm configurations.75

In particular, understanding the interaction effects between devices in a controlled WEC array is essential to achieve76

optimal layout configurations, as well as to provide insight on the effective area required for installation, reliability,77

life-time, and overall cost of the farm. As a matter of fact, WEC interactions can affect the overall performance of the78

array, having either positive or negative effects on the power absorption capabilities of neighbouring devices (see e.g.79

[27]) and, ultimately, on the associated LCoE [28]. Furthermore, given their capabilities of altering the surrounding80

wave field, it is equally important to measure the environmental impact that a given array can generate on proximal and81

distal wave climates [29, 30]. Successful achievement of these vital objectives for the wave energy industry has been82

constantly and consistently aided by the use of appropriate numerical (also referred to as ‘mathematical’) models.83

Mathematical models are of immeasurable value towards achieving commercialisation of WEC systems (and, in84

fact, absolutely crucial for virtually every branch of science), having the capabilities of giving insight and understanding85

on the behaviour of WECs in a set of pre-defined operating conditions. With a model in hand, one can predict the impact86

of a variety of design choices (e.g. number and inter-distance between devices, effective layout configuration, mid- and87

far-field effects, power take-off (PTO) system ratings, among others), being able to provide systematic information88

on how to manipulate, control, and optimise a given WEC array system outside the boundaries of physical reality,89

so as to achieve, as close as the application permits, a desired set of performance specifications. In essence, the90

enormous potential of mathematical models in wave energy can be attributed to the fact that these can be simulated in91

hypothetical situations and environments, subject to operating conditions that can be dangerous in reality, and without92

incurring in high costs before a process has been optimised accordingly. In fact, the latter has overseen the fall of a93

significant number of WEC companies, often not following a systematic development protocol supported by the use of94

appropriate numerical models, due to the high costs associated with full-scale device prototype construction, testing,95

commissioning, and de-commissioning.96

Available standardised development protocols for WEC systems [25, 26, 31], often based on the well-known97

Technology Readiness Level (TRL) scale, unanimously agree on the use of numerical models to support the pathway98

towards commercialisation, starting from early stages (TRL 1-2), all the way up to full-scale WEC farm development,99

with different suggested (increasing) degrees of model fidelity. As such, a significant effort has been made by the100

research community towards comprehensive modelling of WEC farms, covering the full spectrum from low- to101

high-fidelity numerical simulation (see e.g. [29, 32, 33]). The low-fidelity end of the spectrum is well-populated,102

mostly by techniques based on so-called potential flow theory [32, 34], where linear assumptions are virtually always103

adopted. While indeed on the low-fidelity side, these models are extremely popular due to their representational and104
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computational convenience, being ideal for e.g. preliminary performance assessment, and a vast variety of control-105

oriented studies [18, 22]. Examples of this type of modelling approach for WEC arrays include [35, 36, 37, 38].106

On the contrary, the high-fidelity end of the WEC array modelling spectrum often considers sophisticated numerical107

techniques, such as those based on Computational Fluid Dynamics (CFD), aiming at describing highly complex108

(nonlinear) phenomena, at the (potentially large) expense of computational power. Examples of modelling techniques109

belonging to this end of this spectrum are [39, 40, 41]. We further note that recent efforts have been done within the110

community towards the release of open-source design tools for WEC arrays, particularly within the European project111

DTOcean+ [42], which tackles development of numerical tools for structured innovation, stage-gating, and evaluation112

of wave farms.113

Regardless of the specific technique/type of modelling approach considered, model reliability is always a major114

concern. In other words, numerical models need to be able to effectively represent reality to be useful in supporting115

the different stages of development, hence providing significant results for decision making [25, 26]. In this context,116

to test the reliability of a model, experimental results are an invaluable asset for validation. Furthermore, beyond the117

world of model validation, the availability of experimental data opens up the possibility to data-based modelling of118

WEC systems, where real-world information is directly fed into the modelling process, very much in the spirit of119

system identification [21, 43]. In spite of the significant value that such crucial information can have in supporting the120

pathway towards WEC commercialisation, publicly available datasets for WEC array experiments are incredibly scarse121

(if not inexistent), ostensibly due to the underpinning cost for small-scale prototype construction and instrumentation,122

and overall testing complexity. As a matter of fact, the number of real-world testing experiments on farm prototypes is123

reduced in itself (see e.g. the recent review paper [44]), let alone the data available for public use.124

A number of well-established studies, effectively providing numerical datasets and benchmark cases for a single125

(stand-alone) WEC device, do exist within the state-of-the-art, and have been adopted with a great deal of success126

- see e.g. [45] and [46]. As a matter of fact, recent efforts have been done within the community towards effective127

and open sharing of full scale testing experience, with large projects such as e.g. OPERA [47], offering two years of128

open-sea data of both a floating WEC and a shoreline wave power plant. Nonetheless, availability of experimental129

datasets for the case of WEC arrays still remains elusive: to the best of the authors’ knowledge, a single study [48]130

has been performed in the literature with the actual aim of providing an open-access dataset1 on WEC farms for the131

development community. We note, although, that most of the effort in [48] has been only allocated in characterising the132

resulting (modified) wave field, for diverse WEC array configurations, disregarding a number of key variables required133

for validation and data-based model generation (such as e.g. effective wave force in the conversion degree-of-freedom134

(DoF)), limiting the scope of application of the generated experimental data to a subset of the modelling community.135

Furthermore, the devices in [48] have been tested without an actual PTO system, and a simple mechanical damping136

has been fashioned for each prototype, to emulate a (passive - see Section 4.4) control action. Finally, note that, as137

per the discussion provided at the beginning of this section, WEC systems require active control to maximise energy138

absorption, so validation of farm models under controlled conditions is of absolute importance for layout optimisation139

and overall performance assessment of a given configuration. We further clarify that the difference between controlled140

and uncontrolled behaviour can be substantial, with the former presenting larger device motion (and hence wave field141

interference), due to the action of the energy-maximising controller, which often enlarges the WEC operational space to142

maximise power absorption [22]. This fact, which can initially seem to be harmless within model validation/data-based143

modelling procedures, triggers a number of nonlinear effects that are not necessarily captured by models based on linear144

potential theory, hence potentially invalidating a family of models which would otherwise be considered validated in145

uncontrolled conditions [50].146

Recognising the striking absence of real-world data concerning arrays of WEC systems, and its inherent value147

for model validation and data-based modelling purposes, we present, in this paper, an experimental campaign fully148

conducted with the sole objective of generating and providing an open-access dataset on WEC farms for any potential149

stakeholder, both within the academic, and industrial wave energy communities. The generated dataset, from now on150

termed SWELL (Standardised Wave Energy converter array Learning Library), included alongside this manuscript, is151

constructed on the basis of four different main tests, and comprises an approximate total of ∼3000 variables and more152

than ∼ 108 datapoints, for up to 5 devices in 9 diverse WEC array layouts with different levels of interaction, and 19153

carefully selected operating conditions (featuring regular, bimodal, irregular, and white noise sea states). In particular,154

as specifically discussed within Section 4, both the inherent synergy between the proposed standardised tests, and155

1We do clarify that, at the moment of writing of this paper, the dataset of the experimental campaign conducted in [48] seems not to be
open-access, but only available via specific request to the authors (see [49]).
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corresponding layout configurations (chosen to maximise knowledge on the interaction between different devices in a156

diverse set of operating conditions - see Section 2.4), facilitate a well-posed learning procedure, able to characterise157

the main effects within WEC array systems under uncontrolled and controlled conditions, for different “levels” of158

interaction, recreated via the specific set of layouts considered. Within this experimental campaign, conducted in the159

wave tank facilities available at Aalborg University (Denmark), a small-scale (1:20) Wavestar-like [51] prototype is160

chosen as the baseline device, as depicted in Figures 1 and 3, effectively featuring an electric (direct drive) PTO system.161

We note that the choice of this system is not arbitrary, and is motivated by the large number of previous studies available162

on the (isolated) prototype [52, 53, 54, 55], being also featured as the baseline system for the so-called Wave Energy163

Control Competition (WEC3OMP) [56]. As such, vast, transparent, and (virtually always) public information is readily164

available for this prototype within the WEC literature.165

Four different categories of tests are considered to generate SWELL, providing measures of key variables required166

for model validation and data-based modelling tasks, including (but not limited to) free-surface elevation at different167

strategic points within the basin, force induced by the waves (i.e. wave excitation force), uncontrolled motion, and168

behaviour under the action of energy-maximising control, for each device, layout, and operating conditions considered.169

This is, to the best of our knowledge, the largest dataset characterising arrays of WEC systems available in the literature,170

including a wide variety of WEC layouts and realistic PTO effects (including energy-maximising control), tested in171

different scenarios following a consistent protocol, designed to suit the necessities associated with a vast number172

of modelling tasks. As such, the generated dataset SWELL provides a paramount resource to achieve confidence in173

numerical modelling, helping towards creating reliable tools for decision-making in the WEC field, hence effectively174

supporting the pathway towards commercialisation of ocean wave energy.175

The remainder of this paper is organised as follows. Section 2 details the experimental setup considered, including176

wave tank facilities, baseline prototype and instrumentation, layout configurations, and PTO systems. Section 3 offers a177

detailed account of the sea states (operating conditions) considered, and the underlying criteria adopted for their choice178

within the experimental campaign. Section 4 provides an account of each test performed, including sample results to179

illustrate the dataset. Section 5 discusses the ordering and structure of SWELL, with specific reference to each of the180

variables present within the dataset, and their connection with the tests performed. Finally, Section 6 encompasses the181

main conclusions of this experimental campaign.182

Figure 1: Photographs of the experimental setup designed for the WEC array experimental campaign, from di�erent angles.
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Figure 2: Schematic representation of the wave basin at the Ocean and Coastal Engineering Laboratory, in Aalborg
University. The schematic includes the position associated with each device within the tank, and the location of the wave
gauges used for free-surface elevation acquisition (grey-numbered circles in Figure). The acronym SWL stands for still
water level. Note that gauges 15, 16, 17, 18 and 19 are only present for Test 1 (see Section 4).

2. Experimental setup and layout design183

This section is dedicated to provide a detailed description of the experimental setup considered, as presented in184

Figure 1, including the Aalborg University wave tank specifications, baseline WEC system, equipment associated185

with each device and characterisation of PTO systems, WEC and wave gauges disposition within the wave tank, and186

considered array layout specifications. For the latter, we provide explicit motivation for the choice of each layout187

considered, with emphasis on specific aspects which are fundamental within validation/data-based modelling activities.188

2.1. Wave tank specifications189

The wave tank facilities, used to fulfil the objectives of this experimental campaign and effective generation of190

SWELL, are those available at the Ocean and Coastal Engineering Laboratory in Aalborg University, Denmark. The191

dimensions associated with the basin are as described in the schematic presented2 in Figure 2. In particular, the available192

facilities comprise a basin of 19.3 [m] × 14.6 [m] × 1.5 [m] (length × width × depth), with an active test area of 13 [m]193

× 8 [m] (length × width). The wave tank is equipped with a state-of-the-art long-stroke segmented wavemaker system194

(custom-made by VTI [57]) with active absorption, composed of 30 individually controlled wave paddles, capable of195

producing a large variety of sea state conditions with high accuracy. Within this study, the water depth within the tank196

has been fixed to 0.9 [m], while the wavemaker is set to generate long-crested waves, i.e. parallel with respect to (w.r.t.)197

the 𝑥-axis, and with a direction of 0° on the 𝑦-axis, as indicated within Figure 2. In addition to the active absorption198

capabilities provided by the wavemaker system, the basin is equipped with passive wave absorption elements, built199

in stainless steel and hot galvanised stretch metal sheets. Finally, wave generation is performed using the in-house200

designed software AwaSys [58], which provides the wavemaker with an associated paddle movement reference for201

each tested wave, for effective wave realisation within the tank.202

2Note that Figure 2 simply represents a schematic representation of the setup, and objects are not in-scale with respect to the tank dimensions.
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2.2. Prototype WEC and acquisition system203

The baseline WEC system, chosen for this array experimental campaign, is a 1:20 scale of the Wavestar wave energy204

conversion system [51]. The single unit of this prototype, which can be appreciated in Figure 3, essentially comprises205

a floater mechanically hinged to an out-of-the-water fixed reference point (point A in Figure 3). At the equilibrium206

position, the floater arm stands at approx. 30° w.r.t. the still water level (SWL). Note that the WEC is free to move in207

a single DoF. The main set of parameters associated with the single baseline prototype can be found in Table 1. The208

PTO (actuator) system is an electrical, direct-drive, linear motor (LinMot Series P01-37 x 240F), sitting on the upper209

structural joint composing the device (see Figure 3). The corresponding drive is a LinMot E1200, with a force rating210

up to ±200 [N].211

Figure 3: Photo of the baseline Wavestar prototype unit for the WEC array experimental campaign (left) and associated
schematic representation (right). The acronym SWL stands for still water level.

Although translational displacement (associated with the PTO system) can be directly obtained as an output of the212

PTO driver, it is also measured via a dedicated laser position sensor (MicroEpsilon ILD-1402-600) for redundancy213

(see Figure 3), while the total force exerted on the PTO axis is measured by means of a S-beam Futek LSB302 load214

cell. The system is equipped with a dual-axis accelerometer (Analog Devices ADXL203) sitting on top of the prototype215

floater, which, together with the translational motion measurements, is explicitly used to derive measures of rotational216

motion (i.e. angular displacement and velocity) about the fixed reference point A (see the schematic in Figure 3).217

The data acquisition flow adopted is shown in Figure 4. The target PC is a Speedgoat Real-time Target Machine218

[59], which includes all the corresponding modules to handle input/output (I/O) variables, connected via a standard219

Ethernet to the host PC, transferring data using a user datagram protocol (UDP). Acquisition is consistently performed220

at a sampling rate of 200 [Hz], for all the acquired variables within the totality of the experimental campaign.221

Figure 4: Schematic illustration of used sofware and hardware architecture.
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Table 1
Main WEC parameters.

Parameter Value (including units)

Floater mass 4 [kg]
Mass moment of inertia w.r.t. A 1 [kg m2]
Floater draft 0.110 [m]
Floater diameter at SWL 0.256 [m]
Equilibrium position w.r.t. point A 𝜃0

A
0.523 [rad]

Distance points A-C 𝐿
AC

0.412 [m]
Distance points C-B 𝐿

CB
(in eq.) 0.381 [m]

Distance points A-B 𝐿
AB

0.200 [m]
Distance points A-E 𝐿

AE
0.484 [m]

Distance points A-E in 𝑦 0.437 [m]
Distance points A-E in 𝑧 0.210 [m]
Centre of gravity in 𝑦 0.415 [m]
Centre of gravity in 𝑧 -0.206 [m]
Centre of buoyancy in 𝑦 0.437 [m]
Centre of buoyancy in 𝑧 -0.321 [m]
Arm mass 1.157 [kg]
Arm moment of inertia w.r.t. A 0.060 [kg m2]

From now on, and, in particular, throughout Section 4, we use the following convention w.r.t. the WEC prototype222

main variables, all of which (either by direct measurement or reconstruction/estimation) are effectively part of the223

associated open-access dataset SWELL3:224

(M) Measured variables:225

𝑧PTO: Linear displacement (in [m]) of the PTO motor. This can be measured either via the incorporated driver226

sensor, or the laser sensor on top of the PTO axis.227

�̈�𝐄: Linear acceleration (in [m/s2]) of the WEC floater at point E. This can be measured by virtue of the228

accelerometer on top of the floater.229

𝑓𝐁: Force (in [N]) at point B. This can be measured directly by the load cell sitting on the PTO axis.230

(E) Reconstructed/estimated variables:231

𝜏𝐀: Torque (in [Nm]) w.r.t. point A.232

𝜃𝐀: Angular displacement (in [rad]) of the WEC prototype w.r.t. point A.233

�̇�𝐀: Angular velocity (in [rad/s]) of the WEC prototype w.r.t. point A.234

�̈�𝐀: Angular acceleration (in [rad/s2]) of the WEC prototype w.r.t. point A.235

In particular, 𝜏𝐀, 𝜃𝐀, and �̈�𝐀 can be reconstructed using the set of measured variables listed above in (M), i.e.

𝜏A = 𝑓B cos
⎛

⎜

⎜

⎝

sin−1
⎛

⎜

⎜

⎝

𝐿2
AC − 𝐿2

AB −
(

𝐿CB + 𝑧PTO
)2

−2𝐿2
AB

(

𝐿BC + 𝑧PTO
)

⎞

⎟

⎟

⎠

⎞

⎟

⎟

⎠

𝐿AB,

𝜃A = 𝜃0A − sin−1
⎛

⎜

⎜

⎝

(

𝐿CB + 𝑧PTO
)2 − 𝐿2

AC − 𝐿2
AB

−2𝐿AC𝐿AB

⎞

⎟

⎟

⎠

,

�̈�A =
�̈�E
𝐿AE

.

(1)

Table 2 offers a summary of the considered sensor/actuation equipment, and their corresponding measurement236

capabilities/uncertainty (as per each associated manufacturer datasheet), for each of the variables listed in (M). The237

3From now on, the dependence on 𝑡 is dropped when clear from the context.
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Table 2
Instrumentation and corresponding measurement capabilities.

Sensor/actuator ID Measurement variable Uncertainty

Linear motor LinMot Series P01-37 x 240F Linear position 𝑧
PTO

± 0.05 [mm]
Laser position sensor MicroEpsilon ILD-1402-600 Linear position 𝑧

PTO
± 80 [𝜇m]

Load cell S-beam Futek LSB302 Force at point B 𝑓𝐁 ± 0.125 [N]
Accelerometer Analog Devices ADXL203 Linear �oater acceleration at point E �̈�𝐄 ± 0.01 [m/s2]
Wave gauges VTI WG-8CH Wave elevation at 19 points in the basin ± 0.04 [mm]

only variable in (E) which cannot be directly computed via the measured quantities in (M) is the velocity of the system238

w.r.t. point A, i.e. �̇�𝐀, requiring effective estimation. To do this with the available measures, described in the paragraph239

immediately above, we employ standard methodologies for sensor fusion, and we leverage a Kalman Filtering (KF)240

technique (see e.g. [60]) to provide estimates of �̇�𝐀 when needed.241

2.3. Wave gauges and devices positioning242

Measurements of free-surface elevation are obtained by using wave probes (WP), also often called wave gauges,243

of a resistive-type (VTI WG-8CH). In particular, 19 WPs have been considered within this experimental campaign,244

located at strategic points within the wave tank, as can be appreciated in Figure 2.245

The set of WPs {1, 2, 3}, aligned w.r.t. the centre line of device 1 (D1), is placed in a column-like pattern, with246

different inter-distances between WP 1 - WP 2 and WP 2 - WP 3. WPs 4 to 8 are strategically placed in the middle247

position between each set of devices, allowing for an explicitly measure of e.g. radiated waves between bodies, whose248

intensity naturally depends on the specific layout considered (discussed within this section in the following paragraphs).249

WPs 9 to 13 are located behind (w.r.t. the wave generation direction) each of the devices considered, providing further250

information on the resulting wave field for each test and layout employed within this campaign. WPs 15 to 19, which251

are potentially among the most relevant set of probes, give information on the free-surface elevation at the centre252

position of each device involved. This is particularly useful for I/O modelling, including e.g. parametric structures for253

control/estimation purposes (see e.g. [21, 43]). Note that WPs 15 to 19 are only effectively present within the basin254

whenever the devices are not in place, i.e. for measuring free-surface elevation corresponding with each considered255

sea state without the presence of the WECs in the tank (see Test 1 in Section 4). Finally, WP 14 is used as a ‘control’256

probe for all the tests performed, and is placed in an area away from the active device zone.257

Regarding device positioning, 5 prototypes (D1 to D5) are considered and placed within the wave basin for this258

WEC array experimental campaign, each mounted on a gantry by means of a supporting structure (see Figure 1). D1259

to D4 are placed in a row-like formation, with a distance of 39 [cm] from centre to centre of adjacent devices. Note260

that this corresponds to approximately 1.5 times the diameter of the prototype floater (see Table 1), resulting in an261

inter-device distance (floater edge-to-edge) of approximately 1 radius, i.e. 13 [cm]. Each device can be lifted out of262

the basin manually, hence allowing for testing of different layout configurations by simply pulling a specific set of263

devices out of the water. Finally, we note that D5, which is mounted on the rear side of the gantry, is placed in a264

‘flipped’ position w.r.t. devices D1 to D4 (see Figure 1). This specific placement has been pursued with the objective265

of providing a heterogeneous array configuration in an effort to enrich the results (and, hence, the associated dataset),266

i.e. the response of D5 will be naturally different from that of D1 to D4.267

2.4. Array layout design268

We consider 9 different layout configurations (L0 to L8) involving up to 5 different devices operating simultaneously269

within the basin, as schematically illustrated within Figure 5. The choice of these layouts is, naturally, not arbitrary, as270

detailed in the following. We first note that the testing set is comprised of two layouts with a single device (L0 and L8),271

three with two devices (L1 to L3), two with three prototypes (L4 and L5) and, finally, one layout with 4 and 5 WECs272

operating within the basin (L6 and L7, respectively).273

L0, which, as discussed within Section 1, has been considered previously in the modelling/validation literature for274

this specific Wavestar prototype (see e.g. [53, 56, 61, 62]), is chosen as the baseline case, and is essentially comprised of275

a standard single device configuration. Given the mounting and positioning of D5 (see Section 2.3), L8 is considered to276

provide data to characterise, in a stand-alone fashion, the heterogeneous component among devices. L1 to L3 constitute277

the first set of tested layouts with more than a single WEC prototype. These layouts are designed with essentially the278

same formation, but with different inter-device distances. The underpinning design for L1 to L3 allows for a direct279
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Figure 5: Full set of layouts considered within the WEC array experimental campaign presented in this study.

characterisation of the effect of interactions between devices as a function of the distance between bodies, which is280

fundamental to understand constructive/destructive effects within WEC array configurations (see e.g. [27, 63, 64, 65]).281

L4 and L5 incorporate a third device into the basin, and are designed as a natural ‘extension’ of L1 and L2. Note that,282

while L4 includes a device in-between D1 and D3 (i.e. in a row-like formation), L5 considers a triangle-like shape,283

incorporating D5 into the wave tank. Finally, L6 offers a four-device row formation, essentially comprised of all the284

devices used in L0 to L4, i.e. D1 to D4, while L7 represents the potentially most complex case from a modelling and285

configuration perspective, including all 5 devices, operating simultaneously within the basin.286

2.5. Characterisation of PTO dynamics287

Since the considered WEC prototype systems are, effectively, designed to represent a scaled version of the Wavestar288

wave energy converter, they incorporate an actual PTO actuator (linear motor - see Section 2.2) accordingly. These289

motors, which are able to exert a force along their axis, can essentially operate in two different modes, i.e. force and290

position control. In the case of the former, adopted within the presented experimental campaign, a target (reference)291

PTO force 𝑢ref
PTO (as in Figure 6) is sent to each associated driver which, via a dedicated proportional-integral-derivative292

(PID) controller, attempts to effectively tracking the requested force, providing a signal 𝑢PTO to the WEC system. We293

emphasise, at this point, that there exists a clear distinction between the PTO driver controller, whose only objective is294

that of force reference tracking (as described immediately above), and what it is termed ‘WEC controller’ in Figure 6,295

which is in charge of providing a reference force to the PTO system so as to maximise energy extraction from the wave296

resource (see the discussion provided in Section 1). The latter is also considered explicitly within this experimental297

campaign, as detailed throughout Section 4.4.298

Though the final objective of this paper is that of providing a dataset characterising real WEC array prototypes, i.e.299

in real-world conditions, we do appreciate that a large part of the WEC modelling community is focused on numerical300

representation and validation of the hydrodynamics pertaining to such devices in idealised conditions, i.e. without the301

incorporation of a (realistic) PTO system. With this in mind, we provide, within this section, both a discussion and302

experimental characterisation of these linear motors, and hence the overall PTO dynamics, for the benefit of the reader303

and potential users of SWELL.304

With the exception of Tests 1 and 2 (as listed in Section 4), the linear motor is always required to operate in force305

control conditions. As such, we tune the parameters of the associated force (driver) controller to achieve a sufficiently306

large bandwidth, being able to effectively track any of the force signals required during the campaign, i.e. such that,307

ideally, 𝑢ref
PTO ≈ 𝑢PTO (see also Figure 6). In this way, we guarantee that the associated motor dynamics interfere as308

little as possible with those characterising the mechanical energy conversion process of the WEC system. Naturally,309

since we are dealing with real-world systems, the PID tuning procedure has to be achieved by accepting a suitable310

compromise between effective bandwidth and e.g. stability and noise amplification (the interested reader is referred to311

e.g. [66] for a detailed discussion). In other words, the linear motor cannot be controlled to be arbitrarily fast, as one312

would be able to do within idealised (simulation) conditions.313

The driver PID tuning procedure has been performed in-situ, by using standard I/O tests and associated techniques314

(see e.g. [67]). The dataset includes an experimental characterisation of the I/O behaviour of each (driver-controlled)315

linear motor, obtained by means of chirp experiments (see e.g. [68]). In particular, a set of chirp driver reference force316

signals with amplitudes in the set {15, 17.5} [N] and frequency content within 0.1 [rad/s] and 15 [rad/s] (which covers317

accordingly the frequency range characterising the WEC operating conditions - see Section 3) has been injected into318
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Figure 6: Schematic illustration of the PTO system and associated control architectures.

each individual PTO motor as 𝑢ref
PTO, generating a set of corresponding force outputs 𝑢PTO. By way of example, Figure319

7 shows an I/O pair for a chirp test with a reference amplitude of 17.5 [N], applied to the linear PTO motor associated320

with D2.321
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Figure 7: Example I/O pair for the PTO chirp tests provided as part of the dataset, executed on the motor associated
with D2.

Another potentially relevant component, which is inevitably present in this type of PTO systems, are friction322

effects. In fact, the sharp ‘peaks’ that can be seen in the chirp test presented within Figure 7, are directly linked323

to such phenomena: the PTO motor ‘sticks’ to the axis at low speeds, presenting a typical dead-zone behaviour324

(see e.g. [69]). While these effects are effectively minimised by appropriate tuning of the driver internal controller,325

a PI structure is, clearly, not sufficient to fully counteract friction. Nonetheless, as discussed previously within this326

paragraph, friction effects become potentially relevant at very low speeds, which do not normally occur in operating327

conditions for the WEC device (especially when 𝑢ref
PTO is designed according to energy-maximising control conditions,328

where both displacement and velocity tend to be higher in order to maximise energy absorption - see Section 4.4).329

Nonetheless, aiming to provide a dataset as comprehensive as possible, a characterisation of these friction effects330

is also included within SWELL (see Section 5), performed in terms of slow and fast motion tests for each PTO system331

associated with all five devices. These tests are executed by moving the floater (and hence the motor axis) manually,332

both at low and high speeds (see e.g. [44]). Exploiting motion and measured force, these tests incorporate, within the333

dataset, an experimental characterisation of both static and dynamic friction effects associated with each PTO actuator.334

By way of example, Figure 8 shows a time-snippet of such test performed on the PTO system of D2, where both slow335

and fast motions (and associated measured force on the motor axis) can be effectively appreciated.336
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Figure 8: Example I/O pair for the friction tests provided as part of the dataset, executed on the motor associated with
D2.

Table 3
Waves tested within the presented experimental campaign.

ID Type Period [s] Height [m] 𝛾 #R Length [s]

RSS1 Regular 0,8 0,05 - 1 60
RSS2 Regular 0,9 0,05 - 3 60
RSS3 Regular 1 0,05 - 1 60
RSS4 Regular 1,2 0,05 - 3 60
RSS5 Regular 1,5 0,05 - 1 60
BMSS Bimodal {0.9, 1.2} Equal energy - 1 60
ISS1 Irregular 1,412 0,063 3,3 2 300
ISS2 Irregular 1,836 0,104 3,3 2 300
ISS3 Irregular 0,988 0,0208 1 2 300
WNSS1 W. noise [0.5, 10] 0,01 - 1 300
WNSS2 W. noise [0.5, 10] 0,03 - 1 300
WNSS3 W. noise [0.5, 10] 0,05 - 1 300

Total number of waves tested: 19

3. Definition of sea states337

This section provides a description of the sea states considered within the campaign, emphasising the underlying338

motivation for their choice, and potential use for different modelling/validation tasks. A total of 12 sea states are339

considered, with a different number of realisations (#R) depending on the specific operating condition. Four types of340

sea states are included within SWELL, as briefly listed below:341

◦ Regular sea state (RSS): Waves generated with a monochromatic spectrum, i.e. deterministic, with one single342

component at a specific frequency.343

◦ Bimodal sea state (BMSS): Waves generated with a bichromatic spectrum, i.e. deterministic, with two selected344

components in frequency.345

◦ Irregular sea state (ISS): Waves generated in terms of a representative stochastic representation. In particular,346

JONSWAP spectra [70] are considered within this study, as further discussed within Section 3.3.347

◦ White noise sea state (WNSS): Waves generated in terms of a constant spectral density in a pre-defined348

frequency range.349

A detailed discussion on each type of sea state is provided below, while a summary of the operating conditions350

considered within this paper is offered within Table 3.351
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3.1. Regular sea states352

Though regular waves can be limiting from a representational perspective, i.e. they emulate sea state conditions353

with a single frequency component, these can still be useful to achieve a number of modelling/validation objectives.354

First of all, having a single frequency component allows for ‘decoupling’ of a certain number of effects, which can be355

easily masked in the irregular wave case. For instance, nonlinearities tend to be more clear in regular-type of tests since,356

being the wave input composed of a single component, any nonlinear behaviour would generate a set of sub- or super-357

harmonics of such a frequency4, clearly appreciated in system motion. Furthermore, regular waves also represent a358

useful tool for preliminary analysis of energy-maximising WEC controllers, being the designer able to verify a set359

of well-known optimality conditions almost straightforwardly (e.g. phase locking between wave excitation and WEC360

velocity [19, 72]). Finally, monochromatic waves are commonly used when modelling extreme wave conditions, and361

are hence useful for performing validation of e.g. stress models [73].362

0 5 10 15 20
0

0.5

1

Figure 9: Theoretical spectra for the regular wave conditions used within this experimental study.

Within this study, and hence SWELL, five different regular wave conditions are considered (RSS1 to RSS5 - see363

Table 3), with frequency components selected strategically w.r.t. the device response, and a constant wave height.364

In particular, Figure 9 shows the theoretical spectrum associated with each RSS condition (solid lines), normalised365

w.r.t. that with the highest energy, for representational purposes. The dashed line in Figure 9 represents the magnitude366

associated with the torque-to-motion (i.e. input: wave excitation torque - output: floater angular velocity) frequency-367

response map for the baseline Wavestar prototype system described in Section 2.2, computed using a BEM solver5.368

Note that waves are chosen to cover the typical operational space for this system, including resonance (RSS2), low369

(RSS3, RSS4 and RSS5), and high (RSS1) frequency behaviour. In addition, note that different number of realisations370

#R has been considered, depending on the specific RSS. Though these sea states are effectively deterministic, the371

choice of generating more than a single realisation for a subset of these operating conditions is performed to equip372

the dataset SWELL with information on the capabilities of the wavemaker system to reproduce a given sea state in373

different runs. Finally, we note that a constant wave height has been chosen in order to provide analogous results for374

all (frequency) conditions. The specific choice of wave height has been done by considering any limitations associated375

with the wave generation system which, according to the period, can accurately generate waves within the basin up to376

a certain height limit.377

3.2. Bimodal sea state378

As discussed within Section 3.1, sea states composed of a finite number of components, although not realistic379

in practice, can be useful for identification of complex phenomena characterising WEC systems. Bimodal sea states380

represent a natural extension of the regular wave case, by incorporating an additional frequency component. These381

wave conditions which, in practice, are linked to a combination of wind- and swell-seas, can be used within the scope382

of modelling/system dynamics to e.g. infer measures of nonlinear behaviour of the system by quantifying the validity383

of the principle of superposition for these specific components [75], or even to provide an estimation of the class384

of functions characterising the nonlinearities of the WEC [71, 76]. Furthermore, while high-fidelity numerical wave385

tanks are virtually always able to generate regular waves with great precision, these is not necessarily the case for386

4Presence of either sub- or super- harmonics intrinsically depends on the stability nature of the system (see e.g. [71]).
5The open-source BEM software NEMOH [74] has been used to compute the associated prototype frequency-response map.
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polychromatic sea states [77, 78], so that bimodal sea states can represent a useful ‘intermediate’ case between regular387

and irregular conditions for numerical validation purposes.388
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Figure 10: Theoretical spectra for the bimodal wave condition used within this experimental study.

Within this experimental campaign, we consider a single bimodal sea state (BMSS - see Table 3), with one389

frequency component placed at the resonance behaviour of the WEC prototype (equivalent to RSS2), and a low-390

frequency contribution (equivalent to RSS4). An equal energy method (see e.g. [79]) has been employed to characterise391

the associated theoretical spectrum, which can be appreciated within Figure 10 (normalised w.r.t. the frequency placed392

at the system resonance).393

3.3. Irregular sea states394

As it is virtually always the case within the marine/ocean engineering community, realistic waves can be represented395

in terms of a set of stochastic descriptions, with an associated (dense) spectrum (see e.g. [80]). While different models396

can be used to characterise ocean waves, a particularly well-used representation is that provided by the so-called397

JONSWAP spectrum [70], describing wind-generated seas with fetch limitations. Within such a stochastic description,398

three main parameters can be identified, i.e. significant wave height 𝐻𝑠, peak wave period 𝑇𝑝, and peak-enhancement399

factor 𝛾 .400
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Figure 11: Theoretical spectra for the irregular wave conditions used within this experimental study.

Three irregular sea states (ISS1 to ISS3) are considered within this experimental campaign, as described within401

Table 3. The parameters for these conditions have been directly adopted from the benchmark control case established402

by the WEC3OMP [56], and aim to represent diverse operating sea states for both uncontrolled, and controlled device403

motion conditions. The theoretical spectra (normalised w.r.t. ISS2) associated with these sea states can be appreciated404

in Figure 11. Two narrow-banded conditions (ISS1 and ISS2) are considered, with different peak periods and associated405

significant wave heights. Finally, ISS3 represents a broad-banded operating case, with significant energy content406

covering low-, resonance, and high-frequency components. Note that two different realisations are considered for each407

ISS, so as to provide the dataset with diverse (time-domain) representations for each operating condition.408
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3.4. White noise waves409

While irregular sea states, as described within Section 3.3, can effectively represent realistic wave conditions,410

these might not be fully useful for e.g. control-oriented modelling/validation. In particular, since WEC systems411

have to operate in potentially (very) different sea states, having diverse spectral content and characterisation,412

modelling/validation of e.g. WEC controllers for a broad range of operating scenarios can become difficult (and time-413

consuming - especially in e.g. CFD-based models) with a limited number of irregular sea states tests. Aiming to414

resolve this issue, we employ, within this experimental campaign, sea states described in terms of white noise spectra,415

i.e. with a constant spectral density function in a sufficiently large (yet banded) frequency range. The latter has to be416

large enough to thoroughly cover the typical WEC operating conditions, hence guaranteeing representativity of the417

associated dataset for a large number of operating scenarios.418

0 5 10 15 20
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0.5

1

Figure 12: Theoretical spectra for the white noise wave conditions used within this experimental study.

In particular, three different white noise sea states (WNSS1 to WNSS3) are considered within this experimental419

campaign, as described within Table 3, and presented in Figure 12. While, as can be appreciated from Figure 12, the420

frequency range, which effectively contains the main dynamics of the baseline WEC prototype, remains constant for421

WNSS1, WNSS2 and WNSS3, their energy increases progressively. This is performed to provide information on how422

a higher energy content (which effectively translates to larger free-surface elevation points in time) has an effect on the423

system response, hence supplying data on any relevant nonlinear behaviour affecting the WEC prototypes according424

to each tested layout.425

4. Tests design and sample results426

Having described the baseline prototype and array layouts in Section 2, and the considered sea states for427

experimental generation of SWELL within the Aalborg University wave tank in Section 3, we proceed to describe428

in detail the specific set of tests considered, and their associated nature and synergy. Four different tests have been429

designed, in which either all, or a subset of the considered sea states and WEC array layouts (see Table 4) are involved:430

Test 1 Free-surface elevation: Test designed to provide the wave elevation (time-domain) signal for each sea state and431

realisation considered within this experimental campaign, at the probe locations described in Figure 2. Note432

that, as further detailed within Section 4.1, this test is effectively independent on the layout definitions provided433

in Section 2.4.434

Test 2 Wave excitation: Test designed to provide the wave excitation force/torque associated with each generated free-435

surface elevation, for each sea state and realisation considered within this experimental campaign, and each436

WEC array layout specified within Section 2.4.437

Test 3 Uncontrolled device motion: Test designed to provide uncontrolled WEC device motion (displacement, velocity438

and acceleration) associated with each generated free-surface elevation, for each sea state and realisation439

considered within this experimental campaign, and each WEC array layout specified within Section 2.4.440

Test 4 Controlled device motion: Test designed to provide controlled WEC device motion (displacement, velocity and441

acceleration) associated with each generated free-surface elevation, for each sea state and realisation considered442

within this experimental campaign, and each WEC array layout specified within Section 2.4.443
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Table 4
Executed tests as a function of both sea states and WEC array layouts considered. The symbol ○ indicates that the tests
have been performed on L0 to L8, while those with ○␣ have been considered on L0 to L5.

Test 1 Test 2 Test 3 Test 4

R1 ○ ○ ○ -
R2 ○ ○ ○ -
R3 ○ ○ ○ -
R4 ○ ○ ○ -
R5 ○ ○ ○ -
BM ○ ○ ○ -
ISS1-1 ○ ○ ○ ○␣
ISS1-2 ○ ○ ○ -
ISS2-1 ○ ○ ○ ○␣
ISS2-2 ○ ○ ○ -
ISS3-1 ○ ○ ○ ○␣
ISS3-2 ○ ○ ○ -
WNSS1 ○ ○ ○ -
WNSS2 ○ ○ ○ -
WNSS3 ○ ○ ○ -

Each test is described in detail in a specific section (Sections 4.1 to 4.4), following this paragraph. Specific emphasis444

in the connection and synergy between Tests 1, 2, 3 and 4 is made within Section 4.5. We further clarify that the445

objective of this section is not that of providing a comprehensive analysis of the dataset provided within this paper, but446

to introduce the nature of the tests and a set of sample results, used to illustrate their execution.447

4.1. Test 1: Free-surface elevation448

This test has the final objective of providing a measure, within SWELL, of the time-series associated with free-449

surface elevation for each of the sea states (and realisations) listed in Section 3. These measures are taken at diverse450

points (in space) within the wave tank, according to the description provided within Section 2.3. Note that, for this451

particular test, no device is present within the tank, so that the wave probes WP 15, 16, 17, 18 and 19 effectively452

measure free-surface elevation at the centre point of each WEC system when in operating conditions (see Figure 2).453

To illustrate the effective measurement of free-surface elevation, Figure 13 shows the time-traces associated with454

RSS1 to RSS5 and that of BMSS, as measured by WP 1, and the magnitude associated to their respective fast Fourier455

transform (FTT). Note that the wavemaker is effectively able to produce these waves with high precision, having their456

energetic content effectively concentrated in either a single component (RSS - first four from the top) or in two separate457

frequencies (BMSS - bottom), coinciding well with their theoretical description (see Section 3). To further extend the458

example provided by Figure 13, Figure 14 illustrates measurements obtained by WP 1 for ISS1-1, ISS2-1, ISS3-1,459

and the three white noise wave conditions (WNSS1, WNSS2 and WNSS3). A good agreement with the theoretical460

spectrum can also be qualitatively appreciated from Figure 14, for all the analysed cases.461

To demonstrate the repeatability of the wavemaker, Figure 15 shows a time-snippet (of approximately two wave462

periods) associated with the three realisations tested of RSS2 and RSS4, as measured by WP 1. A very good agreement463

can be appreciated between all separate wave generation experiments, showing the capabilities of the wavemaker to464

consistently generate the same wave in diverse frequency points.465

We discuss one last issue within this section, which is that of wave probe alignment. As can be appreciated in Figure466

2, a large set of probes has been placed in a row-like formation, so as to measure the wave elevation consistently in-467

between devices, and their centre points. By way of example, Figure 16 shows measurements of free-surface elevation468

for WP 15, 16, 17 and 18, placed at the central position of D1, D2, D3 and D4, respectively, for ISS1-1. As it can be469

appreciated, the measurements show a very good agreement, both in a point-to-point comparison (top), and w.r.t. their470

normalised correlation (bottom), using WP 15 as the ‘target’ signal (i.e. computed w.r.t. WP 15). Note that the latter471

shows a maximum correlation point at ≈ 0 [s] (in lag), effectively validating the placement of the probes within the472

wave tank.473

Nonetheless, though ideally the same signal, one can realise, from Figure 16 (top), that the measurements of WP 15,474

16, 17 and 18 present slight differences between each other. This can be at least partially explained by any reflections475
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Figure 13: Test 1: Experimental free-surface elevation as measured by WP 1, both in time (left), and frequency (right),
for RSS1 to RSS5 and BMSS.

happening within the wave tank which, though capable of providing a great wave absorption effort, inevitably generates476

small wall reflections in different directions. To illustrate this, Figure 17 presents the normalised error (NSE) w.r.t.477

WP 15 (consistently with the correlation in Figure 16), computed as 𝑒WP𝑖 = |𝜂WP𝑖 − 𝜂WP15|∕max |𝜂WP15| for478

𝑖 ∈ {4, 5, 6, 7, 8, 16, 17, 18} (all in row-alignment with WP 15), for the first 40 [s] of wave generation corresponding479

with ISS1-1. One can immediately notice that errors are always low, with maximum values (for this particular time-480

snippet) of approximately 5%. We further note that the choice of ‘ordering’ for the 𝑦-axis of Figure 17 is not arbitrary,481

but has a one-to-one correspondence with the wave probe placement in Figure 2. This particular ordering helps in482

illustrating tank reflections: While during the very first seconds all measurements are virtually identical, the error483

between different wave probes (w.r.t. WP 15) increases with time, and with a marked difference in space. In particular,484

it can be appreciated how wave reflections are coming from a specific direction in the tank for this case (ostensibly485

from the side corresponding with WP 8), so that the error clearly propagates in time according to the positioning of486

the probe (i.e. reflections take slightly longer to arrive to wave probes which are further away from WP 8).487
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Figure 14: Test 1: Experimental free-surface elevation as measured by WP 1, both in time (left), and frequency (right),
for ISS1-1 to ISS3-1 and WNSS1.
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Figure 15: Realisations 1 to 3 for RSS2 (top) and RSS4 (bottom).

4.2. Test 2: Wave excitation488

Following Test 1, as described in Section 4.1, we proceed to measure the so-called wave excitation force/torque489

acting on the different WEC array configurations, for each specific free-surface elevation generated within the wave490

tank, and every single layout tested. To achieve this, the devices involved in each layout are essentially blocked (each491

associated PTO motor shaft is locked - see e.g. [21]), and hence the force 𝑓𝐁 exerted by each particular wave can be492

measured directly via the load cell attached to point B (see Section 2.2 and Figure 3), and transformed to torque w.r.t.493

point A, i.e. 𝜏𝐀, via equation (1).494
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Figure 16: Free-surface elevation measurement for WP 15 to WP 18 (top), and corresponding normalised cross-correlation
w.r.t. WP 15 (bottom).

Figure 17: Set of wave probes in row-aligment, centered w.r.t. D1, D2, D3 and D4, and their corresponding normalised
error against WP 15.

To briefly illustrate the nature of the measurements obtained within this test, Figure 18 shows wave excitation torque495

(computed about each corresponding reference point A in Figure 3) for L4 (layout composed of D1, D2 and D3) and496

L5 (layout composed of D1, D3 and D5), when the generated wave corresponds with RSS4. It can be appreciated how,497

while the excitation is relatively similar for all devices in L4, this changes when considering L5, given the positioning498

of D5 within the wave tank.499

To further illustrate Test 2, Figure 19 shows wave excitation torque 𝜏𝐀 for D1 in different layout configurations (L0,500

L1 and L4), when the generated wave within the basin corresponds to RSS4. Note that, as described in detail within501

Section 2.4, L0 represents the ‘undisturbed’ (baseline) device, i.e. only D1 is present in the layout configuration. L1502

and L4 incorporate one (D2) and two (D2 and D3) WECs within the basin, in an adjacent configuration w.r.t. D1, hence503

naturally introducing interactions between devices.504
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Figure 18: Wave excitation torque for L4 and L5, when RSS4 is generated within the wave basin.
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Figure 19: Wave excitation torque for D1 in di�erent layout con�gurations (L0, L1 and L4), when RSS4 is generated within
the wave basin.

4.3. Test 3: Uncontrolled device motion505

Test 3, introduced within this section, completes the information gathered within Tests 1 and 2, by providing506

motion variables for each device within SWELL, in every single layout tested, and each generated wave within the507

basin. In particular, as described within Section 2.2, two main motion variables can be measured directly, using the508

instrumentation available in each device: Linear (PTO) position 𝑧PTO (either via the incorporated sensor within the509

corresponding driver or the laser position sensor placed on top of the motor - see Section 2.2), and floater (linear)510

acceleration �̈�𝐄 (measured via the accelerometer placed on top of each floater). We note that, throughout the activities511

pertaining this particular test, the PTO reference force is set to zero, i.e. 𝑢ref
PTO = 0 in Figure 6, effectively guaranteeing512

‘free’ (uncontrolled) motion of the WEC system according to each generated input wave.513

To have a powerful dataset, useful for a large modelling/validation activities, we aim to provide a complete514

description of the system motion (i.e. displacement, velocity and acceleration) about the reference point A (see515

Figure 3), for each layout considered. As discussed previously within Section 2.2, while 𝜃𝐀 and �̈�𝐀 can be reconstructed516

straightforwardly following equation (1), �̇�𝐀 effectively requires estimation. To do this with the available measures, we517
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employ standard methodologies from the field of sensor fusion, and we leverage a Kalman Filtering (KF) technique to518

provide estimates when needed.519
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Figure 20: Motion for L4 and L5, when RSS4 is generated within the wave basin.

To illustrate the data collected via Test 3, Figure 20 shows angular positions 𝜃𝐀 for every device in L4 and L5,520

when RSS4 is generated within the wave basin. Note that this figure is, in fact, a ‘companion’ of Figure 18, in the521

sense that the former represents the motion of the WEC prototypes when the latter (torque) is applied to each array522

configuration. It is interesting to see that, for this specific wave (RSS4), the devices in L4 (which are in a row-like523

formation) move in a synchronised fashion, i.e. they share virtually the same amplitude and phase in motion. This524

is, clearly, not necessarily the case for the remainder of the waves tested within this campaign, since the motion (and525

intensity of the interaction between devices in the array) intrinsically depend on the wave characteristics. For instance,526

Figure 21 shows 𝜃𝐀 for the same configuration, i.e. L4, when ISS1-1 is generated within the wave tank. Note that,527

while D1 and D3 (which are located at the ‘end-points’ of the layout) behave almost identically, D2 (sitting in between528

D1 and D3) presents a very different motion, due to the effect of the interaction between devices. Finally, to further529

complete the results illustrated within this section, Figure 22 presents 𝜃𝐀 for D1 in different layout configurations (L0,530

L1 and L4), when the generated wave within the basin corresponds to RSS4. Note that, as in the case of Figures 20531

and 18, Figure 22 represents the ‘companion’ of Figure 19, being wave excitation torque/device motion pairs.532

Figure 21: Motion for L4, when ISS1-1 is generated within the wave basin.

N. Faedo et.al.: Preprint submitted to Elsevier Page 20 of 30



SWELL: An open-access experimental dataset for arrays of wave energy conversion systems

40 40.5 41 41.5 42
-0.1

-0.05

0

0.05

0.1

Figure 22: Motion for D1 in di�erent layouts (L0, L1 and L4), when RSS4 is generated within the wave basin.

Table 5
Passive and reactive control parameters for each sea state considered within Test 4.

SS
Passive (P) Reactive (PI)
𝜙P [Nms/rad] 𝜙PI [Nms/rad] 𝜓PI [Nm/rad]

ISS1 9.57 2.74 -32.31
ISS2 16.74 4.14 -24.73
ISS3 2.81 2.79 -2.59

4.4. Test 4: Controlled device motion533

While Test 3, as described in Section 4.3, provides information on the motion associated with each WEC layout,534

the test is performed without the presence of an energy-maximising PTO control force/torque in the system, i.e.535

with 𝑢ref
PTO = 0 in Figure 6. As it is well-established within the literature, and discussed within Section 1, WEC536

systems require tailored control technology to enhance energy extraction in operating conditions, so as to minimise537

the associated LCoE. When optimally designed, these control systems tend to exaggerate device motion (see [50]),538

potentially triggering nonlinear effects which are not present/dominant when in uncontrolled conditions.539

As such, validated models, capable of representing WEC systems under the action of energy-maximising control
(see the lower block in Figure 6), are effectively fundamental for accurate and reliable performance assessment of both
single and array configurations. With this in mind, Test 4 incorporates in SWELL information of a subset of the WEC
layouts and sea states considered within this campaign (see Table 4), under diverse control conditions. In particular,
two well-known and widely-adopted control architectures are considered, often referred to, in the literature, as passive
(proportional - P), and reactive (proportional-integral - PI) controllers, i.e.

(P) ∶ 𝜏ref
PTO = 𝜙P�̇�𝐀,

(PI) ∶ 𝜏ref
PTO = 𝜙PI�̇�𝐀 + 𝜓PI𝜃𝐀,

(2)

where the set of parameters Φ = {𝜙P, 𝜙PI, 𝜓PI} ⊂ ℝ is computed in terms of the so-called impedance-matching (also540

referred to complex-conjugate - see e.g. [17, 72]) condition for WEC systems, using the frequency-response map of541

L0 (i.e. a single device - D1) as benchmark. The specific values for the set of parameters Φ, which are given explicitly542

for completeness within Table 5, naturally depend on the generated wave condition (see the discussion provided in e.g.543

[72]), and are equally considered for all the devices and layouts tested, for consistency of the dataset, hence allowing544

a direct comparison between different array configurations. Note that 𝜏ref
PTO can be mapped to a corresponding force545

𝑢ref
PTO by simply employing the relations presented in equation (1).546

To illustrate the results obtained within this test, Figure 23 presents motion 𝜃𝐀 for L0, in uncontrolled (solid),547

passively- (dashed), and reactively-controlled (dotted) conditions, for ISS1-1. As it can be appreciated, both passive548

and reactive cases clearly present different closed-loop dynamics, with the latter generating both larger control torque549

requirements, and effective device motion, in line with the discussion provided within the first paragraph of this section550
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Figure 23: Controlled behaviour for L0 when ISS1-1 is generated within the basin.

(see also Section 1). Note that, clearly, the reactive controller requires negative instantaneous power flow, injecting551

energy into the WEC system at specific time instants to maximise the total absorbed power [17]. To further emphasise552

the fact that devices under controlled conditions can present larger motions than those in uncontrolled scenarios, Figure553

24 illustrates a time-snippet of uncontrolled and reactively-controlled angular displacement 𝜃𝐀 for L4, when ISS1-1 is554

generated within the wave basin. Notice that all three devices involved (D1, D2 and D3) present larger displacement555

values in the reactive control case, consistent with the presented discussion.556
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Figure 24: Controlled behaviour for L4 when ISS1-1 is generated within the basin.
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4.5. Synergy between tests557

Tests 1 to 4 have been all designed with a pre-defined synergy, so as to facilitate a dataset to the WEC community558

able to provide enough information to perform a large number of data-based modelling/validation tasks for array559

configurations. The main synergies between these tests can be appreciated in the schematic presented within Figure560

25, and are detailed in the paragraphs below.561

Figure 25: Schematic diagram indicating synergy between di�erent tests.

Tests 1 and 2 provide information for data-based modelling/validation of free-surface-elevation-to-wave-excitation562

dynamics (path indicated with dark-blue in Figure 25). For instance, exploiting the data provided by the wave probes563

placed in the central position of each device (as collected in Test 1), and the corresponding wave excitation force/torque564

(recovered from Test 2), one can directly characterise/validate the free-surface-to-excitation dynamics of each device565

and layout considered. In particular, the set of white noise sea states (WNSS1, WNSS2 and WNSS3) is particularly566

useful for this task, being able to provide information for such a mapping in a large operational bandwidth. By way567

of example, Figure 26 presents an empirical frequency-domain characterisation of the free-surface-elevation-to-wave-568

excitation-torque dynamics associated with L0 (i.e. D1), in terms of the so-called empirical transfer function estimate569

(ETFE - see e.g. [21, 68]). This map has been computed using the free-surface elevation measured at the central position570

of D1 as input set, for all three white noise sea states (as in Test 1), and their associated measured wave excitation torque571

(as in Test 2).572

Following an analogous procedure, Tests 2 and 3 can be used to characterise/validate the excitation-to-motion573

dynamics (path indicated with light-blue in Figure 25). This is illustrated in Figure 27, which presents the corresponding574

ETFE for L0, computed using the set of excitation torques for WNSS1 to WNSS3 (as measured in Test 2), and575

their corresponding uncontrolled motion (as per Test 3). Finally, note that, using Tests 1 and 3, one can also576

characterise/validate the behaviour of the tested WEC array layouts from the free-surface elevation to the corresponding577

device motion (path indicated with green in Figure 25).578

The methodology discussed in the paragraphs immediately above can be also performed in energy-maximising579

control conditions, by exploiting the information provided within Test 4. In particular, combining Tests 1 and 2, with the580

outputs generated in Test 4, the dataset contains information to model/validate the dynamics of WEC array numerical581

models in controlled conditions, for different layout configurations, being this fundamental for reliable performance582

assessment of WEC farm technology. Finally, with suitable combinations of the information gathered in Tests 1, 2, 3583

and 4 (as schematically indicated within Figure 25), one can also validate models for device interaction, and proximal584

and distal wave fields. In particular, the large number of wave probes available throughout the experiments (see Figure585

2) allows for a detailed numerical description of the interaction between devices and resulting wave field, for all the586

layout configurations tested within this campaign.587
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Figure 26: Free-surface-elevation-to-wave-excitation-torque ETFE for L0, computed using WNSS1, WNSS2 and WNSS3.
The black line indicates the average over the three I/O experiments.

Figure 27: Wave-excitation-to-angular-velocity ETFE for L0, computed using WNSS1, WNSS2 and WNSS3. The black
line indicates the average over the three I/O experiments.

5. Dataset specification588

This section is devoted to provide a description of the dataset included within this paper, i.e. SWELL, composed589

of the data collected in the tests described in Section 4. The directory structure, associated with SWELL, can be590

appreciated in Figure 28. In particular, two main folders can be found within the structure, namely Tests and591

Linear motors. The former contains the core of the dataset, including data from Tests 1 to 4 (as described in592
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/
Tests

L0
L1
L2
⋮

L8
01_RSS1_1.mat
02_RSS2_1.mat
03_RSS2_2.mat
04_RSS2_3.mat
05_RSS3_1.mat
06_RSS4_1.mat
07_RSS4_2.mat
08_RSS4_3.mat
09_RSS5_3.mat
10_BMSS_1.mat
11_ISS1_1.mat
12_ISS1_2.mat
13_ISS2_1.mat
14_ISS2_2.mat
15_ISS3_1.mat
16_ISS3_2.mat
17_WNSS1_1.mat
18_WNSS2_1.mat
19_WNSS3_1.mat

Linear motors
D1
D2
⋮

D5
IO_tests.mat
Friction_tests.mat

Figure 28: Directory structure for SWELL.

Section 4), for every WEC array layout involved. The latter, instead, is composed of the data characterising each593

PTO linear motor, in line with the discussion provided in Section 2.5.594

SWELL is fully composed of MATLAB-compatible files, in the native format ‘.mat’. This is done with the aim of595

maximising the impact of the dataset, providing files ready to be processed and analysed promptly. The totality of the596

data is stored in a standard matrix format (with dimensions as clarified in the following paragraphs), hence avoiding597

any potential compatibility issues between diverse MATLAB software versions/releases. We further note that ‘.mat’598

files can be opened straightforwardly using e.g. PYTHON or OCTAVE, being hence also compatible with a wide set of599

analysis tools outside MATLAB.600

We begin with a description of the main part of the directory, i.e. Tests, which contains 9 folders, each601

corresponding with one of the 9 layouts tested (i.e. from L0 to L8). Inside each of these folders, 19 files with extension602

‘.mat’ can be found, each linked with a single operating condition, i.e. sea state and realisation (if applicable). For603

instance, ‘01_RSS1_1.mat’ refers to results for RSS1 realisation 1 (note that a single realisation of RSS1 is effectively604

considered within the campaign - see Table 3), while e.g. ‘16_ISS3_2.mat’ refers to ISS3, realisation 2.605

Referring to the content related to these latter 9 folders, within each of these ‘.mat’ files, as listed in Figure 28, a606

number of variables can be found, associated with the results obtained from Tests 1 to 4, for each layout considered.607

The complete set of variables can be appreciated in Table 6, including associated test, name in file, description, units,608
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and effective variable dimensions, where {𝑁t, 𝑁d} ⊂ ℕ refer to the length of the time vector and number of devices609

present in the layout, respectively. Note that, the variables related to Tests 1 to 3 are effectively present in the totality610

of the ‘.mat’ files included within the dataset, while those related to Tests 4 and 5 are exclusive to layouts L0 to L5611

(see also Table 4).612

The time vector, as specified within Table 6, is common to all tests and variables, i.e. all variables have been613

synchronised and interpolated w.r.t. a single reference time vector, for each ‘.mat’ file within the main folder Tests.614

This has been possible by exploiting a trigger output signal available within the wavemaker system of Aalborg615

University, which provides a digital flag at the precise moment wave generation starts/ends. Apart from synchronisation,616

we have filtered the signals accordingly, to avoid noise pollution within the dataset. In particular, to achieve such an617

objective, a zero-phase (forward-backward) Chebyshev filter (see e.g. [66]) has been applied to all variables involved618

in Table 6, with a filter order 4 and a (sufficiently large) cut-off frequency of 50 [rad/s].619

Finally, and related to the PTO characterisation discussed within Section 2.5, the folder Linear motors contains620

information regarding each linear (PTO) motor, for D1 to D5. In particular, two ‘.mat’ files can be found within each621

device folder, namely IO_tests.mat and Friction_tests.mat. As detailed within Table 7, the former file contains622

I/O information for each single motor, where the reference force (input) is a chirp signal with different amplitudes (see623

Figure 7). In contrast, the latter features the friction tests described in Section 2.5 (and illustrated in Figure 8), including624

all motion variables required to characterise these effects numerically (see Table 8).625

6. Conclusions626

We provide, in this paper, a detailed account of an experimental campaign designed with the sole objective of627

providing an open-access dataset for arrays of wave energy conversion systems, termed SWELL, hence facilitating628

a crucial resource for model validation and data-based modelling. The campaign, executed within the wave basin629

facilities available at Aalborg University, is composed of 4 essential tests with a pre-designed synergy, aimed at630

maximising the value of the information available within SWELL for the WEC development community. In particular,631

key variables, such as free-surface elevation at different points within the basin (Test 1), wave excitation force (Test 2),632

uncontrolled motion (Test 3), and behaviour under energy-maximising (passive and reactive) control conditions (Test633

4), are effectively included as part of the dataset, for each of the sea states, devices, and layouts considered. Furthermore,634

a characterisation of each PTO system is also presented, by means of I/O and friction tests. This is, to the best of our635

knowledge, the largest open-access dataset characterising arrays of WEC systems available in the literature, including a636

wide variety of WEC layouts, realistic PTO effects (including energy-maximising control), tested in different scenarios637

following a consistent protocol, designed to suit the needs associated with a vast number of modelling tasks. SWELL638

provides, hence, an essential resource for reliability assessment of diverse numerical modelling approaches, supporting639

efficient decision making, and contributing to the pathway towards effective commercialisation of ocean wave energy.640
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